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The sensitivity and specificity of
the modified volume-viscosity
swallow test for dysphagia
screening among neurological
patients

Yiqiu Lin†, Guifang Wan†, Huixiang Wu, Jing Shi,

Yaowen Zhang, Huayu Chen, Xiaomei Wei, Zhiming Tang,

Meng Dai, Zulin Dou* and Hongmei Wen*

Department of Rehabilitation Medicine, The Third A�liated Hospital, Sun Yat-sen University,

Guangzhou, China

Oropharyngeal dysphagia (OD) is a highly prevalent condition after stroke and

other neurological diseases. The volume-viscosity swallow test (V-VST) is a

screening tool for OD. Considering that the recommendations of volume and

thickeners in the original V-VST limited the popularization and application

of the test in the Chinese population, we provide the modified V-VST to

detect OD among neurological patients. In addition, the accuracy of the

modified V-VST to screen OD needs to be verified. We included 101 patients

with neurological diseases. OD was evaluated by a modified V-VST and a

videofluoroscopy swallowing study (VFSS) using 3 volumes (i.e., 3, 5, and 10ml)

and 4 viscosities (i.e., water, mildly thick, moderately thick, and extremely

thick). In this study, to compare with the original V-VST results, a volume

of 20ml was also included. The discriminating ability of modified V-VST in

detecting OD was assessed by the sensitivity and specificity values of clinical

signs of impaired e�ciency (impaired labial seal, piecemeal deglutition, and

residue) and impaired safety of swallowing (cough, voice changes, and oxygen

desaturation ≥3%) in comparison to the results of VFSS. The modified V-VST

showed 96.6% sensitivity and 83.3% specificity for OD, 85.2% sensitivity and

70% specificity for impaired safety, and 90.9% sensitivity and 76.9% specificity

for impaired e�cacy. Our study suggests that the modified V-VST o�ers a high

discriminating ability in detecting OD among neurological patients.

KEYWORDS

dysphagia, modified volume-viscosity swallow test, screening, neurological diseases,

sensitivity, specificity

Introduction

Oropharyngeal dysphagia (OD) is a highly prevalent condition after stroke and other

neurological diseases (1–4) and can cause serious complications including malnutrition

(5), dehydration, aspiration pneumonia (6), and premature mortality (1, 7, 8). A decrease

in deglutition may increase the risk of aspiration, pneumonia, and death (9). Despite
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its high prevalence among vulnerable patients and associated

serious complications, dysphagia is often overlooked and

underdiagnosed in vulnerable patient populations (1, 10).

Clinical screening methods should be used to identify OD

and to identify those patients who are at risk of aspiration (11).

Videofluoroscopy swallowing study (VFSS) is the gold standard

to explore the oral and pharyngeal mechanisms underlying

swallowing dysfunction (12). With its visual characteristics,

VFSS helps clinical medical staff find problems when patients

swallow. Considering the dependence of VFSS on specific

equipment, easy and quick clinical screening or assessment

methods are necessary. Obviously, questionnaires are widely

used screening methods in clinical practice (13). One such

screening tool is the Eating Assessment Tool (EAT-10),

a questionnaire used to detect dysphagia symptoms in a

population with a wide range of causes of swallowing difficulties

(14). Meanwhile, the water swallow test is also an easy test

to detect swallowing difficulties (15). However, the limited

specificity and sensitivity of these tests and the potential unsafety

risk of large amounts of water swallowing further prevent them

from widespread use (16, 17).

Previous studies (17–20) have provided evidence about

the sensitivity and specificity of the volume-viscosity swallow

test (V-VST) for detecting dysphagia. For impaired safety

of swallowing, the V-VST presented a sensitivity of 84.2–

88.2% and a specificity of 64.7–81.0%. Specifically, the V-

VST showed 88.2–100% sensitivity and 28–71.4% specificity for

aspiration and 34.3–83.7% sensitivity and 64.7–70.6% specificity

for penetration (17–19). For impaired efficacy, the V-VST

presented 79% sensitivity and 75% specificity (19). These results

suggest that the V-VST seems to be a valuable screening tool for

detecting OD.

The V-VST uses swallow boluses of various volumes (5,

10, and 20ml) and viscosities (thin liquid, nectar-like, and

spoon thick) and was first validated against VFSS by using

liquids thickened with a starch-based thickener (18). However,

in previous clinical practice, we found that even with the smallest

volume of 5ml, many severe swallowing difficulty patients

showed aspiration or penetration. Given that 3ml is a common

parameter in swallowing screening and assessment tests (21–24),

we added a 3ml volume to the test as initial volume. Moreover,

starch-based thickeners present some limitations in taste (25),

and hydrolysis caused by contact with amylase in the saliva leads

to the change of viscosities and impaired accuracy of the test

(26–28). Therefore, it is necessary to modify the V-VST in the

bolus volume tested and the thickener used.

We modified the V-VST as follows: The modified volume-

viscosity swallow test (modified V-VST) starts with 3ml instead

of 5ml and ends with 10ml. Instead of starch-based thickeners,

we used xanthan gum-based thickeners, and four viscosities

(i.e., water, mildly thick, moderately thick, and extremely thick)

were used according to the Classification of Modified Diet for

Dysphagic Persons in 2013 of the Japanese Society of Dysphagia

Rehabilitation (JSDR) (29, 30). The aim of this study was

to validate the accuracy of the clinical bedside screening test

modified V-VST in the detection of OD.

Materials and methods

Patients

The patients were consecutively recruited from the

Department of Rehabilitation Medicine, the Third Affiliated

Hospital of Sun Yat-sen University between 1 October 2018

and 31 December 2019. Patients were eligible for the study

if they were diagnosed with neurological disease confirmed

by computerized tomography (CT) or magnetic resonance

imaging (MRI), aged >18 years. We excluded patients who

had tracheal intubation, a Glasgow Coma Scale score of <10

(excluded also if motor function <6 or eye-opening <3). The

study protocol was approved by the Ethics Committee of the

Third Affiliated Hospital, Sun Yat-sen University. All patients

gave their informed consent to all the study procedures.

Procedure

The ODwas evaluated in all patients bymodified V-VST and

VFSS. The trained speech-language pathologists administered

the VFSS and modified V-VST to all patients. They had received

professional training regarding the knowledge and practice

procedure of the VFSS and modified V-VST. The modified V-

VST was performed first, and a VFSS study was followed within

24 h by speech-language pathologists blinded to the results of the

modified V-VST.

The modified V-VST

Generally, four viscosities (i.e., water, mildly thick,

moderately thick, and extremely thick) and three volumes (i.e.,

3, 5, and 10ml) were used in the modified V-VST.

There were two changes from the original version.

(1) Patients with neurological disease present increased oral

transit duration; starch-based thickeners can hydrolyze upon

contact with amylase in the saliva and break down during the

oral preparatory and oral phases of deglutition (26, 27), which

may lead to the change in viscosities and impaired accuracy of

the test. Thus, the modified V-VST used xanthan gum thickener,

which cannot be hydrolyzed by saliva and have a better stable

viscosity (31, 32).

(2) The modified V-VST started with 3ml and ended with

10ml. In previous clinical practice, we found that even with the

smallest volume of 5ml, many patients showed aspiration. A

previous study (33) also showed that it was hard to swallow a
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FIGURE 1

The procedure of modified V-VST. The test starts with moderately thick and increasing volumes from 3 to 5ml and 10ml boluses in a

progression of increasing di�culty. When patients completed all bolus without signs of impaired safety (cough, changes in voice, or fall in

oxygen saturation ≥3%), a test was conducted in the order of moderately thick, mildly thick, water, and extremely thick series (3 to 10ml). If the

(Continued)
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FIGURE 1 (Continued)

patient presented any sign of impaired safety at the moderately thick level, the series was interrupted, the mildly thick and water series were

omitted, and an extremely thick series was assessed. Similarly, if the patient presented signs of impaired safety at mildly thick, then the water

series was interrupted and the extremely thick series was assessed.

20ml bolus for patients with OD, and therefore, we removed the

max volume of 20 ml.

In this study, to compare with the original V-VST results, a

volume of 20ml was also included.

Bolus preparation

Four viscosities (water, IDDSI: Level 0; mildly thick, IDDSI:

Level 1; moderately thick, IDDSI: Level 2; and extremely thick,

IDDSI: Level 3) were used during modified V-VST and VFSS

according to the viscosity ranges of the Japanese Society of

Dysphagia Rehabilitation 2013 (29, 30). IDDSI flow test was

performed as previously described (34) by testing liquid flows

through a 10ml slip tip syringe leaving volume in the syringe

after 10 s.

For modified V-VST studies, all viscosity series were made

up of Softia S thickener (Nutri Co., Ltd., Japan) and water

(mildly thick: 3 g thickener/300ml water; moderately thick: 3 g

thickener/150ml water; extremely thick: 3 g thickener/100ml

water). For VFSS studies, boluses were made by Softia S

thickener and 60% w/v barium sulfate suspension (200 g of

barium sulfate dissolved in 289ml of water). The proportion of

thickener and suspension was the same as that of modified V-

VST. The solutions were prepared at room temperature 5min

before modified V-VST and 3 h before the videofluoroscopic

examination to obtain stable and equivalent viscosities (35).

Procedure of screening

Referring to the original V-VST procedure (18), themodified

V-VST test starts with moderately thick and increasing volumes

from 3 to 5ml and 10ml boluses in a progression of increasing

difficulty. To compare with the original V-VST results, a volume

of 20ml was also tested (Figure 1).

The clinical signs and symptoms of OD were evaluated as

described previously (36). (1) The signs of impaired efficiency

of swallowing were impaired labial seal, piecemeal swallow, oral

residue, and symptoms of pharyngeal residue. (2) The signs of

impaired safety of swallowing were changes in voice quality,

cough, and a decrease in oxygen saturation ≥3% from the basal

level (measured with a finger pulse-oximeter).

A patient who presented one or more signs of impaired

efficiency and/or safety of swallowing was considered to have

OD. Safety of swallowing was expressed as the percentage of

patients who could swallow without clinical signs of cough,

changes in voice, or a fall in oxygen saturation≥3%.

Videofluoroscopic swallowing study
(VFSS)

All patients were imaged for the videofluoroscopic study

while seated in a lateral projection that included the oral cavity,

pharynx, larynx, and cervical esophagus. VFSS was conducted

using a gastrointestinal X-ray machine (Toshiba DBA-300,

Toshiba Co. Ltd., Tokyo, Japan). Videos were recorded using

a VFSS digital acquisition unit (Longest Ltd., Inc., Guangzhou,

China) at 30 frames/s. The ability of the patient to swallow

boluses of various volumes and viscosities was evaluated

following the same strategy as that in the modified V-VST.

(1) An impairment of the safety of swallowing was

considered when penetration or aspiration was detected. (2)

An impairment of the efficiency of swallowing was considered

when at least one of the following signs was identified during

the videofluoroscopic study: impaired labial seal closure, oral

residue, pharyngeal residue, or piecemeal deglutition. A patient

who presented impairment in the efficiency and/or the safety of

swallowing was considered to have OD.

Data analysis and statistical methods

Quantitative parameters were described as the mean ±

standard deviation (SD), and qualitative parameters were

described by frequencies. The prevalence of clinical and VFSS

signs was reported as the ratio between the number of each

clinical or VFSS sign divided by the total number of swallows

for each bolus type (any particular volume/viscosity). The

prevalence of safe swallows was described as the number of

patients without any sign of impaired safety of swallowing

divided by the total number of patients who swallowed

the bolus. The effect of bolus volume or viscosity on the

safety and efficiency of swallowing was assessed by the non-

parametric Cochran Q test. P < 0.05 was considered to be

statistically significant. When the results were significantly

different, for multiple statistical comparisons, we performed

McNemar’s chi-squared test by applying the Bonferroni

corrected alpha level (corrected α = 0.05/6 compared pairs

= 0.0083). To assess the accuracy of the modified V-VST

relative to the VFSS, sensitivity, specificity, positive and
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FIGURE 2

Flow diagram of included patients with neurological diseases.

negative predictive values, as well as positive and negative

likelihood ratios were measured. 95% confidence intervals (CIs)

were expressed.

Results

Patients

Our study included 101 patients with neurological diseases

(Figure 2). The etiology of these patients includes stroke,

brain tumors, head and neck tumors, brain injury, and

other neurological diseases including traumatic brain injury,

encephalitis, and encephalomyelitis. We used the Functional

Oral Intake Scale (FOIS) (37) to assess the severity of the

patient’s dysphagia. The results were as follows: Level 1, 15

TABLE 1 Demographical and clinical data of the study population.

Subjects N Age (years) Sex (% men)

Patients without Dysphagia 12 52.4± 12.1 50% (6)

Patients with Dysphagia 89 55.1± 16.6 77.5% (69)

Ischemic Stroke 38 61.9± 13.0 81.5% (31)

Hemorrhagic Stroke 16 57.3± 12.9 93.7% (15)

Brain tumor 16 41.3± 15.4 68.7% (11)

Other neurological diseases 19 51.3± 19.6 63.1% (12)

(14.9%); Level 2, 27 (26.7%); Level 3, 10 (9.9%); Level 4,

6 (5.9%); Level 5, 18 (17.8%); Level 6, 9 (8.9%); and Level

7, 16 (15.8%). Demographic and clinical data were shown

in Table 1.
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Videofluoroscopic study

According to the VFSS, the prevalence of OD in the

patients was 88.1% (89); 87.1% (88) showed impaired efficiency

of swallowing, and 80.2% (81) showed impaired safety

of swallowing.

E�ciency signs

Pharyngeal residue and piecemeal swallowing were common

VFSS signs in patients with dysphagia. Impaired labial seal

closure, piecemeal swallowing, oral residue, and pharyngeal

residue were observed in 24.8% (25), 78.2% (79), 36.6% (37),

and 82.2% (83) of the patients, respectively. The prevalence

of pharyngeal residue for a given bolus volume varied among

the moderately thick and extremely thick bolus viscosities

(P < 0.05). Extremely thick boluses resulted in an increased

prevalence of pharyngeal residue compared with water boluses

for the 5ml and 10ml swallows (P < 0.05). Increasing bolus

volume increased the occurrence of piecemeal swallowing, with

rates of 43.4–59.8%, 44.2–68.2%, 53.3–78.7%, and 70–84.5% for

the 3ml, 5ml, 10ml, and 20ml swallows, respectively (P< 0.05),

and these rates were unaffected by bolus viscosity.

Safety signs

Of the patients included in the study, aspiration was themost

prevalent cause of unsafe deglutition and was observed in up to

65.4% (66) of the patients, 33.3% (22) of which were silent, and

penetration occurred in 14.9% (15) of the patients. Increasing

bolus volume significantly impaired the safety of swallowing at

all viscosities (P < 0.05), and the prevalence of safe swallowing

significantly increased with viscosity (P < 0.05) (Figure 3).

The modified V-VST

Of the patients, 87.1% (88) presented OD according to

the modified V-VST, and 82.2% (83) and 74.3% (75) showed

impaired efficiency and safety of swallowing, respectively.

E�ciency signs

The main clinical signs of impaired efficiency in OD were

piecemeal swallowing and pharyngeal residue (Figure 4).

Safety signs

Cough was themost prevalent clinical sign and was observed

in 55.4% (56) of the patients, followed by voice change in 51.5%

(52) and oxygen desaturation in 36.6% (37).

Accuracy of the modified V-VST for
detecting OD

The accuracy of the modified V-VST in terms of sensitivity,

specificity, predictive values, and likelihood ratios is presented

in Table 2. The modified V-VST showed 96.6% sensitivity and

83.3% specificity for OD, 90.9% sensitivity and 76.9% specificity

for impaired efficiency, and 85.2% sensitivity and 70% specificity

for impaired safety of swallowing (aspiration or penetration).

Specifically, the modified V-VST showed a sensitivity of 89.4%

and a specificity of 70% for aspirations and a sensitivity of

66.7% and a specificity of 70% for penetration. For the clinical

signs of impaired safety of swallowing in modified V-VST, the

sensitivity and specificity of cough, voice change and oxygen

desaturation by≥3% were 65.4 and 85%, 58.0 and 75%, and 43.2

and 90%, respectively.

FIGURE 3

Prevalence of OD with VFSS signs of impaired e�ciency and safe swallowing for each volume, viscosity, and thickener. *P < 0.05 e�ect of bolus

volume; #P < 0.0083 extremely thick vs. water; $P < 0.0083 moderately thick vs. water; 1P < 0.0083 mildly thick vs. water.
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FIGURE 4

Prevalence of OD with clinical signs (modified V-VST) of impaired e�ciency and safe swallowing for each volume, viscosity, and thickener. *P <

0.05 e�ect of bolus volume; #P < 0.0083 extremely thick vs. water; $P < 0.0083 moderately thick vs. water; 1P < 0.0083 mildly thick vs. water.

TABLE 2 Accuracy of the modified V-VST to detect OD.

Se (95%CI) Sp (95% CI) PPV (95% CI) NPV (95% CI) LHR+ (95% CI) LHR– (95% CI)

OD 96.6 (90.5–99.3) 83.3 (51.6–97.9) 97.7 (92–99.7) 76.9 (46.2–95) 5.8 (1.64–20.56) 0.04 (0.01–0.13)

Impaired safety 85.2 (75.6–92.1) 70 (45.7–88.1) 92 (83.4–97) 53.9 (33.4–73.4) 2.84 (1.44–5.58) 0.21 (0.12–0.38)

Aspiration 89.4 (79.4–95.6) 70 (45.7–88.1) 90.8 (81–96.5) 66.7 (43–85.4) 2.98 (1.52–5.85) 0.15 (0.07–0.32)

Penetration 66.7 (38.4–88.2) 70 (45.7–88.1) 62.5 (35.4–84.8) 73.7 (48.8–90.9) 2.22 (1.04–4.75) 0.48 (0.22–1.03)

Cough 65.4 (54–75.7) 85 (62.1–96.8) 94.6 (85.1–98.9) 37.8 (23.8–53.5) 4.36 (1.52–12.53) 0.41 (0.29–0.58)

Voice change 58 (46.5–68.9) 75 (50.9–91.3) 90.4 (79–96.8) 30.6 (18.3–45.4) 2.32 (1.06–5.07) 0.56 (0.39–0.8)

Desaturation by≥3% 43.2 (32.2–54.7) 90 (68.3–98.8) 94.6 (81.8–99.3) 28.1 (17.6–40.8) 4.32 (1.13–16.47) 0.63 (0.5–0.8)

Impaired efficiency 90.9 (82.9–96) 76.9 (46.2–95) 96.4 (89.8–99.3) 55.6 (30.8–78.5) 3.94 (1.46–10.65) 0.12 (0.06–0.24)

Labial seal 80 (59.3–93.2) 79 (68.1–87.5) 55.6 (38.1–72.1) 92.3 (83–97.5) 3.8 (2.36–6.13) 0.25 (0.11–0.56)

Oral residue 78.4 (61.8–90.2) 75 (62.6–85) 64.4 (48.8–78.1) 85.7 (73.8–93.6) 3.14 (1.99–4.95) 0.29 (0.15–0.54)

Pharyngeal residue 74.7 (64–83.6) 66.7 (41–86.7) 91.2 (81.8–96.7) 36.4 (20.4–54.9) 2.24 (1.15–4.36) 0.38 (0.23–0.62)

Piecemeal swallow 91.1 (82.6–96.4) 77.3 (54.6–92.2) 93.5 (85.5–97.9) 70.8 (48.9–87.4) 4.01 (1.85–8.69) 0.11 (0.05–0.24)

Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; LHR, likelihood ratio; CI, confidence interval.

Discussion

The main finding of this study was that the modified

V-VST offers a high discriminating ability in detecting OD

among neurological patients. We also found that OD was a

highly prevalent condition in neurological patients and was

characterized by a high prevalence of videofluoroscopic signs of

impaired safety and efficiency of swallowing, including frequent

silent aspirations. The modified V-VST showed 96.6% sensitivity

and 83.3% specificity for OD. Consequently, the modified V-

VST should be promoted as a validated screening tool for OD

among neurological patients.

The accuracy of the V-VST was first validated against that

of the VFSS by using a starch-based thickener (18). However,

starch-based thickeners present some limitations in taste (25),

viscosity stability, and solubility (28). In contrast with starch-

based thickeners, xanthan gum thickeners have a better taste

(38) and a stable viscosity over time (32) and are not affected

by amylase (31). Specifically, starch-based thickeners, but not

xanthan gum thickeners, imparted a considerable grainy texture

and a starch flavor to all solvents. Xanthan gum thickeners

imparted a significantly higher “slickness” than the starch-based

thickeners. In addition, starch-based thickeners can hydrolyze

upon contact with amylase in the saliva (26, 27) and break down

during the oral preparatory and oral phases of deglutition, which

may lead to the change in viscosity. Patients with OD present

with increased oral transit duration and delayed swallowing

response (7, 39, 40). Compared with the use of starch-based

thickener, xanthan gum thickener creates new stable networks

that maintain viscosity levels over time. Taken together, xanthan

is amore effective choice for use as a beverage and food thickener

for OD (31, 36).

In the V-VST, volumes were increased from 5 to 10ml and

20ml boluses in a progression of increasing difficulty. However,
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in previous clinical practice, we found that even with the smallest

volume of 5ml, many severe swallowing difficulty patients

showed aspiration or penetration. Our study also provided

evidence for this point. The risk of aspiration or penetration in

patients leads to the development of a smaller initial volume.

A 3ml volume had been used in swallowing screening and

assessment tests in previous studies. As early as 2003, Tohara

et al. studied the accuracy of three non-videofluorographic

tests for assessing the risk of aspiration, including the 3-ml

water swallowing test (WST), in individuals with dysphagia (21).

Since then, WST including a 3-ml volume has been observed

in the next series of studies (22, 23). The modified WST

(MWST), which used only 3ml of water, yielded a sensitivity of

55.3% and a specificity of 80.8% for aspiration (23). Similarly,

when performing bolus swallowing, boluses of 3, 5, 10, and

20ml of different viscosities were used for the detection and

characterization of multiple swallow behaviors in a recent study

(24). These studies suggest that 3ml is a common parameter in

swallowing screening and assessment tests. Taken together, we

added a 3ml volume to the test as the initial volume.

In this study, we used VFSS to verify that unsafe swallowing

was observed in 76.7, 62.2, 42.2, and 43.3% of patients during

5ml swallows of water, mildly thick, moderately thick, and

extremely thick viscosities, respectively. We also found that

according to VFSS, the prevalence of safe swallowing varied

significantly for the 3ml and 5ml swallows at mildly thick

and moderately thick viscosities. For the modified V-VST, the

prevalence of safe swallowing differed significantly for the 3ml

and 5ml swallows of the water viscosity bolus, indicating that

3ml swallows were enough to identify some patients with

impaired safety, which could avoid aspiration and penetration

of larger volumes in these patients. In addition, a 3-ml volume

provides a potentially safe volume for patients who swallow

unsafely in a 5ml bolus and can better guide patients’ oral

feeding training.

We found that the prevalence of safe swallowing during

20ml swallows was low (14.4–28.9%), which means that

approximately 70% of the patients presented aspiration or

penetration during 20ml swallows. A noteworthy finding is that

removing the results of the 20ml swallows did not reduce the

sensitivity of the test. Unsafe swallows can still be screened at

a lower viscosity. Removing the 20ml swallows can help avoid

unnecessary aspiration or penetration.

Previous studies suggest that V-VST has good sensitivity

(84.2–87.0%) and acceptable specificity (64.3–81.0%) in

detecting impaired swallowing safety (17–19). A recent

systematic and scoping review reported that V-VST has a 93.2%

sensitivity and 81.4% specificity for detecting OD (20). Similarly,

in our study, modified V-VST showed 85.2% sensitivity and 70%

specificity for impaired safety, indicating a high discrimination

ability. For aspiration, V-VST presented a sensitivity of 88.2–

100% and a specificity of 28.0–71.4% (17–19). Consistently,

our study revealed a sensitivity of 89.4% and a specificity

of 70% to detect aspiration. Compared with aspiration, it is

more difficult to detect penetration using those clinical signs.

Guillén-Solà reported low sensitivity of 34.3% (17), while Clavé

reported a sensitivity of 83.7% and specificity of 70.6 and 64.7%,

respectively (18). Our study revealed a sensitivity of 66.7%

and a specificity of 70% to detect penetration. These results

showed that the modified V-VST presented high sensitivity and

specificity to detect OD, impaired safety, and aspirations, clearly

showing a high discrimination ability.

Due to the lack of standardized protocols and interpretation

of findings, voice quality or oxygen desaturation showed limited

sensitivity and specificity for detecting penetration/aspiration

(41, 42). In our study, clinical signs of impaired safety of

swallowing showed sensitivities of 65.4, 58.0, and 43.2% for

cough, voice change, and desaturation by ≥3%, and specificities

of 85%, 75%, and 90%, respectively. Cough, voice change, and

oxygen desaturation are common clinical signs of impaired

safety of swallowing (43, 44). In clinical practice, especially in

V-VST, co-application of these signs can increase the sensitivity

for detecting impaired safety (17). Consistently, in our study,

the co-application of these signs increased the sensitivity and

specificity for detecting impaired safety of the three signs,

showing a sensitivity of 85.2% and specificity of 70% for unsafe

swallowing. Taken together, at the bedside, the use of each of

these measures in isolation is clearly not recommended but

using them simultaneously is a helpful adjunct. These measures

will provide more clinical data for speech-language pathologists

to determine swallowing safety.

There are some limitations that should be taken into

account when analyzing the results. In previous studies (18),

researchers determined whether there was pharyngeal residue

by oral reporting from patients. However, many patients have

poor pharyngeal sensation and cannot report correctly, so the

sensitivity and specificity of VVST to detect pharyngeal residue

are only acceptable. The detection of pharyngeal residue in

clinical screening should be modified. Future studies can use a

suction tube to suck the epiglottic vallecula and pyriform sinus

residues to judge whether there are residues in the pharynx. In

conclusion, our study shows the high discriminating ability of

the modified V-VST as a clinical bedside screening tool for OD

among neurological patients.
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Gait disorders are one of the leading patient complaints at the sub-acute

stroke stage (SSS) and a main determinant of disability. Walking speed (WS)

is a major vital and functional index, and the Ten-Meter Walk Test is considered

the gold standard after stroke. Based on a systematic review of the literature,

studies published between January 2000 and November 2021 were selected

when WS was reported (ten-meter walk test for short distance and/or 6-min

walking distance for long distance) within 6 months following a first ischemic

and/or hemorrhagic stroke (SSS) in adults prior to receiving specific walking

rehabilitation. Following PRISMA guidelines, a meta-analysis was conducted

on two kinds of WS: the principal criterion focused on short-distance WS

(ten-meter walking test) and the secondary criteria focused on long-distance

WS (6-min test) and meta-regressions to study the association of WS with

balance, cognitive disorders and autonomy. Nine studies comprising a total

of 939 data on post-stroke patients were selected. The weighted average

age was 61 years [95% IC [55-67] and males represented 62% ± 2.7 of

patients [57-67]. Average short-distance WS was 0.36 ± 0.06m.s−1 [95%

CI (0.23–0.49)]. Average long-distance WS was 0.46 ± 0.1m.s−1 [95% CI

(0.26–0.66)]. The funnel plot revealed asymmetry of publication bias and high

heterogeneity of the nine studies (I2 index 98.7% and Q-test p < 0.0001).

Meta-regressions of secondary endpoints could not be performed due to

a lack of study data. At the SSS, WS would be lower than data in general

population published in literature, but above all, lower than the WS required

for safe daily autonomy and community ambulation after stroke. WSmust be a

priority objective of stroke rehabilitation to increase walking function but also

for survival, autonomy, social participation and health-related quality of life.
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stroke, gait disorders, walking speed, short-distance, long-distance, meta-analysis
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Introduction

Gait disorders are one of the leading sequelae (1, 2)

and a major determinant of autonomy and disability

(3–5) in stroke survivors. Reported prevalence of

gait disorders ranges between 54 and 80% (2, 6, 7).

After stroke, gait ability requires greater postural,

motor and cognitive control (8–10), and especially

executive functions that are impaired in more than

50% of poststroke patients (11–13). Gait disorders

are associated with a high risk of falls (with 70% of

patients experiencing a fall during the first year after

stroke), impact autonomy and have socioeconomic

consequences (14–16).

Walking speed (WS) is an important functional measure

for vital status and gait ability after stroke (17–21). The

comfortable ten-meter walking test is the gold standard

assessment of short-distance WS in the stroke population (22).

WS >0.80m.s−1 (meters per second) is usually considered

to be necessary for safe ambulation in daily activities, such

as safely crossing a street (23, 24). WS >0.83m.s−1 is

necessary to optimize the energy cost during walking (10).

Improvement in WS has been reported between three and

18 months after stroke, while other sensorimotor impairments

assessed by the Fugl-Meyer Assessment (FMA) and the Barthel

Index (BI) preferentially improve between 6 weeks and 3

months (25). Comfortable gait speed measured using the

ten-meter walking test consistently relates to balance and

strength impairments, mobility limitations across settings,

daily living activities, physical activity and other meaningful

activities relevant to ambulatory patients at the chronic

stage after stroke (26). Although these data support the

functional importance of WS from the sub-acute stage,

no systematic review has established the WS of stroke

patients, especially due to the improvement of the vital and

functional prognosis thanks to thrombectomy and thrombolysis

worldwide (27, 28). In the literature, a previous meta-

analysis evaluated WS at the chronic poststroke phase but

not in the early phase [acute and sub-acute stroke stage

(ASSS)] (25).

The main objective of this study was to assess short-

distance WS according to a systematic review of the literature

and a meta-analysis of survivor data at the ASSS. We chose

the WS on short walking distance for main objective of the

metanalysis because at the acute and subacute stage of strokes,

patients are beginning to walk indoors for a short distance.

The secondary objectives were to study long-distance WS and

the relationships between WS and balance disorders, cognitive

status and degree of dependence within 6 months after stroke.

We chose the WS on long distance for secondary outcome

of the metanalysis to explore a complementary aspect of the

performance of WS.

Materials and methods

Eligibility criteria

Eligibility criteria were WS data from studies published

between 2000 and 2021 to obtain a recent homogeneous

population from stroke units after introduction of the

thrombolysis and thrombectomy because these treatments have

revolutionized poststroke prognosis (27, 28), regardless of

sample size to limit selection bias, with assessment of WS (ten-

meter walking test for short distance and/or 6-min walking

distance for long distance) within 6 months following a first

ischemic and/or hemorrhagic stroke, and prior to any specific

walking rehabilitation. We chose to focus on the ten-meter

walking test because it is the only test with evidence of excellent

reliability and construct validity in people with acute and

subacute stroke (ASS) (22).

We excluded studies reported as abstract-only without full-

text available, non-English articles, studies conducted on animal

or on pediatric samples, studies that included patients unable

to walk (considered as WS of 0m.s−1) or patients selected

according a defined WS (i.e., maximal WS) or walking ability

categories [i.e., FAC: Functional Ambulation Classification

(FAC)], studies assessing barefoot WS or patients with weight

or height limitations to use a walking device (i.e., exoskeleton

or treadmill) and published reports without original data. When

data from the same cohort were reported in several papers,

we selected the study reporting the largest sample meeting our

eligibility criteria.

Information sources procedure

This meta-analysis was conducted according to PRISMA

guidelines (29). Studies were obtained from scientific databases,

including PubMed and Cochrane Library. The literature search

was conducted using selected English language publications

databases to explore published biomedical data on strokes.

Search strategy

The literature search was performed using the following

terms and keywords: (speed OR distance) AND (gait OR walk∗)

AND (stroke OR (cerebral AND infarct) OR (cerebral AND

hemorrhag∗) OR (cerebral AND ischem∗)) AND (acute OR

recent) AND (human AND adult) AND (“2000/01/01” [PDAT]:

“2021/11/31” [PDAT]) AND (cohort studies OR group). The

search engine Pubmed was chosen to provide free access

to Medline
R©

contains journal citations and abstracts for

biomedical literature from around the world and Cochrane to

search meta-analysis on walking speed after stroke. To ensure
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literature saturation, reference lists of included studies and

relevant reviews identified through the search were analyzed by

the authors.

Selection and data collection screening

Two reviewers (AD, STP) conducted the search, selected

studies and included reporting on WS investigated in patients

during the first 6 months following ischemic or hemorrhagic

stroke. In event of a disagreement between the reviewers

regarding study inclusion or exclusion, a third reviewer’s

opinion (TS) was sought before including data in the meta-

analysis. When the majority of the reviewers agreed, the

study was included in meta-analysis according to PRISMA

guidelines (29). The data collection process protocol was

prepared according to a data collection table.

Data items and extraction

The data collection table included the scale used and the

following data from selected articles: mean age and sex ratio,

time since stroke and type of stroke, department (neurology:

stroke unit or rehabilitation) of inpatients or community-

dwelling patients (ambulatory care), exclusion or inclusion of

patients with comorbidities, quantitative gait assessments (ten-

meter walking test or 6-min walking test), the use of a qualitative

video system or quantified gait analysis system, functional

walking assessment, balance assessment, cognitive assessment

and autonomy status. The time chosen for the assessments

included was the first 6 months after stroke, before any

rehabilitation research protocol but standard physical therapy

was not an exclusion criterion.

Study risk of bias assessment

To decrease risk of study bias, three reviewers (AD, STP, TS)

assessed each study to obtain a majority in case of disagreement.

In the event of questions, one of the two reviewers (AD or STP)

asked the two other reviewers (AD, STP, TS) to analyze the

problematic study independently.

The problematic article was included or excluded based on

the opinion of the majority of reviewers according to PRISMA

guidelines (29). No automation tool was used in the process. We

attempted to acquire any missing information to limit bias. For

studies comparing different types of care or interventions, only

FIGURE 1

PRISMA flow diagram summarizing the article selection process.
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the initial data prior to the intervention were included in this

analysis. The review was not registered.

Synthesis methods and statistical analysis

The main criterion was the ten-meter walking test (short-

distanceWS) according to ameta-analysis of survivor data at the

ASSS. The data collection table collected data from the selected

articles. Average and/or median ten-meter WS expressed or

calculated in meters per second (m.s−1) and their variances

were first identified for each study. When variances were not

reported, standard error was estimated as one-sixth of the study’s

WS range. The WS of each study were represented in a forest

plot. The pooled values were calculated using the random-effect

model of DerSimonian and Laird (30) and an ∼95% confidence

interval based on within-study variance and between-study

variance of WS.

The secondary criteria were (i) meta-regressions of WS

according to balance disorders [Berg Balance Scale (BBS)],

cognitive status [Mini Mental State Examination (MMSE)] and

autonomy [Barthel Index (BI)] within 6 months after stroke;

and (ii) the 6-min walking test (long-distance WS) according

to a meta-analysis of survivor data at the ASSS with a limit of

statistical significance of p < 0.05.

The heterogeneity of WS between studies was evaluated

using the I² index and the Q test (31). Heterogeneity was

interpreted as usual: I² < 25%, no heterogeneity; 25% ≤ I² ≤

50%, moderate heterogeneity; and I² > 50%, high heterogeneity.

A p-value <0.05 of the Q test was interpreted as statistically

significant heterogeneity. The presence of a potential publication

bias or heterogeneity was examined using Egger’s method and

a funnel plot (32). Statistical analysis was performed using

RStudio© software version 1.0.143.

Results

Study selection

The literature search revealed a total of 645 articles

(Figure 1). Following abstract analysis, 70 full articles were

analyzed and nine studies meeting inclusion criteria were

selected for meta-analysis as summarized in Table 1.

Studies, population characteristics and
data

The nine studies included in the meta-analysis of short-

distance WS represented a total of 939 patients (Tables 1, 2).

The weighted average age was 61 years (95% IC [55-67]), and

majority of patients were male (62%± 2.7 [57-67]). The average T
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assessment time after stroke was 48.1 days. Ischemic stroke

was predominant, accounting for 82.8% of the population.

Most studies excluded patients with persistent comprehension

disorders and a contraindication to participation in walking

rehabilitation programs such as hemodynamic instability,

previous stroke, another neurological disease and comorbidities

such as disabling rheumatological disease. Six studies assessed

gait performance conducted in rehabilitation departments (33–

38), two in ambulatory care (15, 40) and one in stroke units (39).

Three studies used a qualitative video system or a quantified gait

analysis system (35, 37, 38) (Table 1).

Risk of bias in studies

The funnel plot (Figure 2) revealed asymmetry of

publication bias and the large proportion of studies outside the

95% interval suggested high heterogeneity of the nine studies.

Variation of WS resulting in marked large heterogeneity (I2

98.7%; test Q significant p < 0.0001) (Figure 3).

Primary objective: Results of
meta-analysis of short-distance WS

After meta-analysis of the nine studies, short-distance

WS was 0.36 ± 0.06m.s−1 [95% CI (0.23–0.49)] at the

ASSS (Figure 3).

Secondary objectives

Meta-regressions of secondary endpoints could not be

performed due to a lack of study data on secondary criteria:

three studies assessed cognitive functions according to the

Mini Mental State Examination (MMSE) (15, 33, 36), three

studies assessed functional walking abilities according to

functional ambulation categories (FAC) (33, 35, 36) and balance

according to the Berg Balance Scale (BBS) (15, 38, 39),

and two studies assessed autonomy according to the Barthel

Index (BI) (33, 36).

The meta-analysis of long-distance WS included three

studies (15, 40, 46) (see Table 3), assessing long-distance WS

(0.46 ± 0.10 m.s−1 [95% CI (0.26–0.66)]) with the 6-min

walking test at the ASSS (Figure 4).

The high heterogeneity of WS meta-analysis (I2 98.7%;

test Q significant p < 0.0001) (Figure 3) can be explained

partially by the fact that inpatients (neurology and rehabilitation

departments) and outpatients (ambulatory care) were included

at different stages (ASSS). One-third of heterogeneity of WS (1

I2 29%) decreased with the subgroup of rehabilitation patients

(I2 70%; test Q significant p= 0.0163) (Figure 5). T
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FIGURE 2

Funnel plot of walking speed (m.s−1) in the nine studies of the meta-analysis.

FIGURE 3

Forest plot of short-distance WS at the acute and subacute stages of stroke (ASSS).

Discussion

To our knowledge, this is the first meta-analysis of WS

at the ASSS (within 6 months). The short-distance WS of

0.36m.s−1 is consistent with recent literature reporting very

short-distance WS of 0.4m.s−1 on the five-meter walking

test (50, 51), higher than 0.25m.s−1 reported at the SSS

and higher than 0.23m.s−1 reported in a subgroup of

hemiparetic patients at the chronic poststroke phase (25). This

discrepancy is likely due to the selection of more severely

impaired patients in contrast to this meta-analysis, which was

performed on post-stroke patients able to walk ten meters

without human aid. Moreover, patients at the subacute stage of

stroke beneficed of physical therapy except any rehabilitation

research protocol, which could overestimate WS in this meta-

analysis.

A recent systematic review (52) identified predictors of

regaining independent walking at 3 months after stroke as

younger age, intact corticospinal tract, good leg strength,

absence of cognitive impairment and neglect, continence, good

sitting and independence in daily life activity (52). However,

only three factors (i.e., younger age, continence and good sitting)

persisted at 6 months after stroke and their links to WS were not

studied (52).
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By comparison, according to a metanalysis of (53), the

average WS for general population of the same age, 61

years, is expected to be 1.24m.s−1 in women and 1.34m.s−1

in men (53). This would indicate an estimation about 71–

73% decrease of short-distance WS at the ASSS, in women

and in men, respectively. An average short-distance WS of

0.36m.s−1 corresponded to one-third of the required WS to

safely cross streets (1.2m.s−1) and one-half of the required

WS for community ambulation (0.8m.s−1) (2, 23). Our results

indicate that ASS patients experience major gait slowing, which

is responsible for impaired quality of life (24, 54). Long-

distance WS was not significantly greater than short-distance

WS (respectively 0.46m.s−1 vs. 0.36m.s−1, p> 0.05) and higher

than the literature (0.39m.s−1). Although short- and long-

distance WS seem to explore two complementary aspects of

walking: indoor walking and outdoor walking, they are highly

correlated (6-min walking test and ten-meter walking test: r =

0.89) (55). Post-stroke, 6-min walking test was more correlated

with speed walking (r = 0.89) than cardiorespiratory function

(VO2 max) (r = 0.66) (55, 56). Stroke engine proposes 6-min

walking test to explore community mobility (50).

This review studied WS in all kinds of stroke survivors

at the ASSS: both hospitalized inpatients (stroke unit and

rehabilitation unit) and ambulatory patients. The percentage of

rehabilitation inpatients was significant, so the present study

population was younger (61 years) in term of representativeness

than the mean age of stroke patients (73.5 years) and the sex

ratio included fewer women than in the literature (57). The

proportion of ischemic stroke was similar to the literature (57).

These characteristics are usual in stroke patients selected for

such studies, especially when gait skills are required to assessWS

because a poor functional prognosis is linked to the age of stroke

patients (58, 59).

The main limits of this study were a marked heterogeneity

of the meta-analysis, which is likely due to inclusion of

patients with different stroke severities, at different stroke stages,

and assessed in different settings (stroke units, rehabilitation

departments or ambulatory care) at the ASSS. Because

gait rehabilitation is one of the main priorities in stroke

rehabilitation, meta-analysis had a publication bias in favor

of younger stroke rehabilitation patients included in the gait

rehabilitation studies. Heterogeneity decreased slightly (I2

98.7%; testQ significant p< 0.0001 to I2 70%; testQ significant p

= 0.0163) for the subgroup of rehabilitation patients. However,

considering the heterogeneity of the subacute poststroke

population, a selection bias in each study can be assumed. To

limit the heterogeneity of WS assessments, we chose as primary

criterion short-distance WS according the ten-meter walking

test, which is considered the gold standard after stroke (22).

For short-distance WS, we excluded other assessments ranging

from the two-meter to the six-meter walking test and barefoot

assessments. The ten-meter walking test is characterized by

excellent reliability (2, 42, 60) and good sensitivity to change
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FIGURE 4

Forest plot of long-distance WS at the acute and subacute stages of stroke (ASSS).

FIGURE 5

Forest plot of WS of rehabilitation inpatients at the acute and subacute stage of stroke (ASSS).

(61). Relationships between balance, cognition, autonomy and

gait skills could not be assessed on secondary objectives because

of missing data. In a recent meta-analysis of distance-limited

walking tests after stroke, gait performance assessed by the ten-

meter walking test was correlated with measures of strength,

balance and physical activity (r= 0.26–0.8, p< 0.05) (22). While

the relationship between gait skills and cognitive ability had been

assessed in the general population over the age of 65 years (62)

and in acute stroke patients (63), it needs to be completed at

the subacute stage of stroke in order to advance in the analysis.

The result of the meta-analysis of long-distance WS was very

unstable, so it must be put into perspective.

The strength of this review is its originality because no

recent review has been published on the gold standard of WS

at the ASSS. This is of special interest because the functional

prognosis of stroke has been revolutionized by recent therapies

in stroke units, in the thrombolysis and thrombectomy era

(27, 28, 64). However, WS must be one of the priority objectives

of stroke rehabilitation to increase walking function (2), as

well as survival (21), motor and balance functions, autonomy

through community ambulation (61), social participation and

health-related quality of life (54, 60).

Perspectives of this review are essential for patients because

gait and balance disorders are the leading complaint after stroke

(65). The ten-meter walking test is very relevant to human

functioning, rehabilitation outcomes and patient-centered goals

(22). Gait performance is poor in the ASSS, so it is essential

to focus on WS improvement, which impacts all aspects of

international classification of functioning disability and health,

including quality of life and life expectancy (21, 22, 50, 61, 66).

Therefore, to avoid the limit of missing data, further studies

should collect systematic homogeneous data on scales assessing

motor, balance, autonomy, quality of life and cognitive functions

to analyze their relationship after subacute stroke (67), and

also key outcomes data (e.g., early death, fatal intracranial

hemorrhage and poor functional outcome). This meta-analysis

studied WS during a simple gait task, while other studies

examined WS links to balance and cognition with a focus

on cognitive motor interference during gait: WS during dual

task (68).
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In conclusion, this first recent meta-analysis of WS

highlighted a significant impairment of simple task gait

performance at the ASSS. Gait skill is the main complaint of

patients and one of the primary goals of stroke rehabilitation.

Gait rehabilitation applies complementary means through

analytical but also functional gait training techniques in order

to recover efficient gait in all conditions of daily life. It is

essential to further explore all aspects of gait skills to increase

autonomy, social participation, quality of life and life expectancy

after stroke.
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Rehabilitation, China Rehabilitation Research Center, Beijing Bo’ai Hospital, Beijing, China,
6Department of Radiology, China Rehabilitation Research Center, Beijing Bo’ai Hospital, Beijing,

China

Brain lesion mapping studies have provided the strongest evidence regarding

the neural basis of cognition. However, it remained a problem to identify

symptom-specific brain networks accounting for observed clinical and

neuroanatomical heterogeneity. Independent component analysis (ICA) is a

statistical method that decomposes mixed signals into multiple independent

components. We aimed to solve this issue by proposing an independent

component-based lesion mapping (ICLM) method to identify the language

network in patients with moderate to severe post-stroke aphasia. Lesions

were first extracted from 49 patients with post-stroke aphasia as masks

applied to fMRI data in a cohort of healthy participants to calculate the

functional connectivity (FC) within the masks and non-mask brain voxels.

ICA was further performed on a reformatted FC matrix to extract multiple

independent networks. Specifically, we found that one of the lesion-related

independent components (ICs) highly resembled classical language networks.

Moreover, the damaged level within the language-related lesioned network

is strongly associated with language deficits, including aphasia quotient,

naming, and auditory comprehension scores. In comparison, none of the

other two traditional lesion mapping methods found any regions responsible

for language dysfunction. The language-related lesioned network extracted

with the ICLMmethod showed high specificity in detecting aphasia symptoms

compared with the performance of resting ICs and classical language

networks. In total, we detected a precise language network in patients

with aphasia and proved its e�ciency in the relationship with language

symptoms. In general, our ICLM could successfully identify multiple lesion-

related networks from complicated brain diseases, and be used as an e�ective

tool to study brain-behavior relationships and provide potential biomarkers of

particular clinical behavioral deficits.

KEYWORDS

functional magnetic resonance imaging, lesion network mapping, independent

component analysis, aphasia, stroke, language network
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Introduction

Mapping the neural circuits of a specific neurological or

psychiatric symptom is crucial for neuroscience research and

clinical practice (1, 2). From the earliest history of cognitive

neuroscience to modern neurology, detailed studies on focal

brain lesions have provided the strongest evidence to localize the

neuroanatomical substrate of cognition (3–7). However, because

of the challenging clinical and neuroanatomical heterogeneities

in many brain diseases, it remains highly infeasible to dissociate

the precise brain circuit responsible for a specific neurologic

symptom. Mapping the causal links between symptoms and

neuroanatomy for patients with complex neurologic and

psychiatric disorders remains an unsolved problem (8, 9).

Contemporary neuroimaging techniques have been applied

to patients with cognitive deficits following brain damage to

examine the functional and anatomical organizations of the

lesioned brain (10, 11). The traditional voxel-based lesion-

symptom mapping (VLSM) method based on the assumption

of “collective lesioned voxels” is aimed to find the most

commonly damaged voxels associated with symptom severity

(12). Despite the seemingly high spatial resolution, VLSM has

been recognized as apparently flawed with the rise of network

theories and evidence of many symptoms caused by damage

distributed in different brain locations (13, 14).

Lesion network mapping (LNM) was then proposed linking

brain lesions to a shared network of connected regions (15, 16).

Specifically, LNM took each patient’s lesion mask as a “seed”

to generate the likely lesion-affected functional connectome

based on a cohort of healthy controls. The symptom-related

network was identified as the shared functional connectome by

overlaying connectome-based maps across patients (15). This

method has been successfully applied to various symptoms such

as hallucinations, delusions, abnormal movements, and loss of

consciousness, with obvious advantages in revealing the brain

circuit of a single symptom with large heterogeneity in lesion

locations (6, 17–23). However, the plain overlaying approach

to construct the functional network was also likely to cause

low specificity (24). When connectivity patterns are broadly

diverse across patients, as in those with multiple lesion-induced

symptoms, it is not clear whether meaningful information could

be obtained from the shared connectome. As patients seldom

converge into only one deficit, the affected brain regions would

likely belong to multiple functions instead of a single one,

and the subsequent overlaying might yield a mixed non-sense

network that failed to explain any particular symptom.

To illustrate, stroke, a major cause of severe disability in

adults, broadly influences multifarious cognitive functions (25–

27). As one of the most common clinical features affecting

about one-third of patients with stroke, aphasia often co-

occurs with other cognitive behavioral problems such as motion,

attention, or memory deficits (28). Due to the comorbidity with

different lesioned cognitive networks, previous studies utilizing

the LNM method were questioned about the specificity of the

obtained network in the causal relationship with the aphasia

symptom (29, 30). Hence, a more precise network segregation

technique is desperately required to embrace the complexity

of lesion topographies as well as clinical symptoms. Ensuring

both the sensitivity and specificity of the lesioned-mapping

method is also an essential requirement to comprehensively

study the network-behavior relationships in complicated brain

diseases and to find the accurate brain biomarkers of a specific

cognitive deficit.

A feasible way is to apply the independent component

analysis (ICA), a generative machine learning method

commonly used for blind source separation in fields of neural

networks and signal processing (31). The ICA method has been

employed in brain imaging data to extract multiple spatially

independent networks from mixed BOLD signals (32). With

an emphasis on blind decomposition, the ICA method is

conventionally performed on healthy brains, detecting some

general networks such as visual, sensorimotor, and default mode

networks (8, 33–35). As a drawback, the ICA method often fails

to find a more subtle functional network with a high correlation

with a specific task (36). One critical account might be that

whole brain signals involve too much mixed and irrelevant

information to separate a fine-grained function without any

prior spatial constraints. Therefore, a more accurate way should

be to take advantage of both the ICA and lesioned brains. With

the lesion-affected connectome being selectively identified, the

scope of decomposing source signals can be narrowed more

specifically. With better segregation of a particular cognitive

network, we would be more efficient in establishing linkages

with related symptoms and in delineating lesion-associated

functional networks.

Here, we propose a method by leveraging independent

component-based lesion mapping (ICLM) to precisely identify

a functional network that is specifically related to a symptom

in patients with brain injury. We chose patients with post-

stroke aphasia as the target population mainly for two reasons.

First, large variability of lesion site and lesion complexity is

commonly observed in this population (37); thus, we could

compare whether and how our method could outperform the

two established lesion mapping methods (VLSM and LNM)

in diseases with high heterogeneity. Moreover, the language

network is a well-studied function that is suitable for verifying

our identified functional map (33, 38). Specifically, we first

demonstrated how the heterogeneity in lesion locations could

affect the results from the two established LM methods. Next,

we present our method by identifying the language network

by ICLM analysis. Then, the damage level of the language

network was correlated with aphasia symptoms to test the

specificity of our method compared with other networks.

Finally, we performed ICLM independently on randomly
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divided subgroups of participants to test the reproducibility of

the obtained language network.

Materials and methods

Participants

A total of 49 patients hospitalized in the Department of

Neurorehabilitation of the China Rehabilitation Research Center

were recruited for this study. The study was according to

the Declaration of Helsinki ethics principles and approved by

the Ethics Committee of the China Rehabilitation Research

Center. All the patients gave written informed consent

before participation.

The patients were recruited following these inclusion

criteria: (1) had a stroke due to a single infarction or hemorrhage

in the left hemisphere, (2) were diagnosed with aphasia

according to the Chinese version of theWestern Aphasia Battery

(WAB) and had an aphasia quotient of <93.8 (39), (3) using

Chinese as mother tongue, (4) were right-handed. The exclusion

criteria were (1) having visual and hearing impairments that

affect language evaluation, (2) with metallic foreign bodies or

other implanted electronic devices so could not undergo MRI

examinations, (3) having language disorder or severe dysarthria

before the stroke, (4) comorbidity with other neurological

diseases that are associated with speech disorders.

The healthy control cohort was selected from the Beijing

Normal University of the Consortium for Reliability and

Reproducibility (CoRR-BNU) dataset with 50 participants

(23 males, mean age = 23.39, range 19–30) (http://fcon_

1000.projects.nitrc.org). All the participants had no previous

history of nervous system or mental diseases and had

signed a written informed consent form before getting

scanned. The study was approved by the Institutional Review

Board of Beijing Normal University Imaging Center for

Brain Research.

Language assessments for patients

The assessments were evaluated by a professional speech-

language pathologist after patients’ enrollment using the

Chinese version of the WAB. The WAB assessment for this

study included four subsets: naming, auditory comprehension,

fluency, and repetition. The Aphasia Quotient (AQ) (range 0–

100) is a composite score of the WAB and was calculated

using the formula developed by Kertesz (naming score/10

+ comprehension score/20 + fluency score + repetition

score/10) × 2 (40–42), with lower scores indicating a more

severe deficit in language. All the language assessments were

performed within 3 days of MRI scanning. No new cerebral

hemorrhage or infarction occurred in any patient within

these days.

Image acquisition and preprocessing

Structural images of the patients were acquired with

Philips Ingenia 3.0T Magnetic Resonance System at the China

Rehabilitation Research Center. Acquisition parameters were as

follows: T1-weighted: TR = 7.1ms, TE = 3.2ms, flip angle (FA)

= 7◦, 192 slices with a slice thickness of 1mm and a 0-mm slice

gap, field of view (FOV) = 256mm, and matrix size = 256 ×

256. T2-weighted: TR = 2,500ms, TE = 252ms, FA = 90◦, 192

slices with a slice thickness of 1mm and a 0-mm slice gap, FOV

= 256mm, and matrix size= 256× 256.

The fMRI data of healthy controls in the CoRR-BNU dataset

were acquired with a SIEMENS TRIO 3-Tesla scanner at the

Beijing Normal University Imaging Center for Brain Research.

Each participant received four resting-state fMRI scanning

sessions, with each session lasting for 8min. During the resting-

state sessions, the participants were required to keep still and not

think systematically. The acquisition parameters were as follows:

TR = 2,000ms, TE = 30ms, FA = 90◦, FOV = 200mm ×

200mm, number of slices = 33, thickness/gap = 3/0.6mm, and

in-plane resolution= 64× 64.

The resting-state fMRI data of the 50 healthy participants

were preprocessed using procedures previously described

(43–47). The following steps were performed: (1) slice

timing correction (SPM2; Welcome Department of Cognitive

Neurology, London, United Kingdom), (2) rigid body correction

for head motion with the FSL package, (3) normalization for

global mean signal intensity across sessions, and (4) band-

pass temporal filtering (0.01–0.08Hz), head motion regression,

whole-brain signal regression, and ventricular and white matter

signal regression.

Lesion mapping and lesion variability
analysis

For each structural magnetic resonance imaging of the

patients, an experienced neurologist identified and manually

drew lesioned areas using MRIcron, an open-source tool for

brain imaging visualization and definition of volumes of interest

(http://people.cas.sc.edu/rorden/mricron/index.html) (48). Two

professional neurologists reviewed the lesion segmentation.

Lesion masks were spatially normalized to the Montreal

Neurological Institute (MNI) 152 atlas space (voxel size= 4mm,

dimension = 64 × 64 × 64, number of voxels = 262,144) and

binarized such that voxels inside the lesion had a value of 1 and

all other voxels had a value of 0.

For lesion variability analysis, we combined all the 49

lesion masks to create an overlapped lesion map with a coarse

view of lesion locations. Then, we calculated the proportion of

commonly shared lesion regions according to different numbers

of patients. The relationship between the proportion of typical

lesioned patients and overlapped regions was delineated to

quantify the inter-subject variability in aphasia lesion areas.
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Traditional VLSM and LNM analysis

For the standard VLSM method (12), first, we identified the

voxels with at least 25% and at most 75% of all 49 patients

that are lesioned, which are 1,176 in total. Then, for each

voxel, we classified the participants into two groups based

on the criterion below: the participants are lesioned or not

lesioned in this voxel. Then, we performed an independent

two-sample t-test on the two groups’ AQ scores to build a

relationship between the voxel and the symptom. We then

repeated the t-test for all the 1,176 voxels and performed

a False Discovery Rate (FDR) correction on 1,176 p-values.

Corrected p < 0.05 were defined as significant, and the

corresponding t-values were projected to the brain. In doing

so, we got a t-map that linked the lesion and the aphasia-

related symptom.

For the standard LNM method (15), the lesion masks

extracted from the 49 patients were separately used to calculate

the functional connectivity (FC) associated with the lesion

area using the fMRI data from the 50 healthy controls. First,

we used the intersection of brain areas extracted from the

50 HCs to be the brain mask, with a size of 1 × 32,894,

which will be used later. Then, for the lesion mask from an

individual patient, we used it as a seed ROI to calculate the

Pearson correlations between the averaged time course within

the ROI with all the brain voxels outside the ROI, which

resulted in a lesion-affected FC matrix with a size of 50 ×

VL (VL = 32,894 minus number of lesioned voxels) for each

patient. Correlation values were transformed into Z-values

by Fisher-Z transformation. Note that each patient’s size in

the second dimension of the FC matrix might differ because

of the variance in lesion sizes. Next, for each patient’s FC

matrix, we conducted a one-sample t-test across the 50 HCs

to get the t-value and p-value for each voxel in the matrix.

We then conducted a voxel-level family-wise error (FWE)

correction for all the VL p-values, and corrected p < 10−6

were considered significant voxels (49). The corresponding t-

values were then projected to the brain, forming a t-map for

each patient representing the individual lesion network map.

Lastly, we binarized the partial t-map that only considered

positive values for each patient and overlaid all positive t-

maps to identify areas that were functionally connected to the

lesion sites. We used different thresholds to retain only voxels

identified in most patients (i.e., 70, 80, and 90%) to get a

common map (49).

Independent component-based lesion
mapping

The ICLM method was consistent with the standard LNM

method in calculating the lesion-affected FC matrix for each

lesion mask. The preprocessed fMRI data of the 50 healthy

participants were used for calculating the FC with the lesion

mask extracted from each of the 49 patients.

In doing so, we had 50 FC vectors for each patient. To

preserve more spatial information in the following ICA, we

then averaged the FC vectors across the 50 HCs instead of

binarizing the statistical t-map in the traditional LNM method.

The averaged FC vector represented the FC pattern with each

patient’s lesion sitemapped in the normative fMRI data.We then

combined all the 49 FC vectors to get a union FC matrix as an

input dataset for ICA, with empty elements filled with zeroes.

The values in the FC matrix were Z-scored to have a zero mean

and unit variance before the ICA.

ICA seeks to recover latent sources with the assumption that

observations are linearly mixed by independent latent sources

(50). Given a dataset X ∈ R
M×V, which is comprised of M

participants and V samples (e.g., voxels), the generative model

for noiseless ICA can be written as:

X = AS, (1)

where A ∈ R
M×M is a full rank square mixing matrix and

S ∈ R
M×V is the latent source matrix. The goal of ICA is

to estimate the demixing matrix W ∈ R
M×M, such that the

estimated source matrix Ŝ can be computed as:

Ŝ = WX, (2)

Because of the effects of additive noise, it is desirable

to reduce the observed data to a lower-dimensional signal

subspace before performing an ICA. We conducted a principal

component analysis (PCA) to extract the signal subspace in

this study. The knee point method was used on the cumulative

explained variance to determine the order of the subspace.

We then performed an ICA on the signal subspace to get

independent components (ICs). The MATLAB code provided

in the group ICA of fMRI Toolbox (https://trendscenter.org/

software/gift/) was used to implement the ICA.

In this study, we used Infomax, an ICA algorithm widely

used in biomedical imaging (51). Since ICA is an iterative

algorithm, its optimization yields different solutions depending

on initialization. Therefore, we performed an ICA for 30

independent runs with different random initializations and

selected the most consistent run using a metric called cross

inter-symbol interference (cross-ISI) (52).

The resulting ICs were then converted to Z-scores with a

zero mean and unit variance. The Z-maps were thresholded

at a Z-value of ±1 (i.e., |Z| > 1) and referred to as lesion-

related network maps (53). These spatial maps should contain

a “lesioned language network” that linked lesions and aphasia

symptoms we are mainly interested in, as well as other

networks related to dysfunctions in cognitive domains apart

from language.
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Identification of the language network

To identify the language network from the seven ICs

obtained in the ICLM, we compared the pattern of each IC

with two classical language networks. One was the healthy

language network defined in Yeo 17 networks parcellated

from the resting-state imaging of healthy participants (44).

Another was the large-sample refined language network derived

from the meta-analysis results of 1,101 studies, including

task-related imaging and patient data (www.neurosynth.org).

We regarded the former as a healthy analog and the

latter as the “gold standard.” Specifically, we calculated the

dice coefficient (54) and the Pearson correlation coefficient

between each positive IC map and the language region from

the Yeo 17 parcellation or the language region from the

Neurosynth study. The dice coefficient was used to assess the

degree of spatial overlap between different maps (54). The

Pearson correlation coefficient was a reflection of similarity in

activation patterns between different maps. The IC that showed

the highest dice coefficients and correlation coefficients was

defined as the specific lesioned language network in patients

with aphasia.

Calculation of network damage score
and correlation with aphasia symptoms

In order to confirm the link of language network extracted

above by ICLM and aphasia-related symptoms, we examined

the relationship between the AQs and the level of damage

in the lesioned network across patients. Specifically, we

assigned each patient a “network damage score” using the

lesioned language network. To measure an individual patient’s

network damage score, we first identified the intersection of

the binarized lesioned language map and the patient’s lesion

mask. Then, we extracted the maximum Z-value within the

intersection area identified above. This Z-value represents

the highest intensity within the area and measures the level

of network damage and therefore is defined as “network

damage score.”

We then explored the relationship between the network

damage score and behavioral abilities. Pearson correlation

coefficients were calculated between the network damage score

and the behavioral scores measured by AQ. To avoid an

influence caused by lesion size, we regressed out the lesion

size from the network damage score before the calculation

of the correlation. In addition, we also calculated the

correlation coefficients between the language network damage

score and the subtests scores in the WAB, i.e., naming,

auditory comprehension, fluency, and repetition, to explore the

relationship between the language network and performance in

different language domains.

Validation of the reproducibility, stability,
and specificity of the method

To validate the robustness of our findings from the

ICLM method, we mainly conducted three types of control

analysis: (1) reproducibility analysis on different subgroups of

patients, (2) stability analysis on different parameters in the

ICLM method, and (3) specificity analysis for the network-

symptom relationship.

First, to examine the reproducibility of ICLM in different

subgroups, we randomly excluded one lesion and then split

the remaining 48 aphasia-causing lesions into two subgroups

(group A, N = 24; group B, N = 24). Then, we performed

ICLM separately for each subgroup and compared the identified

language network map using a dice coefficient. We calculated

pairwise dice coefficients between the acquired language

networks extracted from the subgroups. The random splitting

was performed 10 times, and the dice results for each time

were recorded.

We also considered the influence of different clinical

subtypes of patients on examining the aphasia-related lesioned

network. As our cohort includes patients with different lesion

types (ischemic and hemorrhagic stokes), different lesion stages

from onset time, and different severity in aphasia symptoms,

we repeated the ICLM on each subgroup separately to test

the potential influence brought by these factors. Specifically,

we grouped the patients with stroke into ischemic (N = 19),

hemorrhagic (N = 30), acute/subacute (< 1 month since stroke

onset, N = 29), chronic (> 3 months since stroke onset, N

= 20), minor aphasia (the highest 25% with AQ > 54, N =

12), and severe aphasia (the lowest 25% with AQ < 20.3, N =

12). ICLM was conducted on each subgroup, and the language

networkmap was identified using the same approach introduced

in section Identification of the language network. To test the

robustness of our method, we calculated the dice coefficient

between the map obtained from each subgroup and the one we

got obtained all the 49 patients.

Second, to validate the robustness of our ICLM method

regarding the parameter space, we also considered two possible

confounds that might influence the performance of ICA and

accuracy of the extracted network. One was the sample size of

the healthy cohorts to construct the FC matrices and the other

was the specific threshold value in constructing the lesioned

language network. Specifically, we tested if our method is robust

by repeating the ICLM by including more HCs. Specifically,

we formed two more extensive datasets: one dataset had 17

more HCs added from the BNU dataset, which has 67 HCs in

total; the second dataset had 65 HCs added from the IPCAS

dataset, which has 132 HCs in total. We then performed ICLM

using the two HC datasets separately and calculated the dice

coefficients between the identified language network and the

one identified using 50 HCs. Moreover, we also changed the

threshold to either looser (Z = 0.5) or stricter (Z = 1.5) in

Frontiers inNeurology 05 frontiersin.org

31

https://doi.org/10.3389/fneur.2022.981653
http://www.neurosynth.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ren et al. 10.3389/fneur.2022.981653

the construction of lesioned language network, and repeated the

analysis of exploring the relationship between the corresponding

lesioned language network and the behavior dysfunction.

Lastly, to validate the specificity of the symptom-network

relationship established by the language lesioned network, we

performed a control analysis in the sameway described in 2.8 but

on different maps as follows: (1) the lesioned network extracted

from traditional LNM, (2) other ICs extracted by ICLM, and

(3) classic language networks including the healthy language

network and the large-sample refined network. Of note, as the

healthy language network from the Yeo 17 networks was already

binarized, we counted the number of the voxels within the

intersection instead and used the Z-scored value as the network

damage score. We then calculated the correlation of the network

damage score from the lesioned network with the AQ scores and

compared the correlation value of the language lesioned network

and those of the control networks.

Results

High heterogeneity in aphasia lesion
areas resulted in the failure of traditional
methods

The baseline demographic and clinical characteristics of

the enrolled patients, such as gender, years of education,

disease duration, type of stroke, aphasia quotient, and scores

on various WAB subtests are shown in Table 1. The lesions

of 49 patients with post-stroke aphasia included in this study

were mostly distributed in the blood supply area of the left

hemisphere middle cerebral artery, and the lesions were large

and heterogeneous. All the 49 lesion masks were added together

to create the overlapped lesion maps. The overlapping map

of the lesions is shown in Figure 1A and exhibits a high

heterogeneity in lesion locations across patients. Specifically, we

found a striking decrease in the overlapped regions along with

the increased number of patients (Figure 1B). While about 70%

of the lesioned regions were shared in less than five patients,

only 5% of the lesioned regions were collectively damaged across

half of the patients. None of the lesion regions were found to

be common in all the 49 patients. The analysis of the overlap

between any two chosen patients also revealed about a 2/3

discrepancy (overlap proportion: mean = 0.33, std = 0.1) in

their lesioned regions, indicating large inter-subject variability

in the stroke lesion locations.

Given the heterogeneity in the lesion locations,

we next tested whether the traditional methods (i.e.,

VLSM and LNM) were able to detect a brain circuit

specific to language dysfunction. Unsurprisingly, the

standard VLSM failed to identify any voxels significantly

associated with aphasia symptoms after multiple corrections

(Supplementary Figure 1A), whereas the overlapped map

TABLE 1 Demographic and clinical characteristics of the patients.

Demographics (n = 49)

Age, year 54± 14

Gender, female (%) 30.61%

Education, year 15± 4

Time since stroke onset, month 2± 2.88

Cortex accumulation (%) 42.86%

Hemorrhagic stroke (%) 61.22%

WAB

Fluency 7± 7.5

Comprehension 115.80± 44.81

Repetition 45.00± 55.50

Naming 20.00± 38.50

AQ 40.10± 34.35

Lesion volume voxels 50,776± 33,697

WAB, Western Aphasia Battery; AQ, Aphasia Quotient.

in LNM decreased according to the percentage of shared

participants and disappeared in the requirement of 90% shared

participants, which was considered as the traditionally threshold

in previous researches (Supplementary Figure 1B). Even when

we loosened the threshold to calculate the overlapped map in

70 or 80% the participants, the lesioned map comprised few

language-related regions and failed to detect any relationship

with symptoms (p= 0.36).

A specific language network identified
from ICLM

We then performed the ICLM according to the flowchart

shown in Supplementary Figure 2A. By combing all FC vectors

that resulted from each patient’s lesion mask, we got an

FC matrix with a size of 49 × 32,894. The dimension of

the signal subspace determined with the knee point method

was 7 (Supplementary Figure 2B). We then performed an

ICA on the signal subspace extracted by PCA to get ICs.

We obtained seven spatially independent components by

performing ICLM on the lesion maps from the 49 patients

and normative fMRI data from the 50 HCs, as shown in

Figure 2. To identify the language network from the seven

ICs obtained by ICLM, we compared the pattern of ICs with

the classic, healthy language network defined in the Yeo 17

networks parcellated from the resting-state imaging of healthy

participants (Figure 3A), as well as with the large-sample refined

language network as the “gold standard” (Figure 3B), which

was derived from the meta-analysis results of language regions

in 1,101 related studies using task-related imaging and patient

data (www.neurosynth.org). Intriguingly, we found that IC#1

was outstandingly advantageous in the overlap (DICE = 0.36,
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FIGURE 1

Overlapped lesion mapping shows large spatial variability. (A) Overlapped lesion mapping. Overlay of lesions of 49 patients with post-stroke

aphasia is shown. Lesions spread to a large area of the left hemisphere and are mostly distributed in the blood supply area of the left hemisphere

middle cerebral artery. Color scale illustrates the number of patients with a lesion in that voxel, with warmer color indicating higher number. (B)

Overlap of the lesion regions across people. The blue curve shows a trend of decreasing proportion of overlapped lesion regions along with

increase in patients, indicating great inter-subject variability of the lesion location. Two dots with dash lines are shown as examples: about 30%

of the lesioned regions are shared by approximately 5 patients (10%); when the proportion of patients was raised to 50%, only 5% of the lesioned

regions were commonly damaged.

compared with 0.08 as mean ICs) and correlation (r = 0.44,

p < 0.001, significantly higher than the second strongest

correlation, Z = 67.17, p < 0.001) with the healthy language

network. Consistently, IC#1 was also highest in the overlap

(DICE = 0.3, compared with 0.14 as mean ICs) and correlation

(r = 0.22, p < 0.001, significantly higher than the second

strongest correlation, Z = 12.05, p < 0.001) with the “gold

standard” language network. Therefore, IC#1 was referred and
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FIGURE 2

Seven independent spatial maps are generated by lesion-based independent component analysis. Seven spatially independent components

derived from ICLM are illustrated with both volume (left) and surface (right) maps. The major brain regions included in each spatial map are

listed. IC#1: inferior frontal gyrus, superior frontal gyrus, and middle frontal gyrus together with some other regions in premotor cortex; IC#2:

fusiform gyrus, inferior parietal lobe, middle frontal gyrus, inferior frontal gyrus, and superior parietal lobule; IC#3: thalamus, pons, caudate, and

precuneus; IC#4: temporal pole, insula, and supramarginal gyrus; IC#5: occipital lobe, precentral gyrus, and postcentral gyrus; IC#6: anterior

cingulate, superior frontal gyrus, medial frontal gyrus, and inferior frontal gyrus; IC#7: middle frontal gyrus, orbitofrontal cortex, postcentral

gyrus, precentral gyrus, and inferior frontal gyrus. Color bar indicates the weight of each voxel in the corresponding IC. IC, independent

component.

defined as the specific lesioned language network in patients

with aphasia.

The identified symptom-related language network were

typically left-lateralized and included brain regions which

are traditionally recognized as being involved in language

processing, regions mostly distributed in the inferior frontal

gyrus, superior frontal gyrus, and middle frontal gyrus, together

with some other regions in premotor cortex. A complete list

of MNI coordinates and t values for all statistically significant

clusters is shown in Table 2. In addition, we found that the

derived language network also revealed language-related regions

in the cerebellum, which was consistent with previous findings

(15, 55).

High specificity of the lesioned language
network in detecting behavioral
dysfunction

To further investigate the role of the lesioned language

network in aphasia symptoms, we calculated the correlation

between the network damage score calculated within the

lesioned language network and the AQ performance of the

patients. As a result, we found a significant negative correlation

of damage level with the total score of AQ (r =−0.29, p= 0.04)

(Figure 4A). In addition, the correlation coefficients between the

language network damage score and the subtest scores were

also calculated. We found that the language network damage
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FIGURE 3

IC#1 has the most advantage in the spatial overlap and correlation with two well-established language networks. (A) Comparison with the

parcellated language network in healthy people. Bar chart shows the comparison of seven ICs obtained by ICLM with the healthy language

network defined in Yeo 17 networks. The Yeo 17 networks are parcellated from the resting-state imaging of healthy participants. The black bar

indicates IC #1, and the gray bars indicate IC#2 to IC#7. The dashed lines in this figure represent the average correlation coe�cient or dice

coe�cient across the seven ICs. Overall, IC#1 is significantly higher than the other ICs in terms of spatial overlap (left, DICE = 0.36) and

correlation (right, r = 0.22) with the healthy language network. (B) Comparison with the large-sample refined language network. The

comparison of the seven ICs obtained by ICLM with the language network from Neurosynth is shown. This target network is regarded as the

“gold standard” since it is derived from the results of a meta-analysis of 1,101 language-related studies (www.neurosynth.org). The black bar

indicates IC#1, and the gray bars indicate IC#2 to IC#7. The dashed lines in this figure represent the average correlation coe�cient or dice

coe�cient across the seven ICs. Again, IC#1 exhibits the highest overlap (left, DICE = 0.3) and correlation (right, r = 0.44) with the “gold

standard” language network, and therefore is defined as the specific lesioned language network in patients with aphasia. corr., correlation; IC,

independent component; r, correlation coe�cient.

scores were also negatively correlated with the naming scores

(r = −0.41, p < 0.001) and comprehension (r = −0.38, p =

0.01) (Figures 4B,C and Supplementary Figure 3). Accordingly,

the lesioned language network was significantly associated with

lesion-induced language deficits. The results indicate that the

more severe the damage within the derived language network

of patients with post-stroke aphasia, the lower the patient’s AQ,

that is, the more severe the aphasia (40). We thus succeeded in

mapping the symptom-related language network associated with

aphasia severity in patients.

In comparison, we conducted an additional correlation

analysis of network damage score in the other six ICs with

the AQ performance (Supplementary Figure 4). None of the ICs

were found to be responsible for the behavioral dysfunction

(p > 0.05 for each of the six ICs), indicating the specificity

of lesioned language network in causing aphasia symptoms.

To further prove the efficiency and accuracy of the language

network derived from our ICLM method, we also compared it

with the healthy language network as well as the refined language

network (Supplementary Figure 5). As a result, we found no
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TABLE 2 ICLM results and MNI coordinates for the language network.

Brain region Brodmann area Volume (cc) Random effects: Max value (x, y, z) MNI (x, y, z)

Left hemisphere Right hemisphere Left hemisphere Right hemisphere Left hemisphere Right hemisphere

Middle frontal gyrus 6, 8, 9, 10, 11, 46, 47 11.3 2.1 1.5 (−46, 6, 45) 1.3 (26, 43,−3) (−46, 4, 49) (26, 44,−1)

Precentral gyrus 6, 9, 44 0.5 / 1.5 (−50, 3, 49) / (−50, 1, 53)

Sub-gyral 8, 21 0.4 4.5 1.2 (−14, 27, 42) 1.4 (22, 13, 26) (−14, 26, 47) (22, 12, 29)

Inferior frontal gyrus 9, 10, 11, 44, 45, 46, 47 10.4 3.6 1.4 (−61, 27, 3) 1.3 (53, 38,−11) (−62, 28, 5) (54, 40,−11)

Superior frontal gyrus 6, 8, 9, 10, 11 15.0 1.5 1.4 (−6, 30, 57) 1.4 (1, 28, 52) (−6, 28, 64) (1, 26, 58)

Medial frontal gyrus 6, 8, 9, 10, 11 4.0 0.8 1.3 (−10, 41, 39) 1.3 (1, 45, 42) (−10, 40, 45) (1, 44, 48)

Superior temporal gyrus 21, 22, 38, 39, 41, 42 2.2 2.3 1.3 (−33, 9,−40) 1.2 (38,−39, 7) (−33, 11,−47) (38,−40, 5)

Inferior temporal gyrus 20, 21 2.7 / 1.3 (−50,−21,−28) / (−51,−20,−35) /

Inferior parietal lobule 39, 40 0.5 / 1.2 (−66,−41, 26) / (−67,−44, 26) /

Middle temporal gyrus 20, 21, 22, 38 4.1 2.0 1.2 (−43, 6,−36) 1.2 (38,−41, 7) (−43, 8,−43) (38,−43, 5)

Fusiform gyrus 18, 19, 20 0.9 0.1 1.2 (−53,−9,−26) 1.1 (25,−74,−12) (−54,−8,−31) (25,−76,−19)

Supramarginal gyrus 39, 40 1.5 / 1.2 (−63,−49, 29) 1.1 (−57,−64, 31) (−64,−52, 29) (−58,−67, 30)

Rectal gyrus 11 0.6 0.4 1.1 (−2, 30,−24) 1.2 (4, 49,−25) (−2, 32,−27) (4, 52,−27)

Orbital gyrus 11 0.2 0.2 1.1 (−6, 38,−21) 1.2 (5, 47,−27) (−6, 40,−23) (5, 50,−29)

Angular gyrus 39 0.1 / 1.1 (−54,−56, 36) / (−55,−59, 36) /

Uncus 20, 38 0.1 / 1.0 (−29, 3,−40) / (−29, 5,−47) /

ICLM, independent component-based lesion mapping; MNI, Montreal Neurological Institute; cc, cubic centimeters; Max, maximum.
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FIGURE 4

Damage level of the identified language network is reversely associated with aphasia severity. (A) Network damage level is associated with AQ.

The scatter plot illustrates a significant negative correlation (r = −0.29, p = 0.044) between network damage scores of the identified language

network and patients’ AQ. (B,C) Network damage level is associated with the naming and comprehension subtests. The scatter plots show that

the language network damage score is negatively correlated with naming (r = −0.41, p = 0.004) and comprehension (r = −0.38, p =0.006)

scores. AQ, Aphasia Quotient. The solid line represents the best linear fit with its 95% confidence interval (shaded area). Black dots are individual

data points.

FIGURE 5

ICLM of randomly split subgroups reveals adequate

reproducibility of this method. The scatter plot shows the dice

values between the language networks of the two subgroups

extracted in 10 di�erent runs. Each point represents the dice

value between two language networks generated by ICLM

within two randomly split subgroups. The dotted line indicates

the mean value of 10 dice values, which is 0.8, demonstrating

the relatively strong reproducibility of ICLM.

significance of the correlation between the damage score in

the healthy language network and the language dysfunctions in

patients (r = 0.17, p = 0.26). Such relationship was significantly

weaker when compared with the association of our lesioned

language network and symptoms (Z = −2.11, p = 0.034 in

comparing the two correlation coefficients). Together, the result

of the traditional parcellated language network indicated a

low specificity when we applied the network derived from the

healthy participants to the lesioned patients. Moreover, the

damage score calculated in the “golden standard” language

network has a strong association with behavioral abnormality

(r = −0.41, p = 0.004). The association to behavior from

our lesioned language network turned out to quite resemble

the result calculated from large-sampled refined language

network (Z = −0.82, p = 0.41). Given the authority of the

refined language network, which was extracted from thousands

of language-related research studies, our lesioned language

network derived from only 49 patients exhibited a high efficiency

in detecting the symptom-related language map.

Reproducibility and stability analysis

We further tested the reproducibility and stability of the

ICLM method in yielding the language network from patients

with aphasia. To exclude the possible confounds of distinct

neurofunctional mechanisms taking place in different patients,

we conducted a control analysis on the different subgroups

of patients either by random splitting or according to clinical

features. In the former method, we repeated the calculation

of the pairwise correlation between the language networks of

the two randomly divided subgroups extracted in 10 different

runs and obtained an average dice count of 0.8. The pairwise

dice from the different runs is shown in the graph (Figure 5).

This demonstrates that the language network obtained with the

ICLMmethod was highly reproducible. In the latter method, we

grouped the patients according to their lesion types (ischemic

and hemorrhagic strokes), disease stages (acute/subacute and

chronic stokes), or symptom severity (stroke with minor and

severe aphasia). The identified language networks with the

ICLM method exhibited a spatial distribution quite similar to

the one using all the patients (Supplementary Figure 6).
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To validate the stability in generating the lesioned language

network with the ICLM method, we also changed the sample

size of the healthy cohorts in constructing FC matrices

as well as the threshold in defining the lesioned language

network. Both the identification of the lesioned language

network and the correlation with behavioral dysfunction were

unchanged by repeating the ICLM with the different parameters

(Supplementary Figures 7A,B). Our results thus proved the

robustness of ICLM by including different healthy populations

as well as changing the network threshold.

Discussion

In this study, we identified a language network from mixed

lesion-affected brain regions in patients with moderate to severe

post-stroke aphasia by ICLM. We found that the language

network damage scores were negatively correlated with AQ and

the other two subtests, naming and auditory comprehension,

which verified the identified language circuit. By detecting a

specific lesioned language network that otherwise could not be

identified with the traditional VLSM and LNM methods, our

ICLM method succeeded in mapping the language network in

relation to clinical behavioral deficits in post-stroke aphasia.

The highlight of this study also lies in the high specificity of

the lesioned language network in associating the behavioral

dysfunction, which was more superior to the classic parcellated

language network and as good as the large-sample refined

language network.

Based on the improved ICLM method, this study mapped

the language network in post-stroke aphasia. The large-scale

network was mainly distributed in the temporal lobe, prefrontal

lobe, parietal cortex, and cerebellum, which generally covers

the circuits of speech and semantic processing. This is basically

consistent with previous research findings. For example, our

language circuit includes two key nodes of the brain language

network, the posterior middle temporal gyrus and the inferior

frontal gyrus (56). The resulting circuit also includes the angular

gyrus, which is related to semantic fluency (57), the middle

temporal gyrus, which is related to speech processing, and the

superior temporal gyrus, which is involved in the semantic-

phonological interaction process (58). These functions are

highly related to naming and comprehension ability, which

corresponds to the two significantly correlated WAB subtests.

Furthermore, we found that the derived language network also

discovered language-related maps in the cerebellum, which

fitted well with previous findings (15).

Compared with those of the traditional VLSM and

LNM methods, our results have shown that lesion mapping

incorporating ICA can accurately identify language regions from

multiple lesion-affected networks. The excellent performance of

our method benefited from the following reasons.

First, ICLM mapped the lesion-affected networks more

independently from the healthy controls instead of directly

using fMRI signals from the patients. This is because the

brain tissue at the lesion location in patients with stroke is

mostly destroyed, and functional neural activities within or

near the lesion site can no longer accurately reflect the normal

physiology or connectivity of ROIs. Also, the abnormalities

in BOLD signals detected in patients with post-stroke are not

only affected by the focal lesion but may also be affected by

secondary compensation or adaptive reorganization of brain

networks away from the lesioned area. Therefore, our method

uses an indirect functional connectivity profile from a large

cohort of healthy participants as in LNM, which can map brain

regions that are normally associated with lesioned sites. The

complementary application of LM and indirect fMRI in the

future may bring some new insights into the field of neurology

(15, 59).

Second, our method differs from the conventional LNM in

that the introduced ICA makes it more suitable for mapping

the symptom-related network from complicated lesions.

Conventional LNM directly applies lesions as seed regions

to calculate FC and then simply overlaps the maps obtained

from each patient to identify common brain regions. However,

when the stroke lesion is heterogeneously distributed, the

lesion-related brain regions calculated by traditional LNM

may also exhibit large inter-subject variability, leading to

a question whether meaningful information could be fully

obtained from the plain overlapping approach. The mapping

results of conventional LNM confirmed our speculation, with

very limited common regions found and failed to establish

a relationship with aphasia symptom. In comparison, ICLM

utilizes the full set of lesion-affected connectivity information

and leverages ICA to isolate the symptom-related component

from mixed signals. As a blind source separation technique,

ICA has been commonly conducted in brain network analysis of

cerebrovascular diseases in recent years. When both the source

signal and the mixing matrix are unknown, it can find out

mutually independent implicit components by analyzing the

high-order correlation between multidimensional observational

data and complete the extraction of the independent source

signal (60–62). After calculating the lesion-affected FC, we

performed an ICA to extract independent components from

the combined FC matrix from all the patients and identified

the language network that is linked to the aphasia-related

symptoms. Through this procedure, ICLM can discriminate

the single concerned network from a mixed bag of lesion-

affected networks, of which the results were robust after

reproducibility analysis.

Third, our definition of network damage score differs

from that of previous LNM studies. Conventional LNM

has been applied to studies on memory and depressive

disorders and successfully obtained memory and depressive

circuits (14, 49). These studies found that network damage
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scores were associated with depression severity and memory

behavioral scores. The network damage score in these studies

was calculated by summing the t-values for each voxel that

fell within the intersection of the derived circuit and the

lesion mask. However, summed t-values are heavily dependent

on the number of damaged voxels when calculating the

correlation between the network damage score and behavior

scores, so this index is highly perturbed by the size of

the lesions. In contrast, the network damage score in this

study was replaced with the max of z-values of the IC

map that fell within the intersection of the derived language

network and the lesion mask for each patient (63). In large

lesion studies, such a network damage score definition may

better represent the extent to which the lesion and language

network intersect.

As a result, we identified the lesioned language network

extracted with the ICLM method. The symptom-related

language network turned out to be mostly distributed in the

inferior frontal gyrus (IFG), superior frontal gyrus (SFG),

superior temporal gyrus (STG), and middle frontal gyrus

(MFG) in the left hemisphere, which were traditionally

recognized as key regions in healthy language processing

(64). Specifically, the opercular and triangular part of the

IFG was traditionally known as Broca’s area (BA), and the

posterior aspect of the STG was traditionally known as

Wernicke’s area (WA). Besides, a number of regions we

found were covered in the premotor cortex (Brodmann’s

area 6), which was referred to as language supplementary

motor area (SMA). Compared with previous classical language

networks, our lesioned language network was also more

specific to these key regions that played crucial roles in

clinical practice and for localization in treatment planning

(38, 65). For instance, a body of research has indicated a

strong increase of activation in SFG and a high correlation

with language recovery in patients with post-stroke. The IFG,

SMA, BA, and WA were also used as targets of non-invasive

brain stimulation to facilitate language rehabilitation (66, 67).

Therefore, our lesioned language network showed a high

specificity in identifying the crucial regions responsible for

behavior deficits.

Furthermore, the symptom-related brain circuits identified

by ICLM were not only specific to the behavioral deficit

but also showed relatively high reproducibility and stability.

Among the seven ICs segregated by ICA, only one was

significantly correlated with the patients’ language assessments,

indicating the high specificity of our method. In other

words, we have established an association between the

network damage score and the aphasia severity assessment

exclusively in one IC, namely, the language network.

The estimation power of our lesioned language network

was significantly higher than that of the classical healthy

language network and approximated to the meta-analysis

results from thousands of language-related research studies,

indicating the reliable symptom-localization ability of ICLM.

Further with the reproducibility analysis, we found that the

determined symptom-related regions were highly similar

between every two independent samples and different types

of subgroups, which again showed the great reliability of

our method.

This upgraded, accurate, and reliable lesion mapping

method can be beneficial to clinical practices. The precise

delineation of a symptom-related functional network has

direct clinical implications for optimizing patient rehabilitation

strategies. Neuromodulation techniques such as transcranial

magnetic stimulation can promote rehabilitation by modulation

of targeted brain regions or of their corresponding functional

connectivity (66). The clear symptom-biomarker mapped by

ICLM could facilitate patient management with more targeted,

effective, and optimal intervention planning. Furthermore,

ICLM can also be performed to map other symptom-related

functional networks besides language. Given that neural diseases

with complex lesion topographies are probably common

in patients, this method has a great potential in helping

discover the neural correlates of multiple functional deficits.

Finally, although the regional damage level was correlated

with overall or partial aphasia severity, whether the feature of

this network can serve as a predictive marker of behavioral

improvement remains to be determined. In future studies,

we can further validate the prognostic value of the obtained

functional network.

There are still some limitations in this study. First of all,

the sample size of this study is relatively small. In the future,

we should try to apply this method to a larger database to

observe its robustness. Second, we have only performed ICLM

on post-stroke aphasia and cannot verify whether this method

can be generalized to different clinical syndromes. This method

should be also applied to other diseases in the future to evaluate

its sensitivity and specificity. Third, we mainly focused on the

language network of the cerebral cortex and did not further

explore the circuits of white matter areas such as fiber tracts.

Finally, ICLM may also need to consider many covariates such

as age, gender, and education. The healthy control group was

young, and age may affect functional connectivity strength

(68). However, previous studies applying conventional LNM

to the elderly have not concluded that age directly changed

results, so this should not affect our interpretation of ICLM

(15).

In conclusion, this study mapped a specific language

network in post-stroke aphasia with high heterogeneous regions

and linked the lesioned language network to aphasia severity.

We consider ICLM to be an important complement to lesion

behaviormapping by improving the precise network localization

of complicated lesions. In the future, ICLM may be combined

with non-invasive brain stimulation to identify key stimulation

targets for specific symptoms and promote functional recovery

in complicated brain diseases.
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Medical Engineering, Beihang University, Beijing, China, 4Key Laboratory of Sensing Technology and

Biomedical Instruments of Guangdong Province, School of Biomedical Engineering of Sun Yat-sen

University, Guangzhou, China

Introduction: Modified pharyngeal electrical stimulation (mPES) is a novel

therapeutic modality for patients with neurogenic dysphagia. However,

the underlying neural mechanism remains poorly understood. This study

aimed to use functional near-infrared spectroscopy (fNIRS) to explore the

influence of mPES on swallowing-related frequency-specific neural networks

and ethology.

Methods: Twenty-two healthy right-handed volunteers participated in the

study. Each participant was randomly assigned to either the sham or the

mPES group and provided a 10-min intervention program every day for 5

days. Oxyhemoglobin and deoxyhemoglobin concentration changes verified

by fNIRS were recorded on days 1, 3, and 5. Five characteristic frequency

signals (0.0095–2Hz) were identified using the wavelet transform method. To

calculate frequency-specific functional connectivity, wavelet phase coherence

(WPCO)was adopted. Furthermore, behavioral performancewas assessed pre-

and post-mPES using a 150 ml-water swallowing stress test.

Results: Comparedwith sham stimulation on day 1, the significantly decreased

WPCO values were mainly associated with the dorsolateral prefrontal lobe,

Broca’s area, and middle temporal lobe. Compared with the sham mPES on

day 1, the mPES showed a noticeable e�ect on the total swallow duration.

Compared with the baseline, the WPCO values on days 3 and 5 showed a

stepwise decrease in connectivity with the application of mPES. Furthermore,

the decreased WPCO was associated with a shortened time per swallow

after mPES.
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Conclusions: The mPES could modulate swallowing-related frequency-

specific neural networks and evoke swallowing cortical processing more

e�ciently. This was associated with improved performance in a water

swallowing stress test in healthy participants.

KEYWORDS

modified pharyngeal electrical stimulation, swallow, neuroplasticity, functional near-

infrared spectroscopy, functional connectivity

Introduction

Modified pharyngeal electrical stimulation (mPES), a

modified modality of pharyngeal electrical stimulation (PES),

is a novel therapeutic neurostimulation tool for neurogenic

dysphagia (1). The parameters for mPES include “mixing

triangular and square wave, frequency: 5Hz, pulse width: 10ms,

10 min/day,” while the parameters of PES are “square wave,

frequency: 5Hz, pulse width: 0.2ms, 10 min/day” (1, 2). A

wide pulse duration may enhance the evoked sensory volley

to the central nervous system and may lead to short- and

long-term plasticity in circuits to help restore function (3–5)

and reduce the fatigability of contractions (6). Meanwhile, the

triangular waveform and wide pulse duration synergistically

stimulate denervated muscle (7, 8). Under electromyography

(EMG) guidance, mPES can elicit reflexive swallowing via ring

electrodes located in the hypopharynx (1). The neurological

mechanisms of mPES may be similar to those of PES. Previous

neuroimaging studies have shown that PES can enhance

the activity of the swallowing-related motor cortex (9–11).

However, to the best of our knowledge, no functional near-

infrared spectroscopy (fNIRS) studies have investigated the

neural mechanisms of PES and mPES. Numerous studies

have indicated that the swallowing-related cortical network

includes the primary sensorimotor cortex, cingulate cortex,

supplementary motor area, temporal lobe, inferior frontal gyrus,

and inferior parietal lobule (12, 13). Nonetheless, knowledge on

the effects ofmPES on the functional connectivity of swallowing-

related cortical networks is limited.

Functional magnetic resonance imaging (fMRI) has been

used to study cortical activity during swallowing because it has

nonionizing radiation, arbitrary slice scanning, multi-parameter

imaging, and excellent spatial resolution (14, 15). Activation

involves the prefrontal, primary sensorimotor, supplementary

motor area, parietal, temporal, insula, supramarginal gyrus,

and cingulate cortex (16–19). However, fMRI has several

disadvantages, such as low temporal resolution, high cost,

low portability, and contraindications for metal or electronic

implants (20). In addition, swallowing liquid or being on

command in the supine position might affect swallowing

physiology and performance. Similar to fMRI, fNIRS measures

the hemodynamic response or change in blood oxygenation

levels driven by neural metabolic needs (21). Moreover,

fNIRS is superior than fMRI in terms of high temporal

resolution, portability, and low cost (21). The fNIRS can

detect swallowing-related hemodynamic changes in oxygenated

hemoglobin (O2Hb) and deoxygenated hemoglobin (HHb)

concentrations in natural physiological postures. The cerebral

blood oxygen signal measured using fNIRS has obvious time-

frequency characteristics (22, 23). This allows analysis of not

only the time-domain correlation between blood oxygen signals

in various brain regions but also different frequency components

corresponding to different physiological sources, which provides

theoretical support for explaining the mechanism of mPES.

A method of peripheral nerve regulation could have a

remote effect on the network connectivity of the entire cortical

region and induce alterations in hemisphere region connectivity,

and a valid mPES intervention biomarker captures the relevant

neuroplasticity that contributes to behavioral change (24).

Functional connectivity (FC) analysis based on fNIRS could

provide new insights into the neural mechanisms underlying the

reorganization of swallowing-related cortical networks induced

by mPES. This study aimed to explore the influence of mPES

on swallowing-related frequency-specific neural networks and

ethology using fNIRS. Thus, mPES was applied to healthy

participants for 5 days to observe its pre- and real-time effects on

the brain networks. We hypothesized that mPES could induce

neuroplastic changes in the swallowing-related cortical network,

which would improve swallowing and elicit further functional

network reorganization after a long-term intervention.

Methods

Participants

A total of 22 right-handed healthy participants (10 females,

12 males; mean age, 46.1 ± 10.7 years) participated in this

study. The exclusion criteria included pregnancy; migraine;

caffeinism; a history of neurological or psychiatric illness;

taking any medications affecting the central nervous system;

dementia; head and neck region radiation therapy; and prior

surgery to the ear, nose, mouth, and throat region. The
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TABLE 1 The basic demographic information of the 20 participants.

Parameters mPES

(N = 10)

Sham

(N = 10)

P-value

Age (years) 46.1± 8.5 46.1± 12.9 0.102

Gender

(male/females)

5/5 5/5 NA

Height (cm) 166.8± 8.2 164.0± 7.4 0.860

Weight (kg) 69.9± 13.7 67.7± 13.1 0.728

Education (years) 7.5± 2.5 6.9± 2.0 0.272

Handedness

(right)

10 10 NA

Systolic blood

pressure (mmHg)

132.2± 4.2 125.8± 5.6 0.278

Diastolic blood

pressure (mmHg)

80.4± 2.8 71.3± 5.8 0.080

Number of

swallows

4.6± 0.7 4.6± 0.8 0.433

Total Swallowing

duration (s)

4.6± 1.2 4.5± 0.9 0.567

mPES, modified pharyngeal electrical stimulation; NA, Not applicable.

demographic characteristics and swallowing performance are

shown in Table 1. Ethical approval was granted by the Ethics

Committee of the Third Affiliated Hospital of Sun Yat-

sen University ([2021]02-259-01). The study followed the

Declaration of Helsinki and all participants provided written

informed consent. Clinical trial registration: Chinese Clinical

Trial Registry (ChiCTR2100054548). The execution time of

this study started on 20 December 2021 and ended on 15

January 2022.

Procedures

All participants were randomly assigned to either the

sham or the mPES group using central computer-generated

randomization numbers in sealed opaque envelopes prepared by

our consultant statistician. The principal investigatorWHMwas

responsible for allocation concealment. A qualified physiatrist

ZX was responsible for performing the mPES. A research

assistant XH was responsible for the fNIRS monitoring process,

while a second research assistant SYL was responsible for

the functional evaluation process. The data collectors and

participants were blinded throughout the study period. Based

on the pre-experimental results and experimental design

requirements, G∗Power 3.1.9.7 software was used for sample-

size calculation of repeated measures ANOVA with parallel

design. Power calculation identified a sample size of at least

20 participants to detect a 0.3 effect size with 0.8 power

with significance level set at 0.05. A flowchart of the study is

illustrated in Figure 1.

Overall, prospective screening identified 22 participants

were meeting inclusion criteria, and 2 of 22 participants were

excluded as they experienced transient nausea during the mPES.

All 20 participants performed the sham or mPES procedure for

10min per day for 5 consecutive days, and cortical activation

monitoring was carried out by fNIRS on days 1, 3, and 5. The

experimental methods are illustrated in Figure 2. Behavioral

performance assessments via a 150 ml-water swallowing stress

test (25) were conducted pre-and post-mPES/sham intervention

on day 1. Each participant underwent the same type of classical

150ml-water swallow stress test and was asked to drink 150ml of

water from a disposable paper cup “as quickly as possible.” The

number and duration of swallows were measured using surface

EMG (ZIMMER, Neu-Ulm, Germany) (26) and the number

of swallows was calculated simultaneously. The suprahyoid

muscles were recorded with a pair of 10mm diameter bipolar

skin electrodes (ZIMMER, Neu-Ulm, Germany), as shown in

Figure 2A.

mPES intervention

The mPES device (1) (ZIMMER, Neu-Ulm, Germany)

included a tube with two pairs of customized ring electrodes (the

distance between the active electrodes for recording the EMG

signals and reference electrodes was 8.8 cm), control panel for

regulating parameters, and portable EMG device. The stimulus

parameters were a mixed waveform (triangular and square

waves) with a pulse width of 10ms and a frequency of 5 Hz.

The electrode was placed transnasally in the pharyngeal

cavity, as shown in Figure 2B. When the pharyngeal EMG

fell below 20 µV for the first time, the participant was

instructed to swallow the saliva. If the EMG rose rapidly

above 20 µV, “the first stable below 20 µV” combined

with “the rapid above 20 µV” indicated good contact

between the hypopharyngeal mucosa and the active

ring electrode. Thus, the position of the electrode was

confirmed (1).

The mPES current intensity (CI) was detected from the

initial CI (0.5mA), and the stimulus CI was gradually increased.

The perception threshold (PT) was defined as the CI at which the

participant began to feel the stimulus. The maximum tolerance

threshold (MTT) was the CI at which the participant felt

discomfort or pain and did not want the stimulus to ramp up

further. The optimal CI was calculated as PT + [0.75× (MTT −

PT)] (1). The operation was carried out for 10min a day. The

process of electrode location and current intensity detection

was the same during mPES and sham intervention. The current

was delivered during mPES, whereas, no current was delivered

during the sham intervention. The electrodes were placed via the

same nostril by the same experienced operator.
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FIGURE 1

Flow diagram of the trial. mPES, modified pharyngeal electrical stimulation; fNIRS, functional near-infrared spectroscopy.

fNIRS measurement

In the mPES and sham groups, a continuous wave fNIRS

device (NirScan, Danyang Huichuang Medical Equipment

Co., Ltd., China) with wavelengths of 730 nm, 808 nm, and

850 nm was used to measure cortical hemodynamic parameters

(27). A total of 59 measurement channels, including 22

light source probes and 22 detector probes, were positioned

symmetrically over the left and right prefrontal cortex (FP),

dorsolateral prefrontal cortex (DLPFC), superior frontal cortex

(SFC), premotor cortex (PMC), primary motor cortex (M1),

primary somatosensory cortex (S1), middle temporal lobe

(MTL), and Broca’s and Wernicke’s areas, as shown in

Figure 2C.
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FIGURE 2

(A) fNIRS monitors cortical activities induced by mPES or sham procedures while bipolar skin electrodes of the surface EMG measure the

duration of swallowing and the number of swallows; (B) the location of mPES; (C) cap placement and channel locations. fNIRS, functional

near-infrared spectroscopy; mPES, modified pharyngeal electrical stimulation; EMG, electromyography.

Data pre–processing

The pre-processing method of fNIRS data has been

proven in previous studies (28–31). First, the 0.0095–2Hz

portion of the filtering signal was obtained using a six–

order Butterworth band–pass filter to reduce non-induced

components, such as low-frequency baseline drift. The

changes in concentrations of O2Hb and HHb in each

channel were calculated according to the modified Beer–

Lambert law. Second, an independent component analysis

was performed on the delta O2Hb and HHb signals of

each channel to determine the components that might

be related to noise and artifacts. Third, a moving average

filter was used to eliminate the obvious abnormal points

in the signal, and the artifact portion was removed using

cubic spline interpolation. Furthermore, changes in scalp

blood flow were taken from the signals using a short-

separation channel with a 10mm distance between the source

and detector.

Wavelet transform and wavelet phase
coherence

The continuous wavelet transform can recognize the time-

varying frequency and phase, which enables us to continuously

derive the frequency content in time by adjusting the length of

the wavelet windows. TheMorlet wavelet can locate independent

times and meet the requirements of frequency resolution,

which can be used to analyze non-stationary cerebral blood

oxygen signals.

The local cerebral blood oxygen concentration change

detected by fNIRS is derived from spontaneous cerebral cortex

activity, which reflects changes in neural activity in the cerebral

cortex. The following five frequency intervals corresponding

to different physiological sources have been identified by

the wavelet transform (32, 33): 0.6–2Hz, synchronization

of cardiac (I); 0.145–0.6Hz, respiratory (II); 0.052–0.145Hz,

myogenic (III); 0.021–0.052Hz, neurogenic (IV); 0.0095–

0.021Hz, endothelial cell metabolic (V).
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FC was calculated using wavelet phase coherence (WPCO),

which can be used to explain the phase relation of brain

function adjustments (34). The WPCO value was between 0

and 1 and could be used to quantitatively evaluate the phase

coherence between two signals at a consistent degree throughout

the continuous process of the time series to identify possible

connectivity. The WPCO value approaching 1 indicates that

there is a high degree of agreement between the two cortical

regions; otherwise, the two oscillating signals are not correlated.

The amplitude–adaptive Fourier transform method was applied

to perform a WPCO test. A total of 50 surrogate signals with

the same mean, variance, and autocorrelation functions as the

original signal but with no phase correlation were produced to

identify significant coherence (35, 36).

Statistical analysis

The data were presented as mean ± standard deviation

(SD). The Kolmogorov–Smirnov and Levene tests were applied

to test the variance normality and homogeneity of the data at

the group level. For inter-group comparison, the parameters

of the resting state were taken as covariables, and covariance

analysis was used to evaluate the significant differences in

parameters (region-wise WPCO) between the sham and mPES

states. Repeated-measures ANOVA was used to assess the

significance of intragroup parameter changes in both groups,

and Bonferroni correction was used for multiple comparisons.

In total, there were three inter-group pairwise comparisons,

and the corrected p-value threshold was set at p < 0.0167

(0.05/3). Furthermore, covariance analysis was used to evaluate

behavioral data from the 150 ml-water swallowing stress test. To

further verify the relationship between brain functional network

connectivity and swallowing function, we computed the region-

based Pearson correlation coefficients between themPES-related

WPCO changes
(

WPCO = WPCOtask −WPCOrest
)

and EMG

results in each group. The statistical significance level was set at

p < 0.05.

Results

The behavioral results are presented in Table 2. Compared

with the sham intervention, mPES had a significant effect on

total swallow duration. The stimulus current intensity of the

mPES in the participants was 1–2mA. During the first mPES

intubation, only two of the participants experienced transient

nausea while the remaining participants had no complaints of

obvious discomfort.

TABLE 2 Behavioral results of the 150 ml-water swallowing stress test.

Group Pre (s) Post (s) F p

Total swallow duration (s)

mPES (N = 10) 4.61± 1.19 3.81± 0.78 11.104 0.004

Sham (N = 10) 4.52± 0.89 4.79± 0.89

Number of swallows

mPES (N = 10) 4.60± 0.70 4.10± 0.32 3.028 0.10

Sham (N = 10) 4.60± 0.84 4.60± 1.07

Average duration per swallow

mPES (N = 10) 1.00± 0.21 0.93± 0.17 3.4 0.083

Sham (N = 10) 0.99± 0.13 1.08± 0.27

mPES, modified pharyngeal electrical stimulation.

Di�erences in functional connectivity

The distribution and significant changes in WPCO values

between the two groups are shown in Figure 3. In the FC

network based on the WPCO values, we found that the

magnitude of synchronization between the DLPFC, Broca’s, and

MTL in the mPES group was significantly lower than that in

the sham group. Compared with the sham group, the mPES

result also showed a significant lower WPCO value between r-

DLPFC-MTL (F = 4.732, p = 0.044), rWernicke’s-lMTL (F =

4.546, p = 0.048), and rDLPFC-lMTL (F = 5.059, p = 0.038)

in interval III (Figure 3A); bilateral S1 (F = 4.797, p = 0.043)

and l-SFC-M1 (F = 5.77, p = 0.028) in interval IV (Figure 3B);

and bilateral Broca’s (F = 7.692, p = 0.012), bilateral S1 (F =

4.829, p = 0.042), r-DLPFC-MTL (F = 5.278, p = 0.035), r-

DLPFC-S1 (F = 6.268, p = 0.023), lWernicke’s-rS1 (F = 5.645,

p = 0.03), rBroca’s-lMTL (F = 6.163, p = 0.024), lBroca’s-rMTL

(F = 8.305, p = 0.01), lDLPFC-rMTL (F = 7.402, p = 0.015),

lDLPFC-rFP (F = 4.66, p = 0.045), lPFC-rMTL (F = 6.956, p =

0.017), and r-DLPFC-Broca’s (F = 6.268, p = 0.023) in interval

V (Figure 3C).

Cumulative e�ects of mPES

A set of matrices showed that the statistical results of WPCO

changed with the increase in the number of mPES in detail.

Compared with the 3-day mPES, the WPCO value of the 5-

day mPES showed a significant decrease between l-SFC-MTL

(F = 6.224, p = 0.022), l-S1-MTL (F = 5.296, p = 0.004), l-

M1-MTL (F = 0.011, p = 0.017), rM1-lMTL (F = 9.543, p

= 0.003), rWernicke’s-lMTL (F = 5.274, p = 0.017), and L-

Wernicke’s-MTL (F = 8.997, p < 0.001) in interval III, and a

significant increase between rS1-lMTL (F = 5.804, p = 0.043)

in interval V (Figure 4A). Moreover, significant changes in

brain connectivity associated with MTL, Broca’s, andWernicke’s
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FIGURE 3

The Comparison of WPCO value between Sham and mPES group in intervals III (A), IV (B), and V (C). WPCO, wavelet phase coherence; mPES,

modified pharyngeal electrical stimulation; r, right hemisphere; l, left hemisphere; FP, frontal pole; DLPFC, dorsolateral prefrontal cortex; M1,

primary motor cortex; S1, primary somatosensory cortex; MTL, middle temporal lobe; Broca’s, Broca’s areas; Wernicke’s, Wernicke’s areas. *P <

0.05, **P < 0.01.

occurred more extensively during the 5-day mPES than during

the first intervention (Figure 4B).

Correlations between WPCO and time
per swallow

We examined the correlation between mPES-induced

changes in WPCO values and the difference in time per swallow

of post- and pre-task (Figure 5). Significant correlations were

found betweenWPCO values and behavioral data on swallowing

function. TheWPCO value between the bilateral S1 (r= 0.733, p

= 0.016) and r-DLPFC-Broca’s (r= 0.674, p= 0.033) in the right

hemisphere was positively correlated with the time per swallow.

The results showed that decreased WPCO was associated with a

shortened time per swallow after mPES.

Discussion

The present study investigated the impact of mPES on

frequency-specific brain functional connectivity through 5-

day tracing in healthy participants using fNIRS. The seminal

findings were as follows: Compared with the sham group,

significantly decreased WPCO values were mainly found in

the DLPFC, Broca’s, and MTL in the mPES group. Relative

to the baseline, the WPCO values showed a stepwise decrease

in connectivity mainly associated with MTL, Broca’s, and

Wernicke’s in intervals III and V, along with the application

of mPES. WPCO values (bilateral S1 and rDLPFC-rBroca’s)

and shorter time per swallow after mPES were found to be

significantly correlated.

FC is defined as the temporal synchronicity between spatially

independent neurophysiological activities (37). It is assumed

that there is a functional correlation between neurophysiological

Frontiers inNeurology 07 frontiersin.org

49

https://doi.org/10.3389/fneur.2022.1006013
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2022.1006013

FIGURE 4

The significant changes in functional connectivity of 5 vs. 3-day mPES in intervals III and V (A); the significant changes in functional connectivity

of 5 vs. 1-day mPES in intervals III and V (B). mPES, modified pharyngeal electrical stimulation; r, right hemisphere; l, left hemisphere; FP, frontal

pole; DLPFC, dorsolateral prefrontal cortex; SFC, superior frontal cortex; PMC, premotor cortex; M1, primary motor cortex; S1, primary

somatosensory cortex; MTL, middle temporal lobe; Broca’s, Broca’s areas; Wernicke’s, Wernicke’s areas.

processes and time synchronization; therefore, brain regions

with the same time synchronization belong to the same

functional network. In this study, the effect of mPES on WPCO

mainly existed at intervals III, IV, and V. The oscillations

in interval III were suggested to originate locally from the

intrinsic myogenic activity of smooth muscle cells in resistance

vessels (38). The vascular smooth muscles contract or relax in

response to an increase or decrease in intravascular pressure,

respectively, and the myogenic mechanism might be partly

under autonomic control. Interval IV implied that sympathetic

activity and persistent autonomic nerve activity elicited vessel

radii and resistance maintenance (39, 40), which provided

adequate cerebral blood flow during the mPES (41, 42). In

addition, the oscillations in interval V reflect the influence of

endothelial-related metabolic activity during mPES (43, 44).

Overall, the results of FC at intervals III, IV, and V showed that

mPES could induce neuroplasticity changes in the inter- and

intrahemispheric regions.

A previous neuroimaging study demonstrated an extremely

stable synchronization of spontaneous activity between

homologous brain regions in all bilateral cerebral hemispheres

(45), which was much higher than that between non-

homologous brain regions. The high correlation of neural

activity between homologous regions of the bilateral cerebral

hemispheres is one of the most significant characteristics of the

inherent functional systems of the brain (46). We found that

this inherent feature was altered in bilateral Broca’s and bilateral

S1 during mPES intervention. This phenomenon was also found

in non-homologous brain regions, such as rWernicke’s-lMTL,

rDLPFC-lMTL, lWernicke’s-rS1, rBroca’s-lMTL, lBroca’s-rMTL,

lDLPFC-rMTL, lDLPFC-rPFC, and lPFC-rMTL. This finding

suggests that the left and right hemispheres respond differently

to swallowing tasks induced by mPES, and this conclusion

was supported by previous studies (10, 47, 48). During mPES,

differences in the levels of brain regions were associated with

the increased asynchrony in neural activity between the bilateral

hemispheres. Pharyngeal stimulation or dysfunction may be

more associated with the right hemisphere.

Hemispheric specialization is an organizing principle of the

human brain that has been hypothesized to contribute to fast and

efficient information processing (49). In the right hemisphere,

which was more influential for pharyngeal swallowing tasks, the

WPCO values decreased significantly between r-DLPFC-MTL,

r-DLPFC-S1, and r-DLPFC-Broca’s. Even though the neural

structure functions associated with swallowing are extensive, the

cortical regions important for performing tasks remain unclear.

According to the resource conservation theory (50, 51), the

rDLPFC would deactivate for preserved mental effort during

prolonged challenging task maintenance. This might explain the

diminished rDLPFC in mPES-induced swallowing.

Concerning the gradually decreased brain connectivity

associated with MTL, Broca’s, and Wernicke’s with mPES

application. Although the MTL, Broca’s, and Wernicke’s areas

have overlapping anatomy of speech and swallowing (52), they
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FIGURE 5

The correlation results in WPCO values and the shortened time per swallow after mPES. WPCO, wavelet phase coherence; mPES, modified

pharyngeal electrical stimulation; r, right hemisphere; S1, primary somatosensory cortex; DLPFC, dorsolateral prefrontal cortex; Broca’s, Broca’s

areas.

may be primarily responsible for the speech process (53). Based

on the neuroplasticity of development and learning theory (54),

neurons that contributed relatively little would be weakened

for higher efficiency (55–57). In short, mPES could improve

swallowing processing efficiency, and long-term mPES could

further induce functional connectivity reorganization.

Regarding ethological behaviors, decreased functional

connectivity was associated with better swallowing performance.

Alterations in swallowing duration were minor but statistically

significant, which could be attributed to healthy participants.

Moreover, the shortened time per swallow was associated with

decreased WPCO of bilateral S1 and r-DLPFC-Broca’s, implying

that mPES might modulate these brain regions to increase

swallowing processing efficiency. As discussed above, lS1 and

rDLPFC might be the major brain regions to be excluded to

improve swallowing processing efficiency.

The current study has some limitations. First, fNIRS, unlike

fMRI, does not provide whole-brain measurements and is

limited in measuring deep cortical and subcortical regions.

Second, arterial pressure oscillations occur spontaneously as

Mayer waves exist in conscious participants in the vicinity of

a 0.1Hz frequency, which might affect the FC in interval III

(0.052–0.145Hz). Therefore, the interference of theMayer waves

should be considered in future studies. Last, the study included

healthy participants. As studies on patients with dysphagia

would be of more interest in the field of neurorehabilitation, a

follow-up study including patients would be carried out.

Notwithstanding these limitations, this study provides

evidence for the modulation of functional connectivity elicited

by the mPES. Moreover, the mPES is relatively passive and

involves minimal compliance. The method in this study could

be extended to assess changes in brain activities induced

by mPES in patients with dysphagia who cannot perform

volitional swallowing.

Our findings suggest that mPES could induce

neuroplastic changes in the swallowing-related brain

network that are associated with improved swallowing

behaviors. Our study provided evidence that mPES could

improve swallowing processing efficiency, and long-

term mPES could further induce swallowing-related

functional network reorganization. Further studies

investigating the effects of this tool on the brain network

and swallowing function in patients with dysphagia

are necessary.
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A corrigendum on

Modulating swallowing-related functional connectivity and behavior

via modified pharyngeal electrical stimulation: A functional

near-infrared spectroscopy evidence

by Zhang, X., Xie, H., Wang, X., Li, Z., Song, R., Shan, Y., Li, C., Chen, J., Hong, J., Li,

X., Wan, G., Zhang, Y., An, D., Dou, Z., and Wen, H. (2022). Front. Neurol. 13:1006013.

doi: 10.3389/fneur.2022.1006013

In the published article, there was an error. “PES” was incorrectly written instead of

“mPES”. A correction has been made to Results, Paragraph 1:

The behavioral results are presented in Table 2. Compared with the sham

intervention, mPES had a significant effect on total swallow duration. The stimulus

current intensity of the mPES in the participants was 1–2mA. During the first mPES

intubation, only two of the participants experienced transient nausea while the remaining

participants had no complaints of obvious discomfort.

The authors apologize for this error and state that this does not change the scientific

conclusions of the article in any way. The original article has been updated.
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Background: Tracheostomy is a lifesaving procedure provided for patients with

severe neurological injury. However, there is a lack of clarity about whether

patients can be decannulatedwithin 6months in those receiving tracheostomy

and what factors can be detected as a predictor for decannulation.

Objective: The objective of this study was to explore predictive factors of

decannulation in patients with neurological injury receiving tracheostomy

within 6 months and construct a novel nomogrammodel for clinical diagnosis

and treatment.

Methods: This retrospective observational study enrolled patients with

neurological injury whowere admitted to the ICU of neurosurgical department

in the First A�liated Hospital of Nanjing Medical University between January

2016 and March 2021. Patients were divided into decannulation group

and cannulation group according to whether tracheostomy tube removal

was performed within 6 months after tracheostomy. Multivariable logistic

regression analysis was performed to determine associated risk factors with

a bootstrap backward selection process. The nomogram to assess the

probability of decannulation at 6 months was constructed based on the

regression coe�cients of the associated factors and validated by bootstrap

resampling. Model performance was measured by examining discrimination

(Harrell’s C-index), calibration (calibration plots), and utility (Kaplan–Meier

curves stratified by the tertile of the predicted probability calculated and

subgroup analysis stratified by age and intervention).

Results: A total of 40.1% (147/367) of patients decannulated within 6

months. Significant variables in multivariable logistic regression analysis were

age (odds ratio [OR], 0.972; 95% confidence interval [CI], 0.954–0.990),

National Institutes of Health Stroke Scale (NIHSS) score (OR, 0.936; 95% CI,

0.911–0.963), early rehabilitation (OR, 5.062; 95% CI, 2.889–8.868), shock

(OR, 0.175; 95% CI, 0.058–0.533), and secondary surgery (OR, 0.210; 95%

CI, 0.078–0.566). The area under receiver operating characteristic curve

estimated with these variables was of 0.793 (95% CI, 0.747–0.838; P < 0.001).

A nomogram prediction model was constructed to predict the probability of
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decannulation in tracheostomized patients with a concordance index of 0.788

after internal validation.

Conclusion: We developed a nomogram that can predict the probability

of decannulation within 6 months in tracheostomized neurological

injury patients. The nomogram, including age, NIHSS scores, early

rehabilitation, shock, and secondary surgery, may assist clinicians in estimating

patients’ prognosis.

KEYWORDS

neurological injury, tracheostomy, decannulation, predictive factor, nomogram

Introduction

Neurological injury includes all those diseases that render

patients acutely neurologically devastated. Taken together,

neurological injuries can be divided into those with traumatic

and nontraumatic causes. The largest groups are stroke and

traumatic brain injury (1). Patients with severe neurological

injury admitted to intensive care unit (ICU) frequently

experience respiratory failure due to loss of airway protective

reflexes or decreased respiratory drive and are at risk for

pulmonary complications (2). These patients frequently

require mechanical ventilation and ultimately tracheostomy.

Tracheostomy is a procedure commonly performed in

these patients and is increasingly done at the bedside as

a percutaneous dilatational technique by intensivists (3).

Purported benefits of tracheostomy include assisted oral

and pulmonary management, improved patient comfort,

reductions in the requirement for sedation, and eased ventilator

weaning (4). However, keeping tracheostomy tube for a long

time may cause inflammation, impair swallowing function

by impeding tracheal elevation against the epiglottis, and

increases risk of adverse effects such as granulation tissue

formation, tracheal stenosis, or tracheomalacia (5). It is widely

accepted that there are clear benefits of decannulation (6).

On the contrary, it is important to identify the influencing

factors of decannulation within 6 months after tracheostomy

in neurological injury patients. However, few studies had

investigated the suitable predictors for successful tracheostomy

decannulation. Among 131 consecutive neurosurgical patients,

GCS score, the presence of vocal cord palsy, and pneumonia

were reported to be associated with difficult tracheostomy

decannulation within 3 months (7). Heidler and colleagues

found that likelihood of successful decannulation in early

rehabilitation clinics was significantly associated with age,

duration of mechanical ventilation, complications, oral diet,

and responsivity at admission (8). Nonetheless, predictive factor

for decannulation after tracheostomy in neurological injury is

still poorly understood. Meanwhile, it is important to explore

an intuitive and efficient instrument which may help clinicians

in estimating decannulation at early stages and optimizing their

treatment strategies.

Nomogram has been accepted as a reliable tool to construct

a statistical predictive model that quantifies the risk of a clinical

event (9), but there is limited evidence that concentrates on the

establishment of nomogram for the prediction of decannulation

in patients with neurological injury. With this perspective, we

conducted the current study to investigate predictive factors of

decannulation within 6months in tracheostomy-treated patients

with neurological injury. With the assistance of predictive

factors, we also constructed a novel nomogram model for

decannulation prediction.

Methods

Patients and population

This study retrospectively enrolled patients with moderate

or severe neurological injury, who were admitted to ICU of

neurosurgical department in the First Affiliated Hospital of

Nanjing Medical University between January 2016 and March

2021. Inclusion criteria are listed as follows: (1) aged ≥ 18

years; (2) time interval from symptom onset to admission ≤

24 h; (3) patients with moderate or severe neurological injury,

defined as traumatic brain injury or stroke (Glasgow Coma

Scale score 9–12 and 3–8, respectively) (2); and (4) percutaneous

tracheostomy performed during hospitalization. Those patients

who died within 72 h of admission were excluded from the

current study. Each participant or the guardian provided an

informed consent form before enrollment. In addition, this

study was performed with approval from the Ethics Committee

of the First Affiliated Hospital of Nanjing Medical University

(Reference Number 2020-SR-409).

Data collection

After eligibility validation, one researcher collected data

through a retrospective analysis of the medical records of
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all patients. All data were input by two research assistants

and the researchers adjudicating the predictors were blind

to the outcome. Data to be used in this study included

(1) demographic characteristics of age, sex, smoking history,

alcohol consumption history, and history of chronic diseases;

(2) clinical characteristics of major diagnosis, National Institutes

of Health Stroke Scale (NIHSS) score at admission, GCS score

at admission, pupillary reactivity, related complications within

6 months (thoracic trauma, inhalation pneumonia, shock,

intracranial infection, and epilepsy), early rehabilitation, and

secondary surgery condition; and (3) tracheostomy indicators

of anteropower diameter and transverse diameter of trachea,

the timing of tracheostomy, time of decannulation, and related

adverse events. In this study, we defined early rehabilitation as

interventions directed at improving neurological impairments

or disability that commence within the first 7 days after

onset (10). Shock was diagnosed as the systolic blood

pressure of <90 mmHg or the mean arterial pressure <70

mmHg, with associated tachycardia, tissue hypoperfusion,

and hyperlactatemia (11). Secondary surgery refers to the

secondary surgical treatment for recurrent cerebral hemorrhage

or aggravation of hydrocephalus after the first operation (12).

Tracheostomy performed in the first week from admission was

defined as early tracheostomy, while later than 7 days was

classified as late (13). The process of tracheostomy weaning in

our institution is based on the standard decisional flowchart

summarized by Ceriana et al. (14). The following criteria needed

to be satisfied: (1) stable clinical condition; (2) PaCO2 < 60

mmHg; (3) no delirium; (4) normal endoscopic examination or

revealing stenotic lesions occupying <30% of the airway; (5)

patient able to expectorate on request and develop a maximal

expiratory pressure of at least 40 cmH2O; (6) urgent swallowing

evaluated by gag reflex, blue dye, and videofluoroscopy. The

inner diameter of the cannula was reduced to 6mm and kept

capped for 3–4 days when all the criteria had been met. If the

arterial blood gases remained constant (pH ≥ 7.35 and PaCO2

< 5% increase), decannulation was performed. In our study,

the cannulated group was defined as long-term cannulation

during the first 6 months after tracheostomy. Patients with a

need for reintubation after decannulation or death during the

6-month period were also allocated as cannulated group (15).

Date of decannulation was collected from inpatient/physician

records. Patients were followed till discharge or till the day

of decannulation.

Statistical analysis

Continuous variables were presented as median with

interquartile range or mean with standard deviation. Categorical

variables were presented as counts and proportion. Differences

between continuous variables were compared using t-test.

Chi-squared test was used for categorical variables and

Wilcoxon rank-sum test was applied to compare variables

with a non-normal distribution. Univariate binary logistic

regression analyses were performed to determine independent

predictor for the probability of decannulation. Collinearity

of combinations of variables was evaluated by tolerance and

variation inflation factor (VIF) values, with tolerance < 0.1

and VIF > 10 considered indicative of multicollinearity (16).

All variables with P < 0.05 in univariate logistic analyses

were further assessed by multivariable logistic regression using

a backward stepwise selection. Data were presented as odds

ratio (OR) and 95% confidence interval (95% CI). Receiver

operating characteristic curves (ROC) were constructed to

evaluate predictive performance. Variables with P < 0.05 in

multivariate analysis were incorporated into R software to

construct the nomogram of the prediction model. Nomogram

was subjected to 1000 bootstrap resamples for internal validation

to assess predictive accuracy (17), and calibration curves were

plotted to calibrate the nomogram. In a well-calibrated model,

predictions should fall on a 45-degree diagonal line. In addition,

Harrell’s C-index was measured to quantify the discrimination

performance of the nomogram, ranging from 0.5 (absence

of discrimination) to 1 (perfect discrimination) (18). Finally,

we plotted Kaplan–Meier curves over the tertiles of patients

stratified by scores predicted by nomograms in dataset to further

assess calibration and performed subgroup analysis stratified

by age (<60 years old or ≥60 years old) and whether early

rehabilitation was performed (19). Statistical analyses were

performed in SPSS version 26.0 (IBM Corp, Armonk, NY, USA)

and graphics produced with R software (Version 4.1.1.). The R

packages rms, grid, lattice, Formula, and ggplot2 were used for

the analysis. For all analyses, statistical significance was set at P

< 0.05.

Results

Patient baseline characteristics and
univariate analysis

A total of 408 patients with moderate or severe neurological

injury receiving tracheostomy were admitted to ICU of

neurosurgical department between January 2016 and March

2021. Forty-one patients were excluded: 6 for missing or

overlapping data and 35 for lack of outcome at follow-up

time point. A total sample of 367 fulfilled the inclusion

criteria, of whom 69 died within 6 months. Of these

tracheostomized subjects, 147 (40.1%) were decannulated

within a median of 89 days (interquartile range 59–133)

from tracheostomy. Patients were followed until the day of

decannulation to assess for complications. Twenty-seven

(19.1%) patients were diagnosed with dysarthria, 25 (17.0%)

patients were detected with swallowing dysfunction, two

(1.4%) with incomplete healing of incision during tracheal

extubation, and 19 (12.9%) with tracheostomy-related

pulmonary infection.
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TABLE 1 Univariate and multivariate logistic regression analyses of patients decannulated within 6 months.

Varibales Univariate Multivariate

Decannulated

(n = 147)

Cannulated

(n = 220)

P-value OR 95% CI P-value

Age 55.42± 13.98 59.89± 13.06 0.002 0.972 0.954–0.990 0.003

Sex (male) 93 (63.3%) 149 (67.7%) 0.377

Type of disease 0.203

Traumatic brain injury 48 (32.7%) 76 (34.5%)

Ischemic stroke 2 (1.4%) 10 (4.5%)

Hemorrhagic stroke 97 (66.0%) 134 (60.9%)

GCS 6 (5,9) 5 (4,7) <0.001

NIHSS 34 (29,40) 39 (34,40) <0.001 0.936 0.911–1.963 <0.001

Pupillary reactivity 0.007

Both reactive 102 (69.4%) 122 (55.5%)

One reactive 21 (14.3%) 31 (14.1%)

Both unreactive 27 (16.3%) 67 (30.5%)

Heart disease 17 (11.6%) 44 (20.0%) 0.033

High blood pressure 78 (53.1%) 115 (52.3%) 0.882

Diabetes 22 (15.0%) 41 (18.6%) 0.361

Renal insufficiency 4 (2.7%) 12 (5.5%) 0.209

Chronic lung disease 4 (2.7%) 21 (9.5%) 0.011 0.310 0.094–1.020 0.054

Smoker 33 (22.4%) 49 (22.3%) 0.968

Alcohol involved 28 (19.0%) 36 (16.4%) 0.507

Thoracic trauma 16 (10.9%) 27 (12.3%) 0.685

Inhalation pneumonia 29 (19.7%) 37 (16.8%) 0.477

Shock 5 (3.4%) 33 (15.0%) <0.001 0.175 0.058–0.533 0.002

Intracranial infection 14 (9.5%) 12 (5.5%) 0.137

Epilepsy 16 (10.9%) 24 (10.9%) 0.994

Early rehabilitation 61 (41.5%) 31 (14.1%) <0.001 5.062 2.889–8.868 <0.001

Secondary surgery 6 (4.1%) 34 (15.5%) 0.001 0.210 0.078–0.566 0.002

Early tracheostomy 91 (61.9%) 142 (64.5%) 0.607

Anteropower diameter of trachea 18.16± 3.17 18.30± 3.14 0.687

Transverse diameter of trachea 16.58± 2.41 17.29± 2.40 0.006

The univariate results of factors associated with the

probability of decannulation showed that age (P = 0.002),

GCS score (P < 0.001), NIHSS score (P < 0.001), pupillary

reactivity (P = 0.007), early rehabilitation (P < 0.001), heart

disease history (P = 0.033), history of chronic lung disease

(P = 0.011), shock (P < 0.001), secondary surgery (P = 0.001),

and transverse diameter of trachea (P = 0.006) were associated

with decannulated at 6 months. In addition, there were no

significant differences in other factors between groups (P >

0.05). Detailed information about the characteristics of patients

is shown in Table 1.

Multivariate analysis

There was significant correlation between NIHSS and GCS

scores (tolerance < 1, VIF > 10); however, backward stepwise

selection in the multivariate regression excluded GCS score and

eliminated the bias caused by collinearity, indicating that NIHSS

score was more significant for the outcome. Furthermore, the

tolerance was >1, and VIF was significantly <10 for all other

variables, indicating non-significant collinearity among the

other independent variables. A multivariable logistic regression

analysis was performed with these significant variables in

univariate analysis. It revealed that age (odds ratio [OR], 0.972;

95% confidence interval [CI], 0.954–0.990; p = 0.003), NIHSS

scores (OR, 0.936; 95% CI, 0.911–0.963; p < 0.001), early

rehabilitation (OR, 5.062; 95% CI, 2.889–8.868; p < 0.001),

shock (OR, 0.175; 95% CI, 0.058–0.533; p = 0.002), and

secondary surgery (OR, 0.210; 95% CI, 0.078–0.566; p = 0.002)

were significant predictive factors (Table 1). Receiver operating

characteristic curve analysis was conducted to determine the

predictability of multivariable logistic regression analysis with

the results illustrated in Figure 1. The area under curve value for
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FIGURE 1

ROC curves for the probability of decannulation at 6 months.

discriminating the probability of decannulation at 6 months was

0.793 (95% CI, 0.747–0.838; P < 0.001).

Development and evaluation of the
prediction model

A nomogram prediction model was constructed with

multivariate analysis results. As shown in Figure 2, the total

points represent the cumulative sum of the points of each

index, and the probability represents the probability of result

variable corresponding to total points. The concordance index

was 0.788 by internal validation using bootstrapping with

1,000 iterations, which indicated that the predictive model had

favorable discrimination. In addition, overall calibration plots

were outstanding for the probability of decannulation between

probabilities predicted by nomogram and actual probabilities

(Figure 3).

To further assess the discriminative ability of model, the

predicted probability of decannulation was then plotted as

Kaplan–Meier curves stratified by tertile of the predicted

probability (Figure 4). Patients with lowest predicted 6-month

decannulation (tertile 3) had a worse outcome (14.4% 6-month

decannulation) compared with patients in tertiles 1 and 2 (68.0

and 37.0% 6-month decannulation, respectively) (P < 0.001).

Compared with actual survival based on Kaplan–Meier tables,

the mean 6-month decannulation predicted time by nomogram

revealed good estimation of 4.1, 5.0, and 5.6 months in tertiles 1,

2, and 3, respectively (P < 0.001).

Subgroup analysis demonstrated that secondary surgery,

NIHSS, and early rehabilitation might be associated with

patients younger than 60 years (P < 0.05). Moreover, age, shock,

secondary surgery, GCS, and early rehabilitation were significant

predictive factors in patients older than 60 years, as shown

in Figure 5. Figure 6 shows nomogram of subgroup analysis

stratified by whether early rehabilitation was performed. Shock

and GCS were identified as independent predictors for patients

who received early rehabilitation. Age, shock, secondary surgery,

and GCS were significantly associated with patients who not

received early rehabilitation (P < 0.05).

Discussion

We developed and validated a simple intuitive statistical

predictive model to quantify the probability of decannulation

within 6months in patients with neurological injury treated with

tracheostomy. Patients with severe neurological impairment

often require long periods of tracheostomy for airway protection

and mechanical ventilation (20). Clinicians are required

to provide a qualified estimation on the probability of

decannulation (21). Therefore, it is important to explore a

clinically applicable instrument for predicting the probability

of decannulation. A meta-analysis showed that half of severe

acute brain injury patients were decannulated at 6–12 months

(22). Hakiki et al. reported that 54.1% patients with severe

brain injury could be safely decannulated during their intensive

rehabilitation unit stay (23). In our study, 40.1% patients were

decannulated within 6 months. The lower decannulation rate

in the current study may be due to heterogeneity of primary

diseases including traumatic brain injury, ischemic stroke,

and hemorrhagic stroke, while other studies mainly focused

on patients with traumatic brain injury, especially for those

presenting consciousness.

Our model used ascertainable clinical and pathological

risk factors to conduct prediction on decannulation, including

age, NIHSS scores, early rehabilitation, shock, and secondary

surgery. Age as an inverse predictor of decannulation was

included in the model. This variable was in line with almost

all previous prognostic studies investigating predictors of

decannulation in either subjects with acquired brain injury or

critically ill subjects (8, 24, 25). In general, younger patients had

a higher probability of decannulation than older patients.

NIHSS is the most widely used scale for evaluating the

severity of stroke in the world. At present, the initial NIHSS

score is commonly used as an appealing prognostic marker for

long-term functional outcome of stroke patients (26). In this

study, NIHSS scores may serve as a better prognostic marker

of severe neurological injury in hospitalization. Mortensen

et al. (27) developed a prognostic model for decannulation

in patients with acquired brain injury, which included overall

functional level measured with Early Functional Abilities (EFA)
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FIGURE 2

Nomogram for predicting 6-month decannulation probability. To determine the probability of decannulation at 6-month, locate the patient’s

age and draw a line straight up to the point’s axis to establish the score associated with age. Do this again for the other four covariates (shock,

secondary surgery, NIHSS, and early rehabilitation), each time drawing a straight line upward toward the point’s axis. Add the scores for each

covariate together and locate the total score on the total point’s axis. Draw a straight line down to the lowest line to find patient’s probability of

decannulation at 6-month.

FIGURE 3

Calibration curves for nomogram. Red dotted line represents

the entire cohort (n = 367), while blue solid line is the result after

bias correction by bootstrapping (1000 repetitions), indicating

nomogram performance.

score. In our study, GCS was associated with the probability

of decannulation in univariate analyses but not in multivariate

analyses. Clinicians usually use GCS to evaluate nervous system

FIGURE 4

Kaplan–Meier curves demonstrating the probability of

decannulation within 6 months according to tertiles of

predicted scores.

functional defects of acute stroke patients, such as difficulty

in eye closure, decerebration, and decortication symptoms.

For patients with stroke, GCS often overestimates degree of

neurological deficit. Therefore, it may be unsuitable for stroke

patients without impaired consciousness (28).
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FIGURE 5

Nomogram for predicting 6-month decannulation probability in subgroup stratified by age. (A) Patients younger than 60 years old. (B) Patients

aged 60 years or older.

Early rehabilitation as a predictor variable was an important

clinical indicator, which was previously highlighted by Zivi

et al. (29). They demonstrated that an early neurorehabilitation

protocol carried out during ICU period could increase chance

of decannulation by more than 300% for tracheostomized

patients affected by acquired brain injury. Vitacca et al. (30)

also confirmed the relationship between physiotherapy and

probability of decannulation. They found that eighty-three%
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FIGURE 6

Nomogram for predicting 6-month decannulation probability in subgroup stratified by early rehabilitation. (A) Patients who received early

rehabilitation. (B) Patients who not received early rehabilitation.

of critical care survivors underwent physical exercise were

decannulated vs. 14% of controls. Acute neurorehabilitation

unit is another option for assisting tracheostomy decannulation,

in which their decannulation failure rate significantly reduced

from 27.3 to 9.1% (31). Therefore, data obtained in our

single center reinforced the evidence that early rehabilitation,

which included progressive peripheral muscle physiotherapy,

respiratory exercise, neuromuscular electronic stimulation
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(NMES), speech, and swallowing training, was feasible for

tracheostomized neurological injury patients. Indeed, several

reasons, such as clinical instability and inability to cooperate,

often preclude some patients from participating (32).

Subgroup analysis stratified by age showed that there

was no significant association between age and decannulation

outcome in patients younger than 60 years old. However,

in the subgroup of patients older than 60 years old, the

probability of decannulation decreased with increasing age,

which may be related to the decline of cardiopulmonary reserve

capacity in elderly populations (33). On the contrary, the

difference in the occurrence of shock in the age subgroup

may be due to the small effect of the correction of circulatory

shock on organ function in the young population. However,

shock in elderly population has a great impact on organ

function and is more likely to leave related multiple organ

dysfunction (34). The overall nomogram indicates the positive

significance of early rehabilitation for successful decannulation

in patients with moderate/severe neurological injury within 6

months. Early rehabilitation is worth popularizing in clinical

practice, but some grass-roots hospitals lack early rehabilitation

intervention conditions. Therefore, we set up subgroups and

drew nomograms according to whether early rehabilitation

was performed which can be applied to different medical

institutions to predict 6-month decannulation of patients with

severe neurological injury. While the small size of some

subgroups limits generalizability, our results highlight a need

for larger studies providing more outcome data for each

condition separately.

To the extent of our knowledge, no study tackled the

prediction of decannulation probability using data available by

nomogram models. Our model was developed in a moderate or

severe neurological injury cohort and focused on demographic

and clinical variables that would be routinely available at time

of treatment. The present nomogram was comprised of five

variables: age, NIHSS scores, whether early rehabilitation was

performed, whether shock occurred, and whether secondary

surgery was performed during hospitalization. These factors

have been incorporated into a nomogram to assist clinicians

in estimating the probability of decannulation for individual

patients, which in turn may assist with medical decision (35).

Our nomogrammodel showed that using the above independent

risk factors as predictive variables had a good C-index level and a

good correlation with actual occurrence. Correction curves with

internal validation using bootstrapping with 1,000 iterations also

showed that our nomogram model could effectively predict the

probability of decannulation within 6 months in patients with

moderate or severe brain injury receiving tracheostomy.

However, this study also has the following shortcomings.

First, our study excluded patients who died within 72 h and

included only patients with traumatic brain injury and stroke,

which limited the wider application of the model. Second, we

constructed prediction nomogram based on the retrospective

review of medical records, and the database did not include

other risk factors for neurological injury such as swallowing

function and laboratory markers. Thus, restricted in using

certain factors may have limited the power of our nomogram

to identify their significance. Finally, since the present study

was conducted at a single center, our findings may have limited

generalizability and additional external validations; therefore,

larger samples are warranted to direct implementation of our

model in clinical practice.

Conclusion

Multiple clinical parameters have been shown to have

prognostic accuracy for decannulation in patients with

moderate/severe neurological injury, and further investigation

is warranted. We developed a nomogram model for the

prediction of decannulation with the predictors including age,

NIHSS scores, presence of early rehabilitation, presence of

shock, and presence of secondary surgery, which may help

clinicians in estimating patients’ prognosis.
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Background: Evidence for the e�cacy of cognitive-motor dual-task (CMDT)

training in patients with post-stroke cognitive impairment (PSCI) and

no dementia is still lacking. More importantly, although some studies

on the cognitive e�ect of CMDT training show an improvement in

cognitive performance, the results are still controversial, and the intervention

mechanism of CMDT training on cognitive function improvement is not clear.

The main purpose of this study was to analyze the e�ects of CMDT training on

cognitive function, neuron electrophysiology, and frontal lobe hemodynamics

in patients with PSCI.

Methods: Here we tested the e�ects of CMDT training on cognitive function

in PSCI patients. Forty subjects who met the criteria of PSCI were randomly

assigned to control and experimental groups. CMDT training or cognitive

task (CT) training was administered to each patient in the experimental

and control groups, respectively. All subjects performed Mini-mental State

Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scale before

and after the intervention, and the event-related potentials (ERP) and functional

near-infrared spectroscopy (fNIRS) were used to evaluate the changes in

neuron electrophysiology and hemodynamics.

Results: Forty patients were randomized across Beijing Rehabilitation Hospital

Capital Medical University in Beijing. At the end of the intervention, 33 subjects

completed the experimental process. The CMDT group showed significant

improvement in the MMSE (P = 0.01) and MoCA (P = 0.024) relative to the CT

group. The results of ERP and fNIRS showed that CMDT training could shorten

the latency of P300 (P = 0.001) and the peak time of oxygenated hemoglobin

(P = 0.004). The results showed that CMDT training shortened the response

time of central neurons and significantly increased the rate of oxygen supply

to the frontal lobe.

Conclusion: CMDT training in patients with PSCI improved global cognitive

function, which was supported by the improved neural e�ciency of associated

brain areas.

Clinical trial registration: http://www.chictr.org.cn, identifier

ChiCTR2000034862.

KEYWORDS

post-stroke cognitive impairment, cognitive-motor dual task, randomized controlled

trial, event-related potential, functional near-infrared spectroscopy
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Introduction

Stroke is one of the leading causes of death and adult

disability, and it is highly associated with an increased

risk of cognitive impairment (1). The Stroke and Cognition

Consortium (STROKOG) harmonized data from 13 studies

based in eight countries found that 44% of hospitalized

stroke participants were impaired in global cognition (2).

In China, a community-based study involving 599 stroke

patients showed that the incidence of post-stroke cognitive

impairment (PSCI) was as high as 81.0%, with 48.9% of cases

being PSCI patients with non-dementia and 32.1% being post-

stroke dementia patients (3). PSCI is a broad concept that

covers the full spectrum from mild cognitive impairment to

dementia and includes cases with solely vascular pathology

or mixed pathologies (4). It refers to a series of syndromes

that meet the diagnostic criteria of cognitive impairment

after stroke, emphasizing the potential causal relationship

between stroke and cognitive impairment and the correlation

of clinical management between them (5, 6). The active clinical

management of stroke may reduce the occurrence of PSCI, and

the intervention of PSCI may also contribute to better recovery

from stroke dysfunction.

Previous studies have shown that cognitive training (CT),

including cognitive behavioral training and computerized

cognitive training, can improve cognitive impairment by

enhancing the functional connection of related brain regions

and cerebral cortical activity and increasing the thickness and

volume of the cerebral cortex (7, 8). Exercise training has a

beneficial effect on cognitive function by increasing cerebral

blood flow and reducing cardio-cerebrovascular risk factors

(9, 10). But traditional cognitive rehabilitation training has

many limitations in terms of efficacy and implementation.

At present, it is suggested that cognitive-motor dual-task

(CMDT) training may have a synergistic effect on improving

cognitive function (11). A network meta-analysis by Gavelin

et al. (12) shows that combined intervention can effectively

improve the cognitive function of the elderly with and without

cognitive impairment. The impact of CMDT training on

cognitive function has been studied extensively and some

creative points need to be addressed. Due to the lack of high-

quality randomized controlled trials (RCT) studies, the outcome

of combined intervention in the improvement of cognitive

function in PSCI patients is not consistent. More importantly,

the neurophysiological manifestations and cerebral blood flow

changes of CMDT training are not clear.

Event-related potential (ERP) is a neuron electrophysiology

detection method for the cognitive function of the brain

(13). The generation and changes of EEG can express the

activity process of brain cells in real-time, and the ERP

can record the cognitive processing in real-time (14). It has

the advantages of high time resolution, real-time, objectivity,

popularity, and so on. ERP including P300, N200, MMN, and

other different components can be used in the detection of

cognitive impairment, among which P300 is the most classic and

widely used. P300 is an endogenous component of ERP, which is

not affected by external stimuli and can objectively evaluate the

electrical activity process of the brain (15). Studies have shown

that the main manifestation of P300 in patients with vascular

cognitive impairment is prolonged latency and no significant

decrease in amplitude, indicating that prolonged latency is a

more characteristic manifestation (16).

The current research provides strong evidence that

neurovascular coupling plays a causal role in the pathogenesis

of vascular cognitive impairment. Neurovascular coupling is a

critical homeostatic mechanism in the brain, responsible for the

adjustment of local cerebral blood flow to the energetic needs

of the active neuronal tissue (17). Functional near infrared

spectroscopy (fNIRS) is a new non-invasive brain function

monitoring technique. Its spatial resolution is better than that

of EEG, and its time resolution is better than that of magnetic

resonance technology. JÖBSIS first used f-NIRS to observe the

changes in blood oxygen content in the brain of animals in 1977

(18). The principle of f-NIRS is to detect the light source energy

after scattering by using the good permeability of near-infrared

light to human tissue. The hemodynamic changes of the

cerebral cortex were reflected by calculating the concentration

of oxygenated hemoglobin(oxy-Hb), deoxyhemoglobin, and

total oxygen (19). This indirectly reflects the activation and

functional changes of the relevant brain regions.

Thus, we conducted a proof-of-concept single-blind RCT

study to provide evidence of the efficacy of CMDT training for

cognitive function improvement among patients with PSCI. At

the same time, we used ERP and fNIRS to explore a potential

neural mechanism for cognitive functional changes.

Materials and methods

Study design, registration, and patient
consent

The study included three parts: Baseline measurements, a 4

week intervention phase, and measurements at the end of the

intervention period. Participants with PSCI were recruited from

Beijing Rehabilitation Hospital at Capital Medical University.

Ethical approval was obtained from the Ethics Committee of

Beijing Rehabilitation Hospital at Capital Medical University

(2020ky59). The trial was registered under chictr.org.cn

(ChiCTR2000034862). All the participants provided written

informed consent.

Participants

Adults with a clinical diagnosis of PSCI were included in the

study (20). All patients met the following inclusion criteria: (1)

patients with the first stroke and lesions located in the cerebral
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hemisphere; (2) ages 18–80; (3) cognitive function evaluation:

informant questionnaire on cognitive decline in the elderly

(IQCODE) ≤ 3.3, 9 < Mini-mental State Examination (MMSE)

< 27, and 9 < Montreal Cognitive Assessment (MoCA) <

26; (4) able to follow the learning guide clearly; (5) walking

function: Holden grade > 2, orthostatic balance ≥ 2; (6)

attending physician evaluated the cardiopulmonary function

of the subjects and determined that they could complete

the aerobic exercise. Exclusion criteria were as follows: (1)

participants who exhibited disorders other than PSCI that

would affect cognition; (2) taking drugs that would affect

cognitive impairment; (3) clinically significant gastrointestinal,

renal, hepatic, respiratory, or other systemic diseases; (4) severe

deafness, blindness, or major physical diseases that led to

communication disorders and made the patients unable to

participate in screening; (5) seriously impaired limb function

that made the patients unable to complete the corresponding

exercise training; (6) participation in other trials or other

treatments at the same time.

Randomization and blinding

We used the online Research Randomizer to generate

the allocation sequence and used block randomization to

achieve two groups with a 1:1 ratio. The personnel involved

in conducting the study and data analysis were masked to the

patient randomization. All evaluators and data analysts were

blinded to treatment assignment throughout the study.

Sample size

There were two groups in the study, the CMDT group,

and the CT group. We used G∗Power software 3.1 prior power

analysis to estimate the sample size (α = 0.05, and 1 – β = 0.8).

No previous randomized trial had examined the effect of CMDT

training on cognitive function in PSCI. We chose an effect size

of 0.4, and the calculated minimum sample size was 34 cases.

Assuming that the drop-off rate of the whole experiment was

10%, the total sample size was calculated to be 38 patients with

PSCI. The patients were randomly divided into two groups with

a 1:1 ratio, and the final number of patients in each group should

be 19. Finally, a total of 33 participants in the CMDT group

and CT group were included in our study because seven patients

dropped out during the study.

Procedures

Patients in the CT group received an individualized

multidomain progressive training program for 4 weeks.

Participants were required to complete 40min of training

per day, 5 days a week. Within each domain, high accuracy

(>90%) was required to upgrade to the next difficulty

level (7). The training domains are determined according to

the results of cognitive evaluation before training, including

calculation, reasoning, working memory, processing speed,

executive control, and attention. Patients in the CMDT group

received simultaneous cognitive training and motor training.

The content of cognitive training was the same as that of the

CT group. Exercise training included 20min of rehabilitation

treadmill training (plus tolerable resistance) and walking on a

flat surface for 20min (at a speed acceptable to the patient).

The patients’ attention had to be allocated to both motor

tasks and cognitive tasks. The intervention began directly

after randomization. All the outcomes were assessed at the

baseline and end of intervention after randomization to measure

the effect.

Outcomes

The primary outcome measures were global cognitive

function, measured by MMSE and MoCA. Based on previous

studies, we hypothesized that CMDT training could enhance

neural reactivity and increase cerebral blood flow. The secondary

outcomes of the present study, therefore, included the amplitude

and latency of P300, a key indicator linked with neural reactivity

(21), and the changing trend of oxy-Hb concentration, which is

associated with cerebral blood supply.

ERP data

The ERP data were acquired via the classical oddball

paradigm. The patients sat in front of the computer screen that

presented the cognitive task and placed a healthy hand on the

mouse. The screen randomly showed the number 2 or 8. The

standard stimulus and deviation stimulus were displayed 70 and

30% of the time randomly. The number two was the target

stimulus. Before training, it was explained to the patient that

they should press the left mouse button when the screen showed

2 and not press anything when the screen showed 8. The whole

test lasted 2min. The analysis of the P300 components included

the presence of latency and amplitude. The P300 components

were obtained at the Fz electrode sites. The P300 latency was

identified manually in the time window of 300–700ms and

amplitude was defined as the maximum peak within the same

time window.

fNIRS data

The fNIRS data were acquired via the ETG-4000 Optical

Topography system. The mode was continuous wave
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FIGURE 1

VFT task-based experiment protocol.

FIGURE 2

The flowchart for this study.

technology, and the changing trend of oxy-Hb concentration

was measured. The acquisition frequency of the fNIRS signal

was 10Hz, and the measuring depth was 2.0–3.0 cm. During the

experiment, all participants fixated on the screen to perform

the verbal fluency (VFT) task (Figure 1). Before measuring

fNIRS signals, an introduction and exercises for the VFT task

were preceded to ensure participants fully understood the

task. After the introduction and exercises, each participant

performed a VFT task session. The session consisted of three

trials. Trials consisted of three different characters with the

same pronunciation (20s / a Chinese character). Record the

reaction time and operation accuracy of all participants for

data analysis.

Statistical analyses

Statistical analysis was performed using the SPSS 22.0

software package (IBM Corporation, Armonk, NY). The

significance of the difference between the two groups of

variables was determined by the t-test and described by

mean (standard deviation), with the measurement data

that did not conform to the normal distribution analyzed

using the Mann–Whitney U test and described by median

(quartile spacing). A statistically significant difference

was P < 0.05.

Results

Participants’ characteristics

Forty individuals were recruited between November 2019

and March 2021. The flow of participants through the

study is shown in Figure 2. Baseline characteristics and

neuropsychological assessment data are shown in Table 1. We

found no differences in age, sex, or duration of education.
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The average course of disease (SD) in the dual task group

and cognitive training group was 3.2 (1.1) months and 3.1

(1.089) months respectively, which was in the middle stage

of stroke recovery. The neuropsychological testing scores

were matched between the two groups. Concerning their

neuropsychological test performance, both groups performed

comparatively (P = 0.301–0.336). All participants completed

more than 90% of the training requirement.

Primary index measurement

Table 2 shows the covariate-adjusted change from baseline

to 4 weeks (end of intervention) for the two primary outcome

variables. After 4 weeks, the patients in the CMDT group

had significantly improved compared to the CT group, as

measured by MMSE (P = 0.01) and MoCA (P = 0.024)

(Figure 3).

Secondary index measurement

Secondary index measures included the amplitude and

latency of P300 and the changing trend of oxy-Hb concentration.

TABLE 1 Baseline characteristics.

Variables CMDT

(n = 17)

CT

(n = 16)

P-value

Age (yr), mean (SD) 54.0 (14.0) 60.5 (10.6) P= 0.159

Sex, n females (%) 5 (29.4) 3 (18.8) P= 0.688

BMI, mean (SD) 25.7 (2.5) 24.8 (3.9) P= 0.121

Education (yr), mean (SD) 12.9 (3.8) 13.3 (2.7) P= 0.723

Type, n% (I/H)* 11 (64.7)/6 (35.3) 12 (75)/4 (25) P= 0.708

Course (month), mean (SD) 3.2 (1.1) 3.1 (1.089) P= 0.940

ADL, mean (SD) 75.0 (6.58) 75.9 (7.55) P= 0.794

MMSE baseline 21.8 (3.0) 22.9 (2.6) P= 0.336

MoCA baseline 17.9 (3.4) 19.4 (3.2) P= 0.301

SD, Standard Deviation; BMI, Body Mass Index; Course, course of the disease; ADL,

Activity of Daily Living Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal

Cognitive Assessment; *I, infarction; H, hemorrhage.

The results of Table 3 showed that both P300 latency and

the time to the peak level of oxy-Hb (oxy-Hb Tmax)

differed significantly between the two groups. The P300

amplitude in lead Fz increased by 0.2150 µV in the CT

group and 0.3260 µV in the CMDT group. There was no

significant difference between the two groups (P = 0.061). The

mean P300 latency of Fz lead was shortened 11.25ms in

the CT group and 26.41ms was shortened to the CMDT

group. There was a significant difference between the two

groups (P = 0.001). The average peak level of oxy-Hb

(oxy-Hb max) in the frontal lobe increased by 0.0092

mmol/L∗mm in the CMDT group and 0.0025 mmol/L∗mm

in the CT group. There was no significant difference between

the two groups (P = 0.349). The average value of oxy-

Hb Tmax was shortened by 11.09 s in the CMDT group

and prolonged by 23.14 s in the CT group. There was a

significant difference between the two groups (P = 0.004)

(Figures 4–6).

Adverse events

No study-related adverse events occurred in either the

CMDT training or active control group.

FIGURE 3

Training e�ect on the primary outcome measurement.

TABLE 2 Estimated mean change (SD) and statistical significance in primary outcome variables.

Variables Group Baseline Outcome Difference Z P-value

MMSE CMDT 21.76 (2.95) 25.41 (2.92) 3.65 (1.46) −2.587 P= 0.01*

CT 22.88 (2.63) 25.06 (2.64) 2.19 (1.38)

MoCA CMDT 17.94 (3.41) 21.41 (3.83) 3.47 (2.10) −2.251 P= 0.024*

CT 19.44 (3.20) 21.31 (3.22) 1.88 (1.41)

*Statistical significance.
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TABLE 3 Estimated mean change and statistical significance in secondary outcome variables.

Variables Group Difference (mean) Z P-value

P300 amplitude (µV) CMDT 0.3260 −1.874 P= 0.061

CT 0.2150

P300 latency (ms) CMDT −26.41 −3.247 P= 0.001*

CT −11.25

oxy-Hb max (mmol/L*mm) CMDT 0.0092 −0.937 P= 0.349

CT 0.0025

oxy-Hb Tmax (s) CMDT −11.09 −2.846 P= 0.004*

CT 23.14

*Statistical significance.

FIGURE 4

Training e�ect on the secondary outcome measurement.

FIGURE 5

Changes in [oxy-Hb max] across 22 channels. Error bars represent one standard error of the mean. *Statistical significance.
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FIGURE 6

Changes in [oxy-Hb Tmax] across 22 channels. Error bars represent one standard error of the mean. *Statistical significance.

Discussion

PSCI is a functional disorder with a high incidence after

stroke. The treatment of cognitive impairment after stroke has

great significance for improving the quality of life of patients

and reducing the social burden. The purpose of this proof-

of-concept randomized trial was to investigate the efficacy

of CMDT training in patients with PSCI. The strengths of

our study include its active control design and use of both

neuropsychological evaluation and ERP and fNIRS as outcomes.

For primary index measurement, we found that, relative to

the CT, CMDT training led to a significant improvement in

global cognitive function, as measured by MMSE andMoCA, by

the end of the 4 week intervention. This result is consistent with

findings from recent meta-analyses of CMDT training (12, 22).

It shows that CMDT training has more advantages than single-

cognitive training in improving cognitive impairment. Our

results provide a significant update to the current understanding

of the effects of CMDT training. We confirm the positive effects

of combined interventions on cognition reported in previous

studies (20, 23, 24).

Concerning secondary index measurement, ERP and fNIRS

tests showed that, compared with CT, dual-task intervention

could significantly shorten the latency of P300 and the oxy-Hb

Tmax. The result of this study is an important supplement to the

research on the improvement of the cognitive field of dual-task

training. Previous studies have shown that MAP training

(combining meditation and aerobic exercise) can improve

cognitive function after stroke and increase the amplitude of

P300 (25, 26). Our study also found that after CMDT training,

the P300 amplitude increased, but there was no statistical

difference compared with the CT group. More importantly,

our results show that the P300 latency in the CMDT group is

significantly shorter than that in the CT group. It is well known

that the latency of P300 reflects the time it takes for the brain

to respond to stimulation (27, 28). The results showed that after

dual-task training, the reaction time of cognitive tasks decreased.

Many studies have shown that the latency of P300 is a more

sensitive index than amplitude in patients with stroke (21, 29).

Some studies have found that the latency of P300 in patients

with vascular cognitive impairment is significantly prolonged,

but the amplitude of P300 has no significant difference from that

of normal subjects (30). The results of this study confirmed that

P300 latency is a sensitive index to detect the improvement of

cognitive function in patients with PSCI from the point of view

of cognitive improvement.

A study by Dong et al. (31) points out that oxy-Hb Tmax

correlating with the reaction time means that the latency reflects

the speed of cognitive processing. Our results showed that the

oxy-Hb Tmax of the CMDT group was significantly shorter

than that of the CT group. Therefore, the results of oxy-Hb

Tmax once again confirmed that CMDT training can reduce the

task-related reaction time of patients. It suggests that the brain

could increase oxy-Hbmore rapidly under the stimulation of the

cognitive task and excite central neuronal cells, thus significantly

accelerating nerve conduction velocity and cognitive processing

speed (32). This is consistent with the results of ERP.

Through the analysis of the results of neurocognitive

psychology, our study demonstrated that CMDT training

significantly improved PSCI compared with cognitive training,

and the results of fNIRS and ERP suggested that CMDT training

could significantly shorten cognitive reaction time and improve

Frontiers inNeurology 07 frontiersin.org

72

https://doi.org/10.3389/fneur.2022.1027104
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Sun et al. 10.3389/fneur.2022.1027104

cognitive processing speed. The present study was subject to

several limitations. The evaluation scale of cognitive function

in the outcome index of this study evaluated overall cognitive

function, and the index was not detailed enough. In future

experiments, evaluation methods for each cognitive domain

(such as attention, memory, computing power, orientation, and

executive function) could be refined to determine the specific

areas in which the training method could improve cognitive

function. Future research could also increase the follow-up time

and explore the long-term effect of CMDT training. Owing

to equipment limitations, fNIRS only collected data from the

frontal lobe. Further research could collect other information

from the other brain lobes.

Conclusion

In general, compared with cognitive training, CMDT

training had more obvious advantages in improving the

cognitive function of PSCI patients. CMDT training shortened

the reaction time of central neurons and accelerated the

nerve conduction velocity to accelerate the speed of cognitive

processing and improve cognitive function more effectively.

Although our study demonstrated the effectiveness and safety of

CMDT training in PSCI patients, more clinical trials are needed

to support these findings.
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Stroke health management:
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University, Nanjing, China, 3Department of Rehabilitation Medicine, The First A�liated Hospital of

Nanjing Medical University, Nanjing, China

Objectives: The aim of the study was to assess the e�ect of the stroke health

management model on the prognosis and recurrence of mild to moderate

ischemic stroke, guided by the stroke health manager based on the patients’

needs. In addition, up-to-date evidence of healthcare resource allocation,

planning, and optimization is provided.

Methods: The current research was a retrospective, observational, single-

center, history-controlled study with patients divided into two groups, namely,

the intervention group and the control group, following the guidance of the

stroke health manager. The control group patients received standard medical

care during hospitalization, which consisted of advice on healthy lifestyle

choices carried out by the bed nurse, but no structured education, WeChat

group, or clinical consultationwas included. The intervention group patients, in

addition to the standardmedical care, received healthmanagement and health

education from the stroke health manager, and after hospital discharge, the

patients were followed up over the telephone by the health manager to see if

there was any recurrence or readmission.

Results: From 1 January 2018 to 31 December 2020, 382 patients with acute

ischemic stroke were enrolled in this study. Through the univariate regression

analysis, we found that SHM intervention was associated with a significantly

lower risk of recurrence (HR = 0.459). We constructed a nomogram based

on the significant variables from the regression analysis and also analyzed

the association between the control group and the SHM intervention group

among all subgroups using the Cox proportional hazards model to assess

the e�ect of the stroke health management model. Most patients in this

study had a total risk point between 170 and 270. The C-index value was

0.76, and the time-dependent AUC for predicting recurrence was >0.7.
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Conclusion: The stroke health manager-guided management model based

on patients’ needs can better control the risk factors of stroke and significantly

reduce the recurrence rate of mild to moderate ischemic stroke within 1 year.

KEYWORDS

stroke health manager, ischemic stroke, recurrence, health management, follow-up

Introduction

In China, the burden of stroke has increased over the

past 30 years and has become the leading cause of mortality

and morbidity, accounting for 1.57 million deaths in 2018 (1).

Notably, ischemic stroke accounts for up to 80% of strokes

in China, with a high recurrence rate (1). The Chinese stroke

survey showed that the rate of stroke recurrence at 1 year was

around 8.2–16% and that the rate of stroke recurrence at 5 years

was as high as 41% (2, 3), which is significantly higher than the

international report (10–15%) (4).

A study on the risk factors for ischemic stroke in 22 countries

(INTERSTROKE) found 10 risk factors that can explain 91.5%

of the population-attributable risk of ischemic stroke (4–7).

The prevalence of major risk factors for stroke is high in the

general population and among stroke survivors, and most of the

risk factors have increased over time (1, 5, 8). For preventing

recurrent ischemic stroke, the development of measures and

standardized strategies targeting etiology and risk factors is

important (7, 9, 10). In addition, the intervention of behavioral

risk factors for ischemic stroke by improving diet and physical

activity, controlling smoking, and limiting alcohol consumption

is also of great significance for preventing stroke recurrence

(1, 5, 11). Increasing evidence shows that tracking risk factors,

clinical characteristics, management patterns, and outcomes of

patients with stroke facilitate resource allocation and priority

setting in the healthcare system (1, 2, 12–15).

Driven by this principle, the Stroke Screening and

Prevention Project Committee of the National Health

Commission sponsored the “Stroke Health Manager (SHM)”

training program in 2017 for training the stroke health manager

nationwide, combined with professional stroke managers and

continuous health management (1). The combination of models

provides comprehensive, one-stop, and professional stroke

health management for patients with stroke (5, 13). A stroke

management model should be oriented to the needs of patients

with stroke, led by the stroke health manager, and inclusive of

multiple disciplines to conduct comprehensive and targeted

assessments for patients, through regular and standardized

healthcare, medication consultation, rehabilitation guidance,

and other stroke management work (9, 15–17).

In this report, a retrospective analysis was conducted to

assess the effect of the stroke health management model on the

prognosis and recurrence of mild to moderate ischemic stroke,

as guided by the stroke health manager based on patients’ needs

(18, 19).

Methods

The study design was approved by the Ethics Committee

of the First Affiliated Hospital of Nanjing Medical University

(Approve ID: 2021-SR-382).

Study design and participants

This work was a retrospective, observational, single-center,

history-controlled study comprising two groups. Based on the

electronic medical records, patients who presented to the Stroke

Emergency Green Channel of the First Affiliated Hospital of

Nanjing Medical University were consecutively recruited from

1 January 2018 to 31 December 2020 by a senior nurse,

if they met the following criteria: (1) patients aged ≥ 18

years; (2) patients diagnosed with ischemic stroke as per

the Chinese Guidelines for Diagnosis and Treatment of Acute

Ischemic Stroke 2018; (3) patients with the first episode of

ischemic stroke; (4) patients with mild to moderate stroke

with an NIHSS score at admission between 1 and 15; (5)

patients with a 12-month follow-up after hospital discharge;

and/or (6) patients who gave, or authorized a representative

to give, informed consent. Patients with incomplete follow-

up information were excluded from the study. The included

patients were divided into a control group (1 January 2018 to

30 April 2019) and an SHM intervention group (1 May 2018

to 31 December 2020), following the guidance of the stroke

health manager.

In the Hospital Quality Monitoring System (HQMS),

recurrent stroke diagnosis and comorbidities were identified

by the main diagnosis using National Clinical V.2.0 of

the International Classification of Diseases, 10th Revision,

disease codes. In the Chinese Stroke Center Alliance (CSCA),

stroke diagnosis was determined at discharge. Procedures or

interventions were identified by the International Classification

of Diseases, Ninth Revision, Clinical Modification, Volume 3.
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FIGURE 1

Flowchart of the trial. SHM, stroke health manager.

Health management

Stroke health manager

Stroke health manager is a new profession promoted by

the Stroke Prevention and Treatment Engineering Committee

of China for which senior nurses are recommended. The

stroke health manager of our hospital conducted full-time

management of patients with ischemic stroke during their

hospitalization and followed them up after their discharge

from the hospital, based on evidence-based medicine, and

as a bridge and coordination between medical research and

health management.

Health education

The stroke health manager used multimedia devices to

conduct half-hour courses for all hospitalized patients with

stroke and their family members in the stroke center.

The course content was in line with the American Heart

Association/American Stroke Association Guidelines (11),

which included management of risk factors for stroke,

prevention of deep vein thrombosis in lower extremities,

healthy dietary guidance, early exercise rehabilitation therapy,

and health education on constipation (13). It was among

the stroke health manager’s responsibilities to ensure the

quality and continuity of the educational content so that

patients could learn more about stroke prevention and care

during hospitalization as well as make correlative video and

promotional films (e.g., ankle pump exercises), which were to

be played on the display screen of the outpatient hall and

treatment area.

Clinical consultation

The control group patients received standard medical

care during hospitalization, which consisted of advice on

healthy lifestyle choices carried out by the bed nurse, but no

structured education, WeChat group, or clinical consultation

was included. The intervention group patients, in addition

to standard medical care, received health management and

health education from the stroke health manager, which

include the following processes: (1) evaluating patients

and establishing health records; (2) adding patients to

the group of stroke health management; (3) establishing
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TABLE 1 Demographics of the study population.

Patient characteristics Total (n = 382) Control (n = 169) SHM intervention (n = 213) P

Gender, n (%) 0.350

Men 241 (63.10) 111 (65.68) 130 (76.92)

Women 141 (36.91) 58 (34.32) 83 (49.11)

Age in year, mean (SD) 67.46 (11.52) 67.23 (11.53) 67.95 (11.55) 0.544

BMI, mean (SD) 23.91 (3.00) 23.63 (3.34) 23.93 (2.60) 0.332

Time to treatment, mean (SD) 3.1 (2.52) 2.92 (2.68) 3.21 (2.09) 0.241

NIHSS at admission, mean (SD) 11.37 (6.27) 11.51 (6.48) 11.37 (6.03) 0.820

Therapy Interventions, n (%) 0.052

Intravenous thrombolysis 193 (50.52) 96 (56.80) 97 (57.40)

Mechanical thrombectomy 99 (25.92) 37 (21.89) 62 (36.69)

Both 90 (23.56) 36 (21.30) 54 (31.95)

Implicative range in CT, n (%) 0.127

Unilateral 197 (51.57) 83 (49.11) 114 (67.46)

Bilateral /Multiple 166 (43.46) 70 (41.42) 96 (56.80)

No abnormality 19 (4.97) 16 (9.47) 3 (1.78)

Involved territory in CT, n (%)

Basal ganglia 193 (50.52) 81 (47.93) 120 (71.01) 0.102

Lateral ventricle 166 (43.46) 68 (40.24) 98 (57.99) 0.258

Cerebral cortex 126 (32.98) 54 (31.95) 72 (42.6) 0.702

Semioval center 24 (6.28) 12 (7.10) 12 (7.10) 0.557

Brainstem 19 (4.97) 6 (3.55) 13 (7.69) 0.254

Cerebellum 6 (1.57) 4 (2.37) 2 (1.18) 0.412

Implicative range in CTA, n (%) 0.626

Unilateral 239 (62.57) 104 (61.54) 135 (79.88)

Bilateral/Multiple 62 (16.23) 31 (18.34) 31 (18.34)

No abnormality 74 (19.37) 32 (18.93) 42 (24.85)

Mainly involved vasculum in CTA, n (%)

Carotid artery 84 (21.99) 35 (20.71) 49 (28.99) 0.591

Vertebral artery/Basilar artery 41 (10.73) 19 (11.24) 22 (13.02) 0.774

Middle cerebral artery 209 (54.71) 84 (49.70) 125 (73.96) 0.080

Anterior cerebral artery 23 (6.02) 9 (5.33) 14 (8.28) 0.611

Posterior cerebral artery 26 (6.81) 11 (6.51) 15 (8.88) 0.837

Comorbidities, n (%)

None 44 (11.52) 23 (13.61) 21 (12.43) 0.254

Hypertension 220 (57.59) 105 (62.13) 113 (66.86) 0.075

Diabetes mellitus 91 (23.82) 45 (26.63) 41 (24.26) 0.086

Atrial fibrillation 79 (20.68) 28 (16.57) 51 (30.18) 0.077

Surgical operation 69 (18.06) 30 (17.75) 39 (23.08) 0.888

Ischemic stroke 62 (16.23) 28 (16.57) 34 (20.12) 0.873

Cardiovascular disorders 36 (9.42) 19 (11.24) 14 (8.28) 0.107

Malignant tumor 19 (4.97) 9 (5.33) 10 (5.92) 0.778

Hyperlipidemia 12 (3.14) 25 (14.79) 40 (23.67) 0.303

Thyropathy 8 (2.09) 3 (1.78) 5 (2.96) 0.698

Valvular heart disease 7 (1.83) 2 (1.18) 5 (2.96) 0.471

Neurological/Psychiatric disorder 7 (1.83) 2 (1.18) 5 (2.96) 0.471

Hemorrhagic stroke 6 (1.57) 3 (1.78) 3 (1.78) 0.775

(Continued)
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TABLE 1 (Continued)

Patient characteristics Total (n = 382) Control (n = 169) SHM intervention (n = 213) P

NIHSS at discharge, mean (SD) 5.94 (7.92) 6.55 (9.38) 5.46 (6.53) 0.182

mRS at discharge, n (%) 0.617

0 71 (18.59) 28 (16.57) 43 (25.44)

1 83 (21.73) 38 (22.49) 45 (26.63)

2 71 (18.59) 33 (19.53) 38 (22.49)

3 55 (14.40) 26 (15.38) 29 (17.16)

4 39 (10.21) 19 (11.24) 20 (11.83)

5 49 (12.83) 11 (6.51) 38 (22.49)

6 14 (3.66) 14 (8.28) 0 (0)

mRS at 3 months, n (%) /

0 45 (11.78) 0 (0) 45 (26.63)

1 47 (12.30) 0 (0) 47 (27.81)

2 43 (11.26) 0 (0) 43 (25.44)

3 42 (10.99) 0 (0) 42 (24.85)

4 18 (4.71) 0 (0) 18 (10.65)

5 18 (4.71) 0 (0) 18 (10.65)

6 0 (0) 0 (0) 0 (0)

mRS at 6 months, n (%) /

0 49 (12.83) 0 (0) 49 (28.99)

1 48 (12.57) 0 (0) 48 (28.40)

2 38 (9.95) 0 (0) 38 (22.49)

3 43 (11.26) 0 (0) 43 (25.44)

4 19 (4.97) 0 (0) 19 (11.24)

5 15 (3.93) 0 (0) 15 (8.88)

6 0 (0) 0 (0) 0 (0)

mRS at 12 months, n (%) 0.122

0 122 (31.94) 62 (36.69) 60 (35.50)

1 90 (23.56) 44 (26.04) 46 (27.22)

2 53 (13.87) 18 (10.65) 35 (20.71)

3 54 (14.14) 14 (8.28) 40 (23.67)

4 20 (5.24) 5 (2.96) 15 (8.88)

5 17 (4.45) 4 (2.37) 13 (7.69)

6 26 (6.81) 22 (13.02) 4 (2.37)

SHM, stroke health manager; BMI, body mass index; NIHSS, National Institutes of Health Stroke Scale; CT, computed tomography; CTA, computed tomography angiography; mRS,

modified Rankin Scale.

follow-up relationship and formulating the health education

plan; (4) guiding patients to cooperate with doctors for

diagnosis and treatment; (5) providing health education

through information technology, such as nursing information

system, WeChat official account, and health management

WeChat group; and (6) conducting full-time “face-to-

face” follow-up with patients, carrying out weekly patient

education lectures, or hosting irregular in-hospital training

meetings and other forms.

Post-discharge advice

The stroke health manager issues a follow-up notice to

patients who plan to discharge from the hospital, informing

them of relevant matters, and a follow-upmanual to the patients.

The management of patients after hospital discharge is carried

out through WeChat public groups, telephone follow-ups, and

face-to-face follow-ups. A telephone follow-up is conducted 3, 6,

and 12months after hospital discharge for patients who have not
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FIGURE 2

Cox regression model (proportional hazards model) plot for recurrent ischemic stroke in the control group and SHM intervention group. SHM,

stroke health manager.

been followed up in the follow-up clinic, including (1) checking

the patient’s rehabilitation status; (2) guiding healthy lifestyle

and chronic disease management; and (3) evaluating the existing

or potential risk factors and scale (Figure 1).

Data collection and outcome assessment

The stroke health manager used a paper-based registry

for collecting study data. We used the results of patients’

examination the day before their hospital discharge as baseline

data, which were retrieved from the medical record. The

results of the tests conducted in the follow-up clinic 3

months after discharge were used as outcome indicators,

which included sitting systolic blood pressure (SBP), diastolic

blood pressure (DBP), serum lipids, modified Rankin Scale

(mRS), and recurrence rate. Blood pressure was measured

in the seated position after 5min of rest. An mRS score

≤ 2 at 3 months post-discharge was defined as a good

functional outcome. A Barthel index score ≥ 60 was defined

as basic self-care in daily life. Fasting blood glucose was

not a routine examination for all patients, and only patients

with a history of diabetes as listed in the follow-up manual

were given a blood glucose examination during the follow-

up. Blood pressure and blood glucose levels were compared

only between patients with hypertension and diabetes. At 6

months after discharge, the patients were followed up over

the telephone by the health manager to see if there was any

recurrence or readmission. All the data were then entered into

a specialized database.

Statistical analysis

Descriptive statistics were used to summarize

sociodemographic and health-related characteristics. The

chi-square test and the t-test were conducted to compare

the baseline characteristics between the control group and

the SHM intervention group. The distribution of variables

is given as mean and SD for continuous variables and

as number and percentage for categorical variables. For

comparison between the two groups, the Mann–Whitney

U test was used for continuous variables. All significance

tests were two-sided and conducted at a 5% significance

level. The recurrence probabilities were estimated using

the nomogram. The concordance index (C-index) and
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the area under the time-dependent receiver operating

characteristic curve (time-dependent AUC) calculated by

bootstrapping were used to evaluate discriminative ability.

Calibration plots were used to evaluate calibrating ability.

C-index and AUC values varied from 0.5 to 1.0, where

0.5 represents random chance and 1.0 indicates a perfect

fit. However, C-index and AUC values >0.7 suggest a

reasonable estimation.

Results

Demographic and clinical characteristics

From 1 January 2018 to 31 December 2020, 382 patients

with acute ischemic stroke were enrolled in this study

(from 1 January 2018 to 30 April 2019, 169 patients in

the control group; from 1 May 2019 to 31 December

2020, 213 patients in the SHM intervention group). The

characteristics of the study participants are shown in Table 1.

The baseline characteristics of the participants included in

the analysis were well balanced. In total, 193 (50.66%)

participants received intravenous thrombolysis therapy, 99

(25.98%) participants received mechanical thrombectomy, and

90 (23.62%) participants received combination therapy. In the

CT scan, 51.57% of the patients showed a unilateral implicative

range, with 50.52% of the involved vasculum being basal ganglia.

From CTA results, the mainly involved vasculum in 54.71% of

the patients was the middle cerebral artery. The most common

comorbidities in this population were hypertension (57.59%),

diabetes mellitus (23.82%), and atrial fibrillation (20.68%).

SHM intervention and the risk of
recurrent ischemic stroke

We analyzed the association between the SHM intervention

and the risk of ischemic stroke recurrence using the Cox

proportional hazard models (Figure 2). The univariate

regression analysis revealed that SHM intervention was

associated with a lower risk of recurrence (HR = 0.459),

showing a 54.1% risk reduction in the SHM intervention group

compared with the control group.

Nomogram variable screening and
nomogram construction and validation

The results of the univariate regression analysis are given

in Table 2. We found that two variables (SHM intervention and

atrial fibrillation) were significantly associated with recurrence.

In a multivariate regression analysis of SHM intervention, age,

NIHSS on admission, atrial fibrillation, history of ischemic

stroke, and treatment modality interventions, three variables

(NIHSS on admission, atrial fibrillation, and history of ischemic

stroke) were identified as independent prognostic factors

for recurrence.

We constructed a nomogram based on these identified

variables. Figure 3 shows the total score based on the individual

scores calculated using the nomogram; most patients in this

study had a total risk point between 170 and 270. The C-index

value was 0.76, and the time-dependent AUC for predicting

recurrence was >0.7, which indicated that the nomogram was

beneficial for discrimination.

Subgroup analyses between the control
and the SHM intervention group

We analyzed the association between the control group

and the SHM intervention group among all subgroups using

the Cox proportional hazards model. Figure 4 shows that the

SHM intervention group was associated with a lower risk of

recurrence in all four subgroups. In the BMI ≥ 24 kg/m2

subgroup, the SHM intervention group had a 90.0% lower risk of

recurrence than the control group (P = 0.028; HR = 0.459). In

the admission at NIHSS ≤ 16 subgroup, the SHM intervention

group had a 57.4% lower risk of recurrence than the control

group (P= 0.048; HR= 0.426). In the intravenous thrombolysis

subgroup, the SHM intervention group had a 78.4% lower risk

of recurrence than the control group (P = 0.017; HR = 0.216).

In the discharge at NIHSS≤ 16 subgroup, the SHM intervention

group had a 46.8% lower risk than the control group (P= 0.065;

HR= 0.532).

Discussion

Controlling risk factors and continued investment in public

health projects have helped reduce the stroke burden in the

United States over the past 100 years (16, 20). Conversely, in

China, risk factors are highly prevalent among patients with

stroke, and the prevalence of major risk factors for stroke

in the general population increased from 2002 to 2012 (5).

Furthermore, according to the data from NESS-China 2013, the

most prevalent risk factors in stroke survivors were hypertension

(84.2%), smoking (47.6%), and alcohol use (43.9%) (1, 2). The

Chinese government has implemented several public education

and primary prevention initiatives for stroke, with some success

(2). From 2002 to 2012, the awareness rate, the treatment rate,

and the control rate of hypertension improved by 16.3, 16.4,

and 7.7%, respectively, although the stroke incidence is still

considered at a high level (1, 16). About one-half of patients who

survive an ischemic stroke or TIA are at an increased risk of

recurrent stroke within a few days or weeks of the initial event,

with the greatest risk during the first week (1, 5). Recurrent
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TABLE 2 Univariate and multivariate logistic analyses of variables for the prediction of recurrence rate of ischemic stroke.

Variable Univariate analysis Multivariate analysis

OR 95% CI P OR 95% CI P

SHM interventions 0.470 0.233–0.950 0.035

Gender 1.097 0.542–2.221 0.796

Age in year 1.032 1.000–1.064 0.052

BMI 0.915 0.815–1.027 0.130

Time to treatment 0.926 0.773–1.108 0.400

NIHSS at admission 1.053 0.999–1.110 0.056 1.068 1.013–1.127 0.015

Therapy interventions

Intravenous thrombolysis 1.000

Mechanical thrombectomy 0.714 0.270–1.885 0.496

Both 2.038 0.947–4.384 0.069

Implicative range in CT

No abnormality 1.000

Unilateral 0.536 0.143–2.018 0.536

Bilateral/Multiple 0.530 0.138–2.028 0.354

Involved territory in CT

Basal ganglia 0.614 0.307–1.232 0.170

Lateral ventricle 0.812 0.402–1.640 0.562

Cerebral cortex 1.512 0.751–3.045 0.247

Semioval center 0.401 0.053–3.062 0.378

Brainstem 1.875 0.519–6.771 0.337

Cerebellum 1.949 0.221–17.152 0.548

Implicative range in CTA

No abnormality 1.000

Unilateral 1.035 0.399–2.682 0.944

Bilateral/Multiple 2.179 0.744–6.383 0.155

Mainly involved vasculum in CTA

Carotid artery 0.830 0.374–1.841 0.647

Vertebral artery/Basilar artery 0.958 0.321–2.860 0.939

Middle cerebral artery 0.850 0.424–1.704 0.647

Anterior cerebral artery 1.482 0.418–5.251 0.542

Posterior cerebral artery 0.543 0.176–1.674 0.288

Comorbidities

None 1.621 0.634–4.146 0.313

Hypertension 1.549 0.778–3.084 0.213

Diabetes mellitus 1.838 0.878–3.848 0.107

Atrial fibrillation 0.206 0.048–0.875 0.032 0.168 0.039–0.726 0.017

Surgical operation 1.106 0.463–2.639 0.821

Ischemic stroke 2.175 0.990–4.775 0.053 2.267 1.013–5.072 0.046

Cardiovascular disorders 0.958 0.277–3.308 0.945

Malignant tumor 1.138 0.252–5.138 0.866

Hyperlipidemia 0.584 0.199–1.712 0.327

Thyropathy 1.384 0.165–11.574 0.764

Valvular heart disease 0.000 0.000–∞ 0.999

Neurological/Psychiatric disorders 1.619 0.189–13.836 0.660

Hemorrhagic stroke 0.000 0.000–∞ 0.999

(Continued)
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TABLE 2 (Continued)

Variable Univariate analysis Multivariate analysis

OR 95% CI P OR 95% CI P

NIHSS at discharge 1.021 0.984–1.061 0.272

mRS at discharge

0 1.000

1 4.196 0.876–20.106 0.073

2 5.656 1.192–26.828 0.029

3 1.990 0.321–12.346 0.460

4 7.547 1.484–38.380 0.015

5 1.468 0.200–10.791 0.706

6 9.409 1.409–62.844 0.021

SHM, stroke health manager; BMI, body mass index; NIHSS, National Institute of Health Stroke Scale; CT, computed tomography; CTA, computed tomography angiography; mRS,

modified Rankin Scale.

FIGURE 3

Nomogram for prognostic prediction. Nomogram (SHM intervention, age, NIHSS score at admission, atrial fibrillation, ischemic stroke, therapy

interventions) for predicting the risk of recurrent ischemic stroke at 12 months. The importance of each variable was ranked according to the

standard deviation along nomogram scales. SHM, stroke health manager; NIHSS, National Institutes of Health Stroke Scale.

events lead to prolonged hospitalization, worsened functional

outcomes, and increased mortality (12, 16).

In this study, in the intervention group, the stroke health

management model oriented to the needs of patients with

stroke, and guidance and positive stroke management work

was used. During the 1-year follow-up, blood pressure, fasting

blood glucose, and LDL-C levels of the patients significantly

decreased compared with those before the SHM intervention,

that is, the control group. This indicates that the knowledge

of stroke prevention and treatment provided for patients and

their families should be improved by the stroke health manager,

as well as the enthusiasm and initiative of patients for self-

management. We also observed the effect of age, NIHSS score,

atrial fibrillation, history of previous ischemic stroke, and

treatment modalities on recurrence. In this study, the rate of

stroke recurrence in patients with a history of atrial fibrillation

was reduced in the SHM group (consistent with the China

Stroke Statistics 2019) (1). It may be due to the strong awareness

of risk factors created by the stroke health manager and high

compliance of intervention group patients with atrial fibrillation.

Furthermore, it can be concluded from the multivariate logistics

regression analysis that ischemic stroke patients with diabetes

Frontiers inNeurology 09 frontiersin.org

83

https://doi.org/10.3389/fneur.2022.1018794
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Jiang et al. 10.3389/fneur.2022.1018794

FIGURE 4

Cox proportional hazard model plots. Cox proportional hazard models plots of outcomes stratified by BMI ≥ 24 kg/m2 (A), NIHSS at discharge ≤

16 (B), intravenous thrombolysis (C), and NIHSS at admission ≤16 (D). P-values for the overall comparison of the di�erence between the control

group and the SHM intervention group. BMI, body mass index; SHM, stroke health manager; NIHSS, National Institutes of Health Stroke Scale.

mellitus should pay more attention to early prevention and early

rehabilitation. It may be because the lifestyle change for patients

with diabetes is difficult. The full-time follow-up plays a poor

role in supervising and controlling underlying diseases.

China is still in its infancy in the whole process of ischemic

stroke diagnosis and follow-up process dominated by the

stroke health manager, and the work of relevant foreign health

consultants has been carried out earlier. The follow-up method

is better than the one-way method of sending health education

information. In addition, several information methods (e.g.,

information sent by an AI system and auto-telephone calls)

can be used to reduce the manual workload and expand the

follow-up population. For example, in 2016, an app called

ICTUS3R was developed in Italy specifically to educate patients

with stroke by providing information regarding symptoms and

coping measures of early stroke, and to encourage people to

actively change risky lifestyles; the suitable for all ages part

(21) serves as a good inspiration for people to pursue the

recommended course.

In future, we should establish health records and track

patients’ health status for long-range lifetime, improve patient

compliance and health awareness, and change lifestyle to

promote the control of other chronic diseases in addition to

stroke (3, 19). The standardization and humanization of the
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whole process of stroke health management could improve

the knowledge and compliance of patients, which is beneficial

to the prognosis of the disease (6, 19, 22). Selection bias is

inevitable for a single-center, history-controlled study; therefore,

the results should be further verified and validated with larger

sample studies.

Conclusion

The stroke health manager-guided management model

based on patients’ needs better controlled risk factors for

stroke and significantly reduced the recurrence rate of mild to

moderate ischemic stroke within 1 year (1, 3–5, 11, 13, 23).

This study corroborates the role of the stroke health manager

and recommends their use in the secondary prevention of

ischemic stroke.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further inquiries

can be directed to the corresponding author/s.

Ethics statement

The studies involving human participants were reviewed

and approved by the Ethics Committee of the First

Affiliated Hospital of Nanjing Medical University. The

patients/participants provided their written informed consent

to participate in this study.

Author contributions

HSu, LeJ, and XZ were responsible for conceptualization,

methodology, statistical analysis, and original draft—review and

editing. XJ, LiJ, and LZ were responsible for designing the

study. LW, HSh, QL, BH, and YW enrolled the participants

and collected data. HSu and XJ revised the original manuscript

and reanalyzed the data. All authors contributed to the

interpretation of the data, critical revision, and approval

of the manuscript. All authors read and approved the

final manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (Grant No. 81701872), the Clinical

Capability Improvement Project of Jiangsu Province Hospital

(Grant JSPH-MC-2021-5), and the Key Clinical Projects of

Jiangsu Provincial Finance (Grant (2020)155).

Acknowledgments

We are grateful to the respondents of the studies for their

time and all members of the First Affiliated Hospital of Nanjing

Medical University.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Wang YJ, Li ZX, Gu HQ, Zhai Y, Jiang Y, Zhao XQ, et al. China
stroke statistics 2019: a report from the National Center for Healthcare
Quality Management in Neurological Diseases, China National Clinical Research
Center for Neurological Diseases, the Chinese Stroke Association, National
Center for Chronic and Non-communicable Disease Control and Prevention,
Chinese Center for Disease Control and Prevention and Institute for Global
Neuroscience and Stroke Collaborations. Stroke Vasc Neurol. (2020) 5:211–
39. doi: 10.1136/svn-2020-000457

2. Wang Y, Li Z, Zhao X, Wang C, Wang X, Wang D, et al. Effect of a
multifaceted quality improvement intervention on hospital personnel adherence
to performance measures in patients with acute ischemic stroke in China: a
randomized clinical trial. JAMA. (2018) 320:245–54. doi: 10.1001/jama.2018.8802

3. Sicras-Mainar A, Planas-Comes A, Frias-Garrido X, Navarro-Artieda R,
de Salas-Cansado M, Rejas-Gutierrez J. Statins after recent stroke reduces
recurrence and improves survival in an aging Mediterranean population
without known coronary heart disease. J Clin Pharm Ther. (2012) 37:441–
7. doi: 10.1111/j.1365-2710.2011.01318.x

4. Flach C, Muruet W, Wolfe CDA, Bhalla A, Douiri A. Risk and secondary
prevention of stroke recurrence: a population-base cohort study. Stroke. (2020)
51:2435–44. doi: 10.1161/STROKEAHA.120.028992

5. Wang W, Jiang B, Sun H, Ru X, Sun D, Wang L, et al. Prevalence,
incidence, and mortality of stroke in china: results from a nationwide
population-based survey of 480 687 adults. Circulation. (2017) 21:135:759–
71. doi: 10.1161/CIRCULATIONAHA.116.025250

Frontiers inNeurology 11 frontiersin.org

85

https://doi.org/10.3389/fneur.2022.1018794
https://doi.org/10.1136/svn-2020-000457
https://doi.org/10.1001/jama.2018.8802
https://doi.org/10.1111/j.1365-2710.2011.01318.x
https://doi.org/10.1161/STROKEAHA.120.028992
https://doi.org/10.1161/CIRCULATIONAHA.116.025250
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Jiang et al. 10.3389/fneur.2022.1018794

6. Wu J, Zhang H, Li L, Hu M, Chen L, Xu B, et al. A nomogram
for predicting overall survival in patients with low-grade endometrial stromal
sarcoma: a population-based analysis. Cancer Commun (Lond). (2020) 40:301–
12. doi: 10.1002/cac2.12067

7. Pennlert J, Eriksson M, Carlberg B, Wiklund PG. Long-term risk and
predictors of recurrent stroke beyond the acute phase. Stroke. (2014) 45:1839–
41. doi: 10.1161/STROKEAHA.114.005060

8. Mohan KM, Wolfe CD, Rudd AG, Heuschmann PU, Kolominsky-Rabas PL,
Grieve AP. Risk and cumulative risk of stroke recurrence: a systematic review and
meta-analysis. Stroke. (2011) 42:1489–94. doi: 10.1161/STROKEAHA.110.602615

9. Karlinski M, Kobayashi A, Czlonkowska A, Mikulik R, Vaclavik D, Brozman
M, et al. Intravenous thrombolysis for stroke recurring within 3 months from the
previous event. Stroke. (2015) 46:3184–9. doi: 10.1161/STROKEAHA.115.010420

10. Yuan K, Chen J, Xu P, Zhang X, Gong X, Wu M, et al. A nomogram
for predicting stroke recurrence among young adults. Stroke. (2020) 51:1865–
7. doi: 10.1161/STROKEAHA.120.029740

11. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS,
Callaway CW, et al. Heart disease and stroke statistics-2021 update: a
report from the American Heart Association. Circulation. (2021) 143:e254–743.
doi: 10.1161/CIR.0000000000000950

12. Haesebaert J, Termoz A, Polazzi S, Mouchoux C, Mechtouff L, Derex L,
et al. Can hospital discharge databases be used to follow ischemic stroke incidence?
Stroke. (2013) 44:1770–4. doi: 10.1161/STROKEAHA.113.001300

13. Jiang B, Wang WZ, Wu SP, Du XL, Bao QJ. Effects of urban community
intervention on 3-year survival and recurrence after first-ever stroke. Stroke. (2004)
35:1242–7. doi: 10.1161/01.STR.0000128417.88694.9f

14. Craig LE, Bernhardt J, Langhorne P, Wu O. Early mobilization after stroke:
an example of an individual patient data meta-analysis of a complex intervention.
Stroke. (2010) 41:2632–6. doi: 10.1161/STROKEAHA.110.588244

15. Persson J, Holmegaard L, Karlberg I, Redfors P, Jood K, Jern C, et al. Spouses
of stroke survivors report reduced health-related quality of life even in long-term

follow-up: results from Sahlgrenska Academy Study on ischemic stroke. Stroke.
(2015) 46:2584–90. doi: 10.1161/STROKEAHA.115.009791

16. Ovbiagele B, Saver JL, Fredieu A, Suzuki S, Selco S, Rajajee V, et al. In-hospital
initiation of secondary stroke prevention therapies yields high rates of adherence
at follow-up. Stroke. (2004) 35:2879–83. doi: 10.1161/01.STR.0000147967.49
567.d6

17. Fjaertoft H, Indredavik B, Lydersen S. Stroke unit care combined with early
supported discharge: long-term follow-up of a randomized controlled trial. Stroke.
(2003) 34:2687–91. doi: 10.1161/01.STR.0000095189.21659.4F

18. Dutta D, Bowen E, Foy C. Four-year follow-up of transient ischemic
attacks, strokes, and mimics: a retrospective transient ischemic attack clinic
cohort study. Stroke. (2015) 46:1227–32. doi: 10.1161/STROKEAHA.114.008
632

19. Gil-Salcedo A, Dugravot A, Fayosse A, Jacob L, Bloomberg M, Sabia S, et al.
Long-term evolution of functional limitations in stroke survivors compared with
stroke-free controls: findings from 15 years of follow-up across 3 international
surveys of aging. Stroke. (2022) 53:228–37. doi: 10.1161/STROKEAHA.121.0
34534

20. Hillen T, Coshall C, Tilling K, Rudd AG, McGovern R, Wolfe CD. Cause
of stroke recurrence is multifactorial: patterns, risk factors, and outcomes of
stroke recurrence in the South London Stroke Register. Stroke. (2003) 34:1457–
63. doi: 10.1161/01.STR.0000072985.24967.7F

21. Baldereschi M, Di Carlo A, Piccardi B, Inzitari D. The Italian stroke-app:
ICTUS3R. Neurol Sci. (2016) 37:991–4. doi: 10.1007/s10072-016-2506-0

22. Yang XM, Rao ZZ, Gu HQ, Zhao XQ, Wang CJ, Liu LP,
et al. Atrial fibrillation known before or detected after stroke share
similar risk of ischemic stroke recurrence and death. Stroke. (2019)
50:1124–9. doi: 10.1161/STROKEAHA.118.024176

23. Yaghi S, Trivedi T, Henninger N, Giles J, Liu A, NagyM, et al. Anticoagulation
timing in cardioembolic stroke and recurrent event risk. Ann Neurol. (2020)
88:807–16. doi: 10.1002/ana.25844

Frontiers inNeurology 12 frontiersin.org

86

https://doi.org/10.3389/fneur.2022.1018794
https://doi.org/10.1002/cac2.12067
https://doi.org/10.1161/STROKEAHA.114.005060
https://doi.org/10.1161/STROKEAHA.110.602615
https://doi.org/10.1161/STROKEAHA.115.010420
https://doi.org/10.1161/STROKEAHA.120.029740
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1161/STROKEAHA.113.001300
https://doi.org/10.1161/01.STR.0000128417.88694.9f
https://doi.org/10.1161/STROKEAHA.110.588244
https://doi.org/10.1161/STROKEAHA.115.009791
https://doi.org/10.1161/01.STR.0000147967.49567.d6
https://doi.org/10.1161/01.STR.0000095189.21659.4F
https://doi.org/10.1161/STROKEAHA.114.008632
https://doi.org/10.1161/STROKEAHA.121.034534
https://doi.org/10.1161/01.STR.0000072985.24967.7F
https://doi.org/10.1007/s10072-016-2506-0
https://doi.org/10.1161/STROKEAHA.118.024176
https://doi.org/10.1002/ana.25844
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 04 November 2022

DOI 10.3389/fneur.2022.1008319

OPEN ACCESS

EDITED BY

Hua Yuan,

Fourth Military Medical

University, China

REVIEWED BY

Feng Zhang,

Third Hospital of Hebei Medical

University, China

Hongyan Zhou,

First A�liated Hospital, Sun Yat-sen

University, China

Xiaolong Sun,

Fourth Military Medical

University, China

*CORRESPONDENCE

Guang-qing Xu

guangchingx@163.com

SPECIALTY SECTION

This article was submitted to

Neurorehabilitation,

a section of the journal

Frontiers in Neurology

RECEIVED 31 July 2022

ACCEPTED 17 October 2022

PUBLISHED 04 November 2022

CITATION

Dai P, Yu H-x, Wang Z-x, Liu S-h and

Xu G-q (2022) The relationship

between severe extracranial artery

stenosis or occlusion and cerebral

small vessel disease in patients with

large artery atherosclerotic cerebral

infarction. Front. Neurol. 13:1008319.

doi: 10.3389/fneur.2022.1008319

COPYRIGHT

© 2022 Dai, Yu, Wang, Liu and Xu. This

is an open-access article distributed

under the terms of the Creative

Commons Attribution License (CC BY).

The use, distribution or reproduction

in other forums is permitted, provided

the original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

The relationship between severe
extracranial artery stenosis or
occlusion and cerebral small
vessel disease in patients with
large artery atherosclerotic
cerebral infarction

Pei Dai1,2, Hui-xian Yu1,2, Zhao-xia Wang1,2, Si-hao Liu1,2 and

Guang-qing Xu3*

1Department of Rehabilitation Medicine, Beijing Tiantan Hospital, Capital Medical University, Beijing,

China, 2China National Clinical Research Center for Neurological Diseases, Beijing, China,
3Department of Rehabilitation Medicine, Guangdong Provincial People’s Hospital, Guangdong

Academy of Medical Sciences, Guangzhou, China

Backgroundandpurpose: Extracranial artery stenosis (ECAS) is associatedwith

the presence of individual markers of cerebral small vessel disease (CSVD).

Here, we investigated the relationship between severe extracranial artery

stenosis or occlusion and CSVD in patients with large artery atherosclerotic

(LAA) cerebral infarction.

Methods: A total of 128 patients with LAA cerebral infarction who

met our specific inclusion criteria were selected, including 92 males

and 36 females. These patients were divided into three groups based

on whether they had severe symptomatic extracranial arterial stenosis or

occlusion, severe asymptomatic extracranial artery stenosis or occlusion,

or severe extracranial artery stenosis or occlusion (both symptomatic

and asymptomatic). Intra-group comparisons were then performed to

examine whether there were any di�erences in the total CSVD scores and

Fazekas scores.

Results: Patients with severe extracranial arterial stenosis or occlusion and

those with severe asymptomatic extracranial arterial stenosis or occlusion had

a significantly higher total CSVD score (P < 0.05), but there were no significant

di�erences between the groups in terms of Fazekas scores. Furthermore,

there were no significant di�erence in the total CSVD scores and Fazekas

scores when compared between patients with or without severe symptomatic

extracranial arterial stenosis or occlusion.

Conclusion: Severe stenosis or occlusion of the contralateral extracranial

artery may increase the incidence of CSVD in patients with LAA cerebral

infarction. Active and e�ective clinical intervention following comprehensive

evaluation should be undertaken for unilateral cerebral infarction patients with

severe stenosis or occlusion of the contralateral extracranial arterial.

KEYWORDS

severe extracranial artery stenosis, occlusion, large atherosclerotic cerebral

infarction, total cerebral small vessel disease scores, Fazekas scores
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Introduction

Stroke is one of the leading causes of death and disability

around the world (1). Atherosclerotic extracranial artery

stenosis or occlusion is a common cause of ischemic stroke.

Large artery atherosclerotic (LAA) cerebral infarction was

found to be the most common type of stroke by the

Trial of ORG 10,172 in Acute Stroke Treatment (TOAST)

classification scheme for ischemic stroke etiology (2) and is

often accompanied by different degrees of cerebral small vessel

disease (CSVD) (3). CSVD accounts for 20–25% of all ischemic

strokes (4). Thus, early control or intervention with regards

to the occurrence and development of CSVD can have a

significant impact on the treatment, prognosis and recurrence

of stroke.

The imaging features of CSVD includes lacunae, new

subcortical infarcts, white matter lesions, enlargement in

perivascular spaces, cerebral microbleeds and brain atrophy

(5). Neuroimaging studies have confirmed that CSVD is

related to stroke recurrence in patients with LAA cerebral

infarctions (6). In particular, a more severe degree of extracranial

arterial stenosis (ECAS) has been found to be associated

with more severe CSVD in patients with ischemic stroke

originating from small or large arteries (3). Moreover, ECAS

and CSVD usually share common vascular risk factors including

hypertension and age (7, 8); furthermore, both of these

factors can influence the outcome of stroke. A previous

study showed that ECAS (>50%) doubled the incidence

of ipsilateral stroke (9). Wang et al. recently described a

clear relationship between ECAS and the new occurrence

of cardiovascular and cerebrovascular disease, especially in

terms of brain infarction events (10). The association of

ECAS with CSVD markers has been explored previously (11,

12); however, the relationship between extracranial vascular

stenosis, especially severe extracranial arterial stenosis or

occlusion, and the total magnetic resonance imaging ( (MRI)

burden of CSVD in patients with ischemic stroke has yet to

be addressed.

ECAS is a common problem in the elderly and is one of

the most important risk factors for CSVD. Lu et al. recently

described ultrasound evidence to suggest that high levels of

ECAS were associated with coexisting advanced CSVD in

ischemic stroke patients that were suspected of originating in

the small or large artery (6). Although patients with differing

degrees of ECAS were enrolled to investigate whether high

levels of ECAS were related with coexisting CSVD in the

study reported by Lu et al. (6), it is unclear as to whether

extracranial arterial imaging can help to reduce the burden

of CSVD. Therefore, in the present study, we aimed to

further investigate the relationship between severe extracranial

arterial stenosis or occlusion and CSVD in patients with LAA

cerebral infarction.

Materials and methods

Study population

This study was a retrospective study. A total of 128

consecutive patients aged between 40 and 80 years with

ischemic strokes that were caused by large artery atherosclerosis

(according to the TOAST classification scheme) (1) and

admitted to our rehabilitation department between January

2021 and July 2022 were recruited within 2–4 weeks of

symptom onset. All the patients enrolled provided signed and

informed consent.

The exclusion criteria included patients with other types of

ischemic stroke according to the TOAST etiology classification

scheme and patients with leukoencephalopathy caused by

other factors (i.e., multiple sclerosis, toxic encephalopathy and

infections). Patients who were unable to complete baseline

testing or had contraindications for MRI were also excluded.

Imaging assessment

All patients received brain MRIs. The MRI scan sequences

included T1-weighted imaging (T1WI), T2-weighted imaging

(T2WI), diffusion-weighted imaging (DWI), fluid-attenuated

inversion recovery (FLAIR) and susceptibility weighted imaging

(SWI). All of the included patients were assessed for bilateral

ECAS by color Doppler ultrasonography in the bilateral

extracranial cerebral arteries, including the common carotid

artery, extracranial internal carotid artery (ICA) and the

proximal vertebral artery (VA) (ostium, V2–3 segments).

As there are some differences between white matter lesions

with regards to total CSVD scores and Fazekas scores only, we

further evaluated the total CSVD scores and Fazekas scores in

this study.

Evaluation of total CSVD burden

Total CSVD scores incorporated the lacunes, enlarged

perivascular spaces (EPVS), cerebral microbleeds (CMBs) and

white matter lesions (WML). CSVD scores ranged from 0–

4; the higher the score, the more severe the CSVD (13). The

scoring method involved several aspects: (1) Lacunae: one point

was awarded on the SVD scale for the presence of 1 or more

lacunae; (2) CMBs: one point was awarded on the SVD scale

for the presence of 1 or more microbleeds; (3) EPVS: one point

was awarded on the SVD scale for moderate to severe (grade

2–4) (14) basal ganglia perivascular spaces, and (4) WML: one

point awarded on the SVD scale for confluent deep WMH

[Fazekas score 2 or 3 (15)] and/or irregular periventricular

WMH extending into the deep white matter (Fazekas score 3).
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The Fazekas scale (0–6)

The Fazekas scale was graded from 0 to 6. Periventricular

and deep white matter lesions were scored separately and

then combined to generate a total score. Periventricular

hyperintensity: 0 points for no lesions; 1 point for cap-like or

pencil-like thin-layer lesions; 2 points for lesions with smooth

halos; 3 points for irregular periventricular hyperintensities that

extended into the deep white matter. Deep white matter signal:

0, no lesions; 1, punctate lesions; 2, lesion fusion; 3, large lesion

fusion (15).

According to the North American Symptomatic Carotid

Endarterectomy (NASCET) criteria (16), the severity of vascular

stenosis was divided into no stenosis, mild stenosis (less than

30%), moderate stenosis (30–69%) and severe stenosis (70%-

99%), or occlusion (100%).

Grouping

The design of whole research is showed in Figure 1 and

we performed several different comparisons in this study

as following:

First, we compared total CSVD scores and Fazekas scores

between groups with or without severe extracranial arterial

stenosis or occlusion (including severe symptomatic extracranial

arterial stenosis and severe asymptomatic extracranial

arterial stenosis).

Next, we compared total CSVD scores and Fazekas scores

between groups with or without severe symptomatic extracranial

arterial stenosis or occlusion.

Finally, we compared total CSVD scores and Fazekas scores

in the group with or without severe asymptomatic extracranial

arterial stenosis or occlusion.

As an additional note, “symptomatic extracranial arterial

stenosis” refers to ipsilateral ECAS in patients with LAA

cerebral infarction that directly led to the occurrence of a lesion

while “asymptomatic extracranial arterial stenosis” refers to

ECAS on the non-lesional side of patients with LAA cerebral

infarctions (6).

Statistical analysis

We compared baseline factors between patients with or

without severe symptomatic extracranial arterial stenosis or

occlusion, with or without severe asymptomatic extracranial

arterial stenosis or occlusion and with or without severe

extracranial arterial stenosis or occlusion. These comparisons

were performed with Fisher’s exact test (for percentages).

Statistical analysis and graphing were performed by GraphPad

Prism 8.0 (GraphPad Software, Inc., San Diego, California,

USA). Continuous variables (such as age) are expressed as

the mean ± standard deviation for normally distributed data;

independent sample t-tests were applied for between-group

comparisons. Non-normally distributed data (such as the total

CSVD score and the Fazekas score) were expressed as the

median and interquartile range or M (IQR) and the Mann

Whitney U test was performed to evaluate the between-group

differences of patients in different groups. A P value < 0.05 was

considered statistically significant.

Results

This study included 128 patients with LAA cerebral

infarctions, including 92 males and 36 females. Thirty-eight

patients had severe extracranial arterial stenosis or occlusion,

including 23 patients with severe stenosis or occlusion of

the anterior circulation (including the carotid artery and the

extracranial segment of the internal carotid artery) and 15

cases of severe stenosis or occlusion of posterior circulation

(i.e., within the extracranial segment of the vertebral artery).

Among the three groups (with or without severe symptomatic

extracranial arterial stenosis or occlusion, with or without

severe asymptomatic extracranial arterial stenosis or occlusion,

and with or without severe extracranial arterial stenosis or

occlusion), there was no significant differences in terms of age,

gender, lesion site (anterior circulation or posterior circulation),

the history of hypertension, diabetes or stroke (P > 0.05)

(Table 1).

The total CSVD scores

The total CSVD scores in patients with severe extracranial

arterial stenosis or occlusion significantly higher than those

without (P = 0.031, Figure 2A); the total CSVD scores in

patients with severe asymptomatic extracranial arterial stenosis

or occlusion were significantly higher than those without (P =

0.024, Figure 2B); but there was no significant difference in total

CSVD scores in patients with or without severe symptomatic

extracranial arterial stenosis or occlusion (P > 0.05, Figure 2C).

Fazekas scores

There was no significant difference in Fazekas scores in

patients with or without severe extracranial arterial stenosis or

occlusion, with or without severe asymptomatic extracranial

arterial stenosis or occlusion and with or without severe

symptomatic extracranial arterial stenosis or occlusion (P >

0.05, Figures 3A–C).
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FIGURE 1

Enrollment and outcomes. CSVD, cerebral small vessel disease; AECAS, asymptomatic extracranial artery stenosis; SECAS, symptomatic

extracranial arterial stenosis; ECAS, extracranial artery stenosis.

TABLE 1 Patient comparisons.

Group Age (x̄ ± s) Sex (n) Site (n) Hypertension (n) Diabetes (n) Stroke (n)

M F A P Yes No Yes No Yes No

SECAS

Yes 64.50± 10.16 18 6 14 10 18 6 10 14 6 18

No 63.60± 9.84 74 30 65 39 77 27 48 56 31 73

AECAS

Yes 67.29± 9.63 18 6 16 8 18 6 14 10 8 16

No 62.95± 9.78 74 30 63 41 77 27 44 60 29 75

ECAS

Yes 65.37± 9.06 30 8 23 15 27 11 17 21 9 29

No 63.09± 10.15 62 28 56 34 68 22 40 50 28 62

SECAS, symptomatic extracranial arterial stenosis; AECAS, asymptomatic extracranial artery stenosis; ECAS, extracranial artery stenosis; M, male, F, female; A, anterior circulation; P,

posterior circulation. P > 0.05.

Discussion

In the current study, we found that patients with severe

extracranial arterial stenosis or occlusion, and patients with

severe asymptomatic extracranial arterial stenosis or occlusion

had significantly higher total CSVD scores. The main results

of the present study show that severe stenosis or occlusion of

contralateral extracranial artery can promote the occurrence
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FIGURE 2

(A–C) The total cerebral small vessel disease (CSVD) score in

patients with or without severe extracranial arterial stenosis or

occlusion, with or without severe symptomatic extracranial

arterial stenosis or occlusion, and with or without severe

asymptomatic extracranial arterial stenosis or occlusion. *P <

0.05 was considered to indicate statistical significance. SECAS,

symptomatic extracranial arterial stenosis; AECAS,

asymptomatic extracranial artery stenosis; ECAS, extracranial

artery stenosis; NSECAS, no symptomatic extracranial arterial

stenosis; NAECAS, no asymptomatic extracranial artery stenosis;

NECAS, no extracranial artery stenosis.

and development of CSVD. Furthermore, our findings further

suggest that active and effective clinical intervention following

comprehensive evaluation should be undertaken for unilateral

cerebral infarction patients with severe stenosis or occlusion of

the contralateral extracranial artery.

The imaging hallmarks of CSVD include lacunae, small new

subcortical infarcts, white matter lesions, enlarged perivascular

spaces, cerebral microbleeds and brain atrophy (4). CSVD has

been reported to be preferentially associated with ECAS in

patients with ischemic stroke. An article published in 2015

concluded that white matter hyperintensity (WMH) on the

ipsilateral side of the internal carotid artery stenosis (ICAS)

and the enlarged perivascular space (EPVS) in the basal ganglia

region were significantly more severe than in the contralateral

hemisphere. Chronic hypoperfusion caused by ICAS is thought

to be the predominant mechanism underlying these changes

(17). Some studies have also found that the higher the degree

FIGURE 3

(A–C) The Fazekas score in patients with or without severe

extracranial arterial stenosis or occlusion, with or without severe

symptomatic extracranial arterial stenosis or occlusion, and with

or without severe asymptomatic extracranial arterial stenosis or

occlusion. P < 0.05 was considered to indicate statistical

significance. SECAS, symptomatic extracranial arterial stenosis;

AECAS, asymptomatic extracranial artery stenosis; ECAS,

extracranial artery stenosis; NSECAS, no symptomatic

extracranial arterial stenosis; NAECAS, no asymptomatic

extracranial artery stenosis; NECAS, no extracranial artery

stenosis.

of carotid artery stenosis, the more obvious the deep white

matter lesions (18). Recent literature shows that the clinical

manifestations of CSVD mainly include cognitive decline,

abnormal gait, abnormal urinary function, abnormal mental and

emotional disorders, and acute stroke manifestations (19). In

particular, Staals et al. proposed that total CSVD scores can

better assess the overall impact of CSVD on brain function than

a single imaging phenotype (13). In addition, total CSVD scores

have also been shown to be associated with a poor prognosis

in patients with acute cerebral infarction after intravenous

thrombolysis (20), and also with a poor long-term neurological

prognosis in patients with LAA-type cerebral infarction (21).

It appears that ECAS may affect stroke outcomes by affecting

CSVD. However, it remains unclear as to whether extracranial

arterial imaging can help to reduce CSVD burden. For this

purpose, we attempted to explore the relationship between

severe extracranial arterial stenosis or occlusion and CSVD
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in patients with LAA cerebral infarction. Further analysis

showed that patients with severe asymptomatic extracranial

arterial stenosis or occlusion had significantly higher total CSVD

scores than those without. However, there were no significant

differences in Fazekas scores. This may be because ECAS is

more likely to cause damage to brain function by affecting

multiple CSVD imaging phenotypes than single white matter

damage. Asymptomatic carotid artery stenosis refers to ECAS in

persons without a history of ischemic stroke, transient ischemic

attack or other neurological symptoms (22). Asymptomatic

extracranial arterial stenosis (AECAS) has previously been

used to refer to the same process as asymptomatic carotid

artery stenosis; however, in the present study, AECAS refers

to the ECAS on the non-lesional side in patients with LAA

cerebral infarction. ECAS, and especially AECAS, may promote

the occurrence and development of CSVD through chronic

hypoperfusion (18) along with the presence of collateral

circulation in severe asymptomatic internal carotid artery

stenosis (19). CSVD has a significant impact on the treatment,

prognosis and recurrence of LAA cerebral infarction. Clinically,

active, appropriate, and effective intervention for extracranial

artery stenosis may help to reduce or prevent CSVD and thus

further reduce the adverse effects of CSVD on brain function.

Our study also showed no significant between-group differences

in total CSVD scores and Fazekas scores in patients with

or without severe symptomatic extracranial arterial stenosis.

Based on the previously described mechanisms of ECAS in the

promotion of the occurrence and development of CSVD, we

believe that, compared with AECAS, symptomatic extracranial

arterial stenosis (SECAS) might be given more active and

effective interventions during the occurrence of acute stroke

events by either reducing hypoperfusion injury or slowing the

establishment of collateral circulation and thereby delaying the

occurrence and development of CSVD.

However, our study still has some limitations that need to be

addressed. First, the manifestations of CSVD are long-term and

chronic developmental processes. A cross-sectional or baseline

analysis alone may not provide the most accurate description of

the relationship between ECAS and the two different processes.

Thus, future studies should involve longitudinal follow-up.

Second, this study only explored the relationship between CSVD

and ECAS without intervention. We do not know the long-

term changes of the manifestations of CSVD after appropriate

interventions with ECAS. In fact, given that severe stenosis or

occlusion of the contralateral extracranial artery may increase

the incidence of CSVD, the application of interventions with

ECAS may have therapeutic potential on the brain and arterial

imaging results of our study.

In conclusion, severe extracranial arterial stenosis or

occlusion, and especially severe asymptomatic extracranial

arterial stenosis or occlusion, are more likely to promote the

occurrence and development of CSVD. These findings differ

from other research studies that focused on all degrees of ECAS.

Since ECAS and CSVD can both influence the outcome of

stroke, providing intervention early within the development of

CSVDmay have a significant impact on the treatment, prognosis

and recurrence of stroke and may also reduce morbidity and

mortality. Clinical interventions based on a comprehensive

evaluation may need to be carried out for severe extracranial

arterial stenosis or occlusion, especially for severe asymptomatic

extracranial arterial stenosis or occlusion.

Data availability statement

The raw data supporting the conclusions of this

article will be made available by the authors, without

undue reservation.

Ethics statement

The studies involving human participants were reviewed

and approved by the Ethics Committee of Beijing Tiantan

Hospital, Capital Medical University. The patients/participants

provided their written informed consent to participate in

this study.

Author contributions

PD: conceptualization, formal analysis, data curation, and

writing-original draft. H-xY: methodology and formal analysis.

Z-xW: methodology and data curation. S-hL: data curation.

G-qX: writing-review and editing and funding acquisition.

All authors contributed to the article and approved the

submitted version.

Funding

This research was supported by the National Natural Science

Foundation of China (Grant Nos.: 82072548 and 82272588).

Acknowledgments

The authors wish to thank their colleagues for mentorship,

help and guidance in experimental design.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers inNeurology 06 frontiersin.org

92

https://doi.org/10.3389/fneur.2022.1008319
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Dai et al. 10.3389/fneur.2022.1008319

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Gorelick PB. The global burden of stroke: persistent and disabling. Lancet
Neurol. (2019) 18:417–8. doi: 10.1016/S1474-4422(19)30030-4

2. Mohamed Fuad Z, Mahadzir H, Syed Zakaria SZ, Mohamed Ibrahim
N. Frequency of cognitive impairment among malaysian elderly patients
following first ischemic stroke—a case control study. Front Public Health. (2020)
12:577940. doi: 10.3389/fpubh.2020.577940

3. Nam KW, Kwon HM, Lim JS, Han MK, Nam H, Lee YS. The presence
and severity of cerebral small vessel disease increases the frequency of stroke
in a cohort of patients with large artery occlusive disease. PLoS ONE. (2017)
12:e0184944. doi: 10.1371/journal.pone.0184944

4. Berrocal-Izquierdo N, Bioque M, Bemardo M. Is cerebrovascular disease a
silent condition in patients with chronic schizophrenia-related disorders. Int Clin
Psychopharmacol. (2017) 32:80–6. doi: 10.1097/YIC.0000000000000153

5. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R,
et al. Neuroimaging standards for research into small vessel disease and its
contribution to ageing and neurodegeneration. Lancet Neurol. (2013) 12:822–
38. doi: 10.1016/S1474-4422(13)70124-8

6. Lu T, Liang J, Wei N, Pan L, Yang H, Weng B, et al. Extracranial artery stenosis
is associated with total mri burden of cerebral small vessel disease in ischemic
stroke patients of suspected small or large artery origins. Front Neurol. (2019)
10:243. doi: 10.3389/fneur.2019.00243

7. Pantoni L. Cerebral small vessel disease: from pathogenesis and
clinical characteristics to therapeutic challenges. Lancet Neurol. (2010)
9:689–701. doi: 10.1016/S1474-4422(10)70104-6

8. Chuang ML, Gona P, Oyama-Manabe N, Manders ES, Salton CJ, Hoffmann
U, et al. Risk factor differences in calcified and noncalcified aortic plaque:
the Framingham Heart Study. Arterioscler Thromb Vasc Biol. (2014) 34:1580–
6. doi: 10.1161/ATVBAHA.114.303600

9. Abbott AL, Bladin CF, Levi CR, Chambers BR. What should
we do with asymptomatic carotid stenosis? Int J Stroke. (2007)
2:27–39. doi: 10.1111/j.1747-4949.2007.00096.x

10. Wang D, Wang J, Jin C, Ji R, Wang A, Li X, et al. Asymptomatic extracranial
artery stenosis and the risk of cardiovascular and cerebrovascular diseases. Sci Rep.
(2016) 6:33960. doi: 10.1038/srep33960

11. Gutierrez J, Rundek T, Ekind MS, Sacco RL, Wright CB. Perivascular spaces
are associated with atherosclerosis: an insight from the NorthernManhattan Study.
Am J Neuroradiol. (2013) 34:1711–16. doi: 10.3174/ajnr.A3498

12. Benli MD, Güven B, Güven H, Conkbayir I. Silent brain infarcts and white
matter lesions in patients with asymptomatic carotid stenosis. Acta Neurol Belg.
(2021) 121:983–91. doi: 10.1007/s13760-020-01517-w

13. Staals J, Makin SD, Doubal FN, Dennis MS, Wardlaw JM. Stroke subtype,
vascular risk factors, and total MRI brain small-vessel disease burden. Neurology.
(2014) 83:1228–34. doi: 10.1212/WNL.0000000000000837

14. Doubal FN,MacLullich AM, FergusonKJ, DennisMS,Wardlaw JM. Enlarged
perivascular spaces on MRI are a feature of cerebral small vessel disease. Stroke.
(2010) 41:450–4. doi: 10.1161/STROKEAHA.109.564914

15. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal
abnormalities at 15 T in Alzheimer’s dementia and normal aging. AJR Am J
Roentgenol. (1987) 149:351–6. doi: 10.2214/ajr.149.2.351

16. North American Symptomatic C. Taylor DW, Haynes RB, Sackett DL,
Peerless SJ, et al. Beneficial effect of carotid endarterectomy in symptomatic
patients with high-grade carotid stenosis. N Engl J Med. (1991) 325:445–
53. doi: 10.1056/NEJM199108153250701

17. Sahin N, Solak A, Genc B, Akpinar MB. Dilatation of the Virchow-Robin
spaces as an indicator of unilateral carotid artery stenosis: correlation with white
matter lesions. Acta Radiol. (2015) 56:852–9. doi: 10.1177/0284185114544243

18. Chen YF, Kuo YS, Wu WC, Tang SC, Jiang SF. Association
between leukoaraiosis and cerebral blood flow territory alteration
in asymptomatic internal carotid artery stenosis. Clin Radiol. (2018)
73:502.e9–502.e14. doi: 10.1016/j.crad.2017.12.006

19. Wardlaw JM, Smith C, Dichgans M. Small vessel disease:
mechanisms and clinical implications. Lancet Neurol. (2019) 18:684-
696. doi: 10.1016/S1474-4422(19)30079-1

20. Liu X, Li T, Diao S, Cai X, Kong Y, Zhang L, et al. The global burden of
cerebral small vessel disease related to neurological deficit severity and clinical
outcomes of acute ischemic stroke after IV rt-PA treatment. Neurol Sci. (2019)
40:1157–66. doi: 10.1007/s10072-019-03790-x

21. Huo YC, Li Q, Zhang WY, Zou N, Li R, Huang SY, et al. Total small vessel
disease burden predicts functional outcome in patients with acute ischemic stroke.
Front Neurol. (2019) 10:808. doi: 10.3389/fneur.2019.00808

22. Krist AH, Davidson KW, Mangione CM, Barry MJ, Cabana M,
Caughey AB, et al. Screening for asymptomatic carotid artery stenosis: US
preventive services task force recommendation statement. JAMA. (2021) 325:476–
81. doi: 10.1001/jama.2020.26988

Frontiers inNeurology 07 frontiersin.org

93

https://doi.org/10.3389/fneur.2022.1008319
https://doi.org/10.1016/S1474-4422(19)30030-4
https://doi.org/10.3389/fpubh.2020.577940
https://doi.org/10.1371/journal.pone.0184944
https://doi.org/10.1097/YIC.0000000000000153
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.3389/fneur.2019.00243
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1161/ATVBAHA.114.303600
https://doi.org/10.1111/j.1747-4949.2007.00096.x
https://doi.org/10.1038/srep33960
https://doi.org/10.3174/ajnr.A3498
https://doi.org/10.1007/s13760-020-01517-w
https://doi.org/10.1212/WNL.0000000000000837
https://doi.org/10.1161/STROKEAHA.109.564914
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1056/NEJM199108153250701
https://doi.org/10.1177/0284185114544243
https://doi.org/10.1016/j.crad.2017.12.006
https://doi.org/10.1016/S1474-4422(19)30079-1
https://doi.org/10.1007/s10072-019-03790-x
https://doi.org/10.3389/fneur.2019.00808
https://doi.org/10.1001/jama.2020.26988
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 08 November 2022

DOI 10.3389/fneur.2022.951209

OPEN ACCESS

EDITED BY

Xiao Lu,

First A�liated Hospital of Nanjing

Medical University, China

REVIEWED BY

Weining Wang,

Fudan University, China

Francesco Di Lorenzo,

Santa Lucia Foundation (IRCCS), Italy

*CORRESPONDENCE

Wang Shiyan

wangshiyan3669@163.com

†These authors have contributed

equally to this work and share first

authorship

SPECIALTY SECTION

This article was submitted to

Neurorehabilitation,

a section of the journal

Frontiers in Neurology

RECEIVED 23 May 2022

ACCEPTED 10 October 2022

PUBLISHED 08 November 2022

CITATION

Yingli B, Zunke G, Wei C and Shiyan W

(2022) Cerebral activity manipulation

of low-frequency repetitive

transcranial magnetic stimulation in

post-stroke patients with cognitive

impairment. Front. Neurol. 13:951209.

doi: 10.3389/fneur.2022.951209

COPYRIGHT

© 2022 Yingli, Zunke, Wei and Shiyan.

This is an open-access article

distributed under the terms of the

Creative Commons Attribution License

(CC BY). The use, distribution or

reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.

Cerebral activity manipulation of
low-frequency repetitive
transcranial magnetic
stimulation in post-stroke
patients with cognitive
impairment

Bi Yingli1,2†, Gong Zunke1,2†, Chen Wei1,2 and Wang Shiyan2*

1Xuzhou Rehabilitation Hospital, Xuzhou, China, 2Department of Rehabilitation Medicine, Xuzhou

Central Hospital, Xuzhou, China

Objective: The aim of this study was to evaluate the therapeutic e�ect of low-

frequency repetitive transcranial magnetic stimulation (rTMS) on post-stroke

cognitive impairment (PSCI).

Methods: Thirty-six PSCI patients were randomly divided into treatment and

control groups of equal size. Both groups were pre-treated with conventional

cognitive rehabilitation training. Subsequently, the treatment group was

exposed to 1Hz low-frequency repetitive transcranial magnetic stimulations

for 8 weeks, with 5 days per week. Meanwhile, the control group was

treated with placebo stimulations. Patients were evaluated via the LOTCA scale

assessments and changes in P300 latencies and amplitudes before and after 8

weeks of treatment.

Results: Before treatment, there were no significant di�erences between the

two groups in LOTCA scores, P300 latencies, and amplitudes (P > 0.05). After

treatment, LOTCA scores for both groups improved (P < 0.05), and those of

the treatment group were higher than those of the control (P < 0.05). For

both groups, P300 latencies were not only shortened but also had greater

amplitudes (P < 0.05), and those for the treatment group were significantly

shorter and larger than those of the control (P < 0.05).

Conclusion: As a therapy, rTMS improved cognitive function in PSCI patients,

possibly via regulation of neural electrical activity of the cerebral cortex.

KEYWORDS

stroke, cognitive impairment, repetitive transcranial magnetic stimulation (rTMS),

LOTCA, P300
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Introduction

Post-stroke cognitive impairment (PSCI) refers to a series

of syndromes in which impairment of one cognitive area of

executive function, attention, memory, language ability, and

visual-spatial ability occurs within 6 months after a stroke (1).

PSCI has a high incidence that can be as high as 80% (2) and

greatly reduces a patient’s quality of life and social participation

(3), imposing a great burden on their families and society.

At present, research focus on the treatment of PSCI

is increasing because active and effective treatment can

improve cognitive function. Besides drug therapy, the other

conventional treatment method involves non-drug therapy such

as cognitive function training, but the effects are limited. A new

research-based intervention is repetitive transcranial magnetic

stimulation (rTMS); it is gradually being applied in clinics, which

can directly stimulate the cerebral cortex to treat dyskinesia

(4), aphasia, dysphagia (5, 6), and other dysfunctions after a

stroke. As the therapeutic effects of such PSCI treatments and

their mechanisms of action remain unclear, this study evaluated

the effect of 8-week exposure to low-frequency rTMS, 5 days

per week, on the cognitive function of patients with PSCI.

The therapeutic effect of the treatment was evaluated via a

cognitive assessment scale and neurophysiological P300 index.

Moreover, this study investigated its possible mechanisms of

action, providing a basis for the clinical use of low-frequency

rTMS therapies.

Materials and methods

Participants

A total of 36 patients with PSCI aged 38–75 years were

selected from both Xuzhou Rehabilitation Hospital and the

Rehabilitation Department of Xuzhou Central Hospital from

September 2018 to June 2020. The inclusion criteria were

as follows: a PSCI diagnosis as per the expert consensus

on the management of post-stroke cognitive impairment of

2017 (1); a previous history of stroke that was confirmed by

either brain CT or MRI examinations; cognitive impairment

of MMSE grade < 24 (junior high school and above)/20

(primary school)/17 (illiteracy); a stroke within the past 6

months; a signed informed consent form, which had been

approved by the ethics committee of Xuzhou Central Hospital,

by either the participant or their guardian. The exclusion criteria

were as follows: occurrence of other cerebral diseases such

as traumatic brain injury, intracranial tumors and infections,

and hypoxic-ischemic encephalopathy; occurrence of other

conditions that affect cognitive function, such as mental illness,

high alcohol consumption, and drug abuse; severe complications

that possibly result in patients with unstable conditions; serious

hearing or visual impairments; the presence of foreign metal

objects either in the cranium such as aneurysm clips, or the body

such as pacemakers; a history of epilepsy and malignant tumors;

pregnant women and other patients who were unsuitable for the

planned treatments.

Study intervention

Group allocation

The patients were divided into either LF-rTMS treatment

(n= 18) or control (n = 18) groups using the random number

table method. The baseline data, loewenstein occupational

therapy cognitive assessment (LOTCA) scales, and P300 waves

for patients were obtained prior to the first treatment. In terms

of treatments, all patients received routine cognitive training,

whereas patients in the LF-rTMS group additionally received

1Hz rTMS stimulations. After 8 weeks, all patients received

a second assessment of LOTCA scales and their P300 waves

(Figure 1).

The rTMS treatment group had 13 men and 5 women.

Its average age, course of the disease, and duration of formal

education were 60.39± 10.87 years, 58.11± 28.89 days, and 8.67

± 3.55 years, respectively. All members in this group were right-

handed, there were 10 and eight cases of cerebral infarction and

hemorrhage, and there were 17 and one cases with lesion of the

left hemisphere and right hemisphere, respectively. The control

group had 12 men and six women. Its average age, course of the

disease, and duration of formal education were 59.50 ± 11.25

years, 58.39 ± 24.70 days, and 8.50 ± 3.45 years, respectively.

All members in this group were right-handed, there were 11 and

seven cases of cerebral infarction and hemorrhage, and there

were 16 and two cases with lesion of the left hemisphere and

right hemisphere, respectively.

The two groups did not significantly differ in gender, age,

duration of formal education, course of the disease, type of

stroke, lateralization of the lesion, and other general conditions

(P > 0.05; Table 1).

Routine cognitive functional training

The appropriate drugs were administered in both groups to

control chronic conditions, such as hypertension and diabetes.

All patients were also treated with routine cognitive functional

training. For PSCI patients, cognitive training plans were

designed as per their evaluation results and then delivered as

personalized cognitive training as follows.

Training for orientational dysfunction

For patients with difficulties in movement due to directional

inabilities, they were trained, through repeated practices, to

remember their right hands and that on the outside of their
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FIGURE 1

Schematic representation of the treatment design.

TABLE 1 Comparison of baseline data of two groups.

N Gender (n) Age

(years, x̄± s)

Duration

(days, x̄± s)

Education

(years, x̄± s)

Types(n) Lateralization of the lesion

M F Cerebral

infarction

Cerebral

hemorrhage

Left(n) Right(n)

rTMS 18 13 5 60.39± 10.87 58.11± 28.89 8.67± 3.55 10 8 17 1

Control 18 12 6 59.50± 11.25 58.39± 24.70 8.50± 3.45 11 7 16 2

There was no significant difference between the two groups (P > 0.05).
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right hand is the right side.Moreover, they were similarly trained

to remember the common lines from the ward to the physical

therapy room.

Training for perceptual impairment

Training for unilateral space neglect

For this, therapists stood on the neglected side of the patients

while talking with them and providing various sensory stimuli

to their neglected limbs, such as touch, percussion, massages,

and cold objects. Patients were trained to cross the midline with

their other hand to retrieve objects they needed, which were on

their neglected side. The therapist then randomly drew 40 line

segments and a red line on a sheet of A4 paper, ignoring the

lateral apex, and encouraged the patient to follow the outline

from the apex. This was repeatedly practiced.

Training for agnosia

Patients were instructed to remember the names of

important relatives by repeatedly looking at photographs.

Moreover, patients with visual agnosia were repeatedly trained

to not only discriminate items, shapes, and colors but also make

full use of other sensory stimuli, such as touch and sound. This

training was repeatedly practiced. The variety of colors gradually

increased as the patient’s cognitive ability improved.

Training for attentional impairment

Guess assignment

Two transparent cups and a pinball were selected, and

while the patient watched, one glass was placed upside

down over the pinball. The patient was then requested to

point out which glass had the pinball. This was practiced

repeatedly. After correct guesses, the training was done with

opaque rather than transparent cups. After correct guesses, the

training was expanded to use more opaque cups. This was

repeatedly practiced.

Delete job

Several capitalized Chinese Pinyin letters such as K, B, F, H,

G, B, S, G, V, B, M, and l were written in the middle of a paper.

The patient was then instructed to delete the letters specified by

the therapist, such as “B.” After correct deletions, the order of

letters was changed. This was practiced repeatedly.

Training for disturbance of thought

Extraction of information

The patient was asked to find different kinds of information,

such as advertisements and news, from the day’s newspaper.

Sorting order

The patient was asked to arrange numbers according to

value, month, and year. Relatedly, they were asked to arrange

pictures of the story in order and subsequently narrate the plot.

When successful, the number of pictures gradually increased.

Item classification

Patients were given cards that had items in five categories—

food, furniture, clothing, household appliances, and grooming

products—and each category had five items. Patients were then

asked to classify the items and state the reasons behind their

classifications. This was practiced repeatedly.

Problem-solving ability

Patients were requested to solve hypothetical problems of

different levels of complexity, such as what to do if they forgot

their keys when going out or what to do if they got lost.

The patient was requested to solve other hypothetical problems

related to daily life, such as cake sharing and making a schedule.

Calculation training

By using either digital games or homework to train

computing power, calculations—with content related to daily

life—such as shopping in the supermarket, were designed and

given to the patient to solve.

Memory training

Using the picture memory method, the patients were

given a certain number of pictures and then requested

to name them before they were repossessed. After a

few minutes, the patients were requested to recall the

pictures. For memory training on daily activities, a

routine for regular daily activities for a patient was

established, and the patient was requested to keep to it.

Therapists actively participated in completing this training

through the use of visual, audio, tactile, and olfactory

sensory inputs.

These 30min pieces of training were done daily, five times a

week, for 8 weeks. The difficulty of each training increased as per

the patient’s ability.

RTMS procedures

Based on the cognitive functional training, the rTMS

group was treated with low-frequency repetitive transcranial

magnetic stimulations. This was conducted with a rapid2

transcranial magnetic stimulator (The Magstim Company, UK)

and a standard figure-eight coil. The coil was positioned over

the dorsolateral prefrontal cortex (DLPFC) of the unaffected

hemisphere—it was positioned in the F3 or F4 region using

the international EEG 10–20 system. The active stimulation

session was set to a frequency of 1Hz and 80% of the individual

MT with a total of 30 sequences, each of 20 pulses. For the

control group, the same stimulation parameters were used,

except that the coil was perpendicular to the patient’s skull

surface resulting in no magnetic stimulation of the brain.
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All patients received this treatment daily, 5 days a week for

8 weeks.

Cognitive assessment

The simplified Chinese version of the LOTCA

This scale was selected as it is simple, comprehensive,

and easy to use. It includes six assessment areas (orientation,

visual perception, spatial perception, action application, visual

movement organization, and thinking operation), with a total

of 26 test items and a maximum score of 115. The better the

cognitive function, the higher the score. The scale is reliable

and was validated for guiding treatments for impaired cognitive

functions (7).

Detection of P300 waves

Electromyographs (EMGs) were recorded for all patients

using an evoked potential instrument (Shanghai Nuocheng,

China). The electrodes were placed according to the

international electroencephalogram 10–20 system. The

recording electrodes were placed at the FZ point, whereas

the reference electrodes were placed either at the A1 or A2

points, and the ground wire was placed on the forehead.

The auditory oddball sequence was composed of target and

non-target stimuli. The frequency of the target stimulus was

2000Hz, with a 15% probability of occurrence. The frequency

of the non-target stimulus was 500Hz, and the probability of

occurrence was 85%. The impedance between the electrode and

skin was less than 5 KΩ . The sound intensity was 100 dB, and

the target signal was superimposed 50 times. Detected P300

waves were recorded.

LOTCA scale and P300 wave assessments of all patients were

performed before treatments and also after 8 weeks of treatment

by the same physiatrist to minimize error. The physiatrists who

performed the assessments were not only excluded from the

rehabilitation treatment but also blinded from the grouping

of patients.

Statistical analysis

All statistical analyses were done in SPSS version 16.0

statistical software. For count data, chi-square tests were

used to determine the statistical significance of differences

between expected and observed results. Measurement data were

expressed as mean ± standard deviation (x̄ ± s) and that of

both groups were first tested for normality and homogeneity

of variance. Paired t-tests were used to assess the statistical

significance of differences due to treatment within the group,

and t-tests were used to compare the statistical significance of

differences between the groups. An alpha level of 0.05 was used.

Results

E�ect of cognition therapies

Before treatment, there were no significant differences in

LOTCA scores between the two groups (P > 0.05). After

treatment, the LOTCA scores of both groups were significantly

higher than those before treatment (P < 0.05), and those of the

rTMS treatment group were significantly higher than those of

the control group (P < 0.05; Figure 2).

E�ects of RTMS therapy on P300 waves

Before treatment, P300 wave latencies and amplitudes did

not significantly differ between groups (P > 0.05). After

treatment, P300 latencies and amplitudes were shorter and

greater than before treatment (P < 0.05), and those of the rTMS

group were significantly shorter and greater than those of the

control (P < 0.05; Figures 3, 4).

Discussion

RTMS is a non-invasive brain stimulation technique

where short, high-intensity magnetic field pulses and changes

in the cortical nerve electrical activity are applied to the

central nervous system to stimulate nerve cells to produce

physiological changes. Historically, rTMS was used to study the

potential areas of cognitive processes in the brain (8). Today,

the therapeutic effect of rTMS on cognitive impairment is

hypothesized to be related to factors, such as stimulation site

and rTMS parameters (9). Therefore, the choice of appropriate

treatment mode and parameters is crucial for successful

therapeutic applications of rTMS. After a stroke, there exists

FIGURE 2

Changes in loewenstein occupational therapy cognitive

assessment scores in treatment and control groups of

post-stroke cognitive impairment patients, before and after

repetitive transcranial magnetic stimulation therapy. *P < 0.05.
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FIGURE 3

Event-related potential P300 waves of a 56-year-old patient, before and after repetitive transcranial magnetic stimulation treatment. (A) Before

treatment, P300 latency 403.50ms, P300 amplitude 5.97 µV, Loewenstein Occupational Therapy Cognitive Assessment (LOTCA) total score, 75

points. (B) After treatment, P300 latency 346.50ms, P300 amplitude 11.30 µV, LOTCA total score, 102 points.

imbalanced excitability between the cerebral hemispheres (10).

The excitability of the contralateral brain increases, whereas

that of the cortex in the affected side decreases, which causes

the cortex of the contralateral side to excessively suppress the

affected side, resulting in post-stroke dysfunctions. Varying

(11) rTMS frequencies result in different regulatory effects on

the excitability of the cerebral cortex. Low-frequency rTMS

(stimulation frequency ≤ 1Hz) inhibits cortical function and

reduces the excitability of the cerebral cortex. On the contrary,

high-frequency rTMS (stimulation frequency > 1Hz) excites

cortical function. Currently, DLPFC is the main stimulation

target of rTMS for the treatment of neuropsychiatric diseases

(12). It is likely that the stimulation of DLPFC restored the

rich cholinergic innervation from the basal forebrain that is

typically impaired in MCI patients (13) and is important for

memory tasks in healthy people (14). Presently, the consistent

view is that DLPFC is the most important node in brain

networks, such as working memory and executive control

(15, 16). The excitation of this site may promote recovery

of the patient’s cognitive function by regulating the function

of this brain network. High-frequency rTMS stimulation of

the left DLPFC improved post-stroke cognitive functions (17,

18), and this is possibly related to the shortened activation

duration and increased excitability of the cerebral cortex.

However, high-frequency stimulation of the affected side of

the brain may not only increase the risk of epilepsy but

also lack a good effect on patients with a right side injury.

The use of low-frequency rTMS to stimulate the contralateral

brain for treating the patient with PSCI is under-investigated.

Thus, we investigated the therapeutic effect of low-frequency

rTMS for stimulation of DLPFC in the contralateral brain

for improvement of cognitive function in stroke patients.

Previously, we observed that low-frequency rTMS had a

therapeutic effect on cognitive dysfunction after stroke via

an unclear mechanism. Here, by applying principles of rTMS

technology, we further investigated this effect on brain neural

electrical activity through nerve potential P300 detection and

evaluated its curative effect.

Information processing in human cognitive activities

involves the dynamic interaction of multiple neural networks.

Brain networks usually coordinate the processing of relevant

information. Improper information processing in stroke

patients is the basis of most cognitive impairments. Event-

related potential P300, also known as “cognitive potential,” is the

most commonly used neurophysiological method for detecting

cognitive function and reflecting the process of cognitive

information processing. It mainly records the brain potential

on the surface of the head through average superposition in

cognitive processing. P300 latency reflects the speed of external

stimulus processing, whereas P300 amplitude reflects the degree

of effective resource mobilization during cognitive processing

(19). P300 is an objective and sensitive electrophysiological

index that can reflect changes in cognitive function (20).

Moreover, patients with cognitive impairment after a stroke had

P300 waves of prolonged latencies and decreased amplitudes

(21). Relatedly, we confirmed that P300 effectively assessed
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FIGURE 4

Di�erences in p300 wave latencies and amplitudes before and after treatment with repetitive transcranial magnetic stimulation (rTMS) therapy in

patients from both the rTMS treatment and control groups. (A) P300 amplitude. (B) P300 latency. *P < 0.05.

both the presence of and changes in cognitive impairments in

stroke patients.

As a therapy, rTMS was used in this study based on

conventional rehabilitation treatments. LOTCA scores for both

groups improved after treatment, and those of the treatment

group were better than those for the control. Low-frequency

rTMS improved the cognitive function of patients with PSCI,

and the therapeutic effect of low-frequency rTMS combined

with conventional cognitive rehabilitation training was better

than that of conventional cognitive rehabilitation training only.

Moreover, after treatment, the P300 latencies and amplitudes

were, respectively, shorter and greater than before treatment—

this change was significantly greater in the treatment than in

the control group. This demonstrated that low-frequency rTMS

improved the cognitive function of patients with PSCI from the

perspective of neurophysiology.
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In line with the principles of rTMS and the changes

in cognitive-related potential P300, we hypothesize that low-

frequency rTMS regulates the excitability of the cerebral cortex

and stimulates more brain cells to participate in cognitive

information processing. These changes may improve the

cerebral cortex by promoting long-term potentiation (LTP)—

like changes, and this may be one of the main mechanisms

by which rTMS aids the treatment of PSCI. It is well known

that cognitive function is closely related to the plasticity

of synapses in the central nervous system. LTP of the

central nervous synapse is a key manifestation of synaptic

functional plasticity that reflects the memory process at the

synapse level and is the main index for measuring synaptic

functional plasticity in brain science research (22). A study (23)

has demonstrated that patients develop cognitive impairment

after LTP-like cortical plasticity damage. Another study (24)

reported that the excitability of brain injury areas and their

surrounding areas continued to decrease after stroke, and the

induction amplitude of LTP also decreased significantly. There

is evidence that rTMS can improve the LTP effect in patients

with cognitive impairment (25), thereby improving cognitive

function. However, it is not known whether low-frequency

rTMS treatment on the DLPFC of the unaffected hemisphere

would produce LTP in PSCI patients. It may achieve this

biological effect by regulating the functional status of brain

networks related to cognitive activities. Similarly, another study

reported that repetitive transcranial magnetic stimulation does

not only cause long-term enhancement in local neurons but

also activates the neural network as a whole (26). The cortical

hippocampal circuit is the brain area closely related to learning

and memory. It has been found (27) that rTMS may not directly

stimulate the hippocampus but indirectly promote the LTP

of hippocampal synapses by triggering the release of brain-

derived neural growth factor (BDNF), which is crucial for LTP

induction related to synaptic plasticity and is closely related to

learning and memory processes (28). This role suggests that

long-term rTMS treatment may enhance LTP by promoting

the release of neurotransmitters and regulating the functional

status of interneurons in neural circuits, thereby changing the

neural excitability of associated regions in the brain network and

reducing the LTP induction threshold. These findings provide a

theoretical basis for low-frequency rTMS treatment to promote

LTP changes in synaptic plasticity. However, there are also other

brain network circuits closely related to cognitive activities.

For instance, Alzheimer’s disease (29) destroys the integrity of

the frontal–parietal network, resulting in severe impairment of

cognitive function. Whether low-frequency rTMS treatment in

the DLPFC region of stroke patients will have an LTP effect on

other cognitive circuits such as frontal–parietal network needs

further research.

The other mechanism for this therapeutic effect possibly

involves inhibition of the excitability of the contralateral cortex

by low-frequency rTMS, thus reducing the inhibitory effect

of the contralateral hemisphere on the excitability of the

affected hemisphere, thereby regulating the balance of mutual

inhibition between cerebral hemispheres. Moreover, the change

in excitability is not limited to the stimulation site but can

also be transmitted to other related yet remote functional

areas via complex brain neurophysiological mechanisms (30),

hence regulating functional links of cognitive-related neural

circuits and actualizing the reorganization of cognitive function

(31, 32). Ultimately, this improves cognitive function. In view

of the complexity of cognitive activities and brain network

connections, neurophysiological methods such as TMS or TMS-

EEG could be used to study some neurophysiological properties

of the brain such as spike-time-dependent plasticity (33) to

further study the impact of low-frequency rTMS on the cortical

plasticity of different cognitive brain networks. In addition,

neurophysiological methods could be applied to observe the

effects of different rTMS stimulation sites (e.g., precuneus and

parietal lobe) on cognitive function.

Conclusion

Low-frequency rTMS improved cognitive function when

based on conventional cognitive rehabilitation therapy.

It had a defined curative effect and was well tolerated

by patients, making it feasible for clinical application.

Moreover, no adverse reactions occurred during low-frequency

rTMS treatments indicating that the technology is safe

and reliable.

Limitations of the study

The sample size was small, which impeded observations

of the impact of rTMS on individual cognitive function.

Functional imaging was not used to further investigate the

possible therapeutic mechanisms of action.
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Resting-state functional
connectivity for determining
outcomes in upper extremity
function after stroke: A
functional near-infrared
spectroscopy study

Youxin Sui1,2†, Chaojie Kan2,3†, Shizhe Zhu1,2†, Tianjiao Zhang1,2,

Jin Wang3, Sheng Xu3, Ren Zhuang3, Ying Shen1,2*,

Tong Wang1,2* and Chuan Guo1,2*

1Department of Rehabilitation Medicine, The First A�liated Hospital of Nanjing Medical University,

Nanjing, China, 2School of Rehabilitation Medicine, Nanjing Medical University, Nanjing, China,
3Department of Rehabilitation Medicine, Changzhou Dean Hospital, Changzhou, China

Objective: Functional near-infrared spectroscopy (fNIRS) is a non-invasive

and promising tool to map the brain functional networks in stroke recovery.

Our study mainly aimed to use fNIRS to detect the di�erent patterns of

resting-state functional connectivity (RSFC) in subacute stroke patients with

di�erent degrees of upper extremity motor impairment defined by Fugl-Meyer

motor assessment of upper extremity (FMA-UE). The second aim was to

investigate the association between FMA-UE scores and fNIRS-RSFC among

di�erent regions of interest (ROIs) in stroke patients.

Methods: Forty-nine subacute (2 weeks−6 months) stroke patients with

subcortical lesions were enrolled and were classified into three groups based

on FMA-UE scores: mild impairment (n = 17), moderate impairment (n = 13),

and severe impairment (n = 19). All patients received FMA-UE assessment and

10-min resting-state fNIRS monitoring. The fNIRS signals were recorded over

seven ROIs: bilateral dorsolateral prefrontal cortex (DLPFC), middle prefrontal

cortex (MPFC), bilateral primary motor cortex (M1), and bilateral primary

somatosensory cortex (S1). Functional connectivity (FC) was calculated by

correlation coe�cients between each channel and each ROI pair. To reveal the

comprehensive di�erences in FC among three groups, we compared FC on the

group level and ROI level. In addition, to determine the associations between

FMA-UE scores and RSFC among di�erent ROIs, Spearman’s correlation

analyses were performed with a significance threshold of p < 0.05. For easy

comparison, we defined the left hemisphere as the ipsilesional hemisphere and

flipped the lesional right hemisphere in MATLAB R2013b.

Results: For the group-level comparison, the one-way ANOVA and post-hoc

t-tests (mild vs. moderate; mild vs. severe; moderate vs. severe) showed that

there was a significant di�erence among three groups (F = 3.42, p = 0.04) and

the group-averaged FC in the mild group (0.64 ± 0.14) was significantly higher

than that in the severe group (0.53 ± 0.14, p = 0.013). However, there were
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no significant di�erences between the mild and moderate group (MD ± SE

= 0.05 ± 0.05, p = 0.35) and between the moderate and severe group

(MD ± SE = 0.07 ± 0.05, p = 0.16). For the ROI-level comparison, the

severe group had significantly lower FC of ipsilesional DLPFC–ipsilesional

M1 [p = 0.015, false discovery rate (FDR)-corrected] and ipsilesional

DLPFC–contralesional M1 (p = 0.035, FDR-corrected) than those in the

mild group. Moreover, the result of Spearman’s correlation analyses showed

that there were significant correlations between FMA-UE scores and FC of

the ipsilesional DLPFC–ipsilesional M1 (r = 0.430, p = 0.002), ipsilesional

DLPFC–contralesional M1 (r = 0.388, p = 0.006), ipsilesional DLPFC–MPFC (r

= 0.365, p = 0.01), and ipsilesional DLPFC–contralesional DLPFC (r = 0.330,

p = 0.021).

Conclusion: Our findings indicate that di�erent degrees of post-stroke

upper extremity impairment reflect di�erent RSFC patterns, mainly in the

connection between DLPFC and bilateral M1. The association between

FMA-UE scores and the FC of ipsilesional DLPFC-associated ROIs suggests

that the ipsilesional DLPFC may play an important role in motor-related

plasticity. These findings can help us better understand the neurophysiological

mechanisms of upper extremity motor impairment and recovery in subacute

stroke patients from di�erent perspectives. Furthermore, it sheds light on the

ipsilesional DLPFC–bilateral M1 as a possible neuromodulation target.

KEYWORDS

stroke, functional near-infrared spectroscopy (fNIRS), functional connectivity,

resting-state, Fugl-Meyer, upper extremity

Introduction

Stroke is a neurological disorder caused by vascular

dysfunction in the brain and is a leading cause of disability

(1). The impairment of upper limb motor function is common

after stroke and may seriously impact patients’ quality of life

(2). It makes sense that loss of upper extremity function would

be caused by damage to brain regions. However, accumulating

evidence has demonstrated that focal lesions caused by stroke

can affect not only perilesional brain regions but also distal brain

regions, which may cause adjustable reorganization of neural

networks (3, 4).

Resting-state functional connectivity (RSFC) is a powerful

method for mapping functional networks in the brain, defined

as the temporal correlation of the blood oxygenation-level-

dependent (BOLD) signal across regions without any imposed

task (5, 6). According to the mechanism of “neurovascular

coupling,” corresponding hemodynamic responses can be

induced by neural activity due to the increased oxygen demand

in activated brain areas (7, 8). Therefore, monitoring the

hemodynamic fluctuations in brain tissue can provide insight

into how activity is organized. When neurons are at rest, their

oxygen extraction percentage remains relatively unchanged,

resulting in a constant ratio of oxygenated to deoxygenated

blood in the surrounding capillary bed.

Resting-state brain networks during stroke recovery were

initially assessed using functional magnetic resonance imaging

(fMRI). According to studies on resting-state fMRI, stroke

patients have different modes of functional connectivity

compared with healthy people, and abnormal dynamic

functional connectivity is associated with post-stroke motor

recovery (4, 9–11). Although fMRI is the gold standard for

measuring cortical activity, it has some drawbacks, such as

restricted monitoring environments, acoustic scanner noises,

subject head immobilization, and high cost (12). It might not be

appropriate for people with metal implants, claustrophobia, or

hyperactivity (13).

Functional near-infrared spectroscopy (fNIRS) is a non-

invasive neuroimaging tool which can constantly monitor

regional tissue oxygenation by recording the concentrations

of both oxygenated hemoglobin (HbO) and deoxygenated

hemoglobin (HbR) (14). The fNIRS is more portable and

less noisy than fMRI, so it is more acceptable for patients

during resting mode (15, 16). A concurrent recording study

found that fNIRS-RSFC values correlated directly with fMRI-

RSFC values, indicating that optical brain connectivity is

associated with functional brain architecture (17). Moreover,

Zhang et al. conducted a test–retest analysis to identify the

reliability fNIRS-RSFC. They found that individual-level RSFC

shows good to excellent map-/cluster-wise reliability for HbO
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signals, and group-level RSFC shows exceptional reliability (18).

These prove that fNIRS-RSFC has good reliability and validity.

Given that fNIRS mainly monitors hemodynamic changes in

the superficial layer of the brain tissue (19), we believe that

fNIRS could be an appropriate monitoring tool to investigate

the cerebral cortical alterations related to upper limb motor

recovery (20).

Studies using imaging technologies, such as fMRI and

fNIRS, have shown that stroke patients with upper extremity

motor deficits have different RSFC patterns from healthy people

(4, 21, 22). However, the stroke patients enrolled in these

studies varied greatly in terms of the time post-stroke and

the severity of motor impairments. Our study focused on the

post-stroke motor recovery and cortical changes in subacute

phase, when the primary lesion is relatively stable (23) and

functional impairment becomes a major concern (24). The

primary objective of our study was to investigate the different

patterns of fNIRS-RSFC among subacute stroke patients with

different degrees of upper limb motor dysfunction determined

by Fugl-Meyer assessment of upper extremity motor scale

(FMA-UE), a reliable method for measuring post-stroke upper

extremity motor function (2). We further aimed to assess the

correlations between FMA-UE scores and fNIRS-RSFC among

the different brain areas.

Methods

Participants

This is a cross-sectional observational study. Stroke patients

with upper extremity hemiplegia were recruited from the

Rehabilitation Medicine Center in Changzhou Dean Hospital

between June 2021 and January 2022. The inclusion criteria were

as follows: a first-ever unilateral stroke with upper extremity

motor deficit; subcortical lesion; post-stroke time between 2

weeks and 6 months; and 30–80 years old. The exclusion criteria

were as follows: presence of any other neurological disorder or

psychiatric disease; severe cognitive impairment or aphasia; skull

defects; and inability to remain seated for 10 min quietly.

All stroke patients who meet the entry requirements will

undergo clinical information collection, FMA-UE assessment,

and a 10-min fNIRS resting-state monitoring by a blind and

trained investigator. The FMA-UE is a validated upper extremity

motor impairment scale with excellent inter- and intra-rater

reliability (2, 25). It has four subsections, namely, shoulder

arm, wrist, hand, and coordination and speed, and was made

up of 33 items that are assessed on an ordinal scale of 0

(absence), 1 (partial impairment), and 2 (no impairment), giving

possible values ranging from 0 to 66. We divided all participants

into three groups with different degrees of upper limb motor

dysfunction based on FMA-UE scores (26). They are mild

impairment group (FMA-UE: 43–66), moderate impairment

group (FMA-UE: 29–42), and severe impairment group (FMA-

UE: 0–28).

The experimental procedure was approved by the Human

Ethics Committee of Changzhou Dean Hospital (CZDALL-

2021-001) and was registered in the China Clinical Trial

Registration Center (ChiCTR2100047442).

Data acquisition

The fNIRS signals were acquired using a multichannel

fNIRS system (NirScan-6000C, Danyang Huichuang Medical

Equipment Co., Ltd., China) with three wavelengths (730,

808, and 850 nm) at a sampling rate of 11Hz. Based on

the 10/20 system, 14 sources and 14 detectors were placed

on the bilateral dorsolateral prefrontal cortex (DLPFC),

middle prefrontal cortex (MPFC), bilateral primary motor

cortex (M1), and primary somatosensory cortex (S1),

totaling 35 channels (Figure 1). According to the standard

brain localization, the specific correspondence between the

channels and the Brodmann brain region overlap is shown in

Supplementary material.

During the 10-min fNIRS resting-state monitoring,

participants were instructed to remain still and close their

eyes without falling asleep. Such resting-state recordings do

not require additional perceptual input or behavioral output.

The output parameters were the optical densities of the three

wavelengths, which were then converted to concentration

changes in oxyhemoglobin (HbO) and deoxyhemoglobin (HbR)

based on the modified Beer–Lambert law. The detectors and

light sources were secured using a flexible headgear to ensure

that they were in direct contact with the skin as much as possible

to obtain high-precision data. The average distance between the

light detectors and sources was set to 30 mm.

Pre-processing

From the continuous time course, we extracted 5min of data

for each subject (ranging from 3 to 8min). Because the sampling

rate was 11Hz, the maximum number of time points obtained

from each channel for one person was 3,300 (5 × 60 × 11).

Due to uncontrollable experimental factors, such as unconscious

coughs or yawns, motion artifacts were inevitable. We used

visual inspection and calculated the coefficient of variation (CV)

of each raw data, a common process for multichannel NIRS

measurements, to control the data quality:

CV =
σ

µ
× 100%.

Here, σ is the temporal standard deviation for a data channel

and µ is the corresponding mean value. Measurement data with

a CV exceeding 15% were rejected (27, 28).
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FIGURE 1

Configuration of fNIRS channels. The red dots represent the light sources, and the blue dots represent the light detectors. In total, 14 sources

and 14 detectors resulted in 35 channels encompassing seven regions of interest, specifically bilateral dorsal lateral prefrontal cortex (DLPFC),

middle prefrontal cortex (MPFC), bilateral primary motor cortex (M1), and bilateral primary sensory cortex (S1).

Raw data were preprocessed using the HOMER2 toolbox

(version 2.8), which is a built-in toolbox of MATLAB

R2013b (MathWorks, Natick, MA, USA). The pre-processing

procedures were as follows: (1) the raw NIRS light intensity

was converted to an optical density signal; (2) the HOMER2

built-in function was used to detect motion artifacts by

channel (parameters set as tMotion = 1 s; tMAsk = 2.0;

STDEVthresh = 15.0; AMPthresh = 5.0); (3) correct motion

artifacts were detected by the spline interpolation method

(hmrMotionCorrectSpline); (4) filtration, the majority of the

systemic hemodynamic components were removed with a band-

pass (0.01–0.1Hz) filter, such as those originating from cardiac

cycles (∼1Hz) and respiration (∼0.2–0.3Hz) (29); and (5) the

filtered optical density data were converted into oxy-Hb and

deoxy-Hb by applying the modified Beer–Lambert law (30). A

differential path length factor (DPF) of 6 was set for this study,

accounting for the true effective path length between the source

and detector (31). HbO signals were chosen for further analysis

because they have been shown to have larger effects in fNIRS

connectivity analysis and are more sensitive to cerebral vascular

alterations than HbR signals (32, 33).

For easy comparison, brains of 20 right hemisphere affected

patients (3 from the mild group, 6 from the moderate group,

and 11 from the severe group) were flipped, defining the

left hemisphere as the ipsilesional hemisphere and the right

hemisphere as the contralesional hemisphere.

Functional connectivity

For each participant, Functional Connectivity (FC) was

calculated by correlation coefficients with the 5-min filtered

signals between the 35 measurement channels, which describes

the linear correlation between the two time-domain signals with
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TABLE 1 Demographic and clinical data of stroke patients.

Mild group

(n = 17)

Moderate group

(n = 13)

Severe group

(n = 19)

F p

Age(years) 65.47± 11.94 65.92± 10.69 65.42± 9.33 0.01 0.99

Time post-stroke (days) 43.12± 36.12 51.77± 45.08 58.89± 50.50 0.56 0.57

MMSE 25.00± 7.84 25.54± 7.08 20.05± 7.83 2.69 0.08

FMA-UE 52.35± 6.39 35.38± 3.66 11.63± 9.44 – –

Sex (male/female) 14/3 9/4 14/5 – –

Stroke type (I/H) 14/3 12/1 14/5 – –

Damaged hemisphere (left/right) 14/3 7/6 8/11 – –

MMSE, Mini-Mental State Examination; FMA-UE, Fugl-Meyer Motor Upper Extremity Scale; I, Ischemic; H, Hemorrhagic.

values ranging from−1 to 1 (34). The formula used is as follows:

r =

∑n
i = 1 (Xi − X̄)(Yi − Y)

√

∑n
i = 1 (Xi − X̄)

2
√

∑n
i = 1 (Yi − Y)

2

where X and Y are the time series of hemoglobin concentrations

in the various channels and r is the correlation coefficient. The

procedure generated a 35 × 35 correlation matrix for each

participant. Then, we divided all channels into seven ROIs

(ipsilesional DLPFC, MPFC, contralesional DLPFC, ipsilesional

M1, contralesional M1, ipsilesional S1, and contralesional S1)

and calculated the ROI-to-ROI correlation coefficients for each

patient (Figure 1). This procedure generated a 7 × 7 correlation

matrix for each participant. In addition, we averaged the time

series of all channel pairs for each patient, which contributed

to the general FC value for each patient. Therefore, for each

participant, a 35× 35 correlation matrix was calculated between

each pair of channels, a 7 × 7 correlation matrix was calculated

between each pair of ROIs, and a general FC value was calculated

for group comparison.

Statistical analysis

Statistical analyses were performed using MATLAB R2013b

and IBM SPSS Statistics 25 (IBM Inc., New York, USA). For

comparison of demographic characteristics, one-way analysis

of variance (ANOVA) was adopted for age, Mini-Mental State

Examination, and time post-stroke among the three patient

groups. To reveal the comprehensive differences in FC among

the three groups of patients with different degrees of upper limb

motor dysfunction, we compared FC at the group level and the

ROI level. For group-level comparison, the correlation matrices

of all participants in one group were averaged, one-way ANOVA

was used to compare the average connectivity among groups,

and post-hoc t-tests between the individual groups (mild vs.

moderate; mild vs. severe; moderate vs. severe) were archived

by applying the Bonferroni test. For ROI-level comparison

within groups, the correlation matrices of all participants in

one group were shown as a 7 × 7 × n (number of patients in

each group) matrix, and the t-test was used for ROI pair-wise

comparisons. For multiple comparisons, the false discovery rate

(FDR) correction was used. We defined a significant difference

in this study as both FDR-corrected q < 0.05 and power

>0.8. We then performed a linear regression analysis to detect

possible factors influencing FC. Additionally, to determine the

associations between the FC of different ROI–ROI pairs and

FMA-UE scores, a non-parametric Spearman correlation was

performed according to the result of the Shapiro–Wilk normality

test. A p < 0.05 was considered to be statistically significant.

Results

Demographics

Data were obtained from 74 stroke patients. After visual

inspection and CV calculation, the data from 25 patients (5

from the mild, 5 from the moderate, and 15 from the severe

group) were excluded. Finally, the data from the remaining

49 participants were analyzed, including 17 in the mild, 13

in the moderate, and 19 in the severe group. The one-way

ANOVA results for the demographics of the three groups

are listed in Table 1. The three groups showed no significant

differences in age, time post-stroke, and Mini-Mental State

Examination scores.

Group-based functional connectivity

The group-averaged FC for each group is shown in Figure 2.

There was a significant difference in FC values among three

groups, and the higher the degree of dysfunction, the lower the

averaged connectivity strength. Quantitatively, the mean values

of connectivity strength and its standard deviations were 0.64±

0.14 for the mild group, 0.59± 0.11 for the moderate group, and

0.53 ± 0.14 for the severe group (Figure 2). One-way ANOVA

of the group-averaged functional connectivity of HbO signals
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FIGURE 2

Group-averaged resting-state functional connectivity (RSFC)

matrix diagram. Axes represent the channels. Each channel with

its correlation coe�cient set at zero (the diagonal line). (A) RSFC

matrix of the mild group. (B) RSFC matrix of the moderate

group. (C) RSFC matrix of the severe group.

showed a significant difference among three groups (F = 3.42,

p = 0.04). The Bonferroni post-hoc test revealed that the group-

averaged FC in the mild group was significantly higher than

that in the severe group (MD ± SE = 0.12 ± 0.04, p = 0.013).

However, there were no significant differences between the mild

and moderate group (MD ± SE = 0.05 ± 0.05, p = 0.35) and

FIGURE 3

The inter-group di�erences in actual ROIs represented by

automated anatomical labeling (AAL) atlas in axial view. The blue

nodes represent the seven regions of interest. The red lines

represent the connections with significant di�erences (p < 0.05)

between the mild group and severe group.

between the moderate and severe group (MD ± SE = 0.07 ±

0.05, p= 0.16).

ROI-based functional connectivity

To investigate the characteristics of the ROI–ROI

connection, the internal channels of the seven ROIs were

averaged, and two-sample t-tests with FDR correction were

used to examine the differences between the two groups. In

the lesioned hemisphere, there was a significant change in

long-distance connectivity associated with the ipsilesional

DLPFC. The severe group had much lower brain connection

intensity between the ipsilesional DLPFC and ipsilesional

M1 (mild group: 0.77 ± 0.12, severe group: 0.55 ± 0.22, p

= 0.015, FDR-corrected), as well as between the ipsilesional

DLPFC and contralesional M1 (mild group: 0.70 ± 0.22, severe

group: 0.45 ± 0.24, p = 0.035, FDR-corrected) than the mild

group (Figure 3). In addition, the inter-hemispheric connection

between the ipsilesional DLPFC and ipsilesional M1 is stronger

than the intra-hemispheric connection between the ipsilesional

DLPFC and contralesional M1 in both mild and severe groups.
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Relationship between FC and FMA-UE

The multiple linear regression results showed that there

was a positive effect of FMA-UE on FC, but no significant

effect of age, sex, or time post-stroke. Spearman’s correlation

analyses showed the relationship between the FC of 21 ROI pairs

(e.g., ROI1–ROI2 and ROI1–ROI3) and FMA-UE scores. FC

of four ROI pairs was found to be positively associated with

FMA-UE (Figure 4): ipsilesional DLPFC–ipsilesional M1 (r =

0.430, p = 0.002), ipsilesional DLPFC–contralesional M1 (r =

0.388, p = 0.006), ipsilesional DLPFC–MPFC (r = 0.365, p =

0.01), and ipsilesional DLPFC–contralesional DLPFC (r= 0.330,

p= 0.021).

Discussion

The aim of this study was to explore the patterns of fNIRS-

RSFC in stroke patients with different FMA-UE outcomes. In

addition, we investigated the relationship between RSFC of

ROI pairs and FMA-UE scores. We found that the features of

FC were considerably different among the three groups with

different degrees of upper extremitymotor dysfunction andwere

correlated with FMA-UE scores.

From the results of group-level comparison, groups with

different degrees of upper limb dysfunction showed significant

differences in cortical connectivity. Additionally, as the level

of impairment increased, the network balance was more

disrupted. This finding implies a relationship between the

degree of upper limbmotor impairment and post-stroke cortical

connectivity patterns which is consistent with the fMRI studies.

Bonkhoff et al. investigated the difference in resting-state fMRI-

based dynamic FC in three stroke severity groups (mildly,

moderately, and severely affected) defined by the National

Institutes of Health Stroke Scale score (NIHSS). Significant

dynamic pattern differences were found in three groups, and

they discovered that severe stroke patients had more damaged

dynamic connectivity (35). In another fMRI study, 24 stroke

patients were divided into two subgroups: completely paralyzed

hands (CPH) and partially paralyzed hands (PPH), according to

FMA-UE scores. This study showed different patterns of FC in

two groups, and the CPH group exhibited significantly reduced

FC compared with the PPH group, mainly in the motor-related

brain areas (21). Combined with the results of our research,

we believe that stroke patients with varied degrees of motor

impairment exhibit different patterns of cortical connectivity

and cortical connections are usuallymore severely damagedwith

heavier impairment.

Further, we compared the differences of FC among

different ROIs in three groups. We found that compared

with the severe group, the mild group had strengthened

connectivity in the ipsilesional DLPFC–ipsilesional M1 and

ipsilesional DLPFC–contralesional M1. This result suggested

that connectivity between theM1 and DLPFCmay be a potential

mechanism underlying motor function recovery. The M1 and

DLPFC are the main components of the frontal lobe, playing

important roles in human behavior, especially inmaking difficult

decisions, and interactions (36). Dysfunction in the DLPFC

can negatively impact higher-level cognitive processes (37),

particularly executive function (38, 39), and impairment of M1

can result in weakness and impaired motor execution (36).

Lefebvre et al. used fMRI to explore the neural mechanisms of

motor skill learning in chronic stroke patients. They recruited 23

stroke patients to perform a visuomotor skill with the hemiplegic

upper limb and discovered that this motor learning significantly

activated the DLPFC and the dorsal premotor cortex of the

lesioned hemisphere (40). Gyulai et al. applied EEG to detect the

neural activity of finger tapping in 15 mild upper limb paretic

stroke patients. The result showed that the DLPFC has cognitive

control over fine motor skills, which is linked to post-stroke

motor recovery of the lesioned hemisphere (41). These results

support the connection between the ipsilesional DLPFC and

motor cortex discovered in our study, indicating that the DLPFC

and motor cortex are closely associated during motor recovery

in stroke patients. On this basis, we found that the inter-

hemispheric connection of ipsilesional DLPFC–ipsilesional M1

is stronger than intra-hemispheric connection of ipsilesional

DLPFC–contralesional M1 in both mild and severe groups. The

neuronal reorganization may occur in both the ipsilesional and

contralesional hemispheres to regain motor functionality (42).

Reorganization of the ipsilateral hemisphere has traditionally

been believed to be more important for motor recovery, and our

study confirms this to some extent.

According to the findings of our correlation analysis, we

further confirmed the relationship between cortical connection

and post-stroke upper extremity dysfunction. The association

between FC of ipsilesional DLPFC–bilateral M1 is tightly

connected. We assumed that post-stroke recovery of upper limb

motor function may be correspondence with the connection

between DLPFC and M1. As found in a fMRI study, hand

motor recovery after cortical sensorimotor stroke dynamics

was linearly correlated with gray matter volumetric increase

in the ipsilesional DLPFC using fMRI (43). Oveisgharan

applied transcranial direct current stimulation (tDCS) on acute

ischemic stroke patients. He found that stimulation of the left

DLPFC in conjunction with M1 stimulation of the affected

hemisphere led to better upper extremity motor recovery than

M1 stimulation alone (44). Another tDCS study also showed

that unihemispheric concurrent dual-site anode tDCS of the

M1-DLPFC increased motor-evoked potentials by 50% and the

effects extended for at least 24 h (45). Combined with the result

in our study, we speculate that enhanced cortical connectivity

between DLPFC and M1 may promote recovery of motor

function after stroke. Additional significant FC related to FMA-

UE was found in ipsilesional DLPFC–MPFC and ipsilesional

DLPFC–contralesional DLPFC. The MPFC here is mainly about

the area of BA10, which occupies the most rostral portions of

the superior frontal gyrus and the middle frontal gyrus (46).
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FIGURE 4

The correlation scatter diagrams of Spearman’s correlation analysis between FMA-UE scores and RSFC among di�erent ROIs. LDLPFC, left

dorsolateral prefrontal cortex; MPFC, middle prefrontal cortex; RDLPFC, right dorsolateral prefrontal cortex; LM1, left primary motor cortex;

RM1, right primary motor cortex. We defined left hemisphere is ipsilesional hemisphere and right hemisphere is contralesional hemisphere.

(A) The significant correlation between FMA-UE and FC of LDLPFC–MPFC. (B) The significant correlation between FMA-UE and FC of

LDLPFC–RDLPFC. (C) The significant correlation between FMA-UE and FC of LDLPFC–LM1. (D) The significant correlation between FMA-UE and

FC of LDLPFC–RM1. The “rs” is the correlation coe�cient of Spearman’s analysis.

Both MPFC and DLPFC are important components of the

prefrontal lobe that plays an important role in motor control

and generation (47). Previous studies have shown persistent

and ramping neural activity in frontal cortex predicts specific

movements (48). Our result further confirmed the relationship

betweenmotor recovery and cortical change in prefrontal cortex.

Growing evidence suggests that stroke is a large-scale

network dysfunction that extends beyond the lesioned region (3,

4). One advantage of fNIRS is that it can be mapped to different

brain regions depending on the nodes location, capturing the

hemodynamic changes in the corresponding brain cortex. It has

been demonstrated that fNIRS-derived RSFC is a trustworthy

biomarker when interpreted in map- and cluster-wise manners

(18, 49). Therefore, it might be meaningful to pay attention

to the cortical reconfiguration that results from stroke motor

recovery (50).

There are some limitations in our study. First, the referenced

classification of upper limb impairment was based on the

cluster analysis results of FMA-UE in patients with chronic

stroke. The stroke patients we recruited were primarily in

the subacute stage. Although the time post-stroke may not

be consistent, the FMA-UE scores and FC of each patient

were recorded at the same time point, which may reflect

the relationship between cortex reorganization and behavior

to some extent. Second, the total sample size in our study

was not large enough, resulting in unequal numbers in each

group. And as this was a cross-sectional observational study,

the lesion site and affected side were not strictly limited. We

emulated the method in fNIRS (51) and fMRI research (52)

to flip the lesioned hemisphere. In future, we hope to carry

out fNIRS studies with a larger sample size and prescribed

the damaged hemisphere. In addition, fNIRS has limitations as

an optical imaging technique, including insufficient anatomical

specificity, suboptimal temporal resolution, and low inter-

subject reproducibility for individual analysis. Because the

spatial resolution of fNIRS is limited by the number of

sources and detectors (optodes), its spatial resolution is lower

than that of fMRI (53). However, it can be used as a

complementary method to predict the extent of recovery from

stroke motor deficits.

Conclusion

This study described different patterns of RSFC among

subacute stroke patients with different degrees of upper

extremity motor dysfunction. Our results revealed a unique

connection between the ipsilesional DLPFC and bilateral

M1 during upper extremity motor recovery. The association

between FMA-UE scores and RSFC of ipsilesional DLPFC-

associated ROI pairs supported the fact that the ipsilesional

DLPFC may play a key role in motor-related plasticity.

These findings could contribute to a better understanding

of the neurophysiological mechanisms of motor impairment
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and recovery in patients with subacute stroke from various

perspectives. It also provides a different perspective of

serving the ipsilesional DLPFC-M1 as a stimulating target

for neuromodulation.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary material, further inquiries

can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed

and approved by Human Ethics Committee of Changzhou

Dean Hospital. The patients/participants provided their written

informed consent to participate in this study.

Author contributions

YSu, SZ, CK, and CG were in charge of the experimental

design. SZ and YSu take charge of the data analysis. CG, YSh, and

TW made final decisions during the whole process. All authors

participate in the implement of the experiment and the writing

of this article. All authors contributed to the article and approved

the submitted version.

Funding

This study was funded by the National Key R&D Program

of China (Grant Nos. 2018YFC2001600 and 2018YFC2001603),

the Nanjing Municipal Science and Technology Bureau (Grant

No. 2019060002), and the Changzhou Municipal Health

Commission (Grant No. QN202134).

Acknowledgments

We thank all volunteers for their participation in this

study. We also express our gratefulness to Hang Liang, Jin Liu,

Haozheng Li, and Yi Zhu for their help in data analysis.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fneur.2022.965856/full#supplementary-material

References

1. Stinear CM, Lang CE, Zeiler S, Byblow WD. Advances and
challenges in stroke rehabilitation. Lancet Neurol. (2020) 19:348–
60. doi: 10.1016/s1474-4422(19)30415-6

2. Feng W, Wang J, Chhatbar PY, Doughty C, Landsittel D, Lioutas VA, et al.
Corticospinal tract lesion load: an imaging biomarker for stroke motor outcomes.
Ann Neurol. (2015) 78:860–70. doi: 10.1002/ana.24510

3. Honey CJ, Sporns O. Dynamical consequences of lesions in cortical networks.
Hum Brain Mapp. (2008) 29:802–9. doi: 10.1002/hbm.20579

4. Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, Strube
MJ, et al. Resting interhemispheric functional magnetic resonance imaging
connectivity predicts performance after stroke. Ann Neurol. (2010) 67:365–
75. doi: 10.1002/ana.21905

5. Friston KJ. Functional and effective connectivity in neuroimaging: a synthesis.
Hum Brain Mapp. (1994) 2:56–78.

6. Räty S, Ruuth R, Silvennoinen K, Sabel BA, Tatlisumak T, Vanni S. Resting-
state Functional connectivity after occipital stroke. Neurorehabil Neural Repair.
(2022) 36:151–63. doi: 10.1177/15459683211062897

7. Chiarelli AM, Zappasodi F, Di Pompeo F, Merla A. Simultaneous
functional near-infrared spectroscopy and electroencephalography for monitoring
of human brain activity and oxygenation: a review. Neurophotonics. (2017)
4:041411. doi: 10.1117/1.NPh.4.4.041411

8. Kaplan L, Chow BW, Gu C. Neuronal regulation of the blood-
brain barrier and neurovascular coupling. Nat Rev Neurosci. (2020) 21:416–
32. doi: 10.1038/s41583-020-0322-2

9. Rehme AK, Volz LJ, Feis DL, Bomilcar-Focke I, Liebig T, Eickhoff SB, et al.
Identifying neuroimaging markers of motor disability in acute stroke by machine
learning techniques. Cereb Cortex. (2015) 25:3046–56. doi: 10.1093/cercor/bhu100

10. Zhang Y, Li KS, Ning YZ, Fu CH, Liu HW,Han X, et al. Altered structural and
functional connectivity between the bilateral primary motor cortex in unilateral
subcortical stroke: a multimodal magnetic resonance imaging study. Medicine
(Baltimore). (2016) 95:e4534. doi: 10.1097/md.0000000000004534

11. Xia Y, Huang G, Quan X, Qin Q, Li H, Xu C, et al. Dynamic structural
and functional reorganizations following motor stroke. Med Sci Monit. (2021)
27:e929092. doi: 10.12659/msm.929092

Frontiers inNeurology 09 frontiersin.org

112

https://doi.org/10.3389/fneur.2022.965856
https://www.frontiersin.org/articles/10.3389/fneur.2022.965856/full#supplementary-material
https://doi.org/10.1016/s1474-4422(19)30415-6
https://doi.org/10.1002/ana.24510
https://doi.org/10.1002/hbm.20579
https://doi.org/10.1002/ana.21905
https://doi.org/10.1177/15459683211062897
https://doi.org/10.1117/1.NPh.4.4.041411
https://doi.org/10.1038/s41583-020-0322-2
https://doi.org/10.1093/cercor/bhu100
https://doi.org/10.1097/md.0000000000004534
https://doi.org/10.12659/msm.929092
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Sui et al. 10.3389/fneur.2022.965856

12. Mehagnoul-Schipper DJ, van der Kallen BF, Colier WN, van der Sluijs
MC, van Erning LJ, Thijssen HO, et al. Simultaneous measurements of cerebral
oxygenation changes during brain activation by near-infrared spectroscopy and
functional magnetic resonance imaging in healthy young and elderly subjects.Hum
Brain Mapp. (2002) 16:14–23. doi: 10.1002/hbm.10026

13. Pinti P, Tachtsidis I, Hamilton A, Hirsch J, Aichelburg C, Gilbert S,
et al. The present and future use of functional near-infrared spectroscopy
(fNIRS) for cognitive neuroscience. Ann N Y Acad Sci. (2020) 1464:5–29.
doi: 10.1111/nyas.13948

14. Yang M, Yang Z, Yuan T, Feng W, Wang P. A systemic review of functional
near-infrared spectroscopy for stroke: current application and future directions.
Front Neurol. (2019) 10:58. doi: 10.3389/fneur.2019.00058

15. Naseer N, Hong KS. fNIRS-based brain-computer interfaces: a review. Front
Hum Neurosci. (2015) 9:3. doi: 10.3389/fnhum.2015.00003

16. Yanagi M, Shirakawa O. Application of near-infrared spectroscopy for
understanding spontaneous brain activity during resting state in schizophrenia: a
mini review. Front Psychiatry. (2021) 12:704506. doi: 10.3389/fpsyt.2021.704506

17. Duan L, Zhang YJ, Zhu CZ. Quantitative comparison of resting-state
functional connectivity derived from fNIRS and fMRI: a simultaneous recording
study. Neuroimage. (2012) 60:2008–18. doi: 10.1016/j.neuroimage.2012.02.014

18. Zhang H, Zhang YJ, Duan L, Ma SY, Lu CM, Zhu CZ. Is resting-state
functional connectivity revealed by functional near-infrared spectroscopy test-
retest reliable? J Biomed Opt. (2011) 16:067008. doi: 10.1117/1.3591020

19. Rahman MA, Siddik AB, Ghosh TK, Khanam F, Ahmad M. A narrative
review on clinical applications of fNIRS. J Digit Imaging. (2020) 33:1167–
84. doi: 10.1007/s10278-020-00387-1

20. Mihara M, Miyai I. Review of functional near-infrared
spectroscopy in neurorehabilitation. Neurophotonics. (2016)
3:031414. doi: 10.1117/1.NPh.3.3.031414

21. Yin D, Song F, Xu D, Peterson BS, Sun L, Men W, et al. Patterns in cortical
connectivity for determining outcomes in hand function after subcortical stroke.
PLoS ONE. (2012) 7:e52727. doi: 10.1371/journal.pone.0052727

22. Arun KM, Smitha KA, Sylaja PN, Kesavadas C. Identifying resting-state
functional connectivity changes in the motor cortex using fNIRS during recovery
from stroke. Brain Topogr. (2020) 33:710–9. doi: 10.1007/s10548-020-00785-2

23. Cassidy JM, Cramer SC. Spontaneous and therapeutic-induced
mechanisms of functional recovery after stroke. Transl Stroke Res. (2017)
8:33–46. doi: 10.1007/s12975-016-0467-5

24. Chien WT, Chong YY, Tse MK, Chien CW, Cheng HY. Robot-assisted
therapy for upper-limb rehabilitation in subacute stroke patients: a systematic
review and meta-analysis. Brain Behav. (2020) 10:e01742. doi: 10.1002/brb3.1742

25. Woodbury ML, Velozo CA, Richards LG, Duncan PW, Studenski
S, Lai SM. Dimensionality and construct validity of the Fugl-Meyer
Assessment of the upper extremity. Arch Phys Med Rehabil. (2007)
88:715–23. doi: 10.1016/j.apmr.2007.02.036

26. Woytowicz EJ, Rietschel JC, Goodman RN, Conroy SS, Sorkin JD, Whitall
J, et al. Determining levels of upper extremity movement impairment by applying
a cluster analysis to the Fugl-Meyer assessment of the upper extremity in chronic
stroke. Arch Phys Med Rehabil. (2017) 98:456–62. doi: 10.1016/j.apmr.2016.06.023

27. Piper SK, Krueger A, Koch SP, Mehnert J, Habermehl C, Steinbrink J, et al. A
wearable multi-channel fNIRS system for brain imaging in freely moving subjects.
Neuroimage. (2014) 85 Pt 1:64–71. doi: 10.1016/j.neuroimage.2013.06.062

28. Tao J, Li Z, Liu Y, Li J, Bai R. Performance comparison of different
neuroimaging methods for predicting upper limbmotor outcomes in patients after
stroke. Neural Plast. (2022) 2022:4203698. doi: 10.1155/2022/4203698

29. Wu X, Lin F, Sun W, Zhang T, Sun H, Li J. Relationship between
short-range and homotopic long-range resting state functional connectivity
in temporal lobes in autism spectrum disorder. Brain Sci. (2021)
11:1467. doi: 10.3390/brainsci11111467

30. Delpy DT, Cope M, van der Zee P, Arridge S, Wray S, Wyatt J. Estimation
of optical pathlength through tissue from direct time of flight measurement. Phys
Med Biol. (1988) 33:1433–42. doi: 10.1088/0031-9155/33/12/008

31. Koenig J, Höper S, van der Venne P, Mürner-Lavanchy I, Resch F,
Kaess M. Resting state prefrontal cortex oxygenation in adolescent non-
suicidal self-injury—a near-infrared spectroscopy study. Neuroimage Clin. (2021)
31:102704. doi: 10.1016/j.nicl.2021.102704

32. Li Y, YuD.Weak network efficiency in young children with Autism Spectrum
Disorder: evidence from a functional near-infrared spectroscopy study. Brain
Cogn. (2016) 108:47–55. doi: 10.1016/j.bandc.2016.07.006

33. Tamashiro H, Kinoshita S, Okamoto T, Urushidani N, Abo
M. Effect of baseline brain activity on response to low-frequency

rTMS/intensive occupational therapy in poststroke patients with upper
limb hemiparesis: a near-infrared spectroscopy study. Int J Neurosci. (2019)
129:337–43. doi: 10.1080/00207454.2018.1536053

34.WuC, Sun J,Wang T, Zhao C, Zheng S, Lei C, et al. An application of affective
computing on mental disorders: a resting state fNIRS study. IFAC-PapersOnLine.
(2020). 53:464–9. doi: 10.1016/j.ifacol.2021.04.195

35. Bonkhoff AK, Schirmer MD, Bretzner M, Etherton M, Donahue K, Tuozzo
C, et al. Abnormal dynamic functional connectivity is linked to recovery after acute
ischemic stroke. Hum Brain Mapp. (2021) 42:2278–91. doi: 10.1002/hbm.25366

36. Pirau L, Lui F. Frontal Lobe Syndrome. Treasure Island (FL): StatPearls
Publishing (2022).

37. Di Pino G, Pellegrino G, Assenza G, Capone F, Ferreri F, Formica D, et al.
Modulation of brain plasticity in stroke: a novel model for neurorehabilitation.Nat
Rev Neurol. (2014) 10:597–608. doi: 10.1038/nrneurol.2014.162

38. Kate Teffer KS. Human prefrontal cortex: evolution,
development, and pathology. Prog Brain Res. (2012) 195:191–
218. doi: 10.1016/B978-0-444-53860-4.00009-X

39. CataniM. The anatomy of the human frontal lobe.Handb Clin Neurol. (2019)
163:95–122. doi: 10.1016/B978-0-12-804281-6.00006-9

40. Lefebvre S, Dricot L, Laloux P, Gradkowski W, Desfontaines P, Evrard F, et al.
Neural substrates underlying motor skill learning in chronic hemiparetic stroke
patients. Front Hum Neurosci. (2015) 9:320. doi: 10.3389/fnhum.2015.00320

41. Gyulai A, Kormendi J, Juhasz Z, Nagy Z. Inter trial coherence of low-
frequency oscillations in the course of stroke recovery. Clin Neurophysiol. (2021)
132:2447–55. doi: 10.1016/j.clinph.2021.06.034

42. Dodd KC, Nair VA, Prabhakaran V. Role of the contralesional vs.
ipsilesional hemisphere in stroke recovery. Front Hum Neurosci. (2017)
11:469. doi: 10.3389/fnhum.2017.00469

43. Abela E, Seiler A, Missimer JH, Federspiel A, Hess CW, Sturzenegger
M, et al. Grey matter volumetric changes related to recovery from hand
paresis after cortical sensorimotor stroke. Brain Struct Funct. (2015) 220:2533–
50. doi: 10.1007/s00429-014-0804-y

44. Oveisgharan S, Organji H, Ghorbani A. Enhancement of motor
recovery through left dorsolateral prefrontal cortex stimulation after
acute ischemic stroke. J Stroke Cerebrovasc Dis. (2018) 27:185–
91. doi: 10.1016/j.jstrokecerebrovasdis.2017.08.026

45. Vaseghi B, Zoghi M, Jaberzadeh S. The effects of anodal-tDCS on
corticospinal excitability enhancement and its after-effects: conventional vs.
unihemispheric concurrent dual-site stimulation. Front Hum Neurosci. (2015)
9:533. doi: 10.3389/fnhum.2015.00533

46. Semendeferi K, Armstrong E, Schleicher A, Zilles K, Van Hoesen GW.
Prefrontal cortex in humans and apes: a comparative study of area 10. Am J Phys
Anthropol. (2001) 114:224–41. doi: 10.1002/1096-8644(200103)114:3<224::Aid-
ajpa1022>3.0.Co;2-i

47. Umilta MA. Frontal cortex: goal-relatedness and the cortical motor system.
Curr Biol. (2004) 14:R204–206. doi: 10.1016/j.cub.2004.02.023

48. Gao Z, Davis C, Thomas AM, Economo MN, Abrego AM, Svoboda K,
et al. A cortico-cerebellar loop for motor planning. Nature. (2018) 563:113–
6. doi: 10.1038/s41586-018-0633-x

49. Zhang H, Duan L, Zhang YJ, Lu CM, Liu H, Zhu CZ. Test-retest assessment
of independent component analysis-derived resting-state functional connectivity
based on functional near-infrared spectroscopy. Neuroimage. (2011) 55:607–
15. doi: 10.1016/j.neuroimage.2010.12.007

50. Saes M, Meskers CGM, Daffertshofer A, de Munck JC, Kwakkel G, van
Wegen EEH, et al. How does upper extremity Fugl-Meyer motor score relate
to resting-state EEG in chronic stroke? A power spectral density analysis. Clin
Neurophysiol. (2019) 130:856–62. doi: 10.1016/j.clinph.2019.01.007

51. Lee SH, Lee HJ, Shim Y, Chang WH, Choi BO, Ryu GH,
et al. Wearable hip-assist robot modulates cortical activation during
gait in stroke patients: a functional near-infrared spectroscopy
study. J Neuroeng Rehabil. (2020) 17:145. doi: 10.1186/s12984-020-0
0777-0

52. Yuan K, Chen C, Lou WT, Khan A, Ti EC, Lau CC, et al. Differential
effects of 10 and 20Hz brain stimulation in chronic stroke: a tACS-fMRI study.
IEEE Trans Neural Syst Rehabil Eng. (2022) 30:455–64. doi: 10.1109/TNSRE.2022.
3153353

53. Chen WL, Wagner J, Heugel N, Sugar J, Lee YW, Conant
L, et al. Functional near-infrared spectroscopy and its clinical
application in the field of neuroscience: advances and future
directions. Front Neurosci. (2020) 14:724. doi: 10.3389/fnins.2020.
00724

Frontiers inNeurology 10 frontiersin.org

113

https://doi.org/10.3389/fneur.2022.965856
https://doi.org/10.1002/hbm.10026
https://doi.org/10.1111/nyas.13948
https://doi.org/10.3389/fneur.2019.00058
https://doi.org/10.3389/fnhum.2015.00003
https://doi.org/10.3389/fpsyt.2021.704506
https://doi.org/10.1016/j.neuroimage.2012.02.014
https://doi.org/10.1117/1.3591020
https://doi.org/10.1007/s10278-020-00387-1
https://doi.org/10.1117/1.NPh.3.3.031414
https://doi.org/10.1371/journal.pone.0052727
https://doi.org/10.1007/s10548-020-00785-2
https://doi.org/10.1007/s12975-016-0467-5
https://doi.org/10.1002/brb3.1742
https://doi.org/10.1016/j.apmr.2007.02.036
https://doi.org/10.1016/j.apmr.2016.06.023
https://doi.org/10.1016/j.neuroimage.2013.06.062
https://doi.org/10.1155/2022/4203698
https://doi.org/10.3390/brainsci11111467
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1016/j.nicl.2021.102704
https://doi.org/10.1016/j.bandc.2016.07.006
https://doi.org/10.1080/00207454.2018.1536053
https://doi.org/10.1016/j.ifacol.2021.04.195
https://doi.org/10.1002/hbm.25366
https://doi.org/10.1038/nrneurol.2014.162
https://doi.org/10.1016/B978-0-444-53860-4.00009-X
https://doi.org/10.1016/B978-0-12-804281-6.00006-9
https://doi.org/10.3389/fnhum.2015.00320
https://doi.org/10.1016/j.clinph.2021.06.034
https://doi.org/10.3389/fnhum.2017.00469
https://doi.org/10.1007/s00429-014-0804-y
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.08.026
https://doi.org/10.3389/fnhum.2015.00533
https://doi.org/10.1002/1096-8644(200103)114:3$<$224::Aid-ajpa1022$>$3.0.Co;2-i
https://doi.org/10.1016/j.cub.2004.02.023
https://doi.org/10.1038/s41586-018-0633-x
https://doi.org/10.1016/j.neuroimage.2010.12.007
https://doi.org/10.1016/j.clinph.2019.01.007
https://doi.org/10.1186/s12984-020-00777-0
https://doi.org/10.1109/TNSRE.2022.3153353
https://doi.org/10.3389/fnins.2020.00724
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Study Protocol

PUBLISHED 17 November 2022

DOI 10.3389/fneur.2022.959917

OPEN ACCESS

EDITED BY

Sheng Li,

University of Texas Health Science

Center at Houston, United States

REVIEWED BY

Bradley Hobbs,

University of Delaware, United States

Auwal Abdullahi,

Bayero University Kano, Nigeria

*CORRESPONDENCE

Minghui Ding

dingmh@mail.sysu.edu.cn

Wai Leung Ambrose Lo

luowliang@mail.sysu.edu.cn

†These authors have contributed

equally to this work

SPECIALTY SECTION

This article was submitted to

Neurorehabilitation,

a section of the journal

Frontiers in Neurology

RECEIVED 02 June 2022

ACCEPTED 26 October 2022

PUBLISHED 17 November 2022

CITATION

Li S, Zhang H, Leng Y, Lei D, Yu Q, Li K,

Ding M and Lo WLA (2022) A protocol

to analyze the global literature on the

clinical benefit of

interlimb-coordinated intervention in

gait recovery and the associated

neurophysiological changes in patients

with stroke. Front. Neurol. 13:959917.

doi: 10.3389/fneur.2022.959917

COPYRIGHT

© 2022 Li, Zhang, Leng, Lei, Yu, Li,

Ding and Lo. This is an open-access

article distributed under the terms of

the Creative Commons Attribution

License (CC BY). The use, distribution

or reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.

A protocol to analyze the global
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the associated
neurophysiological changes in
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Shijue Li1†, Haojie Zhang1†, Yan Leng1,2, Di Lei1, Qiuhua Yu1,

Kai Li1, Minghui Ding1* and Wai Leung Ambrose Lo1,2*

1Department of Rehabilitation Medicine, The First A�liated Hospital, Sun Yat-sen University,

Guangzhou, China, 2Guangdong Engineering and Technology Research Centre for Rehabilitation

Medicine and Translation, The First A�liated Hospital, Sun Yat-sen University, Guangzhou, China

Background: Stroke is among the leading causes of disability of worldwide.

Gait dysfunction is common in stroke survivors, and substantial advance is yet

to be made in stroke rehabilitation practice to improve the clinical outcome of

gait recovery. The role of the upper limb in gait recovery has been emphasized

in the literature. Recent studies proposed that four limbs coordinated

interventions, coined the term “interlimb-coordinated interventions,” could

promote gait function by increasing the neural coupling between the arms and

legs. A high-quality review is essential to examine the clinical improvement and

neurophysiological changes following interlimb-coordinated interventions in

patients with stroke.

Methods: Systematic review and meta-analysis will be conducted according

to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA). The literature will be retrieved from the databases of OVID, MEDLINE,

PubMed, Web of Science, EMBASE, and PsycINFO. Studies published in

English over the past 15 years will be included. All of the clinical studies

(e.g., randomized, pseudorandomized and non-randomized controlled trials,

uncontrolled trials, and case series) that employed interlimb intervention and

assessed gait function of patientswith strokewill be included. Clinical functions

of gait, balance, lower limb functions, and neurophysiologic changes are the

outcome measures of interest. Statistical analyses will be performed using the

Comprehensive Meta-Analysis version 3.

Discussion: The findings of this study will provide insight into the clinical

benefits and the neurophysiological adaptations of the nervous system

induced by interlimb-coordinated intervention in patients with stroke. This

would guide clinical decision-making and the future development of targeted

neurorehabilitation protocol in stroke rehabilitation to improve gait and motor
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function in patients with stroke. Increasing neuroplasticity through four-limb

intervention might complement therapeutic rehabilitation strategies in this

patient group. The findings could also be insightful for other cerebral diseases.

KEYWORDS

interlimb coordinated, stroke, gait, fMRI, limbs coordination, motor recovery

Highlights

- Human locomotion involves the coordination of all

four limbs.

- Interlimb-coordinated intervention is proposed as an

effective way to improve gait in patients with stroke.

- The neurophysiological changes and clinical benefits of

interlimb-coordinated intervention in patients with chronic

stroke remain unclear.

- The findings of this study will offer insight into the

neurophysiological adaptations of the nervous system in

patients with stroke.

Introduction

Stroke remains one of the leading causes of adult disability

worldwide (1), and the demand for stroke rehabilitation service

is likely to continue to grow due to the aging society.

Gait dysfunction is common among patients with stroke (2).

Approximately two-thirds of the patients have mobility deficits

after stroke occurrence (3). A study reported that 1 year

after stroke occurrence, half of the stroke survivors could not

complete a 6-min walk test, and those who did were only able

to perform 40% of the predicted normal distance (4). Gait is

essential to safely conduct daily living activities and improve the

quality of life, but substantial advances are yet to be made in

stroke rehabilitation practice to improve the clinical outcome of

gait recovery (5).

The current regime of gait rehabilitation involves high-

intensity, repetitive, task-specific intervention (6). Gait

rehabilitation may utilize over ground or treadmill with or

without body weight support (7). Other interventions such as

virtual reality (8), robotics (9), muscle strengthening exercise

(10), and electrical stimulations (11) demonstrated various

degrees of success in gait recovery. Despite the reported positive

outcomes, recent literature proposed that a common gait

rehabilitation regime is suboptimal to activate the paretic motor

neuron pools due to the training intensity (12). Thus, the

clinical outcome is below expectation, raising doubts over the

efficacy of traditional gait training in patients with stroke. A new

rehabilitation strategy is urgently needed. While increasing the

intensity through the increase of step number or training speed

may be an appropriate way to improve clinical outcome, it may

increase the likelihood of overuse injury or stress fracture due to

inefficient walking biomechanics (12). It has also been reported

that high-intensity training may only be appropriate for high-

functioning people post-stroke (13). In addition, studies that

investigated high-intensity exercise training in patients with

stroke reported small but non-significant difference in primary

motor cortex excitability (14), and no significant difference in

corticospinal excitability after high-intensity training (15). These

studies casted some uncertainties in the clinical effectiveness of

increase training intensity. Neural imaging studies conducted

in healthy individuals reported stronger activations in multiple

cerebral cortices, including the supplementary motor area

(SMA), premotor area (16), and the cerebellum (17), during

ipsilateral arm and leg movement in the opposite directions

than during ipsilateral arm and leg movement in the same

direction and during single-limb movement. It is, therefore,

reasonable to expect that patients with stroke who received

interlimb-coordinated intervention would have stronger

cortical activation than a simple increase in intensity, which

theoretically correlates with gait function improvement.

The pendula motion of the upper extremities plays a

vital role in gait (18). The role of upper extremities during

walking was demonstrated by the alteration of gait pattern after

upper limb constraining in healthy individuals and in patients

with stroke. These alterations included a reduction in limb

coordination (19), spatial parameters of stride length, stride

frequency, walking velocity (20), and muscle activation (21). A

recent study conducted on healthy participants reported that

lower limb muscle activity was driven by the upper limb muscle

activity during specific gait phases through the subcortical and

cortical pathways to achieve intermuscular coherences of the

upper and lower body segments (22). This evidence supports

the importance of upper and lower limb coordination in

gait recovery. A study on the effectiveness of stationary arm

cycling in patients with chronic stroke reported a significant

improvement in gait (23), confirming the role of the upper

limb in gait function. It was suggested that the cycling motion

shared a common locomotion pattern with walking based on

the reciprocal lower limb muscle coordination (21). The human

gait motion involves specific coordination patterns between

upper and lower body segments and requires the synergistic

contraction of various muscle groups on the bilateral side

(24). Thus, the bipedal human locomotion is built upon the

coordination of quadrupedal that involves the coordination
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of all four limbs (25). The coordination of four limb motion

has been coined “interlimb coordination,” where all four limbs

move in coordination to accomplish a task, and this has been

recently proposed to enhance limb movement control through

an increase in the neural coupling between arms and legs

(22). The reciprocal lower limb muscle coordination during

gait shares some common motor pattern with cycling (26).

This theory is given some support by studies that reported

significant improvement in gait and lower limb motor function

in patients with stroke who underwent arm cycling intervention

(23, 27). Other authors proposed that interlimb-coordinated

intervention could promote gait function by increasing the

neural coupling between the arms and legs (28). This theory

is given support by some preliminary data that demonstrated

favorable outcomes of interlimb-coordinated training over

conventional intervention in patients with chronic stroke (29).

The rhythmic control of gait motion is primarily modulated

by the central pattern generator (CPG) and the peripheral

sensory feedback that provides the basic synchronous

movements of the arms and legs (30). CPG is the functional

network of the spinal neurons that regulates the neural coupling

of the four limbs at the spinal level during rhythmic task,

such as walking and stepping (31). Impairment of the neural

coupling of the upper and lower body segments in patients

with stroke occurs despite the infarction taking place at the

higher cortical level (32). The afferent input processing from

the paretic side is impaired which prevents neural coupling,

whereas the pathways from the unaffected hemisphere to the

unaffected limbs are strengthened after the occurrence of stroke

(33). Thus, the motor paresis of contralateral body side to the

lesioned brain induces an asymmetry between the right and

left limbs, and bimanual coordination required for symmetrical

or asymmetrical task performance is impaired (34). Since the

lesioned hemisphere may not be able to contribute effectively

in voluntarily modifying the motor movement, patients with

stroke exhibit incoordination and asymmetry for bilateral to

quadri-limb performance which also interferes with the motor

and functional recovery (35). The impaired neural coupling also

affects the body coordination of patients with stroke, where the

non-affected side had to slow down to match the movement of

the affected side (36). Other study conducted on patients with

chronic stroke also observed the disrupted neural linkage of the

affected side in force production during coordinated bimanual

task (37). This evidence indicates that despite the primary injury

site of stroke being at the cortical level, functional improvement

at the spinal-level neural circuit also plays a role in the neural

linkage of limbs which contributes to effective gait recovery (23).

The spinal cord itself has central pattern generators and

is able to generate coordinated locomotor electromyography

(EMG) activity (38). It controls rhythmic movements by

producing rhythmic muscle activation without volitional motor

control (39). Thus, the locomotor function may be enhanced

by accessing the interlimb neural linkage at the spinal circuitry

level. The presence of interlimb coupling could be assessed by

EMG activity that records the effects of movement in one limb

on another limb’smuscle activity (40), and also the spinal reflexes

that examine the modulation in neural activity associated with

the interlimb neural coupling (41). Early literature indicated that

arm cycling exercise was able to suppress the hyperexcitability

of the soleus which subsequently contributes to improvement

in gait (42). A study conducted in patients with chronic

stroke reported normalization of cutaneous reflex modulation

and increase in soleus stretch reflex amplitudes after arm

cycling training. Gait improvement was also observed post-arm

cycling training (23). Therefore, enhancing the interlimb neural

connectivity of the CPG may be an effective way to improve gait

function (23).

To date, there seems to be no systematic review

or meta-analysis that investigated the strength of the

evidence on interlimb-coordinated interventions, and the

neurophysiological and clinical changes induced by such

intervention program. A high-quality review examining

the clinical improvements and neurophysiological changes

following interlimb-coordinated interventions may instigate

the establishment of future clinical practice guidelines for

clinicians and practitioners. Thus, we present our protocol to

critically evaluate the evidence on the change in clinical and

neurophysiology measures induced by interlimb-coordinated

interventions in patients with stroke. Our review question

is “What are the clinical benefits and neurophysiological

changes at the cortical and spinal level associated with interlimb

coordinated interventions in patients with stroke?”

Methods and analysis

Search strategy

The systematic review of the literature will follow

the Preferred Reporting Items for Systematic Reviews

and Meta-analyses (PRISMA) guidelines. It is registered

on the International Platform of Registered Systematic

Review and Meta-analysis Protocols (43) (Registration No.:

INPLASYL2021100012) and PROSPERO (44) (Registration

No.: CRD42021277837). The literature will be searched and

retrieved from the following databases: OVID, MEDLINE,

PubMed, Web of Science, EMBASE, and PsycINFO. The

Boolean operators and search string are as follows: (cerebral

vascular accident OR stroke) AND (interlimb coordination

OR interlimb coordinated) AND (gait OR walking OR lower

limb function) AND (Magnetic resonance image OR MRI OR

transcranial magnetic stimulation OR TMS OR neurophys∗

OR reflex OR electromyography OR EMG). Studies published

in English over the past 15 years, from August 2021, will be

considered for inclusion.
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Type of participants

Participants with chronic stroke (more than 6 months of

stroke onset) (45) who are aged between forty and 80 years old

and able to stand with or without assistance will be the focus of

this study. Furthermore, participants will not be on medication

that affects muscle tone at the time of study enrollment, report

of any cardiovascular, musculoskeletal, respiratory, or other

chronic diseases.

Inclusion criteria

The inclusion criteria are as follows:

• Full-text studies published in english 15 years prior to

August 2021.

• Studies conducted on individuals aged between forty and

eighty with chronic stroke.

• Studies that investigated the neurophysiological changes in

patients with stroke, including peripheral nerve stimulation

to assess the hoffman-reflex pathway, electromyography

to examine the heteronymous and contralateral muscle

activity and reflex amplitudes, and neural imaging to assess

cortical activities.

Exclusion criteria

The exclusion criteria are as follows:

• Studies that included unilateral intervention.

• Studies that did not mention the screening of medications

that might affect muscle tone. previous study reported

spatiotemporal parameters of gait could be improved by

releasing the upper extremity spasticity (46). therefore, the

present study excluded trials that did not specifically screen

the application of spasticity medication in accordance with

a published study.

• Studies that did not exclude participants with

musculoskeletal (29), cardiovascular, respiratory, or

other chronic diseases (47). these exclusion criteria are

in accordance with the published literature to minimize

potential confounding factors that might influence with

clinical outcome of gait.

Outcome measures

Clinical functions of gait, balance, lower limb functions, and

neurophysiologic changes are the outcome measures of interest.

These include one of the following measures: spatial–temporal

parameters of gait, Berg Balance Scale, Fugl-Meyer motor

assessment, H-reflex gain and/or amplitudes elicited via nerve

stimulation, and EMG signals of muscle activities of the

muscle bellies of interest. Neurophysiological data refer to

parameters that reflect the properties of neurons, glia, and

neural network (48). These include neural imaging data that

assess brain network connectivity (e.g., functional magnetic

resonance and transcranial magnetic stimulation imaging),

brain wave signals that assess the cognitive neural process

(e.g., electroencephalogram), and electromyography signals that

assess muscle innervation.

Data management

The retrieved articles will go through a three-stage screening

process. The articles’ titles and abstracts will be reviewed by

two researchers at the first stage to ensure they meet the above

inclusion criteria. The pair of researchers then independently

screen the full text of each article. Any discrepancy of an article

between the two researchers will be resolved by a third reviewer

who will act as an adjudicator. For articles where the full text

is not available in the databases or on the publisher library, the

researchers will attempt to contact the corresponding authors to

obtain the full article. The final step will involve the assessment

of treatment outcome measures. Studies with eligible outcome

measures are to be included in the analysis. A random sample

will be extracted for inspection from two senior raters for quality

assurance. All of the included articles will then be imported to a

reference management system (EndNote 19), and any duplicates

will be removed.

Data extraction

The main data to be extracted and analyzed are the

descriptive information of article title, journal title, authors,

target population, and host institute. The cohort characteristics

of sample size, sex, age, stroke onset duration, and infarction

location will be recorded. The methodological characteristics

of study design, randomization procedures, intervention type,

intervention period, and follow-up will be extracted. The

outcome measures regarding clinical functions of gait, balance,

lower limb motor functions, and neurophysiological assessment

will be recorded and analyzed. A minimum of two independent

reviewers will extract and summarize the data from all of

the studies.

Risk of bias (quality) assessment

The quality of all included articles will be assessed by the

Mixed Methods Appraisal Tool (MMAT) (49). It is a critical

appraisal tool that assesses five different categories of study

designs, including qualitative, randomized controlled trial, non-

randomized controlled trial, quantitative descriptive, and mixed

Frontiers inNeurology 04 frontiersin.org

117

https://doi.org/10.3389/fneur.2022.959917
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2022.959917

methods. Five core criteria of each study design are evaluated by

the responses of “yes,” “no,” and “can’t tell.” This tool is chosen

due to its ability to assess the quality of a range of study design. A

bias assessment will be conducted by two independent reviewers,

and disagreements will be discussed to reach a consensus. A

narrative summary of the bias risk will also be provided.

Strategy for data synthesis

Effect sizes at 95% confidence intervals will be collected to

assess the relationships within the data, as well as Cohen’s d

for estimates of effect size. Quantitative data will be extracted

from each article, and a chi-squared analysis will be used

to determine homogeneity between observed and expected

frequencies. Statistical significance will be set at p < 0.05. A

narrative synthesis will be written if a meta-analysis is not

possible due to the heterogeneity of the studies.

Discussion

This systematic review will be among the first to provide

a comprehensive assessment of the neurophysiological changes

and clinical benefits of interlimb-coordinated interventions in

patients with chronic stroke. Specifically, we aim to explore the

effects of interlimb-coordinated intervention on neural coupling

asmeasured by theH-reflex and EMGmuscle activities. Changes

in cutaneous reflex and muscle activities could be considered

as a proxy of spinal plasticity resulting from interlimb training

(47). Reflex excitability of the paretic lower limb muscles is often

suppressed due to the decreased influence of the corticospinal

tract on reflex excitability (50). Thus, it is possible that interlimb-

coordinated intervention may induce adaptive plasticity of the

interlimb spinal network. The effects of movement in one limb

on another limb’s muscle activity reflect the presence of neural

coupling at the spinal level (40). It was reported that the neural

synchronization may be enhanced by interlimb-coordinated

tasks that involve multiple limb movement (29). This evidence

suggested that improvement of the neural linkage of limbs at the

spinal-level neural circuit may contribute to gait recovery (23).

Another potential underpinning mechanism of

interlimb-coordinated intervention is the increase in neural

activation of cortices. The activations of the supplementary

motor area (SMA), premotor area (16), and cerebellum (17)

were found to be stronger during ipsilateral arm and leg

movement in the opposite direction than ipsilateral arm and

leg movement in the same directions and during single-limb

movement. Thus, it is reasonable to expect that interlimb-

coordinated intervention may also improve cortical activations

which contribute to improvement in gait recovery.

Several studies utilized different functional tasks,

neurophysiological tools, and measurements which provided

insights on the potential clinical benefits of interlimb

coordination (29, 47). However, this may contribute to a

high risk of study heterogeneity. A narrative synthesis will

be formed if heterogeneity proves difficult for the synthesis

of a meta-analysis. The final conclusion regarding the

implications of neuroplasticity and clinical outcome following

interlimb-coordinated intervention in patients with stroke

will be drawn from this systematic review. Limitations

will also be discussed in detail. Researchers will be able

to use the findings of the review to offer insight into the

neurophysiological adaptations of the nervous system in

patients with stroke. In turn, clinical decision-making and the

future development of targeted neurorehabilitation protocols

in stroke rehabilitation to improve motor function would

be guided. Increasing neuroplasticity through interlimb-

coordinated intervention might complement therapeutic

rehabilitation strategies in this patient group, and it

could also be insightful for other cerebral diseases. This

study meets the criteria for waiver of ethics approval of

the hosting institute. We will publish the results of our

study in a peer-reviewed scientific journal regardless of

the outcome.
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E�ectiveness of contralaterally
controlled functional electrical
stimulation vs. neuromuscular
electrical stimulation for
recovery of lower extremity
function in patients with
subacute stroke: A randomized
controlled trial

Songhua Huang, Yuqian Zhang, Peile Liu, Yinglun Chen,

Beiyao Gao, Chan Chen* and Yulong Bai*

Department of Rehabilitation Medicine, Huashan Hospital, Fudan University, Shanghai, China

Objective: This study aimed to compare the e�cacy of contralaterally

controlled functional electrical stimulation (CCFES) vs. neuromuscular

electrical stimulation (NMES) for motor recovery of the lower extremity in

patients with subacute stroke.

Materials and methods: Seventy patients within 6 months post-stroke were

randomly assigned to the CCFES group (n = 35) and the NMES group (n

= 35). Both groups underwent routine rehabilitation plus 20-min electrical

stimulation (CCFES or NMES) on ankle dorsiflexion muscles per day, 5 days

a week, for 3 weeks. Ankle AROM (dorsiflexion), Fugl-Meyer assessment-lower

extremity (FMA-LE), Barthel Index (BI), Functional Ambulation Category scale

(FAC), 10-meter walking test, and surface electromyography (sEMG) were

assessed at the baseline and at the end of the intervention.

Result: Ten patients did not complete the study (five in CCFES and five

in NMES), so only 60 patients were analyzed in the end. After the 3-week

intervention, FMA-LE, BI, Ankle AROM (dorsiflexion), and FAC increased in

both groups (p < 0.05). Patients in the CCFES group showed significantly

greater improvements only in the measurement of Fugl-Meyer assessment-

lower extremity compared with the NMES group after treatment (p < 0.05).

The improvement in sEMG response of tibialis anterior by CCFES was greater

than NMES (p < 0.05).

Conclusion: Contralateral controlled functional electrical stimulation can

e�ectively improve the motor function of the lower limbs better than
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conventional neuromuscular electrical stimulation in subacute patients after

stroke, but the e�ect on improving the ability to walk, such as walking speed,

was not good.

Clinical trial registration: http://www.chictr.org.cn/, identifier:

ChiCTR2100045423.

KEYWORDS

neuromuscular electrical stimulation, contralaterally controlled functional electrical

stimulation, stroke, lower extremity motor function, ankle dorsiflexion

Introduction

There are more than 2 million new stroke cases in China

every year, and 70∼80% of the patients lose their capability for

independence due tomany kinds of dysfunctions (1, 2). Of these,

motor dysfunction can restrict patients’ mobility functions and

impair their independence, and thus has a serious impact on

the quality of life of both patients and their families. Motor

recovery is one of the main goals of stroke rehabilitation (3).

For mobility function, lower limb motor function and walking

ability are pivotal. Patients with stroke with walking problems

often presented with poor dorsiflexion of the affected ankle,

causing clearance impairment and circling gait. Strengthening

the ankle dorsiflexion function of the lower extremity in the

early phase of rehabilitation can not only effectively prevent

ankle contractures, but also play an important role in restoring

mobility, improving gait, and preventing falls (4).

Neuromuscular electrical stimulation (NMES) is an effective

and conventional treatment for promoting the recovery of

the lower extremity motor function in patients with stroke

(5). During NMES treatment, low-frequency current pulses

are applied to the muscles or motor nerves through surface

electrodes to cause muscle contraction (6). NMES can help

increase and maintain joint range of motion (ROM), prevent

disuse muscle atrophy, and promote motor relearning (7).

However, in most application scenarios, NMES triggers the

movement in a passive form. The frequency and amplitude of

electrical stimulation are pre-set and fixed during the whole

training phase. For better functional recovery, the patient’s

subjective attempts are encouraged to be combined with

neuromuscular electrical stimulation, thus “functionalizing”

the NMES. The first report about how to “functionalize”

neuromuscular electrical stimulation was published in 1961 by

Liberson et al., who took the first trial of applying neuromuscular

electrical stimulation to improve the ankle dorsiflexion function

of patients with stroke (8). To further promote the functional

gain of NMES, functional electrical stimulation (FES) was widely

used. For decades, studies on FES are increasing, but the

implementation of FES mostly requires patients to preserve

certain motor functions. Those patients in the acute phase

or who have severe dysfunctions are impossible to complete

the application, and the effectiveness of FES implementation

depends on the functional phase of the affected side (9, 10).

Contralaterally controlled functional electrical stimulation

(CCFES) is a recently developed technique for promoting

motor recovery of limbs after stroke. CCFES uses a joint

angle sensor from the movement of the unaffected limb to

trigger the stimulator to allow the affected limb to generate

the same movement as the unaffected limb. Different from

NMES, the movement of the affected limb can be controlled

by the patients themselves, and the movement of the two

sides is bilateral symmetrical during CCFES. Another unique

advantage is that CCFES can be performed by combining with

patients’ subjective efforts even in the acute phase or severe

motor dysfunction. The first article about CCFES was published

in 2007 by Knutson et al. (11). Though more relevant studies

have emerged since then, the findings on the application of

CCFES equipment to improve the recovery of ankle dorsiflexion

function after stroke are few. Moreover, a pilot study supported

the feasibility and effectiveness of CCFES for ankle dorsiflexion

(12). However, a later RCT generated no significant differences

between groups in any of the outcome measures, suggesting

CCFES was no better than cyclic NMES for ankle dorsiflexion

(13). It is unknown whether the controversial results were due

to the limitations of the treatment or the different recovery

laws of the upper and lower limbs. In addition, since most of

the previous studies utilized assessment scales to evaluate the

changes in patients’ mobility function between baseline and end

of treatment, the final result could be inevitably biased by the

evaluator’s subjective judgment (14, 15). Therefore, based on

the assessment scale in this study, surface electromyography

(sEMG) was introduced and the effects of CCFES and NMES

on the functional recovery of lower extremities in patients with

stroke were quantified by muscle activation.

The aim of this study is to compare the efficacy of CCFES

vs. NMES for recovery of the lower extremity in 6 months

post-stroke by lower limb functional assessment and surface

electromyography (sEMG) evaluation.

Materials and methods

This study was designed as a parallel randomized controlled

trial. The outcome assessments were evaluated by doctors

who were blinded to the allocation. The Ethics Committee

of Huashan Hospital, Fudan University approved the study
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protocol (the approval number was 2021-490). This study was

registered in the Chinese Clinical Trial Registry (http://www.

chictr.org.cn/) (No. ChiCTR2100045423).

Subjects

Patients with lower limb motor dysfunction after stroke

were recruited from the Department of RehabilitationMedicine,

Baoshan Branch of Huashan Hospital, Fudan University, from

April 2021 toMarch 2022. All patients or their legally authorized

representatives were informed about this study and provided

written consent prior to the study.

Inclusion criteria were as follows: (1) diagnosis of a first-

ever stroke with unilateral lesion confirmed by head CT or

MRI scanning; (2) general condition with stabilized vital signs

and normal consciousness; (3) score of mini-mental state

examination ≥24; (4) aged between 30 and 80 years; (5)

Brunnstrom recovery stage one to four for the affected lower

limb; (6) 7 days to 6 months after stroke onset (16); and (7)

volunteered for this study with signed informed consent.

Exclusion criteria were as follows: (1) reversible stroke;

(2) severe visceral organ dysfunction (e.g., heart, lung, liver,

or kidney dysfunction); (3) speech and hearing impairments;

(4) history of mental disease and inability to cooperate with

treatment and assessment; (5) cardiac pacemaker implanted;

(6) unable to be followed up regularly, or unable to receive

treatment in designated hospital at a specific time; and (7) lower

extremity dysfunction due to other causes.

The administrative assistant of the study who did not

participate in the treatment and assessment assigned the patients

to either the NMES or the CCFES group using a random number

table generated by computer and assigned to two groups in a 1:1

ratio by concealed sequentially numbered envelopes.

Study protocol

Patients in both groups went through routine rehabilitation

(1 h/day) for 5 days per week over a period of 3 weeks, including

posture management (e.g., sitting, standing, and sit-to-stand),

Bobath therapy, and proprioceptive neuromuscular facilitation

therapy. Therapists who performed the routine rehabilitation

were blinded to group allocation. CCFES or NMESwas provided

in addition to routine rehabilitation training. Accompanying

diseases (e.g., coronary artery, hypertension, and diabetes) were

treated with medicines.

In the CCFES group, a DC-L-500 contralaterally controlled

functional electrical stimulator (Jiangsu NeuCognic Medical

Co., Ltd, Jiangsu, China) was used to stimulate the tibialis

anterior of the paretic side controlled by the non-paretic side.

Subjects sat with the knees slightly flexed and the feet placed

on an oblique board to keep the ankles in the neutral position

with the relaxation of the lower limb. The surface electrodes were

placed on the muscle belly of the tibialis anterior of the paretic

side. The joint angle sensor for detecting non-paretic ankle

dorsiflexion and triggering stimulation on the paretic tibialis

anterior was worn on the dorsal surface of the non-paretic

foot. Before stimulation, subjects were asked to voluntarily

dorsiflex the non-paretic ankle to a certain angle according to

the instruction (0, 20, and 15 degrees) and recorded by the

joint angle sensor. The dorsiflexion of the paretic ankle was

elicited by the electrical stimulation from the joint angle sensor

when it detected the motion of the non-paretic ankle (at least

a 15-degree dorsiflexion). The stimulation aims to generate 15

degrees of ankle dorsiflexion on the paretic side. The therapist

would instruct the non-paretic ankle dorsiflexion and adjust

the stimulating intensity ensuring to elicit the 15-degree ankle

dorsiflexion on the paretic side without causing pain or any

discomfort (a sensory sustainable range). The subjects were

instructed to relax the paretic leg during the treatment. The

waveform of stimulation was a biphasic rectangular wave with

a frequency of 35 pps and a pulse width of 200 µs. The subjects

were asked to maintain the non-paretic ankle dorsiflexion for

10 s so that the stimulation on the paretic side could last. Once

the non-paretic ankle relaxed and went back to 0 degrees, the

stimulation ceased. The interval of everymotion and stimulation

was set as 10 s. A 5-min practice session was initially performed

before commencing the CCFES therapy to ensure that the

subjects know how to participate in the treatments.

In the NMES group, a MyoNet-BOW neuromuscular

electrical stimulator (Shanghai NCC Electronic Co., Ltd,

Shanghai, China) delivered a biphasic rectangular wave with

35 pps and a pulse width of 200 µs. The subjects sat with

the knees slightly flexed, and the feet placed on an oblique

board to keep the ankles in the neutral position with the

relaxation of the lower limb. The surface electrodes were placed

on the muscle belly of the tibialis anterior on the paretic

side. The subjects were instructed to relax the paretic leg

during the treatment. The stimulation and relaxation time was

set as 10:10 s. The stimulation intensity was adjusted to the

level of tetanic contraction, which would elicit the 15-degree

ankle dorsiflexion of the paretic ankle, without causing any

pain sensation.

Both groups received the electrical stimulation 20

min/session, 1 session/day, 5 consecutive days/week, for

3 weeks.

Outcome assessment

Two doctors who performed the functional evaluations

were blinded to group allocation at baseline and after a 3-

week intervention.

The primary outcome is the active range of motion of ankle

dorsiflexion: The subjects sat with the knee 90◦flexed and the

heels placed on the ground and focussed on preventing ankle

inversion and eversion. When measuring the range of motion
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of the ankle dorsiflexion, the goniometer center (“0” point) was

placed over the intersection of the longitudinal axis of the fibula

and the outer edge of the foot, which is about 2 cm below the

lateral malleolus. The stationary goniometer arm was aligned

parallel to the longitudinal axis of the fibula, and the mobile

arm was placed parallel to the longitudinal axis of the fifth

metatarsal bone. Then, the subjects were required to try their

best to dorsiflex the ankle, repeat three times, and take the one

with the largest value.

The secondary outcomes included the following.

Surface electromyography (sEMG)

A MyoMove-EOW apparatus (Shanghai NCC Electronic

Co., Ltd, Shanghai, China) was used to collect the sEMG

signals of the tibialis anterior and gastrocnemius lateralis

on both sides, which were recorded during active ankle

dorsiflexion. The signal was amplified and band-pass-filtered

(5–500Hz) prior to sampling. The subjects were trained

before signal collection to understand the whole procedure.

Before starting, the posture of the subject is supine, and

the leg is supported just above the ankle joint. The surface

electrodes need to be placed at one-third on the line between

the tip of the fibula and the tip of the medial malleolus.

During the collection, the subjects were required to try their

best to dorsiflex the ankle and maintain for about 3 s and

then relax for 5 s, repeating three times. The signals were

recorded and generated automatically to the root mean square

(RMS) values by the software installed with the surface

electromyography apparatus. The RMS of the paretic tibialis

anterior was standardized by calculating the sEMG signal ratio

in percentage, a ratio of RMS of the paretic side/the non-

paretic side.

Barthel index

Ten items were used to evaluate the ability of daily living.

The total score is 100, including feeding, toilet use, fecal

and urinary incontinence, dressing and undressing, grooming,

bathing, walking, climbing stairs, and transfer (e.g., from chair

to bed). The higher the score, the better the level of activities of

daily living.

The Fugl-Meyer motor assessment of lower
extremity (FMA/motor-LE)

The Fugl-Meyer motor assessment of the lower extremity

evaluates the tendon reflexes and the performance of given tasks

involving the hip, the knees, and the ankles. Each scoring item

was graded on a three-point scale from 0 to 2, except for the

reflex activity which has only two points, scoring 0 or 2. Scoring

0 means no reflex can be elicited or the volitional movement

cannot be performed at all. Scoring 1 means the motion can

be performed partially. Scoring 2 means the motion can be

performed fully. The maximum score of the lower extremity

Fugl-Meyer motor assessment is 34.

The functional ambulation category (FAC)

The six-point scale assesses ambulation status by

determining how much human support the patient requires

when walking, regardless of whether they use a personal assistive

device or not. The FAC is a functional walking test that evaluates

ambulation ability. The FAC does not evaluate endurance, as the

patient is only required to walk approximately 10 feet.

The timed 10-meter walking test

Two lines were drawn on the ground at a distance of 10

meters. The patient stood at the beginning line and was asked

to walk at normal speed until reaching the ending line. The

walking time taken by patients was recorded using a stopwatch.

Three consecutive trials were conducted, and the mean time

was calculated.

Statistical analysis

An SPSS 24.0 version (Statistical Package for Fudan

University) was used for statistical analysis. For baseline

demographic and clinical characteristic comparability, a

chi-square test was used for categorical variables. The

continuous data were checked for normality using the

Shapiro–Wilk test; continuous data were presented as means

with standardized deviation (SD) when data conformed

to normal distribution; otherwise, the median (IQR) was

applied. Categorical data were represented as composition

ratio. Paired t-tests were used for intragroup comparisons,

while independent samples t-tests were used for comparisons

between groups. For non-normally distributed data or data

lacking homogeneity of variance, the Wilcoxon rank-sum

test (Mann–Whitney U-test) was used to compare paired

and between-group samples. The significance level was set

at 0.05.

The sample size was calculated according to the data

from Knutson et al. (13), using ankle dorsiflexion AROM

as the main evaluation index. To achieve 90% power

with a level of significance of 0.05, a minimum sample

size of 52 patients (26 per group) was needed to detect

statistical significance for a between-group difference in ankle

dorsiflexion AROM. Assuming a 20% dropout rate, the

minimum number of enrolled patients was determined to

be 66 (33 per group). PASS 15.0 was used for sample

size calculation.
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FIGURE 1

Study flow diagram. CCFES, contralaterally controlled functional electrical stimulation; NMES, neuromuscular electrical stimulation.

Results

A total of 70 eligible patients were enrolled and randomly

assigned into the NMES group (n= 35) and the CCFES group (n

= 35) (Figure 1). There were no significant differences between

groups in gender, type of stroke, side of affected hemisphere,

and Brunnstrom recovery stage according to the chi-square test

(p > 0.05), nor in age and course of disease according to the

Mann–Whitney U-test (p > 0.05) (Table 1).

After the 3-week intervention, Ankle AROM (dorsiflexion),

FMA-LE, BI, and FAC increased in both groups (p <0.05)

(Table 2). The patients in the CCFES group showed significantly

greater improvements only in FMA-LE compared with the

patients in the NMES group after treatment (p < 0.05) (Table 2).

For the sEMG evaluation, the improvement of RMS of the

tibialis anterior in the CCFES group was greater than that in the

NMES group (p < 0.05) (Table 3).

A FMA-LE motor subcategory analysis showed that flexor

synergy, extensor synergy, movement combining synergy,

movement out of synergy, and coordination/speed improved

significantly in both groups (p< 0.05) (Table 4). Compared with

the NMES group after treatment, patients in the CCFES group

showed significantly greater improvements in extensor synergy,

movement combining synergy, and movement out of synergy (p

< 0.05) (Table 4).

No adverse events were reported during the intervention

and follow-up in any of the groups.

Discussion

The application of CCFES to treat ankle dorsiflexion

dysfunction after stroke was first reported by Knutson et al. (12).
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This pilot study (n= 3, time since stroke:>6months) supported

the feasibility and effectiveness of CCFES to improve ankle

dorsiflexion. However, a later RCT (CCFES vs. cyclic NMES, n=

26, time since stroke: ≥6 months) (13) generated no significant

differences between groups in any of the outcome measures,

TABLE 1 Baseline demographics and clinical characteristics.

Characteristic CCFES (n = 30) NMES (n = 30) P-value

Age (years) 58 (49.25, 63) 59 (51.25, 67.5) 0.245

Course of diseases (days

since stroke)

30 (22, 77) 37 (22, 97.5) 0.534

Gender 0.999

Male 21 (70%) 21 (70%)

Female 9 (30%) 9 (30%)

Type of stroke 0.284

Ischemic 21 (70%) 17 (57%)

Hemorrhagic 9 (30%) 13 (43%)

Hemisphere affected 0.302

Left 13 (43%) 17 (57%)

Right 17 (57%) 13 (43%)

Brunnstrom recovery stage 0.774

I-III (lower limb) 22 (73%) 21 (70%)

IV (lower limb) 8 (27%) 9 (30%)

Ankle dorsiflexion AROM 0 (0, 5) 0 (0, 10) 0.665

FMA-LE 16.53± 7.06 13.83± 7.17 0.147

Barthel Index 52.17± 19.77 51.00± 19.09 0.817

10-meter walking test 81.53± 42.37 49.07± 29.58 0.078

FAC 0 (0, 3) 0 (0, 2.25) 0.846

RMS of paretic TA 0.17 (0.04, 0.27) 0.07 (0.02, 0.39) 0.554

Results are presented as mean ± SD for normally distributed continuous variables, as

median (interquartile range) for non-normally distributed continuous variables, and as

number (percentage) for categorical data.

FAC, Functional Ambulation Category scale; FMA-LE, Fugl-Meyer assessment-lower

extremity; TA, tibialis anterior.

suggesting CCFES was not superior to cyclic NMES for ankle

dorsiflexion in chronic stroke. The authors further discussed and

attributed to the default inter-leg coordination in anti-phase,

while CCFES stimulated bilateral legs simultaneously. Further

investigation on the anti-phase CCFES might generate more

benefits. To observe the effectiveness of CCFES in different

recovery stages of lower limb dysfunction after stroke, the target

group of this study was patients with stroke in the subacute

phase (CCFES VS. NMES, n=60, 7 days < time since stroke

< 6 months, the average time since stroke is about 50 days in

average), and the results supported the conclusion that CCFES

is superior to NMES in the treatment of lower extremity motor

dysfunction in the subacute phase after stroke, which may

indicate that patients with stroke in the subacute phase tend to

benefit more from CCFES than those in chronic phase.

Patients in the CCFES group did not show a significantly

higher improvement in the assessment of ankle AROM

TABLE 3 Changes from baseline to end-of-intervention in functional

assessments and sEMG.

CCFES

(n = 30)

NMES (n = 30) Z / t P-value

Ankle

dorsiflexion

AROM

0 (0, 6.5) 0 (0, 5) −1.139 0.255

FMA-LE 4.5 (0, 7.25) 3 (0, 5.25) −0.868 0.385

Barthel index 10 (5, 15) 5 (0, 15) −1.248 0.212

FAC 0 (0, 1.25) 0 (0, 1) −0.802 0.422

RMS of paretic

TA

0.1 (0.03, 0.19) 0.04 (−0.05, 0.16) −1.996 0.046∧

10-meter

walking test

−12.3± 16.34 −0.27± 6.88 −2.036 0.059

The data of the 10 meters walking test were from patients who could complete the

assessment of walking both at the time of enrollment and end of intervention.

FAC, Functional Ambulation Category scale; FMA-LE, Fugl-Meyer assessment-lower

extremity; TA, tibialis anterior.
∧P < 0.05 indicates statistically significant changes from baseline to end-of-intervention.

TABLE 2 Comparison of functional assessment and sEMG in two groups after treatment.

CCFES (n = 30) end-of-intervention NMES (n = 30) end-of-intervention Z P-value

Ankle dorsiflexion AROM 4 (0, 15)* 2.5 (0, 10)* −0.415 0.678

FMA-LE 22.5 (18.75, 25)* 16 (11.75, 21.25)* −2.354 0.019∧

Barthel Index 65 (50, 75)* 57.5 (43.75, 76.25)* −0.913 0.361

FAC 2.5 (0, 4)* 1 (0, 3.25)* −1.055 0.292

10-meter walking test 54 (37.5, 88.2) 45.6 (22.93, 76.8) −0.888 0.375

RMS of paretic TA 0.23 (0.14, 0.5)* 0.19 (0.06, 0.43) −1.390 0.165

The data of the 10 meters walking test were from patients who could complete the assessment of walking both at the time of enrollment and end of intervention.

FAC, Functional Ambulation Category scale; FMA-LE, Fugl-Meyer assessment-lower extremity; TA, tibialis anterior.
*P < 0.05 indicates statistically significant differences in intragroup.
∧P < 0.05 indicates statistically significant differences between groups.
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TABLE 4 Comparison of FMA-LE motor subcategories in two groups after treatment.

FMA-LE (motor) CCFES (n = 30) end-of-intervention NMES (n = 30) end-of-intervention Z P-value

Reflex activity 4 (4, 4) 4 (4, 4) 1.062 0.288

Flexor synergy 3.5 (2, 5) * 2.5 (1.5, 4.25) * 1.76 0.078

Extensor synergy 6 (4, 7) * 4 (2, 5) * 2.817 0.005∧

Movement combining synergy 2 (1, 3) * 1 (0, 2) * 2.384 0.017∧

Movement out of synergy 2 (0, 2) * 0.5 (0, 1) * 2.396 0.017∧

Normal reflexes 2 (1, 2) * 1.5 (0, 2) 0.831 0.406

Coordination/speed 4 (3, 5) * 5 (2, 6) * 1.06 0.289

*P < 0.05 indicates statistically significant differences in intragroup.
∧P < 0.05 indicates statistically significant differences between groups.

(dorsiflexion) than that in the NMES group (P > 0.05),

but patients in the CCFES group gained significantly higher

FMA-LE compared with the NMES group after treatment.

With further analysis, the subcategories of extensor synergy,

movement combining synergy, and movement out of synergy

in FMA-LE differed significantly between the two groups after

treatment. For the assessment of these subcategories, ankle

dorsiflexion is critical for scoring. This implies that CCFES may

have contributed to better performance in motion assessment.

For the sEMG evaluation, the improvement of RMS of the

tibialis anterior in the CCFES group was significantly higher

than that in the NMES group (P < 0.05). It may indicate that

NMES can effectively improve the recruitment of muscle fibers

(17), but CCFES is more effective in activating the number

and synchronization of motor units during muscle contraction,

which is consistent with the previous results of Huang et al.

(18) in the upper extremity study. After the 3-week intervention,

the functional scores of the two groups, except for the 10-

meter walking test, were significantly improved in both groups

(P < 0.05). Since not all patients in the initial enrollment

could be assessed for walking, the data source of the 10-

meter walking test was from patients who could complete the

assessment of walking at both the time of enrollment and end

of intervention (at the time of enrollment: CCFES group n

= 9, NMES group n = 9; end of intervention: CCFES group

n = 15, NMES group n = 10). Stroke recovery stages can

be divided into hyperacute phase (0–24 h), acute phase (1–7

days), early subacute (7 days to 3 months), late subacute (3–

6 months), and chronic phase (>6 months) (19). Different

stroke stages correspond to different effective treatments and

suitable strategies (20). Both the stroke stage and functional

stage should be taken into consideration for a more accurate

treatment strategy design. The statistical result of the 10-meter

walking test in these two groups may suggest that the role

of CCFES in different functional stages of patients is not the

same. For patients who are unable to walk, CCFES can increase

the activation number and synchronization rate of motor

units compared to NMES, thus helping patients resume their

walking ability. On the contrary, for patients whose muscles

have recovered to a certain extent and sustain some mobility

function, their self-motivated involvement in mobility activities

is also increasing. Thus, CCFES no longer shows advantages

compared to NMES in improving walking speed, which is used

as a metric for measuring patients’ walking performance. This

indicates the possible reason for the observation of no significant

improvement in the walking assessment. In addition, although

CCFES is a functional electrical stimulation based on NMES,

the treatment did not simulate walking, since the patients only

completed the ankle dorsiflexion movement during treatment,

which is different from the treatment of walking practice with

the assistance of FES. Therefore, the result also suggested that

previous analysis may not be true, in which they argue the

reasons for the ineffectiveness of CCFES in the treatment of

the lower extremity in chronic stroke were the default inter-

leg coordination in anti-phase, while CCFES stimulated bilateral

legs simultaneously. There are many factors affecting gait and

determining walking ability. More studies need to be conducted

to draw reliable conclusions.

CCFES is an improved form of NMES. NMES is widely used

in stroke rehabilitation to facilitate motor relearning, ameliorate

spasticity, prevent muscle atrophy and disuse osteoporosis, and

preserve muscle protein synthesis (21, 22). CCFES has potential

advantages that NMES does not have.

First, the CCFES exercise is an “intention-driven

movement.” The objective muscle response is controlled

by the participant’s subjective exertion. Thus, the CCFES

exercise needs high cognitive involvement. According to the

“Hebbian plasticity,” “neurons that fire together, wire together”

(23). The repetitive synchronized activation of central and

peripheral neural pathways can promote neural reorganization.

Second, the CCFES exercise creates an illusion that the

motor control of the affected limb is restored. This illusion can

prevent or reverse learned non-use according to “mirror therapy

theory” (24).

Last, CCFES is a kind of bilateral symmetric movement

exercise. Interhemispheric inhibition (IHI) exists in the central

neural system. After a stroke, the imbalanced IHI interferes

with motor recovery. The theoretical model developed byMudie
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and Matyas (25) suggests that bilateral symmetric movement

can promote interhemispheric disinhibition and allow the

ipsilesional hemisphere to share a “template of motor network

recruitment” from the contralesional hemisphere. What is

more, a recent crossover study (26) showed that CCFES

(bilateral symmetric movement) reduced IHI and maintained

ipsilesional output when compared with NMES (unilateral-

based therapy).

Future studies should focus on measuring the effect of

CCFES on central plasticity through functional magnetic

resonance imaging (fMRI) and functional near-infrared

spectroscopy (fNIRS). These assessments are intended

to evaluate the central plasticity of the subject and to

provide mechanism evidence for the discussion of relevant

neuroplasticity mechanisms mentioned above.

There are several limitations to this study. First, the

patients enrolled in this trial were between 7 days and 6

months after stroke. It is uncertain whether the results

were affected by natural recovery, especially for those in

early and late subacute stages. Second, the trial included

patients with different Brunnstrom recovery stages of the

lower limb, which may result in difficulty in evaluating the

optimal effect of CCFES. Finally, the stimulation profile

in this trial did not include the consideration of voluntary

NMES on the unaffected side. This might ignore the effect

of voluntarily controlled stimulation when comparing

two stimulations.

Conclusion

CCFES can effectively improve the motor function

of the lower limbs better than conventional NMES

in subacute patients after stroke, but the effect on

improving the ability to walk, such as walking speed, was

not good.
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biomarkers for stroke recovery
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Stroke is a serious global public health issue, associated with severe disability

and high mortality rates. Its early detection is challenging, and no e�ective

biomarkers are available. To obtain a better understanding of stroke prevention,

management, and recovery, we conducted lipidomic analyses to characterize

plasma metabolic features. Lipid species were measured using an untargeted

lipidomic analysis with liquid chromatography-tandem mass spectrometry.

Sixty participants were recruited in this cohort study, including 20 healthy

individuals and 40 patients with stroke. To investigate the association between

lipids related to long-term functional recovery in stroke patients. The primary

independent variable was activities of daily living (ADL) dependency upon

admission to the stroke unit and at the 3-month follow-up appointment.

ADL dependency was assessed using the Barthel Index. Eleven significantly

altered lipid species between the stroke and healthy groups were detected and

displayed in a hierarchically clustered heatmap. Acyl carnitine, triacylglycerol,

and ceramides were detected as potential lipid markers. Regarding the

association between lipid profiles and functional status of patients with stroke

the results indicated, lysophosphatidylcholines (LPC) and phosphatidylcholines

were closely associated with stroke recovery. LPC may contribute positively

role in patient’s rehabilitation process via an anti-inflammatory mechanism.

Appropriate management or intervention for lipid levels is expected to lead to

better clinical outcomes.

KEYWORDS

lipidomics, mass spectrometry, stroke, lysophosphatidylcholines, biomarkers, stroke

recovery
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1. Introduction

Stroke is a life-threatening medical condition caused by

inadequate blood supply to the brain. It is a rapidly progressive

disease and the third leading cause of death worldwide

among older adults (1, 2). Annually, more than two million

people suffer from stroke in China (3). Stroke has become

a major public health issue, resulting in increased medical

expenditures (4). Although the survival rates have improved

with modern treatment options, patients frequently experience

permanent disability after stroke (5). Reliable interventions and

accurate blood marker analyses are required to enhance the

recovery process and reduce the disability rate in patients post-

stroke.

Current stroke diagnostic techniques and pathologic

measures have not yet determined the evolution of altered

lipid metabolism in stroke and how it is associated with

other stroke-related risk factors. The diagnosis of stroke

relies mainly on several neuroimaging techniques, such

as computed tomography (CT) scans, magnetic resonance

imaging (MRI) scans, arteriography, and Doppler ultrasound.

Existing techniques entail some limitations in discriminating

the stroke type within the initial hours after the event and

may even fail to identify the association with future stroke

recovery (6–8). Investigation and understanding of the

pathophysiological mechanisms of stroke can contribute to the

promotion of secondary prevention and patient management.

Therefore, diagnostic biomarkers that can determine the

pathophysiological changes in multiple organs need to

be explored as they may explain changes related to acute

stroke, including brain injury, systemic response, and even

stroke progression.

Lipid metabolism disorders are controllable risk factors

that contribute to stroke development (9). Traditional lipid

markers, including total cholesterol, triglycerides, low-density

lipoprotein-cholesterol (LDL-C), and high-density lipoprotein-

cholesterol (HDL-C), are often used to evaluate stroke risk

as they are altered in stroke as a result of dysfunctional lipid

and lipoprotein metabolism (10). However, they cannot help

discriminate how lipid dysfunction occurs at the molecular

level or identify metabolites associated with stroke prognosis

in an early stage. It is critical to identify novel biomarkers

that discriminate, diagnose, and classify stroke quickly

and accurately.

Lipids have emerged as potential biomarkers for various

diseases. Since lipids serve as structural components of cell

membranes, signaling mediators, cellular barriers, and energy

depots, they can reflect the pathological or physiological status

of metabolic disorders (11–13). In the central nervous system,

lipids and lipid mediators play a key role in maintaining

structure and function of brain tissue (10). To a large extent,

they can affect stroke patient’s outcomes and recovery. A

better understanding of the functional activities of distinct lipid

molecules provides an opportunity to better understand the

roles of lipids in the origin of stroke, and to identify novel

lipid biomarkers and therapeutic targets. Novel explorations

in mass spectrometry technologies for lipidomics have enabled

the simultaneous untargeted detection and quantification of

thousands of lipids, which can substantially help in diagnosing

and understanding diseases (14, 15).

In this study, we aimed to investigate the lipids associated

with physiological responses or development of stroke and

which can provide explanation to the recovery of stroke. By

integrating liquid chromatography–tandem mass spectrometry

(LC–MS) techniques and advanced bioinformatic analyses, we

applied untargeted lipidomic profiling to screen for detectable

lipids in the plasma of a cohort of patients with stroke, using

healthy participants as controls.

2. Materials and methods

2.1. Patient enrolments

This study recruited 40 patients with acute ischemic stroke

hospitalized in neurology department of Shenzhen Second

People’s Hospital from January 2021 to August 2021, within 48 h

of experiencing stroke symptoms. Twenty healthy people with

non-cardiovascular and cerebrovascular diseases in the same

physical examination center were randomly selected as non-

stroke control group. Inpatients who met the inclusion criteria

were selected by convenient sampling and they were recruited in

the study through in-hospital poster advertising.

The study was conducted in accordance with the Declaration

of Helsinki. All study protocols and methods were approved by

the Ethics Committee of Shen-zhen Second People’s Hospital

(No. 20200601044-FS01) and registered in the Chinese Clinical

Trial Registry (ChiCTR2000035352). Written consent was

obtained from all participants.

The inclusion criteria for patients with stroke were as

follows: (1) diagnosed with acute cerebral stroke via CT or

magnetic resonance imaging; (2) aged 18 years and above; (3)

admitted within 48 h of stroke onset; and (4) with no history of

cerebrovascular disease.

The exclusion criteria for patients with stroke were as

follows: (1) hemorrhagic stroke; (2) spinal cord injury, motor

neuron disease, or Parkinson’s disease; (3) autism, Alzheimer’s

disease, or developmental delay; (4) unconsciousness; (5)

intravenous thrombolytic therapy; and (6) inability to cooperate

with the evaluation.

Twenty healthy controls were recruited using the following

inclusion criteria: (1) aged 18 years or older, (2) no history of

cerebrovascular disease, and (3) no sign of stroke based on CT or

magnetic resonance imaging examination. The exclusion criteria

were the same for both groups.

Frontiers inNeurology 02 frontiersin.org

131

https://doi.org/10.3389/fneur.2022.1047101
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Huang et al. 10.3389/fneur.2022.1047101

2.2. Clinical data collection

All data were collected in interviews in person by

professional healthcare workers, such as doctors and

physiotherapists, who were trained for this study. Baseline

characteristics, including name, sex, stroke type, and disease

duration, were documented. Participant’s weight and height

were obtained and their body mass index (BMI; kg/m2) was

then calculated. Clinical biochemical indicators were collected

from patients with stroke upon hospitalization and from the

medical examinations of healthy participants.

The ability to perform activities of daily living (ADL) of

40 patients with stroke was evaluated using the Barthel Index

(BI) (16) on admission and in the follow-up appointment

at 3 months post-stroke. Recovery was assessed at 3 months

using the BI score. The BI scoring method was based on

a previous study (17). The BI score ranges from 0 to 100,

0 indicates complete dependence for ADL and 100 indicates

complete independence for ADL. The study participants with

BI scores ≤90 were considered to have an undesirable recovery

outcome and determined to be dependent (18). To minimize

bias, two professional physiotherapists were selected from our

rehabilitation department and trained for this study to evaluate

the BI scores of all participants.

2.3. Sample preparation and lipid
extraction

Plasma collection was conducted by venipuncture into

ethylenediaminetetraacetic acid tubes upon hospitalization for

non-treatment with tissue plasminogen activator delivery or

mechanical thrombectomy. Before the experiments, the samples

were thawed at 4◦C until no ice was observed in the tubes.

Lipid extraction was performed in accordance with a previously

reported protocol (19). Briefly, 40µl of serumwas extracted with

120 µl of precooled isopropanol (IPA) and vortexed for 1min.

After incubation at ambient temperature for 10min, the mixture

was stored overnight in a refrigerator at −80◦C to facilitate

protein precipitation. The samples were centrifuged for 20min

at 16,000 × g, and the supernatant was kept at −80◦C until

the LC–MS analysis. Pooled quality control (QC) samples were

prepared to evaluate the LC–MS system conditions by mixing

equal volumes of all samples.

2.4. Lipid detection with LC–MS

The extracted lipids were separated using an ACQUITY

UPLC BEH-C18 (2.1 × 100mm, 1.7µm, Waters, Milford MA,

USA) on a Vanquish Flex system (Thermo Fisher Scientific, MA,

USA) and emitted into a Q-Exative mass spectrometer (Thermo

Fisher Scientific). A flow rate of 0.3 ml/min was applied to

mobile phase A, which included 10mMammonium formate and

0.1% formic acid (ACN:H2O= 60:40, v/v), and mobile phase B,

which contained 10mM ammonium formate and 0.1% formic

acid (IPA:ACN = 90:10, v/v). The initial elution began at 30%

B and was quickly evaluated using a linear gradient to 60% B

for the first 3.5min, followed by an increase to 100% B within

5min. Finally, B was restored to 30% over the next 0.1min and

equilibrated for 1.4min before the subsequent injection. The

ThermoQ-Exactive was operated with the following parameters:

spray voltage 4 kV (positive) and −4 kV (negative). For both

ionization modes, the sheath gas and aux gas were separately

maintained at 35 and 10 arbitrary units, while the capillary

temperature and the heater temperature were 320 and 350◦C,

respectively. The MS/MS data was acquired by data dependent

method and top 3 abundant ions were used for fragmentation.

The normalized collision energy (NCE) was set 15, 30, and

45 eV, respectively.

2.5. Data preprocessing, quantification,
and identification

ProteoWizard was used to convert raw data to mzXML

format (20). Based on the R environment, the metaX toolbox

integrated with the XCMS package read and processed

MS data, including peak picking, peak grouping, retention

time alignment, and second peak grouping (21, 22). Ion

features were detected and extracted according to retention

time (RT) and m/z using the XCMS package. A three-

dimensional matrix containing randomly assigned peak indices

(retention time-m/z pairs), sample names (observations), and

ion area was generated. Next, the raw peak areas from

the ion features were processed using the MetaX package.

Observations found in <50% of the QC samples or 80% of

the biological samples were excluded. The K-nearest neighbor

imputation method was used to handle missing values. A

probabilistic quotient normalization algorithm was introduced

to normalize the data for all samples (23). Quality control-

based robust LOESS signal correction was fitted to the QC

data with respect to the order of injection to minimize

the signal intensity drift over time (24). A partial least

squares discriminant (PLS-DA) model was built to calculate

the variable importance in projection (VIP) score for each

lipid feature.

All features were searched against MS2 libraries

using MSDIAL (version 4.0) (25). Mass tolerance

was configured as 0.01 for MS1 and 0.05 for MS2

for both positive and negative modes. The minimum

cutoff score for identification was set at 0.7. The MS2

identification entries from all files were integrated with

the features quantified by MS1 m/z and RT using an

in-house script.
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2.6. Statistical exploration and
downstream processing

All statistical analyses were performed using the R

software for statistical computing and graphics (version

4.1.0; R Foundation, Vienna, Austria). To explore potential

indicators of stroke recovery, the Shapiro-Wilk test and

Wilcoxon rank-sum test was used to verify the assumptions

of normality and to compare patients at the time of

admission and those at the 3-month follow-up appointment,

respectively. Normalized expression values were calculated for

each row (each lipid feature) using Z-scores. A hierarchical

clustering heat map was then generated to illustrate the

overall characteristics of markers or lipid species using

the ComplexHeatmap package (version 2.8.0) (26). The G-

Power (27) was ued to estimate the sample sizes for each

group based on given power value, effect sizes and α-

levels. Two boxplots supplemented with corresponding p-values

for particular lipid species were visualized to highlight the

significance of the function from the ggpubr package (version

0.4.0).

The lipid co-expression network was generated by

calculating the Pearson correlation coefficient of each lipid

pair using the igraph package (version 1.2.11) (28). Lipids were

depicted as colored vertices. The edge list consisted of pairs with

a correlation value >0.85. Edges with absolute values below

the cutoff were deleted from the network. The absolute value

of the correlation determined the thickness of each edge, and

the size of each vertex represented betweenness centrality. The

network substructure was generated by calculating community

membership modules using the Louvain method (29).

3. Results

3.1. Participant characteristics

The experimental design is illustrated in Figure 1. Sixty

participants were recruited in this cohort study including

20 healthy participants and 40 stroke patients. Demographic

information and clinical biochemical indicator results are

presented in Table 1. As indicated in Table 1, patients with

stroke had a slightly elevated BMI compared to that of

healthy participants. Patients with stroke had significantly

higher triglyceride but lower HDL levels compared with those

from the non-stroke group (all p < 0.05). Moreover, the total

protein level was significantly lower, whereas the fibronectin

level was significantly higher in the stroke group compared

to that in the non-stroke group (all p < 0.01). We also

found significantly decreased albumin levels (p < 0.01) in

patients with acute stroke compared to those observed in

healthy participants.

3.2. QC of lipidome analysis

After analyzing the raw MS data, the untargeted lipidomic

analysis generated 18,123 features in positive ion mode and

8,210 features in negative ion mode. All spectra were measured

in the m/z range of 100–1,500. The distribution curves from

the positive and negative modes revealed an appropriate

complementarity between the two modes (Figure 2A). After

peak matching, alignment, and missing value imputation, we

identified 718 and 400 features through similarity measures of

the MS/MS spectral library comparison in the positive ion mode

and negative ion mode, respectively. The identified lipids belong

to six major categories and 64 lipid species (Figure 2B). Among

these, glycerolipids, glycerophospholipids, and sphingolipids

were the three major lipid classes that covered the greatest

number of identified lipids in our data. To promote confidence

in lipid detection, we provided a peak spot graphic to illustrate

the spatial distribution of all detected lipid species in two-

dimensional spaces of RT and m/z (Figure 2C). Appropriate

identification was determined by the correct fraction (lipid

species) and matched with the correct mass and elution order.

Specifically, lipid species with mass ranging from 250 to 600 Da

eluted earlier than 5min; lipid species with mass ranging from

600 to 800 Da fell into a specific range of RT of 5–8min; and

lipid species with mass ranges of more than 800 Da eluted after

8–10 min.

3.3. Di�erential lipids analysis

All features were subjected to PLS-DA to detect lipid-

driving group separations, and those with a high VIP score

(≥1.0) were further assessed using statistical tests to identify

dysregulated lipids associated with stroke development. As

shown in Figure 3A, the score plot exhibited a clear separation

trend between the stroke and non-stroke groups. Cross-

validation was applied to the OPLS-DA model to check whether

the model was overfitting. The intercept values of R2 and Q2

from the permutation test were 0.6086 and –0.4353, respectively,

indicating there was no overfitting in the model (Figure 3B).

Features with VIP ≥ 1 and an analysis of variance p-value ≤

0.05 were selected as significantly differentially abundant lipids

(Figure 3C).

Next, we compared the feature abundances for each group

using heatmap visualization (Figure 3D). The dot plot shows the

false discovery rate, and the bar plot shows the fold change for

all differentially expressed lipid features at the top of the graph.

Lipids were considered differentially expressed and retained

based on the following criteria: fold change of ≥1.5 at t-test

and Wilcoxon rank-sum test false discovery rate ≤0.05. In

total, 90 significantly differential lipid features were detected,

which were further divided into 11 lipid groups. In particular,

eight lipid species that were upregulated in the stroke group
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FIGURE 1

Flowchart illustrating the comprehensive framework of this study. A total of 60 subjects were recruited for this study, including 20 healthy and 40

acute stroke individuals. Plasma samples were collected from all study participants and pre-treated as described in the methods section. Using

the untargeted profiling strategies by LC-MS platform, lipid features were identified and quantified from plasma samples. Multivariate and

univariate analyses are used for data quality assessment and for exploring altered lipid molecular species among groups. Following that, we

explored the data on two levels. (1) Based on the three groups mentioned above, we used the T test or Wilcoxon rank-sum test to identify

di�erential lipid species in each group. (2) Based on the Barthel Index, we re-divided the patients into good and poor recovery groups. Potential

indicators were detected based on the Wilcoxon rank-sum test. In addition, we built a network to investigate the correlations or interactions

between pairs of lipid molecules.

were detected: ceramides (Cer_NS), phosphatidylethanolamine,

ether-linked phosphatidylethanolamine, triacylglycerol (TG),

ether-linked TG (ether TG), steryl esters, diradylglycerols,

and lysophosphatidylethanolamine. Two lipid species that

were downregulated in the stroke group were detected: acyl

carnitine (CAR) and ether-linked phosphatidylcholines (PC).

In summary, these results provided initial evidence that lipid

alterations may play a role in stroke pathophysiology.

3.4. Biomarkers for stroke recovery based
on BI

To investigate which biomarkers are related to stroke

recovery, the BI scores of 40 patients with stroke upon admission

and at the 3-month follow-up appointment were collected. As

suggested by previous studies (18, 30, 31), these 40 patients were

divided with stroke into two groups: ADL independent with a

BI score ≥95 and ADL dependent with a BI score ≤90 using

the BI score from the 3-month follow-up appointment. Next,

a hierarchically clustered heatmap was constructed to present

the lipids that were closely linked to these two groups. As

shown in Figure 4, all individuals could be roughly divided into

two predefined categories. The annotations for each individual

are displayed as three-colored tracks on top of the heatmap.

Moreover, significantly altered lipids were mainly involved in

two lipid species: lysophosphatidylcholines (LPC) and PC. The

Wilcoxon rank-sum test, accompanied by a boxplot, was used

to validate the alternative hypothesis that lipid abundances were

significantly different between the two groups. Furthermore, the

lipid-related network was constructed based on the correlation

coefficients of each lipid, suggesting that two major species,

LPC and PC, play a dominant role in the recovery of patients

with stroke.

4. Discussion

In this study, the lipid markers CAR, TG, and Cer_NS

were detected in patients with stroke. Notably, Cer_NS

expression levels were upregulated in the stroke group. TG

expression levels were increased, while CAR expression

levels were decreased in the stroke group. These results

provide initial evidence that lipid changes were related

to stroke pathogenesis. Furthermore, to improve the

recovery process and reduce the disability rate in patients

post-stroke, we explored the association between lipid

profiles and functional status of patients with stroke and

found that some LPC and PC were closely associated with

stroke recovery.

Dyslipidemia is strongly associated with the pathogenesis

of stroke, particularly ischemic stroke. Traditional lipid
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TABLE 1 Demographic information.

Clinical parameter Total (n = 60) Non-stroke (n = 20) Stoke (n = 40) p-Value

Male 34 (56.7) 10 (50) 24 (60) 0.645

BMI 23.70± 3.57 22.34± 3.18 24.33± 3.61 0.058

Lipid levels in mg/dl

Total cholesterol 4.79± 1.05 4.93± 0.60 4.748± 1.17 0.484

Triglyceride 1.09 (0.77, 1.62) 0.72 (0.51, 1.12) 1.16 (0.91, 1.72) 0.016

HDL-C 1.15± 0.35 1.49± 0.36 1.04± 0.27 0.001

LDL-C 2.94± 0.86 2.79± 0.51 2.99± 0.95 0.360

Liver function in g/L

Total protein 70.49± 6.006 75.956± 4.597 68.85± 5.42 0.001

Albumin 41.6 (39.05, 45.25) 48.60 (46.10, 49.60) 40.9 (38.425, 43.25) 0.001

tPA administration (%) NA NA NA

Stroke recovery scoring

BI score at baseline NA 68.88± 26.57

BI score at 3 months NA 83.13± 30.35

Values are shown as n (%), mean ± SD, or median (25th and 75th percentiles). Chi-square test was utilized for the testing of categorical variables. And t-tests or Wilcoxon rank-sum tests

were used to test the statistical significance of continuous variables based on data distribution.

BMI, body mass in dex; HDL-C, high-density lipoprotein cholesterol; LDL-C, low density lipoprotein-cholesterol; tPA, tissue plasminogen activator; BI, Barthel Index.

FIGURE 2

Quality assessment for lipids. (A) Total ion chromatogram of all samples. Negative and positive ion modes are illustrated in the left and right

panels, respectively. Four colors correspond to four types of samples, including QC, non-stroke, and stroke groups. The X-axis displays the

amount of time (min) for the ions to pass through the column. The Y-axis displays the peak area based on the number of ion counts taken by

the mass spectrometer detector at the retention point. (B) Circular bar plot for identified lipids. The lipid species fall into six main categories with

di�erent colors. The numbers next to the lipid species name represents the number of lipid features that have been identified. (C) Spatial

distribution and elution order for all detected lipids, plotted against their respective retention time (min) and m/z. The color of the peak spots

indicates the lipid species, and the shape of the peak spots indicates six main lipid categories.
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FIGURE 3

Significant di�erences in lipids between stroke and non-stroke groups. (A) PLS-DA score plots of the two groups with di�erent colors. The first

two principal components of PC1 and PC2 were illustrated on the X-axis and Y-axis, respectively. (B) Cross-validation plot from 200 cycles

permutation tests for performance evaluation of the PLS-DA model. The green and purple dots represents the intercept values of R2 and Q2

from the permutation test, respectively. (C) Scatter plot of VIP vs. –log10(p-values) for significantly changed lipid species. Two red dotted lines

represent the cut-o�s for VIP > 1 and p-value < 0.05, respectively. (D) Significantly altered lipids are illustrated by a heatmap. Red indicate high

abundance and blue indicate low abundance. Z-score method was used to calculate the normalized abundances for each row. Each column

represents a specific lipid feature. And they were divided into 11 lipid classes according to their headgroups. A solid circle and triangle point

graphs provided the false discovery rate of di�erentially expressed metabolic features with T-test and Wilcoxon rank-sum test, respectively. The

bar charts provided the log2 fold change of di�erentially expressed metabolic features. Cer, ceramides; ether PE, ether-linked

phosphatidylethanolamine; TG, triacylglycerol; ether PC, ether-linked PC; PE, phosphatidylethanolamine; SE, steryl esters; DG, diradylglycerols;

ether TG, ether-linked TG; LPE, lysophosphatidylethanolamine; CAR, acyl carnitine.

parameters, such as elevated concentrations of TC, TG, LDL-

C, and reduced HDL-C concentrations, are considered as

important risk factors and predictors of cardiovascular disease,

especially for stroke (32, 33).

Tanne et al. (34) noted that excess triglycerides can increase

the risk of stroke. Their research further demonstrated that

individuals with low HDL levels were more likely to experience

a stroke (34). These results are consistent with those of our

research, and we found that several TGs showed increased

expression in patients with stroke (Figure 3). Congruently, we

observed a positively correlated with TG levels and negatively

correlated with HDL levels in the clinical and pathological

features dataset (Table 1). Therefore, these data provide further

molecular evidence supporting dyslipidemia as one of the
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FIGURE 4

Indicators for stroke rehabilitation. (A) Heatmap of the 18 significantly changed lipid features associated with stroke rehabilitation. All features

were split into five groups by lipid species. Two box plots provided the comparisons between good and poor recovery groups for LPC and PC

species, respectively. The annotations for each individual were displayed as three-colored tracks on top of the heatmap. Z-score normalization

was used to compare the lipid abundance over samples. (B) Correlation-based lipid network. Each node represents a lipid feature, and the edge

represents the correlation between lipids. All pairwise correlation values for each node were calculated under the R environment. Two

modularity classes were identified by the Louvain method of community detection and coded by the pink and green colors in the network,

respectively. The importance or essentiality of a lipid node in the network is determined by its betweenness score. A node with a larger size

indicates a higher betweenness score.

most important risk factors for stroke. Dyslipidemia is a

modifiable risk factor for stroke. Appropriate management can

be considered a key step for subsequent stroke recovery.

Moreover, Cer_NS expression levels were upregulated

in the stroke group. Cer_NS is a bioactive sphingolipid

with cellular signaling and secondary messenger capabilities,

and contributes to various physiological processes, such as

cell proliferation, senescence, adhesion, differentiation, and

apoptosis (35, 36). A study suggested that focal cerebral

ischemia increases the levels of Cer_NS in older adults

and induces inflammatory processes (37, 38). Recently,

a significant number of prospective cohort studies have

found that several plasma Cer_NS can be used as reliable

predictors to evaluate the severity or risk of stroke in

patients upon admission (39–41). Here, Cer_NS was also

significantly increased in the stroke group, suggesting that

elevation of Cer_NS levels had a negative impact on patients

with stroke.

Conversely, CAR was decreased in the stroke group.

CAR has been indicated as an endogenous compound

that is responsible for energy production through

mitochondrial metabolic pathway of free fatty acids (42).

Due to its capacity to support brain cells and promote

alertness, CAR is commonly utilized as a brain booster by

individuals of all ages. CAR has also been found toalso

reportedly exerts neuroprotective effects against stroke

by enhancing mitochondrial function and decreasing

inflammation (43, 44). Several CARs were significantly

lower in the stroke group than in the healthy group. This

evidence suggests that CAR supplementation may have

beneficial effects on stroke rehabilitation by enhancing

functional recovery.

To investigate the association between lipid profile

components and functional recovery after stroke, we screened

for that were considerably different within two groups and

we found 18 of these features (Figure 4). These lipids can

be divided into two main lipid species, PC and LPC. LPC

species are an important category of bioactive compounds

linked to inflammatory disorders (45); and participates in

many signaling pathways associated with oxidative stress and

inflammatory processes (46–48). The generation of reactive

oxygen species are closely associated with the pathogenesis of

acute ischemic stroke, inducing brain injury, and worsening

neurological prognosis (49). Inflammatory responses are

involved in all stages of the ischemic cascade in stroke, from

early adverse events to late regenerative processes after stroke

(50). Anti-inflammatory therapy is considered one of the most

promising methods for promoting neurorehabilitation after a

stroke (51). Moreover, previous in vivo and in vitro experiments

have demonstrated that LPC has a potential protective effect

in preventing ischemic injury or neuronal death in patients

with stroke (52). Therefore, we speculated that plasma LPC

levels can serve as a potential biomarker for stroke care

and recovery.
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Similar to LPC, PC exhibited the same trend, with higher

intensities in the BI ≥95 group. LPC is primarily produced

by the turnover of PC and can be recycled to PC with the

help of LPC acyltransferase (53). Furthermore, most lipids from

these two species have mono- or polyunsaturated bonds in their

carbon chains. Our network analysis also revealed that they are

closely associated with each other. This evidence indicates that

LPC and PC can be implemented as effective biomarkers for

stroke recovery. Furthermore, anti-inflammatory interventions

during stroke rehabilitation are expected to be an important

means of reducing brain injury and achieving a better quality

of life.

Our study had some limitations. First, this was

only a small patient cohort study in China and further

research with broader populations is needed to validate

our findings. Second, targeted metabolomics technology

in other samples is required to confirm the changes in

lipid signatures. Finally, it is necessary to confirm the

level of endogenous LPC and determine the clinical

therapeutic value of LPC in patients with stroke or

animal models.

5. Conclusions

We used LC–MS to analyze the plasma lipidomic profiles

of individuals with stroke. Several lipid species, including

CAR, TG, and Cer_NS, exhibited significant differences in

their quantity. LPC and PC were found to be closely

associated with stroke recovery. These lipid species have

been implicated in the inflammatory response, antioxidative

effects, and cell membrane protection. As a result, our

findings might provide helpful information for achieving

better clinical outcomes through management or intervention

of lipid levels during the rehabilitation process of patients

with stoke.
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Cerebellum–Cerebrum paired
target magnetic stimulation on
balance function and brain
network of patients with stroke:
A functional near-infrared
spectroscopy pilot study

Yifei Xia†, Xinwei Tang†, Ruiping Hu, Jue Liu, Qun Zhang,

Shan Tian, Weining Wang, Ce Li and Yulian Zhu*

Department of Rehabilitation Medicine, Huashan Hospital, Fudan University, Shanghai, China

Transcranial magnetic stimulation (TMS) modulation over the cerebellum,

primary motor cortex, and supplementary motor cortex individually can

improve the balance function of patients with stroke. However, whether their

combination could have a better balance modulation e�ect is uncertain.

Therefore, we hypothesized that performing TMS over a combination of

these targets can regulate the balance function of patients with stroke.

We compared the e�ects of one-session TMS on eye-open and eye-

closed balance conditions in patients with stroke, using di�erent target pairs

of unilateral cerebellar (CB-single), cerebellar–primary motor cortex (CB-

M1), and cerebellar–supplementary motor area (CB-SMA) targets. A total

of 31 patients with stroke were enrolled and randomly divided into three

groups to receive single sessions of intermittent theta burst stimulation each.

Functional near-infrared spectrum data on resting and standing task states

(eye-open and eye-closed) and center of pressure parameters (eye-open

and eye-closed) were collected before and after the intervention. Compared

with the results in the CB-single group, five intergroup di�erences in the

changes in the center of pressure parameters in the CB-M1 group and two

significant di�erences in the CB-SMA group were observed after one session

of intermittent theta burst stimulation. In the CB-SMA group, 12 out of the 14

parameters improved significantly in the EC condition after the intervention.

Meanwhile, the functional near-infrared spectrum results showed that the

CB-SMA group exhibited a significant inhibitory pattern in the resting-state

functional connectivity, which was not observed in the other two groups. In

conclusion, we believe that paired targeting of the CB-SMA can reshape the

brain network and improve the balance function of patients with stroke.

KEYWORDS

stroke, center of pressure, transcranial magnetic stimulation, cerebellum–cerebrum

paired targets, functional near-infrared spectroscopy, functional connectivity
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Introduction

Stroke is a major reason for motor dysfunction and

disability in adults (1, 2). Moreover, approximately half of

Chinese patients with intracerebral hemorrhage face death

or disability, as reported in 2019. Therefore, the need for

motor function rehabilitation has rapidly increased due to

the aging population and increasing stroke survivors. The

recovery of the balance function is essential to facilitate

movement and enable the performance of activities of

daily living. Exercise therapy including balance maintaining

and weight shifting has been considered a beneficial and

commonly used method in improving the balance function

of patients with stroke (3). Apart from this, transcranial

magnetic stimulation (TMS) is a well-known method for

neuroplasticity modulation and has been recommended in

stroke rehabilitation (4). Furthermore, many studies reported

increased balance and gait stability after TMS modulation

sessions (5–11).

The cerebellum is a critical stimulation site in these

clinical trials, indicating that it is a promising stimulation

target in balance function rehabilitation. Moreover, the neural

activity of the cerebral cortex could be adjusted through

theta burst stimulation (TBS) over the lateral cerebellum

(12). Classically, the improving effect may work in a classical

neural circuit, which enables the communication between

the cerebellum and cerebrum, called the cerebello-thalamo-

cortical (CTC) pathway (13, 14). Some evidence showed

that the dentato-thalamo-cortical pathway is the most critical

pathway that converts the excitatory information from the

cerebellum to more parts of the brain cortex including

the primary motor cortex (M1), prefrontal cortex, and

supplementary motor area (SMA) (15, 16). M1 is the first

choice when it comes to the neural modulation of motor

recovery and balance function according to meta-analysis and

systematic reviews (10, 11). The reorganization of M1 has

been considered a fundamental process in motor rehabilitation.

Abbreviations: AP, anterior–posterior; BBS, Berg Balance Scale; Ba,

Broca’s area; CB-M1, cerebellar–primary motor cortex; CB-single,

cerebellum-single; CB-SMA, cerebellar–supplementarymotor area; COP,

center of pressure; COPa , acceleration of COP; COParea, COP movement

area; COPd , dispersion of COP; COPda, dispersion degree of the COP

movement area; COPdv , dispersion of COP velocity; COPs, COP speed;

CTC, cerebello-thalamo-cortical; DLPFC, dorsolateral prefrontal cortex;

EC, eye-closed; EO, eye-open; FC, Functional connectivity; FDR, False

discovery rate; FMA-LE, Fugl–Meyer Assessment of Lower Extremity;

fNIRS, functional near-infrared spectroscopy; iTBS, intermittent TBS; L,

long-time; M1, primary motor cortex; ML, medial-lateral; PMC, premotor

cortex; ROI, region of interest; S, short time; SMA, supplementary motor

area; TBS, theta burst stimulation; TMS, transcranial magnetic stimulation;

Wa, Wernicke’s area.

For example, the interactive effect between the cerebellum and

M1 has been investigated progressively with easily detectable

biological markers using electromyography. Additionally, the

SMA plays an important role in balance and gait recovery,

wherein it pre-activates in high-demand postural movement

that may be a challenge for balance stability, which is

reflected by increasing broadband power of theta, alpha,

and beta rhythms (17). Based on this fundamental structure,

paired targets containing the cerebellum, and cerebral cortex

may possibly have more beneficial effects than a single

target. Combination targets have been applied to upper

limb rehabilitation research in patients with stroke; however,

its effects on balance rehabilitation remain unknown (18).

Combining SMA or M1 with the cerebellum as stimulation

targets seems promising.

Although the cerebellum and some cerebral cortex areas

including the SMA and M1 have been proven to be

important neural structures in balance function, the neural

mechanisms behind this are still uncertain. Considering that

the evaluation of the balance function is a dynamic process,

functional near-infrared spectroscopy (fNIRS) is the most

suitable measurement equipment. Meanwhile, fNIRS has been

proven to be sensitive to the changes induced by online and

offline TMS protocols (19–21), which makes it an effective

way to investigate the neural modulation influence caused

by TMS. Previous studies showed that activation changes

in the bilateral SMA can be recorded through fNIRS when

healthy individuals perform balance tasks after cerebellum-

single (CB-single) intermittent TBS (iTBS) (22). The activation

of the SMA and dorsolateral prefrontal cortex (DLPFC) is also

negatively correlated with the balance function in populations

that are healthy or with neurological diseases when balance

tasks are highly demanding (23–26). Functional connectivity

(FC), as measured through fNIRS, is also a commonly used

neural index to describe various brain networks that are

characteristic of different diseases (27, 28). This method allows

for the exploration of the cortical mechanisms responsible

for the recovery of balance function in patients with stroke

modulated by TMS, which previous methods could not achieve

(26, 29).

Considering all these, we aimed to examine the

combinational effect of potential balance-promoting targets.

In this pilot study, we set the following target groups:

cerebellum-M1 (CB-M1), cerebellum-SMA (CB-SMA), and

CB-single. We assume that paired target stimulation works

better than single-cerebellum stimulation, wherein paired

target groups produce the most significant immediate balance

modification effect. Specifically, we suspect that CB-SMA

paired targets could improve the balance performance

of patients with stroke, as evaluated using the center

of pressure (COP). Simultaneously, we expect that FC

changes may explain possible neural mechanisms after

CB-SMAmodulation.
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Methods

Participants

A total of 31 patients with stroke were included in

this randomized, single-blind, parallel-group, pilot study.

Outpatients and inpatients were recruited from the Huashan

Hospital affiliated with Fudan University, Shanghai, China.

The inclusion criteria are as follows: (1) aged 18–80 years,

(2) newly diagnosed with either ischemic or hemorrhagic stroke

according to the diagnostic criteria of cerebrovascular diseases

in China (version 2019), (3) had a unilateral subacute or chronic

stroke caused by the subcortical or cortical lesion (>3 weeks

from stroke onset), (4) had motor dysfunction detected using

the Fugl–Meyer Assessment of Lower Extremity (FMA-LE, score

< 34) and balance dysfunction detected using the Berg Balance

Scale (BBS, score< 56), (5) willing to cooperate with evaluations

and TMS interventions, and (6) able to stand alone for at least

5min. The exclusion criteria are as follows: (1) has serious

primary diseases of the heart, liver, kidney, and hematopoietic

system; (2) has any other non-cerebrovascular diseases that

cause limb motor dysfunction; (3) has any metal implants and

skull defect; (4) has cancer; and (5) unable to understand or

execute commands.

All the patients signed the informed consent and have been

informed of possible adverse events before the trial. This study

has been approved by the Ethics Committee for Clinical trials

of Huashan Hospital affiliated with Fudan University (approval

number: 2021-644) and registered with the Chinese Clinical

Trial Registry (registration number: ChiCTR2200057240).

Procedures

Each patient recruited was first screened using FMA-LE

and BBS to identify motor and balance defects. All patients

were randomized into three parallel groups—CB-M1, CB-SMA,

and CB-single—using a computer-generated randomization list

according to a therapist who was not involved in this study, in

which patients were not clear about which group they were in.

Subsequently, all patients followed the experimental procedures

presented in Figure 1, including balance system evaluation,

fNIRS measurement, and TMS intervention. Another round of

balance and fNIRS measurement was conducted immediately

after the TMS intervention.

Balance system

Center of pressure parameters including “COP speed

(COPs),” “Acceleration of COP (COPa),” “medial-lateral

(ML)-dispersion of COP (ML-COPd),” “anterior-posterior

(AP)-dispersion of COP (AP-COPd),” “ML-speed of COP

(ML-COPs),” “AP-speed of COP (AP-COPs),” “ML-acceleration

of COP (ML-COPa),” “AP-acceleration of COP (AP-COPa),”

“Long-time dispersion degree of COP movement area (L-

COPda),” “Short-time dispersion degree of COP movement

area (S-COPda),” “Long-time dispersion of COP velocity (L-

COPdv),” “Short-time dispersion of COP velocity (S-COPdv),”

“COP movement area (COParea),” and “Score” were used to

describe the balance function of every patient.We set the “Score”

as the primary outcome. All the parameters were collected using

BalanceMotusTM (FP-A-1, Fourier intelligence), which contains

a force platform, three armrests, and a computer system.

Patients were asked to perform a 1-min balance evaluation,

in which they were instructed to stand on the platform with

two arms down naturally, under two conditions—eyes open

(EO) and closed (EC)—separately. One therapist operated the

system and stood aside to ensure the safety of the patients.

Evaluation time points before and after the TMS intervention

were included.

Functional near-infrared spectroscopy

Functional near-infrared spectroscopy data were acquired

using a 74-multichannel fNIRS instrument device (NirScan,

Danyang Huichuang Medical Equipment Co. Ltd.) with a

sampling rate of 11Hz. The wavelengths were set at 730

and 850 nm. Hemodynamic responses were recorded from the

resting state and two block-design balance tasks (EO and

EC). The source and detector probe montage and cortical

representation area are shown in Figure 2 and Table 1. The

majority of the prefrontal, partial parietal, and occipital lobes

were covered. The distance between the sources and detectors

was 3 cm. fNIRS recording was performed by one well-trained

therapist in a specific therapy room with absorbing cotton

insulation around the wall. Additionally, the light was also

turned off to avoid any influence on the recording. The fNIRS

measurement was conducted before and immediately after the

TMS session.

The resting-state measurement lasted for 8min to acquire

stable hemodynamic information. Patients were asked to open

their eyes, keep their heads stable, and avoid falling asleep and

any deliberate head movement for the whole period. A block

design was used under both EO and EC balance conditions.

Every block contains a 30 s rest time and a 35 s balance task. One

balancemeasurement consisted of 10 s of baselinemeasurement,

five blocks, and another 30 s of rest. Every patient was asked to sit

on an armchair initially and keep their body still with their eyes

open when they hear the command, “keep rest.” After hearing

the command, “keep balance,” the patient was instructed to stand

up with (or without) necessary help from the therapist and then

keep their body balance under EO or EC condition for 30 s. The

patients were allowed to sit down to avoid fatigue when they hear

the “keep rest” command again. They were instructed to refrain
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FIGURE 1

The experimental procedure (A) includes pre-measurement, iTBS intervention and post-measurement three parts. (B–D) Show exact

procedures of pre and post measurement. (B) Indicates 1-min EO and EC standing balance measurement separated by 1-min rest. (C) Indicates

resting-state fNIRS measurement lasting for 8-min. (D) Indicates balance task fNIRS measurement organization both in EO and EC condition.

from conversations and additional head movement during the

balance-keeping process. The therapist stood beside the patients

for safety.

Transcranial magnetic stimulation

A figure-of-eight cooled coil (YRD204F, diameter of 90mm)

was used to perform the magnetic stimulation in both resting

motor threshold evaluation and iTBS intervention protocol (NS

5000, YIRUIDE, Wuhan, China).

Before iTBS interventions, the patients were asked to sit

comfortably in the armchair while accepting single TMS to

the primary motor cortex ipsilateral to the affected hemisphere

to identify the resting motor threshold. The resting motor

threshold was defined as the minimal stimulation intensity

which could evoke at least five out of 10 times motor evoked

potentials peak-to-peak wave amplitude larger than 50 µV in

the first dorsal interosseous muscle. Meanwhile, the stimulation

site was defined as the motor hot spot of the hemisphere. The

motor-evoked potential amplitudes were recorded using surface

electromyography with a pair of Ag-Ag/Cl electrodes. The hot

spot on the contralateral hemisphere was also marked and

converted to themirror site in the absence of an ipsilateral motor

hot spot.

One session of iTBS protocol consisted of bursts containing

three pulses at 50Hz repeated at 5Hz, in which a total of

600 pulses were delivered in 192 s. The iTBS stimulation sites

contained M1, SMA, and CB which were figured out through

motor hot spots and bony landmarks. Specifically, the motor

hot spot was considered the M1 stimulation site. The SMA was

defined as 3 cm in front of Cz and 0.5 cm close to the hemisphere

(30, 31). The cerebellum stimulation point was defined as 1 cm

below and 3 cm lateral to the inion (7). All patients allocated to

the CB-M1 group received iTBS intervention on the cerebellum

hemisphere contralateral to the affected cerebrum hemisphere

and M1 ipsilateral to the affected side. The same protocol was

performed in the CB-SMA group, except that the M1 site was

converted to the SMA site. The two iTBS sessions were delivered

to the cerebellum first then the cerebrum continuously without

time break by an experienced TMS therapist, as well as adverse

events recording. The patients allocated in the CB-single group

received a one-cerebellum iTBS session.

fNIRS data processing

The NIRS-KIT (32) toolbox is a MATLAB-based fNIRS

analysis package designed by Beijing Normal University,

which contains resting-state and task fNIRS analysis functions
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FIGURE 2

fNIRS montage. (A) Channels arrangements with numbers marked on a three-dimensional brain model (ICBM 152 Non-linear Atlases, version

2019) in left and right vision. (B) Graphic design of each source, detector, and channel.

TABLE 1 The brain representative area with a most percentage on a Brodmann template under each channel (74 channels).

ROI Region Channels—right hemisphere Channels—left hemisphere

V3 19-V3 1, 4 68, 73

Broca network 45—pars triangularis Broca’s area 15, 21, 22 52,56

44—pars opercularis, part of Broca’s area 58

Wernicke network 39—Angular gyrus, part of Wernicke’s area 2, 3, 5 66, 67, 72, 74

40—Supramarginal gyrus part of Wernicke’s area 7, 8, 10, 11 61, 63, 70, 71

Sensory network 1, 2, 3—Primary somatosensory cortex 9, 12, 16 55, 60, 62, 69

7—Somatosensory association cortex 6

Motor network 6—Pre-Motor and supplementary motor cortex 19, 20, 23, 24, 33 38, 40, 44, 45, 47, 57, 59, 64

4—Primary motor cortex 13, 17, 18 53, 54

DLPFC network 9—Dorsolateral prefrontal cortex 25, 26, 28, 36 41, 46, 49

9, 46—Dorsolateral prefrontal cortex 27 48

46—Dorsolateral prefrontal cortex 29, 30, 35 43, 51, 50

Prefrontal 10—Frontopolar area 37 42

8—Includes frontal eye fields 32, 34 39
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FIGURE 3

CONSORT flow diagram of patients enrolled in the study.

including the following steps: data conversion, previewing,

processing, individual-level analysis, group-level analysis, and

visualization. MATLAB version R2013b (MathWorks, USA) was

used to operate NIRS-KIT and other classical fNIRS analysis

toolboxes including Homer2 (33) and SPM8 (34). In addition,

BrainNet Viewer (35) was used for 3D visualization in addition

to the 2D pictures drawn by NIRS-KIT. Space registration was

performed according to the NFRI method to obtain Montreal

Neurological Institute coordinates (36).

Pre-processing was applied to both task-related and resting-

state fNIRS data following the steps later. First, the original light

intensity was converted to optical density. Second, a customized

script was applied to realize the data mirror conversion between

the converting and processing steps. As a result, the right brain

hemisphere was considered as the affected side, as well as the

intervened cerebral hemisphere, among all the patients in the

fNIRS data analysis, which was previously practiced (26, 37,

38). Third, each data term was previewed in the data viewer

window to check for the quality of raw data and determine

the pre-processing parameters. We excluded one patient in

the CB-M1 group because of the low data quality. Fourth, a

polynomial regressionmodel was used to realize detrending. The

temporal derivative distribution repair method (39) was applied

to motion correction. A third-order Butterworth filter (infinite

impulse response) with a cutoff frequency of 0.01–0.08Hz was

operated to remove the noise signals (heart rate, breath, and

other low-frequency signal drift) that are not of interest. Optical

density signals were converted to blood oxygen data according

to the modified Beer–Lambert law including the oxygenated

hemoglobin, deoxyhemoglobin, and total hemoglobin data.

Oxygenated hemoglobin was chosen for further analysis in the

next individual analysis step due to its superior sensitivity.
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TABLE 2 Baseline characteristics of the three patients’ groups.

CB-SMA (n = 11) CB-M1 (n = 11) CB-single (n = 9) P-value

Age (years) 50.36± 8.99 47.18± 11.98 54.44± 14.21 0.400a

Gender (male/female) 10/1 10/1 8/1 0.985b

Course of stroke (days) 50.00 (13.00) 50.00 (17.00) 49.00 (25.00) 0.861c

FMA-LE 23.45± 4.72 22.64± 6.76 23.44± 5.08 0.929a

BBS 43.00± 11.58 35.45± 12.08 41.56± 12.25 0.311a

Education (years) 12.00± 7.00 16± 7.00 12.00± 9.00 0.708c

Primary diagnosis 0.878b

Hemorrhagic 5 (45.6%) 6 (54.5%) 4 (44.4%)

Ischemic 6 (54.5%) 5 (45.5%) 5 (55.6%)

Paralysis side 0.878b

Right 5 (45.5%) 6 (54.5%) 5 (55.6%)

Left 6 (54.5%) 5 (45.5%) 4 (44.4%)

Data are expressed as Mean± SD, N (%), or Mid (IQR).
aOne-way ANOVA; bChi–square test; cKruskal–Wallis test.

FC analysis

Functional connectivity was calculated using oxygenated

hemoglobin through two methods: FC matrix analysis and

region of interest (ROI) to whole-brain FC. Pearson’s correlation

coefficient was selected for calculation, as well as the Fisher-Z

score convert, which was completed in the individual analysis.

Subsequently, group analysis was conducted in each group in

comparison with pre- and post-iTBS. False discovery rate (FDR)

was used to correct the P-values (α = 0.05) since multiple

comparisons were performed in 74 channels.

Whole-brain FC matrix

The whole-brain FC matrix was used to calculate functional

connectivity through all channel pairs, which represented

connectivity strength. The Fisher-score matrix was set at a

density under a threshold of P = 0.05 for visualization. We

also performed a subnet mark to highlight important functional

representative areas in the brain. For 3D visualization, channels

were defined as nodes and connectivity values as edges, where

quite outstanding edges would be displayed in the 3D brainmap.

The 74 channels were divided into 14 subnets for better

understanding according to the Brodmann area. The details of

the right hemisphere network are as follows: V3 (Ch. 1, 4),

Broca’s network (Ch. 15, 21, 22), Wernicke network (Ch. 2, 3, 5,

7, 8, 10, 11), sensory network (Ch. 6, 9,12, 16), motor network

(Ch. 13, 17, 18, 19, 20, 23, 24, 33), DLPFC network (Ch. 25,

26, 27, 28, 29, 30, 35, 36), and prefrontal (Ch. 31, 32, 34, 37).

The details of the left hemisphere are as follows: V3 (Ch. 68,

73), Broca’s network (Ch. 52, 56, 58), Wernicke network (Ch.

61, 63, 66, 67, 70, 71, 72, 74), sensory network (Ch. 55, 60, 62,

69), motor network (64, 59, 57, 54, 47, 53, 45, 44, 38, 40), DLPFC

network (Ch. 41, 43, 46, 48, 49, 51), and prefrontal network (Ch.

39, 42, 50).

ROI to whole-brain

Previous research demonstrated that motor function

rehabilitation is definitely beneficial for balance recovery,

which may be due to the centralities increased within the

ipsilateral M1. In this case, an ROI, which included the cortical

representative areas of M1, SMA, and premotor cortex (PMC)

and also located on the stimulated hemisphere, was chosen to

investigate the modulation effect of NC-MS pairs on FC from

ROI to the other brain areas. The ROI contains channels 13, 17,

18, 19, 20, 23, 24, and 33.

Task-related cortical activation analysis

The analysis of neural activation in task-related condition

estimation was performed on the basis of the general linear

model after data processing. On a first-level analysis, the brain

activity undergoing the balance task was analyzed, focusing on

the contrast between the EC/EO and resting conditions. For

the block-design balance task condition, the time ranged from

5 to 35 s after the stimulation onset to avoid hemodynamic

interference caused by body motion (40). In contrast, a 30 s

resting period was fully taken into account. Task-related signal

changes were calculated as a beta value for further analysis

after finishing the contrast. Subsequently, group-level analysis

was performed on beta values. Significance was set at P <

0.05 (uncorrected).
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TABLE 3 Balance board parameters in eyes open condition.

CB-SMA (n = 11) CB-M1 (n = 11) CB-single (n = 9) P-between
(1value)

COPs Pre 15.12± 1.82 16.44± 2.76 12.88± 1.81 0.153

Post 13.08± 1.80 13.34± 2.05 12.91± 2.01

P-within 0.102 0.067 0.972

COPa Pre 157.4± 19.36 178.78± 31.22 137.49± 18.39 0.028c∗

Post 138.48± 19.27 143.85± 21.68 144.51± 18.54

P-within 0.075 0.128 0.315

ML-COPd Pre 6.74± 1.72 7.06± 1.53 5.09± 0.96 0.137

Post 7.56± 1.70 5.34± 1.00 5.31± 1.18

P-within 0.439 0.091 0.859

AP-COPd Pre 6.81± 0.79 5.41± 0.47 5.17± 0.59 0.048c∗

Post 5.75± 0.64 5.59± 0.52 5.05± 0.82

P-within 0.028a∗ 0.587 0.752

ML-COPs Pre 7.61± 1.13 8.23± 1.79 7.05± 1.36 0.906

Post 6.16± 1.04 6.31± 1.22 6.15± 1.35

P-within 0.154 0.057 0.196

AP-COPs Pre 11.25± 1.38 12.11± 1.87 9.18± 1.08 0.011c∗

Post 10.00± 1.26 10.14± 1.45 9.85± 1.20

P-within 0.060 0.126 0.059

ML-COPa Pre 68.93± 9.04 71.64± 11.57 62.90± 10.52 0.056

Post 54.05± 8.72 56.67± 8.43 62.15± 10.44

P-within 0.048a∗ 0.024b∗ 0.859

AP-COPa Pre 126.29± 16.34 145.81± 26.90 108.13± 12.07 0.025c∗

Post 114.38± 15.28 119.23± 18.16 117.58± 12.70

P-within 0.062 0.196 0.154

L-COPda Pre 6.94± 1.08 6.17± 1.02 5.21± 0.76 0.579

Post 7.00± 1.27 5.61± 0.65 4.80± 0.84

P-within 0.935 0.393 0.382

S-COPda Pre 0.10± 0.01 0.09± 0.02 0.08± 0.01 0.199

Post 0.08± 0.01 0.08± 0.01 0.08± 0.01

P-within 0.071 0.657 1.000

L-COPdv Pre 14.95± 1.98 15.76± 2.66 12.40± 1.99 0.245

Post 13.14± 2.02 13.28± 2.04 12.94± 2.10

P-within 0.238 0.082 0.462

S-COPdv Pre 1.13± 0.14 1.27± 0.23 0.97± 0.13 0.012c∗

Post 1.00± 0.15 1.01± 0.15 1.04± 0.14

P-within 0.135 0.120 0.141

COPa Pre 948.15± 326.65 828.92± 243.31 576.00± 230.03 0.730

Post 759.84± 172.07 687.39± 199.13 576.77± 232.63

(Continued)
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TABLE 3 (Continued)

CB-SMA (n = 11) CB-M1 (n = 11) CB-single (n = 9) P-between
(1value)

P-within 0.502 0.275 0.989

Score Pre 58.27± 9.40 53.36± 9.69 46.67± 10.71 0.401

Post 52.09± 8.82 46.55± 10.18 46.89± 10.68

P-within 0.169 0.103 0.967

COPs , COP Speed; COPa , Acceleration of COP; ML-COPd , ML-dispersion of COP; AP-COPd, AP-dispersion of COP; ML-COPs, ML-speed of COP; AP-COPs , AP-speed of COP; ML-

COPa , ML-acceleration of COP; AP-COPa , AP-acceleration of COP; L-COPda , Long-time dispersion degree of COP movement area; S-COPda , Short-time dispersion degree of COP

movement area; L-COPdv , Long time dispersion of COP velocity; S-COPdv , Short time dispersion of COP velocity; COPa , COP movement area. 1value, the difference value in post and

pre; aPaired-t test; bWilcoxon; cKruskal–Wallis test; ∗P < 0.05.

Other statistical analyses

IBM SPSS Statistics for Windows, version 25 (IBM Corp.,

Armonk, N.Y., USA) was utilized for statistical analysis with

the threshold for significance set at P < 0.05. The assumption

of normality for variables was assessed using the Shapiro–Wilk

test. All data are presented as mean ± SD, N (%), or mid

(interquartile range). The baseline differences between the three

groups were detected using a one-way analysis of variance (age,

FMA-LE, and BBS), chi-square test (gender, primary diagnosis,

and paralysis side), and Kruskal–Wallis test (education years

and course of stroke). The Kruskal–Wallis test was used with

group factors (CB-SMA, CB-M1, and CB-single) to compare

the change from baseline scores (post–pre: 1value) between the

groups. The paired sample t-test and Wilcoxon test were chosen

to detect within-group differences between pre- and post-iTBS

intervention according to the homogeneity of variance and

normality of the COP data.

Results

The Consolidated Standards of Reporting Trials

(CONSORT) patients’ flowchart is shown in Figure 3. The

clinical characteristics of the three groups are shown in Table 2.

Differences were not observed in the patient’s demographic

characteristics including age, gender, course of a stroke, FMA-

LE, BBS, primary diagnosis, and paralysis side among the three

groups in the baseline. All patients completed the intervention

and measurement process, and no adverse events happened in

all groups.

COP evaluation

All the parameters have been tested according to their

normality and homogeneity of variance. Significant differences

in the EO condition were observed among the three groups in

the following parameters (Table 3): 1COPa (P = 0.028), 1AP-

COPd (P = 0.048), 1AP-COPs (P = 0.011), 1AP-COPa (P

= 0.025), and 1S-COPdv (P = 0.012). Subsequently, post-hoc

analysis was performed using Bonferroni correction. In 1AP-

COPd, the CB-SMA target group showed a great decline after

magnetic stimulation than the CB-M1 group (P = 0.043). In

1AP-COPs, the CB-M1 (P = 0.022) and CB-SMA (P = 0.027)

target groups showed a significant decline compared to the

CB-single target group. The CB-M1 target group showed a

significant decline to the CB-single target group in 1AP-COPa

(P = 0.034), 1S-COPdv (P = 0.012), and 1COPa (P = 0.038)

values. Additionally, we found that AP-COPd (P = 0.028) and

ML-COPa (P = 0.048) improved significantly in the CB-SMA

group, as well as ML-COPa (P= 0.024) improvement in the CB-

M1 target group. No significant improvement was observed after

CB-single stimulation.

In the EC condition, only L-COPda (P = 0.085) showed a

trend of difference among the three groups (Table 4). However,

a remarkable improvement was observed after iTBS intervention

was applied to the CB-SMA targets. Here, COPs, COPa, ML-

COPa, S-COPda, and L-COPdv descend significantly (P < 0.01),

as well as ML-COPd, AP-COPd, ML-COPs, L-COPda, S-COPdv,

COParea, and score (P < 0.05). Only S-COPda (P = 0.026)

declined after stimulation on the CB-M1 brain targets. No

significant changes appeared in the CB-single group.

Resting-state FC

Resting-state data were compared between the post- and

pre-iTBS sessions. A completely different FC model has

been observed among the CB-M1, CB-SMA, and CB-single

targets. Specifically, the CB-SMA group exhibited an overall

inhibitive model, while a relatively unchanged connectivity

model with limited excitation was observed in the CB-M1 group

after the TMS intervention. However, non-important network

connection modification has been witnessed in the CB-single

target group.

Whole-brain FC matrix

The neural modification effect of the three iTBS protocols

is quite different, as reflected by the FC matrix (Figure 4). A

sparsity threshold of 0.01 on edge was set to visualize the 3D
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TABLE 4 Balance board parameters in eyes closed condition.

CB-SMA (n = 11) CB-M1 (n = 11) CB-single (n = 9) P-between
(1value)

COPs Pre 25.59± 3.19 27.78± 3.25 23.34± 2.70 0.935

Post 22.45± 2.72 24.07± 3.56 20.16± 2.18

P-within 0.005a∗∗ 0.081 0.106

COPa Pre 279.77± 42.00 302.19± 40.19 254.03± 28.38 0.765

Post 241.38± 36.54 257.34± 40.63 233.31± 20.52

P-within 0.006a∗∗ 0.053 0.258

ML-COPd Pre 9.15± 1.67 7.83± 1.14 7.91± 1.79 0.323

Post 6.46± 0.84 7.91± 1.25 7.26± 1.44

P-within 0.040a∗ 0.912 0.492

AP-COPd Pre 9.21± 0.80 8.86± 0.79 8.40± 1.07 0.509

Post 7.37± 0.58 8.26± 0.72 7.18± 0.85

P-within 0.010a∗ 0.335 0.296

ML-COPs Pre 11.50± 1.85 12.95± 2.06 10.57± 1.58 0.726

Post 9.09± 1.20 11.70± 2.45 8.73± 1.57

P-within 0.019b∗ 0.280 0.126

AP-COPs Pre 19.97± 2.37 21.20± 2.54 18.32± 1.86 0.733

Post 18.52± 2.33 18.22± 2.32 16.09± 1.60

P-within 0.079 0.078 0.150

ML-COPa Pre 105.29± 17.08 115.35± 14.39 97.91± 13.00 0.445

Post 84.25± 13.53 102.21± 19.28 90.15± 13.48

P-within 0.004a∗∗ 0.167 0.384

AP-COPa Pre 235.37± 36.93 149.24± 35.91 213.76± 23.88 0.962

Post 208.61± 32.39 212.81± 32.31 196.88± 17.16

P-within 0.053 0.079 0.310

L-COPda Pre 9.19± 1.09 8.10± 0.85 7.51± 0.90 0.085

Post 6.91± 0.53 8.04± 0.96 6.64± 0.80

P-within 0.012a∗ 0.905 0.313

S-COPda Pre 0.16± 0.02 0.18± 0.02 0.14± 0.02 0.837

Post 0.14± 0.02 0.15± 0.02 0.12± 0.01

P-within 0.004a∗∗ 0.026a∗ 0.078

L-COPdv Pre 26.08± 3.18 27.35± 3.60 22.86± 2.62 0.710

Post 22.24± 2.64 22.96± 3.45 20.12± 2.24

P-within 0.002a∗∗ 0.051 0.122

S-COPdv Pre 2.07± 0.32 2.16± 0.31 1.85± 0.19 0.820

Post 1.80± 0.28 1.82± 0.28 1.69± 0.14

P-within 0.024a∗ 0.055 0.245

COPa Pre 1,742.01± 331.13 1,423.02± 425.99 1,529.57± 493.14 0.142

Post 1,031.92± 150.10 1,417.93± 368.54 961.55± 285.25

(Continued)
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TABLE 4 (Continued)

CB-SMA (n = 11) CB-M1 (n = 11) CB-single (n = 9) P-between
(1value)

P-within 0.014a∗ 0.978 0.084

Score Pre 85.45± 4.36 84.27± 5.20 78.78± 7.42 0.594

Post 76.55± 6.58 78.00± 8.17 76.33± 7.66

P-within 0.001b∗ 0.287 0.704

COPs , COP Speed; COPa , Acceleration of COP; ML-COPd , ML-dispersion of COP; AP-COPd, AP-dispersion of COP; ML-COPs, ML-speed of COP; AP-COPs , AP-speed of COP; ML-

COPa , ML-acceleration of COP; AP-COPa , AP-acceleration of COP; L-COPda , Long-time dispersion degree of COP movement area; S-COPda , Short-time dispersion degree of COP

movement area; L-COPdv , Long time dispersion of COP velocity; S-COPdv , Short time dispersion of COP velocity;COPa , COP movement area. 1value, the difference value in post and

pre; aPaired-t test; bWilcoxon; cKruskal–Wallis test; ∗P < 0.05; ∗∗P < 0.01.

mapping (Figure 4) of the strongest FC connections. The overall

nature of the CB-SMA target group was an inhibition model in

contrast to the relatively unchanged models presented by the

CB-M1 and CB-single target groups.

In the CB-SMA target group, the channels that were able

to meet the FDR-corrected p threshold (P < 0.0046) are

highlighted with a color bar in the FC matrix and 3D brain

(Figure 4A). The most significant reduction in connectivity

between Ch. 7 and Ch. 11 (T = −7,746, P < 0.001) was

observed in the affected hemisphere. Inter-hemisphere decrease

was mainly in the connecting right side of the SMA and DLPFC,

containing channels 33, 32, and 26, with contralateral PMC (Ch.

53, T = −6.678, P < 0.001) and DLPFC (Ch. 43, T = −6.576,

P < 0.001). Additionally, within-hemisphere FC changes in the

right hemisphere were featured on Ch. 36–32 (T =−6.115, P <

0.001) and Ch. 36–1 (T =−6.084, P < 0.001).

In the CB-M1 target group, only one connection (Figure 4C)

between Ch. 33 and 13 survived, representing a decreased effect

within the motor subnets. Some increased connectivity was

observed between different subnets (R_Wernicke, L_Wernicke,

and L_Sensory) in the FC matrix, which is quite different from

the matrix of the CB-SMA group. In the CB-single target group,

three connections from Ch. 32, 18, and 8 in the right brain area

(R_Prefrontal, R_Motor, and R_Wernicke) to the Ch. 52, 42, and

58 in the left brain (L_Broca and L_Prefrontal) were observed.

However, none of these changes in these two groups remained

significantly different after the FDR correction.

ROI to whole brain

Furthermore, the affected hemisphere motor network was

chosen as an ROI area to calculate FC associated with the other

channels. Consistent with the FC matrix model, a significant

difference was observed in the CB-SMA group after the iTBS

intervention. Moreover, 24 channels had meaningful variance

after FDR correction (P < 0.0157, Figure 5), indicating the

strong inhibition effect of the CB-SMA iTBS protocol. In the

right hemisphere, the FC between ROI and DLPFC showed

a significant difference after iTBS intervention. The strongest

inhibitive effect was observed between the ROI and DLPFC

representative area, as well as a within-hemisphere connection

(Ch. 29, T = −4.3, P < 0.000). Inhibitive connections between

the ROI and Wa (Ch. 7, T = −4.0, P = 0.001), primary

somatosensory cortex (Ch. 9, T = −3.3, P = 0.006; Ch. 12, T =

−3.5, P = 0.004), PMC (Ch. 13, T =−3.0, P = 0.012), and PM-

SMC (Ch. 20, T = −3.7, P = 0.003) were also observed in the

affected hemisphere. Meaningful inter-hemisphere connectivity

existed primarily between the ROI and contralateral PM-SMC

(Ch. 38, T = −3.3, P = 0.005; Ch. 47, T = −3.5, P = 0.004),

DLPFC (Ch. 41, T = −3.4, P = 0.005; Ch. 43, T = −3.4, P =

0.004; Ch. 46, T = −2.9, P = 0.013; Ch. 49, T = −3.5, P =

0.004), Ba (Ch. 52, T = −2.8, P = 0.015; Ch. 56, T = −2.8,

P = 0.015), and Wa (Ch. 63, T = −4.0, P = 0.001; Ch. 70,

T = −3.7, P = 0.002; Ch. 71, T = −3.5, P = 0.004; Ch. 72,

T = −3.8, P = 0.002). The most significant inter-hemisphere

FC difference existed between the ROI and Wa (Ch. 63, T =

−4.0, P = 0.001). However, there was no meaningful difference

after FDR correction in the CB-M1 and CB-single target groups

(Figure 6).

Task-related activation

No significant differences (P > 0.05) were observed after

FDR correction among the three groups in both EO and

EC conditions. However, several channels showed activation

in the CB-SMA EC condition (Figure 7). On one side, the

prefrontal and PMC showed important activation on the affected

hemisphere, with the DLPFC area (Ch. 30, P= 0.03) as the most

outstanding. On the other side, PMC, primary somatosensory

cortex, and Wa on the unaffected hemisphere were activated

during the standing task, wherein PMC (Ch. 54, P = 0.01)

exhibited the strongest activation.

Additionally, five channels showed activation differences

after iTBS when conducting the EO balance task in the CB-M1

group (Figure 8). An inhibitive effect was observed on bilateral

Ba (Ch. 22, P = 0.02; Ch. 58, P = 0.03).

After single-cerebellum iTBS stimulation, the right Wa (Ch.

66) and left PMC areas (Ch. 13) were inhibited strongly during

the EC task. Furthermore, the Ba (Ch. 56, 15, and 21) and
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FIGURE 4

The 3D brain visualization of the di�erence in the connectivity after CB-SMA (A) protocol, CB-M1 protocol (C), and CB-single (E). The FC Matrix

of di�erent connections between post- and pre-iTBS intervention in CB-SMA group (B), CB-M1 group (D) and CB-single (F). Significant

connections (p < 0.05, FDR corrected) after paired t-test are colored contrast to background color according to T-values. Subnets and within

connections are highlighted by rectangle.
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FIGURE 5

Significant channels after iTBS intervention with their MNI coordinate, Brodmann’s label, T- and P-value. Wa, Wernicke’s area; Ba, Broca’s area;

PSC, Primary somatosensory cortex; PMC, Primary motor cortex; PMSMC, Pre-Motor and supplementary motor cortex; DLPFC, Dorsolateral

prefrontal cortex; Fa, Frontopolar area.
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FIGURE 6

No significant connections exist after FDR correction in CB-M1 group (A) and CB-single group (B).

PM-SMA areas (Ch. 59) were inhibited during the EO task

(Figure 9).

Discussion

To the best of our knowledge, this study is the first to explore

the potential effects of paired stimulation targets on the balance

function rehabilitation of patients with stroke. Specifically, this

study explored the iTBS effects of the cerebellum–cerebrum

paired targets including the CB-M1, CB-SMA, and CB-single

targets. We found that paired target stimulation could improve

the balance function and change the cerebral connection models

of patients with stroke. We found that the most significant

immediate modulation effect on COP measurement is induced

by CB-SMA and CB-M1 iTBS protocols under EO and EC

conditions. Additionally, we also found a significant inhibition

model in the CB-SMA group, covering the frontal and partial

parietal lobes, which corresponds to our hypotheses.

Changes in the center of pressure

An improvement in EC balance performance was observed

in most COP parameters in the CB-SMA group, in contrast

to the little change between the pre- and post-CB-M1 and

CB-single iTBS intervention. Fiber associate cerebral cortex

with cerebellar nuclei may be activated through the two-

way facilitation effects. The nuclei in the brainstem mediate
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FIGURE 7

Cortical activation map in CB-SMA group in EC condition (A) and EO condition (B). Results from paired t-test of beta value between post- and

pre-CB-SMA iTBS protocol. None channels passed FDR correction. Channels with a meaningful trend have been listed.
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FIGURE 8

Cortical activation map in CB-M1 group in EC condition (A) and EO condition (B). Results from paired t-test of beta value between post- and

pre-CB-M1 iTBS protocol. None channels passed FDR correction. Channels with a meaningful trend have been listed.

the sensorimotor information flow along the CTC pathway

including the red nucleus and olive (15, 41), resulting in a better

balance of somatosensory feedback and faster process speed to

adjust body posture when vision was shut down. Compared with

the CB-single group, the stimulation over the SMA additionally

encoded the internal information process (42) and we speculate
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FIGURE 9

Cortical activation map in CB-single group in EC condition (A) and EO condition (B). Results from paired t-test of beta value between post and

pre CB-M1 iTBS protocol. None channels passed FDR correction. Channels with a meaningful trend have been listed.
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that iTBS may help with this function considering its structure

fibers correlated closely (43). In another EEG research, Goel

et al. (44) applied continuous TBS (cTBS) protocols over SMA

and observed a smaller COP sway degree than the sham control

group in online balance measurement. They thought that cTBS

disrupts the connection from the SMA to other prefrontal brain

areas such as the cingulate gyrus, posterior parietal cortex,

and anterior cingulate, hence improving posture stability by

decreasing mobility. The CB-SMA paired target stimulation in

this study may also work in a similar mechanism which will be

discussed later.

Group effects were also observed in the EO condition

after CB-M1 target stimulation. The corticospinal excitability

of M1 (45) and excitability of the peroneus longus (46) were

proportional to COP velocity, especially theML-sway control. In

our results, only ML-COPa showed improvement which is less

than the changes in the AP direction. One possible explanation

may be that our current targets may not raise enough neural

activation of the peroneus longus and corticospinal excitability.

However, the decreasing AP direction sway may help improve

balance adjustment in all directions, avoiding falling risks (46).

Any immediate improvement effect was not observed, as

detected by CB-single stimulation. In our previous review (47),

we also did not find any convincing evidence of immediate

balance improvements after a one-cerebellum iTBS session. The

balance improvement effect may rely on the accumulation of the

TMS effect rather than immediate changes (7, 8).

Resting-state functional connection of
brain network

Reorganization of the brain network after TMS is a crucial

step in rehabilitation (28). In our resting-state analysis, we

observed a significant inhibition originating from the right

motor network to the contralateral motor network, and

bilateral dorsal lateral and prefrontal cortex after CB-SMA

iTBS. In the ROI seed analysis, we observed a significant

increase in inhibition from the ROI to the bilateral DLPFC,

language, motor, and sensory networks between pre- and

post-CB-SMA iTBS protocols. The SMA and cerebellum

communicate through the cortico-ponto-cerebellar tract and

other possible CTC tracts (48, 49). The inhibition effect (50),

which originated from the SMA to the cortex including the

anterior cingulate cortex, angular gyrus, and middle temporal,

was observed through the fMRI after a 1-Hz repetitive TMS

(rTMS) on SMA, interrupting the hyper-connections from the

SMA to the cerebellum. Interestingly, 10-Hz high-frequency

rTMS over the SMA can also normalize brain connectivity

and improve gait (51). Although the TMS protocols varied,

the brain network model may indicate a reset of whole-

brain FC and spare more neural resources for necessary

activity instead of meaningless consumption (52, 53). One

concept which may explain this decrease is that compensative

excitability from the unaffected hemisphere was restored to a

relatively balanced inter-hemisphere state after rehabilitation

interventions. Another research (54) proved that higher baseline

ipsilateral SMA-M1 (R_Motor) interconnections correlated with

worse motor function recovery. Thus, our modulation effect

may reverse this trend. Indeed, high within-hemisphere FC may

be responsible for motor function asymmetry (55). A reset of

the unregular brain network may contribute to a restoration of

better motor outcomes. However, after a period of rehabilitation,

Arun et al. (53) believed that a decline of resting-state FC

in the contralesional hemisphere motor area, accompanied

by increasing connections in the ipsilesional premotor and

contralesional motor areas, represents a recovery of the normal

state. We believe that this recovery effect resulted from the

accumulation effect of long-time treatment (54).

In patients with essential tremors, researchers found that

five-session cerebellum rTMS could restore FC in the CTC

network (56). Similarly, Ma et al. (57) found that FC declined

in patients with stroke after cerebellum electrical stimulation.

In our immediate measurement, we found some connection

declined in the CB-single group, highlighting three inter-

hemisphere connections, which may be the region where

the most inhibited connection resulted from the activation

of the cerebellum. Halko et al. (58) found that default

network connectivity, as measured by fMRI, was increased

after cerebellum iTBS, as well as little changes in the motor

network. Rastogi et al. (59) confirmed that cTBS on the

cerebellar hemisphere could decrease FC in the cognitive

network through the DTC pathway. The released excitatory of

Purkinje cells may induce large inhibition on the cerebrum.

However, the exact nature of the TBS effect induced in

the brain cortex from the cerebellum is still uncertain (12),

and a problem with different TBS protocols which have

similar effects.

In the CB-M1 group, we highlighted one weak decrease

in the right motor network. Both 1- and 10-Hz rTMS on M1

possess a modified effect on the motor network of patients

with stroke, where high-frequency rTMS increased FC both

within the and inter-hemispheres (60). We observed some

potentially increased inter-hemisphere connections after CB-M1

stimulation. Necessary adjustments of TMS protocols should be

applied to recreate this network model.

Finally, we did not find any significant difference

between ROI and other networks after CB-M1 and

CB-single intervention.

Balance task brain activation

In the block-design balance tasks measured by fNIRS, a

major activation trend (P > 0.05 FDR-corrected) was observed
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on ipsilateral DLPFC, PM-SMC, and contralateral PMC after

CB-SMA iTBS protocol in the EC balance block-designed fNIRS

task. The activation of bilateral SMA after single-CB iTBS

has been observed when healthy people perform balance tasks

(22). Meanwhile, the activation of the DLPFC may represent a

compensation effect for demanding balance tasks when patients

have sensorimotor deficits (24), as well as a representation of

better neural efficiency (25).

Additionally, a target effect was observed on the group

difference in the CB-M1 group compared with that in the other

two groups on EO measurement. There is an inhibition trend

(P > 0.05 FDR-corrected) in the bilateral Broca area and right

hemisphere, Wernicke area, after CB-M1 iTBS protocol in EO

condition. The Broca and Wernicke parts were reported to have

FC with the motor area and right cerebellum in auditory speech

tasks (61); however, their roles in maintaining body balance are

still unknown.

Finally, an inhibition trend after single-cerebellum

stimulation was witnessed in both EO and EC tasks, which

may be consistent with the well-known cerebellar brain

inhibition effect.

Safety and prospect

Intermittent theta burst stimulation has been considered

a safe NBS method; moreover, no adverse events, as well as

the intolerance of fNIRS measurement, occurred in all patients

(62, 63).

The set of paired stimulation targets based on neural

communication passes also corresponds to the concept of

neural circuit magnetic stimulation, which has the potential

of enlarging the normal TMS effect and leading to enhanced

rehabilitation (64). Neural circuits represented by CTC,

especially DTC, are able to communicate, which could be

utilized in enhanced rehabilitation. In this study, we explored

the proper combinations of neural circuit targets for balance

function promotion and possible neural network models. Our

results may indicate that CB-SMA is a meaningful target pair

compared with the CB-M1 and CB-single groups. Nevertheless,

more stimulation pairs may also have the potential if further

explored due to the neuroplasticity induced by TBS protocols.

Limitation

This study has some limitations. First, we did not pair

stimulation pulses in all three groups. Major articles researching

balance rehabilitation of patients with stroke discussed the

effects of 600 pulses on the cerebellum. We were not supposed

to double the doses because of a lack of evidence. Moreover, the

potentiation or inhibitory effect of iTBS is critically correlated

with pulses delivered on neural structures. The potentiation

effect of iTBS may be turned to inhibitive according to pulses

delivered (65). It has been reported that conventional facilitatory

iTBS turned into inhibitory when a doubled dose was applied

on M1 (66). For the consideration mentioned above, we only

applied 600 pulses on the cerebellum. Second, the activation

analysis in EO/EC tasks failed to pass FDR; thus, the sample

size must be larger for further long-term intervention effect

research. Third, the lesion area in our patients was the basal

ganglia region, which is too deep for fNIRS to detect. In this

study, we did not collect structure MRI and failed to describe the

location of participants’ lesions. Furthermore, we cannot rule out

some spurious signals from fNIRS when channels measure over

the lesion area. Fourth, the fNIRS measurement is offline with

balance evaluation where the synchronization methods were

restricted by mechanical reasons. We optimized our assessments

(67, 68) for better cortical activation when patients with stroke

performed demanding balance tasks. Fifth, we deserted some

parts of the sensory cortex and spared more channels to the

frontal cortex when designing our fNIRS montage, which may

lose some activation information or FC changes located on the

posterior parietal cortex.

Conclusion

In this pilot study, we compared cerebellum–cerebrum

paired targets (CB-SMA and CB-M1) with CB-single

stimulation targets and found an immediate benefit to EO

and EC balance control in paired targets. With the fNIRS

measurement, we considered CB-SMA targets as having

the potential in reorganizing the brain network for a more

reasonable allocation of neural resources, as an explanation for

better EC balance. We believe that the CB-SMA target has a

promising combination and long treatment effect; however, this

must be further investigated.
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Introduction: Moderate intensity continuous training (MICT) is usually

recommended for stroke or transient ischemic attack (TIA) patients. High

intensity interval training (HIIT) has emerged as a potentially e�ective method

for increasing cardiorespiratory fitness (CRF) among clinical populations. Its

e�ectiveness remains to be demonstrated after stroke. A combined program

of HIIT and MICT was designed to create a realistic exercise program

implemented for a clinical setting to help patients become more active.

Purpose: This study aimed to compare the e�ects of a 6-month exercise

programwith eitherMICT only or a combination of HIIT andMICT and a control

group in terms of CRF, cardiovascular risk factors, functionality, cognitive

function (Montreal Cognitive Assessment) and depression markers (Hospital

Anxiety and Depression Scale).

Methods: This randomized controlled trial startedwith 52 participants (33men

and 19 women, mean age: 69.2± 10.7) divided into three groups: HIIT+MICT

combined, MICT, and control. Both exercise groups consisted of 4 weekly

sessions including supervised and at-home exercise. Outcomes were assessed

at T0 (baseline measure), T6 (end of exercise protocols), and T12 (follow-up),

40 participants having completed the 12-month follow-up.

Results: At T6, both HIIT+MICT and MICT programs provided a similar

increase of CRF (3 ml·min-1·kg-1) from baseline (p < 0.01), while the

control group showed a global slight decrease. Despite some decrease

of CRF at T12 compared to T6, improvement persisted 6 months

post-intervention (HIIT + MICT: p < 0.01 and MICT: p < 0.05). The

control group decreased compared with baseline (p < 0.05). The two

exercise programs induced a comparable increase in self-reported

physical activity and a decrease in anxiety and depression markers.
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Participants in HIIT + MICT and MICT programs declared a good degree of

acceptability assessed by the Acceptability and Preferences Questionnaire.

Conclusion: A 6-month HIIT+MICT combined program and a standard MICT

program induced similar improvements in CRF, self-reported physical activity

and anxiety and depression markers among patients with prior ischemic stroke

or TIA compared with a control group. These e�ects appear to persist over

time. Addition of HIIT was safe and considered acceptable by participants. Our

results do not support any superiority of the combination HIIT + MICT nor

disadvantage vs. MICT in this population.

KEYWORDS

HIIT, stroke, aerobic exercise, deconditioning, cerebrovascular disease

Introduction

Stroke is the second leading cause of death and the first

leading cause of disability in the world (1). Annually, 15 million

people worldwide experience stroke, and two-thirds of these

report important disabilities leading to significant functional

deficits (2). Stroke survivors live longer than before, and the

World Stroke Organization emphasizes the urgent need to

design and implement interventions to improve quality of life

after stroke (3). The literature suggests that stroke patients

are highly deconditioned and have a reduced cardiorespiratory

fitness (CRF), which is around 50% of predicted VO2peak

values in age-matched sedentary controls in their mid-60s (13.6

ml·min−1·kg−1 vs. between 25 and 30 ml·min−1·kg−1) (4, 5).

Compared to normative data provided by American College

of Sport Medicine (ACSM), Billinger et al. demonstrated that

for each decade, stroke survivors have CRF below the first

percentile which classified them in the very poor category

(6). Such deconditioning limits daily activities, increases

sedentary time, and decreases functional autonomy, leading to

a vicious cycle that increases cardiovascular risk factors and

associated comorbidities and frailty (7). Furthermore, classical

cardiovascular risk factors such as hypertension, obesity,

dyslipidemia, and impaired fasting blood glucose are highly

prevalent in stroke patients, increasing their odds for recurrent

strokes or cardiovascular events (8).

The literature indicates that exercise programs are effective

in secondary prevention for improving CRF and cardiovascular

risk factors following a stroke or transient ischemic attack (TIA)

(9). A meta-epidemiological study revealed that exercise may be

more effective than drug treatment alone (anticoagulants and

antiplatelets) for reducing post-stroke mortality (10). Although

it is recognized that aerobic training is a key component of

stroke rehabilitation, it continues to be used sporadically in

clinical settings, and recommendations about specific intensities

are based on moderate level of evidence (11). Low to moderate

intensity training is generally recommended in the chronic

phase of stroke recovery (40–70% VO2 reserve; 55–80%

maximal heart rate; rating of perceived exertion 11–14/20) (12).

Although high intensity interval training (HIIT) has emerged as

a potentially effective and safe alternative that may offer greater

improvement in health and CRF in the clinical population

(13), the superiority of this training method compared with

other exercise modalities and the optimal parameters remain

unknown in the population with stroke. A recent randomized

control trial showed that 8 weeks of treadmill HIIT was

superior to standard care (no exercise program) to increase CRF

immediately after the intervention, but the difference between

groups was not maintained at a 12-month follow-up (14).

Crozier et al. (15) report that HIIT can improve cardiovascular

health post-stroke and suggest frequency, intensity, time, and

type parameters, but emphasize that individualized protocols

are warranted. Although its feasibility and preliminary safety

have been studied (16–18), the benefits of combining HIIT and

MICT compared with those of MICT alone and its acceptability

in stroke patients remain to be established. Acceptability refers

to a favorable or positive attitude toward treatment options

(19). Treatment preferences are of clinical importance and are

an essential part of patient-centered care that contributes to

adherence and consequently outcome achievement (20).

An additional concern regarding stroke patients is that

psychological depression affects 25–79% of survivors (21), and

this condition has a negative effect on functional recovery.

Anxiety disorders are also more prevalent in these patients than

in the general population (22). Moreover, approximately two-

thirds of stroke survivors have a cognitive impairment (23).

The literature indicates that physical activity is associated with

lower levels of both depression and anxiety among the elderly

(24) and can improve cognitive performance in older adults

with cognitive impairment (25). However, these associations

do not seem clear as regards stroke patients, and the optimal

exercise prescription has yet to be determined (26). HIIT has

been suggested as a potential beneficial addition for promoting

neuroplasticity post-stroke (15), but results are limited to
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animal models, single-session exercise, or healthy populations.

Higher neurotrophins liberation associated with higher exercise

intensities, like BDNF, could also influence positively cognitive

functions (51).

Some authors recommend caution and professional

supervision of post-stroke patients performing high intensity

exercise (11) or HIIT (54), while interventional studies failed to

find more incidents involving post-stroke patients performing

HIIT compared with control groups (55). As moderate intensity

continuous training (MICT) is easily transferable to the home,

we combined supervised HIIT and unsupervised MICT. This

could provide the physiological benefits of HIIT in a clinical

setting while allowing patients to continue their daily MICT

routine from the comfort of home.

This study aimed to compare the effect of a 6-month exercise

program regarding three conditions: a standard program

involving MICT, a combination of HIIT and MICT (HIIT

+ MICT) and a control group. All groups were constituted

of patients with prior ischemic stroke or TIA. The principal

outcome was CRF measured at baseline (T0), at the end

of the exercise program (T6) and 6 months later (T12).

Additional outcomes were other modifiable cardiovascular risk

factors, self-reported physical activity, physical functionality,

anxiety and depression markers, and cognitive functions.

Increased socialization associated with a supervised HIIT

program could favor better results concerning these outcomes.

Finally, we evaluated the acceptability of the two exercise

programs. We hypothesized that introducing HIIT into a

rehabilitation program would be similar to, or slightly more

effective than, MICT alone for improving CRF and other

modifiable cardiovascular risk factors owing to a higher

cardiovascular stimulation.

Materials and methods

Design

A 1-year follow-up randomized control trial was performed

with participants randomly allocated to one of the three

groups: HIIT + MICT (a combined program that included

HIIT and MICT), MICT (a standard exercise program), and

control (usual care with no additional exercise program). This

trial was registered (27). The allocation ratio was 1:1:1, and

randomization was performed by a web-based randomization

system following the baseline evaluation: age, sex, and diagnosis

(stroke or TIA) were controlled in the randomization. This

study was approved by the institutional ethics committees of

both the University du Québec à Trois-Rivières and the Centre

Intégré Universitaire de Santé et de Services Sociaux de la

Mauricie-et-du-Centre-du-Québec (CIUSSS-MCQ) University

Hospital (CER-17-241-10.04 and CÉR-2017-002). Procedures

were followed according to the Helsinki Declaration of the

World Medical Association. All participants provided their

written consent before taking part in the study. A pilot

study that aimed to assess the feasibility and acceptability of

HIIT + MICT in this population was conducted previously

and the results were used to design the methodology of

this study.

Participants

Participants were recruited between January and July

2018 from medical clinics in Trois-Rivières, Québec, Canada,

and from responses to invitations published in the local

newspapers. Inclusion criteria were ischemic stroke or

TIA with a minimum of 3 months post event and no

maximum; age 40 years and over; ambulatory capacity over

10min without or with assistive devices as needed and not

currently participating in formal rehabilitation. Exclusion

criteria were: TIA with isolated sensory symptoms, visual

changes, or vertigo; presence of brain hemorrhage, vascular

malformations, tumor, abscess; diagnostic of cognitive

impairment limiting task comprehension; musculoskeletal

disorders that could prevent physical activity practice; lower

extremity claudication and all absolute contraindications to

exercise testing according to the American College of Sports

Medicine (28).

Baseline data included medical data on stroke, TIA,

medication, and comorbidities that were collected by consulting

the medical file in the hospital’s archives with the participant’s

agreement before the evaluation. Baseline data including socio-

demographic characteristics were collected at the first evaluation

by questioning the participants directly.

Outcome measures

The primary outcome involved potential changes in CRF

determined with estimated peak oxygen uptake (VO2 peak)

at the university hospital. Secondary outcomes were resting

systolic and diastolic blood pressures, lipid profile, HbA1c,

waist circumference, body composition, self-reported physical

activity, functional level, anxiety and depression, and cognitive

functions. These tests were performed at baseline (T0),

at the end of the exercise program (T6), and 6 months

later (T12) at the university kinesiology clinic or hospital.

Participants’ acceptability of the exercise programs was assessed

at T12.

Before the exercise program, each participant underwent

a clinical examination to evaluate cardiovascular risk

factors and a symptom-limited graded exercise test

(GXT) (see below) to determine CRF, peak power

output (PPO) and the intensity of exercise during the

exercise program.
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Estimated VO2 peak

The GXT protocol was performed on a semi-recumbent

ergocycle with 12-lead ECG monitoring (MAC 5500HD, GE

Healthcare, USA). The cadence was maintained at 60 rpm;

power started between 0 and 60 watts depending on the

estimated participant’s capacity and increased progressively by

10 watts per minute. Blood pressure response was assessed

manually with a sphygmomanometer (Hillrom, Welch Allyn

Tycos, USA) every 3min. Systolic blood pressure > 250mm Hg

or diastolic blood pressure > 115mm Hg were considered an

absolute indication for terminating the GXT (12). According to

ACSM guidelines (28), test termination criteria also included

volitional fatigue, significant arrhythmia, evidence of ischemia,

angina-like symptoms, a drop in systolic blood pressure of

≥10mm Hg despite an increase in work rate or below the value

obtained on the ergocycle prior to testing, shortness of breath,

wheezing or leg cramps, signs of poor perfusion, failure of heart

rate to increase with increased intensity or the participant’s

request to stop (28). The majority of GXT (95%) were stopped

because of volitional fatigue, and other reasons were a patient’s

request to stop because of pain in the leg (4%) and a decrease of

systolic blood pressure below the prior test value (1%). PPO was

established as the highest power maintained during 60 s during

the final stage of the GXT and was used to determine exercise

intensity during the exercise program. This value was used to

estimate VO2 peak using the ACSM equation (28). The GXT

protocol was also assessed at 3 months (T3) in the two exercise

groups to adjust exercise intensity.

Resting systolic and diastolic blood pressures were measured

twice on each arm with the participant in a sitting position.

The result was the average of the two measures taken

with an automated sphygmomanometer (HEM-907XL, Omron

IntelliSense, USA) in accordance with the recommendations

of the Canadian Education Hypertension Program (29). The

resting heart rate was simultaneously recorded, and the average

was reported. After overnight fasting, blood samples were

collected in the morning, centrifuged and stored as serum at

−80◦C until analysis. Low-density lipoprotein (LDL), high-

density lipoprotein (HDL), triglycerides, total cholesterol, and

HbA1c were analyzed with standardized procedures at the

Centre Hospitalier Universitaire Régional de Trois-Rivières,

Québec, Canada (Advia XPT, Siemens, Erlangen, Germany).

Waist circumference was measured in a standing and relaxed

position using a flexible measuring tape. Body weight and height

were measured with a stadiometer (402LB, Health-o-meter,

USA) and were used to calculate body mass index (BMI). Body

fat mass was calculated with bioelectrical impedance (BC-418,

TANITA, USA). Self-reported physical activity was recorded

with the Godin Leisure-Time Exercise Questionnaire (GLTEQ)

(30). The Short Physical Performance Battery (SPPB) was used

as an indicator of functionality and frailty (31). The Hospital

Anxiety and Depression Scale (HAD) was used to evaluate

psychological distress (32). The Montreal Cognitive Assessment

(MoCA) was used to evaluate cognitive function. The test has

good sensitivity and specificity for detecting mild cognitive

impairment in stroke or TIA patients (33). The acceptability

of the intervention was assessed with a French version of

the Treatment Acceptability and Preferences Questionnaire

(TAPQ) (19) for the two exercise groups. The questionnaire

was administered at T12 by an independent evaluator. The

TAPQ evaluates acceptability based on four items: effectiveness,

suitability, appropriateness, and willingness. All were answered

on a 5-point scale ranging from “not at all” (0) to “extremely” (4).

Exercise programs

Both exercise programs lasted 6 months, and both included

three weekly aerobic sessions. Supervised exercise sessions

were performed at the university kinesiology clinic while

unsupervised sessions took place at home. Each supervised

session was conducted on an upright ergocycle (Ergomedic

828E, Monark, Sweden). This exercise mode was chosen because

it is less limiting for patients with gait and balance impairment or

muscle weakness related to hemiparesis. Symptoms or evidence

of exercise intolerance were checked during exercise under

clinical supervision administered by a qualified kinesiologist.

Heart rate was recorded continuously with a Polar FT4 monitor

(Polar Electro, Finland). Blood pressure was measured on the

right armmanually with a sphygmomanometer (Hillrom,Welch

Allyn Tycos, USA) and a stethoscope (Littmann, Canada) before

and after exercise following 5min of rest in a sitting position

according to the recommendations of the Canadian Education

Hypertension Program (29). During exercise, blood pressure

was measured every 5min with the same material. The maximal

limit was set at 220mm Hg systolic and 110mm Hg diastolic. A

drop of 20mmHg greater or lesser than the resting level was also

considered a hypotensive response requiring exercise cessation

(28). Perceived exertion was questioned during exercise and was

rated at the end of each exercise session based on a 10-level

perceived exertion scale and the average heart rate.

MICT group

The intervention consisted of an exercise program involving

three weekly aerobic sessions including a combination of

one MICT session performed under clinical supervision at a

university kinesiology clinic and two MICT sessions performed

at home. Supervised exercise was done on an upright ergocycle

(Ergomedic 828E,Monark, Sweden) at 50% of PPO. Each session

included a 5-min warm-up and a 5-min cool-down at 40%

of PPO. Exercise time progressed from 20 to 40min over the

intervention and was adjusted according to the participant’s

tolerance. The two other MICT sessions were done at home

and included 30min of aerobic exercise at moderate intensity

determined by the participant’s perceived exertion (target: 4–

6/10). Participants could choose their preferred exercise (e.g.,
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FIGURE 1

Timeline for HIIT + MICT group. PPO, peak power output; GLTQ, godin leisure time questionnaire; HAD, hospital anxiety and depression scale;

MoCA, montreal cognitive assessment; SPPB, short physical performance battery; HIIT, high intensity interval training; MICT, moderate intensity

continuous training; T0, baseline; T3, 3-months; T6, 6-months; T12, 12-months.

walking, swimming, dancing, or cycling) and divide their

sessions into 10-min minimum bouts as needed. Weekly self-

reported home exercises were noted in participants’ files during

the supervised session by the clinician.

HIIT + MICT combined group

The intervention involved an exercise program consisting

of three weekly aerobic sessions including a combination of

progressive low-volume HIIT sessions performed under clinical

supervision at the university kinesiology clinic and MICT

sessions mostly performed at home. A combined program was

chosen to create a realistic exercise program that could be

implemented in a clinical setting and allow patients to exercise

without clinical supervision as well. The rationale behind this

program is that, since HIIT must be conducted under clinical

supervision with high-risk patients (11), it cannot be prescribed

at home. AsMICT is easily transferable to the home, it represents

a key factor that promotes the patient’s perseverance in a

long-term perspective of physical activity adhesion. Thus, the

combination of both supervised HIIT and unsupervised MICT

could provide the physiological benefits of HIIT while allowing

patients to develop long-term adhesion to physical activity (52).

Therefore, according to this objective, the programwas designed

to decrease supervision over time while continuing to maintain

a frequency of three times by week. This reduced supervision

is shown in Figure 1. During the first 2 months, patients were

required to perform three supervised HIIT sessions weekly.

During the next 2 months, they had to perform two supervised

HIIT sessions and one unsupervised MICT session weekly. The

two last months were composed of one supervised HIIT session

and two unsupervised MICT sessions. To initiate physical

activity and gradually introduce HIIT during the first week,

participants began with three supervised MICT. In the second

week, HIIT was introduced, but initially with passive recovery,

and active recovery was added after 1 month. A total of 44 HIIT

sessions and 44 MICT sessions per participant were expected.

HIIT was performed on an upright ergocycle (Ergomedic 828E,

Monark, Sweden) and included several bouts at 95% of peak

power output (PPO) interspersed with a 60-s recovery. Time at

95% of PPO progressed from 30- to 60-s as shown in Figure 1.

Recovery was passive in the first month and progressed to

active at 40% of PPO for the remainder of the intervention.

Each session included a 5-min warm-up and a 5-min cool-

down at 40% of PPO. Exercise time progressed from 20 to

40min over the intervention and was adjusted according to

the participant’s tolerance and the progress of the protocol.

As participants did a GXT after 3 months, resistance was

adjusted based on the new PPO obtained. Participants were
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asked to perform their MICT sessions at home. MICT included

30min of aerobic exercise at moderate intensity determined

by participants’ perceived exertion (target: 4–6/10). Participants

could choose their preferred exercise (e.g., walking, swimming,

dancing, or cycling) and divide their sessions into 10-min

minimum bouts as needed. Weekly self-reported home exercises

were noted in participants’ files during the supervised session by

the clinician.

Control group

The control group received the usual care without any

additional physical activity counseling or interaction with

study personnel between evaluations other than the routine

recommendations from their family physicians.

Statistical analysis

The equivalence of baseline participants’ characteristics was

assessed with analyses of variance (ANOVA) by comparing the

three groups for linear data or Chi-square tests for discrete data.

The repeated measure ANOVA (Group× Time) was performed

to compare outcome variables between the three groups (HIIT+

MICT, MICT, and control) across time points (T0, T6, and T12).

Because of certain variables’ lack of conformity to theoretical

statistical assumptions, especially heteroscedasticity and positive

distribution skewness indices, we resorted to the Monte-

Carlo simulation method for estimating the F probabilities

(based on 1,000,000 iterations). Pearson’s r coefficient was used

to measure the correlation between changes in self-reported

physical activity and change in VO2peak. Descriptive statistics

served to summarize baseline characteristics and acceptability

results. Statistical significance was set at p < 0.05 and data are

expressed as mean and standard deviations (SD). Analyses were

conducted using Microsoft Excel 2010 and IBM SPSS Statistics

(version 26).

Based on a priori power analysis, a sample size of 42

participants at 12-month follow-up (14 participants× 3 groups)

was deemed adequate for the repeated measures ANOVA

with an expected large effect size between exercise groups

vs. control group (f 2 > 0,8), type I error rate of 5% and

power of 80%. The large effect size was estimated based on

the literature regarding the effect of a MICT program on

CRF. Based on our previous pilot study, we anticipated a 30%

dropout rate; hence, a total of 60 participants were expected

at baseline.

Results

The baseline sample was composed of 52 participants (33

men and 19 women). Participants’ age was 69.2 ± 10.7 years;

39 had suffered a stroke and 13 a TIA, of whom six had multiple

strokes or TIA. All participants were living in the community

and none participated actively in stroke rehabilitation. The

baseline characteristics are shown in Table 1. The medication

used was similar between groups, whereas the use of an

orthopedic device and the presence of atrial fibrillation differed

from group to group. As described in Figure 2, 52 participants

underwent the initial evaluation and were randomized to an

HIIT + MICT group (n = 19), a MICT group (n = 16), and

a control group (n = 17). The attrition rate was 23% at T12.

Indeed, thirteen participants were lost to follow-up and did

not complete the 12-month evaluation. Their characteristics,

however, were shown to be similar to those who completed the

protocol. The main reasons for dropout were lack of interest,

especially in the control group (n = 8), and a change in health

status that limited participation in the exercise program (n =

4). Thus, 40 participants (77%) completed both baseline and

the 12-month evaluation. No adverse events were registered

during the exercise programs. A total of 802 HIIT sessions

were performed by those who remained in the HIIT + MICT

group. Exercise attendance, defined as the mean percentage

of total supervised exercise sessions completed, was 95% (79–

100%) for the HIIT+MICT group and 93% (77–100%) for the

MICT group. Mean self-reported home exercise attendance was

78 ± 23% (17–100%) for the HIIT + MICT group and 82 ±

18% (42–100%) for the MICT group. The exercise attendance

(supervised and non-supervised) was not different between

HIIT + MICT and MICT groups (p > 0.05). Although the use

of an orthopedic device and the presence of atrial fibrillation

differed from group to group, these characteristics had no

impact on baseline VO2peak (p > 0.05). At baseline, a higher

VO2peak was associated with male sex, younger age, and no

multiple stroke or TIA (Pearson correlation: all p < 0.05).

However, these characteristics had no impact on the change in

VO2peak following the intervention (Pearson correlation: all p

> 0.05). Thus, all our baseline characteristics did not have a

significant impact on the change in VO2peak.

The potential impacts of the two exercise interventions on

VO2peak and PPO are shown in Figure 3 and quantified in

Table 2 (results for the 39 participants who completed the 12-

months follow-up for these measurements). For both variables,

a strong Group × Time interaction effect emerges (F = 9.222

for VO2peak and 10.522 for PPO, both with: df1 = 4, df2 =

72; p < 0.001). As seen in Figure 3, both measures increase

sharply from T0 to T6 and then decrease somewhat at the recall

measurement. In the control group, the corresponding values

decrease slightly (p < 0.027 for VO2peak and p < 0.020 for

PPO, tested as a linear trend with F1,72). A finer analysis using

an orthogonal decomposition of the interaction effect shows that

99.6% (VO2peak) and 98.5% of the total Group× Time variance

are due to the contrast between the (merged) exercise groups

and the control group, leaving a quasi-null interaction variance

between the exercise groups themselves.
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TABLE 1 Baseline characteristics of the participants.

HIIT + MICT MICT Control Total P-value

(N = 19) (N = 16) (N = 17) (N = 52)

Socio-demographic characteristics

Sex—n (%) Male 13 (68.4) 10 (62.5) 10 (58.8) 33 (63.5) NS

Female 6 (31.6) 6 (37.5) 7 (41.2) 19 (36.5)

Age—years 71.8± 9.9 65.6± 11.3 69.6± 10.7 69.2± 10.7 NS

Employment status Employed 5 (26.3) 4 (25.0) 3 (17.6) 12 (23.1) NS

Retired 14 (73.7) 12 (75.0) 14 (82.4) 40 (76.9)

Marital status Cohabitation 13 (68.4) 13 (81.3) 10 (58.8) 36 (69.2) NS

Single 6 (31.9) 3 (18.8) 7 (41.2) 16 (30.8)

Health characteristics

Neurovascular disease—n (%) Stroke 11 (57.9) 14 (87.5) 14 (82.4) 39 (75.0) NS

TIA 8 (42.1) 2 (12.5) 3 (17.6) 13 (25.0)

Time since the event—months 37.3± 61.6 51.8± 78.7 29.3± 39.1 39.2± 61.0 NS

Multiple stroke or TIA—n (%) 3 (15.8) 1 (6.3) 2 (11.8) 6 (11.5) NS

VO2peak (ml·min−1·kg−1) 19.5± 5.3 20.4± 4.7 19.3± 7.3 19.7± 5.8 NS

Use of orthotic device—n (%) 1 (5.3) 5 (31.3) 1 (6.0) 7 (13.5) 0.043

BMI—kg/m2 27.9± 2.4 28.4± 5.4 28.3± 5.9 28.2± 4.7 NS

BF—% 30.2± 5.0 31.1± 6.5 32.1± 8.4 31.1± 6.6 NS

Smoking habits Non-smoker 6 (31.9) 4 (25.0) 6 (35.3) 16 (30.8) NS

Smoker 0 (0) 1 (6.3) 3 (17.6) 4 (7.7) NS

Ex-smoker 13 (68.4) 11 (68.8) 8 (47.1) 32 (61.5) NS

Hypercholesterolemia—n (%) 15 (78.9) 13 (81.3) 14 (82.4) 42 (80.8) NS

Diabetes—n (%) 4 (21.1) 4 (25.0) 4 (23.5) 12 (23.1) NS

Hypertension—n (%) 10 (52.6) 11 (68.8) 11 (64.7) 32 (61.5) NS

PAD—n (%) 1 (5.3) 3 (18.8) 0 (0) 4 (7.7) NS

CHD—n (%) 6 (31.6) 4 (25.0) 1 (6.0) 11 (21.2) NS

CKD—n (%) 3 (15.8) 1 (6.3) 2 (11.8) 6 (11.5) NS

AF—n (%) 6 (31.6) 0 (0) 2 (11.8) 8 (15.4) 0.032

Medication

Lipids lowering drugs 16 (84.2) 11 (68.8) 13 (76.5) 40 (76.9) NS

Antihypertensives drugs 12 (63.2) 10 (62.5) 12 (70.6) 34 (65.4) NS

Anticoagulants 8 (42.1) 4 (25.0) 4 (23.5) 16 (30.8) NS

Antiplatelets 14 (73.7) 14 (87.5) 15 (88.2) 43 (82.7) NS

Hypoglycemic drugs 2 (10.5) 1 (6.3) 4 (23.5) 7 (13.5) NS

Anxiolytics 3 (15.8) 3 (18.8) 1 (5.9) 7 (13.5) NS

Antidepressants 7 (36.8) 4 (25.0) 1 (5.9) 12 (23.1) NS

Data are presented as mean± SD or n (%). TIA, transient ischemic attack; BMI, body mass index; BF, body fat; PAD, peripheral arterial disease; CHD, coronary heart disease; CKD, chronic

kidney disease; AF, atrial fibrillation. P-value represents the comparison between groups; NS, non-significant.
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FIGURE 2

Flow chart. HIIT, high intensity interval training; MICT, moderate intensity continuous training.

As shown in Table 2, self-reported physical activity assessed

by the GLTQ score presented a pattern similar to VO2peak and

PPO with a Group × Time interaction effect (p = 0.016). The

GLTQ score increased similarly for the HIIT+MICT andMICT

groups after the 6-month exercise program, but decreased for

the control group. There was a positive correlation between the

change in VO2peak and the change in GLTQ after the 6-month

of exercise program (r = 0.5; p < 0.01).

All other secondary outcome measures are presented in

Table 2. As shown, the HIIT + MICT and MICT groups

presented a decreased Hospital Anxiety and Depression

Scale score compared to the control group that remained

unchanged, as reflected by a significant interaction effect

Group × Time (p = 0.014). The functional level described

by the Short Physical Performance Battery score had evolved

in different ways for exercise groups and control group

with a significant interaction effect Group × Time (p =

0.003), but without a significant global time effect (p =

0.458). A Group × Time interaction effect (p = 0.041)

was also present for the cognitive functions explained by a

different evolution of the MoCA score between control and

exercise groups without significant time effect (p = 0.056).

Cardiovascular risk factors did not change significantly over the

intervention time.

All acceptability attributes were evaluated with the TAPQ

ranging from 3/4 to 4/4 for the HIIT+MICT and MICT groups

(3.6 for effectiveness; suitability 3.7; appropriateness 3.5, and

willingness 3.8) with no difference between groups (Table 3).

Discussion

This randomized control trial demonstrated that a 6-month

combined HIIT and MICT program or a standard MICT

exercise program induced a similar improvement in PPO and

estimated VO2peak among patients with ischemic stroke or TIA

compared to a control group. These effects seem to persist 6

months after the end of the programs despite a slight decrease

in estimated VO2peak and PPO at T12 compared to T6.

Both exercise programs also induced a similar increase in self-

reported physical activity as well as a decrease in anxiety and

depression markers. Participants gave both the HIIT + MICT

and MICT programs a very good acceptability evaluation. Our

results do not support any superiority of HIIT + MICT over

a standard exercise program using MICT only. No adverse

events occurred during the two exercise programs, which

corroborates the available literature suggesting that HIIT is safe

for stroke survivors.
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FIGURE 3

Comparison the e�ects of exercises programs on (A) VO2peak,

(B) peak power output. *Significantly di�erent compared to T0

by p < 0.05, **significantly di�erent compared to T0 by p < 0.01.

Considering that activities of daily living generally require

between 3 and 5 METs [4] and that our population reached on

average 5.6 METs of VO2peak, many daily living activities are

unsustainable. Shephard suggests that a VO2peak level below

15 and 18 ml·kg−1·min−1 for women and men, respectively,

leads to a loss of independence in elderly people (34).

Furthermore, it is important to consider that the energy cost of

walking is 1.5 times higher in stroke patients than in matched

controls (35). Even light ambulatory activities may require

a moderate to high level of effort and exercise can prevent

functional independence (36). Therefore, whether the small

improvement of 3 ml·kg−1·min−1 induced by our two exercise

programs impacts functionality and quality of life remains to be

demonstrated. In our study, the functionality score assessed by

SPPB did not increase significantly after the exercise programs,

but it can be explained by the fact that many participants reached

the maximal score even at baseline. However, the significant

interaction effect demonstrated that the exercise groups and

control group evolved in different ways over time. Moreover,

because physical inactivity is highly prevalent after a stroke

(12), a small dose of exercise could have a significant impact

on CRF (9). The literature indicates that an improvement of

only 1 MET is associated with a 10–25% improvement in

survival (37).

To our knowledge, there is no comparable randomized trial

regarding the effect of a combined MICT-HIIT program on

stroke patients. In our study, the increased VO2peak following

the intervention represents an improvement of 16.8 and 15.2%

for HIIT + MICT and MICT, respectively. These results are

comparable to the mean gain of 12.5% reported by Billinger

et al. (9) in a review of 14 studies where exercise intensity

was generally moderate. In a pilot study on chronic stroke,

Gjellesvik et al. (38) reported a VO2peak increase of 11.6% after

only 4 weeks of HIIT. Most studies of HIIT in stroke focused

on treadmill walking given the task specificity to improve gait

and functional outcomes (15). However, we decided to use

the ergocycle in order to include a larger population, not only

individuals able to walk without physical assistance. Regarding

the HIIT protocol, our choice was based on suggestions made

by Boyne et al. (39). After within-session comparison of three

different HIIT protocols, these authors suggested beginning with

a combination of 30-s bursts at maximal tolerated speed (on

treadmill) intercepted with 60-s recovery to optimize aerobic

intensity. To progress our protocol, we chose to increase burst

to 45- and 60-s over time while maintaining 60-s recovery.

Then, the last months of HIIT were conducted with a 1:1

ratio, which also conforms to the suggestions of Boyne et al.

(39). While some authors demonstrate that higher intensities

of exercise are most effective for improving CRF (40), our

results do not suggest the superiority of adding HIIT in stroke

or TIA patients. The fact that our HIIT + MICT program

was a combination of HIIT and MICT can explain the lack

of difference because the stimulus was not very different and

the purpose was not to directly compare MICT and HIIT.

Thus, consequent to our results, we cannot conclude that a

combination of HIIT and MICT offers any benefits compared

with a standard physical activity program using MICT alone. In

the same vein, a preliminary review of Wiener et al. including

six studies and 140 participants showed that HIIT may be

an effective rehabilitation intervention but is not superior to

MICT in terms of CRF improvement (41). Similarly, Ellingsen

et al., did not report superiority of HIIT compared with

MICT in patients with heart failure with reduced ejection

fraction (42). HIIT has been studied in clinical populations

with hypertension, heart failure, type 2 diabetes and metabolic

syndrome and, in these settings, health benefits seem to be

similar or superior to MICT despite a shorter duration. In

our study, exercise time was similar between both exercise

groups without the superiority of HIIT + MICT. Based on

our results and those of other researchers, the challenge is

to initiate an exercise program for patients having the most

sedentary lifestyle despite physical activity recommendations.

Blennerhasset et al. (43) recently reported that among stroke

patients, the most common barrier is the difficulty of starting

an exercise program. Accordingly, we believe it’s essential

to discover ways to have stroke patients practice exercise

regularly, regardless of type of exercise. MICT or HIIT +

MICT could both be effective options depending on patient

preference. Moreover, our acceptability results demonstrate
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TABLE 2 Change in primary and secondary outcomes.

T0 T6 T12 Repeated-measure ANOVA

p-values

Group Time Interaction

Exercise and physical variables

VO2peak

(ml·min−1·kg−1) (n=

39)

HIIT+MICT 18.9± 5.5 21.9± 6.1 20.6± 5.6 0.297 <0.001∗ <0.001∗

MICT 21.1± 4.5 24.1± 4.9 22.5± 5.3

Control 19.3± 8.4 18.7± 8.0 18.0± 7.6

PPO (W) (n= 39) HIIT+MICT 83.3± 41.9 105.3± 48.4 96.0± 44.1 0.166 <0.001∗ <0.001∗

MICT 99.2± 35.5 119.2± 35.0 108.3± 37.4

Control 80± 49.4 76.7± 46.2 72.5± 45.4

SBP (mmHg) HIIT+MICT 125.3± 13.9 121± 17.2 123.4± 12.7 0.123 0.088 0.173

MICT 130.3± 17.0 136.9± 19.8 128.9± 12.8

Control 132.3± 18.7 138.8± 14.5 127.4± 16.0

DBP (mmHg) HIIT+MICT 65± 12.3 66± 14.5 65.3± 7.8 0.243 0.264 0.454

MICT 68.0± 9.5 73.9± 10.5 67.2± 12

Control 70.7± 9.6 73.7± 8.9 73.3± 10

HR (beats/min) HIIT+MICT 69.3± 11.3 67.4± 11 69.5± 10 0.985 0.474 0.785

MICT 68.7± 13.6 68± 11.5 68.7± 11.3

Control 71.4± 11.3 68.6± 13.4 67.5± 13.2

SPPB HIIT+MICT 9.4± 3.2 10.4± 2.8 10.3± 2.3 0.373 0.458 0.003∗

MICT 9.3± 2.3 9.9± 2.8 10.3± 2.6

Control 9.4± 2.3 8.8± 2.5 8.1± 2.5

Anthropometric variables

BMI (kg/m2) HIIT+MICT 28± 2.6 28.3± 2.9 28.7± 2.7 0.987 0.269 0.065

MICT 28.3± 5.5 28.2± 5.3 28.4± 4.3

Control 28.5± 6.6 28.9± 6.6 28.4± 6

WC (cm) HIIT+MICT 99.3± 8.8 98.9± 9.8 99.5± 9.6 0.900 0.549 0.641

MICT 97.2± 12.9 98.0± 12 98.4± 12.2

Control 99.7± 16.2 100.8± 15.8 99.9± 16.1

FM (%) HIIT+MICT 30.9± 5.5 32.6± 4.8 32.8± 6.0 0.736 0.227 0.514

MICT 30.8± 6.9 30.4± 8.1 30.7± 7.5

Control 32.5± 9.8 33± 9.4 33.2± 11

Blood variables

HDL (mmol/L) HIIT+MICT 1.4± 0.6 1.5± 0.6 1.4± 0.5 0.946 0.001∗ 0.159

MICT 1.3± 0.4 1.4± 0.5 1.4± 0.4

Control 1.3± 0.3 1.4± 0.3 1.3± 0.3

LDL (mmol/L) HIIT+MICT 1.7± 0.5 1.9± 0.6 1.9± 0.7 0.264 0.003∗ 0.397

MICT 1.6± 0.5 1.7± 0.4 1.8± 0.5

Control 1.7± 0.7 2.2± 0.9 2.2± 0.5

(Continued)
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TABLE 2 (Continued)

T0 T6 T12 Repeated-measure ANOVA

p-values

Group Time Interaction

HbA1c HIIT+MICT 0.061± 0.008 0.061± 0.012 0.061± 0.010 0.603 0.272 0.903

MICT 0.057± 0.004 0.059± 0.008 0.058± 0.005

Control 0.059± 0.007 0.061± 0.008 0.061± 0.009

Questionnaires

GLTQ HIIT+MICT 15.5± 13.5 34.3± 20.1 29.5± 22.2 0.002∗ 0.005∗ 0.016∗

MICT 27.5± 25.1 46.4± 19.4 38.2± 24.1

Control 18± 13.6 12.6± 11.4 14.8± 12.0

HAD HIIT+MICT 11.1± 4.1 7.6± 3.6 7.4± 3 0.256 0.001∗ 0.014∗

MICT 11.8± 7.2 9.2± 4.4 9.3± 6.2

Control 11.3± 6.1 11.6± 4.4 12.0± 4.2

MoCA HIIT+MICT 23.9± 3.9 24.7± 3.4 25.6± 3.3 0.209 0.056 0.041∗

MICT 23.6± 2.5 24.1± 3.5 25± 3.4

Control 22.9± 4.1 21.9± 4.8 22.2± 5.3

Data are presented as mean± SD; PPO, peak power output; GLTQ, Godin leisure time questionnaire; HAD, hospital anxiety and depression scale; MoCA, montreal cognitive assessment;

HDL, high density lipoprotein; LDL, low density lipoprotein; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body mass index; WC, waist circumference;

FM, fat mass; SPPB, short physical performance battery. ∗Results statically significant (p-value < 0.05).

TABLE 3 Acceptability of HIIT + MICT and MICT program assessed by

TAPQ.

Acceptability
attributes
(score 0–4)

HIIT + MICT MICT P-values

Effectiveness 3.6 [3, 4] 3.4 [2–4] NS

Suitability 3.6 [3, 4] 3.8 [3,4] NS

Appropriateness 3.5 [2–4] 3.4 [1–4] NS

Willingness 3.7 [3, 4] 3.8 [3, 4] NS

Data are presented as mean (range). P-value represents the comparison between groups.

NS, non-significant.

that participants appreciated both the HIIT + MICT and

MICT programs.

Another important challenge is to maintain long-term

engagement in regular physical activity in order to sustain the

benefits. Our two exercise programs had the same impact on

self-reported physical activity until 6 months after the end of

the program (T12). Despite a slight decrease compared with T6

(probably related to the decrease of exercise level reported), the

HIIT + MICT and MICT groups showed significant VO2peak

improvement compared with baseline (T0) and a higher level

of self-reported physical activity compared with the control

group. Gunnes et al. (44) demonstrated that stroke patients who

receive individualized monthly coaching maintain moderate-to-

good adherence to long-term daily physical activity. We chose

to design our HIIT + MICT program combining supervised

HIIT (for physiological benefits) and unsupervisedMICT (easily

done at home) to create a realistic program that patients can

maintain over time, and which would gradually result in fewer

clinical sessions to help patients maintain their physical activity

practice. Interestingly, despite the fact that our HIIT + MICT

group had twice as many supervised sessions as the MICT

group, our results showed a similar improvement in CRF, self-

reported physical activity and anxiety and depression markers.

This leads us to believe that even though stroke patients need

clinical support to start an exercise program, a weekly follow-

up could offer sufficient benefits. However, individualization is

still necessary, and some patients may need more supervision as

shown by our self-reported home exercise attendance ranging

from 17 to 100%. In a long-term perspective, it is important to

set up exercise programs that promote the patient’s perseverance

in physical activity practice. It was recently suggested that

without supervision, individuals assigned to a HIIT program

exercise at lower intensities than expected, and HIIT groups

show no more long-term adherence than MICT (52). In

another intervention regarding cardiac rehabilitation, the lack

of VO2peak improvement was ascribed to “. . . lack of adherence

to the prescribed home-based HIIT program. . . ” (53). Our study

suggests that patients could choose one or the other program

(HIIT+MICT or MICT alone) and derive benefits from both.
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The literature is unclear regarding CRF improvement

following exercise in stroke patients and its potential effect on

cardiovascular risk factors. Some authors observed favorable

changes in systolic blood pressure (45), insulin resistance

and glucose tolerance (46), total cholesterol and triglycerides

(47), but these improvements were slight and inconsistent.

Most studies focused on MICT and low intensity exercise,

but even with the inclusion of higher intensity exercise, our

results did not support improvement regarding these factors.

Note, however, that at baseline, the mean values of the

cardiovascular risk factors were in the therapeutic targets for all

our groups according to the Canadian Cardiovascular Society.

This, therefore, could explains the lack of change in these factors

in our groups as well as the absence of interventions related

to nutrition.

Anxiety and depression are, for the most part, significantly

higher in stroke patients than in the general population (22).

They can negatively affect recovery and seem to persist many

years after the event (48). This problem therefore represents a

priority intervention in the management of stroke patients. In

view of the positive results obtained by those in the HIIT +

MICT and MICT groups on the HAD score, we believe that

physical activity can effectively reduce anxiety and depression

markers among these patients. These results are consistent with

those of studies showing lower levels of anxiety and depression

among the physically active elderly (24) and with authors who

suggest that exercise can be a form of treatment for depression

(49). However, those improvements can also be influenced by

the social interaction provided by the intervention, not only the

effect of exercise itself.

Regarding cognitive functions, the literature suggests that

an increase in physical activity, especially aerobic exercise,

can improve executive functions and promote neuroplasticity

through an increase in brain blood flow (50). However, these

potential benefits of exercise are not clearly demonstrated after

stroke (26), a fact explained by the small number of studies with

heterogeneous interventions. According to Crozier et al., we can

extrapolate the potential contribution of HIIT on neuroplasticity

post-stroke based on results from other populations; they also

suggest that intensity is the key factor to enhance the expression

of neurotrophins that increase neural repair processes (15).

Our results cannot support an effect of exercise on cognitive

functions even with inclusion of high intensity exercise. The

interaction effect created by the different evolution of theMOCA

score between exercise groups and control group and the time

effect showing a trend (p = 0.056) leads us to believe that a

larger sample size could produce positive results. Larger studies

are needed to confirm this.

Regarding safety, a supervised HIIT program was used

instead of a home program in order to receive ethical approval.

Our results and those of other studies, however, suggest that

home-based HIIT is as safe as MICT (55). We also believe that

home-based HIIT is more difficult to pursue for non-athletic

participants, as recently shown by Ekkekakis and Biddle (52).

Limitations and strengths of the study

Certain limitations in this study need to be addressed.

First, the study sample was limited to voluntary participants,

possibly leading to selection bias and potential bias by the

exclusion of dropouts in the acceptability study. This may reflect

their greater adherence to exercise compared with patients

who declined to participate. Also, for certain outcomes, more

participants would have increased statistical power. Second,

because the unsupervised at-home exercises were guided by

participants’ perceived exertion and were self-reported, it is

difficult to quantify physical activity performed at home.

Moreover, attendance for home exercise presented a large

variability (range from 17 to 100%) that may influence CRF and

secondary outcomes. Third, the purpose of our study was not

to differentiate between HIIT and MICT. Thus, the effects of

MICT and HIIT are not compared, since our HIIT + MICT

group participated in a combination of both types of exercise.

However, this allowed us to observe the effects of a realistic

combined program that could be transferable to a clinical

environment. Fourth, the individual who conducted exercise

interventions could not be blinded because she assisted the

cardiologist in performing the GXT. The final limitation is the

broad heterogeneity of our sample regarding age, time since

stroke, inclusion of TIA and comorbidities. But this limitation

is also a strength insofar as it reflects the reality of stroke

patients and could make our results more easily transferable to

clinical settings. However, we had no participants with major

motor impairments. Major impairments would have required

the use of a training tool other than the upright ergocycle.

For example, the semi-recumbent Nustep would have been

appropriate for patients with upper limb spasticity or lack of

control. Additional strengths of this study are: (1) its focus on a

clinically relevant problem in a major clinical population, (2) the

training programs, which include some aspects of supervision

and intensity adjustment, and (3) the 6-month training duration

followed by a 6-month post intervention follow-up, which may

explain results not yet observed in other studies.

Conclusion

This randomized controlled trial provides evidence

demonstrating that a 6-month combination of HIIT and

MICT programs or a standard MICT exercise program

produces a similar improvement in VO2peak, self-reported

physical activity and anxiety and depression markers among

patients with ischemic stroke or TIA, and that these effects

appear to persist over time. Both programs were similar to

the control group in terms of safety. Our results also suggest

that HIIT could be an effective addition to standard physical

activity recommendations after stroke but do not support

the superiority of including HIIT + MICT compared with a

standard MICT program. Furthermore, a 6-month HIIT +
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MICT rehabilitation program leads to similar improvements

and is no more effective than MICT alone for improving CRF

and secondary outcomes measures. Although exercise is very

valuable, it is unfortunately underused in post-stroke care.

Our high level of acceptability for both programs, however,

demonstrates that patients are likely to include physical activity

when they are given appropriate clinical support.
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Language reorganization
patterns in global
aphasia–evidence from fNIRS

Haozheng Li1,2†, Jianju Liu1†, Shan Tian2, Shunjuan Fan2,

Tingwei Wang2, Hong Qian3, Gang Liu1,2, Yulian Zhu2, Yi Wu1,2*

and Ruiping Hu2*

1School of Rehabilitation Science, Shanghai University of Traditional Chinese Medicine, Shanghai,

China, 2Department of Rehabilitation Medicine, Huashan Hospital, Fudan University, Shanghai,

China, 3Department of Rehabilitation Medicine, Shanghai Fifth Rehabilitation Hospital, Shanghai,

China

Background: Exploring the brain reorganization patterns associated with

language recovery would promote the treatment of global aphasia. While

functional near-infrared spectroscopy (fNIRS) has been widely used in the

study of speech and language impairment, its application in the field of global

aphasia is still limited.

Aims: We aimed to identify cortical activation patterns of patients with global

aphasia during naming and repetition tasks.

Methods and procedures: We recruited patients with post-stroke aphasia

from the Department of Rehabilitation Medicine at Huashan Hospital. These

individuals were diagnosed with global aphasia without cognitive impairments,

as assessed by speech-language pathology evaluations. Age- and sex-

matched healthy controls were recruited from the greater Shanghai area.

During fNIRS measurement, patients and healthy controls completed the

picture-naming and phrase repetition task. Cortical activation patterns on each

of these language tasks were then compared between groups.

Outcomes and results: A total of nine patients with global aphasia and 14

healthy controls were included in this study. Compared with the healthy

subjects, patients with global aphasia showed increased activation in the left

Broca’s area, middle temporal gyrus (MTG), superior temporal gyrus (STG),

and pre-motor and supplementary motor cortex (SMA) (p < 0.05) in the

picture-naming task. Furthermore, the latency of the oxyhemoglobin (HbO)

concentration in the left supramarginal gyrus (SMG) region had a strong

negative correlationwith their score of the naming task (p< 0.01). In the phrase

repetition task, decreased activation was detected in the left SMA and SMG (p

< 0.05) of patients relative to controls.

Conclusion: The left SMG plays a critical role in the language function

of patients with global aphasia, especially in their abilities to name and
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repeat. fNIRS is a promising approach to revealing the changes in brain

activities in patients with aphasia, and we believe it will contribute to a deeper

understanding of the neurological mechanisms and the establishment of a

novel treatment approach for global aphasia.

KEYWORDS

global aphasia, fNIRS, picture naming, repetition phrase, left SMG

Introduction

Aphasia is a common functional disorder following a stroke

and affects about 24–50% of all stroke survivors (1). In an

observational study, global aphasia was the most commonly

observed aphasia (33.33%) (2). Global aphasia is the most

severe form of post-stroke aphasia and is characterized by

severe impairments in all language modalities. The common

specific injury sites include Broca’s and Wernicke’s areas, which

can arise after massive strokes (3–5). Although some patients

with global aphasia do not have cognitive deficits (6), they

cannot express their thoughts correctly and appropriately,

and their comprehension is severely restricted. The pattern

of language impairment in patients with global aphasia is

still controversial. For instance, Sarno proposed that patients

with global aphasia retain no propositional language abilities

(7). However, the measurements that they used emphasized

too much on expressive language production and language

comprehension to accurately reflect the language function

of patients with severe aphasia (8). Several studies utilizing

computerized visual communication showed that patients with

global aphasia retain a degree of language ability (9–11). To date,

there are still difficulties in assessing the residual language ability

of patients with global aphasia.

The promotion of functional neuroimaging has led to a

deeper understanding of patients with global aphasia. Functional

magnetic resonance imaging (fMRI) is the most common

imaging approach, which has helped reveal the damage pattern

of brain networks and the mechanism underlying treatment-

induced plasticity. For instance, researchers have found that

the most consistently active regions during semantic word

processing in patients with global aphasia are the left posterior

temporal and right posterior parietal cortex. The recovery

of the lexical-semantic system was associated predominantly

with the activations of these regions (12). Resting-state fMRI

(rs-fMRI) showed that patients with global aphasia had

decreased interhemispheric and intra-hemispheric connectivity

and enhanced connection between language network and

cerebellar structures (13). These studies show that the utilization

of neuroimaging techniques is feasible for research on global

aphasia. Nevertheless, certain disadvantages of fMRI may limit

its application in post-stroke aphasia (14). For example, motion

artifacts will interfere with the neuron activation signals. In

addition, the loud noise during scanning can affect language

processing. Individuals with electronic medical implants are

unsuited for an fMRI study. All of these factors affect the

generalizability of the study.

Despite functional near-infrared spectroscopy (fNIRS) being

a mature and feasible neuroimaging method, it is only now

becoming an increasingly popular technique. Within the

activated cortical region, oxyhemoglobin (HbO) increases and

deoxyhemoglobin (HbR) decreases, and the changes in HbO and

HbR can be measured by NIR light to reflect cortical activation.

Two irreplaceable advantages of fNIRS for language studies are

ecological validity and compatibility with other techniques (15).

fNIRS can be compatible with facial and jaw movements for

broader application in language production processes (16, 17).

Moreover, it does not produce a magnetic field and is silent and

comfortable for the user. Despite the feasibility and advantage,

its application in aphasia research is restricted, especially for

patients with global aphasia. In reality, for the past 20 years,

although the number of published articles related to fNIRS

has doubled every 3.5 years, only five of them have included

individuals with aphasia. Moreover, more focus is placed on

altered language functional patterns in patients with mild or

moderate aphasia, and individuals with severe or global aphasia

have not been included in prior studies to date. Systematic

reviews also call for more articles to be published in areas related

to aphasia and fNIRS (15).

In conclusion, fNIRS has the potential to significantly

advance the field of rehabilitation for global aphasia. However,

before it can be used as a therapeutic intervention, it is crucial

to understand the activation patterns captured by fNIRS that

are exhibited by patients with global aphasia. Therefore, this

study applied fNIRS to capture different cortical activation

in patients with global aphasia and healthy controls during

the process of naming and repetition. We hypothesized that

patients with global aphasia would show distinct cortical

activation patterns from healthy controls. More specifically,

we expected patients with global aphasia to show increased

activation in the left hemisphere and decreased activation

in other areas of the cortex relative to healthy controls.

Therefore, in the present study, fNIRS was utilized to explore

the differential cortical activation patterns between patients

with global aphasia and healthy controls during the process of

naming and repetition, which may provide a novel perspective
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TABLE 1 Demographics for individuals with global aphasia.

Patient Age (years) Sex Dominant hand Time since stroke (months) Stroke type C-WAB NLCA

PA1 52 Male Right 22 Infarction 6.3 73

PA2 55 Male Right 18 Infarction 4.7 70

PA3 48 Male Right 12 Infarction 21.7 71

PA4 68 Male Right 30 Hemorrhage 12.7 76

PA5 55 Male Right 9 Hemorrhage 13 73

PA6 56 Female Right 14 Infarction 19.8 75

PA7 54 Male Right 21 Infarction 19.3 72

PA8 58 Male Right 26 Hemorrhage 2.6 79

PA9 76 Female Right 16 Hemorrhage 20 78

on the hemodynamic response during language processing in

these patients.

Materials and methods

Participants

A total of 14 older healthy individuals with a mean age

of 57.61 years (SD: 8.66, age range: 49–77 years) and nine

individuals with chronic left-hemisphere stroke-induced global

aphasia (mean age; 58 ± 8.15 years, age range: 48–76 years;

mean duration post onset: 18.67 ± 6.38 months, range: 9–

30 months) were recruited from greater Shanghai area from

January 2020 to September 2021. Handedness was assessed

with the Edinburgh Inventory (18). All included subjects were

native Mandarin speakers. The clinical characteristics between

the two groups showed no difference (except for C-WAB).

Supplementary Table 1 provides additional details on the clinical

characteristics of each participant.

Participants in the stroke group were diagnosed with global

aphasia based on the Western Aphasia Battery (Simplified

Chinese version) (WAB-AQ; mean: 13.34 ± 6.92, range:

2.6–21.7), and the Non-Language-based Cognitive Assessment

(NLCA) was used to exclude patients who had cognitive

impairment (19) (mean: 74.11 ± 2.92, range: 70–79). Table 1

presents detailed demographic and clinical information of

patients in the global aphasia group. All participants provided

written informed consent, and the study was approved by the

ethics committee of Huashan Hospital [CHiCTR2000038808].

Supplementary Table 2 provides additional details on WAB

scores and lesions for each patient.

Experimental procedure

During fNIRS scanning, participants completed two runs

of picture-naming and phrase repetition tasks in consecutive

order (Figure 1). In a practice session before the fNIRS scanning

session, tasks were performed to familiarize the participants.

The picture-naming task (20) comprised 48 pictures from

the S&V database of black and white line drawings (21). The

task paradigm was a periodic block design with the experimental

block (30 s) and control block (20 s). Each block was repeated

eight times for an overall task time of 7.5–8 min/run. For

the experimental blocks, participants were shown six pictures

(e.g., hand) and asked to name them aloud. For the control

blocks, participants were shown a black fixation crosshair.

Responses during the picture-naming task were recorded to

ensure accuracy.

The phrase repetition task (22) comprised 15 phrases

selected from theWestern Aphasia Battery or Boston Diagnostic

Aphasia Examination. The task paradigm was a periodic block

design with the experimental block (50 s) and control block

(30 s). Each block was repeated three times for an overall task

time of 5 min/run. For the experimental blocks, participants

were asked to listen to five series of words carefully through

earphones (e.g., banana) and subsequently had to repeat the

phrases out aloud. For the control blocks, they were shown

a black fixation crosshair. Supplementary Table 3 provides

additional details on behavioral data for each participant.

In this experiment, continuous-wave fNIRS measurements

(NirScan, Huichuang, China) were utilized to capture the HbO

signals and HbR signals of the participants’ scalp and cortex. The

sampling frequency was 11Hz, and the wavelengths were 730

and 850 nm.

The 64-channel probe (24 sources and 24 detectors)

covered the frontal, temporal, parietal, and occipital lobes

bilaterally. To obtain the Montreal Neurological Institute

(MNI) coordinates of each fNIRS channel (represented by

the midpoint location of the source–detector pair), the spatial

coordinates of the sources, detectors, and anchor points (Cz,

Nz, Iz, AL, and AR) were measured using the electromagnetic

3D digitizer system (FASTRAK, Polhemus, USA). Then, the

cortical sensitivity of each channel was displayed on the
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FIGURE 1

fNIRS behavioral tasks. (A) Picture-naming task. (B) Phrase repetition task.

FIGURE 2

(A) fNIRS probe design; sources are represented by S, while detectors are represented by D and channels with lines between S and D. The

arrangement of the optodes with an interoptode distance of 30mm. (B) Sensitivity profile; sources are displayed with red dots, while detectors

are displayed with blue dots and channels with yellow lines. Results of the Monte Carlo simulation based on 1 × 10−8 photons over the frontal,

parietal, temporal, and occipital lobes: colors represent the spatial sensitivity of the fNIRS measurements. Warmer colors suggest higher

sensitivity to the cortex, while cooler colors suggest lower sensitivity to the cortex.

MNI “Colin27” brain template by using the AtlasViewer (23)

(Figure 2). Supplementary Table 4 shows the exact location

of each channel.

Channels were assigned to the following regions of

interest (ROIs) using their average MNI coordinate location:

the dorsolateral prefrontal cortex (DLPFC), Broca’s area

(Broca), pre-motor and supplementary motor cortex (SMA),

middle temporal gyrus (MTG), superior temporal gyrus

(STG), supramarginal gyrus (SMG), and angular gyrus (AG).

Table 2 presents information on the channel assignment

to ROI.

fNIRS data analysis and statistics

All fNIRS data were analyzed using HomER2 (24), NIRS-

SPM (25), and BrainNet View (26). The processing stream

included converting raw data to an optical density, and a 0.01–

0.2Hz Butterworth bandpass filter was applied to remove noise.

The optical density was converted to HbO and HbR by using the

modified Beer–Lambert law with a differential pathlength factor

of 6. In this study, we used the HbO signal to denote the results,

which generally has a better signal-to-noise ratio than the HbR

signal (27). To estimate the task-related cortical activation, the
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TABLE 2 Channels assigned to regions of interest.

ROI Left
hemisphere

Right
hemisphere

Dorsolateral prefrontal cortex

(DLPFC)

6, 10, 11, 12 2, 4, 14, 16

Broca’s area (Broca) 9 15

Pre-motor and supplementary

motor cortex (SMA)

24, 25, 36 17, 18, 29

Middle temporal gyrus

(MTG)

37 40

Superior temporal gyrus

(STG)

38, 39 41, 42

Supramarginal gyrus (SMG) 52, 53, 55, 57 31, 46, 48, 59, 60

Angular gyrus (AG) 51 45, 58

FIGURE 3

Cortical activation associated with the picture-naming task.

HbO activation maps between patients with global aphasia and

healthy individuals. The color bar represents the t-statistic.

Warmer colors with positive values represent increases in HbO

in patients with global aphasia compared with healthy

individuals, while cooler colors with negative values represent

opposite results (p < 0.05).

HbO signals of each channel were analyzed using the general

linear model (GLM)with regression to a hemodynamic response

function (HRF) model with time and dispersion derivatives

as modified for fNIRS. Beta-values served as contrasts, which

were speculated using two-sample t-tests. A p-value of < 0.05

was considered to indicate significant differences between the

HbO concentration in the experimental and control condition,

but significant findings at p < 0.05 level that did not survive

Bonferroni adjustment were interpreted and discussed given the

exploratory nature of this pilot study. Moreover, to investigate

the relationship between the accuracy of picture naming and

cortical activation, we applied Spearman’s correlation by using

the latency of HbO concentration and the accuracy of the

naming score. Data were analyzed using SPSS software version

26.0 (IBM Corporation, Armonk, NY, USA).

Results

Picture naming

During the picture-naming task, patients with global aphasia

showed significantly increased activation in channels 55 and 57,

while significantly decreased activation was detected in channels

9, 37, and 39 in the left hemisphere. No channels in the right

hemisphere showed significant differences between the two

groups. Significant activations principally included classical left-

hemisphere language areas. These were found in the left Broca’s

area, MTG, STG, and SMG. The details are shown in Figure 3

and Table 3.

At the same time, we found that the latency of HbO

concentration in the left SMG had a significant negative

correlation with the naming score in patients with global aphasia

(r=−0.8532, p= 0.0093) (Figure 4).

Phrase repetition

During the phrase repetition task, a significant HbO

decrease was found in three channels (25, 55, and 57) in the left

hemisphere of patients with global aphasia relative to healthy

individuals. These were detected in the left pre-motor, SMA,

and SMG. Anatomical labeling and spatial probability were

estimated for the significantly activated channels (Figure 5 and

Table 4).

Discussion

In the present study, we used fNIRS to assess and compare

the different cortical activation patterns for picture naming

and phrase repetition between patients with global aphasia

and healthy controls. In the naming task, patients with global

aphasia demonstrated increased activation in the left Broca’s

area, MTG, and STG, but a decreased activation in the left

SMG relative to controls. Furthermore, the latency of the HbO

hemodynamic curve in the SMG region was highly negatively

correlated with the naming score of patients with global aphasia.

On the contrary, the SMA and SMG in the left hemisphere

exhibited a decrease in cortical activation during the phrase

repetition task in patients with global aphasia compared with

healthy controls. Notably, we found that the left SMG may play

a critical role in both tasks for patients with global aphasia.

Cortical activation patterns for language
captured by fNIRS

Our results suggest that the left Broca’s area, MTG, and

STG play key roles in picture naming, which is consistent with
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TABLE 3 Exact location and intensity of the activation during the picture-naming task.

Channel MNI coordinates (X/Y/Z) Cortical region BA Proportion T-value p-value

Ch.9 −47/47/18 L Broca 45 56.39% 2.37 0.027

Ch.37 −69/−13/−7 L MTG 21 85.44% 2.30 0.032

Ch.39 −69/−34/17 L STG 22 74.15% 2.69 0.014

Ch.55 −40/−50/67 L SMG 40 40.08% −2.16 0.043

Ch.57 −50/−52/57 L SMG 40 89.84% −2.29 0.032

FIGURE 4

Significant correlation between the naming score and latency of HbO concentration in the left SMG (r = −0.8532, p = 0.0093). (A) The average

HRF of the left SMG in patients with global aphasia and healthy individuals. (B) The accuracy of HbO concentration in the left SMG was

negatively correlated with the naming score (p < 0.01) (The latency of HbO concentration and the naming score in some patients are very

similar (refer to Supplementary Table 5 for more detail).

FIGURE 5

Cortical activation associated with phrase repetition task. HbO

activation maps between patients with global aphasia and

healthy individuals, and the color bar represents the t-statistic.

Cooler colors with negative values represent decreases in HbO

in patients with global aphasia compared with healthy

individuals (p < 0.05).

previous fNIRS studies on healthy controls (28–30), while at

the same time, a retrospective multicenter study reported one

cluster of anomia in the posterior STG and MTG, and the

other within the Broca’s area (31). Meanwhile, the results from

an earlier fNIRS study revealed that the prefrontal cortex was

more active during naming in patients with post-stroke aphasia

than in healthy controls and those with non-aphasia (32). These

results supported our finding that the left prefrontal lobe (Broca’s

area) is more activated during naming tasks in patients with

global aphasia, while our present study showed that the over-

activation was also detected in the Wernicke’s area. We believe

that the over-activation was attributed to the overcompensation

in the phonological and semantic processes in the patients with

global aphasia (33).

In this study, patients with global aphasia showed decreased

activation of left SMA relative to controls when repeating

automatic phrases vs. looking at a fixation cross. These results

are novel because very few fNIRS studies have investigated

cortical activation during automatic phrase repetition in people

with aphasia (34). Our study isolated the location of brain

activation during repetition in patients with global aphasia.

These preliminary findings are reasonable in the context of

prior fNIRS studies showing the role of the SMA in the

recovery of thalamic aphasia (35). Some even suggest that

the SMA is important for language recovery in aphasia given

its connection to the left inferior frontal gyrus, or Broca’s

area through the arcuate fasciculus, a key tract for language

processing (36). In conclusion, we believe that the left SMA plays

a key role not only in mild or moderate aphasia but also in a

global aphasia.

Frontiers inNeurology 06 frontiersin.org

183

https://doi.org/10.3389/fneur.2022.1025384
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2022.1025384

TABLE 4 Exact location and intensity of activation during phrase repetition task.

Channel MNI coordinates (X/Y/Z) Cortical region BA Proportion T-value p-value

Ch.25 −50/−1/55 L SMA 45 98.39% −2.43 0.024

Ch.55 −40/−50/67 L SMG 40 40.08% −2.50 0.021

Ch.57 −50/−52/57 L SMG 40 89.84% −2.39 0.026

Left SMG plays a fundamental role in
picture naming and phrase repetition

In both naming and phrase repetition tasks, we found a

significant decrease in the deactivation of the left SMG. This

may be related to the different degrees of the loss of “repetition

ability” and “naming ability” in patients with global aphasia. This

loss of language function may be similar to the phenomenon

of “anomia” or “conduction aphasia” induced by direct cortical

electrical stimulation (DES), which is the gold standard for

defining a patient’s speech cortex (37). During the picture-

naming task, DES on the left SMG resulted in phonological

or semantic discontinuation (38). Studies have also found

that DES on the left SMG leads to conduction aphasia (39).

Some researchers have found that restraining the left SMG by

repetitive transcranial magnetic stimulation (rTMS) will reduce

language performance (40).

Moreover, we found the latency of the left SMG was

negatively correlated with the ability to name, similar to the

results from a previous fMRI study (41). In a recent fNIRS

study performed by Gilmore et al., the left SMG was also

reported to be involved in semantic features and picture-naming

tasks (42), while differences should be noted between the two

studies. Gilmore et al. enrolled patients with an average AQ

of 67.17 (42.20–93.20), while in our present study, patients

with an average AQ of 13.34 (2.6–21.7) were included. The

fact that in aphasia patients with various severity, the left SMG

has been constantly found to be activated in language tasks,

stressing its vital role in language function. More importantly,

the left SMG activation may be occurring because it is likely

the primary area of the spared cortex in individuals with global

aphasia with large left hemisphere damage or not actually be

a signal from the cortex (may be the scalp signal over lesion).

However, this cannot be confirmed in this study because MRI

was not obtained. The results of the alternate analysis (excluding

the area of the frank lesion from analysis) are reported in

Supplementary Tables 6, 7 and Figures 1, 2. To conclude, the

left SMG was suggested to represent a general cognitive region

required for language processing in various aphasic situations.

Studies have started using rTMS to stimulate either the

dominant or non-dominant hemisphere in aphasia to support

language recovery (43–47). The stimulation site of rTMS in

patients with aphasia can be selected by using the results of

fNIRS, as also reported by Chang et al. (48). Our findings are

congruent with a study conducted by Ren, wherein patients with

global aphasia were treated with low-frequency rTMS at the

temporoparietal region (CP6), which includes the posterior STG

(pSTG) and SMG in the right hemisphere. They reported an

improvement in the WAB-AQ score, spontaneous speech, and

repetition ability when compared to the sham groups (49). This

may indicate that SMG is a potential target in noninvasive brain

stimulation for the treatment of patients with global aphasia,

based on the fNIRS mapping method.

Conclusion

The current study utilized fNIRS to assess brain

reorganization in patients with global aphasia. We believe

that the decline of language ability in patients with global

aphasia may be related to the abnormal decline of the left SMG,

which may play a key role in language, especially in naming

and repetition ability. Our results indicate the specific brain

functional pattern in patients with global aphasia, especially in

naming and repetition and in facilitating the wider application

of fNIRS. Moreover, these findings may be applied to better

assist patients with global aphasia and are expected to contribute

to the development of noninvasive brain stimulation for the

treatment of such patients.

Limitations

This study has some limitations. A disadvantage of fNIRS

that is not unique to this study is that it measures signals

∼1.5-cm deep into the cortex, meaning that the contribution

of subcortical structures in naming tasks in global aphasia

could not be captured in this study. Nevertheless, the cortical

coverage in this study was greater than in other aphasia studies

to date [e.g., 64 channels in this study vs. 56 channels in

Gilmore et al. (42)]. Similarly, methods for managing the lesion

in fNIRS studies in aphasia are still emerging. In this study,

we did not conduct a structural MRI and could not map the

location of participants’ lesions. Thus, we were unable to confirm

whether we were obtaining spurious signals from the scalp vs.

the cortex when the channels were measuring an area of the

frank lesion. Beyond that, our probe did not include short-

separation channels, meaning that we were unable to regress out

physiological noise from the hemodynamic response, while this

study used Wavelet-MDL and generalized linear model (GLM)-

based analysis, which can regress out some physiological noise
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and manage delayed activation at other regions. In addition,

the results of the alternate analysis [average all of the long-

separation channels together and divide all the channels by

that signal to adjust for physiological noise (50, 51)] were in

line with what was found in the primary analyses reported

in the article; we get a similar cortical activation pattern (see

Supplementary Table 8 and Figures 3, 4), and the result further

confirms our scientific hypothesis that the left SMG plays a

key regulatory role in the process of naming and repetition

of patients with global aphasia. The use of short-separation

regression channels will be an important step in the future to

increase the precision of our findings. Furthermore, we were

unable to carry out structural MRI, so we could not measure

the scalp-to-cortex distance (i.e., greater distance, less likely

capturing the signal from the cortex), which increases with

age and brain injury—another factor impacting the validity

of our findings that must be taken into consideration when

interpreting the results. Another limitation worth discussing is

that the activation we captured when contrasting picture naming

with a fixation cross (silent task) could reflect engagement

for speech production vs. language processing. A tighter

contrast of contrasting picture naming with a control condition

that also involves speech production but no naming (e.g.,

repeating their name or a word they can reliably say) would

provide information about language processing/lexical retrieval

in people with aphasia. More ecologically valid language tasks

(e.g., covert word retrieval to semantic cues) can also be used in

future studies to improve the measurement of various linguistic

processes important for word retrieval. Despite these challenges,

the results from this research pave the way for future work

investigating patients with global aphasia by fNIRS, using high-

density probes, and a larger sample size, together with more

complex and diverse language tasks.
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Background: Routine rehabilitation services were disrupted by the COVID-19

pandemic outbreak. Telehealth was identified as an alternative means to

provide access to these services. This bibliometric study aimed to analyze the

scientific literature to discover trends and topics in the potential applications

of telerehabilitation for patients with stroke.

Methods: The Web of Science electronic database was searched to retrieve

relevant publications on telerehabilitation. Bibliometric data, including visual

knowledge maps of authors, countries, institutions, and references, were

analyzed in CiteSpace. Visualization maps were generated in VOSviewer

to illustrate recurrent keywords and countries actively involved in this

research area.

Results: The analysis was performed based on 6,787 publications. The number

of publications peaked between 2019 and 2021, coinciding with the years of

the COVID-19 outbreak. A total of 113 countries in Europe, North America,

Asia, and Oceania had at least one publication in this research field, implying

global attention in this research area. Nine of the top 10 most productive

countries are developed countries, indicating a potentially higher capability to

implement a telerehabilitation program.

Conclusion: The potential benefits and diversity of telerehabilitation are

already highly visible from clinical studies, and further improvements in these

technologies are expected to enhance functionality and accessibility for

patients. More relevant research is encouraged to understand the barriers to

increased adaptation of telerehabilitation services, which will finally translate

into a significant therapeutic or preventive impact.

KEYWORDS

stroke, telerehabilitation, rehabilitation, bibliometric analysis, cerebral vascular

accident (CVA)

Introduction

Cerebral vascular disease is among the top three causes of years lived with

disability worldwide. Stroke is the most common form of cerebral vascular disease

that often results in deficits in motor function, cognitive function, and speech and

swallowing functions (1). The rehabilitation process is often lengthy and resource
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intensive. During the COVID-19 pandemic, restrictions on

social interactions and the closure of public facilities were in

place to minimize further outbreaks (2). Routine rehabilitation

services were disrupted, and healthcare providers promptly

sought alternative provision models for rehabilitation services

(3). Telehealth was identified as a way to increase access to

these services due to its advantages of overcoming transport-

related barriers, increasing the frequency of therapy sessions,

individualizing interventions, and enhancing monitoring

through technology (4). The term “telehealth” refers to an

array of healthcare provisions that are provided to patients at a

remote location (5) and was once stated by the World Health

Organization (WHO) as having the potential to transform

health service delivery across the world (6).

Telerehabilitation was defined as rehabilitation services

delivered via information and communication technologies (5).

It can include the provision of rehabilitation consultations via a

phone call or a videoconference (7), the use of a computerized

program (8) or a virtual reality system (9, 10) to provide

home-based activities, or the provision of therapeutic devices or

wearable sensors that can remotely monitor or provide feedback

to the clinicians for a follow-up (11). The effectiveness in

delivering rehabilitation to patients with stroke via telehealth

remains inconclusive. Two Cochrane reviews reported that

the evidence was insufficient to reach conclusions about the

effectiveness of telerehabilitation but indicated it as a reasonable

model of service delivery for stroke rehabilitation (12, 13). The

underpinning mechanisms for telehealth rehabilitation should

not differ from those observed in a clinical setting, given that it

is a change of rehabilitation setting rather than a trial of different

rehabilitation techniques. The benefits of telerehabilitation could

be plentiful. One of the intuitive benefits is its potential to

increase access to rehabilitation services. With the general

increase in human lifespan and a global aging society, the

WHO called for an increase in the provision of rehabilitation

as a strategy to meet the Universal Health Coverage target

set by the United Nations (14). In lower-middle income or

developing countries, access to stroke services is often limited

due to a shortage of rehabilitation staff (15). Patients in low- and

middle-income countries are most likely to return home after

acute care, increasing their need for home- and community-

based rehabilitation services (16). Technological developments

such as wearable sensors, portable training devices, or mobile

health may supplement the provision of telerehabilitation after

stroke. Global research and development trends of in the

application of telerehabilitation after stroke remain uncertain.

These uncertainties include the types of intervention, the

outcome measures adopted, and the level of service adoption,

as well as their reach, which were identified as barriers to the

deployment of telerehabilitation for stroke services (4).

Bibliometric analysis is an analytical approach that provides

an integrative view of profiling a specific scientific area. The

main purpose of this bibliometric analysis is to identify core

research or authors and their relationships by analyzing all

publications related to a given field (17). It is an approach that

explores the publication patterns, including the development

trends over time and across the globe, the influence of the

articles, the authors, and the journals. Bibliometric analysis relies

on a large volume of data to provide abundant information on a

topic, providing an understanding of the intellectual landscape

of a specific topic through citation statistics, that is, the number

of times they are cited in publications written by other scholars

(18). It differs from a systematic review or meta-analysis as they

focus on a specific research question, such as whether a specific

type of intervention is effective for a specific population (19).

A systematic review requires a careful analysis of the quality,

quantity, and consistency of research findings (20). Findings

from a systematic review provide evidence for policymakers to

judge the risks, benefits, and harms of healthcare behaviors and

interventions and provide a starting point for clinical practice

guideline developers (21). Bibliometric analysis generates a

combination of quantitative and narrative measurements, with

greater emphasis on narratives to inform scholars about the

trend of research and research impact in a wider context (22).

It is an alternative option to a systematic review to map and

visualize global research trends on telerehabilitation as part

of stroke services. Instead of attempting to answer a specific

question or evaluate the supporting evidence on one particular

aspect, as in the case of a systematic review or meta-analysis,

the central part of bibliometric analysis is the production of

a bibliographic map to visualize the intellectual origins and

the structure of the literature related to a specific topic over a

period of time (23). Thus, bibliometric analysis was chosen to

analyze the progress of research on telerehabilitation for stroke

and to provide objective data on which to base future research.

To date, no bibliometric analysis investigating the application

of telerehabilitation after stroke has been found. The current

study aimed to conduct a bibliometric analysis of the scientific

literature published in the last few decades to discover trends and

explore topics in the application of telerehabilitation after stroke.

Methods

Data source and search strategy

The procedure for conducting a bibliometric analysis

was in accordance with the published guidelines (24). An

overview of the bibliometric analysis procedure is illustrated

in Figure 1. Data were retrieved from the Web of Science

Core Collection database. The Web of Science Core Collection

database contains 20,000 high-quality influential journals (25).

The database contains comprehensive citation index records and

is appropriate for data mining and citation analysis (26). Thus,

it has been widely adopted in published bibliometric studies

(27–29). In addition, some of the citation metrics may vary
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between different databases. Citation counts were different for

PubMed, Scopus, and the Web of Science, potentially due to the

adequacies and different frequencies of citation updates (30) and

the different number of journals indexed by each database (31).

The labeling of article types also varies between databases (32).

Thus, it is not feasible to combine citation metrics frommultiple

databases for analysis.

A literature search was conducted in June 2022 with

the following search strings: ALL (“digital medicine” OR

“telemedicine” OR “mHealth” OR “eHealth” OR “mobile health”

OR “digital health” OR “telerehabilitation” OR “exergame” and

FIGURE 1

A flowchart of the study procedure.

FIGURE 2

The number of publications between 1999 and 2021.

ALL (“stroke” OR “ischemic stroke” OR “cerebral vascular

accident”), and ALL (“rehabilitation” OR “hand function” OR

“lower limb function” OR “cognitive function” OR “motor

function” OR “gait” OR “speech” OR “fine motor skill” OR

“gross motor skill”). Articles published between January 1999

and December 2021 were searched. Duplicates and erroneous

titles were manually screened and removed by two researchers.

The articles that did not contain the search terms were

deemed to have erroneous titles and were removed from the

analysis. Bibliometric data, including visual knowledge maps of

authors, countries, institutions, and references, were analyzed

in CiteSpace 5.3R4. The software CiteSpace is based on the

Java platform and is applied to generate bibliometric data.

VOSviewer was applied to produce a key term map showing

phrases from the titles and abstracts of the publications. The

publication records from the Web of Science Core Collection

were input into VOSviewer to generate key term maps to

illustrate the co-occurrence network of key terms and the

collaboration network of countries. The computer software

generates the diagram based on the number of occurrences

of a particular key term and its co-occurrences. The size of

the nodes corresponds to the number of co-occurrences of the

citations. Larger nodes denote a greater number of occurrences

or citations. Only key terms that appeared more than 20 times

were included.

Results

Landscape overview

The literature search returned a total of 15,922 records.

After removing duplicates and erroneous titles, 6,787 items were

included. A gradual increase in the number of publications was

observed throughout the years. The number of publications

TABLE 1 The top 10 countries that are productive in this research area.

Countries Number of
publications

Number of
citations

USA 3,264 112,707

China 617 10,076

Germany 582 15,082

England 521 16,415

Canada 463 16,217

Australia 417 8,232

Italy 290 8,234

Japan 268 5,020

South Korea 256 3,303

Netherland 253 8,051
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FIGURE 3

The strength of the collaboration link between each productive/involved country with more than 20 publications.

peaked between 2019 and 2021, coinciding with the years of the

COVID-19 outbreak. Figure 2 presents a graphical illustration

of the number of publications between January 1999 and

December 2021.

Most productive entities

A total of 113 countries had at least one publication

in this research field. Figure 1 depicts the link strength of

collaboration among all countries. Table 1 presents the top 10

countries that are most productive. Nine out of the 10 most

productive countries are developed countries. Figure 3 presents

collaboration link strength between each productive/involved

country. The top 10 most productive institutes are presented

in Table 2. All 10 productive countries are found in developed

countries. The top 10 keywords in the published literature are

presented in Table 3. The top two keywords are stroke and

telemedicine, followed by telerehabilitation. The results of a

keyword search might indicate that rehabilitation had not been

studied as extensively as the medical aspect of stroke. The link

strength of the keywords is shown in Figure 4. The 10 most

productive journals are listed in Table 4. The top three journals

are specialized in stroke, whereas three journals are specialized

in healthcare services.

Discussions

Major findings

This bibliometric analysis analyzed 6,783 publications on

telerehabilitation for patients with stroke. Telerehabilitation for

stroke is gaining global attention, as evidenced by contributions

to the scientific literature from Europe, North America, Asia,

and Oceania. The increased use of the Internet via smartphones
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TABLE 2 The top 10 keywords in the published literature of this

specialized field.

Keywords Occurrences

Stroke 2,188

Telemedicine 961

Rehabilitation 602

Care 489

Acute ischemic stroke 463

Management 425

Telerehabilitation 376

Thrombolysis 368

Risk 328

Disease 304

TABLE 3 The top 10 productive institutes.

Institutes No. of
publication

No. of
citations

University of Melbourne 130 2,800

Mayo Clinic 120 2,885

University of Alabama 117 5,034

Johns Hopkins

University

114 5,985

University of Californian

Los Angeles

112 4,682

Stanford university 109 8,891

Massachusetts General

Hospital

108 4,475

Monash university 107 1,426

University of California

San Francisco

105 5,372

Harvard University 104 7,107

and wearable devices has been the primary driver of the

application of telerehabilitation programs in the last few

decades. Starting in 2019, there was a sharp increase in the

number of publications that peaked in 2021, confirming the

catalytic effect of the COVID-19 pandemic on the adoption of

the telerehabilitation application (33).

Various applications of the telerehabilitation method

have been observed throughout the years. The types of

telerehabilitation interventions have been broadly divided

into three categories: phone- or video-based, computer- or

game-based, and mobile application-based. Phone- or video-

based telerehabilitation may include the adoption of telephone

services and video conference technologies to provide functional

exercise and adaptive strategies for patients with stroke or

their caregivers (34–40). Some studies reported a dedicated

connection system to improve usability and system stability.

Phone-based telerehabilitation services remain a popular

method in the delivery of rehabilitation programs, likely

due to their accessibility and lack of specific equipment. A

computer- or game-based telerehabilitation program involves a

purpose-built rehabilitation device with bespoke software or a

commercial gaming device to provide a rehabilitation program

that is not necessarily under supervision. Balance exercises

and upper- and lower-limb functional training are common

interventions delivered through computer systems (8–11, 35, 38,

41–43).

Computer-based programs were also designed for cognitive

function (44, 45) and speech function (46). Mobile application-

based interventions include using customized developed

mobile phone programs to induce behavior change (47) and

utilizing smartphones’ built-in sensors to monitor upper limb

motion (48).

Nine of the top 10 productive/active countries and the

top 10 institutes that are productive and heavily or actively

involved in this research field are in developed countries. These

findings reflect the capability to implement telerehabilitation

in developed countries. In contrast, it might be challenging

to introduce a digital program in developing countries

or underdeveloped regions with challenging environments

(49). The early implementation of telerehabilitation was

market driven, and some of the most successful digital

healthcare programs were sponsored or driven by global

telecommunications industries (50). As a result, more resources

were available for research publications generated in developed

countries than in developing countries. China is the world’s

largest developing country (51), and stroke is the leading

cause of disability-adjusted life years nationally (52). The

commitment to developing remote stroke services in China was

witnessed through the establishment of the National Telestroke

Center in 2014 to provide a nationwide network platform

for stroke services. The 13th Five-Year Plan for National

Economic and Social Development of the People’s Republic

of China called for comprehensive prevention and control

of chronic diseases, which resulted in a large number of

published studies on the management of stroke (53). Rapid

economic growth over the past decade and its heavy investment

in the development of healthcare technology to combat the

rising cost of stroke care may contribute to the observed

number of publications.

The incorporation of digital programs into mainstream

healthcare services remains a complex problem and is a

particularly challenge in developing countries (54). It requires

a change in the work processes of healthcare organizations (55)

and in the behaviors of patients. The data from the present

study indicated that the research trend focused primarily on

the clinical feasibility and effectiveness of telerehabilitation for
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FIGURE 4

The link strength map of keywords.

TABLE 4 The top 10 journals that are productive in this specialized field.

Journals No. of documents No. of citations Research areas

Stroke 447 14,367 Clinical Neurology

International Journal of Stroke 163 1,377 Clinical Neurology

Journal of Stroke & Cerebrovascular Diseases 156 1,283 Neurosciences

Frontiers in Neurology 104 455 Clinical Neurology

Journal of Telemedicine and Telecare 99 1,956 Health Care Sciences and Services

Neurology 88 2,922 Clinical neurology

Telemedicine and e-Health 88 1,195 Health Care Sciences and Services

PLoS One 88 2,287 Multidisciplinary Sciences

JMIR mHealth uHealth 81 1,503 Health Care Sciences and Services

Journal of Neurologic Physical Therapy 60 710 Clinical Neurology
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patients with stroke. The weight of evidence tends to support

the idea that the clinical benefit is at least as effective as

offline consultations. The results for the searched keywords

indicate that data on the perspectives of users of digital products

or the potential barriers to adapting telerehabilitation for

patients with stroke are minimal. Previous literature highlighted

barriers to adapting telerehabilitation services, such as negative

patient attitudes toward a change from traditional face-to-

face consultation (56) and a lack of guidelines for requesting

telerehabilitation programs (57). Other potential barriers may

include the physical characteristics of the device (e.g., small

text fronts and screen brightness), the terminology associated

with a digital device (e.g., scrollbar, cursor, and browser) (58),

the cost of adopting a digital service (e.g., Internet access and

purchase of the digital device), or a slow Internet connection

(59). Further research in these particular areas is warranted

to facilitate the integration of telerehabilitation as part of

stroke services.

Conclusion

The findings of this study enable the identification of a

major contributor in the application of telerehabilitation to

stroke services and form the basis for future research. In

the field of telerehabilitation for stroke services, more than

6,000 publications were found. The analyzed literature had

global contributions, with the heaviest contribution coming

from the USA, followed by China and Germany. The global

impact of telerehabilitation supports its potential benefits and

diversity, and further improvements in these technologies

are expected to enhance functionality and accessibility for

patients. More relevant research is encouraged to understand

the barriers to the increased adaptation of telerehabilitation

services, which will result in a significant therapeutic or

preventive impact. Future collaboration between high- and low-

income countries to identify the requirements of users from

different backgrounds may facilitate the clinical translation of

telerehabilitation technologies.
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Background: Hemiplegic shoulder pain is the most common complication

after stroke. It usually occurs during the critical period of stroke recovery and

hinders the rehabilitation of upper extremity motor function. However, there

are few studies on the risk factors, the development and prognosis of shoulder

pain after stroke.

Objectives: This study aimed to observe the prevalence of post-stroke

shoulder pain in the middle-aged and elderly population, find out the risk

factors for post-stroke shoulder pain, and explore its e�ect on stroke outcome.

Methods: Eligible patients with hemiplegic shoulder pain in the rehabilitation

unit were recruited and followed up at 2 and 4 months. The basic clinical

information including age, gender, hypertension and atrial fibrillation history,

stroke types, stroke location was recorded. Range of motion for shoulder,

glenohumeral subluxation, muscle tension, activity of daily living of upper

limb were measured. Data from blood test and shoulder ultrasonography

were collected.

Results: 480 stroke patients were screened within 1 year, and 239 patients

were included in the statistical analysis. The prevalence of hemiplegic shoulder

pain was 55.6% (133/239) at admission, 59.4% (142/239) after 2 months,

and 55.1% (130/236) after 4 months. We found that shoulder pain was

more likely to occur in women, patients with large-area stroke, increased

tension of biceps brachii or triceps brachii, subluxation and limited passive

range of motion of the shoulder. And the ability of daily living of patients

with shoulder pain was significantly lower than that of patients without

shoulder pain. Shoulder ultrasonography showed that the most common

lesion in patients with shoulder pain was supraspinatus tendon thickening,

and the thickness of supraspinatus tendon in the hemiplegic side of patients

with shoulder pain was significantly higher than that of una�ected side.

In addition, the hospitalization rate of patients with shoulder pain after 2

months and 4 months was significantly higher than that without shoulder pain.
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Conclusions: Hemiplegic shoulder pain has a high prevalence and can last

for several months. Multiple risk factors are involved. Moreover, hemiplegic

shoulder pain a�ects the readmission rate of patients. Therefore, we should

pay more attention to this problem in our clinical work. The application of

various means to relieve shoulder pain will be conducive to the recovery of

upper limb motor function and shorten the in-hospital rehabilitation time.

KEYWORDS

hemiplegic shoulder pain, stroke, rehabilitation, risk factors, functional outcomes

Introduction

Hemiplegic shoulder pain (HSP) is the most common

complication of stroke patients and has a high incidence rate of

24–64% in the inpatient rehabilitation unit (1). Shoulder pain

usually occurs within 2–3 months after stroke (2), which is a

critical period of upper limb recovery. Studies have shown that

hemiplegic shoulder pain prolongs the hospitalization time of

patients and aggravates the medical burden (3). Among patients

with shoulder pain, moderate-severe pain was predominant (4).

A study (5) found that the prevalence of shoulder pain at 12

months after stroke is similar to that at 4 months after stroke.

Long-term pain not only delays the recovery of upper limb

function, but also leads to sleep disorders, anxiety, depression,

and other psychological problems (6), which lead to decreased

quality of life of patients. Therefore, finding out the risk factors

of HSP has positive clinical significance and can help to achieve

early prevention, and individualized treatment and reduce the

incidence of HSP.

HSP is generally considered to be the result of multiple

factors, including mechanical and neurological factors.

Mechanical factors include gleno-humeral subluxation (7),

rotator cuff injury (8), biceps tendinitis, glenohumeral joint

disease, adhesive arthritis, direct trauma, etc. Neurological

factors include soft paralysis (9), spasm, brachial plexus

injury, complex regional pain syndrome (CRPS) (10), central

sensitization (11), paresthesia (12), unilateral neglect, etc.

Recent studies have found that other factors, such as diabetes

mellitus (13), vitamin D3 deficiency (14), psychology (15) and

immunity (16), may also be associated with HSP.

Many treatments can be used to relieve shoulder pain after

stroke. Traditional treatment methods include pills, electrical

stimulation (17), kinesio taping (18), arm orthosis (19) to protect

shoulder joint, closed injection to suppress immune response,

shoulder training and other exercise therapies to promote

functional recovery of upper limbs and shoulders, traditional

Chinese medicine fumigation and acupuncture (20). Although

most patients benefit from traditional treatment, the remaining

the patients with persistent shoulder pain do not get relief after

using traditional treatment. Recent years, emerging treatments

such as botox injection (21), suprascapular nerve block (22),

shockwave therapy (23), platelet-rich plasma (PRP) injection

(24) and robot-assisted therapy (25) are being used to treat HSP.

Previous studies of HSP have mostly been retrospective,

with a large span of young age, and a lack of objective data (4,

13, 26). Compared with elderly patients, young stroke patients

rarely suffer from hypertension and diabetes, which are the

important possible risk factors of HSP. In this study, we focused

on the middle-aged and elderly population and prospectively

observed the objective factors associated with HSP. We aimed

to observe the prevalence of post-stroke shoulder pain, identify

the risk factors for HSP by comparing basic clinical information,

laboratory tests, and clinical examinations in stroke patients

with or without shoulder pain, and investigate their impact on

stroke outcomes.

Methods

Subjects

From October 1, 2020 to October 31, 2021, any patient

hospitalized in the Ruijin rehabilitation ward with stroke was

screened. The first evaluation was performed within 1 week

after admission, and the evaluation mainly included shoulder

pain questionnaire and relevant clinical physical examination

(see Appendix for details). Routine blood test data and shoulder

ultrasound findings were recorded (Figure 1). After 2 and 4

months of systematic rehabilitation treatment, the patients were

followed up and evaluated to observe the changes of shoulder

pain. The inclusion criteria were as follows: Meet the diagnostic

criteria of cerebral infarction or intracerebral hemorrhage

and confirmed by brain computerized tomography (CT) scan

or magnetic resonance imaging (MR). Stroke was diagnosed

according to the WHO definition (27) as rapidly developing

signs of focal (or global) disturbance of cerebral function

lasting more than 24 h with no obvious cause except vascular

origin; First stroke attack; Duration of stroke <12 months;

Age>50 years.; Stay in the hospital >7 days. The exclusion

criteria were as follows: Serious consciousness, cognitive and
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FIGURE 1

Study flow chart.

mental disorders; Patients with severe medical diseases and

unstable vital signs; Hemiplegia after intracranial aneurysm

embolization; Patients who refuse to be examined (4, 28, 29).

Assessment methods

After screening, we conducted a shoulder pain questionnaire

survey, which mainly included: whether there was shoulder

pain; Visual Analog Scale (VAS) score of shoulder pain; site of

shoulder pain, whether shoulder pain occurred before stroke (if

occurred, whether shoulder pain worsened after stroke); time

of pain initiation, frequency of pain; the relationship between

shoulder pain and movement; whether shoulder pain affected

sleep (30, 31).

We collected the following basic clinical information,

including: age, gender, history of hypertension and atrial

fibrillation, time of onset, type of stroke (cerebral infarction,

intracerebral hemorrhage, subarachnoid hemorrhage),

hemiplegic side, stroke area and location (large-area,

cortex, brainstem, basal ganglia, thalamus, pons, undefined).

“Undefined” refers to specific stroke location not identified due

to lack of examination and reporting.

We conducted clinical physical examination to measure the

passive range of motion of shoulder joint (PROM, including

flexion, abduction, internal rotation and external rotation)

(32), palpation of gleno-humeral subluxation (4), soft tissue

shoulder palpation (biceps tendon, pectoralis major muscle,

acromion glide sac, infracoracoid process, teres major, teres

minor, etc.) (26), and evaluate of muscle tone of biceps brachii

and triceps brachii. We defined restricted shoulder PROM as

three degrees: flexion/abduction 140◦-180◦or internal/external

rotation 60◦-90◦as mild restricted; flexion/abduction 90◦-

140◦or internal/external rotation 45◦-60◦as moderate restricted;

flexion/abduction 0◦-90◦or internal/external rotation 0◦-45◦as

severe restricted. During the shoulder examination, the patient

was asked whether pain occurred and to grade a VAS score

of shoulder pain. Disability has a profound effect on HRQoL

in stroke. Disability measures include modified Rankin Scale,

Barthel Index, AHA StrokeOutcome Scale, and the Stroke Levity

Scale (33). And we assessed disability by Modified Barthel Index

(MBI) form regarding upper limbs, which sum up to 30 points,

including feeding, bathing, dressing, and grooming (12).
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Considering shoulder pain may be associated with infection,

immune (16), diabetes mellitus (34) and bone metabolism

(14, 35), we collected related routine blood examination

data, including leukocyte count, percentage of neutrophils,

C-reactive protein (CRP), serum amyloid protein A (SAA),

erythrocyte sedimentation rate (ESR), Vitamin D3, glycosylated

hemoglobin (HbA1c), fasting plasma glucose (FPG) and 2-

h postprandial plasma glucose (P2hPG) (28) to test their

relationship with shoulder pain. Some patients underwent

shoulder joint ultrasonography during hospitalization to assess

the long head of biceps tendon, supraspinatus tendon, and

subacrominal-subdeltoid (SA-SD) bursae of both shoulders,

which helped to analyze the cause of shoulder pain. In

our observational research, it is a pity that not all patients

have undergone shoulder ultrasonography, which may lead

to bias.

Patients with HSP were followed up and evaluated at 2

and 4 months of systematic rehabilitation. For readmitted

patients, the follow-up evaluation content was the same as the

first. While shoulder pain questionnaires were administered to

inpatients elsewhere, outpatients and home-based rehabilitation

patients.We have dedicated evaluators to do the assessments and

ultrasonography were conducted by ultrasound doctor, and all of

them were not informed of patients’ grouping.

Statistical analysis

The data were statistically analyzed by IBM SPSS statistics

24 software. Using chi square test (13), we examined if there was

an association between shoulder pain and gender, hypertension

and atrial fibrillation history, main type of stroke, hemiplegic

side, respectively, stroke location such as massive, cortical,

brain stem, basal gangregion, thalamic and pontine, respectively,

the incidence of dystonia (Biceps brachii or triceps brachii,

increased or decreased, respectively) and subluxation, the degree

of shoulder PROM, the rate of increased CRP, SAA and ESR, and

the rate of decreased Vitamin D3.

Using t-test (4), we examined if there was an association

between shoulder pain and age, activities of daily living

involving feeding, bathing, dressing, and grooming, leukocyte

count, percentage of neutrophils, CRP, ESR, HbA1c, FPG,

P2hPG, Vitamin D3, and we also examined the difference of

supraspinatus tendon thickness between hemiplegic side and

healthy side in patients with shoulder pain.

Probability values of <0.05 were considered significant.

When testing whether there is a difference in the ratio

of bilateral hemiplegia between patients with shoulder pain

and patients without shoulder pain, the minimum expected

count is 1.33, so we used the continuous modified chi square

test. When testing whether there is a difference in the rate

of thalamic stroke between patients with shoulder pain and

patients without shoulder pain, the minimum expected count

was 3.99, so we used the continuousmodified chi square test. For

shoulder PROM, we divided it into three levels: mild limitation:

forward flexion/abduction 140◦-180◦, or internal/external

rotation 60◦-90◦; moderate limitation: flexion/abduction 90◦-

140◦, or internal/external rotation 45◦-60◦; severe limitation:

flexion/abduction 0◦-90◦, or internal/external rotation 0◦-45◦.

For vitamin D3 deficiency, we also divided it into three levels:

mild: vitamin D3 (40, 50 nmol /L); moderate: vitamin D3 (20,

40 nmol/L); severe: vitamin D3<20 nmol/L, and tested their

relationship with shoulder pain, respectively. When we used

R∗C chi square test to test whether there were differences in

stroke types between patients with shoulder pain and patients

without shoulder pain, there were two expected values <5 and

the minimum expected count was 1.33, so we chose likelihood

ratio test.

Results

From October 1, 2020 to October 31, 2021, all patients

admitted to the Rehabilitation ward of RuijinHospital diagnosed

with stroke underwent preliminary screening (Figure 2). A

total of 480 stroke patients were screened. According to the

inclusion and exclusion criteria, 6 patients with severe mental

disorders, 5 patients with severe mental disorders, 4 patients

with severe medical diseases, 3 patients with hemiplegia after

intracranial aneurysm embolization and 9 patients with stroke

symptoms but diagnosed with other neurological diseases were

excluded. Therefore, 239 patients were finally evaluated for the

first time. The first follow-up was conducted after 2 months.

One hundred and sixteen readmitted patients were measured

again, 11 patients were assessed in clinic and 112 patients were

followed by phone. The second follow-up was conducted after

4 months. A total of 236 survivors were followed up (3 patients

died, and the causes of death were esophageal malignant tumor,

pancreatic cancer and recurrent large-area cerebral infarction,

respectively). Among them, 70 patients were re-hospitalized

and completed the follow-up in the rehabilitation ward, 7

patients were assessed in clinic and 159 patients were followed

by telephone.

The prevalence of HSP

Initial assessment was performed within seven days of

admission, and 133 (56%) of the 239 suffered from HSP.

Most patients suffered shoulder pain after stroke. Ten patients

reported a history of shoulder pain before stroke, and 8 of them

worsened after stroke. Seventy eight (64%) of the 230 patients

reported pain herself/himself, and other patients were detected

by caregivers or assessors. One hundred and four (85%) shoulder

pain occurred after shoulder movements or exercises, and 50
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FIGURE 2

Patient recruitment flowchart.

(30%) shoulder pain occurred at rest. At follow-up I, 59% (133-

3+12)/239) patients suffered shoulder pain (3 shoulder pain

relieved, 130 shoulder pain persisted and 12 newly developed

shoulder pain). At follow-up II, 55% (133-3-13+12+4)/236)

patients suffered shoulder pain (13 shoulder pain relieved, 126

shoulder pain persisted and 4 newly developed shoulder pain)

(Figure 3).

Relationship between HSP and basic
clinical factors

Our study reported 239 patients who had initial and two

follow-ups data, with an average age of 70 ± 9 years old,

ranged from 50 to 94 years, 148 (62%) male, 197 (82%)

infarcts, 115 (48%) left hemiplegic, 201 (84%) comorbidity with

hypertension, 31 (13%) comorbidity with atrial fibrillation, 27

(11%) large-area cerebral infarction, 38 (16%) cortical cerebral

infarction, 34 (14%) brain stem infarction, including 20 (8%)

pontine infarction, 35 (15%)basal ganglia infarction, 9 (4%)

thalamic infarction, 8 (3%) undefined (Table 1).

By comparing the baseline clinical factors between the

two groups, we found that female patients (χ2 = 3.895, P

< 0.05), patients with large-area infarction (χ2 = 16.833,

P < 0.001) were more prone to develop shoulder pain at

initial assessment. However, there was no significant correlation

between shoulder pain and age, comorbidity of hypertension,

comorbidity of atrial fibrillation, stroke type, hemiplegic side,

cortical infarction, brainstem infarction, basal ganglia infarction

and pontine infarction.

At follow-up I and II, we compared the differences of basic

clinical factors between patients with shoulder pain and patients

without shoulder pain again, and found the same results.

Relationship between HSP and muscle
tone, subluxation, shoulder PROM and
ADL

We found that a greater proportion of patients in the group

with shoulder pain (53%) had biceps brachii or triceps brachii

muscle tone dystonia than those without shoulder pain (23%)

after stroke, and shoulder pain was significantly associated with

dystonia (χ2 = 17.891, P < 0.001), especially increased biceps /

triceps muscle tension. However, we didn’t find an association

between shoulder pain and decreased biceps/triceps muscle

tension (χ2 = 2.111, P = 0.146).
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FIGURE 3

Incidence of shoulder pain. P-SP, persisted shoulder pain; D-SP, dissolved shoulder pain; Ne-SP, new developed shoulder pain; No-SP, no

shoulder pain.

Shoulder pain was also significantly associated with

subluxation and restricted shoulder PROM. Gleno-humeral

subluxation occurred in 34% (45/133) of patients with shoulder

pain, which was significantly higher than that in patients without

shoulder pain (χ2 = 41.058, P< 0.001).We found a relationship

between shoulder pain and restricted shoulder PROM in terms

of mild, moderate and severe incidence (χ2 = 106.352, P <

0.001;χ2 = 22.744, P< 0.001;χ2 = 57.755, P< 0.001) (Table 2).

Patients without shoulder pain were more independent than

those with shoulder pain, including dressing (t = −5.418, P <

0.001), grooming (t = −3.306, P = 0.001 < 0.01), feeding (t =

−2.327, P = 0.021 < 0.05) and bathing (t = −2.781, P = 0.006

< 0.01) (Table 3).

Relationship between HSP and Infection,
immunity, Vitamin D3 and blood glucose
level

We found that most stroke patients had elevated SAA and

ESR, as well as vitamin D3 deficiency, regardless of whether they

had shoulder pain. Vitamin D3 deficiency was present in 83% of

stroke patients, with a mean value of 36.5 nmol/L vitamin D3

in serum, while 16% of stroke patients had severe deficiency.

61% of stroke patients had increased ESR, with a mean value

of 29.6 mm/h in serum. 71% of stroke patients had increased

SAA with a mean value of 34.9 mg/L. However, we did not

find a significant correlation between shoulder pain and elevated

SAA and ESR and vitamin D3 deficiency. There was also no

significant difference in fasting blood glucose, 2 h postprandial

blood glucose and glycosylated hemoglobin between patients

with shoulder pain and those without shoulder pain (Table 4).

Ultrasonographic manifestations in
patients with HSP

Seventy-seven patients with shoulder pain underwent

shoulder ultrasound examination finally. We found that 69%

(53/77) of HSP patients developed supraspinatus tendinitis, 66%

(51/77) of HSP patients developed tendinitis of the long head of

biceps brachii and 24% (18/77) of HSP patients suffered from

SA-SD bursitis (Table 5). Tendon thickness of more than 8mm

is generally considered diagnostic of tendon disease (36), and

hypoechoic areas >2mm around the tendon of the long head

of biceps brachii are considered diagnostic of tendinitis of the

long head of biceps brachii (37), whereas the diagnostic criterion

for SA-SD bursitis is a cumulative fluid thickness of more than

2mm (38). In our study, the average thickness of supraspinatus

tendon was 8.1 ± 1.4mm on the hemiplegic side and was 6.8

± 1.1mm on the unaffected side in patients with HSP. The

difference between the two groups had statistical significance (t

= 6.197, P < 0.001) (Table 6).

HSP a�ected rehospitalization rates and
the return to home

We found that the rehospitalization rate of patients with

HSP was 84% (112/133) at 2 month of follow-up I, and 59%

(77/130) at 4 month of follow-up II, compared with 62%

(66/106) and 34% (36/106) of patients without shoulder pain,

respectively. Comparing to patients with HSP, patients without

shoulder pain were more likely to return to their families. 38%

(40/106) of patients without shoulder pain returned to home

at 2 months of follow-up, compared with only 14% (19/133)
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TABLE 1 Basic clinical factors and their relation to HSP at initial assessment and follow-ups.

Initial assessment Follow up I Follow up II

Total
(n=239)

Shoulder
pain

(n=133)

No
shoulder

pain
(n= 106)

P-

value
Total

(n= 239)
Shoulder

pain
(n= 142)

No
shoulder

pain
(n = 97)

P-

value
Total

(n= 236)
Shoulder

pain
(n= 136)

No
shoulder

pain
(n= 100)

P-value

Age, (y) (x ± SD) 70± 9 (50,

94)

71± 9

(52,94)

70± 9

(50,91)

0.564 70± 9

(50,94)

71± 9

(52,94)

70± 9

(50,91)

0.418 70± 9

(50,94)

71± 9

(52,94)

70± 9

(50,91)

0.495

Male, n (%) 148 (62%) 75 (56%) 73 (69%) 148 (62%) 80 (56%) 68 (70%) 146 (62%) 75 (55%) 71 (71%)

Female, n (%) 91 (38%) 58 (44%) 33 (31%) 0.048∗ 91 (38%) 62 (44%) 29 (30%) 0.031∗ 90 (38%) 61 (45%) 29 (29%) 0.013∗

Past medical history

Hypertention, n (%) 201 (84%) 111 (84%) 90 (85%) 0.761 201 (84%) 118 (83%) 83 (86%) 0.608 199 (84%) 114 (84%) 85 (85%) 0.806

Atrial fibrillation, n (%) 31 (13%) 22 (17%) 9 (9%) 0.066 31 (13%) 23 (16%) 8 (8%) 0.072 30 (13%) 21 (15%) 9 (9%) 0.142

Main type stroke

Infarction, n (%) 197 (82%) 106 (80%) 91 (86%) 0.241 197 (82%) 115 (81%) 82 (85%) 0.409 195 (83%) 110 (81%) 85 (85%) 0.388

Cerebral hemorrhage,

n (%)

39 (16%) 26 (20%) 13 (12%) 39 (16%) 26 (18%) 13 (13%) 38 (16%) 25 (18%) 13 (13%)

Subarachnoid

hemorrhage, n (%)

3 (1%) 1 (1%) 2 (2%) 3 (1%) 1 (1%) 2 (2%) 3 (1%) 1 (1%) 2 (2%)

Hemiplegic side

Left, n (%) 115 (48%) 66 (50%) 49 (46%) 0.601 115 (48%) 68 (48%) 47 (49%) 0.931 113 (48%) 64 (47%) 49 (49%) 0.768

Right, n (%) 121 (51%) 65 (49%) 56 (53%) 0.543 121 (51%) 72 (51%) 49 (51%) 0.977 120 (51%) 70 (52%) 50 (50%) 0.823

Both, n (%) 3 (1%) 2 (2%) 1 (1%) 1.000 3 (1%) 2 (1%) 1 (1%) 1.000 3 (1%) 2 (2%) 1 (1%) 1.000

Stroke location

Massive, n (%) 27 (11%) 25 (19%) 2 (2%) <0.001∗∗ 27 (11%) 26 (18%) 1 (1%) <0.001∗∗ 27 (11%) 26 (19%) 1 (1%) <0.001∗∗

Cortical, n (%) 38 (16%) 21 (16%) 17 (16%) 0.958 38 (16%) 23 (16%) 15 (16%) 0.879 38 (16%) 22 (16%) 16 (16%) 0.971

Brain stem, n (%) 34 (14%) 18 (14%) 16 (15%) 0.732 34 (14%) 17 (12%) 17 (18%) 0.227 33 (14%) 16 (12%) 17 (17%) 0.252

Pontine, n (%) 20 (8%) 13 (10%) 7 (7%) 0.379 20 (8%) 13 (9%) 7 (7%) 0.595 19 (8%) 12 (9%) 7 (7%) 0.611

Basal gangregion, n (%) 35 (15%) 20 (15%) 15 (14%) 0.847 35 (15%) 21 (15%) 14 (14%) 0.939 34 (14%) 20 (15%) 14 (14%) 0.879

Thalamic, n (%) 9 (4%) 8 (6%) 1 (1%) 0.088 9 (4%) 8 (6%) 1 (1%) 0.136 9 (4%) 8 (6%) 1 (1%) 0.112

Undefined, n (%) 8 (3%) 4 (3%) 4 (4%)

% indicates proportion of the total group in each column.
∗∗P < 0.01, significant differences between the groups with and without shoulder pain; ∗P < 0.05, significant differences between the groups with and without shoulder pain.
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TABLE 2 Clinical examinations and their relation to hemiplegic

shoulder pain.

Shoulder
pain

(n = 133)

No shoulder
pain

(n = 106)

P-value

Dystoniaa, n (%) 71 (53%) 24 (23%) <0.001∗

Increased 50 (38%) 14 (13%) <0.001∗

Decreased 21 (16%) 10 (9%) 0.146

Subluxation (n, %) 45 (34%) 1 (1%) <0.001∗

Shoulder PROMb

Mild restriction

(n, %)

42 (32%) 103 (97%) <0.001∗

Moderate restriction

(n, %)

31 (23%) 2 (2%) <0.001∗

Severe restriction

(n, %)

58 (44%) 1 (1%) <0.001∗

aDystonia: the muscle tension of biceps or triceps on the hemiplegic side.
bShoulder PROM: Mild restriction: flexion/abduction 140◦-180◦ , or internal/external

rotation 60◦-90◦ ; Moderate restriction: flexion/abduction 90◦-140◦ , or internal/external

rotation 45◦-60◦ ; Severe restriction: flexion/abduction 0◦-90◦ , or internal/external

rotation 0◦-45◦ .
∗Statistically significant.

TABLE 3 ADL of upper limbs and their relation to hemiplegic shoulder

pain.

Shoulder
pain

(n = 133)

No shoulder
pain

(n = 106)

P-value

MBI (upper limbs)

(x ± SD)

10.2± 7.9 14.6± 8.6 <0.001∗

Eating (x ± SD) 4.8± 3.8 6.0± 3.9 0.021∗

Shower (x ± SD) 0.8± 1.1 1.3± 1.5 <0.01∗

Dressing (x ± SD) 2.9± 2.6 4.8± 3.1 <0.001∗

Making up (x ± SD) 1.7± 1.6 2.4± 1.6 <0.01∗

∗Statistically significant.

of patients with shoulder pain. At 4 months of follow-up, the

proportions of patients without shoulder pain and those with

shoulder pain who returned home were 62% (67/106) and 35%

(47/133), respectively (Figure 4).

Discussion

Main findings

In this study, we tried to observe the prevalence of post-

stroke HSP in the middle-aged and elderly population, find

out the risk factors associated with HSP, and investigated the

effect of HSP on stroke outcomes. We found that 56% of stroke

patients admitted to the rehabilitation ward suffered from HSP.

We observed that HSP last for a long time once it developed.

The prevalence of HSP was 59% at 2 months follow-up and

55% at 4 months follow-up. Female, large-area stroke, elevated

biceps/triceps tone, subluxation and limited shoulder movement

are the risk factors for HSP. Age, history of hypertension, history

of atrial fibrillation, stroke type, hemiplegic side, cerebral cortex

stroke, brain stem stroke, basal ganglia stroke, thalamic stroke,

blood glucose level, inflammatorymarkers, and vitamin D3 were

not significantly associated with HSP. Shoulder ultrasonography

showed that 69% of patients with HSP had supraspinatus

tendinitis, 66%had long head of biceps brachii, and 23% had SA-

SD bursitis. We also found that the thickness of supraspinatus

tendon on the hemiplegic side was significantly higher than

that on the unaffected side in patients with HSP. Besides,

patients with HSP had significantly lower self-care ability

and significantly longer hospital stay, comparing with patients

without shoulder pain.

Prevalence

Due to medical level, stroke duration, study design and

other factors, different studies have obtained prevalence of HSP.

Previous studies (4, 5, 29, 39) have found that the prevalence

of HSP ranges between 20 and 60%, which is close to the

results obtained in our study. Previous studies on HSP have

mostly been performed in neurology or stroke unit, while our

study was performed in rehabilitation wards. In this study, we

demonstrated that the changes of HSP during the recovery

period with the course of the disease, and paid more attention

to the impact of shoulder pain on the recovery of limb function,

which is conducive to guiding rehabilitation strategies.

Risk factors of HSP

Our study found that female patients were more likely

to develop HSP. However, previous studies showed that

shoulder pain was not associated with gender. In one

study (13), it was shown that there was no significant

difference between patients with shoulder pain and patients

without shoulder pain in terms of gender proportion at 1

week, 1 month and 6 months after stroke. The method of

judging HSP in their study was mainly to ask the patients

or their caregivers whether they ever had shoulder pain,

without paying attention to shoulder pain during exercise.

Whereas, in our study, in addition to the shoulder pain

questionnaire, our study also performed a detailed shoulder

physical examination and asked patients if they had shoulder

pain during passive and active shoulder movement. From

above, different methods of judging shoulder pain may lead to

different results. In addition, we also found that shoulder pain

occurs mostly during or after exercise, so attention should be

paid to avoid causing shoulder joint injury in patients during

rehabilitation training.
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TABLE 4 Infection, immunity, vitamin D3 and blood glucose level and their relation to hemiplegic shoulder pain.

N (SP/NSP) N = ( x̄± SD) Shoulder pain No shoulder pain P-value

WBC (10∗9/L) 239 (133/106) 6.4± 1.8 6.3± 1.7 6.6± 1.8 0.222

NEUT (%) 239 (133/106) 61.7± 8.9 60.8± 8.9 62.7± 8.7 0.104

CRP (mg/L) 239 (133/106) 6.9± 7.5 6.5± 6.2 7.5± 8.9 0.312

ESR (mm/h) 196 (108/88) 29.6± 22.7 30.8± 21.3 28.1± 24.2 0.417

SAA (mg/L) 131 (69/62) 34.9± 22.7 36.3± 61.8 33.3± 42.2 0.747

VitD3 (nmol/L) 233 (128/105) 36.5± 17.5 35.7± 18.0 37.5± 16.9 0.424

HbA1c (%) 127 (63/64) 7.0± 1.3 6.9± 1.4 7.1± 1.3 0.283

FPG (mmol/L) 196 (105/91) 5.9± 1.6 5.9± 1.7 5.9± 1.5 0.954

P2hPG (mmol/L) 116 (58/58) 11.1± 3.2 10.7± 3.4 11.6± 3.0 0.126

n (%)

CRP↑ (yes) 58 (24.3%) 29 (22%) 29 (27%) 0.320

ESR↑ (yes) 119 (60.7%) 70 (65%) 49 (56%) 0.193

SAA↑ (yes) 93 (71.0%) 51 (74%) 42 (68%) 0.437

VitD3 deficiencya (yes) 194 (83%) 108 (84%) 86 (82%) 0.615

Mild 45 (23.2%) 23 (21%) 22 (26%) 0.482

Moderate 119 (61.3%) 66 (61%) 53 (62%) 0.941

Severe 30 (15.5%) 19 (18%) 11 (13%) 0.358

A, vitamin D3 deficiency: mild: VitD3 (40, 50); moderate: VitD3 (20, 40); severe: VitD3 < 20

SP, shoulder pain; NSP, no shoulder pain.

Ratnasabapathy et al. (13) found that left hemiplegia, that

is, stroke in the right cerebral hemisphere, is a risk factor for

hemiplegic shoulder pain. However, some studies believe that

there is no significant correlation between hemiplegic shoulder

pain and hemiplegic side. The clinical manifestations and

dysfunction of different stroke location are different. However,

the right hemisphere includes many lesion locations. Further

research is needed to explore the relationship between shoulder

pain and stroke location.

Our study is the first to observe the relationship between

shoulder pain and different stroke location. By collecting the

cranial imaging examination report of patients at the onset

of stroke, and comparing the proportion of different stroke

location between two groups, it is found that the incidence

of shoulder pain in patients with large-area stroke is higher.

Complications and seriously damaged motor function, which

can lead to shoulder pain, usually occurs in patients with

large-area stroke. Isaksson et al. (40) of Sweden found that

the score of The National Institutes of Health Stroke Scale

(NIHSS) in patients with shoulder pain was significantly higher

in stroke patients with severe upper limb paralysis. Pong

et al. (41) in Taiwan found that hemiplegic shoulder pain

was associated with lower motor function levels in both acute

and chronic stages of stroke. Nadler et al. (29) found that

patients with shoulder abductor muscle strength ≤ grade 2

have a higher incidence of shoulder pain. However, different

hospitals may have different imaging diagnostic criteria for

large-area stroke, so quantitative indicators are needed. Patients

with thalamic stroke are prone to thalamic pain. Thalamic

pain is a part of central pain, with an incidence rate of 8–

17% (42). Mild stimulation can lead to severe pain and various

forms of sensory abnormalities. However, our study did not

find the relationship between thalamic stroke and hemiplegic

shoulder pain. The possible reason is that fewer people with

simple thalamic stroke were included. Prefrontal lobe and

anterior cingulate cortex are involved in pain adaptation.

Stroke patients with frontal lobe injury have reduced pain

adaptation, resulting in hyperalgesia and prone to shoulder

pain (11).

Spasticity is closely related to hemiplegic shoulder pain.

Our study found that patients with elevated biceps/triceps tone

have a higher incidence of shoulder pain. Flexor spasm of

upper limb after stroke is manifested in shoulder adduction

and pronation (43). The tone of trapezius and rhomboid

muscles increases, and the scapula is raised, which is prone to

develop subacromial impingement syndrome (SIS), resulting in

shoulder pain (44). Repeated friction and extrusion stimulate

highly dense pain receptors in soft tissue. Many studies

have observed that the proportion of spasm in patients

with shoulder pain is higher than that in patients without
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TABLE 5 Ultrasonic findings of shoulder joint in patients with HSP.

N = 77,
n (n%)

Mean tendon
thickness (mm)

Supraspinatus tendon

Normal 21 (27%) 6.4± 0.7

Tear 3 (4%) -

Tendinitis in

hemiplegic side

40 (52%) 9.0± 0.9

Tendinitis in

healthy side

3 (4%) 8.5± 0.5

Tendinitis bilateral 10 (13%)

Hemiplegic side 9.0± 0.8

Healthy side 8.9± 0.6

Mean depth of
e�usion (mm)

Tendon of biceps

Normal 26 (34%) -

Effusion in

hemiplegic side

26 (34%) 3.0± 0.7

Effusion in healthy

side

7 (9%) 2.6± 0.5

Effusion bilateral 18 (23%)

Hemiplegic side 3.0± 0.7

Healthy side 2.8± 0.6

SA-SD bursae

Normal 59 (76%) -

Effusion in

hemiplegic side

16 (21%) 3.2± 1.6

Effusion in healthy

side

2 (3%) 3.2± 0.3

Effusion bilateral 0 (0%)

SA-SD, subacrominal-subdeltoid.

shoulder pain. Poulin et al. (45) observed 94 patients with

HSP for 2 years and found that patients with shoulder

pain were more prone to limb spasm. Barlak et al. (39)

found that 60% patients with HSP suffered from upper

limb spasm.

A mount of studies found that some treatments, which

can alleviate muscle spasm, such as botulinum toxin injection,

shock wave therapy and surgical therapy, can significantly cure

spasm and shoulder pain. A systematic review (46) suggested

that botulinum toxin injection significantly reduced the VAS

score of shoulder pain compared with steroid or placebo

injection. However, the injection site and dose of botulinum

toxin are still quite different in different studies. For patients

with HSP and spasm, Yelnik et al. (47) injected 500 units

of botulinum toxin or placebo into the subscapular muscle,

Lim et al. (48) injected 100u botulinum toxin or normal

saline into infraspinatus muscle, pectoralis major muscle and

subscapularis muscle, Bhakta et al. (49) injected 400–1,000 units

of gemcitabine botulinum toxin or 100–200 units of botulinum

toxin into biceps brachii, flexor digitorum and flexor carpi,

Marco et al. (50) injected 500 units of botulinum toxin into

the pectoralis major muscle on the hemiplegic side, finally their

results showed that botulinum toxin treatment could effectively

improve shoulder pain.

We found that patients with subluxation are more prone

to develop shoulder pain. However, the relationship between

glenohumeral subluxation and hemiplegic shoulder pain is

controversial. After stroke, the muscles around the shoulder are

weak and can’t effectively resist gravity. There is an obvious

gap between the acromion and the humeral head, which

is called glenohumeral joint subluxation. The change of the

position of the humeral head makes the soft tissue around

the shoulder easy to be damaged (51), resulting in shoulder

pain. A systematic review (7) to assess the relationship between

subluxation and shoulder pain enrolled 14 studies, of which 7

studies found a close relationship between hemiplegic shoulder

pain and subluxation, and 7 studies found no significant

correlation between subluxation and hemiplegic shoulder pain.

Through palpation, the judgment of subluxation is greatly

affected by the patient’s body position and the subjective factors

of the evaluator. The acromion-greater tuberosity distance

(AGTD) under ultrasonography is a quantitative index to

measure the subluxation. Korkmaz et al. (52) found that the

AGTD is strongly related to biceps tendinitis, which can

lead to shoulder pain. Many studies have pointed out that

transcutaneous nerve electrical stimulation (TENS) around

shoulder (53), wearing of shoulder orthosis (54) and kinesiology

taping (18) can significantly improve shoulder subluxation and

shoulder pain.

From the perspective of molecular, our study first observed

the relationship between HSP and serological indicators

such as blood glucose level, vitamin D3, ESR and infection

indexes. It was found that there was no significant difference

in fasting blood glucose, 2 h postprandial blood glucose,

glycosylated hemoglobin, vitamin D3, ESR and infective

situation between patients with shoulder pain and patients

without shoulder pain.

Diabetes is related to a variety of musculoskeletal diseases.

Hao et al. (55) found that diabetes is the independent risk

factor of HSP. Roosink et al. (56) in the Netherlands also

found that patients with HSP had a higher proportion of

diabetes. Hadianfard et al. (28) of Iran used blood glucose

value to judge whether the diagnosis of diabetes was reasonable

when observing the relationship between HSP and diabetes,

and found that there was a significant relationship between

diabetes and HSP. Shoulder pain may be related to the

course of diabetes, its complications and other factors, so the

correlation between HSP and blood glucose remains to be

further studied.
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TABLE 6 The thickness of supraspinatus tendon on bilateral sides in HSP patients.

Hemiplegic side Healthy side P-value

Thickness of supraspinatus tendon (x± SD) 8.1± 1.4 6.8± 1.1 <0.001∗

∗Statistically significant.

FIGURE 4

Rehabilitation course at follow-ups.

Vitamin D3 deficiency is considered to be associated with

chronic pain (57). When the concentration of serum vitamin D3

is lower than 50 nmol/L, it is unfavorable to bone health (58).

Vitamin D deficiency stimulates the increase of parathyroid

secretion, resulting in secondary hyperparathyroidism.

Parathyroid hormone can activate osteoblasts and stimulate

osteoblasts to transform into mature osteoclasts. Osteoclasts

dissolve the collagen matrix in bone, resulting in osteoporosis

(59) and painful osteomalacia (60). A rat study (61) found that

pills of vitamin D combined with raloxifene can effectively

enhance the connection between rotator cuff tendon and bone,

so as to promote the function of rotator cuff. A study (35) have

found that pain has been significantly relieved after 16 weeks

of vitamin D supplementation, however, some studies believe

that there is a lack of sufficient evidence to prove that vitamin

D treatment is beneficial to chronic pain (62). Vitamin D3

deficiency is common in stroke patients, however, our study

found that there is no significant correlation between shoulder

pain and vitamin D3. One of the factors that can’t be ignored

is that most patients are taking vitamin D3 supplements such

as calcium or rogate during hospitalization, which may mask

the effect of vitamin D3 deficiency on pain. Further research

is needed to explore the relationship between vitamin D3

and HSP.

The soft tissue about shoulder of stroke patients is prone

to be injured, which can activate the repair mechanism of the

human body and start the inflammatory response. At present, a

newly prospecting bioactive therapy called platelet rich plasma

therapy can promote the inflammatory response and activate a

variety of growth factors. It is applied to patients after rotator

cuff tear surgery to promote rotator cuff repair (63). So we

guess that HSP may be related to infection and immune factors,

however, we did not find any significant result. One of the

reasons is that there are insufficient samples or relatively single

infection and immune indexes. Further research is still needed to

explore the relationship between infection and immune factors

and HSP.

In addition, HSPmay also be related to poormotor function,

paresthesia, and CRPS in hemiplegic limb, which were not

focus on in this study. Meta-analysis (9) suggested that severe

upper limb motor dysfunction is considered an important risk

factor for post-stroke shoulder pain in the first year after

stroke. Gamble et al. (12) evaluated light touch sensation, needle

sensation and temperature sensation on the face, shoulder,
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forearm, hand, calf and foot of stroke patients, and found

that patients with shoulder pain had a higher proportion of

paresthesia, and pain was closely related to paresthesia on

the hemiplegic side. Because of increased sympathetic nerve

activity, inflammation, endothelial dysfunction and immune

system defects, 21–31% of patients (64) develop CRSP after

stroke and they typically suffered from shoulder pain. From

above, the influencing factors of shoulder pain after hemiplegia

are very complex and require in-depth study.

The value of shoulder ultrasonography in
the diagnosis of HSP

Shoulder joint ultrasonography provides an objective basis

for the etiological diagnosis of shoulder pain. In our study,

GE logiqe9 instrument was used to perform shoulder joint

ultrasonography for patients with shoulder pain. The results

showed that 69% of patients had supraspinatus tendinitis and

66% of patients had tendinitis of the long head of biceps

brachii, which was the most common lesion in patients with

hemiplegic shoulder pain. The thickness of supraspinatus

tendon of hemiplegic side in patients with shoulder pain

was significantly higher than that of healthy side. This is

the first study of quantitative analysis of shoulder lesions

in patients with hemiplegic shoulder pain using shoulder

ultrasonography findings.

Different studies have different research samples, inspection

instruments and observation indicators, therefore the

conclusions are different. Lin PH (65) retrospectively analyzed

the shoulder joint ultrasound results of 26 patients with

hemiplegic shoulder pain. It was found that 73.08% of patients

had effusion in the SA-SD bursae, 69.23% of patients had

effusion in the tendon sheath of the long head of the biceps

brachii, and the most common lesion of hemiplegic shoulder

pain was the SA-SD bursitis. Korkmaz et al. (52) pointed out

that SA-SD bursitis is a risk factor for hemiplegic shoulder pain.

Supraspinatus tendon disease is a predictor of shoulder pain

within 6 months after stroke (66). Falsetti et al. (67) observed

that the incidence of supraspinatus tendon disease in stroke

patients was 42.2%.

Shoulder pain a�ect ADL

We found that shoulder pain reduced quality of life, which

may hinder the improvement upper limb motor function in

stroke patients. Adey-Wakeling et al. (68) measured quality of

life through EQ-5D-3L, a visual analog scale and a 5-dimension

descriptive system (dimensions include mobility, self-care, usual

activities, pain/discomfort, and anxiety/depression), and also

found that HSP reduces quality of life after stroke. Chae et al.

(69) measured post-stroke shoulder pain with the Brief Pain

Inventory question 12, a self-reported 11-point numeric rating

scale (NRS) that assesses “worst pain” in the last 7 days, and

found that post-stroke shoulder pain was significantly associated

with reduced quality of life.

Innovation

This is the first study to use shoulder ultrasonic findings to

make quantitative analysis of shoulder joint lesions in patients

with hemiplegic shoulder pain. There is no objective quantitative

data in previous studies. Shoulder joint ultrasound is of great

significance in the etiological diagnosis of hemiplegic shoulder

pain. From multi-dimensional aspects such as molecular,

structural and functional, we observed comprehensive risk

factors of hemiplegic shoulder pain. Involving some objective

data, the information is more reliable, which is a relatively novel

place of this study.

From the perspective of rehabilitation, our study observed

the evolution of the incidence of shoulder pain over time

after systematic rehabilitation treatment. This is the first cross

sectional study of hemiplegic shoulder pain in a specific age

population and followed up after rehabilitation treatment. The

age range of previous studies was large, ranging from about 20

to more than 90 years old. And many indicators observed in the

study are elderly-age-related. Our study observed the middle-

aged and elderly people, all over the age of 50, which excluded

the interference of risk factors of young stroke.

Limitations

However, our study has some limitations. First, most of

our data were collected from rehabilitation scales and lacked

sufficient quantitative and objective measures, which may

introduce some bias to evaluation. Second, we defined post-

stroke shoulder pain as occurring and persisting for lasting

more than 48 h. At present, there is a lack of uniform criteria

for the definition of HSP. In fact, the degree of shoulder pain

is one of the important factors we should consider. This may

affect the grouping of patients with shoulder pain. Third, this

study is a single-center study with a limited sample size, and

the applicability and generalizability of the findings will be

limited. Finally, ultrasonography examination was performed

only in patients with shoulder pain, and it is difficult to find a

direct relationship between imaging and clinical impairments.

Tendinitis and bursa effusion seen in this study may be

associated with older age rather than stroke. In future studies,

we will apply objective measures and increase interventions, and

increase sample size to carry out multicenter clinical trials to

identify risk factors for HSP. At the same time, we will compare

images from stroke patients with shoulder pain, stroke patients

without shoulder pain, and healthy controls to find a direct

relationship between images and injuries.
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Conclusions

Our study found that hemiplegic shoulder pain has a

high incidence and can last for several months. Female,

large-scale stroke, elevated muscle tone, subluxation and

limited shoulder movement may be important risk factors

for hemiplegic shoulder pain. Shoulder joint ultrasound

has certain value in the diagnosis of HSP. In addition,

HSP increases the readmission rate of patients to some

extent. Pain relief may better promote the recovery of

upper limb motor function and shorten the in-hospital

rehabilitation time.
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Upper limb intelligent feedback
robot training significantly activates
the cerebral cortex and promotes
the functional connectivity of the
cerebral cortex in patients with
stroke: A functional near-infrared
spectroscopy study

Hao Li1,2†, Xuefeng Fu2†, Lijun Lu2, Hua Guo1,2, Wen Yang1,
Kaifeng Guo1 and Zhen Huang1*
1Guangzhou Panyu Central Hospital, Guangzhou, China, 2Guangzhou University of Chinese Medicine,
Guangzhou, China

Background: Upper limb intelligence robots are widely used to improve the upper
limb function of patients with stroke, but the treatment mechanism is still not clear.
In this study, functional near-infrared spectroscopy (fNIRS) was used to evaluate the
concentration changes of oxygenated hemoglobin (oxy-Hb) and deoxyhemoglobin
(deoxy-Hb) in di�erent brain regions and functional connectivity (FC) of the cerebral
cortex in patients with stroke.

Method: Twenty post-stroke patients with upper limb dysfunction were included in
the study. They all received three di�erent types of shoulder joint training, namely,
active intelligent feedback robot training (ACT), upper limb suspension training (SUS),
and passive intelligent feedback robot training (PAS). During the training, activation
of the cerebral cortex was detected by fNIRS to obtain the concentration changes of
hemoglobin and FC of the cerebral cortex. The fNIRS signals were recorded over eight
ROIs: bilateral prefrontal cortices (PFC), bilateral primary motor cortices (M1), bilateral
primary somatosensory cortices (S1), and bilateral premotor and supplementary
motor cortices (PM). For easy comparison, we defined the right hemisphere as the
ipsilesional hemisphere and flipped the lesional right hemisphere in the Nirspark.

Result: Compared with the other two groups, stronger cerebral cortex activation
was observed during ACT. One-way repeated measures ANOVA revealed significant
di�erences in mean oxy-Hb changes among conditions in the four ROIs:
contralesional PFC [F(2,48) = 6,798, p < 0.01], ipsilesional M1 [F(2,48) = 6.733, p <

0.01], ipsilesional S1 [F(2,48) = 4,392, p < 0.05], and ipsilesional PM [F(2,48) = 3.658, p
< 0.05]. Oxy-Hb responses in the contralesional PFC region were stronger during ACT
than during SUS (p < 0.01) and PAS (p < 0.05). Cortical activation in the ipsilesional
M1 was significantly greater during ACT than during SUS (p < 0.01) and PAS (p < 0.05).
Oxy-Hb responses in the ipsilesional S1 (p < 0.05) and ipsilesional PM (p < 0.05) were
significantly higher during ACT than during PAS, and there is no significant di�erence
in mean deoxy-Hb changes among conditions. Compared with SUS, the FC increased
during ACT, which was characterized by the enhanced function of the ipsilesional
cortex (p < 0.05), and there was no significant di�erence in FC between the ACT
and PAS.

Conclusion: The study found that cortical activation during ACT was higher in the
contralesional PFC, and ipsilesional M1 than during SUS, and showed tighter cortical
FC between the cortices. The activation of the cerebral cortex of ACT was significantly
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higher than that of PAS, but there was no significant di�erence in FC. Our research
helps to understand the di�erence in cerebral cortex activation between upper limb
intelligent feedback robot rehabilitation and other rehabilitation training and provides
an objective basis for the further application of upper limb intelligent feedback robots
in the field of stroke rehabilitation.

KEYWORDS

upper limb intelligent feedback robot, functional near-infrared spectroscopy, stroke,
shoulder joint training, cerebral cortex activation, functional connectivity

Introduction

Stroke is a major chronic noncommunicable disease that seriously
endangers the health of Chinese people, and it has five characteristics:
high morbidity, high disability rate, high mortality rate, high
recurrence rate, and high economic burden. In 2018, the mortality
rate of cerebrovascular diseases in China was 149.49 per 100,000,
and the death toll was 1.57 million (1). As one of the most
common complications of stroke, upper limb motor dysfunction
hinders patients from returning to family and society to a great
extent and has a serious impact on their physical and mental
health. More than two-thirds of people have decreased upper limb
function when they are discharged from the hospital after stroke (2).
About half of the affected upper limbs are still dysfunctional after 6
months (3).

In recent years, upper limb rehabilitation robots have been widely
used in the recovery of patients with stroke, and their curative
effect has been confirmed by a large number of studies (4). In
the process of clinical training, the upper limb rehabilitation robot
mainly provides four sports training modes: resistance movement,
active movement, auxiliary movement, and passive movement (5).
A reasonable training mode can be chosen according to the degree
of active participation of the patients. The current research found
that upper limb rehabilitation robots can mainly improve upper
limb muscle strength, range of motion, and motor function but
have less improvement in muscle tension and activities of daily
living (6). Many previous studies have shown that one of the
advantages of robotic equipment may be due to the increase in
training motivation, the opportunity for independent movement, and
the increase in the number of repetitions during arm training (7).
Similarly, this intensive, frequent, and repetitive treatment model
is also in line with the principle of motor learning so that it
can produce a better effect than conventional rehabilitation. At
present, some teams have used electroencephalography (EEG) (8),
transcranial magnetic stimulation (TMS) (9), functional magnetic
resonance imaging (fMRI) (10), and other noninvasive neuroimaging
to study its therapeutic mechanism. The aforementioned techniques
have various shortcomings, such as high cost, limited experimental
sites, and unsuitable for continuous monitoring, which hinder the in-
depth study of brain function response in the process of upper limb
functional recovery.

Stroke leads to damage to the cerebral cortex, but the brain
has neuroplasticity, which is including the reorganization of the
brain structure and function, and increasing the movement of
the affected limb helps patients overcome the previously learned
non-use for the affected limb and promotes use-dependent plastic
brain reorganization, so it can accelerate recovery of the nerve

(11). Compared with bilateral training, the coupling effect between
the ipsilesional and contralesional motor cortices was significantly
enhanced in unilateral training. In addition, the local efficiency of
the ipsilesional motor cortex, ipsilesional prefrontal cortex (PFC),
and contralesional PFC and the hemispheric autonomy index of
ipsilesional PFC were significantly increased (12). In cycling exercises
with visual speed feedback, there is more concentrated activation
of the premotor cortex and better motor performance than those
without visual feedback (13). Even without active movement, the left
PFC, bilateral premotor cortex, and supplementary motor area were
significantly activated when healthy adult subjects imaged normal
standing balance tasks and dynamic standing balance tasks (14).
It is proved that the higher the subjective participation of patients
is, the stronger the brain activation is. With the remodeling of the
brain, the abnormal activation pattern will also be improved, which is
characterized by a decrease in overall activation and an improvement
in the lateral index (LI), and the affected side of the brain will slowly
restore the innervation of the limbs (15).

Functional near-infrared spectroscopy (fNIRS) is a noninvasive
imaging technique based on optical principle, which makes use of the
strong penetration of near-infrared light (650∼950 nm) to biological
tissue and can reach the cerebral cortex of intracranial 2∼3 cm
(16). The dominant and physiologically dependent absorption
chromophore in the biological tissue is hemoglobin, which is in
the form of oxygenated hemoglobin (oxy-Hb) and deoxyhemoglobin
(deoxy-Hb), respectively, and they have distinguishable light
absorption properties in this spectral window. According to the
correlation between light decay and chromophore concentration
changes in tissue, fNIRS can quantitatively analyze the concentration
changes of oxy-Hb and deoxy-Hb in the brain tissue (17). Based on
the neuro-vascular coupling mechanism, the functional activity of
the brain is accompanied by the activation of the cerebral cortex,
which will cause changes in regional blood oxygen metabolic rate
and cerebral hemodynamics, and the increased rate of regional
cerebral blood flow in the activated region of the brain is much
higher than that of the local oxygen consumption rate, which is
finally characterized by the increase of oxy-Hb concentration and
the decrease of deoxy-Hb concentration in the activated region (18).
Therefore, fNIRS can indirectly monitor the functional activity of the
cerebral cortex through the changes in oxy-Hb concentration and
deoxy-Hb concentration.

The fNIRS has the advantages of a relatively low price, high time
resolution, suitable for more places, and less noise interference. At
present, fNIRS is mainly used to observe the changes in cortical
activation in subjects under different conditions and after treatment,
which strengthens the study of cerebral activity and reveals the
principle of cortical remodeling (19). For example, the fNIRS
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TABLE 1 Demographics and clinical properties of the participants.

Number Age Gender Hemisphere lesion Type of lesion Days after stroke(m) MMSE

1 58 F R pons CI 1 24

2 62 F R radial crown CI 2 23

3 51 F R basal ganglia ICH 8 25

4 79 M R hemisphere ICH 9 22

5 47 M R hemisphere CI 4 26

6 53 F R thalamus ICH 8 25

7 66 M R basal ganglia CI 18 25

8 66 M L thalamus ICH 1 23

9 63 F L thalamus ICH 2 24

10 55 F L pons CI 1 24

11 42 F L basal ganglia ICH 1 26

12 67 M L pons CI 1 23

13 58 M R thalamus ICH 1 24

14 65 M R basal ganglia and radial crown CI 5 24

15 61 F R radial crown CI 1 25

16 37 M R frontal lobe and temporal lobe CI 1 27

17 59 M L basal ganglia ICH 24 24

18 59 M R MCAO CI 9 25

19 76 F R parietal lobe CI 3 23

20 67 M R brainstem CI 2 25

M, male; F, female; R, right; L, left; MCAO, middle cerebral artery occlusion; ICH, Intracerebral Hemorrhage; CI, Cerebral Infraction; MMSE, Mini-mental State Examination.

showed that the asymmetry of sensorimotor cortex activation was
significantly improved after 2 months of in-hospital rehabilitation,
and the ipsilesional premotor cortex activation increased, suggesting
that the motor recovery after stroke may be related to the
improvement of sensorimotor cortex (SMC) activation asymmetry
and the enhancement of ipsilesional premotor cortex activation (15).
In addition, it can also be used to observe the functional connectivity
(FC) between the cerebral cortex of the subjects during the task (20).

In conclusion, upper limb intelligent feedback robots and fNIRS
are both used in basic research and clinical treatment, but there
is little research on the use of fNIRS to compare the changes in
cerebral cortex activation between upper limb intelligent feedback
robot rehabilitation and other rehabilitation methods. The purpose
of this study is to compare the activation of the cerebral cortex
and cerebral cortex network in different shoulder training processes
by fNIRS and to explore the mechanism of upper limb intelligent
feedback robot training. We hypothesized that the changes in cerebral
cortex activation and FC of active intelligent feedback robot training
were significantly stronger than upper limb suspension training and
passive intelligent feedback robot training.

Materials and methods

Participants

In total, 20 patients with stroke (nine women and 11 men, age
range: 59.55± 10.28 years) were enrolled in this study.

The inclusion criteria for these patients were as follows: (a)
meeting the stroke diagnostic criteria of Chinese guidelines for
the prevention and treatment of cerebrovascular diseases; cerebral
infarction or cerebral hemorrhage confirmed by CT or MRI; (b)
patients with the first onset, a course of the disease within 2
years, aged 30–70 years old, regardless of gender; (c) limitation of
upper limb function, Brunnstrom stage ≥ II, muscle strength ≥ III,
sitting balance ≥ II; (d) right-handed individuals as identified in
the Edinburgh Handedness Inventory; and (e) no serious cognitive
problems, and Mini-Mental State Examination (MMSE) score of≥21
according to education level. The exclusion criteria were as follows:
(a) medications that reduce seizure thresholds or psychotropic
medications; (b) patients with shoulder pain, dislocation, or other
underlying diseases, such as a fracture; (c) metal implants in skulls,
missing skulls, or other patients who cannot be tested for fNIRS; and
(d) a history of mental illness or taking any antipsychotic drugs that
are not suitable for this study. The exclusion and drop-out criteria
were as follows: (a) patients who did not cooperate with the test or
examination and had poor compliance and (b) those who withdrew
from the trial voluntarily.

A total of 20 hemiplegic patients were recruited, and 16
patients completed this study. The stroke duration ranged from
1 to 24 months (median time = 5.1 months). Notably, 14
patients had stroke in the right hemisphere (70%), and six patients
in the left hemisphere (30%) (Table 1). The experiment was
conducted following the ethical principles of the Declaration of
Helsinki (21). All participants provided written informed consent
before data collection. The study was approved by the Ethics
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FIGURE 1

Experimental setup. (A) Experimental setup from a sagittal view. The
patient sat in a chair and two meters in front was a display screen. (B)
Experimental setup from a coronal view. All parts of the a�ected limb
were fixed and shoulder adductor abduction movement was
performed in the task state.

Committee of Guangzhou Panyu Central Hospital (No.: PYRC-2021-
008).

Apparatus

The intelligent feedback robot training system (Yikang Co.,
China) is composed of an intelligent feedback robot and a multimedia
display screen. The intelligent feedback robot includes the shoulder,
the elbow, and the wrist, which can support all the weight of the
patient’s upper limb, and the joint angle can be adjusted for different
patients. There is a chair beside the robot that allows patients to
train their upper limbs in the sitting position. Two meters directly
in front of the robot is a multimedia display screen, which can
display dynamic game content, reflect the robot’s movements, and
play audio (Figure 1). During the training, the patient adduced or
abducted the affected shoulder joint according to the multimedia
game and then received different visual and auditory feedback at the
same time.

Task conditions

We detected cerebral cortical activation during the three training
sessions. All three types of training were carried out on the upper limb
intelligent feedback robot system, namely, active intelligent feedback
robot training (ACT), upper limb suspension training (SUS), and
passive intelligent feedback robot training (PAS). Before training,
the patient was fixed on the seat, and a therapist turned on the
robot system. Then, the robot arm was fixed, and the height of
the upper arm was adjusted with nuts. Finally, the components at
the shoulder, elbow, and wrist were worn in turn. During ACT,
patients received feedback from the game and actively completed
the training. During PAS, patients received game feedback and
performed motor imagination but completed the training passively.
During SUS, patients actively completed the training without game
feedback. Both ACT and PAS played the game, namely, “catching the
coins,” which required patients to adduct and abduct their shoulder
joints to collect falling coins. The experimental design comprised two
periods, namely, the resting state (RS) and task state (TS). The display

screen of TS had sound and image playing, while RS had no sound
and image, and stood still. During SUS, patients actively adducted and
abducted shoulder joints without feedback in the TS and rested in the
RS. The motion velocities of the three mission states were consistent.

Task procedure

The fNIRS testing consisted of three consecutive trials in a block
paradigm, carried out as follows: Baseline—Task state—Resting state
(Figure 2). Each task trial commenced with a baseline period during
which patients were required to relax the whole body for 10 s, and
then, baseline hemodynamic responses were recorded. Before the
test, patients were instructed to sit quietly on the chair, relax with
their eyes closed, and not to carry out motor imagination during the
RS. Patients could only perform shoulder joint activities, and other
physical activities were prohibited to prevent interference with the
blood oxygen data during the TS. We ensured that patients fully
understood and consented to the training. In addition, the training
room was bright, tidy, and quiet, with a temperature of 26–27◦C and a
humidity of 40–60%. During the training, we collected the first 10 s of
data as the baseline and then started the task. The patients performed
shoulder joint adduction and abduction for 30 s and then rested for
30 s to return to the baseline, which was a cycle. The training included
three cycles, and it took approximately 190 s in total.

fNIRS data acquisition and analysis

A multichannel fNIRS system (NirSmart-6000A, Danyang
Huichuang Medical Equipment Co., Ltd., Jiangsu, China) with the
wavelength of 730 nm and 850 nm was used to detect the changes
in concentration of oxy-Hb and deoxy-Hb during the TS and RS.
Data were sampled at a frequency of 10 Hz. The distance between
the detector and the source was 30 mm to ensure propagation to the
gray matter beneath the optodes. In this study, the fNIRS channels
were defined as the midpoint of the corresponding light source-
detector pairs. A total of 35 channels were built by 14 light sources
and 14 detectors for fNIRS measurement. These channels were
symmetrically distributed in the left and right hemispheres of the
participants (17 channels on each side, and the S9-D3 channel was
evenly distributed in the left and right hemispheres) and positioned
based on the 10/20 international electrode placement system
(Figure 3A). The location of these channels covered the ipsilesional
and contralesional prefrontal cortices (IPFC/CPFC), ipsilesional
and contralesional primary motor cortices (IM1/CM1), ipsilesional
and contralesional primary somatosensory cortices (IS1/CS1), and
ipsilesional and contralesional premotor and supplementary motor
cortices (IPM/CPM) (Figure 3B). The midline central point (Cz)
was located at the midpoint of optode S13 and optode D12. The
channel sets for regions of interest (ROI) were selected based
on Brodmann areas (BA) and anatomical locations of cortical
areas for each participant (Table 2). The acquired coordinates were
then transformed into the Montreal Neurological Institute (MNI)
coordinates and further projected to the MNI standard brain
template using a spatial registration approach in NirSpace (Danyang
Huichuang Medical Equipment Co., Ltd., China).
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FIGURE 2

Experimental procedure. There are three states of fNIRS testing, namely, the baseline, the task state (TS), and the resting state (RS). The first 10 s before the
test were taken as the baseline. Then, start three tests, each including a 30-s task and a 30-s resting.

FIGURE 3

fNIRS data acquisition. (A) fNIRS optode layout design. Blue and purple-filled circles represent light sources and detectors, respectively. Gray rectangles
represent long separation channels. The midline central point (Cz) is located at the middle point of optode S13 and optode D12. (B) Regions of interest
and the channel setting. The probes were located over bilateral PFC (CPFC and IPFC); PM (CPM and IPM); bilateral M1 (CM1 and IM1); bilateral S1 (CS1
and IS1). C, contralesional; I, ipsilesional; PFC, prefrontal cortex; PM, premotor area and supplementary motor cortex; M1, primary motor cortex; S1,
primary somatosensory cortex.

TABLE 2 Anatomically labeled fNIRS channel locations using Brodmann areas.

Channels Brodmann areas (BA) Regions of interest (ROI) Abbreviation

2, 16 BA 1, 2, 3 Ipsilesional primary somatosensory cortex IS1

13, 14 BA 1, 2, 3 Contralesional primary somatosensory cortex CS1

17 BA 4 Ipsilesional primary motor cortex IM1

32 BA 4 Contralesional primary motor cortex CM1

1, 15, 18, 30, 31 BA 6 Ipsilesional premotor and supplementary motor cortex IPM

28, 29, 33, 34, 35 BA 6 Contralesional premotor and supplementary motor cortex CPM

5, 6, 7, 19, 21, 22, 23 BA 10 Ipsilesional prefrontal cortex IPFC

8, 9, 10, 22, 24, 25, 26 BA 10 Contralesional prefrontal cortex CPFC

fNIRS, functional near-infrared spectroscopy; ROIs, regions of interest; BA, Brodmann Areas; I, ipsilesional; C, contralesional; S1, primary somatosensory cortex; M1, primary motor cortex; PM,
premotor area and supplementary motor cortex; PFC, prefrontal cortex.
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The calibration function of the instrument and corresponding
template was used to ascertain the channels to fill exactly in
correspondence with the 10/20 electrode positions. Each optode was
attached to the surface of the skull using a custom-made hard plastic
cap and covered with a black cloth to prevent penetration of ambient
light. The hair was carefully swept away to ensure that the light
tube touched the participant’s skin closely, thereby maximizing the
efficiency of light coupling to the tissue.

In this study, oxy-Hb was used as a marker for hemodynamic
changes activated by the local cortex, as previous studies have
shown that oxy-Hb is more sensitive to changes in cerebral regional
blood flow signal than changes in deoxy-Hb concentration (22, 23).
In addition, oxy-Hb is considered to be particularly sensitive to
locomotion-related changes (24, 25).

The NirSpark software (HuiChuang, China) package was used
to preprocess fNIRS signals, which has been used in previous
experiments (26), and the steps were performed as follows. First,
an expert performed a preliminary inspection of the raw data,
marking and rejecting poor-quality signals. Second, we used a spline
interpolation algorithm for the resulting signals to amend motion
artifacts by channels. Spline interpolation is a commonly used
correction method. The advantage of it is that only corrects the
pre-localized artifacts. Motion artifacts were manifested as impulse
or cliff-type jumps caused by the relative sliding of the scalp and
probes (27). Subsequently, further analysis of the oxy-Hb data and
deoxy-Hb of channels covering functionally involved areas, namely,
the eight ROIs, was performed, and during the preprocessing,
the raw data were band-pass filtered between 0.01 and 0.2 Hz to
remove physiological noise (e.g., respiration, cardiac activity, and
low-frequency signal drift). Then, the modified Beer–Lambert law
was used to calculate the relative hemoglobin concentration changes
in oxy-Hb and deoxy-Hb. The hemodynamic response function
(HRF) initial time was set to −10 s, and the end time was set to 180 s
with “−10–0 s” as the reserved baseline state and “0–60 s” as the time
for a single block paradigm. The oxyhemoglobin concentrations for
each block paradigm were superimposed and averaged to generate
a block average result. For each pre-treated experimental dataset, a
generalized linear model (GLM) was used to analyze the oxy-Hb
and deoxy-Hb time series data. Finally, we extracted a 3-min stable
hemoglobin time series for each participant.

The functional connectivity matrix was computed in NirSpark
and calculated by conducting Pearson’s correlation analysis between
the time series for each pair of channels. For each participant, we
generated a 35 × 35 correlation matrix. We used the z matrix
for the next calculation step due to its normality characteristics
and normalized the correlation coefficients (r) to the z-value using
Fisher’s r-to-z transformation method. A predetermined sparsity
was used to express the actual number of connections divided by
the maximum possible number of connections in the network, and
then, the correlation matrix was thresholded into a binary matrix
describing the topology of the functional network. As in previous
studies (28, 29), the sparsity of the brain network should not be too
high or too low, and the range of 0.15–0.25 is more appropriate (30),
so this study chose a sparsity of 0.2 to construct the brain network.
Then, according to BA, our measurement channels were grouped
into four regions: PFC, PM, S1, and M1. After considering the brain
hemisphere factor, we obtained eight regions in total. Finally, to
evaluate the functional connections between and within networks,
the z values of the FC matrix were averaged separately, resulting in an

8∗8 functional connectivity matrix. For easy comparison, we defined
the right hemisphere as the ipsilesional hemisphere and flipped the
lesional right hemisphere in the Nirspark.

Statistical analysis

Measurement data were expressed by mean and standard
deviation. Data normality was tested via the Shapiro–Wilk test. For
the analysis of cortical activation, the changes in the oxy-Hb and
deoxy-Hb among three conditions were used. A one-way repeated-
measures analysis of variance (ANOVA) test was used to examine
the effect of condition indices of cortical activation (mean oxy-Hb
and deoxy-Hb changes and average effect sizes of hemodynamic
response) for each ROI. Bonferroni post hoc tests were applied for
multiple comparisons.

Pearson’s correlation coefficient described the FC. We performed
the paired t-test to compare the FC between ACT and SUS or
ACT and PAS. The statistical results were corrected for multiple
comparisons across channels by the false discovery rate (FDR). The
statistically significant level was 0.05 in this study.

Results

A total of 20 patients were recruited and received three different
types of training. Two patients were unable to complete three types
of training because of fatigue, and the other two patients were
excluded because of serious exercise compensation interference with
the measurement results. Finally, 16 patients completed three types of
training and fNIRS measurements in the process. No adverse effects
were reported.

Cortical activation

The activation maps of mean oxy-Hb changes under the three
conditions are shown in the figure (Figure 4A).

One-way repeated measures ANOVA revealed significant
differences in mean oxy-Hb changes among conditions in the three
ROIs (Figure 4B): CPFC [F(2,48) = 6,798, p < 0.01], IM1 [F(2,48) =

6.733, p < 0.01], IS1 [F(2,48) = 4,392, p < 0.05], and IPM [F(2,48)
= 3.658, p < 0.05]. Oxy-Hb responses in the CPFC region were
stronger during ACT than during SUS (t = 3.363, p < 0.01) and PAS
(t = 2.991, p < 0.05). Cortical activation in the IM1 was significantly
greater during ACT than during SUS (t= 3.448, p < 0.01) and PAS (t
= 2.812, p < 0.05). Oxy-Hb responses in the IS1 (t= 2.740, p < 0.05)
and the IPM (t = 2.603, p < 0.05) were significantly higher during
ACT than during PAS, and there is no significant difference in mean
deoxy-Hb changes among conditions (data not shown).

In the TS, the FC was analyzed by Pearson’s correlation
coefficient, and the FC of three types of training is shown in
Figure 5A. Compared with during SUS, increased FC was observed
during ACT, which is shown between the IM1 and ipsilateral S1 (t =
2.354, p < 0.05), the IM1 and IPM (t= 2.787, p < 0.05), the IM1 and
IPFC (t = 2.581, p < 0.05), the IPM and IPFC (t = 2.880, p < 0.05),
the IM1 and CPFC (t = 2.123, p < 0.05), the IPM and CPFC (t =
2.580, p < 0.05) (Figure 5B), and there was no significant difference
in FC between the ACT and PAS measured.
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FIGURE 4

(A) Activation maps of the mean oxy-Hb changes under three di�erent
conditions. (B) Average changes in oxy-Hb concentration of ROIs for
three conditions. Comparisons of execution-related oxy-Hb changes
of ROIs for ACT, PAS, and SUS. C, contralesional; I, ipsilesional;
oxy-Hb, oxy-hemoglobin; ROIs, regions of interest; PFC, prefrontal
cortex; M1, primary motor cortex; S1, primary somatosensory cortex
PM, premotor area, and supplementary motor cortex. *p < 0.05, **p <

0.01. Data are expressed as the mean with standard error (SE).

Discussion

The present study aimed to explore the activation mechanism and
the FC of cerebral cortices in patients with stroke using fNIRS for
upper limb intelligent feedback robot training.

The results showed that during ACT, higher cortical activation
in the CPFC, IM1, and tighter FC between cortices was observed
than during SUS, which supported our hypothesis. In the comparison
between ACT and PAS, it found that the activation of cerebral cortices
in the CPFC, IM1, and IPM of ACT was significantly stronger than
that of PAS, but there was no significant difference in FC between
the two groups, which was not consistent with our hypothesis. These
findings are novel, as there are few studies on the activation of
cerebral cortices in the process of upper limb robot training and
traditional rehabilitation training, our research may reveal a part
of why upper limb robot training is more effective than traditional
rehabilitation training.

Both ACT and SUS were carried out by patients on their initiative,
while SUS simply hung the upper limb of the affected side to allow
patients to complete the movement repeatedly. In addition, ACT used
an intelligent feedback robot, and patients played games in the face
of a multimedia display screen in the process of training. Therefore,
patients could be given visual, auditory, and other feedback to enable
them to complete the whole training more actively. The fNIRS
detection of the two types of training showed that hemodynamic
responses in the CPFC and IM1 were higher during ACT than during
SUS, which was consistent with previous studies. It has been reported

that the real feedback group induced specific and concentrated brain
activation in the left motor area after eight times of training, while
the sham feedback group showed diffuse brain activation patterns
throughout the cortex (31). Similarly, the literature has compared
the real and sham feedback given to patients with stroke during
upper limb functional training. After six times of training, the Fugl-
Meyer (FM) of the real group was significantly better than that
of the sham group, and the activation of the PM was enhanced
(32). In addition, active cycling exercises with feedback increased
the contralesional premotor cortex activation and improved cycling
performance compared with those without feedback in patients
with stroke (13). These findings suggest that providing immediate
feedback during functional training in patients with stroke may
enhance the activation of the cerebral cortices.

Compared with during SUS, increased FC was observed during
ACT, which is shown between the IM1 and IS1, IM1 and IPM,
IM1 and IPFC, IPM and IPFC, IM1 and CPFC, and IPM and
CPFC. The reason for this result may be that patients were more
motivated to achieve game goals during ACT. Moreover, the robot
can better bear the weight of patients’ upper limbs and adjust the
friction of shoulder training, thereby reducing the participation of
the contralesional cerebral cortex. This conjecture is similar to the
principle of constraint-induced movement therapy. Movement of
the affected limb helps patients to overcome the previously learned
non-use for the affected limb and promotes use-dependent plastic
brain reorganization. These two factors were regarded as the two
therapeutic mechanisms of therapy (11). A study compared the effect
of the affected upper limb side and bilateral exercise training in
post-stroke patients. It found that compared with bilateral training,
the coupling effect of CM1 to IM1 was significantly enhanced. In
addition, the local efficiency of the IM1, IPFC, and CPFC and the
hemispheric autonomy index of IPFC were significantly increased
in unilateral training (12). It is proved that the stronger the motor
motivation and the higher the participation of the affected limb,
the stronger the FC of the brain on the ipsilesional side. Based
on the principle of neuroplasticity of the brain, the reorganization
of the brain structure and function occurs throughout the human
lifespan (33). Meanwhile, a previous study has confirmed the
positive correlation between functional improvement after stroke
and enhanced neuroplasticity following rehabilitative interventions
(34). In the process of nerve remodeling, if we carry out activation
training on the ipsilesional side of the brain, restore the FC of
the brain region, and reduce the compensatory activation of the
contralesional side, the function may recover more quickly. A double-
blind randomized controlled trial supports this conclusion. Mihara
et al. performed six SMA facilitation with functional near-infrared
spectroscopy-mediated neurofeedback treatments on patients with
stroke. After treatment, the 3-meter Timed Up and Go (TUG)
test of the intervention group was significantly better than that
of the control group. Meanwhile, the intervention group showed
significantly increased imagery-related supplementary motor area
(SMA) activation and enhancement of resting-state connectivity
between SMA and the ventrolateral premotor area (35). After Yuan
trained stroke patients with robot-assisted upper limb training guided
by the brain–computer interface 20 times, significantly modulated FC
was observed between ipsilesional motor regions (M1 and SMA) and
some contralesional areas (SMA and PM), and modulated FC with
IM1 was significantly correlated with motor function improvement.
In addition, increased interhemispheric FC among the SMC from
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FIGURE 5

(A) Functional connectivity (FC) of ROIs during ACT, PAS, and SUS. (B) Channels with di�erences in FC between ACT and SUS (Pearson correlation), and
there was no significant di�erence in FC between ACT and PAS. ROIs, regions of interest.

resting-state data and increased LI from task-based data together
indicated the re-balance of the two hemispheres during the recovery
(36). This proved that the improvement of motor function and the
functional changes between IM1 and the contralesional premotor
area were significantly associated with the ipsilesional corticospinal
tract integrity. Therefore, the more significant M1 activation and
tighter FC of the ipsilesional brain during ACT may be the reasons
why the curative effect is better than that of traditional rehabilitation
therapy. We suspect that after two different treatments for a long
time, the activation of the IM1 in the ACT group will be significantly
higher than that in the SUS group, the FC of the ipsilesional brain
will be tighter, and the function of the upper limb will be significantly
improved. The next step of our research will verify this conjecture.

In the comparison between ACT and PAS, it found that the
activation of the cerebral cortex in the CPFC, IM1, IS1, and IPM
of ACT was significantly higher than that of PAS, but there was
no significant difference in FC between the two groups, which was
inconsistent with our hypothesis. The reason for this result may
be the difference between active movement and passive movement.
ACT requires patients to control muscle production for movement,
in other words, it also requires more activation of the cerebral
cortex, while PAS is passively activated by the robot. Therefore, the

cortical activation of ACT is more significant. A previous study has
compared the cortical activation of active left upper limb movement
(on the affected sides in patients with stroke), with or without
extrinsic motor performance visual feedback (LAV and LAnV), and
passive left upper limb movement (affected sides in patients with
stroke) (LP) in patients with stroke and healthy controls. The results
showed that both the LAV and LAnV induced significantly higher
activation in the ipsilesional SMA and the premotor cortex than
in the LP, which indicates active upper-limb movement appears
to induce higher cortical activation than that elicited by passive
movement in both patients with stroke (37). However, there is no
significant statistical difference in FC between the two groups. It
may be that during PAS, patients received feedback from the outside
world and carried out motor imagination, and the upper limbs
were also passively completing the game goals, resulting in more
FC between the brain regions. Studies have shown that both motor
imagination and motor execution of finger activity in patients with
stroke can lead to the reorganization of the brain network, and the
same network dominated. In addition, M1 causes more exchange of
causal information among motor areas during a motor execution task
than during a motor imagery task due to its interaction with SMA, so
the cortical activation of M1 will be stronger (38). Therefore, these
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findings suggest that PAS cannot significantly activate the cerebral
cortices, but feedback stimulation and motor imagination during
PAS can also activate brain regional connections and improve FC,
which can be used in the treatment of patients with low myodynamia
after stroke.

There are two limitations to this study. First, fNIRS detection is
sensitive and easy to be affected by limb compensatory movement or
the external environment. Although some improvements had been
made in the training process, and motion artifacts were corrected
using a technique based on moving standard deviation and spline
interpolation, there are still different degrees of compensation and
motion artifacts, which may interfere with the results. Follow-
up research should improve the research design to overcome this
problem. Second, the number of optodes used in this fNIRS study is
not enough to cover the whole cerebral cortex, so we can only analyze
the eight ROIs of bilateral PFC, PM, M1, and S1, but the activation
of other cortices during training cannot be detected and cannot be
analyzed completely. The follow-up study can use more channels of
fNIRS instruments to detect more brain regions.

Conclusion

In summary, this fNIRS study assessed the activation of cerebral
cortices and the cerebral cortex network after stroke in different
shoulder training processes and discussed the mechanism of upper
limb intelligent feedback robot training. Our study shows that
compared with SUS, ACT can activate cerebral cortices more strongly
and show tighter brain connectivity on the ipsilesional side. This
may be the reason why the curative effect of rehabilitation robot
training is better than that of traditional rehabilitation training. In
future research, we will compare the long-term effects of the two
types of training to verify this conjecture. Compared with ACT, the
cortical activation of PAS is weaker, but the FC of the brain regions
has no statistical difference, which indicates that PAS can be used to
treat patients with low myodynamia after stroke and enhance brain
response. Our research is helpful to understand the difference in
cerebral cortex activation between upper limb intelligent feedback
robot rehabilitation and other types of rehabilitation training and
provides a new method to explore the mechanism of brain response.
It also provides an objective basis for the further application of upper
limb intelligent feedback robots in the field of stroke rehabilitation.
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extracorporeal shock wave therapy
for upper limb spasticity after
stroke
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Zhenlan Li*

Department of Rehabilitation Medicine, First Hospital of Jilin University, Changchun, China

Spasticity is one of the most common complications after stroke. With the gradual

intensification of spasticity, stroke patients will have a series of problems such as joint

ankylosis and movement restriction, which a�ect the daily activities and increase the

burden on patients’ families, medical sta� and society. There are many ways to treat

post-stroke spasticity before, including physical therapy and exercise therapy, drug

therapy, surgery and so on, but not satisfied because of a few shortcomings. In recent

years, many researchers have applied extracorporeal shock wave therapy (ESWT) for

the treatment of post-stroke spasm and achieved good clinical e�ect, because it is

non-invasive, safe, easy to operate, low cost and other advantages compared with

other treatment methods. This article reviews the research progress and existing

problems of ESWT in the treatment of post-stroke spasticity.

KEYWORDS

extracorporeal shock wave therapy, spasticity, post-stroke, progress, existing problems

1. Introduction

Stroke, also known as “stroke” and “cerebrovascular accident” (CVA), is an acute

cerebrovascular disease, which is a group of diseases caused by the sudden rupture of blood

vessels in the brain or the blockage of blood vessels that prevents blood from flowing, causing

brain tissue damage (1). Stroke is the third leading cause of human death, and its incidence is

second only to tumor and ischemic heart disease. Stroke is also one of the leading causes of

long-term disability in humans (2), which survivors are often accompanied by varying degrees

of dyskinesia, sensory impairment, cognitive impairment, speech disorders and swallowing

disorders and other sequelae (3, 4).

Especially noticed spasticity is one of the most common complications in stroke patients and

usually occurs during the recovery period of stroke, after 3 months following stroke (5). About

4–42.6% of stroke patients experience spasticity after stroke onset, and 2–13% of these patients

may cause severe disability (6, 7). Early in stroke, the presence of a spastic state means that

the patient’s muscle tone improves and motor function recovers; however, as the spastic state

gradually increases, the patient may experience problems such as pain, pressure sores, muscle

weakness, joint ankylosis, and limitation of movement (8–10), leading to difficulties in daily

activities and increasing the burden on the patient’s family, medical staff, and society. The cost

of medical care increases nearly a four-fold in patients with stroke in the presence of spasticity

compared with patients without spasticity (11).
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In 1980, Lance first defined spasticity as “a movement disorder

characterized by velocity-dependent hypertonia due to stretch

hyperreflexia, and mostly associated with tendon hyperreflexia, as a

form of upper motor neuron syndrome” (12), which is widely used

and has greatly facilitated advances in the research and management

of spasticity. Young and so on combined possible mechanisms of

spasticity after stroke to define spasticity as “a movement disorder

characterized by velocity-dependent tonic stretch hyperreflexia due

to abnormal processing of primary inputs within the spinal cord”

(13). Other definitions are descriptive, such as “hypertonia, which

is characterized by resistance to externally imposed movements that

increases with the rate of stretching and changes with the direction of

joint movement,” “sensorimotor dysregulation caused by lesions of

upper motor neurons, which manifests as intermittent or persistent

involuntary activation of muscles” and “spasticity is involuntary

muscle hyperactivity that occurs with central paralysis” (14–16). Due

to the complexity and diversity of symptoms of post-stroke spasticity,

there is no uniform definition of spasticity in the international

academic so far. Regarding the definition of spasticity after stroke, we

more recommend Lance’s description of the definition of spasticity.

First, spasticity must be one of the manifestations of upper motor

neuron syndrome. The increased muscle tension without upper

motor neuron system damage cannot be described as “spasticity,”

which is one of the mistakes that many people are prone to make.

Second, the spasticity is a velocity-dependent hyperreflexia of stretch

reflex, which is the theoretical basis for our correct evaluation of

spasticity—rapid stretch.

Moderate spasm in stroke patients can reduce the occurrence

of complications, such as prevention of osteoporosis, prevention

of venous thrombosis, a certain degree of muscle tension can also

help maintain muscle capacity, slow down the degree and speed

of muscle atrophy, and spasm of knee extensor muscle groups can

assist patients to achieve standing and transfer (17, 18). However,

severe spasticity may lead to muscle contracture, abnormal posture,

pain, joint deformity, tissue contracture, etc., causing stiffness

and discomfort, affecting daily care, washing, dressing, perineal

hygiene and normal sitting posture, resulting in limited activities

of daily living and decreased quality of life (19–21). Therefore, it is

necessary and important to treat severe spasticity for stroke patients

in rehabilitation.

There are currently many treatments for spasticity after stroke,

including physical therapy and exercise therapy, drug therapy,

and surgical treatment (22). Among them, physical therapy

has the advantages of safety, cheapness, non-invasiveness, and

effectiveness, and is one of the most commonly used methods for

the treatment of spasticity, and is generally used as an adjunct

to other treatments, including vibration therapy, transcutaneous

electrical nerve stimulation, neuromuscular electrical stimulation,

transcranial direct current stimulation, repetitive transcranial

magnetic stimulation, biofeedback therapy, caloric stimulation

therapy, orthosis use, good limb position placement, proprioceptive

stimulation, stretching therapy, and movement therapy (23–26).

Drug therapy is the main way to treat spasm, of which oral drugs

used to treat systemic spasm affecting multiple sites include baclofen,

diazepam, dantrolene and tizanidine; while for the treatment of small

range spasm, local injection of botulinum toxin or ethanol and phenol

block are mostly used (27–30). Because of the complexity of surgical

operation and the limitation of therapeutic effect, surgical treatment

is rarely used in clinical practice. It is mainly used for relieving severe

spasm, correcting deformity and contracture, and preventing and

treating complications when drug therapy and other interventions

cannot effectively relieve spasm and the patient’s activities of daily

living and functional status are seriously affected. In fact, due to

the side effects of drug therapy, invasiveness of local therapy, and

economic burden, spasm sometimes cannot be effectively controlled

even with many treatment modalities, so it is necessary to find

new, economical, non-invasive, and effective treatment modalities

to relieve spasm and improve the quality of life of patients. In

recent years, many scholars have used extracorporeal shock wave

therapy (ESWT) to treat spasticity after stroke and achieved good

clinical results (31, 32). Because it has the advantages of non-invasive,

safe, easy operation, and low cost compared with other treatment

methods, more and more scholars have conducted in-depth studies.

This article reviews the research progress of ESWT in the treatment

of upper limb spasticity after stroke, in order to provide the basis for

ESWT in the treatment of post-stroke upper limb spasticity.

2. Mechanism of spasticity after stroke

Regarding the occurrence of spasticity, at present, the mechanism

of spasticity after stroke was divided into two categories: hypertonia

due to stretch reflex, that is, reflexively mediated mechanism;

hypertonia due to soft tissue changes, that is, non-reflexively

mediated mechanism (33).

With regard to the reflex mediated mechanism of spasticity,

neurophysiology currently believes that spasticity is the result

of enhanced stretch reflex (12). In stroke patients with spastic

hemiplegia, on the one hand, motor cortex and its corticospinal

descending tract are injured, which will immediately lead to

hemiplegia after stroke, mainly including upper and lower limb

muscles on the affected side, and trunk muscles are also affected to

some extent (34). On the other hand, due to the damage of the cortical

bulbar pathway accompanied by the damage of the motor cortex or

the corticospinal descending tract, the supraspinal inhibition was lost,

and bulbar spinal cord overexcitation occurred (35). This is mainly

a de-inhibition phenomenon, or de-masking effect. Reticulocyte

hyperexcitability provides unopposed excitatory descending inputs to

spinal extension reflex circuits, resulting in increased excitability of

spinal motor neurons (36). This adaptive change can explain most

of the clinical manifestations of spasticity, such as hyperreflexia,

velocity dependent resistance to stretch, excessive muscle activity, or

spontaneous discharge of motor units (37–39).

In addition to hyperreflexia, spasticity after stroke is also

associated with changes in the mechanical properties of muscles,

tendons, joints and other tissues, that is, non-reflex factor-mediated

muscle spasm mechanism (33). Spasticity after stroke is mostly

attributed to brain injury itself and less attention is paid to

muscle tissue structure, metabolism and function. Muscle function

and structure are altered following spasm, mainly by changes in

muscle fiber size and fiber type distribution; extracellular matrix

proliferation as measured morphologically and biochemically; and

increased stiffness of spastic muscle cells (40–42). Spastic muscle

has poorer mechanical properties of extracellular material compared

to normal muscle (43, 44). In conclusion, the changes of muscle

fiber classification, proportion and length of spastic muscles after

stroke will promote the changes of physiological function and
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biomechanical characteristics of the affected skeletal muscles, and

these changes further aggravate the spastic state.

3. Introduction to ESWT

ESWT is a series of single-pulse high-energy mechanical waves,

characterized by high pressure (100 MPa), rapid pressure increase

(<10 ns), and short action cycle (10 µs), which can propagate

in three-dimensional space, and the propagation speed accelerates

with the increase of pressure (45). It can be divided into two

types: focused extracorporeal shock wave therapy (fESWT) and

radial extracorporeal shock wave therapy (rESWT) (46). Focused

shock wave concentrates acoustic wave energy on a certain focal

zone on target tissue, with very high energy at focal zone.

According to different pressure generating devices, it can be divided

into electrohydraulic extracorporeal shock wave, electromagnetic

extracorporeal shock wave and piezoelectric extracorporeal shock

wave, with penetration depth up to 12 cm. X-ray or ultrasound-

guided precise localization of treatment site is often required

during treatment to avoid damage to surrounding tissues (47, 48).

Dissipative shock waves transmit acoustic energy into the body in a

radially attenuatedmanner through contact with the skin, and there is

only one pneumatic ballistic type, which requires the coupling agent

to be applied to the surface of the treatment site during treatment,

which has a much shallower penetration depth of about 3.5 cm

compared with focused extracorporeal shock waves, and has low

energy and slow transmission speed. The treatment head can move

flexibly during the operation, has a larger therapeutic range, does

not require the use of other equipment for positioning, is safer, less

expensive, and is more suitable for the treatment of soft tissues such

as muscles and ligaments (49, 50).

At present, extracorporeal shock wave therapy is widely used in

the treatment of spasticity after stroke, doctors will select focused

or dissipated extracorporeal shock waves according to the actual

situation of patients themselves. Therefore, the adverse reactions

of patients during the treatment period were few and mild, well

tolerated, and the treatment could be repeated (51, 52).

4. Mechanisms of ESWT in treating
spasticity after stroke

Currently, with the depth study on the mechanism of

extracorporeal shock wave therapy for spasticity after stroke, it

believed that there may be the following mechanisms.

4.1. ESWT induced nitric oxide synthesis

Nitric oxide (NO) is a non-classical neurotransmitter that acts as

a messenger molecule in humans and is involved in neuromuscular

junction formation as well as important physiological functions of

the central nervous system, including the transmission, storage, and

synapse-related functions of information in the nervous system (53,

54). Some scholars have proposed that extracorporeal shock waves

can induce NO production through enzymatic and non-enzymatic

pathways, reduce acetylcholine at the neuromuscular junction, and

thus relieve muscle spasm (55, 56). Gotte et al. found that nitrite

concentrations increased with increasing energy levels after shock

waves applied to mixed solutions containing L-arginine and H2O2,

providing a rationale for non-enzymatic pathways promoting NO

production (57). Ciampa et al. found that shock waves increased the

activity of nitric oxide synthase in the cytoplasm of rat glial cells C6

when shock waves were applied, thereby accelerating the production

of NO. It also increases neuronal nitric oxide (nNOS) activity

and NO production induced by a mixture of lipopolysaccharides

(LPS), tumor necrosis factor-α (TNF-α), and interferon gamma

(IFN-γ) (58). It has also been suggested that shock waves may

temporarily reduce acetylcholine receptors at the neuromuscular

junction, thereby affecting neuromuscular junction function and

thereby reducing spasticity (56, 59). Shock waves can regulate NO

synthesis and affect enzyme activity, so it is speculated that ESWT

alleviates limb spasticity after stroke may be related to the regulation

of NO synthesis.

4.2. Extracorporeal shock waves reduce
motor neuron excitability

Some scholars believe that due to cerebral cortex damage after

stroke, upper motor neurons lose their inhibitory effect on lower

motor neurons, resulting in abnormal excitation of motor neurons

(60, 61). Extracorporeal shock waves may reduce the excitability

of motor neurons by vibratory stimulation of tendons, thereby

achieving the goal of reducing tension. Leone et al. performed

shock wave therapy on the Achilles tendon of hemiplegic patients

to assess motor neuron excitability innervating the muscle by H-

reflex and showed a decrease in H-reflex amplitude, suggesting

that improving the functional status of the contractured Achilles

tendon by continuous or intermittent compression of the Achilles

tendon site may be related to regulating motor neuron excitability,

but its neurophysiological effects and clinical effects could not be

sustained (62). Daliri et al. observed the changes in the ratio of the

maximum amplitude of H wave to the maximum amplitude of M

wave (Hmax/Mmax value) after ESWT for flexor carpi spasm after

stroke and found that the Hmax/Mmax value decreased, indicating

that extracorporeal shock waves could improve the excitability of α

motor neurons and thus relieve limb spasm (63).

4.3. ESWT modulates the process of nerve
conduction

The occurrence of limb spasticity after stroke is not only related

to the high excitability of motor neurons, but also related to the

innervation and nerve conduction of muscles. Extracorporeal shock

waves can produce nerve block at free nerve endings, neuromuscular

junctions and other parts, thus regulating the conduction of nerves

(64, 65). Ohtofi et al. used shock waves to act on rats, and all

epidermal sensory nerve fibers degenerated within 1 week, and

epidermal nerves regenerated after 2 weeks (66). Kenmoku et al.

applied an extracorporeal shock wave to the right calf muscle of

rabbits and found that there was degeneration of acetylcholine

receptors in the muscle after shock wave application, causing

transient nerve conduction dysfunction at the neuromuscular

junction, suggesting that ESWT may cause transient dysfunction
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of nerve conduction, which in turn affects the functional status of

the muscle, but the number of receptors that were reduced at the

neuromuscular junction by shock wave application would recover at

an extremely rapid rate, which may be the reason why shock wave

treatment of spasticity is generally of short duration (67).

4.4. E�ect of extracorporeal shock waves on
muscle and soft tissue

Extracorporeal shock waves, acting on human tissues, may

produce different physical stress effects in the area of action through

the human medium, namely tensile stress and shear force, thereby

causing tissue release, improving the microcirculation of muscles

and thus relieving the state of muscle spasm in patients (68–70). A

meta-analysis showed that ESWT improves passive jointmobility and

muscle properties such as stiffness, tension, and elasticity, which are

thought to be related to the rheological properties of shock waves

on spastic muscles (71). Kim et al. found that after 2 weeks of

ESWT, the range of motion significantly increased, and supraspinatus

muscle strength, thickness, tension and stiffness were effectively

restored (72). Lee et al. showed that ESWT helps revascularization by

applying ESWT to lesions and reduces pain and improves function by

stimulating or reactivating the healing process of connective tissue,

including tendons and bones (73).

We believe that the mechanism of extracorporeal shock wave in

treating spasticity after stroke is not single, but the result of multiple

mechanisms. For different patients, a certain mechanism may be the

main one but this needs further in-depth study.

5. Clinical study of ESWT in the
treatment of upper limb spasticity after
stroke

Most upper limb spasms after stroke are mainly flexor spasms,

which seriously affect rehabilitation and hinder the improve of motor

function. Severe spasms may lead to shoulder pain, shoulder hand

syndrome, etc. In 2005, Manganotti et al. applied extracorporeal

shock wave to patients with spastic stroke for the first time, and

observed the effect of ESWT on upper limb dystonia in patients with

stroke. They selected 20 stroke patients with hypermyotonia of the

upper limbs, and gave 1,500 pulse shocks to the belly of the forearm

flexormuscle and 3,200 pulse shocks to the hand interosseousmuscle.

The energy density was 0.030 mJ/mm2. The results showed that

the muscular tension of flexor carpi and flexor digitorum could

be effectively reduced immediately after ESWT compared with that

before treatment. Among them, the flexor muscle tension of the

finger was significantly improved 1 week, 4 weeks and 12 weeks

after treatment compared with that before treatment. The flexor

carpi muscle tension was significantly improved after 1 and 4 weeks

of treatment compared with that before treatment, while it was

not significantly improved after 12 weeks. In addition, the study

measured the motor nerve conduction velocity and F wave response

of the abductor digiti minimus muscle endings, and observed the

shock wave stimulation of the ulnar nerve. The results showed that

there was no indication of denervation changes such as potential

changes, which failed to explain its mechanism. This study shows

that ESWT can significantly reduce upper limb muscle spasm in

stroke patients, especially for finger flexor muscle tension, and can

maintain the effect for 12 weeks. During the study, patients had

not reported any side effects related to extracorporeal shock waves

(74). Kim et al. treated 57 stroke patients with subscapularis spasm

with five times of divergent extracorporeal shock wave therapy for

2 weeks to observe whether this method is equally effective for

subscapularis spasm. The researchers were followed up for 6 weeks

before and after each shock wave treatment, evaluated once a week,

and evaluated 11 times in total. The results confirmed that the rESWT

could relieve the subscapular muscle spasm, relieve shoulder pain,

and improve shoulder joint range of motion in patients with stroke.

There is a significant difference between the evaluation indexes 4

weeks after treatment and those before treatment, and there is no

significant difference between the indexes 6 weeks after treatment,

but the overall trend is still improved compared with those before

treatment (75).

In recent years, more and more clinical research showed that

ESWT can reduce the upper limb flexor muscle tension of stroke

patients and effectively improve muscle spasm (76–78). Troncati

et al. observed the ESWT of 12 hemiplegic patients with upper

limb spasticity. The energy density of the abdominals of forearm

flexors was 0.105 mJ/mm2 for 1,600 pulses, and the energy density

of hand interosseous muscles was 0.08 mJ/mm2 for 800 pulses.

The results showed that the muscular tension of rotator cuff, elbow

flexor, wrist flexor and finger flexor decreased after treatment. After

3 and 6 months of treatment, the muscular tension of rotator

cuff, flexor carpi and flexor digitorum decreased compared with

that before treatment, while the muscular tension of elbow flexor

did not change significantly compared with that before treatment.

The passive range of motion of upper limb joints was significantly

improved after treatment, 3 months after treatment and 6 months

after treatment. It is believed that shock wave therapy has a definite

effect on upper limb motor function, and can significantly improve

upper limb motor function, which can last for 6 months. This study

shows that ESWT has a long-term effect on upper limb spasm

in stroke patients (79). Li et al., in order to further observe the

effective time of ESWT in relieving spasticity, performed rESWT

treatment on the antagonist and agonist muscles of the upper limb

elbow in stroke patients. The results showed that rESWT could

improve spasticity and pain by acting on spasmodic antagonists or

agonists. The therapeutic effect lasted at least 4 weeks, but it could

not improve the motor function of upper limbs (80). Park et al.

randomly divided 30 stroke patients into the treatment group and

the control group.MyotonPrOmuscle detector was used to detect the

upper limb muscle tension of stroke patients after ESWT treatment.

The results showed that the mechanical indexes of flexor carpi

ulnaris, flexor carpi radialis and flexor digitorum in the treatment

group were significantly higher than those in the control group,

suggesting that ESWT can effectively relieve the upper limb flexor

spasm (81).

Some scholars focus on muscle spasms of small joints of

upper limbs such as wrist joint, metacarpophalangeal joint, etc.

Gjerakaroska Savevska et al. reported that a 42 year old ischemic

stroke patient was treated with ESWT for his right hand spasm. After

six times of rESW treatment, the efficacy was evaluated according

to the modified Ashworth scale (MAS) and disability rating scale

(DAS) scores before treatment, after the sixth treatment, and 1

and 3 months after the end of treatment respectively. The results
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showed that ESW could improve the spasticity of wrist and finger

flexors after stroke, and the effect was continuous (82). Daliri et al.

observed 15 patients with wrist flexor spasm after stroke one time

of comfort treatment and one time of routine ESWT 1 week later,

and recorded the changes of motor function at each stage in the

MAS score, Hmax/Mmax value and Brunstrom evaluation method.

The results showed that the MAS scores and Hmax/Mmax values

after conventional ESWT treatment were improved compared with

those after placebo treatment, but no significant changes in motor

function were observed in each stage of Brunstrom assessment.

It shows that single ESWT treatment can relieve wrist flexor

spasm after stroke, but has no significant improvement in motor

function (63).

To sum up, ESWT treatment can better relieve upper limb

spasticity after stroke, and last the effect for a long time. ESWT

treatment is effective not only for typical flexor spasms, but also for

agonists and antagonists. At present, ESWT is used in the treatment

of upper limb spasticity after stroke, and the treatment intensity

mostly is selected low energy as the treatment intensity. Although

there are two types of shock wave and the treatment methods include

fESWT and rESWT. There is no significant difference have shown

in the therapeutic effect between them these two extracorporeal

shock waves.

6. Current problems

The current clinical research shows that the main adverse

reaction of ESWT in the treatment of muscle spasticity in stroke

patients is pain and ecchymosis in the local part of the action

site, but these can be disappeared in a short time (83–85). As the

known literature has not been followed up for a long time, there

may also be long-term side effects, but they have not been found

yet. In addition, there is no unified reference standard for the

treatment parameters, site, case selection, evaluation scale selection,

etc. of shock wave treatment of spastic state. Most of the existing

clinical studies are based on the experience of clinicians, lacking

objectivity. The clinical treatment scheme of shock wave needs

further exploration.

6.1. Treatment site and treatment parameters

Yoon et al. compared the efficacy of extracorporeal shock

wave in the treatment of limb spasticity in different parts of

stroke patients. MAS score and modified Tardieu scale (MTS)

score were the main evaluation indicators. The results showed

that the effect of extracorporeal shock wave on muscle abdomen

or the junction between muscle abdomen and tendon was better

(86). Our recommended treatment sites are to include the muscle

belly, the tendon symphysis, and the tendon, which is the whole

muscle portion of the target muscle. Troncati et al. showed that

the MAS scores of wrist flexor, finger flexor and shoulder external

rotator muscles decreased after 3 and 6 months of treatment, but

there was no significant change in elbow flexor muscle. It was

believed that the lack of sample size might be due to factors such

as different muscle locations, insufficient shock wave dose and

intensity. On the other hand, in clinical research, the treatment

time and follow-up time are inconsistent, so it is difficult to

determine the best treatment interval of EWST (79). At present,

there is no uniform standard for the therapeutic parameters of

ESWT treatment for spasticity, including the intensity, frequency,

number of pulse, duration of session, which needs more in-depth

clinical research.

6.2. Case selection

A meta-analysis by Mihai et al. (87) shows that ESWT has long-

term clinical efficacy in relieving lower limb spasticity, reducing pain

intensity and increasing range of activity in stroke patients, but Bae

et al. found that EWST has immediate efficacy (88). It may be that the

inclusion criteria of Bae et al. include patients with mild spasticity,

which is not enough to achieve lasting effects. Another reason may

be that the patient has a long course of disease, muscle spasm lasts

for a long time, and periarticular tissue sclerosis lasts for a long time.

Only repeated shock wave treatment can alleviate the stiffness of these

connective tissues. We suggest that the criteria for inclusion should

be more strictly specified in future studies to make the research

results referential and to exclude false results caused by non-standard

inclusion criteria.

6.3. Selection of evaluation scale

It is a problem worthy of discussion to evaluate the curative

effect of muscle spasm with a high credit rating scale. At present,

MAS has a high reliability (89, 90) in the clinical evaluation scale

of muscle spasm, but MAS does not take into account the speed

dependent components of muscle spasm and the degree of muscle

flexion and extension when resistance occurs. According to the

definition of Lance spasticity (12), MAS cannot fully assess the degree

of spasticity. MTS reflects the speed dependence of spasticity by

comparing the resistance of muscles during passive stretching at

slow speed and fast speed, so it is considered to be more suitable

for Lance spasticity assessment than MAS (91, 92). On the other

hand, the MAS score did not include clinical symptoms such as

pain, convulsions and effects on function, which are closely related

to muscle spasm. On the contrary, clinical symptoms such as

twitching, pain and decreased ability of daily living may occur with

muscle spasm. Therefore, other clinical scales such as visual analysis

scale (VAS), modified Barthel index and Fugl Meyer evaluation

scale (93–95) should be used to observe the therapeutic effect

of ESWT.

7. Conclusion and future outlook

Recent studies have confirmed that ESWT can safely,

economically and effectively treat upper limb spasticity after

stroke, reduce the use of antispasmodic drugs in patients with

upper limb spasticity after stroke, and thus reduce adverse drug

reactions. The side effects observed so far are mainly tolerable

pain and ecchymosis, but these can disappear quickly. However,

at present, ESWT still has some limitations: ① There are few

basic researches on ESWT, and its mechanism is still unclear.

② There is no uniform standard for the treatment parameters

of ESWT, and the best parameters of ESWT for muscle spasm
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cannot be determined. ③ The duration of the effect of ESWT on

post-stroke spasticity is still unclear. Therefore, the mechanism

of action, treatment parameters and duration of efficacy of

ESWT are the key directions of future research, providing

more basis for its further clinical promotion, and making its

application in patients with upper limb spasms after stroke

more standardized.
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76. Opara J, Taradaj J, Walewicz K, Rosińczuk J, Dymarek R. The current state of
knowledge on the clinical and methodological aspects of extracorporeal shock waves
therapy in the management of post-stroke spasticity-overview of 20 years of experiences.
J Clin Med. (2021) 10:261. doi: 10.3390/jcm10020261

77. Zhang ZX, Zhang D, Yu XT, Ma YW. Efficacy of radial extracorporeal shock wave
therapy for chronic pelvic pain syndrome: a nonrandomized controlled trial. Am J Mens
Health. (2019) 13:1557988318814663. doi: 10.1177/1557988318814663

Frontiers inNeurology 07 frontiersin.org
228

https://doi.org/10.3389/fneur.2023.1121026
https://doi.org/10.1177/0269215509353254
https://doi.org/10.1177/0269215520963855
https://doi.org/10.1161/STROKEAHA.118.022255
https://doi.org/10.2147/CIA.S221032
https://doi.org/10.3390/jcm10204723
https://doi.org/10.1155/2014/354906
https://doi.org/10.1002/mus.20284
https://doi.org/10.1212/wnl.49.2.470
https://doi.org/10.3389/fnhum.2015.00192
https://doi.org/10.1155/2014/279175
https://doi.org/10.1002/mus.20285
https://doi.org/10.1002/mus.23699
https://doi.org/10.1002/mus.20059
https://doi.org/10.1016/S1474-4422(07)70193-X
https://doi.org/10.1371/journal.pone.0101038
https://doi.org/10.1002/mus.10446
https://doi.org/10.1007/s10237-019-01196-4
https://doi.org/10.1016/j.ijsu.2015.11.030
https://doi.org/10.1016/j.ultrasmedbio.2012.06.004
https://doi.org/10.1097/MD.0000000000019920
https://doi.org/10.3390/jcm9020568
https://doi.org/10.5114/ada.2018.79191
https://doi.org/10.1038/s41443-019-0113-3
https://doi.org/10.1155/2019/3086910
https://doi.org/10.1111/j.1469-8749.2010.03830.x
https://doi.org/10.2340/16501977-0522
https://doi.org/10.1016/j.niox.2004.12.005
https://doi.org/10.1002/mus.25754
https://doi.org/10.1016/s0014-5793(02)02807-7
https://doi.org/10.1016/j.febslet.2005.11.023
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104591
https://doi.org/10.1152/jn.00946.2014
https://doi.org/10.1152/jn.00288.2018
https://doi.org/10.1093/ptj/68.4.475
https://doi.org/10.3233/NRE-141193
https://doi.org/10.1097/PHM.0000000000001891
https://doi.org/10.1002/mus.23631
https://doi.org/10.1016/s0304-3940(01)02320-5
https://doi.org/10.1002/jor.22111
https://doi.org/10.3389/fvets.2022.851894
https://doi.org/10.1097/MD.0000000000013828
https://doi.org/10.21037/atm-22-295
https://doi.org/10.1097/PHM.0000000000001977
https://doi.org/10.1097/MD.0000000000030053
https://doi.org/10.1589/jpts.29.1907
https://doi.org/10.1161/01.STR.0000177880.06663.5c
https://doi.org/10.3390/jcm10020261
https://doi.org/10.1177/1557988318814663
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Duan et al. 10.3389/fneur.2023.1121026

78. Fan T, Zhou X, He P, Zhan X, Zheng P, Chen R, et al. Effects of radial
extracorporeal shock wave therapy on flexor spasticity of the upper limb in post-
stroke patients: study protocol for a randomized controlled trial. Front Neurol. (2021)
12:712512. doi: 10.3389/fneur.2021.712512

79. Troncati F, Paci M, Myftari T, Lombardi B. Extracorporeal shock wave therapy
reduces upper limb spasticity and improves motricity in patients with chronic hemiplegia:
a case series. NeuroRehabilitation. (2013) 33:399–405. doi: 10.3233/NRE-130970

80. Li G, YuanW, Liu G, Qiao L, Zhang Y,Wang Y, et al. Effects of radial extracorporeal
shockwave therapy on spasticity of upper-limb agonist/antagonist muscles in patients
affected by stroke: a randomized, single-blind clinical trial. Age Ageing. (2020) 49:246–
52. doi: 10.1093/ageing/afz159

81. Park SK, Yang DJ, Uhm YH, Yoon JH, Kim JH. Effects of extracorporeal shock wave
therapy on upper extremity muscle tone in chronic stroke patients. J Phys Ther Sci. (2018)
30:361–64. doi: 10.1589/jpts.30.361

82. Gjerakaroska Savevska C, Nikolikj Dimitrova E, Gocevska M. Effects of radial
extracorporeal shock wave therapy on hand spasticity in poststroke patient. Hippokratia.
(2016) 20:309–12.

83. Xiang J, WangW, JiangW, Qian Q. Effects of extracorporeal shock wave therapy on
spasticity in post-stroke patients: a systematic review and meta-analysis of randomized
controlled trials. J Rehabil Med. (2018) 50:852–59. doi: 10.2340/16501977-2385

84. Lohse-Busch H, Kraemer M, Reime U. Pilotuntersuchung zur Wirkung von
niedrigenergetischen, extrakorporalen Stosswellen auf Muskelfunktionsstörungen
bei spastischen Bewegungsstörungen von Kindern [A pilot investigation into the
effects of extracorporeal shock waves on muscular dysfunction in children with
spastic movement disorders]. Schmerz. (1997) 11:108–12. doi: 10.1007/s00482
9700032

85. Vidal X, Morral A, Costa L, Tur M. Radial extracorporeal shock wave therapy
(rESWT) in the treatment of spasticity in cerebral palsy: a randomized, placebo-
controlled clinical trial. NeuroRehabilitation. (2011) 29:413–9. doi: 10.3233/NRE-
2011-0720

86. Yoon SH, Shin MK, Choi EJ, Kang HJ. Effective site for the
application of extracorporeal shock-wave therapy on spasticity in chronic

stroke: muscle belly or myotendinous junction. Ann Rehabil Med. (2017)
41:547–55. doi: 10.5535/arm.2017.41.4.547

87. Mihai EE, Dumitru L, Mihai IV, Berteanu M. Long-term efficacy of
extracorporeal shock wave therapy on lower limb post-stroke spasticity: a systematic
review and meta-analysis of randomized controlled trials. J Clin Med. (2020)
10:86. doi: 10.3390/jcm10010086

88. Bae H, Lee JM, Lee KH. The effects of extracorporeal shock wave therapy on
spasticity in chronic stroke patients. Korean Acad Rehabil Med. (2010) 34:663–69.

89. Chen CL, Chen CY, Chen HC, Wu CY, Lin KC, Hsieh YW, et al. Responsiveness
and minimal clinically important difference of Modified Ashworth Scale in patients with
stroke. Eur J Phys Rehabil Med. (2019) 55:754–60. doi: 10.23736/S1973-9087.19.05545-X

90. Meseguer-Henarejos AB, Sánchez-Meca J, López-Pina JA, Carles-
Hernández R. Inter- and intra-rater reliability of the Modified Ashworth
Scale: a systematic review and meta-analysis. Eur J Phys Rehabil Med. (2018)
54:576–90. doi: 10.23736/S1973-9087.17.04796-7

91. Ansari NN, Rahimi M, Naghdi S, Barzegar-Ganji Z, Hasson S, Moghimi E. Inter-
and intra-rater reliability of the modified modified Ashworth scale in the assessment of
muscle spasticity in cerebral palsy: a preliminary study. J Pediatr Rehabil Med. (2022)
15:151–58. doi: 10.3233/PRM-190648

92. Yoo M, Ahn JH, Rha DW, Park ES. Reliability of the modified Ashworth and
modified tardieu scales with standardized movement speeds in children with spastic
cerebral palsy. Children (Basel). (2022) 9:827. doi: 10.3390/children9060827

93. Heller GZ, Manuguerra M, Chow R. How to analyze the Visual
Analogue Scale: myths, truths and clinical relevance. Scand J Pain. (2016)
13:67–75. doi: 10.1016/j.sjpain.2016.06.012

94. Kasner SE. Clinical interpretation and use of stroke scales. Lancet Neurol. (2006)
5:603–12. doi: 10.1016/S1474-4422(06)70495-1

95. Rech KD, Salazar AP, Marchese RR, Schifino G, Cimolin V, Pagnussat
AS. Fugl-Meyer assessment scores are related with kinematic measures in
people with chronic hemiparesis after stroke. J Stroke Cerebrovasc Dis. (2020)
29:104463. doi: 10.1016/j.jstrokecerebrovasdis.2019.104463

Frontiers inNeurology 08 frontiersin.org
229

https://doi.org/10.3389/fneur.2023.1121026
https://doi.org/10.3389/fneur.2021.712512
https://doi.org/10.3233/NRE-130970
https://doi.org/10.1093/ageing/afz159
https://doi.org/10.1589/jpts.30.361
https://doi.org/10.2340/16501977-2385
https://doi.org/10.1007/s004829700032
https://doi.org/10.3233/NRE-2011-0720
https://doi.org/10.5535/arm.2017.41.4.547
https://doi.org/10.3390/jcm10010086
https://doi.org/10.23736/S1973-9087.19.05545-X
https://doi.org/10.23736/S1973-9087.17.04796-7
https://doi.org/10.3233/PRM-190648
https://doi.org/10.3390/children9060827
https://doi.org/10.1016/j.sjpain.2016.06.012
https://doi.org/10.1016/S1474-4422(06)70495-1
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104463
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 01 March 2023

DOI 10.3389/fneur.2022.984707

OPEN ACCESS

EDITED BY

Sheng Li,

University of Texas Health Science

Center at Houston, United States

REVIEWED BY

Nicole Pizzorni,

University of Milan, Italy

Takatsugu Okamoto,

Nishi-Hiroshima Rehabilitation

Hospital, Japan

*CORRESPONDENCE

Shengjie Zhao

gcnzsj@163.com

SPECIALTY SECTION

This article was submitted to

Neurorehabilitation,

a section of the journal

Frontiers in Neurology

RECEIVED 02 July 2022

ACCEPTED 03 October 2022

PUBLISHED 01 March 2023

CITATION

Li B, Zhang T, Zhao J, Li P, Wu Z and

Zhao S (2023) Can non-swallowing

function assessment predict

nasogastric tube removal in patients

with poststroke dysphagia? A clinical

study. Front. Neurol. 13:984707.

doi: 10.3389/fneur.2022.984707

COPYRIGHT

© 2023 Li, Zhang, Zhao, Li, Wu and

Zhao. This is an open-access article

distributed under the terms of the

Creative Commons Attribution License

(CC BY). The use, distribution or

reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.

Can non-swallowing function
assessment predict nasogastric
tube removal in patients with
poststroke dysphagia? A clinical
study
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and Shengjie Zhao*

Department of Neurology, Capital Medical University School of Rehabilitation Medicine, China

Rehabilitation Research Center, Beijing, China

Objective: This study aimed to predict nasogastric tube (NGT) removal

in patients with poststroke dysphagia (PSD) by non-swallowing

function assessment.

Methods: We enrolled 232 eligible patients and performed rehabilitation.

The Fugl-Meyer assessment motor (FMM) and National Institute of Health

Stroke Scale (NIHSS) scores were used to measure the motor and overall

nervous system functions. Predictors for NGT removal in patients with PSD

after rehabilitation were analyzed.

Results: Of the 232 included patients, the NGTs were removed from 78%

of them, while 22% were dependent on a feeding tube after 4 weeks of

rehabilitation. Compared to the preserved NGT group, older age, a higher rate

of intubation or tracheostomy, andmore severe baseline functions were found

in the NGT removal group. Age [odds ratio (OR) = 0.907; 95% confidence

interval (CI): 0.859–0.957; p= 0.000], di�erence in the FMM score after 4 weeks

of rehabilitation (OR = 1.219; 95% CI: 1.145–1.299; p = 0.00), and item 9 of

NIHSS (OR = 0.488; 95% CI: 0.252–0.946; p = 0.034) were predictors of NGT

removal after rehabilitation.

Conclusion: We established a predictive model in patients with PSD using a

non-swallowing assessment, which enabled us to predict swallowing recovery

based on the non-swallowing function.

KEYWORDS

dysphagia, stroke, prognosis, functional improvement, NIHSS

Introduction

With advanced treatment for acute stroke and an increased proportion of the elderly

in China, stroke survival has improved significantly, and stroke-related disabilities have

increased. Poststroke dysphagia (PSD) is a major poststroke disability with a prevalence

ranging from 42 to 80%, depending on the evaluation method and the assessment
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time (1, 2). Some patients with PSD recovered spontaneously in

the acute phase, while 11–50% of patients had dysphagia at 6

months (3).

Guidelines for adult stroke rehabilitation and recovery

suggested that tube feeds via the nasogastric route are reasonable

for patients who cannot swallow safely for the first 2–3 weeks

after stroke, and percutaneous gastrostomy (PEG) tubes should

be placed for patients with a chronic inability to swallow safely

(4). The selection criteria for a proper feeding method for

patients with PSD in the subacute stage are unclear. However,

both methods have limitations. The use of a nasogastric tube

(NGT) is convenient, non-invasive, and more likely to result

in food reflux, aspiration, and lung infection with long-term

indwelling. Despite the benefits of providing nutritional supplies

to patients with PSD, PEG is non-invasive. PEG causes severe

complications in 3.8–10% of patients during or immediately

after gastrostomy, such as bleeding, perforation, and peritonitis

(5–7). Ickenstein et al. (8) found that one-third of patients

(31.2%; 24/77) underwent PEG removal before discharge and

resumed oral diets. Lin et al. (9) reported that 25.9% of

the 181 patients with stroke underwent PEG removal at

discharge. Kim et al.’s study (10) provided promising results.

Even in severe cases of dysphagia secondary to the lateral

medullary syndrome, almost all patients ultimately completely

recovered from dysphagia. Therefore, prior knowledge of the

possibility of resuming oral diets in patients with PSD in

the subacute stage would help the clinical decision-making

process in determining whether or not NGT feeding should be

prolonged to avoid unnecessary and invasive PEG. Predicting

outcomes in patients with PSD is also meaningful in supporting

counseling for them and their families by individualizing specific

recovery trajectories.

Many studies attempted to develop models to predict PSD

outcomes. Signs of aspiration in the first 72 h, lesion locations,

age, stroke-related medical complications, cognitive function,

type of stroke, and National Institute of Health Stroke Scale

(NIHSS) score are prognostic variables for swallowing recovery

after acute stroke (11–14). Much of the existing literature

on predicting PSD outcomes is limited by including patients

with acute stroke who are recovering in the spontaneous

state, and research on patients with subacute stroke and

recovery after rehabilitation has only been found in one study

(15). Considering that dysphagia rehabilitation is an effective

intervention in swallowing regain and shortening the duration

of dysphagia, it should be considered in the prognosis of

swallowing recovery for patients with PSD.

Nasogastric tube removal for patients with PSD reflects

the sufficient recovery of swallowing to resume oral feeding.

Therefore, the main goals of this study were to (1) evaluate

whether or not motor improvement was associated with

NGT removal in patients with prolonged PSD and (2)

establish a model to predict NGT removal in patients with

prolonged PSD.

Materials and methods

Participants

We performed a retrospective analysis of demographic

and clinical data in consecutive patients with stroke at the

Department of Neurology in the China Rehabilitation Research

Center between January 2012 and December 2021. The study

protocol was approved by the Institutional Review Board of

the China Rehabilitation Research Center. Demographic and

outcome assessment data were extracted from medical records.

Moreover, the patients provided informed consent for the

use of their data. Stroke was diagnosed based on computed

tomography or magnetic resonance imaging findings.

Participants were included if they met the following criteria:

(1) age, 18–80 years; (2) history of the first supratentorial

ischemic stroke within 3 months; (3) history of PSD;

(4) NGT feeding; (5) no history of swallow rehabilitation

training before entering our research center; (6) no loss

of consciousness; and (7) functional ability assessments at

admission and after 4 weeks of rehabilitation. Participants

were excluded if they met any of the following criteria: (1)

bilateral lesions; (2) severe cardiac dysfunction, such as acute

coronary syndrome, myocardial infarction, and heart failure;

(3) serious complications that prevented rehabilitation, such

as severe pneumonia, pulmonary embolism, liver dysfunction,

or renal dialysis; (4) a history of cancer, chronic obstructive

pulmonary disease, malnutrition, chronic kidney disease, and

mental disorders; (5) an underlying reason for dysphagia before

stroke (e.g., multiple sclerosis, Parkinson’s disease, dementia,

motor neuron disease, or previous head or neck surgery); (6)

endotracheal intubation or tracheotomy; and (7) those passed

a videofluoroscopic assessment of swallowing (VFSS) test in the

first week after admission.

Two senior neurologists evaluated all patients according to

the aforementioned inclusion and exclusion criteria.

Assessment

The following assessments were performed at the China

Rehabilitation Research Center.

Swallowing function assessments and criteria for NGT

removal: Swallowing function was examined within the first

24 h after admission by the modified water-swallowing test

(16) before swallowing rehabilitation. The modified water-

swallowing test was conducted by certified and trained nurses.

Patients were placed in a seated position and instructed to drink

3 or 5ml of water ad libitum without using a pipette or pausing.

The amount of water was gradually increased from 3 or 5ml to

10, 30, and 60ml. At 60ml, patients were instructed to drink as

quickly and safely as possible at their own pace. Subsequently,

they had 3 or 5ml of yogurt with a spoon. The method and
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instructions for increasing the amount of yogurt were the same

as those for drinking water. Coughing, regurgitation, laryngeal

movement, or decrease in oxygen saturation during swallowing

or 10min after resulted in a failed modified water-swallowing

test and the patient was kept nil by mouth. Patients who

passed the screening were permitted to undergo VFSS, the gold-

standard diagnostic modality for dysphagia. Furthermore, NGT

could be removed when patients with PSD passed VFSS.

Immediately after NGT was withdrawn, speech pathologists

performed VFSS. After sitting down with their heads

horizontally, they were instructed to swallow 5 and 10ml

of liquid and 5ml of yogurt three times, which were mixed

with a barium solution. The following parameters in VF were

assessed: bolus transport from the mouth to the pharynx, bolus

holding in the oral cavity, velopharyngeal seal, tongue base

movement, pharyngeal constriction, laryngeal elevation, upper

esophageal sphincter opening, and bolus stasis at pyriform

sinus. Aspiration was also assessed. Impaired lip closure,

incomplete oral clearance, repeated piecemeal swallowing,

incomplete pharyngeal clearance, penetration, and aspiration

were observed. If one or more of the aforementioned symptoms

occurred, VFSS was judged to have failed.

Motor function and overall function assessments: Themotor

function was assessed using the Fugl-Meyer assessment motor

score (FMM), which is widely used in clinical practice to

measure motor impairment. Stroke severity was assessed using

the NIHSS, which is a widely established and validated scale to

determine stroke severity and an adjunct to predict PSD with

moderate sensitivity and specificity (17). The FMM and NIHSS

scores of patients with PSD were assessed at admission and after

4 weeks of rehabilitation.

Onset admission interval (OAI) was defined as the time from

the onset of stroke symptoms to admission at our center.

Treatment procedures

All patients with PSD who failed the swallowing screening

test and VFSS were engaged in a coordinated, intensive

program of stroke swallowing rehabilitation by a speech–

language pathologist for 4 weeks. Speech–language–hearing

therapists trained the patients in eating and swallowing using

indirect strategies, such as oral care, oral articulation exercises,

pharynx-cooling stimulation, and balloon dilatation of the

upper esophageal sphincter, as needed. In conjunction with

indirect training, direct rehabilitation exercises, such as the

Shaker head-lift, Masako maneuver, and expiratory muscle

strength training, were prescribed whenever possible based

on the assessment. Interventions were performed within 48 h

after admission. Furthermore, patients participated in 30-min

tailor-made conventional swallowing therapy one time a day, 5

days/week, for 4 weeks. NGT removal for patients with PSD was

first evaluated by speech therapists based on clinical judgment,

followed by VFSS. During periods of daily speech therapist

intervention, physical or occupational therapies on weekends

were simultaneously added, and speech and cognitive function

rehabilitation were performed whenever necessary.

Variables

We obtained data on a wide range of factors that may

contribute to rehabilitation outcomes. The following categories

were used to classify 15 variables: (1) sociodemographic data

(age at admission and sex; n = 2 variables), (2) medical

history (hypertension, diabetes mellitus, hyperlipidemia, and

coronary heart disease; n = 4 variables), (3) computed

topographical findings (stroke side and lesion site; n = 2

variables), and (4) poststroke factors (etiology, OAI, intubation

or tracheostomy, pneumonia during rehabilitation, venous

thrombosis, FMM score improvement after rehabilitation,

and NIHSS score improvement after rehabilitation; n = 7

variables), many of which could predict or influence swallowing

outcomes (18, 19).

Statistical analysis

The study outcome was defined as NGT removal after

4 weeks of rehabilitation. We compared patients with and

without NGT removal using an univariate analysis. Continuous

variables are expressed as mean ± standard deviation or

median (interquartile range) according to the distribution.

The Shapiro–Wilk test was used to assess the normality of

data distribution. Differences between groups were analyzed

using the independent Student’s t-test for normally distributed

variables and the Wilcoxon rank-sum test for non-normally

distributed variables. Categorical variables were expressed as

frequency (percentage) and were compared using the χ
2

test. Multivariate logistic regression analyses were used to

identify independent risk factors for delirium in non-agenarians

after hip fracture surgery. Variables eligible for inclusion in

multivariate models include those significant at a p < 0.05 in the

univariate analyses.

Statistical significance was two-tailed and set at a p < 0.05.

Except for the evaluation of model performance, performed by R

software, statistical analyses were performed using SPSS (version

18.0, Chicago, IL., USA).

Results

Subjects characteristics

A flowchart of the PSD screening from the database

of a stroke at our center is presented in Figure 1. Among
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FIGURE 1

Flow diagram of the selection of patients from our cerebrovascular disease database and specific reasons for exclusion.

4,318 patients with PSD, 679 with NGT were admitted.

After excluding patients who met the exclusion criteria, a

total of 232 patients were eligible for the study. Notably,

35 patients were completely incapable of oral intake, while

others showed one or more of the following findings: impaired

lip closure, incomplete oral clearance, repeated piecemeal

swallowing, incomplete pharyngeal clearance, penetration,

and aspiration.

After 4 weeks of rehabilitation, 181 (78%) of the 232

patients with PSD underwent successful NGT removal. Table 1

shows the clinical characteristics of the study participants.

Of the 232 patients included, 74.1% were men, and 52.6%

had right hemiplegia. The mean age was 63.5 ± 10.7 years

(range, 28–80 years; median 65 years). The average OAI was

28.3 ± 15.7 days (range, 15–90 days; median, 23.5 days).

The lesions located at the cortical branch of the middle

cerebral artery (MCA), the deep perforating branch of MCA,

and the MCA trunk were 21.1, 40.1, and 38.8%, respectively.

Patients with PSD experienced low NIHSS and FMM scores

at admission. After 4 weeks of rehabilitation, the motor

and overall nervous system functions were greatly improved.

During rehabilitation, the occurrence of aspiration pneumonia

was 20.3%.

Most patients with PSD in our study showed substantial

swallowing improvement after rehabilitation: 78% of all

232 included patients underwent NGT removal, while

22% were dependent on feeding tubes at discharge

after rehabilitation. Moreover, the literature reports oral

feeding recovery in rehabilitation settings in 31–87% of

the patients (15).

Risk factors for NGT removal in patients
with PSD

We divided the patients into two groups according to

whether or not NGT was removed after 4 weeks of swallowing

rehabilitation. Table 2 shows the patient characteristics in

the two groups. Except for age, motor function, overall

nervous system function, and intubation or tracheostomy, the

remaining baseline characteristics were similar between the two

groups. Compared to the preserved NGT group, older age, a

higher rate of intubation or tracheostomy, and more severe

baseline functions were found in the NGT removal group.

After rehabilitation, the motor function of the two groups

improved greatlywhich were significant in the NGT removal

group (Table 2).

Multivariate analysis for factors that
influence NGT removal after
rehabilitation in patients with PSD using
overall NIHSS scores

The bivariate logistic regression analysis of factors revealed

three significant factors as predictors of NGT removal after

rehabilitation (Table 3): age [odds ratio (OR) = 0.904; 95%

confidence interval (CI): 0.856–0.955; p = 0.000], FMM

improvement after rehabilitation (OR = 1.241; 95% CI: 1.162–

1.326; p = 0.000), and NIHSS improvement after rehabilitation

(OR = 0.714; 95% CI: 0.590–0.865; p = 0.001). Older

patients and a lower improvement score could result in
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TABLE 1 Patients’ characteristics.

Factors Values (n = 232)

Removal of NGT 181 (78%)

Age, years 63.5± 10.7

Sex (men), n (%) 172 (74.1%)

Past medical history

Hypertension, n (%) 169 (72.8%)

Diabetes mellitus, n (%) 95 (40.9%)

Dyslipidemia, n (%) 144 (62.1%)

Venous thrombosis, n (%) 55 (23.7%)

Coronary heart disease, n (%) 51 (22.0%)

Onset admission interval (OAI), days 28.8± 15.2

Stroke laterality (left), n (%) 122 (52.6%)

Stroke location

Cortical branch of MCA 49 (21.1%)

Deep perforating branch of MCA 93 (40.1%)

MCA trunk 90 (38.8%)

Stroke etiology

Large-artery atherosclerosis 149 (64.2%)

Cardioembolic 55 (23.7%)

Small-vessel occlusion 28 (12.1%)

Intubated or tracheostomy, n (%) 17 (7.3%)

Stroke severity (NIHSS) at admission 11.2± 4.6

FMM (admission) 24.8± 22.9

Pneumonia during rehabilitation, n (%) 47 (20.3%)

Stroke outcome after 1 month

FMM (after 1 month) 45.2± 25.2

NIHSS score (after 1 month) 5.4± 2.2

NGT, nasogastric tube; MCA, middle cerebral artery; NIHSS, National Institute of Health

Stroke Scale; FMM, Fugl-Meyer assessment motor score.

limited swallowing functional improvement after inpatient

stroke rehabilitation.

Multivariate analysis of factors that
influence NGT removal after
rehabilitation in patients with PSD using
NIHSS subscores

Table 4 compares the improvements of NIHSS subscores

between the two groups to reveal the items playing the

leading role in the prediction of recovery. The results

suggest that the NGT removal group exhibited improvement

scores in the items of blinking eyes and squeezing hands,

horizontal extraocular movements, language/aphasia,

and dysarthria.

The multivariate logistic regression analysis of factors

using NIHSS subscores revealed three independent factors as

predictors of NGT removal after rehabilitation (Table 5): age

(OR = 0.907; 95% CI: 0.859–0.957; p = 0.000), difference in the

FMM score after 4 weeks of rehabilitation (OR = 1.219; 95%

CI: 1.145–1.299; p = 0.00), and item 9 of NIHSS (OR = 0.488;

95% CI: 0.252–0.946; p = 0.034). Older patients, less motor

improvement, and less language improvement could result in

limited swallowing functional improvement after rehabilitation.

By evaluating only one NIHSS item, prediction model 2 was

simpler and faster compared to prediction model 1.

Evaluation of model performance

The receiver-operating characteristic (ROC) curve, the

calibration curve, and decision curve analysis have been done

for the evaluation of model performance (Figure 2). The area

under the ROC curve of Model 1 was 0.950. The sensitivity

and specificity were 95.0 and 82.4%, respectively. (a) The area

under the ROC curve of Model 2 was 0.941. The sensitivity and

specificity were 92.8% and 84.3%, respectively. (b) The bootstrap

method, which repeated sampling 1,000 times, was used for

validation of Model 2 due to more recommendations. The C-

index value was 0.94. The calibration curve of the model was

close to the ideal curve. (c) In the range of 0.01–1, the net benefit

rate of Model 2 that predicted NGT removal in patients with

PSD was > 0.

Discussion

This study was conducted to identify the prognostic factors

for NGT removal in patients with prolonged PSD from a

large nationally representative dataset. After controlling for

confounders, age, motor, and speech functional improvements

were significantly associated with NGT removal in patients

with PSD. We found no statistically significant correlation

between NGT removal in patients with PSD and the following

stroke risk factors: arterial hypertension, diabetes mellitus, atrial

fibrillation, or hyperlipidemia. This finding was consistent with

previous studies.

The correlation between age and NGT removal was

statistically significant in our study. Older age was a significant

negative predictor of NGT removal, consistent with the results

of most previous studies (20, 21). Age-related loss of swallowing

muscle mass can manifest as a decrease in the thickness

of the tongue, geniohyoid muscle, and pharyngeal wall and

an increase in the pharyngeal lumen size. These changes

contribute to increased duration of pharyngeal triggering and

oral and pharyngeal swallowing, weakened pharyngeal muscle

contraction, and deteriorated endurance of swallowing muscles

(22, 23). Thus, age-related muscle atrophy may ultimately

affect the dysphagia outcome. However, neuroplasticity, which

refers to the ability of the central nervous system to alter

Frontiers inNeurology 05 frontiersin.org

234

https://doi.org/10.3389/fneur.2022.984707
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2022.984707

TABLE 2 Risk factors for NGT removal in patients with PSD.

NGT removed

(N = 181)

NGT reserved

(N = 51)

P-value

Age, years 61.7± 10.3 70.0± 9.6 0.000

Sex (men), n (%) 139 (76.8%) 33 (64.7%) 0.082

Past medical history

Hypertension, n (%) 134 (74.0%) 35 (68.6%) 0.443

Diabetes mellitus, n (%) 70 (38.7%) 25 (49.0%) 0.184

Dyslipidemia, n (%) 115 (63.5%) 29 (56.9%) 0.386

Venous thrombosis, n (%) 40 (22.1%) 15 (29.4%) 0.278

Coronary heart disease, n (%) 41 (22.7%) 10 (19.6%) 0.643

Onset admission interval (OAI), days 28.5± 15.6 30.0± 13.8 0.523

Stroke laterality (left), n (%) 91 (50.3%) 31 (60.8%) 0.184

Stroke location 0.163

Cortical branch of MCA 38 (21.0%) 11 (21.6%)

Deep perforating branch of MCA 78 (43.1%) 15 (29.4%)

MCA trunk 65 (35.9%) 25 (49.0%)

Stroke etiology 0.234

Large-artery atherosclerosis 112 (61.9%) 37 (72.5%)

Cardioembolic 44 (24.3%) 11 (21.6%)

Small-vessel occlusion 25 (13.8%) 3 (5.9%)

Intubated or tracheostomy 8 (4.4%) 9 (17.6%) 0.001

Function at admission

NIHSS at admission 10.6± 4.6 13.3± 4.0 0.000

FMM at admission 26.6± 23.2 18.4± 20.6 0.018

Pneumonia during rehabilitation 39 (21.5%) 8 (15.7%) 0.358

Stroke outcome after 1 month

NIHSS score (after 1 month) 5.1± 2.2 6.4± 2.1 0.000

FMM (after 1 month) 51.1± 23.1 24.6± 20.9 0.000

Functional improvements

FMM improvement after rehabilitation 24.5± 11.1 6.2± 7.6 0.000

NIHSS improvement after rehabilitation 5.5± 3.1 6.9± 2.7 0.003

PSD, poststroke dysphagia; NGT, nasogastric tube; MCA, middle cerebral artery; NIHSS, National Institute of Health Stroke Scale; FMM, Fugl-Meyer assessment motor score.

TABLE 3 Prediction Model 1—Multivariate analysis for NGT removal after rehabilitation in PSD patients with overall NIHSS.

Independent variables OR (95% CI) P值

Age, years 0.904 (0.856–0.955) 0.000

FMM improvement after rehabilitation 1.241 (1.162–1.326) 0.000

NIHSS improvement after rehabilitation 0.714 (0.590–0.865) 0.001

Intubated or tracheostomy 4.516 (0.531–38.373) 0.167

PSD, poststroke dysphagia; NGT, nasogastric tube; NIHSS, National Institute of Health Stroke Scale; FMM, Fugl-Meyer assessment motor score.

itself morphologically or functionally, is a major swallowing

rehabilitation mechanism. Compared to younger adults, elderly

patients recruited their neural networks less efficiently (24).

Dysphagia is managed by a multidisciplinary team,

including a physiatrist, a neurologist, an occupational therapist,

a ward nurse, and a nutritionist. Therefore, appropriate

predictions from swallowing function and other aspects are

important. In this study, motor functional improvements

from admission to the follow-up in the subacute stage were

associated with NGT removal. To the best of our knowledge,

this is the first study to investigate the same. Compared to

the baseline motor function, motor improvements were more
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TABLE 4 Risk factors of NIHSS subscores for removal of NGT in patients with PSD.

NGT removed

N = 181

NGT reserved

N = 51

P-value Mann

Whitney U test

1a Level of consciousness 0 (0–0) 0 (0–0) 1.000

1b Ask month and age 0 (0–2) 0 (0–2) 0.448

1c Blink eyes and squeeze hands 0 (0–2) 0 (0–2) 0.005

2 Horizontal extraocular movements 0 (0–2) 0 (0–2) 0.040

3 Visual fields 0 (0–2) 0 (0–2) 0.706

4 Facial palsy 0 (0–2) 0 (0–2) 0.460

5 Arm motor drift 1 (0–3) 2 (0–3) 0.485

6 Leg motor drift 3 (0–3) 3 (0–3) 0.175

7 Limb ataxia 0 (0–1) 0 (0–1) 0.242

8 Sensation 0 (0–2) 0 (0–2) 0.623

9 Language/Aphasia 0 (0–2) 1 (0–2) 0.000

10 Dysarthria 0 (0–1) 0 (0–1) 0.010

11 Extinction/Inattention 0 (0–2) 0 (0–2) 0.831

PSD, poststroke dysphagia; NIHSS, National Institute of Health Stroke Scale.

TABLE 5 Prediction Model 2—Multivariate analysis for NGT removal after rehabilitation in PSD patients with NIHSS subscores.

Independent variables OR (95% CI) P-value

Age, years 0.907 (0.859–0.957) 0.000

FMM improvement after rehabilitation 1.219 (1.145–1.299) 0.000

Intubated or tracheostomy 4.658 (0.529–41.023) 0.166

Item of NIHSS 1c improvement after rehabilitation 0.573 (0.092–3.569) 0.551

Item of NIHSS 2 improvement after rehabilitation 0.501 (0.121–2.072) 0.340

Item of NIHSS 9 improvement after rehabilitation 0.488 (0.252–0.946) 0.034

Item of NIHSS 10 improvement after rehabilitation 0.734 (0.201–2.682) 0.640

PSD, poststroke dysphagia; NGT, nasogastric tube; NIHSS, National Institute of Health Stroke Scale; FMM, Fugl-Meyer assessment motor score.

practical clinically as patients admitted for rehabilitation were

in different stroke stages, and most of them were not at the

state of stroke onset. NIHSS, a systematic, semiquantitative

assessment tool for stroke-related neurologic deficits, has been

applied to early predict the prognosis of PSD in an acute stage

(25). Improvements in NIHSS in patients with PSD in our

sample were also associated with NGT removal. The possible

reason may be that overall or motor improvement of patient

functionality increases brain plasticity, making the patient more

capable of relearning how to swallow.

High NIHSS scores are associated with poor outcomes

in the first 1 month after discharge (26). Lin et al. (27)

suggested that NIHSS items of facial palsy and language/aphasia

can be used at the onset of stroke to identify patients with

dysphagia at risk of achieving limited improvement. Item 4

of the NIHSS (assessing facial palsy and motor control of

the oral cavity) could denote the function of the oral phase

in swallowing. Item 9 (assessing language/aphasia) was more

likely to be a cognitive factor that affected the interactions

between patients and therapists. In our study, in the subacute

stage after swallowing rehabilitation, only language/aphasia-

associated items could be used to predict the swallowing

recovery. Patients with more language/aphasia improvements

are likely to resume oral intake because of the capability of

understanding, following, and adhering to the guidance of

speech therapists. Except for the cognitive factor, improvements

in the physiological factors relevant to the dysfunction of

swallowing organs could also predict swallowing recovery.

Patients with PSD exhibit quantitative differences in the

hyoid excursion, laryngeal elevation, tongue base retraction,

pharyngeal shortening, and timing of bolus movement (2, 28).

Conversely, motor control of the oral cavity (item 4 of the

NIHSS) did not predict PSD outcome. Among the NIHSS

subitems of dysarthria, facial weakness, and neglect, only severe

dysarthria emerged as a significant independent predictor of

prolonged dysphagia (12).
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FIGURE 2

(A) The area under ROC curve of Model 1 was 0.950. The sensitivity was 95.0% and the specificity was 82.4%. (B) The area under the ROC curve

of Model 2 was 0.941. The sensitivity was 92.8% and the specificity was 84.3%. (C) The Bootstrap method, repeated sampling 1000 times, was

used for validation, and the C-index value was 0.94. (D) In the range of 0.01–1, the net benefit rate of the model 2 that predicts NGT removal in

PSD patients is > 0.

The present study had some limitations. First, it was

conducted at a single institution. We mitigated these limitations

with a relatively large number of patients and a large, nationally

representative patient data repository of inpatient rehabilitation.

Second, dysphagia severity was not rated at admission.Moderate

to severe dysphagia was confirmed in PSD patients with NGT

who failed the reliable screening test for dysphagia. Third,

the results were mainly restricted to unilateral supratentorial

lesion locations, making the research findings less widely used.

Differences in resumed oral intake in patients with PSD could

be explained by different stroke stages, intervention methods,

stroke severities, and sample sizes. Bilateral stroke can lead

to the deterioration of swallowing recovery by diminishing

compensatory reorganization from the undamaged side of the

brain. Additionally, due to the more profound and longer

duration of PSD in patients with lateral medullary syndrome

than in those with hemispheric stroke, lateral medullary stroke

was excluded.

In summary, we established a predictive model for patients

with PSD by combining demographic characteristics with

functional improvements. Age, motor and overall function

improvements, and speech disorders were associated with NGT

removal in patients with PSD after 4 weeks of rehabilitation.

We believe our results will have practical utility. VFSS was

not routinely performed in all patients with PSD. Patients

with quick recovery of motor function after rehabilitation

passed VFSS and underwent NGT removal with a high

possibility. Conversely, rehabilitation is patient-specific, with
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successful dysphagia therapies implemented in one patient

population not necessarily producing the same results in another

population. The swallowing rehabilitation program should be

adjusted according to the motor recovery to better manage

swallowing rehabilitation.
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Introduction: For people who have had a stroke, recovering upper-limb function

is a barrier to independence. When movement is di�cult, mental practice can

be used to complement physical therapy. In this within-participants study we

investigated the e�ects of combined action observation and motor imagery (AO

+ MI) therapy on upper-limb recovery in chronic stroke survivors.

Methods: A Graeco-Latin Square design was used to counterbalance four mental

practice conditions (AO + MI, AO, MI, Control) across four cup-stacking tasks of

increasing complexity. Once a week, for five consecutive weeks, participants (n =

10) performed 16 mental practice trials under each condition. Each trial displayed

a 1st person perspective of a cup-stacking task performed by an experienced

model. For AO, participants watched each video and responded to an occasional

color cue. For MI, participants imagined the e�ort and sensation of performing

the action; cued by a series of still-images. For combined AO + MI, participants

observed a video of the action while they simultaneously imagined performing

the same action in real-time. At three time points (baseline; post-test; two-

week retention test) participants physically executed the three mentally practiced

cup-stacking tasks, plus a fourth unpractised sequence (Control), as quickly and

accurately as possible.

Results: Mean movement execution times were significantly reduced overall in

the post-test and the retention test compared to baseline. At retention, movement

execution times were significantly shorter for combined AO + MI compared

to both MI and the Control. Individual participants reported clinically important

changes in quality of life (Stroke Impact Scale) and positive qualitative experiences

of AO + MI (social validation).

Discussion: These results indicate that when physical practice is unsuitable,

combined AO+MI therapy could o�er an e�ective adjunct for neurorehabilitation

in chronic stroke survivors.

KEYWORDS

demonstration, neurorehabilitation, brain injury, stroke, motor learning, mental practice,

combined action observation and motor imagery (AO + MI) therapy, upper-limb

rehabilitation
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Introduction

Stroke is a leading cause of serious long-term disability (1).

An acute stroke will reduce the motor ability of around 80%

of stroke survivors (2, 3), with the most prevalent physical

disability relating to upper-extremity impairments (4–6). Despite

the devastating impact that cerebral vascular accidents can have,

cognitive neuroscience research shows the brain can reorganize its

neural connections in response to learning or experience (7). In the

immediate weeks after a stroke, there is a spontaneous clearance

of degenerating debris (8), and the neurons that remain attempt to

functionally reorganize within the damaged brain area to support,

restore and compensate for any function that has already been

compromised or lost (9, 10). The central aim of neurorehabilitation

is therefore to implement behavioral manipulations (or internal

motor simulation processes, for example, if the individual is

incapable of physical movement) that encourage the brain to

create and reorganize functionally appropriate and relevant neural

connections (11).

It is widely accepted that training toward an intended motor

outcome (e.g., reaching for, grasping, and transporting a cup) is

crucial for stimulating neural plasticity after brain damage and

is therefore essential for recovery (11, 12). Practice is the key

to motor relearning for a stroke survivor; yet for many stroke

survivors, physical practice may not be possible or appropriate for

relearning lost or impaired skills, since even simple movements can

be significantly impaired after stroke (13). It is well documented

that experience-dependent learning is essential to help the damaged

brain reorganize itself toward functionally relevant recovery (11, 14,

15). While there is heterogeneity in the rate and extent of recovery

from stroke, the efficiency and speed of neural reorganization

depends on the sensory experiences that can be provided (3,

16).

A large body of research has identified many useful approaches

to neurorehabilitation. Maier et al.’s (17) review identified 15

training principles for neurorehabilitation after stroke, based on

motor learning and brain plasticity mechanisms. In their review,

two mental practice techniques, action observation (AO) and

motor imagery (MI), were recommended as useful rehabilitation

tools. These two processes evoke an internal motor simulation

that has been shown to induce plastic changes, which promote

neural connectivity in the motor system (18, 19) and support motor

learning (20–22).

AO therapy is well supported as a means to improve motor

function in stroke survivors (23, 24). Substantial evidence has

confirmed that systematic observation of an action or human

movement can prime execution of the same action (25, 26). During

observation, a corresponding internal motor representation of

the target movement can augment action recognition, imitation,

and observational learning (20, 26, 27). To this end, the mirror

neuron system’s (MNS) capacity to simulate observed actions can

be harnessed as a means to restore upper-limb improvement and

rearrange compromised neural circuits to rebuild motor function

after stroke (15, 28–30). Research shows significant improvements

in upper-limb improvement (31, 32), and significant increases in

neurophysiological activity in premotor regions, after AO therapy

of daily tasks in stroke (33–36).

A substantial body of research has also investigated the

potential for MI to promote the relearning of daily tasks following

stroke (37, 38). Similar to AO, MI has been found to evoke neural

reorganization in a way that corresponds to the effects of physical

practice (12, 39–42), and modulates plasticity from cortical to

spinal circuitry levels (43, 44). These positive results were supported

in Sharma et al.’s (45) fMRI study, which showed that positive

changes in connectivity during MI correspond with improved

motor function after stroke. Imagery training requires participants

to repeatedly form and maintain a motor simulation over time

(46, 47). During MI, the brain re-enacts action simulations by

creating efferent and afferent activity in the absence of both an

accurate external reference (48) and a physical motor output.

Unlike AO therapy, where there is no initial skill requirement,

andwhere unskilled, passive observation can activatemotor regions

in the brain (27); MI is likely to be a sub-optimal rehabilitation

tool for a stroke survivor who is learning complex actions that are

absent in their motor repertoire. The brain, without an opportunity

to map the observed action, both accurately and reliably, in real

time, onto their own sensorimotor system, is likely to default

to its own self-developed strategies, driven by its compensatory

neural reorganization. This may explain why the evidence for

MI benefits in stroke rehabilitation is at best mixed (49–51),

and pure MI interventions for stroke survivors frequently do

not result in clinically meaningful improvements in upper-limb

impairment (52–54).

The advantageous effects of combining AO with MI into

a single instruction (AO + MI) are now well documented

in neurotypical populations, when compared with the two

methods of AO and MI in isolation from one another (55–

57). AO + MI therapy involves observing an action whilst

simultaneously imagining the kinaesthetic sensations associated

with executing the observed action. As such, AO + MI

provides a precise external cue which continuously drives an

individual’s experience-dependent learning, usually resulting in

higher self-reported ease of motor-simulation generation (58).

In rehabilitation, the proposed advantages for combined AO

+ MI are predicated on multimodal brain imaging studies

(mainly in healthy volunteers), which consistently show AO +

MI can produce super-additive effects, compared to either AO

or MI, with increased and more widespread activation of motor-

related brain regions [e.g., (59–63)]. This combined approach

may also reduce the need to understand and follow complex

verbal cues–a difficulty many stroke survivors face with MI

training (64, 65).

To date, several behavioral studies have explored AO +

MI’s potential to enhance instantaneous physical outcomes in

comparison to both AO and MI instructions in both healthy adults

(55, 66, 67) and children (68, 69). To expand this line of work, AO

+ MI has been found to significantly improve short-term motor

learning in comparison to both AO and MI [e.g., one-day; (70);

three-weeks; (71), four-weeks; (72), five-weeks; (73), six-weeks;

(74–76)]. Most recently, after three consecutive days of AO + MI

training (and in the absence of a physical pre-test), Binks et al. (77)

used a cup-stacking task in a within-participant design, and showed

that AO + MI training significantly reduced movement execution

times compared to AO, MI, and an unpractised control condition
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at both a surprise physical post-test and a one-week retention

test. In the present study, we adapted this research design to

investigate AO +MI training effects in stroke neurorehabilitation.

We also incorporated the same cup-stacking task as in Binks et al.

(77), which has been used in previous research to demonstrate

improvements in neurorehabilitation via AO therapy in stroke

survivors [see (78–80)].

Sun et al. (81) was the first to assess AO + MI training effects

in a stroke survivor population. Their study included right-handed

participants with right-sided paresis caused by a left hemispheric

lesion. Participants imagined grasping, lifting, and inserting a small

peg in a hole, before pinching and removing the peg. Half the

participants engaged in AO before MI (i.e., asynchronous AO

+ MI) and the other half performed synchronous AO + MI

(i.e., observing an action on-screen, whilst concurrently imagining

performing the same action). Training was completed five times

per week for four weeks, alongside daily conventional physical

rehabilitation. Compared to asynchronous AO and MI (n = 5),

the synchronous AO + MI therapy (n = 5) significantly improved

upper-extremity motor function, measured by the Fugl-Meyer

Assessment (FMA) and pinch grip strength, while improvements

in cortico-motor activation (i.e., electrophysiological activity

with greater amplitudes, longer durations, and more frequency

components) were also detected for synchronous AO + MI. In

a larger study, Choi et al. (82) showed improvements in FMA

scores for AO + MI (n = 22) compared to AO therapy (n = 23)

over a five-week period. Those authors further used transcranial

magnetic stimulation (TMS) to demonstrate significant changes

in corticospinal excitability between pre- and post-tests for the

AO + MI but not the AO therapy group. Finally, Robinson-Bert

and Woods (83) found significant improvements and minimally

important clinical differences in upper extremity motor recovery

(FMA scores) for AO + MI practice in sub-acute stroke patients,

which incorporated a mean of 5.2 sessions per week for an average

period of 2 weeks. This effect only occurred, however, in a sub-

group of participants who showed increased commitment to the

AO+MI intervention. To extend the approach taken in these three

previous studies of AO + MI therapy in stroke survivors (81–83),

in the present study we additionally examined motor performance

at a two-week retention test.

The overarching research question in the present within-

participant study was: can motor simulation enhance motor

learning of a novel cup-stacking action in a stroke survivor

population? Specifically, our main aim was to quantify the effects

of different mental practice conditions (AO + MI vs. AO vs. MI

vs. Control) on movement execution times at three time points

(baseline vs. post-test vs. retention). The evidence reviewed above

indicates clear advantages for AO + MI practice effects both in

healthy adults and in stroke survivors, in both the behavioral

and neurophysiological measures [see (56, 62)]. We therefore

hypothesized in the current study that the combined AO + MI

practice condition would reduce movement execution times in the

cup-stacking task to a greater extent than in both the AO and MI

conditions, and an unpractised control condition, at both the post-

test and the retention test. Our secondary aim was to investigate

the longitudinal effects of these three mental practice conditions

on several additional outcome measures. Liu et al. (84) found

that combining AO + MI practice with cognitive training can

significantly reduce the effects of vascular cognitive impairments in

stroke survivors, compared to when using cognitive training alone,

as indicated by the Montreal Cognitive Assessment Scale. On these

grounds, we explored whether the AO +MI practice administered

in the current study would also improve health-related quality of

life, MI ability and upper limb performance. We also monitored

self-reported imagery use over time (i.e., to check compliance with

the intervention) and we investigated the participants’ qualitative

experiences of the experimental conditions.

Materials and methods

Participants

Participants were recruited from a community-led stroke group

in the North East of England (n = 10, M age = 64.4 years, SD

= 9.4, males = 6, see Table 1). All participants were volunteers

and informed of the screening protocol before participation.

Inclusion criteria for participation included: (1) clinical diagnosis

of stroke of any etiology; (2) a minimum of 6 months post-

stroke onset; (3) < 75 years old; (4) normal or corrected-to-

normal vision (i.e., no hemianopsia); (5) no prior experience of a

MI intervention.

The exclusion criteria included the following: (1)moderate pain

in the affected limb (> 5 on the Visual Analog Numeric Pain

Distress Scale; VAS 1–10 pain scale); (2) complete paralysis of the

affected limb (any participant who could not voluntarily generate a

minimum of 10◦ flexion at the radiocarpal, metacarpophalangeal

and interphalangeal joints); (3) severe cognitive dysfunction (<

8/10 on Kingshill Version 2000 of the 6CIT; 85); (4) hemineglect;

(5) moderate or severe aphasia; or (6) reduced MI ability [<5/7

in the non-paretic limb and <4/7 in the paretic limb, using a

modified version of the Motor Imagery Questionnaire-3; MIQ-3;

(86)]. Responses for the MIQ-3 at the baseline confirmed a good

capacity for MI in the non-paretic limb (M = 5.54, SD= 0.88) and

the paretic limb (M = 4.45, SD = 1.60), and across the following

imagery types: internal (1st person) visual perspective (M = 5.29,

SD = 1.19), external (3rd person) visual perspective (M = 4.96, SD

= 1.42), kinaesthetic imagery (M = 4.74, SD = 1.57). To further

evaluate the clinical status of participants, the Action Research Arm

Test [ARAT; (87)] and the Stroke Impact Scale [SIS; (88)] were also

completed at the baseline.

Screening of eleven participants, using the above criteria,

permitted 10 participants for inclusion (see Table 1). These ten

participants were included in the analysis of the baseline data,

while three were removed from the analyses of the post-test and

retention test data due to drop-out. All participants provided

written informed consent in accordance with ethical clearance from

the local research ethics committee.

Task and research design

After undertaking the screening and a familiarization session,

participants completed a baseline test involving physical execution

of four different cup-stacking sequences, as fast and as accurately as
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TABLE 1 Stroke demographic information.

Participant Sex Age Lesion Side Days between first
stroke onset and
participation

Hands used
in task

1 M 72 RT intracranial hemorrhage frontal lobe LT 745 1

2 M 75 LT lacunar infarct RT 881 2

3 F 58 RT hemorrhage lentiform nucleus LT 1,114 1

4 M 64 LT small focus of restricted diffusion to medullary

pyramid

RT 1,631 2

5 F 43 RT cerebral peduncle infarct LT 1,575 2

6 M 61 RT thalamic ischaemia LT 1,755 1

7 F 66 LT total anterior circulation infarction RT 1,310 2

8∗ F 73 RT basal ganglia subinsular infarct with hemorrhagic

transformation

LT 1,676 1

9∗ M 70 LT total anterior circulation infarction RT 668 2

10∗ M 62 RT thalamic ischaemia LT 2,098 1

M (SD) 64.40 (9.40) 1,345.30 (479.30)

The sex, age, lesion location, lesion hemisphere, number of days from first stroke onset to participation in the study, and number of hands used in the experimental cup-stack task. For each

participant who completed the study.
∗Denotes three participants who did not complete the training phase and did not report post and retention test scores.

possible (see Figure 1). The main dependent variable was the time

taken to complete the physical execution of each cup-stacking task.

These data were recorded at the baseline (Week 1), post-test (Week

6) and in a retention test (Week 8). All participants were instructed

to maintain their normal daily activity routines throughout the

duration of the experiment. Moreover, participants were instructed

to not physically practice the cup-stacking tasks outside of the

current experiment.

In the training phase (Weeks 2–6), participants experienced

three practice conditions: action observation (AO), motor imagery

(MI) and combined action observation and motor imagery (AO

+ MI). While the unpractised control was omitted during the

training phase, participants watched (AO), imagined (MI) and

simultaneously watched and imagined (AO+MI) three, randomly

assigned, counterbalanced cup-stacking sequences (task) once a

week for five consecutive weeks. The task used as the unpractised

control sequence was physically executed in Week 1, 6, and 8.

As in the study by Binks et al. (77), a within-subjects, repeated-

measures, Graeco-Latin square design was used to randomly

assign a pairing between each level of the Graeco factor of “task”

(involving four levels of cup-stack sequence: 1-10-1, 6-6, 3-6-

3, 3-3-3-3) and the Latin factor of “practice condition” (AO,

MI, AO + MI, Control). In addition, the Graeco-Latin square

allowed investigation and control of two other blocking factors,

namely: “presentation order” (Order 1, 2, 3, 4) and “group”

(Group 1, 2, 3, 4). This four-factorial design was necessary

to counterbalance the four levels of the four factors (i.e., task

and practice condition across group and presentation order). A

random permutation of this design resulted in 16 unique task

and practice condition pairings. Each pairing occurred exactly

once in each group and presentation order [see Table 2; (89)].

This is an efficient design approach to study the effect of one

treatment factor in the presence of three extraneous variables (90).

In the context of motor learning, this is particularly useful as

the design completely randomizes the presentation order for each

practice condition using a within-participant design. Research has

also shown that the Graeco-Latin-square design is typically more

efficient and hence more powerful than reasonable alternatives

(91, 92).

On each of the 5 days of the training phase, participants

undertook 3 blocks of mental practice trials (AO, MI, and AO

+ MI; each paired with a different task across participants).

Participants received short rests between each block of trials. Blocks

consisted of 16 trials lasting 5 min each.

In addition to the movement execution times, the following

measures were recorded in the week before the baseline and the

week after the retention test: the MIQ-3, the ARAT, and the SIS.

On Weeks 2, 4, and 6 in the training phase we also tracked the

participants’ imagery use. A qualitative interview (social validation)

was conducted at the retention test to explore the participants’

perceptions of the training phase.

Stimuli and apparatus

The present study contained four cup-stack sequences.

Three of these sequences were approved World Sport Stacking

Association (WSSA) stacks: 1-10-1, 6-6 and 3-6-3. The fourth

sequence was adapted from the WSSA 3-3-3 to a 3-3-3-3; this

adjustment ensured 12 cups were presented in each sequence (see

Figure 1).

A desk-mounted video camera (GoPro Hero 4; GoPro.com,

2016) was used to record each cup-stacking sequence from a

1st person visual perspective. All sequences were recorded in a

laboratory setting, with an immersive visual dimension of 1,920

× 1,080 p, shot at 30 frames per second. Each sequence was
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FIGURE 1

Research design and task. The structure of the research design is displayed across the top of this figure. On each practice day, the four cup-stack

sequences shown (tasks) were paired with the following practice conditions in a fully counterbalanced order across participants: action observation

(AO), motor imagery (MI), motor imagery during action observation (AO + MI) and an unpractised control. On each practice day, participants

experienced 16 trials, lasting 5min in total, per practice condition. They physically executed five repetitions of each task at the baseline, post-test,

and two-week retention test. Key for additional measures: SIS, Stroke impact scale; MIQ-3, Motor Imagery Questionnaire 3; ARAT, Action Research

Arm Test.

TABLE 2 Graeco-Latin square design.

Order 1 Order 2 Order 3 Order 4

Group 1 AO+MI (1− 10− 1) AO (6− 6) MI (3− 6− 3) Unpracticed (3− 3− 3− 3)

Group 2 AO (3− 3− 3− 3) AO+MI (3− 6− 3) Unpracticed (6− 6) MI (1− 10− 1)

Group 3 MI (6− 6) Unpracticed (1− 10− 1) AO+MI (3− 3− 3− 3) AO (3− 6− 3)

Group 4 Unpracticed (3− 6− 3) MI (3− 3− 3− 3) AO (1− 10− 1) AO+MI (6− 6)

This sophisticated tool is designed to systematically control three sources of extraneous variability (the row blocking factor of group; the column blocking factor of presentation order and the

Graeco blocking factor of task). This provides the opportunity to investigate the effects of one treatment factor (i.e., practice condition), that is fully counterbalanced across the other blocking

factors [see (89)].

13 s in length and the videos were edited in iMovie (Apple,

New York, NY). Each trial began with a white star on a

black screen (3 s), a ‘3, 2, 1’ countdown (3 s), followed by

exposure to the cup-stacking sequence (13 s); totalling 48 trials

per day (Figure 2).

These videos were initially recorded and used in the study

by Binks et al. (77) to display each cup-stacking sequence

executed over an 8 s period. In the current study, pilot testing

determined that it was necessary to slow these videos down

to 60% of the original speed, so that the action in the video

(lasting 13 s) would be executed at a pace that was realistic

for imitation in this population. Each cup-stacking trial showed

two hands lifting from a pressure-sensitive timing pad (Pro-

Timer; StackMat R©TM) to reach forward and pick up a vertical

column of stacked cups. The task required participants to “up-

stack” the cups from left to right in a predetermined sequence.

Once the sequence was complete the cups were “down-stacked”

from right to left into their original positions. The task was

completed when the hands returned to the pad. During each

training session participants sat at a desk, in a dimly lit room,

facing a 13.3-inch LED-backlit monitor display (Apple, New

York, NY).
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FIGURE 2

Trial sequence example. This figure shows the structure on each AO + MI practice trial.

FIGURE 3

AO and MI trial sequence example. This figure shows the structures for both the AO (top panel) and the MI (bottom panel) practice trials. In the AO

condition participants verbally reported the color of a dot that appeared at the midpoint of the video in 25% of the trials. This aimed to control for

attention toward the display and reduce the potential confound of spontaneous or unintended MI during the pure AO condition. In the MI condition

participants viewed a series of still-images portraying a cup-stack sequence. These were designed to both cue and control for the time duration of

the MI.

Procedure

Familiarization and baseline
After screening and 1 week before the familiarization and

baseline test, the MIQ-3, the ARAT, and the SIS data were recorded

(see Figure 1). The familiarization session required participants to

complete all four cup-stacking sequences in order of difficulty (i.e.,

3-3-3-3, 3-6-3, 6-6 and 1-10-1). At a desk, sitting opposite the

participant, a researcher first provided guided verbal and visual

instruction for the completion of each full cup-stack sequence.

Feedback was provided to confirm that participants had established

the correct technique. The participant successfully completed each

task once with assistance and once without. Participants were also

instructed how to use the pressure-sensitive timing pad.

Upon completion of the familiarization, participants were

randomly assigned into one of four experimental groups.

Each group contained a different practice condition and task

combination for each participant to mentally practice throughout

the training phase (see Table 2). To record a baseline score in

Week 1, each participant had three attempts to complete each task

as quickly and as accurately as possible. This is a complex and

controlled motor sequencing task, wherein any movement errors

would be reflected in the time taken to complete the movement

[Foerster et al., (93), p. 201)]. If an error was made (e.g., a cup

was dropped), participants were asked to correct their error and

continue the cup-stacking task until the sequence was complete.

To familiarize participants to the imagery and observation

instructions used in the main training phase, each participant was

guided through a training video which presented a simplified and

slowed cup-stack sequence. Accompanied with verbal guidance,

this phase built a foundational understanding of how the imagery

and observation instructions were to be integrated into each
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cup-stacking sequence during the five-week training phase. All

participants were instructed to not physically or mentally practice

the tasks outside of scheduled sessions.

Main experiment and five-week training phase
Action observation

Participants were instructed to watch the on-screen cup-

stacking sequence while refraining from using any MI. Participants

were asked to attend only to the occasional appearance of a colored

dot and, when it appeared, to inform the researcher what color it

was. Participants were naïve to the fact the dot would only appear

on trials 1, 5, 10, and 15 and that the presentation color alternated

between red and blue. The dot appeared in the middle of the screen,

for 0.5 s, at the point of transition between the up-stack and down-

stack, when the observed hands were not touching the cups (see

Figure 3). The colored dot was precisely integrated into this practice

condition to reduce the potential of spontaneous or unintentional

MI [see (57)]. This simple task motivated participants to engage

with the videos without distracting them from the observed action.

Motor imagery

Participants viewed a series of still-images portraying a cup-

stacking sequence (see Figure 3), which visually depicted the

stages of completing the sequence. The MI practice condition

was administered in this way to provide basic visual cues to help

structure and sequence their MI without providing observation of

a dynamic action. These instructions also incorporated some of

the PETTLEP principles (94–96). During each trial, participants

were instructed to imagine performing the action in a 1st person

perspective and to maintain an emphasis on “feeling” the imagined

movement [e.g., (97)]. Participants imagined performing the task

within the experiment environment, while in a similar physical

state as would be adopted during performance (i.e., seated at

a desk). Participants were guided to imagine the timing of the

action in accordance with the sequence of on-screen pictures. They

were asked to recreate the task specific components of reaching,

grasping, placing and releasing the cups in a specific order.

Action observation during motor imagery

This entailed imagining the sensation and kinaesthetic

experience of executing the action and synchronizing this motor

simulation with the congruent observed action (55). Similar to the

MI instruction, some PETTLEP components were incorporated

into the AO+MI delivery (96). As in theMI condition, participants

were instructed to specifically focus on imagining the kinaesthetic

sensation involved in performing the observed task sequence from

a 1st person visual perspective. While seated at a desk (physical),

they were additionally instructed to imagine themselves performing

this action at the speed presented on screen (timing).

Unpractised control

Upon completion of the familiarization and baseline test, one

cup-stacking sequence, assigned as the unpractised control, was

not presented to the participant again until the physical post-

test at Week 6. Due to the random assignment of the Graeco-

Latin square, a different cup-stack sequence was omitted in each

experimental group.

Post-test and retention test
The post-test (administered on Week 6, immediately after

completion of the training phase) required participants to

physically execute each of the cup-stacking sequences in the same

order as they had experienced them at baseline and on each

practice day throughout the training phase (see Table 2). The fourth

unpractised cup-stack sequence (Control) was also reintroduced.

The retention test required participants to replicate all procedures

administered at the post-test. After the retention test, participants

again completed the MIQ-3, ARAT, SIS, and completed a social

validation interview. On Weeks 2, 4, and 6 participants also

completed an adapted self-reported questionnaire to track imagery

use. The approach to these additional measures is described below.

Additional outcome measures
Perceived impact of stroke

The perceived impact of stroke was assessed using

the Stroke Impact Scale [SIS, (98)], a self-report measure

recorded at the baseline and retention test. This tool evaluates

disability and health-related quality of life after stroke. The

sub-categories for assessment are everyday functioning in:

strength, memory, emotions, communication, activities

of daily living and instrumental activities of daily living

(ADL/IADL), mobility, hand function, participation and

total stroke recovery. The stroke impact scale has been

found to have high levels of internal consistency in the

UK (99).

Motor imagery ability

To assess MI ability, participants completed the MIQ-3

measure at the baseline and retention test. This measure has good

psychometric properties, internal reliability, and predictive validity

(86). Participants self-reported the ease with which they could

generate imagined actions, such as a cup lift and arm abduction

(1 = very hard to see/feel; 7 = very easy to see/feel) on three

subscales: internal visual imagery, external visual imagery, and

kinaesthetic MI.

Upper extremity performance

The Action Research Arm Test (ARAT) was used to

assess upper extremity performance (coordination, dexterity, and

functioning) in stroke recovery between the baseline and retention

test. Originally described by Lyle (87) as a modified version of the

Upper Extremity Function Test, this is a 19-item observational

measure. These items are categorized into four subscales (grasp,

grip, pinch, and gross movement) and arranged in order of

decreasing difficulty, with the most difficult task examined first,

followed by the least difficult task. Task performance is rated on

a 4-point scale, ranging from 0 (no movement) to 3 (movement

performed normally). Nijland et al. (100) found the internal

consistency of the ARAT using Cronbach’s Coefficient Alpha as

excellent (α = 0.98), while Inter-rater reliability, as analyzed

using the inter correlation coefficient (ICC) was also excellent

(ICC= 0.92).
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Self-reported imagery use over time

A questionnaire was adapted from the established MIQ-3.

Our questionnaire was administered after every block of MI and

AO + MI trials on each day of practice on Weeks 2, 4, and 6.

Participants self-reported their ease of imagery generation on a 1–

7 Likert scale (1 = very hard to see/feel or very unconfident, 7 =

very easy to see/feel or very confident). The original MIQ-3 item

“Kinaesthetic imagery” was retained in the current study to rate the

ease of generating the feeling and effort of imagined cup-stacking.

The original questionnaire also requires participants to rate visual

imagery separately for both an internal (1st person) and external

(3rd person) visual perspective. In the current study, we instead

used the generic item “ease of generating visual imagery” and then

required participants to indicate “perspective used” (internal or

external). This assessed the ease or difficulty of generating the visual

components of the imagined cup-stacking task and additionally

allowed us to monitor changes in their preferences for visual

perspective over time.

Finally, the question: “how confident were you that no type of

imagery was used?” was asked after each block of AO. This measure

was utilized to monitor and assess any potential spontaneous or

unintended MI during the pure AO condition. If any participant

reported < 3 on the 1-7 Likert scale to indicate that they

were: (1) “very unconfident” (2) “unconfident” or (3) “somewhat

unconfident” that no type of imagery was used, they additionally

completed the adapted imagery questionnaire (described above) for

the AO condition.

Social validation

Immediately after completing the retention test, the primary

researcher conducted a semi-structured social validation interview

with each participant to check for compliance with the intended

manipulations and gauge their experiences of the experimental

conditions. The interview guide included 10 initial questions (e.g.,

“Do you have any comments on the difficulty of performing AO,

MI or AO+MI?”). Follow-up probes were listed for each question

to gain the necessary detail from all participants (e.g., “What made

this task difficult for you?”, “Was this task easier or harder than the

other experimental tasks, and why do you think this was the case?”).

Questions explored the perceived ease and use of the imagery

and observation instructions. The questions also targeted overall

effect, attention (direction and level), unintentional or spontaneous

imagery and which instruction modality the participant liked more

or felt most confident and comfortable using. The interview ended

with advice on what future imagery and observation interventions

should entail.

Attentional errors

When the “3, 2, 1” countdown was shown on the computer

screen, participants were instructed to place their hands on the

timing pad in front of them. While their forearms rested on

the desk, participants were required to lift both hands off the

pad in synchrony with the hands presented on the display.

The time taken between their hands leaving and returning to

the pad was recorded for each trial. This reflected the time

spent on each trial imagining, observing, or both imagining and

observing a cup-stacking sequence. Each stimulus presentation

lasted 13 s; therefore, periods of time <12.5 s or >13.5 s (recorded

on the timer) were counted as an attentional error. Across the

practice phase each participant completed 80 trials in each practice

condition (240 trials in total). All practice conditions contained

<5% errors meaning that out of 80 trials all participants recorded a

minimum of 76 trials.

Data analysis: Movement execution times
The main dependent variable was the time taken to complete

the cup-stacking movement. When participants lifted their hands

from the pressure pad, the timer ran until they had completed the

full sequence of the cup-stack task and returned their hands on

the pad.

All analyses were performed in the statistical package R 4.1.0

(101). The R package lme4 was used for the construction and

analysis of the linear-mixed-model of the four-factor Graeco-

Latin square design. While the robustness of mixed-effects

models is established (102) along with use in small samples

(103), distributional assumptions were also considered using

the performance package. For each stage of the analysis of the

movement time data and at each of the three time points (baseline,

post-test, and retention test) a mixed-effects model was tested, with

participant included as the random factor. The fixed factors were

the Graeco factor of task, the Latin factor of practice condition,

and the blocking factors were presentation order and group. The

design was carried through into the analysis of the results (104).

The interactions of time point (baseline, post-test, and retention

test), with the fixed factors, were then added and the delta-Akaike

information criterion (1AIC) was used to evaluate the difference

in AIC scores between the two models.

Post-hoc results were averaged over the levels of group, order,

and task. At post-hoc maximum likelihood estimates of the

parameters of the linear mixed model, including the method for

computing the denominator degrees of freedom and F-statistics,

were determined using Satterthwaite’s method (105). Type III sums

of squares were used in significance-testing. The significance level

was set to 0.05 and effect sizes were calculated as partial eta

squared values (η2p); values of 0.0099, 0.0588, and 0.1379 were used

as benchmarks for small, medium, and large effect sizes (92) as

suggested by Cohen [(106), p. 278–280].

Interaction e�ects within the Graeco-Latin
square design

In accordance with conventional approaches to the Graeco-

Latin square design and analysis it was not appropriate to

explore the interaction effects within our main data set (i.e., only

interactions involving the factor of time are permitted, since this

factor is not included in the Graeco-Latin square design). An

assumption of the Graeco-Latin square design is that of a null

main effect for the Graeco factor (i.e., cup-stacking sequence) which

according to Kohli (107), does not permit a useful interpretation

of the related interactions between the treatment factor (practice

condition) and each of the other blocking factors (group and

presentation order).
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Data analysis: Additional outcome measures
Perceived impact of stroke

Minimal detectable change and clinically important differences

were assessed for the baseline vs. retention test in the eight domains

and in total stroke recovery.

Motor imagery ability

A multi-factorial analysis of variance (ANOVA) was used to

analyze the effects of limb (paretic vs. non-paretic), MI sub-

scale (kinaesthetic vs. internal 1st person visual vs. external 3rd

person visual perspective), and time (baseline vs. post-test vs.

retention test).

Upper extremity performance

A two-factorial ANOVA was run involving the factors of limb

(paretic, non-paretic) and time (baseline, retention test).

Self-reported imagery use over time

Descriptive data for MI use are presented as mean and SD

scores for each mental practice condition (AO, MI, and AO +MI)

at three time points (Weeks 2, 4, and 6), with user preferences for

visual perspective (internal, external), and the perceived frequency

of spontaneous MI during the AO condition.

Social validation

Qualitative interview data were interpreted using Braun and

Clarke’s (108) six-step thematic analytical procedures. The data

analysis involves: (1) familiarization with the data, (2) transcription

of the audio recorded interviews, (3) identification of the initial

codes, (4) identification of themes, (5) naming, reorganizing, and

completing the themes and (6) theme comparison and write-up.

Results

Baseline

There was no significant main effect of practice condition on

movement execution times at the baseline test, F(3,110) = 1.07, p =

0.36, η2p = 0.03. There was, however, a significantmain effect of task,

F(3,110) = 21.72, p < 0.001, η2p = 0.37. From slowest to fastest: 1-10-

1 (M = 60.62, SD= 44.82) > 6-6 (M = 47.12, SD= 39.91, t(120)=

3.00, p = 0.05) > 3-6-3 (M = 37.67, SD = 24.74) > 3-3-3-3 (M =

28.41, SD= 25.85). While 6-6 did not significantly differ from 3-6-

3, nor 3-6-3 from 3-3-3-3 all other task combinations significantly

differed at p < 0.001.

There was a significant main effect of presentation order,

F(3,110) = 5.98, p < 0.001, η
2
p = 0.14. Order 1 (M = 51.79, SD =

47.49) was significantly slower in comparison to Order 3 (M =

37.73, SD= 23.57, t(120)= 3.01, p= 0.05) andOrder 4 (M= 36.51,

SD = 25.34, t(120) = 2.91, p = 0.05). Order 2 (M = 47.78, SD =

42.91) recorded the second slowest movement execution times and

was significantly slower in comparison to Order 3, t(120) = 2.75, p

= 0.05. All other presentation orders were not significantly different

from each other. Finally, there was no significant main effect of

group, F(3,110) = 1.17, p= 0.37, η2p = 0.26.

Post-test

There was no significant main effect of practice condition on

movement execution time at the post-test, F(3,77) = 1.77, p = 0.16,

η
2
p = 0.06. A significant main effect of task was present at the post-

test, F(3,77) = 58.34, p < 0.001, η
2
p = 0.69. As at the baseline, the

cup-stacking sequences differed from each other in the following

order: 1-10-1 (M = 33.12, SD = 10.43) > 6-6 (M = 26.57, SD

= 9.82, t(40) = 3.88, p < 0.01) > 3-6-3 (M = 22.60, SD = 7.73,

t(40)= 3.18, p < 0.01) > 3-3-3-3 (M = 16.96, SD= 5.34, t(87.2)=

4.26, p < 0.001). All comparisons were significantly different from

one another, p < 0.001. There was no significant main effect of

presentation order, F(3,77) = 1.61, p = 0.19, η2p = 0.06. There was

a significant main effect of group, F(3,7) = 9.69, p < 0.01, η2p = 0.81.

However, upon completion of post hoc analysis no specific pairwise

comparisons were significantly different from one another.

Retention test

There was a significant main effect of practice condition on

mean movement execution times at the retention test, F(3,77) =

5.42, p < 0.01, η2p = 0.17 (see Figure 4). AO + MI (M = 21.37, SD

= 6.62) was significantly faster than MI [M = 23.47, SD = 12.89,

t(87.2) = 3.08, p < 0.05] and the unpractised Control (M = 25.87,

SD = 11.93, t(87.2) = 2.71, p < 0.05. While the mean movement

execution times in the AO practice condition (M = 25.01, SD =

6.84) did not significantly differ from any other practice condition

there was a close to significant finding in comparison to the MI

practice condition; t(87.2) = 2.61, p = 0.051. No other practice

conditions significantly differed from each other.

A significant main effect of task was present at the retention

test, F(3,77) = 69.84, p < 0.001, η
2
p = 0.73 (Figure 5). The pattern

replicated that of the two previous time points, in order from

slowest to fastest: 1-10-1 (M = 32.47, SD = 10.10) > 6-6 (M =

24.57, SD = 9.52, t(87.2) = 5.57, p < 0.001) > 3-6-3 (M = 22.27,

SD = 7.00) 3-3-3-3 (M = 16.41, SD = 5.52, t(87.2) = 4.99, p <

0.001). While 6-6 did not significantly differ from 3-6-3, all other

task combinations significantly differed at p < 0.001. There was no

significant effect of presentation order, F(3,77) = 1.79, p = 0.16, η2p
= 0.07.

Finally, there was a significant main effect of group, F(3,7) =

42.69, p < 0.001, η2p = 0.95. Group 2 (M = 37.76, SD = 9.90) was

significantly slower than Group 3 [M = 26.78, SD= 7.38, t(16.3)=

3.63, p < 0.05], group four (M = 20.69, SD = 6.97, t(16.3) = 5.98,

p < 0.001 and Group 1 [M = 14.12, SD = 4.00, t(46) = 6.76, p <

0.001]. Group 3 was significantly slower than Group 1; t(16.3) =

4.18, p < 0.01. All other comparisons were not significant.

Main e�ect of time

A mixed effect model, without interactions, was used to

examine the main effect of time and the other variables (group,

order, task, instruction, and time), X2 (14) = 136.01, p < 0.001.

There was a significant main effect of time, F(2,278.67) = 22.29, p <

0.001, η
2
p = 0.14. In comparison to the baseline (M = 43.45, SD
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FIGURE 4

(A, B) Box and whisker plot displaying movement execution times at post and retention for practice condition. This figure shows the distribution of

movement execution time data and skewness for all practice conditions at the post and retention test time points. These data are presented by

displaying a six-number summary including: the minimum score (bottom of lowest line), first (lower) quartile (lower line), median (black horizontal

line), third (upper) quartile (upper line), mean (black dot) and maximum score (top of upper line); *p < 0.05.

= 36.59), mean times were significantly faster at the post-test [M

= 24.81, SD = 10.29, t(291) = 5.44, p < 0.001] and the retention

test (M = 23.93, SD = 9.96, t(291) = 5.86, p < 0.001). Post-

test and retention test time points did not significantly differ from

each other.

Interactions between time and the other variables were then

added to the model, X2 (24) = 89.42, p < 0.001, 1AIC −41.5.

There was no significant interaction between time and practice

condition, F(6,277.83) = 0.21, p = 0.97, η
2
p = 0.00. There was a

significant interaction between time and task, F(6,277.83) = 3.60,

p < 0.01, η
2
p = 0.07. While the differences between the mean

execution times for the four tasks were larger at the baseline than

at the post test and retention, the order remained the same at

these two time points. There was a significant interaction between

time and order, F(6,277.83) = 3.60, p < 0.01, η
2
p = 0.07. While

the order effect was significant at the baseline, this effect was not

significant at both the post-test and retention. There was also a

significant interaction between time and group, F(6,278.91) = 10.36,

p < 0.001, η
2
p = 0.18. This reflects that the effect of group was

significant at the post and retention tests, but not significant at

the baseline.

Interaction e�ects within the Graeco-Latin
square design

An assumption of the Graeco-Latin square design is that

of a null main effect for the Graeco factor (i.e., cup-stacking

sequence). In the present study the cup-stacking sequences

varied significantly in their associated movement execution times

(reflecting differences in their inherent task complexity), which

according to Kohli (107), does not permit a useful interpretation

of the related interactions between the treatment factor (practice

condition) and each of the other blocking factors (group and

presentation order).

Additional outcome measures
Perceived impact of stroke

The results of the perceived impact of stroke (Stroke Impact

Scale; SIS) are shown at baseline and retention test time

points for individual participants in Table 3. Minimal detectable

change and clinically important differences were observed, prior

to and after the intervention, in all 8 domains and in total

stroke recovery.
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Motor imagery ability

Participants had significantly stronger imagery ability when

they performed MI using their non-paretic limb at the baseline

in comparison to their paretic limb (5.44 vs. 4.36; F(1,45) = 14.98;

p < 0.001; η
2
p = 0.25). This difference was maintained at the

retention time point (5.41 vs. 4.45; F(1,45) = 26.81; p < 0.001; η
2
p

= 0.37). When these data were collapsed across limbs, there was

no significant difference between the three MIQ-3 sub-scales at the

baseline, and no significant improvement in ease of MI generation

overall between the baseline and the retention test. However, at

the retention test time point a significant difference was observed

between the MIQ-3 subscales, F(2, 45) = 6.46; p < 0.001; η
2
p =

0.22. The subscales that presented the weakest to strongest ease of

imagery generation at retention are: kinaesthetic (M = 4.61, SD =

1.53) < external visual (M = 4.96, SD = 1.43) < internal visual

imagery (M = 5.42, SD = 1.14). Internal visual imagery ability was

significantly greater than kinaesthetic imagery at the retention time

point, t(48.2)= 3.46, p < 0.01. Participants’ imagery ability did not

change from the baseline to the retention test time points, and the

main effect of group was not significant in each analysis.

Upper extremity performance

The two-factorial ANOVA revealed a significant main effect

of limb, F(1,105) = 45.23, p < 0.001, η
2
p= 0.30. Upper extremity

performance was significantly better overall in the non-paretic

compared to the paretic limb (M = 14.25, SD = 3.93 vs. M =

7.66, SD = 7.67). Neither the main effect of time, nor the two-way

interaction were significant (see Table 4).

Self-reported imagery use over time

Descriptive analyses show that ease of imagery generation was

higher overall for AO+MI than for MI in both visual imagery (5.6

vs. 4.8, see Table 5) and kinaesthetic imagery (5.2 vs. 4.1) subscales.

When averaged over both the visual and kinaesthetic items for

both the AO + MI and MI practice conditions the ease of imagery

generation improved slightly from Day 1 to Day 3 (5.4 vs. 4.5).

Participants who reported spontaneous or unintentional MI in the

AO practice condition also reported a reduction in frequency of

imagery use from 57.14% of trials with spontaneous MI during

AO on Week 2, to 14.29% on Week 6. In this subset of the data,

imagery perspective also shifted from a 25% preference for an

internal perspective onWeek 2 to a 100% preference for an internal

perspective on Week 6.

Social validation

Thematic analyses of the qualitative data generated three

distinct themes, as described below.

Perceived impact

All participants who were available for the qualitative data

collection after the studywas completed (n= 9, 100%) reported that

AO+MI was the most impactful and effective practice condition:

“It was more believable and easier to associate with the

video you could get your head around it, it was more realistic,”

Participant 8.
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TABLE 4 Action research arm test (ARAT) scores at pre and retention test time points.

Pre-Test

Grasp Grip Pinch Gross movement

Participant Paretic side Left Right Left Right Left Right Left Right Total left Total right

1 L 18 18 12 12 18 18 9 9 57 57

2 L 0 18 0 12 0 18 0 9 0 57

3 L 0 18 0 12 0 18 0 9 0 57

4 R 18 15 12 12 18 15 9 0 57 42

5 R 18 18 12 12 18 18 9 9 57 57

6 R 18 18 12 12 18 18 9 9 57 57

7 L 0 18 0 12 0 18 0 9 0 57

M (SD) 10.29 (9.62) 17.57 (1.13) 6.86 (6.41) 12.00 (0.00) 10.29 (9.62) 17.57 (1.13) 5.14 (4.81) 7.71 (3.40) 32.57 (30.47) 54.86 (5.67)

Retention Test

Grasp Grip Pinch Gross movement

Participant Paretic side Left Right Left Right Left Right Left Right Total left Total right

1 L 18 18 12 12 18 18 9 9 57 57

2 L 0 18 0 12 0 18 0 9 0 57

3 L 0 18 0 12 0 18 0 9 0 57

4 R 18 15 12 12 18 18 9 0 57 45

5 R 18 18 12 12 18 18 9 9 57 57

6 R 18 18 12 12 18 18 9 9 57 57

7 L 0 18 0 12 0 18 0 9 0 57

M (SD) 10.29 (9.62) 17.57 (1.13) 6.86 (6.41) 12.00 (0.00) 10.29 (9.62) 18.00 (0.00) 5.14 (4.81) 7.71 (3.40) 32.57 (30.47) 55.29 (4.54)

The 19 items comprising the ARAT are scored using a 4-point ordinal scale, as follows: 0= no movement, 1=movement task is partially performed, 2=movement task is completed but takes

abnormally long, 3 = movement is performed normally. Scores of <10 points are considered poor, between 10 and 56 points–moderate and 57 points or above correlate with good recovery.

Simpson and Eng (110) identified the minimal detectable change (MDC–at 95% confidence level) to be a change in score of 3.5. And van der Lee et al. (111) identified the minimally clinically

important difference (MCID) in a defined chronic stroke population to be 10% of the total range of the measure (i.e., 5.7 points) and 12–17 points for a defined acute stroke population. None

of the participants in the present study showed improvement in either limb that would meet the threshold defined as a MCD or a MCID.

“I was imagining how it would feel if my hands were doing

it, so I was imagining the muscle in my bad arm lifting up, and

the same in my other arm,” Participant 4.

“I could even imagine the noises with it,” Participant 1.

“It gave me a plan, and I could see what was expected and

I had a good idea from the start, which for me I find most

difficult—making a start,” Participant 9.

The AO + MI condition was also the only condition

that participants reported evoking or triggering any mental or

physiological responses:

“I could feel slight twitches, at the beginning I couldn’t

actually do that, but toward the end I could. I [also] noticed

my finger, because I was imagining moving it, it was twitching,”

Participant 5.

Perceived difficulty

Most participants (56%) reported that AO was the

most difficult:

“There was a distraction. It was difficult to dissociate [the

imagery] and only look for the dots. I was concentrating and

thinking for it,” Participant 5.

33% of participants believed the MI condition was the

most difficult:

“It felt too passive, I didn’t feel involved with it,”

Participant 3.

“When I was doing it, I was trying to match the speed and I

was a little bit off keeping time, it was difficult,” Participant 7.

One participant (11%) reported that AO + MI was the most

difficult condition to undertake:
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“In the early stages getting your head around [AO + MI]

was quite difficult but the more you got used to it, the easier it got.

It felt as though it [AO + MI] used more brain cells, you had to

think harder about it rather than just watching it,” Participant 4.

Personal reflections on AO+MI therapy

Participants were invited to provide their general reflections

on the activities undertaken during this study. These were largely

positive in nature, with critical insight provided into the perceived

usefulness and impact of this rehabilitation method in daily living:

“I would [recommend it] it makes your brain tired, so I think

something is working hard in your brain to fulfill that. What I

was pleased about was that I have seemed to improve, I think

something has gone in and stayed there,” Participant 4.

“It was tiring and frustrating at times, but I thoroughly

enjoyed it, and it has made me realize that I am not as useless

as I sometimes think I am. Physically I am doing all I can,

but mentally is the hard one. Anything I can do to improve

memory or planning structure is a plus . . . it can only be a plus,”

Participant 3.

“I used to enjoy cooking before the stroke, but I haven’t had

the confidence to do it since the stroke. I think that now after this

and I had a recipe and instruction I would have more confidence

to follow it,” Participant 1.

“It’s not about doing the motor activity of the task, but the

state of mind and getting your head around the task—it’s mind

over matter,” Participant 7.

“I realize it was important to teach my brain how to do these

things and it has worked, I believe,” Participant 5.

Discussion

This within-participant study was the first to investigate the

extent to which a novel complex cup-stacking task can be learned

in a stroke survivor population through different forms of mental

practice (i.e., AO + MI, AO, and MI). We predicted that the

combined AO + MI practice condition would reduce movement

execution times for the cup-stacking task to a greater extent

than both the AO and MI conditions and an unpractised control

condition, at both the post-test and the retention test time points.

In partial fulfillment of this prediction, a significant main effect

of practice condition was found at the two-week retention test,

while this was not found at the post-test. This specifically identified

that AO + MI practice is the preferable combination for reducing

movement execution times, compared to both the MI and control

conditions in the absence of physical practice of this task. The

results of this experiment therefore support the proposal that novel
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FIGURE 5

(A, B) Box and whisker plot displaying movement execution times at post and retention for task. This figure shows the distribution of movement

execution time data and skewness for all cup-stack tasks at the post and retention test time points. These data are presented by displaying a

six-number summary including: the minimum score (bottom of lowest line), first (lower) quartile (lower line), median (black horizontal line), third

(upper) quartile (upper line), mean (black dot) and maximum score (top of upper line); *p < 0.05; **p < 0.01; ***p < 0.001.

complex actions can be learned and retained, in a chronic stroke

survivor population.

The e�ects of practice condition on
neurorehabilitation

At the baseline, post-test, and retention tests, neither the AO

nor the MI practice condition yielded significantly faster cup-

stacking times when compared with the unpractised control. Next,

we offer interpretations of these two findings, before addressing the

significant advantage for AO+MI training at the retention test.

Action observation e�ects
While undertaking the AO practice condition, participants

were instructed to watch the on-screen cup-stacking sequence in a

way that encouraged passive attention to themovement kinematics,

rather than intentional imitation of the task. To control for the

potential, confound of spontaneous or unintended MI during

the pure AO condition, and to control for fluctuations in each

participant’s motivation and attention to the task across trials,

participants were asked to attend to the occasional appearance

of a colored dot. Notably, our results did not replicate Hebert’s

(93) significant finding for AO, which showed cup-stacking

times reduced when healthy adult participants were instructed

to either engage in physical practice prior to observation or

observe the action before intentionally imitating the action. Instead,

we replicate the finding for the pure AO condition reported

in Binks et al. (77) that there was no significant reduction in

movement execution times at either the post-test or the retention

test. This presumably contrasts with Hebert’s (93) finding because

the AO instructions used in their study evoked a fundamentally

different motor process, potentially due to spontaneous MI during

AO. The impact of this potential confound was reduced in the

present study.

The proposed benefit of AO, in regard to motor skill learning, is

to enhance the structure of mental representations by specifying the

sequencing and timing of basic action concepts (61). Research from

Rüther et al. (112), for example, found that the action observation

network, which comprises sensorimotor brain regions, was engaged

when participants observed a novel object construction task from a

visual picturematching cue or a partner who sat opposite. Crucially,

while AO has been found to evoke activity in the areas of the
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brain that partially overlap with those responsible for movement

execution (113), a limitation of AO is that it provides a visual

representation of an action, without necessarily involving a sense

of agency in the observer, nor promoting a focus on one’s own

body schema and the related kinaesthetic sensations of the observed

action (56).

Motor imagery e�ects
In the present study, we similarly identified that MI practice

did not produce a significant improvement in mean movement

execution times compared with the unpractised control condition,

at both the post-test and retention test. This finding is in

line with the results of Welage et al.’s (24) meta-analysis and

replicates the findings of Binks et al.’s (77) study for pure MI.

While completing the MI practice condition, participants in

the present study were instructed to imagine performing cup-

stacking in an internal 1st person visual perspective and were

also asked to maintain an emphasis on “feeling” the sensations

associated with the imagined action. A strength of our approach

was that the MI condition presented a series of still-images

portraying the cup-stack sequence. This communicated a visual

instruction for imagining the novel action in a realistic way without

involving observation of a dynamic action. This also ensured

for temporal congruence in MI across the MI and AO + MI

conditions. Crucially, this further meant that the information

used to convey the different tasks across the AO, MI, and

AO + MI conditions were equitable, reducing the impact of

“information” as a potentially confounding variable across these

three conditions.

While previous research in a healthy population has

demonstrated that kinaesthetic MI can enhance corticospinal

excitability, as assessed using TMS (43, 44, 114), a limitation

of MI in a stroke survivor population is that if an individual is

unskilled, inexperienced or has a damaged neuronal network

pertaining to the proposed task, activation of the brain regions

involved in MI will likely be more bilateral and diffuse than when

the individual has experience in performing the physical task,

and the associated behavioral gains are limited (115, 116). MI

practice has also been theorized to lack the core component of

sensory feedback, which is an essential ingredient for a stroke

survivor’s ability to update the functional motor plan based on

an error detection and correction mechanism (117). To further

investigate this, Welage et al.’s (24) meta-analysis reviewed the

effect that MI interventions had on 245 participants, over five

studies. MI alone did not yield a positive effect on relearning

upper extremity function after stroke. Encouragingly, those

authors suggested future research should investigate the effect of

performing imagery while receiving concurrent AO and explore

if this would induce a greater effect on the upper limb functional

recovery. In partial support of this proposal, in the present

study ease of internal visual imagery was significantly greater

than kinaesthetic imagery at the retention test only, indicating

a potential change over time. Future research should, however,

determine if such changes in fact reflect the natural variance

occurring in MI ability in a stroke survivor population, or a

worthwhile change.

Action observation during motor imagery e�ects
In contrast to the null effects reported for both the AO

and MI conditions, the present within-participants experiment

demonstrates that AO + MI practice was effective for the

acquisition of a novel and complex motor skill in the absence

of physical practice. This result is in line with previous between-

group studies demonstrating beneficial practice effects for AO +

MI training in neurotypical populations compared to AO [e.g.,

(118)], or MI [e.g., (71, 72)], or compared to both AO and MI (74–

76). Building upon the significant findings of Binks et al. (77), the

present study is the first to fully counterbalance the research design

to control for several common sources of extraneous variability,

while analyzing motor learning via mental practice in a stroke

survivor population.

Lugassy et al. (119) found that procedural complex motor

learning is stabilized and enhanced only after post-acquisition

consolidation processes. In their study, gains in performance were

only accumulated after a period of more than 24 h following skill

acquisition and not after a 12-hour interval, despite also including

sleep. Likewise, in the present study, participants who executed the

task at the immediate post-test may not have had a sufficient period

of learning consolidation (i.e., the 2-week retention period). They

may also have experienced some fatigue at the post-test resulting

from the mental practice undertaken on that day, which might have

impacted the post-test findings.

The present study provides a continuation of support for the

work of Sun et al. (81), Choi et al. (82), and Robinson-Bert and

Woods (83), which similarly showed AO + MI instructions can

enhance upper-extremity neurorehabilitation in stroke survivors.

We extend their work by demonstrating that, despite the lower

training dosage used in the current study, beneficial AO +

MI effects were obtained following a 2-week retention period.

Specifically, the main effect of practice condition was found at the

two-week retention test, but not at the post-test.

This finding also aligns with recent stroke research showing

AO + MI practice can improve the following: vascular cognitive

impairments (84), activation and functional connectivity of

brain regions involved in swallowing (120), and classification of

performance in a brain-computer interface (121).

The main strength and proposed novelty of our research design

was that the AO + MI practice condition was paired with each of

the four different cup-stacking tasks, with different presentation

orders in a fully counterbalanced way across the four groups.

In the post-hoc analyses, where results were averaged over the

factors of group, task and order, AO + MI produced significantly

faster cup-stacking sequences than MI and the unpractised control

at the retention test. We propose the following explanations

for the enhanced task performance in the combined AO + MI

practice condition, compared with the applications of AO and

MI independently.

It has been stated that relevant and experience-dependent

practice, which encourages the brain to create and reorganize

functionally appropriate neural connections, is the crux of

neurorehabilitation. MI may be a sub-optimal neurorehabilitation

tool for this experience due to the limitations inherent in the

self-generation of action-related feedback, crucial for updating,

maintaining, or creating an accurate motor plan de novo. This
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approach may also reinforce neural connections within the

parameters of existing self-taught compensatory strategies–all of

which have been found to interfere with the rehabilitation of the

damaged brain (122). More positively, it was proposed by Therrien

et al. (123, 124) that while observing an action it may be possible to

adjust errors in one’s own existing forward model of the action in

real-time, encouraging the damaged brain to reorganize, reallocate

and shape its connections to match the intended observed action.

To build upon this, the proposed benefit of AO + MI, for a stroke

survivor, is the continuous opportunity for refining and updating

the visually-guided components of the mental simulation (55–57),

while scaffolding their kinaesthetic-imagery-driven simulation to

match. The AO + MI instruction would theoretically drive neural

responses that stimulate functionally accurate growth selection

and synaptic reorganization patterns, thus providing a unique way

to practice and maintain an internal motor representation of the

observed action. In this way, AO + MI training is established as

an advantageous method for motor skill acquisition in the absence

of physical practice. This concept is supported by our data, whereby

participants reported that they found the ease of generating imagery

increased during AO + MI training in comparison to MI training

in both the visual imagery and kinaesthetic imagery subscales.

While we did not study neurophysiological activity in the

present study, it is unlikely that visual representations, without the

activation of motor related processes, would significantly impact

subsequent physical movement times (125). Wright et al. (61) used

TMS to investigate the extent to which corticospinal excitability can

be modulated in healthy adults through different forms of mental

practice (i.e., AO + MI, AO, and MI) during a basketball free

throw. This experiment also found the independent use of AO or

MI did not significantly differ when compared with the control

condition. During AO + MI, however, corticospinal excitability

was significantly greater than both the AO and a control condition.

These results indicate that a pronounced neurophysiological

response occurs when we are instructed to practice AO + MI

rather than practicing either AO or MI without the other [see

(62)]. AO + MI may therefore promote functional connectivity

and plasticity within the brain in a unique way, facilitating motor

execution as learning progresses [see (126)]. Moreover, it is possible

that the benefits found for combined AO + MI training resulted

from a process whereby an AO-triggered and a MI-generated

representation were both maintained either in parallel or were

merged to consolidatemotor processes and facilitate the early phase

of motor relearning (56). Future research could now explore this

proposal using brain imaging techniques in stroke survivors.

In our study, we used a passive form of AO that is not

directly comparable to the instructions used in conventional AO

therapy (e.g., “please observe and then imitate the target action”).

While substantial evidence supports the use of AO therapy for

promoting upper-limb recovery in stroke rehabilitation [see (20–

24)], this approach does not routinely instruct patients on how

to engage in MI during AO. Inevitably, some patients might

therefore spontaneously engage their own motor system in an

effortful way during AO, either consciously or unconsciously

(i.e., spontaneous MI without clinical guidance), while others

may not. For those who do spontaneously engage in AO +

MI during AO therapy, there is either little or no guidance

on how to optimize this concurrent MI process. Indeed, this

overlooked issue may even contribute to the heterogeneity both

in the rate and extent of upper-limb recovery via AO therapy.

Instead, our approach was to experimentally tease apart the effects

of passive (or “pure”) AO from a highly structured form of AO

+ MI. While our results indicate that the best way forward in

rehabilitation practice is to augment AO therapy, with specific

guidance tailored to patients on how to engage MI during AO,

future research is now required to test the feasibility and efficacy

of this proposal.

This approach does not preclude instances where practitioners

may wish to alternate between AO and then MI [i.e., asynchronous

AO and MI, (56)]. While research has shown that this approach

can be more effective than using synchronous AO + MI for

motor learning in healthy adults [e.g., (74–76)], the reverse pattern

of results was found in stroke rehabilitation (81). In the studies

of asynchronous AO and MI, however, the instructions did not

aim to prevent spontaneous MI during the AO segments. If

this had occurred, the design would amount to a more intense

schedule alternating between AO + MI and MI, rather than

plainly alternating between AO and MI (56). Future research

should therefore explore whether this more intense dose of

motor simulation is advantageous for rehabilitation. Indeed, it

may be that the heterogeneity in brain injuries caused by stroke

(see Table 1) will to some extent determine the suitability of

different mental practice techniques for promoting rehabilitation.

It is therefore necessary for future research to establish a more

detailed mechanistic understanding of the neurophysiological

effects of mental practice before such tailored recommendations

can be made.

Accounting for extraneous variables in the
research design

Amajor strength of the present design was the ability to account

for extraneous factors which influence the design, while carrying

through the design into the analysis of the results. The present study

utilized a Graeco-Latin square design, which allowed systematic

control over four sources of extraneous variability. This design

permitted investigation into all four factors: rows (group), columns

(order), Latin letters (practice condition) and Greek letters (task).

A strength of this counterbalanced design is that the tasks appear

only once with each practice condition, ensuring each factor is

statistically orthogonal to all other factors (i.e., rows and columns),

thereby further reducing experimental error.

In relation to the four cup-stacking tasks, the present

experiment incorporated sequences approved by the World Sport

Stacking Association (WSSA). The cups are specially designed to

be aligned as a pyramid (i.e., the inside left lateral adjunct of each

cup with that of the next), in a predetermined sequence as fast

as possible. This is a complex and controlled motor sequencing

task, where error is reliably reflected in mean execution times

(93–105, 107, 108, 112–115, 117–127).

At baseline, post and retention test time points the direction

of significant differences between tasks replicated the findings of

Binks et al. (77). The mean times for each cup-stacking task (i.e.,

Greek letters within the design) were significantly different from
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one another, which identified increasing complexity across the

four tasks in the following order: 1-10-1 > 6-6 > 3-6-3 > 3-3-

3-3. As revealed by the significant time by task interaction, the

magnitude of these differences was largest at baseline compared to

the other two time points and remained the same between post and

retention test time points. Each task was given to each group in a

different (and randomly allocated) presentation order. The strength

of this design feature is that it allows researchers to control for

experimental error by minimizing potential confounds of learning

through sequence (i.e., an order effect) while modulating task

complexity. A limitation of this design for the present study,

however, is that the interaction effects within the Graeco-Latin

square design cannot be tested, as they are confounded with

the main effects (107). That is, the practice condition effects are

derived from averaging performance across four tasks that differ

in complexity from each other.

All participants were randomly assigned to one of four groups

before participating in the present study. Once they were allocated

to a random permutation of the Graeco-Latin Square (see Table 2),

each group faced four unique combinations of the practice

condition and cup-stack task pairings. A significant interaction

effect between group and time was observed across the post-test

and the retention test time points only. We offer two explanations

for the effect that random pairings had on the overall quickness of

Group 1 and the slowness of Group 2. Previously, we noted that

modulating task complexity is desirable in the present design and

population, as it is possible to control for experimental error by

minimizing potential confounds of learning through sequence (i.e.,

an order effect). However, a restriction is that the Graeco-Latin

square design assumes a null effect of the Greek letters (in this case;

cup-stacking task). All participants in Group 1 experienced the

most difficult task (1-10-1) in the first order with the most optimal

practice condition (AO+MI), therefore enhancing the learning in

this group in all the subsequent randomized permutations of task

and practice condition pairings. This effect was magnified by the

final order of Group 1 which contained the easiest task (3-3-3-3)

paired with the unpractised control. Conversely, Group 2 contained

the combination of the most difficult tasks with the slowest practice

conditions (unpractised+ 6-6; MI+ 1-10-1).

We also analyzed the impact of presentation order on time

taken to execute cup-stacking sequences. At the baseline, Order 1

was found to be slower than Order 2, 3 and 4. Unsurprisingly, this

order effect indicates that at baseline (when results are averaged

over the levels of: group, practice condition and task) participants

were slowest in the cup-stack that they physically executed first,

compared with the cup-stacks that they subsequently executed. The

absolute mean difference between orders was Order 1 > Order

2 (4.0 s), Order 2 > Order 3 (10.1 s), and Order 3 > Order 4

(1.2 s). These results most likely reflect an initial “fast” learning

phase that is typically associated with execution of a novel action

in the very early stages of skill acquisition. This is evidenced in a

wide array of behavioral and neurophysiological studies that have

investigated the role of fast and slow experience-driven changes

for the acquisition of skilled motor performance in novices [see

(128)]. The significant time by order interaction revealed that

this pattern of results was not replicated at the post or retention

test, suggesting that learning was consolidated during the motor

simulation training phase and between post-test and retention test

time points (119). The significantmain effect of time further verifies

this conclusion as there was no significantmain effect of order at the

retention test.

Given the significant impact that order had at baseline, future

research into genuine mental practice effects should similarly

attempt to randomly permute task and treatment factors (such

as practice condition), while ensuring the treatment factor is

statistically orthogonal to all other factors in their design, such

as group allocation or presentation order. Further research could

also isolate and explore possible interactions between AO + MI

instructions and task complexity. For example, in the context

of the widely-researched principles of instructional design theory

(129). Specifically, this theory states that learning is optimized

when it is organized hierarchically from simple instructions, early

in learning, to more complex instructions, later in learning and

when it provides a meaningful context in which subsequent ideas

can be integrated. An interesting question is whether AO + MI

instructions provide a more holistic and meaningful context for

motor learning, in which subsequent stimuli can be integrated to

advance learning regardless of task complexity.

The semi-structured social validation interview was used to

check for compliance with the intended manipulations, while

gauging participants’ perceptions and experiences of the training

phase. Here important and largely positive statements provide

critical insights into the perceived usefulness and impact of the

rehabilitation method. Unanimously, AO + MI was perceived

as the most impactful and effective practice condition. When

participants were invited to reflect about the experience, the AO +

MI training was recommended, in their opinions, as a worthwhile

intervention. These qualitative insights underscore the importance

of gathering user feedback for the purpose of tailoring future

iterations of the AO + MI protocol to better suit stroke survivor

characteristics. Amain goal of neurorehabilitation is to improve the

quality of participants’ daily living, and this can be improved when

user groups can contribute to the feasibility of the protocol design.

There are three main design considerations that are noteworthy

in the present study. Firstly, it is feasible that if participants had

been exposed to a longer training period, better cup-stacking

performances may have been achieved. For reference, Schuster

et al.’s (130) systematic review outlines best practice for motor

imagery interventions. Their review of 133 studies found the

average imagery intervention to last 178min. The present study

required participants to practice for only 75min over 5 weeks, it

is therefore telling that significant results were still obtained over

this relatively short training duration.

Secondly, we monitored and discovered a degree of

spontaneous and unintended imagery use in the pure AO

practice condition. At Week 2 of training, only 57.14% of

participants reported that they were confident they did not use

imagery during AO. This happened although all participants

were clearly instructed not to do so. Crucially, this did not lead

to significant improvements in movement execution in the AO

condition, relative to the other practice conditions at either the

post-test or retention test. Spontaneous MI use in AO was reduced

to 42.86% on Week 4, and 14.29% on Week 6. We investigated all

forms of unintended imagery using a questionnaire, which was
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adapted from the MIQ-3 (86). Of the participants who reported

unintended imagery use, these participants were also more likely to

use an external 3rd person visual perspective in the AO condition

compared to in both the MI and AO + MI conditions (Week 2 =

25% internal; Week 4= 66.66% internal; Week 6= 100% internal).

Clearly, any imagery use during the AO condition was undesirable

in this experiment; however, we highlight the importance of

monitoring its use and, as such, this is one of the first behavioral

studies to account for unintended imagery use during a motor

learning study.

Finally, we required all participants to incorporate small hand

raises while watching the video on each trial in the training

phase. While the conventional viewpoint of imagery is still

widely predicated upon participants remaining still throughout

imagery practice, the last decade has revealed encouraging research

into dynamic forms of imagery, which involves small physical

movements to indicate imagery performance (131). As such, this

feature of our design aimed to control for attention and adherence

to the task, while encouraging both spatial and temporal motor

congruence with the desired movement. This approach is further

supported by Guillot et al.’s (132) most recent review of imagery

practice, which highlights the positive influence that a more

dynamic form of imagery can have onmotor performance, learning

and recovery.

It is worth noting that administering an additional baseline

test, for example, 4 weeks prior to the start of the experiment

would have helped to establish the functional stability of the

participants’ stage of recovery prior to the intervention. Given that

our sample was between 6- and 65-months post first stroke onset,

however, we can assume that these participants would all be in a

relatively stable recovery phase, that is, unaffected by potentially

confounding factors such as spontaneous early recovery. Moreover,

all participants were instructed to maintain their normal physical

activity routines throughout the duration of the experiment.

The present study worked with a population who experienced

a stroke >2 years before the experiment, therefore, the ability

in their non-paretic limb was unchanged and their ability in the

paretic limb was formed. Significant advances in ARAT ability

were unlikely because there was no physical practice between the

baseline and post-test and there was no focus on improving the

specific motor tasks contained within the ARAT. In addition, no

observed improvement in ARAT ability would control for any

potential confound of physical improvement. Despite this, analysis

of the stroke impact scale yields some positive self-reported results

in all domains of everyday functioning across participants that

cover a variety of different health dimensions which are important

to stroke survivors: strength, memory, emotions, communication,

activities of daily living and instrumental activities of daily living

(ADL/IADL), mobility, hand function, participation, and total

stroke recovery (see Table 3).

Conclusion

The main finding of this experiment is that combined

AO + MI practice of a complex and novel cup-stacking task

resulted in significantly shorter movement execution times in

stroke survivors at retention relative to MI and an unpractised

control condition. Individual participants also reported clinically

important changes in quality of life (Perceived impact of stroke;

Stroke Impact Scale) and positive experiences of the AO + MI

therapy (social validation). These results prompt opportunities

and future considerations in the design and delivery of training

methods and interventions in neurorehabilitation. Based on the

results in the present study, we propose that when physical practice

is not suitable, combined AO + MI therapy could be a useful

adjunct for neurorehabilitation in chronic stroke survivors. Future

research is now required to test the feasibility and efficacy of this

approach in a larger trial.
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Introduction

Spasticity is a disorder of motor function that may follow upper motor neuron lesions

after stroke, spinal cord injury, multiple sclerosis, or traumatic brain injury (1). Spasticity

may cause decreased active movement, increased disability, and functional impairment in

the affected patients.

If untreated, spasticity may cause secondary complications such as muscle and tendon

contractures, joint deformity, a decrease in activities of daily living, pain, and other

consequences, which may lead to a decrease in the quality of life (2–4). Botulinum toxin type

A (BoNT-A) is a grade A effective and safe treatment for focal post-stroke spasticity (PSS)

(5). Current evidence supports the effectiveness of BoNT-A in reducing muscle tone in both

upper and lower limbs PSS (6–10). According to the Royal College of Physicians guidelines,

spasticity management with BoNT-A aims to reduce symptoms, improve function, and

prevent long-term consequences (11). BoNT-A also showed to reduce mispositioning of the

limbs (12), improve posture and gait (8, 13, 14), reduce pain (15), reduce caregiver burden

(16), and improve person-centered goals (17, 18).

However, several unmet needs are reported in the routine management of patients

affected by post-stroke spasticity. Recent surveys addressed some of these issues, leaving

other questions needing to be solved (19), such as optimal timing of treatment, the dose

and muscle selection, and the ideal follow-up scheduling.

More recently, we suggested that BoNT-A intervention should be considered as soon as

spasticity interferes with patients’ clinical conditions (20). The authors also pointed out that

monitoring of patients is required over time. Interestingly, this consensus also highlighted

the relevance of patient-centered goals to answering patients’ clinical needs, regardless of

spasticity time onset and/or duration.

In addition, experts strongly agreed on the relevance of BoNT-A treatment goals, which

may depend on several clinical challenges. It should also be pointed out that the goals and

objectives of patients, caregivers, and medical teams must be carefully evaluated at initial

evaluation, first treatment, and long-term management.

Indeed, post-stroke spasticity management must be part of a goal-oriented rehabilitation

program focused on the patient’s treatment goals. However, these goals are variable and may
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also change over time; for these reasons, our panel highlighted

that both goal-setting and BoNT-A treatment schemes should be

carefully reassessed at each follow-up visit.

The scientific literature reports the effectiveness of some

adjunctive treatments to optimize the BoNT-A clinical effect; even

though the previously published article did not focus on this topic,

this aspect may be relevant for patients’ goal attainment.

In the literature, two systematic reviews have looked into

adjunctive therapies after BoNT-A in post-stroke spasticity. Mills

et al. (21) concluded that there is high-level evidence to suggest

that adjunct therapies may improve the outcomes following a

botulinum toxin injection. By contrast, Kinnear et al. concluded

that evidence related to the impact of adjunct therapy is

available, but the heterogeneity of studies limits the opportunity to

demonstrate the overall impact (22).

Current evidence does not clarify the role of each option in

relation to patients’ goals or long-term management of spasticity.

However, considering the different focus of each adjunctive

treatment on different aspects of upper motor neuron syndrome,

clinicians should identify the best approach based on the individual

needs of each patient affected by PSS and on their specific

goals, considering all the aspects involved in this decision-

making process.

Based on these considerations, this Delphi-based consensus

survey aims to propose a rehabilitation management model that

may include adjunctive treatments after BoNT-A, based on specific

patient-centered goals, and that can support the clinicians in their

clinical practice.

Methods

A Delphi technique was used for this study in order to

obtain consensus.

A three-round Delphi was proposed to generate pertinent items

(round 1), explore preliminary consensus (round 2), and finally

determine priorities based on levels of consensus achieved (round

3) (23).

The whole process was supervised and validated by a

scientific committee of four experts in spasticity management

(physical medicine and rehabilitation physicians), selected from

the main Italian rehabilitation medicine societies (Italian Society of

Physical and Rehabilitation Medicine, SIMFER, and Italian Society

of Neurologic Rehabilitation, SIRN). The scientific committee

identified the study participants (expert panel) and developed

the material. A total of 20 physicians with experience in the

field of spasticity management were invited to this survey. The

participants/experts were required to be authors or co-authors of

articles focused on “post-stroke spasticity and BoNT-A” published

over the last 5 years.

A database was created using SPSS Statistics version 20 by

IBM (Armonk, NY, USA). Percentages for each response were

calculated. A proportion within a range method was used to define

consensus. The definition of consensus was established before

the data analyses. It was determined that consensus would be

achieved if at least 75% of participants reached an agreement

or disagreement. This level of agreement had been considered

appropriate in previous Delphi studies (24, 25).

During the first round, the panel members received, via

email, an open-ended question and were asked to provide

answers accompanied by essential support of literature. The survey

question was focused on the adjunctive treatment that should be

considered for post-BoNT-A management in PSS. Based on the

evaluations and feedback, a list of 12 possible treatments was

identified (physiotherapy, stretching, strength exercises, antagonist

muscles strengthening exercises, splint/orthosis management,

caregiver counseling, robotic rehabilitation, electrical stimulation,

taping, casting, occupational therapy, and extracorporeal shock

waves therapy).

In the second round, all the experts were requested to express

their level of agreement/disagreement (total agreement, partial

agreement, and disagreement) on the use of these adjunctive

treatments for both upper and lower limbs in different post-stroke

phases as follows: (1) early post-acute phase (<3 months after

stroke) for active goals; (2) early post-acute phase (<3 months after

stroke) for passive goals; (3) post-acute phase (3–6 months after

stroke) for active goals; (4) post-acute phase (3–6 months after

stroke) for passive goals; (5) chronic phase (>6months after stroke)

for active goals; (6) chronic phase (>6 months after stroke) for

passive goals.

Round 3 was an 8-h in-person session. Facilitated by an

experienced independent moderator, the panel focused on the key

aspects of the treatment paradigm for BoNT-A and adjunctive

treatments for both upper and lower limbs in different post-

stroke phases, taking into consideration some additional critical

aspects, such as goal-setting definition, long-term management,

and treatment adherence.

As stated in the Methods section, only the options which

received the appropriate agreement rate were included in the

following recommendations.

Results

The expert panel identified different options based on different

clinical phases of PSS and the specific patient-centered goals.

In the early post-acute phase, considering the active goals on

the upper limb, the panel agreed on stretching, physiotherapy,

strengthening exercises (including strengthening of antagonist

muscles), and occupational therapy.

In the early post-acute phase, considering the active goals on

the lower limb, the panel agreed on stretching, physiotherapy,

and strengthening exercises (including strengthening of

antagonist muscles).

In the early post-acute phase, considering the passive goals on

the upper limb, the panel agreed on stretching, physiotherapy, and

splint/orthosis management.

In the early post-acute phase, considering the passive goals on

the lower limb, the panel agreed on stretching and physiotherapy.

In the post-acute phase, considering the active goals on

the upper limb, the panel agreed on stretching, physiotherapy,

strengthening exercises (including strengthening of antagonist

muscles), occupational therapy, and robotic treatment.

In the post-acute phase, considering the active goals on

the lower limb, the panel agreed on stretching, physiotherapy,
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strengthening exercises (including strengthening of antagonist

muscles), and robotic treatment.

In the post-acute phase, considering the passive goals on the

upper limb, the panel agreed on stretching, physiotherapy, and

splint/orthosis management.

In the post-acute phase, considering the passive goals on

the lower limb, the panel agreed on stretching, physiotherapy,

splint/orthosis management, and caregiver’s counseling.

In the chronic phase, considering the active goals on the

upper limb, the panel agreed on stretching, occupational therapy,

physiotherapy, strengthening exercises for antagonist muscles, and

caregiver’s counseling.

In the chronic phase, considering the active goals on the lower

limb, the panel agreed on stretching, physiotherapy, caregiver’s

counseling, and strengthening exercises (including strengthening

of antagonist muscles).

In the chronic phase, considering the passive goals on the

upper limb, the panel agreed on stretching, caregiver’s counseling,

splint/orthosis management, and physiotherapy.

In the chronic phase, considering the passive goals on the lower

limb, the panel agreed on stretching, splint/orthosis management,

caregiver’s counseling, and physiotherapy.

It should be noted that different approaches are proposed

considering the goal-setting procedure for each person, together

with the time since the stroke.

In particular, after the discussion, it was pointed out that

harmful effects of spasticity classified according to the WHO

ICF must be considered in order to tailor the rehabilitative

interventions on impairment, activity, and participation—

in fact, the personal characteristics of each patient might

critically affect these aspects, based on the patient’s motor and

cognitive impairment.

In addition, systematic re-evaluation at each follow-up visit

must consider a treatment adjustment that should include goal

re-definition, target muscles, BoNT-A doses, and adjunctive

treatments; clinical results of previous treatments must be

considered in order to tailor the best treatment option at each stage.

Discussion

The role of adjunctive treatment in the treatment of focal

spasticity with BoNT-A has been extensively debated in the

literature. Several articles have been published, and some reviews

have attempted to clarify its effectiveness.

To the best of our knowledge, current evidence supports the

use of adjunctive treatment in order to optimize the clinical effects

of BoNT-A. However, on the contrary, more is needed to clarify

the efficacy of each treatment by considering the importance of

choosing the correct option for patients’ needs.

In the previously cited document (20), an expert panel reached

a broad consensus on the need to modify treatment schemes and

goal identification with each treatment cycle in the initial evaluation

and subsequent injections over the long term. However, as reported

earlier, the role of rehabilitation and adjunctive therapies will not

be addressed even if, in this perspective, the choice of adjunctive

treatments must be taken into significant consideration.

This is a crucial point since rehabilitation treatment effectively

improves the functional outcome of patients with stroke (26).

In particular, some adjunctive treatments improved the passive

characteristics of spasticmuscles, whereas others also demonstrated

a possible role in functional tasks such as gait speed (27).

Even with the limits of an excessive simplification linked to

the schematization, distinguishing active functional objectives and

passive objectives can facilitate the decision to include one or more

of the additional treatments available in the rehabilitation project.

It has been reported that most recovery after a stroke occurs 3–6

months after the event (28)—this aspect might be considered in

order to identify the patient-centered goal for each phase better

and, together with it, the adjunctive treatment that may best fit with

this goal.

Finally, one of the most challenging aspects of long-term

management is adherence to the treatment. As pointed out by

Lee et al., at 5 years, <40% of patients with spasticity remained

adherent—the reasons might include loss of interest due to the

patient’s symptoms not being sufficiently relieved by BoNT-A

therapy and the patient’s therapy goals not being achieved (29).

On the contrary, greater adherence to therapy increased the odds

of goal achievement for active indications, suggesting a possible

interaction between the indication for injection and adherence to

therapy (30).

In conclusion, we hypothesize that a correct choice of

additional treatment based on the patient’s needs is crucial in

treatment adjustment to achieve the goal and optimize treatment

adherence over time. Our results may aid clinicians in choosing the

best option to provide optimal spasticity management.

Further research is needed to clarify the role of adjunctive

treatments for the management of post-stroke spasticity

with BoNT-A.
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E�ects of cerebellar transcranial
direct current stimulation on
rehabilitation of upper limb motor
function after stroke

Qiuwen Gong1†, Rubing Yan1†, Han Chen1, Xia Duan1, Xiaoyu Wu1,

Xin Zhang1, Yi Zhou1, Zhou Feng1, Ya Chen1, Jianbo Liu1,

Peng Xu2, Jing Qiu3, Hongliang Liu1 and Jingming Hou1*

1Department of Rehabilitation, Southwest Hospital, Third Military Medical University (Army Medical

University), Chongqing, China, 2School of Life Science and Technology, University of Electronic Science

and Technology of China, Chengdu, China, 3School of Mechanical and Electrical Engineering, University

of Electronic Science and Technology of China, Chengdu, China

Background: The cerebellum is involved in the control and coordination of

movements but it remains unclear whether stimulation of the cerebellum could

improve the recovery of upper limbmotor function. Therefore, this study aimed to

explore whether cerebellar transcranial direct current stimulation (tDCS) therapy

could promote the recovery of upper limbmotor function in patients who su�ered

a stroke.

Methods: In this randomized, double-blind, and sham-controlled prospective

study, 77 stroke patients were recruited and randomly assigned to the tDCS group

(n = 39) or the control group (n = 38). The patients received anodal (2mA, 20min)

or sham tDCS therapy for 4 weeks. The primary outcome was the change in the

Fugl-Meyer Assessment-Upper Extremity (FMA-UE) score from baseline to the first

day after 4 weeks of treatment (T1) and 60 days after 4 weeks of treatment (T2).

The secondary outcomes were the FMA-UE response rates assessed at T1 and T2.

Adverse events (AEs) related to the tDCS treatment were also recorded.

Results: At T1, the mean FMA-UE score increased by 10.7 points [standard error

of the mean (SEM) = 1.4] in the tDCS group and by 5.8 points (SEM = 1.3) in the

control group (di�erence between the two groups was 4.9 points, P = 0.013). At

T2, the mean FMA-UE score increased by 18.9 points (SEM = 2.1) in the tDCS

group and by 12.7 points (SEM= 2.1) in the control group (the di�erence between

the two groups was 6.2 points, P = 0.043). At T1, 26 (70.3%) patients in the tDCS

group had a clinically meaningful response to the FMA-UE score compared to

12 (34.3%) patients in the control group (the di�erence between the two groups

was 36.0%, P =0.002). At T2, 33 (89.2%) patients in the tDCS group had a clinically

meaningful response to the FMA-UE score compared with 19 (54.3%) patients in

the control group (the di�erence between the two groups was 34.9%, P = 0.001).

There was no statistically significant di�erence in the incidence of adverse events

between the two groups. In the subgroup analysis of di�erent hemiplegic sides,

the rehabilitation e�ect of patients with right hemiplegia was better than that of

patients with left hemiplegia (P < 0.05); in the age subgroup analysis, di�erent age

groups of patients did not show a significant di�erence in the rehabilitation e�ect

(P > 0.05).

Conclusion: Cerebellar tDCS can be used as an e�ective and safe treatment to

promote recovery of upper limb motor function in stroke patients.

Trial registration: ChiCTR.org.cn, identifier: ChiCTR2200061838.

KEYWORDS

transcranial direct current stimulation, stroke, cerebellum, rehabilitation, upper limb

motor function
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Introduction

Upper limb motor dysfunction is one of the most common

functional impairments in patients who suffered a stroke. A

previous study has shown that approximately 80% of patients in

the acute phase of a stroke had upper limb motor impairment,

and only approximately one-third of them achieved full functional

recovery (1). Upper limb motor dysfunction seriously affected

the activities of daily living and social participation of patients,

and it was considered one of the most distressing long-term

consequences of a stroke (2). Therefore, intervention in improving

the upper limb motor function has been identified as one of

the top 10 research priorities by stroke patients, caregivers, and

clinicians (3).

Recently, several rehabilitation interventions have been

used to improve upper limb motor function after a stroke,

including movement therapy, physical agent modalities, and robot-

assisted training (4). Although these treatments improved

to some extent the upper limb function of patients who

suffered a stroke, 50% of patients still have upper limb motor

impairments even 4 years after the stroke (5). Therefore, it is

essential to explore new rehabilitation strategies to effectively

improve the upper limb function of patients who suffered

a stroke.

Transcranial direct current stimulation (tDCS) is a non-

invasive neuromodulation technique that uses constant

microcurrent to regulate the activity of cerebral cortex neurons

(6). It might be an effective neuromodulation technique for

neurological rehabilitation (7). In recent years, studies have

reported that tDCS improved the motor function of stroke

patients, including upper limb function (8). However, these

studies mainly concentrated on stimulating the primary

motor cortex (M1). A recent meta-analysis study showed

that using M1 as the stimulation target, tDCS only leads to

significant improvements in upper limb function in patients

with chronic disease but not in patients with acute or subacute

strokes (9). Therefore, for these patients, it is necessary to find

other stimulation targets to promote the recovery of upper

limb function.

The cerebellum is one of the important motor regulation

centers of the human body and is involved in maintaining body

balance, regulating muscle tension, and coordinating voluntary

movement. Our previous animal experiment showed that the

cerebellum could play an essential role in motor learning (10).

Other studies demonstrated the crucial role of the cerebellum

in motor learning (11, 12). Recent evidence indicated that

cerebellar stimulation could improve the balance and gait function

in patients with Parkinson’s disease (PD) and older adults

(13, 14). According to the aforementioned evidence, in the

present study, it was hypothesized that cerebellar tDCS treatment

could be a new and effective intervention for the rehabilitation

of upper limb function in patients with stroke. Given that

the efficacy of cerebellar tDCS on stroke remains unknown,

a randomized controlled trial (RCT) was conducted to first

explore whether the application of tDCS in the cerebellum could

promote the recovery of upper limb motor function in patients

with stroke.

Methods

Participants

From 1 November 2018 to 30 November 2020, stroke

patients from the Southwest Hospital of Army Medical University

(China) were enrolled continuously. Inclusion criteria were as

follows: (1) within 2 weeks to 6 months after a first-time

unilateral ischemic or hemorrhagic stroke, where the stroke

was diagnosed by computed tomography (CT) or magnetic

resonance imaging (MRI); (2) patients aged 20–80 years; (3)

unilateral upper limbmotor dysfunction; and (4) right-handedness.

Exclusion criteria were as follows: (1) cases involving bilateral

hemispheres, brainstem, or cerebellar stroke; (2) severe upper

limb spasticity (modified Ashworth scale grade ≥3); (3) the

presence of pacemakers or intracranial metal implants; (4)

cognitive impairment, severe aphasia, or psychiatric diagnoses, etc.;

(5) any medical conditions precluding participation in medical

examinations, such as infections; or (6) a history of epilepsy, brain

tumor, and cranial surgery. All patients provided written informed

consent. The study protocol was performed in accordance with

the Declaration of Helsinki, and it was approved by the ethics

committee of the local institution (Approval No. KY2021036). This

trial was also registered at the ChiCTR.org.cn website (identifier:

ChiCTR 2200061838).

Study design

This was a randomized, double-blind, and sham-controlled

prospective study. The patients were randomly assigned to

the tDCS group (n = 39, standard rehabilitation training

combined with cerebellar tDCS therapy) or the control group

(n = 38, standard rehabilitation training combined with cerebellar

sham tDCS therapy) (Figure 1). Randomization of all patients

was performed by generating a random allocation sequence

using an online program (QuickCalcs: http://www.graphpad.

com/quickcalcs/index.cfm). Throughout the study, a trained and

experienced therapist with more than 5 years of work experience

was responsible for the application of tDCS treatment. The

outcome measures were evaluated by an attending physician who

was trained before the study. Due to the nature of the intervention,

the tDCS operator was aware of the patient grouping. The evaluator

only contacted patients during the assessment and was blinded

to the patient grouping. All rehabilitation therapists and stroke

patients were blinded to the sham or active application of the tDCS.

Intervention

Once patients were randomly assigned to one of the two

groups, they received the same rehabilitation training in the

neurorehabilitation unit. Patients received standard physical

therapy (e.g., the Bobath approach, proprioceptive neuromuscular

facilitation techniques, motor learning program, and constraint-

induced movement therapy) that was based on their motor

function. Specifically, standard therapy included the following
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FIGURE 1

Schematic diagram of the experimental design. tDCS, transcranial direct current stimulation; FMA-UE, Fugl-Meyer Assessment-Upper Extremity.

items: (1) bed positioning and range of motion exercise, (2) bridge

pose, (3) sitting and balance training, (4) standing and weight

shifts, (5) sit-to-stand training, (6) standing balance exercise, and

(7) walking training. The aforementioned rehabilitation treatments

lasted for 2 h each time, 5 days a week (Monday to Friday), for

4 weeks.

Before the conventional rehabilitation training, patients

received either cerebellar anodal tDCS or sham tDCS treatment.

The tDCS stimulation was delivered by a portable stimulator

(Zhejiang University R&D, T003) through a pair of 5 × 7 cm2

electrodes filled with a conducting gel. The anodal electrode was

placed on the right cerebellum (3-cm right lateral to the inion), and

the cathodal electrode was placed on the contralateral shoulder. The

electrodes were fixed using rubber straps. Stimulation protocol for

the tDCS group was summarized as follows: tDCS lasted 20min

at 2mA, with ramp up and ramp down of 30 s. Participants in the

control group received a 0.5mA ramp up of 30 s, followed by a

ramp down of 30 s, 19min of 0mA current ending with a 0.5mA

ramp up of 30 s, and a ramp down of 30 s. This protocol showed

to be efficient for blinding patients (15). To avoid the presence of

fatigue, tDCS was performed before the conventional rehabilitation

training. Patients in both groups received stimulation once a day, 5

days a week, for 4 weeks.

Outcome measures

The upper limb motor function of patients was assessed using

the Fugl-Meyer Assessment-Upper Extremity (FMA-UE), a widely

used stroke-specific, performance-based motor impairment index

(16). This index is comprised of 33 items, with a score of 0–2

for each item. Total scores range from 0 to 66, and higher scores

indicate lower levels of damage. The upper limb motor function

of patients was assessed 1 day before tDCS treatment (T0), on the

first day after 4 weeks of tDCS treatment (T1), and 60 days after

the end of tDCS treatment (T2). The same evaluator performed

assessments at baseline and follow-up.

The primary outcome was the change in the FMA-UE score

compared with the baseline at T1 and T2. Secondary outcomes

were as follows: (1) Clinically meaningful response rates for FMA-

UE scores at T1 and T2. Referring to the previous studies on

the upper limb motor function of patients with stroke (17), a

clinically meaningful response was defined as an increase in the

FMA-UE score of 6 points or more. (2) Patient-reported adverse

events (AEs) related to tDCS treatment that occurred during the

4-week treatment period, such as tingling or itching under the

electrodes, headache, fatigue, nausea, and insomnia during or after

the intervention.

Statistical analysis

The minimum sample size was estimated by G Power 3.1

statistical software (18). The parameters were summarized as

follows: test family using “t-tests,” statistical test using “Means:

Difference between two independentmeans (two groups),” and type

of power analysis using “A priori: Compute required sample size.”

To achieve a statistical power of 85% with statistical significance at

P < 0.05 (two-sided test) and an effect size of d= 0.65, a minimum

sample size of 70 patients was required. Considering the dropout

rate of approximately 10% during the trial, the sample size of this

study was expanded to 38 patients in each group.

Data were statistically analyzed using SPSS 21.0 software

(IBM, Armonk, NY, USA). The Shapiro–Wilk test was used to

examine the normality of the data. The results were presented

as mean ± standard error of the mean (SEM) for continuous
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FIGURE 2

CONSORT diagram of study flow. tDCS, transcranial direct current stimulation.

data and as number (percentage) for categorical data. Baseline

group differences were compared using a t-test or chi-squared

test. Repeated measures analysis of variance (rmANOVA) was

applied to all outcome measures. The “time” point was used as the

within-patient factor and “treatment” as the between-patient factor.

Post-hoc analysis was performed using the Bonferroni correction

for further multiple comparisons. P < 0.05 was considered

statistically significant.

Results

A total of 108 stroke patients were assessed for eligibility, of

whom 77 patients met the inclusion and exclusion criteria, and

they were randomly assigned to either the tDCS group (n = 39)

or the control group (n = 38). It is noteworthy that two patients in

the tDCS group dropped out of the follow-up, while in the control

group, one patient did not complete the study and two dropped

out of the follow-up. In total, 72 patients completed the 4-week

trial and follow-up (37 in the tDCS group and 35 in the control

group) (Figure 2). There were no significant differences between

the two groups in age, gender, stroke etiology, paralyzed side,

duration of stroke event, stroke location, and baseline FMA-UE

score (P > 0.05) (Table 1).

Primary outcome

At T0 (baseline, 1 day before tDCS treatment), the mean

FMA-UE score in the tDCS group was 14.9 points (SEM = 1.9),

and it was 13.3 points in the control group (SEM = 2.5). At T1

(the first day after 4 weeks of treatment), the mean FMA-UE score

in the tDCS group was 25.6 points (SEM = 2.7), and it was 19.1

points in the control group (SEM = 3.0). At T2 (60 days after 4

weeks of treatment), the mean FMA-UE score in the tDCS group

was 33.8 points (SEM = 3.0), and it was 26.0 points in the control

group (SEM= 3.1). Regarding changes in the FMA-UE score from

baseline to the first day after the therapy, the mean FMA-UE score

increased by 10.7 points (SEM= 1.4) in the tDCS group and by 5.8

points (SEM= 1.3) in the control group. The FMA-UE score in the

tDCS group was significantly higher than that in the control group

(the difference between the two groups was 4.9 points, P = 0.013).

Compared with the baseline, the mean FMA-UE score increased

by 18.9 points (SEM = 2.1) in the tDCS group and by 12.7 points

(SEM = 2.1) in the control group at 60 days after the completion

of clinical treatment, which was also significantly higher than that

in the control group (difference between the two groups was 6.2

points, P = 0.043) (Figure 3; Table 2).

Secondary outcome

Compared with the control group, a clinically meaningful

response to the FMA-UE score on the first day after the end of tDCS

therapy was 26/37 (70.3%) in the tDCS group and 12/35 (34.3%)

in the control group, with a between-group difference of 36.0 %

(P = 0.002). At 60 days after completion of the tDCS treatment,

the clinically meaningful response of the FMA-UE score was 33/37

(89.2%) in the tDCS group and 19/35 (54.3%) in the control group;

the difference between the two groups was 34.9% (P = 0.001)

(Figure 3; Table 2).
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TABLE 1 Baseline characteristics of the patients.

tDCS group (n = 37) Control group (n = 35) P

Age, years 56.3 (2.1) 56.8 (2.4) 0.87

Age stage 0.212

Young-adult (<40 years) 4 (10.8%) 6 (17.1%)

Middle-age (40–60 years) 18 (48.7%) 10 (28.6%)

Old-age (>60 years) 15 (40.5%) 19 (54.3%)

Sex 0.056

Male 26 (70.3%) 31 (88.6%)

Female 11 (29.7%) 4 (11.4%)

Time since the stroke, days 49.6 (6.4) 48.3 (6.5) 0.884

Stroke etiology 0.995

Hemorrhagic 19 (51.4%) 18 (51.4%)

Ischemic 18 (48.6%) 17 (48.6%)

Stroke location 0.916

Cortical 6 (16.2%) 6 (17.1%)

Subcortical 31 (83.8%) 29 (82.9%)

Side of paresis 0.611

Left 17 (45.9%) 14 (40%)

Right 20 (54.1%) 21 (60%)

FMA-UE baseline score 14.9 (1.9) 13.3 (2.5) 0.604

Baseline impairment (FMA-UE score) 0.419

Severe (0–28) 29 (78.4%) 30 (85.7%)

Mild to moderate (29–66) 8 (21.6%) 5 (14.3%)

Data are shown as n (%) or mean (SEM). tDCS, transcranial direct current stimulation; FMA-UE, Fugl-Meyer Assessment-Upper Extremity.

All AEs during 4 weeks of tDCS treatment were recorded,

including tingling, itching, headache, fatigue, nausea, and

insomnia. There was no significant difference in the

treatment-related AEs between the two groups (P > 0.05)

(Table 3).

tDCS subgroup analysis of left/right
paralyzes

To explore the effects of tDCS right cerebellar stimulation

on functional recovery of different hemiplegic sides, 37 patients

in the tDCS group were further divided into the right paralysis

group (n = 20) and the left paralysis group (n = 17). There was

no significant difference in the FMA-UE score between the two

subgroups at baseline. Regarding changes in the FMA-UE score

from baseline to the first day after the therapy, the mean FMA-UE

score increased by 12.9 points (SEM = 2.0) in the right paralysis

group and by 8.1 points (SEM = 1.9) in the left paralysis group

(the difference between the two groups was 4.8 points, P = 0.098).

Compared with the baseline, the mean FMA-UE score increased

by 23.6 points (SEM = 3.1) in the right paralysis group and by

13.5 points (SEM = 2.3) in the left paralysis group at 60 days after

completion of the tDCS treatment (the difference between the two

groups was 10.1 points, P = 0.015) (Supplementary Table 1).

A clinically meaningful response to the FMA-UE score on the

first day after the end of tDCS therapy was 17/20 (85.0%) in the

right paralysis group and 9/17 (52.9%) in the left paralysis group,

with a between-group difference of 32.1% (P = 0.032). At 60 days

after completion of the tDCS treatment, the clinically meaningful

response of the FMA-UE score was 19/20 (95.0%) in the right

paralysis group and 14/17 (82.4%) in the left paralysis group, and

the difference between the two groups was 12.6% (P = 0.211)

(Supplementary Table 1).

tDCS subgroup analysis of age

The efficacy of cerebellar tDCS in patients of different ages

was also assessed using subgroup analysis. According to previous

studies on stroke, someone aged less than 40 years was defined

as a young adult, 40–60 years as middle-aged, and over 60 years

as old-aged (19, 20). Due to the small number of young-adult

patients in this study (n = 4), young-adult patients and middle-

aged patients were combined into young-/middle-aged patients.

Therefore, patients in the tDCS group were subdivided into
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FIGURE 3

Response and change in FMA-UE score. (A) The change of FMA-UE score relative to the baseline at T1 (on the first day after the end of tDCS

treatment). (B) The change of FMA-UE score relative to the baseline at T2 (at 60 days after the end of tDCS treatment). (C) FMA-UE response rate

(change of ≥6 points from baseline) at T1. (D) FMA-UE response rate (change of ≥6 points from baseline) at T2. *Indicates a significant inter-group

di�erence, P < 0.05. tDCS, transcranial direct current stimulation; FMA-UE, Fugl-Meyer Assessment-Upper Extremity.

TABLE 2 Comparison of FMA-UE score, FMA-UE changes, and FMA-UE response rates between the tDCS and control groups.

tDCS group (n = 37) Control group (n = 35) P

FMA-UE score

FMA-UE at T0 14.9 (1.9) 13.3 (2.5) 0.604

FMA-UE at T1 25.6 (2.7) 19.1 (3.0) 0.115

FMA-UE at T2 33.8 (3.0) 26.0 (3.1) 0.077

Primary outcome

Change in FMA-UE at T1 10.7 (1.4) 5.8 (1.3) 0.013

Change in FMA-UE at T2 18.9 (2.1) 12.7 (2.1) 0.043

Secondary outcome

FMA-UE response rate at T1 26 (70.3%) 12 (34.3%) 0.002

FMA-UE response rate at T2 33 (89.2%) 19 (54.3%) 0.001

Data are shown as n (%) or mean (SEM). tDCS, transcranial direct current stimulation. FMA-UE, Fugl-Meyer Assessment-Upper Extremity. T1 was the first day after tDCS treatment. T2 was

60 days after the end of tDCS treatment. FMA-UE response rate was defined as an increase in the FMA-UE score of 6 points or more. The bold values provided in the column of P value in the

table represent significant differences (P < 0.05).

a young-/middle-aged group (n = 22) and an old-aged group

(n = 15), and there was no significant difference in the FMA-UE

score between the two groups at baseline. Regarding changes in

the FMA-UE score from baseline to the first day after the therapy,
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TABLE 3 Incidence of individual adverse events reported by the patients.

tDCS group
(n = 37)

Control group
(n = 35)

P

Tingling sensation 8 (21.6%) 5 (14.3%) 0.419

Itching sensation 3 (8.1%) 4 (11.4%) 0.938

Headache 2 (5.4%) 0 (0%) 0.498

Fatigue 4 (10.8%) 2 (5.7%) 0.772

Nausea 0 (0%) 0 (0%) /

Insomnia 0 (0%) 0 (0%) /

Data are shown as n (%). tDCS, transcranial direct current stimulation.

the mean FMA-UE score increased by 10.5 points (SEM = 2.1)

in the young-/middle-aged group and by 10.9 points (SEM = 1.8)

in the old-aged group (the difference between the two groups was

0.4 points, P = 0.884). Compared with the baseline, the mean

FMA-UE score increased by 18.1 points (SEM= 2.8) in the young-

/middle-aged group and by 20.1 points (SEM= 3.3) in the old-aged

group at T2 (the difference between the two groups was 2.0 points,

P = 0.660) (Supplementary Table 2).

A clinically meaningful response to the FMA-UE score on

the first day after the end of tDCS therapy was 15/22 (68.2%)

in the young-/middle-aged group and 11/15 (73.3%) in the old-

aged group, with a between-group difference of 5.1% (P = 0.735).

At 60 days after completion of the tDCS treatment, the clinically

meaningful response of the FMA-UE score was 20/22 (90.9%)

in the young-/middle-aged group and 13/15 (86.7%) in the old-

aged group, and the difference between the two groups was 4.2%

(P = 0.686) (Supplementary Table 2).

Discussion

In this 3-month randomized, double-blind, sham-stimulation-

controlled trial, it was found that cerebellar tDCS promoted

recovery of upper limb motor function in stroke patients.

Meanwhile, there was no significant difference in AEs between the

two groups. To the best of our knowledge, this is the first RCT

to explore the efficacy of cerebellar tDCS on upper limb motor

dysfunction after stroke.

Currently, the treatment of motor function with tDCS in stroke

patients concentrates on stimulating M1. Studies have shown that

M1 tDCS stimulation could improve the motor function of the

upper limbs in stroke patients (9, 21, 22). However, the motor

function of the human body is not only regulated by M1 but

also there are other functional cerebral regions involved in the

regulation of movement. The cerebellum is one of the important

motor regulation centers of the central nervous system (CNS),

which is closely associated with the performance of skilled hand

movement, limb coordination, gait, and cognitive function (23,

24). Researchers have paid more attention to the cerebellum as

a promising stimulation target. Some studies have applied non-

invasive brain stimulation techniques to the cerebellum and found

that it could improve the balance function and postural stability

of the elderly, patients with PD, and spinocerebellar ataxia (13,

14, 25). Yosephi et al. compared the efficacy of postural training

with M1 or cerebellar tDCS and found that stimulation of the

cerebellum could more significantly improve postural control or

balance in older adults who were at a high risk of falling (14). It

has also been demonstrated that cerebellar tDCS could enhance

the retention of fine motor skills and improve the accuracy of

motor skills (26, 27). Recently, there have been several studies on

the application of cerebellar tDCS in stroke patients. Studies have

found that cerebellar tDCS could improve the ability of picture

naming in patients with post-stroke aphasia (28, 29). Zandvliet

et al. first reported the short-term effect of cerebellar tDCS on

balance in patients with chronic stroke and found that it could

improve standing balance performance (30). The bipolar bilateral

tDCS of the cerebellar dentate nucleus positively affects goal-

directed weight shifting and postural control in stroke patients (31).

Although cerebellar tDCS has a positive effect on the recovery of

balance and posture control in stroke patients, there is no relevant

study on the impact of cerebellar tDCS on upper limb motor

dysfunction after stroke. In the present study, it was found, for

the first time, that cerebellar tDCS could promote the recovery of

upper limb motor dysfunction in stroke patients, which provided a

new reference for the rehabilitation treatment of upper limb motor

dysfunction after stroke.

To the best of our knowledge, no study has indicated whether

the effect of cerebellar stimulation is superior to conventional M1

stimulation. In the present study, it was demonstrated that the

FMA-UE score increased by 10.7 points at the end of 4 weeks

of cerebellar tDCS treatment, and it increased by 18.9 points at

60 days after treatment. In a study that assessed the relationship

between M1 tDCS and the recovery of upper limb motor function

in stroke patients, the FMA-UE score increased by an average of

approximately 10.1 points after 2 weeks of tDCS treatment (32). In

another study, the FMA-UE score of patients with subacute stroke

increased by 9.3 points after 3 weeks of M1 tDCS treatment (33).

Although the treatment time in the present study was 1–2 weeks

longer than that in the other two studies, the rehabilitation effect of

cerebellar tDCS treatment on upper limb motor function in stroke

patients may have a similar efficacy to that of conventional M1

stimulation. Future research is needed to confirm this finding.

The mechanism indicating how tDCS applied to the cerebellum

could improve upper limb motor dysfunction after stroke has

remained unclear. Motor learning is an adaptive behavioral change

under the control of the CNS, which is crucial to the rehabilitation

of motor function after a stroke (24, 34, 35). The cerebellum is

one of the important components involved in motor learning. It

may promote motor learning by predicting and accounting for

systematic changes to the body or the environment, resulting in

the correction of errors on a trial-by-trial basis (11, 12, 36). In

our previous animal experiments, we found that the cerebellum

could independently support simple eyeblink conditioning, which

is of great significance for understanding the mechanism of the

cerebellum in motor learning (10). The motor learning function

of the cerebellum mainly involves Purkinje cells and granule

cells (37). They may participate in motor learning by regulating

signal transmission through long-term depression (LTD) and

long-term potentiation (LTP). tDCS can produce LTD or LTP

effects between synapses by delivery of weak and continuous

Frontiers inNeurology 07 frontiersin.org271

https://doi.org/10.3389/fneur.2023.1044333
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Gong et al. 10.3389/fneur.2023.1044333

direct current stimulation to the cerebellum, thereby changing

synaptic plasticity. In behavioral research, the relationship between

cerebellar tDCS and motor learning has been studied using various

tasks. It has been found that tDCS acting on the cerebellum could

regulate the acquisition of conditional eyeblink responses, improve

the adaptation to the visuomotor transformation, and enhance

locomotor adaptation (23, 38, 39). A recent study showed that age-

related motor learning deficits could be diminished by cerebellar

tDCS stimulation in older adults (40). It was revealed that cerebellar

tDCS has the effect of regulating cerebellar motor learning, which

can accelerate the acquisition of motor function and improve

the accuracy of movement. This mode of regulation is closely

associated with the polarity of cerebellar stimulation. Anodal tDCS

is considered a technique to increase neuronal excitability, which

can improve the ability of the cerebellum to learn from error

and accelerates the learning process, while cathodal stimulation

shortens the learning process of the cerebellum (38, 41). In the

present study, it was found that anodal cerebellar tDCS promoted

the recovery of upper limb motor function in stroke patients.

Collectively, this effect could be attributed to the enhanced motor

learning ability of the cerebellum by anodal tDCS.

In the present study, the right cerebellum was selected as the

stimulation site of the cerebellum. This was based on previous

studies that have shown that the right cerebellum was closely

correlated with motor learning (23, 26, 27, 39, 41). However,

there is no widely accepted standard for the selection of cerebellar

electrode placement. The contra-lesional cerebellar hemisphere

(30, 42), the ipsilesional cerebellar hemisphere (43), and the

right cerebellum (28, 29) were all stimulatory targets selected by

non-invasive brain stimulation techniques. It is not fully clear

how to select the stimulation target for patients with different

sides of paralysis. In the present study, patients receiving right

cerebellar tDCS treatment were divided into two subgroups (left

paralysis subgroup and right paralysis subgroup). The therapeutic

effects were compared between the two subgroups. The results

suggested that right cerebellar tDCS was more effective for right

paralysis (left hemisphere stroke in the cerebrum) than left paralysis

(right hemisphere stroke in the cerebrum). According to the

aforementioned results, right cerebellar stimulation may be a better

option for patients with left-hemisphere stroke in the cerebrum.

Age is one of the factors affecting the prognosis of stroke

patients (44, 45). However, it is unclear whether age can affect the

efficacy of non-invasive brain stimulation techniques. Kim et al.

divided patients into a responded group and a non-responded

group according to their responsiveness to rTMS treatment (46),

and the results showed that the age in the responded group

was significantly lower than that in the non-responded group. In

another high-frequency rTMS study with stroke patients, Chang

et al. found that age tended to influence clinically significant

changes in the FMA-UE score, while no significant difference was

identified (P = 0.104) (47). In the present study, subgroup analysis

was conducted to indicate whether there would be differences in

the efficacy of cerebellar tDCS in different age-based groups. The

results showed similar therapeutic efficacy in young-/middle-aged

or elderly stroke patients. The following reasons could explain why

there was no statistically significant difference between the two

groups: (1) The average FMA-UE score at baseline in the young-

/middle-aged group was 12.0 points, while it was 19.1 points in the

elderly group. The degree of upper limb dysfunction in the young-

/middle-aged group was more serious than that in the elderly

group. (2) Enrollment of a limited number of subjects in the two

subgroups is noteworthy.

Transcranial direct current stimulation treatment is based on

constant, low-intensity direct current to modulate the activity of

cerebral cortical neurons. The time of tDCS treatment, the current

intensity of stimulation, and the area of electrode pads are all

important factors that affect the efficacy and safety of tDCS (48,

49). Studies have shown that applying a stimulation protocol at a

current intensity of 1–2mA for 20–30min is safe (50). According

to MRI examination of subjects, tDCS stimulation lasting for an

hour does not induce brain edema or alterations of the blood–brain

barrier or cerebral tissue (51). Studies have also confirmed that

tDCS stimulation does not cause changes in serum neuron-specific

enolase, as an indicator of neuronal injury (52, 53). Moreover,

tDCS treatment does not directly induce the generation of action

potentials; thus, there is no risk of seizures. In the present study,

the most common AEs of tDCS treatment were mild tingling and

itching under the electrodes. Other AEs included headache, fatigue,

nausea, and insomnia. The aforementioned symptomswere all mild

and short-lived. They disappeared after the stimulation stopped or

within a few hours. No special treatment was required. These AEs

were consistent with those reported previously, and there were no

significant differences between the two groups. Therefore, tDCS

exhibited as a safe therapy in the present study.

The present study has some limitations. First, only a few

evaluation indicators were used for the assessment of upper limb

motor function in stroke patients. Although the FMA-UE score

is the most commonly used evaluation index to evaluate upper

extremity motor function after a stroke, a variety of evaluation

indicators can still be used to comprehensively investigate upper

extremity motor function after strokes, such as the Wolf Motor

Function Test. Second, the follow-up time was short. Efficacy was

assessed on the first day and 60 days after the end of the 4-week

tDCS treatment, and long-term efficacy beyond 60 days was not

followed up. Third, due to the small sample size, no detailed study

was conducted on different stroke sizes and durations.

Conclusion

In conclusion, it was demonstrated that cerebellar anodal

tDCS therapy could improve upper limb motor dysfunction in

stroke patients with reasonable safety. In future studies, cerebellar

tDCS should be used as an effective and safe supplementary

therapy to promote the recovery of upper limb motor function in

stroke patients.
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Background: Constraint-induced movement therapy (CIMT) targeting the lower

limb function uses variousmethods. The influence of CIMTmethods on lower limb

outcomes after stroke has rarely been examined.

Objectives: This study aimed to examine CIMT e�ects on lower limb outcomes

and explore the influence of CIMT methods on treatment e�ects after stroke, with

other potential factors considered as covariates.

Methods: PubMed, Web of Science, Cochrane Library, Academic Search Premier

via EBSCOHost, and PEDro databases were searched until September 2022. We

included randomized control trials with CIMT targeting the lower limb function

and dosage-matched active control. The Cochrane risk-of-bias tool was used to

evaluate the methodological quality of each study. Hedges’ g was used to quantify

the e�ect size of CIMT on outcomes compared to the active control. Meta-

analyses were conducted across all studies. A mixed-variable meta-regression

analysis was used to investigate the influence of CIMT methods on treatment

e�ects after stroke, with other potential factors considered as covariates.

Results: Twelve eligible randomized controlled trials with CIMT were included

in the meta-analysis, where 10 trials were with a low risk of bias. A total of 341

participants with stroke were involved. For the treatment e�ects on the lower

limb function, CIMT showed a moderate short-term e�ect size [Hedges’ g =

0.567; P > 0.05; 95% confidence interval (CI): 0.203–0.931], but a small and

insignificant long-term e�ect size (Hedges’ g = 0.470; P > 0.05; 95%CI: −0.173

to 1.112), compared with conventional treatment. The CIMT method of using

a weight strapped around the non-paretic leg and the ICF outcome category

of the movement function were identified as significant factors contributing to

the heterogeneity of short-term e�ect sizes across studies (β = −0.854 and

1.064, respectively, R2 = 98%, P > 0.05). Additionally, using a weight strapped

around the non-paretic leg had a significant contribution to the heterogeneity

of long-term e�ect sizes across studies as well (β = −1.000, R2 = 77%, P > 0.05).
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Conclusion: Constraint-induced movement therapy is superior to conventional

treatment for improvement of lower limb function in the short-term but not in

the long-term. The CIMT method of using a weight strapped around a non-

paretic leg contributed negatively to the treatment e�ect, and therefore might not

be recommended.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO,

identifier: CRD42021268681.

KEYWORDS

stroke, paresis, lower limb, constraint-induced movement therapy, ICF, meta-analysis

1. Introduction

Stroke, a common public health problem, is a leading cause

of death and disability in adults (1). The mortality rate decline,

especially in high-income countries, has been attributed to the

continuous implementation of evidence-based stroke prevention

strategies (2); however, most stroke survivors suffer from long-

term impairment, activity limitation, and participation restriction

(1). Evidence-based stroke rehabilitation treatment ensures the

effectiveness of optimizing function, reducing disability, enabling

social participation, and improving the quality of life for

survivors (3).

Constraint-induced movement therapy (CIMT) is a treatment

regimen that facilities the use of the upper paretic limb by

constraining the non-paretic upper extremity, using mass task

practice with the paretic limb, and transfer package (4). CIMT

improves the outcome of the upper paretic limb and is categorized

as class IIa recommended evidence-based treatment in stroke

rehabilitation guidelines (3, 4). Therefore, CIMT with a constraint

on the non-paretic lower limb has been designed to facilitate

the use of the lower paretic limb. Unlike the upper limb, the

constraining methods for the non-paretic lower limb are not

standardized. Completely constraining the non-paretic lower limb

is impossible because functional activities of the lower limbs are

bipedal. Therefore, various lower limb CIMT methods, such as

using a long-leg orthosis or weight strapped around the non-

paretic leg to constrain its movement (5–8), using a wedged insole

under the non-paretic foot to constrain over-weight-bearing of the

non-paretic leg (5, 9) or task-specific force-use therapy for paretic

leg were developed (10–13). Moreover, the upper limb constraint

method was also used to improve the lower limb function, which

produces therapeutic effects by restricting trunk movement and

interfering with equilibrium (14). It is uncertain which is superior

for improving lower limb outcomes.

With increasing evidence that CIMT improves lower limb

outcomes in stroke survivors, meta-analysis is the optimal method

to explore the influence of CIMT methods on the therapeutic

effects of lower limbs. Two relevant meta-analysis reviews have

been published (15, 16). These studies divided articles into

different subgroups based on outcome measures; Tedla et al. (15)

further split articles based on outcome measures and the CIMT

method. The subgroup method reduced the number of studies

and the power of statistical tests in the meta-analysis, leading

to unexplained large heterogeneity (17). Moreover, the CIMT

methods in the review were only categorized into upper and lower

limb constraints. The effect size had heterogeneity across studies

with constraints at the lower limb, but it was unclear how the

constraint methods influenced the effect size. Furthermore, Tedla

et al. focused on two contributing factors of treatment effects:

types of outcome measures and CIMT methods; however, they did

not perform statistical analysis between factor, and were therefore

unable to avoid occasional results contributed by other factors.

Therefore, this study aimed to examine the effects of CIMT

on lower limb outcomes and explore the influence of CIMT

methods on treatment effects after stroke, with other potential

factors considered as covariates.

2. Methods

2.1. Search strategy

This review was conducted following the “Preferred Reporting

Project for Systematic Evaluation and Meta-Analysis” (PRISMA)

guidelines (18). Five databases were selected for the literature

search, including PubMed, Web of Science, Cochrane Library,

Academic Search Premier via EBSCOHost, and PEDro. The

keywords used to conduct the literature search were combined

with the following English terms: “stroke OR apoplexy OR

cerebrovascular accident” AND “constraint-induced movement

therapy OR modified constraint-induced movement therapy OR

CIMT OR mCIMT OR force use” AND “lower limbs OR lower

limb OR lower extremity OR lower extremities”. The language

was restricted to English. We further checked the reference lists of

identified articles to discover other potential studies. The literature

search was performed up to 30 September 2022.

2.2. Eligibility criteria and the selection
process

The inclusion criteria included are as follows:

1) Studies having patients with stroke, with age ≥ 18 years

selected as participants;
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2) Randomized controlled trials that involved experimental

group(s) receiving CIMT targeted at the motor function,

balance, and mobility of the lower limb, and an active control

group with dose-matched conventional intervention without

CIMT or with different CIMT interventions.

The exclusion criteria involved are as follows:

1) With pure control groups without matched intervention

because the effect on outcomes is attributed to the additional

intervention and not the CIMT method (19);

2) Without a clear description of the study design, measurement

procedure, and intervention protocol, or with unreported

relevant results.

Two researchers (the first and second authors) determined the

eligibility of studies by screening the title, abstract, and full text. Any

divergence related to trial eligibility was resolved by discussion with

a third party (the third author).

2.3. Data collection process and data items

Two researchers developed a data collection sheet together,

then worked on the data collection independently, and afterward

checked accuracy together. Extracted information from each

study included the characteristics of the participants, intervention

and outcome measures, and the data of outcome measures at

each assessment interval. The participant characteristics extracted

included sample size, age, sex, time after the stroke onset, sides

of the brain lesion and stroke type, and cognitive condition if

available. The intervention dosage extracted included total training

hours and training weeks. Participant characteristics in each study

were calculated through addition or estimated by the mean value

of each group corrected from the sample size in each group

because most studies separately reported these characteristics in

the experimental and control groups. Furthermore, the CIMT

method, the matching situation of training tasks between CIMT

and conventional interventions, and training dosage in total time

(hours) and duration (weeks) were extracted. In some studies where

the dosage was quantified by the number of practice repetitions, 300

repetitions were converted to 1 h (20).

For the outcome measures, based on the framework of

the International Classification of Functioning, Disability, and

Health (ICF), they were categorized as movement function,

activity performance or independence, activity participation, or

quality of life (21). For assessment with a follow-up period after

the intervention, the duration of follow-up was extracted. The

mean and standard deviation of each outcome measure at each

assessment interval of the experimental and control groups were

collected as well.

2.4. Study risk-of-bias assessment

The methodological quality of each study was evaluated

by two researchers independently using the Cochrane risk-

of-bias tool (22). The Cochrane risk-of-bias tool comprises

seven items, including random sequence generation, allocation

concealment, blinding of participants and personnel, blinding

of outcome assessment, incomplete outcome data, selection, and

other sources of bias. Each item includes three outcomes: low,

high, and unclear risks of bias. Disagreement on the scoring

between the two researchers was resolved via discussion with the

corresponding author.

2.5. E�ect measures and synthesis methods

Considering that the sample sizes of included studies were

relatively small, Hedges’ g which corrects for small sample sizes (23)

was used to quantify the effect size of CIMT compared with the

control group. It was calculated by dividing the raw difference in

mean change between the CIMT experiment and control groups

by the estimated pooled standard deviation of the changes and

then adjusting for bias due to sample size in each group. In one

included study with two CIMT groups and one active control

group, the active control group was included two times in meta-

analysis comparisons. For each comparison, the sample size of the

active control group was divided equally (15). Positive values of

Hedges’ g indicate effects in favor of CIMT or otherwise in favor

of the active control. The effect sizes were set at 0.2, 0.5, and 0.8,

corresponding to small, moderate, and large effects.

Based on the two kinds of active controls (conventional

treatment or CIMT) and the two kinds of post-treatment

assessment intervals [short-term (immediately after treatment) or

long-term (follow-up after treatment)], there were four kinds of

study designs in the meta-analyses. Meta-analyses were conducted

across all studies of the same design first. Only one outcome

measure of each study was included in each meta-analysis, which

appeared most frequently in included studies of the corresponding

meta-analysis (24, 25). Considering ICF categories of outcome

measures showing significant contributions to the effect sizes found

in the present study (reported in the section Results), meta-

analyses across studies with the same design but grouped based

on ICF categories of outcome measures were further conducted.

The second kind of meta-analysis insured the maximum number

of studies included when exploring the CIMT effects on outcomes

of each ICF category, the number of studies were equal to or more

than the number in the first kind of meta-analyses, which enabled

a clearer view when further investigating the influence of CIMT

methods on treatment effects.

I² statistics were used to assess statistical heterogeneity across

studies in each meta-analysis, and an I² of 25, 50, or 75% was

considered as low, moderate, or high heterogeneity, respectively.

If there was insignificant heterogeneity across studies, the fixed-

effects model was used to analyze the training effects; otherwise, the

random-effects model of the meta-analysis was adopted.

For significant heterogeneity across studies of each meta-

analysis, publication bias was first evaluated using Egger’s test

to determine any association between the effect size and sample

size. Subsequently, meta-regression or subgroup analysis was used

to analyze the contributing roles of the potential factors to

the heterogeneity. CIMT features in experimental groups were

included as the potential factors of interest in the regression analysis

as well as participant characteristics and ICF categories of outcome

measures. The factor of ICF categories was only included in the
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FIGURE 1

PRISMA flow diagram showing flow of information through the review.

meta-regression across all studies. The meta-regression analysis

has three steps with reference to the procedure of multiple linear

regression (26). First, identifying potential factors with significant

contributions in the single-variable model. Second, significant

factors identified at the first step were entered into the first

mixed-variable regression model to further identify factors with a

significant contribution in the mixed-variable regression model or

with a significant change by the test of change. Finally, identified

factors in the second step were entered into the final mixed-

variable regression model. The association between each potential

significant factor was analyzed using Spearman rank correlation

(significant Statistical Product and Service Solutions version 25.0)

before entering them into the first mixed-variable regressionmodel.

If two factors are strongly correlated with each other (r > 0.7),

only the factor with the higher proportion of variance in the

single-variable model was entered into the first mixed-variable

regression model. A subgroup analysis was used to investigate

factors contributing to heterogeneity when the number of studies

was insufficient to conduct a meta-regression (27).

Comprehensive meta-analysis software (Version 3, Biostat,

Englewood, New Jersey) was adopted to conduct meta-analyses.

Statistical significance was set at P < 0.05 for all tests except for the

single-variable regression model with P > 0.10 to identify potential

factors for the mixed-variable regression model.
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3. Results

3.1. Study selection, study characteristics,
and methodological quality

We identified 1,659 studies via database searches, and four

additional studies were identified by checking reference lists in

identified articles. Figure 1 presents the details of the trial flow. The

qualitative synthesis included 12 studies involving 341 participants.

For participants in included studies, the mean age ranged from

49 to 62, the ratio of male to female ranged from 0.8 to 3.5; themean

time after the onset ranged from 1.9 to 80.4 months; the affected

side ratio of right to left ranged from 0.4 to 2.5; and the percentage

of ischemic stroke ranged from 80 to 100%. In studies that reported

the score of mini-mental state examination (7, 10, 11) or set no

cognitive impairment as the selection criterion, participants had no

cognition impairment (6, 12–14, 28, 29).

Five CIMT methods were ranked by frequency of using in the

included studies, as below:

1) Task-specific force-use therapy focusing on the paretic leg (10–

13),

2) Using an orthosis or brace to constrain non-paretic leg

movement (5, 6, 8),

3) Using an arm sling to constrain non-paretic arm movement

(14, 28, 29),

4) Using a wedged insole under the non-paretic foot to constrain

over-weight-bearing of the non-paretic leg (5, 9),

5) Using a weight strapped around the non-paretic leg to constrain

non-paretic leg movement (7).

For the CIMT dosage in included studies, the total training time

ranged from 5 to 60 h, excluding CIMT time in daily life, which

ranged from 42 to 460 h (14). The training duration ranged from

1 day to 5 weeks. Three studies facilitated the transfer of learned

skills from CIMT into daily activities but did not report the transfer

dosage (5, 6, 11).

For outcome measures, the walking test had the highest

frequency in all measures and also in measures of the activity

performance category, followed by the Berg Balance Scale (BBS).

The Fugl-Meyer Assessment of Lower Extremity (FMA-LE) had the

highest frequency in measures of the movement function category.

In a single study, the stroke impact scale was uniquely related to

participation or the quality of life (14). Four studies conducted

a patient assessment at follow-up after treatment. The follow-up

period ranged from 4 to 12 weeks (7, 9, 11, 12, 14). Table 1 presents

the detailed characteristics of each study.

For methodological quality, most studies showed moderate

methodology quality with a low risk of bias in three or more items

of the Cochrane risk-of-bias tool, except for two studies (Table 2)

(9, 14).

3.2. Short-term e�ects of CIMT compared
with conventional treatment on lower limb
outcomes

Eleven studies (12 comparisons) compared the short-term

effects of CIMT and conventional treatment (5–9, 11–14, 28, 29). A

meta-analysis of the effect size on the outcome between CIMT and

conventional treatment revealed moderate heterogeneity across

studies (I2 = 55%; P > 0.05). This result demonstrated a statistical

significance in favor of the CIMT group, with a moderate effect size

[Hedges’ g = 0.567; P > 0.05; 95% confidence interval (CI): 0.203–

0.931]; (Figure 2A). The final regression model included the CIMT

method using a weight strapped around the non-paretic leg and the

ICF outcome category as significant contributing factors to explain

98% of the heterogeneity across studies. The indication formula is

that effect size= 0.517−0.854∗ if using weight strapped around the

non-paretic leg as the CIMT method + 1.064∗ if outcome belongs

to movement function (Table 3).

Among the 11 studies, nine studies examined effects on

the activity outcome, while seven studies (eight comparisons)

examined effects on the movement function. The meta-analysis

of studies examining effects on the activity outcome revealed that

CIMT had a small effect size compared to conventional treatment

(Hedges’ g = 0.384; P > 0.05; 95% CI: 0.135 to 0.633) and low

heterogeneity across studies (I2 = 37%; P > 0.05) (Figure 2B). For

the small heterogeneity, the CIMT method using a weight strapped

around the non-paretic leg is the only significant contributing

factor discovered in the single-variable meta-regression analysis,

explaining 100% of the variance in effect size across studies (β =

−0.857, R2 = 100%, P > 0.05) (Tables 3, 4).

The meta-analysis of studies examining the effects of CIMT

on the movement function detected a large effect size compared

with conventional treatment (Hedges’ g = 0.918 P > 0.05; 95%

CI: 0.083 to 1.754) and large heterogeneity across studies (I2 =

84%; P > 0.05) (Figure 2C). The CIMT methods using a weight

strapped around the non-paretic leg and an arm sling to constrain

non-paretic arm movement were contributing factors in the final

regression model, explaining 100% of heterogeneity of effect size

across studies (R2 = 100%). The model indicated that effect size =

0.581 – 1.712 ∗ if using a weight strapped around the non-paretic

leg as the CIMTmethod+ 1.612 ∗ if using an arm sling as the CIMT

method (Table 4).

Only one study by Fuzaro et al. examined the effects on

participation or the quality of life. They discovered that CIMT had

a larger effect size than conventional treatment (Hedges’ g= 1.476;

P > 0.05; 95% CI: 0.761 to 2.191) (Figure 2D).

Egger’s test revealed no publication bias across studies included

in each meta-analysis on short-term effects (P > 0.05) (Figure 2).

3.3. Long-term e�ects of CIMT compared
with conventional treatment on outcomes

Four studies compared the long-term effects between CIMT

and conventional treatment. All of them examined the effects on

the activity outcome, while three of them explored the effects

on the movement function as well. The meta-analysis of studies

examining effects on the activity outcome discovered that CIMT

had a small but insignificant effect size compared with conventional

treatment (Hedges’ g = 0.470; P > 0.05; 95% CI: −0.173 to 1.112)

and moderate heterogeneity across studies (I2 = 70%; P > 0.05)

(Figure 3A). In single-variable meta-regression analysis, the CIMT

method using a weight strapped around the non-paretic leg (β

= −1.000, R2 = 77%, P > 0.05) had a significant contribution

Frontiers inNeurology 05 frontiersin.org279

https://doi.org/10.3389/fneur.2023.1090808
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Z
h
a
n
g
e
t
a
l.

1
0
.3
3
8
9
/fn

e
u
r.2

0
2
3
.1
0
9
0
8
0
8

TABLE 1 Characteristics of all included studies.

Studies Subjects Intervention Assessment

References Sample
sizes

Sex
(male/
female);
Age
(mean)

Type (Hemor
/Isch);
Paretic side
(R/L); Time
after stroke
onset (mth)

Cognition
status

CIMT manner in
EXP group

CIMT training
protocol in EXP
group

Training
protocol in CON
group

Treatment
total h;
total wks

Outcome
measures

Follow-
up

duration
(Week)

Aloraini (11) CIMT:19

CON:19

CIMT: 10/9;

60.1± 10.8 yrs

CON: 9/10;

59.3± 11.4 yrs

CIMT: 3/16; 6/13;

30.2± 13.9 mth

CON: 4/15; 8/11;

36.8± 19.5 mth

MMSE:

CIMT:27.5±

1.7

CON: 27.3±

1.7

Task-specific force-use

therapy focusing on

paretic leg

Functionally-oriented

physical exercises

toward the more

effected lower

extremity;

Encouraging transfer

in daily life

Unmatched training

protocol as the EXP

group; including range

of motion and stretching

exercises, balance,

walking and endurance

training

35 h; 2wks 10MWT,#

BBS,#

FMA-LE,@

6MWT.#

12

Abdullahi et al.

(16)

CIMT:30

CON:28

CIMT:12/18;

50.2± 13.9 yrs

CON: 13/15;

47.8± 14.7 yrs

CIMT: 5/25; 20/10;

8± 14.9 mth CON:

3/25; 16/12; 8.5±

13 mth

MMSE:

CIMT:27± 2

CON: 28± 3

Task-specific force-use

therapy focusing on

paretic leg

Training tasks

including stepping

forward, backward

stepping, side stepping,

ball kicking, and stair

climbing; With dosage

quantified by

repetitions; 2/5

training performed at

home

CIMT training as well

with same task with

different dosage

quantified method by

time duration; 2/5

training performed at

home

12,000

repetitions/60 h;

4 wks

10MWT,#

BBS,#

FMA-LE,@

6MWT,#

RMI,#

Perceived

Exertion@

0

Acaroz et al. (5) CIMT:15

CON:15

CIMT: 8/7;

55.13± 14.7

yrs

CON: 6/9;

57.67± 12.2

yrs

CIMT: 4/11; 5/10;

6.8± 2.7 mth CON:

3/12; 5/10; 6.6±

3.2 mth

Nil Using wedged insole

under non-paretic foot

to constrain

over-weightbearing of

non-paretic leg; Using a

long-leg orthosis to

constrain the movement

of non-paretic leg

A series of functional

activities including

sit-to-stand, weight

bearing, climbing stairs

and ramp, balance

activities, stepping

over obstacles,

treadmill walking etc.

Encouraging transfer

in daily life

Unmatched protocol

with the EXP group, that

is Neurodevelopmental

therapy including ROM,

strengthening,

weight-bearing, balance

activities, and walking

etc.

20 h; 2 wks 10MWT,#

BBS,# FAC,#

Step length

asymmetry,#

Postural

symmetry ratio.#

0

Choi et al. (12) CIMT1:12

CIMT2:12

CON:12

CIMT1: 7/5

61.25± 5.59

yrs

CIMT2: 6/6;

62.58± 5.51

yrs

CON: 8/4;

61.92± 6.08

yrs

CIMT1: nil; 7/5;

13.8± 3.9 mth

CIMT2: nil; 3/9;

13.6± 5.5 mth

CON: nil; 4/8; 14.3

± 4.8 mth

No cognitive

impairment

that based on

MMSE scores

as one

selection

criterion.

Task-specific force-use

therapy focusing on

paretic leg

Game exercises

including Ski slalom

and Soccer heading

game

Matched game exercises 6 h; 4 wks TUG,# FRT,#

mFRT,# COP

sway

amplitude/

velocity/ area.@

0

(Continued)
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TABLE 1 (Continued)

Studies Subjects Intervention Assessment

References Sample
sizes

Sex
(male/
female);
Age
(mean)

Type (Hemor
/Isch);
Paretic side
(R/L); Time
after stroke
onset (mth)

Cognition
status

CIMT manner in
EXP group

CIMT training
protocol in EXP
group

Training
protocol in CON
group

Treatment
total h;
total wks

Outcome
measures

Follow-
up

duration
(Week)

Danlami and

Abdullahi (6)

sCIMT:5

tCIMT:6

CON:7

sCIMT: 10/9;

48.2± 7.89 yrs

tCIMT: 2/4;

55.67± 9 yrs

CON: 6/1;

54.14± 6.87

yrs

sCIMT: 1/4; 2/3; 1.4

± 1.1 mth tCIMT:

2/4; 2/4; 2.5±

1.9 mth CON: 2/4;

5/2; 2.5± 1.6 mth

No cognitive

impairment

(MMSE≥17)

as one

selection

criterion.

Using a knee orthosis to

constrain the movement

of non-paretic leg;

Same tasks in two

CIMT training groups,

including sit-to-stand,

forward and backward

stepping, stair

climbing and

descending,

side-to-side stepping;

Different dosage

quantified methods,

one by repetition, the

other by time duration;

Encourage use in daily

life (90% waking hour)

Unmatched training

protocol with the EXP

groups, including passive

movement, therapeutic

positioning,

strengthening exercise

and over-ground gait

training.

9,600

repetitions/40 h;

4 wks

FMA-LE.@ 0

eSilva et al. (7) CIMT:19

CON:19

CIMT: 13/6;

57.37± 9.22

yrs

CON: 10/9;

57.44± 15.93

yrs

CIMT: 5/14; nil; 3±

4.4 mth CON: 1/18;

nil; 3± 3.7 mth

MMSE:

CIMT:24±

3.7

CON: 23±

3.0

Using weight strapped

around non-paretic leg

to constrain the

movement of

non-paretic leg

Treadmill training Matched treadmill

training

9 h; 2 wks BBS#, TUG#,

Turn

performance.#

6

Silva-Filho and

Albuquerque

(28)

CIMT:9

CON:10

CIMT: 6/3; 52

± 5.5yrs

CON: 5/5; 59.5

± 4.3yrs

CIMT: 3/6; 8/1; 13.7

± 8.4mth CON:

1/9; 6/4; 29.3±

24.7 mth

No cognitive

impairment

that based on

MMSE scores

as one

selection

criterion.

Using an arm sling to

constrain non-paretic

arm

Only paretic upper

limb specific training,

but no lower limb

specific training. Use

in daily life

Matched training

protocol with the

experimental group

72 h in daily

life; 4 wks

Gait velocity,#

BBS,# TUG,#

Stairs up and

downs. #

0

Jung et al. (13) CIMT:11

CON:10

CIMT: 7/4;

56.4± 11.1 yrs

CON: 7/3; 56.3

± 17.1 yrs

CIMT: 3/8; 3/8; 6.2

± 2.5 mth

CON:2/8;3/7; 7±

2.5 mth

No cognitive

impairment

(MMSE≥24

scores) as one

selection

criterion.

Task-specific force-use

therapy focusing on

paretic leg

Gait training under

augmented cues

Matched training

protocol with the

experimental group

10 h; 4 wks Gait velocity,#

Force of

the cane,#

Support of

affected side,#

Muscle

activation.@

0

(Continued)
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TABLE 1 (Continued)

Studies Subjects Intervention Assessment

References Sample
sizes

Sex
(male/
female);
Age
(mean)

Type (Hemor
/Isch);
Paretic side
(R/L); Time
after stroke
onset (mth)

Cognition
status

CIMT manner in
EXP group

CIMT training
protocol in EXP
group

Training
protocol in CON
group

Treatment
total h;
total wks

Outcome
measures

Follow-
up

duration
(Week)

Kim and Cha

(29)

CIMT:10

CON:10

CIMT: 6/4;

57.6± 3.7 yrs

CON: 7/3; 51.9

± 6.1 yrs

CIMT: nil; 3/7; 24.1

± 10.7 mth CON:

nil; 6/4; 30.8±

11.0 mth

No cognitive

impairment

(MMSE≥24

scores) as one

selection

criterion.

Using an arm sling to

constrain non-paretic

arm

Ground gait training Matched Ground gait

training as the EXP

group

6 h; 4 wks TIS-

dynamic,@

TIS-

coordination,

@ TIS-static,@

LOS-affected

side,@ LOS-

unaffected

side.@

0

Aruin et al. (9) CIMT:9

CON:9

Overall: 14/4;

57.7± 11.9 yrs

Overall: nil; 9/9;

80.4± 46.8 mth

Nil Using wedged insole

under non-paretic foot

to constrain

over-weightbearing of

non-paretic leg

Weight bearing,

sit-to-stand, balance

exercises, and walking

exercise; Use in daily

life

Matched training

protocol with the

experimental group

6 h training,

+42 h in daily

life; 6 wks

Gait velocity,#

BBS,#

FMA-LE,@

Weight

bearing.@

12

Fuzaro et al.

(14)

CIMT:19

CON:18

CIMT: 12/7;

54.15± 12.94

yrs

CON: 9/9;

50.78± 15.65

yrs

CIMT: nil; 14/5;

19.6± 20.9 mth

CON: nil; 9/9; 30.8

± 31.8 mth

No cognitive

impairment

that based on

MMSE scores

as one

selection

criterion.

Using an arm sling to

constrain non-paretic

arm

No any training task

except for upper limb

mobilization; Use in

daily life

The other CIMT training

but with task-specific

force-use therapy

focusing on paretic arm.

Thus, it was regarded as

control with

conventional care on

lower limb.

460 h in daily

life; 4 wks

10MWT,#

BBS,# TUG,#

FMA,@ Stroke

Impact

Scale. ∧

12

Gatti et al. (8) CIMT:5

CON:5

Overall: 6/4;

55.5± 12.9 yrs

Overall: 0/10; 4/6;

1.9± 0.9 mth

Nil Using a knee orthosis to

constrain the movement

of non-paretic leg

Training with shaping

activities;

Matched training

protocol with the

experimental group

6 h; 0.1 wk (1

day)

Gait velocity

(stride speed),#

Stride length#,

Swing phase

asymmetry

index#.

0

EXP, experimental group; CON, control; CIMT, constraint-induced movement therapy; Hemor /Isch, hemorrhagic /ischemic; R/L, right/left; MMSE, mini mental state examination; 10MWT, 10-meter walking test; 6MWT, 6-minute walking test; BBS, Berg balance

scale; FAC, functional ambulation classification; FMA-LE, Fugl-Meyer Assessment of the lower limb; LOS, limit of stability; LOS, limit of stability; TIS, Trunk Impairment Scale; TUG, timed up and go test; yrs, years; mth, months; h, hours; wks, weeks.

#, outcome measures related to activity performance/independence; @, outcome measures related to the movement function (motor function and posture); ∧ , outcomes related to participation/ the quality of life.
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(Table 4). Total training time contributed significantly to single-

variable meta-regression analysis (β = 0.002, R2 = 53%, P > 0.10)

but was unable to be included further mixed-variable analysis due

to the insufficient number of studies.

The meta-analysis across studies examining effects on the

movement function discovered that CIMT had a smaller but

insignificant effect size than conventional treatment (Hedges’ g =

0.409; P > 0.05; 95% CI: −1.270 to 2.088) and large heterogeneity

across studies (I2 = 93%; P> 0.05) (Figure 3B). The CIMTmethods

were different across three studies. They used a wedged insole

under the non-paretic foot, task-specific force-use therapy, and an

arm sling to constrain non-paretic arm movement. The between-

subgroup analysis revealed that the effect size of the CIMT method

using a wedged insole under the non-paretic foot compared with

conventional training was significantly lower than other CIMT

methods, whereas the CIMT method using an arm sling was

significantly higher than others (Table 4).

One study by Fuzaro et al. examined the long-term effects on

participation or the quality of life. They discovered that CMT had a

larger effect size than conventional treatment (Hedges’ g= 1.317; P

> 0.05; 95% CI: 0.619 to 2.016) (Figure 3C).

Egger’s test revealed no publication bias across studies included

in each meta-analysis on long-term effects (P > 0.05; Figure 3).

3.4. Comparisons between CIMTs

Two studies compared the short-term effects of CIMT

quantified by repetitions with that quantified by time (6, 10). The

CIMT using an orthosis to constrain non-paretic leg movement

showed superior effects on movement function when setting

dosage with 960 repetitions compared with the dosage of 40 h. In

contrast, CIMT using task-specific force-use therapy demonstrated

no difference in effects on activity performance and movement

function between dosages of 12,000 repetitions and 60 h. The CIMT

method showed significant between-subgroup differences in the

effect size (P > 0.05; Figure 4).

4. Discussion

This is the first systematic review to investigate the influence

of the CIMT method on treatment effects of improving lower

limb outcomes, considering participant characteristics, CIMT

features, and ICF outcome categories. Based on studies comparing

CIMT and conventional treatment, CIMT produced larger effects

on lower extremity-relevant activity performance, movement

function, and participation in the short-term than conventional

treatment but with different levels of heterogeneity. Meta-

regression discovered that the lower limb movement function

is more sensitive to improvement than activity performance

by CIMT. The CIMT method using a weight strapped around

the non-paretic leg had poorer effects on outcomes of activity

performance or movement function of the lower extremity than

other CIMT methods. In contrast, the method using an arm sling

had more prominent effects on the movement function of the

lower extremity than other CIMT methods. In the long-term,

CIMT had insignificant effects on the activity performance and
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FIGURE 2

Short-term e�ects of CIMT compared with conventional treatment. (A) Short-term e�ects on overall outcomes across all studies. (B) Short-term

e�ects on activity performance. (C) Short-term e�ects on movement function. (D) Short-term e�ects on participation/quality of life.
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TABLE 3 Contributing factors to the heterogeneity of short-term e�ect sizes on the overall outcome of CIMT compared to conventional treatment using three-step meta-regression.

Single variable model 1st mixed-variables model Final mixed-variables model

β P-value R2 If
included
(Y/N)

β P-value R2 Change test If
included
(Y/N)

β P-value R2 Change test

Q-value P-value Q-value P-value

Intercept - - - 3.107 0.000 0.517 0.000

Subjects 0.96 0.98

Age(mean) −0.110 0.097! 0.15 Y −0.046 0.363 2.75 0.097 N

Male/female −0.107 0.716 0.00 N

time after onset(mean) −0.000 0.961 0.00 N

percentage of ischemic stroke −0.170 0.957 0.00 N

Paretic side ratio: left/right 0.004 0.991 0.00 N

Intervention

CIMT Manner

If task-specific force-use therapy 0.000 0.999 0.00 N

If using a knee/leg orthosis 0.224 0.648 0.00 N

If using an arm sling −0.016 0.972 0.00 N

If using wedged insole −0.521 0.453 0.00 N

If using weight strapped −1.002 0.047∗ 0.44 Y −0.836 0.021∗ 3.86 0.049∗ Y −0.854 0.017∗ 3.96 0.047∗

Conventional treatment protocol

If matched with CIMT treatment 0.386 0.343 0.00 N

Dosage

Total training time 0.004 0.495 0.00 N

Training duration (week) 0.010 0.597 0.00 N

Outcome

ICF category

If movement function 1.192 0.007∗ 0.59 Y 0.925 0.031∗ 4.66 0.031∗ Y 1.064 0.007 7.16 0.007∗

If activity performance/independ 1.192 0.007∗ 0.59 N∧

If participation/quality of life - - -

Follow-up duration - - -

∧The potential significant factor was not included into the first mixed-variable model since it is actually the same as another factor that was included in the first mixed-variable model (r= 1).
∗P < 0.05.
!P < 0.10.
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TABLE 4 Contributing factors to the heterogeneity of e�ect sizes of CIMT compared to conventional treatment in all meta-analyses.

Short-term e�ects Long-term

Overall Activity
outcomes

Movement
function

Overall (Activity
outcomes)∧

Movement
function#

Heterogeneity (I2) 55% 37% 84% 70% 93%

Regression model (potential contributing factors: coe�cient s of Intercept and identified contributing factors)∗

Intercept 0.517 0.519 0.581 0.757 -

Subjects

Age (mean)

Male/female

time after onset (mean)

percentage of ischemic stroke

Paretic side ratio: left/right

Intervention

CIMT Manner

If task-specific force-use therapy

If using a knee/leg orthosis

If using an arm sling 1.612 Positive

If using wedged insole

If using weight strapped −0.854 −0.857 −1.712 −1.000 Negative

Conventional treatment protocol

If matched with CIMT treatment

Dosage

Total training time

Training duration(week)

Outcome

ICF category

If movement function 1.064

If activity performance/independ

If participation/quality of life

Follow-up duration

Proportion of variance explained by the model

(R2)

0.98 1.00 1.00 0.77

∗All models were finalized through three-step meta-regression, as shown in Table 3, except for those marked by ∧ and #.
∧Single-variable regression analysis since there are not enough studies for the mixed-variable regression analysis.
#Analyzed by the between-subgroup analysis since there are not enough studies for the regression analysis.

movement function, with moderate to large heterogeneity. The

CIMT method using a weight strap or an arm sling played similar

contributing roles on long-term effects as the roles on short-term

effects. Participant characteristics had no effect on the training

effects of CIMT. Based on studies comparing different CIMTs,

CIMT using an orthosis with a dosage quantified by repetition

had superior effects on the movement function than that with

a dosage quantified by time. These findings could help guide

clinical applications of CIMT to improve lower limb outcomes in

individuals after stroke.

Two previous review studies focused on CIMT effects on

lower limb outcomes (30). The first review by Abdullahi et al.

(30) included six studies in a meta-analysis and discovered no

superior effects on all outcomes except for the quality of life

produced by CIMT relative to active control groups. Tedla et al.

(15) discovered that CIMT is superior to the active control group in

improving the balance ability but not functional mobility, including

more studies and using subgroup meta-analysis. Our study did

not differentiate balance ability measured by using the BBS from

functional mobility measured by the walking test, considering that

BBS is an instrument used to evaluate functionalmobility on sitting,

standing, and positional or postural transfer, and it correlates

with gait velocity (31). We categorized outcomes based on the

ICF framework, a widely used method in meta-analysis studies,
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FIGURE 3

Long-term e�ects of CIMT compared with conventional treatment. (A) Long-term e�ects on overall outcomes across all studies (activity

performance). (B) Long-term e�ects on movement function. (C) Long-term e�ects on participation/quality of life.
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FIGURE 4

Short-term e�ects of CIMT with dosage quantified by repetitions compared with that quantified by time. (A) E�ects on overall outcomes across both

studies. (B) E�ects on activity performance. (C) E�ects on movement function.
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ensuring that more studies are included in subgroup meta-analyses

(4, 24). Unlike previous reviews, our study discovered that CIMT

had superior short-term effects on activity performance, movement

function, and participation than the conventional treatment. Thus,

the number of CIMT studies and the proper outcome category are

important in determining meta-analysis results across studies.

Despite the superior effects of CIMT relative to conventional

treatment on overall outcomes or outcomes of each ICF category

from meta-analysis, moderate to high heterogeneity existed across

studies of each meta-analysis. Participant characteristics, CIMT

methods, and outcome categories could be potential factors

contributing to heterogeneity. CIMT using an arm sling has been

found to have greater effects on the upper limb motor function

at early stages after stroke; however, improved performance of the

upper limb-related activity is more at subsequent stages (4). This

could be attributed to cortical reorganization, which prominently

occurs at an early stage after stroke, correlating withmotor function

improvement (23). However, our study demonstrated that CIMT

had greater effects on the motor function of the lower limb than

on activity performance no matter at any stroke stage, by the

meta-analyses across all studies and across studies of each outcome

category. Participant characteristics had no contribution to effect

sizes across studies involved in eachmeta-analysis. One explanation

is that CIMT involves more movement or weight bearing of the

paretic lower limb in training tasks or activities but does not

specifically increase the activity amount of the paretic lower limb

like increasing upper limb activity amount using upper limb CIMT.

Therefore, the lower limb movement function improves more than

activity performance.

Moreover, CIMT methods are the main factors contributing to

the heterogeneity of effect size across studies, which we aimed to

clarify in this study. We discovered that the CIMT method using a

weight strapped around the non-paretic leg had a poorer effect on

outcomes of the activity performance or lower extremitymovement

function than other CIMT methods. The weight strapped around

the non-paretic leg could not constrain the non-paretic leg, but

it could increase the sensory input and efforts of the non-paretic

leg against the resistance during training tasks, conversely reducing

the involvement of the paretic leg. Other methods, including using

a wedged insole, leg orthosis, arm sling, or task-specific force-

application therapy, limit the movement or weight bearing of the

non-paretic leg, resulting in better outcomes after stroke.Moreover,

the CMIT method using an arm sling had more prominent effects

on the movement function than other methods. This result must

be cautiously interpreted because the movement function was

measured using the full FMA scale in two of three CIMT studies.

Therefore, the prominent effects on movement function might be

unrelated to the lower limb function.

The CIMT method and dosage are important factors in

ensuring treatment effectiveness. This review only included studies

with dosage-matched conventional training as the active control

group and excluded those with a pure control study. The selection

criterion minimized the heterogeneity of effect size resulting from

dosage. Thus, the dosage had no influence on effect sizes across

studies comparing CIMT and conventional treatment in this

review. Interestingly, we found two studies exploring the influence

of the dosage quantified method of CIMT on outcomes when

we included studies with different CIMTs. Dosages by time are

the most common quantification method of CIMT. In contrast,

the repetition of practice is a more rigorous quantifying method

(32) because the number of task repetitions required for motor

recovery is more clear, including at least 300 repetitions per day

(20). We discovered differences in effects between the two dosage

methods in the CIMT using an orthosis to constrain non-paretic leg

movement but not in CIMT using task-specific force-use therapy.

Physical constraints using an orthosis could reduce participants’

initiative and decrease completion efficacy, which could not occur

in CIMT without physical constraints. Therefore, the number of

task repetitions guarantees the completion volume better than the

time for CIMT with physical constraints.

Three-step meta-regression is a strict method for determining

the best regression model to investigate factors contributing to

the variation in effect size across studies, with reference to the

procedure of multiple linear regression (26). Using the between-

subgroup analysis, results of the between-subgroup difference

could not only directly attribute to the factor based on which

subgroups are divided but also to other factors which are different

between subgroups by chance. Therefore, the interaction between

multiple factors should be considered in exploring the influence

on treatment effects. In our study, age showed a nearly significant

negative correlation with the effect size of CIMT in single-

variable regression analysis which is similar to the between-

subgroup analysis. However, it did not contribute significantly to

the mixed-variable regression model with other factors. Thus, age

was excluded from the final regression model of explaining the

variation in effect size across studies. The example suggests that age

influences the effect size occasionally. The strict meta-regression

ensures the reliability of our results.

The long-term effects of CIMT were insignificant on activity

performance and movement function, with moderate to high

heterogeneity across studies. The CIMT method using a weight

strapped around the non-paretic leg and an arm sling similarly

contributed to the long-term effect size. However, the result

should be cautiously interpreted because of the small number

of studies, leading to an inapplicability of the restricted mixed-

variable regression analysis. Long-term effects correlate with the

transfer package of the upper limb during CIMT (33). Among

studies exploring the long-term effects of lower limb CIMT, CIMT

using a weight strapped around the non-paretic leg did not

adopt a transfer package (9); however, other studies encouraged

the use of force tasks in daily life or continued using CIMT

constraints setting in daily life (7, 11, 14). Therefore, the transfer

package could also be a contributing factor. However, the amount

of transfer package or the behavior change from lower limb

CIMT during follow-up has not been reported, which should be

included in future studies to clarify the mechanism underlying

long-term effects.

Despite its meaningful findings, this study had several

limitations. First, methodological quality evaluated by Cochrane

risk-of-bias revealed potential sources of bias in all included

studies. Second, studies were inadequate for exploring both short-

term and long-term effects on the participation outcome after

stroke and for performing mixed-variable meta-regression in

exploring contributing factors of the effect size of CIMT relative
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to conventional training. Third, based on the characteristics of

participants, the findings of this study cannot be generalized to all

patients with stroke, such as those with cognition impairments or

in the acute stage after stroke. Studies with high methodological

quality, large sample sizes, and targeting different stages after stroke

are required to further explore the effects of lower limb CIMT and

the contributing factors of its effects on outcomes.

5. Conclusion

Constraint-induced movement therapy is superior to

conventional treatment in improving lower limb activity

performance, movement function, and participation in the

short-term but not in the long-term. The CIMT method using

a weight strapped around the non-paretic leg had poorer effects

on the activity performance and movement function of the lower

limb, than other CIMT methods. The method using an arm sling

had a more prominent effect on the movement function than

other CIMT method, which should be interpreted with caution.

The repetition of task practice is a superior dosage quantification

method to practice time in CIMT with physical constraints. These

findings could help guide clinical applications of CIMT to improve

lower limb outcomes in individuals after stroke.
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Diaphragmatic ultrasound can 
help evaluate pulmonary 
dysfunction in patients with stroke
Yifei Chen †, Shuyan Zhou †, Lixia Liao , Jinyan He , Danzhe Tang , 
Wen Wu * and Kangling Wang *

Department of Rehabilitation Medicine, Zhujiang Hospital, Southern Medical University, Guangzhou, 
China

Objective: Pulmonary dysfunction after stroke is increasingly gaining attention 
from clinical and rehabilitation specialists. However, owing to cognitive and 
motor dysfunction in patients with stroke, determining the pulmonary function 
of these patients remains challenging. The present study aimed to devise a simple 
method for an early evaluation of pulmonary dysfunction in patients with stroke.

Methods: Overall, 41 patients with stroke in the recovery period (stroke group) and 
22 matched healthy controls (control group) were included in the study. We first 
collected data regarding baseline characteristics for all participants. Furthermore, 
the participants with stroke were examined using additional scales, such as 
the National Institutes of Health Stroke Scale (NIHSS), Fugl–Meyer assessment 
scale (FMA), and modified Barthel Index (MBI). Subsequently, we examined the 
participants with simple pulmonary function detection and diaphragm ultrasound 
(B-mode). Ultrasound indices calculated were as follows: the thickness of the 
diaphragm under the position of functional residual capacity (TdiFRC), the 
thickness of the diaphragm under the position of forced vital capacity (TdiFVC), 
thickness fraction, and diaphragmatic mobility. Finally, we compared and analyzed 
all data to identify group differences, the correlation between pulmonary function 
and diaphragmatic ultrasound indices, and the correlation between pulmonary 
function and assessment scale scores in patients with stroke, respectively.

Results: Compared with the control group, patients in the stroke group exhibited 
lower values for indices of pulmonary and diaphragmatic function (p < 0.001), 
except for TdiFRC (p > 0.05). The majority of the patients with stroke had restrictive 
ventilatory dysfunction, as indicated by a significantly higher incidence ratio 
(36  in 41 patients) than that in the control group (0  in 22 patients) (p < 0.001). 
Moreover, significant correlations were found between pulmonary function 
and diaphragmatic ultrasound indices (p < 0.05), with the strongest correlation 
between TdiFVC and pulmonary indices. In the stroke group, pulmonary function 
indices were negatively correlated with the NIHSS scores (p < 0.001) and positively 
correlated with the FMA scores (p < 0.001). No (p > 0.05) or weak (p < 0.05) correlation 
was found between pulmonary function indices and the MBI scores.

Conclusion: We found that patients with stroke had pulmonary dysfunction even 
in the recovery period. Diaphragmatic ultrasound can be used as a simple and 
effective tool for detecting pulmonary dysfunction in patients with stroke, with 
TdiFVC being the most effective index.
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stroke, pulmonary function, diaphragmatic ultrasound, evaluation, motor function
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Introduction

Stroke is the second leading cause of death and the third leading 
cause of disability worldwide (1). Patients who have suffered a 
stroke frequently complain of motor and speech disorders as well 
as dysphagia. However, pulmonary dysfunction after stroke is 
gradually receiving increased attention. Pulmonary dysfunction can 
lead to a decline in cardiopulmonary function and activity 
endurance while simultaneously increasing the risk of pulmonary 
complications, thereby affecting patients’ motor and speech 
recovery and their quality of life (2). Therefore, the prompt 
detection of pulmonary dysfunction among patients with stroke 
will be  of great significance to perform respiratory 
rehabilitation correspondingly.

Although there are several established methods for assessing 
respiratory function (3), assessment in patients with stroke is often 
limited owing to deficits in cognitive, speech, or motor domains. To 
date, simple pulmonary function assessment has been recognized as 
one of the most commonly used methods. Schermer et  al. (4) 
confirmed that the indicators of simple respiratory function 
assessment have remarkable reliability and validity. However, this 
method also requires patients with stroke to have sufficient cognitive 
abilities to understand the basics of the examination, which even a 
healthy older adult may find difficult to understand, and it requires 
them to be able to cooperate throughout the examination. Therefore, 
it is important to find a convenient and convincing way for 
the assessment.

Diaphragmatic ultrasound is a commonly used method for 
measuring diaphragmatic activity. Previous studies have reported a 
certain relationship between diaphragmatic ultrasound indices and 
pulmonary function parameters in some diseases, including 
osteoporosis, vertebral fracture, kyphosis, late-onset Pompe disease, 
and amyotrophic lateral sclerosis (5–7). To the best of our 
knowledge, only two studies have reported the correlation between 
pulmonary function indices and diaphragmatic ultrasound in 
patients with stroke to date. In one study, Jung et al. (8) reported a 
statistically significant correlation between diaphragmatic thickness 
(DT), thickness ratio, and diaphragmatic excursion and between 
forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), 
and peak expiratory flow in patients with stroke compared to 
healthy controls. In another study, Kim et al. (9) reported a positive 
correlation between the thickening ratio (%), the ratio of diaphragm 
thickness at end expiration to the thickness at total lung capacity 
(TCL), and maximal inspiratory pressure (MIP). However, their 
study measured the ultrasound index for only one diaphragm, and 
the correlation with the pulmonary function was restricted to only 
inspiratory muscle function. Thus, further studies are required to 
identify the relationship between diaphragmatic ultrasound and 
pulmonary function.

In the present study, we assessed and compared the pulmonary 
and diaphragm function of patients with stroke by combining a simple 
respiratory function assessment with diaphragmatic ultrasound 
detection. We  hypothesized that there is a correlation between 
diaphragmatic ultrasonography and pulmonary function in patients 
with stroke. Because ultrasound offers the advantage of visually 
observing morphologic changes in muscle function (10), a convincing 
correlation with the pulmonary function will be of great help and 
convenience to physicians in the early detection of pulmonary 
dysfunction for patients with stroke.

Materials and methods

Participants

The sample size of the present study was determined based on the 
sample sizes of previous similar studies (11, 12). Overall, 51 patients 
with hemiplegia in the convalescent stage of stroke (stroke group) and 
22 age-and gender-matched healthy volunteers (control group) 
were enrolled.

The inclusion criteria for the stroke group were as follows: (1) 
patients diagnosed with stroke in accordance with the diagnostic criteria 
by the Chinese classification of cerebrovascular diseases (2015) and 
confirmed by brain computed tomography or magnetic resonance 
imaging findings, (2) those aged 18–70 years, (3) those diagnosed with 
stroke for the first time, with a course of stroke ranging from 1 month to 
1 year, (4) those with right hemiplegia, (5) those who were conscious and 
had stable vital signs with no progression of neurological symptoms, (6) 
those who had normal cognitive function (mini-mental state 
examination [MMSE] score > 26) and were able to complete the entire 
examination, and (7) those who voluntarily participated and provided 
written informed consent. The exclusion criteria were as follows: (1) 
patients presenting with a previous history of respiratory diseases, 
including chronic bronchopneumonia, chronic obstructive pulmonary 
disease, bronchiectasis, and lung cancer, (2) those with severe skeletal 
deformities of the thorax or spine, (3) those with neuromuscular 
junction disease, (4) those with tracheotomy or auxiliary ventilation, (5) 
those presenting with a history of thoracic or abdominal surgery, (6) 
those presenting with a history of receiving respiratory training, (7) 
those presenting with a history of using inhaled corticosteroids or 
respiratory central stimulants, (8) those whose House–Brackmann 
assessment revealed facial paralysis of >grade II, (9) those with severe 
cardiac, lung, kidney, liver, or other organ dysfunctions, (10) those with 
severe cognitive impairment or mental illness causing inability in 
cooperation, and (11) pregnant or lactating women.

The inclusion criteria for the control group were as follows: (1) 
individuals with no previous history of cerebrovascular disease, (2) 
those aged between 18 and 70 years, and (3) those who were conscious 
and had stable vital signs and normal cognitive function (MMSE 
score > 26 points), were cooperative, and who voluntarily participated 
and signed the informed consent form. The exclusion criteria for the 
control group were the same as those for the stroke group.

The following were the rejection and shedding criteria: (1) 
individuals who did not undergo qualified pulmonary function index 
measurements and (2) those whose ultrasound examination did not 
reveal clear diaphragmatic images.

Research design

This was a prospective cross-sectional study that aimed to assess 
patients with stroke who were admitted to a rehabilitation unit of 
Zhujiang Hospital. Moreover, healthy controls were recruited via 
poster advertisements on local notice boards.

Data acquisition

Basic information, including age, gender, height, weight, and 
smoking history, were collected for all participants. Additional clinical 
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information, including the course of the disease, type of stroke, and 
brain lesion location, was collected for the patients in the stroke group.

Pulmonary function index values, including FVC, FEV1, MIP, and 
maximum expiratory pressure (MEP), were collected using a portable 
pulmonary function detector (Sike x1; Xiamen Saike Medical 
Equipment Co., Ltd.).

Diaphragmatic function index values, including the thickness of 
the diaphragm under the position of functional residual capacity 
(TdiFRC), the maximum thickness of the diaphragm under the 
position of forced vital capacity (TdiFVC), and diaphragmatic motion 
(DM) of the right side of the diaphragm, were collected using full 
digital color Doppler ultrasound (F8000; Shenzhen Dewell Medical 
Electronics Co., Ltd.).

DT measurement
All participants were placed in the supine position. To observe the 

region between ribs 8 and 9 and to obtain two-dimensional images, 
the chest wall was perpendicularly illuminated using a linear 
transducer. With the ultrasound probe perpendicular to the two ribs, 
the diaphragm was visualized as a hypoechoic area between the two 
hyperechoic layers (i.e., diaphragmatic pleura and peritoneum), and 
DT was measured from this area at the end of inspiration and 
expiration. The mean value of three measurements was used for the 
analysis (3).

The thickness fraction (TF) of the diaphragm was calculated using 
the following formula:

TF = (maximum DT at the end of deep inspiration − DT at the end 
of quiet expiration)/DT at the end of quiet expiration × 100% 
(13–15).

Diaphragm motion
Diaphragm motion was assessed using ultrasound in M-mode. 

As described in previous studies (11, 16, 17), the amplitudes were 
measured with one caliper placed at the baseline of the diaphragm 
echoic line and the other placed at the apex or the maximum 
height of the line. At least three measurements were recorded, and 
the average value of these measurements was used for 
statistical analysis.

All patients in the stroke group were examined using the National 
Institutes of Health Stroke Scale (NIHSS), Fugl–Meyer assessment 
scale (FMA), and modified Barthel Index (MBI) to evaluate their 
severity of brain damage, motor ability, and activities of daily living 
(ADL), respectively.

Statistical analysis

All statistical analyses were performed using Statistical Product 
and Service Solution version 25.0 statistical software (IBM 
Corporation, Armonk, NY, United States). The Shapiro–Wilk tests 
were used to examine normal distribution. The two-sample t-test and 
nonparametric Mann–Whitney tests were used to compare the two 
groups in terms of continuous variables, whereas the χ2 test was used 
for comparison in terms of categorical variables. Pearson correlations 
were used to measure the relationship between pulmonary and 
diaphragmatic ultrasound indices and between pulmonary indices 
and NIHSS, FMA, and MBI scores, respectively. Measurement data 
were expressed as mean (standard deviation), whereas counting data 

were expressed as frequencies. The level of statistical significance was 
set at a p-value of <0.05.

Results

Basic information

Overall, 73 participants were included in this study and classified 
into the stroke (n = 51) and control (n = 22) groups. Of the patients in 
the stroke group, six and four patients were excluded as their qualified 
pulmonary function index was not measured and a clear 
diaphragmatic image was not visualized under ultrasound, 
respectively. Finally, 63 participants were enrolled in the study, 
including 41 patients with stroke and 22 controls (Figure 1).

No significant differences were identified between the two groups 
in terms of basic information (p > 0.05). However, compared with 
individuals in the control group, patients in the stroke group 
demonstrated significantly lower values for all pulmonary indices 
(p < 0.001) and most diaphragmatic indices (p < 0.05), except for 
TdiFRC (p = 0.404). Notably, in the stroke group, 36 patients were 
diagnosed with restrictive ventilatory disorder. The incidence of 
restrictive ventilatory disorder in these patients was higher than that 
in the control group (0 in 22 patients, p < 0.001) (Table 1).

Correlations between pulmonary function 
and diaphragmatic indices

The results of correlation analysis indicated that all pulmonary 
function indices were moderately correlated with TdiFRC (p < 0.001) 
(Figure 2) and DM (p < 0.001) (Figure 3) and strongly correlated with 
TdiFVC (p < 0.001) (Figure 4) and TF (p < 0.001) (Figure 5).

Correlations between pulmonary function 
indexes and assessment scales in the 
stroke group

The results of correlation analysis indicated that pulmonary 
function indices in the stroke group were negatively correlated with 
NIHSS scores (p < 0.001), positively correlated with FMA scores 
(p < 0.001), and weakly correlated (FVC and FEV1, p < 0.05) or 
uncorrelated with MBI scores (MIP and MEP, p > 0.05). Details of the 
analysis are as follows: First, FVC was negatively correlated with 
NIHSS scores (r = −0.6339, p < 0.001), positively correlated with FMA 
scores (r = 0.4954, p < 0.001), and weakly correlated with MBI scores 
(r = 0.3906, p = 0.0116) (Figure  6A). Second, FEV1 was negatively 
correlated with NIHSS scores (r = −0.5585, p < 0.001), positively 
correlated with FMA scores (r = 0.4652, p < 0.001), and weakly 
correlated with MBI scores (r = 0.3906, p = 0.0116) (Figure 6B). Third, 
MIP was negatively correlated with NIHSS scores (r = −0.5751, 
p < 0.001) and positively correlated with FMA scores (r = 0.4885, 
p < 0.001); however, it was uncorrelated with MBI scores (p > 0.05) 
(Figure  6C). Fourth, MEP was negatively correlated with NIHSS 
scores (r = −0.4144, p < 0.001), positively correlated with FMA scores 
(r = 0.3369, p < 0.05), and weakly correlated with MBI scores 
(r = 0.2971, p = 0.3604) (Figure 6D).
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Discussion

The results of the present study were consistent with those of 
previous studies (8, 16, 18) and indicated that the pulmonary function 
and diaphragmatic ultrasound indices of patients with stroke were 
decreased compared with those of healthy controls. In previous 
studies, it has been reported that pulmonary dysfunction in patients 
with stroke is related to brain injury (19, 20). Changes in the 
respiratory rate and rhythm as well as weakness of the respiratory 
muscles may be  the direct causes of such injuries (8, 19, 21), and 
limited thoracic expansion and decreased pulmonary ventilation 
caused by the weakness of hemiplegic extremities and increased 
muscle tension may be the indirect causes (22). Furthermore, brain 
injury directly affects the diaphragmatic muscle on the hemiplegic 
side, thereby causing muscle weakness, atrophy, and movement 
reduction (3, 16, 23, 24). Although it has been reported that the 
nonparalytic diaphragm increases its movement to compensate for the 
dysfunction of the paralytic diaphragm, the compensation remains 
insufficient, resulting in a decrease in the vital capacity of patients with 
stroke (3, 19–21, 25). In addition to the diaphragmatic muscle, other 
accessory respiratory muscles, such as the sternocleidomastoid, 
serratus anterior, and intercostal muscles, may be  temporarily or 
permanently deactivated owing to brain damage (5).

In the present study, no significant differences in TdiFRC were found 
between the two groups; however, there were significant differences in 
TdiFVC, TF, and DM. This finding may be attributed to the differences 
in the enrolled patient population. In our study, all patients with stroke 
were in the convalescent stage, with an average NIHSS score of 
approximately 9 and an MBI score of 53. Accordingly, their brain injury 
was moderate, and their motor function was partly recovered (26, 27). 
Moreover, they could perform some ADLs, such as eating, washing, and 
dressing, which consumes fewer calories and can be  completed in 
eupnea. However, despite the apparently normal pulmonary function in 

eupnea, the dysfunction of patients with stroke was evident in deep 
breathing, as indicated by TdiFVC, DM, and TF, which suggested the 
decompensation of respiratory function. This could be one of the reasons 
why the incidence of respiratory complications (e.g., lung infection) is 
high in these patients and why their disease is more likely to progress to 
a severe condition after a pulmonary attack. Furthermore, this prompts 
us to be cautious of pulmonary dysfunction in patients with stroke even 
though they perform ADLs normally.

In the present study, we found that the mean FVC of patients with 
stroke was approximately 2 L, which was 56.66% of the mean FVC of 
the normal age group (Table  1). According to the international 
guidelines (28), 36 out of 41 patients are diagnosed with restrictive 
ventilatory disorder. In the present study, the incidence of this disorder 
was significantly higher in the stroke group than that in the control 
group (p < 0.001). Restrictive ventilatory disorder frequently refers to 
ventilation dysfunction caused by the limitation of expansion and 
retraction of the lungs. It is mainly found in the lung tissue; thoracic, 
cardiac, and mediastinal diseases; and in diaphragmatic paralysis. As 
previously described, reduced muscle strength of the accessory 
respiratory muscles, asymmetric activation of the respiratory muscles 
and movement of the chest wall after stroke (13), abnormal breathing 
patterns and reduced respiratory flow (6), and a combination of 
multiple causes limit the patient’s respiratory function, leading to the 
development of restrictive ventilatory disorders. Moreover, abnormal 
respiratory patterns and decreased respiratory flow (22) contribute to 
limited ventilation in patients with stroke. This suggests that 
respiratory training for patients with stroke should not be limited to 
the respiratory muscles; rather, general functional training in 
breathing patterns is crucial. Notably, respiratory rehabilitation has 
been found to be significant and sufficient. Sutbeyaz (29) reported 
significant clinical improvements in patients with subacute stroke 
following inspiratory muscle training, including an increase in lung 
volume and exercise capacity, the sensation of dyspnea, and quality of 

FIGURE 1

Trial flowchart.
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life (QOL, 36-Item Short Form Health Survey domains). Furthermore, 
Dall’Ago (30) reported improvements in patients with cardiac diseases 
after the training that targeted 30% of MIP compared with the control 
group with the use of measures for inspiratory strength, functional 
performance, and QOL.

The diaphragm is the main respiratory muscle as its movement 
provides approximately two-thirds of the pulmonary capacity. 
Correlations between pulmonary function and diaphragmatic 
ultrasound indices have been reported in some studies, including 
between FEV1, FVC, and TF in patients with osteoporosis, vertebral 
fracture, and kyphosis (5); between MIP, FVC, TF, and DT in patients 
with late-onset Pompe disease (6); and between inhalation volume 
and DM in patients with amyotrophic lateral sclerosis (16). Moreover, 
other studies of patients with stroke have reported correlations 
between DT, thickness ratio, and diaphragm excursion and between 
FVC, FEV1, and peak expiratory flow (8, 9). These findings indicate 
that a preliminary examination of pulmonary function can 
be performed through simple diaphragmatic ultrasound detection. 
Furthermore, we confirmed a positive correlation between pulmonary 

function and diaphragmatic ultrasound indices (TdiFRC, TdiFVC, 
DM, and TF) in patients with stroke and healthy controls. Despite the 
fact that DM is a valuable index, as suggested by other studies (8), 
we  found that TdiFVC is even more significantly correlated with 
pulmonary function among several indicators of 
diaphragmatic ultrasound.

It is known that the diaphragm is the main muscle for calm 
breathing. While contracting during inspiration, it thickens, which 
causes an increase in the volume of the chest, and more gas rushes into 
the lungs. However, during forced expiration, the accessory respiratory 
muscles increase the oxygen demand. Patients with stroke exhibit 
reduced muscle coordination in the extremities and coordination 
difficulties in the respiratory muscles. This suggests that the diaphragm 
plays a more important role in forced expiration, which could be the 
reason why TdiFVC is more strongly correlated with lung function. In 
particular, in patients with stroke with seemingly normal pulmonary 
function under calm breathing, TdiFVC, as an index, can detect 
underlying diaphragm abnormalities (e.g., insufficient movement 
under deep breathing) as well as serve as a valuable indicator of 

TABLE 1 Baseline characteristics of all participants (n = 63).

Stroke group (n = 41) Control group (n = 22) t/χ2 p

Characteristic

Sex (male/female) 26/15 12/10 0.471 0.493

Age (years) 55.61 ± 12.37 50.05 ± 10.92 −1.771 0.082

Height (cm) 1.66 ± 0.07 1.64 ± 0.08 −0.801 0.462

Weight (kg) 63.80 ± 10.46 63.77 ± 9.73 −0.12 0.991

BMI 23.04 ± 2.89 23.55 ± 2.88 0.679 0.500

Smoking history (yes/no) 12/29 5/17 0.492 0.580

Stroke type (hemorrhage/infarction) 19/22 – – –

Course of disease (days) 85.8 ± 62.8 – – –

NIHSS score 9.4 ± 5.2 – – –

FMA score 42.00 ± 22.80 – – –

MBI score 53.29 ± 24.00 – – –

Lung function index

FVC (L) 2.00 ± 0.52 3.53 ± 0.81 7.955 <0.001

FEV1 (L) 1.58 ± 0.44 2.88 ± 0.74 7.517 <0.001

MIP (cmH2O) 35.95 ± 15.12 93.14 ± 12.69 13.479 <0.001

MEP (cmH2O) 49.41 ± 15.95 131.91 ± 38.73 9.564 <0.001

Diaphragmatic ultrasound indicators

TdiFRC (cm) 0.20 ± 0.02 0.21 ± 0.02 1.010 0.404

TdiFVC (cm) 0.36 ± 0.05 0.44 ± 0.06 5.530 <0.001

TF (%) 85.51 ± 21.06 110.38 ± 17.46 4.730 <0.001

DM (cm) 1.76 ± 0.24 1.93 ± 0.29 2.553 0.013

Types of ventilatory disorders

Restrictive 36/41 0/22 37.062 <0.001

Obstructive 1/41 1/22 – –

Mixed 2/41 0/22 – –

NIHSS, National Institutes of Health Stroke; FMA, Fugl–Meyer Assessment; MBI, Modified Barthel Index; FVC, functional vital capacity; FEV, forced expiratory volume in 1 s; MIP, maximum 
inspiratory pressure; MEP, maximum expiratory pressure; TdiFRC, Thickness of Diaphragm under Position of Functional Residual Capacity; TdiFVC, Thickness of Diaphragm under Position 
of Forced Vital Capacity; TF, thickening fraction; DM, diaphragmatic mobility. Bold indicates statistical significance.
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pulmonary dysfunction, which is of great significance for 
pulmonary rehabilitation.

In addition to measuring pulmonary and diaphragm function in 
patients with stroke, we  performed scale assessments. NIHSS is 
frequently used to evaluate the severity of brain damage, in which 
higher scores indicate more severe brain damage. MBI is used to assess 
the ADL of the patient, wherein higher scores indicate better ADL. It 

has been reported that reduced FVC in patients with stroke is related 
to worse ADL (31–33). In the present study, we found a moderately 
negative correlation between pulmonary function and NIHSS scores; 
however, there was no or weak correlation between pulmonary 
function and MBI scores (MIP and MEP, p > 0.05; FVC and FEV1, 
p < 0.05). This finding may be  attributed to the differences in the 
patient population enrolled. In the present study, patients with stroke 

FIGURE 2

Correlations between pulmonary function indices and TdiFRC.

FIGURE 3

Correlations between pulmonary function indices and DM.
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had a seemingly normal pulmonary function when performing some 
ADLs, such as washing, eating, and dressing. Notably, such activities 
are frequently completed under quiet breathing. Therefore, MBI 
assessment cannot be  used to suspect pulmonary dysfunction in 
such patients.

This study has some limitations. First, our sample size was 
comparatively small. Studies with larger sample sizes may provide 

more positive results. Second, in this study, patients with stroke 
represented only a population of those with mild-to-moderate 
neurological impairment after applying our patient screening criteria. 
Third, as we included patients with a course of stroke ranging from 
1 month to 1 year, variations may exist in their assessment. In future, 
studies may consider narrowing the range of the disease course. 
Fourth, as the repeatability of ultrasound examination of the left side 

FIGURE 4

Correlations between pulmonary function indices and TdiFVC.

FIGURE 5

Correlations between pulmonary function indices and TF.
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of the diaphragm is poor owing to limitations in organ anatomy and 
technology, e.g., the left spleen window is smaller than the right liver 
window and the measurement on the right side is more feasible than 
that on the left side (13, 34–36), we  included patients with right 
hemiplegia only for detecting the right side of the diaphragm. Further 
studies on both sides of the body should be performed considering 
that the diaphragmatic dysfunction following stroke may be bilateral. 
Finally, we only examined the diaphragmatic muscles and not the 
respiratory muscles. Examination of respiratory muscles using other 
novel techniques, including surface electromyography, optoelectronic 
plethysmography, and structured light plethysmography, will provide 
more information about pulmonary dysfunction in patients 
with stroke.

In conclusion, our results revealed that patients with stroke 
generally present with pulmonary dysfunction even in the recovery 
period. Diaphragmatic ultrasound can be  used as a simple and 
effective method for detecting both diaphragmatic function and 
pulmonary dysfunction in such patients, with TdiFVC being the most 
effective index.
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FIGURE 6

Correlations between pulmonary function indices and assessment scale scores in the stroke group. (A) Correlations between FVC and assessment 
scale scores, (B) Correlations between FEV1 and assessment scale scores, (C) Correlations between MIP and assessment scale scores, and 
(D) Correlations between MEP and assessment scale scores.
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Weakness is a common symptomafter a stroke. This study aims to depictweakness

distribution among forearm muscles given that joints in the upper limb are usually

driven by a group of muscles. Multi-channel electromyography (EMG) was applied

to assess themuscle group, and an EMG-based indexwas proposed to quantify the

weakness of individual muscles. By using this method, four weakness distribution

patterns were observed in extensor muscles from five out of eight subjects after

stroke. Complex weakness distribution patterns were observed in flexor muscles

from seven out of the eight subjects when they performed grasp, tripod pinch,

and hook grip. The findings can help determine the weak muscles in a clinic

and facilitate the development of appropriate interventions in stroke rehabilitation

targeting specific muscle weakness.

KEYWORDS

muscle weakness, weakness distribution, surface EMG, stroke, function assessment

1. Introduction

Stroke is a major cause of adult disability. Following a stroke, patients may suffer from

a variety of physical symptoms, including spasticity, weakness, and impaired coordination.

Weakness is one of the most common symptoms after stroke (1), which plays an important

role in motor function deficiency and has a detrimental effect on the quality of life (2, 3).

Assessment of muscle strength is, therefore, a fundamental component of stroke evaluation

and treatment.

Evaluation of muscle strength after stroke can be done in various ways. Manual muscle

testing (MMT) (4) is one of the well-knownmethods to assess weakness and is widely used in

clinical settings because of its convenience. It is able to assess weakness distribution roughly

such as the distribution between proximal and distal muscles (5). However, MMT is a

subjective evaluation.Weakness can also bemore objectively assessed by dynamometry, such

as isokinetic dynamometry and handheld dynamometry (6), which can measure the output

force or torque. Previous studies show that the output force is a representative measure of

weakness, consistent with other assessments (7). However, limb movements (e.g., hand and

finger movements) are usually generated by coordinating a group of muscles, so that it is

difficult to assess each muscle’s weakness and its distribution among different muscles by

using these techniques.

Electromyography (EMG) signals recorded on the surface of the skin reflect muscle

activities and contain rich information about physiological changes after stroke (8). EMG

signals of affected muscles of stroke patients can be recorded even if they may not be able

to implement or complete their intended movements (9, 10). By monitoring the activities

of each individual muscle in a muscle group simultaneously using multi-channel EMG

recordings, motion intents can be recognized based on the muscle activation patterns of
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stroke patients (10, 11). This has led to the success of EMG-driven

exoskeletons for stroke rehabilitation (11–13). Surface EMG can

also be used to predict muscle force given the strong relations

between EMG and force (14–17). EMG amplitude of paretic

muscles of stroke patients, measured as peak amplitude (18),

average rectified value (ARV) (19), and root mean square (RMS)

value (20), may alter compared with contralateral muscles.

Taking advantage of the usefulness and convenience of surface

EMG, this study aims to explore the weakness distribution of upper

limb paretic muscles after stroke. This was performed by assessing

individual paretic muscle weakness using multi-channel surface

EMG recording and analysis.

2. Methods

2.1. Subjects

Patients with chronic stroke and upper limb motion deficits

were recruited from Qingdao Municipal Hospital and the local

community. The screening was performed by an experienced

physical therapist in order to exclude patients with the Modified

Ashworth Scale (MAS) above 1+ or those with unmeasurable grip

force. A total of eight stroke subjects (aged from 50 to 76 years,

six male subjects and two female subjects, as shown in Table 1)

participated in this study. Fugl-Meyer assessment was used to

evaluate their hand and wrist function. Grip force was measured

using a dynamometer (EH101, Camry, Guangdong, China).

2.2. Experimental protocols

The subject’s two hands were tested individually in random

order. A total of six EMG sensors (Trigno Avanti Sensor, Delsys,

Natick, MA) were placed on the flexor digitorum superficialis

(FDS), flexor digitorum profundus (FDP), medial head of extensor

digitorum (EDM), lateral head of extensor digitorum (EDL),

extensor pollicis longus (EPL), and extensor carpi radialis longus

(ECR) muscle on the tested side. EMG signals were acquired

using the Trigno system (Delsys, Natick, MA) at a sampling

rate of 2 KHz. EMG sensors were first placed over the target

muscle belly and subsequently adjusted in order to determine an

optimal position where a relatively large EMG amplitude can be

recorded. The position was confirmed by monitoring recorded

EMG signals when the subject performedmovements involving the

target muscles. The skin was cleaned using alcohol pads prior to

electrode placement.

During the experiment, the subject was seated comfortably on

a chair with his/her arm rested on a table, elbow extension at 110◦-

120◦, and the wrist placed in the neutral position. The subject

performed each of the four motion patterns [grasp (squeezing a

baseball), hand opening, tripod pinch (pressing a pinch gauge),

and hook grip (squeezing a dynamometer)] 20 times (in 10 pairs)

using the tested hand. In each pair, one movement was performed

at maximum voluntary contraction (MVC) and the other one at

medium (or comfortable) force, which was expected to be ∼50%

of MVC. This ratio was estimated based on the root mean square

(RMS) value of EMG signals recorded from all the channels and

was monitored by the experimenter, who gave verbal commands

to the subject when the ratio fell outside of the recommended

range. When performing the MVC task, the subject was asked to

try his/her best and was given verbal encouragement (21). Each

movement lasted for more than 5 s with isometric contraction for

3–5 s. The subject was given sufficient resting time (typically 5–10 s)

after each movement in order to avoid muscle or mental fatigue.

2.3. Data preprocessing

Recorded EMG signals were filtered by a 20–450Hz band-pass

Butterworth filter and segmented by using RMS values calculated

based on 100ms moving windows. Specifically, a window was

assigned to a movement if the RMS value across all the EMG

channels within that window was greater than a given threshold

(above three times the RMS value at rest or tuned by visual

inspection), and vice versa. For each segment, in order to avoid

transitive actions, the first 10 windows (i.e., 1,000ms) and the last

10 windows were removed. RMS values of each EMG channel were

then calculated for each pair of movements (denoted as RMSmvc
m

for the movement performed at MVC, and RMSmedium
m for the

movement performed at medium force, and m refers to channel or

muscle index). The weakness index for musclem, denoted asWIm,

was calculated as (1) and (2) for each pair. RMSrestm refers to the RMS

value of musclem when the subject was completely relaxed.

Rm =
RMSmvc

m − RMSrestm

RMSmedium
m − RMSrestm

(1)

WIm =
Rm

mean (RFDS,RFDP,REDM ,REDL,REPL,RECR)
(2)

Values of WIFDS and WIFDP were calculated based on EMG

signals recorded when performing grasp, tripod pinch, and hook

grip. Values of WIEDM , WIEDL, and WIEPL were calculated based

on EMG signals recorded when performing hand opening. EMG

signal processing including the calculation of WI was performed

offline by using customized scripts in MATLAB (Math Works,

Natick, MA).

2.4. Statistical analysis

Statistical analysis was performed using SPSS (version 23.0).

The Wilcoxon rank sum test was employed to analyze WI values

of the EDM, EDL, and EPL muscles between the paretic side

and the contralateral side for each subject. Two-way ANOVA

was applied to compare WI values of the FDS and FDP muscle

obtained from each subject when performing three hand closing

patterns (i.e., grasp, tripod pinch, and hook grip) by taking

motion pattern and side (i.e., the paretic side and the contralateral

side) as the two factors. Weakness was detected in muscle m if

WIm of the subject’s paretic side was significantly smaller than

that of his/her contralateral side. The significance level was set

to 0.05.
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TABLE 1 Subject demographics.

Subjects Gender P Age MMT FM Grip force (kg)

Grasp Open Wrist Hand L R

S1 M R 60 4 3 2 11 25.4 13.4

S2 M L 72 4 4 10 13 31.8 36.7

S3 M L 76 3 4 6 12 19.1 23.6

S4 F L 65 3 3 6 10 16.5 21.7

S5 M R 51 4 4 5 12 33.9 15.6

S6 M R 70 4 4 7 10 30.6 13.8

S7 F L 54 3 4 4 11 11.7 15.6

S8 M L 50 4 3 7 11 23.2 37.1

P, paretic side; MMT, manual muscle test; FM, the Fugl-Meyer assessment scale of the wrist (total score: 10) and hand (total score: 14) of the paretic side.

TABLE 2 Weakness distribution in forearm muscles.

Subject FDS FDP EDM EDL EPL

S1 p= 0.024 p < 0.001

S2 p < 0.001 p < 0.001

S3 ∗ ∗ p= 0.013

S4 p < 0.001 ∗ p < 0.001 p < 0.001 p < 0.001

S5 p < 0.001 p < 0.001

S6 ∗

S7 ∗

S8 p < 0.001 ∗ p < 0.001

∗Weakness was observed when performing one or two grip patterns (using theWilcoxon rank

sum test) but not across the three grip patterns (using two-way ANOVA).

3. Results

According to the values of WIEDM , WIEDL, and WIEPL,

weakness was detected in these three extensor muscles in five

out of the eight tested subjects (Table 2). Three subjects had

weakness in a single muscle (either EDL or EPL), one subject had

weakness in both EDM and EPL, and one subject had weakness in

EDM, EDL, and EPL. The distribution of WI values is shown in

Figure 1.

As shown in Figure 2, WIFDS obtained from different grip

patterns was statistically different for seven subjects, and WIFDP
was statistically different across grip patterns for six subjects.

Weakness was detected in FDS on six subjects, including two

subjects whose weakness was observed only when performing

one or two grip patterns (Table 2). Similarly, weakness was

detected in FDP on five subjects, including four subjects whose

weakness was observed only when performing one or two

grip patterns. Specifically, four subjects had weakness in both

the FDS and FDP muscle, two subjects had weakness only in

the FDS muscle, and one subject had weakness only in the

FDP muscle.

4. Discussion

According to the positive linear or curvilinear relation between

force and EMG amplitude (which can be quantified using peak

amplitude, ARV, RMS, etc.) observed in previous studies (18, 19,

22), force can be approximately estimated by surface EMG signals.

Previous studies focusing on changes in the EMG-force relation

usually targeted the first dorsal interosseous muscle (18, 19) and

the bicep brachii muscle (22). These two muscles are considered to

drive a single degree of freedom so that their force can be estimated

by recording the output force or torque of the corresponding joint

using a load cell. However, dexterous movements (e.g., grasp and

pinch) are usually driven by the temporal coordination of a large

group of muscles, and individuals with stroke may develop muscle

compensation. Therefore, it is very difficult to obtain the precise

force of each muscle, even when the output force of the limb (e.g.,

grip force) can be measured. This study applied a different strategy

to detect weakness by evaluating each muscle’s contribution to

the explicit force of the limb, which was quantified as WIm. A

significantly smaller contribution compared with the contralateral

side was considered evidence of muscle weakness.

WIm for each individual muscle is defined as the ratio of its Rm
to the mean Rm value of all the muscles involved in the muscle

group; thus, it is insensitive to either the absolute value of output

force or the medium to MVC ratio even though Rm is dominated

by the latter. The ECR muscle was included in the muscle group

because it can enhance the grasp and grip forces by stabilizing the

wrist and restraining the length of the flexor muscles.

Individual differences in weakness distribution were observed

in both extensor and flexor muscles, reflecting the complex

neuromuscular changes after stroke. Extensor muscles were

assessed by performing one movement pattern (i.e., hand opening),

while flexor muscles were assessed by performing three grip

patterns that are frequently used in daily life. However, inconsistent

weakness detection result was observed across different grip

patterns on seven out of 16 flexor muscles. For example, the FDS

of S3 appeared weak when performing grasp and tripod pinch but

showed an opposite pattern when performing hook grip. It may

be caused by abnormal movement patterns or impaired muscle
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FIGURE 1

Distribution of WI values of extensor muscles when performing hand opening. P, paretic side; C, contralateral side. (A) S1, (B) S2, (C) S3, (D) S4, (E) S5,

(F) S6, (G) S7, and (H) S8.

coordination. It is also noted that WIm of the paretic side could

be greater than that of the contralateral side, which is likely

attributed to a compensation mechanism for other weak muscles

not examined in this study.

According to clinical assessments (MMT and Fugl-Meyer

assessment, as shown in Table 1), all the subjects had weakness

on the affected side. At least one weak muscle was detected in

each subject (Table 2), which agreed with the assessments. It is

worth noting that subject S2 had very good hand functions but

experienced difficulties in performing thumb extension. It is usually

caused by weakness of the EPL muscle, which was also detected by

our method. Moreover, our results showed that he had weakness in

the FDS muscle, and his relatively large grip force on the affected

side was likely the result of FDP compensation. It is noted that the

tested stroke subjects in this study were relatively high-functioning.

More subjects need to be recruited in the future to improve the

representativeness of stroke subjects.

Post-stroke weakness may be the result of several different

factors including reduced cortico-spinal drive, intrinsic motor

neuron property changes, trans-synaptic motor neuron

degeneration, muscle contractile property changes, and muscle

fiber disuse atrophy. In this study, conventional surface EMG

electrode and amplitude feature were applied to assess muscle

weakness as the result of complex neuropathic and myopathic

changes post-stroke. Although conventional surface EMG can

assess weakness distribution in a group of muscles, it is difficult

to discriminate or quantify complex factors that contribute to

muscle weakness. This remains a limitation of the current study.

To address this limitation, more dedicated EMG techniques such

as high-density surface EMG and intramuscular EMG are needed

to evaluate different factors contributing to muscle weakness after

stroke (23).

In summary, this study developed a convenient method for

weakness assessment of individual muscles in amuscle group after a

stroke. The method relies on conventional surface EMG recording

and data analysis. Different weakness distribution patterns of

upper limb muscles were observed after stroke. Therefore, we will

recruit more subjects in the future to disclose the relation between

these patterns and motor functions. The findings can help better

understand stroke-induced weakness and function impairment and

facilitate the development of appropriate interventions in stroke

rehabilitation targeting specific muscle weakness.
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FIGURE 2

Distribution of WI values of flexor muscles when performing grasp, tripod pinch, and hook grip. (A) S1, (B) S2, (C) S3, (D) S4, (E) S5, (F) S6, (G) S7, and

(H) S8.
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Fallers after stroke: a retrospective 
study to investigate the 
combination of postural sway 
measures and clinical information 
in faller’s identification
Johanna Jonsdottir 1*, Fabiola Giovanna Mestanza Mattos 2, 
Alessandro Torchio 1, Chiara Corrini 1 and Davide Cattaneo 1,2

1 IRCCS Fondazione Don Carlo Gnocchi, Milan, Italy, 2 Department of Pathophysiology and 
Transplantation, University of Milan, Milan, Italy

Background: Falls can have devastating effects on quality of life. No clear 
relationships have been identified between clinical and stabilometric postural 
measures and falling in persons after stroke.

Objective: This cross-sectional study investigates the value of including 
stabilometric measures of sway with clinical measures of balance in models for 
identification of faller chronic stroke survivors, and the relations between variables.

Methods: Clinical and stabilometric data were collected from a convenience 
sample of 49 persons with stroke in hospital care. They were categorized as fallers 
(N = 21) or non-fallers (N = 28) based on the occurrence of falls in the previous 
6 months. Logistic regression (model 1) was performed with clinical measures, 
including the Berg Balance scale (BBS), Barthel Index (BI), and Dynamic Gait Index 
(DGI). A second model (model 2) was run with stabilometric measures, including 
mediolateral (SwayML) and anterior–posterior sway (SwayAP), velocity of antero-
posterior (VelAP) and medio-lateral sway (VelML), and absolute position of center 
of pressure (CopX abs). A third stepwise regression model was run including 
all variables, resulting in a model with SwayML, BBS, and BI (model 3). Finally, 
correlations between independent variables were analyzed.

Results: The area under the curve (AUC) for model 1 was 0.68 (95%CI: 0.53–0.83, 
sensitivity = 95%, specificity = 39%) with prediction accuracy of 63.3%. Model 2 
resulted in an AUC of 0.68 (95%CI: 0.53–0.84, sensitivity = 76%, specificity = 57%) 
with prediction accuracy of 65.3%. The AUC of stepwise model 3 was 0.74 (95%CI: 
0.60–0.88, sensitivity = 57%, specificity = 81%) with prediction accuracy of 67.4%. 
Finally, statistically significant correlations were found between clinical variables 
(p  < 0.05), only velocity parameters were correlated with balance performance 
(p < 0.05).

Conclusion: A model combining BBS, BI, and SwayML was best at identifying faller 
status in persons in the chronic phase post stroke. When balance performance is 
poor, a high SwayML may be part of a strategy protecting from falls.

KEYWORDS
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Introduction

People with hemiparesis following stroke have various neuromotor 
and sensory disorders that can lead to balance problems and falls 
during activities of daily living. Their risk of falling is up to triple that 
of an age-matched population, making fall prevention an important 
healthcare goal (1–4). Accurate identification of the pathological and 
functional factors contributing to balance disorders in persons with 
stroke is of utmost importance in providing adequate appropriate 
treatment and reducing the risk of falls (5). Postural control and 
balance have been extensively studied with clinical measures 
concerning risk of falling (3, 6–10). Simpson and colleagues followed 
a study population for 1 year after a stroke and found that balance was 
the only common independent predictor of falls in persons with 
stroke (11). The difference in fall rates could be  explained by the 
difference in balance scores on clinical scales. Similarly, Mackintosh 
and colleagues reported reduced mobility and balance in recurrent 
faller’s post-stroke (9), while on the contrary Hyndman and colleagues 
found no differences between fallers and non-fallers using clinical 
scales (10).

Overall, clinical measures focusing on balance performance have 
proven to be only moderately good at identifying fallers or those at 
risk of falling. However, since balance with its underlying body 
functions is a complex construct it is possible that adding information 
from objective balance control measures might give a more complete 
picture of balance. This would improve our understanding of factors 
most likely to impact on fall risk in persons post stroke (12). 
Stabilometric platform measures give information on weight bearing 
symmetry, amount of sway, and velocity of sway during quiet standing 
and may give added insight into the specific underlying abnormalities 
in postural control and the consequential imbalance leading to falls. 
There are some indications that stabilometric measures related to 
mediolateral sway and velocity of sway, are associated with falls in 
healthy elderly persons, with several studies reporting an association 
of falls with increased mediolateral sway and increased velocity of 
antero-posterior sway with eyes open and closed in that population 
(13–18). Differences have been found in weight bearing symmetry 
and postural sway parameters between healthy subjects and persons 
with stroke, with the latter having larger and faster sway, especially in 
the frontal plane (10, 19–21). However, studies on the relationship of 
these postural impairments to the occurrence of falls in persons with 
stroke have reported rather ambivalent results (22). Sackley et  al. 
found a significant relationship between increased body sway and the 
number of falls in persons with stroke, with however, only a small 
amount of the variation in the number of falls explained by body sway 
(23). In a study by Jørgensen instead, larger body sway did not result 
being a significant risk factor for falls (1). Similarly, in a recent study, 
Bower and colleagues found that quiet standing body sway parameters 
did not predict falls in the subacute phase after stroke (24). On the 
other hand, Lee and Jung reported postural sway at 3 months post-
stroke as contributing to increased risk of falls at around 1-year post-
stroke (25). As is evident, no clear relationships have been identified 
between postural sway impairments and falling in persons in the 
chronic phase after stroke and, to our knowledge, no studies have put 
together clinical and stabilometric measures in faller prediction 
models for that population (25, 26). Given the importance of 
improving detection of fallers and identification of potential fall risk 
markers, the primary aim of this study was to investigate the relative 

accuracy of commonly used clinical measures in stroke for identifying 
faller status, and the added value of quantitative measures of postural 
sway in quiet standing. For that purpose, we included measures of 
balance and mobility performance, as well as, as well as quantitative 
measures of postural sway in predictive models. Further, associations 
between clinical and stabilometric variables were explored.

Methods

In this cross-sectional study, data from 49 persons with 
hemiparesis after stroke were retrospectively analyzed from a 
convenience sample recruited in [redacted] between January 2008 and 
July 2021. Participants had both clinical and stabilometric data from 
larger studies. The study was conducted in accordance with the 
Declaration of Helsinki and all participants had signed an informed 
consent form.

All participants met the following inclusion criteria: ≥18 years, 
diagnosed with first ischemic or hemorrhagic unilateral stroke, able 
to walk 10 m with or without an assistive device, able to provide 
informed consent and follow instructions. Exclusion criteria included 
the presence of any other neurological diagnosis or orthopedic 
complications that could affect balance control.

Before being assessed, all participants provided demographic 
information including age, stroke onset, and affected side. The history 
of falls (with and without complications) in the preceding 6 months 
was collected. The entire balance and mobility assessment procedure 
was carried out in one sitting by an experienced assessor, with the tests 
performed in random order. Participants were allowed to rest as 
needed during all phases of the evaluation.

Dependent variable

Predicted variable was faller status. Participants were categorized 
in “fallers” (one or more falls in the prior 6 months) vs. “non-fallers” 
(no falls reported in the prior 6 months). A fall was defined as “an 
episode of unintentionally coming to rest on the ground or lower 
surface that was not the result of dizziness, fainting, sustaining a 
violent blow, loss of consciousness, or other overwhelming external 
factor” (27).

Independent variables

Predictive variables were selected from commonly used clinical 
scales and stabilometric measures used to characterize balance 
performance and function of persons with stroke. In particular, 
included variables were related to static and dynamic balance 
performance, individual confidence in activities of daily living, 
functional independence, and frontal or sagittal plane measures of 
sway that have been indicated in relation with fall risk in the literature.

Clinical explanatory measures
Clinical variables, assessing balance and mobility, were the 

following: The Berg Balance Scale (BBS), the Dynamic Gait Index 
(DGI), the Barthel Index (BI), and the Activities Specific Balance 
scale (ABC).
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The BBS is a 14-item test measuring balance during standing 
activities with a total score of 56 indicating perfect balance. The BBS 
has been used in many studies as a gold standard for balance scales 
(28). The DGI is a valid and reliable clinical measure of individual’s 
dynamic balance as well as his ability to walk in different conditions 
(e.g., walking with head turns or changing speeds) (28). Each of the 
eight items is scored on a scale of 0 (severe limitation) to 3 (normal 
performance) points, with a best score of 24 points (29, 30). The BI 
evaluates the functional independence with a score of best 100 
meaning complete independence (31). The ABC is a 16-item scale 
evaluating the individuals’ confidence in not losing balance during 
various activities of daily living. It is composed of 16 items (ranging 
from 0 to 100) with a total score calculated as the mean of the items 
(higher scores indicate better confidence in balance performance) 
(32, 33).

Stabilometric explanatory measures
Stabilometric variables were collected on a monoaxial platform 

(Prokin 252, Tecnobody©) (20, 34). The platform has a circular 
surface of 50 cm of diameter managed by an electro-pneumatic system 
thorough an electronic pressure regulator. It consists of four strain 
gages with a sampling frequency of 20 Hz. Participants were tested 
wearing their normal shoes in a quiet standing position, and the 
position of the feet was standardized using a V-shape frame (the 
medial borders of the feet against the frame and the distance between 
the malleoli was 3 cm). Participants were asked to stand upright 
without any support with eyes open for 30 s (20). Instant positions of 
the Center of Pressure (CoP) were computed to calculate the following 
parameters: mean sway on the anterior–posterior (SwayAP, mm) and 
medio-lateral (SwayML, mm) axis; calculated as the standard 
deviation of raw AP and ML CoP position; velocity of sway in the 
anterior–posterior (VelAP, mm/s); medio-lateral (VelML, mm/s) axis, 
computed as the first time derivative of CoP displacements; and 
absolute position of CoP in mediolateral direction (CopX abs, mm; 
higher values indicate greater asymmetry).

Data analysis

Descriptive statistics consisted of group medians and interquartile 
ranges (IQRs) of demographics and measurements. Bivariate and 
multivariate logistic regression analyses were carried out using faller 
status (0 = non-faller; 1 = faller) as the dependent variable and clinical 
and stabilometric explanatory measures as independent variables. 
Odds ratios (ORs) and related 95% confidence intervals (95%CIs) 
were calculated. The first multivariate model included only clinical 
scales as predictors (model 1); while the second multivariate model 
included only stabilometric variables as predictors (model 2). 
Backward stepwise logistic regression (model 3) was then used to 
identify the best predictors of fall status among all clinical and 
stabilometric variables (35). In model 3, variables were excluded at 
each step based on values of p, and the total number of variables was 
determined according to the Akaike Information Criterion (AIC). To 
improve stability and control for variance inflation, independent 
variables were removed when collinearity was of concern.

The area under the curve (AUC) in a Receiver Operating 
Characteristic (ROC) analysis were used to test the goodness-of-fit 
and accuracy of prediction of each model. An area of 1 implies optimal 

prediction accuracy, whereas an area ≤ 0.5 indicates that the model’s 
predictions are no better than would be  obtained by chance. The 
models were evaluated at different cut-off values to determine the 
maximum sum of sensitivity and specificity as the optimal cut-off 
value (36).

Finally, Pearson’s correlations were run between the clinical and 
stabilometric variables included in the bivariate analyses with the 
value of ps corrected for multiple inference using Holm’s method. A 
significance level of p < 0.05 was set for all tests. All analyses were 
performed using R (version 4.1.0).

Results

The characteristics of the 49 participants are described in Table 1. 
Thirty had a right hemiparesis and 32 were males. Twenty-one of the 
49 participants (43%) were classified as fallers, while the remaining 28 
(57%) were classified as non-fallers. Among the non-fallers, 21 out of 
28 (75%) used an assistive device, while of the fallers 14 out of 21 
(67%) used an assistive device.

Bivariate analysis

Table  1 also shows OR and 95%CI from bivariate logistic 
regression analyses for independent variables. The only significant OR 
of clinical variables was found for the BBS (OR = 0.91, p = 0.04), while 
both OR for the BI (OR = 0.94, p = 0.07) and the DGI (OR = 0.91, 
p = 0.13) were non-significant. The OR of stabilometric variables were 
non-significant for the SwayML (OR = 0.83, p  = 0.22), with fallers 
having smaller SwayML than non-fallers, and VelAP (OR = 1.06, 
p = 0.27), with fallers having higher velocity of sway.

Multivariate analysis

Table  2 shows the multivariate logistic regressions of clinical 
(model 1) and stabilometric (model 2) variables. Table 2 also shows 
the backward stepwise linear regression model including both clinical 
and stabilometric variables (model 3). In models 2 and 3, the 
independent variable VelML was excluded from the regression 
analysis due to collinearity.

In clinical model 1, the BBS and the BI were the strongest 
predictors of faller status with respective OR = 0.89 (95%CI: 0.75–1.03) 
and OR = 0.95 (95%CI: 0.86–1.02), while in the stabilometric model 
2, the only nearly significant independent predictor was VelAP with 
an OR = 1.14 (95%CI: 0.99–1.36).

Finally, starting from all the clinical and stabilometric variables 
included in the bivariate analyses, a backward stepwise logistic 
regression model was performed. The model with predictors selected 
by stepwise regression (model 3) included SwayML, the BBS, and the 
BI. SwayML showed a moderate inverse relation with the faller status 
(OR = 0.68, 95%CI: 0.44–0.97), while both the BBS and the BI showed 
weaker relations with the faller status (BBS: OR = 0.91, 95%CI: 0.81–
1.01; BI: OR = 0.95, 95%CI: 0.87–1.02).

The AUC of model 1 (Figure  1) tested in the ROC analysis, 
reflecting the model’s ability to correctly classify faller status, was 0.68 
(95%CI: 0.53–0.83) with sensitivity and specificity of 95 and 39%, 
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respectively; the AIC, reflecting the model’s prediction error, was 
equal to 70.0; and accuracy of prediction was 63.3%. The AUC for 
model 2 instead was 0.68 (95%CI: 0.53–0.84) with sensitivity and 
specificity of 76 and 57%, respectively; the AIC was equal to 71.3, and 
prediction accuracy was 65.3%. Finally, the AUC for model 3 was 0.74 

(95%CI: 0.60–0.88) with maximum sensitivity and specificity of 57 
and 81%, respectively; the AIC was equal to 64.26, and prediction 
accuracy was 67.4%.

Correlation analysis

Table 3 shows Pearson’s correlations between variables. All clinical 
measures were significantly correlated (p < 0.05) among them, with the 
highest correlation between the BBS and the DGI (r = 0.84, p < 0.001). 
SwayML correlated highly with VelML (r = 0.67, p < 0.001) and with 
CopX abs (r = 0.73, p < 0.001) that were also highly correlated among 
them (r  = 0.79, p  < 0.001). The VelML and VelAP were correlated 
(r = 0.67, p < 0.001). The BBS and the DGI correlated moderately with 
VelML (r = −0.51, p < 0.05; r = −0.63, p < 0.001, respectively) and the 
BBS had a low correlation with VelAP (r = −0.47, p < 0.05).

Finally, the relation between SwayML, BBS, and fallers status was 
further investigated graphically (Figure 2). The fall risk cutoff value of BBS 

TABLE 1 Demographic characteristics, Mean (SD).

Overall Non-
fallers

Fallers OR 95% 
CI

Value 
of p

N = 49 N = 28 
(57%)

N = 21 
(43%)

Age 

(years)

63.78 

(12.31)

65.09 

(9.42)

62.03 

(15.43)
0.98

0.93–

1.03
0.39

Gender

  Female
17 / 49 

(35%)

9 / 28 

(32%)

8 / 21 

(38%)
- - -

  Male
32 / 49 

(65%)

19 / 28 

(68%)

13 / 21 

(62%)
0.77

0.23–

2.55
0.67

Right/left side

  Left
19 / 49 

(39%)

11 / 28 

(39%)

8 / 21 

(38%)
- - -

  Right
30 / 49 

(61%)

17 / 28 

(61%)

13 / 21 

(62%)
0.95

0.29–

3.04
0.93

Assistive device

  No
14/49 

(29%)

7/28 

(25%)

7/21 

(33%)
- - -

  Yes
35 / 49 

(71%)

21/28 

(75%)

14/21 

(67%)
0.54

0.15–

1.85
0.33

Disease 

duration 

(years)

2.68 (5.29)
1.86 

(1.85)

3.69 

(7.62)
1.10

0.96–

1.42
0.33

BBS 

(score)

44.10 

(7.30)

46.00 

(7.35)

41.57 

(6.58)
0.91

0.83–

0.99
0.04

DGI 

(score)

13.27 

(5.34)

14.29 

(5.52)

11.90 

(4.88)
0.91

0.81–

1.02
0.13

BI (score)
92.29 

(11.05)

95.04 

(6.29)

88.62 

(14.66)
0.94

0.87–

1.00
0.07

ABC 

(score)

58.72 

(22.08)

61.71 

(22.22)

54.79 

(21.79)
0.99

0.96–

1.01
0.27

SwayAP 

(mm)
5.82 (1.57)

6.00 

(1.90)

5.58 

(0.97)
0.83

0.54–

1.21
0.35

SwayML 

(mm)
4.12 (2.12)

4.44 

(2.26)

3.68 

(1.89)
0.83

0.60–

1.10
0.22

VelAP 

(mm/s)

17.12 

(5.54)

16.35 

(5.23)

18.14 

(5.89)
1.06

0.96–

1.20
0.27

VelML 

(mm/s)
8.70 (3.59)

8.65 

(3.91)

8.76 

(3.21)
1.01

0.86–

1.18
0.92

CopX abs 

(mm)

21.24 

(16.13)

23.33 

(16.06)

18.46 

(16.20)
0.98

0.94–

1.02
0.30

OR, odds ratio; BBS, berg balance score; DGI, dynamic gait index; BI, barthel index; ABC, 
activities-specific balance confidence; SwayAP, amplitude of sway in anteroposterior 
direction; SwayML, amplitude of sway in mediolateral direction; VelAP, velocity of sway in 
anteroposterior direction; VelML, velocity of sway in mediolateral direction; and CopX abs: 
absolute position of center of pressure in mediolateral direction.

TABLE 2 Prediction models of faller/non-faller using clinical (model 1), 
stabilometric (model 2), and clinical and stabilometric variables selected 
by backward stepwise regression analyses (model 3).

Model 1: Clinical variables

β OR 95%CI p value

Independent variables

  (Intercept) 8.79

  BBS −0.12 0.89 0.75–1.03 0.14

  BI −0.06 0.95 0.86–1.02 0.19

  DGI 0.09 1.10 0.87–1.40 0.43

  ABC 0.003 1.00 0.97–1.04 0.87

AIC: 70.00; accuracy: 63.3%

Model 2: Stabilometric variables

β OR 95%CI p value

Independent variables

  (Intercept) −0.12

  SwayAP −0.28 0.76 0.42–1.29 0.32

  SwayML −0.13 0.88 0.49–1.55 0.66

  VelAP 0.13 1.14 0.99–1.36 0.10

  XcopABS −0.01 0.98 0.92–1.05 0.63

AIC: 71.30; accuracy: 65.3%

Model 3: Stepwise regression

β OR 95%CI p value

Independent variables

  (Intercept) 10.35

  BI −0.05 0.95 0.87–1.02 0.18

  BBS −0.09 0.91 0.81–1.01 0.09

  SwayML −0.38 0.68 0.44–0.97 0.06

AIC: 64.26; accuracy: 67.4%

OR, odds ratio; BBS, berg balance scale; BI, barthel Index; DGI, dynamic gait index; ABC, 
activities-specific balance confidence; AIC, akaike information criterion; SwayAP, amplitude 
of sway in anteroposterior direction; SwayML, amplitude of sway in mediolateral direction; 
VelAP, velocity of sway in anteroposterior direction; CopX abs, absolute position of center of 
pressure in mediolateral direction; VelML, velocity of sway in mediolateral direction.
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(46.5 points) and normative data of SwayML (2.25–4.59 mm) were added 
to the graphic to better characterize the participants performance (37, 38).

Discussion

This cross-sectional study yielded a risk model for the 
identification of faller status of persons in the more chronic post-
stroke state. A model including both stabilometric and clinical 
parameters, the SwayML, the BBS and the BI, resulted better in 

correctly identifying retrospective fallers among people in the chronic 
phase after stroke than did models that included only clinical or 
stabilometric parameters, respectively.

The percentage of fallers in this study was 43%, which is similar or 
somewhat lower than that reported in other retrospective studies of fall 
history and balance in persons post-stroke (3, 11, 20, 39, 40), and similar 
to a prospective study conducted for 3 months after discharge from 
inpatient rehabilitation (41). Regarding clinical measures, fallers had 
significantly lower total scores on BBS compared with non-fallers, while 
the BI, DGI, and ABC did not differ between faller groups. The first 

FIGURE 1

Receiver operating characteristic (ROC) curves of model 1, model 2, and model 3. Sensitivity: percentage of fallers correctly identified; Specificity: 
percentage of non-fallers correctly identified.

TABLE 3 Pearson’s correlations between clinical and stabilometric variables.

DGI 0.84**

BI 0.50* 0.56*

ABC 0.54* 0.61** 0.41

SwayAP −0.13 −0.19 −0.11 −0.07

SwayML −0.20 −0.33 −0.16 −0.16 0.57*

VelAP −0.47* −0.40 −0.13 −0.26 0.31 0.22

VelML −0.51* −0.63** −0.25 −0.31 0.44* 0.70** 0.67**

CopX −0.34 −0.41 −0.16 −0.14 0.27 0.73** 0.28 0.79**

BBS DGI BI ABC SwayAP SwayML VelAP VelML

**p < 0.001; *p < 0.05; BBS, berg balance scale; BI, barthel Index; DGI, dynamic gait index; ABC, activities-specific balance confidence; SwayAP, amplitude of sway in anteroposterior direction; 
SwayML, amplitude of sway in mediolateral direction; VelAP, velocity of sway in anteroposterior direction; and CopX abs: absolute position of center of pressure in mediolateral direction.
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model containing these clinical measures (model 1) resulted in a 
prediction accuracy of approximately 63%, indicating that it was only 
moderately effective in identifying faller status. Specifically, it was very 
good at identifying a faller with a high sensitivity (95%), while it was not 
at all good at identifying a non-faller (37%).

In the literature, lower BBS scores have been associated with a 
higher probability of falling in persons with stroke, for example, 
Simpson and colleagues found lower BBS to be predictive of falls at 
1 year post-stroke (11, 40, 42–44). On the contrary, Harris and 
colleagues found no association between falls history and BBS scores 
in persons with chronic stroke (7). Together with our findings, this 
suggests that while reduced balance performance may influence the 
risk of falling other factors contribute to their falling. These may 
include functional independence in daily life activities, fear of falling, 
as well as, aspects of postural control (45–47).

Regarding the stabilometric measures, there were no significant 
differences between faller groups, although there was a tendency for 
higher values in SwayML in non-fallers, with over 20% more sway 
distance than fallers. Fallers instead had SwayML values closer to those 
of healthy subjects reported elsewhere (37). Similarly, the absolute stance 
positioning was more asymmetric in the non-faller group by about 26%. 
The model containing only the stabilometric variables (model 2) resulted 
in a moderate prediction accuracy of approximately 65%, indicating that 
it was slightly better at identifying faller status than a model containing 

often used clinical scales of balance and functional independence. In 
addition, model 2 was more balanced, with a good sensitivity for faller 
identification (76%) and with a better specificity than model 1 (57%). 
The accuracy was similar to model 1 (67.4%).

The stepwise regression model combining all clinical and 
stabilometric measures resulted in SwayML, BBS, and BI in the final 
model (model 3). Model 3 presented the best discriminative ability of 
faller status (accuracy =74%), with BBS and SwayML being the 
strongest predictors in the model. Model 3 was slightly more accurate 
than the other two models, indicating an advantage of combining 
clinical and stabilometric parameters in faller identification.

SwayML was the most significant predictor in model 3 and had an 
inverse relation with being a faller. This could indicate an increased 
probability of being a faller with a near normal physiological amplitude 
of sway in the frontal plane, which contrasts with another study on 
neurologically healthy elder population that reported an increased risk 
of falls with high amplitudes of SwayML (13). Meanwhile, other studies 
on the stroke population did not identify SwayML as a risk factor for falls 
(1, 6, 22). Our results are interesting considering findings of Marigold 
and Eng of greater asymmetry in quiet standing being related to 
increased SwayML in persons with stroke (48). Their study also found 
that persons with milder asymmetry had greater visual dependence than 
those with more asymmetry and increased SwayML. It is possible that 
closer to normal SwayML is found in persons post-stroke that put a 

FIGURE 2

Scatterplot of relation of Berg Balance Scale and SwayML with faller status. BBS, Berg Balance Scale; SwayML, amplitude of sway in mediolateral 
direction; horizontal dashed line, fall risk cut-off value of BBS (46.5 points); and vertical band, SwayML range of values corresponding to normative data 
(2.25–4.59 mm).
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more symmetric or greater load on the more affected limb, with the limb 
often acting as a fixed strut with excessive co-contraction around the 
knee; and that these persons potentially rely excessively on visual 
information to correct their asymmetry (7, 49). Regarding the increased 
SwayML we  found in our persons post-stroke that did not fall, as 
suggested by Park and colleagues, some persons post-stroke might 
implicitly prefer a natural asymmetry in standing and walking in order 
to not compromise balance (50).

When we  looked more closely at the relation between the 
parameters that discriminated between fallers and non-fallers in the 
bivariate analysis, SwayML and BBS (see Figure 2), it was evident that 
persons with a score higher than 46 on the BBS tended to have a near 
normal SwayML. On the other hand, we saw a tendency for non-fallers 
with a low BBS to have higher SwayML values and interestingly there 
were several fallers that had relatively normal sway values. It could 
mean that in some persons with poorer balance, an increase in 
SwayML may be a protective measure, and that it likely comes with an 
increase in asymmetry toward the better leg. Since symmetry in 
standing and walking is often a rehabilitation goal in persons post-
stroke the above are important concepts for further studies.

Regarding the associations between the variables of the bivariate 
models, we found moderate to strong linear correlations among the 
clinical variables. A higher BBS was associated with a low VelAP in 
accordance with findings from the literature (13, 49). SwayML, which 
was the best single indicator of faller status in model 3, had no relation 
with either BBS, BI, or VelAP confirming findings of others (49, 51).

Asymmetry in standing, as an absolute value in the mediolateral 
direction (CopX abs) toward the less affected leg, did not discriminate 
between fallers and non-fallers in bivariate analyses, but it did 
correlate highly and positively with SwayML indicating a relationship 
between the two parameters as suggested by previous findings in the 
literature (48).

Asymmetric stance may be an unconscious strategy to protect 
against fall risk. By keeping the CoP closer to the healthy leg, the 
non-fallers are more protected against unexpected events that might 
otherwise lead to falls. At this point, we urgently need prospective 
studies to further verify the predictive value of SwayML during quiet 
standing combined with clinical variables in predicting a future fall 
risk. Based on our results, it would be most interesting to study for 
persons post stroke at a higher risk of fall. Such a prediction model 
could have a great importance for fall prevention programs and should 
be further investigated.

Our study adds to the literature as it is the first study to put 
together clinical variables and stabilometric measures to predict faller 
status in persons with stroke in chronic phases. However, the study 
has some limitations. Fall incidence was retrospective and self-
reported and although this methodology is commonly used in cross-
sectional studies, the effect of this reporting mechanism is 
questionable. Efforts were made to minimize this bias by verifying 
with caregivers (including partners, colfs, sons, and daughters) the 
answers given by participants. Further, since the fall reports were 
retrospective, the predictive value of the measures cannot be assumed.

To further validate the findings of this study and its resultant 
implications for identification of fall risk factors, prospective designs with 
appropriate methods of analysis, and intervention studies addressing 
factors influencing amount of sway in the ML direction are needed. These 
should consider also different disability and chronicity levels.

An important limitation of the present study is the inclusion of 
only quiet standing postural sway measures. Reactive balance 

measures in response to self-induced and external balance 
perturbations and mobility related balance measures should 
be included in future studies looking to identify risk factors related to 
falls in persons post-stroke. The use of stabilometric platforms in 
general for postural assessment of persons with stroke might not 
always be economically feasible. However, given that they seem to add 
value to the description of balance and faller identification their use 
should be recommended when possible.

In conclusion, greater understanding of the relative contribution 
of risk factors to falls after stroke can lead to the development of better 
fall prevention programs. While clinical measures of balance or 
stabilometric measures alone were reasonably good at predicting faller 
status in a logistic regression, a model combining clinical and 
stabilometric measures had a better accuracy of faller status. 
Counterintuitively, more physiological amplitudes of SwayML during 
quiet standing resulted in the strongest fall predictor in the final 
model. Further investigation showed that this was more likely in 
persons with higher balance disability. This information is important 
since it is the first time this relation is identified in people with stroke 
that are fallers. It also has important implications for future directions 
in balance rehabilitation for persons with stroke. Focusing on 
symmetry in standing in persons with poor balance performance may 
not be the best approach if fall prevention is of importance.
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The efficacy of community-based 
exercise programs on circulating 
irisin level, muscle strength, 
cardiorespiratory endurance, and 
body composition for ischemic 
stroke: a randomized controlled 
trial
Dongheon Kang , Jiyoung Park * and Seon-Deok Eun *

Department of Healthcare and Public Health Research, National Rehabilitation Center, Ministry of 
Health and Welfare, Seoul, Republic of Korea

Objective: We investigated the changes in circulating irisin levels after community-
based exercise and the association of these levels with improvements in muscle 
strength, cardiorespiratory endurance, and body composition in people with 
ischemic stroke.

Methods: Twenty participants were randomly assigned to either a control or 
an exercise group. The community-based exercise program (CEP) consisted 
of 8 weeks of 1 h sessions for 3 days a week. Irisin levels, muscle strength, 
cardiorespiratory endurance, and body composition were assessed before and 
after the intervention.

Results: Significant improvements were observed in the leg and trunk strength, 
peak oxygen consumption values, and body composition of the exercise group 
compared with the control group. In addition, circulating irisin levels were 
observed to have increased in the exercise group, positively correlated with 
muscle strength and cardiorespiratory endurance.

Conclusion: CEP might be an effective intervention to increase irisin levels and 
prevent a stroke-related decline in muscle function.

KEYWORDS

stroke, irisin, muscle strength, cardiorespiratory fitness, disability

1. Introduction

The global incidence of stroke has increased over the past few decades, making it one of the 
leading causes of death and long-term disability (1, 2). Stroke is the second and third leading 
cause of death worldwide and in South Korea (after cancer and cardiovascular disease), 
respectively (3, 4), resulting in a significant economic burden for both patients and society (5). 
Ischemic stroke (IS) accounts for 80% of stroke occurrences (6). Inadequate blood flow via brain 
vessels leads to impaired glucose supply, cerebral hypoxia, and impaired elimination of 
superfluous metabolites, ultimately leading to cerebral infarction (7).
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Despite various advances in diagnostic and therapeutic 
procedures, IS remains one of the leading causes of long-term 
disability and death (8). Controlling disease-causing risk factors and 
improving disease prediction are critical methods to minimize the rate 
of disability in patients with IS. Rapidly measurable biomarkers of 
stroke functional outcomes and mortality benefit optimal care and 
healthcare resource allocation (9).

Irisin, a newly discovered myokine peptide (10), is a cleaved and 
secreted fragment of the fibronectin type III domain-containing 
protein 5 (FNDC5) and was initially documented as a new hormone 
secreted from muscle cells during exercise. The highest basal level 
expression of FNDC5 is observed in the brain and heart (11). It is 
encoded by PGC-1α, which is involved in many pathways associated 
with energy metabolism (10).

Various animal experiments and clinical studies have suggested 
that irisin plays a neuroprotective role through different biological 
mechanisms and improves the neurological function of people with 
IS. A previous study found that serum irisin concentrations decreased 
following IS (12). Moreover, irisin levels were inversely related to 
cerebral infarction volume, late neurological impairment, and IL-6 
and TNF-α concentrations. Administration of recombinant irisin to 
diabetic mice decreased the size of cerebral infarcts and 
neurological deficits.

A previously published multicenter study examined the 
correlation between irisin concentration and the prognosis of IS with 
a large sample size (12). This study revealed that a lower irisin 
concentration was associated with poor functional prognosis in 
patients with IS. Tu et al. also discovered in a study involving 324 
people that low serum irisin levels predicted poor early functional 
outcomes in IS (12). These findings suggest that irisin may 
be associated with stroke risk and functional recovery following a 
stroke. People who have had a stroke require rehabilitation to 
overcome functional disabilities. Accordingly, interest in exercise-
based rehabilitation is increasing (13).

Exercise-based rehabilitation effectively improves physical fitness, 
cardiopulmonary endurance, and muscle strength, particularly in 
people with stroke (14). However, the effect of exercise training, while 
taking into account intensity (high-or moderate-intensity exercise), 
type (strength or cardiorespiratory endurance exercise), and duration 
(acute or chronic exercise), on circulating and muscle irisin expression 
is controversial. Muscle strength and cardiorespiratory endurance 
training were considered effective interventions in improving stroke-
related problems; however, the effect of muscle strength and 
cardiorespiratory endurance training on irisin expression in the stroke 
population is yet to be reported. Therefore, in this study, we aimed to 
determine the changes in circulating irisin levels and the association 
of irisin levels with improvements in muscle strength, cardiorespiratory 
endurance, and body composition following community-
based exercise.

2. Materials and methods

2.1. Participants and study design

Twenty volunteers recruited from the community health and 
outpatient stroke- rehabilitation centers were assessed for eligibility. 
Our research group, independent of the rest of the study staff, 
randomly selected participants who met the inclusion criteria (n = 20) 
before the intervention using a computer-generated allocation 
schedule. Each participant had to draw a sealed envelope and was 
randomly assigned to either the experimental (EX) (n = 10) or the 
control (n = 10) group. Four subjects dropped out of the program, 
leaving 16 participants (six and 10  in the EX and control groups, 
respectively). The inclusion criteria were as follows: (1) participants 
diagnosed with IS; (2) Mini-Mental State Examination score > 22; (3) 
ability to follow verbal instruction and communicate; (4) ability to 
understand the study’s procedure and purpose; and (5) Voluntary 
participation. The exclusion criteria were as follows: (1) those with 
neurological disorders other than stroke (e.g., Parkinson’s disease); (2) 
those with a hip or lower extremity pressure ulcer; (3) those with 
orthopedic problems in the lower extremities; and (4) those with other 
cardiopulmonary diseases or those who could not perform tests due 
to musculoskeletal problems. This study was approved by the National 
Rehabilitation Hospital Institutional Review Board (NRC-2015-02-
014). The study protocol was registered and assigned KCT0005782 
(first registration 01/07/2021). Written informed consent was obtained 
from all participants, and the study conformed to the Declaration of 
Helsinki guidelines.

2.2. Data collection

2.2.1. Irisin
Blood samples to test for irisin were drawn by trained nurses 

between 07:30 h and 10:00 h after 12 h of overnight fasting and 2 days 
of minimal physical activity. Samples were centrifuged and stored at 
−80°C. Irisin levels were determined using commercial enzyme-
linked immunosorbent assay (ELISA) kits following the manufacturer’s 
instructions (Catalog no. EK-067-52, Phoenix, AZ, United States). The 
detectable range of the irisin ELISA kit was 0.066–1024 ng/mL.

2.2.2. Muscle strength
An isometric dynamometer (HUR, Kokkola, Finland) was used 

to measure the strength of the lower limbs. An isometric contraction 
test was performed to evaluate the knee extension/flexion and trunk 
extension/flexion. In knee extension/flexion cases, the non-affected 
and affected sides were measured separately for stroke. This test 
measured the maximum muscle strength when the muscle contracted 
without moving against a fixed object. Before testing, participants 
were asked to perform two regular practices for the test, and the 
average values of the three recorded measurements were used in 
the analysis.

2.2.3. Cardiorespiratory endurance
To determine cardiorespiratory endurance, such as peak oxygen 

uptake (VO2 peak), each participant performed a graded exercise test 
on the cycle ergometer (Angio CPET with static wall fixation, Lode 
B.V., Groningen, Netherlands). Considering the physical fitness level 

Abbreviations: 6MWT, 6-min walk test; BMI, body mass index; CEP, community-

based exercise program; CON, control group; ELISA, enzyme-linked 

immunosorbent assay; ES, effect size; EX, experimental group; FNDC5, fibronectin 

type III domain-containing protein 5; GLPA, game-based leisure-time physical 

activities; IS, ischemic stroke; MMSE, Mini-Mental State Examination; NP, 

non-paretic; P, paretic; VO2, peak oxygen uptake.
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of the patients, the protocol for the graded exercise test on the cycle 
ergometer was set to maintain 60 rpm (15). Warm-up exercises were 
performed at 0 W for the first 2 min, and the workload gradually 
increased by 10 W every 1 min. The test was continued until the 
participants stopped of their own volition due to exhaustion.

The 6-min walk test (6MWT), a sub-maximal exercise used to 
evaluate aerobic capacity and endurance, was used to measure the 
total distance walked by the participants in 6 min (16). The walking 
speed and resting time during the test were adjusted depending on the 
participant’s ability. The total distance of the walk was recorded as 
meters walked in 6 min.

2.2.4. Body composition
Body composition measurements were performed before and 

after the exercise training. The height was evaluated using an 
extensometer. Body weight, body mass index (BMI), skeletal muscle 
mass, and body fat were measured by bioimpedance analysis using the 
Inbody S10 (Inbody, Seoul, South Korea).

2.3. Community-based exercise program

A community-based exercise program (CEP) was conducted 
3 days a week for 8 weeks at the health-promotion center. The CEP 
program consisted of 60 min sessions of whole-body exercise. The 
initial duration of each exercise gradually progressed to a maximum 
duration of 45 min, based on the individual’s abilities. The CEP was 
conducted at 65–80% of the individual’s maximum heart rate, 
measured at the baseline. The participants alternated between three 
modes of exercise [15 min strength training, 15 min cardiovascular 
exercise, and 15 min game-based leisure-time physical activities 
(GLPA) for 8 weeks]. Strength training involved the use of a thera-
band (Hygenic Corporation, Akron, OH, United States) for seven 
exercises for the upper body (shoulder press, seated rows, back row, 
lat pull down, chest press, biceps curl, and triceps extension) and 10 
exercises for the lower body (squat, lunge, deadlift, bridge, back 
extension, superman position, leg raise, reverse crunch, sit-up, and 
crunch). The exercise intensity was based on the color of the 
thera-band, and 15 RM of the lateral raise using the thera-band was 
performed. The subjects were asked to perform 12–15 repetitions of 
three sets for all upper and lower body exercises. Each exercise was 
performed using the thera-band in the power training protocol (17), 
with a concentric contraction phase as soon as possible, a 1 s pause, 
and an eccentric contraction phase exceeding 2 s. The cardiovascular 
exercises were conducted with seven workouts (high knee, sidestep, 
pogo jump, jumping jack, front step, back step, and knee up) that 
could be achieved without a machine. The GLPA was conducted to 
promote participants’ physical function and make the training 
enjoyable. It consisted of four games, with one game per session.

2.4. Statistical analysis

Outcome measures were analyzed in all participants and each 
group using SPSS 21.0. (IBM SPSS Inc., Chicago, IL, United States). 
The mean and standard deviation of each variable were obtained using 
descriptive statistics. The number of samples (n) was <30, and the 
normality test was performed using the Shapiro–Wilk test; however, 

the nonparametric test was conducted because it did not satisfy the 
significance level (p < 0.05). Wilcoxon’s signed-rank test was 
performed to determine any difference between the pre- and post-test 
results of experimental and control groups. The Mann–Whitney 
U-Test was performed to evaluate the differences in circulating irisin, 
muscle strength, cardiorespiratory endurance, and body composition 
between the two groups. The differences between the final and the 
basal level of variables were indicated as delta. A Spearman rank 
correlation analysis was performed to evaluate the correlation among 
the delta values. In addition to this null hypothesis testing, the data 
were assessed for clinical significance using an approach based on the 
magnitudes of change. We calculated the magnitude of the size of 
differences by the effect size (ES) (18). We considered an ES of 0.00–
0.19 trivial, 0.20–0.49 small, 0.50–0.79 moderate, and ≥ 0.80 high (18).

3. Results

3.1. Participant characteristics

The baseline characteristics of the participants, including age, 
height, weight, skeletal muscle mass, body fat, BMI, sex, location of 
the stroke, stroke onset, and cognitive status, are shown in Table 1. The 
mean age of the participants was 55.5 ± 12.93 years, and their average 
BMI was 24.14 ± 2.96 kg/m2. The body composition parameters of the 
participants mainly included fat- and muscle-related parameters. 
There were no significant differences in the baseline anthropometric 
variables between the groups.

3.2. Outcome measures

The changes in irisin, muscle strength, cardiorespiratory 
endurance, and body composition before and after the program are 
presented in Table 2. For the EX group, significant improvements were 
noted in irisin, muscle strength [knee extension/flexion (non-paretic 
[NP] leg), knee flexion (paretic [P] leg), and trunk extension/flexion], 
cardiorespiratory endurance (VO2 peak, 6MWT), and body 
composition (skeletal muscle mass) (Table 2).

TABLE 1 Participants’ characteristics.

Variable EX CON p-value

Age, years 54.33 ± 18.22 56.20 ± 9.64 0.958

Height, cm 159.93 ± 7.85 161.87 ± 8.05 0.562

Weight, kg 60.67 ± 5.23 63.78 ± 8.90 0.313

Skeletal muscle mass, kg 23.55 ± 3.03 23.56 ± 4.96 0.875

Body fat, % 28.33 ± 6.50 27.07 ± 8.41 0.368

BMI, kg/m2 23.73 ± 1.75 24.39 ± 3.56 0.562

Sex (male/female), % 50/50 70/30

Location of stroke

Right/left, % 66.67/33.33 50.00/50.00

Stroke onset, years 7.96 ± 8.39 5.11 ± 5.18 0.713

Cognitive status, MMSE score 26.83 ± 1.94 26.30 ± 3.23 0.958

EX, experimental group; CON, control group; BMI, body mass index; MMSE, Mini-Mental 
State Examination. Values are mean ± standard deviation or n (%).
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Irisin: A significant increase was observed in the circulating irisin 
levels (p = 0.028) in the EX group compared with the control group.

Muscle strength: Significant improvements were observed in 
knee extension (NP) (p = 0.028), knee flexion (NP) (p = 0.028), knee 
flexion (P) (p = 0.046), trunk extension (p = 0.028), and trunk flexion 
(p = 0.028) in the EX group compared with the control group.

Cardiorespiratory endurance: Significant increases were 
observed in the VO2 peak (p = 0.028) and 6MWT (p = 0.028) in the EX 
group compared with the control group.

Body composition: Skeletal muscle mass and body fat of the EX 
group showed a significant increase and decrease, respectively, 
compared with the control group.

Table 3 shows a correlation analysis with training effects, the 
association between groups, and the pre–post variations in 
circulating irisin, muscle strength, and cardiorespiratory 
endurance. Significant correlations were observed between the 
group and the pre-post variation for knee flexor (NP) (R = 0.756, 
p = 0.001), knee flexor (P) (R = 0.672, p = 0.004), trunk extension 
(R = 0.784, p < 0.001), and trunk flexion (R = 0.784, p < 0.001) 
strength; VO2 peak (R = 0.840, p < 0.001); and 6MWT (R = 0.504, 
p = 0.046).

Circulating irisin levels were correlated with an increase in skeletal 
muscle mass (R = 0.429) and a decrease in body fat mass (R = −0.771) 
(Table 4).

TABLE 2 Before–after intervention values and changes in the outcome measures according to the groups.

Measurement Before 
intervention

After intervention Gap (change) Effect size Z p-value

Irisin (ng/mL)

EX 6.20 ± 1.08 6.77 ± 1.36* 0.57 (9.19) 0.46# −2.201 0.028

CON 6.33 ± 1.66 6.16 ± 1.14 −0.17 (−2.69) 0.12 −0.051 0.959

Knee extension (NP) (kg)

EX 25.15 ± 8.59 32.47 ± 10.22* 7.32 (29.11) 0.78## −2.201 0.028

CON 20.76 ± 10.61 19.70 ± 5.96 −1.06 (−5.11) 0.12 −0.357 0.721

Knee flexion (NP) (kg)

EX 9.58 ± 3.92 14.58 ± 6.38* 5.00 (52.19) 0.94### −2.201 0.028

CON 10.42 ± 4.82 9.68 ± 4.85 −0.74 (−7.10) 0.15 −1.274 0.203

Knee extension (P) (kg)

EX 13.60 ± 9.06 19.49 ± 12.08 5.89 (43.31) 0.55## −1.782 0.075

CON 15.82 ± 11.57 14.59 ± 4.61 −1.23 (−7.77) 0.14 −0.153 0.878

Knee flexion (P) (kg)

EX 2.85 ± 2.49 8.23 ± 6.34* 5.38 (188.77) 1.12### −1.992 0.046

CON 6.65 ± 5.23 5.29 ± 3.87 −1.36 (−20.45) 0.30# −0.663 0.508

Trunk extension (kg)

EX 11.02 ± 6.78 23.26 ± 12.65* 12.24 (111.07) 1.21### −2.201 0.028

CON 13.42 ± 5.41 10.86 ± 6.70 −2.56 (−19.08) 0.42# −1.376 0.169

Trunk flexion (kg)

EX 10.22 ± 5.06 14.43 ± 6.08* 4.21 (41.19) 0.75## −2.201 0.028

CON 11.13 ± 6.67 8.79 ± 6.34* −2.34 (−21.02) 0.36# −2.397 0.017

VO2 peak (mL/min/kg)

EX 14.05 ± 6.47 19.29 ± 7.64* 5.24 (37.30) 0.74## −2.201 0.028

CON 15.80 ± 3.37 14.53 ± 3.35* −1.27 (−8.04) 0.37# −2.395 0.017

6MWT (m)

EX 176.34 ± 125.47 229.05 ± 136.02* 52.71 (29.89) 0.40# −2.201 0.028

CON 258.66 ± 72.90 252.24 ± 110.49 −6.42 (−2.48) 0.07 −0.255 0.799

Skeletal muscle mass (kg)

EX 23.55 ± 3.03 25.50 ± 3.34* 1.95 (8.28) 0.61## −2.201 0.028

CON 23.56 ± 4.96 23.11 ± 4.09 −0.45 (−1.91) 0.10 −0.771 0.441

Body fat (%)

EX 28.33 ± 6.50 24.63 ± 6.63 −3.70 (−13.06) 0.56## −1.782 0.075

CON 27.07 ± 8.41 27.86 ± 6.80 0.79 (2.92) 0.10 −0.510 0.610

EX, experimental group; CON, control group; NP, non-paretic; P, paretic; 6MWT, 6-min walk test. #small; ##moderate; ###large. *p < 0.05.
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These results suggest that a change in the circulating irisin levels 
following exercise training was closely related to improving body 
composition in patients with IS.

4. Discussion

In this study, we observed that circulating irisin protein levels 
increased significantly, with concomitant improvements in muscle 
strength, cardiorespiratory endurance, and body composition in 
patients with IS who participated in a community-based exercise 
program. Furthermore, our research showed that the alternation of 
circulating irisin was strongly correlated with increased skeletal 
muscle and decreased body fat. This is the first study to evaluate the 
effect of community-based exercise on irisin levels and its association 
with body composition changes for IS in South Korea.

In this study, motivating participants with IS to exercise regularly 
was essential in achieving high attendance and maximizing exercise 
effects. Therefore, exercise instructors tried communicating with 
subjects through text messages and individual consultations to check 
their daily assignments. All participants expressed satisfaction with 
the community-based group exercise program.

Strength and cardiovascular training are essential to counter the 
impairment caused by stroke in muscle strength and cardiorespiratory 
endurance. This form of training for stroke patients can provide a 
broad range of systemic benefits, including (19) (1) an increase in 
muscle strength and prevention of loss of muscle mass; (2) an increase 

in cardiorespiratory endurance; (3) a decrease in fall risk; and (4) 
improvements in gait, mobility, and functions. In addition, skeletal 
muscles are progressively identified as endocrine organs capable of 
releasing various signaling molecules and regulating myokines, a 
cytokine that includes irisin. This protein regulates stroke-related 
pathological and physiological systems. In this study, physical 
functions, including muscle strength and cardiorespiratory endurance, 
significantly improved with the increase of the expression of 
circulating irisin. Therefore, CEP, which includes strength and 
cardiovascular training, could be  a potent intervention for IS to 
increase muscle strength and cardiorespiratory endurance by 
improving irisin expression. Exercise intervention stimulates irisin 
secretion by contracting skeletal muscles (7). Animal experiments and 
clinical studies have shown that irisin plays a vital role in the nervous 
system through different biological mechanisms, including a positive 
effect on preventing neurological diseases and a potential therapeutic 
effect (20, 21). Higher levels of irisin owing to exercise were shown to 
protect neurons against ischemia-related damage by activating the Akt 
and ERK1/2 signaling pathways, significantly reducing the cerebral 
infarction volume, neuroinflammation, and ischemic oxidative stress. 
Low serum irisin levels in patients with acute IS may predict the risk 
of poor functional outcomes (22). In addition, irisin plays a role in the 
pathogenesis of diseases known to be  significant risk factors for 
cerebrovascular events, including hypertension (23, 24), type 2 
diabetes (25), insulin resistance (26), and metabolic syndromes (27). 
Combined with our findings, exercise-induced irisin may benefit the 
treatment of stroke-related conditions, particularly neurological 
diseases, as an endocrine activator of brown fat function.

Increased circulating irisin was previously demonstrated following 
cardiovascular and strength training (10, 28). Strength training 
increases strength and muscle fibers (anaerobic), leading to increased 
levels of myosin protein. Similarly, endurance exercise is hallmarked 
with fatigue resistance (aerobic), leading to increased mitochondrial 
proteins (29). Bostrom et  al. showed a two-fold improvement in 
circulating irisin levels in healthy adults compared with a control 
group after 10 weeks of cardiovascular training (10). Moreover, 
circulating irisin levels improved immediately after cardiovascular 
training (30, 31). Kim et al. demonstrated increased circulating irisin 
levels in older adults who underwent 12 weeks of strength training 
using an elastic band compared with, a non-training group (28). In 
addition, circulating irisin levels increased immediately after strength 
training (32). Haghighi et  al. (33) showed that men who were 
overweight or obese and underwent 8 weeks of cardiovascular and 
strength training showed a significantly higher irisin serum level and 
significantly lower body fat percentage and body weight than the 
control group. In the present study, circulating irisin levels were 
significantly higher after cardiovascular and strength training in 
people with IS. Considering the benefits of cardiovascular and 
strength training in improving muscle strength and cardiorespiratory 
endurance function for IS, cardiovascular and strength training could 
be an effective intervention strategy.

This study has several limitations. First, it had a relatively small 
sample size. Therefore, there is a need to test the beneficial effects of 
community-based exercise on circulating irisin, including irisin-
related mechanisms, in a large randomized sample. Second, this study 
was performed on participants with IS who could walk. Our results 
are, therefore, difficult to generalize and apply to all stroke participants. 
Third, the intervention was limited to 8 weeks. A long-term study 

TABLE 3 Correlation analysis with training effects, association between 
groups, and pre–post variations.

Variables Mann–
Whitney U-test

Spearman 
correlation

Z p-value R p-value

Group

Irisin, ng/mL −1.085 0.313 0.280 0.293

Knee extensor 

(NP), kg
−0.651 0.562 0.168 0.534

Knee flexor (NP), 

kg
−2.929 0.002 0.756** 0.001

Knee extensor (P), 

kg
−1.193 0.263 0.308 0.246

Knee flexor (P), kg −2.603 0.007 0.672** 0.004

Trunk extension, 

kg
−3.037 0.001 0.784** <0.001

Trunk flexion, kg −3.039 0.001 0.784** <0.001

VO2 peak, mL/

min/kg
−3.254 <0.001 0.840** <0.001

6MWT, m −1.952 0.056 0.504* 0.046

NP, non-paretic; P, paretic; 6MWT, 6-min walk test. *p < 0.05; **p < 0.01.

TABLE 4 Association of circulating irisin levels with skeletal muscle mass 
and body fat after training.

Variables R

Irisin Skeletal muscle mass, kg 0.429

Body fat, % −0.771
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accompanied by follow-up tests is recommended to verify the longer-
term effect of the program on outcome measures.

5. Conclusion

We reveal that community-based exercise can increase the circulating 
irisin level in participants with IS, with concomitant improvements in 
muscle strength, cardiorespiratory endurance, and body composition. In 
addition, there were positive correlations between the increase in 
circulating irisin levels and the improvements in skeletal muscle mass and 
body fat. Based on our results and previous reports on the role of irisin in 
IS, community-based exercise may be an effective intervention strategy 
to increase circulating irisin levels and positively impact physical fitness.
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Placebo effect after visual 
restitution training: no 
eye-tracking controlled perimetric 
improvement after visual border 
stimulation in late subacute and 
chronic visual field defects after 
stroke
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Florian Hutzler 2,3, Herbert Reitsamer 4,5 and Stefan Hawelka 2,3
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Ophthalmology and Optometry, University Hospital of the Paracelsus Medical University Salzburg, 
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Introduction: A significant number of Restitution Training (RT) paradigms claim to 
ameliorate visual field loss after stroke by re-activating neuronal connections in 
the residual visual cortex due to repeated bright light-stimulation at the border of 
the blind and intact fields. However, the effectiveness of RT has been considered 
controversial both in science and clinical practice for years. The main points of 
the controversy are (1) the reliability of perimetric results which may be affected 
by compensatory eye movements and (2) heterogeneous samples consisting of 
patients with visual field defects and/or visuospatial neglect.

Methods: By means of our newly developed and validated Virtual Reality goggles 
Salzburg Visual Field Trainer (SVFT) 16 stroke patients performed RT on a regular 
basis for 5  months. By means of our newly developed and validated Eye Tracking 
Based Visual Field Analysis (EFA), we conducted a first-time full eye-movement-
controlled perimetric pre-post intervention study. Additionally, patients 
subjectively rated the size of their intact visual field.

Results: Analysis showed that patients’ mean self-assessment of their subjective 
visual field size indicated statistically significant improvement while, in contrast, 
objective eye tracking controlled perimetric results revealed no statistically 
significant effect.

Discussion: Bright-light detection RT at the blind-field border solely induced a 
placebo effect and did not lead to training-induced neuroplasticity in the visual 
cortex of the type needed to ameliorate the visual field size of stroke patients.

KEYWORDS

stroke, visual field, rehabilitation, eye tracking, virtual reality, restitution training, 
neuroplasticity, visual cortex
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Introduction

In 2019 approximately 12.2 million people sustained a stroke and 
reports indicate an estimated prevalence of 101 million cases 
worldwide (1). 20 to 50% of stroke patients and 12% of patients with 
Traumatic Brain Injury are diagnosed with hemianopia, that is, 
blindness in half of the visual field (2–4). Furthermore, around 29% 
of these patients are affected by so-called incomplete hemianopia [i.e., 
quadrantanopia (5)]. Patients have difficulties in reading, finding 
objects, navigating through traffic or face-to-face communication 
(4–6). These visual field defects (VFD) usually originate from lesions 
in early visual cortical areas–also called V1 or primary visual cortex–
and the optic radiations (7). The most common reason for lesions after 
stroke in these parts of the brain is occlusion of the posterior cerebral 
circulation [e.g., (7, 8)].

An associated clinical disorder to VFD is (visuospatial) neglect. 
In contrast to VFD, neglect usually originates from lesions in higher 
cortical areas, located in parietal parts of the brain and due to arterial 
occlusion of the middle cerebral artery [e.g., (9, 10)]. Prevalence of 
neglect is approximately 30% after unilateral stroke (11) and a 
common comorbidity to VFD (12). While visual field defects are 
classified in the scientific literature as deficits in perception, visuospatial 
neglect is widely described as a deficit in attention [e.g., (13, 14)]. 
Another clinical disorder that is relevant in this context is “blindsight,” 
describing the phenomenon that some patients with VFD respond 
correctly to certain (emotionally salient) stimuli in their blind fields 
above chance level [e.g., (15, 16)]. However, the exact background for 
“blindsight” is not yet fully understood [e.g., (17)].

Rehabilitation

Visual Field Recovery, Vision Restoration Therapy or simply 
Restitution Training (RT) are therapeutic concepts based on animal 
studies indicating that damaged neurons in the visual cortex can 
recover through repeated light stimulation (18, 19). Under the term 
RT exist different therapeutic concepts and methods, which range 
from motion discrimination of visual stimuli [e.g., (20)] to visual 
stimuli with different temporal and spatial frequency [e.g., (21)] and 
repeated visual stimulation along the area between the intact and 
defect visual field [e.g., (22)]. The present study focuses on the best-
known therapeutic methodology of RT, namely repeated visual 
stimulation of the transition area between intact and defective visual 
fields, which is based on the “residual vision activation theory.” 
According to this influential concept, such reactivatable cortical areas 
are found, among others, along the “visual field border area” (23).

Proponents of RT argue that by stimulating the border area 
between the intact and damaged visual field with bright light impulses 
through the eyes - neurons in the corresponding (retinotopic) area of 
the visual cortex are reactivated - increasing the size of the intact 
visual field [e.g., (24, 25)]. Thus, changes after therapy with RT are 
perimetrically assessable [e.g., (22, 26)].1

1 In this context, there are numerous studies also dealing with the rehabilitation 

of neglect or “blindsight.” However, these are not the subject of the present 

study and are therefore not discussed.

Some studies report considerable training effects indicating 
training-induced neuroplasticity in the visual cortex [e.g., (22, 26–
32)]. Bergsma et  al. (22) observed in their explorative study 
perimetrically assessable reductions of a visual field defect to varying 
degrees in all their 12 patients with hemianopia after RT, which was 
performed for 1 h a day, 5 days a week and a period of 13 weeks at 
home. Marshall et al. (26) show an average improvement rate of 12.5% 
of perimetric stimulus detection in a longitudinal cohort analysis of 7 
patients with VFD after conducting RT twice daily for 20 to 30 min, 
6 days a week for 3 months at home. Mueller et al. (29) report in their 
clinical observational study with 302 patients that RT restored up to 
17.2% of their patients’ formerly blind visual fields. Results are based 
on clinical standard perimetry after patients conducted RT daily for 
1 h, 6 days a week for 6 months at home. Poggel et al. (30) included in 
their pre-post intervention study without a control group 9 patients 
with VFD who performed RT sessions of around 15–20 min for 
3 months. The authors found slight but significant improvements in 
light detection performance. Matteo et  al. (33) conclude in their 
review that “[...] border rehabilitation seems to improve the detection of 
visual stimuli [...]” (p.  1). Bergsma et  al. (22) state that “Visual 
restorative function training does not only lead to visual field 
enlargement [...] but it may also lead to subjective improvement of daily 
visual functioning [...]” (p. 400).

Other studies, by contrast, did not find significant effects of RT 
[e.g., (34–37)]. Mödden et  al. (36) found in their Randomized 
Controlled Trial of 45 stroke patients no perimetrically assessable 
visual field expansion after 15 patients performed RT in 15 single 
sessions for 30 min for over 3 weeks. Reinhard et al. (37) performed a 
pre-post intervention design with 17 patients with VFD who 
underwent RT 1 h a day, 6 days a week for 6 months. They conclude 
that “in none of the patients […] an explicit homonymous change of the 
absolute field defects border [was] observed after training” (p.  30). 
Raemaekers et al. (38) perimetrically identified increased visual fields 
after RT but found that corresponding fMRI data “[...] could not 
account for the large increases in visual field size that were observed in 
some patients” (p. 872). Frolov et al. (39) attest that there are “remaining 
nagging questions as to the validity of [published data] and the clinical 
benefit” (p. 40), and thus the effectiveness of RT remains unclear (40).

Discrepancy

The first main reason for skepticism regarding the efficacy of RT 
is the imprecision of existing diagnostic instruments used in previous 
studies to assess the extent and potential amelioration of visual field 
loss. Automated static perimetry, like the Humphrey® Field Analyzer 
(HFA)–the gold standard in clinical visual field assessment–do not 
offer sufficient accuracy–due to the limited number of displayed 
stimuli positions. In addition, these devices do not have an 
automatically continuous and stringent eye fixation control to clearly 
exclude eye movements for compensation of visual field deficits. 
Although automatic static perimetry systems sometimes offer some 
sort of technical control mechanism (e.g., blind spot stimulation) or 
visual control of eye fixation for the examiner, there is no reliable 
control for every (small) eye movement, (short) fixation loss or quick 
saccadic search behavior. In clinical practice, these inaccuracies 
might be acceptable for the benefit of a quick diagnosis. However, in 
a scientific context where the central question is about improvements 
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after a neuropsychological intervention in the range of a single-digit 
degree of visual field, such inaccuracies stemming from compensating 
eye movements lead to false impressions of a larger visual field. This 
is especially true if a therapy elicits high hopes in the patients and 
trains them to pay attention to peripheral stimuli. In this context, 
another significant technical issue is that the HFA uses the so-called 
SITA (Swedish interactive thresholding algorithm) to shorten the 
diagnosis in clinical routine. This means that based on the patient’s 
age and neighboring test points, this algorithm estimates - based on 
a database - the luminance threshold of every test point [e.g., (41)]. 
This represents a sensible method in everyday clinical practice, but a 
source of potential biases in scientific studies where the focus is on 
the most exact assessment of potential improvements after a 
neuropsychological intervention.

Goldmann Perimetry (GP) offers no remedy either as GP is 
characterized by low retest reliability, as even the inventor of the 
device himself - Hans Goldmann - states that “[...] perimetry, and in 
particular kinetic perimetry, is an art. If one lets several young assistants 
examine the same patient [...] one will be astonished, even shocked about 
the difference in the results. It needs a long period of training until the 
results of two clinicians are comparable. “[Goldmann quoted after (42), 
p. 3]. Even the application of alternative, non-standard diagnostic 
instruments such as “microperimetry” could not resolve the 
controversy. To illustrate, Marshall et al. (26) and Reinhard et al. (37) 
both used microperimetry to examine the effects of RT. While 
Marshall et al. (26) found “modest but real expansions in visual fields” 
(p. 1027), Reinhard et al. (37), in contrast, observed–“in none of the 
patients”  - a “change of the absolute field defect [...] after training” 
(p. 30). Against this background, Frolov et al. (39) emphasized that 
“the assessment of any potential visual restoration technique ultimately 
must rely on a reproducible and appropriate perimetric method.” (p. 36). 
Summarized, the main problem is the lack of a precise and reliable 
perimetric method that adapts for patients’ compensatory eye 
movements, particularly rapid (unconscious) saccades.

The second main reason for skepticism regarding the efficacy of 
RT is the selection of patient samples and the empirical framework, 
especially in larger studies. For example, Mueller et al. (29) included 
302 patients with lesions in post-chiasmatic and/or pre-chiasmatic 
pathways due to stroke, trauma, tumor, or anterior ischemic optic 
neuropathy. These inclusion criteria allowed for a wide range of 
comorbid medical conditions (e.g., neglect). Similarly, Romano et al. 
(31) included 161 patients with homonymous visual field defects 
after post-chiasmatic insult, but provided no further differentiation 
of affected brain regions. Smaller studies–such as from Poggel et al. 
(30) with 9 patients–also show heterogeneous patient samples. Eight 
patients were diagnosed with postchiasmatic lesions leading to 
homonymous hemianopia, but one patient had optic nerve damage 
after a tumor surgery leading to bilateral heteronymous loss of 
vision. Gall et al. (43) included 85 patients with significantly differing 
etiology, ranging from ischemic infarction, traumatic brain injury, 
hemorrhagic infarctions, encephalitis, anterior ischemic optic 
neuropathy and arteritic optic nerve infarction. Additionally, 69 of 
85 patients paid privately for participating in the training leading to 
authors’ and patients’ competing and personal interests. 
Summarized, a clear investigation of the efficacy of RT was 
obstructed by heterogeneous patient samples. As a result, comorbid 
disorders (e.g., neglect, prechiasmatic lesions) have confounded–in 
a considerable number of previous studies - an accurate analysis of 

the therapy’s potential effect on neuronal regeneration in early 
cortical areas.

Originality

The present study is the first of its kind to quantify the therapeutic 
effect of RT utilizing a specially developed and validated eye-tracking-
based perimetric methodology that fully corrects for compensatory 
eye movements in real time (44). Also, it is the first study to include a 
highly selective sample of patients with visual field defects originating 
from lesions in early cortical areas, who conducted RT using VR 
goggles, which we specifically developed for this study (45).

Methods

To make accurate conclusions about the effects of RT and to avoid 
potential inadequacies in patient selection, rehabilitation, and 
diagnostics, we (1) limited inclusion criteria for study participants, (2) 
used our (beforehand) newly developed and validated highly accurate 
eye-tracking assisted perimetric instrument (44) for patients’ visual 
field analysis, and (3) utilized our also newly developed, validated, 
highly reliable and easy to use virtual reality rehabilitation instrument 
enabling patients to perform RT at home (45).

Inclusion criteria

(1) Acquired post-chiasmatic anopia (H53.4; ICD-10), (2) 
Lesioning of the occipital lobe, specifically primary visual cortex or 
optic radiations due to, e.g., stroke from thrombosis of the posterior 
cerebral artery (I63.33; ICD-10) or similar etiology [e.g., (7, 46)] (3) 
Perimetrically diagnosed “Chronic visual field defect” for a minimum 
of 3 months since clinical incident (7, 39, 47) (4) Older than 18 years.

Exclusion criteria

(1) Patients with diagnosed cognitive deficits such as disorder of 
awareness, speech production, anosognosia, severe attentional 
problems, problems understanding and following instructions (e.g., 
R41.x, R44.x, F06.7; ICD-10) after significant temporal and/or parietal 
lobe damage (7) (2) Patients with unilateral visuospatial neglect 
(R29.5; ICD-10)

Selection procedure

Patients were recruited via our partnering rehabilitation institution 
(Rehabilitation Center Grossgmain), training partner (Club Mobil) 
and with the help of press reports to the public. Information regarding 
our study was also disseminated by the Paris Lodron University 
Salzburg and the University Clinic Salzburg. Eligible patients were first 
interviewed in person or via telephone, comprehensive individual 
medical histories were obtained, and inclusion and exclusion criteria 
were assessed accordingly. These anamnestic data and 
neuropsychological examinations performed during previous 
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hospitalization and rehabilitation were utilized to exclude confounding 
comorbidities and to ensure reliability and validity of visual field 
assessment and the self-performed execution of RT.

Patient sample

A total of 16 patients were included. This number is greater than 
in comparable studies who found significant improvements of stroke 
patients’ damaged visual field after RT [e.g., (22, 26, 30)]. Fourteen 
patients sustained cerebral infarction due to thrombosis of the 
posterior cerebral artery (I63.33; ICD-10). One patient additionally 
had middle cerebral artery ischemia (I63.33; ICD-10 and I63.51, 
ICD-10) and one patient was diagnosed with basal ganglion 
hemorrhage (I61.3, ICD-10).

Privacy and ethical considerations

The study was approved by the ethics committee of the University 
of Salzburg (Reference No. 39/2018) and guided by the fundamental 
principles of respect for the individual, the right to self-determination 
and informed decisions, i.e., informed consent, as noted in the 
Declaration of Helsinki. The study was registered in the ICMJE-
approved registry German Clinical Trials Register (DRKS00025205).

Experimental design overview

The study qualifies as a clinical pre-post intervention study with 
16 patients diagnosed with quadrantanopia or hemianopia after 
cortical lesions in early visual areas (see Table 1 for details). After an 
initial assessment  - consisting of visual field diagnostics with a 
Humphrey Field Analyzer (HFA) and Goldmann Perimetry (GP)–the 
patients’ visual border area between intact and defect visual field was 
precisely assessed with the Eye Tracking Based Visual Field Analysis 
[EFA; (44)]. We focused on the inner 10 to 15° for three main reasons. 
(1) Central foveal areas are represented in the early visual cortex (V1) 
with a significantly larger area of cortical surface than more peripheral, 
outer areas (48). Following the logic of RT, the higher the number of 
neurons, the higher the probability of new connections between them. 
(2) By limiting diagnostic effort on these inner areas, we kept visual 
field assessments short and prevented erroneous behavioral responses 
due to cognitive overload, stress or fatigue. (3) Previous studies 
showed that improvements after RT ranged around 5 to 10 degrees of 
visual angle. Improvements of this size would be especially desirable 
in central areas of the visual field.

Results from the EFA provided the basis for individual 
rehabilitation configuration of the Salzburg Visual Field Trainer 
[SVFT; (45)] for every patient. Patients were extensively educated on 
the usage of the SVFT and the functionality of RT and instructed to 
exercise for 5 months, 6 times a week, 2 times a day for 30 min (SVFT 
was configured to automatically end training after 30 min). Training 
regime and sample size was based on previous studies reporting 
amelioration after RT [e.g., (22, 26, 29, 49)]. After around 2 months, 
the patients’ visual field was perimetrically reassessed using the EFA 
in order to adapt the training stimuli in the SVFT to potential changes 
in visual border characteristics.

Experimental procedure

The aim of the experiment was twofold: First, we  investigated 
whether the visual field of stroke patients objectively increases after 
rehabilitation with RT. Second, a single question was used to 
determine whether the patients would experience/perceive a subjective 
increase of their intact visual field. The question was: “How do you rate 
the current status of your visual field?.” The potential answer ranged 
from “very bad” to “very good” and was provided on a horizontally 
aligned Visual Analog Scale (VAS). The methodology of VAS is a 
validated psychometric approach and widely used for subjective 
measurement of emotions, sensations, and other subjective feelings 
[e.g., (50)].

In an initial assessment session, the visual field of the included 
patients were measured by a trained ophthalmologist using 
conventional methods [Humphrey Field Analyzer (HFA) and 
Goldmann Perimetry (GP)]. This gave us an initial insight into the 
perimetric status of the patients and enabled configuration for the 
next diagnostic step. In this second assessment session and based on 
the results from GP, the inner visual field area (10–15 degrees of visual 
angle) of the patients’ respective border area were assessed in high 
resolution (1 stimulus = 1 angular degree) using our Eye Tracking 
Based Visual Field Analysis [EFA; (44)]. Figure 1 shows exemplary 
patient’s data and the logic of translation from GP to EFA.

The EFA is a computerized visual field test based on the principles 
of classical automated static perimetry. The special feature of the EFA, 
however, is the continuous eye fixation control, which (1) checks 
throughout whether the patient is fixating centrally and (2) 
compensates any deviation in real time by adapting the variance to the 
position of the currently presented test stimulus. Specific care was 
taken to ensure that the individual partial assessment with the EFA 
did not last longer than 15 min. Depending on the size of the visual 
subareas to be examined, breaks were scheduled to avoid generating 
assessment errors due to overexertion. In addition to automated real-
time adjustment of test stimuli depending on patient eye movements, 
the EFA also controls the timing of responses to the presented stimuli. 
The presentation of the stimuli is varied using a randomized time 
interval. For example, if patients systematically press the response 
button - even though no stimulus was presented - the first three times 
the patient is instructed with a text not to do so. In addition, this 
behavior is counted automatically, even if no warning is displayed on 
the screen after the third time. For detailed information on the EFA 
see Leitner et al. (44).

Besides usage for pre-post assessment and investigation for 
potential changes after rehabilitation with RT, perimetric EFA 
results were also used for the individual placement of training 
stimuli (1 stimulus = 3 angular degrees) on the patients’ visual 
border area in the Salzburg Visual Field Trainer (SVFT). The SVFT 
is a virtual reality device–based on Google cardboard systems–for 
which we developed training software based on the principle of 
RT. For detailed information on the SVFT see Leitner et al. (45). 
Once the SVFT training goggles were configured to each patient’s 
individual border area location and extent, patients were given 
detailed instructions and education about the training regime, the 
logic behind RT, and the SVFT itself. We paid special attention to 
the fact that the patient should maintain a continuous fixation on 
the central fixation cross during the training. We repeatedly drew 
the patient’s attention to the fact that this must be always complied 
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with. Every 2 months, an intermediate perimetric assessment was 
performed and–if necessary–the localization of the training stimuli 
in the SVFT were adjusted accordingly in case shifts in the visual 
border area were found. After completion of the intervention a 
final visual field assessment was performed. The described 
intervention procedure was not changed throughout the duration 

of the experiment. However, due to the COVID-19 pandemic some 
interim assessment dates had to be postponed. Consequently, the 
time between some intermediate assessments were shorter or 
longer than 2 months (also see the Results section and the 
Supplementary material). Figure  2 shows a summary of the 
experimental procedure.

TABLE 1 Demographic and clinical data of the included stroke patients.

Code Age Sex Time since stroke 
(in months)

ICD-10 Affected 
hemisphere

Visual field loss

01 24 f 14 I63.33 Right Upper Quadrantanopia

02 76 m 202 I63.33 Left Hemianopia

03 78 f 15 I63.33 Right Lower Quadrantanopia

04 64 m 39 I63.33 Left Hemianopia

05 88 m 36 I63.33 Right Hemianopia*

06 78 m 6 I63.33 Right Upper Quadrantanopia

08 54 m 44 I63.33 Right Hemianopia

10 36 m 3 I63.33 Left Lower Quadrantanopia

11 31 m 22 I63.33 Right Hemianopia

12 54 m 13 I63.33 Right Hemianopia

13 53 m 15 I63.33 Left Upper Quadrantanopia

14 53 m 18 I61.3 Right Hemianopia

17 57 f 6 I63.33 Left Hemianopia

19 57 m 19 I63.33, I63.51 Right Hemianopia

20 39 f 3 I63.33 Left Hemianopia

22 35 m 4 I63.33 Left Hemianopia

Mean 55 29

SD 18 46

N 16 f (4)/m (12) I63.33 (14)/I63.33, 

I63.51 (1)/I61.3 (1)

Right (9)/left (7) Quadrantanopia (5)/

Hemianopia (11)

ICD-10: I63.33 posterior cerebral artery infarction, I63.51 middle cerebral artery infarction, I61.3: basal ganglion hemorrhage/*Due to ptosis, diagnosis was performed with the left eye only.

FIGURE 1

Left: The red (Marker properties: 4, e, III) and blue (Marker properties: 3, e, III) dotted lines (marked with yellow arrows) show an exemplary patient’s 
visual border area resulting from assessment with Goldmann perimetry (GP). Middle: The GP plot was superimposed with the coordinate system of the 
Eye Tracking Based Visual Field Analysis (EFA) to define a surrounding visual area (marked by black arrows) that was reexamined at high resolution and 
with real-time gaze contingent stimulus adaptation of the EFA. Right: Perimetric EFA plot which was used for the pre-post analysis. Alt Text: Using the 
results from Goldmann perimetry, the location of the transition area between intact and defect visual field was defined and reassessed with high 
resolution and real-time gaze contingent stimulus adaptation using the Eye Tracking Based Visual Field Analysis (EFA).
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Perimetric data analysis

Perimetric results from the EFA were classified as follows (based 
on (44)): (1) Perceived stimuli, (2) partially perceived stimuli and (3) 
unperceived stimuli. If the patient reacted to a presented stimulus, it 
was documented as perceived. If a stimulus was not perceived it was 
repeated after one randomized intermediate stimulus (which was 
excluded from analysis). If the stimulus was not perceived the first 
time but perceived at repetition, it was classified as a partially 
perceived stimulus. If the stimulus was not perceived both times, the 
stimulus was defined as unperceived. EFA plots illustrate 
perceived stimuli in green, partially perceived stimuli in brown and 
unperceived stimuli in red. For data analysis, perceived stimuli were 
calculated with 1 point, partially perceived stimuli with 0.5 points, and 
unperceived stimuli with 0 points.

In every first EFA assessment, a tight clustering of a generous 
number of stimuli was used to assess the exact border between defect 
and intact visual field as approximated from data of HFA and 
GP. Thereby, in later sessions, the number of test stimuli could 
be reduced in areas known to be clearly intact or defect. In order to 
ensure comparability between assessment dates, only test stimuli that 
were utilized in all assessment sessions were included for data 
analysis. This ensured no under-or overestimation of potential visual 
field changes.

The closer a visual field defect lies foveally, the more distressing 
for the affected patient. Especially in central areas where visual acuity 
is high, even a few angular degrees of improvement would be crucial 
for the patient. For this reason, we additionally calculated patients’ 
perimetric results specifically within 0° to 5° by weighting the decrease 
in acuity into analysis. This means that the closer a test stimulus was 
displayed foveally, the higher it was weighted in the analyzes [e.g., 
(51)]. Accordingly, test stimuli from 0° to 5° were weighted with the 
following values (in brackets): 0° (1), 1° (0.697), 2° (0.535), 3° (0.434), 
4° (0.365), 5° (0.315).

Subjective data analysis

Each end of the VAS scale regarding the subjective perception of 
the patients’ subjective status of his/her own visual field loss was 
defined by contrasting terms ranging from “very bad” (0%) to “very 
good” (100%). The position of the marking on the VAS made by the 
patient was measured, converted into the corresponding percentage 
value, and statistically analyzed.

Results

Number of assessments, training, and 
diagnostics reliability

On average, we perimetrically examined all patients for 3.1 
times (SD = 0.6), with a mean of around 154 days (SD = 66.9) 
between first and last assessment date. Analysis of rehabilitation 
documentation from the SVFT records show that patients 
performed on average 1.4 (SD = 0.4) training sessions per day 
(also see Table 2).

Perimetric control values of the EFA did not show any conspicuous 
accumulations regarding “trigger happiness” in any patient. The 
number of mean false responses was 0.9 (SD = 1.1; MIN = 0; MAX = 5) 
in all perimetric assessment sessions.

Subjective assessment

Evaluation of subjective self-assessment regarding the size of 
intact visual field shows that patients reported a mean percentile 
improvement of 11.5%–changing from 51.0% (SD = 21.2) before 
RT to 62.4% (SD = 17.9) after completing RT (see left panel of 
Figure  3). Kolmogorov–Smirnov test (KS) indicates normal 

FIGURE 2

Experimental sequence of perimetric assessment with Humphrey Field Analyzer (HFA), Goldmann Perimetry (GP) and Eye Tracking Based Visual Field 
Analysis (EFA) with subsequent individual implementation into the Salzburg Visual Field Trainer (SVFT) with which the patients performed Restitution 
Training. Alt Text: The study’s procedure showing the different steps of perimetric assessment to assess the patients’ visual field before and after 
Restitution Training and to configure the Virtual Reality goggles “Salzburg Visual Field Trainer” depending on patients’ individual visual field loss.
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distribution and paired samples t-test shows a statistically 
significant difference and a medium to large effect size between 
first and last assessment date; t(15) = −2.356, 95% CI [−0.215, 
−0.011], p = 0.032, r = 0.52.

Perimetric assessment

Analysis of patients’ visual field tests shows that mean stimulus 
detection rate before RT was 50.7% (SD = 10.6) and after RT 49.6% 
(SD = 13.1; see middle panel of Figure  3). KS indicates normal 
distribution and paired samples t-tests show no statistically significant 
differences between perimetric pre-post assessment; t(15) = 0.590, 
95% CI [−0.288, 0.051], p = 0.564 (For details on the individual 
patients see the Supplementary material).

Eccentricity weighted perimetric 
assessment

Note that only patients with defects in the inner 5° qualified for 
the following analysis (N = 12): Eccentricity weighted analysis of 
potential changes near the macula before and after RT shows that the 
calculated mean stimulus detection value before RT was 2.01 
(SD = 0.34) and after RT 2.03 (SD = 0.32) (see right panel of Figure 3). 
KS indicates normal distribution and paired samples t-tests show no 
statistically significant differences between perimetric pre-post 
assessment; t(11) = −0.152, 95% CI [−0.280, 0.243], p = 0.882.

Discussion

The present study is the first of its kind to examine the potential 
effects of Visual Field Recovery, Vision Restoration Therapy or simply 
Restitution Training (RT) (and similar methodologies) by utilizing a 
novel, clinically validated eye tracking based methodology (Eye 
Tracking Based Visual Field Analysis; EFA) in a highly controlled 
perimetric manner (44). Furthermore, by also developing and 
validating beforehand a portable and flexible virtual reality device 
(Salzburg Visual Field Trainer; SVFT), we ensured that patients could 
easily, comfortably, and accurately perform RT at home (45). Sixteen 
patients with visual field loss due to lesions in the primary visual 
cortex and/or optic radiations after stroke performed RT with the 
SVFT on a regular basis for 5 months and were perimetrically assessed 
with the EFA before, during and after rehabilitation. On an individual 
basis, 10 patients showed slightly worse perimetric results and 6 
patients slightly better perimetric results after training. On the group 

TABLE 2 Patients’ training statistics with the SVFT.

Total 
number of 
perimetric 

assessments

Days 
between 
first and 

last 
perimetric 

assessment

Total 
number 

of 
training 
sessions

Mean 
training 
sessions 
per day

Mean 3.1 153.9 204.4 1.4

Median 3.0 140.0 220.0 1.6

SD 0.6 66.9 74.6 0.4

Min 2.0 56.0 83.0 0.4

Max 4.0 364.0 346.0 1.8

FIGURE 3

Difference between pre-post Restitution Training (RT) results after a mean training duration of around 154  days and 204.4 training sessions from 
subjective (left panel) and perimetric (middle panel) assessment of 16 stroke patients and acuity weighted perimetric assessment (right panel) of 12 
stroke patients. Subjective results show a perceived improvement of intact visual field size of 11.5% - a statistically significant effect. In contrast, results 
from perimetric and acuity weighted perimetric results show no statistically significant difference with a mean change of −1.1% in stimulus detection 
rate and 0.02 in calculated stimulus detection value, indicating a placebo effect in RT. (* = p < 0.05). Alt Text: Patients’ subjective, perimetric and weighted 
perimetric results before and after Restitution Training illustrated as paired plots.

330

https://doi.org/10.3389/fneur.2023.1114718
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Leitner et al. 10.3389/fneur.2023.1114718

Frontiers in Neurology 08 frontiersin.org

level, this does not result in a statistically significant, systematic 
perimetric change after intervention with RT. Thus, our findings 
indicate that RT is an ineffective therapeutic approach to systematically 
and perimetrically assessable increase the visual field of stroke patients 
with lesions to the primary visual cortex and/or optic radiations. 
We  conclude that this is because RT does not restore neuronal 
connections in visual cortical areas, as proposed by proponents of 
RT. Rather, our findings on the patients’ subjective evaluation of their 
visual field improvement after RT indicate that RT is based on a 
psychological placebo effect. Summarizing, our findings allow three 
conclusions on RT.

 1. Patients overestimate training effects of RT when they 
subjectively evaluate the size of their intact visual field on a 
rating scale

 2. Perimetric results from the EFA show that RT does not improve 
or restore damaged visual field areas after lesions in the primary 
visual cortex or optic radiations

 3. When results are weighted for eccentricity - that is, depending 
on test stimulus distance from the macula, representing the 
natural parabolical decrease of acuity  - no improvement in 
visual field size within 0° to 5° is evident in perimetric results 
from the EFA

Clinical evidence to date on the effect of RT on cerebral 
neuroplasticity using neuroimaging methods is limited. In a review 
from 2016, Matteo and colleagues identified two clinical studies 
related to the assessment of cortical functions after RT: Julkunen et al. 
(52) investigated five stroke patients with visual field defects and 
found indications of an improvement in three patients’ visual evoked 
potentials after RT. In 2006, the same workgroup investigated one 
stroke patient with visual field defect and found a previously absent 
P100 component and - by utilizing Positron Emission Tomography 
(PET)–an increase in regional cerebral blood flow in occipital areas 
after RT (53). In this context, it seems noteworthy that despite the 
apparent limited number of neuroimaging studies on RT around that 
time, a much larger number of studies argued–as described in the 
Introduction–in favor of the positive effect of RT on “training-induced 
neuroplasticity” and related perimetrically detectable improvements 
in the past.

Even now in 2023, there is only a limited number of clinical 
neuroimaging studies on the neurological effects of RT. For example, 
Ajina et al. (54) included seven stroke patients with chronic visual field 
defects who performed RT daily (~25 min) for 3 to 6 months at home. 
The authors found “[…] an increased neural response to moving stimuli 
in the blind visual field in motion area V5/hMT” (p. 5994) and “using 
a region-of-interest approach […] a significant effect on the blood 
oxygenation level-dependent signal compared with baseline” (p. 5994). 
Contradicting findings, on the other hand, come from Barbot et al. 
(27), who found in 11 stroke patients with visual field defects after RT 
that “[…] blind-field locations with the greatest HVF [Humphrey 
Visual Field] recovery did not exhibit further increases in visually-
evoked BOLD responses post-training” (p. 12). Similarly, Raemaekers 
et  al. (38) found in their fMRI study on eight patients with 
postchiasmatic visual field defects perimetrical improvements 
between 1 and 7 degrees of visual angle after RT. However, their fMRI 
data revealed that “[…] the retinotopic maps strongly matched 
perimetry measurements before training” (p. 872).

In the presence of this small number of clinical neuroimaging 
studies to date, previous argumentation of proponents of RT and our 
first-time eye tracking based perimetric findings in the present study, 
we argue that following the postulated mode of action of RT, it is 
unlikely that RT leads to perimetrically assessable “training-induced 
neuroplasticity” in the primary visual cortex or the optic radiations. 
Consequently, a practical benefit of RT for the everyday life of patients 
must be seriously doubted. At the same time, it is surprising to see that 
a considerable number of newer studies, while relying on modern 
neuroimaging methods, still use–in scientific terms–rather 
“inaccurate” equipment such as the Humphrey Field Analyzer to 
assess–if at all minor–perimetric effects of RT [e.g., (27, 54)]. For a 
comparison on perimetric accuracy between Humphrey Field 
Analyzer (HFA), Goldmann Perimetry (GP), and Eye Tracking Based 
Visual Field Analysis (EFA) also see Leitner et al. (44).

Following the concept of RT, especially the visual transitional 
area between intact and defect visual field should be  highly 
receptive for neuroplastic improvement due to retinotopy. This is 
because transition areas near the macula–which we stimulated in 
our study–are cerebrally represented with a higher number of intact 
neurons neighbored by (partially) damaged neurons than in 
peripheral areas. Additionally, especially defect neurons in macular 
areas on lesion borders should be  more easily stimulated to 
reconnect, than neurons with scarcer input from peripheral retina 
located in the center of cortical lesion. Also, the “dual blood 
supply”–from the posterior cerebral artery and the middle cerebral 
artery–of the posterior occipital lobe play a significant role in both 
sparing and rehabilitation after stroke of the central 2° to 10° of the 
visual field (7).

While the neurological background of visual field defects due to 
lesions in the primary visual cortex and optic radiations is well 
understood, related visual disorders such as neglect and cortical 
blindness still raise questions. Since lesions do not follow cerebral-
topographical borders, for example, the posterior cerebral artery 
rarely affects purely visual perception, the distinction between visual 
field defect, neglect and other associated disorders is often not clearly 
apparent. We therefore argue that a possible explanation for the partly 
divergent findings in previous studies on RT should be considered 
against this background. This hypothesis is also based on our recent 
findings on RT and neglect (55). We argue that RT could have a 
potential positive therapeutic effect for lesions in higher cortical 
areas, such as in parietal areas impairing attention. These 
improvements can be explained by training induced focus on specific 
areas of visual perception. However, we argue that the neurological 
background of these improvements are not necessarily training-
induced reconnections between neurons but rather a 
neuropsychological phenomenon based on a strict training and 
repetition scheme improving attention and awareness - similar to the 
concept of Compensation Training. In this context, recent results by 
Halbertsma et  al. (56) are of interest, finding in 20 patients with 
chronic hemianopia that “[…] the functional connectivity strength 
between the anterior Precuneus and the Occipital Pole Network was 
positively related to the attention modulated improvement [by RT]” 
(p. 1). Similarly, Lu et al. (57) found in their study on seven patients 
with post-chiasmatic damage and RT of 5 weeks significantly 
improved contrast sensitivity after assessment with HFA and 
enhanced functional connectivity of attentional brain regions. If 
findings like these can be confirmed in future RCT designs and larger 
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samples, it will then be a central task to quantify the significance of 
improvement for the practical daily life of patients, as emphasized by 
Kerkhoff et al. (4).

We decided against conducting a larger “Quality of Life”-like 
questionnaire for perceptual and visual field disorders. The main 
reason is that these questions are not the focus of our present study as 
we  did not seek to find answers regarding general and specific 
experiences in stroke patients’ everyday life dealing with visual field 
defects. Rather, the aim of this study was to test the hypothesis that 
neuropsychological intervention with RT ameliorates a damaged 
visual field. The answer to this question consists of a (1) physiological 
component, which was objectively assessed via perimetric 
measurement, and (2) a psychological component, which was 
subjectively assessed via a simple question: “How do you  rate the 
current status of your visual field?” Interestingly, the result from this 
subjective perception of the patients–a significant improvement–
coincides with other studies, which–in contrast to our study–also 
reported perimetric improvements after RT [e.g., (22, 58)].

One might argue that our failure to find affirmative evidence in 
favor of RT is due the application of RT in VR goggles (whereas 
those studies, which reported such evidence were conducted with 
standard monitors). We  counter that VR provides the optimal 
framework for neuropsychological rehabilitation as more and more 
recent studies indicate the advantages and validity of 
neuropsychological interventions in a virtual reality-based 
environment [e.g., (45, 59–61)]. There are several reasons for the 
advantages of neuropsychological rehabilitation of visual perception 
and attention issues in VR: (1) Following the logic of RT, the 
brightness of the training stimuli represents a determinant measure 
for neuronal stimulation and thus therapeutic success. The stimuli 
presented in the SVFT have a brightness of 1,000 cd/m2. On the 
other hand, PC monitors utilized for RT have an average brightness 
of around 400 cd/m2. (2) Training can be  conducted highly 
comfortably and convenient as no chin and head rest is required. 
As the distance between the eyes and the presented stimuli is always 
the same, head movements do not affect the crucial aspect of exact 
stimulus presentation across the visual border area (as in contrast 
to PC based RT systems). (3) The immersive design of the VR 
goggles enables ruling out external factors like light conditions or 
other visual distractions in the surrounding environment, 
potentially confounding the therapeutic effect. From a technological 
perspective, our proof-of-concept and validation study with 40 
participants indicated beforehand that the RT program of the SVFT 
has a sensitivity of 0.980 (SD = 0.038) and a specificity of.992 
(SD = 0.016). From a usability perspective our study showed that the 
VR system is comfortable to wear and easy to use (45).

Since there was no eye-tracker installed in the SVFT, we could not 
document the eye movement behavior of the patients during RT. Thus, 
we extensively informed the patients before the start of the training 
that only a reliable and continuous central fixation during RT can 
potentially yield an improvement. Furthermore, during each interim 
assessment - about every 8 weeks - the importance of central fixation 
was re-emphasized. In addition, we kept in touch with the patients by 
telephone to be able to help them quickly with any other problems that 
might arise during RT. Because the patients were thoroughly educated 
on the functionality of RT and had an honest intrinsic motivation to 
perform the therapy as correctly as possible, we assume a high level 
of compliance.

The definition of a “chronic visual field defect” is not consistent 
in the scientific literature ranging from 3 [e.g., (47)] to 6 months 
[e.g., (26)] and 12 months [e.g., (37)]. Based on recent work from 
Frolov et al. (39) or Goodwin (7) and older work from Zhang et al. 
(47) we decided to include patients who suffered from stroke at 
least 3 months in the past. Zhang et al. (47) state in their influential 
article on homonymous hemianopia that “spontaneous 
improvement of homonymous hemianopia is seen in at least 50% of 
patients first seen within 1 month of injury. In most cases, the 
improvement occurs within the first 3 months from injury” (p. 901). 
Because our patient sample is composed of late subacute and 
chronic visual field loss, we cannot draw conclusions about possible 
improvements with RT in earlier phases after stroke. There are 
some indications that earlier interventions (acute and early 
subacute phase) may lead to greater success in the restitution of 
visual field capacities [e.g., (62)].

Since the perimetric results from the EFA do not suggest efficacy 
of RT, we  decided against conducting a control group. This is a 
decision of ethical nature. We argue that it is ethically not justifiable 
to misspend therapeutic time of stroke patients with obviously 
inefficient forms of rehabilitation. We also consider it as unethical to 
advise stroke patients against other, potentially effective forms of 
therapies while waiting in a control group or to perform pseudo-
interventions for months, when previous, well-founded research has 
shown the ineffectiveness of an intervention. Although the placebo 
effect found in our study has thus not been validated with a control 
group, the state of current research on RT supports our conclusion 
on this psychological effect. In the past, numerous studies have also 
found–besides perimetric improvements–a subjective improvement 
based on interviews or questionnaires [e.g., (22, 28, 29)]. In this 
context, we are not aware of a single study that, when surveyed in the 
course of the study design, did not find a positive effect of RT on 
subjective patients’ perception on their perceived severity of visual 
field loss. Consequently, we  argue that our study was able to 
reproduce the results of other studies, but puts these findings in the 
context of a placebo effect due to our first-time investigation with the 
EFA and its unprecedented perimetric reliability and accuracy. 
We would like to emphasize that we do not consider the placebo 
effect in the context of rehabilitation of visual field defects as 
“negative” for the patient. The placebo effect is a very well studied 
phenomenon and powerful tool that works even when patients know 
that the effect is based on a placebo [“open-label placebos”; e.g., (63, 
64)]. Against this background, a placebo effect after VRT that leads 
to a subjectively improved visual field can even be considered positive 
from a clinical-psychological point of view. From an economic point 
of view, however, the question arises as to whether this effect can 
be achieved more effectively and in a less time-consuming manner 
than through an expensive and complex hardware/software system. 
This may warrant further research. Up to now, stroke research on 
visual field loss has focused primarily on physiological issues. Our 
study shows, however, that psychological effects may have a greater 
impact on the therapeutic success of affected patients than 
previously assumed.

Having said this, we lay emphasis on the fact that the finding of 
the current study–a null effect of visual restitution training - only 
applies to this very specific sort of RT. Our findings do in no way apply 
or touch other forms of interventions for visual field loss. There are 
promising approaches toward ameliorating visual field defects [see 

332

https://doi.org/10.3389/fneur.2023.1114718
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Leitner et al. 10.3389/fneur.2023.1114718

Frontiers in Neurology 10 frontiersin.org

(65, 66) for a recent review]. A recent study, for example, evinced 
positive outcomes of training a new preferred retinal location (67). 
Others reported positive results with regard to training with 
concurrent brain stimulation (Transcranial Random Noise 
Stimulation; tRNS) leading to improved spatial attention and stimulus 
detection performance [e.g., (68–71)]. Although it is possible that a 
stringent eye fixation control would qualify the findings of these 
studies, their methodology seems promising with regard to alleviating 
the burden of cortical blindness.

Conclusion

With our newly developed and validated instrument EFA we find 
no perimetrically assessable ameliorating effect of Restitution Training 
(RT) on the visual field of stroke patients’ due to lesions in the primary 
visual cortex and/or optic radiations in the late subacute (3–6 months) 
and chronic phase (> 6 months). Thus, RT seems to have no training-
induced effect on cerebral neuroplasticity in these cortical regions. 
However, we  find a statistically significant improvement in the 
patients’ subjective assessment regarding the size of their intact visual 
field. Consequently, we argue that the therapeutic impact of RT seems 
to be a psychological placebo effect, which gives patients the feeling 
that their intact visual field is larger than it actually is.
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Feasibility of challenging treadmill 
speed-dependent gait and 
perturbation-induced balance 
training in chronic stroke patients 
with low ambulation ability: a 
randomized controlled trial
Jia Hu 1, Lingjing Jin 1, Yubing Wang 2* and Xia Shen 2,3*
1 Medical Education Department, Shanghai YangZhi Rehabilitation Hospital (Shanghai Sunshine 
Rehabilitation Center), School of Medicine, Tongji University, Shanghai, China, 2 Rehabilitation Medicine 
Research Center, Shanghai YangZhi Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center), 
School of Medicine, Tongji University, Shanghai, China, 3 Department of Rehabilitation Sciences, Tongji 
University School of Medicine, Shanghai, China

Background: Treadmill training shows advantages in the specificity, amount, and 
intensity of gait and balance practice for the rehabilitation of stroke patients.

Objective: To investigate the feasibility and effectiveness of challenging treadmill 
speed-dependent gait and perturbation-induced balance training in chronic 
stroke patients with low ambulation ability.

Methods: For this randomized controlled trial (Chinese Clinical Trials.gov 
registration number ChiCTR-IOR-16009536) with blinded testers, we  recruited 
33 ambulatory stroke participants with restricted community ambulation capacity 
and randomly assigned them into two groups: the experimental group with  
2 week treadmill speed-dependent gait training combined with 2 week treadmill 
perturbation-induced balance training (EXP) or the control group with traditional 
gait and balance training (CON). Various variables were recorded during EXP 
training, including the rating of perceived exertion, heart rate, causes of pauses, 
treadmill speed, and perturbation intensity. Outcome measures were examined 
before training and at 2 and 4 weeks after training. They included gait velocity 
during five-meter walk test at comfortable and fast speed and reactive balance 
ability in the compensatory stepping test as primary outcome measures, as well 
as dynamic balance ability (timed up-and-go test and 5 times sit-to-stand test) 
and balance confidence as secondary outcome measures.

Results: All participants completed the study. The treadmill speed and perturbation 
intensity significantly increased across training sessions in the EXP group, and no 
adverse effects occurred. The normal and fast gait velocities showed significant 
time and group interaction effects. They significantly increased after 2 and  
4 weeks of training in the EXP group (p < 0.05) but not in the CON group (p > 0.05). 
Likewise, dynamic balance ability measured using the timed up-and-go test at 
a fast speed significantly improved after 2 and 4 weeks of training in the EXP 
group (p < 0.05) but not in the CON group (p > 0.05), although without a significant 
time and group interaction effect. Surprisingly, the reactive balance ability did not 
show improvement after treatment in the EXP group (p > 0.05).
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Conclusion: Challenging treadmill speed-dependent gait and treadmill 
perturbation-induced balance training is feasible and effective to improve 
ambulation function in chronic stroke patients with low ambulation ability.

KEYWORDS

stroke, gait, balance, perturbation, treadmill, velocity, intensity

1. Introduction

Gait impairments are major disabling disorders in hemiplegic 
patients after stroke, which greatly compromises their ambulation 
independence, increases the risk of falls, and reduces quality of life 
(1–4). Restoration of walking ability is the hallmark of rehabilitation 
for these patients (2, 5). However, the recovery of walking ability 
reaches a plateau at the chronic stage, usually around 6 months after 
stroke (4, 6–8), when most patients achieve independent ambulation 
but suffer considerable gait deficits, including slow gait speed and poor 
postural stability, restricting their community ambulation (8–10).

With little spontaneous recovery, therapeutic-induced plasticity is 
the main mechanism underlying the resumption of activity and 
function at the chronic stage of stroke recovery (11). The specificity, 
amount, and intensity of walking practice are crucial variables of the 
treatments that can facilitate plasticity of neuromuscular and 
cardiopulmonary systems and ensure improvement of walking 
ability (12).

In a traditional session of physical therapy, gait training is usually 
performed overground and combines a series of balance exercises, 
emphasizing a normal pattern and stability during walking practice 
and commonly using some facilitation techniques such as the Bobath 
concept (2, 5). The traditional training method limits the amount of 
walking practice to fewer than 200 repetitions of stepping for 
ambulatory patients (13). That does not meet the requirements for 
motor learning and neural plasticity to occur (14, 15) and restrains the 
intensity in terms of walking speed during training. Thus, an 
insufficient amount and intensity of walking practice could be  a 
critical cause of suboptimal effectiveness in traditional intervention 
for stroke patients at the chronic stage.

Treadmill-based exercise is a popular training method for 
ambulation function in patients after stroke (2). This modality delivers 
three-fold more step practice than traditional training within the same 
time for stroke patients (16, 17). It can be performed with or without 
body weight support or the use of handrails and with adjustable speed 
to ensure both safety and intensity of gait training in stroke patients 
with different degrees of gait deficits (18). Body weight support and 
the use of handrails provide physical assistance to exerciser, can 
decrease balance control demand during walking, thereby improving 
gait performance in kinematics and promoting gait economy (19, 20). 
However, physical assistance reduces the balance training component 
and might lower the intensity of walking exercises to a point that is 
insufficient for the production of biomarkers involved in 
neuromuscular plasticity, such as lactate and brain-derived 
neurotrophic factor (21, 22).

Ample evidence has shown that compared with traditional 
overground walking, treadmill gait training without body weight 
support, but not that with, has superior benefits in improving walking 

performance in patients with independent ambulation (18). 
Furthermore, higher speed during treadmill training such as speed-
dependent training mode, no matter with or without body weight 
support, improves the walking performance of stroke patients more 
than lower-speed training mode, such as using a comfortable speed 
(23–25). The evidence demonstrates the importance of challenging 
training protocols in optimizing training efficacy. Moreover, we noted 
that handrails were commonly used or permitted for stroke patients 
to warrant safety during treadmill training without weight support, 
independent of speed intensity (18). For chronic stroke patients who 
already achieved independent ambulation but remain restricted in 
community ambulation, we  supposed that handrails might not 
be necessary. Therefore, we proposed a challenging treadmill speed-
dependent gait training protocol with neither weight support nor 
handrail use.

Poor postural stability is a prominent feature involved in 
hemiplegic gait deficit and increases the risk of falling in stroke 
patients (26). An efficient reactive balance response is crucial to 
prevent stroke patients from falling when experiencing loss of balance. 
However, impaired reactive balance ability is common in stroke 
patients and considerably contributes to their increased fall rates 
during inpatient rehabilitation and after returning to the community 
(1, 27). Thus, balance training targeting anticipatory and reactive 
postural control is commonly integrated into gait training in 
traditional physical therapy sessions for stroke patients. In traditional 
balance training protocols, anticipatory postural control is usually 
practiced through a series of balance-specific activities such as 
standing, stepping, and walking; reactive postural control is typically 
trained by manual perturbation during balance tasks (5, 28–31).

The abovementioned treadmill gait training consistently generates 
a backward-directed force to the patient’s sole during walking that 
disturbs the balance to simultaneously train the anticipatory postural 
control. We expected that the speed-dependent training mode without 
physical assistance is superior in both dose and intensity than 
traditional balance training for training the anticipatory gait-related 
postural control. For reactive postural control, a treadmill-based 
training mode has been recently reported (28, 32), which is innovative 
compared with traditional manual perturbation training (29–31). It 
simulates the unpredictable perturbation of falls in real life such as 
slips, trips, or pushes during normal walking by belt acceleration, 
deceleration, and treadmill platform lateral movement, respectively 
(28, 32). The innovative treadmill perturbation-induced training has 
shown effective to improve reactive balance ability (28, 32), has 
superior benefits in improving gait performance compared with 
treadmill gait training (32), and exhibited greater effects on increasing 
balance confidence compared with traditional gait training in stroke 
patients with relatively high ambulation capacity who already have 
community ambulation capacity. We expected the training mode is 
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feasible and effective in stroke patients with low ambulation ability as 
well, who are still restricted to community ambulation although they 
are already capable of independent ambulation.

To summarize, treadmill-based training shows advantages in 
the specificity, amount, and intensity of walking and balance 
practice for the rehabilitation of stroke patients. Taking safety 
preconditions into account, a sufficiently challenging treadmill gait 
and balance training protocol is the key to optimizing the treatment 
efficacy for ambulation function. For chronic stroke patients with 
low ambulation ability, we proposed a challenging gait and balance 
training protocol combining treadmill speed-dependent gait 
training with perturbation-induced balance training during 
treadmill walking.

The objectives of the present study were to investigate whether the 
challenging treadmill gait and balance training is feasible for chronic 
stroke patients with low ambulation ability and to explore the effects 
on improving ambulation function compared to traditional gait and 
balance training in those patients. We hypothesized that it is feasible 
and effective in chronic stroke patients with low ambulation ability.

2. Methods

2.1. Participants

Patients admitted to the Shanghai Yangzhi Rehabilitation Hospital 
(Shanghai Sunshine Rehabilitation Center) between May 2018 and 
December 2019 were enrolled in this study (Table 1). Inclusion criteria 
included patients with a first-episode stroke, a disease course longer 
than 6 months, perceived balance impairment with impact on daily 
life (Affirmation to the question: “Do you feel that you experience 
balance impairment in your daily living?”), the ability to walk 
independently with or without an assistive device for at least 10 
meters, and gait velocity lower than 0.66 m/s. The gait velocity of 
0.66 m/s is a recognized cutoff point for community ambulation 
capacity (10). Exclusion criteria included patients with skeletal injuries 
or diseases that affected gait and balance ability, including recent 
fracture of the trunk or lower limbs, severe osteoarthritis or 
osteoporosis, vision impairment and neglect, unable to understand 
verbal commands (who were screened using the 3-step command task 
of the Mini-Mental State Examination), unstable blood pressure 
control, and severe cardiopulmonary disease, which was checked by 
medical record at the time of enrollment.

To estimate the sample size, we  referred to a previous study 
comparing innovative treadmill gait training with overground gait 
training in chronic stroke patients with independent ambulation but 
still restricted community ambulation (33). An effect size of 1.0 for the 
difference of change in comfortable gait velocity between two training 
modes was calculated based on this previous study. Setting a 
significance level of 0.05 and a power (1−β) of 0.8, we estimated that 
17 patients in each group were required for significant analyses using 
the t-test. Considering a 15% dropout rate, the initial sample size was 
set at 20 in each group.

The study conformed to the principles of the Declaration of Helsinki 
and was approved by the Medical Ethics Committee of the Guangdong 
Work Injury Rehabilitation Center (AF/SC-07/2016.01, Chinese Clinical 
Trials.gov registration number ChiCTR-IOR-16009536). The ethical 
approval was endorsed by the ethics committee of Shanghai Yangzhi 

Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center). All 
eligible participants were enrolled after providing written 
informed consent.

2.2. Study design

All participants were randomly assigned into one of two groups 
by drawing lots from sealed envelopes: The experimental group with 
challenging treadmill gait and balance training (EXP) and the control 
group with traditional gait and balance training (CON). All 
participants were assessed three times consecutively after enrollment 
(before training, and at 2 weeks and 4 weeks after training) by two 
examiners who were unaware of the grouping. All assessments were 
carried out by the same examiners.

Participants in both the EXP and CON groups received physical 
therapy for 4 weeks, with five sessions per week and 1.5 h per session, 
where the therapist conducted 30 min of one-on-one gait and balance 
training. Patients in the CON group received 4 weeks of traditional 
gait and balance training, 5 sessions per week. Patients in the EXP 
group received treadmill speed-dependent gait training for the first 
2 weeks, followed by perturbation-induced balance training during 
treadmill walking at a comfortable speed for the second 2 weeks, with 
three sessions per week. This treadmill training frequency showed an 
improved time efficacy ratio than others (18). To match the training 
duration between the two groups, patients in the EXP group 
additionally received two sessions of traditional gait and balance 
training per week for 4 weeks.

2.3. Challenging treadmill gait and balance 
training

The EXP training was conducted using a movable treadmill 
system (Balance Tutor, Medi Touch, Ltd., Israel). Patients wore a 
harness attached to an overhead sling system for fall prevention but 
without any body weight support throughout the training sessions. 
Handrail use was not allowed during the training sessions, but 
assistive devices for daily use were permitted if needed. The rating of 
perceived exertion (RPE; ranging from 0 to 10) and the heart rate were 
monitored before and during the training sessions.

Unlike traditional approaches that mix gait and balance 
training in one session, we  separated the treadmill speed-
dependent gait training from the treadmill perturbation-induced 
balance training in the first and second 2 week phases, respectively, 
based on two considerations. First, we  aimed to clarify the 
feasibility of each training mode for chronic stroke patients with 
low ambulation ability. Separating the two training modes allowed 
this to be  accomplished. Second, owing to overall safety 
considerations, our objective, in the first phase of gait training, 
was to initially improve ambulation function to some extent. This 
was expected to develop the abilities of patients in the 
perturbation-induced balance training.

For the treadmill speed-dependent gait training during the first 
2 weeks, the comfortable speed and the initial maximum speed on the 
treadmill were determined before the first training session. Each 
treadmill speed-dependent gait training session consisted of one 5 min 
warm-up phase, four phases of 5 min treadmill speed-dependent gait 
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training, and one 5 min cool-down phase in the end. During the 
warm-up and cool-down phases, the participant walked at the 
comfortable speed. During the speed-dependent training phases, the 
initial maximum speed was used as the first 5 min speed-dependent 
training. If the participant could continuously walk without loss of 
balance for 5 min, the RPE after 5 min phase did not reach 6/10, and 
the heart rate did not exceed the safe heart rate of 80% heart rate 
reserve [(220 − resting heart rate) × 80% + resting heart rate], then the 
speed was increased by 0.2 km/h every 5 min. In contrast, if the 
participant could not walk at the initial maximum speed safely (loss 
of balance, interruption, RPE ≧6/10, or heart rate exceeding the safe 
heart rate, or any discomfort too severe to continue), rest was provided 
until they felt well, and then the speed was reduced by 0.2 km/h for the 
next 5 min training phase. The maximum speed in each training 

session was recorded and used as the initial maximum speed for the 
next gait training session. Participants were encouraged to walk at a 
fast speed in daily life.

For the perturbation-induced balance training during the second 
2 weeks, the comfortable walking speed and the initial intensity 
threshold of perturbations in each of four directions to trigger a 
stepping response while walking at the comfortable speed were 
determined before the first training session. The intensity of 
perturbation generated by the treadmill platform ranges from 1 to 30 
levels based on the amplitude, velocity, and acceleration of the induced 
movement of the platform. Surface translations were increased 
systematically in perturbation trials (characteristics of perturbation 
intensities are described in Table 1). Each treadmill perturbation-
induced balance training session consisted of one 5 min warm-up 

TABLE 1 The table of perturbation intensity and corresponding translation movement parameters.

Perturbation 
intensity

Forward-backward translation Lateral translation

Amplitude velocity Acceleration Amplitude velocity Acceleration

(cm) (cm/s) (cm/s2) (cm) (cm/s) (cm/s2)

1 1 4 13 1 4 13

2 2 7 26 1.6 6 20

3 3 11 38 2.2 8 28

4 4 14 51 2.8 10 35

5 5 18 64 3.3 12 43

6 6 21 77 3.9 14 50

7 7 25 89 4.5 16 58

8 8 29 102 5.1 18 65

9 9 32 115 5.7 20 73

10 10 36 128 6.3 22 80

11 11 39 140 6.9 25 88

12 12 43 153 7.4 27 95

13 13 46 166 8 29 102

14 14 50 179 8.6 31 110

15 15 54 191 9.2 33 117

16 16 57 204 9.8 35 125

17 17 61 217 10.4 37 132

18 18 64 230 11 39 140

19 19 68 242 11.5 41 147

20 20 71 255 12.1 43 155

21 21 75 268 12.7 45 162

22 22 79 281 13.3 48 170

23 23 82 293 13.9 50 177

24 24 86 306 14.5 52 185

25 25 89 319 15.1 54 192

26 26 93 332 15.7 56 200

27 27 96 344 16.2 58 207

28 28 100 357 16.8 60 215

29 29 104 370 17.4 62 220

30 30 107 383 18 64 230
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phase, four phases of 5 min perturbation-induced balance training 
while walking at the comfortable speed, and one 5 min cool-down 
phase in the end. During the warm-up and cool-down phases, the 
participant walked at the comfortable speed without perturbation. 
During the perturbation-induced training phases, the treadmill belt 
or platform introduced a perturbation in a random direction about 
every 10 s at the previously tested threshold intensity, no matter which 
phases of the walking cycle (28, 32). Perturbations in all four directions 
were elicited: forward translational perturbation like slipping triggered 
by the acceleration of the treadmill belt, backward translational 
perturbation like tripping triggered by deceleration of the treadmill 
belt, and left or right translational perturbation like a push at the foot 
level by lateral acceleration of the movable treadmill platform. The 
participant was encouraged to make a stepping reaction to enlarge the 
base of support and follow the moving belt, using the leg with no or 
less weight bearing which could be  either the paretic or the 
non-paretic leg.

If the participant performed proper stepping reactions and 
continued to walk safely without interruption or loss of balance, with 
an RPE ≦ 5/10, with a heart rate not exceeding the safe heart rate, and 
without discomfort, then the perturbation intensity was increased by 
2 levels every 5 min. If the participant made an improper stepping 
reaction but continued to walk safely, the current perturbation 
intensity was maintained, but visual or auditory cues were provided 
to remind the participant of proper stepping responses until they 
performed them properly. If the translational perturbation or walking 
resulted in the loss of balance, an RPE ≧6/10, a heart rate exceeding 
the safe heart rate, or any discomfort too severe to continue, rest was 
provided until the participant felt well, and then the perturbation 
intensity was reduced by 2 levels in the next training phase; visual or 
auditory cues were given as well to remind the participant to make 
correct responses. The maximum intensity of perturbation in each 
direction in each training session was recorded and used as the initial 
perturbation intensity for the next perturbation-induced training 
session. The participants were encouraged to make reactive stepping 
responses when encountering perturbation in daily life.

2.4. Traditional gait and balance training

The training targeted a series of functional tasks, including 
standing under different conditions (with reduced sensory input, with 
a reduced base of support, while reaching or catching some target, or 
responding to unexpected manual perturbation), transferring from 
sitting to standing, multidirectional stepping, overground walking, 
and going up and down stairs. Patients were allowed to use their 
assistive devices, if needed. The stability and normal pattern of weight 
bearing and movements during tasks was emphasized during training. 
The participants were encouraged to use the postural control and 
movement strategies learned from the training in daily activities. Each 
session lasted for 30 min.

2.5. Assessment protocol

We assessed a series of functional outcomes before training (Pre), 
2 weeks after training (Mid), and 4 weeks after training (Post). All 
participants completed all tests independently without any assistive 

device except for one participant in the CON group who wore an 
ankle-foot orthosis during tests at each assessment.

As an efficient intervention should have effects that transfer across 
dimensions of health in routine environments (34), we adopted two 
primary outcomes and three secondary outcomes across body 
function, activity, and participation dimensions, all of which were 
tested on the ground but not on the treadmill.

2.6. Primary outcomes

The two primary outcomes measured were gait velocity and 
reactive balance ability.

The five-meter walk test was used to examine the comfortable and 
fast gait velocities. This test has excellent reliability and validity in 
patients with stroke (35, 36). For the test, a nine-meter-long walkway 
was set consisting of five meters in the middle and two meters at each 
end. The participant was asked to walk from one end of the nine-
meter-long walkway to the other end. The time spent during the 
middle five-meter walk was recorded to calculate the velocity. The test 
was repeated twice at the participants’ comfortable speed and at their 
fastest speed after one practice round, and the mean values of the two 
tests at each condition were used for analysis. The minimal clinically 
important difference is 0.05 m/s for stroke patients (37).

The forward and backward compensatory stepping test (CST) 
items of the Balance Evaluation Systems Test, a reliable test in patients 
with hemiplegia (38, 39), were adopted to examine the reactive 
balance ability. During the forward CST, the participant stood with 
their feet shoulder width apart and arms at their sides, then leaned 
forward against the tester’s hands beyond the forward limits (the hips 
are in front of the toes), then the participant was asked to do whatever 
is necessary to avoid a fall when the tester released their hands, 
including making a stepping response (38). The backward CST had a 
similar procedure except that the participant leaned backward beyond 
the backward limits (the hips are behind the heels) by making a 
backward stepping response. The items were scored on a 4-point scale 
from 0 to 3 indicating severe impairment, moderate impairment, mild 
impairment, and normal, respectively (38). The tests were conducted 
at least once after the participant understood the procedure from 
observing the demonstration. For participants who maintained their 
balance by adjusting their posture using a non-stepping strategy, more 
test trials were provided to guide them to lean more or to increase the 
pushing force against them, until the participant made a stepping 
response or fell without stepping (38).

2.7. Secondary outcomes

The timed up-and-go test (TUG) at the comfortable and fastest 
speeds, and the 5 times sit-to-stand test (5-STS) were used to examine 
the dynamic balance ability. The activities-specific balance confidence 
(ABC) scale was used to examine balance confidence of the 
participants. These scales have demonstrated strong test–retest 
reliability in patients with stroke (40–42).

Besides the functional outcomes, a series of variables monitored 
during the challenging treadmill gait and balance training were 
recorded as well. These included the maximum RPE and heart rate 
during each training session, the maximum speed during each 
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speed-dependent gait training session, and the maximum intensity of 
perturbation in each direction during each perturbation-induced 
balance training session. Furthermore, demographic and disease 
features were obtained upon enrollment from the participants and 
confirmed based on their medical record, which included sex, age, 
height, weight, type of stroke, time since stroke, hemiplegia side, and 
the Brunnstrom stages of the lower extremity.

2.8. Statistical analysis

The SPSS 20.0 software was used for statistical analysis. The 
Shapiro–Wilk test was used to confirm the normal distribution of 
data. The independent t-test or Pearson χ2 was used to analyze 
between-group differences in demographic and disease characteristics, 
and functional outcomes at baseline, for variables with normal 
distribution and those without normal distribution, respectively. The  
two-way (time and group) repeated measures analysis of variance  
(ANOVA) test for variables of functional outcomes with normal 
distribution was used to analyze between-group differences in training 
effects, with any demographic and disease characteristics as covariates 
if they had between-group differences. Where there was an interaction 
between time and group (p < 0.05), post-hoc paired t-tests and 
independent t-tests were used to analyze the time effect within each 
group and between-group difference at each timepoint, respectively. 
For functional outcomes without a normal distribution, the Friedman 
test (post hoc the Wilcoxon test) and Mann–Whitney U test were used 
to analyze the time effect within each group and between-group 
difference at each timepoint, respectively. For variables monitored 
during the challenging treadmill gait and balance training, the 
one-way (time) repeated measures ANOVA test was used to analyze 
the  change in tolerated walking speed of gait training and perturbation 
intensity of balance training across training sessions in the EXP group 
were used to analyze the change in tolerated walking speed of gait 
training and perturbation intensity of balance training across training 
sessions in the EXP group. p < 0.05 indicated statistical significance in 
all analyses.

3. Results

A total of 49 patients volunteered for this study, and 16 patients 
were excluded because they did not meet the inclusion criteria. A total 
of 33 eligible patients were randomly assigned to either the EXP group 
(n = 17) or the CON group (n = 16). All patients completed the 4 week 
training and three assessments. The flow diagram of participant 
selection throughout the study is shown in Figure 1. The demographic 
and disease characteristics were similar between the two groups 
(p > 0.05). There were 29 male and 4 female participants aged 
46.0 ± 15.5 years. There were 14 participants that suffered from 
cerebral infarction and 19 participants that suffered from cerebral 
hemorrhage at 15.1 ± 16.0 months since stroke upon enrollment. 
Hemiplegia affected either the right or left side in a ratio of 19:14. The 
Brunnstrom stage of lower limb ranged from 3 to 6. Nineteen 
participants used at least one assistive device, including a cane (16 
persons) and/or an ankle-foot orthosis (6 persons), in daily life.

The functional outcomes at baseline showed comparable results 
between the two groups (p > 0.05). All participants showed mean gait 

velocities of 0.34 ± 0.15 m/s and 0.41 ± 0.19 m/s at the normal and fast 
speeds, respectively. For the reactive balance ability, most participants 
demonstrated normal response in forward and backward CSTs with 
rates of 64% and 58%, respectively, whereas a small number of 
participants (24% and 30%, respectively) lost their balance in the two 
tests. The participants spent 39.2 ± 13.5 s and 35.0 ± 14.3 s in the TUG 
test at a normal and fast speed, respectively, and 29.6 ± 11.9 s in the 
5-STS test. The average ABC score was 62.7 ± 24.1 out of 100 (Table 2).

3.1. Safety monitoring and progress of 
training intensity across challenging gait 
and balance training sessions in the EXP 
group

Among the 17 participants in the EXP group, 14 participants 
completed all gait training sessions, and 13 completed all balance 
training sessions. No more than two training sessions overall were 
absent by participants who had not completed all training sessions. 
Absence was commonly attributed to personal factors or early 
discharge. The overall completion rate was 95%. Safety analyses were 
based on available data.

For safety, two participants wore an ankle-foot orthosis on the 
hemiplegic side during training, one during both gait and balance 
training and the other one only during balance training. Another 
participant used ankle taping to improve the stability of the hemiplegic 
ankle during balance training. The other participants of the EXP group 
did not use any assistive devices during training. The mean RPE was 
not over 6/10, and the mean heart rate was not over 130 bpm; both 
measurements were higher during the gait training than during the 
balance training (Figures 2A,B). A total of 34 and 20 pauses were given 
during the gait and balance training phases, respectively, among all 
EXP participants. During gait training, postural instability, 
uncomfortable feelings such as spasm or pain around the ankle and 
foot, foot dragging, and fatigue with over 6/10 of RPE were common 
causes of pauses. During balance training, stepping out of the belt and 
postural instability were the main causes of pauses. Resting and 
reducing the intensity level were commonly useful to avoid or relieve 
the problems in most participants (Figure 2C).

During gait training, the tolerated treadmill speed significantly 
increased from 0.56 ± 0.25 m/s at the 1st session to 0.84 ± 0.35 m/s at 
the 6th session (F5,65 = 12.634, p < 0.001) (Figure 3A). During balance 
training, the perturbation threshold was set initially at 11 ± 3, 20 ± 7, 
12 ± 3, and 12 ± 4 levels in the direction of forward, backward, left side, 
and right side, respectively, at the 1st balance training session, which 
significantly increased to 19 ± 5, 29 ± 1, 20 ± 3, and 20 ± 4 levels, 
respectively, at the last session (F5,60 = 38.796, p < 0.001; F5,60 = 23.396, 
p < 0.001; F5,60 = 32.140, p < 0.001; and F5,60 = 42.868, p < 0.001, 
respectively) (Figure 3B).

3.2. Training effects on gait and balance 
ability in the EXP group compared with the 
CON group

For the primary outcomes, the normal gait velocity (F2,62 = 3.212, 
p = 0.047) and fast gait velocity (F2,62 = 4.252, p = 0.019) showed 
significant time and group interaction effects. Participants in the EXP 
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group showed significant improvement of the normal gait velocity and 
fast gait velocity after 2 weeks of training (F1,16 = 8.539, p = 0.010 and 
F1,16 = 13.251, p = 0.002, respectively) and 4 weeks of training 
(F1,16 = 9.799, p = 0.006 and F1,16 = 20.179, p < 0.001, respectively) but no 
improvement in the CON group (p > 0.05). There were no significant 
between-group effects (p > 0.05). The reactive balance ability measured 
by backward CST showed a significant time effect in the CON group 
(χ2

2,16 = 6.5, p = 0.039) but not in the EXP group. There was a significant 
between-group difference at the Mid timepoint (χ2

2,33 = 6.976, 
p = 0.031) but not at the other two timepoints. The reactive balance 

ability measured by forward CST did not show any significant time or 
group effects (p > 0.05).

For the secondary outcomes, there were no significant time and 
group interaction effects or significant group effects (p > 0.05). All 
secondary outcomes demonstrated significant time effects (p < 0.05) 
except for TUG time at a comfortable speed. The EXP group showed 
a significantly reduced TUG time with fast speed at the Mid 
(F1,16 = 11.221, p = 0.004) and Post (F1,16 = 12.396, p = 0.003) timepoints, 
whereas the CON group did not show any significant reduction 
(p > 0.05). The EXP group showed a significant reduction in the 5-STS 

FIGURE 1

The flow diagram of participants through the study. EXP, experimental group; CON, control group; Pre, pre-training timepoint; Mid, mid-training 
timepoint; Post, post training timepoint.
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time at the Post timepoint (F1,16 = 5.348, p = 0.034), whereas the CON 
group showed similar improvements (F1,16 = 5.149, p = 0.038). The EXP 
group significantly increased their ABC score at the Mid timepoint 
(Z = −2.536, p = 0.011) but not at the Post timepoint (p > 0.05), whereas 
the CON group showed no significant increase in ABC score at either 
timepoint (p > 0.05). These details are shown in Table 3.

4. Discussion

The results demonstrated that the two modes of challenging 
treadmill-based training, i.e., speed-dependent gait training without body 
weight support and handrail use, as well as perturbation-induced balance 

training, are feasible in stroke patients with restricted community 
ambulation capacity in the chronic phase. In these patients, the 
challenging treadmill gait and balance training was superior to the 
traditional training in improving gait velocity while not improving the 
reactive balance ability, which partially agrees with our hypothesis.

4.1. Effects of the 2 week treadmill 
speed-dependent gait training

The present study newly provides evidence of superior effects on 
gait velocity improvement of the challenging treadmill gait training 
without physical assistance compared to traditional gait and balance 
training in chronic stroke patients with low ambulation ability. The 
finding is consistent with previous evidence on the effects of speed-
dependent gait training with physical assistance in stroke patients 
newly walking at the subacute stage of recovery (24, 25, 43) and 
patients with various ambulation levels at the chronic stage (16, 23, 
44). The superior effect on improving gait velocity may benefit not 
only from repetitive practice with a higher number of steps (23, 25) 
but also from increased levels of biomarkers involved in facilitating 
neuromuscular plasticity such as lactate and brain-derived 
neurotrophic factor upregulated through the high-intensity gait 
training (21, 22). The training intensity was estimated to be at a high 
level based on the heart rate response during the training of 110–130 
bpm reaching ~70–80% of the heart rate reserve.

Moreover, it is worth noting that the training-induced ~20% 
improvement of gait velocity in our study, exceeding the minimal 
clinical effect of 0.05 m/s, is higher than the ~10% increase in a 
previous study with a similar disease course of participants 
(>12 months after stroke on average) and a similar intervention period 
(16). It possibly owes to the training without body weight support and 
handrail use. Without physical assistance, speed-dependent gait 
training elicited loss of balance in the present study. Fortunately, the 
incidence rate of this loss of balance was low and avoidable by 
reducing the treadmill speed. On the whole, the progress of tolerated 
speed in this study testifies to the feasibility of the training mode in 
stroke participants with low ambulation ability.

Both TUG time at a fast speed and balance confidence showed 
improvements after the 2 week speed-dependent gait training but not 
after traditional training, although without reaching significant group 
differences. These results indicate that speed-dependent gait training 
is an efficacious intervention with effect transfer across different 
activities in chronic patients (34). We noted that TUG improvements 
only occurred at a fast speed but not a comfortable speed. This can 
be explained by the similarity principle of learning transfer (45), TUG 
at a fast speed has  relatively more similarity in speed features with the 
speed-dependent gait training, compared to that at a comfortable 
speed, thereby gaining more improvement from the training. With 
longer training duration, the TUG time at a comfortable speed may 
also improve, as shown in previous studies (16, 24).

4.2. Effects of 4 week challenging treadmill 
gait and balance training

This study is the first to combine treadmill-based speed-
dependent gait training with perturbation-induced balance training 

TABLE 2 Participants` characteristics and functional outcomes at 
baseline.

Variables EXP group 
(n = 17)

CON group 
(n = 16)

p

Sex (Male/Female)a 14/3 15/1 0.316

Age (years) 48.7 ± 14.8 43.1 ± 16.2 0.304

BMI (kg/m2) 25.3 ± 1.7 25.1 ± 3.1 0.796

Type of stroke 

(infarction/

hemorrhage)

6/11 8/8 0.393

Time since stroke 

(months)

16.2 ± 20.3 14 ± 10.2 0.695

hemiplegia side (Left/

Right)a

6/11 8/8 0.393

Brunnstrom stages of 

LE (3/4/5/6)a

3/7/5/2 4/9/1/2 0.387

AFO for daily use 

(Yes/No)a

2/15 4/12 0.352

Cane for daily use 

(Yes/No)a

7/10 9/7 0.387

AFO use during tests 

(Yes/No)a

0/17 1/15 0.295

Cane use during tests 

(Yes/No)a

0/17 0/16 –

Gait velocity-normal 

(m/s)

0.35 ± 0.16 0.32 ± 0.14 0.571

Gait velocity-fast 

(m/s)

0.43 ± 0.18 0.4 ± 0.2 0.645

CST-Forward 

(0/1/2/3)a

3/0/3/11 5/0/1/10 0.468

CST-Backward 

(0/1/2/3)a

4/0/2/11 6/0/2/8 0.656

TUG_normal (s) 37.5 ± 15.4 41.1 ± 11.3 0.444

TUG_fast (s) 34.2 ± 16 35.9 ± 12.7 0.745

5-STS (s) 28.6 ± 12.6 30.8 ± 11.4 0.608

ABC score 66.5 ± 24.8 58.6 ± 23.3 0.352

p, between-group difference examined by the independent t-test or Pearson χ2 test. BMI, 
Body mass index; LE, lower extremity; CST, compensatory stepping test; TUG, timed up-
and-go test; STS, sit-to-stand test; ABC, the activities-specific balance confidence 
scale.aVariables marked with “a” were analyzed by Pearson χ2, otherwise by the independent 
t-test.

343

https://doi.org/10.3389/fneur.2023.1167261
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Hu et al. 10.3389/fneur.2023.1167261

Frontiers in Neurology 09 frontiersin.org

in chronic stroke patients, and this approach has comparable balance 
and gait training components of the traditional approach. We found 
superior effects of the mixed treadmill-based gait and balance training 
on improving gait velocity and TUG performance at a fast speed than 
the traditional gait and balance training. However, we did not detect 
additional benefit from the later 2 week perturbation-induced balance 
training on basis of the earlier 2 week treadmill-based training benefit. 
In the present study, due to the high similarity in treadmill gait 
training components between the two training modes of the EXP 
group, a generalization (46) effect could be produced from the first 

2 week training and determine the similar gain during the second 
2 week. Besides, carry-over effect (47) from the first 2 week training 
would merge into the gain during the second 2 week training. The 
study design makes it impossible to isolate the effects of perturbation-
induced balance training on ambulation function in the stroke 
patients of this study, which need studies with a true experimental 
design to clarify.

Regarding reactive balance ability, we detected progress in the 
perturbation threshold of the stepping responses across the treadmill 
gait perturbation training sessions that indicates improvement in skills 

FIGURE 2

Safety monitoring during speed-dependent gait and perturbation-based balance training in the experimental group. (A) Rating of perceived exertion 
(RPE). (B) Maximum heart rate (HRmax). (C) Causes and frequency of pauses during 5 min training phases.

344

https://doi.org/10.3389/fneur.2023.1167261
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Hu et al. 10.3389/fneur.2023.1167261

Frontiers in Neurology 10 frontiersin.org

to cope with gait perturbations. However, we  did not find an 
improvement in the skills in response to stance perturbations 
measured by CST tests after a 4 week challenging treadmill-based 
training. Based on the specificity principle (12), these results could 
be attributed to a lack of relevant stance perturbation training in the 
training protocol. It hints at the possible absence of a transfer of 
acquired skills from gait perturbations to stance perturbations. Hence, 
perturbation-based training while standing or during walking may 
both need to be included in the training protocol targeting reactive 
balance ability. Furthermore, the manner of delivery of 
multidirectional perturbations might be  a factor influencing 
acquisition of skills to cope with perturbations. This study adopted a 
mixed delivery of perturbations with reference to the protocols of 
previous studies (28, 32). However, a recent study by Dusane and 
Bhatt found that mixed perturbations in opposite directions interfere 
with motor adaptation, particularly slip-response adaptation (48). 
They suggested that block training of each perturbation might better 
enhance reactive postural responses than the mixed perturbation 
training in stroke patients (48). Hence, interference from the mixed 
delivery of perturbations might weaken the acquisition of skills from 
gait perturbation, making the acquisition not strong enough for skill 
transfer. Further studies in stroke patients are needed to compare the 

effects of perturbation-induced training in blocks with those in a 
random sequence.

Regarding the 5-STS, both the EXP and CON groups showed new 
improvement after 4 week gait and balance training. The 5-STS reflects 
not only dynamic balance ability but also strength of the anti-gravity 
muscles (49). Previous studies reported increased quadriceps strength in 
stroke patients after treadmill gait training (50) or treadmill perturbation-
induced balance training (28, 32). Therefore, the improvement in 5-STS 
performance may be  attributed to the increased strength of the 
quadriceps muscles by challenging treadmill gait and balance training in 
the EXP group and may result from increased balance ability by 
transferring task-specific training effects in the CON group.

Regarding balance confidence, the significant improvement gained 
in the EXP group from treadmill gait training was not maintained 
during the treadmill perturbation-induced balance training. This 
finding is inconsistent with those of recent studies showing significant 
improvements in balance confidence after treadmill perturbation-
induced balance training (28, 32). Noting that the mean ABC scores 
were comparable between the 2 week and 4 week timepoints while the 
training effects differed, we further checked the changes in ABC scores 
from the baseline and intermediate timepoints to the end timepoint and 
found several outliers in the changes in ABC scores. Most outliers were 

FIGURE 3

Progress of speed-dependent gait and perturbation-based balance training intensity in the experimental group. (A) Tolerated treadmill speed. 
(B) Perturbation threshold to elicit a stepping response.
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positive changes apart from one negative shift (Supplementary Figure S1), 
which increased the variation in changes and hid the positive effects of 
treadmill perturbation-induced balance training on balance confidence. 
Moreover, the ambulation ability of participants in this study was much 
lower than that in the abovementioned previous studies with treadmill 
perturbation-induced balance training (mean comfortable gait velocity 
at baseline: 0.32 m/s vs. 0.8–0.9 m/s). For those participants with lower 
ambulation ability, treadmill perturbation-induced balance training was 
particularly challenging. When responding well in challenging training 
situations, the participants were usually very excited and became very 
confident in coping with daily activities, otherwise they became very 
depressed or scared weakening their confidence, thereby leading to the 
observed large variance. In general, the effect of treadmill perturbation-
induced balance training on improving balance confidence could be as 
promising as the treadmill speed-dependent gait training. Safe training 
protocols and positive feedbacks are important to overcome negative 
psychological impacts.

In summary, this study established the feasibility of the two 
strategies of challenging treadmill speed-dependent gait training 
and perturbation-induced balance training in chronic stroke patients 
with low ambulation ability by monitoring safety and evaluating the 
effects of the trainings on ambulation. However, this study has some 
limitations. First, no measure directly reflecting reactive balance 
ability during ambulation was adopted to investigate the training 
effects. Second, the study design did not allow to clarify the 
effectiveness of treadmill perturbation-induced balance training 
alone as carryover and generalization effects perturbed the results. 
Third, the final sample size of this study met the requirement for 
detecting significant differences in gait velocity changes between the 
EXP and CON groups. However, the age of participants in the two 
groups had noticeably difference and variable range (EXP: 48.7±14.8 
and CON: 43.1±16.24), although without statistical between-group 
differences. It is a small sample size leading to inadequate statistical 
power to detect statistically differences (51, 52). Besides, the sample 

TABLE 3 Training effects on gait and balance between the EXP and CON groups.

Variables Groups Pre Mid Post Time effect (p) Group 
effect

Time × Group 
Interaction 

(p)
Mean ± SDa Overall Pre vs. 

Mid
Pre vs. 
Post

Overall 
(p)

Gait velocity-

normal (m/s)

EXP 0.35 ± 0.16 0.4 ± 0.19 0.42 ± 0.18 0.001* 0.010* 0.006* 0.267 0.047*

CON 0.32 ± 0.14 0.32 ± 0.14 0.35 ± 0.16 0.633 0.229

EXP vs. CON 

(p)
0.571 0.142 0.252

Gait velocity-fast 

(m/s)

EXP 0.43 ± 0.18 0.5 ± 0.22 0.51 ± 0.23 <0.001* 0.002* 0.000* 0.319 0.019*

CON 0.4 ± 0.2 0.4 ± 0.19 0.43 ± 0.21 0.916 0.174

EXP vs. CON 

(p)
0.645 0.186 0.274

CST-Forward 

(0/1/2/3)b

EXP 3/0/3/11 1/0/4/12 1/0/3/13 0.472 0.276 0.194

CON 5/0/1/10 3/0/2/11 3/0/4/9 0.368 0.180 0.461

EXP vs. CON 

(p)
0.468 0.431 0.398

CST-Backward 

(0/1/2/3)b

EXP 4/0/2/11 2/0/8/7 2/0/4/11 0.250 0.942 0.391

CON 6/0/2/8 4/0/1/11 3/0/1/12 0.039* 0.102 0.059

EXP vs. CON 

(p)
0.656 0.031* 0.365

TUG- normal (s) EXP 37.46 ± 15.42 37.85 ± 17.68 36.96 ± 16.62 0.216 0.807 0.792 0.413 0.562

CON 41.13 ± 11.32 43.55 ± 14.91 40.21 ± 13.49 0.211 0.661

TUG-fast (s) EXP 34.23 ± 16.02 30.76 ± 15.26 29.28 ± 15.01 <0.001* 0.004* 0.003* 0.496 0.275

CON 35.89 ± 12.68 35.19 ± 12.81 33.12 ± 12.04 0.633 0.130

5-STS (s) EXP 28.58 ± 12.58 25.7 ± 10.76 24.5 ± 10.95 0.001* 0.074 0.034* 0.486 0.896

CON 30.75 ± 11.42 28.74 ± 10.04 26.8 ± 8.05 0.080 0.038*

ABC score (0–

100)b

EXP 66.54 ± 24.82 72.1 ± 21.64 73.46 ± 23.61 0.108 0.011* 0.059

CON 58.61 ± 23.32 60.17 ± 23.64 65.74 ± 23.52 0.323 0.937 0.136

EXP vs. CON 

(p)
0.410 0.415 0.411

*p < 0.05. CST, compensatory stepping test; TUG, timed up-and-go test; STS, sit-to-stand test; ABC, the activities-specific balance confidence scale.
athe data are mean ± SD of each variable at each assessment point in each group, except for variables marked with b, which were analyzed using two-way repeated measures ANOVA. For the 
result of ANOVA, where there was significant time × Group effect, the time effect within each group and the group effect at each assessment point, analyzed by post-hoc tests, are presenting; 
where there was significant time effect overall, the time effect within each group analyzed by post-hoc tests are presenting in the preset table.
bvariables of ordinal data which presents as ratio of each rank at each assessment point in each group, the time and group effects of which were separately analyzed by the Friedman test (post 
hoc the Wilcoxon test) and Mann–Whitney U test, respectively.
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size limited us from exploring the feasibility and effectiveness of the 
training within different age ranges of participants. A larger sample 
size is required for further studies clarifying the effectiveness of each 
training mode with different age ranges. Fourth, it is not known 
whether one group had a disproportionate number of individuals 
with cognitive impairment, and this could have been a confounding 
factor in interpreting the results. One inclusion criterion we set for 
participants was their ability to follow commands: this was a 
minimum prerequisite for the completion of study tasks by 
participants. However, this participant selection criterion did not 
require the overall intactness of cognitive functions and instead was 
meant to ensure that more volunteers would be eligible to enroll in 
our study. Fifth, we did not track fall events after treatment. Despite 
an increased gait velocity in the EXP group, these patients still had 
balance impairments with a mean TUG of ~37 s and no improved 
skill to cope with stance perturbation. Higher mobility but poor 
balancing ability may lead to a greater exposure to fall-prone 
environments or activities, thereby contributing conversely to a 
higher risk of falls for patients with chronic stroke (53). Further 
studies are needed on how changes in gait velocity and balance 
ability affect falls after treatment.

5. Conclusion

The two training strategies of challenging treadmill speed-
dependent gait and perturbation-induced balance training, without 
weight support and use of handrails, are feasible and effective in 
improving the ambulation function in patients with chronic stroke 
who have low ambulation ability.
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Comparative study of
ultrasonic-guided betamethasone
local injection and extracorporeal
shock wave therapy in
post-stroke hemiplegic shoulder
pain: a randomized clinical trial

Jingjing Zhang†, Huiwen Mao†, Fang Gao*, Yan Li* and Yang Yang

Department of Rehabilitation Medicine, Tongren Hospital, Shanghai Jiao Tong University School of

Medicine, Shanghai, China

Objective: This study aimed to compare the e�cacy and safety of

ultrasound-guided local injection (UGLI) of betamethasone around the shoulder

and extracorporeal shock wave therapy (ESWT) in patients with hemiplegic

shoulder pain.

Method: Forty-two patients with hemiplegic shoulder pain were randomly divided

into the UGLI group (N = 21) and the ESWT group (N = 21). In the UGLI

group, betamethasone was injected at the pain point around the shoulder under

ultrasonic localization. In the ESWT group, an extracorporeal shock wave was

performed at the pain points around the shoulder for 20min of time, once a

week, for 4 consecutive weeks. Both groups received rehabilitation training. The

visual analog scale (VAS) evaluation was performed at baseline, 1 h, 1 week,

and 1 month after treatment. Furthermore, Neer shoulder joint function scores,

upper limb Fugl–Meyer assessment (FMA), modified Barthel index (MBI), Hamilton

Depression Scale (HAMD), the MOS-item short-form health survey (SF-36) scores,

and serum expression level of cytokine were evaluated at baseline and 1 month

after treatment.

Results: After 1-h treatment, the UGLI group showed a greater e�ect on the

degree of pain than the ESWT group (P = 0.017). After 4 consecutive weeks of

intervention, the UGLI group showed a significant improvement in the serum level

of cytokine expression compared with the ESWT group (P < 0.05). The range of

motion (ROM) of the hemiplegic shoulder (P < 0.05) has no di�erence between

the two groups (P > 0.05).

Conclusion: The ultrasonic-guided betamethasone local injection and

extracorporeal shock wave both can improve hemiplegic shoulder pain.

However, the UGLI can induce a more cytokine expression level.

KEYWORDS

ultrasonic guidance local injection, betamethasone, extracorporeal shock wave therapy,

hemiplegia shoulder pain, stroke
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Introduction

Stroke is a common and refractory disease that seriously

endangers human health and life safety (1). With the improvement

of clinical diagnosis and treatment of stroke, the fatality rate has

gradually decreased, but the survivors are always accompanied

by varying degrees of dysfunction (2). Hemiplegic shoulder pain

(HSP) is one of the common complications after stroke (3), which

occurs within 8 weeks to 2 months after stroke, with an incidence

of 16–84% (4–6). It has a great influence on rehabilitation training,

function recovery, and the quality of life of patients. Therefore, to

explore a more effective, safer, and convenient treatment strategy is

the common goal of clinical doctors.

The mechanism of HSP is still unclear. Current rehabilitation

measures for HSP include repeated transcranial magnetic

stimulation (rTMS), acupuncture, neuromuscular electrical

stimulation, local drug injection around the shoulder, botulinum

toxin therapy, and ESWT. rTMS relieves hemiplegic shoulder pain

by restoring the inhibitory–excitatory balance between the cerebral

hemispheres (7), but patients with epilepsy cannot receive rTMS.

Many patients cannot tolerate the strong needle feeling and refuse

acupuncture treatment (8); neuromuscular electrical stimulation

works slowly (9); and botulinum toxin therapy is relatively

expensive (10). Previous conclusions about the clinical efficacy of

local injection of steroids around the shoulder (11) and ESWT (12)

on hemiplegic shoulder pain were inconsistent, and most of the

previous studies were injected without accurate positioning.

Musculoskeletal ultrasound (MU) has a high resolution, which

can effectively display the structures of muscles, tendons, ligaments,

bursa, bones, and peripheral nerves and determine their damage

(13, 14). Therefore, based on MU examination and localization,

this study compared the effects of hormone injection and ESWT

to improve HSP and attempted to clarify their therapeutic

mechanism. We aimed to provide a scientific basis for clinical

technology promotion.

Materials and methods

Patients

This study was approved by the ethics committee of

Shanghai Tongren Hospital, Shanghai Jiao Tong University School

of Medicine. This study has passed clinical trial registration

(registration number: ChiCTR1800019047), including 50 patients

from January 2020 to November 2020 from our Rehabilitation

ward. Of the 50, eight of themwere excluded (five who did not meet

the inclusion criteria and three who declined to participate). The

sample size was calculated using PASS 19.0 software. According to

the VAS score data of the experimental group and the control group

in a previous study (7), 21 cases in each group were obtained by

using the two-sample independent t-test calculation formula. The

shedding rate was 20%, and the final number of participants was

50. These patients were enrolled in this study and randomly divided

into the UGLI group and the ESWT group, with 21 patients in each

group by a computer-generated randomization list. All assessments

in both groups were performed by a therapist who did not treat

these enrolled patients and was blinded to the treatment allocation.

All participants had signed informed consent before enrollment.

Inclusion criteria

The inclusion criteria are as follows
(1) All patients who were diagnosed according to the World

Health Organization’s definition of a stroke and were

confirmed by CT or MRI;

(2) First onset stroke;

(3) The patient presented with shoulder pain on the hemiplegic

side within 0–6 months of onset; and

(4) MRI examination of the shoulder joint confirming the

appearance of soft tissue injury of the shoulder joint.

Exclusion criteria

The exclusion criteria are as follows
(1) Periarthritis of the shoulder, rheumatoid arthritis, and

other diseases;

(2) Aphasia, poor cognitive function (MMSE < 23), or unable to

cooperate with the treatment;

(3) Patients with basic diseases such as severe diabetes,

hypertension, coronary heart disease, and poor drug control;

(4) Allergic history of steroids;

(5) Persons with blood coagulation disorder; and

(6) Those who have received local injection treatment of

shoulder joints.

Experimental procedures

The two groups received routine rehabilitation training

and positioning under ultrasonic guidance. The following are

specific methods:

Routine rehabilitation training
(a) Patients were instructed to place their good limbs and

wear shoulder support when standing up to protect the

affected shoulder.

(b) For 2 weeks, local ultrashort wave therapy, ultrasonic therapy,

and other physical factors were used for 30min five times week.

(c) Manual rehabilitation therapy includes painless passive

shoulder movement, 15–20 shoulder movements (5–10min)

each time, during the activity, with massage of soft tissue

around the shoulder joint. In the supine position, the therapist

holds the shoulder blade with one hand and the shoulder with

the other, moving the shoulder blade forward, outward, and

upward. Then, the therapist holds the patient’s hand, stretches

his/her elbow straight, and pulls the his/her shoulder forward

in the flexion direction. Next, while sitting, the therapist holds

the upper limb on the affected side with one hand and puts

the other behind the shoulder blade, stretching the upper arm

forward and outward for 30min 5 times/week for 2 weeks.
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TABLE 1 Baseline characteristics of two groups.

UGLI (n = 21) ESWT (n = 21) P-value

Age (year) 57.19± 8.83 56.66± 9.47 0.854∗

Medical history (day) 95.47± 34.86 86.9± 32.09 0.412∗

Gender Male 8 (38.1%) 12 (57.1%) 0.354∗∗

Female 13 (61.9%) 9 (42.9%)

Stroke type Hemorrhage 8 (38.1%) 7 (33.3%) 0.747∗∗

Infarction 13 (61.9%) 14 (66.7%)

Hemiplegic side Left 11 (52.4%) 9 (42.9%) 0.537∗∗

Right 10 (47.6%) 12 (57.1%)

Comorbidities Hypertension 9 (42.9%) 10 (47.6%) 0.756∗∗

Diabetes 5 (23.8%) 7 (33.3%)

VAS 6.52± 0.98 6.14± 1.15 0.256∗

Cytokines IL-1 10.51± 9.35 6.15± 3.62 0.053∗

IL-6 10.67± 10.21 6.74± 3.75 0.105∗

IL-8 5.7± 4.71 5.20± 3.35 0.700∗

TNF-α 4.02± 2.05 2.96± 0.95 0.255∗

Neer 40.14± 16.48 44.33± 11.18 0.342∗

Barthel 61.43± 16.05 59.52± 12.23 0.668∗

Fugl-Meyer 34.86± 12.56 33.38± 10.34 0.754∗

HAMD 4.24± 2.91 2.71± 0.86 0.227∗

SF-36 85.51± 18.09 88.64± 16.57 0.562∗

∗∗Chi-squared test; ∗t-test; The P-value of <0.05 was considered to be statistically significant.

Positioning under ultrasonic guidance
The ultrasonic instrument was China Mindray Resona 7

ultrasonic diagnosis system, and the probe was a linear array probe

with a frequency of 5–12 MHz.

The patient was supine, and the shoulder injury was examined

with an ultrasound. First, the long head tendon of the biceps

humerus was investigated to find whether there was an injury or

effusion in its tendon sheath. Second, the rotator cuff structures

(supraspinatus, subscapularis, subspinatus, and teres minor) were

investigated for tears and calcification, and the bursa (subacromial

deltoid, coracoid process, and subscapularis bursa) were detected

for fluid accumulation. Finally, the seated position was used to

investigate whether there was effusion in the shoulder joint cavity

and the injury of the pelvis and lip. Afterward, the damage

was located and marked. The results of ultrasound imaging and

magnetic resonance imaging (MRI) were consistent between the

two groups (Table 1; Figure 1).

Ultrasound-guided injection procedures
Before injection, patients and their families should be informed

of the possible risks and asked to sign informed consent.

Type II mucosal iodine was used to disinfect the insertion

area of the long head tendon and the supraspinatus muscle of

the biceps brachii three times. A disposable 5-ml syringe was

used to connect the No. 7 needle to accurately pierce the tendon

sheath of the long-head tendon of the biceps brachii and the

area between the shoulder peak and the sliding capsule of the

deltoid muscle (Figure 2). The local effusion was drained, 2.5ml

of mixed fluid—betamethasone injection (Deboisone, Schering-

Plow Labo NV Belgium) 1ml + 2% lidocaine injection (Otsuka

Pharmaceutical Co., LTD., China) 1ml + 0.9% sodium chloride

injection (Hebei Tiancheng Pharmaceutical Co., LTD.) 0.5 ml—was

injected after no blood was drawn back, and then, the puncture

needle was pulled out. Finally, a sterile dressing covered the

entry point.

To prevent infection, patients were instructed to avoid the

contact of the injected site with water for 24 h after the injection.

Subjects were assessed immediately after the injection, 1 week later,

and 1 month later.

Extracorporeal shock wave therapy
Swiss DolorClast Smart was used in this study.

The patient was placed in the healthy lateral decubitus or

a sitting position, centered on the pain point, and the coupled

agent was applied at the specified position, while the shockwave

treatment head was perpendicular to the surface of the tenderness

point. For the patients with no obvious tenderness point or non-

punctual pain, the treatment was centered on the long head of the

biceps brachii (LHB) and the supraspinatus tendon (Figure 3). The

impact strength was 0.12 mJ/mm2, once a week, for a total of four

times. During the shockwave therapy, the therapist should inquire
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FIGURE 1

Ultrasound images of the shoulder joint on the hemiplegic side of the subject under the guidance of ultrasound [(A) is biceps long head tendinitis

with tendon sheath e�usion; (B) is acromioclavicular joint e�usion with calcification; (C) is acromion-deltoid muscle Subscapular bursa e�usion; (D)

is supraspinatus tendinosis; and (E) is coracoid-subscapular bursa e�usion]. Orange arrows show the lesion in (A–E).

FIGURE 2

Ultrasound-guided injection operation diagram [(A) is the injection point of the long head of the biceps under the ultrasound guidance and the

ultrasound image and (B) is the ultrasound-guided acromion-subdeltoid bursa injection point and the ultrasound image] as shown by the orange

arrows.

about the patient’s symptoms, stop immediately if the pain worsens,

redefine the site, monitor the skin condition after treatment, and

treat any damage promptly.

Outcome measurement

Patients were assessed at baseline and after 4-week treatment.

The VAS scores were performed at baseline, 1 h, 1 week, and

1 month after intervention to assess the degree of pain. Before

and 1 month after intervention, Neer score and Fugl–Meyer

assessment (FMA) were used to assess the upper extremity

motor function. The modified Barthel index (MBI) SF-36

assessment was adopted to assess the daily ability and the

quality of life. The HAMD score assessed the emotional

state, and serum inflammatory factors such as interleukin-1

(IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor

necrosis factor-α (TNF-α) expression levels were detected
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FIGURE 3

Shock wave treatment for hemiplegic shoulder pain [(A) is the site of the long head tendon of the biceps brachii treated by shock wave shock and (B)

is the site of acromial-subdeltoid bursa treated by shock wave shock].

to reflect the degree of local inflammatory reaction around

the shoulder.

Statistical analysis

All data were analyzed with SPSS 22.0 software (IBM, Inc.). The

paired-sample t-test was used if the data were normally distributed,

and the Wilcoxon signed-rank test was used if the data were not

normally distributed. Gender, stroke type, hemiplegic side, and

complications were compared by the chi-squared test. A P-value

of <0.05 was considered to be statistically significant.

Result

General information

Both groups were well tolerated, and no adverse event occurred

during the study. During the 4-week study period, no patient

dropped out.

There were 8 men and 13 women with 13 cerebral infarction

and 8 cerebral hemorrhage cases in the UGLI group. Their age was

57.19 ± 8.83 years, and the disease course was 95.47 ± 34.86 days,

among which nine patients had basic diseases such as hypertension

and five patients had diabetes. In the ESWT group, there were

12 men and 9 women with 14 cerebral infarction and 7 cerebral

hemorrhage cases. Their age was 56.66± 9.47 years, and the disease

course was 86.9 ± 32.09 days, among which 10 patients had basic

diseases such as hypertension and seven patients had diabetes.

The baseline data of the two groups included age, gender, type

of stroke, and clinical courses that had no significant difference

(Table 1).

Comparison between the two groups after
treatment

The VAS, Neer score, FMA, MBI, SF-36, HAMD, and serum

inflammatory factors (IL-1, IL-6, IL-8, and TNF-α) had no

significant difference at baseline (Table 1).

For the UGLI group, the VAS scores before and after 1-h, 1-

week, and 1-month treatment were 6.52 ± 0.98, 4.38 ± 0.92, 2.71

± 0.78, and 1.23 ± 0.89 (P < 0.05) and for the ESWT group, those

were 6.14 ± 1.15, 5.09 ± 0.94, 3.09 ± 0.94, 0.95 ± 0.80 (P < 0.05),

respectively. The VAS scores of the two groups were improved after

treatment (P< 0.05). After 1-h treatment, the UGLI group was 4.38

± 0.92, and the ESWT was 5.09 ± 0.94 (P = 0.017), and the UGLI

group was superior to the ESWT group (Table 2).

In terms of the serum levels of inflammatory factors (IL-1, IL-

6, IL-8, and TNF-α), the scores of the UGLI group after treatment

were 2.38 ± 0.66, 2.43 ± 1.29, 2.13 ± 0.75, and 1.89 ± 0.75,

which was decreased compared with those before treatment, which

were 10.51 ± 9.35 (P = 0.001), 10.67 ± 10.21 (P = 0.001), 5.7 ±

4.71 (P = 0.004), and 4.02 ± 2.05 (P = 0.023). The scores of the

ESWT group after treatment were 3.96 ± 2.83, 5.59 ± 5.05, 3.15 ±

1.49, and 2.44 ± 0.92, which were decreased compared with those

before treatment, which were 6.15 ± 3.62 (P = 0.001), 6.74 ± 3.75

(P = 0.000), 5.20 ± 3.35 (P = 0.005), and 2.96 ± 0.95 (P = 0.000),

respectively. After treatment, the levels of IL-1, IL-6, IL-8, and TNF-

α in the UGLI group decreasedmore than those in the ESWT group

(P = 0.017, P = 0.008, P= 0.009, P = 0.040) (Table 3).

For the other scales, before and after treatment, the Neer scores

of the UGLI group and the ESWT group were 40.14± 16.48, 73.43

± 13.65 (P = 0.000) and 44.33 ± 11.18, 70.57 ± 9.79 (P = 0.000).

The MBI values of both groups were 61.43 ± 16.05, 82.86 ± 14.28

(P = 0.000) and 59.52± 12.23, 81.19± 9.73 (P= 0.000). The FMA

values of both groups were 34.86± 12.56, 52.33± 7.66 (P = 0.000)
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TABLE 2 Comparison of VAS scores between the two groups.

Group Case Pre-treatment Post-treatment 1 h Post-treatment 1 w Post-treatment 1 m

UGLI 21 6.52± 0.98 4.38± 0.92 2.71± 0.78 1.23± 0.89

ESWT 21 6.14± 1.15 5.09± 0.94 3.09± 0.94 0.95± 0.80

P 0.256 0.017 0.163 0.282

TABLE 3 Cytokine expression levels in serum of two groups.

UGLI (n = 21) ESWT (n = 21) P-value

IL-1, mean± SD Pre-treatment 10.51± 9.35 6.15± 3.62 0.053

Post-treatment 2.38± 0.66 3.96± 2.83 0.017

0.001 0.001

IL-6, mean± SD Pre-treatment 10.67± 10.21 6.74± 3.75 0.105

Post-treatment 2.43± 1.29 5.59± 5.05 0.008

0.001 0.000

IL-8, mean± SD Pre-treatment 5.7± 4.71 5.20± 3.35 0.700

Post-treatment 2.13± 0.75 3.15± 1.49 0.009

0.004 0.005

TNF-α, mean± SD Pre-treatment 4.02± 2.05 2.96± 0.95 0.255

Post-treatment 1.89± 0.75 2.44± 0.92 0.040

0.023 0.000

and 33.38± 10.34, 51.43± 5.87 (P = 0.000). The HAMD values of

both groups were 4.24 ± 2.91, 1.29 ± 0.32 (P = 0.000) and 2.71 ±

0.86, 0.48± 0.05 (P= 0.000). The SF-36 values of both groups were

85.51± 18.09, 112.44± 19.12 (P= 0.000) and 88.64± 16.57, 114.35

± 28.46 (P= 0.000). However, there were no significant differences

between the two groups after treatment (P > 0.05) (Table 4).

Discussion

HSP is a common complication after stroke, and is mainly

characterized by shoulder pain and limb dysfunction (15).

The pathophysiological mechanism of HSP is not clear

(16). Therefore, the prevention of shoulder pain and the

timely and effective improvement of patients with pain

symptoms will play a positive role in hemiplegia upper limb

recovery. Our study aimed to compare the efficacy of UGLI

and ESWT for HSP. The results showed that UGLI had a

better short-term analgesic effect than ESWT. In addition,

UGLI significantly reduced the serum cytokine level, thereby

alleviating inflammation.

Musculoskeletal ultrasound has been widely used in the

diagnosis of shoulder lesions (17–19). The sensitivity and

specificity of ultrasound in the diagnosis of shoulder joint

diseases are as high as 75–100 and 76–94%, respectively

(20). Qixiang et al. (21) confirmed the correlation between

ultrasound abnormalities and the degree of shoulder pain, and

musculoskeletal ultrasound can be used as a new method for

the quantitative evaluation of soft tissue lesions around the

shoulder. Ultrasound-mediated treatment is simple, effective,

and highly operable. According to the study of Yi et al. (22),

the effective rate of “blind beating” according to experience

is only 33–46%, while the effective rate of ultrasound-guided

injection is 93% (20). Therefore, the musculoskeletal ultrasound

was considered as a “weapon” to carry out accurate evaluation

and positioning.

Previous studies have shown that corticosteroids injected into

the acromial sac of HSP patients can significantly relieve shoulder

pain and improve function, and our study preliminarily verifies

this conclusion. Recent studies have found that the occurrence and

development of shoulder joint pain are closely related to acromial

slide bursitis. Moreover, inflammatory factors such as IL-1, IL-

6, and TNF-α are related to pain (23) and the severity of injury

(24, 25). Yamazaki et al. (26) found that inflammatory factors could

be detected in the rotator cuff, acromial retrograde capsule, and

serum of patients with rotator cuff injury. In our study, the local

injection of hormones around the shoulder effectively reduced the

levels of IL-1, IL-6, and TNF-α in the serum of HSP patients.

Therefore, we suspected that the local injection of hormones

around the shoulder might inhibit the local inflammatory response

and reduce inflammatory symptoms by inhibiting the release of

inflammatory factors.

The efficacy of ESWT for HSP mainly depends on its biological

effect, namely mechanical stress and cavitation effect (27), which

was also affected by shock frequency and treatment cycle. In

addition, many studies (28, 29) have shown that ESWT can

promote the release of substance P and prostate E2, selectively

destroy some neurons, reduce the related immune response, and

achieve the purpose of pain relief. The release of nitrogen oxides

in the body and the formation of blood vessels promote tissue
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TABLE 4 The functional improvement of the two groups of subjects.

UGLI (n = 21) ESWT (n = 21) P-value

Neer, mean± SD Pre-treatment 40.14± 16.48 44.33± 11.18 0.342

Post-treatment 73.43± 13.65 70.57± 9.79 0.44

0.000 0.000

Barthel, mean± SD Pre-treatment 61.43± 16.05 59.52± 12.23 0.668

Post-treatment 82.86± 14.28 81.19± 9.73 0.66

0.000 0.000

Fugl-meyer, mean± SD Pre-treatment 34.86± 12.56 33.38± 10.34 0.754

Post-treatment 52.33± 7.66 51.43± 5.87 0.67

0.000 0.000

HAMD, mean± SD Pre-treatment 4.24± 2.91 2.71± 0.86 0.227

Post-treatment 1.29± 0.32 0.48± 0.05 0.14

0.000 0.000

SF-36, mean± SD Pre-treatment 85.51± 18.09 88.64± 16.57 0.562

Post-treatment 112.44± 19.12 114.35± 28.46 0.80

0.000 0.000

regeneration, which reduces pain by inhibiting the release of

free radicals in the body. This study showed that ESWT could

significantly improve shoulder pain and function in HSP patients

as well as a local injection in a short time, which was consistent

with the conclusions of two meta-analyses (30, 31). However,

after 1-month treatment, there was no significant difference in

the levels of inflammatory factors in the serum of patients in the

ESWT group. To investigate the reason, the main mechanism of

ESWT analgesia may increase the pain threshold (32), inhibit the

excitability of nerve endings, and reduce the release of substance P

and prostagenin E2 (33).

However, our study has many deficiencies, such as lower

sample size and short follow-up time, the test equipment and

the technology not being perfect, the number of inflammatory

factors being less, and the lack of specificity. In future, we will

further enlarge the sample size, have a longer follow-up period,

and increase the molecular biological indicators to supplement

existing conclusions.

Conclusion

Musculoskeletal ultrasound-guided interventional therapy and

ESWT can alleviate the clinical symptoms of HSP patients to

a certain extent. Combined with serum inflammatory factors,

ultrasound-guided local injection of hormone therapy had a better

therapeutic effect.
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Background: Telematic assistance has become indispensable in recent years. The 
increased prevalence of Acquired brain injury and the sequels it causes, requires 
long–lasting multidisciplinary treatments. Validated tools to assess the evolution 
of the disabilities and limitations of this pathology are essential to individualize and 
prescribe adapted treatments. The aim has been to create the telematic version of 
the Fugl Meyer Assessment-Upper Extremity Motor Function (TFMA-UE) Spanish 
scale and its adaptation to the remote assessment of neurologic patients.

Methods: An adapted scale was designed based on the Fugl Meyer Assessment 
scale-telematic version (FMA-TV): TFMA-UE. This scale is composed by 21 items 
which evaluate the upper extremity motor function. Physiotherapists trained in 
this tool, evaluate the results obtained from applying the two versions (on-site 
and telematic) to compare the results.

Results: TFMA-UE was administered to 30 patients with acquired brain injury. It 
was applied on site and through the web platform selected by the patients in 
two different days. Patients completed all the scale in an easily way without help. 
The exploratory and confirmatory factor analysis confirmed a factorial structure 
with a factor (76.08% of the variance). The Cronbach’s internal consistency index 
obtained was 0.98 and the weight kappa index used to measure agreement 
between the two versions was 0.78 which represents substantial agreement.

Conclusion: The Telematic Fugl Meyer Assessment-Upper Extremity Motor 
Function (TFMA-UE) scale is a viable, useful and easy to apply tool that allows 
the upper extremity motor function assessment of Acquired Brain Injury patients.
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1. Introduction

Telerehabilitation requires validated assessment tools to determine 
the patient’s functionality in order to establish objectives and choose 
treatment tools.

Acquired brain injury (ABI) is the third leading cause of death 
and the most common cause of disability and dependency even 
among young adults (1). The main ABI etiologies are traumatic brain 
injury (TBI) and stroke, although it includes other causes unrelated to 
congenital or degenerative disorders (2). The incidence of ABI due to 
stroke is twice that those caused by TBI. In Spain, the population of 
people with ABI is increasing and currently there are an estimated 
500,000 people with ABI, of which 78% are caused by stroke (3, 4), and 
between 50,000 and 75,000 people have suffered a TBI (5), it is also 
being the first cause of hospitalization due to neurological pathology 
(6). The disability it generates is very high, as well as the healthcare 
expenses it entails. In 2020, The United States, Sweden, and Spain were 
the 3 countries with the highest average expenditure (US dollars: 
59,900, 52,725, and 41,950 respectively) (7).

The consequences or sequelae present in ABI are very 
heterogeneous, which requires multidisciplinary teams to apply 
individualized treatments (8, 9). The most prevalent are paralysis 
(unilateral), language and speech impairment, orientation and 
coordination limitations and sensory disability, resulting in functional 
limitation, decreased independence and a need for constant care (10). 
These motor, sensory, cognitive and language deficits affect patients’ 
daily activities, impacting their quality of life and participation in the 
community (11, 12). They may also suffer from anxiety, fatigue and/
or depression (13), sometimes being unable to return to their jobs (14).

The management of these patients has improved considerably in 
recent years reducing mortality and morbidity thanks to the approach 
in the acute phase and the prevention of risk factors. The increased 
survival of these patients and the presence of sequelae require long-
term rehabilitation interventions (11, 15). Neurorehabilitation 
techniques have proven to be  effective in improving balance and 
functionality, obtaining results in as little as 7 days (16). Since 2019, 
society and therapies have had to adapt, largely as a consequence of 
the pandemic generated by COVID-19 that forced the incorporation 
of the use of communication technologies in healthcare practice, both 
for prevalent and incident cases (17).

Telematic treatments are proving useful in reducing the time from 
the onset of symptoms to the start of on-site treatments, with 
satisfactory audiovisual quality and high inter-rater reliability, which, 
in short, reduces the need for hospital transfers (18). This system is 
particularly relevant when, despite an increase in the incidence of 
stroke, after COVID-19 there has been less stroke admission patients 
to the emergency department, which could be due to fear of contagion 
on the part of patients and/or family members (19). Therefore, in their 
study, Dafer et al. (19) established guidelines with recommendations 
for the management of these stroke patients from prehospital 
consultations to more advanced phases such as rehabilitation 
treatment. These authors advocate the use of telemedicine after a 
previous in-hospital assessment, since the functional prognosis of the 
patients will depend on the rehabilitation treatment (19).

This current and innovative care system requires the adaptation 
and validation of assessment, diagnostic and treatment tools. The 
availability of standardized assessment scales facilitates the recording 
and documentation of symptoms, makes it possible to specify specific 
and feasible treatment objectives and to select the most appropriate 

tools. For neurological patients one of the most widely used scales is 
the Fugl Meyer scale (11, 20) and its original version has already been 
adapted to Spanish (21). It has a short version (22), and others for the 
upper and lower extremity (23). Its telematic feasibility has recently 
been demonstrated with satisfactory results (24).

The aim of the present study was the validation of the Fugl Meyer 
Assessment - Upper Extremity Motor Function - telematic version 
(TFMA-UE) scale in patients with ABI, taking into account the 
clinical needs detected and the high prevalence of sequelae in the 
upper limb in these patients.

2. Methods

2.1. Design

Cross-sectional study for the adaptation and validation of the Fugl 
Meyer Assessment - Upper Extremity Motor Function scale - telematic 
version (TFMA - UE).

2.2. Sample

The sample was composed by neurological patients from the 
“Asociación de Daño Cerebral Adquirido” from Salamanca (ASDACE) 
who voluntarily decided to participate after being informed of the 
objectives and procedures of the study. Recruitment of the sample was 
carried out between December 2021 and April 2022. All patients with 
ABI were included if they had the facilities for telematic connection and 
it was feasible to use them. Patients with cognitive alterations, difficulties 
in following orders or interacting during a video call were excluded.

2.3. Instruments

The Fugl Meyer – Upper Extremity Motor Function scale  - 
telematic version (TFMA  - UE) has been established from the 
telematic version Fugl Meyer assessment scale (FMT-TV) (24) which 
in turn was concretized from the Fugl Meyer scale validated to 
Spanish (21).

The original Fugl Meyer scale (25) was created to assess the 
functional status of patients who had suffered a stroke composed by 5 
domains: upper extremity motor function, lower extremity motor 
function, balance, sensitivity, range and joint pain and contains 113 
items and 226 points. This scale has been validated into Spanish (21), 
adapted to telematic version, and its viability has been demonstrated 
(24). The FMA -TV scale presents a total score of 92 points and differs 
from the original in those items that require the presence of the 
therapist and its remote assessment is compromised. Thus, the FMA 
-TV scale presents 4 domains: upper extremity motor function, lower 
extremity motor function, balance and pain. It does not include items 
related to the assessment of reflexes, resisted movements, or 
movements requiring objects or assistance.

The TFMA-UE scale is constructed from the upper extremity 
motor function domain of the FMA-TV. This scale in comparison to 
the original Fugl Meyer (25) does not contain: the 3 items related to 
reflexes (biceps, triceps and finger flexors); the 2 items of resisted wrist 
movements; 5 items of the grasp section related to grasp (hook grasp., 
thumb adduction, pincer grasp/opposition, cylinder grasp and 
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spherical grasp) and 2 coordination items (tremor and dysmetria). 
The TFMA-UE scale consists of 21 items and 42 points: 15 items 
related to the upper extremity/shoulder, 3 wrist items, 2 hand items 
and 1 coordination item. Each item is valued in the same way as in the 
original scale: from 0 to 2, being 0 the impossibility of performing the 
movement, 1 the beginning of the movement or incomplete 
performance but not performed correctly and 2 the correct 
performance of the movement (Annex 1).

2.4. Procedure

All subjects were evaluated on-site using the Fugl Meyer 
scale  - Spanish version (24) (upper extremity motor function 
dimension) by different physiotherapists trained in the use of the 
tool, in the facilities of the Faculty of Nursing and Physiotherapy 
of the University of Salamanca. Between 2 and 5 days later, the 
telematic evaluation was carried out using the TFMA-UE scale for 
which the platform chosen by each participant according to their 
preferences was used: Google Meet, Facetime, Whatsapp or 
Microsoft Teams.

The patients remained seated in a chair, with their backs against 
the backrest and the soles of their feet flat on the floor. The camera was 
placed at a distance that allowed a full view of both upper extremities. 
A caregiver was always present to assist in the placement of the camera 
and to reassure the patient in case of any unforeseen event.

Five physiotherapists undertook joint training to ensure the 
comprehension of all the items and a similar evaluation in all cases. 
The same physiotherapists were in charge of performing the on-site 
and the telematic evaluations.

2.5. Statistical analysis

The psychometric properties of the TFMA-UE were evaluated. 
Cronbach alpha coefficient was used to assess reliability and 
exploratory factor analysis (EFA) and confirmatory factor analysis 
(CFA) were performed to assess the validity. SPSS Statistics version 
28.0 and SPSS Amos version 26.0 were employed.

Sample adequacy indices were obtained, indicating a good fit of the 
data. Therefore, to discover the underlying structure of the items EFA was 
employed, and given the ordinal nature of the data, the method employed 
was the unweight least squares based on the polychoric correlation 
matrix (26). The screen test was evaluated, so that the components 
located above the curve of the sedimentation graph are taken into 
account. Those items whose factor loads were greater than 0.40 and 
which did not significantly load more than one factor were selected.

The CFA model suggested by EFA was tested. The maximum 
likelihood estimation was chosen because of the ordinal scales of the 
data (27). To evaluate the goodness of fit of the model, it was verified 
that the correction of S B− χ 2  on the degree of freedom was less than 
3; the Tucker-Lewis Index (TLI) and the Comparative Fit Index (CFI) 
(28) had values greater than or equal to 0.9. Furthermore, the Akaike 
Information Criterion (AIC) was evaluated, knowing that the lower 
its value, the more parsimonious the model is (29).

The weight kappa index was used to evaluate the concordance or 
reproducibility of the two instruments (original and telematic). The 
kappa results are interpreted as follows: values between 0.01 and 0.20 

as none to slight, 0.21 and 0.40 as fair, 0.41 and 0.60 as moderate, 0.61 
and 0.80 as substantial and between 0.81 and 1.00 as almost perfect 
agreement (30).

2.6. Ethical considerations

The study had the approval of the ethics committee of the 
University of Salamanca with registration number: 630, registration 
in Clinical.Trial.org with ID: NCT04670315 and the Declaration of 
Helsinki has been taken into account. All participants were previously 
informed of the objectives of the study and signed an informed consent.

3. Results

The sample consisted of 30 patients with a mean age of 67.01, CI 
95% [63.36–70.66] and 4.22 CI 95% [3.29–5.16] years of evolution 
since the diagnosis of ABI. 66.7% were male (Table 1).

TABLE 1 Descriptive data of the sample.

Patients n =  30

Age* (years) 67.01 [63.36–70.66]

Time since diagnosis* 

(years)

4.22 [3.29–5.16]

Civil status** Single 0 (0.0)

Married 26 (86.7)

Divorced 1 (3.3)

Widowed 3 (10.0)

Sex** Male 20 (66.7)

Female 10 (33.3)

Dominant side** Right 28 (93.3)

Left 2 (6.7)

Affected side** Right 14 (46.7)

Left 16 (53.3)

Occupation** Primary sector 4 (13.3)

Secondary sector 4 (13.3)

Service sector 19 (63.3)

Others 3 (10.0)

Educational level** Primary 8 (26.7)

Secondary 5 (13.7)

High School 6 (20.0)

University 10 (33.3)

No studies 1 (3.3)

Brumstrom stage** 2 3 (10.0)

3 4 (13.3)

4 4 (13.3)

5 6 (20.0)

6 10 (33.3)

No evaluable 3 (10.0)

*Mean [95% confidence interval] **number (percentage).
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Table 2 shows the mean scores obtained by the patients for each 
of the sections of the telematic version together with the mean 
total score.

The sample presented a good fit, with Bartlett’s sphericity test 
being significant (p < 0.001) and the Kaiser–Meyer–Olkin test (KMO) 
of 0.884. The exploratory factor analysis suggested a three-factor 
solution. The model was redefined by performing a second EFA after 
eliminating the items that did not meet the retention criteria: items 1 
(shoulder retraction), 2 (shoulder elevation) and 3 (shoulder 
abduction). This resulted in an unifactorial solution that explained 
76.08% of the variance, in accordance with the factorial structure of 
the original scale (Table 3).

A CFA was performed using the maximum likelihood method. 
The one-factor model obtained through EFA and composed of 18 
items has a good fit (Table 4). The factor loadings range from 0.71 to 
0.91 (Figure 1). The reliability of the scale was found to be high, with 
Cronbach’s Alpha Coefficient equal to 0.98.

The analysis of concordance was established using the weighted 
kappa coefficient whose values range from 0.54 to 0.924 with an 

average value of 0.78 which could be  considered substantial 
agreement. The two items (shoulder elevation and shoulder abduction) 
with a coefficient lower than 0.60 were the ones excluded in the 
exploratory and confirmatory factor analysis (Table 5).

Figure 2 presents a scatterplot of the total scores obtained in the 
on-site and telematic version of the Fugl-Meyer upper extremity 
motor function scale. A high correlation was obtained between the 
overall scores obtained with the two instruments, the Pearson 
correlation coefficient being r = 0.987 (p < 0.01).

4. Discussion

This study carried out the validation of the telematic version of the 
Fugl Meyer Assessment Scale  - upper extremity motor function 
(TFMA - UE) obtaining good results in the psychometric properties 

TABLE 2 Scores obtained by sections and total score of telematic version.

Section Item Mean SD

Flexor synergy Shoulder retraction 1.03 0.77

Shoulder elevation 1.40 0.62

Shoulder abduction 1.33 0.71

Shoulder external 

rotation

1 0.74

Elbow flexion 1.63 0.72

Forearm supination 1.33 0.88

Extensor synergy Shoulder adduction/

internal rotation

1.67 0.61

Elbow extension 1.57 0.77

Forearm pronation 1.60 0.68

Volitional 

movement mixing 

synergies

Hand to lumbar spine 1.53 0.82

Shoulder flexion 

0°–90°

1.30 0.79

Pronation-supination 1.30 0.84

Volitional 

movement with little 

or no synergy

Shoulder abduction 

0–90°

1.27 0.83

Shoulder flexion 

90°–180°

0.93 0.79

Pronation/supination 1 0.83

Wrist Repeated dorsiflexion/

volar flexion (elbow 

90°)

1.17 0.87

Repeated dorsiflexion/

volar flexion (elbow 

0°)

0.97 0.81

Circumduction 1.10 0.85

Hand Mass flexion 1.60 0.72

Mass extension 1.33 0.88

Coordination Time 1.27 0.87

Total score 27.33 13.91

TABLE 3 Exploratory factor analysis: loadings, means standard deviations 
of the TFMA – UE.

ITEM Loading M SD

Shoulder external 

rotation

0.80 1 0.74

Elbow flexion 0.88 1.63 0.72

Forearm supination 0.87 1.33 0.88

Shoulder adduction/

internal rotation

0.81 1.67 0.61

Elbow extension 0.93 1.57 0.77

Forearm pronation 0.86 1.60 0.68

Hand to lumbar spine 0.91 1.53 0.82

Shoulder flexion 0°- 90° 0.90 1.30 0.79

Pronation-supination 0.91 1.30 0.84

Shoulder abduction 

0 - 90°

0.92 1.27 0.83

Shoulder flexion 90° - 

180°

0.78 0.93 0.79

Pronation/supination 0.86 1 0.83

Repeated dorsiflexion / 

volar flexion (elbow 

90°)

0.85 1.17 0.87

Repeated dorsiflexion / 

volar flexion (elbow 0°)

0.81 0.97 0.81

Circumduction 0.87 1.10 0.85

Mass flexion 0.91 1.60 0.72

Mass extension 0.90 1.33 0.88

Time 0.92 1.27 0.87

TABLE 4 Confirmatory factor analysis of the TFMA – UE.

S B / gl2−− χχ
Goodness-of-

fit test
TLI CFI AIC

1.70
χ2 207 093= .  

gl = 122, p = 0.00

0.878 0.902 305.093

TLI, Tucker-Lewis Index; GFI, Goodness-of-Fit Index; CFI, Comparative Fit Index; RMSEA, 
root mean square error of approximation; AIC, Akaike information criterion.
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of reliability and validity. It is essential to have validated tools to assess 
the functionality of patients with ABI telematically, to establish 
individualized treatment goals adapted to the stages of evolution, and 
to select the most appropriate treatment tools.

In 2016, there were 13.7 million strokes and more than 80 million 
stroke survivors worldwide (31). Rehabilitation treatments can reduce 
disability and dependency, improve the quality of life of people 
suffering ABI, their caregivers, and the national economy (32–34).

The addition of telematic care for people with ABI will reduce 
waiting times for access to rehabilitation treatment, as well as increase 
the possibility of access for people with geographical or personal 
difficulties who cannot travel to on-site centers. The sequelae or 
impairments that occur in the upper extremity in a person with ABI 
generate functional limitations among which are weakness or 

paralysis, loss of sensitivity and pain (35–39), which usually become 
chronic. The average rehabilitation time reflected in the literature 
varies according to the studies, establishing durations between 2 and 
6 weeks, from 3 to 7 day-weeks and from 90 to 1,288 min-weeks 
without a clear consensus on which is the best therapeutic option. 
However, a positive effect has been found between rehabilitation time 
and upper extremity motor impairment (39). The impairment 
presented by these patients is not always unique and several 
impairments are often present at the same time, which makes it 
difficult to adapt treatments. Incorporating telematic assessment and 
treatment strategies will allow optimizing the prescription in these 
patients (38).

The Fugl Meyer scale (25), based on the sequential recovery of 
motor function by Twitchell and Brunnstrom (38), represents one of 

FIGURE 1

Path diagram with standardized weights and measurement errors for each item of the scale.
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the most widely used scales in motor recovery after stroke (40) and 
its clinical utility is well supported (41). Our research team has long 
experience evaluating patients with ABI with the Spanish version of 
this scale. The interruption of treatment during the Covid-19 
pandemic made it necessary to implement telematic care strategies, 
perceiving the need for instruments to evaluate the functionality of 

these patients (24). For months the team members checked which 
items were feasible to be applied by video call and after a long process 
of debate the FMA-TV scale was established and its feasibility was 
proven (24). The FMA-TV scale does not contain items related to 
reflexes, sensitivity, range and pain and neither have they been 
included in the validation of our TFMA - UE version. The removal 
of these items does not interfere with functional outcomes since 
according to Reener et al. (42) wrist extensors and flexors and fingers 
are good predictors of upper extremity motor function (42). 
Woodbury et al. (23) had already proposed the elimination of the 3 
reflex-related items. The TFMA - UE scale contains movement speed, 
a direct, objective and reliable kinematic measure of movement 
abilities as demonstrated by several authors (43, 44). The TFMA - UE 
has a total score of 42 points compared to 66 points for the upper 
extremity motor function dimension of the FMA scale 
original version.

For the validation of our scale we used the original version of 
the Fugl Meyer - Upper extremity scale (23). After eliminating items 
1, 2, 3, the EFA analysis found a single dimension, the same as the 
original version (25), with 76.08% of the variability explained. This 
solution was validated by CFA, obtaining a good fit. In addition, the 
reliability of the scale was checked by means of the Cronbach Alpha 
Coefficient and its concordance with the original scale by means of 
the weighted kappa coefficient, obtaining good results in both cases. 
The lack of concordance in the shoulder elevation and shoulder 
abduction items can be  explained by the alteration in the 
anticipatory postural adjustments (APA). After suffering a stroke, 
there is an impairment in the cortico-spontine networks and an 
alteration in the information coming from the supplementary 
motor area, related to the temporal component of the APAs. This 
may be the reason why patients present a delay in the APAs (45) and 
alteration in normal movement patterns. In the scapula-humeral 
stabilizers this alteration results in worse stability and orientation 
of the shoulder and/or trunk during movement (46), generating 
excessive trunk displacement and decreased shoulder flexion and 
adduction along with reduced elbow extension (50). These 
movement alterations make it difficult to assess selective 
movements, as many times compensatory or substitute movements 
occur together (47), and this fact is more difficult to discern through 
a screen.

Recent studies have investigated the telematics application of this 
scale. On the one hand, Liz et al. (48) have implemented a study to 
verify possible errors in the telematic application of the Fugl Meyer 
scale, concluding that it presents excellent intra- and inter-rater 
reliability, which makes it valid for the evaluation of these patients. On 
the other hand, Carmona et al. (49) designed a modified version of the 
Upper extremity Fugl Meyer Scale with good results, unfortunately 
these authors did not analyze the psychometric properties of the scale 
like in our study. Both studies are in line of our investigation and 
supports our finding that the TFMA-UE could be  used as an 
alternative tool evaluation for this population and also could 
be implemented in patients with arm disabilities.

Although this study has allowed the validation of the proposed 
scale, it is not without some limitations, the sample size being the 
main one. It is important to point out that this sample size is 
conditioned by the prevalence of ABI. For all these reasons, it would 
be  interesting to carry out future studies that include a larger 
sample size.

TABLE 5 Weight Kappa statistic values.

Section Item Weight 
Kappa

CI [95%]

Flexor synergy Shoulder external 

rotation

0.75 [0.57; 0.94]

Elbow flexion 0.88 [0.72; 1,04]

Forearm supination 0.72 [0.52; 0.91]

Extensor synergy Shoulder adduction/

internal rotation

0.80 [0.57; 1.03]

Elbow extension 0.86 [0.70; 1.02]

Forearm pronation 0.66 [0.41–0.91]

Volitional 

movement mixing 

synergies

Hand to lumbar spine 0.90 [0.77–1.03]

Shoulder flexion 0°–90° 0.71 [0.50–0.92]

Pronation-supination 0.92 [0.81–1.03]

Volitional 

movement with 

little or no synergy

Shoulder abduction 

0–90°

0.92 [0.81–1.03]

Shoulder flexion 90°–

180°

0.75 [0.57–0.93]

Pronation/supination 0.92 [0.82–1.08]

Wrist Repeated dorsiflexion/

volar flexion (elbow 90°)

0.71 [0.52–0.90]

Repeated dorsiflexion/

volar flexion (elbow 0°)

0.76 [0.56–0.97]

Circumduction 0.78 [0.63–0.94]

Hand Mass flexion 0.77 [0.59–0.95]

Mass extension 0.74 [0.55–0.93]

Coordination Time 0.85 [0.71–0.99]

p < 0.01.

FIGURE 2

Scatterplot showing the concordance between on-site and telematic 
version of Fugl-Meyer assessment of upper extremity motor function 
total score.
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5. Conclusion

The telematic version of the Fugl Meyer Assessment  - upper 
extremity motor function (TFMA - UE) scale has demonstrated a high 
degree of validity and reliability being a suitable instrument for 
functional assessment of the upper extremity telematically in patients 
who have suffered an ABI.
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Contralateral seventh cervical 
nerve transfer for central spastic 
arm paralysis: a systematic review 
and meta-analysis
WenMiao Luo 1,2, ZhengCun Yan 2, Yu Guo 2, Ji Xu 1,2 and 
Heng-Zhu Zhang 1,2*
1 Northern Jiangsu People’s Hospital, Yangzhou, China, 2 Department of Neurosurgery, The Yangzhou 
School of Clinical Medicine of Dalian Medical University, Yangzhou, China

Objectives: The specific benefits of a contralateral cervical 7 nerve transplant in 
people with spastic paralysis of the upper extremity caused by cerebral nerve 
injury are unclear. To evaluate the efficacy and safety of contralateral C7 nerve 
transfer for central spastic paralysis of the upper extremity, we  conducted a 
comprehensive literature search and meta-analysis.

Materials and methods: PRISMA guidelines were used to search the databases 
for papers comparing the efficacy of contralateral cervical 7 nerve transfer 
vs. rehabilitation treatment from January 2010 to August 2022. The finishing 
indications were expressed using SMD  ±  mean. A meta-analysis was used to 
assess the recovery of motor function in the paralyzed upper extremity.

Results: The meta-analysis included three publications. One of the publications 
offers information about RCTs and non-RCTs. A total of 384 paralyzed patients 
were included, including 192 who underwent CC7 transfer and 192 who received 
rehabilitation. Results from all patients were combined and revealed that patients 
who had CC7 transfer may have regained greater motor function in the Fugl-
Meyer score (SMD 3.52, 95% CI  =  3.19–3.84, p  <  0.00001) and had superior 
improvement in range of motion compared to the rehabilitation group (SMD 2.88, 
95% CI  =  2.47–3.29, p  <  0.00001). In addition, the spasticity in the paralyzed upper 
extremity significantly improved in patients with CC7 transfer (SMD −1.42, 95% 
CI  =  −1.60 to −1.25, p  <  0.00001).

Conclusion: Our findings suggested that a contralateral C7 nerve transfer, which 
has no additional adverse effects on the healthy upper limb, is a preferable method 
to restore motor function.

KEYWORDS

meta-analysis, rehabilitation therapy, recovery, stroke, surgery

Introduction

The clinical incidence of cerebral hemorrhage, cerebral infarction, and traumatic brain 
injury-induced central spastic paralysis of the upper limbs has gone up recently. From 1990 to 
2019, the absolute number of stroke incidents worldwide grew by 70% (67%–73%). As a result 
of falls, both the number and rate of TBI-related hospitalizations rose among those under 
75 years old (from 356.9 in 2007 to 454.4 in 2013 per 100,000 population) (1, 2). Limb paralysis 
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brought on by central nervous system damage was a widespread issue 
that has a significant negative impact on patients, their families, and 
society (3, 4). Previous therapies including transcranial magnetic 
stimulation and hyperbaric oxygen therapy aimed to heal the damaged 
central nervous system, but the outcomes were often subpar over the 
long run. One of its medical issues is how to better restore the 
wounded upper limb’s functionality (5).

Brachial plexus nerve injuries were formerly treated using C7 
nerve transposition. Gu et al., inventively used it to cure central upper 
limb spastic paralysis in 2008 based on considerable theory and tests 
(6, 7). A transpositional anastomosis was used to join the proximal 
end of the C7 nerve on the side with paralysis to the distal end of the 
C7 nerve in the healthy upper limb. Innervation of both upper limbs 
by the uninjured cerebral hemispheres was accomplished after 
functional rearrangement of the cerebral hemispheres. It offered a 
fresh approach to treating spastic arm palsy (8–11).

Numerous research had looked at the healing process of 
contralateral C7 nerve transfer in the management of central upper 
limb paresis, however it was unclear if this has any particular 
advantages (12–14). As a result, we performed a meta-analysis of 
contralateral C7 nerve transfer for central upper limb spastic palsy 
based on the body of current research to assess the efficacy of 
this procedure.

This systematic review and meta-analysis were to: (1) compare the 
recovery of upper limb motor function in patients with central upper 
limb paresis in the surgery group to that of the rehabilitation group; 
(2) evaluate the change in upper limb spasticity status in the surgery 
group following treatment and compare it to that of the rehabilitation 
group; and (3) evaluate patient safety following CC7 transfer and the 
negative effects of nerve disconnect. For example, the impact on the 
contralateral upper limb’s motor and sensory function, the impact on 
the healthy upper limb’s fine mobility during the course of prolonged 
monitoring, Agony following nerve disconnect or the possibility of 
postoperative infection and bleeding, etc.

Methods

Standard protocol approvals, registrations, 
and patient consents

The PROSPERO registry has the research protocol prospectively 
recorded under Registration. According to the PRISMA statement 
(Registration No.: CRD42022363569), this systematic review and 
meta-analysis was conducted, and it was then reported in accordance 
with the Moose standards. Furthermore, there was no need for ethics 
in this meta-analysis (15, 16).

Search strategy

Searches were conducted on electronic databases such PubMed, 
Human Repository, Embase, Web Science, VIP, CNKI, CBM, and 

WFSD. Articles only from 2010 to the present that were randomly 
chosen as controls were chosen. MESH (paralysis and upper 
extremity) and non-MESH (CC7 nerve, seventh cervical nerve, 
cervical seventh nerve, C7 nerve, cervical 7 nerve, 7 cervical nerve, 
etc.) keywords were used for searches (specific search formulae are in 
the Supplementary material). We  conducted a manual search to 
complete all references that matched the included articles or earlier 
evaluations in order to fight search incompleteness. The qualifying 
requirements were last checked on August 10, 2022, to make sure that 
no additional research matched them.

Inclusion criteria and exclusion criteria

The following were the inclusion requirements: (1) participants: 
individuals with cerebral palsy, traumatic brain injury, hemiplegia 
following, ischemic stroke, hemorrhagic stroke, or both who also 
exhibited stiffness and weakness in the upper limb contralateral to the 
brain damage were eligible to participate (patients receiving regular 
rehabilitation for at least 1 year prior to admission but showing small 
functional improvement effects in the upper limb). (2) Outcomes: the 
Fugl-Meyer upper extremity scale, the modified Ashworth scale, and 
upper extremity range of motion were used to assess motor function and 
the degree of spasticity in the afflicted limb. (3) Results: the change in 
UEFM score between the baseline and follow-up was the main result. 
Modified Ashworth scale (MAS) and range of motion score change from 
baseline to follow-up were considered secondary outcomes. Spasticity was 
measured by the MAS score. (4) Published randomized controlled trials.

The exclusion criteria were as follows: (1) absence of source data 
(2) participants who had previously had bilateral brain malfunction, 
mental problems, pregnancy, hemorrhagic shock, life-threatening 
systemic damage, cardiac arrest, chronic sickness, and past severe 
illness. (3) The literature included case studies, animal experiments, 
research techniques that did not include CC7, as well as other 
indicators of study outcomes.

Study selection

Two impartial examiners (WL. and ZY) in order to find potentially 
unpublished data, the process is completed by (1) carefully reading the 
titles and abstracts of all pertinent studies. (2) Manually searching key 
journals and abstracts of significant annual meetings in the fields of 
paralysis and CC7 transfer, and (3) contacting experts. The 
investigators work individually to conduct the majority of the search. 
Any discrepancies are handled without using the original processes by 
consulting with the investigators.

Data extraction

Using a pre-made data extraction form, WL and ZY, two 
reviewers, independently extracted data. Disputes were settled with a 
third reviewer (YG). First author, study characteristics (such as year 
and design), participant characteristics (such as age, country, and 
sample size), methodological features (such as inclusion criteria, 
detection, and collecting time), and results were among the data that 
were extracted (i.e., F-M, MAS, ROM). When it was feasible, assessors 

Abbreviations: CC7, Contralateral C7 nerve; F-M, Fugl-Meyer upper-extremity 

scale; MAS, Modified Ashworth scale; ROM, Range of motion; SMDs, Standard 

mean differences; CIs, Confidence intervals; I2, I-square.
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contacted the principal author of studies with incomplete data to 
gather and verify the information. The mean and standard deviation 
values were extracted using GetData Graph Digitalizer2.241 if the data 
is graphically or otherwise represented.

Risk of bias assessment

The quality of the study was reviewed by two impartial assessors. The 
quality and bias risk of the RCT studies were evaluated using the 
Cochrane Collaboration’s technique for evaluating risk of bias (17). 
ROBINS-I assessed the quality and risk of bias evaluation of nRCT 
publications (18). The two areas of offset risk and applicability were 
examined. Every category has a unique assessment strategy. We categorize 
the risk of deviation in each area as low, uncertain, or high based on the 
strategy utilized to guarantee that each kind of deviation is reduced. In the 
field of methodology, research whose quality is assessed as low-risk (in all 
areas) is considered to be of high quality. Any differences will be discussed 
and resolved by the entire review team.

Statistical analysis

Based on the raw data, each outcome indicator for patients 
undergoing CC7 transfer and rehabilitation was evaluated in each 
randomized controlled and non-randomized research. Consecutive 
outcomes assessed on the same scale were represented as means and 
standard deviations and evaluated using standardized mean deviations 
(SMDS) with 95% confidence intervals (CI) due to potential discrepancies 
in how they were measured and/or when they were collected. Additionally, 
in a meta-analytical subgroup study, each upper extremity site’s ROM 
(elbow, forearm, wrist) and MAS (elbow, forearm, wrist, thumb, fingers 
2–4) prognosis was investigated independently. For a pooled examination 
of the recovery of total motor function in patients who had CC7 
transposition, we aggregated all MAS, ROM, and F-M scores. In order to 
evaluate potential negative effects of CC7 transfer, research data reporting 
surgical and rehabilitation patients were used to conduct a meta-analysis 
of adverse events of CC7  in paralyzed patients (risk ratio RR with 
associated 95% CI). The randomized effect models were selected in 
accordance with the Cochrane review recommendations if there was 
significant heterogeneity at p < 0.1 or I2 > 50%; otherwise, fixed-effect 
models were utilized. This research comprised less than five publications, 
and no further sensitivity analysis was carried used (19). The software 
program Review Manager from the Cochrane Collaboration was used for 
all statistical calculations (RevMan 5.3). And Feng’s et al. (20) nRCT 
information was eliminated, and outcome indicators were reassessed.

Results

Search results

In accordance with the aforementioned search methodology, 
1,119 relevant studies were considered, 19 duplicates were eliminated, 

1 https://apps.automeris.io/wpd/

and 1,100 studies remained. One thousand eighty nine papers that did 
not match the inclusion criteria were removed by reviewing the titles 
and abstracts. Finally, 3 (20–22) English-language articles were 
accepted after the remaining 8 non-full-text articles were further 
eliminated in accordance with the exclusion criteria. The flow diagram 
of literature screening is shown in Figure 1. Included in Feng’s et al. 
(20) paper were 336 surgical and rehabilitative patients. Seventeen 
patients in the surgery group and 14 patients in the rehabilitation 
group met the inclusion criteria for the randomized, controlled trial 
(refer to the Feng’s Supplementary for specifics).

Characteristics of included studies

In the meta-analysis, 384 patients from papers published between 
2015 and 2022 were included. The age range of the participants in 
these researches was 4 to 69. The included studies were RCTs and 
nRCTs (complete data of Feng are from Supplementary Information). 
These studies mostly described 192 individuals who had complete 
rehabilitation and 192 patients who received contralateral C7 nerve 
grafts. The findings showed that following CC7 transfer, the patients’ 
paralyzed arm had improved motor function and spasticity status. 
When comparing the two groups at short-term follow-up, it also 
included the significant negative effects that developed in the surgery 
group following surgery in comparison to the rehabilitation group. 
The efficacy and safety of the surgical and rehabilitative groups for 
treating central upper limb paresis were contrasted in the meta-
analysis. Characteristics of included studies were summarized in 
Table 1.

Quality assessment

In three papers, the risk of deviation and applicability were 
examined using the Revman5.3 program and the method for 
measuring bias risk developed by the Cochrane Collaboration. The 
results of the quality assessment were shown in Figure 2 and Table 2. 
The three papers’ blinding of participants and personnel involved 
substantial risk for both parties. The three included English literature 
articles reported cases of central paralysis with preserved 
consciousness in patients. Surgical informed consent was obtained 
from either the patients themselves or their family members. As a 
result, the assessment of blinding of participants and personnel 
(performance bias) in the Cochrane Collaboration’s evaluation, as 
included in the literature, displayed significant deviation. The primary 
cause of the increased risk was because these papers discussed the 
procedure’s efficacy, which made it impossible to prevent patients’ 
giving their informed permission to have surgery. As a result, it was 
difficult to implement the participants’ blind technique. Overall, the 
blind technique was where the high risk was mostly focused. The 
literature included in this research is generally of excellent quality.

Improvement of motor function in patients 
with central upper limb paralysis

All three studies compared the effects of CC7 transfer and 
rehabilitation (n = 192: 192; numbers of RCTs = 41: 37) on the recovery 
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of motor ability in patients with central upper limb paresis and chose 
them for comparative meta-analysis. The studies looked at changes in 
upper limb Fugl-Meyer scores and range of motion in the surgical and 
rehabilitation groups (SMD 3.52, 95% CI = 3.19–3.84, p < 0.00001; 
Figure 3 and Table 3); (SMD 2.88, 95% CI = 2.47–3.29, p < 0.00001, 
I2 = 73%; Figure 4 and Table 3). The pooled analysis demonstrated that 
the recovery of upper limb mobility was considerably greater in the 
paralyzed side of the surgery group than in the rehabilitation group.

Improvement of spasticity in patients with 
central upper limb paralysis

All studies assessed the impact of CC7 transfer and rehabilitation 
on the reduction of upper extremity spasticity (n = 192: 192; numbers 
of RCTs = 41: 37) and were chosen for comparative meta-analysis. The 

improvement of upper limb spasticity status (MAS) was considerably 
greater in the surgery group than in the rehabilitation group, according 
to the pooled analysis (SMD −1.42, 95% CI = −1.60 to −1.25, 
p < 0.00001, I2 = 49%; Figure 5 and Table 3).

Adverse events

CC7 transfer’s adverse events during short-term follow-up were 
compared with the rehabilitation group (n = 186: 186; numbers of 
RCTs = 35: 31) in two investigations (20, 22). The difference in pain 
between the two groups was the primary manifestation. Adverse 
events were more common in the surgical group than in the 
rehabilitation group but stopped occurring in all patients 6 to 
12 months following surgery (RR 4.39, 95% CI = 1.04–18.63, p = 0.04, 
I2 = 87%; Figure 6 and Table 1).

FIGURE 1

Literature search and screening process.
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TABLE 1 Characteristics of the studies included in the meta-analysis.

Study Feng et al. (20)a Hua et al. (21) Zheng et al. 
(22)

Year 2022 2015 2018

Country China/Korea China China

Design RCT nRCT RCT RCT

Age-y 4–69 21–34 12–45

The cause of paralysis CNI CNI CNI

Time of paralysis-y ≧1 ≧1 6–24

Time of follow-up-y 2 2 1

Number of surger-y 17 151 6 18

Number of rehabilitation 13 155 6 18

Outcomes

The Fugl-Meyer 

score
Upper-extremity

Surgery 18 ± 4.86 14.82 ± 4.67 17.8 ± 6.37 17.7 ± 5.6

Rehabilitation 2.08 ± 1.26 2.37 ± 1.82 6 ± 4.2 2.6 ± 2

The modified 

Ashworth scale

Elbow
Surgery −0.95 ± 0.66 −0.87 ± 0.57 −1.34 ± 0.89 −0.83 ± 0.62

Rehabilitation −0.08 ± 0.28 −0.14 ± 0.57 0.16 ± 0.86 0 ± 0.34

Forearm
Surgery −1.12 ± 0.78 −0.95 ± 0.72 −1.34 ± 0.89 −0.89 ± 0.68

Rehabilitation −0.23 ± 0.44 −0.20 ± 0.54 0.16 ± 0.86 −0.11 ± 0.47

Wrist
Surgery −1.53 ± 0.8 −1.05 ± 0.7 −1.15 ± 0.74 −0.94 ± 0.64

Rehabilitation −0.15 ± 0.38 −0.19 ± 0.65 0.02 ± 0.75 −0.17 ± 0.71

Thumb
Surgery −1.59 ± 0.62 −1.34 ± 0.62 −1.34 ± 0.45 −1.17 ± 0.71

Rehabilitation −0.62 ± 0.77 −0.19 ± 0.47 0.21 ± 0.54 −0.22 ± 0.88

Fingers 2–5
Surgery −1.12 ± 0.49 −1.03 ± 0.77 −1.15 ± 0.64 −1 ± 0.69

Rehabilitation −0.31 ± 0.85 −0.16 ± 0.56 0.21 ± 0.54 −0.17 ± 0.62

The range of 

motion

Elbow
surgery 35 ± 15.31 30.03 ± 14.79 25 ± 17.61 24 ± 19

Rehabilitation −3.08 ± 6.3 −4.11 ± 6.14 6.67 ± 10.33 0 ± 3

Forearm
surgery 39.12 ± 15.64 38.11 ± 16.02 66.67 ± 52.03 36 ± 19

Rehabilitation −1.54 ± 3.15 −2.32 ± 3.63 5 ± 8.37 1 ± 5

Wrist
Surgery 45 ± 15.61 37.81 ± 16.08 88.33 ± 19.41 49 ± 21

Rehabilitation −2.31 ± 4.39 −2.06 ± 3.95 1.67 ± 4.08 1 ± 5

Adverse events

Bleeding
Surgery 0/17 0/151 NA 0/18

Rehabilitation 0/13 0/155 NA 0/18

Infection
Surgery 0/17 0/151 NA 0/18

Rehabilitation 0/13 0/155 NA 0/18

Pain
Surgery 7/17 91/151 NA 13/18

Rehabilitation 2/13 7/155 NA 6/18

Foreign-body 

sensation while 

swallowing

Surgery 3/17 26/151 NA 12/18

Rehabilitation 0/13 0/155 NA 0/18

Fatigue
Surgery 5/17 49/151 NA 15/18

Rehabilitation 0/13 12/155 NA 0/18

Numbness
Surgery 14/17 145/151 NA 16/18

Rehabilitation 0/13 0/155 NA 0/18

The literature of Feng offers patients with RCT and non-RCT studies; the Fugl-Meyer score = the Fugl-Meyer upper extremity scale. It was developed to evaluate stroke rehabilitation. The 
“shoulder and elbow” and “wrist and fingers” domains make up the scale (total score between 0 and 66, with higher scores reflecting better function); the modified Ashworth scale = each joint, 
including the elbow, forearm, wrist, thumb, and fingers 2–5 fingers, had its level of spasticity evaluated on a scale from 0 to 5. Higher numbers indicate spasticity levels that are greater; the 
range of motion = the range of motion in the elbow, forearm, and wrist joints of the paralyzed arm. Higher results suggest improved joint range. Joint mobility was assessed between baseline 
and post-follow up; adverse events = surgical group adverse events during short-term follow-up and rehabilitation group adverse events.
aData presented as mean.
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FIGURE 3

Forest plot: contralateral C7 nerve transfer improves upper extremity motor function in individuals with spastic paralysis of the upper extremities.

Subgroup analysis

Subgroup analyses investigated differences in study outcomes 
overall and after removing nRCT. Table 2 illustrates the subgroup 
analysis findings. The findings of the subgroup analysis indicated that 
there were no significant differences in the RCTs and nRCTs. In 
addition, the findings of ROM may play a crucial role in the research 
of heterogeneity.

Discussion

This meta-analysis assessed the effectiveness and safety of CC7 
transfer in the treatment of central upper limb spastic paralysis. The Fugl-
Meyer assessment scale and the range of motion of the paralyzed arm 
indicated a considerable improvement in the motor function of the 
surgery group, while the modified Ashworth scale revealed a significant 
reduction in spasticity. Results demonstrated that the upper limb stiffness 
and motor function were much better in the surgery group. The majority 
of adverse events in the rehabilitative and surgical groups were pain, and 
the frequency of adverse events of pain was likely higher in the surgical 
group (RR 4.39, 95% CI = 1.04–18.63, p = 0.04, I2 = 87%; Figure 6 and 
Table 1). However, long-term monitoring revealed that all negative effects 
in patients vanished within 6 to 12 months.

Firstly, Gu et al. suggested cross-transposing the contralateral C7 
nerve for central upper limb paralysis. The healthy cerebral 
hemisphere eventually gained control of both upper limbs after the 
functional rearrangement of the cerebral hemispheres. The paralysis 
limbs’ stiffness and motor function were both improved (23, 24). 
Numerous articles have analyzed the CC7 transfer’s prognosis since 
its inception, but there has been no consensus on its effectiveness and 
safety (25, 26). We  were the first to employ a more compelling 
randomized controlled trial in a meta-analysis to investigate the 
effectiveness and safety of CC7 transfer for central upper limb spastic 
paralysis. The surgical outcome after CC7 transfer was primarily 
separated into short-term and long-term outcomes, with the latter 
being represented in the restoration of motor function in the afflicted 
limb (27). The literatures that were retrieved from this meta-analysis 

FIGURE 2

Risk of bias and applicability concerns summary.

TABLE 2 Risk of bias assessment for non-randomized-controlled trials.

Domain Assessment by outcome

Feng et al. (20)

Bias due to confounding Low risk

Bias in selection of participants into the study Low risk

Bias in classification of interventions Moderate risk

Bias due to deviations from intended interventions No information

Bias due to missing data Low risk

Bias in measurement of outcomes Low risk

Bias in selection of the reported result Low risk

Overall Moderate risk
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mostly employed F-M and ROM to assess the patients’ return to motor 
function, gauge their capacity to move and the range of motion in 
their afflicted limbs, and calculate an overall index of curative impact. 
The outcomes of F-M (SMD 3.52, 95% CI = 3.19–3.84, p < 0.00001) 
and ROM (SMD 2.88, 95% CI = 2.47–3.29, p < 0.00001) in the surgery 
groups were significantly higher than those in the rehabilitation 
groups, further demonstrating that the surgery had a better impact on 

the motor function of the upper limbs in patients with central 
paralysis. It is important to note that it was reported that the recovery 
of range of motion for the patient surgery group was significantly 
different from that of the rehabilitation group. This may be due to the 
Hua et al. (21) study’s small sample size, younger patients who were 
chosen. Manual assessment of upper limb range of motion may 
be  influenced by subjective factors. This, together with the small 

TABLE 3 A summary of the overall data or RCT data for several afflicted limb regions.

Subgroup analysis

Variables Studies Effect size (SMD, 95% CI) p-value I2%

RCTs RCTs, nRCTs RCTs RCTs, nRCTs

F-M scale 3.50 [2.72, 4.28] 3.52 [3.19, 3.84] <0.0001 7 0

Range of motion

Elbow 3 1.98 [1.00, 2.96] 2.31 [1.42, 3.21] <0.0001 63 81

Forearm 3 2.48 [1.59, 3.37] 2.82 [1.99, 3.65] <0.0001 48 73

Wrist 3 3.62 [2.61, 4.64] 3.43 [3.11, 3.75] <0.0001 33 0

Modified Ashworth scale

Elbow 3 −1.61 [−2.13, −1.08] −1.34 [−1.56, −1.11] <0.0001 0 0

Forearm 3 −1.35 [−1.85, −0.85] −1.21 [−1.43, −0.99] <0.0001 0 0

Wrist 3 −1.46 [−1.98, −0.95] −1.31 [−1.53, −1.08] <0.0001 21 0

Thumb 3 −1.38 [−1.90, −0.87] −1.73 [−2.35, −1.12] <0.0001 34 65

Fingers 2–5 3 −1.31 [−1.81, −0.81] −1.29 [−1.52, −1.07] <0.0001 0 0

Adverse events 3 2.26 [1.20, 4.27] 4.39 [1.04, 18.69] =0.04 0 87

*Data presented as mean or median.

FIGURE 4

Forest plot: contralateral C7 nerve transfer improves the range of motion of upper extremity joints in individuals with upper extremity spastic paralysis.
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FIGURE 5

Forest plot: contralateral C7 nerve transfer improves stiffness of the afflicted upper extremity in individuals with spastic paralysis.

sample size and the accumulation of risk bias for young patient age, 
may be a source of heterogeneity in the results.

The alleviation of upper limb spasms was the predominant 
manifestation of the short-term benefit of CC7 transfer (28). The 
stretch reflex dysfunction of the central nervous system and muscle 
spasm were strongly associated. The γ neuron circuit may be reduced 
and the muscular spasm relieved by successfully cutting the C7 nerve 
on the side that is afflicted (29). As a result, the amount of alleviation 
from upper limb spasm may be assessed soon after surgery. The elbow, 
forearm, wrist, thumb, and fingers 2–5 of the afflicted limb was all 
thoroughly examined by MAS in the three RCT literatures we chose, 
and we extracted, analyzed, and assessed the total spasticity alleviation. 
The CC7 transfer was shown to be effective in reducing the spasticity 
of the afflicted limb, as evidenced by the suggestion that the MAS in 
the operation group is considerably lower than that in the recovered 
group (−1.42, 95% CI = −1.60 to −1.25, p < 0.00001).

The primary side effects of CC7 transfer include postoperative 
complications, exposure to anatomical channel damage, and impacts on 

the healthy upper limb. The middle trunk of the brachial plexus nerve, 
the C7 nerve, has been shown to include a significant number of motor 
and sensory neurons. The brachial plexus nerve’s superior and inferior 
trunks may carry out the duties of the transected C7 nerve (30). After 
transection of the C7 nerve in 694 individuals, Li et al. (31), found no 
reduction in the strength of the contralateral muscles. Numerous studies 
have shown that most C7 nerve transfer patients suffered symptoms of 
numbness in the contralateral limb as well as pain from surgical damage, 
which went away within 2 weeks to 6 months (9, 27). Pain from the 
damage caused by the procedure’s separation of the nerve and creation 
of the migration channel is the principal adverse impact described in 
this article. It is important to note that different anastomoses call for 
different lengths of the C7 nerve. Some patients needed an alternative 
anatomic approach, such as an anterior or posterior vertebral approach, 
or the bridging of additional nerves in order to establish the anastomosis. 
In two papers, the incidence of adverse events—primarily postoperative 
pain—in two patient groups was compared. According to the findings, 
the surgical group had a statistically significant higher rate of adverse 
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events than the rehabilitation group (RR 4.39, 95% CI = 1.04–18.63, 
p = 0.04), and all adverse events vanished after a year of follow-up. 
Consequently, CC7 transfer is a safe therapy for central upper 
limb paralysis.

According to reports, the regeneration rate of human nerve 
anastomosis was around 1 mm/day (32). One month after surgery, Song 
et  al. observed that nerve regenerated axons developed over the 
anastomosis. One year after the procedure, the distal end of the upper 
limb was progressively innervated. Guan et al. (33), observed that the 
average recovery period for motor function following contralateral C7 
nerve anastomosis was more than 1 year. After C7 nerve anastomosis, 
progressively support the damaged limb’s various segments (e.g., elbow, 
forearm, wrist, etc.). The subgroup study of joint mobility and muscle 
spasticity recovery in numerous upper extremity locations between the 
CC7 displacement and therapy groups revealed no significant 
differences (p < 0.00001). In addition, there was no significant impact of 
1 year or 2 years follow-up on the recovery of motor function and 
myospasm in the afflicted limb in the included studies (p < 0.00001).

The following are limitations of the presented meta-analysis: (1) 
only 3 studies were included in the meta-analysis, a rather small 
amount. Further subgroup and sensitivity analyses were challenging 
to conduct. Because most of the study’s participants were from East 
Asia, the results do not accurately reflect their global applicability. (2) 
The sample size was modest, despite the fact that all of the chosen 
papers were RCT and nRCT literatures. Individual variations and 
confounding variables were present. Specifically, in Hua’s et al. (21) 
paper, the number of patients in the surgery group and the control 
group was equal at six. Furthermore, the patients were rather young. 
Due to the limited sample size and large number of confounding 
variables, it was impossible to do additional research. (3) The damage 
induced by various surgical methods vary, particularly the exposure 
and anastomosis of the C7 nerve. For instance, the anterior and 
posterior spinal approach injured the blood vessels and nerves on the 
exposure and anastomosis route, resulting in distinct adverse effects. 
(4) The end index of the study was the score of the score table and the 
range of mobility of the joint, both of which were susceptible to a 

substantial subjective effect, and there was a variance in the 
research findings.

Conclusion

This is the first meta-analysis assessing the effectiveness of CC7 
transfer in the treatment of central upper limb spastic paralysis. The 
effectiveness and safety of CC7 transfer in the treatment of central 
upper limb spastic paralysis were evaluated in this meta-analysis. 
Patients in the procedure group had substantially better F-M and 
ROM scores when measuring their motor function. At the same time, 
patients in the surgery group had much less muscular spasm, and 
there were no major adverse responses. The number of patients 
presented in this research was limited, the follow-up period was brief, 
and the impact of individual characteristics on prognosis was not 
ruled out. Therefore, the efficacy of CC7 transfer warranted more 
investigation and promotion.
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Background: This study aimed to evaluate the kinematic movement patterns 
during a reach-and-grasp task in post-stroke patients according to the upper 
extremity impairment severity.

Methods: Subacute stroke patients (n  =  46) and healthy controls (n  =  20) were 
enrolled in this study. Spatiotemporal and kinematic data were obtained through 
3D motion analysis during the reach-and-grasp task. Stroke patients were 
grouped using the Fugl-Meyer Assessment (FMA) scale, and a comparison of the 
groups was performed.

Results: The severe group showed a significantly longer movement time, lower 
peak velocity, and higher number of movement units than the mild group during 
the reach-and-grasp task (p  <  0.05). Characteristic compensatory movement 
patterns, such as shoulder abduction, thoracic posterior tilting, and upward 
and external rotation were significantly greater during the forward transporting 
phase in the severe group than in the mild group (p  <  0.05). The FMA score was 
significantly associated with the movement time during the forward transporting 
phase, number of movement units during the reaching phase, range of shoulder 
abduction-adduction and wrist flexion-extension movements during the reaching 
phase, and range of thoracic internal-external rotation during the backward 
transporting phase (p  <  0.05).

Conclusion: Post-stroke patients have unique spatiotemporal and kinematic 
movement patterns during a reach-and grasp-task according to the impairment 
severity.

KEYWORDS

stroke, upper extremity, biomechanical phenomena, rehabilitation, activities of daily 
living

1. Introduction

Functional impairment after stroke is associated with persistent impairment of the upper 
extremity. While 40% of post-stroke patients have chronic impairment, only 6% of these 
patients are satisfied with the functional recovery of their paralyzed upper extremity (1–3). 
Loss of arm function is associated with the quality of life, as it is essential to perform basic 
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activities of daily living (ADL), such as grasping a cup and bringing 
it to the mouth.

Motion impairment can be recognized by kinematic assessment, 
which provides a sensitive, objective, and reliable measurement (4). 
Although various clinical outcome measures are widely used to 
estimate the functional impairment of stroke patients, their sensitivity 
in assessing the degree of motor impairments is lower compared to 
that of kinematic measurements (5). Kinematic analysis quantitatively 
enumerates movement control, such as motor performance and 
movement quality, more accurately through provision of objective 
data (5, 6). In previous studies, motor performance of hemiparetic 
patients was found to be slower and less accurate compared to that of 
healthy subjects, although these patients had only mild impairment 
when they were clinically assessed with the Medical Research Council 
Scale or Fugl-Meyer Assessment (FMA) (7, 8). This means that motor 
abilities can be better identified by motor performance variables than 
clinical measures. Especially, movement quality measures are useful 
in identifying sensorimotor controls, including spatiotemporal 
coordination (9). Therefore, an objective and precise evaluation tool 
using kinematic analysis techniques is helpful to assess motion 
impairment as targets for impairment-oriented training in 
stroke patients.

Recently, kinematic studies on task-based movements of ADL 
were performed for developing neuroplasticity-based rehabilitation 
devices, including robots, virtual reality devices, or a brain computer 
interface. The 3D motion analysis of task-based movements of ADL 
was investigated (10, 11), with a few studies reporting the kinematic 
analysis of upper extremities while drinking with a cup in patients 
with cerebral palsy or minor stroke (12–15). However, studies that 
performed kinematic analyses in stroke patients with more severe 
disability have been rarely reported (5, 16).

Thus, the aim of this study was to analyze kinematic differences 
according to motor impairment severity in hemiplegic stroke patients, 
including those with severe impairment during the reach-and-grasp 
task performance.

2. Methods

2.1. Participants

Post-stroke hemiparesis and healthy controls were recruited from 
the hospital. The inclusion criteria were (1) patients with first 
unilateral ischemic or hemorrhagic stroke diagnosed by magnetic 
resonance imaging or computed tomography scans, (2) patients who 
were diagnosed 6 months before the study, (3) patients who were able 
to sit without support, and (4) patients who were able perform the 
reach-and-grasp task. Exclusion criteria included (1) previous upper 
extremity surgery, (2) the presence of neurological or musculoskeletal 
diseases that could affect movement of the upper extremity, and (3) 
excessive spasticity at any UE joint (Modified Ashworth Scale 
score > 2).

After assessing the upper extremity function by the FMA for 
Upper Extremity (FMA-UE, scale 0–66) by one certified occupational 
therapist, stroke patients were classified into 3 groups according to 
their FMA-UE scores (mild: 58–66, moderate: 28–57, and severe: 
0–27) (17–19). All subjects also underwent the Wolf motor function 
test (WMFT), Motricity Index (MI), and the trunk control test (TCT) 

to confirm motor function differences between the groups. All 
participants signed an informed consent of this cross-sectional study, 
which was approved by Institutional Review Board (1-2014-0083).

2.2. Protocol

Participants were seated on a chair without trunk support. 
Starting position was with shoulders in a neutral position, elbows at 
90° flexion, forearms pronated, and the wrists in a neutral position. A 
drinking glass (height: 12.5 cm, diameter: 7 cm) was placed 30 cm 
away along the midline of the body. The reach-and-grasp task 
comprised the following four phases: reaching, forward transporting, 
backward transporting, and return; and it included the following four 
points: when the hand grasps a cup (P1), arrives at the mouth (P2), 
puts the cup on the table (P3), and returns to the initial position (P4) 
(Figure 1) (10). Each participant was requested to sit upright and 
perform the reach-and-grasp task at a comfortable self-paced speed 
using the hemiparetic arm. The trunk was not restrained, and 
compensatory movements were allowed if needed. The task was 
repeated five times.

2.3. Data recording and analysis

Eleven reflective markers were placed on the following anatomical 
landmarks: the spinous process of the seventh cervical vertebra, tenth 
thoracic vertebra, bilateral clavicular heads, upper sternum, acromion, 
middle of the humerus, lateral epicondyle, styloid process of the radius 
and ulna, and the third metacarpophalangeal joint according to the 
guidelines of the International Society of Biomechanics (20). The 3D 
marker trajectories were measured by a calibrated six-camera motion 
analysis system (VICON MX, Oxford Metrics Inc., Oxford, 
United Kingdom), at a sampling frequency of 100 Hz.

The spatiotemporal and kinematic parameters were determined 
during the reach-and-grasp task. Spatiotemporal outcome variables 
included movement time of each phase and movement time of the 
entire task. The peak velocity for each phase was used to reflect the 
magnitude of force generated by participants (21). The number of 
movement units was calculated for all phases using the velocity 
profiles of the wrist to evaluate the smoothness of movement during 
each phase. An increased number of movement units indicated a 
decrease in movement smoothness. The movement unit was 
determined as a velocity peak where the difference between the 
previous minimum and the next maximum velocity value was above 
20 mm/s in amplitude and the time between two subsequent peaks 
was longer than 150 ms.The minimum value per phase was 1 unit, and 
the minimum total was 4 units.

For the kinematic outcomes, we  measured the following 
parameters: angles of the shoulder and wrist joints in the sagittal, 
coronal, and transverse planes; the elbow joint angle in the sagittal 
plane, and thoracic angles in tilt, obliquity, and rotation at the four 
points between each phase; the range of motion (ROM) of the 
shoulder and wrist joints in the sagittal, coronal, and transverse 
planes; the elbow joint in the sagittal plane, and the thorax in tilt, 
obliquity, and rotation during each phase.

We also assessed the sum deviation of each joint angle during 
the entire task to estimate the degree of movement deviation and 
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compared it with that in healthy participants. Angle deviations 
were calculated as the difference between joint angles of 
participants in the patient group and the normal range (defined as 
mean ± standard deviation for each joint angle) of the 20 
healthy participants.

Data were analyzed using MATLAB (MathWorks Inc., Natick, 
United  States). The average of three trials in the middle of five 
recorded trials was used for statistical calculations. The first trial was 
only used for familiarization (22). The last trial was not used because 
of the impact of fatigue (23). The onset/offset movement for each 
phase was visually identified using frame-by-frame movement 
inspection by one evaluator (22).

2.4. Statistical analysis

A Chi-square test and one-way analysis of variance (ANOVA) 
were used to evaluate categorical and continuous baseline 
characteristics. ANOVA with post-hoc analysis using Bonferroni 
correction was used to compare the spatiotemporal and kinematic 
parameters among the 4 groups. After the univariate analysis, a 
multivariate linear regression analysis was performed to identify the 
spatiotemporal and kinematic parameters significantly associated with 
the upper extremity impairment level (FMA-UE). Statistical analysis 

was performed using SPSS, 20.0. A p-value <0.05 was considered 
statistically significant.

3. Results

3.1. Baseline characteristics

Forty-six participants with post-stroke hemiparesis and 20 healthy 
controls were enrolled. The mean age of stroke patients and controls 
was 62.7±13.4 years and 31.5± 5.2 years, respectively. There were no 
significant differences between groups in age, duration after stroke, or 
lesion type. The FMA, WMFT, and MI scores in the mild group were 
significantly higher than those in the moderate and severe groups 
(p < 0.001). However, the TCT score was not significantly different 
between groups. The baseline characteristics of stroke patients are 
described in Table 1.

3.2. Spatiotemporal parameters

3.2.1. Movement time
Stroke patients had longer movement times than healthy 

participants in all phases and for the whole task (Table 2). The severe 

FIGURE 1

Point and phase definitions of each reach-and-grasp cycle.

TABLE 1 Baseline characteristics of stroke patients.

Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Age (years) 67.44 ± 12.36 61.87 ± 14.28 57.73 ± 13.05 0.134

Man (n, %) 12 (75%) 8 (53%) 11 (73%) 0.451

Lesion type, Ischemic (n, %) 15 (94%) 13 (87%) 12 (80%) 0.489

Duration (months) 2.19 ± 1.22 2.00 ± 1.13 2.40 ± 1.76 0.737

FMA-UE 61.94 ± 3.02 34.13 ± 5.93* 22.00 ± 3.02*,** <0.001

WMFT 67.00 ± 9.85 31.13 ± 14.94* 19.87 ± 3.23*,** <0.001

MI 77.38 ± 7.76 59.20 ± 12.05* 41.93 ± 11.00*,** <0.001

TCT 99.19 ± 3.25 92.27 ± 17.35 90.60 ± 20.65 0.271

Values are expressed as mean ± standard deviation. * Post hoc analysis, compared with the mild group, p < 0.05. ** Post hoc analysis, compared with the moderate group, p < 0.05. FMA-UE, 
Fugl-Meyer assessment for upper extremity; WMFT, Wolf motor function test; MI, motricity index; TCT, trunk control test.
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group showed significantly longer movement times than the mild 
group during the reach, forward transporting, and backward 
transporting phases, and for the entire task (p < 0.05); the severe group 
also showed a significantly longer movement time in the forward 
transporting phase than the moderate group (p <  0.05). Total 
movement times in the moderate and severe groups were significantly 
longer than that in the mild group (p < 0.05).

In healthy participants, the phase ratio during the reaching phase 
(the relative time spent in each phase) was significantly smaller than 
that in stroke patients (p < 0.05). The phase ratios during the forward 
transporting and return phases were significantly higher in the severe 
group than in the mild group (p < 0.05, Table 2).

3.2.2. Peak velocity
Stroke patients had significantly lower peak velocities during all 

phases than healthy participants (p <  0.05). Peak velocities in the 
severe group were significantly lower during the forward transporting 
and return phases than those in the mild group (p < 0.05, Table 2).

3.2.3. Smoothness of movement
Tangential velocity curves were smooth with one predominant 

peak during every phase in healthy participants. In contrast, stroke 
patients demonstrated oscillatory velocity curves with multiple peaks. 
The number of movement units was significantly higher in the severe 
group than in the mild group during the reach, forward transporting, 

and backward transporting phases (p < 0.001, Table 2); the number of 
movement units was also significantly higher in the severe group than 
in the moderate group during the forward transporting phase 
(p < 0.001). The total number of movement units during the entire 
task was significantly different among the 3 groups, ranging from 4–7, 
5–16, and 7–20 in the mild, moderate, and severe groups, respectively 
(p < 0.001, Table 2).

3.3. Kinematic parameters

3.3.1. Joint angles and ROMs
The joint angles at each point and the ROMs during each phase 

are shown in Tables 3, 4 and Figure 2. There were relevant differences 
in the joint angle between each group according to the 
impairment severity.

During the reaching phase, stroke patients tended to have smaller 
shoulder flexion, larger abduction, internal rotation motion, and 
smaller elbow and wrist extension motions than healthy participants. 
The severe group showed a significantly greater range of shoulder 
abduction and smaller range of wrist extension motion than the mild 
group (p <  0.05). Stroke patients used more upward and internal 
rotation motion of the thorax compared to healthy participants. More 
upward thoracic motion was also observed in the severe group 
compared to the mild group (p < 0.05).

TABLE 2 A comparison of spatiotemporal parameters according to the impairment severity.

Healthy (n =  20) Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Movement time (s)

Reaching 1.00 ± 0.20 1.88 ± 0.54* 2.59 ± 1.28* 3.07 ± 0.94*,** <0.001

Forward transporting 1.32 ± 0.32 1.55 ± 0.49 2.37 ± 1.03*,** 3.52 ± 1.29*,**,*** <0.001

Backward transporting 1.28 ± 0.30 1.83 ± 0.47 2.63 ± 1.27* 3.20 ± 1.35*,** <0.001

Return 1.13 ± 0.23 1.68 ± 0.59 2.21 ± 1.28* 1.95 ± 1.19 0.005

Total 4.74 ± 0.94 6.94 ± 1.71 9.80 ± 4.42*,** 11.73 ± 3.02*,** <0.001

Phase ratio (%)

Reaching 21.28 ± 1.78 27.17 ± 4.62* 26.23 ± 4.75* 26.54 ± 6.96* 0.001

Forward transporting 27.61 ± 2.74 22.16 ± 2.95 24.99 ± 7.09 30.07 ± 9.90a 0.004

Backward transporting 27.06 ± 2.55 26.53 ± 3.66 26.84 ± 4.60 26.80 ± 7.00 0.989

Return 24.05 ± 3.16 24.13 ± 5.04 21.94 ± 7.15 16.59 ± 8.19*,** 0.002

Peak velocity (mm/s)

Reaching 626.66 ± 136.82 408.60 ± 116.63* 359.19 ± 83.86* 340.73 ± 189.13* <0.001

Forward transporting 910.26 ± 149.91 633.00 ± 161.51* 483.30 ± 146.65* 455.53 ± 204.11*,** <0.001

Backward transporting 851.85 ± 209.21 648.71 ± 226.77* 521.58 ± 160.14* 524.97 ± 151.80* <0.001

Return 586.16 ± 146.04 537.14 ± 109.34 400.41 ± 154.30* 316.34 ± 177.54*,** <0.001

Number of movement units

Reaching 1.00 ± 0.00 1.19 ± 0.40 2.47 ± 1.25*,** 2.73 ± 1.10*,** <0.001

Forward transporting 1.00 ± 0.00 1.31 ± 0.70 2.27 ± 1.71* 4.20 ± 1.78*,**,*** <0.001

Backward transporting 1.00 ± 0.00 1.31 ± 0.70 2.60 ± 1.68* 3.20 ± 1.74*,** <0.001

Return 1.00 ± 0.00 1.25 ± 0.45 1.73 ± 0.88 1.93 ± 1.67* 0.017

Total 4.00 ± 0.00 5.00 ± 1.37 9.07 ± 4.18*,** 12.07 ± 3.99*,**,*** <0.001

Values are expressed as mean ± standard deviation. * Post hoc analysis, compared with the healthy group, p < 0.05. ** Post hoc analysis, compared with the mild group, p < 0.05. *** Post hoc 
analysis, compared with the moderate group, p < 0.05.
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TABLE 3 A comparison of joint angles at four points during the reach-and-grasp task according to the impairment severity.

Healthy (n =  20) Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Grasp a cup (P1)

Shoulder

Flexion angle 45.37 ± 6.79 40.75 ± 18.08 38.69 ± 10.52 34.71 ± 21.86 0.220

Abduction angle 19.28 ± 10.01 35.83 ± 14.32 38.98 ± 19.35* 38.77 ± 28.69* 0.005

Internal rotation angle −0.40 ± 7.92 2.76 ± 16.93 9.15 ± 11.76 21.76 ± 12.46*,** <0.001

Elbow

Flexion angle 45.30 ± 10.93 65.04 ± 14.41* 66.07 ± 15.60* 75.15 ± 24.65* <0.001

Wrist

Extension angle 36.04 ± 10.43 28.39 ± 12.07 25.30 ± 13.74 18.19 ± 11.06* <0.001

Ulnar deviation angle 22.02 ± 11.50 17.91 ± 13.10 15.92 ± 13.42 23.61 ± 13.55 0.313

Pronation angle 118.76 ± 17.49 109.21 ± 24.31 103.17 ± 28.44 120.39 ± 22.73 0.129

Thorax

Anterior tilt angle 12.93 ± 9.06 19.45 ± 12.08 19.77 ± 9.01 15.69 ± 9.75 0.145

Upward obliquity angle −1.55 ± 2.63 −0.74 ± 2.81 1.36 ± 3.84 0.27 ± 3.57 0.058

Internal rotation angle 1.87 ± 5.24 1.02 ± 4.92 1.84 ± 5.06 −0.47 ± 4.45 0.511

Arrive at the mouth (P2)

Shoulder

Flexion angle 61.05 ± 10.44 46.79 ± 16.96* 42.96 ± 7.57* 34.64 ± 15.36* <0.001

Abduction angle 41.97 ± 26.41 42.68 ± 18.26 61.25 ± 29.60 75.54 ± 34.53*,** 0.002

Internal rotation angle −8.44 ± 26.73 2.61 ± 15.22 −6.08 ± 14.09 −1.93 ± 21.18 0.415

Elbow

Flexion angle 125.39 ± 5.62 120.07 ± 10.43 122.79 ± 8.03 111.47 ± 22.73* 0.019

Wrist

Extension angle 25.34 ± 7.42 21.06 ± 10.56 21.22 ± 13.40 8.43 ± 21.00*,** 0.005

Ulnar deviation angle 21.36 ± 14.09 29.26 ± 21.29 16.37 ± 23.19 13.14 ± 10.49 0.074

Pronation angle 122.39 ± 18.05 124.14 ± 36.91 91.11 ± 41.30*,** 101.79 ± 24.32 0.007

Thorax

Anterior tilt angle 6.18 ± 5.72 13.83 ± 10.53 5.39 ± 8.65** 1.20 ± 9.47** 0.001

Upward obliquity angle −0.68 ± 3.05 −1.15 ± 3.02 3.56 ± 4.36*,** 2.61 ± 5.94 0.003

Internal rotation angle −0.92 ± 4.86 −3.08 ± 5.25 −6.68 ± 6.16 −10.19 ± 10.45*,** 0.001

Put the cup on the table (P3)

Shoulder

Flexion angle 46.97 ± 6.02 42.62 ± 17.70 39.77 ± 10.52 32.13 ± 19.79* 0.027

Abduction angle 21.77 ± 10.19 39.06 ± 14.28* 40.39 ± 19.45* 40.89 ± 21.35* 0.001

Internal rotation angle 0.49 ± 8.95 4.57 ± 17.10 12.90 ± 14.04 19.48 ± 16.96*,** 0.001

Elbow

Flexion angle 42.50 ± 9.88 62.04 ± 13.94* 63.19 ± 15.94* 75.06 ± 18.82* <0.001

Wrist

Extension angle 38.15 ± 9.15 30.22 ± 14.03 27.41 ± 15.53 21.23 ± 12.37* 0.003

Ulnar deviation angle 22.08 ± 10.39 20.88 ± 13.54 13.89 ± 19.59 18.31 ± 16.86 0.427

Pronation angle 116.25 ± 16.09 111.62 ± 23.27 99.33 ± 33.00 105.91 ± 31.65 0.275

Thorax

Anterior tilt angle 12.22 ± 7.10 19.40 ± 11.18 18.36 ± 9.58 14.41 ± 15.39 0.188

Upward obliquity angle −1.69 ± 2.96 −1.12 ± 3.74 2.03 ± 4.93* −1.05 ± 3.86 0.036

(Continued)
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In the forward transporting phase, stroke patients had 
significantly smaller elbow flexion motion than healthy 
participants (p < 0.05). At P2, stroke patients exhibited smaller 
shoulder and elbow flexion angles, smaller wrist extension angles, 
and larger shoulder abduction angles than healthy participants. 
During the forward transporting phase, the severe group showed 
a significantly greater range of shoulder abduction than the mild 
and moderate groups (p < 0.001). The severe group also showed 
significantly larger shoulder abduction and smaller wrist extension 
angles than the mild group at P2 (p < 0.05). The moderate and 
severe groups showed greater wrist supination angles than the 
mild group, and the mild and moderate groups showed significant 
differences between them (p < 0.01). Patients in the moderate and 
severe groups showed greater posterior tilting, and upward and 
external rotational motion of the thorax than healthy participants 
and patients in the mild group during the forward transporting 
phase (p < 0.001).

During the backward transporting phase, stroke patients had 
smaller elbow extension and larger wrist pronation motion than 
healthy participants (p < 0.01). The severe group showed a significantly 
larger range of shoulder adduction motion and a smaller range of 
elbow extension motion than the mild group (p < 0.01). At P3, larger 
shoulder internal rotation angles were observed in the severe group 
than in the mild group (p < 0.01). The anterior tilt, downward, and 
internal rotation ROM values of the thorax were significantly larger in 
patients in the severe group compared with healthy participants and 
patients in the mild group (p < 0.05).

During the return phase, stroke patients had a smaller range of 
shoulder extension, elbow flexion, and wrist flexion motion than 
healthy participants. At P4, stroke patients had larger shoulder 
internal rotation angles than healthy participants. The severe group 
showed a smaller range of shoulder extension, elbow flexion, and wrist 
flexion motion than the mild group (p < 0.05).

3.3.2. Angle deviations
The sum of angle deviations from normal data was significantly 

higher in the severe group than in the mild group for shoulder 
abduction-adduction and shoulder internal-external rotation 
(p < 0.05, Table 5). The sum of angle deviations in the other joints was 
not significantly different between groups.

3.4. Spatiotemporal and kinematic 
parameters associated with impairment 
severity

The multivariate linear regression analysis showed that the 
FMA-UE score was significantly associated with the number of 
movement units, range of shoulder abduction-adduction motion, and 
wrist flexion-extension motion during the reaching phase. In addition, 
the movement time during the forward transporting phase and the 
range of thoracic internal-external rotation motion during the 
backward transporting phase were also significant parameters 
associated with the FMA-UE score (adjusted R2 = 0.802, Table 6).

4. Discussion

This study revealed kinematic approaches for evaluating the upper 
extremity motor function in mildly, moderately, and severely impaired 
stroke patients. Many spatiotemporal and kinematic variables showed 
significant differences between the respective impairment severities, 
as well as between stroke patients and healthy controls.

We were able to discriminate the differences in impairment 
severity in stroke patients with movement times. This finding was 
consistent with that of previous studies suggesting that movement 
time can provide information about movement characteristics (8, 12, 

TABLE 3 (Continued)

Healthy (n =  20) Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Internal rotation angle 2.01 ± 4.92 0.25 ± 4.75 0.45 ± 5.60 −1.21 ± 5.54 0.348

Return to initial position (P4)

Shoulder

Flexion angle 8.44 ± 7.92 12.92 ± 12.61 11.55 ± 11.45 15.20 ± 17.88 0.456

Abduction angle 14.09 ± 7.05 28.95 ± 9.39* 18.38 ± 8.53** 21.03 ± 9.95 <0.001

Internal rotation angle 5.55 ± 7.21 13.49 ± 9.46 13.36 ± 7.75 17.70 ± 11.43* 0.002

Elbow

Flexion angle 78.57 ± 7.16 88.80 ± 7.89* 84.75 ± 9.35 81.92 ± 14.36 0.023

Wrist

Extension angle 6.85 ± 7.21 4.76 ± 8.76 10.47 ± 8.63 13.12 ± 8.04** 0.025

Ulnar deviation angle 27.45 ± 4.11 23.03 ± 8.96 23.80 ± 16.99 27.36 ± 12.78 0.551

Pronation angle 153.44 ± 9.19 143.28 ± 12.74 137.51 ± 30.32 128.76 ± 23.86* 0.006

Thorax

Anterior tilt angle 7.85 ± 5.43 14.99 ± 10.02 11.47 ± 8.13 9.37 ± 8.71 0.067

Upward obliquity angle −1.72 ± 2.97 −0.50 ± 2.97 0.74 ± 2.94 0.32 ± 3.52 0.102

Internal rotation angle −1.53 ± 4.66 −2.89 ± 4.72 −4.44 ± 3.71 −5.25 ± 4.48 0.076

Values are expressed as mean ± standard deviation. * Post hoc analysis, compared with the healthy group, p < 0.05. ** Post hoc analysis, compared with the mild group, p < 0.05.
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TABLE 4 A comparison of the range of motion during the reach-and-grasp task according to the impairment severity.

Healthy (n =  20) Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Reaching phase

Shoulder

Flexion-extension 39.32 ± 6.61 32.38 ± 11.13 31.93 ± 6.73 29.93 ± 10.68* 0.013

Abduction-adduction 8.33 ± 4.11 14.75 ± 8.61 26.73 ± 15.25* 34.87 ± 23.11*,** <0.001

Internal-external 

rotation
7.39 ± 3.99 13.56 ± 8.80 14.53 ± 6.67 20.87 ± 17.06* 0.003

Elbow

Flexion-extension 36.67 ± 13.12 30.19 ± 11.17 26.53 ± 10.40 24.13 ± 16.13* 0.032

Wrist

Extension-flexion 29.46 ± 7.57 29.88 ± 8.59 23.73 ± 12.50 19.27 ± 9.79*,** 0.008

Ulnar-radial 12.16 ± 6.07 14.44 ± 9.44 21.07 ± 10.01 17.07 ± 14.78 0.080

Pronation-supination 36.18 ± 14.04 41.44 ± 14.60 56.33 ± 29.69* 40.13 ± 24.14 0.044

Thorax

Anterior–posterior 6.44 ± 7.12 5.38 ± 2.78 8.87 ± 6.61 9.07 ± 6.93 0.276

Upward-downward 1.43 ± 0.78 1.81 ± 1.17 4.53 ± 3.62*,** 3.53 ± 1.96* <0.001

Internal-external 

rotation
3.92 ± 2.11 4.38 ± 2.16 6.60 ± 2.80* 6.27 ± 3.08 0.005

Forward transporting phase

Shoulder

Flexion-extension 22.68 ± 12.18 12.75 ± 8.20 17.93 ± 10.13 19.33 ± 11.79 0.063

Abduction-adduction 26.58 ± 23.84 15.25 ± 9.30 25.27 ± 18.06 51.73 ± 28.35*,**,*** <0.001

Internal-external 

rotation
26.99 ± 22.48 18.13 ± 9.11 23.53 ± 14.29 34.93 ± 18.44 0.062

Elbow

Flexion-extension 81.67 ± 12.57 62.44 ± 12.35* 58.80 ± 11.42* 50.33 ± 17.96* <0.001

Wrist

Extension-flexion 14.57 ± 5.48 14.69 ± 8.39 21.93 ± 7.38 23.13 ± 15.41 0.076

Ulnar-radial 18.33 ± 11.48 25.19 ± 14.19 30.13 ± 24.28 26.53 ± 14.80 0.742

Pronation-supination 21.54 ± 13.56 38.00 ± 22.64 44.60 ± 32.90 43.20 ± 26.44 0.781

Thorax

Anterior–posterior 7.71 ± 10.36 5.69 ± 3.40 16.40 ± 10.19*,** 17.33 ± 7.80 *,** <0.001

Upward-downward 1.73 ± 1.94 1.69 ± 0.60 4.67 ± 3.77 *,** 5.60 ± 2.41 *,** <0.001

Internal-external 

rotation
3.55 ± 2.39 4.94 ± 2.05 9.20 ± 3.63 * 12.13 ± 8.30 *,** <0.001

Backward transporting phase

Shoulder

Flexion-extension 21.47 ± 13.13 13.44 ± 7.68 15.47 ± 7.68 20.47 ± 11.35 0.084

Abduction-adduction 25.38 ± 22.58 15.25 ± 9.47 24.80 ± 16.29 39.27 ± 23.44** 0.009

Internal-external 

rotation
26.10 ± 21.80 18.13 ± 10.27 26.33 ± 16.76 31.53 ± 17.07 0.201

Elbow

Flexion-extension 83.92 ± 11.44 63.88 ± 12.02* 60.40 ± 13.33* 41.27 ± 21.87*,**, *** <0.001

Wrist

Extension-flexion 14.72 ± 6.66 16.25 ± 9.63 22.60 ± 10.57 19.20 ± 13.78 0.141

Ulnar-radial 16.65 ± 9.57 29.69 ± 18.55 30.53 ± 23.95 22.53 ± 16.40 0.068

(Continued)
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13, 24). In a previous study, mild stroke patients showed slower 
movement times than controls in all phases during the reach-and-
grasp task (14). In contrast, the mild group in this study showed no 
significant differences from healthy subjects except during the 
reaching phase. In addition, there was no difference in movement time 
between stroke groups during the return phase, which could 
be attributed to the smaller ROM in the shoulder and elbow joints or 
the compensated shoulder internal rotation in the severe group, which 
boosts the speed during the return phase (22). The phase ratio in the 
forward transporting phase was greater in the severe group than in the 
mild group. In contrast, the movement times during the reach and 
backward transporting phases were not strongly influenced by 
impairment severity, although the severe group showed slower total 
movement times.

Peak velocities were lower in the severe group compared to the 
mild group. A previous study reported that a decreased peak velocity 
is associated with less torque or force (24). In addition, peak velocity 
has been shown to increase with remembered movement programs 
late in motor learning; thus, indicating that it is related to automaticity 
or programming (16). Our results suggest that impairment may 
be  associated with force generation and programming. Although 
movement times were significantly different between the mild and 
severe groups, peak velocities were not significantly different between 
stroke impairment severities in the reaching and backward 

transporting phases. These results indicate that other factors affecting 
movement quality must be considered.

The number of movement units differed according to the 
impairment severity across all phases except the return phase, which 
is consistent with results of previous studies (25–28). In Murphy’s 
study, in which the number of movement units was calculated only for 
the reaching and forward transporting phases, they found a significant 
difference between mildly and moderately affected stroke patients, 
which was correlated with movement times (12). Velocity peaks 
counted for movement units reflect repetitive acceleration and 
deceleration during the task and were correlated with movement 
smoothness and efficiency (12). Previous kinematic studies have 
demonstrated that smoothness is one of the key measures for 
quantifying and evaluating movement performance after stroke (15, 
29). If each movement is well controlled, the movement time for the 
task is shorter and movement is smoother (i.e., fewer movement 
units). Smoothness results from learned inter-joint coordination and 
increases with motor recovery in stroke patients (30–33). Impairment 
of joint position sensation is also associated with decreased 
smoothness of movement (34). In a previous functional imaging 
study, the activation of secondary motor areas, including ipsilesional 
premotor cortex, insula and contralesional supplementary motor area, 
insula, and cerebellum was associated with decreased smoothness 
during reaching and grasping, indicating that recruitment of 

TABLE 4 (Continued)

Healthy (n =  20) Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Pronation-supination 20.08 ± 11.00 43.44 ± 27.06* 46.47 ± 31.38* 37.93 ± 26.32 0.008

Thorax

Anterior–posterior 6.19 ± 8.19 6.62 ± 3.41 14.07 ± 8.55** 16.13 ± 12.02*,** 0.001

Upward-downward 1.81 ± 1.56 1.56 ± 0.73 4.07 ± 2.96*,** 5.60 ± 3.68*,** <0.001

Internal-external 

rotation
3.78 ± 2.34 4.13 ± 1.86 8.20 ± 2.37 11.80 ± 9.56*,** <0.001

Return phase

Shoulder

Flexion-extension 39.18 ± 7.89 33.88 ± 13.31 27.27 ± 11.26* 20.47 ± 14.55*,** <0.001

Abduction-adduction 10.16 ± 4.61 13.56 ± 8.13 21.80 ± 13.75 22.60 ± 21.71* 0.015

Internal-external 

rotation
7.99 ± 4.37 16.00 ± 8.76 12.33 ± 8.60 15.00 ± 12.90 0.039

Elbow

Flexion-extension 37.39 ± 13.00 34.19 ± 14.68 22.27 ± 13.18* 14.53 ± 12.79*,** <0.001

Wrist

Extension-flexion 32.08 ± 7.63 28.31 ± 11.12 21.13 ± 12.73** 12.47 ± 8.05*,** <0.001

Ulnar-radial 13.05 ± 6.64 19.06 ± 9.48 17.20 ± 16.25 13.93 ± 16.51 0.468

Pronation-supination 39.43 ± 14.93 40.44 ± 16.31 41.13 ± 25.95 28.00 ± 25.22 0.260

Thorax

Anterior–posterior 5.64 ± 5.65 4.88 ± 2.83 8.07 ± 7.94 9.20 ± 11.29 0.341

Upward-downward 1.80 ± 0.79 2.56 ± 1.59 3.33 ± 4.20 3.53 ± 3.40 0.258

Internal-external 

rotation

4.28 ± 2.23 4.25 ± 2.70 6.07 ± 3.75 6.13 ± 5.85 0.315

Values are expressed as mean ± standard deviation. * Post hoc analysis, compared with the healthy group, p < 0.05. ** Post hoc analysis, compared with the mild group, p < 0.05. *** Post hoc 
analysis, compared with the moderate group, p < 0.05.
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additional secondary areas is associated with continuously correcting 
deviations from optimal movement (35).

In this study, stroke patients had specific movement patterns along 
with impairment severity of their upper extremities. In the severe 
group, shoulder abduction with a thoracic upward motion were 
observed during the reaching phase and these patients exhibited a 
considerably large shoulder abduction and posteriorly tilted, upward, 
externally rotated thoracic movement during the forward transporting 
phase. During the return phase, smaller shoulder extension, elbow 
flexion, and wrist flexion motions were characteristic movements in 
the severe group. However, significant thoracic movement to 
compensate for these motions was not observed during the return 

phase. These unique movements may have been due to compensation 
for insufficient shoulder, elbow, and wrist joint motions to complete 
the task. However, the most important reason for this seems to 
be poor motor control and the disruption of muscle synergies, crucial 
aspects of motor impairment in stroke. The alterations in muscle 
synergies were most prominent in severely impaired stroke patients 
and less in mild-to-moderately impaired patients in studies of muscle 
synergy analysis (36).

The shoulder abduction motion to successfully perform the reach-
and-grasp task in the severe group was consistent with findings of 
previous studies (14, 37), which reported larger shoulder abduction in 
mild stroke patients compared to healthy participants. Further, 

FIGURE 2

The mean joint angle in upper extremity during the reach-and-grasp task according to the impairment severity.
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we found significant deviations of shoulder motions in abduction-
adduction and internal-external rotation during the entire task in the 
severe group compared to the mild group. This information about the 
sum of angle deviations in stroke patients has not been previously 
reported. Various mechanisms, such as muscle weakness, loss of 
selective control caused by altered muscle activation patterns, and/or 
abnormal muscle tone, may cause differences in shoulder angle 
deviations between groups (14, 22, 38–41).

In this study, we observed compensatory movement of the thorax 
in the severe group, which is consistent with findings from previous 
studies that examined trunk displacement (12, 39, 42, 43). These 
studies have found that trunk displacement is significantly correlated 
with stroke impairment severity and that there are differences in trunk 
displacement between the mild and moderate groups (12, 40). In this 
study, during the forward transporting phase, we observed posterior 
tilting, upward, and external rotation of the thorax, which allowed us 
to differentiate between impairment levels based on this particular 
movement pattern. While the upper extremity is mainly activated by 
the contralateral corticospinal pathways, the muscles in the trunk are 

activated bilaterally to improve the speed, distance, movement quality, 
and precision. The restraint of excessive trunk movement during 
training has been demonstrated to enhance arm-trunk control (44, 
45). Therefore, it may be  important to emphasize thoracic 
compensatory movements when evaluating movement patterns in 
stroke patients.

This is the first study to analyze spatiotemporal kinematic 
parameters of the upper extremity and their association with the 
impairment severity in stroke patients, including those with severe 
impairment, using the regression analysis. The number of movement 
units during the reaching phase may be  highly affected by the 
coordinated movement of the upper extremity. The movement time 
during the forward transporting phase is significantly affected by the 
impairment severity because lower muscular strength of patients 
makes it more difficult to move in the upward direction against 
gravity. Furthermore, other significant kinematic parameters may 
be  associated with the lack of proximal stability, which leads to 
ineffective functional movement of the shoulder joint. These variables 
may provide indirect information on upper extremity impairment 

TABLE 5 A comparison of the sum of angle deviations during the reach-and-grasp task according to the impairment severity.

Mild (n =  16) Moderate (n =  15) Severe (n =  15) p-value

Shoulder

Flexion-extension 267.32 ± 410.06 213.98 ± 168.43 292.88 ± 214.48 0.747

Abduction-adduction 327.40 ± 411.57 380.77 ± 391.51 775.85 ± 691.67* 0.041

Internal-external rotation 201.74 ± 181.58 348.91 ± 332.36 532.14 ± 358.31* 0.014

Elbow

Flexion-extension 276.90 ± 135.32 270.93 ± 344.19 436.20 ± 319.61 0.194

Wrist

Extension-flexion 84.65 ± 95.12 53.30 ± 62.66 91.22 ± 67.43 0.360

Ulnar-radial deviation 209.43 ± 253.23 226.40 ± 323.94 231.32 ± 171.82 0.969

Pronation-supination 551.11 ± 1431.49 435.89 ± 735.83 545.70 ± 498.14 0.940

Thorax

Anterior–posterior 168.94 ± 340.25 124.37 ± 198.08 194.17 ± 194.63 0.752

Upward-downward 64.38 ± 199.16 32.25 ± 57.75 56.66 ± 72.01 0.773

Internal-external rotation 64.82 ± 121.78 63.30 ± 146.86 123.75 ± 163.86 0.430

Total 2216.69 ± 2364.09 2150.10 ± 1885.56 3188.95 ± 1331.13 0.260

Values are expressed as mean ± standard deviation. * Post hoc analysis, compared with the mild group, p < 0.05.

TABLE 6 Spatiotemporal and kinematic parameters associated with the upper extremity impairment severity (FMA-UE) by multivariate linear regression 
analysis.

Variables β (SE) p-value

Adjusted R2 = 0.802

Movement time (s) during forward transporting phase −5.29 (1.16) <0.01

ROM of shoulder Ab-Ad during reaching phase −0.36 (0.88) <0.01

ROM of wrist Fl-Ex during reaching phase 0.50 (0.13) <0.01

Number of movement units during reaching phase −4.18 (1.25) <0.01

ROM of thoracic IR-ER during backward transporting phase −0.49 (0.20) 0.01

β, regression coefficient; SE, standard error; ROM, range of motion; Ab, Abduction; Ad, adduction; Fl, flexion; Ex, extension; IR, internal rotation; ER, external rotation; FMA-UE, Fugl-Meyer 
assessment for the upper extremity.
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levels. Our findings in stroke patients are similar to those of a previous 
study for children with cerebral palsy, which reported that the total 
number of movement units and the total time during the reach-and-
grasp task were highly correlated with the Manual Ability 
Classification System score (13, 46). Our findings support the use of 
the reach-and-grasp task for measuring upper limb impairment 
levels (47).

The movement characteristics described may elucidate how stroke 
patients perform impaired motions during ADL. This could suggest 
directions in selecting kinematic variables for outcome measures in 
clinical studies and developing a rehabilitation method targeting the 
impaired motions, including designing upper extremity rehabilitation 
robotic devices (48–50). For example, customizing and calibrating the 
device to allow for greater shoulder angle deviation and compensatory 
movement of the thorax can be beneficial for patients with severe 
impairment. Moreover, the training program can be conducted by 
commencing with larger shoulder motions and progressively reducing 
the deviation over time during the reaching and forward transporting 
phases within the reach and grasp training program.

4.1. Limitations

This study has some limitations. A small sample size and absence 
of age-matched healthy controls may necessitate further large-scale 
studies to confirm the findings. Also, kinetic parameters, muscle 
activation patterns, and differences in temporal measures for each 
joint were not evaluated. Future studies examining abnormal muscle 
activation, including co-contraction and temporal measures for each 
joint during the reach-and-grasp task, are needed. Furthermore, 
evaluation of movements in various postures or under variable 
burdens based on purposeful activity is necessary.

5. Conclusion

This study suggests that post-stroke hemiplegic patients have 
unique spatiotemporal and kinematic movement patterns with 
compensation when performing the reach-and-grasp task, which can 
be used to plan individual treatment programs and evaluate treatment 
effects during rehabilitation.
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One-year retention of gait 
speed improvement in stroke 
survivors after treatment with a 
wearable home-use gait device
Brianne Darcy 1*, Lauren Rashford 1, Nancey T. Tsai 1, 
David Huizenga 1, Kyle B. Reed 2 and Stacy J. M. Bamberg 1

1 Moterum Technologies, Inc., Salt Lake City, UT, United States, 2 Department of Mechanical 
Engineering, University of South Florida, Tampa, FL, United States

Background: Gait impairments after stroke are associated with numerous 
physical and psychological consequences. Treatment with the iStride® 
gait device has been shown to facilitate improvements to gait function, 
including gait speed, for chronic stroke survivors with hemiparesis. This 
study examines the long-term gait speed changes up to 12  months after 
treatment with the gait device.

Methods: Eighteen individuals at least one-year post-stroke completed a 
target of 12, 30-minute treatment sessions with the gait device in their home 
environment. Gait speed was measured at baseline and five follow-up sessions 
after the treatment period: one  week, one  month, three months, six months, 
and 12 months. Gait speed changes were analyzed using repeated-measures 
ANOVA from baseline to each follow-up time frame. Additional analysis included 
comparison to the minimal clinically important difference (MCID), evaluation of 
gait speed classification changes, and review of subjective questionnaires.

Results: Participants retained an average gait speed improvement >0.21  m/s 
compared to baseline at all post-treatment time frames. Additionally, 94% 
of participants improved their gait speed beyond the MCID during one or 
more post-treatment measurements, and 88% subjectively reported a gait 
speed improvement.

Conclusion: Treatment with the gait device may result in meaningful, long-
term gait speed improvement for chronic stroke survivors with hemiparetic 
gait impairments.

Clinical trial registration: https://clinicaltrials.gov/ct2/show/NCT03649217, 
identifier NCT03649217.

KEYWORDS

gait device, gait speed, iStride, stroke rehabilitation, walking speed, retention

1 Introduction

Over seven million stroke survivors currently live in the United States (1), and early 
projections indicate this figure may rise to over 10 million in the next decade (1–3). 
Improvements in medical interventions have reduced mortality (4, 5), however the 
disability after stroke is often long-term and remains an economic burden globally (1) and 
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a personal affliction for well over 60% of stroke survivors (6–8) and 
their caregivers (9). Impairments after stroke can be widespread with 
effects to multiple physiologic systems. However, when questioned on 
rehabilitation goals, a majority of stroke survivors cite improving gait 
as a top priority (10, 11). Gait dysfunction is experienced by more 
than 80% of stroke survivors (12), and approximately 30–40% of 
stroke survivors have limited to no walking ability, even after 
completion of traditional rehabilitation (13, 14).

The motivation to improve gait is multi-faceted. Impaired gait is 
inefficient, with a metabolic cost 40–50% higher than neurologically 
intact individuals (15), which can lead to difficulties performing daily 
activities (16). Impaired gait contributes to abnormal joint loading, 
which can lead to musculoskeletal complications and pain (17, 18). 
Additionally, impaired gait is associated with an increased risk of falls 
(12, 19) which compromises safety and contributes to the seven-fold 
higher risk of fractures seen in individuals with a history of stroke 
(20). Adding to the potential physical consequences of falls, fear of 
falling can further limit community participation, which contributes 
to mental health issues related to isolation, among other things (21). 
The need to enhance gait training outcomes post-stroke is critical; 
however, access to effective, long-term treatment can be insufficient, 
especially for chronic stroke survivors with limited access to clinical 
environments and/or resources.

The assessment of gait function provides unique insight not only 
into the disability status and rehabilitation needs of stroke survivors, 
but their overall health as well. The most studied and utilized 
measurement of gait function is the measurement of self-paced gait 
speed (7, 22). Despite its simplicity, the utility of gait speed 
measurement is heavily emphasized in medical literature with its 
clinical value stated to rival routinely measured vital signs such as 
blood pressure and pulse (23). While commonly associated with 
quality of life, general health status, and functional abilities, gait speed 
measurement has additionally been praised for its predictive value 
with factors such as mortality (24), falls (25), and community 
participation (26, 27). Its versatility enables utilization within multiple 
settings, including home environments (28), earning gait speed the 
highest level of outcome measure recommendation by an expert 
chronic stroke panel (StrokEDGE) (29) and designation as a core 
outcome measure for chronic stroke within clinical practice guidelines 
published by the Journal of Neurologic Physical Therapy (30).

The iStride® gait device (31) (Moterum Technologies, Inc.) is a 
wearable gait treatment device designed for individuals with 
hemiparetic gait impairments caused by stroke (32, 33). The device, 
worn on the foot of the non-paretic limb during overground 
ambulation, features four kinetic wheels (34) which alter 
interlimb coordination.

While ambulating with the gait device, the wheel motion causes a 
posterior translation of the non-paretic limb during mid-stance. This 
motion lengthens the steps on the paretic side – a mechanism which 
can reduce asymmetry for some individuals through error 
augmentation, as seen with split-belt treadmill training (35, 36). 
Additionally, the device creates a subtle destabilization of the 
non-paretic limb, which encourages greater usage of the paretic limb 
during the gait cycle and prompts the user to adapt to such instability 
throughout the treatment session and with repeated sessions. 
Encouraging usage of the paretic limb, a central principle of 
constraint-induced movement therapy for the lower extremity (37), is 
a key reason the device is donned to the foot of the non-paretic limb. 

Before-and-after studies (38, 39) conducted with 27 ambulatory post-
stroke participants with heterogenous gait patterns have revealed post-
treatment benefits to symmetry, functional mobility and balance, and 
gait speed after four weeks of treatment. We suspect that the device’s 
therapeutic effects combine uniquely to benefit each user individually. 
The gait device and its associated motion are shown in Figure  1. 
Further details of the device’s development, design, and mechanism 
can be reviewed in previously published manuscripts (32, 33, 36, 38).

The gait device was designed to be  lightweight and portable, 
therefore, offering the potential for gait treatment to occur outside of 
clinical environments, a likely benefit for individuals with mobility 
restriction and difficulty accessing clinical settings. To investigate the 
feasibility and efficacy of treatment with the gait device in natural 
settings, a recent study explored treatment with the gait device in 
participants’ homes (39). Outcome measures centering on the 
functional aspects of gait that could be routinely measured in home 
settings were selected, including gait speed. Results after 12 treatment 
sessions revealed clinically relevant improvements, beyond the 
minimal detectable change or minimal clinically important difference, 
for both gait speed and functional balance, indicating an immediate 
post-treatment benefit for the home-use translation of this device (39). 
Retention of these gait improvements, however, remains 
undetermined, making the relevant, long-term clinical value unknown.

The objective of this study was to explore the long-term effects of 
treatment with the gait device in the home environment for individuals 
with gait impairments from chronic stroke. Specifically, this study 
investigates retention of the post-treatment therapeutic effect observed 
for gait speed by evaluating several follow-up time frames after the 
treatment period. Our hypothesis is that the gait speed improvement 
attained after gait device treatment will be  sustained through all 
measured time frames.

2 Materials and methods

2.1 Selection criteria

Inclusion and exclusion criteria were identified as follows. 
Inclusion criteria: (1) age 21–80, (2) one or more cerebral strokes (all 
on the same side), (3) stroke occurred at least six months previously, 
(4) gait asymmetry (assessed by visual observation) but can walk 
independently with or without a cane, (5) no evidence of severe 
cognitive impairment that would interfere with understanding 
instructions, (6) not currently receiving physical therapy, (7) no 
evidence of one-sided neglect affecting ambulation, (8) adequate 
walking space within the home, and (9) weight less than 250 pounds. 
Exclusion Criteria: (1) uncontrolled seizures, (2) pregnancy, (3) metal 
implants (stents), (4) chronic obstructive pulmonary disease, (5) 
uncontrolled high blood pressure, (6) myocardial infarction within 
the last 180 days, (7) head injury within the last 180 days, or (8) a 
history of a neurologic disorder other than stroke. Additionally, 
during the period of treatment with the gait device, participants were 
excluded if the supervising physical therapist observed concerns 
regarding the participant’s ability to complete the treatment safely. 
Recruitment occurred during the months of July 2018 through 
September 2018. Treatment occurred between July 2018 and 
December 2018. All study-related follow-up was completed in 
December 2019.
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Eighteen individuals with chronic stroke participated in this study, 
which features the long-term gait speed follow-up results from our 
home-based study with the gait device (39). This prior study reported 
results from a sample size of 21 participants. We derived the sample 
size for this study using power analyses from two previous studies 
using the gait device (32, 38). In the first study (32), the t-test was 
powered between pre-treatment and post-treatment data in healthy 
individuals and calculated an effect size of 0.68 for step length 
difference, resulting in an estimated minimal sample size of 18 
participants. We initially included a higher number of participants 
since we expected more variation when testing on individuals with 
stroke. The second study (38), based on a pilot in-clinic study using the 
device with individuals with stroke, calculated an effect size of 0.71 for 
gait speed. A power analysis based on gait speed showed that statistical 
findings from 21 participants would obtain a power of 0.85. This power 
analysis does exclude one participant who started at a very fast walking 
speed of 1.14 m/s (and ended with a speed of 1.45 m/s), which is 
uncommonly fast for an individual with stroke; all of our participants 
in this study started with a gait speed less than 1.0 m/s. Note that these 
studies used step length asymmetry as a primary measure (which is not 
a variable in this study). Between the one-week and 12-month 
follow-up sessions, three out of the 21 participants did not complete all 
follow-up sessions. Since we are reporting repeated-measures statistical 
tests in this study, only the results of the 18 participants who completed 
all outcome assessments at all time periods will be included.

2.2 Experimental setup

The study followed a single group, before-after design with 
multiple follow-ups. Eligibility verification included an initial 

phone screen followed by a home visit to confirm compliance with 
eligibility criteria and to assess the home environment for 
suitability of device treatment. After consenting to participate, the 
participants’ gait parameters were measured at baseline 
(approximately one week before starting treatment), followed by 
four weeks of treatment with the gait device. After treatment was 
complete, gait speed was measured at five follow-up time frames: 
one week, one month, three months, six months, and 12 months 
post-treatment. At the final follow-up session, participants were 
provided a questionnaire regarding their clinical trial experience 
and observed gait changes after treatment with the gait device. All 
study aspects were performed within the participants’ home 
environments and were overseen by licensed, non-employee 
physical therapists hired as contractors for clinical trial data 
collection. This study was approved by the Western Institutional 
Review Board (IRB) and was confirmed to meet ethical standards 
for research with human participants. The study was registered 
with the identifier NCT03649217. Each participant signed a 
consent form that was approved by the Western Institutional 
Review Board prior to their study inclusion.

2.3 Treatment sessions

The participants were treated using the gait device in their home 
environment three times per week for four weeks (for a target of 12 
treatment sessions). During each treatment session, the participant 
wore the device on their non-paretic foot. An approximate height-
matched platform was worn on the paretic foot. The participants 
ambulated over ground on the gait device in their home environment 
for a maximum of 30 minutes during each treatment session. Rest 

FIGURE 1

(A) The iStride® gait device. (B) Gait device motion: As the user takes a step, the device pushes the nonparetic foot backward during stance. This 
exaggeration of the step length asymmetry for some users yields a more symmetric gait pattern once the device is removed and the user returns to 
overground walking without the device. In addition, the device encourages usage of the paretic leg by slightly destabilizing the nonparetic leg. A similar 
height but stationary platform is worn on the foot of the paretic limb for symmetry.
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breaks were provided at five-minute intervals (or more frequently if 
requested by the participants). Ambulation on the device was 
supervised by licensed physical therapists who provided the level of 
mobility assistance needed for participant safety and comfort while 
ambulating on the device. No other treatment or physical therapy 
services were provided to the participants during the 
treatment period.

2.4 Gait assessments

Gait speed assessment occurred at baseline (approximately 
one week before treatment) and at five follow-up time frames: 
one week, one month, three months, six months, and 12 months after 
the four-week treatment period. Gait speed was measured using the 
10-Meter Walk Test (10MWT) at their comfortable walking speed. 
The protocol specified a 12-meter course using a measured distance 
of 10 meters and an untimed acceleration/deceleration distance of 
1 meter. Three trials were conducted and averaged to determine the 
participant’s gait speed. For each participant, the most ideal home 
location (both for treatment with the gait device and for gait speed 
assessment) was identified by the therapist. This determination was 
based on identifying the longest straight path for walking in the 
home that was without thresholds, obstacles, or other walking 
surface changes. Testing setups were kept consistent within each 
participant’s environment and across all time frames to allow for 
within-subject comparisons. Figure 2 shows the study procedures 
and timeline.

2.5 Data analysis

Normality of data was checked using the Shapiro–Wilk test. 
Sphericity was evaluated using Mauchly’s test for sphericity, and 
corrections using Greenhouse–Geisser estimates were applied if sphericity 
had been violated. A one-way repeated measures ANOVA test was 
conducted with gait speed as the dependent variable and time frame as 
the independent variable (baseline and five follow-up time frames). When 
statistical significance was found (using an alpha of 0.05), Tukey’s honestly 
significant difference post-hoc test was performed with Bonferroni 
corrections. Statistical analyses were performed using SPSS Version 26 
software (IBM Corporation, Armonk, NY).

To monitor for the meaningfulness of gait speed changes, 
we compared each individual’s gait speed change as well as the study 
group average to the minimal clinically important difference (MCID) 
for gait speed improvement (40). The MCID refers to the smallest 
amount of change in an outcome that might be considered “important” 
to the patient or clinician. Additionally, the speed of an individual’s 
gait also corresponds with their ability to participate within the 
community. A study using walking data and activity monitors by Fulk 
reported that a comfortable gait speed of 0.49 m/s discriminated 
between household and community ambulators and a speed of 
0.93 m/s discriminated between limited and unlimited community 
ambulators (27). To monitor for changes in expected community 
participation ability, each participant’s walking speed was compared 
to these gait speed classifications, as well as a “normal walking speed” 
classification (>1.2 m/s) as characterized by Fritz and Lusardi (23), 
during each study time frame. Finally, participant responses to a 

FIGURE 2

Study participants at each stage. Key study activities are listed within each phase, and reasons for non-participation are available to the right of each 
phase heading.
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questionnaire regarding clinical trial experience and subjective gait 
observations after treatment were manually tabulated for the 
percentage of positive or negative responses to each questionnaire item.

3 Results

3.1 Participants

Twenty-three participants were initially included for study 
participation. Figure 2 shows the study activities and the total number 
of participants after each study phase. Key study activities are listed 
within each phase, and reasons for non-participation are available to 
the right of each phase heading. The discussed results and analysis 
center on the 18 study participants that completed all assessments 
through the twelve-month follow-up.

The demographic characteristics of the 18 study participants are 
shown in Table 1.

3.2 Statistical findings

Data for each time period followed a normal distribution 
(p > 0.2 on the Shapiro–Wilk test for all periods). Sphericity was 

violated (p < 0.05 on Mauchly’s Test of Sphericity), so Greenhouse–
Geisser corrections were applied. Repeated-measures ANOVA 
revealed statistical significance for gait speed (measured using the 
10MWT at comfortable gait speed) after treatment with the gait 
device {F(2.871, 48.815) = 9.195, p < 0.001}. Post hoc analysis 
revealed statistically significant differences from baseline to all 
follow-up time frames except three month (p < 0.0033, the 
Bonferroni corrected alpha based on 15 observations). Comfortable 
walking speed increased 0.27 m/s (p < 0.001) from baseline to one 
week post-treatment, 0.28 m/s (p = 0.002) from baseline to 
one month post-treatment, 0.25 m/s (p = 0.006) from baseline to 
three months post-treatment, 0.24 m/s (p = 0.001) from baseline to 
six months post-treatment, and 0.21 m/s (p = 0.001) from baseline 
to 12 months post-treatment. No statistically significant changes 
occurred between any of the post-treatment follow-up periods 
(p > 0.999). Due to near significance of the three-month follow-up, 
we also calculated the Cohen’s d effect sizes which were all 1.0 or 
greater, indicating a strong effect. Figure 3 shows the mean gait 
speed, associated p-values, and effect sizes at each of the six time 
frames. Additionally, while the focus of this paper is retention of 
gait speed, other measures of performance which have been 
reported (41, 42) showed similar patterns of improvement and 
retention. Supplementary Figure S1 shows outcome boxplots and 
association statistics.

TABLE 1 Participant demographics.

ID Sex Weight 
(kg)

Age 
(years)

Time since 
stroke 

(months)

Side of 
hemiparesis

AFO? Assistive 
device 
during 

10MWT?

Minutes of 
treatment

A M 73 53 24 Left No No 295

B F 82 77 15 Left No Cane 170

C F 91 44 14 Left No No 270

D M 86 63 53 Left Yes No 285

E F 86 47 28 Right Partiala No 215

F F 101 69 89 Left No No 330

G F 61 46 308 Left No No 360

H F 83 50 80 Left Yes No 210

I M 100 61 22 Left Yes No 290

J M 109 51 50 Left Partiala No 360

K M 85 62 28 Left No No 295

L F 113 58 92 Left No No 360

M F 68 54 21 Right No No 280

N M 107 52 130 Right Yes No 360

O M 79 64 30 Right Yes No 260

P M 90 55 13 Right Yes SBQC 355

Q F 78 53 32 Left No SBQC 360

R M 61 61 46 Left Partiala No 165

9 Male

9 Female

Mean 86

(SD 15)

Mean 57

(SD 8)

Mean 60

(SD 70)

5 Right

13 Left

6 Yes

9 No

3 Partial

15 No

1 Cane

2 SBQC

Mean 290

(SD 66)

aPartial: participants who used an AFO occasionally at baseline, but did not use during the study.
SBQC, small base quad cane.
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3.3 Minutes of treatment

The 18 study participants completed an average of 11.7 treatment 
sessions (range 9–12 sessions) and 290 minutes on the device (range 
165–360 minutes) out of a maximum 360 minutes of device treatment. 
Documented primary reasons for reduced completion included 
scheduling conflicts and fatigue. A strong, statistically significant 
relationship was found between treatment duration (measured in 
minutes of treatment on the gait device) and gait speed at 12 months 
post-treatment; r (16)=0.60, p = 0.009.

3.4 Minimal clinically important difference

Gait speed changes of the individual participants, mean 
improvements by time period, and percentages of participants 
exceeding the gait speed MCID (40) threshold of 0.16 m/s at each 
time frame are shown in Table  2. Numbers in bold indicate an 
improvement beyond the MCID value. Participants whose 10MWT 
included a “turn” due to spatial constraints are identified with an 
asterisk (*), and participants that received any additional therapy 
services throughout the entire clinical trial period are identified 
with a “TX.”

3.5 Gait speed classification

Using the Fulk gait speed classifications, at baseline, nine of the 
participants were classified as household ambulators, eight as limited 
community ambulators, and one as an unlimited community 
ambulator (27). After the device treatment, only between one and 
three participants remained household ambulators throughout the 
remainder of the study period. The remaining participants in this 
initial category improved one or two gait speed classifications. Twelve 
months post-treatment, two participants remained household 

ambulators, 12 were classified as limited community ambulators, and 
four improved to unlimited community ambulators. Figure 4 shows 
the number of participants in each gait speed classification during all 
study time frames (27). Additionally, in Figure 4 we highlight that one 
or two participants achieved a gait speed categorized as “normal 
speed” (at or above 1.2 m/s) during four of the five assessments after 
treatment with the gait device (23).

3.6 Questionnaire responses

The questionnaire consisted of multiple choice questions 
regarding observations of potential gait speed changes, functional 
independence changes, and clinical trial experience. (Note: 
questionnaire responses are only available for 17 of the 18 
participants). Fifteen of 17 participants (88%) reported noticing an 
improvement in their walking speed, 12 of 17 participants (71%) 
reported improved functional independence, and 17 of 17 (100%) 
reported a positive clinical trial experience with the gait device. 
Questions and response percentages are shown in Table 3.

4 Discussion

The objective of this study was to investigate the long-term gait 
speed changes after treatment with the iStride® gait device in the 
home environment for individuals with gait impairments from 
chronic stroke. A review of the participants’ gait speed changes over 
the study period demonstrates an average gait speed improvement 
>0.21 m/s across the measured time frames and a gait speed 
improvement greater than the MCID (compared to baseline) one-year 
after treatment for over 60% of participants. These results are 
supported by the vast majority of participants (88%) who reported a 
subjective gait speed improvement as noted by questionnaire results 
at study completion.

FIGURE 3

Mean gait speed at each time frame. The dotted line and gait device image represent the sequence within the study activities that the device treatment 
occurred. An asterisk (*) indicates statistical significance (p  <  0.0033) compared to baseline. Bars represent standard error. ES, effect size.
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TABLE 2 Individual participant gait speed changes compared to the MCID.

Percentage of 
time frames 

change > MCID

ID Baseline gait 
speed (m/s)

Gait speed 
change 

(m/s) 1Wk 
post

Gait speed 
change 

(m/s) 1Mo 
post

Gait speed 
change 

(m/s) 3Mo 
post

Gait speed 
change 

(m/s) 6Mo 
post

Gait speed 
change 

(m/s) 12Mo 
post

100%

A 0.20 +0.44 +0.75 +0.72 +0.56 +0.46

B 0.21 +0.27 +0.35 +0.51 +0.29 +0.30

C* 0.25 +0.45 +0.65 +0.49 +0.66 +0.45

D TX 0.30 +0.16 +0.23 +0.20 +0.34 +0.29

E* 0.44 +0.22 +0.27 +0.23 +0.27 +0.23

F 0.53 +0.20 +0.25 +0.28 +0.37 +0.29

G* 0.63 +0.40 +0.41 +0.39 +0.37 +0.38

80%

H*TX 0.61 +0.56 +0.49 +0.59 +0.30 +0.07

I 0.75 +0.19 −0.05 +0.18 +0.27 +0.41

J TX 0.46 +0.13 +0.17 +0.18 +0.23 +0.27

60%

K TX 0.78 +0.61 +0.67 +0.50 −0.13 +0.06

L 0.98 +0.43 +0.32 −0.17 +0.29 +0.06

M 0.39 +0.21 +0.14 +0.01 +0.21 +0.20

N* 0.64 +0.14 +0.14 +0.19 +0.22 +0.27

40% O* TX 0.86 +0.33 +0.22 −0.15 −0.16 −0.06

20%
P TX 0.39 +0.11 +0.12 +0.20 +0.15 +0.07

Q 0.91 −0.03 −0.09 +0.13 +0.17 +0.05

0% R 0.22 +0.10 +0.03 +0.05 0.00 0.00

Mean 0.53 (SD 0.25)
+0.27

(SD 0.17)

+0.28

(SD 0.24)

+0.25

(SD 0.24)

+0.24

(SD 0.20)

+0.21

(SD 0.16)

% of participants 

>MCID
n/a 72.2% 66.7% 72.2% 77.8% 61.1%

Numbers in bold indicate an improvement beyond the MCID value. m/s, meters per second; Wk, week; Mo, month; Post, post-treatment; MCID, minimal clinically important difference; SD, 
standard deviation. *, Participants who had a turn during their gait speed assessment. TX, Participants who received some additional therapy during post-treatment follow-ups.

FIGURE 4

Number of participants in each gait speed category at each study time period utilizing the classifications proposed by Fulk (27). The dotted line and gait 
device image represent the sequence within the study activities that the device treatment occurred.
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The combined mechanisms utilized in the gait device provide a 
novel approach to gait treatment in the population of chronic stroke. 
While multiple gait treatment techniques and technologies cite the 
ability to improve the gait speed of stroke survivors, comparison to 
studies of various overground gait intervention approaches indicates 
an improvement of this magnitude (which is also retained and fosters 
an expected improvement in community participation ability) is 
notable (43). Specifically, a 2009 analysis of seven studies and nearly 
400 participants found an average gait speed improvement of 0.07 m/s 
after traditional, overground gait training (14). DePaul et al. (44) used 
a motor-learning-science-based overground walking program, which 
resulted in an average 0.14 m/s gait speed improvement. Park et al. 
(45) compared the effects of gait training overground versus treadmills 
and found the largest gait speed improvement, from any of the 
training conditions, to be 0.1 m/s. The reported gait speed changes 
from the present study are approximately two to three times greater 
than those reported by these gait-focused studies and additionally 
highlight retention, a critical factor not demonstrated in the prior 
mentioned studies. Further support of the treatment effect is 
demonstrated by a strong, statistically significant relationship between 
treatment duration and gait speed 12 months post-treatment.

The gait speed results of this study also exceed those seen in our 
laboratory-based pilot study (38), suggesting a benefit for the adapted, 
home-based treatment protocol described in this study. Many studies 
have emphasized the impact of treatment “context” on motor 
adaptation and motor learning after stroke. For example, a contextual 
mismatch of cues is thought to account for the decreased locomotor 
transfer to overground walking following split-belt treadmill training 
(46), and Torres-Oviedo and Bastian (47) found that removing vision 
to eliminate the visual-proprioceptive contextual mismatch specific to 
treadmills improved the transfer of treadmill adaptation to natural 
walking. The greater improvements achieved in the present study 
compared to the pilot, laboratory-based study yield consideration that 
contextual differences between laboratory and home treatment 
environments may also influence outcomes after treatment with the 
gait device. Similarly, potential benefits of adapting and de-adapting 
(48) the modified gait pattern with natural, overground ambulation in 
the home environment following each treatment session is a 
mechanism that could be further explored as possibly contributing to 
our study’s findings. Moreover, while not yet entirely understood, the 
value of rehabilitation at home after stroke is further emphasized by 
the improved outcomes seen with home-centered approaches such as 
early supported discharge (49) or the effectiveness of the active 
“control” home environment condition in the LEAPS study (50, 51). 
Compared to a laboratory environment, performing this gait 

treatment in the context of where the individual resides (and performs 
the majority of their gait activities) may have enhanced the transfer 
and adoption of a modified gait pattern and facilitated the retained 
gait speed effects seen in the present study.

Continuing, or at least maintaining the functional improvements 
achieved during rehabilitation is a primary goal of post-stroke 
management. However, the factors influencing the retention of 
functional improvements after stroke are not fully understood. In 
upper extremity literature, studies have shown that gains in arm 
function after stroke can be maintained or even improved if use is 
sufficient (52). While seemingly less studied in the context of gait, 
multiple published studies suggest that critical gait speed thresholds 
must be reached to achieve increased levels of community participation 
(26, 27). The results of our study show that a majority (12/18, 67%) of 
participants achieved a higher gait speed classification immediately 
following treatment, and 10/17 (59%) maintained a greater gait speed 
classification at their 12-month follow-up session compared to baseline 
(27). Given the long-term, sustained gait speed improvement, these 
results suggest that an improved walking ability was achieved following 
treatment that could be maintained through increased participation in 
regular, daily activities. For example, Partcipant A was interviewed 
following his treatment with the gait device and described the ability 
to become substantially more active after treatment with the gait 
device, including resuming recreational activities. We suspect increased 
activity levels, such as these, may reinforce and sustain the immediate 
post-treatment gait speed improvements.

Interestingly, the group of participants that maintained a greater 
gait speed classification at their 12-month follow-up session includes 
five of the six participants that were two-years or less post-stroke and 
the most chronic participant who was 25+ years post-stroke at baseline. 
These results highlight the value of treatment in the immediate 
two-year post-stroke time frame and further emphasize that 
meaningful improvement is achievable even many years post-stroke. 
Moreover, reviewing the participants’ gait speeds over the 12-month 
period appears to reveal several unique patterns of gait speed change 
and retention. Some participants improved their gait speed post-
treatment and maintained this improvement through the 12-month 
follow-up, such as Participants A and C, for example. Others 
demonstrated initial improvement post-treatment but returned to their 
original gait speed (approximately) by the 12-month follow-up (such 
as Participant H), and yet others continued to improve their gait speed 
over the 12-month period, despite no further treatment (such as 
Participant I). Future studies would be useful to differentiate these 
individual trends, as well as the specific characteristics that may have 
influenced treatment responsiveness and retention.

TABLE 3 Questionnaire items and responses.

Survey question Responses

Do you feel that the iStride® Gait Solution has helped with your walking speed?

Yes: 15/17 (88%)

No: 0/17 (0%)

Not really sure: 2/17 (12%)

Since you started treatment on the iStride® Gait Solution, do you feel that you have 

gained more independence?

Yes: 12/17 (71%)

No: 5/17 (29%)

Did you have a positive overall experience with the clinical trial?
Yes: 17/17 (100%)

No: 0/17 (0%)

394

https://doi.org/10.3389/fneur.2023.1089083
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Darcy et al. 10.3389/fneur.2023.1089083

Frontiers in Neurology 09 frontiersin.org

4.1 Limitations

There are several limitations to our study. When possible, 
consistent physical therapists were used with each of the participants 
in this study. This consistency, while minimizing interrater reliability 
issues, does not permit blinding of the therapists. Repeated outcomes 
testing could also introduce a practice effect, and retrospective recall 
could limit the accuracy of questionnaire results. Additionally, a lack 
of a control group limits direct comparison to standard treatments and 
does not explore the effect of the device in comparison to the 
concomitant walking activity. However, while the lack of a control 
group is a limitation, the effect of simply walking on the outcome of 
gait speed has been thoroughly investigated in the literature (with 
varying durations, contexts, and intensities explored) (45, 53–55). The 
outcomes of these studies demonstrate a substantially lesser gait speed 
effect than noted in the present study. Moreover, it is unlikely that the 
gait speed results could be attributed to spontaneous improvement 
given the chronicity of our study population.

As noted in our inclusion criteria, the clinical trial participants 
did not receive any additional physical therapy treatment from the 
clinical trial physical therapists or external physical therapists 
during the treatment period through the one-week follow-up. 
However, given the extended duration of the study, we  did not 
preclude participants from obtaining services after this time. Six of 
18 participants did resume some form of additional physical 
therapy treatment between the one-week follow-up and 12-month 
follow-up, as annotated in Table 2. Of these six participants, three 
received six or fewer total additional therapy sessions. Of the 
remaining three participants, two received services focusing on 
upper extremity function (with some full-body therapy included). 
It is important to note that two-thirds of our participants (12 out of 
18 participants) did not receive any additional physical therapy 
treatment throughout the study duration.

We also encountered challenges related to gait speed assessment 
in the home environment. While the home environments of the 
majority of participants (12 of 18) were able to accommodate the 
spatial requirements for a 10MWT, six of the 18 participants required 
a “turn” to achieve the full 10 meters of walking due to spatial 
constraints within the home (and no suitable outdoor alternative). Of 
these six participants, two performed a turn after six meters, two 
turned after seven meters, and two turned after nine meters. 
Challenges as these are commonly encountered during testing in 
home environments (28), but are likely outweighed by the benefits of 
capturing outcomes in natural conditions. These participants have 
been identified with an asterisk in Table 2. Importantly, the overall 
trends seen in our results with all participants do not change if 
we remove the participants that had some additional physical therapy 
(between the one-week and 12-month follow-ups) or those that had a 
“turn” during their gait evaluation or both of these groups (see 
Supplementary Tables S1–S3).

5 Conclusion

The present study supports the usage of a four-week gait device 
treatment protocol for chronic stroke survivors in their home 
environment. Results indicate that the described treatment has the 

potential to result in long-term, meaningful gait speed improvement 
for individuals with hemiparetic gait impairments. This treatment 
appears impactful in its ability to facilitate clinically significant gait 
speed changes, which have been correlated in the literature with 
decreased disability and improved quality of life, in a relatively short 
time frame and from the home environment. Additionally, our 
findings provide additional support to the notion that novel treatments 
can enhance recovery, even many years post-stroke. These promising 
results warrant further study to elucidate the full impact of this 
home-use gait treatment device.
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