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Purpose: The purpose of the study was to investigate the time course difference 
of relative changes in oxygenated hemoglobin (Oxy-Hb) concentration in the 
prefrontal cortex (PFC) between controls and patients with post-stroke cognitive 
impairment (PSCI) who had right hemisphere damage (RHD) using the continuous 
performance test (CPT) and functional near-infrared spectroscopy (fNIRS) 
technology. The study aimed to evaluate the feasibility of CPT in the diagnosis 
and evaluation of PSCI with RHD.

Methods: A total of 16 patients with RHD (RHD group) and 32 normal subjects 
(control group) were recruited. The Montreal Cognitive Assessment Scale was 
used to assess post-stroke cognitive impairment. The CPT and fNIRS were 
employed to investigate task-related changes in Oxy-Hb levels.

Results: The RHD group showed significantly lower accuracy and hit rates than 
the control group; however, the average reaction time was significantly longer in 
the former. Although the two groups showed no statistically significant difference 
in terms of left and right PFC integral values, the mean values were greater in the 
RHD group. The centroid value of the right PFC was significantly higher in the RHD 
group than in the control group. The time course of Oxy-Hb concentrations in the 
PFC differed between the two groups. In the RHD group, neural compensation 
was observed in both prefrontal lobes; however, the rate of compensation was 
slower on the affected side.

Conclusion: The CPT may be helpful in the clinical diagnosis of PSCI with RHD. 
It may therefore be used to evaluate the effectiveness of cognitive interventions.
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1. Introduction

Most stroke patients suffer from varying degrees of cognitive damnification (1). Post-stroke 
cognitive impairment (PSCI), a subtype of vascular cognitive impairment, is a common and serious 
consequence of stroke. It seriously affects functional recovery, increases the medical burden on 
families and society, hinders return to family and society, and reduces the quality of life (2–4). 
Studies suggest that 56 to 79% of patients experience impairment in ≥1 cognitive domains following 
a stroke (1). Early identification, prevention, and treatment of PSCI are essential for rehabilitation 
of stroke patients and for improving their prognosis. The prediction and diagnosis of PSCI is usually 
performed using clinical and neuropsychological assessments (5), such as Mini-Mental State 
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Examination (MMSE) and Montreal Cognitive Assessment (MoCA). 
However, due to fairly limited sensitivity and inability to detect specific 
subdomains, these scales can lead to missed diagnosis, especially in 
individuals with early mild cognitive impairment (MCI).

Functional near-infrared spectroscopy (fNIRS) is a non-invasive 
portable optical functional brain imaging modality, which offers good 
cost effectiveness and high ecological validity. It can provide more 
friendly and relaxed trial conditions, that make patient-focused clinical 
cognitive studies more simple, convenient, and feasible. It has also 
become an important tool for assessing task-related cerebral 
oxygenation and autoregulation in real time during cognitive tasks. The 
level of brain function can be evaluated indirectly by determining the 
time course of physiological and pathological changes in the Oxy-Hb 
response of the cerebral cortex. Studies have shown that brain 
perfusion-based or oxygenation-based biomarkers may be important 
factors in assisting the diagnosis and prediction of psychiatric disorders, 
moderate cognitive impairment, and dementia (6–9). Task-based 
fNIRS can be used to explore cognitive function in various diseases; it 
can also be used to evaluate differences between patients with disease 
and normal control groups (10–12). Stroke patients may demonstrate 
an abnormal hemodynamic response when the brain performs a 
cognitive task. In this context, a previous study discovered no significant 
difference between patients with stroke and healthy individuals in 
terms of the PFC hemodynamic response (13). However, no studies 
have investigated the hemodynamic response during fNIRS in patients 
with PSCI who have right hemisphere damage (RHD). In addition, the 
continuous performance test (CPT) is not used as a cognitive activation 
task during fNIRS in patients with PSCI and RHD. It also remains 
unclear whether the time course and sensitivity of bilateral PFC 
hemodynamic responses differ between RHD and control groups.

Notably, the frontal lobe is crucial in the formation, maintenance, 
and recovery of cognitive function. As a multi-functional optical 
neuroimaging technology, fNIRS can be  used to investigate the 
hemodynamic response of the PFC in neurological conditions (14–
16). The CPT, as an attention task, has been used to detect task-related 
PFC function (17, 18); in this context, attention function is the basis 
of cognitive function. Compared with high-level cognitive functions 
such as memory, attentional function is affected in a higher proportion 
of stroke patients (19, 20). More than 80% of patients demonstrate 
values below the normal cutoff in at least one domain of attention (21). 
Compared with other cognitive task paradigms, CPT may be more 
suitable for identifying patients with PSCI.

In this study, CPT and task-state fNIRS were used to compare 
brain activity between patients with PSCI who had RHD and healthy 
controls. The neural compensatory mechanism of PSCI with RHD was 
also studied.

2. Materials and methods

2.1. Participants

Overall, 16 patients with PSCI and RHD who had been admitted 
to the Occupational Therapy Department of the Beijing Boai Hospital 
between January 2021 to May 2022 were included in this study. 
Thirty-two age-matched healthy volunteers with MoCA score of >26 
were selected for inclusion in the control group (Table 1). The inclusion 
criteria of the RHD group were: (1) conforming to the diagnostic 

criteria of stroke proposed at the Fourth National Conference on 
Cerebrovascular Diseases (these patients with stroke having right 
hemisphere damage at first onset were also diagnosed using computed 
tomography or magnetic resonance imaging of the brain) (22), (2) 
meeting the diagnostic criteria of PSCI (5), and (3) having a MoCA 
score of<26 (23), (4) 14–150 days elapsed since stroke, (5) aged 
18–71 years, (6) having no complicating neurodegenerative diseases, 
(7) having no history of mental illness, and (8) had provided informed 
consent. The exclusion criteria were: (1) having cognitive impairment 
before stroke, (2) taking medications that may affect the results of the 
assessment, (3) sensory aphasia and severe cognitive dysfunction (with 
MoCA scores of<14) that could prevent completion of assessment (24), 
(4) presence of cranial defects, and (5) a history of alcoholism. The 
current study was approved by the China Rehabilitation Research 
Center Ethics Committee (approval number: 2021-015-1).

2.2. Assessment of cognitive function

The MoCA scale is one of the most widely used tools for assessing 
cognitive function. It contains several domains including executive 
function, naming, attention, language, abstraction, delayed recalls, 
and orientation. The Beijing version, which has good reliability and 
validity, was used in this study. The Cronbach’s α of the Beijing version 
of the MoCA scale was 0.752; the correlation coefficients between 
executive function, attention, abstraction, delayed recalls, orientation, 
and total scores were 0.664 ~ 0.763; the correlation coefficient between 
MMSE and MoCA scores was 0.975 (25–27).

2.3. Experimental procedure

The cognitive paradigm used in this study for cortex activation 
was the CPT. It took the subjects 360 s to complete the test. This 
included a pre-task baseline period of 30 s, an activation period of 
300 s, and a post-task baseline period of 30 s (Figure 1).

2.4. Activation task

The X version of CPT (Japanese Society for Advanced Brain 
Function) was used in this study and a computer was used to present 
the stimulant. The numbers 1–9 were displayed randomly to the 

TABLE 1 General demographic characteristics of the two groups.

Variables Control 
group(n = 32)

RHD 
group 
(n = 16)

z/t/χ2 p

Age (years) 48.53 ± 9.09 52.50 ± 7.63 1.500 0.140

Sexa (M/F) 19/13 13/3 2.297 0.130

Years of education 13.84 ± 3.04 14.13 ± 3.16 0.298 0.767

MoCA 30.00 (30.00,30.00)
19.00 

(18.00,20.75)
−6.356 ≤0.001

Handednessb 

(R/L)
32/0 16/0 – –

aSex: M, Male; F, Female.
bHandedness: R, Right handedness; L, Left handedness.
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participants on a computer screen and number 7 was the target 
number. The numbers were displayed in white font in the center of a 
black screen. The stimuli were presented at a fixed rate of once every 
1,000 ms. There were 24 and 96 target and non-target stimuli, 
respectively. After being comfortably seated, the subjects were 
instructed to press the space bar with their healthy index finger as 
soon as they saw the number 7. Although the version of CPT used in 
this study was the Japanese version, the details of the test were 
explained to the subjects in Chinese. As the presented stimuli were all 
numbers, subject’ understanding was not affected.

2.5. fNIRS measurements

We used a continuous wave and portable fNIRS system (LIGHTNIRS; 
Shimadzu Co.) at 3 wavelengths (780 nm, 805 nm, and 830 nm) to 
measure the changes in Oxy-Hb concentrations. The 8 emitters and 8 
detectors were arranged in a 2×8 array, placed on a light elastic cap and 
positioned on the prefrontal lobe (Figure  2). According to the 
international 10–20 electrode configuration method, the bottom probes 
were located along the Fp1–Fp2 line. There was a distance of 3cm between 
each emitter and detector pair. In this study, the midpoints of the 
corresponding emitter-detector pairs were defined as the fNIRS channels. 
There were 22 channels in total (Figure 3). The Fpz was positioned at the 
midpoint of the bottom probe connection line, while ensuring that the 
probe set was placed over the two regions of interest, namely, the left and 
right PFC. The 2 middle channels, 5 and 18, were removed during data 
processing. The left PFC was covered by channels 1, 2, 6, 7, 8, 12, 13, 14, 
19, and 20 and the right PFC was covered by channels 3, 4, 9, 10, 11, 15, 
16, 17, 21, and 22. The sampling rate was 13.33 Hz.

2.6. Data pre-processing

As various approaches have been reported for the analysis of fNIRS 
data, no standardized method has been established. The Homer2 open 

source software in MATLAB was used for analyzing the data pertaining 
to the fNIRS images. The processing steps were as follows: (1) the raw 
data (light intensity) were converted into the optical density, (2) artifacts 
were identified and bad channels were marked manually, (3) automatic 
artifact recognition and interpolation correction were used to correct 
artifacts of the data; channels with obvious motion artifacts were 
considered as bad channels and excluded from further analysis, (4) the 
optical density was converted into the blood oxygen concentration, and 
(5) a band-pass filter (at 0.003 ~ 0.1 Hz) was used to remove physiological 
noise (i.e., the heart rate, respiratory rate, and low frequency 
physiological fluctuations of less than 0.01 Hz); this was performed to 
eliminate high frequency machine noise and slow wave drifts.

Alterations in Oxy-Hb levels were observed to be more sensitive 
and reliable than those of deoxy-hemoglobin for evaluating regional 
cerebral blood flow (28). Only the Oxy-Hb data were analyzed in this 
study. The last ten seconds of the pre-task period was used as the 
baseline period for baseline correction. Alterations in Oxy-Hb levels 
relative to baseline were calculated during CPT. The average changes 
in Oxy-Hb were calculated for each individual per channel and the 
integral and centroid values were calculated from these variables. The 
data from the left and right PFC channels were then, respectively, 
averaged. The integral value was defined as the sum of Oxy-Hb 
concentrations from the beginning to end. The centroid value was 
represented by time, which was denoted by the vertical line on the 
centroid of the fNIRS signal change region over all task periods.

2.7. Statistical analysis

A patient’s data were considered valid if six of the ten channels in 
each hemisphere were available for statistical analysis. The 
independent samples t-test was used to test significant differences 
between the RHD-PSCI and control groups. The level of statistical 
significance was set at p < 0.05.

3. Results

The fNIRS data of all subjects from both groups were included for 
the final statistical analysis.

3.1. Demographics

The demographic data are shown in Table  1. No significant 
differences were observed between the two groups in terms of age, sex, 
years of education, and handedness (p > 0.05). The RHD group showed 
significantly lower MoCA scores than the control group (p < 0.001).

FIGURE 1

The continuous performance test protocol. A 30 s pre-task baseline period, a 300 s activation period, and a 30 s post-task baseline period were 
combined.

FIGURE 2

The setting of optodes.
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3.2. Behavioral results during CPT

The RHD group showed significantly lower accuracy and hit rates 
than the control group (p < 0.05). The average reaction time was 
significantly longer in the RHD group than in the other group 
(p < 0.05; Table 2).

3.3. Centroid and integral values

There was a statistically significant difference between the RHD 
and control groups in terms of right PFC centroid values. However, 
no statistically significant difference was observed between the two 
groups in terms of left and right PFC integral values. Nevertheless, the 
mean left and right PFC integral values were higher in the RHD group 
than in the other group (Table 3).

3.4. Time course of oxy-Hb concentration 
changes

The time course of Oxy-Hb concentration changes differed 
significantly between the control and RHD groups (Figures 4, 5). 
Prefrontal Oxy-Hb concentrations rose rapidly in both groups after 
the task began and reached the first peak at approximately 10 s after 
task initiation; it then declined gradually. However, the first activation 
peak in the right PFC was smaller in the RHD group than in the other 
group. There was no obvious Oxy-Hb activation in the control group 
approximately 35 s later. In the RHD group, bilateral PFCs reactivated 

multiple times after 35 s, with greater activation than in the control 
group; this also exceeded the first peak of activation.

4. Discussion

This study evaluated the fNIRS of bilateral PFC Oxy-Hb 
concentrations during the CPT in both, patients with PSCI who had 
RHD and healthy controls. The time series of Oxy-Hb values 
demonstrated differences between patients and controls; the group 
with PSCI and RHD showed increased bilateral prefrontal activation 
compared with the control group. The activation rate of the affected 
PFC was slower in patients with PSCI.

In the study, the time course of Oxy-Hb concentration changes 
differed between the control and RHD groups (Figures  4, 5). 
Oxy-Hb concentrations rose rapidly during the task in both groups, 
reaching the first peak at approximately 10 s after the task began. 
The Oxy-Hb level in the control group then began to decline, with 
no further significant Oxy-Hb responses in bilateral prefrontal lobes 
until the end of the task. This may be attributed to the fact that 
normal people find the CPT easy. They mastered and adapted to it 
within the first few tens of seconds of testing and began to relax and 
had less cognitive needs. In this context, reduced cognitive needs 
may result in a lower hemodynamic response than before the test. 
Conversely, there were several significant activation responses in the 
RHD group and the activation level also exceeded the maximum 
value of the first activation; this increase continued until the task 
was completed. Studies show that the degree of activation increases 
with an increase in the difficulty and cognitive demands of the task 
(29). Our study showed similar results; the multiple activations after 
the first activation peak may be  attributed to the fact that the 
extension of time increases the cognitive load of CPT. In their study, 
Hironori et  al. found the time series of Oxy-Hb concentration 
changes to differ significantly between older and younger groups 
after increasing the task load using dual tasks (30): levels of Oxy-Hb 
increased gradually in older individuals and the increase continued 
until the dual task was completed. However, Oxy-Hb levels 
gradually decreased in the younger group (after the first peak of 
activation) until the completion of the task. Both RHD and control 
groups in this study demonstrated a similar time course. Notably, 
the findings of bilateral increased activation in patients with PSCI 
and RHD were consistent with the compensatory mechanism 

FIGURE 3

The 3-dimensional location of the 22 channels.

TABLE 2 Comparison of behavioral results between control and RHD 
groups.

Variables Control 
group(n = 32)

RHD group 
(n = 16)

z/t p

Accuracy rate 100.00 (100.00–

100.00)

100.00 (95.83–

100.00)

−1.999 0.046

Hit rate 100.00 (100.00–

100.00)

96.35 (91.10–

100.00)

−2.546 0.011

Average 

reaction time

510.61 ± 47.95 573.43 ± 110.95 −2.166 0.044
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indicated by the revised Scaffolding Theory of Aging and Cognition 
regulatory model (31). According to the revised Scaffolding Theory 
of Aging and Cognition regulatory model, healthy older adults 
experience greater structural degeneration and functional 
deterioration of the brain than younger adults (32). In order to 
ameliorate or counteract the adverse effects of neural and functional 
decline, the aging brain is provided the necessary additional 
computational support via compensatory scaffolding; this allows 
maintenance of cognitive function during neural and functional 
decline (32). Literature on neuroimaging suggests that over 
activation or additional recruitment of prefrontal brain regions are 
evident indications of compensatory scaffolding (33, 34). Patients 
with PSCI and RHD also showed greater activation and bilateral 
recruitment of the prefrontal lobe relative to healthy controls, with 
compensatory mechanisms similar to those seen in healthy 
aging populations.

Our results also showed slower and less efficient right (affected 
side) PFC compensation in the RHD group compared to the other 
group. This suggests that the nerve processing speed and quality had 
decreased in the affected cerebral hemisphere. It was necessary to 
recruit further healthy PFC neurons to compensate for the reduced 
processing efficiency. It may therefore be appropriate to distinguish 
between injury-measured and non-injury-measured cerebral 
hemispheres when exploring changes in cognitive training-induced 
brain activation in patients with PSCI. Notably, the right cerebral 
hemisphere may be a key stimulation site for future interventions 

using non-invasive brain stimulation (such as transcranial magnetic 
and direct current stimulation) in patients with PSCI and RHD.

The cognitive task paradigm used had certain characteristics. 
First, the task period of this study was relatively long. A 300 s task 
period was used to examine the detailed time course of Oxy-Hb 
responses in the prefrontal lobe. The time course of changes in 
Oxy-Hb concentrations demonstrated a persistent difference between 
the RHD and other group throughout the task. Second, the CPT used 
was easily comprehensible and had low difficulty. Unlike other 
cognitive activation tasks that have a higher demand for memory 
function, this task could be performed easily by patients with PSCI; 
they could quickly adapt, master, and cooperate to complete the task. 
Third, the CPT used was more suitable for solitary cognitive activation 
of the frontal lobe, because it required minimal motor responses 
(space bar pressing) and no eye movements. This study showed that 
the use of a long (300 s) simple cognitive activation task can induce 
compensatory activation in patients with PSCI who have RHD; it can 
also provide a fuller and more detailed characterization of the time 
course of the frontal Oxy-Hb response.

Studies using CPT and fNIRS to compare outcomes of cognitive 
activation in patients with PSCI and RHD are currently lacking. An 
increased cognitive load through prolonged cognitive testing could 
explain the results in healthy controls and these patients. The reduced 
cognitive processing efficiency of the affected PFC in these patients 
also resulted in an increase in PFC centroid values. Based on our 
preliminary results, the differences in prefrontal responses between 

TABLE 3 Results of centroid and integral values.

Hemisphere Control group (n = 32) RHD group (n = 16) Integral values Centroid 
values

Integral values Centroid 
values

Integral values Centroid 
values

t p t p

Left PFC −1.32E-01 ± 1.97E+00 166.13 ± 22.57 1.83E-01 ± 2.59E+00 167.16 ± 24.09 −0.469 0.641 −0.145 0.885

Right PFC −1.92E-01 ± 1.91E+00 159.15 ± 21.02 2.60E-01 ± 2.43E+00 175.26 ± 26.66 −0.705 0.485 −2.282 0.027

FIGURE 4

Time course of Oxy-Hb concentration changes in the left PFC during CPT (in both control and RHD groups).
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the control and RHD groups during the CPT could be used in clinical 
settings to assist in the identification of patients with PSCI and RHD.

4.1. Limitations

The small sample size was the major limitation of this study. In 
addition, as the detection range of fNIRS is limited by the number of 
probes, it is not possible to measure all cortical activation changes in 
the brain. Although a chinrest was used during the test to limit head 
movements (to reduce the effect of head movements on fNIRS signals) 
as far as practicable, factors such as skin blood flow and skull thickness 
could have potentially influenced the fNIRS signals. Future studies are 
therefore needed to address the relationship between fNIRS signals 
and these confounding factors. The findings from our preliminary 
study suggests that meaningful fNIRS findings may be obtained in 
patients with PSCI and RHD. Further studies with larger sample sizes 
are warranted for validating these findings. Future research on 
multimodal fusion will also be needed to identify better approaches 
for clinical practice, including the integration of fNIRS and 
electroencephalography or functional magnetic resonance imaging.

5. Conclusion

This study showed cognition-related activation changes in 
bilateral PFCs in both control and RHD groups during the 
CPT. Compensatory activation was observed in bilateral prefrontal 
lobes of patients with PSCI and RHD. However, the rate of 
compensatory activation was slower on the affected side. The time 
course of Oxy-Hb concentration changes also differed between the 
two groups. The CPT, which is closely related to brain cognitive 
function, is expected to be an auxiliary diagnostic tool for identifying 
PSCI in patients with RHD. It may also be used as a tool to evaluate 
the effect of cognitive interventions.

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 China Rehabilitation Research Center Ethics 
Committee (approval number: 2021-015-1). The patients/participants 
provided their written informed consent to participate in this study.

Author contributions

XL and FH designed the study. XL analyzed the data and wrote 
the manuscript. XL, SL, TG, and MF performed data collection and 
literature review. All authors contributed to the article and approved 
the submitted version.

Funding

This study was supported by the Fundamental Research Funds for 
Central Public Welfare Research Institutes (2019CZ-11) and the 
Project of China Rehabilitation Research Center (number: 
2021zx-Q4).

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.

FIGURE 5

Time course of Oxy-Hb concentration changes in the right PFC during CPT (in both control and RHD groups).

https://doi.org/10.3389/fneur.2023.1173004
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2023.1173004

Frontiers in Neurology 07 frontiersin.org

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. Lo JW, Crawford JD, Desmond DW, Godefroy O, Jokinen H. Profile of and risk 

factors for poststroke cognitive impairment in diverse ethnoregional groups. Neurology. 
(2019) 93:e2257–71. doi: 10.1212/WNL.0000000000008612

 2. Rohde D, Gaynor E, Large M, Mellon L, Hall P, Brewer L, et al. The impact of 
cognitive impairment on poststroke outcomes: a 5-year follow-up. J Geriatr Psych Neur. 
(2019) 32:275–81. doi: 10.1177/0891988719853044

 3. Stolwyk RJ, Mihaljcic T, Wong DK, Chapman JE, Rogers JM. Poststroke cognitive 
impairment negatively impacts activity and participation outcomes: a systematic review 
and meta-analysis. Stroke. (2021) 52:748–60. doi: 10.1161/STROKEAHA.120.032215

 4. Jeffares I, Rohde D, Doyle F, Horgan F, Hickey A. The impact of stroke, cognitive 
function and post-stroke cognitive impairment (PSCI) on healthcare utilisation in 
Ireland: a cross-sectional nationally representative study. BMC Health Serv Res. (2022) 
22:414. doi: 10.1186/s12913-022-07837-2

 5. Wang K, Dong Q. Expert consensus on the management of cognitive impairment 
after stroke 2021. Chin J Stroke. (2021) 16:376–89. doi: 10.3969/j.
issn.1673-5765.2021.04.011

 6. Ho C, Lim L, Lim AQ, Chan N, Tan RS, Lee SH, et al. Diagnostic and predictive 
applications of functional near-infrared spectroscopy for major depressive disorder: a 
systematic review. Front Psych. (2020) 11:378. doi: 10.3389/fpsyt.2020.00378

 7. Kim J, Kim SC, Kang D, Yon DK, Kim JG. Classification of Alzheimer's disease stage 
using machine learning for left and right oxygenation difference signals in the prefrontal 
cortex: a patient-level, single-group, diagnostic interventional trial. Eur Rev Med 
Pharmacol. (2022) 26:7734–41. doi: 10.26355/eurrev_202211_30122

 8. Yang D, Hong KS, Yoo SH, Kim CS. Evaluation of neural degeneration biomarkers 
in the prefrontal cortex for early identification of patients with mild cognitive 
impairment: An fNIRS study. Front Hum Neurosci. (2019) 13:317. doi: 10.3389/
fnhum.2019.00317

 9. Yeung MK, Chan AS. Functional near-infrared spectroscopy reveals decreased 
resting oxygenation levels and task-related oxygenation changes in mild cognitive 
impairment and dementia: a systematic review. J Psychiatr Res. (2020) 124:58–76. doi: 
10.1016/j.jpsychires.2020.02.017

 10. Conceição NR, Gobbi L, Nóbrega-Sousa P, Orcioli-Silva D, Beretta VS, Lirani-Silva 
E, et al. Aerobic exercise combined with transcranial direct current stimulation over the 
prefrontal cortex in Parkinson disease: effects on cortical activity, gait, and cognition. 
Neurorehab Neural Repair. (2021) 35:717–28. doi: 10.1177/15459683211019344

 11. Liao YY, Chen IH, Hsu WC, Tseng HY, Wang RY. Effect of exergaming versus 
combined exercise on cognitive function and brain activation in frail older adults: a 
randomised controlled trial. Ann Phys Rehabil Med. (2021) 64:101492. doi: 10.1016/j.
rehab.2021.101492

 12. Yoo SH, Woo SW, Shin MJ, Yoon JA, Shin YI, Hong KS. Diagnosis of mild 
cognitive impairment using cognitive tasks: a functional near-infrared spectroscopy 
study. Curr Alzheimer Res. (2020) 17:1145–60. doi: 10.2174/156720501866621021215494
1

 13. Lang SJ. Research on brain activation and functional networks after stroke based on 
functional near-infrared spectroscopy in different motor cognitive tasks. MD. Guangzhou: 
Guangzhou Medical University (2021).

 14. Chaparro G, Balto JM, Sandroff BM, Holtzer R, Izzetoglu M, Motl RW, et al. 
Frontal brain activation changes due to dual-tasking under partial body weight support 
conditions in older adults with multiple sclerosis. J Neuroeng Rehabil. (2017) 14:65. doi: 
10.1186/s12984-017-0280-8

 15. Pelicioni P, Lord SR, Okubo Y, Sturnieks DL, Menant JC. People with Parkinson's 
disease exhibit reduced cognitive and motor cortical activity when undertaking complex 
stepping tasks requiring inhibitory control. Neurorehab Neural Re. (2020) 34:1088–98. 
doi: 10.1177/1545968320969943

 16. Yoon JA, Kong IJ, Choi J, Baek JY, Kim EJ, Shin YI, et al. Neural compensatory 
response during complex cognitive function tasks in mild cognitive impairment: a 
near-infrared spectroscopy study. Neural Plast. (2019) 2019:7845104. doi: 
10.1155/2019/7845104

 17. Araki A, Ikegami M, Okayama A, Matsumoto N, Takahashi S, Azuma H, et al. 
Improved prefrontal activity in AD/HD children treated with atomoxetine: a NIRS 
study. Brain Dev. (2015) 37:76–87. doi: 10.1016/j.braindev.2014.03.011

 18. Fallgatter AJ, Strik WK. Reduced frontal functional asymmetry in schizophrenia 
during a cued continuous performance test assessed with near-infrared spectroscopy. 
Schizophr Bull. (2000) 26:913–9. doi: 10.1093/oxfordjournals.schbul.a033505

 19. Zhao Q, Wang X, Wang T, Dmytriw AA, Zhang X, Yang K, et al. Cognitive 
rehabilitation interventions after stroke: protocol for a systematic review and meta-analysis 
of randomized controlled trials. Syst Rev. (2021) 10:66. doi: 10.1186/s13643-021-01607-7

 20. Loetscher T, Potter KJ, Wong D, Das NR. Cognitive rehabilitation for attention 
deficits following stroke. Cochrane Database Syst Rev. (2019) 2019:CD002842. doi: 
10.1002/14651858.CD002842.pub3

 21. Spaccavento S, Marinelli CV, Nardulli R, Macchitella L, Bivona U, Piccardi L, et al. 
Attention deficits in stroke patients: the role of lesion characteristics, time from stroke, 
and concomitant neuropsychological deficits. Behav Neurol. (2019) 2019:7835710. doi: 
10.1155/2019/7835710

 22. Neurology CSO, Address CSSA. Diagnostic criteria of cerebrovascular diseases in China 
(version 2019). Chin J Neurol. (2019) 52:710–5. doi: 10.3760/cma.j.issn.1006?7876.2019.09.003

 23. Yin M, Liu Y, Zhang L, Zheng H, Peng L, Ai Y, et al. Effects of rTMS treatment on 
cognitive impairment and resting-state brain activity in stroke patients: a randomized 
clinical trial. Front Neural Circuit. (2020) 14:563777. doi: 10.3389/fncir.2020.563777

 24. Wang KY, Yun XP, Zhang LJ, He XH, Li Y, Sui XL, et al. Assessment of attention 
deficit following brain injury. Chin J Rehabil Theory Pract. (2010) 16:578–81. doi: 
10.3969/j.issn.1006-9771.2010.06.027

 25. Lin ZM, Liu ZK, Fu YL, Lin JB, Zhang YF, Liu ZM, et al. Reliability and validity of 
the Montreal cognitive assessment in patients with brain injury. J Qiqihar Univ Med. 
(2012) 33:1424–6. doi: 10.3969/j.issn.1002-1256.2012.11.011

 26. Sun YR, An C, He W, Zhu YZ, Liu Y. A preliminary study of the application of 
Montreal cognitive assessment Beijing version in community dwelling older adults 
residing in Shenyang. Chin J Behav Med Brain Sci. (2012) 21:948–50. doi: 10.3760/cma
.j.issn.1674-6554.2012.10.027

 27. Chen H, Yu H, Kong LL, Yi L, Wang JD, Zhou TT, et al. Reliability and validity of 
Beijing version of Montreal cognitive assessment in the elderly people residing in 
Qingdao. Int J Geriatr. (2015) 36:202–5. doi: 10.3969/j.issn.1674-7593.2015.05.004

 28. Iso N, Moriuchi T, Fujiwara K, Matsuo M, Mitsunaga W, Hasegawa T, et al. 
Hemodynamic signal changes during motor imagery task performance are associated 
with the degree of motor task learning. Front Hum Neurosci. (2021) 15:603069. doi: 
10.3389/fnhum.2021.603069

 29. Niu HJ, Li X, Chen YJ, Ma C, Zhang JY, Zhang ZJ. Reduced frontal activation 
during a working memory task in mild cognitive impairment: a non-invasive near-
infrared spectroscopy study. CNS Neurosci Ther. (2013) 19:125–31. doi: 10.1111/
cns.12046

 30. Ohsugi H, Ohgi S, Shigemori K, Schneider EB. Differences in dual-task 
performance and prefrontal cortex activation between younger and older adults. BMC 
Neurosci. (2013) 14:10. doi: 10.1186/1471-2202-14-10

 31. Oschwald J, Guye S, Liem F, Rast P, Willis S, Röcke C, et al. Brain structure and 
cognitive ability in healthy aging: a review on longitudinal correlated change. Rev 
Neurosci. (2019) 31:1–57. doi: 10.1515/revneuro-2018-0096

 32. Reuter-Lorenz PA, Park DC. How does it STAC up? Revisiting the scaffolding 
theory of aging and cognition. Neuropsychol Rev. (2014) 24:355–70. doi: 10.1007/
s11065-014-9270-9

 33. Davis SW, Dennis NA, Daselaar SM, Fleck MS, Cabeza R. Que PASA? The posterior-
anterior shift in aging. Cereb Cortex. (2008) 18:1201–9. doi: 10.1093/cercor/bhm155

 34. Gutchess AH, Welsh RC, Hedden T, Bangert A, Minear M, Liu LL, et al. Aging and 
the neural correlates of successful picture encoding: frontal activations compensate for 
decreased medial-temporal activity. J Cognitive Neurosci. (2005) 17:84–96. doi: 
10.1162/0898929052880048

https://doi.org/10.3389/fneur.2023.1173004
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1212/WNL.0000000000008612
https://doi.org/10.1177/0891988719853044
https://doi.org/10.1161/STROKEAHA.120.032215
https://doi.org/10.1186/s12913-022-07837-2
https://doi.org/10.3969/j.issn.1673-5765.2021.04.011
https://doi.org/10.3969/j.issn.1673-5765.2021.04.011
https://doi.org/10.3389/fpsyt.2020.00378
https://doi.org/10.26355/eurrev_202211_30122
https://doi.org/10.3389/fnhum.2019.00317
https://doi.org/10.3389/fnhum.2019.00317
https://doi.org/10.1016/j.jpsychires.2020.02.017
https://doi.org/10.1177/15459683211019344
https://doi.org/10.1016/j.rehab.2021.101492
https://doi.org/10.1016/j.rehab.2021.101492
https://doi.org/10.2174/1567205018666210212154941
https://doi.org/10.2174/1567205018666210212154941
https://doi.org/10.1186/s12984-017-0280-8
https://doi.org/10.1177/1545968320969943
https://doi.org/10.1155/2019/7845104
https://doi.org/10.1016/j.braindev.2014.03.011
https://doi.org/10.1093/oxfordjournals.schbul.a033505
https://doi.org/10.1186/s13643-021-01607-7
https://doi.org/10.1002/14651858.CD002842.pub3
https://doi.org/10.1155/2019/7835710
https://doi.org/10.3760/cma.j.issn.1006?7876.2019.09.003
https://doi.org/10.3389/fncir.2020.563777
https://doi.org/10.3969/j.issn.1006-9771.2010.06.027
https://doi.org/10.3969/j.issn.1002-1256.2012.11.011
https://doi.org/10.3760/cma.j.issn.1674-6554.2012.10.027
https://doi.org/10.3760/cma.j.issn.1674-6554.2012.10.027
https://doi.org/10.3969/j.issn.1674-7593.2015.05.004
https://doi.org/10.3389/fnhum.2021.603069
https://doi.org/10.1111/cns.12046
https://doi.org/10.1111/cns.12046
https://doi.org/10.1186/1471-2202-14-10
https://doi.org/10.1515/revneuro-2018-0096
https://doi.org/10.1007/s11065-014-9270-9
https://doi.org/10.1007/s11065-014-9270-9
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1162/0898929052880048

	The continuous performance test aids the diagnosis of post-stroke cognitive impairment in patients with right hemisphere damage
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Assessment of cognitive function
	2.3. Experimental procedure
	2.4. Activation task
	2.5. fNIRS measurements
	2.6. Data pre-processing
	2.7. Statistical analysis

	3. Results
	3.1. Demographics
	3.2. Behavioral results during CPT
	3.3. Centroid and integral values
	3.4. Time course of oxy-Hb concentration changes

	4. Discussion
	4.1. Limitations

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

