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Editorial on the Research Topic

Translational Side of Emerging Invasive and Non-invasive Stimulation Therapies

In the past decades, neuroscience research has witnessed dramatic progress in the field of
neuromodulation, a stimulation technology that delivers electrical stimuli to modulate nerve
activity in targeted areas or organs. It is widely used for the treatment of chronic pain (Coffey,
2001; Ostergard et al., 2014), and also used to modulate the function of target organs such as the
heart, gastrointestinal tract or bladder (van Balken et al., 2004; Yin and Chen, 2008; Payne et al.,
2019). It is a non-drug-based therapy, generally safe and, in particular, without the side effects of
pharmacological treatments.

This Frontiers Research Topic on Translational Side of Emerging Invasive and Non-invasive
Stimulation Therapies was instigated, in part, due to presentations and discussions at the
International Neuromodulation Society’s 14thWorld Congress held in Sydney, Australia, on 25–30
May 2019. The topic editors for this Frontiers Research topic were Professors Jiande Chen, Bruno
Bonaz, Leo Cheng, and Luming Li. In total, 93 authors contributed to 14 articles that were published
in Frontiers in Neuroscience, Frontiers in Neurology and Frontiers in Physiology.

Functional gastrointestinal disorders are widespread, impart significant economic burden
and can greatly reduce quality of life of patients (Everhart and Ruhl, 2009; Sperber et al.,
2020). Disorders of the stomach include gastroparesis, functional dyspepsia. Only one device
is currently available for delivering gastric electrical stimulation and used for treating nausea
and vomiting in patients with gastroparesis (McCallum et al., 2011). However, its efficacy
and mechanisms of action remain uncertain (Ducrotte et al., 2020). Cheng et al. review the
large variety of electrical stimulation and pacing parameters applied directly to the stomach
musculature. Strategies are described to optimize and standardize these stimulation parameters
as well as techniques to investigate the mechanisms underlying stimulation techniques. However,
it is clear that a number of key challenges remain before such methods are widely used
for treating functional gastrointestinal disorders. These include the development of methods
to reliably quantify the functional responses to electrical therapies, and the convergence of
pacing and stimulation protocols that are able to sustain long-term responses. The integration
of mathematical modeling techniques with clinical trials will help to refine and accelerate
the development of stimulation protocols and devices. Vagal nerve stimulation is another
key target and has been introduced to treat inflammatory bowel diseases such as Crohn’s
disease and ulcerative colitis (Bonaz et al.). Bonaz et al. review the anti-inflammatory
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actions of vagal nerve stimulation. Inflammatory bowel disease is
a major healthcare concern worldwide, especially in developed
countries: it is of a high prevalence, no medications to cure
and expensive and difficult to treat. Vagal nerve stimulation
has a great potential for treating inflammatory bowel disease
mediated via the cholinergic anti-inflammatory pathway. In the
review, Bonaz et al. provides neuroanatomical basis of vagal
nerve stimulation and discusses how vagal nerve stimulationmay
improve abnormalities in brain-gut axis. Recently, sacral nerve
stimulation was reported to exert similar anti-inflammatory
effects in animal models of colitis (Guo et al., 2019) mediated
via the spinal afferent and vagal efferent pathways (Tu et al.,
2020). The sacral nerve is another branch of the parasympathetic
nervous system which innervates the distal colon and rectum
as well as other pelvic organs, such as the bladder and genitals.
Sacral nerve stimulation is clinically approved for treating
overactive bladder, urinary retention and fecal incontinence. In
this Research Topic, Jin et al. investigated the use of sacral
nerve stimulation for the treatment of visceral hypersensitivity
underlying irritable bowel syndrome. In a rodent model of
colonic hypersensitivity, sacral nerve stimulation improved
visceral pain by inhibiting mast cell overactivation in the colon
tissue via the modulation of the autonomic function. Functional
anorectal pain is another disorder that is poorly understood.
The pathophysiology of this disorder was investigated and a
correlation between anal pressure and afferent signaling was
determined in a topic article (Zhang et al.).

Deep brain stimulation is one of the most important clinical
therapies for several neurological disorders, such as Parkinson’s
disease, movement disorders, major depression and addiction.
Three of the articles in this Frontiers Topic focussed on deep
brain stimulation. Sui et al. present a comprehensive review
on technical challenges, clinical applications and perspectives
and mechanisms of action. Accurate lead localization is an
important issue in deep brain stimulation, He and colleagues
presented an magnetic resonance-based assessment method
to determine the lead localization deviation (He et al.).
Appropriate patient screening is critically important in various
medical therapies and this is also the case for deep brain
stimulation. Wang et al. investigated the predictivity of deep
brain stimulation outcome in Parkinson’s diseases based on
functional connectivity assessed from the rest-state functional
magnetic resonance imaging.

A number of commercial devices have received Food and
Drug Administration (FDA) approval for the treatment of lower
urinary tract dysfunction (van Balken et al., 2004; Siddiqui et al.,
2010). Payne et al. developed and applied a new electrode array
to record and stimulate the pelvic nerves in conscious rats.
They showed that the electrode array could be used for the
development of closed-loop neuromodulation devices targeting
urological dysfunction. To aid in the development of closed-
loop devices, Chen Y. et al. described a method for filtering out
electrocardiogram artifacts by sensing-enabled neurostimulator.

Non-invasive electrical stimulation methods are of great
interest and provide an attractive option for treating disorders
as they do not require surgical implantation of a stimulator
or stimulation leads. Chen M. et al. reviewed non-invasive

methods for treating cardiac disorders resulting from autonomic
imbalance. Various transcutaneous approaches are discussed
in this Research Topic, including, transcutaneous auricular
vagus nerve stimulation (taVNS), ultrasound stimulation and
electromagnetic field stimulation. Andersen et al. presented the
use of peripheral electrical stimulation using a circular electrode
array on the surface of the forearm with the aim of treating
chronic pain (Arendsen et al.) while Machetanz et al. used taVNS
to modulate heart function and brain activity.

Of current interest during the current COVID-19 pandemic,
Lu et al. presented a technique for remote and wirelessly
programming a sacral nerve stimulator for treating chronic pain.
Such a method is a critical advance as the pandemic has resulted
in major impact on the healthcare system and the ability for
patients to travel to their local hospitals.

Diabetes affects 5–10% of general population and is a huge
healthcare burden around the world. Type 2 diabetes, a major
subtype of diabetes, is closely associated with obesity. Vagal nerve
stimulation, a method called VBLOC, has received FDA approval
for treating obesity although it has not been widely utilized
due to its limited clinical efficacy (Apovian et al., 2017). Gastric
electrical stimulation, intestinal electrical stimulation and vagal
nerve stimulation have been explored for treating diabetes (Liu
et al., 2011; Lebovitz, 2016; Yin et al., 2019; Dong et al., 2021);
however, there is a lack of clinical efficacy data. In this Research
Topic, Beeve et al. applied sciatic nerve stimulation and reported
its neuroskeletal effects in an animal model of type 1 diabetes.

In summary, non-invasive methods may be appropriate
for common but relatively mild or moderate disorders, while
invasive therapies using an implantable device may be reserved
for chronic and severe conditions. In general, the articles in
this Frontiers Research Topic have indicated that significant
research should be conducted to improve our understanding of
the mechanisms underlying these complex disorders. A focus
should also be placed on translating methods and findings from
animal studies to patients.
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Background/Aims: Functional anorectal pain (FARP) is a functional gastrointestinal

disease, which belongs to chronic pelvic floor pain. The mechanisms of its development

are not fully understood. We designed this experiment to evaluate the characteristics

of rectal sensory evoked potential (RSEP) and anorectal manometry (ARM) in this

population, so as to explore the pathophysiology of FARP.

Methods: The rectal sensory evoked potentials (RSEP) and anorectal manometry (ARM)

were performed in 23 patients with FARP and 23 healthy controls. The correlation

between the two measurements was investigated.

Results: The results of RSEP showed that (1) the median latency to the first positive

peak was 69.2 ± 15.9ms in patients, compared with 46.5 ± 5.8ms in controls (P =

0.000). (2) The amplitude of evoked potential peaks in the FARP patients was significantly

lower than the healthy controls (P1/N1: P = 0.049; N1/P2: P = 0.010). (3) Compared

with the controls, the patients showed a lower maximum voluntary squeeze pressure (P

= 0.009), lower rectum (P = 0.007), and anal sphincter pressures (P = 0.000) during

strain; and increased maximum tolerance threshold to rectal distention (P = 0.000). (4)

The resting pressure of the anal sphincter was correlated with the peak amplitude of the

RSEP (P1/N1: r = 0.537, P = 0.039; N1/P2: r = 0.520, P = 0.047). Considering the

different pathophysiological mechanisms of levator ani syndrome and proctalgia fugax,

we analyzed data on unspecified functional anorectal pain and obtained similar results.

Conclusions: The RSEP can be used to evaluate the state of afferent pathways in FARP

patients; The longer latency and lower peak amplitude of RSEP indicate the functional

defects of the anorectal afferent pathway. It can provide an objective evidence for the

neuropathy of FARP. In addition, the pathophysiology of FARP is also associated with

pelvic floor muscle motor and coordination dysfunction. The correlation between the

peak amplitude of the RSEP and the resting pressure of the anal sphincter suggests that

there seems to be a correlation between anal pressure and the afferent signaling pathway

in patients with FARP.

Keywords: functional anorectal pain, evoked potential, afferent pathway, pathophysiology, anorectal manometry
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INTRODUCTION

Functional anorectal pain (FARP) is a disabling disease and can
be caused by a variety of factors. Rome IV divides FARP into three
subtypes: proctalgia fugax, levator ani syndrome, and unspecified
functional anorectal pain (1–3). Levator ani syndrome and
unspecified functional anorectal pain are distinguished by
whether there is pain when pulling the levator ani muscle
backward (4). A previous survey of householders in the
United States found that the prevalences of the anorectal pain,
levator ani syndrome, and proctalgia fugax were 11.6, 6.6, and
8%, respectively (5), and most of them were women. The
patients are often accompanied with mental and emotional
disorders that seriously affect the quality of life and mental health
of patients.

The pathophysiology of FARP is still unclear. At present, it is
generally believed that the over contraction and high tension of
pelvic floormuscle are one of the important mechanisms. Levator
ani syndrome is considered to be closely related to pelvic floor
spasm and can usually be relieved by the biofeedback therapy
(6, 7). Rao SS et al. reported that paroxysmal anal hyperkinesis
was an outstanding characteristic feature of proctalgia fugax
(8). However, in our clinical practice, we have observed that
functional anorectal pain is also present in patients with
hypotensive pelvic floor muscle, and this group of patients
usually have sensation of downward bloating in their anus, and
most of them are women.

Abnormal regulation of the nervous system may also lead
to FARP. The function of gastrointestinal tract is controlled
by the central nervous system, autonomic nervous system,
and enteric nervous system. There is a biphasic regulatory
pathway between the digestive tract and the central nervous
system (9); the brain-gut dysfunction has been proven to be
closely related to gastrointestinal disorders (3, 10, 11). The
visceral sensory function is one of the important contents in the
brain-gut axis research, and heightened visceral perception or
visceral hypersensitivity has long been considered as a potential
pathogenesis of functional bowel disease (12, 13), especially IBS
(14, 15). The mechanism of visceral hypersensitivity has not been
fully elucidated. It may be result from the sensitization of nerve

afferent pathways originating from the gastrointestinal tract (16).
At present, there is a lack of reports in the literature on the
sensory abnormality in patients with functional anorectal pain.

Neurophysiological tests can provide useful information

regarding the integrity of neuronal innervation and

neuromuscular function of the gut. During the last few years,
some techniques have provide information regarding gut-brain
communication such as Positron Emission Tomography (PET)
or functional magnetic resonance imaging (fMRI). Recently,
RSEP has been introduced as a new technique that can provide
an quantifiable method to evaluate the connections between
the afferent tracts, spinal cord, and the cerebral cortex (9). In
this study, our aim was to prospectively evaluate and compare
RSEP following rectal electrical stimulation and ARM in FARP
patients, and healthy controls. So as to evaluate the anorectal
sensory and motor functions and neural afferent pathways in
FARP patients, and explore possible mechanisms of FARP.

MATERIALS AND METHODS

Subjects
This study was reviewed and approved by the Ethics Committee
of Nanjing Hospital of Chinese Medicine (KY2018004). The
participants provided their written informed consent to
participate in this study. Twenty three patients with FARP
were recruited from patients seen in the Anorectal Clinic of
Nanjing Hospital of Chinese Medicine. All patients met the
Rome IV criteria for functional anal pain. Patients with a
history of anorectal surgery, secondary anorectal pain with clear
etiology, serious gastrointestinal diseases or oral drugs affecting
gastrointestinal functions, serious neurological diseases, spinal
injury, or surgery were excluded, as were pregnant women.

In order to exclude the influence of age and gender, the
control group consisted of 23 healthy people whose sex and
age matched with the patients. These healthy people did not
have FARP and diseases listed below: gastrointestinal diseases,
severe perianal diseases, or severe cardiovascular. Individuals
with any cerebrovascular, urological, gynecological, orthopedic,
or malignant tumors were also excluded.

Rectal Sensory Evoked Potentials After
Electrical Stimulation
For rectal stimulation, a St. Mark’s stimulation electrode was
fixed at the tip on the index finger while the other electrode
was located at the root of the index finger, and the electrodes
were connected to an electrical stimulator (Oxford Instruments,
Oxford, Britain). For recording of evoked potential, an active
electrode was placed on the subject’s central scalp (Cz); a
reference electrode was placed on the forehead (Fz); and a
grounding electrode was placed on the ankle. This was in
accordance with the International Electroencephalogram Society
standard (17). The test was conducted in a dark room,
unnecessary electrical equipment were turned off to avoid
electromagnetic interferences. Subjects were requested to lie
relaxed with their eyes closed. The examiner put the index finger
into the rectum of the patient with the stimulation electrode
located at 9 o’clock of the lithotomy position and 5 cm from the
anal margin. The sensory threshold was defined as the minimum
stimulation intensity of the patient’s perception, and the tolerance
threshold was defined as the maximum tolerable intensity. The
final stimulus intensity was set at 75% of the mean tolerance
threshold. The evaluation was repeated three times to ensure
consistency. The electric stimuli were composed of 100 pulses
with a pulse width of 0.2ms, frequency of 1Hz. The impedance
between the electrodes was maintained below 5 k�. The RSEP
data were obtained using the Oxford myoelectricity-evoked
potential apparatus (Oxford Instruments, Oxford, Britain). The
sensitivity of the amplifier was 100 µv/div and the recording
bandwidth was set to 1∼500 Hz.

After electrical stimulation, three typical main waveforms
could be recorded (18), which are labeled P1, N1, and
P2, respectively (Figure 1A). Positive waves with downward
amplitude were represented by P, and negative waves with
upward amplitude were represented by N. The time from the
start of the stimulus to the appearance of the peak was called
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FIGURE 1 | The panel above is the schematic diagram of typical waveforms of RSEP (A). The bottom panel shows typical examples of RSEP responses in a healthy

subject (B) and in a patient with FARP (C).

the latency. The voltage difference between two consecutive peaks
was referred as the amplitude, represented by P1/N1 and N1/P2.

Anorectal Manometric Testing
Anorectal manometry (ARM) was performed via an 8-channel
radially distributed water perfusion catheter with a latex
balloon attached at the tip of the catheter (Medtronic Synectics,
Sweden). Before anorectal manometry, all participants were
required to empty their stools to ensure that the rectum
was empty. The patient lay on the left side and remained
relaxed; the examination was performed by a well-trained
doctor. Following measurements were made: rectal motility
functions (anal resting pressure, maximum voluntary squeeze
pressure, anal sphincter pressure during straining, and rectal
pressure during straining) and rectal sensory functions (first
sensation, urge to defecate, and maximum tolerance volume
of rectal balloon distention). Other measurements included
the length of functional anal canal, rectum anal inhibitory
reflex (RAIR), contractile reflex of the anorectum during
coughing (cough reflex) and defecation reflex. The procedures
and measurements followed the standards of previous
studies (19, 20).

Statistical Analyses
SPSS 20.0 version was used for statistical analyses. The
data are expressed as mean ± standard deviation with 95%
confidence interval. Counting data is expressed by frequencies
and percentages, Fisher’s exact tests is used for comparison
between groups. The MannWhitney U-test was used to compare
the latency and amplitude of RSEP waves, and parameters of
anorectal manometry between the FARP patients and healthy
controls. The correlations between the parameters of RSEP
and the parameters of anorectal manometry were analyzed by
Pearson or Spearman correlation analysis.

RESULTS

Demographics
All 23 patients with FARP were enrolled in the study. There
was 21/23 patients with unspecified functional anorectal pain
(Unspecified-FARP), and 1/23 patient with proctalgia fugax
(PF),1/23 patient with levator ani syndrome(LAS) The average
age of the patients was 52.48 (±12.98) years old and gender
distribution of the two groups was 18/5 (F/M). There was no
significant difference in height, weight or BMI between the
patients and healthy controls (Table 1). The female patients with
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FARPwere divided into five groups according to their ages: group
I (20–29 years old), group II (30–39 years old), group III (40–49
years old), group IV (50–59 years old), and group V (60 years
old and above) (Figure 2). Most of the female FARP patients
were over 40 years old, mainly distributed in the age group of
50–59 years old. Among 21 patients with unspecified functional
anorectal pain, 2 female FARP patients had a history of multiple
vaginal deliveries.

Rectal Sensory Evoked Potential
A reproducible RSEP pattern was recorded in all subjects after
rectal stimulation. Typical examples of the morphology of
RSEP response are shown in Figures 1B,C. The latencies and
amplitudes of each component of the RSEP of control group are
shown in Table 2, and there were no differences among RSEP
components between men and women subjects.

The latency of P1 was significantly longer in the FARP patients
than the healthy controls (69.20 ± 15.91 vs. 46.50 ± 5.77, P <

0.01). There was no significant difference in N1 and P2 latency
between the two groups. The amplitude of each wave in the

TABLE 1 | Demographics of FARP patients and healthy controls.

FARP (n = 23) Controls (n = 23) p

Gender (female) 18 18 –

Age 52.48 ± 12.98 49.91 ± 12.07 0.422

Height (m) 1.63 ± 0.08 1.66 ± 0.70 0.205

Weight (kg) 62.09 ± 9.38 61.65 ± 6.83 0.965

BMI (kg/m2 ) 23.46 ± 3.18 22.36 ± 1.62 0.287

Values are given as mean (±SD).

FARP patients was significantly lower than the healthy controls
(P1/N1: 3.66 ± 2.10 vs. 4.67 ± 2.35; N1/P2: 4.25 ± 3.07 vs. 6.57
± 2.78, P < 0.01). In order to further explore the mechanism
of unspecified functional anorectal pain, we compared the RSEP
examination of unspecified-FARP patients with that of healthy
controls (Table 3).

Anorectal Manometry
All 15 of the 23 FARP patients performed anorectal manometry.
After comparing the components of ARM between the FARP
patients and the healthy controls, we found that the maximum
voluntary squeeze pressure in the FARP patients was lower than
the healthy controls (107.37 ± 32.53 vs. 135.61 ± 19.13, P <

0.01). Meanwhile, the FARP patients showed a significantly lower
anal sphincter pressure and rectal pressure during straining (P <

0.01). There was no significant difference between the two groups
in resting anal pressure, sphincter length. In addition, analrectal
manometry results in 13 patients with unspecified-FARP were
analyzed, and similar results were obtained (Table 4). All the data
of 15 FARP patients who completed the two examinations are

TABLE 2 | Latencies and amplitude of each component of the RSEP response

following Rectal Stimulation in healthy controls.

Total (n = 23) Males (n = 5) Female (n = 18) p

P1 latency (ms) 46.50 ± 5.77 46.18 ± 2.77 46.59 ± 6.42 0.914

N1 latency (ms) 101.32 ± 17.78 102.74 ± 23.69 100.93 ± 16.62 0.801

P2 latency (ms) 193.70 ± 34.42 203.98 ± 28.02 190.85 ± 36.18 0.446

P1/N1 amplitude (uV) 4.67 ± 2.35 5.44 ± 1.99 4.46 ± 2.45 0.538

N1/P2 amplitude (uV) 6.57 ± 2.78 7.50 ± 2.76 6.31 ± 2.80 0.491

Values are given as mean (±SD).

FIGURE 2 | This figure shows that most of the female FARP patients were over 40 years old, and mainly distributed in the age group of 50–59 years old.
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TABLE 3 | Latencies and amplitude of each component of the RSEP response following Rectal Stimulation in patients.

FARP (n = 23) Unspecified-FARP (n = 21) Controls (n = 23) p

FARP Unspecified-FARP

P1 latency (ms) 69.20 ± 15.91 68.53 ± 16.13 46.50 ± 5.77 <0.001 <0.001

N1 latency (ms) 112.28 ± 29.35 113.73 ± 30.06 101.32 ± 17.78 0.199 0.155

P2 latency (ms) 168.64 ± 44.57 172.67 ± 44.58 193.70 ± 34.42 0.056 0.133

P1/N1 amplitude (uV) 3.66 ± 2.10 3.47 ± 1.75 4.67 ± 2.35 0.049 0.030

N1/P2 amplitude (uV) 4.25 ± 3.07 4.29 ± 3.08 6.57 ± 2.78 0.010 0.010

Values are given as mean (±SD).

TABLE 4 | Anorectal manometric profiles in patients and healthy controls.

FARP (n = 15) Unspecified-FARP (n = 13) Controls (n = 23) p

FARP Unspecified-FARP

Resting pressure 57.93 ± 16.38 53.54 ± 12.21 59.00 ± 6.52 0.836 0.328

Squeeze pressure 107.37 ± 32.53 103.23 ± 32.56 135.61 ± 19.13 0.009 0.004

Sphincter length 3.23 ± 0.20 3.08 ± 0.28 3.29 ± 0.13 0.145 0.974

Anal sphincter pressureduring straining 30.33 ± 13.67 29.69 ± 14.53 42.13 ± 7.85 0.007 0.012

First sensation 28.67 ± 16.42 29.23 ± 17.54 22.17 ± 7.36 0.442 0.494

Urge 71.33 ± 25.32 71.54 ± 26.09 74.35 ± 16.47 0.497 0.494

Maximum tolerable volume 121.33 ± 48.24 119.23 ± 51.71 185.22 ± 45.61 <0.001 <0.001

Rectal pressure during straining 30.87 ± 17.74 27.15 ± 14.76 55.43 ± 13.67 <0.001 <0.001

Values are given as mean (± SD).

shown in Table 5. Among the 15 patients, patients with levator
ani syndrome and proctalgia fugax have significantly higher anal
resting pressure (93 and 80 mmHg, respectively).

In terms of the rectal sensory function, rectal maximum
tolerable volume was reduced in the FARP patients in
comparison with the healthy controls (121.33 ± 48.24 vs. 185.22
± 45.61, P < 0.01).There was no significant difference between
the two groups in first sensation threshold or the urge to defecate
threshold (Table 4).

RAIR was present in all patients and all controls. The mean
volume of rectal distention needed to initiate RAIR in the healthy
controls was 12.63 ± 5.03mL, while patients needed larger
volumes to elicit RAIR (15.33± 6.40; P < 0.05).

7/15 patients who received ARM showed abnormal defecation
reflex, including the patient with levator ani syndrome. However,
only one of the healthy controls showed abnormal defecation
reflex. There is a significant difference between the two groups
(P < 0.01). Cough reflex was normal in all subjects.

The Correlation Between RSEP and
Anorectal Manometry
The Pearson’s correlation analysis showed that resting pressure of
the anal sphincter of FARP patients was positively correlated with
the amplitude of P1/N1 (r = 0.537, P = 0.039) (Figure 3A)and
the amplitude of N1/P2 (r= 0.520, P= 0.047) (Figure 3B). There
was no significant correlation between any of RSEP parameters
and rectal inhibitory reflex (RAIR) or any of rectal sensory
parameters (the first sensation, urge, or maximum tolerance).

In addition, we analyzed the relationship between RSEP and
ARM parameters in patients with unspecified-FARP and found
that there was a significant positive correlation between resting
pressure and amplitude of N1/P2 (r = 0.634, P = 0.020)
(Figure 3C). There was no significant correlation between the
parameters of the two examinations in healthy control group.

DISCUSSION

Chronic anorectal pain is a refractory functional gastrointestinal
disease. The Rome Classification provides well-defined
diagnostic criteria for functional anorectal pain. However,
it is still unclear of the pathophysiology of FARP and a huge
challenge to treat FARP, though some advances in the treatment
of functional anorectal pain have made recently (21–24). The
pathophysiology of functional gastrointestinal diseases is closely
related to the neuronal interactions between the brain and gut.
RSEP provided objective data regarding the integrity of the
afferent pathways. In this study, we found that latency of P1
of RSEP in the FARP patients were significantly longer and
the amplitude of each waves were significantly decreased when
compared to healthy controls.

ARM is widely used for the detection of abnormalities of
sphincter function and rectoanal coordination (25). We found
that the anorectal pressure during squeeze or strain, maximum
tolerable volume to rectal distension were significantly reduced
in 15 FARP patients in this study. After analyzing data of the
15 FARP patients, we found that different subtypes of FARP
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TABLE 5 | The data of 15 FARP patients who completed the two examinations.

Diagnosis Gender Age P1 (ms) N1 (ms) P2 (ms) P1/NI

(uV)

N1/P2

(uV)

Resting

pressure

(mmHg)

Squeeze

pressure

(mmHg)

Sphincter

length

(cm)

Anal

sphincter

pressure

during

straining

(mmHg)

Rectal

pressure

during

straining

(mmHg)

First

sensation

(ml)

Urge

(ml)

Maximum

tolerable

volume

(ml)

Defecation

reflex

RAIR

(ml)

Unspecified-FARP F 33 69.0 110.4 127.2 2.3 1.5 43 80 3 37 18 20 80 130 Abn. 10

F 76 58.4 84.8 134.0 3.1 3.7 52 88 3.1 12 8 20 70 100 Abn. 10

F 54 63.6 87.8 182.0 4.3 7.8 66 80 3.1 42 32 20 30 40 Norm. 10

F 54 55.6 73.0 146.6 2.8 3.2 56 87 3.0 17 12 10 50 130 Abn. 10

F 53 95.7 167.1 243.9 3.5 5.9 70 104 3.0 47 8 30 80 120 Norm. 20

F 67 52.8 139.2 189.3 2.4 2.0 52 72 3.1 22 17 20 70 80 Norm. 20

F 55 80.7 131.1 210.9 4.2 3.2 42 90 3.2 13 20 20 80 130 Abn. 20

F 48 63.6 83.1 121.2 2.6 5.7 65 147 3.4 43 39 40 80 100 Norm. 30

M 59 67.8 92.7 136.5 1.3 1.6 53 149 3.3 22 36 20 80 180 Abn. 20

F 72 104.4 158.4 219.0 3.8 2.0 38 104 3.3 12 36 20 50 80 Norm. 20

M 58 34.4 58.4 76.2 2.0 1.7 66 156 3.7 35 51 30 50 120 Norm. 10

F 43 60.3 112.2 170.4 2.4 2.8 62 131 3.3 55 50 70 140 250 Norm. 10

F 62 75.3 110.4 132.9 1.1 1.4 31 53 3.1 29 26 60 70 90 Norm. 10

LAS M 55 65.0 83.4 131.0 9.3 6.8 93 148 3.4 30 40 20 50 130 Abn. 20

PF F 52 87.6 110.7 121.8 2.0 0.96 80 121 3.4 39 70 30 90 140 Abn. 10

LAS, levator ani syndrome; PF, proctalgia fugax; F, female; M, male; Norm., normal; Abn., abnormal.
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FIGURE 3 | The scatterplot shows that the FARP patients’ resting pressure of the anal sphincter was positively correlated with the amplitude of P1/N1 (A) and the

amplitude of N1/P2 of RSEP (B). There was a significant positive correlation between resting pressure and amplitude of N1/P2 in patients with unspecified-FARP (C).

had different resting pressure characteristics, For example, 2/13
unspecified-FARP showed lower resting pressure while other
unspecified-FARP FARP patients haven’t change. But the PF and
LAS patients showed higher anal resting pressure and abnormal
anal relaxation reflex, which was consistent with the previous
studies (8, 26), and pain in these patients might be related to
the excessive activity of anal sphincter. These patients reported
a sensation of downward bloating in their anus and most of them
were middle-aged or older women. One possible mechanism
might be attributed to pelvic floor muscle dysfunction. This
might be closely related to vaginal delivery, age, and chronic
constipation. Egorov et al. (27) reported that the pelvic muscle
function decreased with age, and tissue elasticity decreased with
multiple vaginal deliveries. In our study, 2 female FARP patients
had a history of multiple vaginal deliveries. This might also be
related to laceration of levator ani caused by natural labor in some
women (28). Compared with the healthy controls, patients with
FARP have a higher rate of abnormal defecation reflex, which
seems to suggest that anorectal discordance may be one of the
mechanisms leading to FARP.

Somatosensory EPs (SEPs) has advantages over other brain
imaging techniques given its relative portability, inexpensiveness,
availability. It can be used to evaluate the somatosensory pathway
at the peripheral, spinal, cortical, and subcortical level (16). By
stimulating the rectum and recording the potential changes of
neurons in the cerebral cortex one can investigate the nerve
transfer function from the rectum to the pelvic floor nerve and
then to the spinal cord and the cerebral cortex. RSEP has been

carried out in healthy people (29) and the fluctuation range of
the data in the healthy control group in our study was basically
the same as the above study. The RSEP has been widely used
to evaluate the visceral sensitivity mechanism in IBS. Chan
et al. found that compared to healthy subjects, irritable bowel
syndrome patients demonstrated higher prevalence of cerebral
evoked potential early peaks postprandially, and uniformly
shorter cerebral evoked potential latencies both before and
after feeding (30). Conversely, the prolongation of SEP latency
has been reported in fecal incontinence and constipation (31,
32). This is thought to be related to receptor dysfunction,
reduced activation of afferent nerves, or slowed peripheral nerve
conduction (28). In our study, the FARP patients showed a longer
latency of P1 in the RSEP. This finding once again demonstrated
the impairment of the afferent pathway in FARP. The mechanism
might be similar to fecal incontinence and constipation.

Conscious perception implies sensory connectivity between
the rectum and the brain (33). Sensory threshold to rectal
distention is also an important indicator of the rectal-brain
afferent pathway. Törnblomd et al. compared the rectal sensory
thresholds between IBS patients and healthy people, and found
that the sensory thresholds in IBS patients were decreased (34).
The increase of rectal threshold is a manifestation of rectal
hyposensitivity, which is closely related to the disorder of the
hindgut function, and usually manifested as fecal incontinence
and constipation (35). The rectal sensory function has not been
investigated in FARP. In our study, the FARP patients showed
lower maximum tolerance threshold. Although the sensory
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threshold level in the ARM test can reflect the state of rectal
sensory function to a certain extent, it has higher requirements
on the cooperation degree and cognition of the test, and there
may be some subjective deviations as well. In contrast, the RSEP
is a more sensitive detection method that responds to the sensory
pathways. The correlation between the resting pressure of the
anal sphincter and the amplitude of the RSEP implied that
there may be a relationship between anal sphincter pressure and
neuropathy. Which still remains to be further studied.

The RAIR is a phenomenon in which the anal internal
sphincter is temporarily relaxed due to the transient distension
of the rectum. It plays an important role in bowel control
and defecation (36). Studies have shown that the presence
of RAIR is unrelated to the integrity of spinal cord and
brain nerve centers, but requires a complete intramural
pathway (37). Beuret-blanquart et al. have shown that the
RAIR reflex appears to be controlled by autonomic neural
pathways, especially the parasympathetic nervous system
(38, 39). In our study, RAIR was present in 15 FARP
patients after ARM, although FARP patients need larger
volumes to elicit RAIR, which may indicate the integrity of
intramural pathway in these patients. The difference in eliciting
volume may be related to rectal compliance and sensory
function abnormalities.

The limitations of our study include the small sample size
and a comparative study among different subtypes could not
be performed. Also, in this study, we didn’t evaluat efferent
pathways in FARP patients, and also deserves further study.

In conclusion, rectal sensory evoked potential is safe and well-
tolerated and appears to be a useful technique for the detection
of neuropathy, the test can provide an objective evidence for

neuropathy and a new dimension toward our understanding of
the mechanisms of FARP.
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As COVID-19 rampages throughout the world and has a major impact on the healthcare
system, non-emergency medical procedures have nearly come to a halt due to
appropriate resource reallocation. However, pain never stops, particularly for patients
with chronic intractable pain and implanted spinal cord stimulation (SCS) devices. The
isolation required to fight this pandemic makes it impossible for such patients to adjust
the parameters or configuration of the device on site. Although telemedicine has shown
a great effect in many healthcare scenarios, there have been fewer applications of such
technology focusing on the interaction with implanted devices. Here, we introduce the
first remote and wireless programming system that enables healthcare providers to
perform video-based real-time programming and palliative medicine for pain patients
with a SCS implant. During the COVID-19 pandemic from January 23, 2020, the date
of lockdown of Wuhan, to April 30, 2020, 34 sessions of remote programming were
conducted with 16 patients. Thirteen of the 16 patients required programming for
parameter optimization. Improvement was achieved with programming adjustment in
12 of 13 (92.3%) cases. Eleven of the 16 (68.8%) patients reported that the system was
user-friendly and met their needs. Five patients complained of an unstable connection
resulting from the low network speed initially, and three of these patients solved this
problem. In summary, we demonstrated that a remote wireless programming system
can deliver safe and effective programming operations of implantable SCS device,
thereby providing palliative care of value to the most vulnerable chronic pain patients
during a pandemic.

Clinical Trial Registration: www.clinicaltrials.gov, identifier NCT 03858790.
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INTRODUCTION

The world has changed rapidly due to the disastrous Coronavirus
Disease 2019 (COVID-19) pandemic. By the end of July 2020,
there were over 19 million confirmed cases of infection and
712,000 deaths due to COVID-19 worldwide. Many countries
have issued strict isolation measures or have at least advocated
“social distancing” in people’s daily lives. Governments and
medical providers have had to reallocate labor and material
resources to deal with this abrupt emergency. Thus, elective
operations/therapies and non-emergency medical procedures
have nearly all come to a halt in most medical centers. Patients are
also avoiding visiting medical facilities that may be considered a
potential source of infection (Keesara et al., 2020). Consequently,
some medical needs could be delayed and not met. For patients
with demands that cannot be delayed and are impossible to fulfill
with the medical resources on site because of isolation protocols
or resource limitations, telemedicine has offered an alternative
solution (Keesara et al., 2020).

Telemedicine has gradually been adopted by patients over
the last decade (Adamse et al., 2018). During the current
COVID-19 pandemic, the demand for treatment at a distance
from healthcare providers surged essentially overnight (Calton
et al., 2020; Humphreys et al., 2020). These changed conditions
have boosted reform of the healthcare system. In response, the
Chinese government launched a series of policies to support
the development of telemedicine and “cloud hospitals.” In
March 2020, the United States government announced that
telemedicine services would be reimbursed by the Medicare and
Drug Enforcement Administration, who allowed the prescription
of controlled medicine via telemedicine (ATA, 2020).

In most pain management settings, telemedicine has been
used in the form of video consultation, which mainly focuses
on complaints that can be orally solved, such as palliative care
and self-management skills. Some reviews have identified small
to moderate reductions in pain, disability, and psychological
symptoms in intervention groups applying telemedicine when
compared with the control (including standard pain care or
waitlist control) (Buhrman et al., 2016; Mariano et al., 2019).
However, no therapeutic difference was found when compared
to the active control (such as on-site therapies) (Mariano
et al., 2019). Remotely delivered physical exercise interventions
have also been proposed to reduce pain in patients as a
substitute for the usual care (Adamse et al., 2018). However,
for addressing more specific demands in a complex situation
such as for a patient with chronic intractable pain who has a
spinal cord stimulation (SCS) implant, video-based consultation
alone is not sufficient. These patients usually require several
programming sessions (mostly over 3 months) to achieve a stable
therapeutic effect after implantation. When people with chronic
pain are deprived of appropriate assessment and treatment,
their condition can worsen significantly. Lead migration, scar-
related impedance change, and habituation to the therapy
require further programming and regular adjustments (North
et al., 2005; Kumar et al., 2008). Considering that patients with
chronic pain usually suffer from depression and anxiety, further
negative emotions brought on by COVID-19 could exacerbate
the pain (Eccleston et al., 2020). These unmet demands require

multi-dimensional interactions and teleprogramming of the
stimulator by distance.

Here, we introduce the first time remote and wireless
programming system for a SCS implant, which enables chronic
pain patients to receive timely adjustment of parameters
and configurations with only a smartphone and access to a
4G/5G/WiFi network at home.

MATERIALS AND METHODS

Participants
The patients in this study were recruited for a multi-center
clinical trial (Lu et al., 2020). Patients with chronic intractable
pain were recruited at our center from January 2019 to
December 2019. Patients were screened from electronic medical
records and then approached to complete the verification of the
inclusion/exclusion criteria and provided consent. The inclusion
criteria were the following: (1) chronic intractable pain that has
lasted for at least 3 months and is refractory to the conservative
therapies, including oral medications, nerve block, epidural
corticosteroids, physical and psychological rehabilitation therapy,
and chiropractic care; (2) aged over 18; (3) good compliance
and ability to complete post-operative follow-up; and (4)
understanding of the method and willingness to sign the
informed consent. The exclusion criteria were the following:
(1) pregnancy, breast feeding, plan to be pregnant or unwilling
to use contraceptive methods; (2) bleeding complications or
coagulation disorders; (3) severe mental or cognitive disorders,
leading to inability to cooperate during surgery and post-
operative programming; (4) life expectancy of less than one-
year; (5) need for therapy or examination that could not
be provided with an implanted pulse generator (IPG), such
as magnetic resonance imaging and thermo-therapy; and
(6) other inappropriate situations that were determined by
the investigators.

All patients were implanted with IPG successfully, including
10 males and six females, with an average age of 60.1 ± 9.9 years
(range 39–74 years old). None of the patients had a device
infection except for one patient who complained of red skin
at the IPG incision site but had no fever or pain. Two female
patients had mild discomfort at the IPG site, but no further
surgical treatment was required. There were three cases of spinal
cord injury, two cases of peripheral nerve injury, two cases
of brachial plexus avulsion, two cases of failed back surgery
syndrome, and one case each of complex regional pain syndrome,
neuropathic pain, amputated limb pain, phantom limb pain,
failed cervical surgery syndrome, syringomyelia, and lower limb
ischemic pain in this study.

Intervention
In accordance with standard clinical practice (Kapural et al.,
2015), patients first underwent a screening phase of SCS (with
a percutaneous lead or paddle lead) lasting up to 10–14 days
with an external stimulator to determine the short-term response.
Patients that experienced 50% or greater pain reduction based on
the visual analog scale from baseline were then eligible to proceed
to permanent implantation.
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Stimulation parameters were adjusted to optimally overlap
paresthesia with the region of the pain area when the
patients left the hospital (mean ± SD of the minimum and
maximum programmed parameters: frequency, 70.2 ± 30.0 Hz;
amplitude, 4.6 ± 2.8 mA; and pulse width, 310 ± 148 µs).
Subsequently, intraoperative paresthesia testing and associated
device programming were performed in the hospital, as needed
based on patient feedback in standard clinic visits. Oral analgesics
were stabilized from 28 days before enrollment until activation of
the implanted SCS system, in addition to perioperative analgesics.
Adjustments were then allowed under the guidance of the
attending physician as medically necessary.

Introduction of the Remote
Programming System
Based on our previously developed telemedicine system (Chen
et al., 2014, 2015c), the SCS remote programming system,
called the PINS remote programming system, was developed
in 2019. The PINS remote programming system can provide
multi-dimensional interaction between healthcare providers
and chronic pain patients through a computer with PINS
remote programming software installed on the physician side,
a smartphone with the PINS remote programming application
and patient’s external programmer on the IPG patient side, and a
4G/5G/WiFi network with an upload speed of no less than 1 MB.

Before the connection, the smartphone and the external
programmer-activated IPG were paired. Then, according to the
patients’ requests or previously stated reservation, the healthcare
provider logged into the programming system and established
the connection with the patient’s smartphone after activation of
the IPG with patient’s external programmer. The smartphone
could receive bidirectional, high-definition, and real-time video
signals and programming instructions using the public network.
The connections between the smartphone and IPG are generated
via Bluetooth. Finally, the IPG could work with the physician’s
instructions (Figure 1A).

To introduce briefly, the remote programming system consists
of three modules: the patient management module, teleprogram
module, and video communication module. More details can be
found in our patents (Chen et al., 2015a,b,d).

The patient management module was designed to build a
stable connection between patients and physicians. A list of the
patients and their status is shown on the webpage of the patient
management module. The physician could only have access to his
or her own patients. Once a patient logs into the system. They
send their connection request to the physician. The physician
could then choose to accept the request and establish a logical
connection with the patient. At the same time, the management
module would restrict the physician’s permission to connect
with other patients.

The teleprogram module was designed to provide a platform
for SCS remote programming. After a patient is connected to
the physician, the patient listens to programming instructions
from the server station, which were sent by the physician from
the teleprogram module. A telemetry command will then be sent
before the programming begins to ensure that all of the hardware
or information links are in place. The physician’s computer

client could store the patient’s medical records, electrode images,
and previous programming records (Figure 1B). Healthcare
providers can easily implement the adjustments of stimulation
parameters (including contact mapping, selection of frequency,
amplitude, pulse width, etc.), battery status check, electrode
impedance check, and device troubleshooting on the teleprogram
module. The programming records of every session will be stored
in the physician’s client, uploaded to the database, and sent
back to patients.

A video-recording function was developed based on the Web
Real-Time Communication (WebRTC) technology. An open-
source project of the STUN protocol was built to support
the main signaling service, including taking advantage of the
TURN protocol to penetrate firewalls if direct P2P connectivity
cannot be established.

Furthermore, the patient’s client was designed as a smartphone
terminal aimed at assisting patients in interaction with
physicians, symptom management, and setting new adjustment
parameters. With this client, patient could choose a physician and
make a reservation for the remote programming service at home.
Medical history, daily outcome reports, and uploaded imaging
examinations of the patients are helpful in the management
of symptoms and communication with physicians. As for the
patients, the only potential restriction is an unstable network.
The smartphone app will initially test the network and pair
the programmer, and it then alerts the patients if an unstable
connection occurs or pairing fails.

Technological Considerations
The top two concerns of the remote programming are safety
and confidentiality. Several appropriate data transmission
protection technologies were adopted to ensure the security
and confidentiality of communication, such as Hypertext
Transfer Protocol Secure (HTTPS) between server and clients,
bidirectional identity authentication technology based on
digital certificate and short-distance wireless transmission with
Bluetooth data transmission technology. The telemedicine
system integrates multi-level data isolation and validation
procedures without losing real-time performance. Transmission
of programming instructions is encrypted between the mutual
identity authenticated servers and clients. Also, safety protection
mechanisms include functions of automatic instruction back-up,
offline parameter recovery, and emergency stimulator shutdown.
All of them are available and can be controlled by either
programmer or patient. Furthermore, the notes from each
encounter can be uploaded to a cloud-based database and can be
accessed by any practitioner from any specialty at any time.

However, accidental disconnection resulted from unstable
network, or inappropriate amplitude selection may cause severe
adverse event. Unlike face-to-face interaction in hospital in which
physicians could solve the problem immediately, we suggest
at least one caregiver could keep accompany with the patient
during the programming process. All patients and at least one
caregiver should be made familiar with the remote programming
and be able to cooperate with investigators to complete the
whole procedure before leaving the hospital. Also, an incremental
increase of the amplitude is recommended. In case any
discomfort of patient or disconnection happens, the caregiver
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FIGURE 1 | (A) General architecture of the remote programming system. (B) Physician client illustration with the real-time video consultation (right), parameter and
configuration adjustment (middle), and the patient’s medical record (left). The patient sent a WebRTC request to the signaling server, which is subsequently relayed to
the physician client. If an online physician replies to the WebRTC request, a P2P connection will be established, and video stream is facilitated between the two
clients.

could restore the pre-programming settings with “one key
recovery” or even shutdown the stimulator as quickly as possible.

RESULTS

The system was launched in 2019, and over 20 patients received
this remote-programming-equipped G122R SCS (PINS Medical,
Beijing) implantation at our center. From January 23, 2020, the
date of lockdown of Wuhan, China, to April 30, 2020, 34 sessions
for 16 patients with remote programming were implemented
(Table 1). All of the programming practices were performed
by a single doctor (Yang Lu) at his home or from our hospital
in Beijing. The 16 patients underwent a total of 34 remote
programming sessions, with an average adjustment frequency of
2.1 times/patient; the average program control time/adjustment
was 43.1 ± 15 min (13–90 min) according to the records
of the database.

Our cohort has different types of SCS indications. In contrast
to the most common indication for SCS in United States is failed
back surgery syndrome (FBSS), spinal-cord-injury-related pain is
the most common indication in China. This suggests that patients
that undergone more remote programming episodes likely
underwent an SCS operation more recently. However, one patient
with complex regional pain syndrome completed the remote
programming five times owing to the poor quality of the internet
connection and device failure (abnormal contact impedance).

Given the thorough penetration of smartphones in China,
most of the patients could complete the service on their own
or with the assistance of caregivers. Even for the four patients
over the age of 70 years who do not use smartphones often,
caregivers could help them to proceed with the entire remote
programming session.

Thirteen of the 16 patients required programming for
parameter optimization. This improvement was achieved with
programming adjustment in 12 of 13 cases. Two of the 16

patients sought help because of intolerance to the induced
paresthesia with a high amplitude. This is a typical dilemma for
the patients using traditional low-frequency stimulation, which
requires achieving a balance between the therapeutic effect and
paresthesia. The last of the 16 patients experienced reddening of
the skin near the incision site but no pain or fever. Since there
were no clinical signs of infection, a subsequent follow-up was
suggested for monitoring.

Eleven of the 16 patients reported that the system was user-
friendly and met their needs. Five patients complained of an
unstable connection resulting from a low network speed, three
of whom solved this problem by changing the hotspot or using a
4G network. The other two patients could not solve this problem
owing to limited resources. However, these two patients were
able to complete the parameter adjustment with our adamant
efforts and many reconnection attempts (over 2 h per patient).
No adverse events occurred in the 34 programming sessions.

DISCUSSION

With regard to neuromodulation therapies, such as SCS,
deep brain stimulation (DBS), vagal nerve stimulation, and
sacral nerve neuromodulation, implantation of the device
is only the first step, and post-operative programming is
important for achieving long-term curative effect. Previous
studies have proposed that remote programming technology
could provide a safe, reliable, and efficient programming service
for patients with reduced time and financial cost (Zhang et al.,
2019, 2020b). This study represents the first introduction of
remote programming technology for patients with chronic pain
implanted with an SCS device.

Similar to DBS, patients implanted with an SCS device
could receive programming in a face-to-face fashion or
adjust the parameters by themselves at home within a
limited range preset by the physicians. Self-adjustment has
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proved to be feasible and practical, and it significantly
reduces the consultation time (Bally et al., 2019). However,
this self-adjustment also needs to be performed under the
supervision of the treating physicians, and patients cannot
deal with a specific contact change or hardware malfunction
by themselves. This had led to a huge demand for a remote
programming system for these neuromodulation therapies,
especially under extreme conditions such as the current COVID-
19 pandemic.

For the patients with unsatisfactory post-operative
outcomes with traditional parameters or configurations,
many novel technologies have been developed in the field of
neuromodulation therapies over the last few years, including
current-based programming, interleaved programming,
fractionated current, variable frequency stimulation, and
directional current-steering technologies in DBS (Jia et al.,
2017; Wagle Shukla et al., 2017) as well as 10-kHz high-
frequency stimulation (Kapural et al., 2015), burst stimulation

TABLE 1 | Characteristics of the 16 patients who received remote programming during the COVID-19 pandemic.

No. Gender Age Diagnosis Operation date Programming
times

Reason Outcome Patient’s rating for the
remote programming

1 M 62 Periphery nerve
injury

2019/11/5 3 Therapeutic effect
decrease

Parameters adjustment
(little improvement)

User-friendly

2 M 62 CRPS 2019/7/11 5 Therapeutic effect
decrease (abnormal

impedance of
contacts)

Parameters and
configuration adjustment

(considerate improvement)

Connection unstable
(resolved with changed

network)

3 F 54 FBSS 2019/12/25 2 Therapeutic effect
decrease

Parameters and
configuration adjustment

(considerate improvement)

User-friendly

4 F 55 Neuropathic pain 2019/12/24 2 Therapeutic effect
decrease

Parameters and
configuration adjustment

(considerate improvement)

User-friendly

5 M 56 Amputated limb
pain

2019/12/31 3 Therapeutic effect
unstable

Change to sub-threshold
stimulation (considerate

improvement)

User-friendly

6 M 74 FBSS 2019/8/13 2 Intolerance to the
traditional

stimulation pattern

Oral comforting with lower
amplitude

Connection unstable

7 M 55 Brachial plexus
avulsion

2019/5/23 1 Therapeutic effect
decrease

Parameters adjustment (no
improvement)

Connection unstable
(resolved with changed

network)

8 M 55 Phantom limb pain 2020/1/3 3 Therapeutic effect
decrease

Parameters and
configuration adjustment

(considerate improvement)

Connection unstable
(resolved with changed

network)

9 F 70 Spinal cord injury 2019/7/17 3 Therapeutic effect
unstable

Parameters and
configuration adjustment

(some improvement)

User-friendly

10 M 74 Spinal cord injury 2019/7/4 1 Therapeutic effect
decrease

Parameters adjustment
(little improvement)

Connection unstable

11 F 73 FCSS 2019/10/28 2 Therapeutic effect
unstable

Parameters and
configuration adjustment

(some improvement)

User-friendly

12 F 39 Spinal cord injury 2019/8/13 1 Red incision,
without fever or

pain

Continuous follow-up User-friendly

13 M 68 Syringomyelia 2019/7/29 2 Therapeutic effect
decrease

Parameters and
configuration adjustment

(some improvement)

User-friendly

14 M 48 Lower limb
ischemic pain

2019/8/6 1 Therapeutic effect
decrease

Parameters and
configuration adjustment

(some improvement)

User-friendly y

15 F 57 Brachial plexus
avulsion

2019/7/17 1 Intolerance to the
traditional

stimulation pattern

Parameters adjustment
(little improvement)

User-friendly

16 M 59 Periphery nerve
injury

2019/12/9 2 Therapeutic effect
decrease

Parameters adjustment
(little improvement)

User-friendly

CRPS, complex regional pain syndrome; FBSS, failed back surgery syndrome; FCSS, failed cervical surgery syndrome.
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(Ahmed et al., 2018), and high-density stimulation in SCS
(De Jaeger et al., 2017). These new paradigms require a deep
understanding of the underlying therapies. Some stimulation
patterns require several hours to several days to achieve a real and
optimal response. There is no doubt that a physician’s operation
and follow-up are inevitable additions to these patterns. Remote
programming enables physicians to switch between different
stimulation patterns and observe the therapeutic effect efficiently
and conveniently.

Several retrospective studies have explored the effect of the
DBS remote programming (Zhang et al., 2020a,b), which showed
that over 80% of the patients were satisfied with the remote
programming. Evaluation of the patients’ symptoms is always a
challenge for DBS remote programming. Bradykinesia, tremor,
and dyskinesia are easy to follow over video, whereas rigidity is
more of a challenge to monitor remotely. In addition, it usually
takes longer for the therapeutic effects of DBS to be evident for
symptoms such as dyskinesia and tremors. By contrast, patients
with pain could receive a real-time response to the stimulation in
most cases. In this regard, symptom evaluation is much easier for
the SCS remote programming relative to DBS.

Furthemore, pain treatment is not only about pain
suppression itself, which has been particularly evident during
the COVID-19 pandemic (Cohen et al., 2020) and has also
emerged in this study. Within the 34 programming sessions,
many patients expressed their anxiety and stress about their
situation, especially those who were receiving inadequate care
owing to greater isolation due to the lockdown. Anxiety and
hopelessness are exacerbated by social isolation, and these
negative moods aggravate the pain in a vicious cyclical manner.
Thus, it is important to deliver palliative care for these patients
in a timely manner. Healthcare providers need to be aware that
many of the behavioral components of remote programming
are not only potentially helpful for managing pain but also
for emotional distress related to the COVID-19 pandemic.
A retrospective study on DBS remote programming also found
that some patients were satisfied with the programming sessions
with no adjustment of the parameters required during the
COVID-19 pandemic. This could be due to their expectations
and the quality of the psychological support they received during
the programming sessions (Zhang et al., 2020a). Empowered
by the real-time video-based remote programming system, the
demand for management of emotional distress could be met. We
believe that reassuring SCS patients that they will be supported
and their problems will be addressed during this pandemic at
home is as important as the remote programming process.

Remote programming is cost-effective and convenient
for patients with SCS and their families. However, before
the interaction with healthcare providers can be efficiently
established, several preparations need to be in place; these may
include measures that ensure patients or their families know
to use a smartphone and to keep updating the programming
application using a stable network environment. As patients
and at least one caregiver are requested to be familiar with the
remote programming system, we expect to continue to face
obstacles such as communication failure, poor network speed,
and difficulty in following the orders when using the smartphone
on their first attempt. In addition, a remote programming session

is usually more laborious and time-consuming than face-to-face
programming. For healthcare providers, patience and practice
will help to ensure effective and efficient implementation of
remote programming. For technology companies, improving the
quality and efficiency is always a goal. We believe that with the
continued development of technology, the system could become
more intelligent, efficient, and effective at low cost.

If an increasing number of patients access to the remote
programming service, the workflow should be designed to
minimize the healthcare provider’s burden. The teleprogramming
team should be organized, including physicians, nurses, and
technicians. Team cooperation could schedule visits, remotely
train patients and families, resolve technological problems, and
optimize the workflow. We suggest that before the start of
formal remote programming, team members should recheck the
schedule, smooth the network, and ensure patient and family
computer literacy.

At the beginning of 2020, the whole world witnessed this
unprecedented pandemic; everyone is a fighter against the
invisible enemy, and we must all practice “social distancing.”
During this invisible war, patients with chronic intractable pain
with an implanted SCS implant suffer from exacerbated pain
helplessly and cannot receive individualized programming on site
under these circumstances of isolation. We have demonstrated
that the PINS remote wireless programming system allows for
connection between patients and healthcare providers within
this context, delivers safe and effective remote programming
services, and provides palliative care value to the most vulnerable
population of chronic pain patients.

With clinical implementation and feedback, we concluded that
this remote wireless programming system is an effective and safe
method for delivering parameter adjustment, thus improving the
quality of life of chronic pain patients.

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 Ethics committee of Beijing Tsinghua Changgung
Hospital. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

GW and LL contributed to the conception, the study design,
the acquisition, the analysis, the interpretation of data, and the
preparation of the manuscript. JW contributed to the study
design and the editing of the manuscript. YL contributed to

Frontiers in Neuroscience | www.frontiersin.org 6 December 2020 | Volume 14 | Article 59469622

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-594696 December 2, 2020 Time: 19:38 # 7

Lu et al. Remote Programming System of SCS

the acquisition of data, manuscript writing, and the editing
of the manuscript. DX contributed to the study design, the
interpretation of data, and editing of the manuscript. SD
and XZ contributed to the study design, the analysis, and
the interpretation of data. BY and HZ contributed to the
interpretation of data and the editing of the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by the National Key Research
and Development Program of China (2016YFC0105502),
National Natural Science Foundation of China (81527901),
Shenzhen International Cooperative Research Project
(GJHZ20180930110402104), and Beijing Science and Technology
Project (Z171100001017109).

REFERENCES
ATA, (2020). Policy Update, 3.17.20. 2020. Available at: https://info.

americantelemed.org/covid-19-cms-hhs-dea-updates-3-17-20 (accessed
March 22, 2020).

Adamse, C., Dekker-Van Weering, M. G., van Etten-Jamaludin, F. S., and Stuiver,
M. M. (2018). The effectiveness of exercise-based telemedicine on pain, physical
activity and quality of life in the treatment of chronic pain: a systematic review.
J. Telemed. Telecare 24, 511–526. doi: 10.1177/1357633X17716576

Ahmed, S., Yearwood, T., De Ridder, D., and Vanneste, S. (2018). Burst and high
frequency stimulation: underlying mechanism of action. Expert. Rev. Med.
Devices 15, 61–70. doi: 10.1080/17434440.2018.1418662

Bally, J. F., Rohani, M., Ruiz-Lopez, M., Paramanandam, V., Munhoz, R. P.,
Hodaie, M., et al. (2019). Patient-adjusted deep-brain stimulation programming
is time saving in dystonia patients. J. Neurol. 266, 2423–2429. doi: 10.1007/
s00415-019-09423-9429

Buhrman, M., Gordh, T., and Andersson, G. (2016). Internet interventions for
chronic pain including headache: a systematic review. Int. Interv. 4, 17–34.
doi: 10.1016/j.invent.2015.12.001

Calton, B., Abedini, N., and Fratkin, M. (2020). Telemedicine in the time of
coronavirus. J. Pain SymptomManag. 60, e12–e14. doi: 10.1016/j.jpainsymman.
2020.03.019

Chen, Y., Chen, H., Ma, B., Hao, H., Li, L., and Beijing Pins Medical. (2015a).
A Working Method of Remote Monitoring System for Implanted Medical
Equipment. China patent application. CN201510115286.2.

Chen, Y., Chen, H., Ma, B., Lu, C., Hao, H., Li, L., et al. (2015b). Patient Client
of Remote Monitoring System for Implanted Medical Equipment. China patent
application CN201510114369.X.

Chen, Y., Hao, H., Chen, H., and Li, L. (2015c). The study on a telemedicine
interaction mode for deep brain stimulation postoperative follow-up. Conf.
Proc. IEEE Eng. Med. Biol. Soc. 2015, 186–189. doi: 10.1109/EMBC.2015.
7318331

Chen, Y., Hao, H., Chen, H., Tian, Y., and Li, L. (2014). The study on a real-
time remote monitoring system for Parkinson’s disease patients with deep
brain stimulators. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2014, 1358–1361. doi:
10.1109/EMBC.2014.6943851

Chen, Y., Hao, H., Li, L., Chen, H., Lu, C., Ma, B., et al. (2015d). A Remote
Monitoring System for Implanted Medical Equipment. China patent application
CN201510114358.1.

Cohen, S. P., Baber, Z. B., Buvanendran, A., McLean, L., Chen, Y., Hooten,
W. M., et al. (2020). Pain management best practices from multispecialty
organizations during the COVID-19 pandemic and public health crises. Pain
Med. 21, 1331–1346. doi: 10.1093/pm/pnaa127

De Jaeger, M., van Hooff, R. J., Goudman, L., Valenzuela Espinoza, A., Brouns,
R., Puylaert, M., et al. (2017). High-density in spinal cord stimulation: virtual
expert registry (DISCOVER): study protocol for a prospective observational
trial. Anesth. Pain Med. 7:e13640. doi: 10.5812/aapm.13640

Eccleston, C., Blyth, F. M., Dear, B. F., Fisher, E. A., Keefe, F. J., Lynch, M. E.,
et al. (2020). Managing patients with chronic pain during the COVID-19
outbreak: considerations for the rapid introduction of remotely supported
(eHealth) pain management services. Pain 161, 889–893. doi: 10.1097/j.pain.
0000000000001885

Humphreys, J., Schoenherr, L., Elia, G., Saks, N. T., Brown, C., Barbour, S., et al.
(2020). Rapid implementation of inpatient telepalliative medicine consultations
during COVID-19 Pandemic. J. Pain Symptom Manag. 60, e54–e59. doi: 10.
1016/j.jpainsymman.2020.04.001

Jia, F., Hu, W., Zhang, J., Wagle Shukla, A., Almeida, L., Meng, F. G., et al.
(2017). Variable frequency stimulation of subthalamic nucleus in Parkinson’s
disease: rationale and hypothesis. Park. Relat. Disord. 39, 27–30. doi: 10.1016/j.
parkreldis.2017.03.015

Kapural, L., Yu, C., Doust, M. W., Gliner, B. E., Vallejo, R., Sitzman, B. T., et al.
(2015). Novel 10-kHz high-frequency therapy (HF10 Therapy) is superior to
traditional low-frequency spinal cord stimulation for the treatment of chronic
back and leg pain: the senza-rct randomized controlled trial. Anesthesiology 123,
851–860. doi: 10.1097/ALN.0000000000000774

Keesara, S., Jonas, A., and Schulman, K. (2020). Covid-19 and health care’s digital
revolution. N. Engl. J. Med. 382:e82. doi: 10.1056/NEJMp2005835

Kumar, K., Taylor, R. S., Jacques, L., Eldabe, S., Meglio, M., Molet, J., et al. (2008).
The effects of spinal cord stimulation in neuropathic pain are sustained: a 24-
month follow-up of the prospective randomized controlled multicenter trial
of the effectiveness of spinal cord stimulation. Neurosurgery 63, 762–770. doi:
10.1227/01.NEU.0000325731.46702.D9

Lu, Y., Mao, P., Wang, G., Tao, W., Xiong, D., Ma, K., et al. (2020). Spinal
cord stimulation for chronic intractable trunk or limb pain: study protocol
for a Chinese multicenter randomized withdrawal trial (CITRIP study). Trials
21:834. doi: 10.1186/s13063-020-04768-4763

Mariano, T. Y., Wan, L., Edwards, R. R., and Jamison, R. N. (2019). Online
teletherapy for chronic pain: a systematic review. J. Telemed. Telecare 5,
1357633X19871746. doi: 10.1177/1357633X19871746

North, R. B., Kidd, D. H., Farrokhi, F., and Piantadosi, S. A. (2005). Spinal cord
stimulation versus repeated lumbosacral spine surgery for chronic pain: a
randomized, controlled trial. Neurosurgery 56, 98–106.

Wagle Shukla, A., Zeilman, P., Fernandez, H., Bajwa, J. A., and Mehanna, R. (2017).
DBS programming: an evolving approach for patients with Parkinson’s disease.
Parkinsons Dis. 2017:8492619. doi: 10.1155/2017/8492619

Zhang, C., Zhu, K., Lin, Z., Huang, P., Pan, Y., Sun, B., et al. (2020a). Utility of deep
brain stimulation telemedicine for patients with movement disorders during
the COVID-19 outbreak in China. Neuromodulation doi: 10.1111/ner.13274

Zhang, J., Hu, W., Chen, H., Meng, F., Li, L., and Okun, M. S. (2020b).
Implementation of a novel bluetooth technology for remote deep brain
stimulation programming: the pre- and post-covid-19 beijing experience. Mov.
Disord. 35, 909–910. doi: 10.1002/mds.28098

Zhang, P., Zhang, Y. G., Liao, L. M., Shen, J. W., Yang, Y. B., Zhang, J. Z.,
et al. (2019). Application of internet+-based Tsinghua PINS remote tech to
improve sacral neuromodulation programming procedure. Int. Urol. Nephrol.
51, 627–632. doi: 10.1007/s11255-019-02115-2113

Conflict of Interest: JW and GW have received research support from Beijing
PINS Medical Co., (donated SCS devices for pain). LL reports personal fees from
Beijing Pins Medical Co., outside the submitted work.

The remaining 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.

Copyright © 2020 Lu, Xie, Zhang, Dong, Zhang, Yu, Wang, Wang and Li. 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.

Frontiers in Neuroscience | www.frontiersin.org 7 December 2020 | Volume 14 | Article 59469623

https://info.americantelemed.org/covid-19-cms-hhs-dea-updates-3-17-20
https://info.americantelemed.org/covid-19-cms-hhs-dea-updates-3-17-20
https://doi.org/10.1177/1357633X17716576
https://doi.org/10.1080/17434440.2018.1418662
https://doi.org/10.1007/s00415-019-09423-9429
https://doi.org/10.1007/s00415-019-09423-9429
https://doi.org/10.1016/j.invent.2015.12.001
https://doi.org/10.1016/j.jpainsymman.2020.03.019
https://doi.org/10.1016/j.jpainsymman.2020.03.019
https://doi.org/10.1109/EMBC.2015.7318331
https://doi.org/10.1109/EMBC.2015.7318331
https://doi.org/10.1109/EMBC.2014.6943851
https://doi.org/10.1109/EMBC.2014.6943851
https://doi.org/10.1093/pm/pnaa127
https://doi.org/10.5812/aapm.13640
https://doi.org/10.1097/j.pain.0000000000001885
https://doi.org/10.1097/j.pain.0000000000001885
https://doi.org/10.1016/j.jpainsymman.2020.04.001
https://doi.org/10.1016/j.jpainsymman.2020.04.001
https://doi.org/10.1016/j.parkreldis.2017.03.015
https://doi.org/10.1016/j.parkreldis.2017.03.015
https://doi.org/10.1097/ALN.0000000000000774
https://doi.org/10.1056/NEJMp2005835
https://doi.org/10.1227/01.NEU.0000325731.46702.D9
https://doi.org/10.1227/01.NEU.0000325731.46702.D9
https://doi.org/10.1186/s13063-020-04768-4763
https://doi.org/10.1177/1357633X19871746
https://doi.org/10.1155/2017/8492619
https://doi.org/10.1111/ner.13274
https://doi.org/10.1002/mds.28098
https://doi.org/10.1007/s11255-019-02115-2113
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


SYSTEMATIC REVIEW
published: 15 December 2020

doi: 10.3389/fphys.2020.550578

Frontiers in Physiology | www.frontiersin.org 1 December 2020 | Volume 11 | Article 550578

Edited by:

Luming Li,

Tsinghua University, China

Reviewed by:

Bruno Bonaz,

Centre Hospitalier Universitaire de

Grenoble, France

Moacir Fernandes Godoy,

Faculty of Medicine of São José do

Rio Preto, Brazil

*Correspondence:

Jianjun Tang

tom200210@csu.edu.cn

Shenghua Zhou

zhoushenghua@csu.edu.cn

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Autonomic Neuroscience,

a section of the journal

Frontiers in Physiology

Received: 09 April 2020

Accepted: 27 October 2020

Published: 15 December 2020

Citation:

Chen M, Wang S, Li X, Yu L, Yang H,

Liu Q, Tang J and Zhou S (2020)

Non-invasive Autonomic

Neuromodulation Is Opening New

Landscapes for Cardiovascular

Diseases. Front. Physiol. 11:550578.

doi: 10.3389/fphys.2020.550578

Non-invasive Autonomic
Neuromodulation Is Opening New
Landscapes for Cardiovascular
Diseases
Mingxian Chen 1†, Songyun Wang 2†, Xuping Li 1, Lilei Yu 2, Hui Yang 1, Qiming Liu 1,

Jianjun Tang 1* and Shenghua Zhou 1*

1Department of Cardiology, The Second Xiangya Hospital of Central South University, Changsha, China, 2Department of

Cardiology, Renmin Hospital, Wuhan University, Wuhan, China

Autonomic imbalance plays a crucial role in the genesis and maintenance of cardiac

disorders. Approaches to maintain sympatho-vagal balance in heart diseases have

gained great interest in recent years. Emerging therapies However, certain types of

emerging therapies including direct electrical stimulation and nerve denervation require

invasive implantation of a generator and a bipolar electrode subcutaneously or result in

autonomic nervous system (ANS) damage, inevitably increasing the risk of complications.

More recently, non-invasive neuromodulation approaches have received great interest

in ANS modulation. Non-invasive approaches have opened new fields in the treatment

of cardiovascular diseases. Herein, we will review the protective roles of non-invasive

neuromodulation techniques in heart diseases, including transcutaneous auricular vagus

nerve stimulation, electromagnetic field stimulation, ultrasound stimulation, autonomic

modulation in optogenetics, and light-emitting diode and transcutaneous cervical vagus

nerve stimulation (gammaCore).

Keywords: heart, cardiovascular disease, autonomic nervous system, neuromadulation, non-invasive

INTRODUCTION

Cardiovascular diseases are the leading cause of death with high morbidity and mortality (Roth
et al., 2017). Autonomic nervous system (ANS) imbalance is associated with disease progression
and negative clinical outcomes (Shen and Zipes, 2014; Lai et al., 2019). It usually participates in the
genesis and maintenance of various cardiovascular diseases, including heart failure, arrhythmias,
acute myocardial infarction, and hypertension. However, cardiac disorders can in turn further
aggravate the imbalance of the ANS, resulting in a vicious cycle between autonomic imbalance
and cardiovascular diseases (Chen et al., 2019). Therefore, the ANS has been regarded as an
important target to break this vicious cycle (Chen et al., 2015a,b). Due to the limited effectiveness
of pharmacologic agents on ANS regulation, device-based neuromodulation has led to interest
in applications for cardiovascular disorders. Additionally, cardiac neuromodulation has been
successfully performed tomodulate the cardiac ANS in the treatment of these disorders by extensive
research (Sohinki and Stavrakis, 2019; Waldron et al., 2019).

Approaches via electrical devices or nerve denervation are mainly designed to modulate ANS
activity and have become an emerging therapeutic strategy for the treatment of cardiovascular
diseases (Cook et al., 2014). According to anatomical placement or nerve denervation,
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neurostimulation therapies can be divided into invasive and non-
invasive approaches. Invasive or minimally invasive therapeutic
approaches include cervical vagal stimulation (Chen et al., 2016),
baroreceptor activation therapy (Sheng et al., 2016), spinal
cord stimulation (Lopshire and Zipes, 2014), ganglionated plexi
ablation (Zipes, 2017), ganglionated plexi stimulation (Wang S.
et al., 2015), renal sympathetic nerve denervation (Yu et al.,
2017a,b), and left cardiac sympathetic nerve denervation (Cha
et al., 2019). However, these approaches sometimes unavoidably
increase the potential risk of hardware-related complications
and serious adverse events, including permanent neurological
damage. Importantly, electrodes surrounding the nerve trunk
sometimes produce scar tissue (fibrosis), which can potentially
increase the stimulation threshold. These complications may
contribute to the translation failure of some types of device-
related stimulation (Olshansky, 2016; Sahyouni et al., 2017).

Recently, non-invasive neuromodulation approaches have
received great interest in ANS modulation for the treatment of
cardiovascular diseases. The “non-invasive” techniques in this
review refer to interventions that do not use electrodes around
the nerve trunk or cause damage to nerve fibers. Importantly,
the advantages of non-invasive approaches, such as low cost,
portability, and ease of use, have promoted rapid evolution
in recent decades (Schluter et al., 2018). Furthermore, non-
invasive approaches are an attractive option for clinicians as
novel therapies and are highly recommended for the treatment
of cardiovascular diseases. Non-invasive neuromodulation has
gradually and widely been applied in experimental evidence
and clinical trials of heart diseases. In this review, we discuss
the protective impact of non-invasive neuromodulation on the
treatment of cardiovascular diseases.

CARDIAC AUTONOMIC NERVOUS
SYSTEM AND INVASIVE
NEUROMODULATION

The cardiac autonomic nervous system (CANS) consists of
an extrinsic autonomic cardiac nervous system (EACNS) and
an intrinsic autonomic cardiac nervous system (ICANS). The
EACNS comprises fibers that mediate connections between the
heart and the nervous system, whereas the ICANS consists of
primarily autonomic nerve fibers once they enter the pericardial
sac (Figure 1) (Zipes, 2008; Wickramasinghe and Patel, 2013;
Chen et al., 2014).

The ECANS is made up of sympathetic and parasympathetic
fibers. The sympathetic fibers are mainly derived from cervical
ganglia, stellate ganglia, and thoracic ganglia along with the
spinal cord; these fibers form the superior, middle, and inferior
cardiac nerves and terminate on the surface of the heart (Witt
et al., 2017). Renal sympathetic nerves (RSNs), which include
efferent and afferent fibers, are adjacent to the wall of the
renal artery and crucial for the production of catecholamines
contributing to hypertension. Studies have shown an association
between the left stellate ganglion (LSG) and RSNs. Afferent RSNs
can affect the nerve activity of the LSG by modulating central
sympathetic outflow. The nucleus ambiguous of the medulla

oblongata delivers parasympathetic fibers predominantly into the
vagal nerve (Ripplinger et al., 2016). The terminals of the vagal
nerve relay to the fat pad of the heart and form the ganglion
plexus (GP), mainly called the ICANS. GPs are divided into atrial
and ventricular GPs located on the surface of the heart. GPs are
the integration centers that modulate the intricate autonomic
interactions between the ECANS and ICANS (Chen et al., 2014;
Brack, 2015).

Afferent fibers are divided into vagal and sympathetic
afferents (Burger and Verkuil, 2018). Cardiovascular receptors,
including chemoreceptors and baroreceptors, transmit signals
from cardiac activity or tissue injury to afferent cardiac
nerves. Cardiac afferent fibers deliver signals to the nucleus
tractus solitaries (NTS) and dorsomedial spinal trigeminal
tract (Zoccal et al., 2014). After NTS receiving information,
it projects to caudal ventrolateral medulla (CVM) and rostral
ventrolateral medulla (RVM) to coordinate the activity of
sympathetic nervous system, and then it finally leads to decrease
sympathetic tone outflow. At the same time, NTS also projects
information to the dorsal motor nucleus (DMN) of the vagus
and contributes to vagal nerve activity enhancement (Ricardo
and Koh, 1978). Currently, emerging therapies, including vagus
nerve stimulation, baroreflex activation therapy, spinal cord
stimulation, renal nerve denervation, left stellate ganglion
ablation, GP ablation, and GP stimulation, have been widely
applied in cardiovascular diseases (Clancy et al., 2014; Zubcevic
et al., 2019).

THE POTENTIAL RISKS OF INVASIVE
NEUROMODULATION

Device-related neuromodulation consists of a generator and
electrodes. Implantation of the generator and electrodes requires
surgery, especially for children; this approach requires a general
anesthetic and at least an overnight stay in the hospital. For
instance, the electrodes of some device-based stimulation are
designed to surround the nerve trunk to deliver electrical
information. A fibrotic scar around the interface induced by the
inflammatory response can increase impedance. This leads to the
inefficient transduction of electrical signals (Eldabe et al., 2016;
Lotti et al., 2017).

The application of invasive neuromodulation is also limited
by a variety of potential complications. Complications can
be divided into device-related and biologic aspects (Doruk
Camsari et al., 2018). Device-related complications include
lead fracture or migration, intermittent stimulation, over- or
under-stimulation, loose connections, hardware malfunction,
battery replacement, and communication failure with the
generator (Levy, 2013). Biologic complications consist of epidural
hemorrhage, infection, voice disturbances, cough, headache,
paralysis, cerebrospinal fluid leakage, pain over the implant site,
allergic reactions, skin breakdown, surgical costs, and the need
for post-operative monitoring (Levy et al., 2011; Shamji et al.,
2015; Petraglia et al., 2016).

Non-invasive neuromodulation is a relatively new and
promising method with potential advantages as an alternative
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FIGURE 1 | Overview of the neurocardiac axis and invasive neuromodulatory approaches. CVLM, caudal ventrolateral medulla; DVN, dorsal vagal nucleus; IML,

intermediolateral cell column; NTS, nucleus of the solitary tract; RVLM, rostroventrolateral medulla.

to invasive neuromodulation. Non-invasive neuromodulation is
easier and less invasive than traditional neuromodulation, thus
reducing the risk of complications (Eldabe et al., 2016; Cotero
et al., 2019).

NON-INVASIVE NEUROMODULATION AND
CARDIOVASCULAR DISEASES

Electrical device stimulation and sympathetic nerve denervation
have progressively been a focus of non-pharmaceutical
approaches for the treatment of cardiovascular diseases
(Lohmeier and Hall, 2019). Recently, current non-invasive
neuromodulation techniques have gained particular interest in
cardiovascular disorders. They not only provide deep insight
into autonomic circuit physiology but also can be applied for
therapeutic purposes (Table 1 and Figure 2).

Transcutaneous Auricular Vagus Nerve
Stimulation and Cardiovascular Diseases
The auricular branch of the vagus nerve (ABVN), a powerful
nerve entering the brain, is the only afferent peripheral branch

of the vagus nerve that is located in the skin. The ABVN delivers
information to the central ANS. After integration, it finally causes
an increase in vagal nerve activity and a reduction in sympathetic
tone. Transcutaneous auricular vagus nerve stimulation (ta-
VNS) is a non-invasive method applied to electrically regulate
vagal tone and brain activity by the vagal afferent pathway
(Kaniusas et al., 2019a,b). Clancy et al. (2014) demonstrated that
ta-VNS could increase parasympathetic predominance assessed
by heart rate viability and could reduce sympathetic nerve
activity detected by microneurography. Decades ago, ta-VNS
was first applied for cognitive, emotional, and neurological
modulation, with a similar effect as invasive cervical vagus nerve
stimulation. In recent years, because of the novel and non-
invasive technology, ta-VNS has been applied in both research
and therapy as a medical treatment tool for cardiovascular
diseases (Shiozawa et al., 2014; Redgrave et al., 2018).

Recently, as a type of non-invasive neuromodulation, ta-VNS
has been gradually and widely applied to treat cardiac diseases,
including atrial fibrillation (AF), acute and chronic ischemia
diseases, and heart failure induced by autonomic imbalance.
Previous studies have shown that high-intensity vagus nerve
stimulation induces HF, but low-level vagus nerve stimulation
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TABLE 1 | Studies of non-invasive autonomic neuromodulations in the treatment of cardiovascular diseases.

Modulation References Species Parts Parameters Models Results

Tragus nerve

stimulation

Yu et al. (2013) Canine Ear The voltage of 80% below the

threshold

Atrial fibrillation Inhibit AF and electrophysiological

changes

Chen et al. (2015c) Canine Right Ear The voltage of 80% below the

threshold

Atrial fibrillation Inhibit AF by the expression of

connexs

Chen et al. (2015d) Canine Left-sided tragus The voltage of 80% below the

threshold

Atrial fibrillation Inhibit AF by conexin expression

Wang et al. (2014) Canine Left-sided tragus The voltage of 80% below the

threshold

Chronic myocardial

infarction

Ameliorate ventricular remodeling and

function

Wang S. et al.

(2015)

Canine Left-sided tragus The voltage of 80% below the

threshold

Chronic myocardial

infarction

Improve ventricular remodeling by the

expression of collagen, TGF-β,

MMP-9

Yu et al. (2016) Canines Left-sided ear The voltage of 80% below the

threshold

Chronic myocardial

infarction

Inhibit LSG activity and remodeling

Zhou et al. (2016) Canine Right tragus The voltage of 80% below the

threshold

Ligh-frequency

stimulation of RSG

Suppress RSG activity and

sympathetically induced sinus node

acceleration

Zhou et al. (2019) Rats Tragus (20Hz, 2mA, 0.2ms) was

implemented for 30min daily

for 4 weeks

Heart failure with

preserved ejection

fraction

Ameliorate diastolic dysfunction, and

attenuate cardiac inflammation and

fibrosis

Nasi-Er et al.

(2019)

Dogs Bilateral Ears 50% of the threshold voltage Acute myocardial

infarction

Attenuate electrophysiological

changes and ventricular structural

remodeling, inhibit VAs

Stavrakis et al.

(2015)

Patients Ear

Yu et al. (2017c) Patients Ear 50% lower than the electric

current that slowed the sinus

rate

Ischemia reperfusion

injury

Reduce VAs

Attenuate cardiac function

Magnetic field

stimulation

Wang et al. (2016) Canine Left stellate

ganglion

1HZ; stimulation time 8 s;

interstimulus interval, 5 s

Acute myocardial

infarction

Inhibit LSG activity and VAs

Nishikawa et al.

(2017)

Patients Right cervical

vagus nerve

Frequency 5 or 20Hz, pulse

to 250 us

Healthy No side effects without bradycardia

and arterial pressure changes

Ultrasonic

stimulation

Wang et al.

(2019a)

Dogs LSG Frequency 1 MHz, Pulse

repetition frequency 1KHz,

Duty cycle 8 s, Duty cycle %

50%

Acute myocardial

infarction

Suppress LSG activity and VAs

Optogenetic

stimulation

Yu et al. (2017d) Canine LSG Light-emitting diode

illumination (565 nm)

Myocardial infarction Inhibit LSG activety and VAs

Light-emitting

diode

Wang et al.

(2019b)

Rats Brain Peak wavelength, 610 nm;

power intensity, 1.7 mW/cm2;

energy density, 2.0 J/cm2

Acute myocardial

infarction

Inhibit LSG activity and VAs. Reduce

inflammation

Wang et al.

(2019c)

Rats Brain Peak wavelength, 610 nm;

power intensity, 1.7 mW/cm2;

energy density, 2.0 J/cm2

Acute myocardial

ischemia reperfusion

injury

Inhibit LSG activity and VAs. Reduce

inflammation

LSG, left stellate ganglion; MMP, matrix metalloproteinase; RSG, right stellate ganglion; TGF, transforming growth factor; VAs, ventricular arrhythmias.

(LL-VNS) has been proven to suppress AF (Zhang et al., 2009;
Sheng et al., 2011; Shen et al., 2013). Low-level ta-VNS (LL-
ta-VNS) has the same effect as LL-VNS. Yu et al. (2013)
first reported that LL-ta-VNS could reverse RAP-induced atrial
remodeling and inhibit AF inducibility in canine models. This
indicates that LL-ta-VNS is a potential non-invasive approach for
AF treatment. We further found that LL-ta-VNS inhibited AF by
modulating the expression of atrial connexin40 and connexin43
(Chen et al., 2015c,d). Later, Stavrakis et al. (2015, 2017) showed
that LL-ta-VNS suppressed AF and decreased inflammatory
cytokines in patients with paroxysmal AF in a clinical study.

Later, they continued to conduct a TREAT AF trial to prove the
long-term effect of LL-ta-VNS.

Beyond its atrial protective effects, LL-ta-VNS has also been
applied to research left ventricular remodeling and arrhythmias.
Wang et al. (2014) and Wang Z. et al. (2015) showed that
chronic intermittent LL-ta-VNS could attenuate left ventricular
remodeling in conscious dogs with healed myocardial infarction.
It demonstrated ventricular protection against ta-VNS. Chronic
LL-ta-VNS could reduce the inducibility of ventricular
arrhythmia, LSG neural activity, and sympathetic neural
remodeling in a post-infarction canine model. Downregulation
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FIGURE 2 | Summary of potential non-invasive neuromodulations for the treatment of cardiovascular diseases. Current therapeutic strategies for the treatment of

cardiovascular diseases include transcutaneous auricular vagus nerve stimulation, electromagnetic field stimulation, ultrasound stimulation, optogenetics for

stimulation, transcutaneous cervical nerve stimulation.

of nerve growth factor protein and upregulation of SK2 protein
in the LSG contributed to the salutary effects of LL-ta-VNS (Yu
et al., 2016). Nasi-Er et al. also demonstrated that TS reduced the
occurrence of spontaneous ventricular arrhythmias in conscious
dogs with MI. The potential mechanisms of anti-ventricular
arrhythmias may increase ventricular electrical stability and
alleviate ventricular interstitial fibrosis (Nasi-Er et al., 2019).
In a recent patient study, Yu et al. (2017c) found that LL-ta-
VNS reduced the incidence of reperfusion-related ventricular
arrhythmias during the first 24 h after acute myocardial
infarction and improved left ventricular function 5–7 days after
reperfusion along with reduced venous cytokine levels.

Sympathetic activity can regulate sinus node acceleration.
Zhou et al. (2016) performed a study and showed that right-
sided ta-VNS could inhibit sinus node acceleration induced
by sympathetic nerves. Its potential mechanism may suppress

right-sided stellate ganglion activity by modulating SK2, c-fos,
and nerve growth factor protein expression. Currently, there is
limited evidence to prove that drugs can improve the outcomes
of heart failure with preserved ejection fraction. Interestingly, Po
et al. also demonstrated that LL-ta-VNS could effectively treat
heart failure with preserved ejection fraction in a rat model.
It attenuated cardiac remodeling by inhibiting left ventricular
fibrosis and inflammatory cell infiltration (Zhou et al., 2019).
However, further trials are needed to study and support the
observed beneficial effects in clinical settings.

However, because of the absence of standards regarding
stimulation protocols, the parameters of ta-VNS have not been
used consistently in research (Borges et al., 2019). Several studies
have not shown positive effects of ta-VNS on vagal-related heart
rate viability. The heterogeneous results may be due to the use of
different stimulation parameters, differing in electrode placement
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areas on the ear, pulse width, frequency, and on–off cycle (Burger
et al., 2016, 2017, 2019; De Couck et al., 2017).

Electromagnetic Fields in the CANS and
Cardiovascular Diseases
Electromagnetic waves are waves caused by vibrations between an
electric field and a magnetic field. Electromagnetic waves transfer
energy to tissues, resulting in functional changes or structural
damage. Electromagnetic fields (EMFs) were first explored for use
in diagnosing human diseases. In recent years, because of their
non-invasive and safe advantages, EMFs have been developed
and applied to treat a wide range of diseases, such as nervous
system disorders, cardiovascular diseases, diabetes, spinal cord
injuries, ulcers, and asthma (Schestatsky et al., 2013; Cabrerizo
et al., 2014; Vernieri et al., 2014; Chervyakov et al., 2015).

Interestingly, EMF exposure can affect the structure and
modulate the function of the ANS. EMFs can significantly
change the physiological properties of the CANS neural network
by the results of some ionic flux changes. A study showed
that EMF exposure could increase sympathetic vasoconstrictor
activity (Braune et al., 2002). Different parameters (frequencies
and amplitudes) of stimulation contribute to different results.
Recently, Wang et al. (2016) showed that EMF stimulation
located on the surface of the left stellate ganglion could effectively
reduce sympathetic activity and the incidence of ventricular
arrhythmias in myocardial infarction canine models. EMF
stimulation was applied with low frequency (1Hz, intensity
at ∼90% of the motor threshold; 8 s on, 10 s off). EMF
stimulation of the left stellate ganglion is a novel therapeutic
strategy for treating ventricular arrhythmias associated with
autonomic imbalance. Among EMFs for the vagus nerve,
Nishikawa et al. (2017) found that EMFs could induce transient
heart rate reduction in some healthy individuals but failed to
induce sustained bradycardia and arterial pressure changes. This
indicates that the magnetic focus and optimized stimulation need
further improvement for beneficial effects in acute myocardial
infarction. Scherlag et al. used a low-frequency electromagnetic
field (LL-EMF) to expose the chest for 35min in canine AF
models and found that LL-EMF could successfully inhibit AF
for 3–4 h (Yu et al., 2015). As is well-known, pericardial fat
pads, including ganglion plexi, exist in high numbers on the
surface of the heart. Whether LL-EMFs suppress AF by affecting
the ganglion plexus remains unknown. There is still a need for
further studies to prove this influence.

EMFs have the advantages of simplicity, low operating
costs, and unproven harmful effects. EMFs show promising
potential in the treatment of cardiovascular diseases by
autonomic neuromodulation.

Ultrasound Stimulation of the CANS and
Cardiovascular Diseases
In the 1950s, ultrasound was applied to visualize tissue
structure for diagnostic applications (Edler and Lindstrom,
2004). Ultrasound was also used for therapeutic indications
as an ablative approach for the treatment of Parkinson’s
disease in earlier decades (Leinenga et al., 2016). Therapeutic

ultrasound stimulation technologies are currently approved
by the United States Food and Drug Administration (FDA)
and used for the treatment of multiple diseases. Ultrasound
stimulation parameters (frequency, amplitude, pulse duration)
can be optimized for therapeutic or diagnostic applications
(Downs et al., 2018). Ultrasound waves are transmitted into
tissues. A portion of the waves are converted into thermal energy.
Ultrasound waves affect tissues via thermal and non-thermal
mechanisms. The functional changes in tissues are decided by
the frequency and intensity of the ultrasound waves (dosage) and
the types of tissues that are exposed to ultrasound. Ultrasound
stimulation of the neural system as acoustic neuromodulation
has received great interest due to its non-invasive advantage (Kim
et al., 2014).

Ultrasound neuromodulation can stimulate or inhibit neural
structures, which can be classified as central nervous system or
peripheral nervous system influences. Transcranial ultrasound
stimulation can target special brain regions andmodulate specific
neuronal pathways or nuclei. It has been widely researched in
basic neuroscience and has been recommended as a potential
therapy for neurological diseases (Bystritsky et al., 2011). In
terms of the focus on the peripheral nervous system, Wasilczuk
et al. (2019) observed that low-intensity focused ultrasound
stimulation of the vagus nerve exerted anti-inflammatory
effects and significantly reduced tumor factor necrosis-α levels.
Recently, ultrasound-induced neuromodulation has gained
interest due to its potential to non-invasively modulate ANS
activity for the treatment of cardiovascular diseases. Wang
et al. (2019a) showed that low-intensity ultrasound stimulation
reduced ventricular arrhythmias by modulating sympathetic
neural activity in a myocardial infarction canine model.

Optogenetics in Autonomic
Neuromodulation for Cardiovascular
Diseases
In 2006, Deisseroth et al. first referred to the word “optogenetics”
(Deisseroth et al., 2006). Optogenetics offers a technique to
control and monitor the activity of excitable cells by light.
This method genetically affects the expression of light-sensitive
ion channels, known as opsins, to achieve precise control of
targeted cell activity (Deisseroth, 2011). Recently, optogenetics
has been widely developed and used in the field of neuroscience
and cardiac tissues to control the activity of specific neuron
and myocardial populations. It has been applied for the
treatment of neurological disorders in experiments (Boyden,
2015). Optogenetics also contributes to further explaining the
mechanisms of the initiation, perpetuation, and termination of
arrhythmias in cardiac areas (Nussinovitch and Gepstein, 2015;
Vogt et al., 2015; Hulsmans et al., 2017).

More recently, optogenetics has enabled the spatially and
temporally specific stimulation of cardiac autonomic neurons
using light. Photostimulation of neurons expressing the light-
gated cation channel channelrhodopsin modulates cardiac
autonomic nerve activity and then evaluates the potential
cardiovascular changes (Wengrowski et al., 2015; Yamamoto
et al., 2015; Gepstein and Gruber, 2017).

Frontiers in Physiology | www.frontiersin.org 6 December 2020 | Volume 11 | Article 55057829

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Chen et al. Non-invasive Neuromodulations and Heart

Optogenetics selectively stimulates the cardiac ANS by
the release of acetylcholine or norepinephrine (Abbott et al.,
2013). Yu et al. (2017d) first applied optogenetics to regulate
the activity of the left stellate ganglion to prevent ventricular
arrhythmias induced by acute myocardial infarction in canine
models. Virus was transfected into left stellate ganglion neurons
to induce the expression of ArchT proteins. Proper illumination
(565 nm) activated ArchT and caused hyperpolarizing currents
in the neurons. Optogenetics reversibly suppressed the
cardiac sympathetic tone and then exerted a protective role
against ventricular arrhythmias associated with autonomic
nerve dysfunction.

Light-Emitting Diode Therapy in the
Modulation of the CANS for Cardiovascular
Diseases
In the late 1960s, light-emitting diode (LED) therapy was first
discovered (Li et al., 2013). LED therapy has been recently
introduced into medicine and widely applied in dermatology.
LED photomodulation is a non-thermal technology used to
modulate cellular activity with light, and photons are absorbed by
mitochondrial chromophores in cells. It has been reported that
low-intensity LED phototherapy has various protective effects,
including inhibiting the inflammatory response and increasing
collagen synthesis. Because of the non-invasive therapy with side
effects reported in the published literature, LED therapy has
gradually been applied in cardiovascular diseases (Gold, 2011;
Avci et al., 2014; Capalonga et al., 2016; Sorbellini et al., 2018).

Recently, Wang et al. (2019b) reported that LED therapy
reduced post-infarction ventricular arrhythmias by modulating
the neuroimmune network. In this study, LED therapy
significantly suppressed the activity of the left stellate ganglion
and reduced the levels of pro-inflammatory cytokines through
the inhibition of microglial activation in the hypothalamic
paraventricular nucleus. LED therapy might reduce myocardial
ischemia/reperfusion-induced ventricular arrhythmias by
attenuating microglial and sympathetic over-activation. They
also proved that LED therapy has the same indirect effects
of sympathetic activity in a rat model of acute myocardial
ischemia/reperfusion injury (Wang et al., 2019c). This indicates
that LED affects the ANS through the inhibition of inflammation
rather than through direct effects. Currently, there is no evidence
to prove that LED can directly activate ANS.

gammaCore (Non-invasive Cervical Vagus
Nerve Stimulation) and Cardiovascular
Diseases
gammaCore, a non-invasive cervical vagus nerve stimulator, is
already an FDA-approved device for the treatment of primary
headache disorders. It is used by sending mild electrical
stimulation through the skin to activate the vagus nerve from
outside the body. It is programmed for stimulation in cycles for
2min, and one treatment consists of three cycles (Akdemir and
Benditt, 2016; Mwamburi et al., 2017).

This kind of non-invasive neuromodulation has been used to
treat cluster headaches (Simon and Blake, 2017). Current clinical
evidence shows that gammaCore can reduce the frequency and

intensity of cluster headache attacks in some patients (Tassorelli
et al., 2018). It can also reduce the need for medication. This is
likely to lead to significant quality of life benefits for people living
with this condition.

gammaCoreTM is a simple-to-use, handheld medical device
that enables patients to self-administer discrete doses of non-
invasive vagus nerve stimulation (nVNS) therapy. Cost analysis
suggests that using gammaCore may lead to cost savings
(Mwamburi et al., 2018). However, there is no evidence for the
treatment of cardiovascular diseases by gammaCoreTM. The effect
of gammaCoreTM on the treatment of cardiovascular diseases
needs further study in both experimental and clinical areas. It
is an emerging and potential type of neuromodulation for the
treatment of cardiovascular diseases.

POTENTIAL OPPORTUNITIES AND
CHALLENGES

Non-invasive neuromodulation provides opportunities for better
understanding ANS circuits and neurophysiological responses
(Boes et al., 2018). It also provides a potential therapeutic
target for the treatment of cardiovascular diseases. These kinds
of neuromodulation are usually low-cost, portable, and easy
to use. Due to the novel and non-invasive approach, it is an
attractive therapy for clinical doctors. Patients with non-invasive
neuromodulations maybe have a better compliance. Clinical
doctor can wirelessly re-set up parameters when patients with
chronic pain or movement disorder at home. Non-invasive
neuromodulation of the ANS has opened new frontiers for the
application of cardiovascular disorders.

However, the road of non-invasive neuromodulations
translation in cardiovascular diseases, the same as invasive
neuromodulations, is also not flat. There is still a long way to go
to translate clinical application to treatment of cardiovascular
diseases. For example, divergent results also exist. A dose-
response curve is estimated to determine the proper dosage
and achieve the most probable benefit in pharmacological trials
(Mann and Deswal, 2003). It should also be recommended for
invasive and non-invasive neuromodulation (Zannad et al.,
2015; Byku and Mann, 2016; DiCarlo et al., 2018). The efficacy
of non-invasive neuromodulation might be variable. Multiple
reasons might be responsible for the divergent results, including
individual differences, protocol parameters (current intensity,
frequency, duty cycle), and failure to engage the appropriate
neurobiological target. To optimize efficacy and preserve safety,
further basic research and clinical studies need to be performed
to assess the long-term effects of non-invasive neuromodulation.

CONCLUSIONS

Autonomic dysfunction plays an important role in the process
of cardiovascular disorders. Neuromodulation has been proven
to be an emerging non-pharmacological approach for the
treatment of cardiovascular diseases in basic research and
clinical studies. Based on anatomy and nerve denervation,
neurostimulation approaches are divided into invasive and
non-invasive approaches. Invasive neuromodulation approaches
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are usually hampered by the potential risks of complications,
side effects, increases in electrical impedance, and even perpetual
nerve damage. Recently, non-invasive neuromodulation
approaches have received great interest in the treatment of
cardiovascular diseases. However, due to the limited evidence,
further experimental studies and clinical trials are still needed.
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Bioelectronic medical devices are well established and widely used in the treatment of
urological dysfunction. Approved targets include the sacral S3 spinal root and posterior
tibial nerve, but an alternate target is the group of pelvic splanchnic nerves, as these
contain sacral visceral sensory and autonomic motor pathways that coordinate storage
and voiding functions of the bladder. Here, we developed a device suitable for long-
term use in an awake rat model to study electrical neuromodulation of the pelvic nerve
(homolog of the human pelvic splanchnic nerves). In male Sprague-Dawley rats, custom
planar four-electrode arrays were implanted over the distal end of the pelvic nerve, close
to the major pelvic ganglion. Electrically evoked compound action potentials (ECAPs)
were reliably detected under anesthesia and in chronically implanted, awake rats up
to 8 weeks post-surgery. ECAP waveforms showed three peaks, with latencies that
suggested electrical stimulation activated several subpopulations of myelinated A-fiber
and unmyelinated C-fiber axons. Chronic implantation of the array did not impact on
voiding evoked in awake rats by continuous cystometry, where void parameters were
comparable to those published in naïve rats. Electrical stimulation with chronically
implanted arrays also induced two classes of bladder pressure responses detected
by continuous flow cystometry in awake rats: voiding contractions and non-voiding
contractions. No evidence of tissue pathology produced by chronically implanted arrays
was detected by immunohistochemical visualization of markers for neuronal injury or
noxious spinal cord activation. These results demonstrate a rat pelvic nerve electrode
array that can be used for preclinical development of closed loop neuromodulation
devices targeting the pelvic nerve as a therapy for neuro-urological dysfunction.
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INTRODUCTION

Electrical neuromodulation (neurostimulation) is an effective
therapeutic technology for treating lower urinary tract (LUT)
dysfunction in some patients. The United States Food and Drug
Administration (FDA) has approved two targets—the sacral S3
spinal root and posterior tibial nerve (de Groat and Tai, 2018)—
which are now well established, with commercial devices widely
used to deliver safe, effective therapy. However, neither is effective
across the full range of urological indications, including many
neuro-urological conditions caused by dysfunction in the neural
circuit that controls normal storage and voiding (micturition)
and other urological functions.

Preclinical studies in animal models suggest that the pelvic
nerve (rodent homolog of human pelvic splanchnic nerves)
is a potential neuromodulation target for neuro-urological
and other pelvic functional disorders (Crook and Lovick,
2017; Langdale et al., 2017; Crook et al., 2018; Langdale
et al., 2020). For example, in cats and rodents, these paired
nerves contain the majority of external sacral sensory and
autonomic motor projections needed for bladder sensation and
contraction. More specifically, they contain all LUT visceral
sensory axons projecting from sacral dorsal root ganglia to
the bladder and urethra, and all sacral spinal preganglionic
axons that innervate postganglionic neurons in pelvic ganglia
(inferior hypogastric plexus in human). Pelvic ganglia provide the
parasympathetic motor innervation of the bladder and urethra
smooth muscle. The predominance of visceral LUT afferents and
autonomic efferents differentiates this pelvic nerve pathway as a
neuromodulation target from existing devices (i.e., sacral, tibial,
and pudendal nerve stimulation; transcutaneous stimulation of
pudendal nerve or foot; Goldman et al., 2008; Yoo et al., 2009;
Peters et al., 2010; Opisso et al., 2013; Ammi et al., 2014; Chen
et al., 2014), which instead generally target somatic nerves and
their central circuits. On this basis, electrical neuromodulation
of pelvic nerves can be compared to vagal neuromodulation
used to primarily target autonomic preganglionic efferent and
visceral afferent axons.

Targeting pelvic nerve neuromodulation to urological
dysfunction will require overcoming some known challenges.
First, it needs to be determined if electrical pelvic nerve
stimulation can be used to produce predictable therapeutic
outcomes. Animal models allow the urodynamic effects of
electrical pelvic nerve stimulation to be measured by constant
flow cystometry. This assay is based on a method of functional
clinical assessment and uses a catheter to fill the bladder and
record physiological LUT activity by measuring changes in
the intra-vesical pressure. The resulting cystometrogram is
used to track micturition cycles comprising repeated episodes
of bladder filling followed by the coordinated contraction
of the bladder and opening of the urethral rhabdosphincter
that expels urine (Andersson et al., 2011). This activity is
produced by a peripheral LUT sensorimotor system controlled
by a neural control circuit in spinal cord and brain. Previous
work in anesthetized animal models has established that pelvic
neuromodulation can both facilitate (Andersson et al., 1990;
Dalmose et al., 2002; Peh et al., 2018) or inhibit LUT activity

(Crook and Lovick, 2017). However, further characterization
of the stimulus-response relationship is clearly needed and
strategies to limit off-target effects on other pelvic organs that
receive input from the pelvic nerve (e.g., lower bowel and sex
organs). For clinical translation, it will also be necessary to
optimize devices used for pelvic neuromodulation by adapting
designs used for large somatic nerves or visceral nerves such
as the proximal branches of the vagus (Fallon and Carter,
2016; Horn et al., 2019; Naufel et al., 2020). Another strategy
is to design devices that can self-calibrate by using evoked
compound action potentials (ECAPs) to adjust electrical
stimulus parameters (Bouton and Czura, 2018; Parker, 2018;
Parker et al., 2018).

In this study, we demonstrate that a custom four-electrode
planar array can be surgically implanted over the distal end of
the pelvic nerve and used to produce urodynamic effects by
electrical neuromodulation in awake male rats. The array design
most commonly used in the clinic has electrodes placed outside
the epineurium in a spiral, split-cylinder or folding cuff that
surrounds a length of nerve (Guiraud et al., 2016; Larson and
Meng, 2020). Cuff electrode designs limit damage associated with
invasive inter- and intra-fascicular designs (Naufel et al., 2020)
and provide an electrically insulating enclosure which increases
the electrical coupling between the nerves and the stimulating
electrodes, reducing thresholds. However, cuff electrodes retain
the risk of damaging small nerves by constriction, edge abrasion
or evoking a foreign body response that affects the physiological
properties of nerve firing (Gonzalez-Gonzalez et al., 2018;
Lee et al., 2019; Larson and Meng, 2020). We have used a
custom planar array that can be positioned adjacent to the
pelvic nerve but is anchored to the surrounding tissue. The
design using four electrodes also allowed a recording pair to
be used for detecting ECAPs generated by stimulation from the
alternate electrode pair. The effects of pelvic nerve implantation
and stimulation on voiding were assessed using continuous
flow cystometry in awake male rats for periods of up to
8 weeks. At the completion of these longer-term chronic studies,
immunohistochemical studies on ganglia and spinal tissues were
used to assess whether surgical attachment of the array directly
injured neural projections through the pelvic nerve. Patterns
of immediate early gene (c-Fos) expression in the lumbosacral
cord to identify potential activation of nociceptive circuits
were also examined.

MATERIALS AND METHODS

Animals
All animal procedures were approved by the Animal Ethics
Committees of St. Vincent’s Hospital (Melbourne), the Bionics
Institute or University of Melbourne, and complied with the
Australian Code for the Care and Use of Animals for Scientific
Purposes (National Health and Medical Research Council of
Australia). A total of 24 male Sprague-Dawley rats (8–9 weeks,
Biomedical Sciences Animal Facility, University of Melbourne;
or Animal Resource Centre, Western Australia) were used
for experiments. Implanted rats were housed individually with
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environmental enrichment under a 12 h light/dark cycle with
ad libitum access to standard chow and water.

Design of a Custom Planar
Four-Electrode Array
The pelvic nerve electrode array (Figure 1A) consisted of four
platinum (99.95%) electrodes embedded in a medical grade

silicone elastomer cuff. Individually insulated 50 µm diameter
platinum/iridium (90/10) wires were welded to each electrode
and formed a helical cable which traversed to a percutaneous
connector. Each platinum electrode had an exposed recessed
surface area of 0.36 mm2 (1.8 mm × 0.2 mm). The distance
between adjacent electrodes (E1– E2, or E3–E4, center to center)
was 0.75 mm, while the distance between electrode pairs (E1–E2
to E3–E4, center to center) was 2.85 mm (Figure 1B). A Dacron

FIGURE 1 | Design of the pelvic nerve electrode array. (A) Rendered drawing shows the pelvic nerve array, cable, and percutaneous plug. (B) The pelvic nerve array
had two platinum electrode pairs (E1–E2, E3–E4) that could be used to stimulate or record evoked neural responses. The array was anchored by suturing the
silicon-embedded Dacron tab to connective tissue overlying the prostate gland. (C) An in vivo image of the implanted pelvic nerve array overlying the right pelvic
nerve. Sutures are indicated by “S” and electrodes are indicated by “E1” (closest to the bladder) to “E4” (closest to the spinal cord). (D) Schematic diagram indicates
the anatomy of the right major pelvic ganglion and its associated nerves, with the location of the electrode array indicated (gray). The pelvic nerve contains
parasympathetic preganglionic (motor) axons originating from the intermediolateral column of the L6-S1 cord and sensory axons from the L6-S1 dorsal root ganglia.
Preganglionic axons synapse on ganglion neurons that then project to the bladder via the accessory nerves. Sensory axons project to the bladder and colon via the
same nerves. Ganglion neurons innervating other pelvic organs are not shown, but include neurons projecting to erectile tissue via the cavernous nerve. Sympathetic
ganglion neurons are innervated by spinal preganglionic axons entering the ganglion via the hypogastric nerve (not visible here).
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embedded silicone tab surrounded the electrode (Figure 1B) to
allow anchoring of the array (using sutures) to connective tissue
on the surface of the prostate.

Surgery
Rats were surgically implanted with a pelvic nerve array and
a bladder catheter for use in awake ECAP or urodynamic
recordings. All surgical procedures were performed
under isoflurane anesthesia (3% for induction and 1.8–
2% for maintenance, in 1.5–2 l/min oxygen) and aseptic
conditions. Analgesia was provided using buprenorphine
(Temgesic, 0.5 mg/kg, s.c.) administered prior to surgery and
∼10 h post-surgery.

Pelvic Nerve Array
This protocol is described in detail in Fallon et al. (2020).
To implant the device, the electrode array attached to the
lead wire was first subcutaneously tunneled through a skin
incision along the dorsal-lumbar aspect of the spine to exit
through a ventral midline abdominal incision. This ventral
abdominal incision was used to access the abdominal cavity to
gently retract the prostate and reveal the right pelvic ganglia
and connecting nerves (Figures 1C,D). The pelvic nerve was
then identified and carefully cleared of surrounding fat and
connective tissue to allow good contact of the electrode and
onto the nerve. Care was taken to identify rectal nerves and
to avoid damage to them and blood vessels during clearing
of connective tissue and implantation of the array. The array
was then positioned against the pelvic nerve close to the
pelvic ganglion, so that it was aligned with the nerve running
perpendicular across all four electrodes. The four tabs were
used to suture (7’0 silk, Ethicon, Somerville, NJ, United States)
the array to connective tissue superficial to the prostate. The
abdominal cavity was then closed around the lead wire and
the muscle and skin sutured closed, after which the rat was
rotated to expose the dorsal-lumbar aspect of the spine to
allow the percutaneous pedestal to be sutured and skin closed
around the plug.

Bladder Catheter Implantation
This protocol is described in detail in Keast et al. (2020a).
After exposing the bladder via a ventral midline abdominal
incision, the dome was punctured with an 18G needle to allow
insertion of polyethylene catheter (PE-10: od: 0.61 mm × id:
0.28 mm; SteriHealth, VIC, Australia) with a flared end (made
by heating the tubing). This was secured with a purse-string
suture [sterile monofilament suture II PDS (polydioxanone);
Ethicon]. The length of the catheter was then passed through
a subcutaneous tunnel and externalized by anchoring to the
interscapular skin. The free end of the catheter was sealed to
prevent leakage. The abdominal wound was closed using suture,
and the skin closed using surgical skin staples (Fine Science Tools,
Foster City, CA, United States). In the postsurgical period prior
to testing, the catheter was infused with Gentamicin (0.2 ml,
40 mg/ml) for 3 days and then daily with 0.9% saline (0.5 ml)
(Keast et al., 2020a).

Recording and Analysis
Electrically Evoked Compound Action Potentials and
Impedance Testing
A total of five rats (Animal Resource Centre, Western Australia)
were used for end-of-life ECAP recordings under urethane
anesthesia (1.2 g/kg subcutaneous, Merck (Sigma-Aldrich, St
Louis, MO, United States). All rats were placed on a heated pad
and kept hydrated (1 ml sterile physiological saline/100 g) for the
duration of the recording, after which all rats were euthanized
(300 mg/kg intramuscular Lethobarb; Virbac, Wetherill Park,
NSW Australia). In a separate cohort, in-life ECAP recordings
were also made in three awake rats chronically implanted with
a pelvic nerve electrode array. As described in Fallon and Payne
(2020), ECAPs were recorded by stimulating with electrode pair
E1–E2 (bipolar stimulation, 100 µs pulse width with 50 µs
interphase gap; 10 Hz) and recording with electrode pair E3–E4
(bipolar recording). Two sets of ECAPs (averaged from a total
of 50 responses each) were made at currents from 0 to 2 mA
in 0.1 mA steps. Recordings were sampled at a rate of 100 kHz
and filtered (high pass: 300 Hz; low pass: 5000 Hz; voltage gain
102). The ECAP threshold was defined as the minimum stimulus
intensity producing a response amplitude of at least 0.05 µV in
both recordings.

During the chronic implantation period, the functionality
of electrodes was routinely tested by measuring the common
ground impedance of electrodes (Fallon et al., 2009). Biphasic
current pulses (25 µs per phase and current of 931 µA) were
passed between the electrode of interest and all other implanted
electrodes, and the peak voltage at the end of the first phase
(Vtotal) measured. The Vtotal value was then used to calculate total
impedance (Ztotal) using Ohm’s law (Z = voltage/current).

Colonic Pressure Responses During Pelvic Nerve
Stimulation
In three urethane anesthetized rats, a balloon-catheter was used
to monitor pressure in the colon during pelvic nerve stimulation.
The latex balloon and the end of the catheter was inserted 8 cm
into the distal colon via the rectum and secured to the tail using
tape. Sterile saline was infused via the catheter to inflate the
colonic balloon to pressures of about 30–35 mm Hg. Colonic
pressure changes (MLT0670, ADInstruments, NSW, Australia)
were recorded (Cerebrus, Blackrock, Preston, VIC, Australia)
in response to pelvic nerve electrical stimulation delivered at
10 Hz, 100 µs pulse width and current of 1 mA. This stimulation
level was confirmed to be supra-threshold for all evoked neural
populations by recording ECAPs.

Bladder Pressure Responses During Cystometry and
Pelvic Nerve Stimulation
In our initial studies performed to establish the surgical
procedures (n = 12), many of the bladder pressure recordings
were challenged by several technical issues, such as grooming and
exploratory behaviors of the rat and unstable baseline pressures.
For detailed quantitative analyses of voiding parameters, we
therefore established a habituation protocol similar to that
described in Keast et al. (2020a), i.e., prior to cystometry
testing, the animals (n = 12) were habituated to the testing
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environment for 3 consecutive days for 30 min per session.
The habituation procedure was also important to reduce effects
of these non-voiding related behaviors on c-Fos expression
(see below) during the testing period. These habituations and
experimental cystometry sessions were confined to the morning
to minimize effects of diurnal variation. In these sessions,
each rat was placed unrestrained in a clear Perspex box
(20.5 × 20.5 × 14 cm) with a mesh floor, elevated on a
45 cm high frame. This allowed free flow of urine during
voiding. During habituation periods, the percutaneous plug
and catheter were connected, but no stimulation or saline
infusion was delivered.

Between 7 and 18 days following the implantation surgery,
cystometry and stimulation testing was conducted over a 2-h
period. Saline was infused at a rate of 100 µl per minute
(HA33, Harvard Apparatus, Holliston, MA, United States) and
pressure changes during cystometry testing were transduced
(MLT0670, ADInstruments), amplified (PowerLab 4/26,
ADInstruments), sampled at 1 kHz (PowerLab, AD Instruments)
and viewed using Labchart (AD Instruments). After establishing
a stable baseline pressure and inter-void interval (Andersson
et al., 2011) the pelvic nerve was stimulated using a custom
made external stimulator (Fallon et al., 2018) to deliver
10 s of biphasic current pulses (100 µs pulse width, rate of
10–25 Hz, current levels 0.5–1.5 mA) at selected stages of
the micturition cycle. For a subset of experiments, following
the cystometry and stimulation testing, each rat was returned
to its home cage for 2 h to maximize activity-dependent
translation of c-Fos protein (Yap and Greenberg, 2018).
Animals were then anesthetized (ketamine: 100 mg/kg
and xylazine: 10 mg/kg, intra-peritoneal) and perfused
intracardially with fixative, prior to tissue removal for histological
study (see below).

Cystometry data were analyzed using customized MATLAB
software (R2019b, MathWorks, MA, United States). Voiding
contractions induced by continuous flow cystometry were
recorded for three cycles prior to the delivery of stimulation and
analyzed to determine standard urodynamic parameters
(Andersson et al., 2011; Fraser et al., 2020; Table 1).
To facilitate comparison with other studies absolute
bladder pressures were converted to relative pressures
(Table 1) by subtracting the minimum pressure after
voiding contractions. High-frequency pressure oscillations

(HFPOs), which in rodents are caused by activity of the
urethral rhabdosphincter which permits the flow of urine
(Andersson et al., 2011; Fraser et al., 2020), detected during
voiding contractions were also analyzed to estimate the center
frequency of oscillation.

Bladder pressure responses to stimulation were classified
as voiding or non-voiding contractions based on the visible
excretion of urine. This was typically accompanied by a period
of high frequency bladder pressure oscillation.

Immunohistochemical Analysis of Nerve
Injury Markers
Pelvic ganglia and dorsal root ganglia (L6 and S1), ipsilateral
and contralateral to the implant were removed from two
rats, 50 days post-implantation and immunostained for neural
injury markers. Specifically, these animals were anesthetized
(ketamine: 100 mg/kg and xylazine: 10 mg/kg, intra-peritoneal)
and perfused intracardially with saline (0.9% sodium chloride,
1% sodium nitrite, and 5000 IU/ml heparin) then fixative
(4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4).
The detailed perfusion method has been published (Keast
and Osborne, 2019). The dissected ganglia were then post-
fixed overnight in the same fixative. Following three 15-min
washes (0.1 M phosphate-buffered saline; PBS, pH 7.2), the
ganglia were cryoprotected (0.1 M PBS containing 30% sucrose),
embedded in an inert mounting medium (OCT; Tissue-Tek,
Sakura, Torrance, CA, United States) then sectioned on a
cryostat. Serial frozen sections (14 µm) aligned with the major
axis of each ganglion were collected onto gelatin-subbed slides.
These were washed in PBS and incubated in PBS containing
10% non-immune horse serum and 0.1% Triton X-100.
Sections were then incubated for 18–24 h at room temperature
with an antibody against: ATF-3 (host rabbit; 1:500, Santa
Cruz Biotechnology; sc-188, batch J2209; RRID:AB_2258513);
calcitonin gene-related peptide (CGRP) (host goat, 1:2000;
AbD Serotec, now Bio-Rad, Gladesville, NSW, Australia; 1720-
9007, batch 1705; RRID:AB 2290729; or synaptophysin (host
mouse, 1:200; Dako, now Agilent Technologies, Mulgrave, VIC,
Australia; M0776, batch 13; RRID:AB_2199013). After washes in
PBS, sections were then incubated for 2 h at room temperature
with fluorescent secondary antibodies (Jackson Immunoresearch,
West Grove, PA, United States): anti-mouse AF488 (1:2000,

TABLE 1 | Urodynamic parameters of unstimulated voiding during continuous cystometry in awake male rats after implanting pelvic nerve arrays.

Parameter (units)a Mean (95% CI) n = 9 ratsb Wiedmann et al., 2020 Mean (95% CI) n = 6 ratsb

Minimum pressure (mmHg) 10.3 (7.4–13.2) –

Relative threshold pressure (mmHg) 6.6 (4.7–8.4) 4.5 (1.8–7.3)

Relative peak (closing) pressure (mmHg) 51.2 (39.5–63.0) 44. 6 (15.3–74)

Contraction duration (s) 28.9 (17.1–37.5) 37.2 (25.1–49.3)

Inter-void interval (min) 7.6 (5.9–9.4) 8 (5.3–10.6)

HFPOc frequency (Hz) 10.7 (8.3–13.0) –

aAndersson et al., 2011; Fraser et al., 2020.
bCystometry in awake male Sprague-Dawley rats.
cHFPO, high frequency pressure oscillation due to rhabdosphincter activity.
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715-545-150, RRID:AB_2340846); anti-goat AF594 (1:500, 705-
855-147, RRID:AB 2340433); anti-rabbit AF488 (1:1000, 711-
545-152, RRID:AB 2313584). Sections were then washed in PBS,
mounted onto glass slides, cover-slipped with carbonate-buffered
glycerol (pH 8.6) and viewed using a Zeiss AxioImager M2 (Zeiss,
Oberkochan, Germany). Sections were assessed qualitatively to
determine the features of structures labeled for each of the neural
markers. Representative regions of ganglion were imaged to
document the primary outcomes.

Neuronal c-Fos Activity Mapping in
Spinal Cord
Neuronal activity mapping was used to detect electrically evoked
noxious neuronal activation in lumbosacral spinal cord. After
completing the final test session of electrical pelvic nerve
stimulation (100 µs pulse width, rate of 10–25 Hz, current
levels 0.5–1.5 mA) and cystometry recording on post-surgery
day 10, three animals were returned to their home cage for 2 h
before being anesthetized and fixed (see above). As described
in Keast et al. (2020b), the spinal cord was removed and
segments L5-S2 post-fixed for 1 h in the same fixative. Following
three 1 h washes (0.1 M phosphate-buffered saline; PBS, pH
7.2), the tissue was cryoprotected (0.1 M PBS containing 30%
sucrose), embedded in an inert mounting medium (OCT;
Tissue-Tek, Sakura, Torrance, CA, United States) then sectioned
on a cryostat. Sections (40 µm) were cut in the transverse
plane and collected as four 1:4 series (160 µm between
sections), such that five sections per spinal segment were to
be investigated for c-Fos expression (see below). Specifically,
free-floating sections were washed in 0.1 M PBS (pH 7.2)
before being incubated for 2 h in 0.1 M PBS containing 10%
non-immune horse serum (NHS; Sigma-Aldrich) and 0.5%
Triton X-100. Sections were then incubated for 48–72 h at
room temperature with an antibody against c-Fos [1:100; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, United States; (E-
8) sc-166940; batch D2318; RSID: AB_10609634]. The c-Fos
antibody was diluted in PBS containing 0.1% sodium azide, 2%
NHS, and 0.5% Triton X-100. After washes in PBS, sections
were then incubated for 4 h at room temperature with Cy3-
labeled donkey anti-mouse (Jackson Immunoresearch, West
Grove, PA, United States; 715-165-150; batch 89001; RSID:
AB_2340813; 1:2000). Sections were then washed in PBS,
mounted onto glass slides, and cover-slipped with carbonate-
buffered glycerol (pH 8.6).

For each spinal cord segment (L5-S2), the five spinal
cord sections were anatomically ordered from rostral to
caudal. Entire transverse sections were imaged (tile scanned
at 12 Bit, pixel scaling 0.645 µm × 0.645 µm) using
an AxioImager M2 microscope and AxioCam monochrome
digital camera controlled by Zen software (Zeiss, Oberkochan,
Germany). In each section from each of the segments,
positive neurons were counted across spinal cord regions,
defined by the boundaries described previously (Watson
et al., 2009; Figure 5A). For segments L6 and S1, the
sacral preganglionic nucleus (SPN) was defined as previously
outlined in our earlier study (Forrest et al., 2015). Neurons

were counted using ImageJ FIJI Cell Counter plugin, where
a marker (denoting the xy coordinate) was designated for
each positive cell.

Statistics
Data reporting on latency and threshold of electrically evoked
responses are presented as median ± interquartile range (IQR).
Differences between electrically evoked neural thresholds data
were not normally distributed, and were therefore statistically
evaluated using a (repeated measures) non-parametric Friedman
test and Dunn’s post hoc test. c-Fos Neuron counts in the spinal
cord were analyzed using R Project for Statistical Computing
(Version 3.5.2; RRID:SCR_001905) and RStudio (Version 1.1.4;
RRID:SCR_000432). Two-sample comparisons were made using
exact Welsh two sample t-tests to estimate means, 95% CIs
and P-values. Corrections for multiple testing were made using
the Hommel step-up modification of the Bonferroni procedure
(Blakesley et al., 2009).

Figure Preparation
Monochrome images were digitally colorized and the contrast
and brightness adjusted to best represent the immunostaining as
viewed directly with the microscope. Figures were prepared
using Adobe Creative Suite (Adobe Systems, San Jose,
CA United States).

RESULTS

Electrically Evoked Compound Action
Potentials
To determine if the pelvic nerve array could stimulate and record
ECAPs, devices were unilaterally implanted in five urethane-
anesthetized rats. In all cases, ECAPs with complex waveforms
could be recorded from the non-stimulating electrode pair
during graded electrical stimulation; these ECAPS could be
separated from the stimulation artifact (Figures 2A,B). At supra-
threshold stimulation levels these waveforms showed positive
peaks centered at: P1, 1.80 ms (range 1.65–2.90 ms, n = 5);
P2, 3.48 ms (2.51–4.16 ms); and P3, 3.77 ms (3.25–5.67 ms).
Approximate conduction velocities for these populations are
1.60 m/s (P1, 0.98–1.72 m/s), 0.82 m/s (P2, 0.35–1.13 m/s) and
0.78 m/s (P3, 0.50–0.88 m/s). The mean stimulation threshold
of these peaks increased in the order of the first (P1: 377 µA,
267–783 µA), second (P2: 648 µA, 595–648 µA) and third (P3:
930 µA, 550–1225 µA) responding populations (main effect:
non-parametric Friedman’s within-subject ANOVA: P = 0.039,
n = 5) (Figure 2C). However, in one rat the threshold of P2 was
higher than P1 (Figures 2B,C).

The ability of the pelvic nerve array to stimulate and
record evoked neural potentials was evaluated in chronically
implanted rats (n = 4) following surgery and prior to cystometry
testing. Three neural populations, distinguished by their distinct
latencies, were consistently recruited in all animals at 0 and
1 week following implantation. The first responding fiber
population (P1) had a mean latency of 2.27 ms (range: 1.93–
2.65 ms), second responding fibers (P2) had a mean latency
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FIGURE 2 | Recordings of electrically evoked neural responses. (A) Typically (n = 4 of 5), the first responding neural populations had lower thresholds than later
responding populations. (B) In one animal, the first responding neural fiber population had a higher threshold than the second. (C) Quantification of neural thresholds
shows the third responding neural population had significantly higher thresholds (P = 0.034) than the first responding. The graph shows data from individual rats,
median ± interquartile range.

of 3.92 ms (range: 3.19–4.44 ms), and the third (P3) had a
mean latency of 5.62 ms (range: 4.57–6.72 ms). Approximate
conduction velocities for these populations are 1.26 m/s (P1,
1.08–1.48 m/s), 0.73 m/s (P2, 0.64–0.89 m/s) and 0.51 m/s

(P3, 0.42–0.62 m/s). Neural thresholds of first (P1, week 0:
391 ± 138 µA, week 1: 643 ± 300 µA), second (P2, week 0:
677 ± 149 µA, week 1: 1051 ± 275 µA) and third (P3, week
0: 713 ± 119 µA, week 1: 1263 ± 333 µA) responding fiber
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populations significantly increased at 1 week (Friedman test,
P = 0.039, n = 4, Figure 2C).

Electrode impedances were used to monitor the electrical
stability and functionality of each electrode in an array
following implantation and surgical recovery. The mean
electrode impedance prior to implantation) was 4.19 ± 0.17 k�
(range 3.16–5.03, n = 38 electrodes, 10 arrays). On post-
surgical day 1, this increased to 7.25 ± 0.79 k� (range: 4.54–
15.18 k�), and further increased after 2 weeks implantation
to 12.04 ± 1.15 k� (range: 6.24–18.3 k�, 38 electrodes in
10 arrays) and 8 weeks implantation to 13.1 ± 2.06 k� (8.0–
20.2 k�, n = 8 electrodes, 2 arrays). No short circuits occurred
during the implantation period, and only 2 out of 40 electrodes
became open circuit (both within 2 weeks of implantation). In
experiments where an electrode became open, stimulation of
the pelvic nerve could still be delivered through the remaining
electrodes in the array.

Colonic Pressure Changes and
Non-urological Effects of Pelvic Nerve
Array Stimulation
Effects of electrical pelvic nerve stimulation were determined
on colorectal motility in anesthetized rats. Only 1 of 3 animals
responded, showing a small increase in colonic pressure of
2.6 ± 0.1 mm Hg (mean ± SEM, 13 within-subject replicate
responses) time locked to pelvic nerve stimulation. No evidence
of penile erection was detected by visual monitoring during
these trials. Stimulation was confirmed to be suprathreshold by
recording ECAPs from all three neural populations (P1–P3).

Urodynamic Effects of Pelvic Nerve
Array Implantation and Stimulation in
Awake Rats
To study urodynamic effects of the implantation of the
pelvic nerve electrode array and stimulation, bladder pressure
was measured by continuous-flow cystometry in awake rats
(Figures 3A,B). Most recordings were made between 7 and
18 days after surgery, but in two rats recordings were made
8 weeks after surgery (Figure 3E). No obvious adverse behavioral
responses to implantation or electrical pelvic nerve stimulation
were detected by visual observation of the animals, and
stimulation did not cause expulsion of fecal pellets (n = 10
animals) or penile erection (n = 6). On the day of euthanasia,
there were no observed signs of irritation, swelling, infection or
adverse reactions to the percutaneous pedestal, lead wire, and
electrode array.

The effects of implantation of the pelvic nerve electrode array
on filling evoked voiding contractions (n = 9) are summarized
in Table 1 and Figure 3C. These urodynamic parameters were
comparable to published values (Zhao et al., 2010; Andersson
et al., 2011; Fraser et al., 2020; Wiedmann et al., 2020). Our
priority in assessing the effects of stimulation of the pelvic
nerve was to determine the ability of stimulation to evoke
a voiding contraction. Therefore, we targeted the majority of
our stimulation to occur during a period where the bladder
was at least partly filled (estimated as 50–80% based on the

time elapsed since the previous filling-evoked void) to ensure
the bladder contained sufficient urine for a visible voiding
response. Electrical pelvic nerve stimulation was assessed in eight
rats in which experimental cystometry sessions were performed
following habituation. When delivered during this partly filled
state, electrical stimulation of the pelvic nerve was immediately
followed by post-stimulation voiding (urine release) in seven
of eight rats and was repeated in 3–6 cycles in six of these
rats (Figures 3A,B,D). Each void was accompanied by a rapid,
transient rise in bladder pressure and high frequency oscillations
during this period of elevated pressure that we interpret as
indicative of urethral sphincter function characteristic of rodents
(Figure 3B2). Given we targeted a partial fill of 50–80%,
we consider it unlikely that on each of these occasions we
inadvertently chose the precise time for pelvic nerve stimulation
that the animal would have normally voided. In support of these
being stimulus evoked voiding contractions, in two rats stimulus
evoked voiding was even more clearly demonstrated by the pelvic
nerve induced void occurring very early in the normal void cycle
(Figures 3A,B1).

Electrical stimulation of the pelvic nerve also produced
non-voiding bladder pressure responses (not accompanied by
release of urine) in six of eight rats (Figure 3D). These non-
voiding responses could occur independently, or within the same
cystometry session as post-stimulation voiding contractions. In
the latter case, it was common to observe stimulus evoked voiding
contractions early in the experimental session, but as the session
progressed, voiding responses became less frequent and non-
voiding pressure changes become more common.

The long-term effects of implantation of the pelvic nerve
electrode array and stimulation on bladder pressure was also
tested in two animals that had arrays implanted for 8 weeks.
In both cases, stimulation produced both voiding (indicated in
as “eV” in Figure 3E) and non-voiding responses (indicated in
as “eNVC” in Figure 3E) during cystometry (Figure 3E). The
urodynamic parameters of filling evoked voids and stimulation
evoked voids where similar to those in rats implanted for the
shorter duration.

Post-mortem Analysis of Pathology After
Chronic Implantation of Pelvic Nerve
Array
On the day of euthanasia, a macroscopic examination of the
status of the tissue surrounding the percutaneous connector,
cable and pelvic nerve electrode array was conducted. In all
of the experimental implanted animals, including the two rats
in the 8 weeks recovery group, fibrous tissue surrounding the
percutaneous connector and the subcutaneous cable was free
from infection and no signs of irritation or inflammation were
observed. We also performed a more detailed investigation in
the two animals that were implanted for the longest duration
(8 weeks). Here, the bladder catheter appeared firmly implanted
into the dome of the bladder, and the catheter-bladder entry
point had healed well and had no structural or intravesicular
irregularities or disruptions. The prostate, seminal vesicles and
vas deferens were free from adhesions, infection, inflammation
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FIGURE 3 | Urodynamic effects of pelvic nerve array implantation and stimulation in awake rats. (A,B) Cystometrogram from an awake male rat recorded before and
after pelvic nerve stimulation (indicated by rectangles) at 10 days following implantation. (A,B1) Implantation of the pelvic nerve array did not affect
cystometry-induced voiding (V). Electrical stimulation of the pelvic nerve sometimes evoked urine-producing voids (eV), and rarely caused a null response (e0). (B2)
Evoked voids were accompanied by characteristic rapid, transient rise in bladder pressure and high frequency oscillations during the period of elevated pressure
(eV1, eV2). (C) Plots of urodynamic parameters versus cystometry cycle measured in nine awake male rats from contractions recorded prior to any electrical pelvic
nerve stimulation. Plotted are data for each subject with boxes showing the mean and 95% CI. (D) Electrical stimulation of the pelvic nerve also produced an
evoked-non-voiding contraction (eNVC) which resulted in an increase in bladder pressure that was not accompanied with the release of urine. (E) At 8 weeks
following implantation, stimulation evoked voiding (eV) and non-voiding responses (eNVC) during cystometry. Pressure changes due to animal movement is
indicated as “M∗.”
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and vascular disruptions. The implanted lobe of the prostate
appeared normal and was comparable to the non-implanted,
contralateral prostate lobe. A thin fibrous tissue encapsulation
had formed around the array further stabilizing the device.
The tissue encapsulation was restricted to the vicinity of the
pelvic nerve array and did not spread from this area to affect
adjacent tissues. Suturing of the electrode array to the soft tissue
overlying the prostate had not caused any macroscopic damage
to the prostate, pelvic nerve or blood vessels. Furthermore, no
irritation, hemorrhaging or hematomas were observed within
adjacent tissue.

Immunohistochemical Analysis of Neural
Injury Markers in Ganglia
Immunohistochemical visualization of neural markers was
performed in ganglia dissected from two rats, 50 days after
implantation surgery. Several approaches were chosen to
determine if this chronic implantation led to significant neural
damage. The pelvic nerve contains the major source of LUT
afferent axons, which project from sensory neurons in the
lumbosacral (L6 and S1) DRG (Nadelhaft and Booth, 1984).
To determine if these axons were damaged by the implanted
device we performed immunohistochemistry on these ganglia

to detect neuronal expression of the neural injury marker ATF-
3 [activating transcription factor-3 (Tsujino et al., 2000; Payne
et al., 2015)]. ATF3-positive neuronal nuclei were absent or rare
in sections taken from ganglia either ipsi- or contralateral to the
implant (Figure 4A). As a positive control, we stained sections
from archived DRG in which sacral bladder afferents had been
injured by surgical transection of the accessory nerves (mixed
sensory-autonomic tracts projecting to the bladder) (Payne et al.,
2015). As expected, numerous ATF3-positive neuronal nuclei
could be observed in these ganglia (Figure 4B).

The MPG contains most of the autonomic ganglion neurons
that project to the pelvic organs, including innervation of the
LUT. We considered that the close proximity of the implanted
pelvic nerve array to the MPG could potentially injure MPG
neurons, either during the surgical implantation procedure or the
postsurgical experimental period. However, very few or no ATF3-
positive neuronal nuclei (Figure 4C) were seen in sections from
MPG ipsi- or contralateral to the array, whereas numerous ATF3-
positive nuclei were present in sections of archived MPG from a
prior study on accessory nerve injury, used as the positive control
(Payne et al., 2015; Figure 4D).

As an alternative approach to assess the impact of the
implantation surgery, we examined within the MPG several
classes of axons that are known to project in the pelvic nerve

FIGURE 4 | Histological assessment of L6 dorsal root ganglia (DRG) and major pelvic ganglia (MPG) from male rats. Panels (A,C,E,F) show ganglia ipsilateral to the
array surgery. (B,D) are archived ganglia from an earlier axotomy study (Payne et al., 2015), sectioned and immunolabelled as a technical control for the current
study; in this earlier study the accessory nerves (mixed sensory-autonomic nerves projecting from the MPG to the bladder) were transected and tissues dissected
one week later. (A) A DRG ipsilateral to the array surgery shows no ATF3-positive nuclei. (B) A DRG from the prior accessory nerve axotomy study shows numerous
ATF3-positive neuronal nuclei. (C) MPG ipsilateral to the array surgery shows a single ATF3-positive nucleus amongst many neurons with ATF3-negative nuclei.
(D) The MPG from the prior axotomy study shows numerous ATF3-positive neuronal nuclei. (E) In the MPG ipsilateral to array surgery, peptidergic sensory axons
traverse the ganglion tissue. (F) The MPG ipsilateral to the array surgery shows numerous synaptic boutons immunolabelled for synaptophysin, surrounding each of
the MPG neurons. Calibration bar in A represents (µm): A (50 µm), B (50 µm), C (30 µm), D (60 µm), E (30 µm), F (50 µm).
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and then traverse or terminate in the MPG. First, using a
marker of the peptidergic class of sensory axons, CGRP, many
axons were observed to traverse both ipsi- and contralateral
MPG (Figure 4E). The other major class of axons projecting in
the pelvic nerve originates from sacral preganglionic neurons.
These parasympathetic pre-motor neurons are essential for the
voiding reflex; their axons innervate cholinergic pelvic ganglion
neurons, which in turn cause contraction of the bladder muscle
(detrusor). Injury to sacral preganglionic axons was examined
by assessing the presence of synaptic boutons associated with
pelvic ganglion neurons. If preganglionic axons traveling in the
pelvic nerve were damaged, these would be lost from the majority
of MPG neurons (the other neurons are innervated by lumbar
spinal axons traveling in the hypogastric nerve). We found that
following 50 days implantation of the device, synaptic boutons
innervated the entire population of MPG neurons, ipsilateral and
contralateral to the surgery (Figure 4F). Taken together, these
observations suggest that implantation surgery did not cause
significant damage to preganglionic or sensory axons projecting
in the pelvic nerve, or the nearby MPG neurons.

Immunohistochemical Analysis of
Noxious Neuronal Activity in Spinal Cord
Neuronal activity (c-Fos) mapping in sacral spinal cord was used
to detect noxious activation caused by the implanted arrays.
Changes in c-Fos expression was assessed (n = 3) on day 10
of implantation, following 60 min of cystometry and pelvic
nerve stimulation testing. In spinal segments L5-S1, neurons
with c-Fos+ nuclei were most densely distributed in dorsal
horn, the sacral dorsal commissural nucleus (SDCom) and the
SPN of segments L6 and S1 (Figures 5A–C), consistent with
our recent activity mapping study of cystometry in awake male
rats (Wiedmann et al., 2020). No difference was detected in
the pattern of c-Fos between the two sides of the spinal cord
(Figure 5D). No activation of lamina I neurons was detected in
either the stimulated side (array implanted on the pelvic nerve)
or the contralateral side (Figure 5C).

DISCUSSION

Stimulation of the pelvic splanchnic nerves may provide
therapeutic benefits for a range of LUT conditions. Here we
developed an electrode array that interfaced with the rodent
homolog of these nerves, the pelvic nerve, without surgical
manipulation of the epineurium. For periods of up to 8 weeks
following implantation period, our pelvic nerve electrode array
recorded electrically evoked neural activity, caused minimal
off-target effects to stimulation and induced voiding and non-
voiding contractions of the urinary bladder. Furthermore, during
long-term implantation our array remained functional and was
well tolerated, with no immunohistochemical signs of damage to
sacral sensory pathways projecting in the pelvic nerve or adjacent
neural tissue of the major pelvic ganglion. Taken together, these
findings support that our custom developed pelvic nerve array
is an effective and safe design for long-term implantation and
stimulation of small autonomic nerves.

The sharp edges and stiffness of cuff electrode designs
often evoke a foreign body response and fibrosis, affecting the
physiological properties of nerve firing and the stimulation
threshold of the electrodes (Loeb and Peck, 1996; Vince et al.,
2005; Wodlinger and Durand, 2011; Restaino et al., 2014). Many
small visceral nerves, such as the pelvic nerve, have a prevalence
of unmyelinated axons and thinner epineurium, increasing their
susceptibility to damage (Grill et al., 2009; McCallum et al.,
2017; Gonzalez-Gonzalez et al., 2018). Therefore soft, thin,
highly flexible cuff arrays made of thiol-ene/acrylate shaped
memory polymer have been used for recording spontaneous
neural activity in anesthetized rats during cystometry-induced
voiding (Gonzalez-Gonzalez et al., 2018). To overcome the
challenges posed by interfacing to small, visceral nerves, we
developed a silicone based, extraneural electrode array that
was placed on top of the pelvic nerve. This approach did not
require surgical manipulation of the nerve, nor did the array
physically restrict the nerve. The design also allowed for a “one
size fits all” approach and could potentially be utilized for the
implantation onto other small nerves. Finally, during the 2-
and 8-week implantation periods, only 2 out of 40 individual
electrodes failed, both due to a break causing an open circuit,
suggesting that our electrode design was robust and suitable
for chronic use.

Long-term implantation of the pelvic nerve array was well
tolerated by the surrounding pelvic organs and implanted neural
tissue. No infections or adverse impact to implanted neural or
prostate tissue were seen and the foreign body tissue response
formed around the array appeared benign and aided in stabilizing
the implant, similar to that described previously (Payne et al.,
2018). Neural tissue damage induced by the implanted array was
minimal, as evidenced by the robust natural and stimulation-
induced voiding responses induced by cystometry testing. This
was consistent with our immunohistochemical assessment of
neural markers, selected to reveal damage to axons projecting in
the pelvic nerve. Sensory neurons in sacral dorsal root ganglia
detect bladder distension and project to the bladder via the pelvic
nerve and the major pelvic ganglion. Ipsilateral to the implanted
array, sacral dorsal root ganglion neurons showed negligible
expression of the injury marker ATF3, and their CGRP-positive
axons were retained in the major pelvic ganglia. The integrity of
the bladder motor pathway was also indicated by the retention
of synaptic boutons associated with pelvic ganglion neurons. In
this ganglion, neurons expressing ATF3 were rare, indicating they
were undamaged by the implantation surgery. Together, these
observations support our functional assessment that the sensory
and motor components of the pelvic nerve remain healthy after
implantation of the array, however it is possible that quantitation
of axons within these peripheral tissues or the LUT itself would
reveal more subtle effects of surgery.

In this study, the spacing between bipolar electrode pairs
was a unique design feature that allowed for the recording
of three neural populations, distinguished by the latencies
of their response. Generally (n = 4 of 5 rats), the fastest
responding neural population had lower neural thresholds
than the slowest responding population, consistent with
the size recruitment principle. However, in one animal
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FIGURE 5 | Mapping c-Fos expression in the lumbosacral cord after pelvic nerve stimulation and implantation of an electrode array. (A) Expression of c-Fos in
neuronal nuclei was mapped in relation to specific spinal regions (Watson et al., 2009). Preganglionic neurons that project in the pelvic nerve are aggregated in the
sacral parasympathetic nucleus (SPN), indicated by the red oval. (B) An example of c-Fos immunoreactivity showing both sides of an L6 spinal cord section, from a
rat where the left pelvic nerve was implanted with an electrode array. This animal underwent regular filling cystometry in addition to activation of the pelvic nerve via
the array. (C) Spatial analysis of c-Fos-immunoreactive neuron counts in lumbosacral cord shows there were no differences between the left side that received an
implant and stimulation, and the right (i.e., control) side. (D) Data from each rat is plotted separately (thin lines) as well as the mean for each side (thick line). The
region of interest (ROI) neuronal counts by subject show rostrocaudal distribution across spinal cord segments L5 to S2. ROIs: lamina I (1Sp), lamina II (2Sp), lamina
III (3Sp), lamina IV (4Sp), sacral dorsal commissural nucleus (SDCom), lamina V (5Sp), lamina VI (6Sp), sacral preganglionic nucleus (SPN), lamina VII (7Sp), lamina
VIII (8Sp), and lamina X (10Sp). Scale bar in B represents 100 µm.

the first responding neural population showed higher
thresholds than the second responding population. This
deviation from the size recruitment principle was likely

due to the in vivo environment, with the electrode-neural
distance having a large impact on fiber recruitment. The
exact conduction velocity of the neural responses cannot
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be determined as the precise location of activation is not
known, however the conduction velocities of these three neural
populations were consistent with that of subpopulations of
myelinated A-fiber (1.6–21 m/s) and unmyelinated C-fibers
(0.5–1.6 m/s) identified previously in the pelvic nerve
(Shea et al., 2000).

Off-target effects can potentially limit therapeutic stimulation
delivery, thereby compromising or limiting the effectiveness of
stimulation treatment (Waltz, 2016; Payne et al., 2019). Our
pelvic nerve electrode array could potentially impact activity
of several pelvic organs, as sensory and motor pathways in
this nerve innervate the LUT, lower bowel and reproductive
organs (Keast, 2006). Our initial study to investigate efficacy of
pelvic nerve stimulation on LUT function did not investigate
other potential outcomes of stimulation but did observe acute
increases in colonic pressure in the minority (n = 1 of
3) of rats, but no penile erection. Without more targeted
physiological assays, we cannot discount an impact of pelvic
nerve stimulation on non-LUT targets or the vasculature. It
may also be possible to target pelvic nerve stimulation to
particular neural populations, as afferents innervating the LUT
have recently been identified as spatially segregated from rectal
afferents (Bertrand et al., 2020). Another potential outcome of
pelvic nerve stimulation is activation of nociceptive sensory
axons projecting to the bladder. We did not identify behaviors
indicating pain during electrode activation, and our studies of
c-Fos expression did not detect upregulation in lamina 1 of the
spinal cord dorsal horn following pelvic nerve stimulation and
cystometry testing in awake rats, either ipsi- or contralateral
to the implanted array. This pattern of c-Fos upregulation is
characteristic of responses to noxious stimuli in the bladder
(Birder and de Groat, 1992, 1993; Lanteri-Minet et al., 1995;
Kakizaki et al., 1996; Vizzard, 2000). Our observation of c-Fos
expression in other regions of the spinal cord demonstrated
non-nociceptive pathways typically activated by cystometry, as
reported previously (Birder and de Groat, 1992, 1993; Wiedmann
et al., 2020).

A major aim of our study was to assess the efficacy
of the pelvic nerve array to induce voiding in the awake,
unrestrained rat, including in a chronic, post-surgical setting.
Two types of LUT activity were observed: voiding and non-
voiding contractions. To our knowledge, this is the first study
that has demonstrated pelvic nerve stimulation induced voiding
in awake, unrestrained rats. Therefore, we felt it critical to use
visual confirmation of stimulus induced voiding. This resulted
in the requirement of delivering stimulation to a partially full
bladder, to ensure the bladder contained sufficient urine for a
visible voiding response. We targeted 50–80% full, based on
the time elapsed since the previous void, but precise estimates
of “typical” voiding cycle duration were difficult to achieve
because many rats showed voiding cycles of variable duration.
We also considered choosing stimulation times based on bladder
pressure rather than duration since last void, but this also
had some limitations in animals where there were movement
artifacts (rat moving around the cage) or small, unrelated
fluctuations in baseline bladder pressure. The variable duration
of voiding cycles also makes it possible that some of our stimuli

were delivered when the animal would have voided normally,
however we consider it unlikely that in the 27 trials in eight
rats where we observed a void within 30 s of our stimulation
this was always the case. Furthermore, Figures 3A,B1 clearly
demonstrate stimulus induced voiding very early in the normal
void cycle. In rats where pelvic nerve stimulation was never
associated with a void, the most parsimonious explanation is
poor surgical placement of the stimulating array. As ECAP
recordings were not performed in all animals, we cannot
confirm neural activation in these animals. We have not yet
conducted studies to determine the mechanism by which the
stimulation initiated voiding or non-voiding contractions. To
initiate voiding, it is likely that A-δ sensory pathways were
activated, initiating the synchronized coordination of autonomic
and somatic motor pathways to contract the bladder while
relaxing the urethra and urethral rhabdosphincter (de Groat
and Yoshimura, 2009). In some experiments, we also identified
stimulation parameters that evoked non-voiding contractions.
Pelvic nerve-evoked non-voiding contractions of the detrusor
muscle have also been reported in anesthetized rats (Crook and
Lovick, 2017; Peh et al., 2018), dogs (Andersson et al., 1990) and
pigs (Dalmose et al., 2002) and ascribed to activation of sacral
parasympathetic pathways based on nerve crush experiments
(Dalmose et al., 2002).

Pelvic nerve stimulation induced voiding was achieved up to
8 weeks post-implantation, our chosen experimental endpoint;
however, the continued health of the animals at this time
indicates that longer periods of implantation are feasible.
Therefore, in summary, the present study demonstrates the
efficacy and safety of a novel electrode array designed for long-
term stimulation of a small visceral nerve and supports the
translation of pelvic nerve stimulation as a potential treatment
for a range of LUT dysfunctions.
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Deep brain stimulation (DBS) is one of the most important clinical therapies for

neurological disorders. DBS also has great potential to become a great tool

for clinical neuroscience research. Recently, the National Engineering Laboratory for

Neuromodulation at Tsinghua University held an international Deep Brain Stimulation

Initiative workshop to discuss the cutting-edge technological achievements and

clinical applications of DBS. We specifically addressed new clinical approaches and

challenges in DBS for movement disorders (Parkinson’s disease and dystonia), clinical

application toward neurorehabilitation for stroke, and the progress and challenges

toward DBS for neuropsychiatric disorders. This review highlighted key developments

in (1) neuroimaging, with advancements in 3-Tesla magnetic resonance imaging

DBS compatibility for exploration of brain network mechanisms; (2) novel DBS

recording capabilities for uncovering disease pathophysiology; and (3) overcoming
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global healthcare burdens with online-based DBS programming technology for

connecting patient communities. The successful event marks a milestone for global

collaborative opportunities in clinical development of neuromodulation to treat major

neurological disorders.

Keywords: neuromoxdulation, depression, deep brain stimulation, MRI compatibility, gait disability

INTRODUCTION

The National Engineering Laboratory for Neuromodulation
(NELN) at Tsinghua University organized its first deep brain
stimulation (DBS) initiative meeting in Beijing on October
11–12, 2018. Leading experts in neuromodulation, specifically
in the field of DBS, were in attendance for discussions on
the latest research in neuromodulation technologies and
applications, clinical indications, as well as current and
foreseeable challenges in DBS therapy. Participants from
multidisciplinary backgrounds that included neural engineers,
neurosurgeons, neurologists, neuroscientists, and industry
professionals engaged in round-table discussions following
the thematic sessions and presentations. With expert updates
and reports on the latest clinical approaches, there were open
discussions on the opportunities in neuromodulation with recent
technological advancements. This included an exchange of ideas
on the connectome approach to DBS, novel developments of
3-Tesla magnetic resonance imaging (3T MRI)-compatible
DBS devices and the use of neuroimaging to understand the
neurocircuitry of effective DBS, including demonstrations of the
latest DBS neural recording technology in real patients. This
meeting came to provide reports of recent DBS application for
unmet clinical needs, such as gait disability in Parkinson’s disease
(PD) and stroke rehabilitation, and the challenges in the current
transition of DBS therapy toward neuropsychiatric disorders,
including depression and memory disorders.

Abbreviations: 2-DG, 2-deoxyglucose; 3T MRI, 3-Tesla magnetic resonance

imaging; AD, Alzheimer’s disease; AI, artificial intelligence; ALIC, anterior

limb of the internal capsule; ANT, anterior nucleus of thalamus; APA,

anticipatory postural adjustment; APP, amyloid precursor protein; ChAT5,

choline-acetyltransferase 5; dACC, dorsal anterior cingulate cortex; DBS, deep

brain stimulation; dMRI, diffusion magnetic resonance imaging; DN, dentate

nucleus; EC, entorhinal cortex; FOG, freezing of gait; GPi, globus pallidus internal

segment; HMMs, hidden Markov models; IEC, International Electrotechnical

Commission; IPG, implantable pulse generator; LFPs, local field potentials;

MDD, major depressive disorder; MERs, microelectrode recordings; MFB, medial

forebrain bundle; MPTP, methyl-phenyl-tetrahydropyridine; MSA, multiple

system atrophy; NELN, National Engineering Laboratory for Neuromodulation;

NHP, nonhuman primate; NMU, neuromodulation monitoring unit; OCD,

obsessive–compulsive disorder; OFC, orbitofrontal cortex; PD, Parkinson’s disease;

PET, positron emission tomography; PIGDs, postural instability and gait

disorders; PPN, pedunculopontine nucleus; PSP, progressive supranuclear palsy;

RF, radiofrequency; RMS, root mean square; SAR, specific absorption rate; SCC,

subgenual cingulate cortex; SCGwm, subgenual cingulate gyrus white matter; SCS,

spinal cord stimulation; sl-MFB, superolateral branch of the medial forebrain

bundle; STN, subthalamic nucleus; TMS, transcranial magnetic stimulation;

TUG, Timed Up and Go; VC/VS, ventral capsule/ventral striatum; VIM, ventral

intermediate; vmPFC, ventromedial prefrontal cortex; VFS, variable frequency

stimulation; VTA, volume of tissue activated.

With the current rapid and widespread rise of
neuromodulation therapies in China and across the globe,
NELN’s first DBS initiative meeting set out to stimulate
collaborations between leaders in clinical, engineering, and basic
science research for the rapid translation of therapies using
state-of-the-art technologies. Marking a unique milestone in
fostering international collaborations in DBS research, we report
here a summary of the meeting that covers topic overviews,
presentations, and follow-up discussions aiding to uncover
expert perspectives and support advancements in the field of
neuromodulation as we progress into the future.

SOME RECENT DEEP BRAIN
STIMULATION TECHNOLOGY
ADVANCEMENTS

MRI Compatibility
Among patients with an active implantable medical device, it
is estimated that ∼50–75% will require an MRI scan during
the time course of treatment (1). In 2016, it was reported
that 66–75% of DBS patients treated for movement disorders
required an MRI scan within 10 years of device implantation
(2). However, clear dangers exist for DBS patients under MRI,
specifically the potential for permanent neurological damage
due to radiofrequency (RF) lesioning caused by heating of DBS
electrodes (3). Indeed, the main risk in MRI comes from wires
enclosed in DBS extensions and leads, which can receive RF
energy from the MRI magnetic field, inducing current discharge
through contacts that align at the tip of the lead. This can
cause thermal damage to the surrounding brain tissue. Therefore,
inhibiting MRI RF-induced heat remains key for addressing the
safety of patients implanted with DBS devices under MRI.

While some DBS device manufacturers claim safety under
1.5TMRI, DBS devices available to patients across global markets
are still considered to be unsafe under 3T MRI, limiting patients
from imaging and diagnostic benefits. Currently, patients can
only use head/body coils for scanning under 1.5T, with the head
specific absorption rate (SAR) value being <0.1 W/kg or the
B1RMS value remaining below 2.0 uT (4). This is far lower
than the upper limit of 2.0 W/kg of patients without medical
devices for MRI (5), as set by the International Electrotechnical
Commission (IEC) standard.

With the limitations of low-quality imaging using 1.5T MRI,
clinical research in DBS patients would greatly benefit from
advances in MRI compatibility. Following laboratory evaluations
and preclinical testing, a study conducted by the NELN was
reported for testing the safety and efficacy of high-field 3T
MRI-compatible DBS system in PD patients. The clinical trial
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was initiated in November 2016, and the final follow-up was
completed in June 2018. A total of 24 PD patients were screened,
and 14 subjects were eligible for the study. Follow-ups were
successfully completed at 1, 3, 6, and 12 months, with an average
time of 4.12 h taken per patient for anatomical and brain function
3T MRI scan. No adverse events were found that related to MRI
(6) (Figure 1).

Recording Neural Signals in Deep Brain
Stimulation
Electrophysiological recordings of oscillatory neural networks
remain an important tool for advancing brain research. In PD,
β-band oscillations detected from the basal ganglia correspond
to the degree of motor symptoms, such as rigidity and
L-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesia,
representing a pathophysiological marker of movement disorders
that are beyond parkinsonism alone (7–10). Previous clinical
studies have recorded neural activity intraoperatively during
DBS surgery, with local field potentials (LFPs) being captured
from external cables connected to DBS leads. With limited
data recording and subsequent processing being completed after
DBS implantation, along with potential complications from
microlesion effect and edema along lead trajectories, studies of
disease pathophysiology have been limited with such methods.
Current implantable LFP-recording DBS systems are available
but generally have a non-rechargeable battery lasting 3–5 years.
Notably, these devices have high power consumption that results
from LFP acquisition and readouts, limiting the time of use and
requires earlier replacement of the implantable pulse generator
(IPG), a factor that is not favored by patients. The need for
extending the longevity of the DBS recording device remains at
the forefront of neural engineering research. This would allow
for efficient long-term LFP recordings, for example, to assess the
changes of β-band oscillations in response to motor symptoms
over time. Hopefully, more research on θ-band relating to tremor
and prokinetic γ-band can help us develop robust algorithms for
closed-loop control.

While the implantable DBS device PC+S produced by
Medtronic has been used in previous research, its storage capacity
in the IPG has limitations for long-term continuous recordings
that often require massive LFP data storage. To resolve such
issues, streaming of data to an external storage provides
a solution for unlimited data collection and simultaneous
assessment of physiological signals, such as movement behaviors,
in a freely moving environment that allows for sophisticated
clinical experimentation. The latest DBS devices for LFP
recordings would be expected to include (1) large-capacity
battery or wireless charging technology that fulfills long-term
implantation acceptable to patients receiving treatment, (2)
continuous high-precision data acquisition capability, (3) real-
time external transmission that is wireless and therefore can
be applied in freely moving conditions, and (4) multiple
differential signal acquisition channels that can function
simultaneously with DBS-ON, with sampling rates exceeding
500 Hz.

Here, the NELN demonstrated and reported PD patients
implanted with DBS device G102RS from PINS Medical Ltd.,
a device engineered with rechargeable LFP-sensing and data
streaming capacity. The first clinical trial has been completed
in PD patients (n = 13) with a successful post-surgery follow-
up through 12 months. Preliminary data have been used to
characterize components of β-band oscillations during sleep
states (11). Furthermore, it is reported that the response of β-
band oscillations to high-frequency DBS is changed over time,
which is a likely result from changes in neural network plasticity.

Remote Online Deep Brain Stimulation
Programming
Following implantation of a DBS device, postoperative DBS
programming conducted by specialists is a vital part of
achieving optimal clinical efficacy in patients (12). However,
practical burdens in the clinical setting exist such as limited
specialists available, time constraints, patient travel to specialist
centers, and additional care costs (13). In recent years, the
NELN has developed a remote online DBS programming
system that operates with hardware-level protection for remote
communication security (14). This has been specifically aimed
at alleviating common healthcare burdens in the field of DBS
worldwide. To date, the number of patients who have successfully
used the remote DBS program control in China has exceeded
3,000 and has also been implemented between different countries,
such as the UK, Spain, and Singapore, for patient management.

The development of the remote programming technology
has notably reduced the burden of patient visits. In a recent
survey with approximately 200 patients, costs and time-
spent related to follow-up have both been reduced by >90%.
Remote programming allows for clinical evaluations to be
conducted through video and audio streams with Unified
Parkinson’s Disease Rating Scale (UPDRS)-III scoring and
physical examination. As we look to the future, there is a natural
evolution toward machine learning algorithm applications for
automatic movement evaluation and objective output readings.
Such applications allow for significantly increasing the amount of
data collected on disease progression and enriching data pools for
diagnoses and potential use toward future closed-loop systems.

Variable Frequency Stimulation
High-frequency stimulation of the subthalamic nucleus (STN)
through DBS in PD patients is a well-established application
for alleviating parkinsonism. However, the application of
high-frequency stimulation fails to alleviate axial disabilities
in PD patients, which may occur due to disease progression,
surgical injury, and side effects of electrical stimulation
(15). Previous reports of low-frequency stimulation in PD
have demonstrated the alleviation of axial disability but
may compromise improvements in parkinsonism (16, 17).
A recent pilot study completed has shown the promising
effects of variable frequency stimulation (VFS), which
applies alternating high- and low-frequency stimulations
for freezing of gait (FOG) in PD patients (18). The long-
term stability of VFS application is now being evaluated
in a large clinical trial. In addition, video data collected
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FIGURE 1 | Follow-ups of patients with MR-compatible deep brain stimulation (DBS) implanted were successfully completed at 1, 3, 6, and 12 months, with intensive

3T MR scan. High in-plan resolution T2-weighted fast spin echo sequences (T2_TSE_COR and T2_TSE_TRA) and high specific absorption rate (SAR) isotropic

sequences (T1_3D, T2_3D, and QSM) were adopted for anatomy analysis. Simultaneous non-contrast angiographies (SNAP) and diffusion tensor imaging (DTI) were

taken for monitoring potential lesion on blood vessels and edema occurrence. A special sequence, magnetic resonance thermometry (MRT) used for tissue

temperature online assessment. No adverse events were found that related to MRI.

from previous trials have been assessed with automatic
classification and scoring based on machine learning methods
to evaluate typical Timed Up and Go (TUG) tasks. This is
now being utilized for objective classifications of FOG under
separate analyses.

Perspective of Artificial Intelligence for
Deep Brain Stimulation
Artificial intelligence (AI) has great potential in medicine. Being
broadly defined as the development of intelligent machines,
the field of AI focuses on capabilities, such as understanding
human languages and natural scenes, and development methods,
such as machine learning (19–21). Machine learning entails
building knowledge from patterns in data rather than being
specified by human programmers. Much of the recent success
in AI has come from the aggregation of massive training
data and new computing systems for large-scale learning.
New algorithms and systems have accelerated the widespread
experimentation for prediction problem as supervised learning.
In real-world situations, there is the desire to take strategies
based on predictions. A next target for learning systems is data-
driven decision-making.

Recent achievements in AI (including machine learning,
computer vision, natural language processing) have the potential
to improve our understanding of neurological disorders and
corresponding treatments. In specific relation to DBS, there can
be difficulty and time expenditure in finding optimal parameters
for each patient. AI may help shape effective treatment for
some of the most prevalent neurological disorders, such as PD,
based on previous data (Figure 2). Future developments toward
robust online learning techniques that explore large decision
spaces and adapt to feedback in real time are essential to online
learning problems. The application of AI techniques may allow
us to uncover the mechanisms of DBS and the understanding of
how DBS influences brain networks (11). It is noteworthy that
recent advances in MRI-compatible DBS devices are allowing
for acquisition of neuroimages during stimulation. It can be
envisioned that a combination of advanced imaging techniques
and AI techniques can facilitate the identification of DBS surgical
targets in individual patients. Indeed, personalized implantation
and automatic stimulation strategies can be aimed to maximize
safety and efficacy of optimal treatment benefits and improve
patient care.

Overall, advances in machine learning and robotics have
the potential to improve health care delivery, from scheduling
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FIGURE 2 | This is an illustration on how deep brain stimulation parameters can be learned and optimized online with feedback. Patient conditions are represented in

the State Space. Action Space contains all possible stimulating patterns. The Learning Algorithm learns from domain knowledge and history data, then observes

treatment effects (Reward) and optimizes stimulating pattern (Action) online.

treatment plans to guiding surgical procedures, that are beyond
current clinical capabilities. While these technologies shed light
on the way toward better treatment, they also pose new challenges
in terms of scale, complexity, safety, robustness, and efficacy.

INNOVATIONS THAT AIM AT UNCOVERING
DEEP BRAIN STIMULATION MECHANISMS
OF ACTION

Toward Connectomic Deep Brain
Stimulation
It was long thought that DBS exerts its function by local
modulation of the target region itself, and a large number
of studies have focused on such local effects by delineating
optimal “sweet spots” for effective DBS. However, accumulating
evidence suggests that DBS modulates fiber tracts or distributed
brain networks and that such effects may be equally important
for optimal treatment outcome (22–27). This has given way
to a paradigm shift in the field of DBS, away from localized
targeting and toward modulation of whole-brain networks by
invasive neuromodulation.

In a parallel development, in the field of neuroimaging, the
concept of the connectome, a formal mathematical description of
brain regions and their interconnections was introduced in 2005
(28). Given the strong impact of the connectomics concept on the
neuroimaging field, it is somewhat surprising that, so far, only a
handful of studies have applied it to DBS (22, 29–31). One reason
for this may be that patient-specific connectivity data [resting-
state functional MRI (rs-fMRI) or diffusion MRI (dMRI)] are
usually not acquired within clinical routine and are hard, if not
impossible, to acquire postoperatively.

To overcome this limitation, Horn et al. (23, 32–34)
established a method that combines normative connectomes,
i.e., average brain connectomes that are estimated on large
cohorts of subjects, with DBS electrode reconstructions from

a single patient. This concept has been successfully applied
to other areas of clinical neuroimaging, for instance, to map
stroke symptoms to brain regions (26, 28, 35) or to explain
varying results of transcranial magnetic stimulation (TMS)
treatment (36). A recent publication has demonstrated the
feasibility of this concept for DBS (23). Here, the authors
estimated the structural and functional connectivity profile
of effective ventral intermediate (VIM) nucleus DBS by
transforming an optimal literature-based DBS coordinate to
standard stereotactic [Montreal Neurosciences Institute (MNI)]
space and combining it with normative connectomes. A second
study demonstrated that clinical DBS improvement can be
predicted based on the connectivity profiles of electrodes
alone (25) (Figure 3). Specifically, the structural and functional
“connectivity fingerprints” of DBS electrodes in 95 PD patients
operated on at two centers were highly predictive of their clinical
motor improvement. In fact, the optimal connectivity profile of
effective STN-DBS could be informed exclusively on data from
the first DBS center and then used to accurately predict outcome
in patients from the second center. The study demonstrated
that brain connectivity may play a crucial role in the DBS
mechanism of action and that it may be used to predict treatment
outcome across cohorts and centers. Recently, the concept was
transferred to essential tremor (37) and obsessive–compulsive
disorder (OCD) (38). After further validation, resulting “effective
treatment networks” of these and similar studies could in the
future be used to guide both DBS programming and surgery.
Moreover, networks could potentially be used to guide non-
invasive brain stimulation since they define cortical areas that
may play a role in disease-specific and therapeutic circuitries.

Studying Effects of Deep Brain Stimulation
in Individual Patients
DBS is a well-established functional neurosurgical technique
that has recently observed rapid development as a potential
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FIGURE 3 | Connectivity predicts deep brain stimulation (DBS) outcome in Parkinson’s disease (25). (A) Active stimulation coordinates from five cohorts out of two

DBS centers mapped to subcortical anatomy [subthalamic nucleus (STN) shown in orange]. (B) Cortical connectivity map predictive of clinical outcome analyzed

using normative-connectome based on resting-state functional MRI (rs-fMRI). Hot colors show areas that are associated with good clinical outcome if the electrode is

strongly connected to them. In contrast, functional anticorrelation to areas in cold colors is associated with beneficial outcome. (C) Fiber tracts associated with good

(red), intermediate (yellow), or poor (blue) clinical outcome. Connectivity profiles shown in (B,C) are able to predict motor improvement in out-of-sample data (across

DBS cohorts and centers; R in the range of 0.5; ∼20% variance explained).

FIGURE 4 | Subthalamic nucleus stimulation suppresses functional activity in

large-scale brain networks, including sensorimotor and association regions in

the frontal lobe. The map shows the functional MRI (fMRI) contrast between

“DBS on” condition and “DBS off” condition in 11 patients with Parkinson’s

disease. Functional data were recorded using 3-Tesla MRI when deep brain

stimulation (DBS) was turned on (36-s blocks) and off (24-s blocks) using a

block design.

treatment for neuropsychiatric disorders (27, 39). Not only does
DBS mimic the effects of neuropharmacological treatment, but
it currently offers key advantages with fewer side effects and
greater adjustability. Although DBS has achieved great success in
treating movement disorders such as PD and dystonia, a broader
use of DBS for other neurological disorders is facing two major
challenges. The first lies in accurate application in individual
patients, as patients with neurological and psychiatric disorders
are highly heterogeneous in terms of their symptom expression,
disease progression, and more importantly their brain functional

network organization. A personalized implantation/stimulation
strategy is thus necessary to maximize the treatment benefits
and improve patient care. The second challenge is the lack
of in-depth understanding of how DBS impacts wider brain
networks largely due to the lack of means to study the
immediate and long-term stimulation effects on large-scale brain
networks in vivo. A better appreciation of the mechanism of
DBS is crucial in order to extend this important technique
from treating movement disorders to a broader spectrum of
brain diseases including Alzheimer’s disease (AD), stroke, and
neuropsychiatric disorders.

Understanding the neurophysiology, connectivity, and
neuropathology at the level of individual patients is key
to furthering the success of DBS treatment. To date, DBS
applications are largely based on the presumption that current
models of disease, which are predominantly derived from
neuroimaging studies that identify brain abnormalities at
a group level (40), can be directly applied to individual
patients. However, it is becoming increasingly recognized that
interindividual variability exists not only in macroscopic and
microscopic brain anatomy (41–43) but also in the organization
of functional systems, i.e., the topography and connectivity
of functional regions may vary drastically across individuals
(44, 45). Compared to unimodal sensory and motor functions,
higher-order cognitive functions demonstrate substantial
variability across individuals. Recent studies suggest that the
high level of interindividual variability in higher-order functions
may be a fundamental principle of brain organization and a
critical outcome of human brain evolution (44–46). Disease
models concerning motor circuits, which have a relatively low
degree of interindividual variability, might be directly applied
to individual patients to guide DBS treatment. For example,
targeting the STN and globus pallidus internal segment (GPi)
provides efficient treatment of akinesia, tremor, and rigidity in
most PD patients (47). However, even with well-defined targets,
not all patients seem to benefit from DBS to the same degree.
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The picture becomes more complicated with the application of
DBS in psychiatric disorders. For example, a recent report of the
application of DBS to the subcallosal cingulate for treatment-
resistant depression yielded unsatisfactory results, with DBS
failing to demonstrate a superior effect to sham stimulation
(40). A subsequent trial has suggested that DBS targeting and
parameters need to be optimized for individual patients in
order to demonstrate treatment efficacy (48). Specifically, it
was found that treatment responders shared a common pattern
of white matter connectivity within the subcallosal cingulate
region (49). These results suggest that it is necessary to develop
patient-specific targets and cortical responsivity measures to
identify precise DBS targets. On a systems level, it is crucial to
develop non-invasive metrics of brain functional and structural
connectivity, at an individual level, to make DBS treatment
viable and to improve the cost–benefit ratio for patients. Recent
technical advancement in functional connectivity MRI research
has made it possible to localize functional networks at the
single-subject level (50–52), which could thus be used to guide
personalized DBS treatment. For example, the work by Wang
et al. (52) has established a technology to parcellate cortical
functional networks in individuals, which is highly sensitive
to the characteristics of the individual and is able to capture
intersubject variability. Functional networks localized using this
parcellation technology were also validated by invasive cortical
stimulation mapping in surgical patients. Such techniques may
be essential for identifying DBS targets in individual patients in
the near future.

Understanding the immediate and long-term effects of DBS
on large-scale brain networks requires technologies that can
read out brain signals in vivo. Until recently, due to technical
constraints, the local and remote effects of DBS have only
been measured with electroencephalography using external leads
and formed the basis for the investigation of brain response
to DBS (53). Recent technological developments allow for the
concurrent recording of LFPs and high-field MRI during DBS
(54). The implications of these developments are profound
(47). DBS significantly suppressed beta activity (13∼35Hz),
but the suppression effect appeared to gradually attenuate
during a 6-month follow-up period after surgery (55). The
concurrent recording of LFPs allows for the characterization
of pathophysiological neuronal firing patterns, the investigation
of the clinical response according to application parameters,
and the development and testing of new disease models.
This technological advancement has benefited the study of,
for example, the abnormal oscillatory activity (13–35Hz) in
PD, the pivotal role of the STN in basal ganglia physiology
and pathophysiology, and the use of β-band oscillations as
biomarkers to devise closed-loop DBS systems to deliver
a more neurophysiologically efficient therapy. Nevertheless,
electrophysiological signals recorded from implanted electrodes
only reflect neural responses at local structures rather than
the effects on large-scale, distributed functional networks.
Obtaining a comprehensive picture of DBS effects on the human
brain is now possible, thanks to the recent development of
DBS devices that are compatible with high-field MRI (54).
Taking advantage of these novel devices, we are able to
record functional activity across the entire brain during DBS

using 3T MRI. The high-quality imaging data can capture
the changes in the large-scale brain networks when DBS is
turned on and turned off. The data presented by Liu et
al. (52) demonstrate immediate, strong suppression of brain
activity in the sensorimotor cortex after STN stimulation in
PD patients (Figure 4). This DBS-fMRI technology allows
for examining the validity of potential DBS targets for a
variety of brain disorders, eventually leading to a broader use
of DBS.

Taken together, DBS has the potential to revolutionize the
treatment of neurological and psychiatric disorders and to
improve our understanding of human brain function. However,
before DBS can be implemented into standard practice for a
broad range of disorders, a better understanding of how it
affects large-scale brain networks and identification of precise
targets in individual patients are necessary. The development
of individualized functional imaging techniques and MRI-
compatible DBS devices will greatly facilitate research in this
important field.

Neurocircuitry Underlying Effective Deep
Brain Stimulation for Mental Health
Disorders
DBS is a promising therapeutic approach for patients with
treatment-resistant mental health disease, including OCD and
major depressive disorder (MDD) (56–58). MDD and OCD
involve key elements of the cortico-cortical and cortico-basal
ganglia networks. These networks include the ventromedial
prefrontal cortex (vmPFC), orbitofrontal cortex (OFC), dorsal
anterior cingulate cortex (dACC), and the basal ganglia
structures, striatum, and STN (59). DBS primarily targets
myelinated fibers that carry information from and to the above
structures. As such, the most common DBS targets are (1) the
subgenual cingulate gyrus white matter (SCGwm), the white
matter adjacent to cortical areas 32 and 25; (2) the anterior
limb of the internal capsule (ALIC) that carries descending and
ascending cortical fibers; and (3) the connections of the STN,
including the hyperdirect pathway that carries cortico- STN
fibers (56–58).

The work by Haber et al. (59) has used a combination
of nonhuman primate (NHP) tracing experiments and NHP
and human dMRI to delineate the organization of PFC fiber
pathways, which allows insight into which connections are likely
to be involved at each DBS electrode site. The work has focused
on how cortical fibers are organized within the SCGwm, ALIC,
and STN and the fibers and terminal fields likely to be affected by
DBS electrodes placed within those regions.

The SCGwm site is primarily used for treatment-resistant
depression. The most effective SCGwm contacts (1 and 2) are
at the border between the SCG and the inferior rostral gyrus
(60). Fibers that pass through this region include multiple
connection involving the entire ventral surface of the frontal
cortex (Figure 5A). Contact 1 is within the inferior rostral gyrus
white matter, contact 2 is within the SCG, and contracts 0 and
3 are ventral and dorsal, respectively. Contacts 0–2 will involve
(1) all connections from vmPFC areas adjacent to the electrode
contacts (both cortical and subcortical projections); (2) uncinate
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fasciculus fibers from non-adjacent vmPFC and medial OFC as
they travel medially to other ventral PFC areas; (3) a subset of
lateral OFC fibers traveling medially to innervate medial PFC
areas; (4) axons traveling from the contralateral vmPFC and
medial OFC; and (5) a subset of anterior vmPFC andmedial OFC
en route to the corpus callosum through the uncinate fasciculus.
Contact 3 involves primarily fibers in the corpus callosum. In
addition, this site captures a subset of fibers traveling from the
medial OFC and posterior lateral OFC to the cingulum bundle
and superior longitudinal fasciculus (61).

The ALIC site is used for both treatment-resistant MDD and
OCD. Fibers from different cortical regions follow predictable
trajectories to, and locations within, the ALIC. The relative
position of fibers from different cortical areas, within the
ALIC, demonstrates the topology, and specifically the ALIC
segmentation, based on PFC origin of fibers. Fibers arising
from dorsal regions travel within the capsule dorsal to those
from ventral cortical areas. Axons derived from medial areas
travel within the capsule medial to those from lateral regions
(Figure 5B). The organization shows how stimulation in different
locations throughout the ALIC is likely to impact projections of
different cortical areas, including the ventrolateral PFC (vlPFC),
dorsolateral PFC (dlPFC), dorsomedial PFC, and dACC. Each
contact placed within the ALIC activates a different subset of
corticothalamic and brain stem fibers. In particular, an electrode
contact targeting the ventralmost part of the ALIC will likely
impact primarily fibers from the vmPFC and OFC. More dorsal
contacts/lesions will impact lateral OFC, ventrolateral PFC,
and dACC fibers. The most dorsal contacts/lesions will impact
primarily the dorsomedial and dorsolateral PFC. In addition
to consideration of the dorsoventral position of electrodes or
lesions, the rostrocaudal position is also important (61, 62).

The effectiveness of DBS for depression at the SCGwm and
ALIC sites has not been directly compared with respect to patient
selection criteria. Nonetheless, both sites are effective in over 50%
of otherwise treatment-resistant patients (63, 64). Stimulation at
the SCGwm site captures all cortical and subcortical projections
from the area surrounding each contact site. However, it also
captures fibers from non-adjacent cortical areas passing through
the target, including connections between different vPFC areas,
and OFC fibers traveling to corpus callosum, medial forebrain
bundle (MFB), cingulum bundle, and superior longitudinal
fasciculus. In addition, this target captures the extensive brain
stem connections from the SCG. In contrast, ALIC site does
not directly involve corticocortical fibers. Rather, each contact
in the ALIC site involves a different combination of thalamic
and/or brain stem bundles. Of particular importance is that both
DBS targets capture subsets of fibers that include both thalamic
and brain stem fibers. Thus, an important part of the clinical
effectiveness of DBS is likely to require a combination of thalamic
and brain stem fibers.

The STN site, commonly used for PD is now experimentally
used for OCD. In addition to the STN connections to both
pallidal segments, there is an important direct cortico-STN
connection that is referred to as the hyperdirect pathway. This
pathway is also organized in a specific and general topographic
manner. M1 projects to the dorsolateral STN, with area 6

projecting ventromedially to these terminals. Overall, PFC
projections are concentrated and anterior to motor control
projections. While dorsal PFC projections occupy the medial half
of the STN, vmPFC and dACC dense terminal fields are located
in the rostral and anterior, medial tip. This area also receives
the limbic input from the pallidum, in particular, projections
from the ventral pallidum (65). The delineation of limbic and
cognitive hyperdirect pathways has been key for developing a
DBS site for the treatment of OCD (58). It has also contributed
to our understanding of non-motor effects of DBS in PD. Taken
together, DBS for motor disorders such as PD targets the lateral
STN regions, while the target for OCD targets the medial STN.
Effectiveness of DBS for OCD at the ALIC and STN sites is now
being compared at several clinical sites.

DEEP BRAIN STIMULATION FOR MAJOR
DEPRESSION AND ADDICTION

MDD has been known to exist since the origins of humankind.
Hippocrates (460–370 BC) referred to MDD as “melancholy.”
Being a highly heterogeneous disorder, symptoms of MDD affect
a range of behavioral domains including mood, sleep, sexual
behavior, and motor functioning. MDD has a 1-year prevalence
of 3–5% and lifetime prevalence of 15–20%. It has been reported
that MDD is on the uprise (increase of 10% between 2005 and
2010), leading to an incremental economic burden for individuals
with MDD. The cost increased by 21.5% (from $173.2 billion to
$210.5 billion) (66).

DBS for MDD has demonstrated clinical benefit in three brain
regions in open-label trials, including the ventral capsule/ventral
striatum (VC/VS), the subgenual cingulate cortex (SCC), and the
superolateral branch of the medial forebrain bundle (sl-MFB)
(40, 67, 68). Two large, industry-sponsored sham-controlled
randomized controlled trials (RCTs) of DBS for depression
failed, one targeting BA25 and one targeting the ventral
capsula (68). The BA25 trial (BROADEN) was halted when
interim analyses showed a low likelihood of meeting primary
endpoints. The outcomes of these trials have caused the field
to question fundamental aspects of these therapies, including
patient selection, trial design, network targeting, funding, and, of
course, efficacy itself.

A number of lessons can be gleaned from these trials. (1) The
underlying disorder, major depression, is not well-understood.
We need better biomarkers to further delineate and stratify
various forms of depression. (2) There is a need for identification
of better outcome measures analogous to those used in DBS for
movement disorders. For example, specific motor variables such
as bradykinesia, rigidity, and tremor are utilized to determine the
outcome of DBS for PD while psychiatric scales tend to focus
on more holistic and subjective disease outcomes. Furthermore,
these variables could also be used to identify patients most
likely to respond to DBS. Thus, the best PD candidate is not
simply the patient with the worst overall disease but one with
specific levodopa-responsive symptoms. (3) There is shift, now,
from the single-target approach to a network-based model of
neuropsychiatry in which target selection is patient and disease
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FIGURE 5 | Rules ventral prefrontal cortical axons use to reach their targets: implications for diffusion tensor imaging tractography and deep brain stimulation for

psychiatric illness (61). Organization of fibers passing through the subgenual cingulate gyrus white matter (SCGwm) (A) and anterior limb of the internal capsule (ALIC)

(B). (A) Schematic of an electrode passing through the SCGwm, indicating the cortical fibers involved at each contact. AF, amygdala fugal pathway; CB, cingulate

bundle; CC, corpus callosum, EC, external capsule; EMC, extreme capsule; IC, internal capsule; los, lateral orbital sulcus; mos, medial orbital sulcus; olfs, olfactory

sulcus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus. (B) Organization of fibers in the human ALIC. Red, OFC and vmPFC fibers; yellow, ventrolateral

PFC fibers; light blue, dACC fibers; green, dorsolateral PFC fibers; blue, dorsomedial PFC fibers.

specific. (4) We need to leverage structural and functional
neuroimaging to better identify these network nodes. (5) We
need to change our attitudes with regard to trial designs to
support more flexible designs and to aggregate data across trials.
(6) Finally, ongoing advancements in DBS hardware and software
(such as directional electrodes and closed-loop devices) will result
in increasing the therapeutic index and efficacy of DBS for
psychiatric disorders. Thus, the field of psychiatric neurosurgery
finds itself at a crossroads. Despite the setbacks of these so-called
“failed” trials, the clinical and financial burden of psychiatric
diseases continues to grow, as does the theoretical rationale for
DBS therapy, with increased commitment from various national
and international agencies.

In addition to major depression, substance addiction is one
of the most prevalent and costly health problems globally.
Standard medical therapy is often not curative, and relapse
is common. Research over the past several decades on the
neural underpinnings of addiction has implicated a network
of structures within the brain shown to be altered in patients
with substance abuse. While invasive neuromodulation such
as DBS and VNS have proven to be effective in treating
depression, OCD, and epilepsy, there is increasing interest and
data with regard to their potential application in the treatment
of severe, intractable substance abuse and addiction. Several
neuromodulatory techniques and brain targets are currently
under investigation in patients with various substance abuse
disorders (69).

The current work by Bari et al. (70, 71) is aimed to
apply the lessons learned from DBS for depression toward the
application of DBS and other forms of invasive neuromodulation
toward addiction. Thus, using probabilistic tractography, Bari
et al. have identified specific limbic structures associated with
nicotine addiction and impulsivity (currently under review with
human brain mapping). In addition, brain mapping data from
patients undergoing DBS for post-traumatic stress disorder
(PTSD) combined with a normative connectomic approach has
supported the role of the amygdala in regulating reward-related
emotions. These efforts provide the background on which to

design more informed trials of invasive neurmodulation for
nicotine and other forms of addiction.

Toward Deep Brain Stimulation Targets
and Stimulation Designs for Depression
The neural correlates of MDD have only been partially unraveled
and involve both activity and connectivity changes. Based on
neuroimaging, a neural circuit taxonomy for depression and
anxiety has been developed (72). This suggests that rumination
is the consequence of hyperconnectivity within the default
mode network, inattention due to hypoconnectivity within
the frontoparietal attentional networks, anhedonia and context
insensitivity to a dysfunctional positive affect network, and
anxious avoidance to hypoconnectivity within the salience
network and hyperconnectivity between salience and default
mode network (72).

Before medications were discovered that could treat MDD,
psychosurgical techniques were developed to address this
complex pathology. Whereas, the initial approach was to
perform a large frontal lobotomy, the development of stereotactic
approaches in 1947 permitted smaller and better targeted lesions
resulting in four kinds of psychosurgery: (1) cingulotomy, (2)
anterior capsulotomy, (3) subcaudate tractotomy, and (4) limbic
leucotomy (combination of 1+3). Even though psychosurgery
came under public attack and was nearly forbidden, a dilemma
arises with recent disinterest and disengagement of the big
pharma in developing novel medications for brain disorders.

Based on modern structural imaging with tractography, it is
now clear that these four targeted regions functionally converge
at the pgACC, extending into the OFC, and are connected
via the forceps minor and the anterior thalamic radiations to
subgenual cingulate regions. Anatomically, this convergence may
derive from the superolateral branch of the MFB, a structure
that connects these frontal areas to the origin of the mesolimbic
dopaminergic “reward” system in the midbrain ventral tegmental
area, which is a possible final common pathway.

From the initial work by Mayberg et al. (49) the subgenual
anterior cingulate has been selected as a target for depression,
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yet others have targeted the MFB. However, there seems to be a
problem. Open-label studies for MDD are all positive including a
meta-review of meta-analyses. Yet two controlled trials for MDD
were both negative, one targeting BA25 and one targeting ventral
capsule/striatum. This is in keeping with a larger problem that
today, no target—whatever the disease—can meet the criteria for
clinical efficacy as recently defined by an international committee
for neurosurgery for psychiatric disorders. How can we overcome
this problem? Should the neuromodulation community look for
new targets, use novel stimulation designs, or a combination of
the two?

Based on historical data from destructive psychosurgery, as
well as modern functional and structural imaging, new targets for
neuromodulation can be proposed: the dACC has been a target
for the treatment of MDD with lesioning, TMS, and implants.
Similarly, functional imaging suggests that also the left amygdala,
right parahippocampal area, pgACC, caudate nucleus, insula, as
well as the DLPFC and VLPFC could be potential targets for
neuromodulation for MDD.

Another critical question is what is the ideal pattern
of stimulation? DBS for movement disorders applies
fairly standardized stimulation parameters, consisting of a
frequency of 130Hz, pulse widths <300 µs and variable
amplitudes. Recently, burst stimulation has been developed,
and this stimulation design applies the natural frequency
of the targeted area, e.g., 6Hz at the ACC, 20Hz at the
DLPFC, 4–8Hz at the somatosensory and auditory cortex.
Thus, effective outcomes can only be expected if both
the target and stimulation design match. Interestingly,
novel stimulation designs such as noise stimulation can
be developed to prevent the brain of habituating to the
stimulation. Noise can come in various forms, also called
colors, from white to pink to brown and black, with an
increasing steeper slope, following a 1/fβ with β = 0, 1, 2, 3 for
white, pink, brown, and black, respectively. Considering that
connectivity is both hypo- and hyper-, a combination of burst
and noise may be essential to normalize dysconnectivity
in MDD, with burst stimulation potentially increasing
connectivity and noise stimulation desynchronizing activity, i.e.,
decreasing connectivity.

Yet still another form of neurostimulation can be
developed, called reconditioning stimulation. The concept
is that electrical stimulation is paired to external stimuli,
as first proposed in a seminal paper in tinnitus. This
concept can be adjusted to treating depression and
has as advantage that the paired stimulation exerts a
learning effect on the brain, instead of only suppressing
hyperactivity or blocking hyperconnectivity, which is the
mainstay of current neurostimulation approaches. The
adaptation would be to pair external hedonic stimuli
to rewarding stimuli delivered at different parts of the
reward circuitry.

In summary, novel targets combined with novel stimulation
designs pave the way for improved treatments for MDD and
entirely novel approaches, such as reconditioning stimulation,
might be yet another approach to treat this most debilitating of
brain disorders.

Pathway-Specific Targeting for Subcallosal
Cingulate Deep Brain Stimulation
DBS of the subcallosal cingulate white matter (SCC DBS) is
an emerging strategy for treatment-resistant depression (56).
Clinical trials show response rates at 6 months across studies
range from 41 to 66% with sustained and increased response
over time (40, 73). A challenge to effectively disseminate
this nascent treatment remains in the fact that there is an
absence of biomarkers to guide lead placement or to titrate
stimulation parameters during follow-up care. Unlike PD, where
intraoperative electrophysiology is routinely employed to define
the anatomical–functional placement of the lead and titrate
stimulus parameters to moderate symptoms in real time, such
mechanistically guided biomarkers for depression are lacking.
Furthermore, the SCC target is in the white matter, without
demarcated anatomical boundaries. As such, individualized
mapping of the target and its precise cortical connections is a
critical first step to standardize the procedure.

Targeting the SCC white matter was based on converging
imaging data demonstrating changes in SCC activity with
antidepressant response to a variety of standard treatments (74,
75). Selection of this target was further supported by an extensive
literature demonstrating monosynaptic connections between the
subcallosal cingulate and specific frontal, limbic, subcortical,
and brain stem sites involved in mood regulation, depression,
and the antidepressant response (76, 77). Specific placement of
the DBS electrodes was therefore determined by local anatomy.
Approximate coordinates were derived from PET imaging
studies localizing the subcallosal cingulate region (Brodmann
area 25) and adjacent white matter and were then combined
with anatomical landmarks identified in standard neurosurgical
atlases. Tractography-guided connectomic approach to SCC
electrode implantation has been found to improve the precision
of surgical targeting following an initial feasibility study (49, 78).

In the latest developments by Choi et al. (79) refinement of
surgical targeting has been aided by using tractography guidance.
White matter pathways have now been mapped in responders
and non-responders in the first study cohort to define the
necessary and sufficient pathways that must be stimulated to
achieve a full antidepressant effect (78). These maps utilize
individualized models of the volume of tissue activated (VTA)
derived from each patient’s diffusion tractography scan (80).
Successful prospective targeting in the most recent cases of 11
patients has resulted in successful mapping of responders group.
These latest results confirm that prospective targeting of four
key white matter bundles (cingulum, uncinate fasciculus, forceps
minor, and frontal-striatal; Figure 6) can be performed reliably
in individual patients, and use of this method improves long-
term outcomes.

Perspectives of Deep Brain Stimulation for
Memory Disorders
Memory deficits are a characteristic feature of numerous
neuropsychiatric disorders, including various forms of
dementias. To date, no effective treatment exists for
memory deficits in dementia. Commonly used medications
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FIGURE 6 | Prospective targeting of these four white matter bundles can be performed reliably in individual patients, and use of this method improves long-term

outcomes. (A) Four-bundle white matter “blueprint”: cingulum (yellow), uncinate fasciculus (blue), forceps minor (red), frontal-striatal (white). (B) Whole-brain

tractography loaded in patient-specific stereotactic frame space using StimVision. (C) Visualizing tracts passing through the volume of tissue activated (VTA) to define

optimal target location that best visually matched the “blueprint.” (D) Finalization of lead trajectory with the neurosurgeon to avoid cerebral vasculature and choosing

the point of entry.

are acetylcholinesterase inhibitors, but the overall response
is not very satisfactory (81). Neuromodulation strategies,
including DBS, have been recently proposed for the treatment of
these conditions.

The use of electrical stimulation for the study of memory
problems is not new. In animal models, stimulation of various
brain regions has been conducted in attempts to investigate
physiological aspects in several learning and memory paradigms
(82, 83). Early reports administering high current intensities to
limbic structures in rodents undergoing memory tests reported
stimulation-induced memory deterioration (82, 84). In contrast,
stimulation regimens suited to induce plasticity (85, 86) were
found to improve memory.

In humans, memory improvement has been reported
in patients with epilepsy receiving entorhinal cortex (EC)
(87) or anterior nucleus of thalamus (ANT) DBS (88).
However, impairment has also been described particularly
when stimulation was delivered acutely at relatively high

currents (89). A patient with morbid obesity treated with
DBS in the hypothalamic/forniceal region presented dejà vu
sensations (90). In this same patient, stimulation was found
to modulate the activity of the mesial temporal lobe and
improve hippocampal memory function, as measured with
neuropsychological testing (90).

A few years ago, a phase 1 clinical trial was conducted to
test the safety of fornix DBS in six patients with AD (91). In
addition to promising clinical findings, DBS was shown to
modulate the activity of mesial temporal lobe structures and
increase brain metabolism in temporal and parietal regions, as
revealed by positron emission tomography (PET) scan (91).
Following that study, a phase II trial of fornix DBS in mild
AD (ADVANCE) was conducted (92). Forty-two patients were
recruited in centers across the United States and Canada. It
consisted of a 12-month double-blinded randomized controlled
study comparing active and sham stimulation. When all patients
were considered, no significant differences were observed in the
Alzheimer’s Disease Assessment Scale–Cognitive (ADASCog)
13 scores between groups (92). Interestingly, however, patients
older than 65 receiving DBS seemed to have had a slower
disease progression (though no significant differences were
detected compared to sham-treated individuals of the same age
group) (92). Another DBS target proposed for the treatment

of AD is the nucleus basalis of Meynert, with preliminary
studies showing promising results in different clinical
types (93).

To explain potential mechanisms of stimulation, preclinical
work has been conducted. In one of these studies, Gratwicke
et al. (94, 95) stimulated the EC of AD transgenic animals. The
authors found significant improvements in animals receiving
DBS compared to sham treatment in the Morris water maze
and novel object recognition tests. Remarkably, DBS reduced
the number of Aβ plaques, as well as tau, phosphorylated tau,
and amyloid precursor protein (APP) in the hippocampus of
transgenic animals (94).

Taken together, the effects of stimulation on memory seem to
vary as a function of the current intensity, target, and duration of
treatment. Promising results have been reported in degenerative
disorders, including AD. In animal models, DBS has been
shown not only to improve memory function but also to have
neuroprotective effects. Recent clinical trials in AD patients have

shown promising enough results to warrant large-scale studies.

LATEST APPROACHES IN DEEP BRAIN
STIMULATION FOR MOVEMENT
DISORDERS

From Primate to Man: Pedunculopontine
Nucleus Stimulation as a Therapy for
Patients With Parkinsonian Disorders
FOG and falls are two of the most disabling symptoms of PD
affecting upward of 10% of such patients (96). The introduction
of L-DOPA in 1975 was so miraculous in reversing the cardinal
signs of PD that it led to an initial discontinuation of functional
neurosurgery, as it was felt that a single drug could be found
to have similar beneficial effects with less potential side effects
in movement disorders (97). However, it became apparent that
with time, after 5 years, upward of 60% of patients would develop
crippling medication-induced side effects such as dyskinesias. To
move forward, a better understanding of the disease was needed.
The problem was that, at that time, there was no animal model to
better understand the disease pathology.

Serendipity came into play with the report in 1983 by
Langston and Ballard (98) and Langston et al. (99) of a young
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man admitted in a presumed catatonic state unresponsive
to psychiatric therapies. However, when given L-DOPA, his
symptoms were reversed. Subsequently, a series of these
patients were reported to have been rendered parkinsonian
by self-administration of a pethidine analog, methyl-phenyl-
tetrahydropyridine (MPTP). After one patient overdosed on
cocaine and died, the autopsy conducted showed the changes in
the brain similar to those seen in PD, particularly loss of nigral
dopaminergic neurons. In 1983, Burns et al. (100) administered
MPTP to NHPs and produced an experimental model of PD,
mimicking bradykinesia, forward flexed posture, and rigidity.
These animals were also highly responsive to L-DOPA therapy.

Subsequent studies using the MPTP-lesioned NHP model of
PD with electrophysiology and 2-deoxyglucose (2-DG) studies
(101) led to a key pathophyisiological understanding of PD, in
which loss of nigral dopamine leads to disinhibition of the STN,
causing an excessive inhibitory drive from the medial pallidum to
ascending and descending pathways to the thalamus and upper
brain stem. Two pioneering studies confirmed that lesioning the
STN, using either neurotoxin (102) or surgical radiofrequency
electrodes (103), reversed experimental parkinsonism. Lesioning
the STN was not considered an option for fear of inducing
hemiballism; therefore, it was the finding that high-frequency
stimulation of the STN in the NHP model that made it clinically
applicable. Very soon after, STN HFS became to be the most
accepted treatment for advanced PD.

With time, it became apparent that even with medication
and STN-DBS, PD patients were not resistant to FOG and falls.
Certain lines of evidence suggest that the upper brain stemmight
be relevant to understanding this. For example, in decerebrate
rats, cats, and dogs, electrical or chemical stimulation in the
mesencephalic motor region induces walking. The particular
brain region, the pedunculopontine nucleus (PPN), was shown
to degenerate in PD and other akinetic disorders such as multiple
system atrophy (MSA) and progressive supranuclear palsy (PSP).
In addition, 2-DG studies have indicated that MPTP-lesioned
NHPs have excessive inhibition of the PPN.

A lesion or high-frequency stimulation of the PPN in healthy
NHPs induces akinesia (104). Once rendered parkinsonian with
MPTP administration, microinjections of bicuculline [gamma
aminobutyric acid (GABA) antagonist] directly into the PPN
reverses akinesia and imbalance, as does low-frequency PPN
stimulation (105). The finding that PPN stimulation alleviated
movement abnormalities in the MPTP-lesioned NHP was
translated rapidly to treat PD patients by clinical groups in the
UK (Bristol) and Italy (Rome), with low-frequency stimulation
(around 20–30Hz) being employed (106, 107). These early
clinical studies noted an effect of PPN stimulation that mimicked
those found in the NHPs, which was an improvement in akinesia,
in addition to gait and posture. This was later followed by
a clinical study of six PD patients with dual STN and PPN
stimulation (108). Results suggested modest improvements in
akinesia and more marked beneficial effects in FOG and postural
instability, with the suggestion of STN and PPN DBS being
complementary. However, a major issue arose regarding the
target that appeared to lie in the neighboring peri-peduncular

nucleus. This has since prompted a debate on the exact location
of the PPN, and this remains a controversial issue (109–112).

Two further clinical series have reported PPN stimulation
in two differing scenarios (1) dual bilateral STN and PPN
stimulation and (2) single-target unilateral PPN stimulation
(113, 114). These studies have reported very modest therapeutic
effects of PPN stimulation, largely limited to FOG and postural
instability. One study found very limited effects even on FOG
and questioned the clinical utility of this treatment (113).
However, several aspects in the clinical application of PPN
stimulation in these studies could have affected therapeutic
efficacy. Indeed, some patients were selected for PPN stimulation
with severe motor fluctuations requiring STN stimulation and
variable degrees of gait disturbance (108, 113). For example,
PD patients were selected for PPN stimulation to treat FOG
that developed during STN stimulation. Other patients had
been selected for PPN stimulation who had not experienced
FOG that persisted “on medication” or having recurrent falls
(113, 114). It remains possible that co-stimulation of the STN
could influence the efficacy of PPN stimulation due to the
substantial reciprocal connections between the two targets (115).
In this regard, it should be noted that high-frequency stimulation
required for STN stimulation (i.e., 130Hz) appears to worsen
gait when delivered to the PPN. It has been found that the
PPN was targeted above the pontomesencephalic junction with
choline-acetyltransferase 5 (ChAT5) staining studies in humans,
suggesting that lead placement could have missed the caudal
extent of the nucleus, which is most degenerate in PD (116–
118). Moreover, a clinical study by Thevathasan et al. (119)
demonstrated that bilateral PPN stimulation provides a greater
therapeutic effect over unilateral stimulation.

It is apparent that there are some questions remaining
regarding the effect of PPN stimulation in parkinsonian FOG
and falls, i.e., the exact target and the best patient candidates
are still debated. It is noteworthy that the outcomes measured
with UPDRS may lack sensitivity for gait and posture. Indeed,
the precise effects of PPN stimulation on motor function in
PD including gait are not established (120). However, in recent
years, it has been reported in a meta-analysis of several well-
documented PPN stimulation studies that patients ON or OFF
medication are better with PPN stimulation (121).

Novel Neuromodulation Applications for
Gait Disorders in Parkinson’s Disease
Postural instability and gait disorders (PIGDs) are debilitating
phenomena that frequently impair locomotion and can
significantly affect quality of life in PD patients (122). Prevalence
of PIGD tends to follow the severity of disease; it is the most
common cause of falls, which are associated with an increase
in morbidity and mortality in PD (122). Besides the effects of
STN and GPi DBS on PIGD responsive to levodopa, PPN DBS
was the first neuromodulatory technique directly applied for the
treatment of PIGD, with success recorded in many reports (123).
In addition, there have been some reports on dual stimulation
STN/SNr and VFS of STN as possible neuromodulatory methods
for PIGD (124, 125).
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FIGURE 7 | Effects of spinal cord stimulation on postural control in Parkinson’s disease patients with freezing of gait (132). On the top left, the figures show the

representation of the step initiation task from quiet standing to the actual step, showing the marker on the right malleolus to detect the moment that the foot clears the

floor. The graph below shows body weight shifting toward the supporting leg [anticipatory postural adjustment (APA)] during the three different conditions [gray curve,

spinal cord stimulation (SCS) OFF; blue curve, 60 Hz-CS; green curve, 300 Hz-SCS]. On the right is a representation of the spinal cord showing the site of stimulation

(T2) used in the same report.

Since the first experimental report from Fuentes et al. (126)
showing that spinal cord stimulation (SCS) could enhance
locomotion in murine PD models, and more recently in NHPs
(127), SCS has been considered as a possible treatment for
FOG in PD. Increasing evidence suggests that SCS improves
treatment-resistant PIGD in PD patients (128). Recently, Pinto
de Souza et al. (129) have reported positive effects of high-
frequency SCS (300Hz) on gait, improving the performance in
various gait tests, which were reproduced during double-blinded
assessments. It was also seen that continuous SCS chronically
reduced FOG episodes, improved UPDRS-III motor scale scores,
and self-reported quality of life (129). These results are in line
with previous clinical observations and findings recorded in
parkinsonian animal models (126, 127). More recently, Samotus
et al. (130) also showed positive effects of SCS for gait dysfunction
in PD patients. In comparison to early reports, the selection of
PD patients with locomotor problems weremore precise (130), in
which motor symptoms, gait performance, and FOGwere closely
followed with adequate evaluations.

Despite that positive results have been reported, the
mechanisms by which SCS may improve FOG are still elusive.
Considering that the exact mechanism of FOG itself is also not
completely understood, the study of SCS might converge with
the study of FOG. Normal gait requires an exact coordination
of postural adjustment in advance of each step forward, namely,
anticipatory postural adjustment (APA). During imminent FOG
episodes, the intention to walk is uncoupled from the triggering
of APA, with consequent failure of the forward movement. This
often results in knee trembling and failure to initiate gait. In PD,
FOG episodes are associated with deficient APA. Physiological

FIGURE 8 | (A) Illustration depicting a suboccipital approach to delivering

deep brain stimulation therapy to the cerebellar dentate nucleus. (B) Simplified

overview of the human dentatothalamocortical (DTC) and

corticopontocerebellar (CPC) pathways. The DTC (red) projects through the

ipsilateral superior cerebellar peduncle, decussating at the level of the pons, to

terminate in contralateral thalamus, where its activity influences widespread

thalamocortical interactions. The CPC is shown in green descending from the

cortex, decussating in the ipsilateral pons, and terminating in the contralateral

cerebellar hemisphere.

evidence, functional imaging, and clinicopathologic studies
suggest that FOG is mainly associated with disorders of frontal
cortical regions [e.g., supplementary motor area (SMA)] that
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comprise a known brain circuitry dedicated to APA control (131).
In NHPs, SCS increases neuronal firing of the primary motor
cortex and decreases pathological cortico-striatal synchronous
low-frequency waves showing that SCS does influence the
oscillatory activity in multiple structures of brain motor circuits
(127). In fact, SCS may disrupt the aberrant inhibition from the
GPi to the thalamus and SMA. As part of the circuit that controls
APA, the SMA has corticofugal projections to the PPN, a region
particularly involved in gait initiation (as described above). Since
the activity of SMA, globus pallidus, and PPN is abnormal in PD
patients with FOG, SCS could potentially modulate this circuit
and improve APA and gait initiation.

Recent work by de Lima-Pardini et al. (132) has recently
reported that SCS at 300Hz effectively reduces the time of FOG
with simultaneous correction of altered APA, which is reported
in PD patients with FOG (Figure 7). These results corroborated
with initial clinical data demonstrating significant progress
toward revealing mechanisms by which SCS may improve FOG.
It is possible that by stimulating ascending spinal pathways,
SCS may correct pathological oscillatory activity in the circuits
that mediate FOG, subsequently inhibiting episodes of FOG
in PD patients. Conversely, SCS has failed to improve reactive
posture control. It is possible that SCS may have different effects
on the two mechanisms of postural control that are known
to be reactive and anticipatory. While APA mechanisms are
thought to be dependent on thalamo-cortical-striatal loops highly
influenced by attentional and environmental changes, reactive
posture control to external and unpredictable triggers relies on
neuronal circuitries involving the brain stem and spinal cord with
less influence from the cortex.

Despite various reports on the positive effects of SCS on FOG,
there is still skepticism regarding this treatment since some PD
symptoms can improve remarkably with placebo or during startle
responses upon threats. In order to differentiate the effect of SCS
from placebo, Pinto de Souza et al. (129) performed a double-
blind study comparing the effects of stimulation at 300 and 60Hz,
once both frequencies elicited indistinguishable paresthesia. It
was found that only the stimulation at 300Hz improved gait
performance and reduced episodes of FOG, while the effects of
the lower frequency were similar to no stimulation.

In summary, there is increasing evidence for SCS-induced
improvements in gait disturbances for PD, especially FOG.
However, evidence from comparative studies with larger patient
populations and data from prospective placebo-controlled trials

is still lacking. The exact mechanisms and circuits mediating the

expression of FOG are still uncertain. In addition, the optimal
level for spinal stimulation, specific structures (segmental short

circuits or ascending tracts) for effects of SCS, the most effective
electrode geometry and specific parameters of stimulation remain
undefined (133). Besides its potential therapeutic use, the
development of SCS for the treatment of PD symptoms may
also contribute to a better understanding of locomotor behaviors
and complex pathophysiology of neurological disturbances,
specifically FOG (134).

Deep Brain Stimulation to Enhance
Chronic Post-stroke Rehabilitation
Ischemic stroke is a major cause of long-term disability
in the industrialized world, with chronic debilitating motor
impairments significantly impacting quality of life for more
than one third of stroke survivors. Current standard-of-care
treatment for those left with motor sequelae is largely limited to
subacute physical therapy. However, long-term disabling deficits
for most patients persist despite best efforts. As a result, there
is substantial interest in identifying new ways to enhance post-
stroke recovery and rehabilitation, including invasive and non-
invasive neurostimulation-based approaches. Progress has been
limited to date, however, with most clinical studies yielding
limited or variable efficacy in improving motor function using
current approaches.

Machado and Baker (135) have previously proposed
that chronic stimulation of cerebellar dentate nucleus (DN;
Figure 8A) should, through activation of the net excitatory
glutamatergic dentatothalamocortical pathway, upregulate
thalamocortical activity and cerebral cortical excitability across
prefrontal, frontal, and parietal cortical regions (Figure 8B),
establishing a basal environment more compatible with
functional neuroplastic reorganization. The work over the
past decade, using preclinical models of middle cerebral artery
ischemia, that stimulation of the lateral cerebellar nucleus
(the rodent homolog of the human DN) does indeed facilitate
motor recovery when paired with rehabilitation, with the
magnitude of the effect sensitive to stimulation frequency
(136, 137). Moreover, the electrophysiological and histological
data implicate frequency-specific changes in cortical excitability
and enhanced functional reorganization of surviving perilesional
cortex as potential therapeutic mechanisms, with improvements
in motor function accompanied by increased expression of
markers of synaptic plasticity, synaptogenesis, and neurogenesis
in the perilesional cortex (138, 139).

Based upon the preclinical work, a first-in-human trial
(NCT02835443) to translate DN-DBS as a treatment for
upper extremity hemiparesis in chronic post-stroke patients
commenced in 2016. With additional support from the National
Institutes of Health Brain Initiative, the trial will extend beyond
establishing the safety, feasibility, and efficacy of the approach
to directly examine the acute and chronic effects of DN-
DBS on cerebral cortical excitability and motor representation
using TMS-based techniques as well as the topography of
motor-related LFP activity in the DN region. All these data
are further being incorporated into MRI-based patient-specific
anatomical models of the deep cerebellar region to facilitate next-
generation lead design and targeting techniques, while using the
LFP data to develop physiological classifiers to inform future
treatment paradigms, including possible closed-loop approaches.
Finally, ongoing preclinical studies are focusing on therapy
refinement and optimization, including a potential role for a
more physiologic-based, closed-loop stimulation system that
more directly stimulates delivery with motor activity.
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Current Clinical Deep Brain Stimulation
Approaches for Dystonia
DBS of the GPi is an effective treatment for medical refractory
dystonia and reduces not only motor impairment but also other
disabilities (140–144). Within the last two decades, DBS has
progressively evolved into a widely available therapeutic strategy
for generalized and segmental dystonia. More recently, it was also
successfully applied in patients with cervical dystonia or cases
that were resistant to botulinum toxin treatment (145). Long-
term effects and side effects of this potentially lifelong therapy are
of special interest. More recent retrospective reports of DBS for
dystonia includes follow-up periods of 5–7 years (146–149) with
sometimes even longer observation periods in individual cases,
i.e., 6–10 years (148) and overall good clinical outcome of 50–80%
mean improvement of dystonia. However, individual factors that
remain reliable for predicting DBS outcome in dystonia are still
difficult to define. Several factors such as gene mutation status,
age at surgery, disease duration, presence of musculoskeletal
deformities, predominance of phasic vs. tonic movements, the
size of the globus pallidus, and optimal stimulation parameters
are widely discussed to have a possible influence on stimulation
effects (148–152). Brüggemann et al. (150) now report that
patients genetically confirmed with DYT1 and DYT6 dystonia
have significant and enduring effects of pallidal stimulation.
Furthermore, Isaias et al. (149) and Lumsden et al. (151) report
cases with disease duration being an important factor, e.g., with
respect to developing fixed musculoskeletal deformities, also
highlighting the importance to differentiate between isolated
dystonia and patients with combined/complex dystonia because
the latter shows a significantly reduced benefit of pallidal DBS.

While the clinical benefit of DBS in cervical and other
focal dystonias is well-documented, the underlying therapeutic
mechanism remains to be elucidated. Converging evidence
points to a modulation of aberrant neural population activity
in the basal ganglia through high-frequency stimulation (9, 153,
154). In recent years, DBS has enabled the unique opportunity to
record oscillatory activity as LFPs directly from the basal ganglia
during surgery and in a postoperative interval, with the DBS
electrodes externalized. Here, oscillatory patterns of pallidal LFPs
were found to differ in a disease-specific manner (155, 156). The
best characterized pathological oscillatory phenomenon has been
described in patients with PD, where STN β oscillatory activity
(13–30Hz) at rest is suppressed by dopaminergic medication
and is directly correlated with patient symptom severity (9).
In dystonia, low-frequency activity in the θ-α range (4–12Hz;
subsequently referred to as θ, as most peaks in dystonia are in the
4–10-Hz range) is predominant in the GPi and correlates with
symptom severity (157). Indeed, θ activity in dystonia patients
with phasic movements has been shown to be suppressed by
high-frequency DBS (154). Thus, pallidal θ activity has been
proposed as a potential pathophysiological hallmark of dystonia.
It can be envisioned that adaptive closed-loop DBS using pallidal
θ activity as a biomarker could be efficiently used for controlling
dystonic motor symptoms in patients.

Automatic Classification of Pallidal
Borders During Awake and Asleep Deep
Brain Stimulation Procedures for Dystonia
DBS of the GPi in patients with dystonia can reduce

motor symptoms and improve their quality of life (158–

160). With the current limits of today’s brain imaging

techniques in resolution, distortion, and possible brain

shift (161), together with the broad distribution of DBS

centers (>1,000 worldwide with many non-academic
centers), the outcome of many DBS procedures might be

less optimal because of mis-localization of the DBS leads
(13, 162). To enable better localization of the DBS target,

pallidal borders can be visibly and audibly detected by

electrophysiological microelectrode recordings (MERs) during
DBS procedures. Even given ideal conditions, the detection of

the striato-pallidal borders is never an easy task even for an
expert electrophysiologist.

Previously, it has reported a real-time automated procedure

(163, 164) for the detection of the borders and subdomains

of the STN using hidden Markov models (HMMs) in PD

patients (165). Venkatraghavan et al. also reported an algorithm

for detection of the striato-pallidal borders, with a dataset
including 116 GPi trajectories from 42 patients consisting of
11,774 MERs in five classes of disease (awake PD patients,

awake and lightly anesthetized genetic and non-genetic dystonia

patients (166), with the current work now under review for

publication; Journal of Neuro-engineering). Using the L1-distance

measure in root mean square (RMS) and power spectral

densities of the MER, Bergman et al. has found that awake
and light anesthesia (with sevoflurane and N2O, minimum
alveolar concentration (MAC) = 0.3–0.6) dystonia classes with
and without anesthesia can be merged. Therefore, depth (MAC)

of anesthesia was reduced 10–15min before the beginning
of the MER and restored deep surgical anesthesia after the
end of the MER exploration in each hemisphere. It was

found that significant differences exist between the RMS and
spectral features of the striato-pallidal trajectory. Bergman et al.
reported training on the HMM on trajectories with striato-
pallidal labels as inputs in three different disease classes (PD,
genetic and non-genetic dystonia) using the decision of an
expert electrophysiologist as gold standard labels. Then, the
performance of the HMM algorithm was tested with a leave-
one-out cross-validation. The HMM was found to achieve
performance on par with an expert electrophysiologist across
the striatum-GPe, GPe-GPi, and GPi-exit transitions in the three
disease classes (167).

In conclusion, as for STN DBS, GPi automated navigation

systems can potentially shorten the length of electrophysiological
mapping to <15min per hemisphere, while implanting
the DBS lead within the optimal location. A reduced
procedure time and improved targeting would be expected

to lead to better clinical outcomes in GPi DBS therapy
for dystonia.
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Long-Term Awake Multi-Electrode
Monitoring in Children With Acquired
Combined Dystonia
Acquired combined dystonia remains a difficult disorder to
treat partly because of the variability of causes and symptoms.
Dystonia has multiple potential anatomic origins, including
basal ganglia, cerebellum, thalamus, and prefrontal cortex.
Despite these origins, the specific postures generated are often
remarkably similar, and a review of 3 years of clinic videos shows
that almost all children have at least one of seven stereotypical
postures, no matter what their underlying etiology (168). This
has led to the conjecture that these postures are due to similar
somatotopy within the motor cortex, so that any brain region
capable of stimulating contiguous regions of motor cortex will
cause a similar posture. This finding is reminiscent of the very
limited sets of postures seen with long-train electrical stimulation
of the motor cortex (169). If unfocused stimulation of motor
cortex is the final common pathway, then dystonia is a very
non-specific symptom, and successful treatment using DBS
will require uncovering the anatomic origin of the disorder in
each child.

In order to do this, Sanger et al. (170) have developed a
new procedure that includes test stimulation and recording
frommultiple externalized electrodes while children are admitted
to a neuromodulation monitoring unit (NMU). Up to 10
electrodes (Figure 9), each with 16 contacts, are implanted in
multiple regions of the basal ganglia and thalamus, targeting
the most likely pathways for uncontrolled cortical stimulation.
Test stimulation can be used to determine efficacy and any side
effects of stimulation of each region. This is particularly helpful
in the thalamus, for which the effects of stimulation are usually
immediate. In the pallidum, effects of stimulation may require
weeks or months to determine; therefore, test stimulation is
primarily used to find regions that are free of adverse effects that
might limit flexibility of stimulation.

Recording yields single-unit activity that can be correlated
against surface electromyography (EMG) to determine regions
that are more or less likely to be carrying dystonic signals.
In particular, a region that does not change activity during
dystonic contractions is unlikely to be a mediator of dystonia
and unlikely to be a candidate target for DBS. Sanger et al. (170)
have recorded so far from 20 children with acquired combined
dystonia. Contrary to data from adults, in NHPs and children
with primary dystonia, the group have found that baseline
activity in the pallidum is low and increases with dystonic muscle
contractions. In fact, all regions activate with dystonic spasms,
including pallidum and multiple thalamic subnuclei (VIM, VPL,
Vo, and VA). Although the pallidum inhibits the thalamus,
activity in the pallidum is positively correlated with activity in
the thalamus in all children. This suggests a loss of the normal
inhibition and loss of specificity of activity within these regions.
Overflow to contralateral muscles is evident within cerebellar
projection pathways, and dystonic activity is always much higher
and less focused than voluntary activity. Taken together, the

results reported here suggest a generalized lack of specificity and
both reversal of normal activity and hyperexcitability throughout

FIGURE 9 | Pediatric Deep Brain Stimulation Using Awake Recording and

Stimulation for Target Selection in an Inpatient Neuromodulation Monitoring

Unit (170). Axial (A,B) and coronal (C,D) MRI showing the position of

temporary leads within the basal ganglia and thalamus. Stereotactic planning

trajectories are shown in (B,D).

the basal ganglia/thalamus circuit. Since the output of this circuit
projects to motor cortex, these findings are consistent with
the hypothesis of non-specific cortical drive as the mediator of
dystonic postures.

Use of the NMU procedure by Sanger et al. (170) has allowed
for finding more precise patient-specific targets for children.
The group always implants four leads: usually two within the
GPi and two within the optimal region of the thalamus for
each child. Subsequent programming suggests that GPi DBS
is the most effective for hypertonic components of dystonia,
whereas thalamic DBS is the most effective for the hyperkinetic
components of dystonia. Preliminary analysis of outcomes data
shows significantly improved outcomes using the new procedure
and four-lead DBS. This is a promising new procedure that
will yield both improved outcomes for children with acquired
combined dystonia, as well as detailed knowledge on the
physiological mechanisms underlying this disabling condition.

CONCLUSIONS

This report summarizes the information presented in the first
DBS initiative meeting held at the NELN of Tsinghua University.
The collective group addressed foreseeable challenges in DBS
therapy and recent clinical approaches with technological
advancements. In-depth discussions were held on the
connectome approach in DBS, novel developments in 3T
MRI-compatible DBS devices and neural recording technologies
for understanding disease pathophysiology, and pursuing new
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clinical approaches and indications using such advancements.
This meeting marks a unique milestone in developing global
DBS research using state-of-the-art technologies for rapid
clinical translation.
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Brain–Heart Interaction During
Transcutaneous Auricular Vagus
Nerve Stimulation
Kathrin Machetanz* , Levan Berelidze, Robert Guggenberger and Alireza Gharabaghi*

Institute for Neuromodulation and Neurotechnology, University of Tübingen, Tübingen, Germany

Objectives: Transcutaneous auricular vagus nerve stimulation (taVNS) modulates brain
activity and heart function. The induced parasympathetic predominance leads to an
increase of heart rate variability (HRV). Knowledge on the corresponding cortical
activation pattern is, however, scarce. We hypothesized taVNS-induced HRV increases
to be related to modulation of cortical activity that regulates the autonomic outflow to
the heart.

Materials and Methods: In thirteen healthy subjects, we simultaneously recorded 64-
channel electroencephalography and electrocardiography during taVNS. Two taVNS
stimulation targets were investigated, i.e., the cymba conchae and inner tragus, and
compared to active control stimulation in the anatomical vicinity, i.e., at the crus helicis
and outer tragus. We used intermitted stimulation bursts of 25 Hz applied at a periodicity
of 1 Hz. HRV was estimated with different time-domain methodologies: standard
deviation of RR (SDNN), the root mean squares of successive differences (RMSSD), the
percentage of RR-intervals with at least 50 ms deviation from the preceding RR-interval
(pNN50), and the difference of consecutive RR intervals weighted by their mean (rrHRV).

Results: The stimulation-induced HRV increases corresponded to frequency-specific
oscillatory modulation of different cortical areas. All stimulation targets induced power
modulations that were proportional to the HRV elevation. The most prominent changes
that corresponded to HRV increases across all parameters and stimulation locations
were frontal elevations in the theta-band. In the delta-band, there were frontal increases
(RMSSD, pNN50, rrHRV, SDNN) and decreases (SDNN) across stimulation sites. In
higher frequencies, there was a more divers activity pattern: Outer tragus/crus helicis
stimulation increased oscillatory activity with the most prominent changes for the SDNN
in frontal (alpha-band, beta-band) and fronto-parietal (gamma-band) areas. During inner
tragus/cymba conchae stimulation the predominant pattern was a distributed power
decrease, particularly in the fronto-parietal gamma-band.

Conclusion: Neuro–cardiac interactions can be modulated by electrical stimulation
at different auricular locations. Increased HRV during stimulation is correlated with
frequency-specific increases and decreases of oscillatory activity in different brain areas.
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When applying specific HRV measures, cortical patterns related to parasympathetic
(RMSSD, pNN50, rrHRV) and sympathetic (SDNN) modulation can be identified. Thus,
cortical oscillations may be used to define stimulation locations and parameters for
research and therapeutic purposes.

Keywords: transcutaneous auricular vagus nerve stimulation (taVNS), non-invasive vagus nerve stimulation
(nVNS), electroceutical, heart rate variability, electroencephalography, cortical oscillations

INTRODUCTION

The autonomic nervous system (ANS) plays a key role in
many neurological, psychiatric, cardiovascular, immunological,
and metabolic disorders (Kaniusas et al., 2019). Electroceutical
neuromodulation of the ANS is, therefore, investigated as
a potential therapeutic intervention, when pharmacological
approaches remain unsuccessful. Stimulation of the vagal nerve,
which represents an essential feedback-loop between brain and
body via its afferent fibers (80%) and efferent (20%), modulates
the ANS toward parasympathetic predominance (Kaniusas et al.,
2019). Switching points of these loops are brainstem nuclei
such as the nucleus of the solitary tract (NTS, afferent), nucleus
spinalis of the trigeminal nerve (NSNT, afferent), nucleus
ambiguous (NA, efferent), and dorsal motor nucleus (DMN,
efferent). Specifically, electrical stimulation of the external ear,
referred to as transcutaneous auricular vagus nerve stimulation
(taVNS), modulates a peripheral branch of the vagal nerve and
is considered as a safe and well tolerated intervention, which
is increasingly explored for its physiological and behavioral
effects (Redgrave et al., 2018). The influence of taVNS on
the feedback-loop between the ANS and the central nervous
system (CNS) may be captured by different measures such as
functional magnetic resonance imaging (fMRI; Kraus et al., 2013;
Frangos et al., 2015; Yakunina et al., 2016; Badran et al., 2018b;
Tu et al., 2018; Sclocco et al., 2019), electroencephalography
(Fallgatter et al., 2003; Leutzow et al., 2013; Hagen et al.,
2014), electrocardiography (Antonino et al., 2017; Badran et al.,
2018c), microneurography (Clancy et al., 2014), and pupillometry
(Warren et al., 2019). Multi-modal bio-signal acquisition during
taVNS may provide further insights on the neurophysiological
systems’ level effects, e.g., by the application of concurrent
electroencephalographic and electrocardiographic recordings for
the investigation of brain–heart interactions (Patron et al., 2019;
Keute et al., 2021). During taVNS a shift in autonomic function
toward parasympathetic predominance has been revealed by
increases of heart rate variability (HRV; Clancy et al., 2014; De
Couck et al., 2017; Sclocco et al., 2019); however, there are still
open questions with regard to the auricular stimulation targets
(Badran et al., 2018a; Burger and Verkuil, 2018), the impact on
cortical brain areas and the underlying mechanisms (Leutzow
et al., 2013, 2014; Polak et al., 2014) that influence the heart–
brain-interaction (Silvani et al., 2016; Keute et al., 2021).

In this context, we investigated the two most often applied
auricular stimulation locations, i.e., the cymba conchae and
inner tragus, and the crus helicis and outer tragus as active
control sites in their anatomical vicinity. We conjectured taVNS-
induced HRV increases to be related to modulation of cortical

activity that regulates the autonomic outflow to the heart. Since
stimulation of cymba conchae and tragus has been shown to
increase HRV (Clancy et al., 2014; De Couck et al., 2017), we
expected differences with regard to the corresponding brain
activity of these taVNS stimulation targets in comparison to the
control sites that have less influence on HRV. Specifically, we
conjectured these changes to occur in frontal areas which are
characterized by neuro–cardiac coupling (Shoemaker et al., 2015;
Ruiz Vargas et al., 2016; Patron et al., 2019).

MATERIALS AND METHODS

Subjects
Thirteen healthy subjects (age = 24 ± 3 [mean ± SD], 8 female)
took part in this exploratory proof-of-concept study, which was
a secondary data analysis of previous work on the impact of
different auricular stimulation locations and parameters on HRV
(Machetanz et al., under review). The electroencephalography
data that we analyzed here has not been reported before.
The experimental procedure and study-related information is
identical to the previous report and is cited here accordingly
when applicable (Machetanz et al., under review): Healthy, right-
handed adults aged 18–80 years were included as participants.
Exclusion criteria were checked beforehand and comprised an
Edinburgh Handedness Inventory score below 75, any history
of habitual drug or alcohol consumption, pregnancy, cardiac
diseases, cognitive, or psychiatric impairments or neurological
disorders. Furthermore, patients were asked to avoid substances
that alter autonomic activity (e.g., caffeine or alcohol on the day
of measurement for at least 2 h before the examination). Subjects
gave their written informed consent before participation. The
study was approved by the local ethics committee of the medical
faculty of the University of Tübingen.

Experimental Procedure
Within one stimulation session, participants received taVNS to
six different stimulation locations at either the right (n = 7;
age = 24.3 ± 2.8; 3 females) or left ear (n = 6; age = 24 ± 3.1;
5 females). The stimulation locations were determined due to
anatomical landmarks (e.g., separating the concha into cymba
and cavum according to the crus of helix; Figure 1). There was
no blinding of the participations or the examiner regarding the
side of stimulation. However, subjects were not informed about
the different stimulation localizations. Due to the low sample size,
participants with right and left ear stimulation were pooled for
the purpose of the present study.
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FIGURE 1 | Stimulation locations at the ear: cymba conchae (blue), inner tragus (purple), outer tragus (red), crus helicis (yellow).

At each stimulation location and parameter combination,
we applied 30 bursts with a periodicity of 1 Hz, while each
burst consisted of five pulses applied at 25 Hz. We started with
the lowest electrical charge in three different charge-balanced
parameter combinations [i.e., 100 µs (0.250 mA), 260 µs
(0.096 mA), and 500 µs (0.050 mA)]. This resulted in 90 s (i.e.,
3 × 30 s) of stimulation at the same charge and stimulation
location. Then, the next higher charge was applied [i.e., 100 µs
(0.500 mA), 260 µs (0.192 mA), and 500 µs (0.100 mA)]. After
applying 2–3 different charges at one location, there was a short
break of around 1 min before moving to the next location.
Subsequently, the next stimulation round with higher charges
ensued. Thereby, eight different electrical charges were evaluated
by investigating three pulse durations and eight charge-balanced
current intensities, i.e., 100 µs (0.250–2 mA in steps of 0.250 mA),
260 µs (0.096–0.769 mA in steps of 0.096 mA), and 500 µs
(0.050–0.400 mA in steps of 0.050 mA).

Data Acquisition
The participants were positioned in a comfortable reclining chair,
and electrocardiography (ECG), electroencephalography (EEG),
and electrooculography (EOG) were recorded simultaneously.
All signals were digitalized at a sampling frequency of 1,000 Hz
(Brain Products Amplifiers, Brain Products GmbH, Gilching,
Germany). Here, we analyzed the relationship between HRV
obtained from a 3-channel ECG (electrodes at the left clavicle,
sternum, and right olecranon) and EEG power spectrum from 64
Ag/AgCl electrodes (reference: FCz, ground: AFz) in accordance
with the international 10–20 system (Figure 2). For artifact
rejection, EOG was determined by Ag/AgCl electrodes above and
below the left eye as well as a reference at the right olecranon.

For stimulation, we used a multichannel stimulator (STG-
4000 series, multichannel systems, Harvard Bioscience Inc.) that
was triggered by a customized python program and which allows
current as well as voltage driven stimulation. Furthermore, a
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FIGURE 2 | Overview of the stimulation procedure during concurrent ECG/EEG recordings.

handheld bipolar spherical probe (GVB-gelimed GmbH) with a
probe diameter of 2 mm and an inter-probe distance of 5 mm was
applied. Throughout the experiment, participants were at rest;
they were asked to relax and to indicate uncomfortable sensations
whenever they occurred during stimulation. Stimulation was
terminated, if the sensations became uncomfortable for the
subjects. However, the stimulation intensity was not adjusted
according to the individual perception threshold as applied
in other studies (Clancy et al., 2014; Badran et al., 2018c;
Borges et al., 2020), because (i) such adjustments were used
inconsistently in previous studies and (ii) our aim was to
stimulate the Aß-fibers and not the Aδ- and C-fibers, which
primarily convey pain stimuli.

Data Analysis and Statistics
The ECG analysis of our previous study revealed that taVNS
of the cymba conchae, and to a lesser extend also of the inner
tragus, had the strongest influence on HRV increases (Machetanz
et al., under review). Therefore, we chose the stimulation at these
two locations as the verum intervention for our present EEG
analysis. More specifically, we investigated the cortical oscillatory
activity corresponding to HRV increases during taVNS of
the cymba conchae and the inner tragus. For our proof-of-
concept study, we restricted our analysis to stimulation with one
parameter combination. Specifically, we investigated the cortical
effects of stimulation with an amplitude of 2 mA and a pulse
width of 100 µs, since our previous study revealed that this
parameter combination was both effective in increasing HRV
and comfortable for the participants. Moreover, a pulse width of
100 µs allows for a more selective fiber recruitment than longer
pulse durations (Gorman and Mortimer, 1983; Helmers et al.,
2012). Furthermore, a current intensity of 2 mA (which is lower

than in other studies) allows for the activation of a restricted
auricular region, i.e., the verum and the active sham condition
can be applied in close vicinity without overlap of the stimulation
areas (Figure 1). This allowed us to select stimulation of the
crus helicis and outer tragus as active control conditions. More
specifically, these stimulation locations are in the anatomical
vicinity of the cymba conchae and inner tragus, respectively, but
were shown to modulate the HRV significantly less (Machetanz
et al., under review). We intentionally did not choose the
common control site, i.e., the ear lobe, due to its distance to
the cymba conchae and inner tragus. Thereby, we intended
to avoid that the different density of perivascular sympathetic
neurotransmitters that varies between lower and upper auricular
zones would bias the stimulation effects (Cakmak, 2019).

The analysis of electrophysiological data was performed
using MATLAB (MathWorks, Inc., Natick, MA, United States),
Fieldtrip open-source toolbox1 and other compatible toolboxes.
EEG pre-processing included an automated artifact rejection
by a linear regression of EOG data, a visual artifact rejection
and epoching of the continuous EEG data into segments of
500 ms (350–850 ms after the first pulse). In a subsequent time-
frequency analysis, the power spectrum of delta (0.5–3.5 Hz),
theta (4–7 Hz), alpha (8–14 Hz), beta (15–30 Hz), and gamma
(31–45 Hz) oscillatory activity was analyzed separately for each of
the aforementioned segments using the methodology of a discrete
prolate spheroidal sequence (DPSS; Percival and Walden, 1993).

For the ECG analysis, we used the MarcusVollmer/HRV
toolbox.2 The automated artifact rejection and R-peak detection
was visually inspected to identify and correct for false positive

1http://fieldtrip.fcdonders.nl/
2https://marcusvollmer.github.io/HRV (v0.98; 02.09.2019).
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and false negative findings. Subsequently, we applied different
time-domain methodologies for HRV estimation by means of
the toolbox, i.e., the standard deviation of RR (SDNN), the
root mean squares of successive differences (RMSSD), and the
pNN50 defined as the percentage of RR-intervals with at least
50 ms deviation from the preceding RR-interval. The SDNN is
regarded as a parameter for the overall HRV (i.e., sympathetic
and parasympathetic), while pNN50 and RMSSD are considered
to reflect the parasympathetic nervous system. In addition,
we analyzed the rrHRV which is based on the difference of
consecutive RR intervals weighted by their mean, and which is
particularly applicable for short RR sequences (Vollmer, 2015).

The study protocol followed a specific order of the applied
parameters (see section “Experimental procedure”). Therefore,
we controlled for a possible order effect of the performed
examination runs by defining a general linear model with the run
of each block as a categorical factor. Specifically, we regressed
it out of the various HRV parameters and the 64 channels
of the EEG power spectrum. Subsequently, we performed a
correlation analysis for each EEG channel (of each power
spectrum) with each HRV parameter (normalized for order) for
the selected parameter conditions (2 mA, 100 µs; stimulation
at cymba conchae/inner tragus and outer tragus/crus helicis),
and determined the correlation matrix on the basis of pairwise
Pearson correlations. Finally, the correlation coefficient (R-value)
and the significance level (P-value) were graphically depicted
in color-coded topoplots with a blue-to-yellow scale or black-
to-white scale, respectively. The analyses were performed for

the pooled trials of the inner tragus and cymbae conchae vs.
the pooled trials of the crus helicis and outer tragus, and after
concatenating left and right ear stimulation, to increase the
number of trials for each condition (verum vs. active control).

RESULTS

The stimulation-induced HRV increases corresponded to
frequency-specific oscillatory modulation of different cortical
areas. All stimulation targets induced power modulations
that were proportional to the HRV elevation (Figure 3 and
Supplementary Tables 1, 2).

The most prominent changes that corresponded to HRV
increases across all measures (RMSSD, pNN50, rrHRV, and
SDNN) and stimulation locations (cymba conchae/inner tragus,
crus helicis/outer tragus) were significant frontal elevations
(region of interest, ROI: Fp1, Fp2, AF3, AF4, Fpz, Fz) in the
oscillatory theta-band. The mean P-value of a frontal region of
interest (ROI; Fp1, Fp2, AF3, AF4, Fpz, Fz) was significant for
RMSSD (P-value: 0.05 ± 0.06), pNN50 (0.04 ± 0.05) and rrHRV
(0.04 ± 0.23) during cymba conchae/inner tragus stimulation;
and also during crus helicis/outer tragus stimulation (P-value:
<0.001 ± 0.001; <0.001 ± 0.0004; 0.001 ± 0.0005, respectively).

In the delta-band, there were frontal increases (RMSSD,
pNN50, rrHRV, SDNN) and decreases (SDNN) across
stimulation sites. However, these changes did not reach
significance. In higher frequency bands, there was a more

FIGURE 3 | Correlation between heart-rate variability (HRV) and cortical oscillatory activity (EEG): tVNS was applied at the cymba conchae/inner tragus and outer
tragus/crus helicis with 2 mA and 100 µs. Oscillatory activity is estimated in the delta (0.5–3.5 Hz), theta (4–7 Hz), alpha (8–14 Hz), beta (15–30 Hz), and gamma
(31–45 Hz). Color-coded topoplots show r-values (blue-to-yellow scale) and p-values (black-to-white scale) of the correlation analysis, where blue and black indicate
power reduction and significance, respectively.

Frontiers in Neuroscience | www.frontiersin.org 5 March 2021 | Volume 15 | Article 63269775

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-632697 March 9, 2021 Time: 15:40 # 6

Machetanz et al. Brain–Heart Interaction During taVNS

divers activity pattern: Outer tragus/crus helicis stimulation
increased oscillatory activity with the most prominent changes
for the SDNN measure in frontal (alpha-band, beta-band) and
fronto-parietal (gamma-band) areas, which reached significance
in the frontal ROI beta-band (P-value: 0.004 ± 0.01) and gamma-
band (P-value: <0.001 ± 0.0004). Inner tragus/cymba conchae
stimulation led also to circumscribed alpha- and beta-band
increases; however, the predominant pattern was a distributed
power decrease, particularly in the fronto-parietal gamma-band.

DISCUSSION

Despite its wide range of potential therapeutic applications,
there still exists controversy with regard to the underpinnings
of taVNS. While the vagal influence on the ANS is established,
the underlying anatomical and physiological mechanisms of the
vagal CNS–ANS feedback loop are still incompletely understood
(Cakmak, 2019; Kaniusas et al., 2019). In this context, the aim
of this study was to evaluate corresponding changes of HRV
and cortical activation patterns during taVNS. The present work
showed, that the increase of HRV correlated with specific cortical
activation patterns in different frequency bands.

Our results indicated a frontal increase in delta/theta
oscillatory activity to be associated with an HRV increase during
inner tragus and cymba conchae stimulation. This is in line
with previous studies that revealed a neuro–cardiac coupling
between HRV parameters and delta band activity in the frontal
cortex as a cortical area promoting cardiac parasympathetic
activity (Thayer et al., 2012; Patron et al., 2019; Keute et al.,
2021). These studies showed higher cardiac control during
stronger neuro–cardiac coupling. Interestingly, EEG correlates of
10 Hz vagus nerve stimulation for Crohn’s disease showed acute
increases of delta and theta activity as well (Kibleur et al., 2018).
This observation is also supported by previous fMRI studies,
which observed an association between increased vagal cardiac
control and elevated activity in frontal areas (Shoemaker et al.,
2015; Ruiz Vargas et al., 2016).

However, our data showed a frontal increase in delta/theta
oscillatory activity also during active control stimulation at
the outer tragus and crus helicis. This may be interpreted
in different ways: The increase in delta/theta activity (that
correlated with HRV) may not reflect specific vagal effects, but
processes related to the general sensory afference induced by
peripheral electrical stimulation (Hansen and Nielsen, 2004) or
to changes of the attentional state (Aftanas and Golocheikine,
2001). Thereby, these findings may support the differentiation of
autonomic, sensory and cognitive effects of auricular stimulation
in future work. An alternative interpretation may suggest
that stimulation at the active control locations was activating
branches of the auricular branch of the vagus nerve – or other
mechanisms that influence HRV – as well. Specifically, due
to the proximity of the crus helicis and outer tragus to the
cymba conchae and the inner tragus, respectively, electrical
current may have been disseminated to more distantly located
vagal fibers despite the relatively low stimulation intensity
and narrow pulse width applied. An anatomical study of the
auricular nerve supply in human cadavers revealed the most

consistent vagal innervation patterns for the cymba conchae
(Peuker and Filler, 2002), whereas, e.g., the crus helicis and fossa
triangularis were innervated also by the lesser occipital nerve
(LON), greater auricular nerve (GAN), and the auricotemporal
nerve (ATN). However, although the outer tragus has been used
as a location for taVNS in previous work (Badran et al., 2018b),
the innervation of the tragus remains unclear due to inconsistent
reporting (Peuker and Filler, 2002; Badran et al., 2018a; Burger
and Verkuil, 2018). HRV-changes during cymba conchae and
tragus stimulation (which are the two most investigated auricular
stimulation targets) may be elicited by different mechanisms
as stated elsewhere (Machetanz et al., under review): A fMRI
study showed activation of vagal brainstem nuclei during
stimulation of both targets, but with significant increases in
comparison to control stimulation at the ear lobe for the cymba
conchae only (Yakunina et al., 2016). On the other side, EEG
recordings showed cortical evoked potentials, referred to as
vagus somatosensory evoked potentials (VSEP), during inner
tragus but not cymba conchae stimulation (Fallgatter et al.,
2003). Notably, these EEG responses disappeared under a
pharmacological neuromuscular block (Leutzow et al., 2013),
which suggests rather a peripheral muscular than a central
neural origin and has, therefore, initiated a debate with regard
to the underlying mechanisms (Leutzow et al., 2014; Polak
et al., 2014). In this context, two recent studies in humans
(Clancy et al., 2014) and rats (Mahadi et al., 2019) suggested
an alternative mechanisms of the observed HRV effects during
tragus stimulation: microneurography recordings revealed a
decrease of muscle sympathetic nerve activity (Clancy et al.,
2014); recordings from the spinal sympathetic chain showed also
an inhibition of sympathetic nerve activity, which disappeared
after cervical nerve transections (Mahadi et al., 2019). These
findings suggested that tragus stimulation effected HRV by
potentially different autonomic mechanisms and pathways
than cymba conchae stimulation. Furthermore, the influence of
stimulation of auricular muscle zones, perivascular sympathetic
neurotransmitters and the localization of perforatory artery
zones should not be underestimated (Cakmak, 2019). Therefore,
the similar activation pattern in frontal areas during stimulation
of the classical tVNS targets and active control localizations
could be induced by different mechanisms. Further studies
with larger cohorts are necessary to better understand
the observations.

In higher frequency bands, stimulation at tVNS targets
(inner tragus/cymba conchae) and control localizations (outer
tragus/crus helicis) showed a more divers and – in part –
opposing pattern: Outer tragus/crus helicis stimulation increased
oscillatory activity with the most prominent cortical changes
correlating with HRV for the SDNN measure in frontal (alpha-,
beta-band) and fronto-parietal (gamma-band) areas. Inner
tragus/cymba conchae stimulation led also to circumscribed
alpha- and beta-band increases; however, the predominant
pattern was a distributed power decrease, particularly in the
fronto-parietal gamma-band that correlated with HRV.

Notably, modulation of these higher frequency bands can
be observed during somatosensory activation/processing as well
as various cognitive functions (i.e., attention and memory;
Herrmann et al., 2004; Jensen et al., 2007). Accordingly, in a case
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of Crohn’s disease, vagus nerve stimulation led to negative and
positive correlation between HRV and gamma-band activity in
frontal and parieto-occipital areas, respectively (Clarençon et al.,
2014). In this context, previous studies showed also a divers and
even contradictory picture. In tinnitus and epilepsy patients, for
example, the previously increased gamma activity was reduced by
vagus nerve stimulation (Willoughby et al., 2003; Hyvarinen et al.,
2015); whereas, another study with epilepsy patients revealed
a VNS-induced increase in gamma activity (Marrosu et al.,
2005). These findings were interpreted as seizure-independent
modulations of attention networks. Thus, the different effects
of cymba conchae/inner tragus and outer tragus/crus helicis
stimulation on gamma-band activity in the present study may
reflect a different modulation of attention and/or the sympathetic
system that is captured by the SDNN measure as well.

Limitations
This proof-of-concept study investigated EEG/ECG periods of
30 s only, since it was a secondary analysis of a screening session
with different stimulation locations and parameters. Although
even (ultra) short ECG recordings have been shown to be valid for
HRV estimation (Percival and Walden, 1993; Kilner et al., 2005;
Munoz et al., 2015; Shaffer and Ginsberg, 2017) and concurrent
EEG/ECG evaluation (Patron et al., 2019), future studies may
apply longer measurement periods including additional HRV
parameters such as the LF/HF ration. Furthermore, on the basis
of the present work, the long-tern effects of the novel intermitted
taVNS paradigm on brain–heart interactions may be compared
to standard continuous stimulation protocols. Moreover, future
work would need to also consider trigeminal and sympathetic
circuits by additional measures such as electromyography,
microneurography, and pupillometry, and investigate larger
sample sizes to allow for more detailed comparisons, e.g., between
right vs. left ear stimulation.

CONCLUSION

Increased HRV during auricular stimulation is correlated with
frequency-specific increases and decreases of oscillatory activity
in different brain areas.

The HRV measures RMSSD, pNN50, and rrHRV, reflecting
the parasympathetic nervous system, revealed consistent findings
across frequency bands. With these measures, the most
prominent changes that corresponded to HRV increases were
frontal elevations in the oscillatory theta-band; they occurred
across stimulation locations, i.e., during stimulation of cymba
conchae/inner tragus and crus helicis/outer tragus.

The HRV measure SDNN, reflecting both the parasympathetic
and sympathetic nervous system, differed from the other
measures; the most prominent changes that corresponded to
HRV were increased oscillatory activity in frontal (alpha-band,
beta-band) and fronto-parietal (gamma-band) areas during

outer tragus/crus helicis stimulation; while inner tragus/cymba
conchae stimulation led predominantly to a distributed power
decrease, particularly in the fronto-parietal gamma-band.

In summary, cortical oscillations may be used to define
stimulation locations and parameters for research and
therapeutic purposes.
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The vagus nerve is a mixed nerve, comprising 80% afferent fibers and 20% efferent
fibers. It allows a bidirectional communication between the central nervous system
and the digestive tract. It has a dual anti-inflammatory properties via activation of the
hypothalamic pituitary adrenal axis, by its afferents, but also through a vago-vagal
inflammatory reflex involving an afferent (vagal) and an efferent (vagal) arm, called the
cholinergic anti-inflammatory pathway. Indeed, the release of acetylcholine at the end
of its efferent fibers is able to inhibit the release of tumor necrosis factor (TNF) alpha
by macrophages via an interneuron of the enteric nervous system synapsing between
the efferent vagal endings and the macrophages and releasing acetylcholine. The
vagus nerve also synapses with the splenic sympathetic nerve to inhibit the release of
TNF-alpha by splenic macrophages. It can also activate the spinal sympathetic system
after central integration of its afferents. This anti-TNF-alpha effect of the vagus nerve
can be used in the treatment of chronic inflammatory bowel diseases, represented by
Crohn’s disease and ulcerative colitis where this cytokine plays a key role. Bioelectronic
medicine, via vagus nerve stimulation, may have an interest in this non-drug therapeutic
approach as an alternative to conventional anti-TNF-alpha drugs, which are not devoid
of side effects feared by patients.

Keywords: cholinergic anti-inflammatory pathway, heart rate variability, inflammatory bowel diseases, TNF, vagus
nerve, vagus nerve stimulation

INTRODUCTION

The vagus nerve, cited as the pneumogastric nerve or 10th cranial nerve, although referred in
the singular is paired (right and left VN). It is the longest nerve in the body, extending from the

Abbreviations: ACh, acetylcholine; α7nAChR, alpha7 nicotinic ACh receptor; ACTH, adrenocorticotropic hormone; ANS,
autonomic nervous system; CAN, central autonomic network; CAP, cholinergic anti-inflammatory pathway; CD, Crohn’s
disease; CNS, central nervous system; CRF, corticotrophin-releasing factor; CRP, C-reactive protein; DMNV, dorsal motor
nucleus of the vagus; DSS, dextran sulfate sodium; HPA, hypothalamic pituitary adrenal; HRV, heart rate variability; IL,
interleukin; IBD, inflammatory bowel diseases; LC, locus coeruleus; LPS, lipopolysaccharides; MDD, major depressive
disorder; NE, norepinephrine; NTS, nucleus of the solitary tract; PVH, paraventricular nucleus of the hypothalamus; ta-VNS,
transcutaneous auricular vagus nerve stimulation; TNBS, trinitrobenzensulfonic; TNF, tumor necrosis factor; UC, ulcerative
colitis; VN, vagus nerve; VNS, vagus nerve stimulation.
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medulla oblongata to the digestive tract. The VN is a mixed
nerve containing afferent (sensory) and efferent (motor) nerve
fibers. It ensures the innervation of many organs such as the
pharynx, larynx, thoracic viscera (heart and lungs) and the
digestive tract from the esophagus to the recto-colon. The VN
is the main component of the cranial parasympathetic nervous
system. The other parasympathetic component is represented
by the sacral parasympathetic nucleus (S2–S4) at the origin of
the pelvic nerves that provide innervation to the pelvic organs
such as the bladder, genitals, and left recto-colon. These two
components are part of the ANS (Langley, 1921) comprising the
sympathetic and parasympathetic systems, which are classically
antagonistic. Due to its mixed character, the VN ensures a
bidirectional communication between the CNS and the viscera,
in particular the digestive tract in the context of the brain–gut
axis (Bonaz et al., 2017a). This reciprocal relationship ensures
an integrated and coordinated functioning of digestive functions
such as motility, sensitivity, secretion, permeability, immunity.
The functioning of the digestive tract is most often unconscious
(i.e., not perceived) but can, under certain conditions, become
pathological (i.e., perceived as painful). Therapies targeting
the VN, whether drugs, nutritional, complementary medicines,
or using VN stimulation (VNS), known as Bioelectronic
Medicine, could be used in the management of gastrointestinal
disorders (Bonaz et al., 2017b). Bioelectronic medicine is based
on neuromodulation of the nervous system restoring organ
functions and health with less adverse effects than drugs, thus
minimizing adherence issues (Olofsson and Tracey, 2017). In
particular, due to its anti-inflammatory role, the VN could be
used as a non-drug therapy in chronic IBD represented by
CD and UC (Bonaz et al., 2016b). Indeed, the VN exerts a
dual anti-inflammatory effect: both through its afferents, by
stimulating the HPA axis and the release of glucocorticoids from
the adrenal glands, and its efferents, through the CAP, more
recently described.

FUNCTIONAL NEUROANATOMY OF THE
VAGUS NERVE

The VN runs from the brainstem through the neck to many
peripheral organs, including the lungs, heart, liver, stomach,
intestines. The VN is a mixed nerve consisting of 80% afferent
fibers, carrying information from the digestive tract to the CNS,
and 20% efferent fibers involved in the control of gastrointestinal
functions (Prechtl and Powley, 1990), as well as heart and
lungs. Thus, the VN is a major component of the bidirectional
communication between the brain and the gut through the brain–
gut axis. We will now discuss only the GI functions of the VN.

Vagal Afferent Fibers
Vagal afferents inform the CNS, usually unconsciously, of the
functional state of the gastrointestinal tract. These afferents
originate from free endings in the different layers of the gut wall,
including in the external muscle layers, myenteric plexus, and
mucosal lamina propria and travel through the VN to the nucleus
tractus solitarius (NTS) according to a viscerotopic distribution

(Powley et al., 2019). The NTS, the main entry point of the
digestive tract into the brain, is located in the medulla, just
above the DMNV which is at the origin of vagal efferent fibers
with the nucleus ambiguus (Jean, 1991). Thus, the NTS and the
DMNV are closely connected. In fact, the dendrites of vagal
motor neurons are connected with vagal afferents ending in the
NTS, at the origin of vago-vagal reflex loops (Figure 1) (Travagli
et al., 2006; Bonaz et al., 2019). Vagal afferent cell bodies are
located in the nodose ganglia or jugular ganglia, at the base of the
skull. Peripheral stimuli, via vagal afferents ending in the NTS,
are transmitted to many regions of the CNS through projections
of the NTS onto structures such as the parabrachial nucleus,
an important sensory relay of the NTS, the hypothalamus, in
particular the PVH, the limbic system including the amygdala,
thalamus, hippocampus, and cerebral cortex including the insula
and the prefrontal cortex (Norgren, 1978; Sawchenko, 1983;
Cechetto, 1987). These different structures are part of the CAN
described by Benarroch (1993). The CAN is at the origin of
autonomic, behavioral, cognitive, and endocrine responses. It is
capable of modulating the functioning of the ANS via descending
pathways projecting onto sympathetic pre-ganglionic neurons
in the spinal cord and onto the DMNV at the origin of vagal
efferents. Vagal afferents are involved in detecting the presence
of nutrients and their chemical composition in the digestive
tract in the post-prandial period. They contain chemoreceptors,
thermoreceptors, osmoreceptors, mechanoreceptors as opposed
to afferent spinal fibers which essentially vehiculates pathways
of visceral pain of digestive origin to the spinal cord (Berthoud
and Neuhuber, 2000). Most of the nervous information coming
from the viscera is not conscious but can become so in
pathological conditions, particularly inflammatory. The VN is
a major component of the pathways of interoception which
is the sense of the body’s internal physiological state (Craig,
2002), and interoceptive abnormalities are implicated in the
pathophysiology of psychiatric disorders, neurodegenerative and
neurological disorders, as well as in somatic disorders of brain-
body interactions, including functional digestive disorders and
IBD (Fournier et al., 2020; Bonaz et al., 2021).

Vagal Efferent Fibers
These fibers originate at the level of the medulla oblongata,
from pre-ganglionic neurons located in the DMNV and travel
through the VN toward the viscera synapsing with a second
post-ganglionic neuron located in the target organ, namely the
digestive wall. In the digestive tract, this second order neuron
is an integral part of the enteric (or intrinsic) nervous system,
a real “second brain” or “gut brain,” able to ensure motor and
secretory autonomy of the digestive tract (Furness et al., 2014).
It is classically stated that the VN innervates the entire digestive
tract up to the splenic angle (Netter, 1989). However, for others,
it innervates the entire digestive tract in humans (Delmas and
Laux, 1933) as well as in rats (Altschuler et al., 1993). The
pelvic nerves classically innervate the left colon and the rectum
as well as the bladder and genital organs. The sacral (S2–S4)
parasympathetic nucleus is under the control of the Barrington’s
nucleus, also called the pontine micturition center (Valentino
et al., 1999), which lies adjacent to, and interacts with the LC,
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FIGURE 1 | Integrative pathways of the brain–gut axis. Vagal and splanchnic digestive afferents connect to the nucleus tractus solitarius, in close relationship with
the dorsal motor nucleus of the vagus, from which vagal efferents originate, thus composing an autonomic loop of the brainstem, involved in the regulation of
instinctual motility, acid secretion, food intake and satiety. This loop is modulated by the autonomic loop comprising the hypothalamus, the hippocampus, the
amygdala, the anterior cingulate and the insular and prefrontal cortex. This last loop receives, coordinates and integrates visceral information enabling
neuroendocrine, emotional, cognitive and behavioral responses. These two central loops explain how stress, sensations and thoughts can influence the functioning
of the intestine and vice versa. Adapted from Bonaz et al. (2019). DMNV, dorsal motor nucleus of the vagus nerve; ILM, intermediolateralis nucleus; NTS, nucleus
tractus solitarius; RVLM, rostral ventrolateral medulla.

the brain’s principle noradrenergic projection center, involved
in arousal, stress, autonomic function, cognition, and behavior
(Benarroch, 2018). The neurotransmitter of the vagal and pelvic
parasympathetic system is ACh for pre- and post-ganglionic
neurons acting on nicotinic receptors at the pre-ganglionic level
and muscarinic receptors at the post-ganglionic level.

Parasympathetic innervation of the gut is involved in the
neuroimmune regulation of intestinal barrier through the
recruitment of α7 nicotinic ACh receptor (α7nAChRs). It acts
on enteroglial cells, interacting with innate immune cells (Fornai
et al., 2018), myenteric neurons, making synaptic contacts
with resident macrophage expressing α7nAChR. Vagal afferent
fibers penetrate to the tips of jejunal villi and some of these
nerves make intimate contact with intestinal mucosal mast
cells. These data provide the microanatomical basis for direct
neural communication between the CNS and mast cells in the

gastrointestinal mucosa (Williams et al., 1997). Overall, the
stimulation of vagal efferents could obviously “activate” these
different gut cells and be one of the component of the CAP.

INFLAMMATORY BOWEL DISEASES

Inflammatory bowel diseases are organic diseases classically
divided in CD and UC. CD can involve all the digestive tract,
from the mouth to the anus, while UC involves the recto-
colon only. IBD start early in life (between 15 and 30 years)
and evolve by periods of flares alternating with periods of
remission of variable duration (Chang, 2020). Symptoms are
represented by abdominal pain, diarrhea, fever, weight loss,
and extra-intestinal (skin, eyes, joints) manifestations. About
1.5 million Americans and 2.2 million people in Europe are
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affected by IBD. There is a rising incidence of IBD in Western
countries, supporting the hypothesis that “Westernization” of our
lifestyle has led to the increased incidence and prevalence of IBD
(Molodecky et al., 2012).

The pathophysiology of IBD is multifactorial involving
genetic, immunologic, infectious and environmental factors
(Chang, 2020). The theory is that genetically susceptible
individuals experience an environmental trigger(s), resulting
in an inappropriate immune response, potentially against gut
microbes. Stress, through brain–gut interactions, as well as
environmental factors, based on experimental and clinical data
(Bonaz and Bernstein, 2013), has been proposed as a contributor.
An imbalance of the ANS is observed in IBD, represented by
a sympathetic dysfunction in CD (Lindgren et al., 1991) and
a vagal dysfunction in UC (Lindgren et al., 1993). We have
recently reported that this dysautonomia may be dependent on
psychological adjustment in IBD. Indeed, the equilibrium of
the ANS is differentially adapted according to the disease. This
equilibrium is conjugated with positive affective and cognitive
adjustment in IBD (Pellissier et al., 2010). Presently, there is
no treatment to cure IBD. Current treatments suppress disease
activity and there is generally a relapse of the disease after
discontinuation of the treatment. TNF is a key cytokine that is
involved in IBD and anti-TNF therapies have transformed the
management of IBD (Peyrin-Biroulet, 2010). New compounds
targeting other pro-inflammatory cytokines, such as IL-12, IL-
23, anti-integrin therapies, and anti-Janus kinase (JAK) are
available (Pagnini et al., 2019; D’Amico et al., 2020). Surgery
is an alternative to a failure of treatment or a complication of
IBD (perforation, abscess, stenosis) but the disease recurs after
surgery. Anti-TNF therapies used in IBD have been shown to be
effective but there is a 20–30% primary non-response rate (Ford
et al., 2011) and the annual risk of loss of response to anti-TNF
is 13% per patient-year for Infliximab (Gisbert and Panes, 2009)
and 20% per patient-year for Adalimumab (Billioud et al., 2011).
This secondary non-response is due to (i) the development of
autoantibodies, in particular for Infliximab which is a chimeric
molecule (75% human and 25% mouse), but also for Adalimumab
(100% human) to a lesser degree, or (ii) a secondary failure of
a well-dosed or under-dosed treatment using therapeutic drug
monitoring (Ben-Horin and Chowers, 2011; Chaparro et al.,
2012). Anti-TNF treatment currently represents the bulk of the
cost of IBD treatment (van der Valk et al., 2014). Indeed, the
median cost of a 1-year anti-TNF therapy raises up to $40,000
for CD patients (Targownik et al., 2019). In addition, biological
therapies are not devoid of numerous side effects with a major
impact on the patient’s quality of life (Kerbleski and Gottlieb,
2009; Pereira et al., 2015; Murdaca et al., 2016). As a result, by
fear of these side effects and the need for chronic treatment of
these pathologies, patients are increasingly reluctant to take these
treatments and to continue them once they are in remission. This
explains, in particular, the 30–50% of non-adherence (Chan et al.,
2017) and the growing interest of the patients for complementary
medicines (Torres et al., 2019).

Consequently, a treatment targeting pro-inflammatory
cytokines such as TNF-alpha and others, exploiting the CAP,
with few side effects, devoid of problem of compliance, and

cheaper than biologicals (i.e., anti-TNF-alpha) would be of great
value. In this context, targeting the anti-inflammatory properties
of the VN would be of interest (Figure 2). In particular, VNS,
as a non-drug therapy could serve as an alternative to classical
biological therapies. We have shown recently that there is a
specific homeostatic link between vagal tone and TNF-alpha in
CD patients since a low vagal tone was associated with a high level
of TNF in the plasma (Pellissier et al., 2014). In addition, since
stress is classically known to stimulate the sympathetic nervous
system, which has a pro-inflammatory effect, and to inhibit the
VN (Wood and Woods, 2007), and thus the CAP, VNS may help
to restore an equilibrium of the sympatho-vagal balance.

ANTI-INFLAMMATORY PROPERTIES OF
THE VAGUS NERVE

The VN has a double anti-inflammatory effect both via
its afferents and efferents (Bonaz and Bernstein, 2013;
Bonaz et al., 2017a).

Anti-inflammatory Properties of Vagal
Afferents
The VN is a key element of the neuro-endocrine immune axis
whose purpose is to ensure a homeostasis balance. The peripheral
release of pro-inflammatory cytokines such as IL-1beta, IL-6,
and TNF, activates vagal afferents via their interaction with
receptors on the para-nodes (Goehler et al., 1997) (Figure 2).
Zanos et al. (2018) have very recently shown that electrical signals
recorded on the cervical VN can be decoded to discriminate
between cytokine-specific signals. In animals, the induction of
a septic shock by systemic or intraperitoneal injection of LPS,
components of the wall of Gram-negative bacteria, leads to the
release of these cytokines by blood and/or tissue macrophages,
which in turn activates vagal afferents leading to fever, sleep and
aphagia (Dantzer et al., 1998). This signal activates the HPA
axis after being integrated at the level of the NTS and then
transmitted to the hypothalamus via projections to the PVH,
more particularly on CRF neurons, the main neuro-mediator
of stress, located in the parvocellular zone of the PVH (Rivest
et al., 2000) (Figure 2). These CRF neurons project themselves
into the pituitary gland, whose activation will release ACTH
that will stimulate the release of glucocorticoids (cortisol) by the
adrenal glands with well-known anti-inflammatory properties.
Most of neuromodulation studies focus on vagal regulation of
inflammation via the peripheral efferent pathway toward the
viscera. However, abdominal vagal afferent neurostimulation
suppresses systemic inflammation in rats, and the efferent neural
pathway for this action is in the splanchnic sympathetic nerves
(Komegae et al., 2018). Vagal stimulation also modulates arthritic
joint inflammation through an afferent pathway mediated by the
LC where central stimulation is followed by activation of joint
sympathetic nerve terminals releasing NE. The vagal control of
arthritic joint inflammation is dampened by selective adrenergic
beta-blockers. These results reveals a novel neuro-immune brain
map with afferent vagal signals controlling side-specific articular
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FIGURE 2 | Different pathways of the anti-inflammatory properties of the vagus nerve: (1) through activation of the HPA axis via vagal afferents and through
vago-parasympathetic efferents (red), (2) through sympathetic efferents (blue) arising from thoraco-lumbar spinal preganglionic neurons through the
vago-sympathetic pathway where vagal afferents activate central descending pathways (e.g., LC, A5, C1, PVH) targeting spinal pre-ganglionic neurons. Targeting
the VN for its anti-inflammatory properties (pink) in chronic inflammatory diseases (orange) such as inflammatory bowel diseases appears as potentially effective
therapeutics. Adapted from Bonaz et al. (2017a). A5, A5 noradrenergic group (in the brainstem); ACh, acetylcholine; C1, C1 adrenergic group (in the brainstem);
CAN, central autonomic network; CCK, cholecystokinin; DMNV, dorsal motor nucleus of the vagus nerve; EPI, epinephrine; HPA, hypothalamic–pituitary–adrenal;
IBD, inflammatory bowel diseases; LC, locus coeruleus; NE, norepinephrine; NTS, nucleus tractus solitarius; PVH, paraventricular nucleus of the hypothalamus;
TNFα, tumor necrosis factor-alpha; α7nAChR, alpha7nicotinic acetylcholine receptor.

inflammation through specific inflammatory-processing brain
centers and joint sympathetic innervations (Bassi et al., 2017).

Anti-inflammatory Properties of Vagal
Efferents
In 2000, Kevin Tracey’s team described, for the first time, the
CAP (Borovikova et al., 2000; Pavlov et al., 2003). This group
showed that a septic shock in rats, induced by iv injection
of LPS, was prevented by low frequency neurostimulation
of the distal end cut of the VN thus stimulating vagal
efferents (Borovikova et al., 2000). The authors concluded
that there was an inflammatory reflex in which stimulation
of vagal afferents by pro-inflammatory cytokines resulted in
activation of vagal efferents that inhibited the release of these
cytokines by tissue macrophages, in particular TNF but also
other proinflammatory cytokines such as IL6, IL1β but not
the anti-inflammatory cytokine IL-10. The VN has therefore
anti-inflammatory properties through the inhibition of pro-
inflammatory cytokines (Figure 2). This group also characterized
the cholinergic receptor of macrophages involved in this effect,
which was not muscarinic but α7nAChR. Indeed, the effect of
VNS was abolished in animals knock out for this receptor (Wang
et al., 2003). Intracellular mechanisms downstream of α7nAChR
activate the JAK2–signal transducer and activator of transcription

3 pathway, sequester Nuclear Factor-kB (NF-κB), and inhibit
activation of the inflammasome (Guarini et al., 2003; de Jonge
et al., 2005; Lu et al., 2014). This anti-TNF effect of the VN
has, of course, therapeutic applications in pathologies where this
cytokine is involved such as IBD. However, this effect of the
VN is not direct via vagal efferent endings on macrophages but
indirect through the interaction of the VN with nNOS, VIP and
ChAT enteric neurons located within the gut muscularis with
nerve endings in close proximity of the resident macrophages
(Cailotto et al., 2014). Tracey’s group also showed that the spleen,
an important source of ACh, where it was first isolated, and
TNF in the body, was also involved in the anti-inflammatory
effect of the VN. This effect involves a connection between
vagal efferent endings and the spleen (Rosas-Ballina et al., 2008),
through the celiac sympathetic ganglion, inducing the release
of NE by noradrenergic endings in the spleen (Figure 2). They
recently showed that cholinergic neurons in the DMNV, which
project to the celiac superior mesenteric ganglia, significantly
increase splenic nerve activity and inhibit TNF production
(Kressel et al., 2020). So there is a vago-sympathetic excitatory
pathway while the VN and the sympathetic nervous system have
generally antagonistic effects. Indeed, NE acts on beta2 receptors
of splenic lymphocytes to release ACh by these lymphocytes:
this is the non-neuronal cholinergic pathway by opposition to
the neuronal (i.e., vagal) cholinergic pathway (Figure 2). ACh
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then binds to α7nAChR of splenic macrophages to inhibit the
release of TNF by these macrophages (Olofsson et al., 2012).
These activated T lymphocytes do not just inhibit macrophages
locally. They may also move and behave like “mobile neurons”
and downregulate inflammation in areas not innervated by the
VN. The characteristics of these CHAT-containing T cells have
been well outlined by the Tracey’s group (Rosas-Ballina et al.,
2011; Olofsson et al., 2016). However, the innervation of the
spleen by the VN via this interaction with the splenic nerve is
questioned by some authors, notably by the work of Martelli
et al. (2014). For this author, the efferent anti-inflammatory
pathway is not the VN but the sympathetic system, notably the
splanchnic sympathetic nerve and its anti-inflammatory effect
is distributed across abdominal organs (Martelli et al., 2019).
The sympathetic nervous system originates in the thoracolumbar
spinal pre-ganglionic neurons (T1-L2) and synapses with post-
ganglionic neurons at the origin of splanchnic sympathetic nerves
distributed to the viscera, with a mirror distribution of the
parasympathetic system (Figure 2). These pre-ganglionic spinal
sympathetic neurons are under the control of central nuclei
such as the PVH, Kõlliker-Fuse nucleus, pontine noradrenergic
groups A5, the LC (A6), the chemosensitive region of the
ventral medulla, and possibly the region of the A1 catecholamine
cell group (Loewy, 1981). These neural groups are part of the
CAN and send descending projections to modulate these pre-
ganglionic sympathetic neurons. In particular, Abe et al. (2017)
showed, in an experimental model of renal inflammation, that C1
was involved in an anti-inflammatory reflex involving only the
splanchnic nerve.

In fact, contrasting the vagal anti-inflammatory pathway with
the splanchnic pathway is a reductive view since both pathways
can act in concert to play a pivotal role in the crosstalk with
the immune system, a fortiori if they are activated by VNS
(Brinkman et al., 2019). In particular, because of its mixed,
essentially afferent, character, the VN via its central projections
on the NTS and then on the CAN is able to activate A5, A6, and
C1 which will secondarily activate the splanchnic sympathetic
nerves via their descending projections to the spinal cord. Our
group has shown in particular that low-frequency (5Hz) VNS
in rats, supposed to activate only vagal efferents, also activated
vagal afferents (Reyt et al., 2010). Lomarev et al. (2002) have
also shown that, compared to 5 Hz, 20 Hz VNS produced more
acute activity changes from rest in regions similar to our initial
VNS synchronized fMRI feasibility study in depression. There is
therefore a bidirectional activation of vagal fibers by VNS, even
at low frequency, involving a peripheral vagal and sympathetic
action via a vago-vagal and vago-sympathetic reflex through the
CNS (Bonaz et al., 2019).

THE VAGUS NERVE AT THE INTERFACE
OF THE MICROBIOTA–GUT–BRAIN AXIS

The human intestine contains 1013 to 1014 microorganisms,
which is much more than the cells in our body and 100 times
more genes than our genome. The weight of the microbiota is
about 1 kg in adults, approximately the weight of the human

brain. In healthy subjects, two species of bacteria, Bacteroides
and Firmicutes, dominate the bacterial composition, with smaller
amounts of actinobacteria, proteobacteria and verrucomicrobia.
At the species level, each individual presents a very specific
signature. In addition to bacteria, the intestinal microbiota
contains methanogenic archaea, eukaryotes (mainly yeasts) and
numerous phages (Eckburg et al., 2005; Reyes et al., 2010).
Recently, it has been shown that the microbiota, the gut, and
the brain communicate via the microbiota–gut–brain axis (Cryan
et al., 2019) and that a disruption of this axis is involved in
the pathophysiology of neurodegenerative diseases (Cryan and
Dinan, 2012; Forsythe et al., 2016). A dysbiosis is observed in
various pathological conditions of the gastrointestinal tract, such
as IBD (Sundin et al., 2017), and fecal transplantation is presently
under investigation in clinical trials (Levy and Allegretti, 2019).
However, the question is whether it is a cause or consequence of
an abnormal communication between the gut and the brain. The
VN is a key component of this microbiota–gut–brain axis (Bonaz
et al., 2018) (Figure 3). Indeed, it is able to detect metabolites
of the microbiota through its afferents and to transfer this
intestinal information to the CAN, then generating an adapted
or inappropriate response from the CAN to the intestine and
the microbiota (Bonaz et al., 2018). It can also be activated
indirectly by the microbiota via the interaction of the microbiota
with digestive endocrine cells that will release serotonin acting
on 5-HT3 receptors of vagal afferents. The VN, via the CAP,
could modulate the intestinal microbiota by decreasing intestinal
permeability and modulating local immunity (Bonaz et al., 2018).
One can imagine that, an indicator such as HRV, easy to assess
through the detection of heartbeat intervals, could be used
to explore the microbiota–gut–brain axis homeostasis. Indeed,
HRV is probably not a direct index of “the true” vagal tone
(Marmerstein et al., 2021) since it is an indirect assessment
of the parasympathetic modulation on the heart so that the
metrics of the HRV would rather reflect different aspects of
the neurophysiologic regulation of the heart rhythm (Reyes
del Paso et al., 2013; Thomas et al., 2019). Presently, HRV
is the final output of several regulatory loops resulting from
afferent signals integrated at the level of the CNS influencing
the efferent vagally mediated modulations on the heart (Thayer
and Lane, 2009). In that way, HRV can be used to mark and
follow the activity of the neurophysiological pathways involved
in adaptation, homeostasis and health (Thayer et al., 2012).
A recent meta-analysis underlines that HRV metrics such as
the high frequency band (HF-HRV) and the standard deviation
of RR intervals (SDNN) are the most robustly associated with
inflammation (Williams et al., 2019). Finally, targeting the VN
through VNS, even if the mechanism is not clear yet, could have
therapeutic implications in the modulation of the microbiota–
gut–brain axis.

STRESS AND THE VAGUS NERVE

Besides its well-known effects on gastrointestinal motility (Tache
et al., 2001), stress increases intestinal permeability, modifies
the intestinal flora, and intestinal immunity (Tache and Bonaz,
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FIGURE 3 | The microbiota–gut–brain axis. The microbiota exerts an effect on the gut-brain axis, impacting the biochemistry of the peripheral and central nervous
system. Commensal and/or pathogenic bacteria and their metabolites are translocated across the intestinal barrier and act on both the digestive immune system
and vagal afferents. Similarly, the brain acts on the various organs, including the digestive tract, and can thus regulate the survival and proliferation of the intestinal
microbiota.

2007; Larauche et al., 2009a,b). If the role of stress is well
known in functional digestive disorders such as irritable bowel
syndrome (Pellissier and Bonaz, 2017), recent data have shown
its role in IBD (Bonaz and Bernstein, 2013). Furthermore,
stress modifies the activity of the ANS. Classically, stress leads
to vagal inhibition and activation of the sympathetic system,
thus favoring the body’s ability to cope with a “threat to
its homeostasis” and in fact strengthens the defenses through
the pro-inflammatory reaction (Tache and Bonaz, 2007). Any
vagal hypotonia with or without sympathetic hypertonia can
therefore promote an inflammatory process. In patients at the
pre-rheumatoid arthritis stage, those who had vagal hypotonia
developed rheumatoid arthritis more easily afterward (Roura
et al., 2016). Moreover, several arguments are in favor with
such a causal association in IBD. First, a low level of HRV as
indexed by the RMSSD metric, at onset of newly diagnosed
UC patients predicts the systemic inflammatory response over
3 years of follow-up (Gunterberg et al., 2016). Second, there
is a positive association between vagotomy and later IBD, and
this particularly for CD revealing the role of VN integrity in
the prevention of IBD (Liu et al., 2020). Thus, we can assume
that the level of vagal tone is predictive of the development of
an inflammatory disorder in people at risk. We also showed in
patients with CD in remission, that a low resting vagal tone
correlated with elevated circulating TNF (Pellissier et al., 2014)
(Figure 4). The systemic inflammation observed during IBD or
other chronic inflammatory pathologies is capable of leading
to vagal hypotonia, which in turn maintains this inflammatory
state. Moreover, chronic inflammation, by its central impact,
can lead to a depressive state which itself can promote an
inflammatory flare-up of the disease (Mikocka-Walus et al.,
2016a,b; Bullmore, 2018). Two meta-analysis have shown that
the levels of proinflammatory cytokines, such as TNF, IL-6, IL-1,
and CRP, increase during depressive episodes (Hiles et al., 2012;

Kohler et al., 2017). Chronic infection or stress may inhibit
the negative feedback of the HPA axis, triggers the activation
of microglia in the brain, and increases the permeability of
the blood–brain barrier, resulting in excessive activation of
proinflammatory cytokines (Song and Wang, 2011). Increased
proinflammatory cytokines may cause MDD by activating the
HPA axis, which results in a depletion of serotonin with an
increased activity of the indoleamine-2,3-dioxygenase enzyme in
the tryptophan–kynurenine system (Schiepers et al., 2005). Anti-
inflammatory agents improve depressive symptoms compared
to placebo as add-on in MDD patients and as monotherapy
(Köhler-Forsberg et al., 2019). There is a link between depression
and inflammation as a vicious circle: depression promotes
inflammation and vice-versa. Depression increases the risk of
IBD, which may be mitigated by the use of anti-depressants in
the treatment of depression (Frolkis et al., 2019). Recently, it has
been shown that individuals with IBD have a higher prevalence
of depression than matched controls as early as 9 years before
diagnosis (Blackwell et al., 2020). Depression in the absence
of prior gastrointestinal symptoms was not associated with a
future diagnosis of IBD but those patients with depression
diagnosed after already experiencing gastrointestinal symptoms
are at increased risk of later being diagnosed with IBD. The excess
prevalence of depression prior to a diagnosis of IBD may be a
consequence of diagnostic delay and untreated gastrointestinal
symptoms. Antidepressant drugs have also shown a definite
interest in the management of IBD (Macer et al., 2017). Therefore,
any therapy, whether drug-based or not such as VNS, capable of
restoring vagal activity, has a potential interest in IBD, but also
in other chronic non-digestive inflammatory pathologies such as
depression. There is a reduced HRV in depression with a high risk
of cardiovascular disease (Sgoifo et al., 2015). Recently, it has been
shown that transcranial direct current stimulation as an adjunct
therapy is effective in alleviating unipolar and bipolar depression.
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FIGURE 4 | Specific inverse relationship between the resting parasympathetic
vagal tone and TNF-alpha plasma level in Crohn’s disease (CD) patients. CD
patients with high parasympathetic vagal tone exhibit a lower level of
TNF-alpha than those with low parasympathetic vagal tone. Parasympathetic
vagal tone was assessed by power spectral analysis of HRV and TNF-alpha
level was assessed by ELISA-based technic. Data expressed as mean ± sem
(adapted from Pellissier et al., 2014).

Moreover, the amplitude of the increase in parasympathetic
signaling, as indexed by the RR interval lengthening, during
the first session, predicts the clinical response after 10-sessions
(Lin et al., 2021).

HOW TO USE THE
ANTI-INFLAMMATORY PROPERTIES OF
THE VAGUS NERVE FOR THERAPEUTIC
PURPOSES?

Targeting the VN for anti-inflammatory purposes can be done
in different ways (Bonaz and Bernstein, 2013; Bonaz et al.,
2017a) (Figure 2).

Pharmacological Stimulation of Alpha7
Nicotinic Receptors
Pharmacologic stimulation can be performed with α7nAChR
agonists such as GTS-21, AR-R17779 which have been used in
post-operative ileus models, following intestinal macrophagic
activation at the origin of ileus, as well as in experimental
pancreatitis (van Westerloo et al., 2006; The et al., 2007).
GTS-21, is able to inhibit proinflammatory cytokines in vitro
and in vivo and improve survival in murine endotoxemia and
severe sepsis (Pavlov et al., 2007). Hyperoxia-induced acute
lung injury is attenuated by GTS-21 by inhibiting extracellular
high mobility group box 1-mediated inflammatory responses
(Sitapara et al., 2020).

Nutritional Stimulation
Cholecystokinin, a satiety hormone released at the duodenal
level by I cells by the arrival of fat during the meal, acts
on vagal afferents receptors. Activation of these receptors by
cholecystokinin stimulates vagal afferents and an inflammatory
reflex via activation of the CAP. This has been demonstrated
in a model of hemorrhagic shock resulting in systemic release
of proinflammatory cytokines such as TNF and IL-6 and
inducing intestinal permeability through a loss of intestinal
barrier function. The ingestion of high-fat enteral nutrition
inhibited the release of these cytokines and reduced intestinal
permeability. This effect was prevented either by vagotomy or
by antagonists targeting cholecystokinin receptors or α7nAChR
(Luyer et al., 2005).

Fasting
Fasting has a well-known anti-inflammatory effect, especially in
IBD. This effect could be conveyed by ghrelin, an orexigenic
peptide released during fasting by P/D1 cells of the gastric fundus,
considered to be a leptin antagonist and also known for its
gastric pro-kinetic properties (Mao et al., 2015). Plasma ghrelin
levels increase during fasting and decrease after ingesting glucose
and lipid, but not protein. The efferent VN contributes to the
fasting-induced increase in ghrelin secretion. Ghrelin secreted
by the stomach stimulates vagal afferents and promotes food
intake (Nonogaki, 2008). As an illustration, mice invalidated
for ghrelin have a suppression of the CAP demonstrated by a
reduction in VN activity and an increase in plasma levels of
the pro-inflammatory cytokines IL-1beta and IL-6. This effect is
prevented by the administration of ghrelin or nicotine, which
activate this anti-inflammatory pathway (Mao et al., 2015).
Ghrelin stimulates the VN since vagotomy dampens its effects
(Zhou et al., 2020). Ghrelin protects animals from renal ischemia-
reperfusion injury through the VN (Rajan et al., 2012).

Stimulation of Central Cholinergic
Pathways
Galantamine, a selective acetylcholinesterase inhibitor which has
shown potential for the treatment of Alzheimer’s disease, is able
to cross the blood–brain barrier, after peripheral administration
(Metz and Pavlov, 2020). Galantamine stimulates the central
cholinergic system, activates the VN and inhibits the peripheral
release of TNF during endotoxic shock in animals. This effect
is prevented by a centrally acting muscarinic antagonist, or in
α7nAChR knockout mice (Pavlov et al., 2009). These findings
show that inhibition of brain acetylcholinesterase suppresses
systemic inflammation through a central muscarinic receptor-
mediated and vagal- and α7nAChR-dependent mechanism.
Galantamine also improves experimental colitis in mice; this
effect is suppressed by vagotomy, splenectomy or splenic
denervation (Ji et al., 2014). Using forebrain-selective genetic
ablation of ACh release and vagotomy, selective stimulation
of ACh action on the M1 muscarinic ACh receptor (M1
mAChR), as well as selective optogenetic stimulation of basal
forebrain cholinergic neurons innervating brain regions with
abundant M1 mAChR localization, Lehner et al. (2019) have
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shown that forebrain cholinergic neurons regulate innate
immune responses and inflammation. Thus, targeting forebrain
cholinergic signaling should be of interest in cholinergic
dysfunction diseases.

Physical Activity
Exercise reduces systemic inflammatory activity (Heffernan et al.,
2009). Regular physical activity reduces the risk of developing
chronic diseases involving inflammation. Its mechanism of action
is not well known but it may involve the CAP, as high levels
of physical activity are associated with increased vagal tone
and low levels of CRP, a systemic inflammatory marker (Lujan
and DiCarlo, 2013). Physical activity therefore has a potential
anti-inflammatory effect in inflammatory pathologies whether
used in isolation or in combination with treatment. Physical
activity, by enhancing parasympathetic tone and activating the
CAP, is a therapeutic strategy to restrain chronic inflammation
and prevent many chronic diseases (Lujan and DiCarlo, 2013).
The anti-inflammatory effect of physical activity has also been
associated with an enhancement of the sympathetic output
(Weippert et al., 2013).

Complementary Techniques
Hypnosis stimulates the VN as shown in the study of HRV under
hypnosis; HRV decreased during hypnosis but increased post-
hypnosis (Yuksel et al., 2013). The efficacy of hypnosis is well
known in patients with irritable bowel syndrome and some data
are available in IBD, where its use is believed to improve patients
with UC (Mawdsley et al., 2008) and prolong clinical remission
(Keefer et al., 2013). Mindfulness meditation (“mindfulness”) is
able of activating the VN and may have anti-inflammatory as well
as anti-stress properties by increasing HRV (Azam et al., 2015;
Lumma et al., 2015). There are possible effects of mindfulness
meditation on specific markers of inflammation, cell-mediated
immunity, and biological aging, but these results are tentative
and require further replication (Black and Slavich, 2016). Regular
practice of yoga also increases vagal tone (Tyagi and Cohen,
2016). In a model of chronic obstructive pulmonary disease,
electro-acupuncture can reduce the lung inflammatory response
and improve lung function in this model, which may be related to
its involvement in the regulation of the CAP (Zhang et al., 2018).

Vagus Nerve Stimulation for
Anti-inflammatory Purposes in Chronic
Inflammatory Bowel Diseases
Vagus nerve stimulation is a new therapeutic pathway for TNF-
mediated chronic inflammatory diseases (Bonaz et al., 2016a,b)
within the framework of Bioelectronic Medicine, whose goal is to
use miniaturized stimulators to administer electrical nerve signals
for non-drug therapeutic purposes (Olofsson and Tracey, 2017).
VNS is already approved for the treatment of drug-refractory
epilepsy and depression (Bonaz et al., 2013).

Experimental Data
The first data on the anti-inflammatory effect of the VN
during digestive inflammation was reported by Miceli and

Jacobson (2003). They showed that prior administration of
anticholinesterase drugs such as neostigmine, which does
not cross the blood–brain barrier, or physostigmine, which
does, improved an experimental 2,4,6-trinitrobenzene sulfonic
acid (TNBS)-colitis in rats in a model mimicking CD. This
effect was more convincing for physostigmine, thus in favor
of a predominant central mechanism. Vagotomy aggravated
experimental colitis in mice, which is in favor of the protective
role of the VN (Ghia et al., 2007). However, intestine-specific
vagal nerve denervation had no effect in DSS-induced colitis
(Willemze et al., 2018). Our group showed, for the first time,
in the non-vagotomized vigilant rat, that low frequency (5 Hz)
VNS, 3 h per day for five consecutive days, resulted in an
improvement of TNBS-colitis in rats (Meregnani et al., 2011).
VNS reduced the degree of body weight loss and inflammatory
markers as observed above the lesion by histological score and
myeloperoxidase quantification. This anti-inflammatory effect
was also demonstrated by the improvement of a multivariate
index of colitis (including body weight, temperature and
locomotor activity, macroscopic area of lesions, histological,
and biological parameters such as myeloperoxidase activity,
cytokine and cytokine-related mRNAs). We have also shown
that low-frequency stimulation (5 Hz), supposed to stimulate
vagal efferents, also stimulated vagal afferents, as demonstrated
in a brain imaging (MRI) study in rats where low-frequency
neurostimulation led to deactivation in the NTS, the gateway
to vagal afferents, and its projection sites (Reyt et al., 2010).
Low-frequency VNS therefore stimulates both vagal efferents
and afferents, which implies that it stimulates the two anti-
inflammatory pathways of the VN: the CAP and the HPA axis,
and also probably the anti-inflammatory sympathetic pathway
(Martelli et al., 2016; Komegae et al., 2018). Our data were
confirmed later by the study of Sun et al. (2013) who also
performed chronic VNS in vivo in rats with TNBS-colitis, as
well as LPS-induced inflammatory response in human epithelial
colorectal adenocarcinoma cells (Caco-2) by ACh in vitro. They
showed that clinical activity index, histological scores, biological
inflammation using myeloperoxydase activity, iNOS, TNF and
IL-6 levels were significantly decreased by chronic VNS and that
vagal activity, measured by HRV, was improved. In addition,
both VNS and ACh reduced the phosphorylation of MAPKs
and prevented the nuclear translocation of NF-κB p65. Jin
et al. (2017) also found an improvement of TNBS-colitis in
rats both at the clinical, biological (MPOA, TNF, IL1-beta, IL-
6) and histological level. In addition, they showed that the
addition of electroacupuncture to VNS may enhanced the anti-
inflammatory effect of VNS. Both VNS plus electroacupuncture
and VNS alone substantially increased vagal activity, measured
by HRV, and decreased sympathetic activity compared with sham
(P < 0.001, P < 0.001, respectively). More recently, Meroni
et al. (2018) performed VNS in mice following intracolonic
oxazolone administration. This model represents a model of
sepsis and may resemble a severe type of UC, resulting in a
severe destruction of the colonic mucosa and a rapid drop in
body temperature leading to a 65% mortality rate at day 5. Severe
infiltration of neutrophils and monocytes was detected 6h after
oxazolone administration which was associated with a Th2-type
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inflammatory response. VNS significantly improved survival rate
which correlated with decreased levels of HMGB1 and reduced
colonic (IL-6 and CXCL1 mRNA) and serum cytokine levels
(IL-6, TNF, and CXCL1) compared to sham treated mice. Chen
et al. (2018) performed a dextran sodium sulfate (DSS) colitis
in mice mimicking UC. They showed that VNS improved DSS-
colitis but also alleviated cerebral cortical microinfarct induced
by a two-photon laser and this neuroprotection was associated
with the suppression of blood–brain barrier permeability,
neuroinflammation and oxidative stress.

Clinical Data
In a translational approach from bench to bedside, we conducted,
for the first time, a pilot study of VNS in patients with
moderate to severe CD as an alternative to anti-TNF drug therapy
or in treatment-naïve patients (ClinicalTrials.gov Identifier:
NCT01569503). Nine patients were implanted with a VNS device
and electrode (Cyberonics, Houston, TX, United States). Two
patients were in failure of immunosuppressant (azathioprine) at
the time of implantation and the other seven patients were naïve
of treatment. Under general anesthesia, an electrode (Model 302)
was wrapped around the left VN in the neck and connected to
a bipolar pulse generator (Model 102) subcutaneously implanted
in the chest wall. The day of the surgery, the device was switched
on at 0.25 mA (duty cycle 30 s ON/5 min OFF, pulse width
250–500 µs -depending on patient tolerance-, 10 Hz frequency)
and progressively increased up to 1.25 mA as patient tolerance
permitted. VNS was continuously performed for 12 months.
The first patient was implanted in April 2012 and the last in
March 2016. Two patients were removed from the study after
3 months of neurostimulation for a worsening of their disease:
the first patient underwent an ileo-cecal resection but, because
of an initially beneficial effect and a drug treatment rejection,
chose to continue neurostimulation until the end of the study.
The second patient was treated with a combination of Infliximab
and azathioprine and also wanted to keep on an active VNS. Six
patients were in remission only under neurostimulation with a
1-year follow-up, the last patient was in flare. The first patient
implanted in April 2012, was in relapse under azathioprine for
an ileal CD with a history of ileo-cecal resection. We reported
the results of this pilot study at 6-months follow-up in seven
implanted patients (Bonaz et al., 2016a) and at 1 year in the all
(n = 9) implanted (Sinniger et al., 2020). Briefly, of the seven
patients who completed the 12-month VNS, five achieved clinical
remission (CD activity index, CDAI < 150) and all the patients
reached the CDAI-70 response (CDAI decrease from baseline
by 70 points). Similarly the Crohn’s disease endoscopic score of
severity (CDEIS) decreased in five patients from 60 to 100%.
No adverse events related to the device were observed except
discomfort to the intensity/output current levels. Our results are
in accordance with the preliminary results of D’Haens study
(D’Haens et al., 2018) who observed clinical and endoscopic
improvement for half of the 16 CD patients under either VNS
monotherapy (biologics refractory patients) or VNS adjunctive
therapy for 4 months.

A 12-month VNS could reduce inflammatory markers like
CRP (in four patients whose three reaching normal value), fecal

calprotectin (in three patients), and cytokines like TNF, IL6,
IL12, and IL23, all being archetypal pro-inflammatory cytokines
implicated in CD (Figure 5) (Sinniger et al., 2020). VNS was
also able to increase or sustain plasma anti-inflammatory TGF-
β1 in six patients, probably through its active regulatory role on
Th17/Treg balance as demonstrated by Bettelli et al. (2006) and
Tanaka and Kishimoto (2012) and also through its regulatory
role in monocyte-driven inflammatory responses resulting in
a reduction in TNF and a production of IL10 (Lee et al.,
2013). Some plasma inflammatory markers have been correlated
with gut mucosa metabolic markers; this is the case for CRP,
which correlated with taurine, a metabolite produced by CRP-
activated leucocytes and involved in the cytoprotection and
homeostatic maintenance of cells during inflammatory/oxidative
processes. We also showed a correlation between TNF and lactate,
alanine and β-hydroxybutyrate that could reflect a metabolite
shift occurring within the gut mucosa during the 12-months
VNS, both being either involved in activation/deactivation and
in the redox state of the immune cells, or as an alternative
source of energy.

This pilot study requires of course confirmation in a
larger randomized double-blinded control study and, overall, a

FIGURE 5 | Pilot study of vagus nerve stimulation (VNS) in patients with
moderate to severe Crohn’s Disease (CD). Twelve-month-VNS effect on
cytokinergic profile. A plasma cytokinergic profile for controls (red), before
(black), 6-month (gray) and 12-month (pink) VNS has been assessed using
PCA analysis of plasma multicytokines assay for all CD patients [IL1b, IL2, IL6,
IL10, IL12(p70), IL17A, IL21, IL23, MIP1α, IFNγ, GM-CSF, TNFα, TGFβ1 and
MCP1]. The control values are well grouped, while profiles before VNS are
very scattered, indicating that CD patients have their own cytokinergic profile.
After 6 months, and even more after 12 months of VNS, the points are
tightened, indicating that cytokine levels evolve through a more “common”
profile. Ellipses are centered on the barycenter (big dots) of each group.
Adapted from Sinniger et al. (2020).
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FIGURE 6 | Twelve-month-vagus nerve stimulation (VNS) effect on vagal tone. High frequencies are expressed in normal units (HFnu) and are extracted from heart
rate variability analysis.

long-lasting follow-up of the patients to confirm these promising
results (Cheng et al., 2020).

The Question of the Regulatory Role of VNS
Finally yet importantly, we have also shown that a 1-year chronic
VNS exerts a modulatory role on vagal tone (Figure 6). Indeed,
the trajectory toward the return to vagal equilibrium under VNS
is dependent of the initial level of the HF-HRV. Interestingly,
we observed in this clinical trial, that a very low HF-HRV
on inclusion, increases until the equilibrium under VNS, a
moderate level of HF-HRV was stabilized while an abnormally
high resting HF-HRV on inclusion was decreased and brought
back to equilibrium. Consequently, we can see that chronic VNS,
on the long term, bring the autonomic regulation to homeostasis.
At this stage, the question that arises is that of the mechanism
by which this regulatory effect occurs, which has so far, never
been observed before. A central mechanism through a change
in the network balance within the CAN is most likely. There
are several arguments in favor of this hypothesis. First, if we
look at the kinetics of the evolution of the HRV over time,
we can see that the return to equilibrium began at the third
month of VNS (Sinniger et al., 2020). Second, we must also keep
in mind that the assessment of HRV is mainly an evaluation
of the ability of the central loops to regulate the functioning
of the ANS, the HRV being the output (Figure 1). Hence,
VNS logically must imply a mechanism that takes time to set
up. VNS, used in the treatment of drug-refractory epilepsy,
drives a 50% reduction frequency in 40–60% of the patients,
with an increasing efficacy up to 10 years, showing that this
treatment is a slow-acting therapy (Elliott et al., 2011). Third,
electroencephalographic studies performed along with VNS over
1-year follow-up, revealed differences on power spectral bands
between acute and chronic VNS. Acute VNS increased delta and

theta bands on frontal, temporal and occipital sites while 1 year
chronic VNS decreased power in the alpha band in correlation
with the improvement of bowel mucosal inflammation, anxiety
state and vagal tone. This suggests that chronic VNS has a
regulatory action through the CNS and probably the CAN
via afferent vagal fibers (Kibleur et al., 2018). This regulation-
modulation mechanism of VNS on the return to equilibrium of
the ANS but also that of the cytokines is quite original and rare
in therapy outside of the example of thymoregulatory drugs like
lithium. This requires serious consideration of this fundamental
question by continuing investigations in this field.

CONCLUSION

Targeting the anti-inflammatory properties of the VN with VNS
could be of interest in the management of patients with CD
through a non-drug therapy. VNS is an alternative to biologics
such as anti-TNF but also other pro-inflammatory cytokines such
as IL-6, IL-12, IL-23, as observed in our study, or even as an
alternative to any drug treatment: this was the case in five of our
first seven patients who were naïve of treatment on inclusion.
In addition, the CAP is an intrinsic anti-inflammatory non-
drug pathway, which protects against the potential iatrogenic
effects of treatments. VNS, on the other hand, is devoid of
major side effects and cheaper than biologics (the electrode and
neurostimulator cost∼ 11,000 euros).

Non-invasive neurostimulation by the transcutaneous
auricular route (ta-VNS) is an alternative to invasive
neurostimulation, as used in our pilot study (Butt et al.,
2020). The aim of ta-VNS is to stimulate the ear concha (concha
auriculae), part of the ear which is 100% innervated by the
auricular branch of the VN (Peuker and Filler, 2002) whose
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stimulation would activate the “inflammatory reflex.” The tragus
and the cavity of the concha are 45% innervated by the auricular
branch of the VN. A recent functional brain imaging study
showed that neurostimulation of this region of the ear induced
brain activation of the NTS and its numerous projection sites,
as observed with invasive VNS (Badran et al., 2018). Ta-
VNS is under clinical investigation in a double blind placebo-
controlled study in adult patients with UC (ClinicalTrials.gov
Identifier: NCT03908073) and pediatric patients with IBD (CD
and UC) (ClinicalTrials.gov Identifier: NCT03863704). It is
also possible to stimulate the VN at the left cervical level
with the Gammacore device marketed by Electrocore LLC
(Basking Ridge, NJ, United States) represented by two round
stainless steel disks serving as a contact surface with the skin.
This device, recommended in the treatment of headaches,
epilepsy, and depression (Ben-Menachem et al., 2015), delivers
a stimulation lasting 2 min with a frequency of 20 Hz. There
is presently no clinical trial registered with this technique in
Clinical.Trial.gov.

The optimal parameters of VNS to achieve efficacious
inflammation-related symptomatic relief by recruiting the
appropriate fibers within the VN are still unknown. Specific
combinations of pulse width, pulse amplitude, and frequency
produced significant increases of the proinflammatory cytokine
TNF, while other parameters selectively lowered serum TNF
levels, as compared to sham-stimulated mice (Bonaz, 2020;
Tsaava et al., 2020). VN morphology influences fiber responses
to electrical stimulation. Specifically, nerve diameter (and
thus, electrode-fiber distance), fascicle diameter, fascicular
organization, and perineurium thickness all significantly affect
the responses of nerve fibers to electrical signals delivered
through a cuff electrode (Pelot et al., 2020). Miniaturization
of the VNS device is also warranted. In the same way,
instead of an electrode, a VNS device which would act
as an electrode by clipping it around the VN would be
of interest (see setpointmedical.com; MØ1-ØØ1123). Another
important progress would be a device able to record HRV and
trigger VNS in case of low HRV to restore a normal tone.
A VNS system, AspireSRTM, already approved in Europe, and

created by Cyberonics Inc. analyzes relative changes of heart
rate, particularly ictal tachycardia, and responds to seizures
automatically. Consequently, all the technical and anatomical
points developed above should be taken into consideration
in future clinical studies and may influence the results
of these studies.
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Alireza Gharabaghi1*

1 Institute for Neuromodulation and Neurotechnology, University of Tübingen, Tübingen, Germany, 2 Department of
Anesthesiology and Intensive Care Medicine, University Hospital Bonn, Bonn, Germany

Low-frequency peripheral electrical stimulation using a matrix electrode (PEMS)
modulates spinal nociceptive pathways. However, the effects of this intervention on
cortical oscillatory activity have not been assessed yet. The aim of this study was
to investigate the effects of low-frequency PEMS (4 Hz) on cortical oscillatory activity
in different brain states in healthy pain-free participants. In experiment 1, PEMS was
compared to sham stimulation. In experiment 2, motor imagery (MI) was used to
modulate the sensorimotor brain state. PEMS was applied either during MI-induced
oscillatory desynchronization (concurrent PEMS) or after MI (delayed PEMS) in a
cross-over design. For both experiments, PEMS was applied on the left forearm
and resting-state electroencephalography (EEG) was recording before and after each
stimulation condition. Experiment 1 showed a significant decrease of global resting-
state beta power after PEMS compared to sham (p = 0.016), with a median change
from baseline of −16% for PEMS and −0.54% for sham. A cluster-based permutation
test showed a significant difference in resting-state beta power comparing pre- and
post-PEMS (p = 0.018) that was most pronounced over bilateral central and left frontal
sensors. Experiment 2 did not identify a significant difference in the change from baseline
of global EEG power for concurrent PEMS compared to delayed PEMS. Two cluster-
based permutation tests suggested that frontal beta power may be increased following
both concurrent and delayed PEMS. This study provides novel evidence for supraspinal
effects of low-frequency PEMS and an initial indication that the presence of a cognitive
task such as MI may influence the effects of PEMS on beta activity. Chronic pain has
been associated with changes in beta activity, in particular an increase of beta power in
frontal regions. Thus, brain state-dependent PEMS may offer a novel approach to the
treatment of chronic pain. However, further studies are warranted to investigate optimal
stimulation conditions to achieve a reduction of pain.

Keywords: sensorimotor rhythm, state-dependent stimulation, nociception, peripheral electrical stimulation,
electroencephalography
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INTRODUCTION

In various pain conditions evidence has been found for central
sensitization (Coderre et al., 1993; Banic et al., 2004; Latremoliere
and Woolf, 2009; Woolf, 2011). Central sensitization broadly
refers to hypersensitivity of the central nociceptive system, i.e.,
greater spinal excitability. Moreover, supra-spinal regions (the
brainstem and higher brain centers) are important modulators
of spinal excitability (Gwilym et al., 2009; Ossipov et al., 2010;
Heinricher, 2016). Thus, modulating the excitability of the central
nociceptive system offers a promising target for neurostimulation
techniques to reduce pain.

Peripheral electrical stimulation (PES) is commonly used to
facilitate motor rehabilitation and treat pain via the induction
of plastic changes in corticospinal excitability (Klein et al., 2004;
Chipchase et al., 2011; Dimyan and Cohen, 2011). For example,
low frequency PES has been demonstrated to reduce pain
perception and the spinal and cortical response to nociceptive
stimuli (Jung et al., 2009, 2012; Rottmann et al., 2010). However,
evidence for the clinical efficacy of PES interventions such as
transcutaneous electrical nerve stimulation (TENS), a commonly
used PES intervention to treat pain, is inconclusive (Catley et al.,
2015; Johnson et al., 2015), leaving room for improvement.

Brain state-dependent stimulation, a novel development in
the field of neurostimulation, could be of interest for the
application of PES to reduce pain. Motor imagery (MI),
the cognitive task of imagining a movement, is commonly
used to modulate the sensorimotor brain state. MI results in
sensorimotor desynchronization of alpha and beta oscillations
(Fadiga et al., 1999; Pfurtscheller et al., 2006) and has
a top-down influence on cortico-spinal excitability (Oishi
et al., 1994; Li et al., 2004; Aoyama and Kaneko, 2011).
Using MI to modulate the sensorimotor brain state, state-
dependency of transcranial magnetic stimulation (TMS) and
PES has been demonstrated for the motor system (Kraus et al.,
2016a,b, 2018; Guggenberger et al., 2018, 2020; Ziegler et al.,
2019). Stimulation applied concurrently with MI enhanced
the modulation of corticospinal excitability, as reflected by
an increase of the amplitude of the motor-evoked potential
(MEP) (Saito et al., 2013; Kaneko et al., 2014; Kraus et al.,
2016a,b). This was not the case when stimulation was applied
after MI. Moreover, only when combined TMS and peripheral
stimulation was applied concurrently with MI, a significant
modulation of corticospinal excitability was present; this was
not the case when the combined stimulation was applied after
MI (Kraus et al., 2018). Thus, applying PES sensorimotor
state-dependently may offer an opportunity to optimize the
efficacy of low-frequency PES to modulate the excitability of the
central nociceptive system and reduce pain. However, whereas
previous work has predominantly examined the impact of
MI combined with PES on cortico-spinal excitability of the
motor system, the influence of MI and PES on the cortical
response, especially in the context of nociceptive processing, is
less understood.

The type of electrode used for PES is also of importance; the
type of electrode influences the effect of PES on the nociceptive
system (Steenbergen et al., 2012; Mücke et al., 2014). Larger

surface electrodes conventionally used for TENS affect deeper
tissues and activate tactile afferents. One of the main theories used
to explain the effects of TENS on pain is the gate control theory
of pain (Melzack and Wall, 1965). This theory proposes that a
type of “gate” exists in the dorsal horn of the spinal cord that
controls the transmission of large (non-nociceptive) and small
(nociceptive) sensory afferents to the brain. This gate can be
opened by noxious stimuli and closed by non-noxious stimuli.
Following this, stimulation of large diameter tactile afferents by
TENS it thought to reduce pain by inhibiting the transmission of
noxious information in the spinal cord (Sluka and Walsh, 2003;
Johnson et al., 2015).

In contrast, concentric electrodes preferentially activate
nociceptive afferents in superficial skin layers (Kaube et al.,
2000; Mücke et al., 2014). The use of repetitive electrical
stimulation targeting the nociceptive fibers is thought to
inhibit nociceptive processing and reduce pain via a long-term
depression (LTD)-like phenomenon. Repetitive activation of
synaptic connections can lead to long-term potentiation (LTP) or
LTD of synaptic transmission (Madison et al., 1991; Siegelbaum
and Kandel, 1991). This also applies to the transmission of
noxious input. For example, it has been demonstrated that
repetitive stimulation of nociceptive Aδ fibers produces LTD
of C-fiber-evoked field potentials in rats (Liu et al., 1998). In
humans, the induction of an LTD-like modulation of nociceptive
processing and pain perception has also been demonstrated with
a conditioning protocol consisting of low-frequency electrical
stimuli. Using a concentric electrode, low-frequency PES has
been shown to lead to a prolonged reduction of experimentally
induced pain (Klein et al., 2004) that is accompanied
by a reduction of the cortical evoked response to pain
(Jung et al., 2009, 2012).

More recently, a new type of PES electrode has been developed
that contains a matrix or grid of pin electrodes (Bomedus GmbH,
Germany). Like the concentric electrode, the matrix electrode
is designed to preferentially activate nociceptive afferents in
the superficial skin layers, but with its larger size it allows
for the stimulation of a larger skin area (Mücke et al., 2014).
Compared to the concentric electrode, the matrix electrode
was particularly effective in reducing deep pain sensitivity
(Mücke et al., 2014). However, the cortical effects of low-
frequency PES with the matrix electrode (PEMS) have not been
investigated yet.

Oscillatory neural activity has been identified as a promising
target for the development of novel pain therapies (Jensen
et al., 2008). Chronic pain is associated with changes in
oscillatory neural activity. Most commonly, an increase in theta
activity is reported, and also an increase in alpha and beta
activity (Sarnthein et al., 2006; Stern et al., 2006; Lim et al.,
2016; Pinheiro et al., 2016; Ploner et al., 2017). Moreover,
a recent recommendation in the development of safe and
effective neurotherapeutics for pain emphasized the importance
of the identification of objective biomarkers to help define
pathophysiological subtypes of pain, evaluate target engagement
of a therapy and predict therapeutic response (Davis et al.,
2020). Electroencephalography (EEG)-based biomarkers of pain
could be particularly useful to not only classify chronic pain, but
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also to individualize pain treatment and to serve as targets for
neurotherapeutics. However, more work is required to identify
accurate and clinically relevant EEG-based biomarkers (Ploner
and May, 2018). Therefore, in this study we investigated the
effects of low-frequency PEMS on cortical oscillatory activity
in the theta, alpha and beta band. In a first experiment, two
10-min blocks of PEMS were compared to sham stimulation.
In a second experiment, sensorimotor state-dependency of the
effect of PEMS on cortical oscillatory activity was assessed, by
comparing PEMS applied during MI (concurrent stimulation) to
PEMS applied after MI (delayed stimulation). To assess the effect
on cortical oscillatory activity, resting-state EEG was recorded
before and after each stimulation condition. Finally, previous
research has also demonstrated a significant positive relationship
between the self-reported kinesthetic vividness of MI and the
MI-induced change in corticomotor excitability (Williams et al.,
2012; Vasilyev et al., 2017; Moriuchi et al., 2020) and intracortical
excitability (Lebon et al., 2012). Therefore, the Kinesthetic and
Visual Imaging Questionnaire (KVIQ) (Malouin et al., 2007)
was included in experiment 2 to assess the participants’ MI
ability, to explore if any relationship was present between visual
and kinesthetic MI ability and the change in cortical oscillatory
activity following state-dependent PEMS.

MATERIALS AND METHODS

Participants
The study protocol was approved by the Ethical Committee of the
Medical Faculty of the University of Tübingen. All participants
provided written informed consent prior to participation.
A screening questionnaire was completed to ensure that
all participants met the inclusion criteria of the study. All
participants were aged 18 or older, free of any neurological
conditions and chronic pain conditions, had no history of drug
misuse or sleep deprivation, and did not use any medication
that could influence the assessments. Potential participants were
excluded if they had participated in another neurostimulation
study in the last 48 h. Right-handedness was confirmed with the
Edinburgh Handedness Inventory (Oldfield, 1971). Participants
were instructed to not consume any caffeinated drinks on the day
of a study visit.

Experiment 1 consisted of two study visits. In a within-
subject design, 26 participants completed the first session and
twenty of these participants also completed the second session.
Experiment 2 consisted of a single session that was completed
by twenty participants. For the statistical analysis of experiment
1, the datasets of 2 of the 20 participants that completed
both experimental sessions were excluded, resulting in a total
of 18 datasets (mean age ± SD = 23.28 ± 5.00 years; 10
female); one dataset was excluded due to missing data and one
dataset was excluded due to poor data quality. For experiment
2, the datasets of 2 participants were excluded from the
statistical analysis, resulting in a total of 18 datasets (mean
age ± SD = 23.78 ± 4.43 years; 10 female); one dataset was
excluded due to technical issues and one dataset was excluded due
to poor data quality.

Procedure
Experiment 1
In a within-subject design, participants attended the lab for
two study visits to undergo two stimulation conditions in a
non-randomized order: verum stimulation (visit 1) and sham
stimulation (visit 2), with a minimum of 2 weeks in between
study visits. For each visit, first 5 min of resting-state EEG was
recorded. This was followed by two 10-min blocks of PEMS/sham
stimulation with a 10-min break between blocks, in line with
the treatment recommendations of the device manufacturer
(Bomedus GmbH). Another 5 min of resting-state EEG was
recorded after the two stimulation blocks (Figure 1). Each 5-min
resting-state recording consisted of ten 30-s intervals of eyes open
(EO) and eyes closed (EC). Participants received auditory cues to
instruct them to open/close their eyes and were asked to focus on
the fixation cross on the computer screen for the EO condition to
minimize eye movements.

FIGURE 1 | Overview of the study procedure. Experiment 1: Two stimulation
conditions (verum and sham) were delivered during two separate stimulation
sessions (session 1 = verum, session 2 = sham). The same overall procedure
was followed for each session, starting with 5-min recording of resting-state
EEG, followed by a total of 20 min of PEMS (verum) or sham stimulation, and
finally another 5-min recording of resting-state EEG. Experiment 2: Two
stimulation conditions (concurrent and delayed PEMS) were delivered during a
single session, in two separate blocks. Order of stimulation conditions was
randomized. In the concurrent PEMS condition, PEMS was applied during the
MI phase of the trial. In the delayed PEMS condition, PEMS was applied
during the Relax phase of the trial.
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Experiment 2
Experiment 2 consisted of a single study visit. Two stimulation
conditions were applied in separate blocks in a randomized order
(Figure 1). Each block consisted of 42 trials of MI; participants
were asked to imagine extension of the fingers of the left hand.
Participants received visual and auditory cues as guidance for the
MI task. For each MI trial, a 2-s preparation phase (“Ready”),
was followed by a 6-s MI phase (“Imagine”), and finally a 6-s rest
phase (“Relax”). For one stimulation condition PEMS was applied
during the MI phase of each trial (concurrent PEMS), for the
other stimulation condition PEMS was applied after MI during
the rest phase of each trial (delayed PEMS). Each stimulation
block had a duration of ∼10 min and there was a 5-min break
between blocks. Five minutes of resting-state EEG was recorded
before and after each stimulation block. Participants were asked
to keep their eyes opened and focused on the fixation cross on
the computer screen for the entire 5-min recording. In addition,
all participants completed the Kinesthetic and Visual Imaging
Questionnaire (KVIQ) (Malouin et al., 2007) to assess their ability
to feel and visualize imagined movements.

PES With the Matrix Electrode (PEMS)
For both experiments PES was applied using a matrix array
electrode (Bomedus GmbH, Germany) that was placed over the
left Extensor Digitorum Communis (EDC) muscle. A circular
matrix electrode was used with a diameter of 15 cm (Figure 2).
The Bomedus stimulator used, (The Small Fiber Activator;
Bomedus GmbH) generated monopolar rectangular pulses with a
width of 200 µs and a frequency of 4 Hz. A bandage was wrapped
around the matrix electrode to ensure optimal contact between
the electrode and the skin.

PEMS Experiment 1
For the verum stimulation condition PEMS was applied
continuously (for two blocks of 10 min) at an intensity just below
pain threshold, which resulted in a sensation of intense prickling
under the electrode. To identify the pain threshold intensity
participants were asked to gradually increase the stimulation
intensity themselves and to select an intensity as high as
possible before becoming painful. Participants were allowed to
increase/decrease the intensity during the stimulation as well,
to ensure that a sensation of intense prickling (but no pain)
remained present throughout.

No stimulation was applied during the sham condition. Here
participants were asked to gradually increase the stimulation
intensity themselves until they first detected a prickling sensation.
Then an intensity was chosen that was just below the sensory
threshold. Subjects were informed that during this session the
stimulation would be applied at an intensity just below the
sensory threshold and would thus not be noticeable. As soon as
the experiment started, the stimulator was automatically turned
off, without the participant knowing.

PEMS Experiment 2
For experiment 2, PEMS was applied intermittently either during
the 6-s MI phase of each trial (the concurrent PEMS condition)
or the 6-s rest phase of each trial (the delayed PEMS condition).

FIGURE 2 | PEMS set up. The following equipment was used to deliver the
PEMS for both experiments: (A) The PEMS stimulator (The Small Fiber
Activator; Bomedus GmbH); (B) A circular matrix electrode (Bomedus GmbH).
(C) Shows the placement of the matrix electrode on the left forearm.
A bandage was wrapped around the electrode to ensure optimal contact
between the electrode and the skin.

Stimulation intensity was set individually, following the same
procedure as for the verum stimulation (experiment 1) to ensure
participants experienced a strong prickling (but not painful)
sensation during the stimulation. The stimulation intensity was
set separately before each of the two blocks of the experiment.

EEG Recordings
Electroencephalography was recorded using a 64-channel
actiCAP combined with BrainAmp DC amplifiers (Brain
Products GmbH, Germany). Impedances were kept below 25 k�.
The AFz electrode location was used as the ground electrode and
the FCz electrode location as the reference electrode.

Kinesthetic and Visual Imaging
Questionnaire
For experiment 2, all participants completed the Kinesthetic and
Visual Imaging Questionnaire (KVIQ) (Malouin et al., 2007). The
questionnaire includes two subscales, the Visual Imagery Scale
(VIS) and the Kinesthetic Imagery Scale (KIS) that contain 10
items each. For each item participants are asked to first perform
a movement (e.g., elbow flexion) and then imagine performing
the same movement. Next, participants rate on a 5-point scale:
(i) the clarity of the visual image (1 = no image, 5 = image as
clear as seeing); or (ii) the intensity of the sensations associated
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with the imagined movement (1 = no sensation, 5 = as intense
as executing the action). In line with Malouin et al. (2008), items
involving limb movement were tested on both sides. This resulted
in a total of 17 ratings for each scale and a maximum sum score
of 85 for each scale.

EEG Analysis
All EEG recordings were analyzed in MATLAB (The Mathworks,
Inc., Natick, MA, United States) using custom built code and the
Fieldtrip toolbox (Oostenveld et al., 2011). For both experiments
the same pre-processing and frequency analysis procedure was
applied. For each recording, a 1 Hz high-pass filter (4th order
Butterworth) was applied on the continuous data and the signal
was re-referenced to the average reference. Next, the continuous
EEG data was segmented into consecutive 1-s epochs. Any bad
channels were interpolated. Finally, epochs containing artifacts
were rejected using an automated artifact detection procedure.
Any epochs containing data with a range >200 µV were rejected.
The re-referencing to an average-reference was repeated after
the artifact rejection procedure to ensure that for the final re-
referencing the interpolated channels were included instead of
the original noisy channels.

Whereas for experiment 1 resting-state EEG with EO and EC
was collected, it was decided to only use the EO data for further
analysis, since the closing of the eyes affects the power of ongoing
alpha activity and pooling across EO and EC resting-state data
would introduce variance of alpha activity. This also ensured
that for both experiments the same type of resting-state data was
analyzed (i.e., EO data only), as experiment 2 only included EO
resting-state data. Frequency analysis was performed using the
Fieldtrip toolbox (Oostenveld et al., 2011). Average EEG power
was calculated using the fast Fourier transform (FFT) with a
single Hanning taper for three frequency bands of interest: the
theta (4–7 Hz), alpha (8–13 Hz), and beta band (15–30 Hz).
For both experiments, average EEG power for the theta, alpha,
and beta band was calculated for the resting-state EEG recorded
before and after each stimulation condition. Finally, a change
from baseline score was calculated for each stimulation condition
and each frequency band of interest ((EEG power post –
EEG power pre)/EEG power pre) and used for the statistical
analysis. For experiment 1, this resulted in a comparison of
the change from baseline score for verum stimulation versus
sham stimulation for theta, alpha, and beta power separately. For
experiment 2, this resulted in a comparison of the change from
baseline score for concurrent PEMS (PEMS during the MI phase)
versus delayed PEMS (PEMS after MI, during the rest phase).

Statistical Analysis
To assess a statistical difference between verum and sham
stimulation (experiment 1) and concurrent and delayed
stimulation (experiment 2), non-parametric tests were used.
Non-parametric tests were chosen over parametric tests as there
was evidence that the assumption of normality was not met,
based on the Kolmogorov-Smirnov tests of normality and the
kurtosis and skewness z-scores. Additionally, non-parametric
permutation tests were used as they allow for the estimation of
the statistical significance of spatial clusters. For experiment 1,

the Kolmogorov-Smirnov tests of normality and the kurtosis
and skewness z-scores were calculated for the difference scores
in change from baseline for theta, alpha, and beta power
comparing verum and sham stimulation. The same was applied
for experiment 2, here for the difference scores comparing
concurrent and delayed stimulation. For experiment 1 and 2
together a total of 18 tests were calculated to assess normality.
More than 50% (61%) of these tests had a p < 0.05. For the PEMS
stimulation levels applied, no strong evidence for a violation of
the assumption of normality was present. For experiment 1, the
kurtosis and skewness z-scores and the Kolmogorov-Smirnov
test of normality were calculated for the difference score of
the PEMS level of block 1 and block 2. For experiment 2, the
kurtosis and skewness z-scores and the Kolmogorov-Smirnov
test of normality were calculated for the difference score of the
PEMS level of concurrent and delayed stimulation. Here, out of
the total of 6 tests performed, less than 50% (33%) of tests had
a p < 0.05. Therefore, for the descriptive statistics parametric
tests were used.

Global EEG Power Changes
For both experiments, first, global EEG power changes were
assessed (i.e., EEG power averaged over all EEG electrodes)
using SPSS version 26 (IBM Corp, Armonk, NY, United States).
Wilcoxon signed-rank tests were used to test for a significant
difference in the change from baseline scores of global EEG
power for (1) verum versus sham stimulation, and (2) concurrent
PEMS versus delayed PEMS. This was done for global theta,
alpha, and beta power separately, resulting in the calculation of
three Wilcoxon signed-rank tests for each experiment. The exact
2-sided significance was reported.

Cluster-Based Permutation Tests
In a second step, cluster-based permutation tests (Maris and
Oostenveld, 2007) were carried out using the Fieldtrip toolbox
(Oostenveld et al., 2011) in MATLAB, to identify clusters where
a significant difference in EEG power was present for each
stimulation condition. Cluster-based permutation tests offers a
more data-driven approach to identify patterns in oscillatory
neural activity without strong prior assumptions and are well
suited to control for the problem of multiple comparisons
(Maris and Oostenveld, 2007). As there was no previous research
available on the effects of PEMS on oscillatory neural activity
to inform a specific frequency range and/or scalp region of
interest in the present study, here we included the full range
of EEG frequencies (4–30 Hz, i.e., the theta, alpha, and beta
band together) and each individual EEG electrode for each
cluster-based permutation test, instead of running a test for each
frequency band separately.

The general cluster-based permutation test procedure that
was applied for all tests in this study was as follows: (1) for
every frequency-electrode pair (64 electrodes, frequency range
4–30 Hz) a repeated measures t-statistic was calculated (e.g.,
to compare EEG power before and after verum stimulation),
to be used later to calculate the cluster-level test statistic; (2)
samples were selected using the uncorrected threshold of p< 0.05
and the selected samples were clustered in connected sets based
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on spatial and spectral adjacency; (3) cluster-level statistics
were calculated by taking the sum of the t-values within each
identified cluster; (4) to calculate the significance probability for
the cluster-level test statistic the Monte Carlo method was used.
A permutation was performed 2000 times (i.e., 2000 random
partitions) to generate a random-partition-based cluster-level test
statistic and (5) corrected p-values were calculated by comparing
the values of the cluster-level statistics of the observed data
against the distribution of the cluster-level test statistic based on
the 2000 permutations.

For experiment 1, two cluster-based permutation tests were
carried out to compare EEG power for the pre- and post-
stimulation resting-state recordings. For the verum and sham
condition separately, a comparison of resting-state EEG power
pre- and post-stimulation was carried out to assess any significant
changes following stimulation. The same approach was used
for experiment 2, for the concurrent PEMS and delayed PEMS
condition, i.e., two tests were carried out to assess any pre-
post EEG power differences for each stimulation condition
separately. Because we performed two statistical tests for
each experiment, we used Bonferroni-correction for multiple
comparison, rendering an effective alpha-threshold of 0.025.
Finally, for each cluster-based permutation test, a Cohen’s d effect
size for dependent samples was calculated for each cluster with an
uncorrected p-value < 0.05 (i.e., each cluster that was significant
before correction for multiple comparison), by dividing the mean
difference by the standard deviation of the difference (Lakens,
2013). To do this, the clustered channels which exhibited a
difference were selected and the mean EEG power and standard
deviation were calculated for these channels across the clustered
frequencies which exhibited a difference.

Correlations
For experiment 2, a number of correlations were calculated to
assess whether a change in EEG power in response to PEMS
was related to the participant’s MI capability. The sum score
for the KIS and VIS were each correlated with the change from
baseline scores for global theta, alpha, and beta power, for the
concurrent PEMS and the delayed PEMS condition separately.
I.e., 6 correlations were calculated for the VIS subscale and
6 correlations for the KIS subscale. The Bonferroni corrected
significance level of 0.0083 was used.

RESULTS

Descriptive Statistics
The PEMS stimulator used in both experiments (The Small Fiber
Activator; Bomedus GmbH), has a maximum output current of
40 mA and comes with 30 pre-set stimulation levels of which the
participants could select their individual stimulation level.

For experiment 1, taking into account any adjustments
made by the participants during the stimulation, the average
stimulation level [mean (SD)] for verum stimulation was 14.94
(5.70) for stimulation block 1 and 15.86 (5.62) for stimulation
block 2. A repeated measures t-test showed that there was no

significant difference in stimulation level for block 1 compared
to block 2 (t = −1.94, p = 0.069, N = 18).

For experiment 2, the average stimulation level used was 21.22
(7.62) for the concurrent PEMS condition and 20.39 (7.84) for the
delayed PEMS condition. A repeated measures t-test showed that
there was no significant difference in stimulation level between
the two conditions (t = 1.16, p = 0.26, N = 18).

Global EEG Power
For experiment 1, the Wilcoxon signed rank tests comparing the
change from baseline scores of global EEG power ((EEG power
post – EEG power pre)/EEG power pre) for sham versus verum
stimulation, showed a significant difference in the change from
baseline for beta power (Z = −2.37, p = 0.016, N = 18). For beta
power, the median change from baseline was −16% for verum
stimulation and −0.54% for sham stimulation (Figure 3). No
significant difference between verum and sham was found for the
theta band (Z = −0.94, p = 0.37) or the alpha band (Z = −0.59,
p = 0.56). The median change from baseline was 13% and 7.80%
for the theta band and −18% and −5.88% for the alpha band, for
verum and sham stimulation, respectively.

For experiment 2, the Wilcoxon signed rank tests comparing
the change from baseline of global EEG power for concurrent
PEMS versus delayed PEMS, did not identify a significant change
of global power in any of the frequency bands (theta: Z = −0.46,
p = 0.67; alpha: Z = −0.54, p = 0.61; and beta: Z = −0.065,
p = 0.97). The median change from baseline was −0.57% and
2.83% for the theta band, 0.97% and −5.89% for the alpha band,
and 0.41% and 4.63% for the beta band, for concurrent and
delayed PEMS, respectively.

Cluster-Based Permutation Tests
Experiment 1: Verum and Sham Stimulation
The non-parametric cluster-based permutation test for the verum
stimulation condition, assessing a difference in resting-state EEG
power before and after verum stimulation, indicated a significant
difference (p = 0.018). This corresponded to a negative cluster in
the beta frequency band that was most pronounced over bilateral
central and left frontal sensors (Figure 4). The Cohen’s d effect
size for this cluster was 0.41 (for EEG power averaged across
the frequency range of 23–26 Hz and including the following 27
clustered electrodes: FT7, F5, F7, FC1, FC3, FC5, C1, C2, C4, CPz,
CP1, CP3, CP4, CP5, CP6, T8, TP7, TP8, TP9, P1, P2, P4, P5, P6,
P7, P8, and POz). The non-parametric cluster-based permutation
test for sham stimulation did not show any significant difference
for pre- and post-sham EEG power.

Experiment 2: Concurrent and Delayed PEMS
The non-parametric cluster-based permutation test for the
concurrent PEMS condition, suggested a trend of a difference in
resting-state EEG power comparing before and after concurrent
stimulation (p = 0.029). This corresponded to a positive cluster in
the beta frequency range that was most pronounced over frontal
sensors (Figure 5). However, this did not survive correction
for multiple comparisons, i.e., this was not significant using
the corrected significance level of 0.025. The Cohen’s d effect
size for this cluster was 0.28 (for EEG power averaged across
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FIGURE 3 | (A) Boxplots of the change from baseline scores ((EEG power post – EEG power pre)/EEG power pre) for the verum and sham PEMS condition, and for
the theta, alpha, and beta band, separately. The ◦ and the * in the figure indicate outliers. (B) A topography plot of the average change from baseline of beta power
for the PEMS condition (verum stimulation).

FIGURE 4 | Topoplot for the cluster-based permutation test that compared resting-state EEG power (4–30 Hz) before and after verum stimulation. The plot shows
the negative cluster (indicated by the “x” markers) that demonstrated a significant difference between EEG power before and after PEMS, plotted on top of the
t-statistic of the difference as calculated for every frequency-electrode pair (repeated-measures t-test). The cluster showed a significant difference most pronounced
over bilateral central and left frontal regions and in the frequency range of 23–26 Hz.

the frequency range of 17–21 Hz and including the following
11 clustered electrodes: AF3, AF4, AF7, AF8, Fp2, F1, F4, F5,
F7, F8, and FC3).

The non-parametric cluster-based permutation test for
delayed PEMS similarly suggested a trend of a difference in
resting-state EEG power comparing before and after delayed
stimulation (p = 0.039). This corresponded to a positive cluster
in the beta frequency range that was most pronounced over
frontal sensors (Figure 5). However, again, this did not survive
correction for multiple comparisons, i.e., this was not significant
using the corrected significance level of 0.025. The Cohen’s d
effect size for this cluster was 0.39 (for EEG power averaged across
the frequency range of 16–25 Hz and including the following 9
clustered electrodes: AF3, AF4, AF8, F1, F2, F3, F4, F5, and FC4).

Correlations
For the two subscales of the KVIQ, the average sum score was
62.94 (12.31) with a range of 36–76 for the VIS and the average

sum score for the KIS was 60.61 (15.31) with a range of 20–76. For
the concurrent PEMS condition, a correlation between the VIS
sum score and the change from baseline score of beta power was
identified (R = −0.60, p = 0.009). However, this did not survive
correction for multiple comparisons (the corrected significance
level was 0.0083). No significant correlations were found for the
delayed PEMS condition. For the KIS subscale, no significant
correlations were found either (Table 1).

DISCUSSION

Cortical oscillatory activity has been proposed as a promising
target for the development of novel pain neurotherapeutics
(Jensen et al., 2008; Ploner and May, 2018). A novel
neurostimulation approach delivering low-frequency PES
via a matrix electrode, has been shown particularly effective
to reduce deep pain sensitivity (Mücke et al., 2014) and has
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FIGURE 5 | Topoplots for the cluster-based permutation test that compared resting-state EEG power (4–30 Hz) before and after concurrent and delayed stimulation.
Each plot shows the largest positive cluster (indicated by the “x” markers) that demonstrated a difference between EEG power before and after PEMS, plotted on
top of the t-statistic of the difference as calculated for every frequency-electrode pair (repeated-measures t-test). The cluster showed a difference most pronounced
over frontal regions and in the frequency range of 17–21 Hz for concurrent PEMS and 16–25 Hz for delayed PEMS.

been applied to reduce pain in patients with ongoing cancer
pain (Mücke et al., 2018). The present study investigated for
the first time the effects of PEMS on cortical oscillatory activity.
Experiment 1 showed that low-frequency PEMS (4 Hz) resulted
in a significantly larger reduction of global beta power compared
to sham stimulation; the median change from baseline was −16%
for PEMS and −0.54% for sham. No significant difference was
identified for the theta and alpha frequency band. The cluster-
based permutation test comparing resting-state EEG power
before and after PEMS also resulted in a significant difference,
which corresponded to a negative cluster in the beta frequency
band most pronounced over bilateral central and left frontal
sensors. This study provides initial evidence that low-frequency
PEMS results in a widespread reduction of resting-state beta
power following 20 min of stimulation, most prominent over
central and frontal scalp regions.

Previously, a small number of studies also showed changes
in oscillatory neural activity for PES, with varying outcomes.
One study that investigated the effects of high-frequency-low-
intensity TENS and low-frequency-high intensity TENS in
80 healthy pain-free participants showed that only the low-
frequency-high-intensity TENS resulted in a long-lasting
enhancement of ongoing alpha activity in the primary
sensorimotor cortex compared to sham (Peng et al., 2019).
Another study showed that following 20 min of conventional
TENS at 70 Hz an increase of posterior theta power was present
in patients with fibromyalgia (Yüksel et al., 2019). In addition,
an increase in anterior alpha power and a decrease in posterior
alpha power was found. However, it should be noted that this
study did not include a sham condition. Insausti-Delgado
et al. (2021) showed that neuromuscular electrical stimulation
(NMES) over the wrist extensors resulted in an event-related

Frontiers in Neuroscience | www.frontiersin.org 8 March 2021 | Volume 15 | Article 632234103

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-632234 March 20, 2021 Time: 13:43 # 9

Arendsen et al. Peripheral Stimulation and Cortical Activity

TABLE 1 | Overview of the results of the correlation analysis.

VIS sum score
(N = 18)

KIS sum score
(N = 18)

Concurrent PEMS – theta r = 0.092, p = 0.72 r = 0.55, p = 0.017

Concurrent PEMS – alpha r = 0.005, p = 0.98 r = 0.22, p = 0.38

Concurrent PEMS – beta r = −0.60, p = 0.009 r = −0.26, p = 0.30

Delayed PEMS – theta r = 0.074, p = 0.77 r = 0.19, p = 0.44

Delayed PEMS – alpha r = 0.15, p = 0.55 r = 0.087, p = 0.73

Delayed PEMS – beta r = −0.47, p = 0.052 r = −0.43, p = 0.072

Correlations were calculated for the sum score of the VIS and the KIS, and the
change from baseline scores of EEG power in the theta, alpha, and beta range,
both for the concurrent and delayed PEMS condition. A correlation between the
VIS sum score and the change from baseline score of beta power was identified
for the concurrent PEMS condition. However, this did not survive correction for
multiple comparisons (the corrected significance level was 0.0083).

desynchronization of sensorimotor alpha and beta oscillations,
which was influenced by stimulation intensity. During high-
intensity NMES (above motor threshold) a significantly larger
alpha and beta desynchronization was present than during low-
and medium-intensity stimulation (below motor threshold).
Finally, Tu-Chan et al. (2017) investigated the potential of
somatosensory electrical stimulation to improve hand function
in individuals with acquired brain injury. In this pilot study,
TENS was applied simultaneously over the median, ulnar, and
radial nerve at an intensity that induced a clear and strong
sensation but no pain or visible muscle contractions. A single 2-h
session resulted in a significant improvement of hand function
and a significant reduction of resting-state delta and theta
power. Moreover, the improvement of finger movement was
significantly correlated with the combined change of theta and
alpha power over ipsilesional sensorimotor regions.

In the present study, we applied low-frequency PES with
a matrix electrode to preferentially stimulate the nociceptive
afferents in the superficial skin layer and found an increase in
resting-state beta power over central and frontal scalp regions,
following 20 min of PEMS. Thus, this study provides initial
evidence for a role of beta oscillations in the cortical effects of
PEMS. Moreover, the combined findings of the present study
and the previous studies identifying a change in oscillatory
neural activity in response to TENS and NMES, suggest that
the choice of PES electrode (e.g., targeting tactile/nociceptive
afferents) may have an influence on the effect of PES on cortical
oscillatory activity, along with the applied stimulation parameters
such as stimulation frequency and intensity. However, further
studies are necessary to directly compare different electrode
types, stimulation frequencies and intensities (Nilsson et al., 2003;
Jung et al., 2009).

Secondly, the present study also offered an initial exploration
of state dependency of the effects of PEMS on cortical oscillatory
activity. Using MI to modulate sensorimotor brain activity, we
assessed state-dependency of PES by comparing two stimulation
conditions: (1) concurrent PEMS, i.e., PEMS applied during a
state of MI-induced oscillatory desynchronization (sensorimotor
activation); and (2) delayed PEMS, i.e., PEMS applied directly
after MI during a state of oscillatory synchronization/rebound

(sensorimotor deactivation) (Pfurtscheller and Neuper, 1997;
Fadiga et al., 1999; Pfurtscheller et al., 2005, 2006). This
study did not identify a significant difference between
concurrent and delayed PEMS for the change from baseline
of global theta/alpha/beta power, i.e., the timing of intermittent
bursts of low-frequency PEMS with respect to the underlying
sensorimotor brain state, did not influence the change from
baseline of global cortical oscillatory activity. In addition, no
significant correlations between kinesthetic and visual MI ability
(KVIQ) and changes in oscillatory neural activity following
state-dependent PEMS were identified. In previous studies,
sensorimotor state-dependency of the effects of TMS and
peripheral stimulation on corticospinal excitability (Saito et al.,
2013; Kaneko et al., 2014; Kraus et al., 2016a) and intracortical
motor circuits has been demonstrated (Guggenberger et al., 2018;
Kraus et al., 2018; Ziegler et al., 2019).

Whereas sensorimotor state-dependency of PES has been
shown for studies targeting the motor system, the present study
did not show a similar state-dependency of the effects of PES
on resting-state cortical oscillatory activity, when using a matrix
electrode that preferentially stimulates nociceptive afferents in
the skin. This is somewhat in contrast with the findings of
Corbet et al. (2018), who showed that the online effects of MI
on sensorimotor desynchronization were enhanced when MI
was combined with NMES at sensory threshold intensity. When
sensory threshold NMES was applied without MI, no significant
sensorimotor desynchronization was present. However, these
findings were based on changes in sensorimotor activation
during the MI task, whereas the present study assessed changes
comparing resting-state activity before and after stimulation.
Thus, further investigation of the online effects of sensorimotor
state-dependent PES could be a useful direction for future studies.

The combined findings of experiment 1 and 2, however, do
suggest that adding the cognitive task of MI to PEMS may
have a more general influence on the effects of PEMS on
oscillatory activity. Whereas the cluster-based permutation tests
for experiment 1 showed a decrease of central and frontal resting-
state beta power following 20 min of continuous PEMS, this
was not the case in experiment 2. Here, PEMS was applied
intermittently and together with a MI task. Moreover, the cluster-
based permutation tests from experiment 2 provided preliminary
evidence to suggest an increase of beta power over frontal scalp
regions, both after concurrent and delayed PEMS (p < 0.05),
albeit this finding did not survive correction for multiple
comparisons. Thus, the combined findings of experiment 1 and 2
suggest a potential influence of the attentional or cognitive state,
induced by the MI task, on low-frequency PEMS.

Further support for an influence of attentional/cognitive
factors on PEMS effects comes from the finding that PEMS
compared to sham modulated beta power not only in central
but also frontal regions and the initial indication that PEMS
combined with MI modulates beta power in frontal regions in
particular. Although traditionally, beta oscillations have been
associated with sensorimotor function and motor control, more
recently, beta oscillations have been investigated in a wider range
of cortical areas and have been implicated in a wider range of
cognitive functions (Spitzer and Haegens, 2017). In particular,

Frontiers in Neuroscience | www.frontiersin.org 9 March 2021 | Volume 15 | Article 632234104

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-632234 March 20, 2021 Time: 13:43 # 10

Arendsen et al. Peripheral Stimulation and Cortical Activity

beta oscillations have been associated with top-down processing
functions (Engel and Fries, 2010). For example, coherence in the
beta frequency range between the frontal and parietal cortex was
found in particular for top-down control of attention (compared
to bottom-up control of attention) in monkeys (Buschman and
Miller, 2007). In another study, humans showed a dissociation
in beta oscillatory changes using a motor go/no-go paradigm
(Alegre et al., 2004). A central decrease followed by an increase
of beta activity was associated with movement preparation and
execution, whereas a frontal increase of beta was associated
with decision making and motor inhibition. Similarly, Wagner
et al. (2016) showed that two distinct beta oscillatory networks
were involved in motor adjustments during gait adaptation:
suppression of beta power in central and parietal regions (motor
execution) and an increase of beta power in prefrontal regions
(cognitive top-down control).

Finally, some previous studies have also demonstrated an
influence of attention and cognitive state on the effects of
neurostimulation. For example, Sarkar et al. (2014) found that
transcranial direct current stimulation (tDCS) over the prefrontal
cortex improved reaction times for a simple arithmetic task in
individuals with high anxiety related to mathematics, whereas
individuals with a low anxiety level had impaired reaction times.
Another study showed that the effect of tDCS applied over the
parietal cortex on visual working memory was influenced both
by task difficulty and participants’ working memory capacity
(Jones and Berryhill, 2012). For pain, it has been shown that
the effect of alternating current stimulation (tACS) at alpha
frequency on pain perception is influenced by expectations about
pain (Arendsen et al., 2018); a reduction of pain was found when
participants were uncertain about the intensity of an upcoming
painful stimulus, but not when the intensity of an upcoming
stimulus was predictable. However, it should be emphasized that
no definitive conclusions can be drawn based on the comparison
of the results of experiment 1 and 2, since the two experiments
had differences in some stimulation parameters (experiment 1:
a total of ∼20 min of continuous stimulation; experiment 2:
∼10 min of intermittent stimulation) that may have influenced
the findings. Thus, well-controlled studies are recommended to
further investigate the potential influence of a cognitive task on
the effects of low-frequency PEMS.

The present study in pain-free participants showed a
modulation of resting-state oscillatory activity in the beta band
specifically. Chronic pain is associated with changes in cortical
oscillatory activity in a variety of frequency bands, including the
beta band. In particular, an increase of beta power in frontal
regions has been demonstrated (Sarnthein et al., 2006; Stern et al.,
2006; Lim et al., 2016; Ploner et al., 2017). PES using the matrix
electrode to modulate frontal beta power may therefore offer
a novel direction in the application of PES to reduce chronic
pain. The initial suggestion of this study, that the effects of
low-frequency PEMS may be influenced by the presence of a
cognitive task (albeit in pain-free participants), is also of interest
to the application of PES interventions to reduce chronic pain.
To improve the efficacy of neurostimulation interventions to
manage chronic pain, it is important to take into account inter-
and intra-individual factors such as cognitive, psychological,

and neurophysiological state (Li et al., 2015; Fertonani and
Miniussi, 2017). Thus, further investigations on the influence
of adding a cognitive task such as MI to PES interventions to
reduce chronic pain should be considered. In addition, adding
a cognitive task such as MI introduces an element of active
participation to any intervention. Active patient engagement
in the therapeutic context is key in achieving lasting clinical
improvements (Lequerica and Kortte, 2010; Blank et al., 2014).
Ultimately, improving our understanding of the influence of
these attentional/cognitive factors on the effects of PES may
improve the efficacy of PES interventions to reduce chronic pain.
However, future investigations should also include measures of
pain experience, to assess whether the modulation of beta activity
in associated with a reduction in pain. Whereas the potential of
PEMS to reduce pain in healthy pain-free participants has been
demonstrated previously (Mücke et al., 2014), no simultaneous
assessment of changes in oscillatory neural activity and pain
experience following PEMS has been carried out yet. Confirming
a relationship between the modulation of beta power and pain
experience would be an important next step in the confirmation
of beta power as a potential biomarker for low-frequency PEMS,
and in line with the recent recommendations of the importance
of identifying objective biomarkers for the development of safe
and effective neurotherapeutics for pain (Davis et al., 2020).

Another factor deserving further investigation is whether any
effects following (state-dependent) PES remain present for a
longer period after stimulation. The present study focused on
changes in oscillatory neural activity in the period immediately
after PEMS and did not include any longer-term assessments
of change in oscillatory neural activity (e.g., 30 min after
stimulation). Some previous studies investigating cortical effects
of low-frequency PES have shown a longer-term reduction of
SEP amplitude (up to 30–60 min post-stimulation) (Jung et al.,
2009, 2012). However, less is known about any longer-lasting
effects of PES on oscillatory neural activity, especially for PES
combined with MI. Previous studies demonstrated an online
effect of PES combined with MI on corticospinal excitability
(Saito et al., 2013; Kaneko et al., 2014) and sensorimotor
desynchronization (Corbet et al., 2018). When a combined TMS
and peripheral stimulation protocol was applied sensorimotor
state-dependently, a modulation of corticospinal excitability
and cortical motor maps survived a depotentiation task with
voluntary muscle contraction after the stimulation indicating
robustness (Guggenberger et al., 2018; Kraus et al., 2018).
When considering the implementation of state-dependent low-
frequency PES as a pain intervention, it is critical that we gain a
better understanding of any longer-lasting effects of PES and the
specific stimulation parameters that are most effective to inducing
a plastic change in central nociception and the perception of pain.

Finally, a recent study showed that MI together with NMES
at sensory threshold resulted in a larger desynchronization of
sensorimotor oscillatory activity and a significant enhancement
of brain connectivity patterns (compared to MI accompanied
by visual feedback) (Corbet et al., 2018). A significantly higher
connectivity was found for MI with NMES in the fronto-
parietal network, including the associative somatosensory cortex,
premotor cortex and supplementary motor area, and the primary
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motor cortex. These observations confirmed previous findings
applying MI with visual or proprioceptive feedback (Vukeliæ
and Gharabaghi, 2015): Both feedback modalities activated
a distributed functional connectivity network of coherent
oscillations. However, proprioceptive feedback was more suitable
than visual feedback to entrain the motor network architecture
(e.g., beta-band and theta-band activity in bilateral fronto-central
regions and left parieto-occipital regions, respectively) during
the interplay between motor imagery and feedback processing,
thus resulting in better volitional control of regional brain
activity. Therefore, the inclusion of connectivity analysis would
be recommended for future studies investigating the cortical
effects of brain state-dependent PES, to gain further insight on
the effects of PES on the interaction between somatosensory and
motor brain regions.

CONCLUSION

This study investigated the effects of low-frequency PEMS on
cortical oscillatory activity in the theta, alpha and beta band.
Secondly, sensorimotor state-dependency of the effect of PEMS
on cortical oscillatory activity was assessed using a MI task. Low-
frequency PEMS (4 Hz) resulted in a significantly larger reduction
of global beta power compared to sham stimulation after the
stimulation period. This reduction was most pronounced over
central and frontal scalp regions. Furthermore, there was some
initial evidence to suggest an influence of MI on the effect of
PEMS. Following PEMS combined with a MI task no decrease
of global beta power was present. Instead, the results provide
preliminary evidence for an increase of frontal beta power
following both concurrent and delayed PEMS, although there was
no significant difference between these two conditions. This study

provides novel evidence for supraspinal effects of low-frequency
PEMS and an initial indication that the presence of a cognitive
task such as MI may influence the effects of PEMS on beta activity.
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Background/Aims: Bioelectric nerve stimulation (eStim) is an emerging clinical
paradigm that can promote nerve regeneration after trauma, including within the context
of diabetes. However, its ability to prevent the onset of diabetic peripheral neuropathy
(DPN) has not yet been evaluated. Beyond the nerve itself, DPN has emerged as a
potential contributor to sarcopenia and bone disease; thus, we hypothesized that eStim
could serve as a strategy to simultaneously promote neural and musculoskeletal health
in diabetes.

Methods: To address this question, an eStim paradigm pre-optimized to promote nerve
regeneration was applied to the sciatic nerve, which directly innervates the tibia and
lower limb, for 8 weeks in control and streptozotocin-induced type 1 diabetic (T1D) rats.
Metabolic, gait, nerve and bone assessments were used to evaluate the progression
of diabetes and the effect of sciatic nerve eStim on neuropathy and musculoskeletal
disease, while also considering the effects of cuff placement and chronic eStim in
otherwise healthy animals.

Results: Rats with T1D exhibited increased mechanical allodynia in the hindpaw,
reduced muscle mass, decreased cortical and cancellous bone volume fraction (BVF),
reduced cortical bone tissue mineral density (TMD), and decreased bone marrow
adiposity. Type 1 diabetes also had an independent effect on gait. Placement of the
cuff electrode alone resulted in altered gait patterns and unilateral reductions in tibia
length, cortical BVF, and bone marrow adiposity. Alterations in gait patterns were
restored by eStim and tibial lengthening was favored unilaterally; however, eStim did
not prevent T1D-induced changes in muscle, bone, marrow adiposity or mechanical
sensitivity. Beyond this, chronic eStim resulted in an independent, bilateral reduction
in cortical TMD.

Conclusion: Overall, these results provide new insight into the pathogenesis of diabetic
neuroskeletal disease and its regulation by eStim. Though eStim did not prevent
neural or musculoskeletal complications in T1D, our results demonstrate that clinical
applications of peripheral neuromodulation ought to consider the impact of device
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placement and eStim on long-term skeletal health in both healthy individuals and
those with metabolic disease. This includes monitoring for compounded bone loss
to prevent unintended consequences including decreased bone mineral density and
increased fracture risk.

Keywords: bone, nerves, neuropathy, electrical stimulation, muscle, type 1 diabetes (T1D), gait, bone marrow
adiposity

INTRODUCTION

Therapeutic use of electrical stimuli, or bioelectric medicine,
is ancient. For centuries, humans have exploited the responses
of the body to electrical stimuli for medical treatment, starting
with pain and expanding to increasingly complex disorders from
hearing loss to paralysis (Chang, 2021). Bioelectric medicine has
also provided solutions to musculoskeletal disease and injury.
For example, electrical current delivered to nearby bone fractures
can enhance healing outcomes (Aleem et al., 2016), and long,
thin electrodes implanted near the spine or peripheral nerves
can relieve chronic back or joint pain (Kapural et al., 2016; Ilfeld
et al., 2019; Deer et al., 2021). Additionally, electrical stimulation
of peripheral nerves (eStim) offers a unique opportunity to
utilize the interconnectedness and regulatory function of the
nervous system to treat diverse conditions throughout the body.
For example, one of the most widely applied therapeutics in
bioelectric medicine today is vagus nerve stimulation. Promising
results have been shown for both rheumatoid arthritis and obesity
in using eStim to harness the anti-inflammatory and satiety-
mediating functions of the vagus nerve (Koopman et al., 2016;
Apovian et al., 2017).

In the past two decades, eStim paradigms that enhance the
regenerative capacity of nerves in rodents and humans post-
injury have also been established. In rats and mice, both motor
and sensory nerves demonstrate upregulated regeneration-
associated genes with application of eStim (Brushart et al., 2005;
Geremia et al., 2007; Gordon and English, 2016). In humans, one
application of post-surgical eStim similarly improves functional
nerve regeneration after repair of digital nerve transection
and median nerve crush injury (i.e., carpal tunnel syndrome)
(Gordon et al., 2010; Wong et al., 2015). Studies in mice and
rats suggest that the neuroregenerative effects of eStim post-
injury persist even in the metabolically challenged state of
streptozotocin (STZ)-induced type 1 diabetes (T1D) (Lin et al.,
2015; Singh et al., 2015).

In this study, we hypothesized that a neuroregenerative
eStim paradigm may be sufficient to halt the progression
of diabetic peripheral neuropathy (DPN), contributing to
restoration of function. Considering correlations between neural
and musculoskeletal health in diabetes (Melendez-Ramirez et al.,
2010; Forbes and Cooper, 2013; Jaiswal et al., 2017; Beeve
et al., 2019), we also hypothesized that eStim would provide
a simultaneous benefit for innervated downstream organs,
including muscle and bone, in both control and diabetic rats.
To test this hypothesis, we utilized a fully implantable, wireless
system for sciatic nerve stimulation that has previously been
employed to promote nerve regeneration (MacEwan et al., 2018).

This technology enabled us to deliver weekly 1 h eStim treatments
for 8 weeks with a silicone nerve cuff electrode. Coupled with
metabolic, neural and musculoskeletal analyses, our experimental
design allowed us to determine the in vivo effect of chronic eStim
on nerve, muscle and bone in the context of health and diabetes.
This work was completed as part of the National Institutes of
Health SPARC consortium (Stimulating Peripheral Activity to
Relieve Conditions) in the United States.

MATERIALS AND METHODS

eStim Device Fabrication
Fully implantable sciatic nerve cuff stimulators were fabricated
as previously described (MacEwan et al., 2018). Braided Pt/Ir
leads (10IR9/49T, Medwire, Sigmund Cohn Corp.) were threaded
through 8 mm of silicone tubing (inner diameter 1.5 mm)
using a custom plastic rig (Figures 1A,B). Exposed wires on the
external surface of the silicone cuff were insulated with medical-
grade silicone elastomer (A-564, Factor II). Cuff leads were then
soldered to a thin-film wireless receiver coil and embedded in the
same medical silicone (Figure 1A). As the average diameter of
the rat sciatic nerve is approximately 1 mm (Isaacs et al., 2014;
Onode et al., 2019), it was neither expected nor intended that the
cuff would constrict the sciatic nerve at any stage of development.

Animals
The procedures in this investigation were approved by the
Washington University Animal Studies Committee (Saint Louis,
MO, United States). Male Lewis rats (7 weeks, Strain 004)
were obtained from Charles River and housed on a 12-hour
light/dark cycle while fed ad libitum (LabDiet, 53WU, PicoLab
Rodent Diet 20).

eStim Device Implantation
All surgeries were conducted under anesthesia with 2%
isoflurane. All animals were implanted unilaterally with a device
onto the right side at 12-weeks of age. An incision was made
on the lateral surface of the right thigh to expose the sciatic
nerve. The silicone cuff was placed around the nerve and
closed with one stitch of 6-O nylon suture (McKesson, REF
S1698GX), and the receiver was placed subcutaneously proximal
to the cuff (Figure 1C, dotted circle). Device function was
verified at the time of surgery by activating the device with a
superimposed transmitter coil (Figure 1C, white coil) and the
implant site muscle and skin layers were closed with 5-O Vicryl
(Ethicon, J303H) and 4-O Nylon (McKesson, REF S662GX)
suture, respectively. Animals received a single 1.0 mg/kg dose
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FIGURE 1 | Study design. (A) Drawing of the sciatic nerve cuff stimulator. (B) Outer surface (top) and inner surface (bottom) of the silicone cuff threaded with Pt/Ir
electrode leads. White arrowheads indicate horizontally threaded regions in which the electrode wire is exposed to the nerve. (C) Rat under anesthesia for eStim
treatment with location of implanted receiver indicated (dotted circle) with external power-transmitting coil (white coil). A rectal probe was inserted for thermal
monitoring (wire under tail). (D) Stimulus waveform. (E) Experimental timeline.

of buprenorphine sustained-release (ZooPharm) subcutaneously
1 h before surgery for post-operative analgesia.

Induction of Diabetes
Type 1 diabetes was induced in rats at 14-weeks of age, 2 weeks
before beginning eStim treatments. A 2 week delayed-onset
treatment paradigm was selected to allow for early progression of
disease, mirroring clinical intervention for diabetic complications
such as neuropathy and bone loss that begins after diagnosis
of disease and/or onset of symptoms. Animals were fasted for
24 h on aspen bedding, after which a single 65 mg/kg dose
of STZ was administered by IP injection. Controls received
saline vehicle. After injection, fasting was continued for 2 h
prior to returning food and 10% sucrose filter-sterilized water
was provided ad libitum for 24 h. After 24 h, the rats were
returned to cobb bedding and filtered water. Body mass and
tail blood glucose were monitored daily after STZ injection
with an electronic scale and with a tail prick by blood
glucometer (Bayer Contour Next) for 3 days post-injection.
Blood glucose and body mass were subsequently recorded
weekly for all animals. Rats exhibiting successive reductions in
weight and bradykinesia were given biweekly 2 mL subcutaneous
saline injections, wet food and hydrogel until stable body
mass was restored.

eStim Treatment Regimen
Beginning at 16-weeks of age and continuing for 8 weeks total,
those animals assigned to the stimulation group were treated

weekly for 1 h with a supramaximal cathodic square pulse,
0.2 ms pulse duration, and 20 Hz frequency (Figure 1D).
Animals were anesthetized with 2% isoflurane and placed on
a heating pad throughout treatment. These parameters were
previously shown to enhance neural regrowth post-transection
(Geremia et al., 2007; MacEwan et al., 2018). Sham animals
received only anesthesia, also weekly for 1 h. Body temperature
was monitored in all animals with a rectal thermometer probe
(Extech Instruments Easy View 10, Figure 1B, wire under tail).
Treatments began 2 weeks post-STZ and continued for 8 weeks
prior to end point analysis at 24 weeks of age (Figure 1E).
There were four experimental groups in this study: control sham,
control eStim, T1D sham, and T1D eStim.

At the start of the experiment, all animals showed maximal
activation of muscles in the lower limb at a stimulation amplitude
of 8–9 V. Maximal muscular activation was defined visually by
pointed toes and clenched paw and by palpating twitches in
the tibialis anterior and gastrocnemius muscles (Supplementary
Video 1). Upon implantation of a neuroprosthetic device, it was
expected that some fibrotic encapsulation would occur that might
affect the magnitude of muscle activation over time. Therefore,
muscular contraction was assessed visually and by palpation
during each week of eStim for each animal to ensure that the
stimulations achieved this maximally activated effect. If the effect
was not achieved by the initial stimulus intensity, it was increased
by raising first the voltage and then the pulse duration in order to
maintain the maximally activated muscle contraction observed at
the start of the experiment.
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Single Frame Motion Analysis
Single frame motion analysis (SFMA) was performed at 10- and
23-weeks of age. Animals were trained to walk across a 3-foot-
long, 3.5-inch wide wooden plank to their home cage by placing
them on the plank at increasingly distant positions from their
home cage. Tickling was used as a reward for task completion
(Cloutier et al., 2018). Once animals were adequately trained
to walk from the most distant end of the plank to their home
cage without pausing, the animals were recorded from behind
(iPhone X). Video analysis was performed in MATLAB using
a custom guided-user interface designed to measure the first-
quadrant angle between the horizontal axis and the foot-to-base
vector – this parameter is called the foot-to-base angle (FBA) (Fey
et al., 2010). The horizontal axis was determined by the edge of
the home cage. The foot-to-base vector was measured by drawing
a line between the heel and the midplantar surface at a frame just
before pushoff. The angle was measured for every frame available
for each foot while the animal was actively walking.

Von Frey
The up-down method was used to assess mechanical allodynia
in all animals at 23-weeks of age (Chaplan et al., 1994). Animals
were placed on a chicken-wire metal grid fixed to a wooden
frame. The frame was elevated 1.5-feet above a countertop to
allow for testing and viewing the plantar surface of the paw.
A mouse cage was placed over the animal to restrain motion.
Animals were allowed to acclimate for 5 min, at which point they
were no longer actively exploring their environment. Manual von
Frey monofilaments ranged from 8 to 300 g force. A response
was recorded as hindpaw withdrawal upon or subsequent to
application of the filament. Filaments were applied on alternating
sides as described previously, and after a response, animals
were allowed to reacclimate for 1 min before the applying
the next filament.

In vivo Computed Tomography: Cortical
Bone
All animals were scanned in vivo at 12- and 24-weeks of age.
Animals were anesthetized with 1–2% isoflurane and placed into
the scanning bed. A piece of VetWrap bandage was taped over
the animal’s torso to reduce loss of body heat. The top limb was
placed into a rig to straighten and stabilize the leg during the scan
with the foot secured. In vivo scans were conducted on the mid-
diaphysis: a 3 mm region (200 slices) centered halfway between
the proximal end of the tibia and the tibiofibular junction
(VivaCT40; Scanco Medical; 70 kVp; 114 uA; 15 µm voxel size).
After the first limb was scanned, the animal was rotated on the
bed and the scan process was repeated for the contralateral limb.
The total time under anesthesia exceeded no more than 1 h.
Analysis was performed using the Scanco software. The entire
3 mm ROI at the mid-diaphysis was contoured and analyzed at
a threshold of 250 with sigma and support values of 0.8 and 1,
respectively. Bone volume fraction (BV/TV), cortical thickness
(mm), tissue mineral density (mg HA/cm3), total area (mm2),
bone area (mm2), medullary area (mm2), and pMOI (mm4) were
extracted for data analysis.

Ex vivo Computed Tomography:
Cancellous Bone
Prior to sectioning for histology, explanted tibias were embedded
in 2% agarose, and a 6 mm region was scanned starting
at the growth plate (VivaCT40; Scanco Medical; 70 kVp;
114 uA; 15 µm voxel size). Analysis was performed using
the Scanco software. From 2 mm (133 slices) below the
growth plate, an ROI of 1.5 mm (100 slices) was contoured
and analyzed at a threshold of 240 with 0.8 sigma and 1
support. Total volume (mm3), bone volume (mm3), bone
volume fraction (BV/TV), structural model index (SMI),
connectivity density, trabecular number, trabecular thickness
(mm), trabecular separation (mm), and tissue mineral density
(mg HA/cm3) were extracted for analysis.

Histology and Bone Marrow Adipocyte
Analysis
At the end point (24 weeks), rats were euthanized via
carbon dioxide overdose followed by pneumothorax.
Tissues were collected and weighed on an electronic scale.
Collected tissues were fixed in 10% neutral buffered formalin
(Fisher Scientific 23-245684) for 24 h prior to processing
as detailed below. Tibia length was measured with digital
calipers (iKKEGOL).

All histology was performed by the WUSM Musculoskeletal
Histology and Morphometry core. Prior to embedding, tibias
were dehydrated in a reverse gradient to 70% ethanol. Tibias
were bisected transversely at the 50% site between the proximal
end and the tibiofibular junction and approximately 2 mm below
the growth plate to achieve cross-sections corresponding to our
regions of CT analysis. Bones were fully decalcified in 14% EDTA
(Sigma-Aldrich E5134), pH 7.4 prior to paraffin embedding,
sectioning (10 µm thickness) and staining with hematoxylin
and eosin. Images were taken on a Hamamatsu 2.0-HT Nano
Zoomer System with NDP.scan 2.5 image software at 20× in
bright field mode.

The acquired images were exported as TIFF files under 10×
magnification and were processed in Fiji to measure average
adipocyte cell size and number. Briefly, the scale in Fiji was first
set to be consistent with the original image (1.084 pixels/µm).
The image was then converted to 8-bit and the cortical bone was
specifically selected by thresholding. A median filter with a radius
of 10 pixels was applied. The image was then inverted and the
area of bone marrow cavity was selected and measured using the
“Wand tool” and the “Measure” command. A threshold of 230
to 255 was applied to the original 8-bit image and everything
outside the bone marrow cavity was cleared using the “Clear
Outside” command. A median filter with a radius of two pixels
was applied to the image and the non-adipocyte structures were
selected and eliminated using the “Analyze Particles” tool by
setting the circularity to 0–0.2. The cleaned image was further
processed using the “Watershed” tool and the adipocyte size and
number were finally determined using the “Analyze Particles”
tool by setting the size to 200 to 4000 µm2 and circularity to
0.50–1.00. The average adipocyte cell size and number per bone
marrow area were calculated using Excel.
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Statistics
Statistical analyses for this study were performed in GraphPad
Prism. Tests included two-way ANOVA, three-way ANOVA,
and mixed effects analyses. Specific information on statistical
tests is detailed in the figure legends. A p-value of less
than 0.050 was considered statistically significant. Quantitative
assessments including bone length, organ mass, microcomputed
tomography, behavioral assessments, and bone marrow adiposity
measurements were performed by individuals blinded to the
experimental groups.

RESULTS

Regulation of Blood Glucose, Body, and
Tissue Mass by T1D and eStim
Blood glucose and body mass were monitored longitudinally
to confirm diabetic induction and sustained hyperglycemia
throughout the study. In T1D rats, blood glucose increased from
106± 7 to 503± 70 mg/dL post-injection with STZ (Figure 2A).
Sustained hyperglycemia was maintained throughout the course
of the experiment (Figure 2A). By contrast, control animals
remained normoglycemic (Figure 2A). From the time of T1D
onset at 14-weeks of age to the final week of treatment, body
mass increased by 28 ± 4% in control animals and decreased
by 23 ± 4% in diabetic animals relative to baseline (Figure 2B).
As expected, unilateral sciatic nerve eStim for 1 h per week
did not influence body mass or blood glucose in healthy
or diabetic animals, relative to sham, anesthesia-only controls
(Figures 2A,B).

At the end point, tissues including liver, gonadal white adipose
tissue (gWAT), and spleen were dissected and weighed to gauge
overall health. Type 1 diabetes resulted in reduced absolute liver
and gWAT mass (Figures 2C,E). When normalized to body
weight, liver mass was elevated by 37% in T1D rats (Figure 2D)
and the relative quantity of gWAT was reduced by 78%
(Figure 2F). Bioelectric nerve stimulation resulted in reduced
absolute liver mass, but normalization to body weight eliminated
this effect (Figures 2C,D). Bioelectric nerve stimulation did not
alter gWAT (Figures 2E,F). Type 1 diabetes caused absolute
decreases in spleen mass that were proportional to body size and
not impacted by eStim (data not shown). Overall, this confirmed
that intermittent, unilateral stimulation of the sciatic nerve did
not cause overt global changes in peripheral tissues.

Stimulation of the sciatic nerve causes unilateral muscle
contraction (Supplementary Video 1). We hypothesized that this
may be sufficient to increase muscle mass in healthy animals
and to rescue muscle atrophy in those with T1D. In previous
studies, type II (fast-twitch) muscle fibers and type I (slow-
twitch) fibers were differentially regulated by T1D in the STZ-
induced model (Rutschmann et al., 1984; Cotter et al., 1989).
Thus, muscles of predominately type I [soleus (SOL)], type
II [tibialis anterior (TA), extensor digitorum longus (EDL),
plantaris (PL)] and mixed type fiber compositions [lateral and
medial gastrocnemius (LGC/MGC)] were selected for analysis
(Figure 3A). Rats with T1D had reduced hindlimb muscle

mass relative to controls (Figures 3B–F). Specifically, in diabetic
animals, muscle masses were bilaterally reduced by 32% in the
soleus (Figure 3B); by 56, 60, and 54% in the tibialis anterior,
EDL, and plantaris, respectively (Figures 3C–E); and by 53% in
the gastrocnemius (Figure 3F). Consistent with previous reports
(Rutschmann et al., 1984; Cotter et al., 1989), muscles containing
a significant population of type II fibers were more severely
affected by diabetes than muscles with predominately type I
fibers. In addition to the effect of diabetes, we also considered
the effects of sciatic nerve cuff placement and eStim using three-
way ANOVA (T1D × Cuff × eStim). The placement of a
sciatic nerve cuff did not independently influence muscle mass.
In addition, contrary to our expectations, eStim treatment did not
significantly alter or improve muscle mass in control rats or those
with T1D (Figures 3B–F).

Gait Alterations and Mechanical
Allodynia With T1D, Sciatic Nerve Cuff,
and eStim
As the sciatic nerve is involved in locomotion, its manipulation
could result in gait changes. For example, FBA is reduced
in rodents with sciatic nerve damage (Fey et al., 2010). To
assess this, single-frame motion analysis was conducted at 10-
and 23-weeks of age. Foot-to-base angle was measured as the
first-quadrant angle between the line from midplantar surface
to heel and the perpendicular (home cage edge) (Figure 4A;
Fey et al., 2010; Kruspe et al., 2014). At baseline, prior to
surgery, FBA was not significantly different between the left
and right limbs (Figure 4B). At the end point, T1D resulted
in a bilateral reduction of FBA by −12%, independent of cuff
placement or eStim (Figure 4C). Foot-to-base angle was further
reduced unilaterally on the cuffed side of non-stimulated animals
by −12 ± 10% in controls and by −13 ± 14% in diabetics
(Figure 4C). In stimulated animals, however, this effect was
suppressed. The FBA of the cuffed limb was partially restored in
control and diabetic eStim groups to −3 ± 7 and −3 ± 13%,
respectively, relative to the control side (Figure 4C). Overall,
these results show a unilateral, detrimental effect of sciatic nerve
cuffing on gait that is partially restored by eStim.

Rodent models of T1D exhibit mechanical allodynia,
representative of sensory DPN (Morrow, 2004). We hypothesized
that application of neuroregenerative eStim would oppose the
progression of DPN, resulting in normalization of mechanical
sensitivity. Cuff placement can also independently cause
unilateral sensitivity if placed too tightly around the nerve
(Mosconi and Kruger, 1996; Austin et al., 2012). Thus, we
measured mechanical allodynia at 23-weeks of age (one week
before end point) using manual von Frey filaments applied to
the mid-plantar surface of the hindpaw [Figure 4D, red oval;
(Chaplan et al., 1994)]. As expected, diabetic animals exhibited,
on average, a 56% reduction in the response threshold bilaterally
compared to controls, indicative of increased sensitivity to
mechanical stimuli (Figure 4E, three-way ANOVA, T1D
p = 0.0026). However, contrary to our expectations, eStim
treatment did not alter the mechanical sensitivity of the controls
or rescue the mechanical allodynia of those with T1D (Figure 4E,
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FIGURE 2 | Blood glucose and body and organ mass. Blood glucose and body mass were evaluated starting at the time of STZ induction (14-week of age) up to
the final week of treatment (24-week of age). (A) Blood glucose. (B) Body mass. (C) Liver mass at end point. (D) Liver mass normalized to body mass. (E) Gonadal
white adipose tissue (gWAT) mass at end point. (F) gWAT mass normalized to body mass. Statistics for blood glucose and body mass were performed by mixed
effects and three-way ANOVA analyses, respectively, as a single missing value was present in the blood glucose data; Control, sham n = 7; Control, eStim n = 6;
Diabetic, sham n = 8; Diabetic, eStim n = 5; *p < 0.050. Statistics for organ masses was performed by two-way ANOVA with Sidak’s multiple comparisons test;
Control, sham n = 3; Control, eStim n = 3; Diabetic, sham n = 4; Diabetic, eStim n = 3; *p < 0.050.

three-way ANOVA, eStim p = 0.6957). The presence of the
unilateral sciatic nerve cuff also did not impact the mechanical
sensitivity in the cuffed limb in either control or diabetic animals,
confirming the absence of overt nerve constriction or irritation
in our model (three-way ANOVA, Cuff p = 0.6964).

Changes in Bone and Bone Marrow
Adiposity With T1D, Sciatic Nerve Cuff,
and eStim
Bone Length
Sensory neurotransmitters such as calcitonin gene related peptide
(CGRP) have previously been shown to promote bone formation

in developing animals (Xu et al., 2020). By contrast, T1D can
limit bone growth (Silva et al., 2009). We hypothesized that
chronic nerve activation would promote bone formation in
both control and T1D animals due to increased local release of
anabolic neurotransmitters and activation of muscle contraction.
To assess the effects of T1D, cuff placement, and eStim on
skeletal growth, left and right side tibial lengths were measured
with digital calipers and compared using three-way ANOVA
(T1D × Cuff × eStim). Tibial length was decreased bilaterally by
5% in rats with T1D when compared to controls, independent
of cuff placement or eStim (Figure 5A, T1D p < 0.0001).
In addition, the cuffed limb was slightly shorter than the
non-surgical limb in sham-treated animals (−0.3 and −0.5%
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FIGURE 3 | Muscle mass. At end point, muscles surrounding the tibia (A) were dissected and weighed. (B) Soleus (SOL) muscle mass. (C) Tibialis anterior (TA)
muscle mass. (D) Lateral and medial gastrocnemius (LGC, MGC) combined muscle mass. (E) Extensor digitorumlongus (EDL) muscle mass. (F) Plantaris (PL)
muscle mass. Control, sham n = 7; Control, eStim n = 6; Diabetic, sham n = 8; Diabetic, eStim n = 5; three-way ANOVA with repeated measures (Non-sx Leg vs.
Cuff Leg); *p < 0.050. Panel A generated from Charles et al. (2016).

in control and diabetic animals, respectively; Figure 5A). By
contrast, in animals treated with unilateral chronic eStim the
cuffed limb was slightly longer (+0.3 and +1.6% in control
and diabetic animals, respectively) (Figure 5A), indicating
an interaction between sciatic nerve cuffing and eStim on
longitudinal bone growth (three-way ANOVA, Cuff × eStim
p = 0.0243).

Cortical Bone
As mentioned above, sensory nerves in bone are thought
to release anabolic neuropeptides near bone-forming cells
(Tomlinson et al., 2016; Brazill et al., 2019); thus, we expected
that DPN prevention and/or neural activation by eStim would
increase bone mass. Cortical bone was analyzed by in vivo

microcomputed tomography at 12-weeks (baseline) and 24-
weeks of age (end point) in a 3 mm section of the mid-
diaphysis, centered between the proximal end of the tibia and
the tibia-fibula junction (Figure 5B). At baseline, prior to cuff
implantation, the left and right limbs exhibited no difference in
bone size or morphology (data not shown), although cortical
TMD was 0.8% lower, on average, in the right limb (the limb to
be cuffed) relative to the left at baseline (p = 0.0412).

At end point, rats with T1D demonstrated a 19% reduction in
cortical bone volume fraction (BVF), a 26% decrease in cortical
thickness, and a 4% decrease in cortical TMD relative to non-
diabetic controls (Figures 5C–E). Reduced bone quantity in
diabetic animals was driven by a 24% reduction in bone area,
a 7% decrease in total area, and a 16% increase in marrow area
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FIGURE 4 | Neuromuscular behavioral assessments. (A) Foot to base angle (FBA) was measured using single frame motion analysis (SFMA). (B) Baseline FBA
measurements at 10 weeks of age. (C) End point FBA measurements at 23-week of age. Manual von Frey filaments were also applied to the midplantar surface of
the hindpaw (indicated by a red circle) (D). (E) Minimum force threshold for response at end point. Statistics for baseline FBA measurements was performed by
paired t-test. Control, sham n = 7; Control, eStim n = 6; Diabetic, sham n = 8; Diabetic, eStim n = 5; three-way ANOVA with repeated measures (Non-sx Leg vs. Cuff
Leg); *p < 0.050.

(Figures 5F–H). Sciatic nerve cuffing over 12 weeks had a small
negative effect on cortical BVF in the cuffed limb (ranging from
−0.4 to −1.5%), independent of eStim or T1D (Figure 5C).
This effect was also reflected by a unilateral 1 to 3% reduction
in bone area in the cuffed limb relative to the non-surgical
control side (Figure 5G). The only observed effect of eStim on
cortical bone was a 0.6 and 1.6% bilateral reduction in TMD
in control and diabetic animals, respectively, relative to non-
stimulated, sham controls (Figure 5E). In summary, T1D resulted
in reduced cortical bone quantity and mineral density that was
not rescued by eStim. In fact, eStim and sciatic nerve cuffing
introduced additional cortical bone deficits in both control and
diabetic animals including bilaterally reduced TMD (as a result
of eStim) and unilaterally reduced bone mass (as a result of
sciatic nerve cuffing).

Cancellous Bone
Long bones are filled with spongy, cancellous bone that is
concentrated largely at the metaphyses. This bone has a
high turnover rate and is susceptible to systemic change,
including well-documented decreases in rodents with T1D

(Silva et al., 2009). To assess the effects of T1D, cuff placement
and eStim on metaphyseal cancellous bone, we analyzed a 1.5 mm
region starting 2 mm below the growth plate (Figure 6A).
Consistent with previous reports, cancellous BVF was reduced by
31% in rats with T1D (Figure 6B). This was associated with a 10%
increase in trabecular number and a 25% decrease in trabecular
thickness (Figures 6C,D). Animals with T1D exhibited a trending
20% reduction in connectivity density (data not shown; three-
way ANOVA, p = 0.0651) and a significant increase in structure
model index (SMI) (Figure 6E; 2.6 vs. 3.1; SMI = 0 for plates, 3
for rods and 4 for solid spheres). Cancellous bone mineral density
(BMD) was not significantly different between groups (data not
shown). Unlike the effects observed with T1D, cancellous bone
quantity, morphology, and mineralization were not modified by
sciatic nerve cuffing or chronic eStim.

Bone Marrow Adiposity
In addition to bone, the skeleton is filled with a unique
population of adipocytes that are collectively known as the
bone marrow adipose tissue (BMAT). Bone marrow adipose
tissue is an emerging regulator of hematopoietic, metabolic
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FIGURE 5 | Tibia length and cortical bone. (A) End point tibial length as assessed after dissection using digital calipers. Cortical bone was evaluated at 24-week of
age by µCT in a 3 mm region centered midway between the proximal end of the tibia and the tibia-fibula junction (B). (C) Cortical bone volume fraction (BV/TV).
(D) Cortical thickness. (E) Cortical tissue mineral density (TMD). (F) Cortical total area. (G) Cortical bone area. (H) Cortical marrow area. Control, sham n = 7;
Control, eStim n = 6; Diabetic, sham n = 8; Diabetic, eStim n = 5; three-way ANOVA with repeated measures (Non-sx Leg vs. Cuff Leg); *p < 0.050.

FIGURE 6 | Cancellous bone. Cancellous bone was analyzed 2 mm below the growth plate in a 1.5 mm region (A), dotted line represents contour inside of which
bone was analyzed. (B) Cancellous bone volume fraction (BV/TV). (C) Trabecular number. (D) Trabecular thickness. (E) Structural model index (SMI). Control, sham
n = 7; Control, eStim n = 6; Diabetic, sham n = 8; Diabetic, eStim n = 5; three-way ANOVA with repeated measures (Non-sx Leg vs. Cuff Leg); *p < 0.050.

and skeletal health (Scheller et al., 2016). The ability of nerve
stimulation to regulate bone marrow adipocytes in vivo remains
unknown. In this study, bone marrow adipocytes were analyzed
in the metaphysis approximately 2 mm below the growth plate
(Figures 7A–C) and in the diaphysis approximately 2 mm above
the peak of the tibial crest (Figures 7D–F), matching our regions
of skeletal morphologic assessment in Figures 5, 6, respectively.
Type 1 diabetes and sciatic nerve cuff placement both had

independent effects on BMAT (Figure 7); however, the effect of
sciatic nerve cuffing was region-specific. In the metaphysis, T1D
resulted in a 59% reduction in BMA number, a 63% decrease in
BMA density, and a 30% reduction in BMA size (Figures 7A–
C and data not shown). Neither sciatic nerve cuffing nor eStim
resulted in a change in metaphyseal BMAT. In the diaphysis,T1D
similarly, resulted in a 39% reduction in BMA number, a 59%
decrease in BMA density, and a 19% reduction in BMA size
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FIGURE 7 | Bone marrow adipose tissue. Bone marrow adiposity was analyzed in the metaphysis 2 mm below the growth plate and in the mid-diaphysis. (A) BMAT
histology in the metaphysis in healthy and control animals. (B) Adipocyte density in the metaphysis. (C) Average adipocyte size in the metaphysis. (D) BMAT
histology in the diaphysis in health and control animals. (E) Adipocyte density in the diaphysis. (F) Average adipocyte size in the diaphysis. B = bone; cs = central
venous sinus. Scale = 100 µm. (Control, sham n = 7; Control, eStim n = 6; Diabetic, sham n = 8; Diabetic, eStim n = 5) three-way ANOVA with repeated measures
(Non-sx Leg vs. Cuff Leg); *p < 0.050.

(Figures 7D–F and data not shown). However, contrary to the
metaphyseal data, sciatic nerve cuffing alone also caused a 5–32%
reduction in BMA number, a 5–38% reduction in BMA density,
and a 4–12% reduction in adipocyte cell size relative to the
contralateral limb (Figures 7D–F and data not shown). These
cuff-side effects on bone marrow adiposity were driven primarily
by changes in the non-diabetic control group and align spatially
with previously reported differences in the innervation of the
bone marrow adipocyte population along the length of the limb

(Wee et al., 2019). Bioelectric stimulation did not modify the
effects of T1D or cuff placement on bone marrow adiposity.

DISCUSSION

Despite promising results showing the pro-regenerative benefits
of eStim (Geremia et al., 2007; Wong et al., 2015; Gamble
et al., 2016), studies to date have not addressed its utility to
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prevent the onset of neuropathic symptoms and musculoskeletal
decline in the context of metabolic diseases like T1D. Our
experimental design allowed us to address the above questions
using a fully implantable, wireless sciatic nerve stimulation
device in a rat model of T1D while also considering the
effects of cuff placement and chronic eStim in otherwise
healthy animals.

Rodent models of T1D are characterized by progressive
increases in mechanical sensitivity in addition to deficits in bone
quantity, muscle mass and neuromuscular function (Cotter et al.,
1989; Morrow, 2004; Silva et al., 2009). Similar to previous
studies, we observed a significant decrease in hindlimb muscle
mass, reduced withdrawal threshold to mechanical stimuli in
the hindpaw, changes in gait, and substantial decreases in bone
in animals with T1D. These results are entirely consistent with
previous studies with one exception. Previous reports of STZ-
induced T1D in rodents have demonstrated an increase in bone
marrow adiposity and a decrease in peripheral fat mass (Botolin
et al., 2005; Martin and McCabe, 2007). While we did observe
a significant reduction in peripheral fat, we did not observe
an increase in tibial bone marrow adipocyte density or size
in either the metaphysis or diaphysis of rats after 10 weeks
of STZ-induced T1D. In fact, contrary to prior results, both
adipocyte density and size were substantially reduced in diabetic
rats. Previous findings were observed in mice at 4- to 6-weeks
post-induction; thus, our results may indicate a differential effect
on bone marrow adiposity with sustained T1D that warrants
further investigation.

In our study we also assessed the effect of chronic placement
of a silicone sciatic nerve cuff for 12 weeks. We found that
cuff placement contributed to independent changes in gait,
tibial length, cortical bone and bone marrow adiposity. Cuff
placement can be used as a model of chronic constriction injury
(CCI) and neuropathic pain, but the largest inner diameter
used in CCI models is approximately half of that used in
our device (0.86 vs. 1.5 mm) (Mosconi and Kruger, 1996;
Balasubramanyan et al., 2006; Austin et al., 2012). In addition,
we did not see a unilateral increase in mechanical sensitivity
induced by the placement of a sciatic nerve cuff, a typical
indicator of neuropathy in CCI studies. Thus, it is unlikely
that the effects on gait and bone were caused by overt nerve
constriction. Instead, we anticipate that these results reflect local
changes in nerve swelling, fibrosis and inflammation that occur
after implantation of a local neuroprosthesis, contributing to
the observed changes in gait and tibia length and unilateral
reductions in cortical bone mass and bone marrow adiposity.
Indeed, upon dissection, we observed that the sciatic nerve
cuff implanted in all animals, regardless of glycemic condition
or eStim, was enveloped in fibrotic tissue that fixed the cuff
in place. To reduce activation of inflammatory responses and
improve flexibility, more sophisticated designs for chronic
neural implants are available. Extraneural electrodes like the
one used herein are preferred (Günter et al., 2019), but
helical or spiral cuff designs can provide more flexibility
and relieve any tension or strain on the nerve (Naples
et al., 1988; Christie et al., 2017). Noninvasive transcutaneous
stimulation of the sciatic nerve is also possible, though

reportedly ineffective for neuroregeneration (Baptista et al.,
2008). Additional research is needed to investigate whether more
flexible electrode designs would limit the undesirable effects on
bone as observed in this study.

Beyond consideration of the effects of T1D and cuff placement,
the primary goal of this study was to isolate the impact of
chronic, intermittent eStim on nerve and bone health and on
the progression of DPN. Contrary to our initial hypotheses,
we did not observe an effect of eStim on muscle mass, bone
quantity, or mechanical sensitivity in healthy animals or a
rescue in those with T1D. However, we did find that treatment
with eStim opposed unilateral cuff-induced effects on tibial
length and gait. This suggests that intermittent application
of a local bioelectric stimulus can counteract some of the
negative side-effects of cuff placement. Previously, the device
used herein was shown to evoke longitudinally consistent
electromyogram amplitudes in the gluteal, tibialis anterior, and
plantaris muscles over 14 weeks of implantation in healthy
animals (Gamble et al., 2016). However, inclusion of additional
functional assays such as in vivo joint torque measurements
or more comprehensive gait analyses may provide additional
insight into alterations in gait and bone caused by sciatic
nerve cuffing and opposed by eStim. Local, stimulation-induced
release of anabolic neuropeptides at the growth plate may also
be involved in promoting unilateral tibial lengthening (Brazill
et al., 2019). Additionally, bioelectric nerve stimulation has
been shown to drive changes in muscular gene expression
(Brownson et al., 1988); which may also underlie functional
changes observed in gait independent of muscle mass. Future
investigation is required to determine if eStim modulates
endochondral ossification at the skeletal growth plate and aspects
of muscle function, including underlying gene expression. In
addition to the possible direct effects of eStim on the growth
plate and muscle, inhibition of local neuroinflammation may
also contribute to the outcomes. While we did observe fibrosis
around the sciatic nerve cuff in all animals regardless of eStim,
we acknowledge that it remains possible that eStim locally
suppressed inflammation or fibrosis in more subtle ways than
were grossly observable. Local neuroinflammatory suppression,
in turn, may have indirectly contributed to the restoration of gait
and tibial lengthening.

Contrary to its mild restorative effects, treatment with
eStim unexpectedly resulted in a 1–2% bilateral reduction in
cortical bone tissue mineral density, independent of T1D. The
mechanism underlying this effect remains unknown. However,
we hypothesize that nerve action potentials produced by the
device used here may have travelled bidirectionally along the
axon, resulting in bilateral reductions in skeletal mineralization
through activation of central neural relays. Additional studies
may address whether this effect was centrally mediated by eStim
responses in the spinal cord or brain, or by treatment-induced
systemic stress factors otherwise insufficient to alter body mass
or blood glucose.

Limitations
The eStim paradigm employed here was previously optimized
to enhance neuroregeneration in a post-injury setting
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(Geremia et al., 2007; Singh et al., 2015; MacEwan et al.,
2018), but it was unknown if this paradigm could be leveraged to
prevent neuropathy or other musculoskeletal deficits associated
with chronic metabolic disease. While it restored cuff-induced
imbalances in gait and promoted unilateral tibial lengthening,
eStim did not prevent T1D-associated mechanical allodynia,
osteopenia, or sarcopenia. To the extent that our assays could
measure, we did not observe a benefit of eStim therapy for
nerve function in T1D animals. However, our interpretation
is limited by assay specificity. Von Frey and gait analyses
are indicative of large diameter sensory and/or motor fiber
dysfunction. While our analyses show that eStim did not
prevent large fiber neuropathy, it is left to future investigation
to determine whether eStim can protect against small-fiber
neuropathy. Our study was also limited to a discrete selection
of eStim parameters and dosing regimens. It remains possible
that increasing the number of weekly sessions or otherwise
optimizing the eStim parameters could provide additional
therapeutic benefit for nerve, muscle or bone. For example,
in a more muscle-targeted approach, shorter, daily eStim
bouts with implementation of a resting phase have been
shown to protect bone in the context of disuse osteopenia
(Lam and Qin, 2008; Lam et al., 2011; Tamaki et al., 2017).
Additionally, peripheral pain is a common application of eStim
clinically, in which parameters are typically optimized to block
aberrant nerve activity, at either the peripheral or spinal level
(Mobbs et al., 2007; Kumar et al., 2008). As such, it would be
worthwhile to assess bone health in pre-clinical and clinical
models that block neuronal activation, in addition to those
designed for activation. Last, the present study was limited to
male rats only. Sex differences have been reported in growth,
metabolism, neuropathy, and sarcopenia in STZ-induced
diabetic rodents (Vital et al., 2006; Pesaresi et al., 2011; Choi
et al., 2013; Pesaresi et al., 2018; Virgen-Ortiz et al., 2018). Bone
structural phenotypes are gender-independent in the STZ model
(Martin and McCabe, 2007), but sexual dimorphism in eStim
interaction with this phenotype may exist. Thus, it remains
unknown whether the eStim regimen employed here would be
therapeutic in female rats.

CONCLUSION

Overall, the stimulation parameters and treatment regimen
selected for this study were insufficient to prevent T1D-
induced osteopenia, sarcopenia, and neuropathy. However, our
results indicate that cuff device placement on peripheral
nerves can unilaterally reduce cortical bone mass and
tibial length and regulate bone marrow adiposity. In
addition, while bioelectric nerve stimulation restored
cuff-induced gait imbalances and unilaterally favored
tibial lengthening, it also caused bilateral reductions in
cortical bone mineral density. Altogether, this suggests that
skeletal health should be monitored in long-term clinical
applications of neuromodulation devices to prevent unintended
consequences including decreased bone mineral density and
increased fracture risk.
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Sensing-enabled neurostimulators are an advanced technology for chronic observation
of brain activities, and show great potential for closed-loop neuromodulation and as
implantable brain-computer interfaces. However, local field potentials (LFPs) recorded
by sensing-enabled neurostimulators can be contaminated by electrocardiogram (ECG)
signals due to complex recording conditions and limited common-mode-rejection-ratio
(CMRR). In this study, we propose a solution for removing such ECG artifacts from local
field potentials (LFPs) recorded by a sensing-enabled neurostimulator. A synchronized
monopolar channel was added as an ECG reference, and two pre-existing methods,i.e.,
template subtraction and adaptive filtering, were then applied. ECG artifacts were
successfully removed and the performance of the method was insensitive to residual
stimulation artifacts. This approach to removal of ECG artifacts broadens the range of
applications of sensing-enabled neurostimulators.

Keywords: local field potential, ECG, artifact, removal, sensing-enabled neurostimulator

INTRODUCTION

Recently, sensing-enabled neurostimulation has emerged as a technology for long-term observation
of brain activities and has paved the way for development of closed-loop neuromodulators and
implantable brain-computer interfaces (Stanslaski et al., 2012; Qian et al., 2014; Martini et al., 2020;
Ramirez-Zamora et al., 2020). Using sensing-enabled neurostimulators, a seminal series of studies
made enormous advances in the mechanisms of deep brain stimulation (DBS) (Trager et al., 2016;
Neumann et al., 2017), the effects of closed-loop neuromodulation (Meidahl et al., 2017; Velisar
et al., 2019), and the feasibility of implantable brain-computer interfaces (Vansteensel et al., 2016;
Golshan et al., 2020). By integrating recordings of LFPs, sensing-enabled neurostimulators have
opened a real window into chronic brain activities (Shen, 2014). However, it is difficult to faithfully
record LFPs due to electrocardiogram (ECG) and stimulation artifacts (Sorkhabi et al., 2020).
Previous studies using sensing-enabled neurostimulators reported considerable data loss due to
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ECG contamination (Quinn et al., 2015; Trager et al., 2016; Anidi
et al., 2018; Hell et al., 2018; Swann et al., 2018). The research of
Quinn et al. (2015) showed that six of the sixteen recordings were
excluded because of ECG artifacts. In some cases, ECG artifacts
could develop in the LFPs recorded during longitudinal follow-
ups (Trager et al., 2016). The researchers had to choose those LFP
channels free of ECG contamination (Swann et al., 2018), which
limited the precision of the targeted recording positions.

ECG artifacts can be attributed to an inadequate common-
mode-rejection-ratio (CMRR) of the recording module in a
sensing-enabled neurostimulator. For LFP recording, signals
were usually differentiated between pairs of contacts on
the electrode. The ECG spikes are regarded as common-
mode signals that can be rejected by differentiating. To
eliminate ECG artifacts, previous studies have shown that
the CMRR has to be greater than 60 dB (Sorkhabi et al.,
2020). However, achieving a high and stable CMRR is
very challenging for implantable devices because power
consumption and size of the neurostimulators are very
limited. Furthermore, after implantation, a slight leakage
of fluid into the neurostimulator can break the symmetry
of the differentiated channels, which alters the CMRR
(Quinn et al., 2015).

Although there are ample algorithms for removal of ECG
artifacts from electrophysiological signals, few can be applied
to LFP recordings. Template subtraction calculates the average
waveform of ECG artifacts and subtracts it from each spike
in contaminated recordings (Zhou et al., 2007; Marker and
Maluf, 2014). A previous study used a raw ECG signal and
template subtraction to remove the ECG artifacts from LFPs
recorded by sensing-enabled neurostimulators (Canessa et al.,
2016). Adaptive filtering is another popular method for removing
ECG artifacts (Lu et al., 2009; Sweeney et al., 2012). It estimates
the noise component and subtracts it from the original recording.
Both methods usually require a synchronized ECG waveform for
reference. Independent component analysis (ICA) is a widely
used blind-source separation method that dispenses with the
need for an ECG reference (Mak et al., 2010; Sweeney et al., 2012).
However, the recordings of sensing-enabled neurostimulators are
usually made without an ECG reference, and the number of LFP
channels is too limited (for example, two channels) to perform
ICA. Therefore, these methods are unsuitable for removal of ECG
artifacts from most LFP recordings. Although there are some
blind-source separation methods for single-channel recordings
(Sweeney et al., 2012), their robustness is inconclusive due to
residual DBS artifacts.

In this study, we propose a method for the removal of ECG
artifacts from LFPs. A sensing-enabled neurostimulator was used
to record simulated LFPs contaminated with ECG artifacts in
saline solution. We modified the recording montages to add
a synchronized ECG reference channel. Using the reference
channel, we used template subtraction and adaptive filtering to
remove ECG artifacts from simulated LFPs. We evaluated the
performance of the proposed method of ECG artifact removal
and explored the effects of DBS artifacts. The results show that
using modified recording montages allows ECG artifacts to be
successfully removed, thus revealing the LFP signals.

MATERIALS AND METHODS

Instrumentation Design and
Implementation
Sensing-Enabled Neurostimulator
The LFP recording instrumentation is illustrated in Figure 1.
A sensing-enabled neurostimulator (G102RS, Beijing PINS
Medical Co., Ltd.) which can be fully implanted for DBS therapy
was used. Before sampling, signals were first filtered by a built-
in 0.3–250 Hz band-pass filter. Then the signals were sampled
by the neurostimulator and wirelessly transmitted to the external
PC platform through radio frequency communication. The
transmission rate was 250 kbps and the delay was less than 10 ms.
The wireless communication distance was approximately 2 m.
A rechargeable battery was incorporated into the neurostimulator
to ensure long-term recording.

Modification of Recording Montages
For LFP recording, signals were usually differentiated between
pairs of contacts in the electrode, i.e., bipolar recording. For
example, in Figure 2, the signal was differentiated between
contact 1 and contact 3 in the DBS electrode after the passive filter

FIGURE 1 | Illustration of the sensing-enabled neurostimulator system.

FIGURE 2 | Schematic of the recording module in the sensing-enabled
neurostimulator. LFPs were recorded in the bipolar recording channel
(between contacts 1 and 3). The ECG signals were recorded in the monopolar
recording channel (between the titanium case and contact 4). The capacitors
and resistors in each chain formed passive band-pass filters (0.3–250Hz) of
the analog-front-end circuits. Monopolar stimulation was delivered between
the titanium case and contact 2.
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network. Monopolar stimulation was synchronously delivered
between the titanium case of the neurostimulator (anode,
implanted in the chest) and the therapeutic contact 2 (cathode).
Potentials generated by the stimulation and the ECG source
were approximately the same at contacts 1 and 3. Thus, both of
the ECG potentials and stimulation pulses could be regarded as
common-mode signals in the bipolar recording chain.

To achieve efficient ECG artifact removal, we developed
recording montages by adding a channel for the ECG reference
in the neurostimulator. As shown in Figure 2 (red lines), a
monopolar recording channel was differentiated between the
titanium case and another contact in the DBS electrode. In this
monopolar channel, ECG signals were synchronously recorded
with the LFPs in the bipolar recording channel. Although the
monopolar recording montage may yield larger DBS artifacts,
recording ECG signals is possible as long as the analog-to-digital
converter is not saturated. In the following sections, we describe
tests of the feasibility of synchronized bipolar and monopolar
recordings during stimulation and evaluate the benefits of the
modified recording montages for removal of ECG artifacts.

Data Recording
Simulated Recording Setup
As shown in Figure 3, to simulate signal recordings after
implantation, the neurostimulator’s titanium case and the DBS
electrodes were fully immersed in an ASTM phantom (ASTM,
2011) filled with saline solution at room temperature. The
DBS electrodes (model L301, Beijing PINS Medical Co., Ltd.)
have four platinum-iridium cylindrical contacts. The contacts
were 1.3 mm in diameter, 1.5 mm in length, and spaced
0.5 mm apart. Two Ag/Cl disc-electrodes beside the DBS

FIGURE 3 | Illustration of the simulated recording setup. The titanium case
and the DBS electrodes were fully immersed in the phantom that was filled
with saline solution.Phantom size is expressed in centimeters. A 23Hz
sinusoidal signal and a standard ECG waveform were delivered by two pairs
of Ag/Cl disc-electrodes. The recordings were wirelessly transmitted toa
computer.

electrodes delivered a 23 Hz sinusoidal signal that simulated
an LFP, which was chosen for the following reasons: (1)
the beta band (13–35 Hz) of LFPs recorded by sensing-
enabled neurostimulators is the most relevant band for revealing
the mechanisms of DBS and for developing a closed-loop
stimulation strategy (Trager et al., 2016; Meidahl et al., 2017;
Neumann et al., 2017; Velisar et al., 2019), and (2) based
on previous clinical experience, ECGs mainly contaminate the
low-frequency band (below 100 Hz) in these specific LFPs,
especially in the beta band. For the relevant signals in the
high-frequency band (above 100 Hz), a high-pass filter could
remove the ECG artifacts (Redfern et al., 1993; Zhou and
Kuiken, 2006; Marker and Maluf, 2014). The method proposed
in the current study aims to extract LFPs in the ECG-
contaminated frequency band, i.e., the low-frequency band.
Thus, a 23 Hz tone should be sufficient for validation of
the method. Two additional Ag/Cl disc-electrodes beside the
titanium case delivered a standard ECG waveform generated
from a digital function generator. The period of the ECG signal
was set to 750 ms.

Stimulation and Recording
Electrode contacts 1 and 3 were configured as the
bipolar montage for LFP recording. The sensing-enabled
neurostimulator case and electrode contact 2 were configured
as the monopolar montage for ECG reference recording. The
bipolar and monopolar recordings were synchronized by
the sensing-enabled neurostimulator. The sampling rate was
1,000 Hz. Monopolar stimulation was delivered between the case
and contact 2 in the DBS electrodes. In a real recording scenario
after the implantation of the sensing-enabled neurostimulators,
no power line noise could be sensed. However, in the saline
simulation, strong power line noises could be sensed by the
neurostimulator. To avoid cross-interference (differential
harmonics) between stimulation and the power frequency
(50 Hz), the stimulation frequency was set to 150 Hz. The
stimulation pulse width was 60 µs. To study the effects of DBS
artifacts, the stimulation amplitude was set to off, 0.5, 1.0, 1.5,
2.0, 2.5, and 3.0 V. A segment of clean LFP was recorded after the
ECG source and stimulation were both turned off. Under each
condition, data was recorded for at least 300 s.

Data Preprocessing
All recordings were first filtered by a 1 Hz high-pass filter
(digital Butterworth) to suppress the baseline fluctuations and
then filtered by a 470 Hz low-pass filter (digital Butterworth) to
exclude higher aliasing frequencies. For recordings of a clean LFP,
the power frequency of 50 Hz and its harmonics at 100 Hz were
filtered by an adaptive trap filter (Keshtkaran and Yang, 2014).
For the recordings of ECG-contaminated LFP, DBS artifacts
combined with the power frequency inferences were filtered out.
To retain the information in the frequency domain as much
as possible, we used a custom-designed adaptive trap filter to
remove the DBS artifacts. For recordings of the ECG reference
signal, data was filtered by the adaptive filter used for the power
frequency and then filtered by a 100 Hz low-pass filter (3rd-order
digital Butterworth).
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ECG Artifact Removal
In this study, a monopolar channel was added for ECG recording.
We took advantage of two pre-existing methods, i.e., template
subtraction and adaptive filtering, to evaluate the effectiveness of
ECG artifact removal. MATLAB (version 2016a) was used for all
the calculations.

Template Subtraction
The template subtraction method extracts an ECG artifact
template from the contaminated LFP recordings and subtracts
the template in each ECG artifacts spike. The method mainly
involved three steps: (1) ECG spike detection, (2) ECG artifact
template extraction, and (3) ECG artifact template subtraction.
For ECG spike detection, we applied an accurate QRS complex
detector proposed by Pan and Tompkins (1985) and Hamilton
and Tompkins (1986) to the ECG reference channel. The detected
R-waves were used to align the ECG artifacts in the contaminated
LFPs. A template was extracted by averaging the ECG artifacts
and filtered by a 100 Hz low-pass filter (3rd-order digital
Butterworth). The filtered template was then subtracted from the
ECG-contaminated LFPs.

Adaptive Filtering
The general methodology of adaptive filtering is to estimate
the ECG artifacts from the contaminated LFPs by minimizing
the errors between the output and the ECG reference. In this
study, we took advantage of the built-in frequency domain
adaptive filter toolbox (dsp.FrequencyDomainAdaptiveFilter) in
MATLAB to design the adaptive filter. The length of the
coefficient vector of the adaptive filter was 64 and the block length
of the coefficients updates was 1,000. The frequency-domain
adaptive filter iterated the coefficients vector after transformation
of the inputs to the frequency domain using discrete Fourier
transforms. For detailed algorithms, please see Shynk (1992).
The input was the ECG reference and the desired signal was
the contaminated LFP. The outputs were the estimated ECG
artifacts. The estimated ECG artifacts were then subtracted from
the contaminated LFP recordings.

Performance Evaluation
Power spectral density (PSD) was estimated by the Welch’s
method. The frequency resolution of the PSDs was 1 Hz and
the overlap of the Hamming window was 50%. Logarithmic
PSDs were plotted for comparison between the clean LFP, the
contaminated LFPs, and the cleaned LFPs. To quantitatively
evaluate artifact removal, the signal-noise-ratio (SNR) and the
root mean square logarithmic error (RMSLE) of the PSDs
were calculated.

The SNR was defined as the ratio of the average power in the
signal and noise bands. The SNR was calculated as:

SNR = 10log10
Powersignal
Powernoise

(1)

where Powersignal represents the average power of the signal in
the band of 22–23 Hz, Powernoise represents the average power
of the ECG contamination in the band of 1–100 Hz, excluding
22–23 Hz. A larger SNR indicates better ECG artifact removal.

Because the spectrum was not uniformly distributed across
the band, we used the RMSLE to evaluate the difference between
the PSDs of cleaned LFPs and the simulated clean LFP. By
logarithmic transformation, RMSLE evaluates the differences
between small values (such as the power of the noise) similarly to
differences between big values (such as the power of the signal).
The RMSLE was calculated as:

RMSLE =

√√√√√ 1
N

f2∑
f1

(
psdsin

(
f
)
− psd(f )

)2 (2)

where psdsin(f) represents the logarithmic PSD of the clean LFP,
psd(f) represents the logarithmic PSD of the contaminated or
cleaned LFPs. f1 and f2 indexes the relevant band for analysis,
which is 1–100 Hz (i.e., N = 100). A smaller RMSLE indicates
better performance of ECG artifact removal.

RESULTS

Simulated LFP Recordings
In this study, we synchronously recorded bipolar and monopolar
channels for ECG artifact removal. Examples of the recordings
are shown in Figure 4A. The top axis in Figure 4A is the time
series of bipolar recordings. The dark line is the clean LFP and
the gray line is the contaminated LFP. The residual DBS (2.5 V,
150 Hz, 60 µs) artifacts in the contaminated LFP are more than
two orders of magnitude greater than in the clean LFP. The ECG
artifacts could hardly be distinguished in the time series. The
bottom axis in Figure 4A is the time series of the monopolar
recording synchronized with the contaminated LFP. Although
the DBS artifacts were greater in the monopolar recording, a clear
ECG waveform could be distinguished. Figure 4B shows the PSD
of the clean LFP. Figure 4C shows the PSD of the contaminated
LFP. The fundamental frequency of the DBS artifacts was 150 Hz
and the harmonic frequencies were 300 and 450 Hz. Other
aliasing frequencies superposed with the power frequency were
integer multiples of 50 Hz.

ECG Artifact Removal
ECG Recording Performance
To extract clear ECG spikes, monopolar recordings were filtered
by a fixed 100 Hz low-pass filter (3rd-order digital Butterworth).
To study whether the ECG spikes in the monopolar recordings
could be consistently restored in the presence of different DBS
artifacts, we compared the amplitudes of the extracted spikes. The
spikes were aligned according to the detected R-waves. Figure 5A
shows the averaged spikes extracted under different stimulation
amplitudes. Figure 5B shows the peak-to-peak amplitudes of
each ECG spike and the peak-to-peak amplitudes of the DBS
artifacts in the original monopolar recordings. Compared with
the mean value in the DBS off state (5.57± 0.60 mV, mean± SD),
the amplitudes of the spikes decreased slightly in the DBS on state
(4.54 ± 0.66 mV, p < 0.001, N = 266). Although the amplitudes
of the DBS artifacts increased from 2.50± 1.8 mV (0.5 V DBS) to
9.65 ± 0.29 mV (3.0 V DBS), no significant changes were found
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FIGURE 4 | Characteristics of the original recordings. (A) The top axis is the bipolar recording of the clean LFP (dark line) and the contaminated LFP (gray line). The
bottom axis is the monopolar recording of theECG reference. The contaminated LFP and the ECG reference were synchronously recorded during stimulation (2.5 V,
150 Hz, 60µs). (B) The PSD of the clean LFP. (C) The PSD of the contaminated LFP.

FIGURE 5 | Extraction of ECG spikes from monopolar recordings. (A) The averaged ECG spikes in DBS off and DBS on states. (B) The peak-to-peak values of the
ECG spikes and DBS artifacts. The dots are mean values and the error bars are standard deviations.

between the amplitudes of the ECG spikes (p > 0.064, N = 266).
The results indicated that by using a simple fixed 100 Hz low-
pass filter, ECG spikes could be extracted from the monopolar

recordings under different stimulation amplitudes. The robust
performance of spike extraction provided a foundation for ECG
artifact removal.
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FIGURE 6 | The results of ECG artifact removal using template subtraction. (A) The results of ECG removal with the DBS off. The bipolar recordings before
(contaminated, red line) and after (cleaned, gray line) ECG removal were plotted on the top axis. The monopolar recording of the ECG reference was plotted on the
bottom axis. (B) The PSDs of the bipolar recording before and after ECG removal. The blue line is the PSD of the clean LFP. (C) The results of ECG removal fromthe
recording with the DBS on. (D) The PSDs of the bipolar recordings before and after ECG removal.

Performance of ECG Artifact Removal
To validate the feasibility of using the monopolar channel
as a reference for ECG artifact removal, we tested two pre-
existing methods, i.e., template subtraction and adaptive filtering.
Performance of ECG artifact removal using each method was
evaluated in the DBS off and on states.

Figure 6 shows the results of template subtraction. In
Figure 6A, the red line on the top axis is the ECG-contaminated
LFP recorded in the DBS off state and the gray line is the
cleaned LFP. The bottom axis shows the distinct R-waves in
the synchronized monopolar channel. Using the monopolar
channel as an ECG reference, the template subtraction method
removed the ECG artifacts in the contaminated LFP. Figure 6B
shows the PSDs of the ECG-contaminated LFP (red line) and
cleaned LFP (gray line). The ECG artifacts mainly contaminated
the band below 100 Hz. After removing the artifacts, the
PSD of the cleaned LFP was overlaid with the PSD of the
simulated clean LFP (blue line). In Figure 6C, an ECG-
contaminated LFP recorded in the DBS on state (2.5 V, 150 Hz,
60 µs) and the corresponding cleaned LFP are plotted on
the top axis. After removing the DBS artifacts, the monopolar
recording reflected distinct R-waves (bottom axis). Using the
monopolar channel as an ECG reference, the ECG artifacts
were successfully removed. Figure 6D shows the PSDs of the
contaminated (red line) and cleaned (gray line) LFPs in the
DBS on state. The ECG-contaminated band below 100 Hz

was restored in the cleaned LFP. We found a slightly elevated
noise floor in the PSD of the cleaned LFP, which partially
resulted from the ECG signal generator. In addition, some
noise came from residual stimulation artifacts. Although the
stimulation artifacts were largely removed, some harmonics
and aliasing components remained, such as at 250, 300, 400,
and 450 Hz. Spectrum estimation of these residual stimulation
artifacts would unavoidably introduce leakage of the power to a
broadband range.

Figure 7 shows the results of adaptive filtering. Figures 7A,B
show recordings in the DBS off state, and Figures 7C,D show
recordings in the DBS on state (2.5 V, 150 Hz, 60 µs). The ECG-
contaminated band below 100 Hz was restored in the cleaned
LFPs. Therefore, both template subtraction and adaptive filtering
could remove the ECG artifacts.

To quantitatively evaluate the performance of the
method, SNRs and RMSLEs of the PSDs were calculated.
Table 1 shows the SNR and RMSLE of the cleaned LFPs.
Compared with the ECG-contaminated LFPs, the SNRs
of the cleaned LFPs were greatly improved, with values
close to the SNR of the clean LFP (20.87 dB). The RMSLEs
also decreased, indicating that the differences in the PSDs
between the cleaned LFP and the simulated clean LFP
decreased after ECG artifact removal. Neither SNR nor
RMSLE were significantly influenced by increasing the
stimulation amplitude.
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FIGURE 7 | The results of ECG artifact removal using adaptive filtering. (A) The results of ECG removal of the recording with the DBS off. The bipolar recordings
before (contaminated, red line) and after (cleaned, gray line) ECG removal were plotted on the top axis. The monopolar recording of the ECG reference was plotted
on the bottom axis. (B) The PSDs of the bipolar recording before and after ECG removal. The blue line is the PSD of the clean LFP. (C) The results of ECG removal
from the recording with the DBS on. (D) The PSDs of the bipolar recordings before and after ECG removal.

Performance Under Residual DBS
Artifacts
In section “ECG Artifact Removal,” the DBS artifacts under
different stimulation amplitudes were precisely filtered. However,
due to complex recording conditions and various filtering
methods, DBS artifacts could remain in the LFPs at varying levels.
Therefore, it is crucially important to evaluate the performance in
a background of residual DBS artifacts.

Figure 8A shows the contaminated LFP in the stimulation
on state (gray lines, 2.5 V, 150 Hz, 60 µs) without filtering
DBS artifacts. The recordings were aligned according to
the ECG spikes detected in the monopolar channel. By
overlapping the recordings, the envelope of the ECG artifacts
could be distinguished (dashed red lines). The white line in
Figure 8A shows the average waveform of the overlapped
recordings. Using this template, the ECG artifacts were
subtracted from the contaminated LFP. Figure 8B shows
the PSDs of the contaminated LFP (red line) and ECG-
cleaned LFP (gray line). The ECG-contaminated band
was restored while the DBS artifacts remained. Figure 8C
shows the ECG templates extracted from the contaminated
LFPs. The performance of template extraction was stable
across 0.5–3.0 V DBS without additional filtering of
the DBS artifacts.

Table 2 shows a quantitative evaluation of the ECG removal
performance without filtering the DBS artifacts. To exclude
the effects of increasing the DBS artifacts, SNR and RSMLE
were calculated for the band below 40 Hz. Compared with

TABLE 1 | Performance evaluation using signal-noise-ratio (SNR) and root mean
square logarithmic error (RMSLE).

Stimulation#(V) SNR (dB) RMSLE (dB)

TS* AF* TS* AF*

Off 19.88 (8.93) 19.16 (8.22) 0.94 (−6.60) 0.94 (−6.59)

0.5 18.97 (5.89) 18.91 (5.82) 1.58 (−5.09) 1.37 (−5.30)

1.0 20.69 (7.17) 19.64 (6.11) 1.02 (−5.33) 1.26 (−5.09)

1.5 20.57 (6.92) 19.25 (5.61) 1.10 (−5.14) 1.34 (−4.90)

2.0 20.48 (6.73) 19.60 (5.85) 1.14 (−5.01) 1.35 (−4.80)

2.5 20.52 (6.58) 19.14 (5.19) 1.17 (−4.87) 1.85 (−4.20)

3.0 20.53 (6.41) 19.35 (5.23) 1.32 (−4.64) 1.60 (−4.36)

The values in the brackets are the differences with the contaminated local field
potentials (LFPs).
#Thedeep brain stimulation (DBS) artifacts in the recordings were removed.
∗TS, template subtraction; AF, adaptive filtering.

the ECG-contaminated LFPs, both the SNR and RMSLE of the
cleaned LFPs were improved. SNR of the cleaned LFPs was close
to the value of the simulated clean LFP (18.70 dB). From 1.0
V DBS to 3.0 V DBS, the SNR of the cleaned LFPs decreased
from 18.29 to 17.62 dB and the RSMLE increased from 0.98 to
1.9 dB, indicating an attenuation of performance. However, this
attenuation of the performance was very slight compared with the
increase on the DBS artifacts from 1.0 V DBS (211.01 µV) to 3.0
V DBS (516.18 µV). The results indicate that the ECG artifacts in
the contaminated LFPs can be suppressed to a significant extent
even in the presence of residual DBS artifacts.
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FIGURE 8 | ECG artifact removal without extra filtering of DBS artifacts. (A) The gray lines are the overlapped contaminated LFPs aligned according to the R-waves
detected in the monopolar channel. The dashed red lines indicate the envelope of the ECG artifacts. The white line is the averaged waveform of the aligned
recordings. (B) PSDs of the contaminated LFP and ECG-cleaned LFP. (C) The templates of the ECG artifacts in the contaminated LFPs with different DBS
amplitudes.

TABLE 2 | Performance evaluation of electrocardiogram (ECG) artifact removal
without extra filtering deep brain stimulation (DBS) artifacts.

Stimulation (V) SNR (dB) RMSLE (dB)

0.5 16.02 (6.77) 1.74 (−8.01)

1.0 18.29 (8.58) 0.98 (−8.35)

1.5 18.01 (8.17) 1.10 (−8.02)

2.0 17.75 (7.81) 1.29 (−7.66)

2.5 17.82 (7.73) 1.32 (−7.50)

3.0 17.62 (7.30) 1.90 (−6.77)

Signal-noise-ratio (SNR) androot mean square logarithmic error (RMSLE) were
calculated for the band below 40 Hz. The values in the brackets are the differences
with the contaminated local field potentials(LFPs).

DISCUSSION

In this study, we proposed an approach to removing ECG
artifacts from the signals recorded by sensing-enabled
neurostimulators. A simultaneous monopolar montage
was added and distinct R-waves could be recorded in the

time series. Using the monopolar recording as an ECG
reference, conventional ECG filtering methods, including
template subtraction and adaptive filtering, could effectively
remove ECG artifacts in the bipolar LFP recordings. The
performance of this method was not significantly influenced
by the magnitude of residual DBS artifacts. Combining
the monopolar and bipolar recordings, the method
could remove ECG artifacts without additional complex
signal processing.

Using Simultaneous Monopolar
Recording as an ECG Reference
Removing ECG artifacts is a common challenge in the
field of electrophysiological signal processing. There have
been many algorithms proposed in previous studies, such
as template subtraction (Zhou et al., 2007; Marker and
Maluf, 2014), adaptive filtering (Lu et al., 2009; Sweeney
et al., 2012), ICA (Mak et al., 2010), and other blind-
source separation methods (Sweeney et al., 2012). Most of
the methods proved effective for multi-channel EEG and
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electromyography recording. Some methods were specifically
designed for single-channel recording (Sweeney et al., 2012).
However, most of the pre-existing methods cannot be directly
applied to the signals recorded by implanted sensing-enabled
neurostimulators. For sensing-enabled neurostimulators, the
electrophysiological signals (LFPs) are usually independently
recorded without ECG reference. Thus, the methods of
template subtraction or adaptive filtering, both of which
require reference signals, are not suitable. The number of
synchronized channels of sensing-enabled neurostimulators is
usually very limited. For recording in the DBS on state, the
sensing-enabled DBS usually records only a few synchronized
channels due to limited electrodes. Thus, the method of
ICA which needs multi-channel recordings is not fully
applicable to the LFPs recorded during DBS. Although
there are some single-channel blind-source separation
methods (Sweeney et al., 2012), the cost of the algorithms
is usually higher and the robustness of the performance
is inconclusive due to residual DBS artifacts. Lack of an
ECG reference and recording channels makes it difficult to
remove ECG artifacts in the LFPs recorded by sensing-enabled
neurostimulators.

There are two kinds of recording montages in sensing-
enabled neurostimulators, i.e., the bipolar montage and the
monopolar montage. The bipolar montage differentiates the
potentials between pairs of contacts in the DBS electrode while
the monopolar montage differentiates the potentials between
one contact in the DBS electrode and the titanium case of
the neurostimulator (Stanslaski et al., 2012; Qian et al., 2014,
2017). Previous studies reported that the monopolar montage is
considerably affected by remote volume conductivity (Marmor
et al., 2017). Thus, it is possible to record ECG references using
a monopolar montage.

In this study, we demonstrated the feasibility of recording
ECG reference signals using the monopolar montage of a sensing-
enabled neurostimulator. Our results showed that although
the DBS artifacts were large, a clear R-waveform could be
extracted in the monopolar channel. However, the peak-to-
peak amplitudes of ECG artifacts in bipolar recordings in vivo
might be unstable due to respiration or motion. Previous
literature reported that respiration or even relatively slow motion
over time would induce baseline wander in the ECG signals
(Satija et al., 2018; Chatterjee et al., 2020). The peak-to-peak
amplitudes of ECG spikes vary by 15% due to baseline wander
(Friesen et al., 1990; Satija et al., 2018). For rapid motion
artifacts, the effect is usually over a short duration and the
fluctuation could be 500 percent of the peak-to-peak amplitudes
of ECG spikes (Friesen et al., 1990; Satija et al., 2018). In
Figure 6C, the coefficient of variation of the ECG peak-to-
peak amplitudes in bipolar recordings was 13.07% (std/mean)
and the value of the ECG spikes in monopolar recordings
was 0.7%. To estimate the influence of these variations, we
added amplitude-modulated white noise to the recordings. The
coefficients of variation increased to 21.62% in bipolar recordings
and 16.37% in monopolar recordings. Both variations in the
bipolar and monopolar recordings were above the typical value
reported in the literature. The methods of template subtraction

and adaptive filtering were applied to remove ECG-artifacts
in the noisy recordings. The results showed that the ECG
artifacts could still largely be removed (see Supplementary
Material for details).

The primary benefit of the current study is to make
conventional ECG removal methods that require ECG
reference signals applicable to LFPs recorded by sensing-
enabled neurostimulators. The method proposed in our
study may help researchers to extract real LFPs to study
chronic deep brain neural activities and DBS mechanisms.
Most such research is conducted retrospectively. Where real-
time analysis is needed, such as in closed-loop stimulation,
a template could only be extracted in a short window. In
a previous study using the template subtraction method
for real-time ECG artifact removal, 30 ECG spikes were
used to update the template (Abbaspour and Fallah, 2014).
We tested time windows of 30, 20, and 10 s, respectively,
and found that the template was valid in the 30 s window
(see Supplementary Material for details). Because the
interval of the simulated ECG spikes was 0.75 s, the
results indicate that at least 40 ECG spikes would be
necessary for extracting a valid template. In real-time
scenarios, the templates could be accumulated and the
performance could be improved by introducing overlap
and padding techniques for each window. Alternatively,
we could use the method of adaptive filtering for real-time
analysis. Future studies should focus on development and
refinement of detailed real-time algorithms based on specific
real-time scenarios.

Effects of DBS Artifacts
The magnitudes of the stimulation pulses in the monopolar
recording chain were asymmetric. The asymmetry would induce
large DBS artifacts in the ECG reference channel. Consequently,
different magnitudes of residual DBS artifacts might influence
detection of ECG spikes. Previous studies have shown that
as long as the amplifiers are not saturated, the real signals
in an asymmetric montage can still be restored (Kent and
Grill, 2012; Qian et al., 2017). In our study, we compared the
amplitudes of the ECG spikes under different DBS amplitudes.
The results showed that although the DBS artifacts increased
greatly from 0.5 V DBS to 3.0 V DBS, no significant difference
was found between the amplitudes of extracted ECG spikes.
Robust R-waves could be extracted from the monopolar
recordings. This result provided the foundation for the removal
of ECG artifacts.

In the bipolar channel of the sensing-enabled neurostimulator,
the amplitudes of DBS artifacts could be more than two orders of
magnitude greater than the ECG artifacts and LFP signals. In our
study, we precisely filtered the DBS artifacts to restore the time
series. However, residual DBS artifacts were usually unavoidable
in LFP recordings due to complex recording conditions and
different filtering methods. To evaluate the effects of residual
DBS artifacts on the removal of ECG artifacts, we studied
the performance of the method without extra filtering of the
DBS artifacts. The results showed that even in the presence of
large DBS artifacts, ECG artifacts were suppressed significantly,
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indicating that the method was not sensitive to residual DBS
artifacts. This finding emphasizes the robustness of the method
and limits restrictions on its algorithms.

Limitations and Future Work
Removal of ECG artifacts in our study was only tested
using the conventional fixed-template subtraction method
and a simple adaptive filter. The performance could be
improved by optimizing the extraction template and design
of the adaptive filter. The current method was only tested
on simulated signals recorded in saline solution. Although
we have tested and verified the methods using physiological
ECG levels, the performance of the method could still be
influenced by chronic changes in the recording impedance,
leakage of fluid, and different in-vivo electromagnetic
environments. The performance needs to be confirmed for
real in-vivo recordings in future studies. In addition, we
should estimate whether the algorithms can be integrated
into an embedded system. The goal of the current study
was to provide an ECG reference for use with current
methods and thus to reduce the complexity of the related
algorithms. Based on our survey of the computation
efficiency and storage resource of the current sensing-
enabled neurostimulators, both of the approaches proposed
in this study could be completed within 400–500 ms. This
is sufficient for real-time analysis. Thus, this method holds
potential for development of algorithms for real-time removal
of ECG artifacts in an embedded system. However, there
is still plenty of work that needs to be done in future
embedded development, especially for addressing the trade-
off between power consumption and analytical performance in
specific applications.
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Gastric pacing and stimulation strategies were first proposed in the 1960s to treat
motility disorders. However, there has been relatively limited clinical translation of
these techniques. Experimental investigations have been critical in advancing our
understanding of the control mechanisms that innervate gut function. In this review, we
will discuss the use of pacing to modulate the rhythmic slow wave conduction patterns
generated by interstitial cells of Cajal in the gastric musculature. In addition, the use of
gastric high-frequency stimulation methods that target nerves in the stomach to either
inhibit or enhance stomach function will be discussed. Pacing and stimulation protocols
to modulate gastric activity, effective parameters and limitations in the existing studies
are summarized. Mathematical models are useful to understand complex and dynamic
systems. A review of existing mathematical models and techniques that aim to help
refine pacing and stimulation protocols are provided. Finally, some future directions and
challenges that should be investigated are discussed.

Keywords: stimulation, pacing, gastric motility, slow wave, biophysical model, mathematical model

INTRODUCTION

Bioelectricity is a key regulator of bodily function. The coordinated contraction and relaxation
of the muscles necessary for controlling movement are initiated by electrical signals propagating
through the nerves and muscles. Disorders in the electrical signals and patterns can result in
dysmotility. An improved understanding of how intrinsic bioelectrical events, and externally
introduced electrical signals, interact with our nerves and muscles is critical for refining existing,
and developing new therapies. The foundations of electrophysiology can be attributed to Galvani’s
studies on frog muscles and hearts in the 1790s (Piccolino, 1997). It was not long afterward that
the first reports of using electrical stimulation to treat cardiac conditions occurred in the 1800s,
despite the underlying science being uncertain (Green, 1872; McWilliam, 1889). Subsequently, in
the 1920s, the first external cardiac pacemakers were reported independently by Lidwell and Hyman
(Aquilina, 2006; Mond et al., 2012). Hyman was the first to coin the term “artificial pacemaker,” a
term that is still widely used to date.
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Bioelectrical signals were first measured from the
gastrointestinal tract in the 1920s (Alvarez, 1922b). In his
seminal studies, Alvarez established that rhythmic electrical
events occurred 3 cycles per minutes (cpm) in the human
stomach. These electrical events were omnipresent, and occurred
even in the absence of any visible contractions (Alvarez, 1922a).
Despite substantial effort devoted to investigate the normal and
impaired bioelectrical activity along the gastrointestinal tract
over the last century, our understanding of gastrointestinal
electrophysiology and the application of electrical pulses to
treat disorders has lagged the cardiac field (Cheng, 2015; Avci
et al., 2020). This is partly because the gastrointestinal tract
has a number of cooperating and overlapping mechanisms that
coordinate the mechanical contractions to aid in the breakdown,
mixing and transportation of luminal contents (Huizinga and
Lammers, 2009). One of the key contributors is bioelectrical
events, known as slow waves, that are generated by interstitial
cells of Cajal (ICC) (Huizinga et al., 1995). Loss of ICC and
disordered slow wave patterns have been associated with a
number of functional gastrointestinal and motility disorders
(see section “Gastric Functional Motility Disorders”). Therefore,
the use of external electrical impulses to restore function is an
attractive approach.

Electrical stimulation of the stomach was first reported in
1963 as a potential therapy for paralytic ileus–the loss of
peristaltic activity that frequently occurs following abdominal
surgery (Bilgutay et al., 1963). Investigators have also applied
electrical impulses to treat gastroparesis by improving the rate of
gastric emptying (McCallum et al., 1998), or to treat obesity, by
delaying the rate of gastric emptying (Sarna et al., 1976; Liu et al.,
2006a). However, the results have generally been inconsistent and
variable. This variability can be associated with a number of key
problems: (i) lack of understanding of the mechanisms of action,
(ii) large variation in the pulses sequences applied, (iii) lack of
high-quality human trials, and (iv) lack of unbiased methods for
quantifying the efficacy of a therapy.

In recent years, there has been renewed interest in the use
of electrical impulses to modulate the bioelectrical activity for
acute and chronic disorders. Neurology and cardiology have
received the most attention, but it has also been applied for pain
management and for the treatment of functional gastrointestinal
motility disorders. This review will focus on the application
of electrical impulses directly on the stomach musculature and
techniques used to optimize the pacing parameters. In addition,
some future directions for stimulation, pacing and modeling
efforts are discussed.

GASTRIC FUNCTIONAL MOTILITY
DISORDERS

Gastric motility disorders are complex and often present with
overlapping symptoms and phenotypes of disorders. Some
functional motility disorders that are associated with disordered
slow wave activity, along with obesity and post-operative ileus are
discussed below.

Gastroparesis
Gastroparesis is a chronic symptomatic gastric motility disorder,
defined as delayed gastric emptying of a solid meal in the
absence of mechanical obstruction. Symptoms or signs of
gastroparesis include nausea, vomiting, early satiety, fullness,
anorexia, and/or weight loss (Camilleri et al., 2013). Definitive
diagnosis for gastroparesis includes retention of greater than 10%
of a solid-meal as determined by scintigraphy after 4 h (Abell
et al., 2008). Gastroparesis is not a common disease, with its
prevalence reported at 0.2% in the United States (Syed et al.,
2020). However, delayed emptying has been estimated to be
1.8% in the community and suggests that gastroparesis may be
undiagnosed in many subjects in the population. Patients with
severe gastroparesis may require long-term enteral or parenteral
nutritional support, as well as frequent and prolonged hospital
admissions (Wang et al., 2008).

Gastroparesis is associated with loss and degradation of
the ICC network (Farrugia, 2008; Grover et al., 2011). The
NIH Gastroparesis Clinical Research Consortium1 has collected
and analyzed full-thickness gastric biopsies from gastroparetic
patients undergoing gastric stimulator implantation and reported
a 48% reduction in ICC numbers in diabetic gastroparesis
patients compared to age matched controls (2.8 vs. 5.3 cells/high
powered field) (Grover et al., 2011). The degradation of ICC
numbers and network integrity are associated with disordered
slow wave and motility patterns (see section “High Resolution
Slow Wave Mapping”). Therefore, a variety of electrical therapies
have been proposed to treat gastroparesis (Paskaranandavadivel
et al., 2020). Therapies have reported to both improve symptoms
(McCallum et al., 2010, 2013; Ducrotte et al., 2020), and in some
cases improve gastric emptying rates (McCallum et al., 1998) (see
section “Gastric Stimulation and Pacing” for further details).

Chronic Unexplained Nausea and
Vomiting
Chronic unexplained nausea and vomiting patients have
symptoms similar to gastroparesis patients (Pasricha et al., 2011).
However, they have normal gastric emptying (less than 10%
retention of a solid meal after a 4 h period). These patients have
been reported to have a moderate reduction in ICC numbers
compared with controls, with gastroparesis patients having the
greatest reduction in ICC numbers (5.6 vs. 3.5 vs. 2.3 cell
bodies/high powered field) (Angeli et al., 2015). In addition,
compared with gastroparesis, patients with chronic unexplained
nausea and vomiting have less smooth muscle fibrosis (Bashashati
et al., 2017). Disordered slow wave patterns have also been
reported in these patients (see section “High Resolution Slow
Wave Mapping”).

Functional Dyspepsia
Functional dyspepsia is defined by the Rome IV guidelines when
a subject has presented with post-prandial fullness, early satiety,
epigastric pain and epigastric burning (Futagami et al., 2018). It
is also associated with impaired accommodation of the proximal

1https://repository.niddk.nih.gov/studies/gpcrc/
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stomach, early distension and impaired motility of the antrum
post-prandial (Bortolotti et al., 1995; Gilja et al., 1996). The
reported prevalence of functional dyspepsia is variable from 5 to
40%, with varying severities in symptoms (Enck et al., 2017).

Cutaneous electrogastrography studies have detected slow
wave frequencies outside the normal range (i.e., greater or less
than 2–4 cpm) in functional dyspepsia subjects. In one study,
abnormal frequencies were detected in 83% of the subjects (Sha
et al., 2009). A recent high resolution (HR) electrogastrography
study was able to detect spatial slow wave abnormalities in 44% of
subjects along with a higher proportion of aberrant propagation
directions (Gharibans et al., 2019). In addition, abnormal spatial
parameters were found to be correlated with severity of upper
gastrointestinal symptoms. Electrical therapies using implanted
and transcutaneous methods have successfully been applied to
relieve symptoms (Lu et al., 2013; Zhu et al., 2021).

Obesity
Obesity is a significant risk factor for a range of diseases from
diabetes, cardiovascular disease to cancer (Sowers, 2003). It is
also associated with a host of gastrointestinal symptoms from
abdominal pain, bloating, diarrhea, and frequency vomiting
(Delgado-Aros et al., 2004). Its prevalence has significantly
increased, with reports of 20–40% of the population being obese
across various countries (Hales et al., 2020). Typical management
involves physical activity, modifying eating patterns, reducing
caloric intake, drug therapy and counseling (Turner et al., 2018).
In severe cases, bariatric surgery is considered, where the stomach
capacity is reduced to limit food intake or bypassed to reduce
nutrient uptake. Electrical therapies have been proposed as a
treatment for obesity. However, mixed results have been reported,
with some human trials reporting promising results (Cigaina,
2004; Favretti et al., 2004; Yao et al., 2005; Liu et al., 2006a), but
longer term studies have failed to show sustained weigh loss over
an extended period (Johannessen et al., 2017).

Post-operative Ileus
Post-operative ileus, a transient impairment of gastrointestinal
motility, is a common occurrence after abdominal surgery and
has limited treatment options (Iyer et al., 2009). It is associated
with delayed recovery, prolonged hospital stays, significant
increases in health costs and increased risks of morbidity (Iyer
et al., 2009). Patients may experience abdominal pain, nausea,
vomiting, bloating, and are unable to eat or pass stool for multiple
days (Vather et al., 2013). Due to these needs, post-operative ileus
was proposed as one of the initial targets for electrical therapy
(Bilgutay et al., 1963; Hocking et al., 1992).

ELECTRICAL CONDUCTION SYSTEM OF
THE STOMACH

The cause, diagnosis and treatments of GI functional motility
disorders as described in section “Gastric Functional Motility
Disorders” remain poorly understood. A number of these
disorders are linked with impaired electrophysiology of the GI
tract. Therefore, an improved understanding of the electrical

conduction system in the GI tract, in both health and disease,
will assist in the development of new and the refinement of
existing therapies.

Slow waves are a key input that are generated and
propagated by ICC (Huizinga et al., 1995). ICC are named
after Nobel laureate Santiago Ramón y Cajal. In the late 19th
century, Cajal described a new type of nerve-like branching
networks interleaved among neurons embedded within the
smooth muscle linings in the GI tract (Cajal, 1911). However,
their developmental origin and function remained unclear for
many decades (Huizinga et al., 1995). Subsequently, Thuneberg
sparked a revival in ICC research by proposing that ICC were
the intestinal pacemaker cells (Thuneberg, 1982) and showed
that injury of ICC resulted in loss of slow wave activity
(Liu et al., 1994).

Individually, ICC have different intrinsic frequencies,
however, in vivo they form an integrated network and entrain
to the dominant highest frequency (Hinder and Kelly, 1977;
Hirst and Edwards, 2006). For example, stomach ICC have been
found to have a gradient of intrinsic activity (Xue et al., 1995;
Hirst and Edwards, 2006). However, in the normal, intact human
stomach, all activity is entrained to a dominant frequency of
3 cpm (Hinder and Kelly, 1977; O’Grady et al., 2010a). If distal
regions are either partially or totally isolated, they autonomously
generate slow waves at a lower intrinsic frequency (Sarna et al.,
1972; Hinder and Kelly, 1977). In addition, if tissue samples are
excised and left for an extended period of time, the slow wave
frequency can increase significantly higher than the normal
in vivo frequency. For example, in the cat stomach the frequency
increased from 4.1 to 12.0 cpm (Xue et al., 1995) and in excised
human tissue samples, frequency was reported to be as high
as 7.4 cpm in the antrum, while the excised fundus (normally
devoid of cyclic activity) had a frequency of 5.1 cpm (Rhee et al.,
2011). Therefore, in vivo slow wave recordings are likely to be
a more accurate representation of intrinsic physiology (Angeli
et al., 2013; Sarna, 2013; Huizinga, 2017).

Slow waves depolarize the neighboring smooth muscle
cells, either through gap junctions or peg-and-socket coupling
(Torihashi et al., 2002; Huizinga et al., 2010). Under the right
combination of neuro-hormonal conditions, the depolarized
smooth muscle cells are able to generate contractions based on
a series of intracellular Ca2+ release mechanisms (Karaki and
Weiss, 1984). The sustained plateau of depolarization of smooth
muscle membrane can also lead to bursts of action potentials or
spikes that are associated with Ca2+ entry and contractile activity
(Ver Donck et al., 2006; Lee et al., 2007).

Importantly, the stomach is not completely autonomous
(Travagli and Anselmi, 2016). Slow wave activity is coordinated
by the ICC, but the resulting motility is also modulated through
extrinsic nerve innervation (Powley et al., 2019), and the enteric
nervous system (Furness, 2012; Furness et al., 2014). In this
regard, the vagus plays a central role in extrinsic neural control
of the stomach. The nucleus tractus solitarius is the primary
viscerosensory nucleus of the vagus, which gathers vagal afferent
input and modulates the dorsal motor nucleus of the vagus to
alter visceromotor output. The left vagal fibers are understood
to innervate the proximal region of the stomach where the
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gastric pacemaker is located (Pagani et al., 1988). Additionally,
the vagus nerve can modulate antral motility, pyloric opening,
and gastric emptying (Lu et al., 2018, 2020). Neuropathy has also
been known to accompany a number of gastrointestinal diseases,
particularly when accompanied by diabetes (Vinik et al., 2003).
Animal models of impaired gastrointestinal functions have also
shown damage to both extrinsic and intrinsic nerves, as well
as reduced ICC (Young and Edwards, 2005). The readers are
referred to Furness et al. (2014) for a detailed review of the vagal
control of gut motility, and Phillips et al. (2006) for a detailed
review of neuropathy affecting the gastrointestinal tract.

SLOW WAVE ACTIVITY IN THE
STOMACH

Slow Wave Recordings
The earliest recordings of gastrointestinal slow wave activity can
be attributed to the foundational work of Alvarez (1922b,c).
Initially, measurements were obtained from individual locations,
either on the surface of the stomach or on the body surface. Such
recordings allowed the normal frequency of the slow wave events
to be established. The term tachygastria was first introduced in
1974, referring to activity with an abnormally high frequency
(Code and Marlett, 1974). Bradygastria, a term for low frequency
slow wave activity, was soon reported in human studies (You and
Chey, 1984; Abell and Malagelada, 1985). Examples of normal,
bradygastric and tachygastric slow wave traces are shown in
Figure 1. The frequency bands of gastric slow wave activity
types have now been formally defined, with normal activity
generally defined to be within 2.5–3.75 cpm and bradygastria and
tachygastria, below or above this range (Parkman et al., 2003;
Koch, 2011).

Subsequently, more electrodes were introduced and by placing
the electrodes along the central axis of the stomach, it was
possible to track the propagation of the slow wave from electrode
to electrode (Kelly et al., 1969; Hinder and Kelly, 1977). Using
these techniques, propagation direction and speed were able to

FIGURE 1 | Gastric mucosal slow wave traces of (A) normal, (B) bradygastric,
and (C) tachygastric activity. Modified from Abell and Malagelada (1985).

be deduced. However, it is now clear that such sparse or low
resolution slow wave recordings can at times be misleading due
to spatial aliasing, especially when activity is dysrhythmic (Cheng
et al., 2013; O’Grady et al., 2019).

High Resolution Slow Wave Mapping
High resolution mapping utilizes hundreds of spatially dense
electrodes, typically arranged in a two-dimensional grid, to map
the spatio-temporal pattern of slow wave activity. Adapting
techniques that had previously been used to map the electrical
activity in the heart (Durrer et al., 1970; Pullan et al., 2003),
HR mapping was first applied to the gastrointestinal tract by
Lammers et al. (1993), to map the slow wave activity in the rabbit
duodenum. Similar methods have now been applied to map the
slow wave patterns in the stomach of a variety of animal species
(Lammers et al., 1998, 2009; Du et al., 2009a; Egbuji et al., 2010),
and the human stomach in both health and disease (O’Grady
et al., 2010a, 2012a; Angeli et al., 2015). HR mapping studies have
identified regional variations in gastric slow wave activity, most
notably a region of high amplitude and high velocity in the distal
antrum of the human stomach (Berry et al., 2016). It is postulated
that this distal antral wave acceleration, along with coordination
with the pylorus, plays a major role in retropulsion of contents
to allow both efficient mixing and breakdown on contents, along
with antral flow of contents into the intestine (Berry et al., 2016;
Ishida et al., 2019).

As discussed in section “Gastric Functional Motility
Disorders,” a loss of ICC numbers and a breakdown in the
ICC network integrity has been reported in gastroparesis patients
(Grover et al., 2011). Furthermore, HR mapping studies in
gastroparetic and chronic unexplained nausea and vomiting
patients undergoing Enterra stimulator implantation (Medtronic
Inc., Minneapolis, MN, United States) reported a range of
abnormal slow wave propagation patterns including, ectopic
pacemakers and conduction blocks (O’Grady et al., 2012a;
Angeli et al., 2015). Mechanism of slow wave dysrhythmias
can be classified into disorders of: (i) conduction and (ii)
initiation (O’Grady et al., 2014). Ectopic pacemakers are an
example of an initiation disorder, where a secondary pacemaker
may compete with the primary or normal pacemaker. In
this case, the ectopic pacemaker may initiate retrograde
waves that eventually collide with waves generated by the
natural pacemaker located in the upper/mid-corpus leading
to uncoordinated or uncoupled activity in different regions
of the stomach (Berry et al., 2017). A conduction block
is an example of a conduction abnormality. In this case,
a region of tissue may have a zone of abnormally slow
propagation, or force the slow wave to propagate around the
conduction block zone. This may then result in secondary
forms of dysrhythmias, including reentrant activity and rapid
circumferential activation (Lammers et al., 2008; O’Grady et al.,
2011). Rapid circumferential propagation is present in a range
of gastric dysrhythmias, elevating extracellular amplitudes
and organizing transverse wavefronts that may help to reset
activity back into an ordered band (O’Grady et al., 2012b).
One important finding from the HR mapping studies was
that abnormalities of slow wave initiation and conduction
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occurred at a frequency similar to normal slow wave patterns
(around 3 cpm). As a result, such spatial abnormalities could
be missed using techniques that lack sufficient spatial resolution
(Buist et al., 2006).

By combining HR mapping with pacing or stimulation
techniques, it is possible to monitor and track the
electrophysiological response of the organ. The first study
to report such techniques was conducted in the isolated rabbit
duodenum (see Figure 2A; Lammers et al., 1993). Similar
techniques have been applied to pigs to investigate the effects
of different pacing parameters (O’Grady et al., 2010b), to
test the efficacy of new pacemaker designs (Wang et al.,
2018; Alighaleh et al., 2019) and to assess acute slow wave
response in patients undergoing Enterra stimulator implantation
(Angeli et al., 2016). As Enterra Therapy uses high-frequency
stimulation protocols, its mechanism of action is likely via
nerves. Despite using a variety of stimulation parameters,
including protocols that attempted to mimic pacing parameters
within hardware limitations (e.g., amplitude 19 mA, pulse-width
0.45 ms, frequency 130 Hz, on period 1 s, off period 17 s),
no changes in slow wave patterns were observed during these
acute studies (Angeli et al., 2016). Initial work on mapping the
slow wave response with pacing protocols has been applied
to human studies (Alighaleh et al., 2018). An example of such
results is shown in Figure 2B, where pacing electrodes were
integrated into the center of the HR electrode array and a
new pacemaker region was initiated slightly above the pacing
electrodes (identified by the dark orange area). Further work is
required to assess regional electrophysiological characteristics
and long-term outcomes.

GASTRIC STIMULATION AND PACING

Electrical pulses applied to the stomach can take many forms,
which typically consist of a series of rectangular pulses applied
as a constant current or voltage at a prescribed frequency.
They can be broadly grouped into two categories: (i) pacing
methods that are typically low frequency and high energy and
(ii) stimulation methods that are typically high frequency and low
energy. Figure 3 illustrates some of the types of electrical pulses
that have been applied to the stomach. Key parameters that define
the electrical pulses include the amplitude, pulse width, frequency
at which pulses are applied. In some cases, stimulation pulses are
modulated or comprised of trains of shorter pulses.

Gastric Pacing
Pacing methods involve the application of high energy pulses
applied at a frequency close to the intrinsic slow wave frequency.
These methods attempt to entrain or modulate the underlying
slow wave activity of the stomach, hence they primarily target the
ICC to alter slow wave patterns, and therefore motility patterns.

The pulse sequences used for two human gastric pacing
protocols (Hocking et al., 1992; McCallum et al., 1998) are
visually compared in Figure 4. Pacing methods were initially
trialed in dog studies and showed the ability to either increase or
decrease the slow wave frequency (intrinsic frequency 5.0 cpm,
modulated range 4.2–8 cpm) in response to the pacing (Kelly
and La Force, 1972). Subsequently, human studies were reported
by two groups in 1992 (Hocking et al., 1992; Miedema et al.,
1992). Hocking et al. (1992) were one of the first to apply pacing
protocols to the stomach applying a pulse at 2 mA for 300 ms

FIGURE 2 | Combining HR mapping and pacing techniques allows the slow wave response to be tracked and quantified. (A) Pacing on the left side of a rabbit
duodenum preparation and resultant propagation across the mapped area, (B) Pacing from the center of a 60 mm2 electrode array (red is early activation, and blue
is late activation), and corresponding radial propagation from the pacing leads (gray circles). Modified from Lammers et al. (1993) and Alighaleh et al. (2018).
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at between 0.3 and 1.6 cpm higher than the intrinsic slow wave
frequency. They were able to entrain and increase the slow
wave frequency but were unable to improve gastric emptying.
However, other studies have reported that gastric emptying
could be enhanced with gastric pacing (Eagon and Kelly, 1993;
McCallum et al., 1998). McCallum et al. (1998) applied 4 mA for
300 ms at 110% of the intrinsic frequency of baseline slow waves
to gastroparesis patients and were able to correct tachygastric
slow waves and also improve gastric emptying rates.

On the other hand, Sarna et al. (1976) demonstrated that
gastric emptying could be delayed by pacing from the distal
antrum in dogs. Therefore, the use of pacing protocols to
treat obesity has also been investigated (Cigaina et al., 1996).
Such methods aim to limit food intake by reducing rates of
gastric emptying. Although exact mechanisms remain uncertain,
likely contributors include inhibiting antral contractions or
initiating retrograde slow wave to disrupt the intrinsic slow wave
activity. Trials in a small human cohort have shown promising
results (Cigaina, 2004; Favretti et al., 2004; Yao et al., 2005;
Liu et al., 2006a).

Table 1 summarizes the pacing protocols used in both human
and animal studies. A typical range of effective pacing parameters
reported in the literature across species can be summarized as 2–
5 mA of amplitude and 300–500 ms pulse width with a frequency
similar to intrinsic frequency. Applying correct pulse width and
amplitude is essential for an effective pacing. In humans, 4–
5 mA current and 300 ms pulse width applied at a frequency
similar to, or larger than, the intrinsic frequency were reported
to be the most effective parameters. On the other hand, lower
amplitudes (e.g., 0.5–1 mA) and pulse widths (e.g., 3 or 30 ms)
were reported to fail to entrain slow wave activity (Lin et al.,
1998, 2011). The amplitude and pulse width parameters used in
other species such as pig, dog, and rats were relatively comparable
with human studies. Since the baseline slow wave activity is
to be modulated via pacing, the frequency of applied pulse is
also a critical factor for effective pacing and likely vary between
subjects and species.

Gastric Stimulation
Stimulation methods apply higher frequency pulses at lower
energy level compared with pacing techniques. They do not
seek to entrain the underlying slow wave patterns but instead
target the neural pathways that also have a role in modulation
of motility patterns.

Bilgutay et al. (1963) were one of the first to report the concept
of gastric electrical stimulation where a pulse sequence with
amplitudes of 7–10 mA at 50 Hz for 5 s periods was applied
in each minute (see Figure 4D). They reported results from 5
case studies out of 40 patients with paralytic ileus. Using their
methods, stimulation was successful in generating peristalsis in
post-operative ileus following a variety of abdominal operations.
Stimulation resulted in early return of bowel activity, reduced
the time for intravenous administration of fluids and electrolytes,
allowed oral intake to resume sooner, and reduced the passing of
flatulence from 55 to 20 h.

Familoni et al. (1997a) performed one of the early stimulation
studies in dogs. They used short pulses of 0.3 ms duration and

FIGURE 3 | Types of pulses used to stimulate or pace the stomach. Shown
are (A) Long pulses associated with pacing (high-energy and low frequency),
(B,C) Short pulses or trains of short pulses associated with stimulation (low
energy and high frequency), and (D) a hybrid pacing and stimulation approach
that combines short and long pulses.

2 mA amplitude, and were able to both entrain the slow wave
activity and elicit contractions. When the pulses were applied
at 20 or 30 cpm (0.33 or 0.5 Hz) the motility patterns were
significantly enhanced. Similar techniques were then attempted
on a refractory gastroparesis patient (Familoni et al., 1997b).
They found that stimulation at a frequency much greater than
the intrinsic frequency (i.e., at 12 cpm) resulted in improved
emptying and symptoms in that patient. As a result of these
promising results, the World-wide Anti-Vomiting Electrical
Stimulation study (WAVESS) was performed (Abell et al., 2002,
2003). During the initial double blinded phase of WAVESS, there
was a significant reduction in the frequency of vomiting. After
12 months, there was a greater than 50% reduction in vomiting
in more than 70% of subjects, and vomiting and nausea severity
scores were significantly improved (Abell et al., 2003). As a result,
the Enterra Therapy system was developed and approved for use
under humanitarian device exception by the FDA.

For detailed meta-analysis of past high-frequency stimulation
trials for treating gastroparesis refer to Table 1 in O’Grady
et al. (2009) and Table 1 in Chu et al. (2012). As part of
these analyses only two randomized, control trials were reported
and both were classified as “medium quality” (Abell et al.,
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FIGURE 4 | Illustration of variability in pacing and stimulation pulses used by various researchers for human gastric pacing studies. (A) Normal gastric slow wave
activity occurring at 3 cpm, (B,C) gastric pacing parameters as applied by Hocking et al. (1992) (2 mA, 350 ms, IF + 0.5 cpm) and McCallum et al. (1998) (4 mA,
350 ms, 110% IF), and (D,E) gastric stimulation parameters as applied by Bilgutay et al. (1963) (7 mA, 50 Hz, 5 s on period, 55 s off period) and Ducrotte et al.
(2020) (5 mA, 14 Hz, 0.1 s on period, 5 s off period). IF: intrinsic frequency.

2003; McCallum et al., 2010). Recently, Ducrotte et al. (2020)
completed a comprehensive randomized control study evaluating
the standard Enterra Therapy pulse sequence of 5 mA, 14 Hz
pulse train applied for 0.1 s, followed by a 5 s off period (see
Figure 4E). It should be noted that the pulse train only consisted
of 2 impulses separated by 71 ms because of the short 0.1 s on
period. The study determined that the stimulator was effective
in reducing the frequency of vomiting and nausea in a subset of
patients. However, overall after 4 months of gastric stimulation,
neither gastric emptying nor quality of life was improved.
Nevertheless, patients with medically resistant symptoms may
benefit from gastric stimulation to relieve nausea and vomiting.
In this study, stimulation reduced episodes of vomiting from
1 per week to 1 per month in approximately 30% of subjects.
Temporary stimulation methods have been proposed by some
centers to help improve patient selection, and to personalize
stimulation parameters and lead placement (Abell et al., 2011;
Elfvin et al., 2011; Corvinus et al., 2018).

Gastric stimulation protocols have also been applied to treat
obesity by reducing motility, delaying emptying and increasing
satiety. Pre-clinical trials showed that stimulation was able to
delay gastric emptying, distention, and reduce food intake and
eventually led to weight loss (Song et al., 2015). Initial trials
in humans showed encouraging results (Favretti et al., 2004;
Bohdjalian et al., 2006), but randomized trials have failed to show
clinical benefit over a prolonged period (Shikora et al., 2009;
Paulus et al., 2020).

Table 2 summarizes types of stimulation parameters that
have been applied in both animal and human studies. There is
a large variability in the stimulation parameters compared to
gastric pacing protocols (see Table 1). The typical range of pulse
amplitude is 2–10 mA, but there was high level of variability in
pulse width (typical range 0.2–10 ms), frequency (typical range
0.2–50 Hz), and on/off periods (typical range 0.1–5 s on period/3–
55 s off period). A high degree of variation in the stimulation
parameters is noted in these studies and it is hypothesized that
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TABLE 1 | Protocols used for gastric pacing.

References Species Amplitude Pulse Width (Applied)
Frequency

Miedema et al.,
1992

Human 4 V 60 ms IF + 0.5 cpm

Hocking et al.,
1992

Human 2 mA 300 ms IF + (0.3–1.6)
cpm

Lin et al., 1998 Human 4 mA 300 ms 110% IF

McCallum
et al., 1998

Human 4 mA 300 ms 110% IF

Yao et al., 2005 Human 5 mA 500 ms 9 cpm

Lin et al., 2011 Human 4 mA 350 ms 110% IF

2 and 0.5 mA* 150 and
150 ms

110% IF

Kelly and La
Force, 1972

Dog 1–8 mA 100–2000 ms 2–12 cpm

Sarna and
Daniel, 1973

Dog 1–25 V 100 ms 4.8–7.3 cpm

Bellahsene
et al., 1992

Dog 2 mA 300 ms IF
(approximately
5 cpm)

Song et al.,
2005

Dog 5 mA 550 ms 110% IF

1 and 0.6 mA* 200 ms 110% IF

Xu et al., 2008 Dog 4 mA 300–500 ms
(Modulated at
50 Hz)

110% IF

1 and 0.5 mA* 200–400 ms
(modulated at
50 Hz)

110% IF

O’Grady et al.,
2010b

Pig 4 mA 400 ms Similar to, or
faster than IF

Wang et al.,
2018

Pig 5 and 8 mA 500, 900 ms 2.7–6 cpm

Alighaleh et al.,
2019

Pig 4 mA 400 ms 110% IF

Yin et al., 2006 Mouse 3 mA 20–150 ms 110% IF

IF: intrinsic frequency.
*: two channel pacing.

different sets of parameters target different functional responses.
Typically, activation of vagal afferents is achieved at a stimulation
frequency of 20–30 Hz and frequencies higher than 50 Hz can
potentially cause damage to the nerves (Bonaz et al., 2013).
On the other hand, lower than 5 Hz frequency is understood
to be more effective at targeting the vagal efferents (Bonaz,
2018). Therefore, parameters with excitatory or inhibitory effects
need be accordingly chosen for an effective stimulation. For
instance, trains of short pulses were reported to be more effective
on nausea and vomiting as it was mediated by vagal pathway
(Chen et al., 2003). Similarly, parameters that inhibit antral
contractions via the sympathetic pathway would be more effective
to treat obesity (e.g., amplitude 10 mA, width 0.6 s, 2 s period,
3 s off period, frequency 40 Hz) (Zhu and Chen, 2005). The
effect of different stimulation protocols has also been evaluated
using transcutaneous auricular vagal nerve stimulation. In an
acute setting, auricular stimulation has been shown to normalize
gastric activity when stimulating at 10 Hz, whereas slow wave

activity was inhibited when stimulation was applied at 80 Hz
(Sukasem et al., 2020).

Alternative Approaches
Alternative approaches for pacing and stimulation include
combining stimulation and pacing methods, use of multiple
stimulation electrodes, synchronizing the applied pulses with the
intrinsic activity, and direct stimulation of the vagus nerve.

Gastric pacing is able to entrain gastric slow waves and
normalize gastric dysrhythmias and, in some cases, improve
gastric emptying (see section “Gastric Pacing”). However, pacing
methods do not improve symptoms of nausea and vomiting
(Zhang and Chen, 2006). On the other hand, gastric stimulation
has been shown to improve symptoms of nausea and vomiting
but not to improve gastric emptying (O’Grady et al., 2009;
Ducrotte et al., 2020). The ability to improve both emptying rates
and treat symptoms is a key therapeutic goal. Therefore, dual
pulse approaches that incorporate both pacing and stimulation
methods have been proposed (Liu et al., 2004, 2006b). In rats,
stimulation with short pulses (e.g., 0.3 ms) and pacing with long
pulses (e.g., 550 ms) were reported to improve gastric emptying
and alter slow waves patterns (Liu et al., 2004). Similarly,
when applied in a canine study, both gastric dysrhythmias
and symptoms were normalized by the dual pulse approach
(Liu et al., 2006b).

The use of multiple sites for stimulation or pacing has been
proposed to influence a larger region of the stomach (Song
et al., 2005; Lin et al., 2011). Such approaches have successfully
modulated a larger region of the stomach using two pairs for
leads utilizing lower levels of total energy compared to a single
lead approach. By implanting up to six rings of stimulating
electrodes circumferentially around the stomach and stimulating
sequentially, it was possible to induce circumferential contraction
patterns and increase gastric emptying (Mintchev et al., 2000).

In most studies, pacing and stimulation are performed at
a fixed frequency or in an “open-loop” fashion irrespective of
the underlying slow wave frequency. In many gastric pacing
studies, the intrinsic frequency is determined in a baseline
recording period, and then pacing applied at a slightly higher
frequency (see Table 1). However, the timing at which these
pulses are applied is still irrespective of the underlying activity.
Studies have proposed “closed-loop” or synchronized methods
which sense the underlying activity and then stimulate at
appropriate times (Wang et al., 2020a,b). Experimentally, the
synchronized methods were able to either induce or enhance
antral contractions and increase rates of gastric emptying
(Zhu et al., 2007).

Obesity has also been a target for gastric stimulation and
pacing (see section “Obesity”) and some human trials have
reported promising results (Cigaina, 2004; Favretti et al., 2004;
Yao et al., 2005; Liu et al., 2006a). The most comprehensive
study has used vagal nerve stimulation to provide a significant
benefit for obesity via the Maestro Rechargeable system or
VBLOC (Johannessen et al., 2017). A double-blinded randomized
controlled study with 53 subjects receiving the therapy and 31 in
a sham group has shown that vagal nerve stimulation resulted in
a significantly greater weight loss. At 12 months, the percentage
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TABLE 2 | Protocols used for gastric stimulation.

References Species Amplitude Pulse Width Frequency On/Off Period

Bilgutay et al., 1963 Human 7–10 mA 10 ms 50 Hz 5 s/55 s

Moran and Nabseth, 1965 Human 10 mA 10 ms 50 Hz 5 s/55 s

Familoni et al., 1997b Human 2 mA 0.3 ms 0.2 Hz Not specified

De Luca et al., 2004 Human 10 mA 0.208 ms 40 Hz 2 s/3 s

Abell et al., 2002 Human 5 mA 0.330 ms 14 Hz ∼0.07 s/∼5 s

Angeli et al., 2016 Human 5–19.2 mA 0.33, 0.45 ms 14–130 Hz 0.1–4 s/1–17 s

Ducrotte et al., 2020 Human 5 mA 0.33 ms 14 Hz 0.1 s/5 s

Grundfest-Broniatowski et al., 1990 Dog 2–15 mA 2–50 ms 6, 20 Hz Not specified

Familoni et al., 1997a Dog 2 mA 0.3 ms 0.075–0.5 Hz 30 min on

Qin et al., 2007 Rat 6 mA 0.3, 3 ms 14, 40 Hz 0.1, 2 s/3, 5 s

Tang et al., 2006 Rat 6 mA 0.3, 3 ms 20, 40 Hz 0.1, 2 s/3, 4.9 s

excess weight loss was 33% for those that received the VBLOC
therapy compared to 19% in the sham group (Morton et al.,
2016). Despite promising outcomes from these stimulation and
pacing approaches, further controlled studies are required to
establish reliability.

MATHEMATICAL MODELS

As described in section “Gastric Stimulation and Pacing,” a large
variation of stimulation or pacing parameters are used and there
is no consensus of parameters that result in the best functional
outcomes. Given the range of different gastric electrical
stimulation protocols and the inherent dynamic responses to
stimulation, a stable platform is required to optimize the
protocols in order to minimize the number of animal and human
subject trials. An in silico Virtual Stomach model is an attractive
strategy for systematically evaluating the electrophysiological
and functional responses to stimulation protocols (Cheng et al.,
2013; Du et al., 2013). Readers are encouraged to follow a
previous review of the state-of-art in multi-scale modeling
development of gastrointestinal electrophysiology (Corrias et al.,
2013; Du et al., 2018). However, there has been relatively limited
use of mathematical models to investigate the influence of
external stimulation.

One of the earliest modeling studies that investigated the
effects of gastric stimulation utilized a conoidal dipole model
of whole-organ gastric slow wave activity, and four rings of
stimulating electrodes (2 s bipolar trains of 50 Hz, 15 V)
were capable of entraining contractions in the distal region
of the stomach (Mintchev and Bowes, 1997). While the study
assumed a relatively simple geometry of the stomach, the
effects of the stimulation protocols were validated in canine
subjects. The conoidal model was then refined to incorporate
acetylcholine as the neurogenic pathway to drive mechanical
response to stimulation (Rashev et al., 2002). The simulation
results suggested that rectangular bipolar stimulating trains
are potentially more effective in depolarization of smooth
muscle cells because of the increased likelihood of matching
externally facilitated cell depolarization with invoked release of
acetylcholine (Rashev et al., 2002).

A series of automata or rule-based models were also developed
to investigate the effects of pacing or slow wave abnormalities
in dogs, pigs, and rats (Familoni et al., 2005; Du et al., 2009b;
Lammers et al., 2011). One of the key features of the rule-
based models was the ability to impose precise definitions of
the relative and absolute refractory periods so the expected
propagations and their responses to stimulation could be
simulated quickly and the system can be adopted to model
a closed-loop operation (Wang et al., 2020a). However, a
limitation of this approach is the plasticity of the response
of the individual automata, which means frequency dependent
responses to stimulation, such as frequency restitution cannot be
easily modeled (Wang et al., 2017).

Advances in computational power have enabled the
development of biophysically based models that are able to
more accurately represent the underlying physiology. These
models have been used to investigate the slow wave propagation
over detailed tissue block representations and the whole stomach
(Corrias et al., 2013; Du et al., 2018). A recent study has included
anatomically realistic representations of a human stomach and
fiber architecture to investigate pacing parameters on slow wave
entrainment (Sathar et al., 2015).

Vagal nerve stimulation has been shown to offer therapeutic
benefit for modulating gastric function (see section “Electrical
Conduction System of the Stomach”) (Payne et al., 2019; Ward
et al., 2020). However, mathematical models of the enteric
nervous system have largely focused on interaction with the small
intestine (Chambers et al., 2014; O’Sullivan-Greene et al., 2018).
By modeling vagal afferent signaling of intestinal inflammation,
O’Sullivan-Greene et al. (2018) showed that the information
delivered to the central nervous system can be predicted and
potentially be used in feedback control of stimulators. In order to
parameterize and personalize vagal stimulation models various
detailed physiological metrics may be required. One study has
investigated the influence of neurostimulation strategies for
enhancing small intestine motility patterns (Barth et al., 2017)
and determined that stimulation at 0.5 Hz was effective in
modulating the intrinsic pacemaker activity of ICC, increasing
peristalsis, and reducing overall colonic transit time. Translating
these methods to the stomach and incorporating it into patient-
specific stimulator may allow for improved benefit.
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FUTURE DIRECTIONS AND
CONCLUSION

Significant advances have been made in our understanding of the
mechanisms underlying gastric motility since the first electrical
recordings reported in the 1920s (Alvarez, 1922c). Significant
research has also been devoted to the application of electrical
stimuli to modulate gastric function. However, gaps remain in
our knowledge and clinical acceptance remains limited (Yin and
Chen, 2008; Paskaranandavadivel et al., 2020).

Recently, significant research programs have been initiated by
the NIH, DARPA and companies to address these short comings
(Reardon, 2014; Waltz, 2016). The SPARC program initiated by
the NIH2 has a primary goal to transform our understanding
of nerve-organ interactions to advance bioelectronic medicine
in a number of organ systems. In the following sections, we
discuss possible future directions for gastric stimulation and
pacing, modeling efforts as well as other applications in the
gastrointestinal tract. It is expected that techniques can be readily
translated to other sections of the gastrointestinal tract and organ
systems (Avci et al., 2020).

Future Directions for Stimulation and
Pacing
Electrical stimulation and pacing techniques have been
successfully applied to treat a number of conditions, with
cardiac electrophysiology disorders being the most noted.
A number of key challenges need to be addressed before
electrical stimulation and pacing can be more widely applied
clinically to treat gastrointestinal disorders. Most importantly,
there have been limited randomized controlled trials that have
carefully evaluated the efficacy of various approaches.

As discussed in section “Gastric Stimulation and Pacing,” there
remains a wide variety of stimulation and pacing protocols.
In addition, there is variability in the electrode types and
electrode placements used. Greater certainty in “optimal” pulse
parameters and electrode placements would help to standardize
methods. However, it is likely that parameters will need to
be specifically personalized for individual subjects prior to
implantation and improved selection of patients that will
response to such treatments will help to improve overall response
rates (Abell et al., 2011).

To achieve this, methods to sense and stimulate the stomach
which do not require surgical intervention have also been
investigated. Such approaches have already been applied to the
Enterra Therapy, whereby a temporary stimulation phase can
be trialed to tune parameters and evaluate outcomes prior to
eventual stimulator implantation (Ayinala et al., 2005; Abell
et al., 2011). Studies have also placed electrodes endoscopically
to record the slow wave activity from the mucosal surface
of the stomach for up to 5 days (Coleski and Hasler, 2004;
Paskaranandavadivel et al., 2019). Attempts have also been made
to develop miniature, wireless stimulators that can be deployed
endoscopically on the mucosal surface, avoiding the need for

2https://sparc.science/

surgical implantation (Deb et al., 2012; Kim et al., 2020). Trials
have proven successful on pigs, and these techniques await
clinical translation.

Entrainment mapping techniques described in section “High
Resolution Slow Wave Mapping” show great promise for
quantifying the efficacy of pacing techniques to alter slow wave
patterns. However, to date, they have only been evaluated in
short term studies in pigs (O’Grady et al., 2010b). More detailed
evaluation in human subjects with functional motility disorders
are urgently needed, as well as evaluation in conjunction with
gastric function.

Future Directions for Modeling
Mathematical models provide an ideal technique to test
hypotheses and aid in the interpretation of experimental
recordings. Modeling techniques have been widely used in the
cardiac field (Pullan et al., 2003; Henriquez, 2014). Over the years,
detailed mathematical models of cardiac activity that bridges
cellular, tissue and organ level activity have been developed (Trew
et al., 2006). These models have been instrumental for guiding the
development on new drugs and therapies (Brennan et al., 2009;
Bear et al., 2018).

Mathematical models of gastric slow wave activity are also
maturing rapidly (Cheng and Farrugia, 2013; Cheng et al.,
2013; Du et al., 2013). However, the use of mathematical
modeling to study other aspects of the stomach, such as neural
regulation, biomechanics and luminal flow patterns is relatively
new. A number of ICC and smooth muscle cell models have
been developed to simulate normal and abnormal function (Lees-
Green et al., 2011; Mah et al., 2020). Anatomically realistic models
have been developed over which slow wave function can be
simulated (Cheng et al., 2007, 2013). More recently, mathematical
models have provided key insights into how intrinsic slow wave
frequencies, tissue conductivities and external stimuli influence
the initiation, maintenance and termination of gastric slow wave
re-entry (Gizzi et al., 2010; Du et al., 2014). As discussed in section
“Mathematical Models,” further models incorporating enteric
nervous system function are required, along with integration with
existing models of slow wave activity.

The use of biomechanics to model stomach function is an
emerging research area (Brandstaeter et al., 2019). This is in
part due to the large deformations that the smooth muscle can
undergo and the relatively complex shape and regional variation
of the stomach. Most studies on the gastrointestinal tract have
focused on modeling the biomechanics of the esophagus and
small intestine, possibly due to their simpler uniform tubular
structure (Gregersen and Kassab, 1996; Kou et al., 2017).
A limited number of studies have investigated the passive and
active mechanical properties of the stomach wall (Jia et al.,
2015; Aydin et al., 2017; Tomalka et al., 2017). However, further
studies are required to investigate the variation in different
regions of the stomach and in different species (Bauer et al.,
2020). The most comprehensive anatomically realistic stomach
model incorporated electro-mechanical coupling, with explicit
representation of ICC and smooth muscle cell activity (Klemm
et al., 2020). Mechanic-electrical feedback-mechanism was also
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included that takes into account the mechanical response due to
stretch of the stomach wall.

Computational fluid dynamics (CFD) models provide a
method to interpret and quantify the consequences of gastric
motility patterns. Significant advances have been made since the
initial two-dimensional models were developed (Pal et al., 2004,
2007). Subsequently, anatomically realistic three-dimensional
models have been introduced and the influence of enhanced
contraction patterns in the distal antrum were investigated
(Ferrua and Singh, 2010; Berry et al., 2016). Most recent
models have incorporated gastric emptying into the models
(Harrison et al., 2018; Ishida et al., 2019). Despite significant
advances in CFD models, a number of challenges remain
(Brandstaeter et al., 2019). All models to date, have utilized
idealized and simplified representations of the stomach anatomy
and contraction patterns. More advanced models have used
experimental slow wave data to derive contraction patterns,
although these remain relatively simplified (Berry et al., 2016;
Ishida et al., 2019). Most models assume a rigid wall that
deforms in a pre-determined manner. In addition, to reduce
the complexity of the stimulations, the contents of the stomach
assume simple fluids and generally do not attempt to model
the breakdown of solid particles. Only a few models have
attempted to model gastric emptying, in part because the
interaction between the gastric contractions and pylorus function
is poorly understood (Imai et al., 2013; Yokrattanasak et al.,
2016). Recent MRI studies have shown the ability to accurately
capture dynamic data from the stomach (Bharucha et al., 2011;
Lu et al., 2017; Menys et al., 2019). This data provides the
opportunity to incorporate more realistic boundary conditions
for CFD modeling and provide an integrated understanding
of the complex interactions between gastric motility patterns,
mixing and emptying (Hosseini et al., 2020).

CONCLUSION

Since initially being proposed in the 1960s, significant advances
have been made towards the use of electrical therapies for
modulating gastric function. However, widespread clinical usage
remains limited when compared to the large number of therapies
approved to treat cardiac electrophysiology disorders. A number
of key challenges remain to be addressed. These include
the development of methods to reliably quantify functional
responses to electrical therapies, and the convergence of the
range of pacing and stimulation protocols that are able to
sustain long-term responses. The use of mathematical modeling
techniques has the potential to help reduce the number of
pulse parameters that need to be tested and optimized in
animal and clinical trials. The customization of therapies to a
specific individual may also help to provide improved long-
term outcomes.
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Background: Visceral hypersensitivity (VH) is one of the underlying pathophysiologies
of irritable bowel syndrome. Mast cell overactivation has been found to be one of the
main causes of VH. We investigated the effects and mechanisms of actions of sacral
nerve stimulation (SNS) on visceral pain in a rodent model of VH.

Methods: The VH was established by an intrarectal infusion of AA in 10-day-old pups.
Rats were chronically implanted with electrodes for SNS and recording electromyogram
(EMG) and electrocardiogram. The acute study was performed in 2-randomized
sessions with SNS (14 Hz, 330 µs, 40% motor threshold or MT, 30 min) or sham-
SNS. Later on, rats were randomized into SNS/sham-SNS groups and a chronic study
was performed with 2 h-daily SNS or sham-SNS for 21 days. Visceromotor reflexes were
assessed by abdominal EMG and withdrawal reflex (AWR). Colon tissues were collected
to study colonic acetylcholine (ACh), the enteric neurons (ChAT, nNOS, and PGP9.5),
mast cells activity [Tryptase, prostaglandins E2 (PGE2), and cyclooxygenases-2 (COX2)]
and pain markers [nerve growth factor (NGF) and Sub-P].

Key Results: Sacral nerve stimulation significantly improved visceromotor reflexes
assessed by the EMG and AWR, compared with sham-SNS. SNS normalized
the protein expressions of ChAT and nNOS and regulated mast cells activity by
downregulating Tryptase, COX2, and PGE2. Neonatal AA administration upregulated
NGF and Sub-P; chronic SNS significantly decreased these pain biomarkers.
Concurrently, chronic SNS increased ACh in colon tissues and vagal efferent activity.

Conclusions: Sacral nerve stimulation reduces VH in rats and this ameliorating effect
might be attributed to the suppression of mast cell overactivation in the colon tissue via
the modulation of autonomic nervous system functions.

Keywords: sacral nerve stimulation, visceral hypersensitivity, enteric neurons, mast cells, autonomic functions

INTRODUCTION

Visceral pain is a complex disorder sensed by internal organs which is by far the most common
type of complaint in gastrointestinal (GI) diseases (Pusceddu and Gareau, 2018). It exerts massive
pressure on the healthcare system and impacts the overall quality of life in patients (Hungin et al.,
2003; Pusceddu and Gareau, 2018). Most abdominal pain is due to the functional GI disorders,
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such as irritable bowel syndrome (IBS) and functional dyspepsia
(Locke et al., 1997). The most prevalent form of visceral pain is
attributed to IBS which affects 3–22% of the general population
(Boyce et al., 2000).

Several elements contribute to the pathophysiologies of IBS,
such as dysmotility, visceral hypersensitivity (VH), increased
intestinal permeability and psychological stress (Whorwell, 2015;
Lee and Lee, 2016). However its pathogenesis is still poorly
understood, and the treatment outcome is not satisfactory.
Low-grade inflammation has been shown to be one of the
causes of IBS (Ohman and Simren, 2010) which involves
the enteric nervous system (ENS) and immune cells, such as
mast cells with direct cross-interactions on each other (De
Winter et al., 2012; Karhausen et al., 2013; Jin et al., 2017;
Lennon et al., 2018). More attentions have been drawn to
the roles of mast cells in GI functions. Mast cells within the
GI tract regulate nociception, innate and adaptive immunity,
vascular and epithelial permeability, peristalsis, ion secretion,
fibrosis and also tissue repair (Bischoff and Kramer, 2007;
Boeckxstaens, 2018). Moreover, mast cells can serve as an end
effector and release several mediators such as Tryptase/histamine,
prostaglandins E2 (PGE2), tumor necrosis alpha (TNF-α) to
provoke inflammation, change the permeability (De Winter
et al., 2012) and induce VH (Jacob et al., 2005). Hyperplasia
and overactivation of the mast cells were shown to induce
the main hallmark symptoms of IBS such as abdominal pain,
discomfort, bloating and abnormal bowel functions (O’Sullivan
et al., 2000; Robles et al., 2019). Compelling evidence has
shown that mast cells might be involved in the generation
of IBS symptoms, particularly VH (Boeckxstaens, 2018).
Targeting mast cells to improve VH has partially exhibited
good efficacy in symptom improvement. Accordingly, a more
comprehensive approach in treatment is necessary (Camilleri,
2013; Boeckxstaens, 2018).

Electrical stimulation of the peripheral nervous system
has been proposed for reducing inflammation and pain in
some GI diseases (Locke et al., 1997; Hungin et al., 2003;
Whorwell, 2015; Pusceddu and Gareau, 2018), and as such
sacral nerve stimulation (SNS) has been approved by the FDA
for treating fecal incontinence and overactive bladder (Thin
et al., 2013). In a series of animal studies, we have also
shown that SNS with appropriate parameters could improve
several other GI dysfunctions, such as delayed colonic transit
(Peters et al., 2007) and bowel mucosal inflammation (Falletto
et al., 2009; Lundby et al., 2011; Jiang et al., 2019b; Tu
et al., 2020b). Few studies explored the potential of SNS for
VH in animal models (Fassov et al., 2014; Langlois et al.,
2015; Jiang et al., 2019a). However, the mode of action needs
to be more elucidated. Jiang et al. (2019b) demonstrated
that SNS with appropriate parameters could improve VH
via the autonomic pathway. While we have also shown that
SNS could ameliorate the colonic permeability in animal
mode of IBD (Tu et al., 2020b), its mechanisms of action
involved in the ameliorating effect of SNS on VH needs
further investigation. Thus, in this study, we induced VH by
administrating acetic acid (AA) in a neonatal stage, which is
a widely accepted IBS animal model. We hypothesized that

SNS could ameliorate VH by reducing mucosal mast cell
overactivity mediated via the autonomic pathway. The aim
of this study was to show that SNS could suppress visceral
pain (assessed by visceromotor reflexes) by modulating enteric
neurons and regulating mast cells activity in a rodent model
of AA-induced VH.

MATERIALS AND METHODS

Animals and Ethics Statement
We used a total number of 20 male Sprague-Dawley (SD) rats
in this study in accordance with the guidelines of the Johns
Hopkins University for the Care and Use of the laboratory
Animals (ACUC’s approved protocol #RA17M292). Six-day-old
pups (Charles River, United States) were housed in one cage
with one mother and weaned when they were 4 weeks old. The
animal room was under controlled conditions with regulated
temperature (20–22◦C), 50% humidity, and a 12-h light/12-h
dark cycle and free access to water and solid food ad libitum.

The rats were randomized into three groups: SNS group
(n = 6), sham-SNS group (n = 6) and control group (n = 8).
The animal model of VH was stablished according to previous
studies (Al-Chaer et al., 2000; Yin et al., 2010b). Briefly,
at the age of 10 days old, the pups in SNS and sham-
SNS groups received an infusion of 0.2 ml of 0.5% AA
solution in saline (0.09%) into the colon 2 cm from the anus.
The control group received only saline using the identical
administration method. The rats in the SNS and sham-SNS
groups underwent all surgical and experimental procedures
outlined in Figure 1. The control rats were only subjected to
the electromyogram (EMG)/abdominal withdrawal reflex (AWR)
and blood sample collected at Week 10 and Week 13 and colon
tissue collection at Week 13.

Surgical Procedure
The surgical procedure was performed during 8–9 weeks of
age for implanting electrodes for three purposes: (Pusceddu
and Gareau, 2018) SNS, (Hungin et al., 2003) recording
electromyography (EMG) and (Locke et al., 1997) recording
electrocardiogram (ECG).

SNS Electrodes Implantation
Rats were anesthetized with 2% isoflurane (Abbott Laboratories,
Abbott Park, IL, United States) with a 1–2 liter/min oxygen
flow. In our previous study, we showed that unilateral but
not bilateral SNS improved the inflammation in colitis (Zhang
et al., 2020). Therefore, in this study we used unilateral SNS
on right sacral nerve of S3 to investigate the possible analgesic
effects of SNS. Briefly, as we reported previously (Jiang et al.,
2019b; Tu et al., 2020b), a dorsal midline incision was made to
expose the right sacral nerve. One pair of electrodes (Cardiac
pacing wire, A&E Medical, Farmingdale, NJ, United States) were
placed around the right sacral nerve (S3) behind the sacral
foramen and fixed by a surgical knot (oval cathode 2–3 mm
in length in each electrode). To isolate the exposed wires from
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FIGURE 1 | Experimental design and the effects of acute and chronic SNS and sham-SNS on visceral hypersensitivity. EMG and AWR were assessed using
colorectal distention test in hypersensitive and control (normal rats). Animal groups are presented by numbers.

the adjacent tissues, we used the dental cement on the wires
(Griffin et al., 2011).

EMG Electrodes Implantation
An oblique incision was made on the abdominal skin and the
tips of two cardiac pacing wires (A&E Medical, Farmingdale, NJ,
United States) were implanted at the external oblique muscles in
the lower left abdomen to record EMG (Jiang et al., 2019b).

ECG Electrodes Implantation
Electrodes were implanted for recording the ECG for measuring
heart rate variability (HRV). Briefly, three electrodes (A&E
Medical, Farmingdale, NJ, United States) were implanted
subcutaneously (two of them under the skin in the chest wall
of the chest, and the other one under the skin of abdomen).
In order to do that, three skin incisions were made, and the
tips of three cardiac pacing wires (A&E Medical, Farmingdale,
NJ, United States) were implanted at muscles, underneath the
incision sites. All abovementioned electrode connecting wires
were subcutaneously tunneled through the back and externalized
at the back of neck. The skin incisions were closed with sutures.

Control and sham-SNS animals underwent the same surgical
procedures for the placement of electrodes. The rats were given a
7-day recovery following the surgery.

Experimental Protocols
In this study, the experiments were accomplished at two
different steps. In the first step, we validated the success of
VH in our animal model. Then, acute and chronic SNS were
performed with electrical current produced by a universal
pulse generator (Model DS8000, World Precision Instruments,
Sarasota, FL, United States) through the chronically implanted
SNS electrodes. The experimental design is shown in Figure 1
and described as follows.

Measurement of Visceromotor Reflexes
The EMG of external oblique muscles as well as AWR were
assessed in response to the colorectal distention (CRD) for

assessing visceromotor reflex, as previously reported (Al-Chaer
et al., 2000; Jiang et al., 2019b).

Recording and Measurement of EMG
Under a mild anesthesia with 1% isoflurane, a 5 cm-flexible
balloon (made from a finger of a surgical glove) attached to a
Tygon tube was inserted into the rat anus and advanced for about
8 cm from anal verge to the descending colon and held in place
by taping the tube to the tail. Rats were allowed to adapt for
30 min in a small Lucite cubicle (20 × 8 × 8 cm) before the CRD
test. An EMG100C amplifier (MP100, BIOPAC Systems, Inc.,
Santa Barbara, CA, United States) was used to record the EMG
signal during the whole process (before, during and after CRD).
To test the visceromotor reflex via the EMG, the balloon was
rapidly inflated to a constant pressure of 20, 40, 60, and 80 mmHg
determined by a sphygmomanometer. Each distention lasted for
20 s and was followed by a 2 min rest (pressure at 0 mmHg).
Then the distention was repeated for one more time. The EMG
signals were amplified and digitized at a frequency of 2000 Hz
using the accompanying software (ACQKNOWLEDGE, BIOPAC
System, Inc., Santa Barbara, CA, United States). The area under
the curve (AUC) of the EMG signal during each 20 s of distention
was calculated using an in-house written computer program.
Meanwhile, the AUC of the EMG 20 s before, 20 s during and 20 s
after each distention were calculated. The change of the EMG at
each distention pressure was calculated by the AUC during the
distention subtracting the mean value of the AUC before each
distention. The final results were presented by the mean value of
the EMG change in 2 repeated sessions (Yin et al., 2010b).

Recording and Measurement of AWR
The AWR was assessed by two colleagues who were blinded to the
study protocol. It was assessed simultaneously during the graded
CRD for the EMG recording and scored from 1 to 4 as follows:
1: no behavioral response to CRD; 2: contraction of abdominal
muscles; 3: lifting of abdomen; and 4: body arching and lifting of
pelvic structures (Al-Chaer et al., 2000).
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Assessments of Autonomic Functions
Recording and Measurement of Heart Rate Variability
As shown in Figure 1, the ECG was recorded before the
initiation of chronic SNS (week 10) and at the end of the
treatment (week 13) for 30 min period in the fasting state
using a special one-channel amplifier with a cutoff frequency
of 100 Hz (Fetrode Amplifier, model 2283 ft/I, UFI, Morro
Bay, CA, United States). An HRV signal was derived using a
previously validated software (Yin et al., 2010a) by identifying R
waves, calculating R-R intervals, interpolating the R-R interval
data and sampling at a frequency of 8 Hz. The overall power
spectrum of the HRV signal was then calculated and the total
power in each of 2 frequency sub-bands was assessed, including
low frequency (LF) and high frequency (HF) (Yin et al., 2010a).
The power in the LF band (0.3–0.8 Hz) represents mainly
sympathetic activity and the power in the HF band (0.8–
4.0 Hz) stands purely for vagal activity (Tu et al., 2020c). The
ratio LF/HF reflects the balance between sympathetic activity
and vagal activity.

Measurements of Endocrine Hormones,
Norepinephrine and Pancreatic Polypeptide
Blood samples were drawn in the fasting state before the
initiation of chronic SNS (week 10) and at the end of
the treatment (week 13, see Figure 1). Plasma pancreatic
polypeptide (PP) (CSB-E12747r, CUSABIO, United States)
and norepinephrine (NE) (ab47831, Abcam, Cambridge,
United Kingdom) were measured by ELISA, according to the
manufacturer’s protocols.

Measurement of Acetylcholine Release in Colon
At the end of experiment, colonic acetylcholine (ACh) was
measured as described previously (Tu et al., 2020b) in all
rats, including the control rats. Briefly, the colonic tissues
were dissected, and the mucosal layer was scarped on an
ice-cold dish with clean tools as quickly as possible to
prevent degradation by endogenous proteases. Tissue samples
were homogenized in 0.01 M PBS using a glass tissue
homogenizer and centrifuged at 5,000 × g for 10 min.
The resulting supernatants were collected, and the protein
concentrations were measured using the Bradford Protein
Assay (Bio-Rad). The content of ACh in colonic tissue
samples was assessed using an ACh assay kit (Abbexa Ltd.,
Catalog No abx051982) according to the manufacturer’s protocol
(Sun et al., 2013).

Validation of Animal Model of Visceral
Hypersensitivity
This experiment (marked as “VH validation” in Figure 1) was
performed to validate if the VH model was induced successfully.
The AA-treated rats (n = 12) and saline-treated controls (n = 8)
were tested 8 weeks after AA or saline administration. The EMG
and AWR were recorded and analyzed at baseline and during
CRD at different pressures (20, 40, 60, and 80 mmHg). The AWR
was graded at the same time by two colleagues who were blinded
to the study protocols.

Effect of Acute and Chronic SNS on
Visceral Hypersensitivity
In this experiment, we investigated if acute SNS was able to
improve the visceromotor reflexes in AA-treated rats and then,
how chronic SNS might have ameliorating effects in the AA-
treated rats. During week 9 (marked as “acute study” in Figure 1),
all 12 AA-treated rats were subjected to two randomized sessions
of SNS or sham-SNS with an interval of 3 days. In each session,
the EMG and AWR were simultaneously recorded immediately
after 30-min SNS (14 Hz, 330 µs, 40% motor threshold or MT)
(Jiang et al., 2019b) or sham-SNS (identical with SNS except there
was no actual stimulation). The MT was defined as the lowest
level of SNS capable of causing a contraction in the tail muscle
that can be seen by bare eyes (Tu et al., 2020b).

In the chronic study, the 12 AA-treated rats were randomized
into SNS group (n = 6) and sham-SNS group (n = 6). The SNS
group (n = 6) received daily SNS (14 Hz, 330 µs, 40%MT, 2 h)
for 3 weeks, whereas, the sham-SNS group (n = 6) received
daily sham-SNS (identical with SNS except there was no actual
stimulation). Following measurements were made sequentially
(see Figure 1) in the fasting state before and after the chronic
treatment: after, the collection of blood samples from tail vein,
a 30-min ECG recording (for HRV) was made and then the EMG
and AWR responses to CRD were simultaneously assessed. The
control group (n = 8) received no treatment.

At the end of the entire study, all animals (including
controls) were sacrificed, and colon tissues were collected for the
mechanistic assessment.

Mechanisms of Chronic SNS on Visceral
Hypersensitivity
At the end of the study, all rats terminated by an overdose of
isoflurane (adjusting the isoflurane flow rate to 5% until breathing
stopped) and opening the abdominal cavity and chest for tissue
collection. Colon tissue samples (middle third: 8–12 cm proximal
to the anus as total length of 4 cm) were collected for assessing
key biomarkers in ENS (PGP9.5, ChAT, and nNOS) as well as
mast cells [Tryptase, PGE2, and cyclooxygenases-2 (COX2)] and
pain markers [nerve growth factor (NGF) and Substance-P] by
western blot (WB).

Western Blot Analysis
The colon tissue samples were lysed in a RIPA buffer containing
a 2% phosphatase-inhibitor (Thermo Fisher Scientific, Waltham,
MA, United States) and a 1% mammalian-protease inhibitor
(Sigma-Aldrich). 50 µg of extracted proteins were run a
single track of 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE), and the separated proteins were
transferred electrophoretically onto cellulose membranes. The
membranes were blocked in 5% non-fat dry milk for 60 min, and
then incubated with primary antibodies against nNOS (1:1000;
Cell Signaling, Boston, MA, United States), Sub-P (1:100; Novus
biologicals, Centennial, CO, United States), ChAT (1:100), NGF
(1:200), COX2 (1:300), Tryptase (1:500), PGP9.5 (1:1000) and
GAPDH (1:10,000) (all Abcam, Cambridge, United Kingdom),
and PGE2 polyclonal antibody (1 : 200; Bioss Inc., Woburn,
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MA, United States) (Chia et al., 2017) overnight at 4◦C. The
membranes were washed 3× with TBS-T (TBS mixed with
0.1% Tween-20) and then, they were incubated with ECL
AP-conjugated anti-rabbit/mouse IgG (1:3,000; GE Healthcare,
United Kingdom) for 90 min in room temperature. Quantitative
western blot results were obtained by densitometric analysis
using image processing and analysis in Java (Image J, NIH,
Bethesda, MD, United States). The percent change of relative
intensity was calculated against control samples.

Statistical Analysis
All results are expressed as mean ± SE. Differences between
multiple groups were evaluated by Analysis of variance (One-
way or Two-way ANOVA). For EMG and AWR, Two-way
ANOVA was used to compare the difference between baseline
and animal model of IBS or after treatments. While One-way
ANOVA was used for HRV and ACh, Student’s unpaired t-test
was performed for NE/PP and western-blot. P value ≤ 0.05 was
considered significant. All statistical analysis was performed by
using GraphPad Prism 8.3.

RESULTS

Acetic Acid Induced Visceral
Hypersensitivity
In order to carry out the SNS experiment, firstly we validated if
VH was induced successfully in rats treated with AA. Compared
with the control (n = 8) rats, the abdominal visceromotor (EMG)
and AWR were increased significantly in the AA-treated rats
(n = 12) responding to CRD. The area under the curve of
EMG in the AA-treated rats was increased from 5.32 ± 0.92 to
13.92 ± 0.1; 10.44 ± 1.7 to 20.8 ± 1.8; 15.3 ± 1.9 to 30.8 ± 2.3;
and 18.86 ± 1.6 to 36.32 ± 3.08 compared to the control at
20, 40, 60, and 80 mmHg CRD, respectively (Figures 2A,C,D,
p < 0.03; Two-way ANOVA, Bonferroni). AWR scores in the
AA-treated rats were increased from 1.31 ± 0.09 to 3.5 ± 0.1;
2.25 ± 0.13 to 3.9 ± 0.05; 2.75 ± 0.12 to 4.0 ± 0.0; and
3.12 ± 0.08 to 4.0 ± 0.0 compared to the control rats at 20, 40,
60, and 80 mmHg CRD, respectively (Figure 2B, p < 0.001; Two-
way ANOVA, Bonferroni). Thus, it was confirmed that VH was
induced successfully in AA-treated rats.

Ameliorating Effects of Acute SNS on
Visceromotor Reflexes
As shown in Figure 1, following the validation of our animal
model of VH, we tested the effects of acute SNS (14 Hz, 330 µs,
40%MT, 30 min) or sham-SNS on EMG and AWR during CRD.
Acute SNS significantly reduced EMG and AWR in AA-treated
rats compared to the sham-SNS. SNS was able to decrease the area
under the curve of EMG by 41.81% (13.26 ± 0.91 to 7.71 ± 0.34),
51.0% (20.29 ± 1.52 to 9.95 ± 0.67), 48.12% (27.91 ± 1.93 to
14.48 ± 1.53), and 52.6% (31.7 ± 2.88 to 15.02 ± 0.71) at 20, 40,
60, and 80 mmHg CRD, respectively compared to the sham-SNS
(Figure 3A, n = 12, p < 0.05; Two-way ANOVA, Bonferroni).
Similarly, AWR scores were also decreased by 23.66% (3.37 ± 0.1

to 2.5 ± 0.1), 26.3% (3.95 ± 0.04 to 2.91 ± 0.08), 21.87% (4.0 ± 0.0
to 3.12 ± 0.1), and 12.5% (4.0 ± 0.0 to 3.5 ± 0.1) at 20, 40,
60, and 80 mmHg CRD, respectively compared to the sham-SNS
(Figure 3B, n = 12, p < 0.001; Two-way ANOVA, Bonferroni).
However, it can be seen from the figure that the AWR was a
less sensitive measure of visceromotor reflexes as its score almost
reached the maximum at CRD of 40 mmHg.

Mechanisms of Chronic SNS on Visceral
Hypersensitivity
Chronis SNS was performed for 2 h/day for a period of 3 weeks
with the same parameters. The EMG and AWR were recorded
during CRD before and after the chronic SNS. Meanwhile, we
collected blood and recorded the ECG to assess the effects of
chronic SNS on the autonomic system function (experimental
design: Figure 1).

Chronic SNS Ameliorated Visceromotor Reflexes in
Visceral Hypersensitive Rats
Compared to the sham-SNS, chronic SNS decreased the area
under the curve of EMG by 49.17% (12.1 ± 1.57 to 6.15 ± 0.88),
66.5% (20.73 ± 2.59 to 6.94 ± 0.69), 63.76% (27.18 ± 1.5
to 9.85 ± 1.5), and 65.08% (33.3 ± 3.39 to 11.64 ± 1.38) at
20, 40, 60, and 80 mmHg CRD, respectively (Figures 3C,E–G,
p < 0.04; Two-way ANOVA, Tukey). EMG in sham-SNS group
but not in SNS was significantly higher compared with control
group. AWR scores were also reduced by 50.0% (3 ± 0.18
to 1.5 ± 0.18), 46.51% (3.58 ± 0.15 to 1.92 ± 0.08), 33.3%
(3.75 ± 0.11 to 2.5 ± 0.18), and 29.16% (4 ± 0 to 2.83 ± 0.1)
at 20, 40, 60, and 80 mmHg CRD, respectively compared to the
sham-SNS (Figure 3D, p < 0.02; Two-way ANOVA, Tukey).
Interestingly, chronic SNS was able to normalize both EMG
and AWR at different pressure of CRD, comparable to the
normal rats (control).

Chronic SNS Improved the Autonomic Nervous
System Functions
Autonomic nervous system functions were measured via
assessing the HRV derived from the ECG as well as measuring the
release of endocrine hormones of NE and PP in the blood drawn
from vein (Figure 4).

The heart rate variability derived from ECG
As shown in Figure 4A, following 3-week treatment, SNS
could significantly decrease the sympathetic activity (LF) from
0.41 ± 0.05 to 0.34 ± 0.04 (p < 0.05) compared to the sham-SNS.
On the other hand, chronic SNS increased the vagal activity (HF)
from 0.59 ± 0.05 to 0.66 ± 0.04 (p < 0.05). LF and HF showed
no changes in value in our animal model of VH compared to
the control (p > 0.05). 3-week chronic SNS, could significantly
reduce LF/HF value compared to the control and sham-SNS
groups (SNS: 0.51 ± 0.08, sham-SNS: 0.66 ± 0.024, baseline:
0.69 ± 0.03; p < 0.001; One-Way ANOVA, Tukey).

Endocrine hormones of NE and PP
Sympathetic (norepinephrine, NE) and vagal (pancreatic
polypeptide, PP) endocrine hormones, were measured by
Elisa, before and after the chronic treatment in both SNS and
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FIGURE 2 | Validation of animal model of visceral hypersensitivity (IBS model). EMG and AWR were assessed using colorectal distention test in hypersensitive
(n = 12) and control (normal) rats (n = 8). (A,C,D) EMG in acetic acid-treated rats were significantly higher at 20, 40, 60, and 80 mmHg than control (*p < 0.03,
**p < 0.005, ****p < 0.0001; Two-way ANOVA, Bonferroni). (C,D) Representative EMG examples of control (C) and IBS (D) rats at 20, 40, 60, and 80 mmHg. Each
CRD was carried out for 20 s. (B) AWR scores in acetic acid-treated rats were significantly higher at different colorectal distention pressures compared to the control.
Values were represented as the means ± SE, (****p < 0.0001; Two-way ANOVA, Bonferroni). IBS: inflammatory bowel disease; EMG: electromyogram; AWR:
abdominal withdraw reflex; AUC: area under the curve; CRD: colorectal distention.

sham-SNS groups. As shown in Figures 4B,C, while plasma
NE was significantly decreased compared to the sham-SNS, PP
conversely increased after the 3-week SNS treatment. While SNS
notably increased the PP value from 63.6 ± 5.09 pg/ml in sham-
SNS to 83.33 ± 5.83 pg/ml in SNS treatment group (p < 0.03;
Student t-test), plasma NE was reduced from 0.53 ± 0.05 ng/ml
in sham-SNS to 0.36 ± 0.059 ng/ml in SNS treatment group
(p < 0.05; Student t-test).

ACh release in colon tissue
Acetylcholine is known to play an important role in the
cholinergic anti-inflammatory pathway. AA administration
induced endogenous increase of ACh in colon tissue (sham-SNS:
32.48 ± 2.80) compared with the control group (normal rats)
(17.80 ± 1.48) (p < 0.05; One-Way ANOVA, Tukey). Despite
this, the SNS treatment increased further the ACh release in

SNS group (51.06 ± 9.20) (p = 0.04, vs. sham-SNS, respectively;
One-Way ANOVA, Tukey) (Figure 5).

Restoring Effects of Chronic SNS on Enteric Nervous
System Functions
After a 3-week SNS or sham-SNS treatment, rats were sacrificed,
and the middle third of the colon was harvested to investigate the
treatment impacts on neuronal as well as pain related biomarkers.
Normal rats were used as control.

ENS markers: ChAT, nNOS, and PGP9.5
Figure 6 shows the protein expression of ChAT, nNOS,
and PGP9.5 in colon tissues of all treatment groups. The
neonatal AA treatment induced adverse effects in the protein
expressions of ChAT, nNOS, and PGP9.5 in the rats that
were not treated with chronic SNS. While the AA treatment
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FIGURE 3 | The effects of acute and chronic SNS and sham-SNS on visceral hypersensitivity. EMG and AWR were assessed using colorectal distention test in
hypersensitive and control (normal rats). (A,B) Effects of acute SNS (14 Hz, 330 µs, 40% motor threshold, 30 min) on EMG and AWR of SNS and sham-SNS groups
(n = 12). In animal model of hypersensitivity, EMG and AWR were significantly lower in SNS-treated rats compared to sham-SNS (*p < 0.05, ***p < 0.001,
****p < 0.0001; EMG: Two-way ANOVA, Bonferroni). (C,D) Effects of chronic SNS (14 Hz, 330 µs, 40% motor threshold, 3 weeks, 2 h/day, n = 6) on EMG and AWR
of SNS and sham-SNS groups (n = 6). Chronic SNS significantly reduced the EMG and AWR compared to sham-SNS and normalized the values comparable to the
control (n = 8) (*p < 0.02, **p < 0.002, ***p < 0.003, ****p < 0.0001; Two-Way ANOVA, Tukey). (E–G) EMG tracing of CRD at 80 mmHg for 20 s in control,
sham-SNS and SNS groups following chronic treatment. Values were represented as the means ± SE. AA, acetic acid; SNS, sacral nerve stimulation; HRV, heart
rate variability; WB, western blot; IHC, immunohistochemistry; EMG, electromyogram; AUC, area under the curve; AWR, abdominal withdraw reflex; CRD, colorectal
distention.

decreased the protein expression of ChAT by 50.29% in the
sham-SNS group (p = 0.009 vs. control); SNS was able to
normalize the expressions of this protein (p = 0.002 vs.
sham-SNS; p > 0.05 vs. control) (Figures 6A,E). Conversely,
nNOS protein expression that was upregulated more that 2-
folds in the sham-SNS group (p = 0.0002 vs. control), was
significantly diminished by the SNS treatment (p = 0.01 vs.
sham-SNS; Student t-test) (Figures 6B,F). On the other hand,
as shown in Figures 6C,G, the protein expression of PGP9.5
was downregulated by almost 33.1% in the sham-SNS group
compared to the control (p = 0.046; Student t-test), however,
chronic SNS was not able to alter its expression after a 3-week
treatment (Figures 6C,G).

Molecular Mechanisms of SNS on Visceral Sensation
Mast cell markers: PGE2, COX2, and Tryptase
As shown in Figure 7, the neonatal AA treatment upregulated
the protein expressions of PGE2, COX2 and Tryptase in the
colon tissues in sham-SNS group compared to the control (all
p ≤ 0.03; One-Way ANOVA, Tukey). Interestingly, SNS was
able to normalize these protein expressions comparable to the
control (PGE2: p = 0.016, COX2: p = 0.021, Tryptase: p = 0.03
vs. sham-SNS, respectively; Student t-test).

Pain markers: NGF and substance-P
As shown in Figure 8, the neonatal AA treatment upregulated
the protein expressions of NGF and Sub-P more than two-folds
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FIGURE 4 | Effects of chronic SNS and sham-SNS on autonomic functions. (A) Upper panel shows the effects of chronic SNS and sham-SNS on vagal and
sympathetic activities of visceral hypersensitive rats. HF and LF were measured by heart rate variability derived from ECG recording. HF (0.8–4.0 Hz) represents vagal
activity, while LF (0.3–0.8 Hz) represents sympathetic activity. LF/HF ratio reflects the balance between sympathetic and vagal activity. Chronic SNS (but not
sham-SNS) for 2 h/day for 14 days, significantly increased vagal activity (HF) and decreased sympathetic activity (LF) and the balance between sympathetic and
parasympathetic activity (LF/HF) (ns: not significant, *p < 0.05, ***p < 0.001; One-Way ANOVA, Tukey). The unit for both LF and HF was the decibel. (B,C) Lower
panel show the effects of chronic SNS on endocrine hormones NE and PP before and after treatment. (B) Represents the endocrine hormone NE showing the level
of sympathetic activities in SNS and sham-SNS groups. (C) Represents the endocrine hormone PP showing the level of vagal activities in SNS and sham-SNS
groups. NE and PP dramatically changed after 3-week SNS treatment compared to sham-SNS (all significantly changed; *p < 0.05; Student t-test). Values were
represented as the means ± SE (n = 6). Baseline: represents HRV before treatment initiation. SNS, sacral nerve stimulation; HRV, heart rate variability; HF, high
frequency; LF, low frequency; NE, norepinephrine; PP, pancreatic polypeptide.

in the colon tissues in sham-SNS group compared to the control
(both p ≤ 0.003; One-Way ANOVA, Tukey). Interestingly, SNS
was able to downregulate NGF and Sub-P protein expressions
compared to the sham-SNS (p = 0.007 and p = 0.03, respectively;
Student t-test).

DISCUSSION

In this study, we found that (1) SNS was able to improve the
sympathovagal balance and the endocrine hormones, PP and NE,
and through that (2) SNS reduced VH possibly by modulating
the interactions between the enteric neurons and mast cells as: (i)
SNS could regulate the enteric neurons to increase ACh release
as well as upregulating the ratio of ChAT protein expression

over nNOS; (ii) SNS reduced the mast cells overactivation by
the normalization of the protein expressions of Tryptase, PGE2
and COX2; (iii) SNS downregulated the pain markers of NGF
and Sub-P; and finally (3) SNS improved the treatment outcome
verified by reduced visceromotor reflex (EMG and AWR) during
CRD. To the best of our knowledge, this was the first study
to report that SNS with appropriate parameters was effective in
suppressing VH by modulating the ENS and mast cells via the
autonomic pathway in visceral hypersensitive rats. The schematic
figure shown in Figure 9 illustrates the above mechanisms
involved in the analgesic effect of SNS.

While IBS has been treated with a variety of medications,
the effectiveness of commonly used clinical medications is not
always adequate due to the complexity of its symptoms and
etiology. Moreover, lack of effective treatments for IBS casts a

Frontiers in Neuroscience | www.frontiersin.org 8 July 2021 | Volume 15 | Article 645393157

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-645393 June 26, 2021 Time: 19:13 # 9

Jin et al. SNS for Visceral Hypersensitivity

FIGURE 5 | Effects of chronic SNS and sham-SNS on colonic ACh release.
ACh in colon tissues was significantly increased in SNS group. Values were
represented as the means ± SE (control: n = 6, SNS and sham-SNS: n = 6).
SNS, sacral nerve stimulation (*p < 0.05, ***p < 0.0001; One-Way ANOVA,
Tukey).

large socioeconomic cost (Enck et al., 2016; Grundy et al., 2019).
Traditional analgesics, such as non-steroidal anti-inflammatory
drugs (NSAIDs) and opioids, are unsuitable for treatment due to
potentially severe side effects, such as increasing dependency and
tolerance, and/or inducing constipation (Grundy et al., 2019).
Electroacupuncture has been shown in clinical trials to effectively
improve functional GI disorders including IBS and functional
dyspepsia (Ouyang and Chen, 2004; Takahashi, 2006). While
electroacupuncture compared to other treatments is considered
a safer alternative with less side-effects, its mechanisms of actions
on VH have not been well-studied.

In contrast to somatic nociception, the gut nociception is
more complex due to the presence of two extrinsic innervation
systems (vagal and spinal), intertwined with intrinsic innervation
structure, called the ENS (Knowles and Aziz, 2009). The colon
and rectum are innervated by spinal sensory afferents from two
distinct regions: the lumbar splanchnic and sacral pelvic nerves
pathways (Grundy et al., 2019). The innervation for nociception
is contributing to receiving stimulus in the mucosa/muscular
layers and then to transducing the pain to the dorsal horn
of spinal cord via dorsal root ganglia of T10–L2 and L5–
S1 (Chichlowski and Rudolph, 2015). Then the pain message
is relayed by spinothalamic and spinoparabrachial pathway to
the supraspinal centers (Al-Chaer and Traub, 2002; Grundy
et al., 2019) at the cingulate cortex, medial thalamus, amygdala,
hypothalamus, periaqueductal gray, and the solitary tract (Jones
et al., 2006). While these centers are important components of
the brain for pain perception, spinal afferent has been extensively
studied in basic and clinical research as a classical method for
visceral pain treatment by the spinal cord stimulation (Coffin
et al., 2004; Yampolsky et al., 2012). In this study, our focus was on
the ameliorating effects of SNS on VH that might be mediated by
the regulation of the autonomic nervous functions on the colon.
This effect might take place via two pathways: the local sacral

FIGURE 6 | Continued
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FIGURE 6 | Effects of chronic SNS and sham-SNS on protein expression of
ChAT (A,E), nNOS (B,F), PGP9.5 (C,G), and GAPDH (D) in middle third of
colon of visceral hypersensitive rats in comparison with the control (normal
rats). (A) Illustrates ChAT immunoblot (72 kDa), while panel (E) displays the
percent change of protein expression of ChAT in colon tissue compared to
control group. SNS markedly upregulated ChAT protein expression in colon
tissue after 3 weeks treatment. Panel (B) shows nNOS immunoblot (170 kDa),
while panel (F) represents the percent change of protein expression of nNOS
in colon tissue compared to control group. nNOS that was upregulated in
sham-SNS group was downregulated after a 3-week SNS. Panel (C) show
PGP9.5 immunoblot (25 kDa), while panel (G) illustrates the percent change of
protein expression of PGP9.5 in colon tissue compared to control group.
PGP9.5 protein expression did not alter by 3-week SNS. Values were
represented as the means ± SE (n = 6) as percentage of relative intensity
normalized to internal control (GAPDH, 36 kDa). SNS, sacral nerve
stimulation, RI, relative intensity **p < 0.01; Student hboxt-test).

splanchnic nerve pathway and the sacral afferent-brain stem-
vagal efferent pathway. In fact, in a previous study we showed
that there was a possible sacral afferent-brain stem-vagal efferent
pathway that could transmit SNS to the brain and then via the
vagal efferents to the colon tissue (Tu et al., 2020b).

It was reported that the autonomic functions could play an
important role in visceromotor reflex and VH (Jiang et al.,
2019b; Tu et al., 2020a). As vagus nerve has been more and
more validated to have a major role in regulating visceral
sensitivity (Swartz and Holmes, 2014; Inoue et al., 2016; Tu
et al., 2020a), the vagus nerve neuromodulation is closely pursued
in the treatment of visceral pain (Chen et al., 2008). From
one hand, suppression of sympathetic activity by SNS might
not only block the spinal afferent signal carrying pain to the
brain, but also desensitize the spinal sensory pathway in both
nociceptors and dorsal root ganglion levels (Xia et al., 2011; He
et al., 2017). On the other hand, SNS might take actions via
both vagal nerve and local splanchnic nerves to send a signal
to the colon and to suppress neurotransmitters associated with
VH, such as NGF and Sub-P (Coffin et al., 2004; Chen et al.,
2008; Ohman and Simren, 2010; Li et al., 2016) and/or special
cells highly associated with VH such as mast cells (Bischoff and
Kramer, 2007; Boeckxstaens, 2018). While Jiang et al. (2019b)
showed that the neonatal treatment of AA led to sympathetic
overactivity and vagal suppression in rats, we found no changes
in sympathovagal balance in our animal model induced by AA.
However, consistent with their study, we demonstrated that
chronic SNS could effectively alter the autonomic functions.
Chronic SNS could interestingly increase vagal activity (HF)
and suppress sympathetic activity (LF). The values of LF and
LF/HF ratio were lower in SNS-treated rats in comparison to
the baseline and sham-SNS treated rats. In addition, plasma NE
(a sympathetic indicator) and PP (a marker of vagal activation)
showed the same trend (Cooper et al., 2015). Consistent with
the HRV results, SNS enhanced circulating PP and reduced NE.
Based on previous results (Tu et al., 2020b) and the findings
of this study, we speculated that the ameliorating effect on VH
was mediated through the regulation of the autonomic nervous
function via the CNS afferents and vagal efferents as well as local
pelvic splanchnic efferents.

FIGURE 7 | Continued
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FIGURE 7 | Effects of chronic SNS and sham-SNS on protein expression of
PGE2 (A,E), COX2 (B,F), Tryptase (C,G), and GAPDH (D) in middle third of
colon of visceral hypersensitive rats in comparison with the control (normal
rats). Panel (A) shows PGE2 immunoblot (42 kDa) and panel (E) displays the
percent change of protein expression of PGE2 in colon tissue compared to
control group. SNS markedly downregulated PGE2 protein expression in
colon tissue after 3 weeks treatment. Panel (B) shows COX2 immunoblot
(75 kDa) and panel (F) exhibits the percent change of protein expression of
COX2 in colon tissue compared to control group. COX2 that was upregulated
in sham-SNS group was downregulated after a 3-week SNS. Panel (C) shows
Tryptase immunoblot (52 kDa) and panel (G) presents the percent change of
protein expression of Tryptase in colon tissue compared to control group.
Tryptase protein that was upregulated in sham-SNS group was
down-regulated after a 3-week SNS. Values were represented as the
means ± SE (n = 6) as percentage of relative intensity to normalized to internal
control (GAPDH, 36 kDa). SNS, sacral nerve stimulation, RI, relative intensity
(**p < 0.01, ***p < 0.001, ****p < 0.0001; Student t-test).

In recent years, VH has been linked to low-grade
inflammatory involving the ENS and mast cells with direct cross-
interactions on each other (De Winter et al., 2012; Karhausen
et al., 2013; Jin et al., 2017; Lennon et al., 2018). VH, as one of
the hallmarks of IBS associated with abdominal pain, is referred
to a decreased pain threshold and/or an exaggerated response
following nociceptor stimulus (Chichlowski and Rudolph, 2015).
A few possible pathogeneses of this phenomenon could be
(Pusceddu and Gareau, 2018) over-sensitization of primary
sensory neurons, Hungin et al. (2003) hyper-excitability of
spinal ascending neurons, and (Locke et al., 1997) changes in
the central perception of a painful stimulus (Sengupta, 2009).
Few studies have shown that mucosal afferents can become
mechanically hypersensitive in chronic VH (Brierley et al.,
2009; Hughes et al., 2009). Moreover, others have shown that
mast cells play a key role in IBS (Adam et al., 2013; Heron
and Dubayle, 2013; Zhang et al., 2016; Robles et al., 2019)
and also for VH (Ohman and Simren, 2010; Zhang et al.,
2016). Mast cells hyperplasia and/or overactivation has been
shown to be a common feature in IBS patients (Robles et al.,
2019). Vivinus-Nebot et al. (2012) reported that the severity
of IBS is significantly correlated with the quantity of colonic
mast cells and spontaneous release of tryptase/histamine.
Furthermore, Barbara et al. (2004) showed that the close
proximity of mast cells to nerves significantly correlated with
the severity and frequency of abdominal pain/discomfort.
Mast cells within the GI tract, communicate with extrinsic
afferents to regulate nociception (Bischoff and Kramer, 2007;
Boeckxstaens, 2018). Colonic mucosal biopsies from IBS
patients showed an increase release of mast cells’ mediators,
such as histamine, tryptase and the proinflammatory cytokine
correlated with the severity and frequency of abdominal
pain. These mediators have been shown to act on receptors
expressed by colonic afferents to induce over-sensitization
via TRPV1 and NaV1.7-dependent mechanisms (Grundy
et al., 2019). The neonatal treatment of AA as an inducer of
VH in rats has been shown to alter immune responses and
correlate with the over-activity of mast cells in rats (Yang et al.,
2019). Targeting mast cells deactivators (cromoglycate and
ketotifen) and antagonists of histamine and serotonin receptors,

FIGURE 8 | Effects of chronic SNS and sham-SNS on protein expression of
NGF (A,D), Sub-P (B,E), and GAPDH (C) in middle third of colon of visceral
hypersensitive rats in comparison with the control (normal rats). Panel (A)
shows NGF immunoblot (140 kDa) and panel (D) represents the percent
change of protein expression of NGF in colon tissue compared to control
group. SNS markedly downregulated NGF protein expression in colon tissue
after 3 weeks treatment. Panel (B) shows Sub-P immunoblot (50 kDa) and
panel (E) displays the percent change of protein expression of Sub-P in colon
tissue compared to control group. Sub-P that was upregulated in sham-SNS
group was downregulated after a 3-week SNS. Values were represented as
the means ± SE (n = 6) as percentage of relative intensity normalized to
internal control (GAPDH, 36 kDa). NGF, nerve growth factor; Sub-P,
substance-P; SNS, sacral nerve stimulation, RI, relative intensity (*p < 0.05,
***p < 0.001; Student t-test).
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FIGURE 9 | Schematic figure of the possible mechanism of effects of SNS on VH. (A) Possible extrinsic afferent circuitry. (B) Possible intrinsic mechanism.

have been tried in IBS patients in several studies, and partially
exhibited good efficacy in symptom improvement (Camilleri,
2013; Boeckxstaens, 2018).

In this study, we found that SNS increased ACh and
ChAT in the colon tissue, suggesting an cholinergic anti-
inflammatory pathway involved in the observed analgesic
effect of SNS, similar to what has been discovered in vagal
nerve stimulation (Bonaz et al., 2013, 2016; Jin et al., 2017;
Tu et al., 2020b). Although chronic SNS was not able to
alter the number of ganglionic neurons (PGP9.5 positive
cells) compared with sham-SNS in colon, it could efficiently
change the level of protein expression of ChAT and nNOS.
While the protein expression of ChAT was enhanced in
colon tissue, nNOS showed a decrease following chronic

SNS treatment. This data supported our previous findings
to showing the ameliorating effect of SNS on ENS neuronal
functions in a rodent model of inflammatory bowel disease
(Tu et al., 2020b).

Regarding the effects of ACh on the mast cells, interestingly,
mast cells have both muscarinic and nicotinic cholinergic
receptors (Masini et al., 1983; Kindt et al., 2008). In spite of that,
studies have shown different outcomes describing the functional
effects of ACh on the mast cells. Initial investigations reported
that ACh via muscarinic receptors could activate the mast cells for
degranulation (Fantozzi et al., 1978; Blandina et al., 1980; Masini
et al., 1985). Other investigators, however, failed to show an effect
of ACh on mast cell degranulation (Kazimierczak et al., 1980;
Leung and Pearce, 1984). Masini et al. (1985) demonstrated that
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abundance of IgE could increase the sensitivity of mast cells to
ACh via muscarinic receptor and induced more degranulation.
On the other hand, nicotinic receptors (nAChR) seem to
mediate an anti-inflammatory effect in the presence of ACh.
In fact, nicotine was shown to inhibit antigen-IgE-induced
degranulation of mast cells, an effect that was mirrored by the
nAChR subunit agonist, GTS-21 (Kageyama-Yahara et al., 2008).
This was also shown by other investigators demonstrating a
potential therapeutic effect for the cholinergic anti-inflammatory
pathway in an experimental murine model of food allergy.
Yamamoto et al. (2014) showed vagal stimulation by 2-deoxy-
D-glucose and drug treatment with nAChR agonists could
alleviate the food allergic symptoms in the gut. Previously,
we showed that SNS could reduce the colonic permeability by
overexpression of tight-junction’s proteins in mucosa which leads
to less allergen exposure and thus IgE to mucosa (Tu et al.,
2020b). Gathering with our findings that shows a downregulation
in Tryptase and PGE2 expression in colon tissue, this data
can support that ACh in absence of IgE might activate the
nicotinic receptor to suppress the overactivation of mast cells
to reduce the inflammation. On the other hand, as a mutual
interaction between mast cells and neurons, it was shown that
activated mast cells in rodents could release histamine/Tryptase
and that can act on H3 receptor of ENS to suppress the
release of ACh from enteric neurons (Frieling et al., 1993;
Liu et al., 2000; Buhner and Schemann, 2012). Interestingly,
our findings showed that SNS was able to suppress the mast
cells activation by downregulation of Tryptase, PGE2, and
cyclooxygenases-2 (COX2) and thus increase the ACh release
via ENS neurons. Furthermore, it has been demonstrated in
both animal models and humans that mast cell mediators
in particular histamine, proteases (Tryptase) and PGE2 has
substantial effects on sensitization of extrinsic afferent neurons
(Jiang et al., 2011; Peiris et al., 2011; Buhner and Schemann,
2012). PGE2 is an important prostaglandin in inflammatory
and immune responses (Agard et al., 2013). It was revealed
that upon stimulation by various proinflammatory stimuli
such as TNF-α, IL-1β, PGE2 synthesis is upregulated by the
expression of COX2 (Brierley and Linden, 2014). PGE2 is an
essential molecule to regulate the activation of several immune
cells, particularly those involved in innate immunity such as
macrophages, neutrophils, natural killer cells, and dendritic
cells (Agard et al., 2013). Grabauskas et al. (2020) showed
that inflammatory mediators such as protease (Tryptase) and
histamine activate COX2 to increase the synthesis of PGE2
from arachnoid acid by the mast cells and furthermore,
demonstrated that administration of EP2 antagonist prevents
the development of VH in a rodent IBS model (Agard et al.,
2013; Grabauskas et al., 2020). Alongside with this, they also
revealed that this process was enhanced by Sub-P and NGF
released from intrinsic sensory nerves which in turn increases
the synthesis of arachnoid acid, the substrate for COX2 as
well as decreasing visceral pain threshold (Jiang et al., 2019a;
Grabauskas et al., 2020).

Nerve growth factor is one member of the neurotrophic
factor family with an important regulatory role in the survival,
growth, differentiation and function of neurons (Aloe, 2011).

Moreover, NGF was shown to be associated with several
pathophysiological factors of VH, such as impaired barrier
function and a lowered threshold to noxious stimuli (Stanzel
et al., 2008; Thin et al., 2013). The NGF expression was
also shown to be up-regulated in other inflammatory diseases
such as asthma (Frossard et al., 2004), arthritis (Manni and
Aloe, 1998) and psoriasis (Raychaudhuri and Raychaudhuri,
2004), suggesting a role for this neurotrophin in inflammatory
diseases. It was reported that the level of NGF was significantly
higher in both IBS patients and animal models with VH
(Tsang et al., 2012; Xu et al., 2017). Some scholars found
that NGF participated in the VH process by regulating
neuroplasticity and neurosynaptic transmitter secretion, which
led to a decrease of visceral pain threshold (Tsang et al., 2012;
Winston and Sarna, 2016). Jiang et al. (2019a) showed that
SNS was able to downregulate NGF as well as tyrosine kinase
A (TrkA), a high affinity receptor for NGF via MAPK/ERK
pathway, PI3K/Akt pathway and PLC pathway. Sub-P and
NGF as inflammatory mediators can activate specific receptors
on sensory afferents, which leads to a localized membrane
depolarization and change in membrane potential that can
be sufficient to activate voltage-gated ion channels, leading to
action potential generation and transmission to the central
nervous system (Grundy et al., 2019). Interestingly, alongside
with their study, we showed that chronic SNS was able to
downregulate both Sub-P and NGF. The protein expression of
NGF was still overexpressed at the end of the study in the
sham-SNS group but normalized in the SNS-treated group.
This data seemed to suggest that SNS might reduce NGF and
inflammation by decreasing sympathetic innervation in the
mucosal layer. As mast cells were also reported to synthesize
NGF (Skaper, 2001), the reduction in the NGF expression
might reflect a reduced mast cell activity with chronic SNS.
In vivo animal studies have suggested that Sub-P is involved
in the regulation of intestinal VH (Hallgren et al., 1998; Keita
et al., 2010). Indeed, sub-P was found to increase mucosal
permeability through producing nitric oxide and increasing
inflammation (Youakim and Ahdieh, 1999; Ma et al., 2004).
We found that the neonatal AA treatment increased Sub-P by
more than two folds in the colon tissue, which was remarkably
reduced with SNS.

There were a few limitations in this study such as the use
of only male rats. Further studies are needed to investigate
if SNS is able to ameliorate the VH in females as not
only IBS is predominant in women, but also there are sex
differences in mast cell functions. Nevertheless, this study showed
that chronic SNS is able to ameliorate visceral pain in an
animal model of AA-induced VH by suppressing mast cell
overactivity possibly via modulation of the interaction between
the enteric nervous system and mast cells, mediated by the
autonomic pathway.
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Parkinson’s disease (PD) is a neurodegenerative disease that is associated with motor
and non-motor symptoms and caused by lack of dopamine in the substantia nigra of
the brain. Subthalamic nucleus deep brain stimulation (STN-DBS) is a widely accepted
therapy of PD that mainly inserts electrodes into both sides of the brain. The effect of
STN-DBS was mainly for motor function, so this study focused on the recovery of motor
function for PD after DBS. Hemispherical asymmetry in the brain network is considered
to be a potential indicator for diagnosing PD patients. This study investigated the value
of hemispheric brain connection asymmetry in predicting the DBS surgery outcome
in PD patients. Four types of brain connections, including left intra-hemispheric (LH)
connection, right intra-hemispheric (RH) connection, inter-hemispheric homotopic (Ho)
connection, and inter-hemispheric heterotopic (He) connection, were constructed based
on the resting state functional magnetic resonance imaging (rs-fMRI) performed before
the DBS surgery. We used random forest for selecting features and the Ridge model
for predicting surgical outcome (i.e., improvement rate of motor function). The functional
connectivity analysis showed that the brain has a right laterality: the RH networks has
the best correlation (r = 0.37, p = 5.68E-03) between the predicted value and the true
value among the above four connections. Moreover, the region-of-interest (ROI) analysis
indicated that the medioventral occipital cortex (MVOcC)–superior temporal gyrus (STG)
and thalamus (Tha)–precentral gyrus (PrG) contributed most to the outcome prediction
model for DBS without medication. This result provides more support for PD patients to
evaluate DBS before surgery.

Keywords: hemispheric asymmetry, functional connectivity, important feature, resting state functional magnetic
resonance imaging (rfMRI), Parkinson’s disease, improvement of motor function, subthalamic nucleus deep brain
stimulation (STN-DBS)
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INTRODUCTION

Parkinson’s disease (PD) is a common degenerative disease
of the nervous system, including motor symptoms such
as retardation, tremor, and muscle rigidity and non-motor
symptoms. Subthalamic nucleus deep brain stimulation (STN-
DBS) is a widely accepted therapy for PD, especially when the
dopaminergic replacement therapy is unsatisfactory (Kleiner-
Fisman et al., 2006). This technique was also used in the pallidum
and the STN (Benabid, 2003). DBS can significantly reduce the
freeing of gait (Xie et al., 2012), tremor, dyskinesia, or postural
instability (Weaver et al., 2005) and thereby improve the quality
of life. DBS can also reduce the non-motor symptoms (Hwynn
et al., 2011) in PD patients. However, DBS could not ensure a
significant therapeutic effect on each patient. In spite of a careful
patient selection before the operation, some patients may still
show limited or no improvement of their motor functions after
surgery. On the other hand, DBS surgery is expensive at the
moment. Therefore, how to evaluate the possible therapeutic
improvement of each patient especially before the surgery is a
question that deserves serious consideration.

A growing number of studies suggest that the variability
in treatment response may be linked to cortical blood flow
changes (Campbell et al., 2008; Quraan et al., 2014). Research
showed that cortical blood flow change abnormalities in patients
with schizophrenia may be related to the treatment response to
stress symptoms (Masuda et al., 2000). Early scalp acupuncture
treatment can speed up the cortical blood flow of patients
with acute ischemic stroke, thereby promoting the recovery
of motor function (Li et al., 2005). Resting-state functional
magnetic resonance imaging (rs-fMRI) is related to cortical
blood flow, and the method of analyzing rs-fMRI is usually
to construct a brain network. Therefore, the brain network
is shown to have great potential in predicting the treatment
outcome (van Waarde et al., 2015; Kawahara et al., 2017).
Human brain networks can be characterized by estimating
interregional synchronization of neural function with rs-fMRI.
This study focuses on rs-fMRI instead of task-related fMRI
data. There are many measurements (small-worldness, clustering
coefficient, local efficiency, modularity, and rich-hub) (Kaiser,
2008) to assess information exchange and processing of the
human brain networks, which can be measured after the
brain network is converted into a weighted graph. Analyses of
functional networks could provide complementary insights into
brain organization under pathological conditions. For example,
compared to healthy controls, PD patients have lower clustering
coefficient and local efficiency (Luo et al., 2015b) and have
impaired corticostriatal network pathways and related neural
circuits (Hacker et al., 2012).

The dopaminergic denervation of the striatum in PD
occurs asymmetrically at the beginning and becomes bilateral
gradually along with the disease progression (Hornykiewicz,
1966). As such, the accompanying motor dysfunction symptoms
(bradykinesia, tremor, and rigidity) usually begin on the side
contralateral to the most affected nigrostriatal pathway and
later spread to the opposite side. This study of the striatum
in PD indicated that the hemispheric asymmetry of functional

connectivity is an important factor that may affect brain network
organization, which has been demonstrated in healthy subjects
(Tian et al., 2011), patients with Alzheimer’s disease and mild
cognitive impairment (Yang et al., 2017), and patients with
neuropsychiatric disorders (Sun et al., 2015). It has been well
documented that the brain network of PD patients tend to show
asymmetry (Luo et al., 2015a).

Machine learning as a powerful data-driven method has been
widely used in outcome prediction, including outcome of the
DBS surgery (Bermudez et al., 2019; Habets et al., 2020). In
this paper, we aimed at creating a machine learning model
based on functional connectivity profiles to predict the possible
improvements of motor function before the DBS surgery. This
model could help us pick out the unsuitable patients. More
importantly, the machine learning methods may reveal the
potential components that limit the effect of the surgery and
help physician improve the technique. This study involves the
assessment of preoperative rs-fMRI for predicting the DBS-
based improvements of motor function as measured by the
Unified Parkinson’s Disease Rating Scale (UPDRS-III) score.
Four brain networks were constructed for topological analysis,
including intrahemisphere connectivity [left-hemispheric (LH)
network and right-hemispheric (RH) network] and inter-
hemisphere connectivity [homotopic (Ho: the edges link the
geometrically corresponding regions in the two hemispheres)
network and heterotopic (He: the edges link the geometrically
non-corresponding regions in the two hemispheres) network].
The random forest algorithm (Liaw and Wiener, 2002) was used
for feature selection, and the Ridge model was used to predict
the improvement of motor function after the DBS surgery in
each brain (LH, RH, Ho, and He) network. Pearson analysis
was performed on the predicted improvement rate and the real
improvement rate to obtain Pearson’s r and Pearson’s p-values,
which were used to evaluate the correlation between brain
asymmetry and the improvement rate after DBS surgery. In order
to study whether this correlation is affected by age and gender, we
divided patients into younger and older groups and divided them
into male and female groups.

MATERIALS AND METHODS

Participants
This study was approved by the Ethics Committee of Tsinghua
University Yuquan Hospital. All participants gave written
informed consent. This study included 55 patients whose age
ranged from 29 to 77 in Tsinghua University Yuquan Hospital,
Beijing, China, who were diagnosed with idiopathic PD according
to the UK PD Society Brain Bank criteria. The exclusion
criteria included (1) severe suicidal tendency; (2) pregnant or
lactating women; (3) a history of physical diseases that can
affect the assessment of PD such as intracranial tumors and
communicating hydrocephalus; (4) a history of organic brain
disorders such as cerebellum injury, neurological disorders
such as repeated strokes, severe dementia at an early stage
accompanied by memory, language, and behavior disorders, and
other psychiatric disorders; and (5) a history of substance abuse,
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including tobacco, alcohol, or other psychoactive substances. All
participants were right dominant based on screening questions.

The DBS surgery outcome was measured in a medication-off
condition where levodopa should not be taken 12 h presurgery
or postsurgery by the motor section of the UPDRS-III scale
(Antonini et al., 2013). This scale was proposed by a team with
more than 10 years’ experience. All patients were on levodopa
prior to the study. A small number of patients may have mild
confusion after taking levodopa for 1 h. These symptoms will
disappear within 12 h of stopping the medicine. UPDRS-III is
one of the four scales of UPDRS, a clinical scoring system, which
is used to judge the motor function of the pre-operation and
post-operation of each participant. There are 27 items in UPDRS-
III, and each item is divided into a four-level index, from 0
to 4, where 0 is normal and 4 is serious. It is often used to
assess the patient’s progress. For the 55 selected PD patients, the
UPDRS-III score was measured twice before and 6 months after
the DBS surgery. At least two doctors took the measurement
and averaged each time. Among them, presurgical scoring and
postsurgical scoring were performed routinely, independent of
the study and blind to the analysis outcomes. The physicians who
program the DBS and the people who measure these scores after
surgery were blinded to the analysis. The mean preoperative and
postoperative scores were 43.79 ± 11.78 and 15.35 ± 10.67, and
all patients had lower scores after surgery, with a lower UPDRS-
III score and higher degree of motor function. The improvement
of motor function after DBS surgery is assessed by the MUPDRS-
III rate = (UPDRS-IIIpresurgery − UPDRS-IIIpostsurgery)/UPDRS-
IIIpresurgery. The mean MUPDRS-III rate of 55 tested PD patients
is 65.62%± 20.48%.

Surgical Procedure
DBS surgery was performed using a Leksell stereotaxic frame
(Elekta AB, Stockholm, Sweden) under local anesthesia. During
the surgery, the micro-electrodes and STN-DBS electrodes
(PINS L301, Beijing, China) were placed in the left and right
hemispheres of the brain. The microelectrodes were used to
record, and then STN-DBS were implanted bilaterally for
stimulation to evaluate and confirm the site where the best
clinical effect can be obtained. After confirming the placement
of the lead, a pulse generator (G102R, PINS, Beijing, China) was
used to connect the electrodes and was implanted subcutaneously
into the right subclavian region. The optimal stimulation patterns
with the highest UPDRS score and maximum improvement rate
were selected according to the actual situation of the patient.

Image Acquisition
The rs-fMRI, high-resolution T1-weighted structural MRI
data and T2-weighted structural MRI data were acquired on
each participant at Tsinghua University using a 3T Philips
Achieva rs-fMRI scanner equipped with a 32-channel head
coil. Imaging parameters of rs-fMRI were 35 axial slices;
repetition time (TR) = 2,000 ms; scan length in time = 8 min;
echo time (TE) = 30 ms; flip angle (FA) = 90◦; slice
thickness = 4 mm; acquisition matrix = 64 × 64; field of
view (FOV) = 224 × 224 mm2. Imaging parameters of T1-
weighted MRI were as follows: TR/TE = 7.46 ms/3.73 ms,

FOV = 256 × 256 mm2, acquisition matrix = 256 × 256 × 160,
slice thickness = 1.0 mm.

The rs-fMRI (8 min) was performed 2–3 days before the
operation, and the participants were asked not to take levodopa
for more than 12 h before the scanning to keep medication off.
Patients were instructed to relax with their eyes closed and to not
fall asleep during the scan.

The purpose of the research is to use preoperative images to
evaluate postoperative effects, and rs-fMRI can do the prediction
and other analyses. Due to the acquisition conditions, only rs-
fMRI before DBS surgery can be acquired, so the UPDRS-III
score was used to indicate the improvement of the PD patient’s
motor function after the DBS surgery. In brief, rs-fMRI before
DBS surgery was used to evaluate the improvement rate of motor
function after the DBS surgery.

Image Preprocessing and Brain Network
Construction
In the preprocessing of the rs-fMRI data, the first 10 volumes
of each participant were discarded to ensure magnetization
equilibrium, slice timing was corrected with the first slice, and
head motion was corrected by aligning all image volumes with
the first volume. In human rs-fMRI data, a 0.01–0.1 Hz band
pass filter was commonly used to keep only the interesting
frequencies and discard potential noise sources, including the
heart rate and respiration rate, which were ∼1.3 and ∼0.2 Hz,
respectively. Higher-frequency signals were considered as noise
or physiological signals, which are not neuron signal. In order
to perform the group analysis, the functional images were
co-registered to the same participant’s T1-weighted structural
image, which was normalized to the Montreal Neurological
Institute template space.

GRETNA software was used to construct the whole-brain
functional network (246 × 246) (Wang et al., 2015) for each
participant. The nodes of the brain networks come from the
brain segmentation based on the Brainnetome Atlas (BNA) (Fan
et al., 2016), which parcellated the whole brain into 210 (105 for
each hemisphere) cortical and 36 subcortical regions of interest
(ROIs). Then the Pearson correlation coefficients of the rs-fMRI
signal between each two ROIs were computed to acquire a whole-
brain functional network.

Four brain networks were constructed for topological analysis,
i.e., LH network, RH network, Ho network, and He network, as
illustrated in Figure 1.

Connectome-Based Predictive Modeling
For each of the four aforementioned networks (i.e., LH, RH,
Ho, and He), the Ridge model was trained to predict the
improvement rate of motor function after DBS. For each
network, upper triangle elements were used for the input of
the Ridge model. Ridge regression has been used as a statistical
tool to address the small sample size issue since the 1970s
(Hoerl and Kennard, 1970). With the regression coefficient
being limited, Ridge regression is free from overfitting and
high variances associated with correlated coefficients. Therefore,
Ridge regression has many advantages over the traditional
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FIGURE 1 | Brain network construction. To study the correlation of brain symmetry on the off-rate of DBS, the brain network is built by intra- and inter-hemispheric
connectivity. The connection types include intra-left-hemispheric (LH), intra-right-hemispheric (RH), inter-hemispheric homotopic (Ho), and inter-hemispheric
heterotopic (He).

multiple-regression models, and it can effectively deal with a large
number of predictor variables that are far more than the number
of subjects (Li et al., 2006).

Since brain signals are rich and redundant, it is necessary
to perform a feature selection strategy to narrow the range of
features (i.e., functional connections) for each network. Here,
we use the random forest algorithm (Liaw and Wiener, 2002)
to select important features for each brain (LH/RH/Ho/He)
network. The random forest algorithm is time-efficient
in training and can detect the mutual influence between
connections as features and therefore is suitable for selecting
the most important connections in this study. In this paper,
the random forest feature extraction algorithm of the network
(LH/RH/Ho/He) is given from the connection information of
all cortical region pairs in each network. After the feature vector
(upper triangle elements) of the training set was input into the
random forest, the importance of each feature (i.e., connection)
can be obtained, and only the features with higher importance
were retained. Then the retained feature set was applied into
the testing set.

The random forest algorithm in this paper was used to extract
d times from the d features of the LH, RH, Ho, and He networks
with replacement, obtain a sample set, and input it into a
decision tree, which is repeated 20 times. In this way, 20 sample
sets were each input into 20 decision trees. In the extraction
process, the data that were not extracted each time were used

as out-of-bag data (OOB). This part of the data can be used for
the screening of important features: first, the OOB data error
(errOOB1) was calculated, and then noise was added randomly
to the feature X of all samples of the OOB data to calculate the
OOB error (errOOB2) with noise. The importance of the feature
was assessed by X =

∑ (errOOB2 −errOOB1)
20 , and then features with

an importance higher than 0.005 were selected. The selected
features were less affected by noise, and the prediction was more
stable. In the Ridge model, for each topic, we used the percentage
UPDRS improvement score and the numerical connection values
of the above-mentioned cortical region pairs found from the
random forest search (i.e., weights). These were used to train
the classifier in a nested leave-one-out cross-validation (LOOCV)
approach. And the “leave one” here meant leaving a subject in the
training-and-test split. The leave-one-out method was also used
for group analysis.

We adopted nested cross-validation including an inner
fivefold cross-validation and outer LOOCV to measure
prediction accuracy. The structural risk minimization of the
Ridge model was equal to the sum of the loss function and
regularization (L2 norm). The optimal solution was obtained
when the loss function value was as small as possible. The inner
fivefold cross-validation was used to determine the optimal
parameters (e.g., α and max_iter) for the Ridge model by the
grid search method, and LOOCV was used to evaluate the
generalizability of the model. α balances the relationship between
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the two parts of the J(θ) = MSE(y,
_
y ; θ)+ α 1

2
∑n

i=1 θ2
i in the

loss function (MSE was the mean square error, which was a
function of network performance), so that the error is as small as
possible, and max_iter is the number of repetitions of the process
of calculating the loss function of the full sample and performing
a unified gradient update. The R-squared value of the Ridge
formulation is slightly lower than that of ordinary regression
analysis, but the significance of the regression coefficient is
often significantly higher than that of ordinary regression. The
R-squared value is between 0 and 1. The closer to 1, the better
the fitting effect. In the four networks, the R-squared value of LH
is 0.67, the R-squared value of RH is 0.72, the R-squared value
of Ho is 0.64, and the R-squared value of He is 0.5. The features
come from a vector of (N, d), where N is the number of people
and each person is a d-dimensional vector. This d-dimensional
vector comes from the network (LH, RH, Ho, and He) of each
person. There are d column vectors that are d features. The
importance features are selected by random forest. The selected
features and actual MUPDRS-III rate of patients were used as
input in each training procedure of inner and outer loops. The
weighting of each feature (i.e., connection) was determined via
the model training and then used to predict the MUPDRS-III rate

of patients. Then, two indicators (i.e., Pearson’s r and Pearson’s
p) were utilized to measure the performance of predicting the
model in each network.

Group Analysis
The age of the participants ranged from 29 to 77 (mean
age = 58.15 ± 10.13) years. Studies have indicated age-based
variations in rs-fMRI networks such that in 20–80-year age
groups, some aspects of sensory and cognitive resting state
networks show weakening with age (Varangis et al., 2019). To
study the effect of age and gender on the correlation between
brain asymmetry and the improvement of motor function after
DBS surgery, we grouped patients by age and gender. There were
53 participants in the group analysis, excluding one patient with
incomplete data and a 29-year-old patient to narrow the age span
(previously 55 patients). The 53 patients were divided into two
groups as evenly as possible according to age: 26 people aged
34–58 and 27 patients aged 59–77. Also, these 53 patients were
divided into two groups according to gender: 29 males and 24
females. We used the leave-one-out method on feature selection
and the classifier for age and gender group analyses. Inter-
group feature selection was performed instead of intra-group.

FIGURE 2 | The predictability of brain connection on the DBS off-rate. Pearson analysis is used between the off-rate of DBS and the prediction of brain connections
LH, RH, Ho, and He (r, p). The prediction is obtained by the Ridge model.

Frontiers in Neuroscience | www.frontiersin.org 5 October 2021 | Volume 15 | Article 620750170

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-620750 October 20, 2021 Time: 16:22 # 6

Wang et al. Hemispheric Asymmetry With DBS Outcome

TABLE 1 | The top 10 connections in LH (A) and RH (B) with higher importance in
the prediction of the improvement rate in the UPDRS-III score after DBS surgery in
the medication-off condition.

(A)

ID Node name ID Node name LH normalized
connection

value

18 Cingulate gyrus (CG) 18 Cingulate gyrus (CG) 1

17 Insular gyrus (INS) 4 Orbital gyrus (OrG) 0.9

14 Inferior parietal lobule
(IPL)

4 Orbital gyrus (OrG) 0.8

18 Cingulate gyrus (CG) 1 Superior frontal gyrus (SFG) 0.7

18 Cingulate gyrus (CG) 14 Inferior parietal lobule (IPL) 0.6

16 Postcentral gyrus (PoG) 15 Precuneus (PCun) 0.5

3 Inferior frontal gyrus
(IFG)

11 Parahippocampal gyrus (PhG) 0.4

14 Inferior parietal lobule
(IPL)

4 Orbital gyrus (OrG) 0.3

2 Middle frontal gyrus
(MFG)

9 Inferior temporal gyrus (ITG) 0.2

23 Basal ganglia (BG) 3 Inferior frontal gyrus (IFG) 0.1

(B)

ID Node name ID Node name RH
normalized

connections
value

19 Medioventral occipital
cortex (MVOcC)

7 Superior temporal gyrus (STG) 1

24 Thalamus (Tha) 5 Precentral gyrus (PrG) 0.9

11 Parahippocampal gyrus
(PhG)

5 Precentral gyrus (PrG) 0.8

23 Basal ganglia (BG) 1 Superior frontal gyrus (SFG) 0.7

7 Superior temporal gyrus
(STG)

13 Superior parietal lobule (SPL) 0.6

10 Fusiform gyrus (FuG) 5 Precentral gyrus (PrG) 0.5

24 Thalamus (Tha) 14 Inferior parietal lobule (IPL) 0.4

17 Insular gyrus (INS) 5 Precentral gyrus (PrG) 0.3

23 Basal ganglia (BG) 14 Inferior parietal lobule (IPL) 0.2

24 Thalamus (Tha) 8 Middle temporal gyrus (MTG) 0.1

1–6: Frontal; 7–12: Temporal; 13–16: Parietal; 17: Insular Lobe; 18: Limbic Lobe;
19, 20: Occipital Lobe; 21–24: Subcortical Nuclei.

The r- and p-values obtained by Pearson analysis were used as
the evaluation of correlation.

RESULTS

Predicting Improvement in Motor
Function After DBS
The r- and p-values were observed in the LH network (r = 0.15,
p = 0.29), RH network (r = 0.37, p = 5.68E-03), Ho network
(r = 0.29, p = 3.72E-02), and He network (r = 0.08, p = 0.57) as
shown in Figure 2 and Table 1. The above results were obtained
by using the leave-one-out method in both the feature selection
and the classifier.

For group analysis (age and gender), we used the leave-one-
out method on both feature screening and classifiers. Inter-group
feature screening was performed. Among the two groups divided

by age mentioned by the participants, the results were as follows:
r = 0.41, p = 0.04 for the younger group and r = 0.4, p = 0.04
for the older group in the LH network; r = 0.58, p = 1.35E-
03 for the younger group and r = 0.43, p = 0.02 for the older
group in the RH network; r = 0.42, p = 3.37E-02 for the younger
group and r = 0.09, p = 0.66 for the older group in the Ho
network; and r = 0.42, p = 2.9E-02 for the younger group and
r = 0.34, p = 8.66E-02 for the older group in the He network as
shown in Supplementary Table 1A. Patients were also grouped
by gender (male and female), the results were as follows: r = 0.49,
p = 8.71E-03 for the male group and r = 0.16, p = 0.47 for the
female group in the LH network; r = 0.59, p = 7.18E-04 for the
male group and r = 0.47, p = 1.5E-02 for the female group in the
RH network; r = 0.21, p = 0.33 for the male group and r = 0.26,
p = 0.18 for the female group in the Ho network; and r = 0.10,
p = 0.60 for the male group and r = 0.69, p = 2.1E-04 for the female
group in the He network as shown in Supplementary Table 2A.
The comparisons of the results obtained by inter-group and intra-
group feature selection in age and gender groups were shown in
Supplementary Tables 1, 2.

For better interpretation, the four subcortical areas listed were
lateralized. We grouped the 246 ROIs into 48 gyri (24 left gyri
and 24 right gyri) defined by BNA and calculated the top 10
predictive connections between 24 hemispherical gyri in the
LH/RH network. The gyri of each brain hemisphere were further
divided into seven lobes, and the predictive connections selected
by the Ridge model from the perspective of lobes are shown
in Figure 3.

In predicting the DBS outcome, the connectome-based model
showed the best correlation between the predicted value and
the true value in the RH network, and the connection between
medioventral occipital cortex (MVOcC) and superior temporal
gyrus (STG) provided the largest contribution in the prediction.
The top 10 predictive connections (measured by r) of the LH
network and RH network are shown in Table 2, and the predictive
connections of the Ho network and He network are shown
in Figure 4.

DISCUSSION

In this study, we combine an rs-fMRI graph-based network with
a machine learning prediction model to predict the DBS outcome
based on brain hemispheric asymmetry. Previous studies on the
DBS of PD mainly focused on the accuracy of surgery such
as the Lead-DBS v2 method with precise electrode positioning
(Horn et al., 2019), stimulation such as closed-loop DBS (Rosin
et al., 2011), and treatment such as an omics method for
prospective targeted therapy for refractory depression (Rivaposse
et al., 2018), etc. In addition, research involving the prediction
of brain asymmetry in PD patients had different statistical
indicators from this study that were based on the value of
voxel-mirrored homotopic connectivity to assess the asymmetry
of the hemispheric function and its morphology (Gan et al.,
2020), and there were also different prediction methods from
this study using the human connectome as a connectivity profile
(Horn et al., 2017). The brain asymmetry study that similarly
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FIGURE 3 | Important brain connections by feature selection of LH (A,C) and RH (B,D). The value is the important connection corresponding to the important
feature selected by random forest. It ranges from 0 to 1, which is proportional to the importance of the brain connection. Important brain connections by prediction
of LH (C) and RH (D). This value is the important connection obtained by using the Ridge model for prediction. The important connections between 24 brain areas
are connected by curves.

TABLE 2 | The correlation of the four networks for the improvement of motor
function after DBS surgery.

LH RH Ho He

r, p r = 0.15,
p = 0.29

r = 0.37,
p = 5.68E-03

r = 0.29,
p = 3.72E-02

r = 0.08,
p = 0.57

uses machine learning was the analysis of depression (Jiang et al.,
2019), not an analysis of PD.

On the basis of stable prediction, further brain analysis could
be conducted assisted by this preoperative predicting model.
We were able to characterize networks associated with the
outcome of DBS surgery therapy in 55 PD patients. Our findings

might provide a potential neural biomarker that can detect the
hemispheric asymmetry in brain networks for predicting the DBS
outcome before surgery.

From the perspective of asymmetry, the degree of intra-
nodes and inter-hemispheres reveals that network asymmetry
is widely distributed in the human brain functional network.
At the functional connection level, the DBS operation recovery
of PD showed a rightward advantage in the brain. The
RH and Ho networks had significantly predictive effects.
It was also found that the symptoms of PD such as
hallucinating, dreaming, and frequent dozing may be related
to right-hemisphere dysfunction (Stavitsky et al., 2008), and
late-stage PD patients exhibited greater atrophy in the bilateral
occipital and right-hemisphere−predominant cortical areas

Frontiers in Neuroscience | www.frontiersin.org 7 October 2021 | Volume 15 | Article 620750172

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-620750 October 20, 2021 Time: 16:22 # 8

Wang et al. Hemispheric Asymmetry With DBS Outcome

FIGURE 4 | The important brain connections of Ho (A) and He (B). The nodes represent the corresponding brain area, and the edges are the important connection
between the areas. The normalized values of the edges indicate the importance of brain connection.

(Claassen et al., 2016). Reduced structural connectivity in the
right hemisphere of PD patients was also found with freezing of
gait (Fling et al., 2013). STN-DBS with two electrodes provided
the opportunity to modify stimulation parameters for each
hemisphere (Lizarraga et al., 2017), which may alleviate the
hemispheric asymmetry in PD patients.

In two groups divided by age, the results of inter-group
feature selection showed that all four networks (LH, RH, Ho,
and He) of the older group had a low correlation between
the predicted value and the true value on the improvement of
motor function after DBS surgery. The correlation of the RH
network in both groups was higher than that of the LH network
reflected by r-, p-values, and the contrast for laterality for the
RH network was much clearer for the older group. As for two
groups divided by gender, the RH network was most predictive
in the male group, and the He network was most predictive
in the female group, which significantly correlated with the
improvement rate of DBS surgery in participants. Both male and
female groups had significant laterality in the RH network. The
male group had higher r-values in the LH and RH networks
compared with the female group, while the female group had
higher r-values in the Ho and He networks compared with the
male group.

The connection between the MVOcC-STG and thalamus
(Tha)–precentral gyrus (PrG) had the greatest contribution to the
prediction of surgical outcome in the predictive model based on
the RH network. It was reported that MVOcC was metabolically
and structurally altered in PD (Ellmore et al., 2020). Compared
with that in the HC group, STG exhibited significant reduction of
nodal efficiency in PD patients with mild cognitive impairment
(Wang et al., 2019), and the functional connectivity between
left supramarginal–STG (Wiesman et al., 2016) in PD patients
was reduced. The change in activity of Tha neurons in the
motor circuits was identified as the most marked differences in
PD (Halliday, 2009), and Tha was also considered as a suitable
stimulation position for PD patients (Caparroslefebvre et al.,

1994), which was centrally located in the pathway of the model
of the basal ganglia motor circuit and can inhibit movement
(Alexander et al., 1991; Kocabicak et al., 2012). The fibers
from cerebellar deep nuclei to PrG were implicated in speech
deterioration of PD patients (Fenoy et al., 2016). These ROIs are
related to the symptoms of PD, indicating the effectiveness of the
predictive model.

In the Ho and He networks, the top 10 predictive connections
(measured by r) were all distributed in the inferior frontal gyrus
(IFG), middle frontal gyrus (MFG), and superior frontal gyrus.
These results indicated that the frontal lobe of the Ho and
He networks played an important role in predicting the DBS
outcome. It was widely accepted that the changes in cognitive
function in PD were most closely related to the frontal lobe
(Obeso et al., 2012). For the brain functional connection, the
connections between the dorsolateral prefrontal cortex (DLPFC)
and the IFG, superior frontal gyrus (SFG), and MFG in PD
patients were significantly reduced (Dong et al., 2020). The
frontal lobe “N30” status indicated the severity of PD movement
and can effectively respond to dopamine deficiency (Claassen
et al., 2016). “N30” resulted from distinct oscillating and phasic
generators in the frontal cortex, and the “N30” component of
somatosensory evoked potentials has been recognized as a crucial
index of brain sensorimotor processing and has been increasingly
used clinically (Cebolla et al., 2011). From the perspective of brain
biomarkers, the accumulation of Lewy body in the frontal lobe
was related to the risk of PD (Crane et al., 2016). In terms of
the improvement rate of UPDRS-III for PD patients, the frontal
cortex thickness and cortical atrophy in the frontal lobe may
be an obvious predictor of poor prognosis of PD patients after
STN-DBS (Muthuraman et al., 2017).

In the LH network, the top 10 predictive connections
(measured by r) were almost distributed in the inferior parietal
lobule (IPL), postcentral gyrus (PoG), and precuneus (Pcun),
which indicated that the parietal lobe of the LH network may
show great correlation for predicting the outcome after DBS.
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Previous studies have shown that PD-related cognitive
patterns (PDCPs) were characterized by reduced metabolism
in the frontal and parietal regions (Huang et al., 2007),
which also confirmed the above-mentioned correlation
between the frontal lobe of the He and Ho networks in
PD patients. For the motor sequence learning task for PD,
it was found that a longitudinal decline in activation was
related to learning of motor function in the parietal lobe
region (Carbon and Eidelberg, 2006). In the case of ON
and OFF STN-DBS, gait images can induce activity in the
auxiliary movement area and the upper right parietal lobule
(Weiss et al., 2015).

There are several limitations in our study. Firstly,
the sample size is relatively small for machine learning
techniques, which may limit the predictive performance
of the generated model. Besides, the existing asymmetry
in the cortical structure may bring bias to the
experiment. Although symmetrical templates were used,
the influence of methodological asymmetry cannot be
completely eliminated.

CONCLUSION

In this study, we predicted the DBS outcome based on brain
hemispheric asymmetry in 55 PD patients. By using random
forest to select the important connections and the Ridge
model with suitable parameters to predict the improvement
rate in UPDRS-III, we proved that the RH network can
better predict the improvement rate among the four intra-
and inter-brain networks (LH, RH, Ho, and He). Besides,
the ROI analysis showed that MVOcC-STG and Tha-PrG
of the RH network contributed most in predicting the
improvement rate in DBS surgery in the medication-off
condition, which has a clinical significance for the presurgical
analysis of DBS.
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Post-implantation localization of deep brain stimulation (DBS) lead based on a magnetic
resonance (MR) image is widely used. Existing localization methods use artifact
center method or template registration method, which may lead to a considerable
deviation of > 2 mm, and result in severe side effects or even surgical failure.
Accurate measurement of lead position can instantly inform surgeons of the imprecise
implantation. This study aimed to identify the influencing factors in DBS lead post-
implantation localization approach, analyze their influence, and describe a localization
approach that uses the individual template method to reduce the deviation. We verified
that reconstructing direction should be parallel or perpendicular to lead direction, instead
of the magnetic field. Besides, we used simplified relationship between magnetic field
angle and deviation error to correct the localization results. The mean localization error
can be reduced after correction and favors the feasibility of direct localization of DBS
lead using MR images. We also discussed influence of in vivo noise on localization
frequency and the possibility of using only MR images to localize the contacts.

Keywords: deep brain stimulation, magnetic resonance imaging, lead localization, artifact, template

INTRODUCTION

Deep brain stimulation (DBS) is a widely used treatment for various neurological and
neuropsychiatric diseases, including Parkinson’s disease, epilepsy, and depression (Benabid, 2003;
Stefurak et al., 2003; Huys et al., 2016). Its clinical outcomes depend on the regulation of disease-
specific pathological neural circuits through precise stimulation of the artfully selected targets
(Knight et al., 2015). Accurate implantation of stimulating leads is required in order to have a
favorable clinical outcome. In addition, the spatial relationship between the leads and target nuclei,
as well as the surrounding neural elements, should also be determined to guide the programming
in order to optimize clinical efficacy and reduce side effects (Butson et al., 2007; Chaturvedi et al.,
2010). It can also help elucidate the therapeutic mechanism of DBS and its related fundamental
brain functions.

Postoperative magnetic resonance imaging (MRI) is generally used to localize implanted leads
(Pollo et al., 2004; Starr et al., 2010). It could provide simultaneous and direct visualization of the
leads and the surrounding brain tissues. In addition, results can be readily fused with those from
other MRI modalities, such as functional MRI, in order to provide powerful means of investigating
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the DBS and disease mechanisms (Schönecker et al., 2014;
Ashkan et al., 2017). Safety concerns once hindered its use in
clinics, which led to the proposal of alternative approaches,
such as fusion of computed tomography (CT) and preoperative
MRI techniques (Thani et al., 2011; Engelhardt et al., 2019).
Nowadays, after continuous efforts to address these concerns
and with the new designs of the DBS device (Jiang et al., 2013;
Zhao et al., 2020), not only 1.5 T but also 3.0 T MRI is now
deemed relatively safe under certain controlled conditions (Jiang
et al., 2014; Mo et al., 2016). An increasing number of clinical
centers are performing MRI after DBS implantation as a routine
procedure (Lozano et al., 2019).

With less obvious safety concerns, accuracy of direct lead
localization on MR images becomes the major question. The
metallic contacts of the lead can induce large artifacts on the
images due to the magnetic susceptibility difference between the
contacts and surrounding brain tissues (Schenck, 1996), which
would hinder the identification of the actual contact positions.
Generally, the contact artifacts are treated as ellipses symmetrical
to the lead axis and whose centers are deemed coincidence with
those of the contacts (Pollo et al., 2004). However, this is not the
exact case when the lead is inclined from the main field direction
of the MRI. Not only are the shapes of the artifacts rather irregular
but also the centers would deviate from the true positions of
the contacts (Matsui et al., 2007; Lee et al., 2010). Moreover, a
number of factors, such as reconstruction direction, sequence
type, and scan parameters, would also affect the appearance of
the artifact, making it even challenging to address the problem
(Liu et al., 2001).

The average template method is widely used in postoperative
MR localization (Horn and Kühn, 2015). However, this
method may ignore some details of the electrode artifacts.
Therefore, the registration result may not be as good as the
personalized template.

In order to evaluate the accuracy of direct lead localization on
postoperative MR images, phantom experiments were conducted
under 3.0 T MRI in this study. The DBS lead was placed at a
variety of orientations, and both T1- and T2-weighted images
were acquired. Positions of the contacts directly derived from the
artifacts were compared with those calculated based on fiducial
marks, which were more accurate measurements, to get the
localization error. Our design guaranteed that the calculation
of contact center coordinate is accurate and provide a reliable
reference to estimate the localization error in the traditional
method, which was not considered in previous studies. Through
these analyses, whether and how MR images alone can be used as
a reliable lead localization method was discussed.

MATERIALS AND METHODS

Deep Brain Stimulation Lead
The lead PINS L301 (PINS Medical, Inc., Beijing, China) was
used in the experiments. Four cylindrical-stimulating contacts
(distal contact 0 to proximal contact 3) made of platinum–
iridium alloy was established in the distal end. Each contact
was 1.5 mm in length and 1.27 mm in diameter. The space

between the two adjacent contacts was 0.5 mm. The proximal
end of the lead bore the four connecting contacts. Both ends were
interconnected by helical platinum–iridium alloy cables covered
with polyurethane sheath.

Experiment Setup
A cuboid-shaped phantom with inner dimensions of
280 × 170 × 150 mm3 was made and filled with a solution
consisting of 5 g/L of CuSO4 and 0.9 g/L of NaCl. It was placed
flat with the long axis parallel to the main field B0 and calibrated
with a spirit level.

To hold the lead at various orientations, a rotatable fixture was
designed as presented in Figures 1A,B. The lead was clamped
on the ring of the rotatable fixture with a cover block. A nylon
wire was tied to the tip of the lead and fixed to a knob fixture
at the center of the arc in order to maintain the lead straight.
A coordinate system could be established with the origin located
at the center of the knob fixture and Z-axis aligning with B0.
By adjusting the cover block position and the knob fixture
orientation, the lead could be deflected to an angle θ of 0◦, 15◦,
and 30◦ relative to the Y–Z plane. Its inclination angle ϕ relative
to the horizontal plane could be adjusted to 0◦, 15◦, 30◦, and 45◦
by fixation to location holes on the sidewalls with nylon screws.
The angle α of the lead axis relative to the B0 direction can be
calculated by

α = cos−1 (cos ϕ cos θ) (1)

The phantom and fixtures were made of PMMA, which had little
artifact in MR images, so that the profiles could serve as fiducials
to determine the lead positions. Before scanning, air bubbles were
removed to prevent their influence on images.

Magnetic Resonance Data Acquisition
T1-weighted three-dimensional turbo field echo (T1w-3D-TFE)
and T2-weighted turbo spin echo (T2w-TSE) sequences were
scanned on a 3.0 T MRI scanner (Philips Ingenia, Netherlands,
software version 6.0.541.1), with a 32-channel head coil (NMRB
375, Philips, Netherlands). The parameters for the T1w-3D-TFE
sequence were repetition time (TR) of 10.2 ms, echo time (TE) of
4.7 ms, field of view (FOV) of 224 mm, matrix of 224 × 224, and
slice thickness of 1 mm, resulting in a final voxel size of 1× 1× 1
mm3. The parameters for the T2w-TSE sequence were TR of
2,111 ms, TE of 90 ms, FOV of 280 mm, matrix of 720 × 720,
and slice thickness of 2 mm, resulting in a final voxel size of
0.39× 0.39× 2 mm3.

Contact Localization
The center of contact 0 was localized longitudinally and
transversely from T1 and T2 images, respectively. All
reconstructed images were bilinear, upsampled to a resolution of
0.1 mm before processing.

In order to locate the contacts in the image, we created
a fixture coordinate system. We used multiple cross-section
images to establish the rotatable fixture coordinate system.
The cross section parallel to the rotatable fixture was used
to determine the axis of the knob fixture in the image slice.
We used the Hough transform to calculate the center of the
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FIGURE 1 | Illustration of the experiment layout. (A) Photo of the phantom layout with the lead terminal tied to the nylon wire and fixed on a cubic fixture. (B) The
schematic map of the experiment layout. Black vector stands for the direction of the main field. Plane (C,D) stands for the cross sections in (C,D). (C) Demonstration
of how we calculate the fixture coordinate system center in a slice and axis direction. The red circle stands for the Hough transformation, which gives us the
coordinate of the fixture center. (D) Demonstration of how we calculate the slice that contains the coordinate system center. There d-dotted rectangle stands for the
cross section of the fixture, which gives the center slice position, which contains the lead. (E) Magnetic resonance (MR) image of the lead, cover block, and knob
fixture, and depiction of the u and v axes, whereas the w-axis is perpendicular to the u–v plane. Length l indicates the distance between contact 0 and the center of
the knob fixture, measured using an image measuring instrument. (F) The template used to directly identify the contact center in the coronal view. The center of
contact 0 is highlighted with a yellow cross mark. (G) The contact center is in transverse view, highlighted with a yellow cross.

half-ring structure and the bar direction of the rotatable fixture
(Figure 1C). The cross-section perpendicular to the rotatable
fixture and parallel to the x-axis was used to calculate the
slice, which contains the lead (Figure 1D). The center of the
knob fixture was selected as our origin of the fixture coordinate
system, and the axis is determined by the bar direction and
fixture symmetry axis. After the coordinate system is set,
we calculate the coordinates of the contact with parameters
measured with a microscope. As with the fiducial approach, the
longitudinal position of contact 0 was determined by offsetting
the center of the knob fixture O along the lead axis by the
distance l between the center of contact 0 and O, which was
precisely premeasured when the lead was fixed on the fixtures
using an image measurement instrument (Optiv Advance 332,
Hexagon AB, Sweden). For direct identification, a template-
based approach was used. A template consisting of a series
of four identical ellipses equally spaced by 2.0 mm with their
axes perpendicular to the lead axis was used, as presented in
Figure 1D. The position of contact 0 with the highest correlation
between the projections of the artifact and the template was
searched along the lead axis. The longitudinal position deviation

of contact 0 between the two methods was then calculated
and denoted by dL.

On the transverse T2 images, the position of contact 0 was
either fiducially determined from the intersection of the lead axis
and the image plane, or directly identified by picking the center
of the hypointense artifact as presented in Figures 1E–G. The
deviation between the two methods was denoted by dT.

We computed contrast-to-noise ratio (CNR) and analyzed the
influence of CNR on localization error. Coronal view images were
selected to study this influence since they were frequently used
in localization. We calculated CNR in both phantom and in vivo
conditions, and simulated in vivo condition by adding artificial
noise to the phantom data. The noise is sampled from location
where there is no contrast media, where the signal should be
zero, and all signals can be considered noise (National Electrical
Manufacturers Association, 2008). After calculating the standard
deviation from the noise, we derived CNR from both phantom
and in vivo data. Artificial Gaussian noise was added to the
phantom data so that they have the same CNR as the in vivo data.
Then we compared the localization error between the phantom
data and simulated in vivo data.
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Template Data Processing
Deviation From the Real Position
The lead was registered to a template using the imregister
function in MATLAB (MathWorks, Natick, MA, United States)
software. The center of contact after registration was chosen
as the focus. The deviation was calculated for the registration
results of both the mean template and individual template
registration methods. We selected an individual template
by choosing the closest direction in our experiment setup,
and the mean template is the average of all 12 templates
generated in the phantom experiment. The deviation is defined
by the difference between the real position and registration
calculated position. The real position was calculated using
the lead fixture as reference. The registration calculated
position was derived by the near template registration
algorithm.

Correlation Coefficient Calculation
We compute 12× 12 pairwise correlation coefficient matrixes for
direction correlation, template volume correlation, and template
volume correlation after registration in order to measure
their similarity.

Statistical Analysis of the Phantom
Experiment
Coordinate values were expressed as mean ± standard deviation
(SD). Two-way analysis of variance (ANOVA) was conducted
to investigate the influence of the θ and ϕ angles on the
localization deviation, including their interaction effect. The
statistical significance level was set at 0.05. All calculations were
performed using the MATLAB software (MathWorks, Natick,
MA, United States).

RESULTS

Longitudinal Localization of the Lead
Contact
The regions of the T1w-3D-TFE images containing the lead
contacts at various lead orientations are shown in Figures 2A,B,
which were reconstructed along the lead axis and along the
B0 direction, respectively. The hypointense artifacts of the four
contacts could be clearly seen in Figure 2A, but were hard to
distinguish from Figure 2B. It indicated the importance of the
reconstruction direction on the accuracy of lead localization,
and contact positions were determined from Figure 2A by
both the fiducial-based and direct identification approaches,
and marked in the figure. The directly identified positions
of contact 0 deviated from the fiducial results by 0.51 to
1.93 mm at various orientations, as shown in Figure 2D.
Two-way ANOVA revealed that both θ and ϕ had significant
influence on dL (p = 0.003 and 0.017, respectively). It
could further be seen from Figure 2C that dL showed an
increase with the angle α, which combined θ and ϕ according
to Equation (1).

Transverse Localization of the Lead
Contacts
The regions of the T2w-TSE images containing the lead
contacts are shown in Figures 3A,B, which were reconstructed
perpendicular to the lead axis and the B0 direction, respectively.
The profiles of the artifact were relatively regular in Figure 3A,
but were severely distorted in many of the images in Figure 3B,
especially in those with large α angles. Thus, transverse contact
positions were determined from and marked in Figure 3A. There
was a slight difference of 0.75 ± 0.29 mm between the directly
identified and fiducial-derived positions, as shown in Figure 3D.
Neither ϕ nor θ angle showed significant impact on dT, which was
consistent with the influence of α, as shown in Figure 3C.

Contrast-to-Noise Ratio Influence on
Localization Error
We estimated the CNR and noticed that the CNR is different
between the phantom data and clinical in vivo data. The CNR
estimated is around 60 from the phantom data and 20 from
the clinical data. We added Gaussian noise to the phantom
data and decreased its CNR to 20 to mimic the condition of
the in vivo data. The generated in vivo-like images are shown
in Figure 4B. We compared the localization error between the
phantom data and the mimicked in vivo data in Figure 4. The
overall localization error increased after adding more noise. The
largest localization error before and after correction are 2.4 and
1.6 mm, respectively. The mean error after correction increased
from 0.42 to 0.79 mm.

Comparison Between Different
Templates
The 12 × 12 correlation matrix show pairwise correlation of all
individual templates (Figure 5). All 12 templates were registered
to each other, and correlation coefficients were calculated
after registration. This similarity measurement provides us the
explanation of the difference between mean template and near
template. In image registration algorithm based on intensity,
similarity can give us a hint on the potential registration behavior.
In our condition, the localization error depends on registration
accuracy, which can be reflected in template similarity. The
individual template was used to mimic the widely used template
matching method. However, the result is not as good as
the individual template result. The best individual template
registration result exceeds the result of the mean template
registration. The mean template has lower correlation coefficient
than the best correlated template (Figure 6).

DISCUSSION

Knowing the accurate location of the implanted DBS lead inside
the target nucleus is important to understand the mechanisms
and promote the therapy development. Direct localization
from MR images is the handiest way but is hindered by
electrode artifacts.
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FIGURE 2 | The coronal view of the artifacts of four contacts in various orientations. (A,B) Artifact positions under different lead orientations. White rectangles
indicate the outline of the contacts. Cross markers indicate the template-matched position of the proximal contact. (A) Image resliced parallel to the top surface of
the rotatable fixture. (B) Image resliced parallel to the X–Z plane. (C,D) Localization deviation as a function of the axis direction. (C) Horizontal axis indicates the θ

angle. Three curves represent different ϕ angles. Both θ and ϕ angles contribute to the deviation, and reduction of either of the angles can achieve a better accuracy.
(D) Horizontal axis indicates α. The red plane in the zoomed-in figure shows the reconstruction plane we chose in each condition in (A,B).

In this study, we designed phantom experiments with fiducial
frames to guarantee direct localization accuracy of the DBS lead
from MR images. Most previous studies focused on CT/MR
image fusion localization error (Lee et al., 2010; Smith and
Bakay, 2011), but our study intends to explore the possibility of
localization with only MR images. Former studies used phantom
experiments, which gives accurate reference for localization of
lead but only in the parallel and perpendicular directions (Pollo
et al., 2004, 2007). In our study, we took the typical lead direction
range into consideration and analyzed the relationship between
localization errors. Besides these analyses, we used simplified
relationship to decrease the error to the level of 0.42 mm on
average, which favors the feasibility of direct localization of the
DBS lead from MR images. We also analyzed the localization
error difference between the phantom study and in vivo condition
by adding artificial noise to mimic the in vivo condition. The
phantom experiment paradigm may also be used for further
applications, such as generating artifact template for localization
by registration method.

We conducted a systematic analysis on error propagation in
the phantom experiment from two aspects: the accuracy of the
phantom localization system and the reliability of the manually
mimicking traditional localization method.

As for the phantom localization system, the propagation of
error is from the phantom to fiducial points to the calculation

of the contact center. The phantom and the lead fixture were
machined with an accuracy of 0.1 mm, which is guaranteed by
the machine tool. After upsampling the MR image to a resolution
of 0.1 mm, the center of both the knob fixture and cover block
have an accuracy of 0.1 mm in both u and v directions in
Figure 1E. Thus, the uncertainty of lead position calculation in
each direction can be derived by:√

k2σ2 +
(
1− k

)2
σ2 = σ

√
k2 +

(
1− k

)2
< σ, 0 ≤ k ≤ 1

(2)
in which k is the proportion of length l in the distance between
the knob fixture center and cover block center, and σ is the
standard deviation of both the knob fixture center and cover
block center, which is 0.1 mm in our experiment. In addition, the
magnetic field distortion is routinely corrected daily by the MRI
scanner operator.

As for the manual localization results, we took the mean result
from three experts to reduce random error. An influential factor
for manual localization method is the magnetic susceptibility
difference between brain tissue and the solution. The difference of
the artifact shape lies in their difference in magnetic susceptibility.
The magnetic susceptibility of Pt–Ir alloy is 231 ppm (C. Q. Jiang
et al., 2013), while the brain tissue has a magnetic susceptibility
in the range between –8.8 and –9.2 ppm, and our solution of
–9 ppm (Duyn and Schenck, 2017). The influence of magnetic
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FIGURE 3 | The axial view of the contact 0 artifact in various orientations. (A) Image reconstructed perpendicular to the lead axis. (B) Image reconstructed
perpendicular to the B0 field. (C) Localization deviation assessed in the axial view under different θ and ϕ angles. (D) The localization deviation of contact 0 with
respect to α, reconstructed perpendicular to the B0 field.

susceptibility to magnetic field distortion can be described as a
distortion factor (Ladd et al., 1996): µi−µe

µi + µe
,

where µi and µe stands for the magnetic susceptibility of the
material inside and outside the lead. In the extreme case of brain
magnetic susceptibility of –9.2 and –8.8 ppm, the distortion factor
is 1.1077 and 1.1028, respectively, which has a difference of 0.2%
in contrast to 1.1052 for water. We consider the difference of 0.2%
to be of minor influence.

There are differences in noise level between phantom and
in vivo condition. The noise in clinical condition is higher
because of the complex background condition. Here we use the
blank area, which contains no medium that generates signal to
estimate the noise level in both the phantom and in vivo data. The
localization error was increased after we added Gaussian noise.
A possible explanation is that the artifact outlines have been
changed after adding artificial noise. These images after treatment
will bring more difficulty for us to distinguish the center of
artifact hypointensity area, which deteriorates the localization
accuracy. However, the localization accuracy is still acceptable
after our correction method. After correction, localization error
is no larger than 1.6 mm. The mean error increased from 0.42 to
0.79 mm, which does not change the conclusion that MR can be
used as a localization approach.

This study also analyzed the difference between the individual
template and mean artifact template, and showed the advantages

in using the individual template. It was revealed that the
individual artifact template can have better registration result
than the mean template.

Previous studies generally treated the geometric center of the
hypointensive artifact in MR images as the contact center (Pollo
et al., 2004; Thani et al., 2011), which was only valid under
special scenarios, namely, with the lead orientation parallel to
the magnetic field, and with the reconstruction direction parallel
or perpendicular to the lead axis. In fact, the artifact appearance
was strongly dependent on lead orientation. On the other hand,
black artifacts are mainly magnetic sensitive artifacts, as well
as RF artifacts, which will not only cause local blackening, but
also cause some areas to brighten, which makes the situation
more complicated. Generally speaking, the geometric center of
the artifact tends to deviate further from the electrode center as
the angle increases. Even in parallel positions, there is a small
difference. This error can be reduced by simple empirical formula
fitting. The more accurate analysis can be used to model and
calculate the artifacts and make more detailed correction. On
the other hand, the hypointensity area mainly consists of the
susceptibility artifact, while RF artifacts will not only cause local
hypo-intensity but also cause local hyperintensity, which will
make the situation more complicated. Generally speaking, as the
main field angle increases, the geometric center of the artifact
tends to deviate further from the contact center. Even in parallel
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FIGURE 4 | Comparison between the phantom image and in vivo contrast-to-noise ratio (CNR)-mimicked image. (A) Artifact positions under different lead
orientations in the phantom image. (B) Artifact positions under different lead orientations in the phantom image, which added an artificial noise to mimic the in vivo
condition. (C,D) Localization error of the original phantom image and phantom image-added artificial noise. Horizontal axis indicates the θ angle. Three curves
represent different ϕ angles. Both θ and ϕ angles contribute to the deviation, and reduction of either of the angles can achieve a better accuracy.

FIGURE 5 | The template paired correlation coefficient matrixes. (A) Paired matrix of the template direction vector. (B) Paired matrix of the template volume. (C)
Paired matrix of template volume after registration.

positions, there is a small deviation. This error can be reduced
by a simple regression formula. More accurate analysis can be
achieved by modeling and calculating the artifacts.

The traditional method uses averaged lead template to register
subject data. However, after averaging, the template loses some
detailed information of the contact artifact feature. The averaged
template is not as good as the closest direction template,
but still have the potential to achieve an acceptable result.
There are differences between individual templates. Their paired
correlation coefficient matrixes show that the template pair with
a smaller direction difference has a higher similarity score. This
result indicates that choosing a template that has a small direction
difference with the patient lead will have a better localization

result. On the other hand, the mean template has a stable
performance in registration.

The CT/MRI fusion method is widely used because of
the low tissue resolution of MRI. However, this approach
assumes that the brain remains the same before and after
the surgery, while previous studies show that the brain keeps
changing after the surgery (Tessitore et al., 2017; Gao, 2018).
Specifically, patients with Parkinson’s disease have cortical
atrophy, and long-term DBS stimulation can lead to ventricular
volume changes (Lewis et al., 2009), which will affect the
accuracy of preoperative and postoperative registration. In
addition, cerebrospinal fluid outflow can lead to brain drift
(Elias et al., 2007; Matias et al., 2018), even up to 6.5 mm (Hamed
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FIGURE 6 | Deviation of the center of proximal contact before and after
registration.

et al., 2020). In addition, the accuracy of the CT/MR fusion has
been changing for many years (Li et al., 2017). From 2000 to
2015, some operations were converted to frameless positioning,
which improved the accuracy to a certain extent. However, more
than 50% of the operations with frame positioning were still in
use and were widely used, with the maximum deviation of 6 mm.
Even the newly developed Leksell frameless system may achieve
a positioning deviation of 2 mm (Li et al., 2017). The results
of this paper, on the one hand, has an accuracy of 0.42 mm,
and it is not necessary to conduct CT/MR fusion electrode
positioning, and also can intuitively obtain the relative position
relationship between the electrode and the nucleus from the
postoperative data. Even if the electrode displacement or brain
structure changes after operation, we will not be affected by
the use of preoperative data. On the other hand, the traditional
average template registration process is improved, and more
accurate results are obtained with the individual template.

At present, for the relationship between the electrode
implantation position and the activation area and even
the curative effect, some studies have shown that the best
implantation position for STN DBS in the treatment of
Parkinson’s disease motor symptoms is the dorsolateral STN
(Hamani et al., 2004; Herzog et al., 2004); a deviation of 2 mm
may lead to 60% difference in clinical effect (Horn et al., 2019).
In order to compensate for the deviation from the target, it is
necessary to increase the stimulation intensity, which leads to
excessive stimulation in the surrounding area, whose volume
can reach one to six times the volume of the STN nucleus
(Kramme et al., 2020). Other studies have shown that there are
complex functional connections in the basal ganglia (Greene
et al., 2020). Small deviations can lead to stimulation in other
areas of the cortex. There are similar differences within STN,
which need to be treated with caution (Haynes and Haber,
2013). The accuracy of electrode position judgment will affect
the mechanism analysis and curative effect prediction. Therefore,
Andy Horn et al. (2019) proposed a probability method to
infer sweet spot. A previous study has shown that the fiber
bundles with different angles from the electrodes have different
thresholds under fixed stimulation mode (Slopsema et al., 2019),

and false stimulation of the nucleus can affect up to 60% of the
postoperative outcomes. Both IC and HDP pathways are located
near STN, which are related to the auditory system and motor
symptoms, respectively, and are parallel to, and perpendicular to,
the electrode direction.

MRI is more and more widely used, and has gradually become
a physical examination tool. Through repeated scanning, it can
track the changes in the brain for a long time and master
the evolution of the disease (Elias et al., 2007; Matias et al.,
2018; Hamed et al., 2020). For DBS-implanted patients, repeated
scanning of radiation CT is not appropriate. In the past, due to
safety considerations, repeated MRI scans were not acceptable.
However, with the increasing understanding of DBS MRI safety,
as well as new compatible devices (C. Jiang et al., 2014; Mo
et al., 2016), this restriction is being removed. MRI study of
long-term changes after DBS implantation will become a normal.
This provides an opportunity to continuously track brain changes
under long-term DBS stimulation.

There is agreement between our results and previous research
in which the center of the artifact coincides with the contact
center in special cases when the lead axis is parallel to the
main field. The fiducial system achieved a relatively accurate
localization result due to the small artifact induced by the PMMA
material. Thus, the contact coordinate calculated by our fiducial
system can be considered as the real position.

Our method implies that error can be corrected by reducing
deviation from the artifact center. Notice that in a practical
situation, surgeons need to image two leads at the same time, and
neither the MF angles will reach 0 degrees. Then our correction
formula can be used.

CONCLUSION

This study conducted the first assessment of MR-based
lead localization deviation by measuring the deviation in
coronal/transverse views, T1/T2 sequences, and different lead
orientations and resliced directions. We also showed the
advantage of the individual template compared with the mean
template. These results indicate that the resliced direction and
lead orientation are factors affecting the localization accuracy.
More accurate localization results can be secured using carefully
selected lead orientations and resliced directions, while taking
the direction of the template into consideration when choosing
a registration template.
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