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Abstract 
Background and Aims: Crohn’s disease [CD] is a debilitating, inflammatory condition affecting the gastrointestinal tract. There is no cure and 
sustained clinical and endoscopic remission is achieved by fewer than half of patients with current therapies. The immunoregulatory function 
of the vagus nerve, the ‘inflammatory reflex’, has been established in patients with rheumatoid arthritis and biologic-naive CD. The aim of this 
study was to explore the safety and efficacy of vagus nerve stimulation in patients with treatment-refractory CD, in a 16-week, open-label, 
multicentre, clinical trial.
Methods: A vagus nerve stimulator was implanted in 17 biologic drug-refractory patients with moderately to severely active CD. One patient 
exited the study pre-treatment, and 16 patients were treated with vagus nerve stimulation [4/16 receiving concomitant biologics] during 16 
weeks of induction and 24 months of maintenance treatment. Endpoints included clinical improvement, patient-reported outcomes, objective 
measures of inflammation [endoscopic/molecular], and safety.
Results: There was a statistically significant and clinically meaningful decrease in CD Activity Index at Week 16 [mean ± SD: -86.2 ± 92.8, 
p = 0.003], a significant decrease in faecal calprotectin [-2923 ± 4104, p = 0.015], a decrease in mucosal inflammation in 11/15 patients with 
paired endoscopies [-2.1 ± 1.7, p = 0.23], and a decrease in serum tumour necrosis factor and interferon-γ [46–52%]. Two quality-of-life indices 
improved in 7/11 patients treated without biologics. There was one study-related severe adverse event: a postoperative infection requiring de-
vice explantation.
Conclusions: Neuroimmune modulation via vagus nerve stimulation was generally safe and well tolerated, with a clinically meaningful reduction 
in clinical disease activity associated with endoscopic improvement, reduced levels of faecal calprotectin and serum cytokines, and improved 
quality of life.
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1. Introduction
Crohn’s disease [CD] is a chronic inflammatory condition 
that can affect any portion of the gastrointestinal tract. The 
incidences of CD in the USA and in Europe are approximately 
10.7 and 6.3 per 100 000 person-years, respectively, with a 
trending increase in incidence as well as prevalence.1–3 Current 
treatments include corticosteroids, immunomodulators, 
and biologic drugs including anti-tumour necrosis factor 
[TNF] antibodies such as infliximab and adalimumab. Other 
biologics include anti-interleukin [IL]-12/IL-23 antibodies 
and the integrin-inhibiting antibody vedolizumab, as second-
line therapeutics. However, many patients do not have an ad-
equate response or develop a loss of response. On average, 
65% of patients with severe CD fail to attain steroid-free 
clinical remission.4–7 Furthermore, biologics and conventional 
therapies for moderately to severely active CD have potential 
significant side effects, and some include black box warnings 
for infections or malignancies.

The vagus nerve, a bilateral cranial nerve which arises in 
the brain stem and innervates the body’s organs, is an estab-
lished therapeutic target for patients with drug-refractory 
epilepsy and depression.8 It communicates bidirectional in-
formation between the viscera and central nervous system 
through afferent and efferent neurons [approximately 80% 
and 20% of neurons, respectively]9 [Figure 1]. For the past 
three decades, electrical devices to stimulate the vagus nerve 

have been implanted in more than 125 000 patients to treat 
drug-refractory epilepsy and depression.8 This procedure is 
established to be safe, well tolerated, and devoid of significant 
long-term complications.10

Vagus nerve fibres also mediate the ‘inflammatory reflex’, 
an innate neuroimmune mechanism that is responsive to and 
inhibits inflammation in the intestines and other organs.11 
Cytokine release in tissues stimulates the sensory arm of the 
inflammatory reflex, which relays cytokine-specific action po-
tentials to the brainstem.12,13 Arrival of these signals activates 
brain stem motor neurons that reflexively transmit signals via 
the vagus nerve back to the organs. These vagus motor signals 
inhibit cytokine release in tissues via the myenteric plexus to 
the gut and the coeliac plexus to the spleen.14–19 The down-
stream mechanism of the inflammatory reflex is mediated by 
signal transduction via the α7 nicotinic acetylcholine [ACh] 
receptors on immunocytes which inhibit nuclear factor kappa 
B [NF-κB], Janus kinase [JAK]/signal transducer and acti-
vator of transcription proteins [STAT], and inflammasome 
activation.20–22 Other anti-inflammatory mechanisms of 
vagus nerve stimulation include suppressing CD11b expres-
sion, increasing T regulatory cells, decreasing Th1 cells, re-
ducing auto-antibody production, and increasing specialised, 
proresolving mediator release23–29].

Recent preclinical and clinical studies of electrical stimu-
lation of the vagus nerve indicate significant attenuation of 
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experimental colitis and CD signs and symptoms.18,30–36 A 
pilot, single-centre, clinical study of seven biologic-naïve 
CD patients used an implanted vagus nerve stimulator 
programmed with parameters used to treat epilepsy. CD 
activity was reduced in five [71%] patients and four pa-
tients achieved clinical and endoscopic remission within  
6 months.36 In a 1-year follow up, and including two add-
itional subjects, both clinical and endoscopic remission were 
observed in five patients at 12 months.37 The stimulation 
parameters [500 µs pulse width and 10 Hz] were adjusted 
during the trial to reach maximum tolerated intensities ran-
ging between 0.25 mA and 1.25 mA, in cycles which ran 24 h  
per day for 30 s on followed by 5 min off. Recently, we 
observed that delivering much lower charge [250 µs pulse 
width, 10 Hz] for only 1–4 minutes per day was sufficient 
to significantly reduce inflammation and disease severity in 
preclinical animal models and in patients with rheumatoid 
arthritis.34,38,39

Despite this evidence, it was previously unknown whether 
stimulation of the vagus nerve with lesser electrical charge 
and reduced daily frequency [only once to four times daily] 
would decrease CD severity in biologic-refractory patients. 
Herein, we provide the results from a 16-week, open-label, 
multicentre, clinical trial with clinical and objective endpoints 
investigating the safety and efficacy of vagus nerve stimula-
tion by an implanted electrical pulse generator in patients 
with moderately to severely active CD and insufficient or ab-
sent response to biologic drugs.

2. Materials and Methods
2.1. Study design and participants
We performed a 16-week, multicentre, open-label trial in four 
EU countries, examining the safety and efficacy of electrical 
stimulation of the vagus nerve as an innovative treatment for 
CD. Patients were 18–75 years of age, with moderately to 
severely active refractory CD >4 months after diagnosis and 

with a Crohn’s Disease Activity Index [CDAI] 220 to 450, 
endoscopic evidence of ulceration by Simple Endoscopic 
Score for Crohn Disease [SES-CD ulcer size score of at least 
2 in at least one segment], and faecal calprotectin concentra-
tions greater or equal to 200 μg/g.

Patients were eligible for enrolment if they had an insuffi-
cient response or were intolerant to at least one TNF inhibitor 
[ie, infliximab or adalimumab] or vedolizumab. Patients in 
Sweden were required to have failed both an anti-TNF 
agent and vedolizumab prior to enrolment. Azathioprine, 
6-mercaptopurine, and methotrexate could be continued 
throughout the study but had to be stable for >12 weeks 
prior to enrolment. Prohibited medications within the pre-
enrolment washout window included any TNF inhibitor, 
natalizumab, vedolizumab, oral glucocorticoids at doses 
greater than 10 mg prednisone orally daily, or an equiva-
lent dose of other oral or parenteral glucocorticoids within 4 
weeks, ciclosporin, tacrolimus, sirolimus, or mycophenolate 
mofetil within 4 weeks, intravenous antibiotics for CD 
within 4 weeks, parenteral or enteral feeding, or elemental 
diet within 2 weeks, and rectal use of 5-aminosalicylates 
or corticosteroid enemas or suppositories within 2 weeks. 
During the study [after the first nine patients were enrolled], 
a protocol modification was made that allowed for continued 
use of a stable [for at least 6 months] dose of a TNF inhibitor 
or vedolizumab throughout the study, to limit the amount of 
time the patients were untreated prior to Day 0. Exclusion 
criteria included coeliac disease, ulcerative or indeterminate 
colitis, enterocutaneous fistulae with abscesses, extensive co-
lonic resection, bowel-related surgery within 12 weeks prior 
to enrolment, prior vagotomy, history of vasovagal syncope, 
pharyngeal dysfunction, preexisting vocal cord damage or 
dysfunction, uncontrolled asthma or obstructive lung disease, 
peptic ulcer disease, significant cardiac rhythm disturbances, 
sleep apnoea, or the use of other electrically active medical 
devices. A full list of inclusion and exclusion criteria can be 
found in Supplementary Table 1.
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Figure 1. The inflammatory reflex. The vagus nerve functionally projects into the coeliac plexus which relays signals to the sympathetic splanchnic 
nerve. Activation promotes release of acetylcholine [ACh] from choline acetyltransferase [ChAT]-expressing T cells which inhibits the release of tumour 
necrosis factor [TNF] from splenic macrophages. Vagus nerve endings also project into the gut wall and interface with the enteric nervous system 
through the myenteric plexus, but the role of ChAT+ T cells in the gut has not yet been fully elucidated. NE, norepinephrine/noradrenaline. Reprinted 
from International Immunology 2021;33:349–56].

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad151#supplementary-data
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The safety-evaluable population included all patients who 
were screened, and in this group all adverse events were re-
ported beginning at the time of signed informed consent. The 
efficacy-evaluable population included all patients who were 
implanted with the vagus nerve stimulation device and for 
whom at least one post-implantation documentation of pri-
mary efficacy data was available.

2.2. Intervention
The investigational study device was a standard Cyberonics 
VNS Therapy® System, including an implanted pulse gen-
erator (Demipulse Model 103; Cyberonics [now Livanova], 
London, UK) that was placed in a subcutaneous pocket in 
the chest wall, and lead [PerenniaFLEX Lead Model 304] 
that was secured around the left cervical vagus nerve and 
tunnelled to the pulse generator [Figure 2A–C].40 The ex-
ternal programming system includes the programming 
wand, the programming software, a compatible computer, 
and an actuating magnet. This software allows a physician 
to place the programming wand over the pulse generator to 

read and change device parameters. The automatic stimu-
lation [optimised for epilepsy] was disabled on the device 
and the magnet was provided to the patients, with instruc-
tions for use for actuating the device daily according to 
protocol. The system components were treated as investi-
gational study devices due to their off-label use in patients 
with CD.

The device settings chosen for this study were based on 
extensive preclinical studies, the proof-of-concept clinical 
study that was performed with the same device in two 
rheumatoid arthritis cohorts, as well as clinical vagus nerve 
stimulation experience with these devices used in epilepsy 
and depression.39,41,42 The study used a pulse frequency 
and pulse duration of 10 Hz and 250 µs, respectively, well 
below the specified upper limits allowed in the currently 
approved vagus nerve stimulation device product labelling 
in approved indications of drug-refractory epilepsy and 
depression.43

The study flow chart is shown in Figure 2D. Patients had 
screening assessments and baseline clinical and biomarker 
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assessments at the Week -4 visit and the Week 2 visit, after 
which the device was implanted under general anaesthesia at 
the Week 2 Visit. During the implantation procedure prior 
to wound closure, the patients received a single stimulus as 
part of the standard intraoperative diagnostic testing to check 
system function and lead integrity and impedance. The device 
was then inactivated and the patient allowed recovery from 
surgery for at least 14 days. On the Week 0 visit, patients had 
postoperative clinical assessments and the stimulation was ti-
trated to an output current as maximally tolerated between a 
minimum of 0.25 mA and a maximum of 2.0 mA [in 0.25-mA 
increments]. The patients self-administered for 1 min once per 
day active stimulation at a pulse frequency of 10Hz, a 250-µs 
pulse duration daily by passing the actuating magnet across 
their chest. On each visit between Weeks 1 and 4, the stimu-
lation output current was further incremented as tolerated. 
At the Week 4 visit, daily stimulation time was increased to 2 
min and at the Week 6 visit to 5 min. At Week 8 clinical scores 
were assessed, and if the patient had not achieved remission 
[CDAI <150], daily stimulation time was increased to 5 min 
four times per day. Early termination visits were analysed as 
Week 16 visits.

At the conclusion of the study, patients were offered the 
option to have the device surgically removed, left in place and 
inactivated, or to continue treatment in a long-term exten-
sion study that ends when the last patient enrolled reaches 
the 24-month study visit. Eleven of 16 patients in the efficacy 
group opted to continue in the extension study, which will be 
reported separately.

2.3. Assessments and measurements
2.3.1. Efficacy measures
The primary efficacy endpoint was mean change in CDAI 
between the preimplantation baseline and the Week 16 visit. 
Other endpoints included the proportion of patients that 
achieved CDAI remission [CDAI <150] and response [CDAI 
-70; drop in CDAI by at least 70 points] or enhanced response 
[CDAI -100; drop in CDAI by at least 100 points]. CDAI with 
partially missing CDAI subscores were calculated with the 
missing subscore imputed by last value carried forward. No 
CDAI imputations were allowed for study visits missing all 
CDAI subscore values or carried forward from a pre- to a 
post-therapy initiated time point.

Endoscopy was performed at screening and at the Week 
16 visit and biopsies were collected. Recorded endoscopic 
videos were scored by two expert central readers blinded to 
the timing of the recordings. The averaged value of the inde-
pendent scores was used for the primary analysis of SES-CD. 
SES-CD remission was defined as all observed segments 
having an ulcer score of </= 1. Standard forceps biopsies were 
collected from involved regions of ileum and colon and for-
malin fixed for standard histology. The most affected regions 
were read at a central reading facility by a pathologist blinded 
to the patient and treatment sequence information, using the 
semi-quantitative Geboes Score.44,45

Biomarker endpoints included change from baseline 
in faecal calprotectin, high-sensitivity C-reactive protein 
[hsCRP], and serum cytokines, and the heart rate variability-
derived autonomic balance. Faecal calprotectin and hsCRP 
were measured centrally and serum cytokines were meas-
ured by MSD electrochemiluminescence [MSD Chemokine 
Panel 1 and Proinflammatory Panel 1, Meso Scale Discovery, 
Rockville, MD, USA].

Two quality-of-life scales were used to assess health-related 
quality of life: the Inflammatory Bowel Disease Questionnaire 
[IBDQ; MID of 16] and the Simple Health Score [SHS] instru-
ments.46 The IBDQ scale increases and the SHS decreases as 
patients improve.

2.3.2. Safety measures
The overall safety and tolerability of the implantation, device, 
and treatment were assessed for the safety-evaluable popula-
tion. Safety endpoints included were incidence, causality, and 
severity of serious adverse events [SAEs], adverse events, and 
clinical laboratory results. These were assessed throughout 
the study, coded using the Medical Dictionary for Regulatory 
Activities [MedDRA], and are presented by MedDRA term as 
incidence rates.

2.3.3. Statistical analyses
Descriptive statistics and the 95% confidence intervals [CIs] 
of the mean difference from baseline were calculated for 
CDAI, SES-CD, faecal calprotectin, hsCRP, IBDQ, and SHS. 
Changes from baseline to the Week 16 primary endpoint 
were compared by paired t test. As this was a pilot study, 
no adjustment for multiple comparisons were prespecified. In 
post hoc analyses, changes in CDAI, faecal calprotectin, and 
hsCRP from baseline to each study visit were further tested 
with a paired, mixed-effects analysis of variance [ANOVA] 
model [Restricted Maximum Likeliness; REML], adjusted 
with Bonferroni’s multiple comparisons test [Prism V.9, 
GraphPad, San Diego, CA, USA], and included in the figures. 
Changes in serum cytokine levels were assessed by Wilcoxon 
matched pairs signed rank test. Endoscopy across the SES-CD 
subscores and histopathology across the Geboes subscores 
were calculated by REML adjusted with Bonferroni’s mul-
tiple comparisons test. Correlations between continuous or 
discrete clinical, molecular, endoscopic, and quality-of-life 
parameters were quantified using Spearman’s rank correl-
ation coefficients [Prism V.9, GraphPad]. In further post 
hoc analyses of the patients achieving a clinical response 
to therapy, median changes in clinical and patient-reported 
outcomes [CDAI, IBDQ, SHS] and in objective outcomes 
[faecal calprotectin, hsCRP, SES-CD, and the SES-CD colon 
subcomponent] were assessed by Wilcoxon column test vs a 
hypothetical change of 0.

2.4. Ethics statement
This study was done in accordance with the International 
Conference on Harmonisation guidelines for good clin-
ical practice and the ethical principles of the Declaration of 
Helsinki. All patients gave written informed consent, which 
was reviewed and approved by an independent ethics com-
mittee or institutional review board. The study was registered 
with clinicalTrials.gov [NCT02311660].

3. Results
3.1. Patient disposition and baseline 
characteristics
A total of 31 patients were screened and 17 patients with ac-
tive CD were enrolled at five sites and received a vagus nerve 
stimulator system implanted on the left cervical vagus nerve 
[Figure 2A–C]. Sixteen [94%] were included in the efficacy 
population because one patient suffered a postoperative wound 
infection, and the device was removed before stimulation had 
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commenced [‘All Patients group’]. Twelve of the 16 patients 
[designated as ‘Stimulation Monotherapy group’] were ana-
lysed separately because the only nonconventional treatment 
they received during the study period was vagus nerve stimu-
lation. Four patients continued biologic treatment during 
the 16-week study, at the treating physician’s discretion [2/4 
treated on a stable dose]. Eleven of 17 subjects had any ex-
posure to a corticosteroid during the trial, and 5 of 17 re-
ceived >10 mg at any point after treatment was initiated on 
Day 0. Two patients in the efficacy population withdrew from 
the study prior to Week 16, one due to a CD flare and one to 
undergo a magnetic resonance imaging [MRI] scan that was 
incompatible with the specific device implanted [Figure 3].

The mean [range] age of the 17 patients at baseline was 
35.4 [21–62] years, mean [range] body mass index [BMI] of 
patients was 22 [16.8–29.0], 76.5% of patients were male, 
and 82.4% of patients were White. The mean [range] number 
of biologic drugs previously experienced was 2.2 [1–6]. 
Patient characteristics are summarised in Table 1.

3.2. Efficacy endpoints
Mean clinical disease activity was stable from the screening 
visit [Week -4] to Week 0 until the onset of daily stimulation 
of the vagus nerve. After the onset of vagus nerve stimula-
tion, the mean decrease in CDAI from baseline to Week 16 
was (mean ± standard error of the mean [SEM]: -86.2 ± 24.3, 
p = 0.003] in the full cohort, and -114.5 ± 23.9, [p = 0.0002] 
in the Stimulation Monotherapy group [Table 2, Figure 
4A]. The individual patient change in CDAI during the 
study is shown in Supplementary Figure 1A and B. During 

active treatment, mean CDAI decreased from baseline 
([mean ± SEM] in the All Patients group: baseline: 306 ± 15; 
Week 8: 218 ± 29, p = 0.001; Week 16: 221 ± 27, p = 0.003) 
[Figure 4B]. Clinical remission [CDAI <150] was achieved in 
27% of the All Patients group and 36% of the Stimulation 
Monotherapy group, respectively, at Week 16. By Week 8, 
47% and 64% of patients met the CDAI-100 criterion and 
more than half of those treated [53% and 64% of the All 
Patients group and Stimulation Monotherapy group, respect-
ively] met the CDAI-100 threshold at Week 16. The individual 
patient CDAI scores are plotted in Supplementary Figure 
2A and B. The proportions of patients who improved suffi-
ciently to achieve the definition of clinical remission, and the 
CDAI-70 and CDAI-100 clinical responses following 8 and 
16 weeks of vagus nerve stimulation treatment, are shown in 
Figure 4C and D.

A decrease in SES-CD was observed from (median [inter-
quartile range [IQR]) 24 [13.5–25.5] at Baseline to 17.5 [12–
21.5] at Week 16, and numerically in 11/15 [73%] of patients 
with paired endoscopies [Figure 5A]. Two patients [13.3%] 
had ileal-colonic sections that were not scored at baseline 
yet scored at Week 16, artificially reducing improvement in 
SES-CD. One patient [7%] achieved endoscopic remission 
[all observed segments had an ulcer score of </= 1] at Week 
16. Six patients [40%] and one patient [7%] had a decrease 
in SES-CD of >25% and >50%, respectively [Supplementary 
Figure 3A]. There were modest numerical improvements be-
tween Baseline and Week 16 in the mean SES-CD subscores 
in the sigmoid and left colon and in the terminal ileum 
[Supplementary Figure 3B]. In patients who achieved a 

Patients screened
N = 31

Patients enrolled
N = 17

Patients in Safety Population
N = 17

Discontinued (n = 1)

  -  Implantation related infection

Discontinued (n = 2)
  -  Crohn’s disease flare
  -  Device removed for an MRI scan

Patients in Efficacy Population
“All Patients group”

N = 16

Patients treated with vagus nerve
stimulation and biologics

N = 4

Patients treated with vagus nerve stimulation 
without biologics

“Stimulation Monotherapy group”
N = 12

Figure 3. Patient disposition.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad151#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad151#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad151#supplementary-data
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clinical response at Week 16, there was a significant improve-
ment in SES-CD subscores across the entire colon [p = 0.038] 
[Supplementary Figure 3C]. Ileal biopsies showed significant 
improvement from baseline at Week 16 across the eight histo-
pathological subcategories [p <0.01] [Figure 5B]. However, 
histopathology of biopsies from the colon and the rectum did 
not show significant improvement from baseline [p = 0.14 
and 0.93, respectively] [Supplementary Table 2].

A significant mean reduction from baseline in faecal 
calprotectin at Week 16 was observed in the All Patients 
group ([mean ± SEM] Baseline: 5054 ± 1266, Week 16: 

1969 ± 625.5, p = 0.02) and in the Monotherapy group 
([mean ± SEM] Baseline: 4705 ± 1295, Week 16: 1496 ± 579, 
p = 0.004) [Table 2, Figure 6A, Supplementary Figure 4A and 
B]. The mean level of faecal calprotectin over time is plotted 
in Figure 6A and shows stable levels from the pre-implanta-
tion biomarker baseline [the average of Week -4 and Week 
-2] to Week 0 when daily stimulation of the vagus nerve 
commenced. The mean faecal calprotectin level was signifi-
cantly lower than baseline by 12 weeks of stimulation. Mean 
levels of CRP were numerically lower from Week 12 onwards 
compared with baseline [Figure 6B]. The reduction in faecal 
calprotectin was significant [p = 0.02] and the reduction in 
CRP trended lower [p = 0.20] in those patients who achieved 
a clinical response [Supplementary Figure 7].

The majority of patients reported improvement in their 
IBDQ [change in IBDQ >0] at Week 16, with 6 of 11 
Stimulation Monotherapy patients exceeding the ‘minimal 
important difference’ of 16 [Table 2, Supplementary Figure 
5A]. In contrast to the IBDQ, the SHS decreases as patients 
improve. By Week 16, a majority of patients reported im-
provements in their SHS compared with baseline [change in 
SHS <0] [Table 2, Supplementary Figure 5B]. In those patients 
who achieved a clinical response, the improvements in both 
IBDQ and SHS were significant [p <0.05] [Supplementary 
Figure 7].

Serum cytokine concentrations were also measured 
to assess the inflammatory biomarker response to vagus 
nerve stimulation. We observed a 46% and 52% decrease 
from baseline in mean levels of TNF and IFN-γ [Figure 7, 
Supplementary Figure 6]. Mean total Il-17 levels were 54% 
higher at Week 16 than at baseline. The full cytokine panel 
is presented in Supplementary Table 3. Correlations of the 
change from Baseline to Week 16 in clinical [CDAI], molecular 
[faecal calprotectin, hsCRP, TNF, IFN-γ, IL-17], endoscopic 
[SES-CD], and quality of life outcomes [IBDQ, SHS] were 
analysed to investigate the interactions between the varied 
endpoints in the context of this therapy [Supplementary Figure 
8A and B]. Primarily, the change in CDAI was significantly 
correlated to changes in the quality-of-life assessments, and 
it positively correlated to the change in SHS and negatively 
correlated to the change in IBDQ [Spearman r >|0.5|, p <0.05] 
[Supplementary Figure 6A and B]. Additional interactions are 
described in Supplementary Figure 6. In those patients who 
achieved a clinical response, changes in serum levels of TNF, 
IL-17, and IFN-γ move together with a significant correlation 
between changes in IL-17 and IFN-γ levels [Spearman r = 0.8, 
p = 0.02] [Supplementary Figure 8 C and D].

Table 1. Baseline characteristics.

Total Safety Population, n 17

Enrolment by country

  The Netherlands 6

  Croatia 7 [6 in Efficacy Population]

  Sweden 2

  Italy 2

Sex, n [% male] 13 [76.5]

Ethnicity, n [% Caucasian] 14 [82.4]

Mean age, years [range] 35.4 [21.0–62.0]

Mean age at CD diagnosis, years [range] 23.5 [14.2–57.0]

Mean CD duration, years [range] 12.2 [4.7–25.2]

Mean height, cm [SD; range] 174.7 [5.8; 162.5–186.0]

Mean weight, kg [SD; range] 67.1 [11.7; 50.0–88.7]

Mean BMI, kg/m2 [SD; range] 22.0 [4.0; 16.8–29.0]

Number of prior biologics [SD; range] 2.2 [1.4; 1–6]

Number of patients on biologics at base-
line

4

Number of patients with prior bowel 
resection

7

Number of patients with prior or current 
perianal fistula

5

Number of patients with confirmed co-
lonic involvement

17

Number of patients with confirmed ileal 
involvement

11

Total Efficacy Population, n 16

CDAI [SD] 306.4 [59.4]

SES-CD [SD] 20.2 [6.8]

Faecal calprotectin [SD] 5054.4 [5062.54]

High-sensitivity CRP, mg/L [SD] 4.4 [3.4]

Abbreviations: BMI: Body Mass Index, CD = Crohn’s Disease, CDAI = 
Crohn’s Disease Activity Index, CRP = C-Reactive Protein.

Table 2. Efficacy statistics.

Week 16 change from Baseline N Mean Std Min Q1 Median Q3 Max Lower 95% CI Upper 95% CI T-test p-value

CDAI 151 -86.2 92.79 -249 -160 -121 -7 101 -137.6 -34.8 0.003

SES-CD 15 -2.1 6.43 -11 -6.5 -3 0.5 15 -5.6 1.5 0.23

IBDQ 15 9.4 34.14 -41 -23 7 46 60 -9.5 28.3 0.3

SHS 15 -33.7 107.74 -240 -121 -39 68 128 -93.3 26 0.25

Faecal calprotectin [µg/g] 15 -2923 4104 -10871 -5357 -1623 -4622 4395 -5196 -650 0.015

hsCRP [mg/dL] 16 -0.5 2.71 -4.7 -2.3 -0.4 0.4 5.5 -2 0.9 0.46

1Week 16 or Early Termination samples not available for every patient.
Abbreviations: CDAI = Crohn’s Disease Activity Index, hsCRP = High-Sensitivity C-Reactive Protein, IBDQ = Inflammatory Bowel Disease Questionnaire, 
SES-CD = Simple Endoscopic Score-Crohn’s Disease, SHS = Simple Health Score.
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3.3. Safety
All 17 patients reported at least one treatment-emergent ad-
verse event during the study and most were mild or moderate 
[Table 3]. Eight patients experienced at least one SAE. All but 
one event was CD related and 50% of these SAEs [6/12] oc-
curred prior to initiation of stimulation on Day 0. None were 
deemed to be treatment or device related, and one was related 
to device implantation/explantation [Supplementary Table 4]. 
Three patients discontinued the study prematurely, including 
one patient with a postoperative wound infection following 
device implantation [the implantation-related SAE]. One pa-
tient withdrew; their device was removed to enable diagnostic 
MRI. Another patient developed a relapse of Crohn’s disease 
with a prolonged, increased, inflammatory response. No sig-
nificant adverse vital signs, physical examination or other ob-
servational findings were noted.

4. Discussion
In this 16-week, open-label, clinical trial of neuroimmune 
modulation therapy in 17 patients with moderately to se-
verely active CD, we observed a significant reduction in CDAI 
and faecal calprotectin levels. Clinical response [decrease in 
CDAI of at least 70 or 100 points], and clinical remission were 

achieved in a substantial percentage of patients. Together, 
these data indicate that vagus nerve stimulation improves 
CD clinical activity within 8 to 16 weeks. Moreover, some 
improvements in endoscopic severity were observed, even 
though this did not reach statistical significance. Significant 
endoscopic improvements were observed in the colons of 
those patients who achieved a clinical response. Significantly 
improved histopathological outcomes at Week 16 were also 
observed in the terminal ileum, but not in colonic segments, 
based on the Geboes score of paired biopsies with histopatho-
logical inflammation at baseline. There were no treatment-
related serious adverse events. One implantation-related 
infection was reported.

The vagus nerve has immunoregulatory functions, and 
one important mechanism is the inflammatory reflex. Vagus 
nerve stimulation has been demonstrated to reduce inflam-
mation in various colitis and intestinal inflammation models, 
including DSS-, oxazolone-, and TNBS-colitis, indomethacin 
enteropathy, and post-operative ileus.18,30–35 Electrical stimu-
lation of the cervical vagus nerve reduces serum TNF and at-
tenuates the severity of sepsis through a mechanism requiring 
cholinergic inhibition of pro-inflammatory immune cells.47–49 
The vagus nerve innervation of the gut is still not completely 
mapped, and although vagus nerve innervation of the small 
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bowel is well established, there are conflicting reports as to 
whether the colon is directly innervated.50–52 Cholinergic 
nerve endings have been localised adjacent to the myenteric 
plexus of the intestinal wall, but details of the interaction be-
tween intestinal immune cells and the vagus nerve are incom-
pletely understood53–55 [Figure 1].

A number of studies have focused on nicotinic ACh 
receptor-mediated regulation of gut inflammation and vagus 
nerve stimulation in murine colitis models. These results indi-
cate that the vagus nerve regulates colonic inflammation and 
that stimulating the vagus nerve attenuates gut-specific disease 
activity.30,32,56,57 A recent published study also reported reduc-
tion of small bowel inflammation by stimulating the vagus 
nerve of rats in a model of Crohn’s-like disease, through a 

spleen-independent mechanism.34 The immunoregulatory role 
of the vagus nerve in the gut has been studied in humans, 
and one epidemiological study looked at 15 637 vagotomised 
patients, finding a significant association between vagotomy 
and later development of CD with an incidence of 0.38 per 
1000 person-years compared with 0.26 in non-vagotomised 
controls.58 Vagus nerve stimulation has been used as a therapy 
for refractory epilepsy for 25 years, and vagus nerve stimu-
lation devices have been implanted in more than 125 000 
patients, with high patient tolerability.8,10 The independent 
pilot vagus nerve stimulation study expanded to nine patients 
with moderately active CD naïve to biologic drugs, and re-
port at 12 months has shown encouraging data on the reduc-
tion of symptoms and inflammatory biomarkers as well as 

–10

10

20

30

40
A B

Screen 16/ET

Study Week

SE
S-

C
D

Week –4
Week 16

**p < 0.01

Arc
hi

tec
tu

ra
l D

am
ag

e

Epi
th

eli
al 

Dam
ag

e

Epi
th

eli
um

 p
ol

ym
or

ph
on

uc
lea

r

Ero
sio

ns
/U

lce
rs

Gra
nu

lo
m

a

Lam
in

a m
on

on
uc

lea
r

Lam
in

a p
ol

ym
or

ph
on

uc
lea

r

N
um

be
r b

io
ps

y s
pe

cim
en

s a
ffe

cte
d

0H
is

to
pa

th
ol

og
y 

Sc
or

e

1

2

3

4

Figure 5. Bowel inflammation. [A] SES-CD for each patient at screening visit and Week 16/Early Termination visit. The hollow point denotes patient 
in SES-CD remission. [B] Histopathology subcomponent score in biopsies of the most affected region of the ileum [samples from six subjects; 
mean ± SEM]. Ileal histopathology change from baseline was analysed by restricted maximum likeliness [REML]. * p <0.01. SES-CD, Simple Endoscopic 
Score Crohn’s Disease; ET, early termination; SEM, standard error of the mean.

0

Baseline 0 12

Study Week

16 Baseline 0 12

Study Week

16

All Patients
Stimulation Monotherapy

**

*

**

**
2000

4000

Fe
ca

l C
al

pr
ot

ec
ti

n

0

2

4

6

8

hs
C

R
P 

(m
g/

dL
)

6000

8000

A B

Figure 6. Disease-related biomarkers. [A] Faecal calprotectin [mean ± SEM] and [B] serum hsCRP [mean ± SEM] over time in the All Patients Efficacy 
population and in the 12-patient Stimulation Monotherapy subpopulation. Change from baseline was analysed by paired restricted maximum likeliness 
[REML] and adjusted with Bonferroni’s multiple comparisons test. *p <0.05, **p <0.01. hsCRP, high-sensitivity C-reactive protein; SEM, standard error of 
the mean.



1906 G. D’Haens et al.

endoscopic improvement, also reporting no serious adverse 
events.37

Observational studies in humans support the role of the 
vagus nerve and the parasympathetic tone in gut inflam-
mation. One study reported lower vagal tone, as measured 
by heart rate variability, in CD patients compared with 
healthy controls, and another report showed that patients 
with high resting vagal tone had lower circulating TNF.59,60 
Furthermore, in patients with ulcerative colitis, an association 
was observed between higher parasympathetic activity during 
a flare of the disease and lower systemic inflammation during 
a 3-year follow-up.61 An association has also been reported 
between a history of vagotomy and the development of CD.58

The first human study of an implanted vagus nerve stimu-
lation device to report inhibition of cytokine biomarkers was 
performed in seven patients under full anaesthesia during im-
plantation of a vagus nerve stimulator for the treatment of 
epilepsy. The data showed that endotoxin-induced TNF pro-
duction in blood drawn from the patients was significantly 
reduced after a single intraoperative stimulation.39 Several 
small human trials of vagus nerve stimulation for inflamma-
tory diseases, with promising efficacy outcomes, were reported, 
including: an open-label multicentre trial of 17 patients with 
active rheumatoid arthritis refractory to methotrexate and/or 
multiple biologic agents; a double-blinded multicentre trial of 
14 patients with active rheumatoid arthritis refractory to mul-
tiple biologic and/or targeted synthetic agents; and an open-
label, single-centre trial of nine patients with CD.36–39 The vagus 
nerve stimulation dosing in the rheumatoid arthritis trials was 
similar to what was used in the current study. The electrical 
stimulation significantly decreased TNF concentrations in circu-
lating blood and resulted in significant improvement of clinical 
signs and symptoms according to the standard disease activity 
and patient disability indices [DAS28-CRP and HAQ-DI, re-
spectively].38,39 In inflammatory bowel disease [IBD], Sinniger 
et al. reported a 12-month study in nine biologic-naive CD pa-
tients with moderately active disease at entry. The same device 
as used in the current study was implanted on the left vagus 
nerve and the same vagus nerve stimulation protocol used clin-
ically to treat drug-refractory epilepsy was applied, i.e. 30 s of 
stimulation every 5 min. The electrical amplitude was titrated 
according to individual tolerability, and seven patients reached 
the 52-week visit [two early terminations]. The cytokine levels 
normalised toward those seen in healthy controls, especially 
IL-6, IL-12/23, transforming growth factor β1 [TGF-β1], and 
TNF, and the patients displayed a reduction in clinical activity 
and endoscopic scores.37 Even with dosing repeated 12 times 
every hour, vagus nerve stimulation was well tolerated and 
without serious complications.

In contrast to the high number of daily doses delivered to 
the vagus nerve in the treatment of epilepsy and in the prior 
CD study, we restricted the electrical stimulation in the cur-
rent study to just one to four times daily in sessions lasting 
1–5 min. The anti-inflammatory effect of the limited periods 
of electrical stimulation in our study is supported by previous 
reports on durable resolution of inflammation from a short 
electrical stimulation of the vagus nerve. Translational evi-
dence for an anti-inflammatory effect lasting 24–48 h comes 
from studies with α7 nicotinic ACh receptor agonism of pri-
mary human macrophages exposed to endotoxin in culture, 
with vagus nerve stimulation in mouse endotoxaemia, and 
with human rheumatoid arthritis.38,39,62,63 Importantly, rats in-
jected with indomethacin, which causes small bowel mucosal 
inflammation, were protected for up to 48 h after a 60-s elec-
trical stimulation of the vagus nerve.34 Limiting the frequency, 
duration, and strength of electrical charges will mitigate po-
tential off-target effects [such as hoarseness and discomfort] 
caused by contraction of laryngeal muscles during stimula-
tion. Less frequent stimulation also reduces the energy use, 
which can allow for smaller batteries and devices, thereby 
facilitating implantation and clinical usability.64,65

In this study, stimulating the vagus nerve appeared to be 
a relatively safe intervention. No major safety signals were 
detected during the 16-week trial and all adverse events were 
mild to moderate. One patient developed postoperative infec-
tion that was resolved after explantation of the device.
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Table 3. Treatment-emergent adverse events occurring in > 10% of 
patients enrolled in the study

Adverse event Safety Population, n = 17, n [%]

Crohn’s disease exacerbation 7 [41.2]

Abdominal pain 3 [17.6]

Anaemia 3 [17.6]

Pyrexia 3 [17.6]

Cachexia 2 [11.8]

Hypokalaemia 2 [11.8]

Pallor 2 [11.8]

Dysphonia 2 [11.8]

Oropharyngeal pain 2 [11.8]

Alopecia 2 [11.8]

Back pain 2 [11.8]

Joint swelling 2 [11.8]

Pain in jaw 2 [11.8]

Fatigue 2 [11.8]

Any serious adverse event 8 [47]

Any serious infection 2 [11.8]

Any cancer 0 [0]
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The strengths of this study are the rigorous objective assess-
ment of the endpoints despite lack of a control group with 
a combination of clinical activity and quality of life indices, 
endoscopic and histological evaluation, and biochemical and 
cytokine analyses. The evidence for an efficacy signal was 
generally consistent across these different types of instru-
ments. The limitations of the study are the relatively small 
number of patients, the refractoriness of the populations, 
and the open-label design. The modest extent of endoscopic 
healing at Week 16 did not match the robust improvement in 
clinical outcome and decrease in faecal calprotectin. A later 
measurement, perhaps at 6 months, might have provided 
stronger evidence of robust endoscopic healing. The lack of 
improvement in colonic histology was inconsistent with the 
endoscopic response, and may be due to the biopsy-sampling 
strategy employed in combination with a relatively short and 
clearly defined segment of terminal ileum, compared with the 
dispersed biopsies from the total length of the colon.

Overall, this study has demonstrated that device implant-
ation and electrical stimulation of the vagus nerve for sev-
eral minutes per day was generally safe and well tolerated in 
biologic-refractory patients with moderately to severely ac-
tive CD. Vagus nerve stimulation treatment resulted in a clin-
ically meaningful reduction of clinical disease activity, with 
associated improvements in quality of life, colonic inflamma-
tion, and levels of faecal calprotectin and serum cytokines. 
It should be noted that with this small study population, 
these results should be interpreted with caution and a larger, 
double-blinded, controlled clinical study is warranted.
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