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Abstract Despite many pharmacological and psycho-
social treatment options, schizophrenia remains a debili-
tating disorder. Thus, new treatment strategies rooted in
the pathophysiology of the disorder are needed. Recently,
vagus nerve stimulation (VNS) has been proposed as a
potential treatment option for various neuropsychiatric dis-
orders including schizophrenia. The objective of this study
was to investigate for the first time the feasibility, safety
and efficacy of transcutaneous VNS in stable schizophre-
nia. A bicentric randomized, sham-controlled, double-blind
trial was conducted from 2010 to 2012. Twenty schizophre-
nia patients were randomly assigned to one of two treat-
ment groups. The first group (active tVNS) received daily
active stimulation of the left auricle for 26 weeks. The sec-
ond group (sham tVNS) received daily sham stimulation
for 12 weeks followed by 14 weeks of active stimulation.
Primary outcome was defined as change in the Positive
and Negative Symptom Scale total score between base-
line and week 12. Various other secondary measures were
assessed to investigate safety and efficacy. The intervention
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was well tolerated with no relevant adverse effects. We
could not observe a statistically significant difference in
the improvement of schizophrenia psychopathology dur-
ing the observation period. Neither psychopathological and
neurocognitive measures nor safety measures showed sig-
nificant differences between study groups. Application of
tVNS was well tolerated, but did not improve schizophre-
nia symptoms in our 26-week trial. While unsatisfactory
compliance questions the feasibility of patient-controlled
neurostimulation in schizophrenia, the overall pattern of
symptom change might warrant further investigations in
this population.
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Introduction

Despite all available antipsychotics being effective for the
treatment of positive symptoms [20, 33], schizophrenia
remains a debilitating disorder with a poor long-term out-
come and prognosis. One reason is the unsatisfactory effi-
cacy of antipsychotic treatment on affective, negative and
cognitive symptoms. One should bear in mind that these
symptom domains are the main predictors for reduced
quality of life and poor functional outcomes [8, 27]. Thus,
the development of new biological treatment options for
these symptom domains, which are rooted in the patho-
physiology of schizophrenia, is one of the major challenges
in psychiatry. In this context, neurostimulation approaches
have been proposed to offer such novel biological treatment
options.

Different meta-analyses indicate that repetitive transcra-
nial magnetic stimulation (rTMS) is a promising add-on
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treatment for positive and negative symptoms in schizo-
phrenia [12, 42, 48, 49], but the efficacy for negative and
affective symptoms was recently questioned by a large
controlled multicentric trial [53]. In addition, one single-
center trial showed that transcranial direct current stimu-
lation might be a promising option for persistent auditory
hallucinations [7]. Aside from these modern neurostimula-
tion techniques, electroconvulsive therapy (ECT) is still a
possible treatment option in treatment-refractory schizo-
phrenia [41, 43]. Compared to transcranial brain stimula-
tion techniques, stimulation of the vagus nerve provides a
different approach to stimulate the human brain. Invasive
vagus nerve stimulation (VNS) has been established as an
adjunctive treatment for medically refractory epilepsy [13]
and is also approved for major depression [35, 52]. It has
also been assumed that VNS should have a beneficial effect
on cognitive symptoms in epilepsy and other neuropsychi-
atric disorders [6, 44]. The exact modes of action behind
the efficacy of VNS in epilepsy and depression are not well
understood, but it is thought that VNS acts via innervation
of the nucleus tractus solitaries, with further projections to
limbic and cortical structures and to forebrain structures
[38]. One positron emission tomography (PET) study in 10
partial epilepsy patients showed that invasive VNS induces
widespread changes in the blood flow of different cortical
and subcortical regions including both hippocampi, the
amygdala and the insula [24]. A recently published rodent
study using the methylozoxymethanol acetate model of
schizophrenia demonstrated that 2-week invasive VNS
resulted in a reversal of ventral hippocampal hyperactivity
and aberrant mesolimbic neuron function and improved the
behavioral correlate of positive symptoms [40].

Based on the reported efficacy of VNS for depressive
and cognitive symptoms, and the biological modulations
in cortico-subcortical networks that are also involved in the
pathophysiology of schizophrenia, one could hypothesize
that VNS could be a potential add-on treatment option in
schizophrenia. However, VNS needs a surgical procedure
for the implantation of the stimulating coil and the genera-
tor (with potential burdensome complications), and thus,
the risk/benefit assessment for this intervention in schizo-
phrenia is currently not warranted. However, to overcome
the risks associated with invasive VNS, devices for the non-
invasive transcutaneous stimulation of the afferent auricu-
lar branch of the vagus nerve have been developed. Animal
studies indicate that both invasive VNS and noninvasive
VNS have significant anticonvulsive effects and this has
been confirmed by first pilot trials in patients with phar-
macoresistant epilepsy [21, 50]. Functional MRI studies
have demonstrated that transcutaneous VNS significantly
decreases blood oxygenation levels in various cortical and
subcortical areas, particularly limbic structures [11, 29]. A
recently published monocentric clinical trial indicated that
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transcutaneous VNS is effective for the treatment of major
depression [22], but failed to improve chronic tinnitus in
another monocentric pilot trial [31]. Based on the expertise
gathered from the animal, physiological and clinical studies
discussed here, our goal was to determine, for the first time,
the feasibility and efficacy of transcutaneous VNS for the
treatment of schizophrenia.

Materials and methods
Subjects

We enrolled 25 schizophrenia patients from two university
hospital centers in Goettingen and Munich for this bicentric
randomized, sham-controlled, double-blind clinical investi-
gation. The inclusion criteria were a diagnosis of schizo-
phrenia according to ICD-10 criteria (F20.xx, confirmed
by the Mini-International Neuropsychiatric Interview Plus
interview [47]) with a disease duration >12 months, age
18-75 years and the appliance of the transcutaneous VNS
medical device according to the manual. The exclusion
criteria were a PANSSy . score [26] improvement >20 %
within the period of 2—-4 weeks from screening to baseline,
pregnancy, asthma, relevant neurological or medical condi-
tions, significant psychiatric comorbidity, abuse of drugs
or alcohol in the 4 weeks prior to enrollment, history of
traumatic brain injury, invasive and noninvasive methods
of treatment (e.g., cancer surgery), indication of structural
basal ganglia or brainstem damage, any other implanted
medical device, malformations of the pinna and all other
disorders of the pinna or meatus, and any further circum-
stances that, at the discretion of the investigator, would
prevent the subject’s inclusion in the clinical study. After a
complete description of the study, written informed consent
was obtained from all participants.

Study design

From 2010 to 2012, schizophrenia patients underwent a
pretreatment assessment 14-28 days before the baseline
visits at day 0. Eligible patients entered a 12-week double-
blind tVNS intervention (active vs sham). Patients ran-
domly allocated to the active group received daily active
stimulation of the left auricle by tVNS for 26 weeks.
Patients randomized to the sham group received daily
sham stimulation of the left auricle by tVNS for 12 weeks,
but were then switched to active tVNS for the following
14 weeks, i.e., until week 26 (see Fig. 1). The local eth-
ics committees approved the protocol, which was con-
ducted in accordance with the Declaration of Helsinki.
Study monitoring for safety and GCP aspects, as well as
statistical analyses, was performed by the Institut fuer
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Fig. 1 Trial plan. After a screening period, patients with schizophre-
nia underwent a pretreatment assessment before the baseline visit
on day 0. Eligible patients entered a 12-week double-blind parallel-
group transcutaneous vagus nerve stimulation intervention (active

anwendungsorientierte Forschung und klinische Studien
GmbH (http://www.ifs-goettingen.de/). The study was reg-
istered at www.clinicaltrials.gov (NCT: 01176721).

tVNS parameters (active and sham tVNS)

tVNS was performed via stimulation of the left auricular
branch of the vagus nerve through two titan electrodes con-
nected to a stimulating device (CMO02, Cerbomed, Erlan-
gen, Germany). The place of stimulation was the outer ear
canal. The tVNS device used in this trial was configured
to provide stimulus intensities in the range of 0.1-10 mA.
Active tVNS was programmed to stimulate with a pulse
train of 30 s followed by break of 180 s (duty cycle 14 %,
30-180-30-180-30-...), a pulse width of 250 ps and a
pulse frequency of 25 Hz. The stimulation intensity was
adjusted individually for each patient at the beginning of
the intervention and at every study visit. Patients had the
possibility to adjust the stimulation intensity by them-
selves and were advised to use the highest stimulation
intensity above the perception threshold which was toler-
able. Patients started with a settling-in phase (3 x 1 h/day
stimulation) followed by the adaption phases I (3 x 2 h/day
stimulation) and II (3 x 3 h/day stimulation). The study
phase was characterized by stimulation throughout the day
(from morning to bedtime). Patients were able to decide
for how long they use the stimulator, but advised to use
the stimulator the whole day during the study phase. Sham
tVNS was characterized by sham stimulation (no active
stimulation) from a similarly designed stimulator. How-
ever, at the beginning of the study, sham stimulators were
programmed to allow for the primary adjustment of the
individual threshold and throughout the study patients were
also allowed to adjust their individual stimulation param-
eters. For safety reasons, patients were instructed not to use

vs sham). After 12 weeks, patients randomized to sham tVNS were
switched to active tVNS and patients initially randomized to active
tVNS continued this stimulation

the tVNS device during the night. The tVNS device was
equipped with an internal memory that recorded the contact
quality to the skin, all changes in the stimulation intensity
and the periods of stimulation. The internal memory was
read out at each visit and stored on a study computer using
the individualized patient ID.

Randomization

Randomization was performed using a software-generated
(SAS 9.2) 1:1 randomization schedule.

Baseline assessment and efficacy measures

This study was initiated to test the feasibility and safety
of tVNS in schizophrenia. The primary outcome measure
was change in the PANSS total score [26] after 12 weeks
of intervention in both study groups. In both centers, raters
were trained on PANSS by reviewing standardized vide-
otaped interviews. The secondary outcomes reported here
are change in positive and negative PANSS subscores and
change in Beck Depression Inventory (BDI) scores [4].
Explorative data were collected to assess any changes in the
Scale for the Assessment of Negative Symptoms (SANS,
global and total scores) [2], in different depressive scores
[Calgary Depression Rating Scale (CDSS), Montgomery
and Asberg Depression Rating Scale (MADRS), Hamil-
ton Depression Rating Scale (HAMD-21)] [1, 17, 37], in
the Personal and Social Performance Scale (PSP) [45],
in Fagerstroem scores [14] and in Subjective Well-Being
under Neuroleptics scale (SWN-K) [10]. Further explora-
tive data were assessed for various neurocognitive domains.
Complex visual scanning, motor speed and the ability to
shift strategies were tested with the Trail-Making-Test A
and B [51]. The “Wortschatztest” was used to test verbal
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intelligence [46], and the “Regensburger Wortfliissigkeitst-
est” was used to test verbal fluency [3]. Furthermore, visu-
ospatial short-term memory and implicit visuospatial learn-
ing were investigated with the Corsi Block Tapping test [5],
and the German version of the Rey Auditory Verbal Learn-
ing Test (Verbaler Lern- und Merkfihigkeitstest, VLMT)
was used to investigate verbal short-term and long-term
memory [23].

Safety measures

All patients received an ECG, and standard laboratory
and clinical assessments to guarantee a high level of care.
ECG was recorded until day 28 based on the assumption
that cardiac events associated with the intervention would
appear at the beginning of treatment. The proinflamma-
tory cytokines IL-6 and TNF-alpha were measured before
and after stimulation by commercially available ELISA
kids. Standardized assessment of motor side effects was
carried out with the St. Hans Rating Scale for extrapy-
ramidal syndromes (SHRS) [16], and overall side effects
were assessed with the UKU Side Effect Rating scale [34].
Spontaneous side effects, adverse events (AE) and seri-
ous AE (SAE) were documented according to ICH/GCP
regulations.

Statistics

A statistical analysis plan was implemented before
unblinding the study participants. This plan contained all
planned statistical and explorative analyses. Deviations
from the described analytic strategy were not permitted.
All statistical analyses were performed with SAS (SAS
Institute, Cary, NC, USA). Level of significance was set at
p < 0.05. The primary outcome analysis was performed in
the intention-to-treat (ITT) population, defined as all rand-
omized patients with at least one documented visit follow-
ing baseline [modified (mITT)]. For the mITT population,
primary outcomes were analyzed with a general linear
model analysis of variance [repeated-measures (RM)-
ANOVA] using a restricted maximum likelihood (REML)
estimation for missing data. The between-subjects factor
was group (active vs sham) and the within-subject factor
was time of visit (baseline vs week 12). The statistic ana-
lyzed for significance was the interaction between group
and time of visit, indicating whether or not the change in
outcome variables over time differed between groups. In
a secondary analysis, the ANOVA was used to analyze
all other outcome variables and the data from week 12 to
week 26. The planned ANOVA controlled by center and
gender was not performed due to an unexpectedly small
sample size.
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Results
Study subjects

We screened 25 patients until the recruitment objective was
reached. Twenty patients were either randomized to active
(n = 10) or sham (n = 10) tVNS, and 19 patients entered
the interventional study phase. Fifteen patients reached
the endpoint at 12 weeks (see Fig. 2 for dropout analysis
and CONSORT diagram). At baseline, analyses could not
detect a statically significant difference in any of the soci-
odemographic or clinical measures between study groups
(see Table 1).

Efficacy outcome measures
PANSS total score and responder analysis

In the intention-to-treat analysis, PANSS total scores
decreased by 8.7 (£3.6) in the active and by 3.2 (£3.6)
in the sham group between baseline and week 12, with
no differences between study groups (LSMeans differ-
ence = 5.5 + 5.3; df = 11.4; p = 0.32). Exploratory anal-
ysis from week 12 to week 26 showed that PANSS total
scores were reduced by 8.5 (£3.5) in the active tVNS and
by 5.1 (£3.7) in the sham tVNS group (switched to active
after week 12) with no significant differences between
groups (LSMeans difference = 3.4 £ 4.1; df = 13.3,
p = 0.52). From baseline to week 26, the RM-ANOVA
comparing all patients initially randomized to verum
tVNS to those who received sham tVNS showed a sig-
nificant time x group interaction (p = 0.0263). Active
tVNS reduced PANSS total scores by 17.2 (£2.8) and
sham tVNS (switched to active tVNS at the end of week
12) by 8.8 (£2.8), with a significant difference between
groups (LSMeans difference = 8.8 + 4.1; df = 12.8,
p = 0.049). However, both study groups showed numeric
differences in PANSS total scores at baseline (LSMeans:
sham tVNS = 56.3; active tVNS = 65.2; p = 0.14)), pos-
sibly contributing to the observed group differences from
baseline to week 26. Despite the indirect dependency of
the differences, an additional minor post hoc analysis to
account for the crossover design was performed compar-
ing sham tVNS (baseline to week 12) and active tVNS
(patients receiving active tVNS from baseline to week 12
and week 12 to week 26, as well as patients in the pre-
vious sham group receiving active tVNS from week 12
to week 26). An independent ¢ test was used for simplic-
ity reasons and did not reveal a significant difference
between PANSS total changes in the mITT population
(please see Table 2 and Fig. 3). From baseline to week
12, analyses identified 3 responders and 5 nonresponders
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Fig. 2 CONSORT Flow
Diagram. A total of 20 patients
were randomized. Ten patients
were allocated to active tVNS,
and 10 patients were allocated
to sham tVNS. One patient in
the sham group met the exclu-
sion criteria and was withdrawn
from the study. During the
first 12 weeks, 2 patients in
the active and 2 patients in the

25 Patients were assessed for eligibility

5 were excluded in screening phase

+ 1 Did not meet inclusion criteria

+ 2 Declined to participate

+ 3 Had other reasons (suicidality, met
exclusion criteria, left study centre)

A 4

| 20 were randomized l

}

sham group left the study. In the

A 4

subsequent 14 weeks, 1 patient v
in the active and 2 patients in
the sham group discontinued
the study

10 were allocated to active tVNS
10 received medicinal product

}

+ 2 Withdrew consent

2 Discontinued active tVNS until week 12

19 Allocated
. 10 were allocated to sham tVNS
to medicinal . .
9 received medicinal product
product . o o
+ 1 met exclusion criteria after randomisation
15 received

2 Discontinued sham tVNS until week 12
+ 2 had other reason (fear of device,
subjective stress)

intervention
until week 12

I

}

aneurysm

1 Discontinued active tVNS until week 26
+ 1 had an operation (clipping of intracranial

}

treat analysis

visit)

9 were included in the modified intention-to-

+ 1 excluded from analysis (no post baseline

14 received
follow-up 0 Discontinued sham tVNS until week 26
until week 26
17 analysed 8 were included in the modified intention-to-
asmITT treat analysis
collective + 2 excluded from analysis (no post baseline

visits)

(response rate 37.5 %) in the sham tVNS group, and 2
responders and 7 nonresponders (response rate 22.2 %)
in the active tVNS group, with no significant difference
between groups (response difference 15.3 %; 95 % CI
—27.9; 58.4 %).

Secondary outcome measures
PANSS subscores and SANS

For PANSS subscores, no significant differences between
groups were observed but both groups showed an improve-
ment between baseline and week 12 (PANSS positive
LSMeans difference = 0.5 £ 1.4; df = 14.8; p = 0.73;
PANSS negative LSMeans difference = 4.1 + 3.0;
df = 144; p = 0.19; PANSS general LSMeans differ-
ence = 0.7 + 2.3; df = 11.5; p = 0.77). For SANS global
ratings and total scores, no significant differences between
groups were identified between baseline and week 12
(SANS global rating: LSMeans difference = —0.5 £ 1.6;
df = 14.5; p = 0.74; SANS total scores: LSMeans differ-
ence = 2.8 + 9.8; df = 12.8; p = 0.78). Please see Table 2
for further analyses.

Depression rating scales

All depression rating scales showed no significant dif-
ferences between groups from baseline to week 12 (BDI:
LSMeans difference = —1.5 + 2.5; df = 14.3 p = 0.58;
CDSS: LSMeans difference = —1.7 + 1.0; df = 13.6;
p = 0.11; MADRS: LSMeans difference = 1.0 £ 2.1;
df = 13.1; p = 0.63; HAMD-21: LSMeans differ-
ence = —1.6 &+ 2.6; df = 15.3; p = 0.54). Please see
Table 2 for further analyses.

Other rating scales

The values and statistics of PSP, SWN-K and FTNA are
displayed in Table 2. No significant group differences were
observed for any of the other rating scales.
Neurocognition

No significant group differences in any of the neurocogni-
tive assessments (Wortschatztest at baseline and VLMT,

TMT, RWT Corsi Block Tapping Test over time) were
observed (data not shown).
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Table 1 Baseline characteristics and sociodemographics

Variable Active tVNS (N =9) Sham tVNS (N = 8) Active versus sham
LR x° df p
Gender (male/female) 5:4 3:5 0.5542 1 0.4566°
Employment (employed/not employed) 1:8 0:8 0.9444 1 0.3311°
Partnership (yes/no) 1:8 2:6 0.5622 1 0.4534?
Independent living (yes/no) 5:4 7:1 2.0817 1 0.1491°
Education (no/vocational/secondary) 0:7:2 1:4:3 1.9662 2 0.3742°
Center (Goettingen/Munich) 6:3 5:3 0.0322 1 0.8576°
Hand preference (right/not right) 7:2 8:0 2.0148 1 0.1558*
Antidepressant use (yes/no) 3:6 2:6 0.1417 1 0.7066"
Mean SD Mean SD t df P

Age, year 37.6 10.5 35.5 12.7 0.37 15 0.7196"
Severity of illness

PANSS positive symptoms 15.67 6.48 11.75 3.11 1.55 15 0.1410°

PANSS negative symptoms 16.78 441 15.00 5.66 0.73 15 0.4782°

PANSS general symptoms 32.78 7.92 29.50 6.80 0.91 15 0.3776°

PANSS total 65.22 12.95 56.25 10.70 1.54 15 0.1432°

SANS total 21.78 9.59 25.38 14.78 —0.60 15 0.5559°

SANS global rating 5.78 2.54 6.38 3.38 —-0.42 15 0.6839°
Depression related

BDI 15.33 9.92 13.88 7.22 0.34 15 0.7368°

CDSS 4.89 2.76 6.38 2.50 —1.16 15 0.2653°

MADRS 12.11 6.77 10.88 4.94 0.42 15 0.6770°

HAMD-21 11.44 7.18 11.13 7.97 0.09 15 0.9318°
Treatment

Antipsychotic dose (CPZ), mg/day® 578.56 667.12 469.05 396.39 0.40 15 0.6917°

PANSS Positive and Negative Symptom Scale, SANS Scale for the Assessment of Negative Symptoms, BDI Beck Depression Inventory, CDSS
Calgary Depression Rating Scale, MADRS Montgomery and Asberg Depression Rating Scale, HAMD-21 Hamilton Depression Rating Scale,

CPZ Chlorpromazine Equivalents

@ Chi? test

b Independent 7 tests

¢ One subject in the active tVNS group had missing CPZ data

Safety measures and side effects

During the intervention, 3 SAEs (2 times hospitalization,
appendectomy) were reported, but none were associated
with the use of the medical product. In each study group,
one patient has been hospitalized and in the sham tVNS
group and one further patient had an appendectomy. The
SAE rates were 22.2 % in the sham and 10 % in the active
tVNS group (Fisher’s exact: p = 0.58).

Nineteen AEs were reported, of which 5 were asso-
ciated with the use of the medical product. Eleven AEs
(including 4 local skin irritations or pain; 1 before and 3
after switching to active stimulation) were reported in the
sham, and 8 AEs (including 2 local skin irritations or pain)
were reported in the active tVNS group. AE rates were
66.7 % in the sham and 60 % in the active tVNS group

@ Springer

(Fisher’s exact: p = 1.00). In three patients (all in the
active tVNS group), action was required due to the UKU
ratings (2 x increased frequency of clinical examinations;
1 x stop of intervention).

One patient was withdrawn from the study at the screen-
ing visit, and two patients received close monitoring due to
side effects. Laboratory measures including Na't, KT, cre-
atinine; ASAT, ALAT, gamma-GT, cholesterin, triglycer-
ides, HbA1C, TSH, prolactin and total blood count showed
no significant differences between groups nor any changes
over time (baseline to week 12). For creatine kinase,
descriptive statistics indicate a decrease in the sham group
and an increase in the active group without being signifi-
cant or leaving the reference range. In both groups, fasting
glucose levels decreased over time without reaching the
threshold for statistical significance. IL-6 and TNF-alpha
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Table 2 Primary and secondary outcome measures at baseline and after 12 and, respectively, 26 weeks

Outcome measure  Active tVNS Sham tVNS Interaction between
- - group and time of
Baseline Week 12 Week 26 Baseline Week 12 Week 26 measurement
wN=9) N=38) =1 N=23) WN=23) wN=T1)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD F df )4
PANSS scores
Positive 15.67 648 1425 560 1129 594 1175 3.11 1086 2.19 10.14 1.68 2.15 5/142 0.1187
Negative 16.78 441 1325 450 1200 424 1500 566 16.14 778 1443 5.62 3.75 5/14.1 0.0227
General 3278 792 2875 738 2429 7.61 2950 6.80 2643 486 2371 450 1.04 5/142 0.4338
Total 65.22 1295 5625 13.08 47.57 13.85 56.25 10.70 53.43 1274 4829 599 3.60 5/14.1 0.0263
SANS scores
Global rating 578 254 438 292 371 293 638 338 471 427 400 258 294 5/13.2 0.0536
Total 2178 959 15.88 1025 13.43 1273 2538 14.78 19.57 18.63 15.00 14.12 2.50 5/13.7 0.0822
Depression scores
BDI* 1533 992 1063 9.69 10.86 10.84 1388 722 7.57 541 671 454 157 5/8.78 0.2648
CDSS 489 276 400 293 271 293 638 250 386 3.63 371 1.63 1.50 5/13.6 0.2540
MADRS 1211 677 1025 6.09 957 538 10.88 494 1000 574 843 5.68 2.65 5/13.0 0.0727
HAMD-21 1144 7.18 10.88 589 9.14 530 11.13 797 9.00 507 7.86 598 2.84 5/143 0.0558
Other
PSP 50.33 1159 54.88 1625 5843 1097 58.13 10.71 5857 796 5943 9.07 0.75 5/10.7 0.6008
SWNK 79.11 1423 85.00 17.59 89.14 17.29 87.38 15.89 86.29 13.96 87.00 14.85 2.25 5/13.2 0.1102
FTND" 480 130 450 173 400 265 533 339 540 270 6.80 327 137 5/7.1 0.3370
Treatment
CPZ (mg/day)® 578.6 667.1 562.6 642.6 379.5 368.0 469.1 3964 5499 4193 5403 406.1 027 2/15.0 0.7634

PANSS Positive and Negative Symptom Scale; SANS Scale for the Assessment of Negative Symptoms; BDI Beck Depression Inventory; CDSS
Calgary Depression Rating Scale; MADRS Montgomery and Asberg Depression Rating Scale; HAMD-21 Hamilton Depression Rating Scale;
PSP Personal and Social Performance Scale; SWN-K Subjective Well-Being under Neuroleptics scale; CGI Clinical Global Impression, FTND
Fagerstrom Test for Nicotine Dependence (only assessed in smokers); CPZ Chlorpromazine Equivalents

% BDI was available in 8/7 patients in the active and in 7/7 patients in the sham group at week 12/week 26

> FTND was only assessed in smokers and was available in 5/4/3 patients in the active and in 6/5/5 patients in the sham group at baseline/week

12/week 26

c

one subject in the active tVNS group had missing CPZ data. Antipsychotic treatment was documented independently from the study visits. The

values were post hoc assigned to the study visits using the documented data in the study database

were rated as normal in both groups, and no significant
changes were observed for both proinflammatory cytokines
between groups. Blood pressure did not differ over time
or between groups. Pulse and heart rate were higher in the
sham group, and these differences were pronounced at the
end of the study. ECGs were recorded for the first 4 weeks.
No differences in ECG could be observed (normal/pathol-
ogy with relevance/pathology without relevance/missing)
over time (see Table 3). The percentage of normal evalua-
tion was higher in the active tVNS group based on descrip-
tive statistics. In summary, no severe adverse effects were
observed during the whole study period.

Study discontinuation (dropouts)

Three patients allocated to active tVNS, and three patients
allocated to sham tVNS discontinued the study before

week 12. One patient in the sham tVNS group had a base-
line improvement of >20 % and was excluded from analy-
sis according to the protocol. The reasons for study discon-
tinuation are displayed in the CONSORT Flow Diagram.

Compliance

Compliance was tested on the basis of the data recorded
from the internal memory (log files). A sufficient stimula-
tion procedure according to the protocol was assumed if a
patient used the stimulator for at least 4 h/day and for at
least 80 days during the first 12 study weeks. From the ITT
population, only 9 patients (53 %) fulfilled these criteria,
indicating a protocol violation in the remaining patients.
The stimulation data (stimulation intervals, stimulation
hours, active days from baseline to week 12) is displayed
in Table 4.
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Fig. 3 Scores for severity of symptoms during the study. Data are
presented as mean £ SEM in black for active tVNS and in white
for sham tVNS. The change over time in PANSS scores: a PANSS
total score, b PANSS positive score, ¢ PANSS negative score and

Table 3 ECG parameters

Baseline Week 12 Week 26 Baseline Week 12 Week 26

d PANSS general score. The change in different depression rating
scores over time: e BDI score, f CDSS score, g MADRS score and h
HAMD-21 score

Active tVNS Sham tVNS

Baseline Week 2 Week 4 Baseline Week 2 Week 4

(N =10) (N=9) (N=238) (N=9) (N=29) (N=29)

ECG evaluation

Normal 8 8 6 7 6 5
Pathology with relevance 0 0 0 0 0 0
Pathology without relevance 2 0 2 1 2 2

0 1 0 1 0 1

Missing

No pathology with relevance was reported. The percentage of normal evaluation was higher in the active tVNS group based on descriptive statistics

Discussion

We performed the first pilot study to investigate the fea-
sibility, safety and efficacy of noninvasive transcutaneous
vagus nerve stimulation (tVNS) for the treatment of schizo-
phrenia. The intervention was well tolerated with no major
side effects. Both groups showed an improvement in vari-
ous outcome domains over time, but the limited compliance
illustrates the problems arising from patient-controlled neu-
rostimulation interventions in schizophrenia. Regarding
efficacy, the comparison of active with sham tVNS applied
to the left auricular branch of the vagus nerve did not offer
a general benefit for the primary and secondary outcome
measures during the intervention periods.

The efficacy of invasive and transcutaneous VNS has
not been previously investigated in schizophrenia patients,
although other neurostimulation techniques have been
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suggested as potential add-on treatments. Apart from
reports of low-frequency rTMS for the treatment of audi-
tory hallucinations [9, 32] and from evidence of electrocon-
vulsive therapy for severe treatment-resistant patients [41],
the results for all other symptom domains (e.g., negative
symptoms, depressive symptoms) are not satisfying [18,
19, 53]. Thus, our results with tVNS are in line with various
alternative studies in the field using other neurostimulation
techniques. However, in cases of negative findings from a
pilot study, it is necessary to consider different explana-
tions that may account for the lack of group differences.

At baseline, our patients suffered from a mild psycho-
pathology as indicated by average PANSS total values
of <65. One recent meta-analysis from six randomized
controlled schizophrenia trials comparing antipsychot-
ics to placebo indicated that the expected benefit of antip-
sychotic drugs is related to initial symptom severity [15].
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Table 4 Stimulation data of subjects with readable log files

Baseline to week 12

Active tVNS (N = 8)* Sham tVNS (N = 7)* t values p values
Stimulation intervals 108.50 £ 34.18 87.27 £ 16.82 1.487 0.161
Total stimulation (min) 28,963.63 £+ 15,062.30 24,096.14 4+ 6526.97 0.790 0.444
Total stimulation (h) 482.73 £+ 251.04 401.60 + 108.78 0.790 0.444
Observation days 89.00 £ 8.72 84.43 £9.36 0.979 0.345

Baseline to week 26

Active tVNS (N =17) Sham tVNS (N =7) t values p values
Stimulation intervals 212.00 £ 66.60 160.86 + 34.77 1.801 0.097
Total stimulation (min) 59,883.27 +26,112.30 51,235.71 £ 19,723 £ 97 0.699 0.498
Total stimulation (h) 998.06 + 435.21 853.93 +328.73 0.699 0.498
Observation days 186.43 + 7.89 178.57 + 8.94 1.743 0.197

Only subjects with baseline and at least V7 data were included in the analyses (N = 15). Two subjects (N = 2) from the mITT collective did not
reach V7. One subject was allocated to the active tVNS group and had 8 intervals, 3851 total stimulation minutes (64.18 total stimulation hours)
and 14 observation days until drop out. The second subject was allocated to the sham tVNS group and had 30 intervals, 6196 total stimulation
minutes (103.7 total stimulation hours) and 63 observation days until drop out

Thus, we can speculate that the mild psychopathology at
baseline might counteract a potential effect of active tVNS.
In our study, patients randomized to the active group had
higher baseline PANSS values (65.22 + 12.95) compared
to those who received sham tVNS (56.52 4+ 10.70). In the
first 12 weeks, active tVNS reduced the total PANSS by
8.7 points, whereas sham tVNS resulted in a decrease of
only 3.2 points. At week 12, the sham tVNS group was also
switched to active tVNS and both group showed a reduction
of 5.1 and, respectively, 8.5 points in PANSS total scores
from week 12 to week 26. This differing pattern is revealed
by a significant “time x group interaction” (p = 0.0263).
Therefore, the change in symptoms over time in both study
groups cannot only be explained by the setting of a clinical
trial, and one can assume that the inclusion of patients with
moderate-to-severe psychopathology and longer observa-
tion intervals in a two-arm study with no switching would
have resulted in significant differences between active and
sham tVNS.

A further major reason for the negative finding is the
unsatisfactory compliance of our schizophrenia patients.
As indicated in the log files, only half of our mITT popula-
tion used the stimulation device according to the protocol
requirements during the first 12 study weeks. This might
explain the lacking efficacy of our intervention and also
raises questions about the feasibility of self-stimulated
tVNS in schizophrenia patients. Schizophrenia patients are
characterized by significant noncompliance, which results
in 40-60 % discontinuing their antipsychotic treatment [36,
39]. The noncompliance rate in our study is in this range.
Due to the small sample size, the group of patients who

received protocol-adherent stimulation (9 patients: 6 in
Goettingen, 3 in Munich) was only analyzed with descrip-
tive statistics. However, this descriptive analysis of our per-
protocol population did not show other results than the ITT
analysis (data not shown). Aside from noncompliance, poor
illness insight is another characteristic of schizophrenia.
Both these factors and the results presented here suggest
that patient-controlled neurostimulation is associated with
specific challenges in schizophrenia.

One could only speculate whether other stimulation
parameters or longer stimulation intervals would have been
more effective. The decision to use the given protocol was
based on previous experience from fMRI studies conducted
on healthy subjects [11, 28], and it would appear that an
adjustment of the parameters based on the pathophysiologi-
cal changes in schizophrenia might have resulted in greater
efficacy. In this context, one fMRI study indicates that
the regional cerebral blood flow in the left temporal lobe
of schizophrenia patients discriminates rTMS respond-
ers from nonresponders [25]. It could be hypothesized
that only schizophrenia patients with demonstrable activa-
tion deficits in cortical and subcortical tVNS target areas
would respond to active stimulation. Regarding the dura-
tion of the intervention, it is intriguing that active tVNS
showed, in both study periods, similar improvements in the
total PANSS scores, indicating an additive effect over time.
Thus, future studies may have to explore whether longer
stimulation periods or different stimulation protocols are
more effective in the improvement of our target symptoms.
A further limitation refers to the fact that ECG recording
was limited to the first 4 weeks of treatment. Therefore, we
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cannot generalize our observation of no cardiac events for
the whole study period. However, other tVNS studies (e.g.,
for the treatment of tinnitus) showed that tVNS is not asso-
ciated with cardiac events for longer study periods (e.g.,
24 weeks) [30, 31].

Interestingly, one animal study (schizophrenia rodent
model) showed that invasive VNS for 2 weeks normalized
aberrant hippocampal and downstream alterations in VTA
dopamine [40]. Obviously, the translation of animal findings
to the clinical setting is associated with many problems, but
these preclinical findings are promising since they provide a
basis for a pathophysiology-based treatment. However, the
procedure described in the animal model is related to inva-
sive VNS and the question as to whether invasive VNS could
be effective in schizophrenia patients remains open. On the
basis of the present negative findings and the situation that
invasive VNS is associated with surgery, we are reluctant to
suggest such an intervention as a treatment strategy. Regard-
ing safety, our pilot study showed that active VNS is gen-
erally well tolerated and associated neither with stressful
symptoms nor with relevant adverse effects. Our reported
tolerability is in line with previous reports using tVNS for
epilepsy, major depression and tinnitus [22, 31, 50].

The results of this pilot study indicate that tVNS is not a
beneficial add-on treatment in stable schizophrenia patients
over 3 months. Nonadherence and the initial low disease
severity may account for this negative finding. Future
studies should make specific arrangements to increase the
therapeutic adherence (e.g., reminder via phone calls or via
medical apps). However, the pattern of symptom change
over time could suggest that long stimulation periods
(>3 months) might be possibly effective in those patients
who are compliant to the intervention. Further research is
also needed to disentangle the biological underpinnings of
tVNS in schizophrenia to allow for targeted interventions.
Finally, the potential of tVNS in the context of combined
approaches (e.g., tVNS combined with psychotherapy or
with cognitive-enhancing interventions) should be explored
in future clinical trials.
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