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Abstract

Background: The potential of non-invasive repetitive transcranial magnetic stimulation (rTMS) to improve auditory
verbal hallucinations (AVH) in schizophrenia patients has been increasingly explored over the past decade. Despite
highly promising results, high inter-individual variability of clinical response and ineffective outcomes in a significant
number of patients underscored the need to identify factors associated with the clinical response to rTMS. It should
help improve the efficacy of rTMS in patients with medication-resistant AVH, and allow a better understanding of its
neural impact. Here, we describe an exploratory study protocol which aims to identify structural and functional brain
biomarkers associated with clinical response after an rTMS treatment for medication-resistant AVH in schizophrenia.
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Methods: Forty-five schizophrenia patients with medication-resistant AVH will be enrolled in a double-blind randomized
sham-controlled monocentric clinical trial. Patients will be assigned to a regime of 20 sessions of active or sham 1 Hz
rTMS delivered twice a day, 5 days a week for 2 weeks over the left temporo-parietal junction. Response will be assessed
after rTMS and patients will be classified in responders or non-responders to treatment. Magnetic resonance imaging
(MRI) sessions including diffusion weighted imaging and resting-state functional MRI sequences will be recorded before
the onset of the rTMS treatment and 3 days following its discontinuation. The primary outcome measure is difference
in fractional anisotropy between responder and non-responder patients at baseline. Differences in resting-state
functional MRI data at baseline will be also investigated between responder and non-responder groups. Clinical,
neuropsychological, neurophysiological, and blood serum BDNF assessments will be performed at baseline, 3 days, 1
month, and 3months following rTMS.

Discussion: The aim of this research project is to identify and assess the biomarker value of MRI-based structural and
functional biomarkers predicting clinical response to rTMS for AVH in schizophrenia patients. The outcome of the trial
should improve patient care by offering them a novel suitable therapy and deepen our understanding on how rTMS
may impact AVH and develop more effective therapies adapted to individual patient needs.

Trial registration: ClinicalTrials.gov, NCT02755623. Registered on 22 April 2016.

Keywords: Schizophrenia, auditory verbal hallucinations, non-invasive brain stimulation, repetitive transcranial
magnetic stimulation, clinical response, predictive biomarkers, structural connectivity, functional connectivity,
clinical trial

Background
Schizophrenia has been conceptualized as a brain connect-
ivity disorder, which would be the cause of the main symp-
toms of the pathology [1, 2]. Auditory verbal hallucinations
(AVH) are the hallmark symptom of schizophrenia,
present in 70–80% of patients [3, 4] and have been linked
to alterations in structural and/or functional interactions.
In the structural domain, alterations of white matter integ-
rity in the left arcuate fasciculus and interhemispheric pro-
jections via the corpus callosum have been associated with
AVH in schizophrenia patients [5, 6]. Additionally, in the
functional domain, deficits of resting-state functional
connectivity have been reported for left fronto-temporal
interactions, across nodes of the Default Mode Network
(DMN) and also between DMN and Salience Network re-
gions, and have been associated with AVH severity [6–10].
In line with the concept of altered connectivity, treatments
with the ability to modulate local brain activity and net-
work functional connectivity could serve to normalize dys-
function in perturbed networks, improving AVH severity.
Repetitive transcranial magnetic stimulation (rTMS) is a

non-invasive brain stimulation technology with the ability
to modulate the activity of directly targeted cortical areas
and their associated networks [11]. Widely used over the
last two decades in exploratory, diagnostic, and therapeutic
applications, rTMS has shown a promising potential for re-
storing abnormal functional connectivity patterns under-
lying pathology. Several meta-analyses have demonstrated
that low-frequency rTMS patterns delivered to the left
temporoparietal junction (TPJ) significantly reduced AVH
in schizophrenia [12–19]. However, the clinical benefit of
this therapy remains moderate and is characterized by a

high degree of interindividual variability. Indeed, a large
number of patients appear to respond poorly, exhibiting
no significant improvement in AVH rates [16].
Variability of clinical response to rTMS has been ex-

plained by brain connectivity differences subtending
functional [20] and/or structural [21–23] interactions.
Nonetheless, to date, very few studies have aimed to fur-
ther characterize the detailed determinants of this vari-
ability. A better understanding of this phenomena bears
the potential to increase the effectiveness of
rTMS-based treatments and promote the development
of individualized therapeutic approaches tailored to the
specificities of each patient. The identification of predict-
ive and explanatory biomarkers of clinical response to
rTMS is an expanding domain with the potential to
improve therapeutic plans offered to patients, while im-
proving our understanding of underlying rTMS mecha-
nisms on pathological symptoms such as AVH. Herein,
we will test the impact of active rTMS 1 Hz stimulation
delivered to the left TPJ on AVH severity scores and use
such outcomes to quantify interindividual clinical
response variability and test the predictive and explana-
tory value of a series of magnetic resonance imaging
(MRI)-based functional and structural biomarkers asses-
sing interregional interactions. A large battery of clinical,
neuropsychological, and motor excitability neurophysio-
logical assessments as well as molecular biology serum
assays will be performed in parallel to better understand
the determinants of AVH in schizophrenia and pinpoint
rTMS therapeutic mechanisms. We hypothesize that
rTMS treatment for AVH will show large interindividual
response variability, providing a unique opportunity to
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identify MRI-based structural and functional connectiv-
ity biomarkers of positive clinical response to focal
neurostimulation.

Aims and hypotheses
The main objective of this trial is to identify whether the
clinical response to rTMS for AVH in schizophrenia pa-
tients could be driven by distinct brain connectivity pat-
terns. The clinical response to rTMS is defined as a
decrease of 50% or more in the Hallucinations Change
Score (HCS) at the end of the active rTMS stimulation
(week 3 (W3)) from the baseline (W0) value. We sought
to determine whether structural (arcuate fasciculus and
corpus callosum) and functional (frontal-temporo-parie-
tal network and the DMN) connectivity differences in
AVH-related networks may influence the therapeutic ef-
fect of rTMS. These differences may explain why some
patients do not respond to active rTMS treatment while
others do. We hypothesize that structural and functional
connectivity in AVH-related networks would be distinct
between schizophrenia patients who respond to rTMS
and those who do not.
In a second aim, given rTMS can modulate the

resting-state functional connectivity between frontal and
temporo-parietal cortices in schizophrenia related to im-
provements in AVH [9, 24], we sought to evaluate
whether there are functional connectivity changes in
schizophrenia patients associated with clinical improve-
ment following the rTMS treatment. We hypothesized
that functional connectivity changes after rTMS treat-
ment will be only observed in schizophrenia patients
who respond clinically to active rTMS (with a reduction
of AVH), but not in those who do not.

Methods/design
Study design
This is a randomized, sham-controlled double-blind,
monocentric study. Patients will be randomly assigned
to one of two arms, either active rTMS or sham rTMS
applied to the left TPJ of each patient. Twenty sessions
of rTMS treatment will be administered daily (from
Monday to Friday, weekends off ) at a frequency of 1 Hz
for a period of 2 weeks. Clinical, neuropsychological,
neurophysiological, and biological evaluations will be
carried out before regime onset (W0), on the week fol-
lowing the end of rTMS treatment (W3), and at 1 (W7)
and 3months (W15) after the termination of rTMS
treatment. MRI sequences will be recorded at W0 and
W3. The first MRI acquisition will be recorded on the
Friday of W0 (3 days before rTMS treatment) and the
second on the Monday of W3 (3 days after rTMS treat-
ment). Figures 1 and 2 show the experimental design.

The protocol study follows the SPIRIT recommenda-
tions. For the SPIRIT checklist see Additional file 1.

Study setting
This trial will be conducted by the Unité de Recherche
Clinique of the Etablissement Public de Santé Ville-Evrard
(Neuilly-sur-Marne, France). All assessments and rTMS
interventions will be performed at the Unité de Recherche
Clinique of the Établissement Public de Santé Ville-
Evrard. The MRI acquisitions will be performed at the
Center for Neuroimaging Research at the Institut du Cer-
veau et de la Moelle Epinière (Paris, France).

Participants
Recruitment
Participants will be enrolled through psychiatric services of
the Établissement Public de Santé Ville-Evrard, hospitals of
the region Ile-de-France (within and around Paris, France)
and referral by medical practitioners or therapists. The
choice of rTMS treatment for schizophrenia patients will
be decided by their clinician consultant. Following verifica-
tion of the eligibility criteria by researchers, patients wishing
to participate in the protocol will be included in the study.

Inclusion criteria
Patients will have to be diagnosed with schizophrenia ac-
cording to DSM-5 (Diagnostic and Statistical Manual of
Mental Disorders, 5th edition) criteria, suffer from
medication-resistant AVH, demonstrate clinical stability
for at least 3months, be aged between 18 and 65 years old,
and be right-handed. Medication refractoriness is defined
as a failure of treatment with two different antipsychotic
drugs, of which at least one is considered atypical. Patients
and their physicians will be strongly instructed not to mod-
ify the pharmacological treatment right before or through-
out participation in the study. Additionally, patients will
have to have sufficient knowledge of the French language.
All participants of the study will be asked to sign an in-
formed consent form.

Non-inclusion criteria
Patients presenting with at least one of the following cri-
teria are not to be enrolled in the study: (1) major psychi-
atric disorders other than schizophrenia according to
DSM-5 criteria; (2) indulging in an addiction (alcohol, psy-
choactive substances) over the last 12months; (3) having
received rTMS treatment in the last 12months; (4) par-
ticipating in a concurrent research protocol; (5) a history
of seizures; (6) having any contraindication for rTMS
(patient with epilepsy, brain surgery and/or head trauma
in the past, use of cardiac pacemaker, or surgical staples
on the scalp); (7) having potential contraindications to
MRI, e.g. pregnancy or lactating (a negative pregnancy test
will be required if the patient is a female in reproductive
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years who does not use contraception), use of a cardiac
pacemaker or surgical staples, patients suffering a neuro-
logical disorder, head trauma or claustrophobia; (8) pa-
tients with severe cardiovascular disease; (9) patients with
medication which could decrease the epileptic threshold
(bupropion, methadone, and theophylline); and (10)
patients placed in psychiatric care either by the state or a
third party.

Exit criteria
Patients will be withdrawn from the trial if (1) they simply
wish to stop participation; (2) they could not undergo the
first MRI session; (3) they did not complete the rTMS ses-
sions; and (4) if they suffered from worsening symptoms.

Randomization and blinding
The study plans to include a total of 45 patients with
schizophrenia randomized into two groups, namely an
active rTMS group comprising 35 patients (78% of the total
sample) and a sham rTMS group of 10 patients (22%). We
will use computer generated blocked-randomization with

stratification on gender to get an equal number of males
and females on each group. The randomization will be car-
ried out in five blocks of nine participants. Each block will
consist of seven patients in the active rTMS group and two
patients in the sham rTMS group. Each patient will be ran-
domized during the baseline period by VM. In order to
eliminate measurement bias, no member of the trial will be
aware of the group in which each patient is randomized to,
with the exception of the caregiver performing the rTMS
treatment sessions.
At the end of the rTMS treatment (W3), the medical

evaluator will debrief with patients on their participation
in the protocol and document if they felt they had been
assigned to and therefore received an active or sham
rTMS treatment.

Interventions
Active rTMS protocol
Sessions of rTMS treatment will be carried out with a
standard 70 mm figure-of-eight coil (Active Air Film
coil, Magstim, Wales, UK), attached to a Magstim

Fig. 1 Flow chart of the study design
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Rapid2 Stimulator (Magstim, Wales, UK). Participants
will be randomly allocated to either the active rTMS (n
= 35 patients) or to the sham rTMS (n = 10) groups. For
both groups, the treatment will be administered in two
consecutive sessions of rTMS, each delivered for 20 min
and interleaved by a stimulation-free 1 h interval. All pa-
tients will receive twice-daily rTMS sessions over a
period of 2 weeks (from Monday to Friday, weekends
off ), and therefore accrue a total of 20 rTMS stimulation
sessions. The rTMS parameters that will be used are a
frequency of 1 Hz (1 pulse per second), an intensity of
100% of the motor threshold (MT), and 1200 continuous
pulses per session (thus 2400 pulses per day and 24,000
pulses in total for the whole treatment). The MT is de-
fined as the minimal TMS intensity required to elicit
motor evoked potentials (MEPs) measured with electro-
myographic (EMG) surface electrodes placed on the first
dorsal interosseous hand muscle, of at least 50 μV
peak-to-peak amplitude, at rest, in 5 out of 10 consecu-
tive trials. The rTMS coil will be applied over the left
TPJ, which will be targeted using established spatial
coordinates for the Wernicke’s area in the left TPJ

(Montreal Neurological Institute (MNI) coordinates: x =
− 69, y = − 41, z = 11) [25]. This brain area will be labeled
on a 3D rendering of the patient’s individual T1 MRI se-
quence on each patient. The TMS coil will be positioned
tangential to the scalp location overlying the left TPJ
using an MRI-based frameless stereotactic neuronaviga-
tion system (Brainsight, Rogue Research Inc., Montreal,
Canada) (Fig. 3).

Sham rTMS protocol
The sham TMS treatment condition will be strictly iden-
tical to the active treatment condition thanks to the use
of a sham TMS coil (Sham Air Film coil, Magstim,
Wales, UK). The sham rTMS coil is indistinguishable in
terms of general appearance and shape from an active
coil, and able to emulate periodic noise and scalp tactile
sensations similar to those produced during the active
TMS session for rTMS naïve patients or even experi-
enced healthy subjects [26]. Moreover, this coil has a
magnetic shield that reduces the diffusion of the mag-
netic field under its surface, stimulating only scalp skin
receptors or superficial muscles, without inducing any

STUDY PERIOD

Enrolment Allocation Post-allocation Close-out

TIMEPOINT** -t1 0 W0 W1 W2 W3 W7 W15

ENROLMENT:

Eligibility screen X

Informed consent X

Allocation X

INTERVENTIONS:

Active rTMS

Sham rTMS

ASSESSMENTS:

MRI scan X X

AHRS
HCS

PANSS
PSYRATS

BDI

X X X X

Neuropsychological X X X X

MEP X X

BDNF X X X X

Fig. 2 Description of the enrolment, treatment, and assessments during the study protocolAHRS Auditory Hallucinations Rating Scale, BDI Beck
Depression Inventory, BDNF brain-derived neurotrophic factor, HCS Hallucination Change Score, MRI magnetic resonance imaging, PANSS Positive And
Negative Syndrome Scale, MEP motor-evoked potentials, PSYRATS Psychotic Symptom Rating Scale, rTMS repetitive transcranial magnetic stimulation, t
time point, W week.
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significant physiological transcranial effect on the brain.
The two rTMS conditions will be performed in parallel
in separate subsets of patients; therefore, patients and
evaluators will not be able to differentiate between active
and sham stimulation.

Imaging acquisition
Before and after the TMS therapy, MRI scans will be ob-
tained in all participants on a 3 Tesla scanner (Siemens
Healthcare, Erlangen, Germany). To characterize brain
structure and navigate the rTMS coil location, we will
record three-dimensional, high-resolution, isovoxel,
T1-weighted brain volumes acquired with the following pa-
rameters: 256 × 240 × 176 matrix size with 176 contiguous
slices, field of view (FOV) = 256mm, 1mm isotropic reso-
lution, sagittal slice orientation, repetition time (TR) = 2300
ms, and echo time (TE) = 2.98ms.
To characterize the structural connectivity, diffusion-

weighted images (DWIs) will be obtained using a DWI
sequence (104 × 104 × 84 matrix size with 60 contiguous
slices, FOV = 208mm, 2mm isotropic resolution, trans-
versal slice orientation, flip angle = 90°, TR = 3800ms,
TE = 86 ms). The encoding protocol will include 64 dif-
ferent non-collinear directions (gradient factor b = 1500

s/mm2) and one image without diffusion weighting used
as the reference volume (b = 0 s/mm2, b0 image).
To characterize functional connectivity (resting-state

functional MRI or rs-fMRI), we will record T2*-weighted
MRI sequence applied with an echo-planar gradient
(192 × 192 × 162 matrix size with 45 contiguous slices,
FOV = 192mm, 3 mm isotropic resolution, 20% inter-
slice gap, transversal and coronal slice orientation, flip
angle = 80°, TR = 2500ms, TE = 30 ms) when subjects are
resting while keeping their eyes closed. Patients are
instructed to relax, remain still, and not to fall asleep.
After each MRI scan, we will also debrief with patients

to investigate and document whether patients experi-
enced hallucinations during the MRI sessions, and if so,
in which sensory modalities and during which MRI
sequences those might have occurred.

Outcome measures
Primary outcome measures
Our primary aim is to identify brain connectivity differ-
ences between patients ‘responders’ and ‘non-re-
sponders’ to rTMS treatment. To cluster patients as
‘responders’ or ‘non-responders’, the clinical response to
rTMS will be defined as a decrease of 50% or more in
the HCS from baseline (W0) at the end of the active

Fig. 3 TMS-targeted region and coil placement. The left TPJ will be targeted using established spatial coordinates for the Wernicke’s area in the left TPJ
(Montreal Neurological Institute (MNI) coordinates: x =− 69, y =− 41, z = 11; Hoffman et al. [25]). Axial (a), coronal (b), and sagittal (c) MRI views of the
location for the TMS targeted left TPJ are shown in this figure. This brain area will be labeled on a 3D rendering of the patient’s individual T1 MRI sequence
on each patient. The TMS coil will be positioned tangential to the scalp location overlying the left TPJ using an MRI-based frameless stereotactic
neuronavigation system (d and e)
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rTMS stimulation (W3). This definition is similar to that
employed in previous studies [27, 28]. The HCS is de-
scribed in the Clinical assessments section in the
Secondary outcome measures paragraph and will allow
analysis of the dataset in search of biomarkers associated
with rTMS response, in particular structural and func-
tional connectivity biomarkers.
To identify structural connectivity biomarkers to rTMS

therapeutic response, we will compare DWI datasets, ac-
quired at baseline, between ‘responder’ and ‘non-responder’
patients to rTMS. More precisely, we will consider frac-
tional anisotropy (FA) levels along tracts of interest that will
be reconstructed from probabilistic tractography algo-
rithms. FA levels will be obtained at several equidistant
points along the tract of interest [29]. This procedure will
allow evaluation of the existence of global or focal (close to
the stimulation site) white matter integrity alterations be-
tween ‘responders’ and ‘non-responders’. Tracts of interest
will include the fasciculi that are involved in the language
network (connections between TPJ and Broca areas, so
called the arcuate fasciculi on each hemisphere, and trans-
callosal connections between the TPJ or Broca areas), and
those that are part of the DMN (connections between the
superior parietal cortex and prefrontal areas within each
hemisphere; transcallosal connections between superior
parietal cortex or prefrontal areas). FA values along each
tract will be obtained at baseline (W0) and after rTMS
treatment (W3) for ‘responders’ and ‘non-responders’.
To identify functional connectivity biomarkers to rTMS

response, we will compare functional volumes, obtained at
baseline and at rest, between ‘responders’ and ‘non-re-
sponders’. We will consider the connectivity strength be-
tween areas of networks of interest. Connectivity strength
is the degree of dependence between the time courses of
two areas (measured with a Pearson coefficient [30] or
using dynamic causal modeling (DCM) [31]). The net-
works of interest will include the DMN (bilateral anterior
cingulate cortex, bilateral prefrontal areas, bilateral super-
ior parietal areas, bilateral precuneus) and the language
network (bilateral TPJ, Broca areas). Connectivity strength
between areas of these two networks will be obtained at
baseline (W0) and after rTMS treatment (W3) in
‘responders’ and ‘non-responders’.

Secondary outcome measures

Sociodemographic and clinical data For each partici-
pant, sociodemographic information (age, sex, educa-
tional level, marital status, main activity) and clinical
data (onset of schizophrenia, number of hospitalizations,
dosage of antipsychotic medication, drug consumption
such as tobacco, alcohol and cannabis, history of neuro-
stimulation treatment) will be registered in the patient’s
case report form (CRF). Note that the pharmacological

treatment is recorded at baseline for each patient and
any change will be recorded in the patient’s CRF by the
psychiatrist in charge. The Edinburgh handedness inven-
tory will be used to ensure that all patients are
right-handed [32].

Clinical assessments The Auditory Hallucinations Rat-
ing Scale (AHRS) is widely used to assess the presence
and severity of AVH across seven items investigating fre-
quency, level of reality, loudness, number of voices,
length of the content, level of distraction, and distress
[27]. The HCS is linked to the AHRS and evaluates the
percentage of AVH change [33]. On a scale from 0 to
20, a default score of 10 will be attributed to a narrative
description of the patient AVH prior to the rTMS ses-
sions (baseline, W0). For the re-assessment of the AVH
following rTMS treatment, scores will be evaluated
again, and ascribed lower values (with 0 corresponding
to total absence of AVH) if AVH severity decreases,
whereas a higher score will be ascribed if AVH severity
is worse (with 20 indicating twice the severity of AVH
compared to baseline). The scoring system of the HCS
allows estimation of a percentage of AVH change after
rTMS treatment. A score of 5 or less ascribed by the
medical evaluator at W3 indicates a decrease of 50% or
more of AVH. In this case, the patient will be considered
a ‘responder’. Otherwise, the patient will be considered a
‘non-responder’. The AHRS and HCS will be employed
to assess the severity of AVH and the efficacy of rTMS
therapy. AHRS and HCS will be recorded at each time
point of this study (W0, W3, W7, and W15).
The Positive And Negative Syndrome Scale [34] is a

30-item scale, which is widely used to assess the overall
disease severity of schizophrenia such as psychosis-re-
lated symptoms (hallucinatory behavior, delusions, emo-
tional withdrawal, stereotyped thinking) and general
psychopathology (including ‘poor attention’, depression
and anxiety). In addition, the Psychotic Symptom Rating
Scale (PSYRATS [35]), a 17-item scale, will be employed
to evaluate the psychotic symptoms (hallucinations and
delusions) and the Scale for the Assessment of Negative
Symptoms [36], a 25-item scale, will be used to assess
the negative symptoms in schizophrenia.
Comorbid depressive symptoms will be investigated

with the Beck Depression Inventory [37], a 13-item,
self-report rating inventory and the Calgary Depression
Scale for Schizophrenia, a 9-item structured interview
scale [38].
Finally, the Short Form (36) Health Survey, a 36-item

scale, will be used to obtain a measure of the health-associ-
ated quality of life such as physical functioning, bodily
pain, role limitations due to physical health problems, role
limitations due to personal or emotional problems,
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emotional well-being, social functioning, energy/fatigue,
and general health perceptions [39].
All of the above clinical scales will be recorded at

baseline (W0) and at several stages following the end of
the rTMS treatment (W3, W7, and W15). More pre-
cisely, clinical assessments at W3 will be mainly per-
formed on Tuesday or Wednesday. It will be used to
follow symptomatology of schizophrenia across this
study and to investigate the impact of rTMS treatment
on such symptoms, in particular AVH. Moreover, base-
line AVH severity levels could also constitute a marker
of the rTMS response in schizophrenia patients.

Neuropsychological assessments A neuropsychological
assessment evaluating performance on several cognitive
domains (more specifically, executive function, mental
flexibility, inhibition, verbal fluency, memory, and writ-
ing abilities) will be carried out on each participant.
These data recorded at baseline (W0) will be used to
evaluate cognitive impairment and identify potential
neuropsychological markers associated with rTMS
response. Carried out in the post rTMS period, this as-
sessment will also allow study of the impact of multiday
rTMS regime on cognitive function.
The assessment will be performed prior (W0) and,

most importantly, at several intervals following the end
of the rTMS regime (W3, W7, and W15). It will include
the following tasks: the Trail Making Test A and B [40],
the Stroop test [41], the Hanoi Tower [42], the Wiscon-
sin Card Sorting Test [40], a Verbal Fluency task [40],
the California Verbal Learning test [43], the Digit Span
and Visual Memory tests [44], an autobiographical
memory task [45], and a dictation writing task [46].

Neurophysiological assessments Before and after rTMS
treatment, cortical excitability measures will be assessed
for each patient using a standard 70mm figure-of-eight
coil (MCF-B65 Butterfly Coil, MagVenture A/S, Farum,
Denmark) attached to a MagPro R30 stimulator with
MagOption (Medtronic A/S, Copenhagen, Denmark). The
MT will be assessed using the TMS Motor Threshold
Assessment Tool (MTAT 2.0, http://www.clinicalre-
searcher.org/software.htm). Self-adhesive, solid gel-coated
disposable Ag/AgCl surface electrodes placed on the first
dorsal interosseous hand muscle will be employed to rec-
ord these measures. Peak-to-peak MEP amplitudes will be
recorded at 120% of the individual MT.
Moreover, several neuroexcitability abnormalities have

been described in schizophrenia patients, essentially in
cortical inhibition. A deficit of intracortical inhibition
(ICI) is the most robust finding in this patient popula-
tion, whereas deficits of the cortical silent period (CSP)
and MT have been reported inconsistently [47]. In our
protocol, the CSP, ICI, and intracortical facilitation (ICF)

will also be recorded to monitor potential motor intra-
cortical changes following the rTMS treatment over the
left TPJ. To this regard, a recent clinical case reported
indirect signs of clinical improvement and motor excit-
ability changes via CSP in a pontine stroke patient after
rTMS treatment delivered over the left TPJ to treat their
AVH [48]. The CSP will be evoked by applying TMS in-
tensity at 120% of the individual MT while patients will
perform a hand isometric contraction of approximately
50% of their maximum force. The duration of the CSP
will be measured from the end of MEP until the
re-occurrence of EMG activity. ICI and ICF will be de-
termined using a paired-pulse paradigm. The condition-
ing subthreshold stimulus, which will be set at 80% of
MT, will be preceded by a suprathreshold stimulus test
at 120% of the MT. Interstimulus intervals will be set at
2 and 4ms for ICI and at 10 and 15 ms for ICF. The
EMG activity will be recorded by a computer using Sys-
tem PLUS EVOLUTION software (version 1.04, Micro-
med, Mâcon, France).
The MEPs amplitude at 120% of the MT as well as

CSP, ICI, and ICF will be obtained prior (W0) and fol-
lowing the rTMS treatment (W3, W7 and W15) and will
be used to estimate individual levels of motor cortical
excitability between ‘responder’ and ‘non-responder’ pa-
tients, monitoring potential changes of such across treat-
ment and during follow-up. Electrophysiological
measures comparing pre versus post rTMS between ‘re-
sponders’ and ‘non-responders’ could constitute a poten-
tial explanatory marker informing on rTMS mechanism
of action.

Biological measures from blood samples Brain-der-
ived neurotrophic factor (BDNF) is a neurotrophin that
plays a key role in neuronal survival and synaptic plasti-
city (i.e. morphological and physiological changes of
synapses induced by neuronal activity changes). BDNF
levels may reflect a decrease or increase of brain activity
and provide a potential explanatory marker of rTMS ef-
fects [49]. Serum BDNF levels will be measured and
compared between ‘responder’ versus ‘non-responder’
patient groups and also between active rTMS versus
sham rTMS stimulated groups of patients. This will
allow investigation of rTMS-induced brain plasticity
changes [50].
To this end, blood samples will be collected from all pa-

tients in the morning (before 10:00 a.m.) at baseline (W0)
and after the end of the regime (W3, W7, and W15) in a
3.5 mL serum separator tube (SST™ II Advance, BD Vacu-
tainer®, New Jersey, USA). Blood samples will be stored at
room temperature for 20min, then centrifuged at 3500
rpm at 4 °C for 20min. Serum will be separated from
blood and kept in a refrigerator at − 30 °C prior to ana-
lyses. Serum optical density will be measured at 450 nm
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using a microplate reader (EZ Read 400, Biochrom, Cam-
bridge, UK). BDNF concentrations will be determined by
comparing the optical density to a standard curve.

Participant timeline
The week prior to the onset of the 10-day rTMS treat-
ment, clinical scales, neuropsychological tests, structural
and functional MRI recordings, neurophysiological
motor excitability evaluations, and biological markers
from blood serum samples will be obtained. Once base-
line recordings are completed, the rTMS treatment will
start. Each patient will receive a total of 20 sessions of 1
Hz rTMS (1200 pulses/session, two sessions/day from
Monday to Friday, over two consecutive weeks), deliv-
ered on the left TPJ region. Once the rTMS treatment is
completed, many of the same clinical, neuropsycho-
logical, neuroimaging, and neurophysiological measures
determined during the baseline prior to rTMS regime
onset will be recorded again to evaluate the impact of
stimulation (Fig. 1).

Data collection and management
A CRF will be used to collect the data for each partici-
pant. To preserve patient anonymity, an identification
code is allocated during the enrollment phase allowing
patient identification on the CRF. Throughout this trial,
CRFs will be reviewed to ensure complete and accurate
collection of data following each assessment. CRFs will
be stored in a locked cupboard for data security. MRI
data will be stored on a computer secured by a password
and will be identified with the patient’s identification
code to preserve anonymity.

Statistical analysis
Sample size
The aim of this trial is to investigate the difference in
brain functional and structural connectivity in schizo-
phrenia patients receiving an active rTMS treatment and
clinically responding to it or not as assessed by an ameli-
oration of their AVH symptoms. Therefore, the sample
size was calculated to determine the number of patients
to be included in the active rTMS group on the basis of
the primary outcome, namely the difference in FA values
at baseline between ‘responders’ and ‘non-responders’.
Unfortunately, no study provides a significant difference
of rs-fMRI measures or FA values for a given tract (such
as the left arcuate fasciculus) before and following a clin-
ically effective versus a non-clinically effective rTMS
treatment in schizophrenia patients, which would allow
us to accurately estimate the adequate sample size for
our trial. Nonetheless, FA values are highly reproducible
and have a reliable estimation of variance. Therefore, we
focused on FA values to determine sample size. There-
fore, on the basis of a significant difference in the FA

values between schizophrenia patients and healthy sub-
jects for the left arcuate fasciculus [51] and assuming an
α risk of 0.05 and a 1-β power of 0.80, we estimated the
need to include 32 patients for the active rTMS group.
To overcome an estimated 10% drop-out, we increased
our recruitment needs for active rTMS group to 35 pa-
tients. Given a proportion of ‘responders’ and ‘non-re-
sponders’ to rTMS treatment as the one we propose for
AVH in schizophrenia estimated at 40% and 60%, re-
spectively [52], we will divide our cohort into 14 ‘re-
sponders’ and 21 ‘non-responder’ patients. According to
a prior study [22], a minimum of 14 participants per
group (‘responders’ or ‘non-responders’) has been
deemed sufficient to conduct statistical analysis in neu-
roimaging and detect a significant effect of rTMS on
brain structural connectivity. Moreover, a sham rTMS
group of 10 patients will be followed in parallel to con-
trol for the placebo rTMS effect on AVH. As a result,
the total number of participants required for the study is
of 45 patients.

Data analysis
In order to meet the objectives of this trial, structural and
functional connectivity data will be processed in two differ-
ent ways. First, we will compare measures, obtained at
baseline (W0), between ‘responder’ and ‘non-responder’
patients submitted to active rTMS to identify potential
brain biomarkers associated with rTMS response. Secondly,
we will compare these same data, before versus after active
rTMS, between groups of ‘responders’ and ‘non-responders’
to determine explanatory markers of active rTMS-induced
AVH improvement. For both steps, we sought to show a
significant difference between ‘responders’ and ‘non-re-
sponders’. Thirdly, additional exploratory analysis will be
performed on clinical, neurophysiological, neuropsycho-
logical, and biological measures.

MRI data analysis

Regions of interest (ROIs) Two spherical ROIs corre-
sponding to the rTMS target (left TPJ) and its homoto-
pic region in the right hemisphere (right TPJ) will be
generated using the MarsBaR toolbox (http://marsbar.
sourceforge.net/) [53]. Each sphere of a 5 mm radius will
be centered at x = − 55, y = − 41, and y = 11 for the left
TPJ, and at x = 55, y = − 41, and y = 11 for the right TPJ.
MNI atlases will be used to define ROIs containing the
nodes of the DMN and the language network. The
masks of the left and right frontal inferior gyri and pos-
terior cingulate cortex will be extracted from the WFU
PickAtlas (http://fmri.wfubmc.edu/software/PickAtlas).
A mask of the corpus callosum will be manually drawn
on a T1-weighted MNI template using the Functional
Magnetic Resonance Imaging of the Brain (FMRIB)
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Software Library (FSL 5.0.9, http://www.fmrib.ox.ac.uk/
fsl/). For tractography analyses, the same ROI will be
de-normalized from the MNI space to the individual
space using the inverse transformation obtained from
the VBM8 toolbox.

Structural connectivity analysis Diffusion images will
be preprocessed using FSL software and then processed
for probabilistic diffusion tractography with MRtrix3
software (http://www.mrtrix.org/). Diffusion volumes
will be corrected for motion and geometric distortions
induced by eddy currents. The constrained spherical de-
convolution method will be used to estimate the fiber
orientation distribution function (ODF) in MRtrix3 [54].
In the native space of each subject, a seed-to-target ana-
lysis will be performed to reconstruct the tracts of inter-
est included in the DMN and the language network
(arcuate fasciculus, corpus callosum).
Fiber-tracking maps will be created for each subject by

using FSL software (data preprocessing) and MRtrix3 soft-
ware (diffusion images) [54]. Using a voxel-wise model of
diffusion (the Q-ball model), the maximum-likelihood
solution for fiber orientation within each voxel will be rep-
resented by an ODF on the location of the fiber trajectory.
The ODF characterizes the orientation dependency of the
diffusion probability density function of water molecules
in several possible directions for each voxel. This model
can be used to track complex fiber configurations. The
ODF information obtained from constrained spherical de-
convolution will be used with a suitable fiber-tracking al-
gorithm to infer connectivity of crossing fibers. We will
use a probabilistic streamline algorithm with the entire
ODF as a probability density function (ODF threshold =
0.1; step size = 0.5mm x voxelsize; radius of curvature = 1
mm; up-sampling of DWIs, data to 1mm). In the native
individual space, we will perform a seed-to-target analysis
from ROIs of the networks of interest (see Region of inter-
est section). These regions will include the bilateral TPJ,
the inferior frontal gyri and the corpus callosum. We will
use the following probabilistic tractography algorithm: the
number of fibers (streamlines) connecting a seed voxel to
a target voxel will be calculated by sampling 1 million
draws for each fiber connecting the seed to the target. The
pair-wise connections of the DMN and the language net-
works will be reconstructed for each subject.
Once tracts are reconstructed, one complementary

measure will be considered. FA values will be measured
along the tracts of interest. Along-tract measures of FA
will be obtained on the basis of B-spline resampling of
the fibers and averaging the FA values for each individ-
ual fiber on a given location (elastic model with 30
points in space at analogous anatomical locations in
each individual) [29]. For instance, for the language net-
work, the posterior location will be defined on the ROI

of the TPJ, whereas the anterior location will be defined
as the level of the ROI of the Broca areas. Mean FA
values will be calculated at each point of the mean fiber
along the y axis to check for local differences at specific
points of the tract. A linear mixed-effects model will be
applied serially for each tract and permutation methods
will be performed to adjust the p values and control the
Type 1 error.

Resting-state functional connectivity analysis Statis-
tical parametric mapping software (SPM8, Wellcome
Department of Cognitive Neurology, London, UK) will
be used for image processing (http://www.fil.ion.ucl.ac.
uk/spm/). The functional images will be interpolated in
time to correct for phase advance during volume acqui-
sition, and will be realigned with the first image of each
session. The anatomical image and the realigned func-
tional images of each subject will then be normalized to
a common standard space by using the MNI template
(DARTEL [55]). The functional data will be spatially
smoothed with a 4-mm full-width at half-maximum
Gaussian filter and temporally filtered (0.01–0.08 Hz)
with a 128-s period high-pass filter.
Functional connectivity analysis will be performed

[56–59]. The correlations in spontaneous BOLD fluctua-
tions reflect the inter-regional correlations in neuronal
variability [60, 61]. The averaged time course will be ob-
tained from a previously defined ROI (posterior cingu-
late cortex for the DMN, TPJ for the language network).
The correlation analysis will be performed in a
voxel-wise way to generate the functional connectivity
map. The correlation coefficient map will be converted
into a z map by Fisher’s r-to-z transform to improve the
normality [62] (Data Processing Assistant for
Resting-State fMRI [63], http://www.restfmri.net). For
each network of interest (DMN, language network), the
second level analysis will be performed using a
two-tailed, two-sample t test on the z-score maps to
show group differences on connections of the DMN and
language networks.
Effective connectivity analysis will be performed using

DCM with the DCM10 routine implemented in Statis-
tical Parametric Mapping software 12. The first eigen-
vectors will be extracted from the ROIs representing the
DMN and language networks (see ‘Regions of interest’
section). The a priori models will be based on anatom-
ical connections, considering a fully connected model of
the DMN and language network. Intrinsic connectivity
will be defined as the endogenous connectivity param-
eter without driving input [31]. The intrinsic connectiv-
ity values will be obtained for each subject in the best
model of each network that will be considered for group
analysis. Bayesian model selection [64, 65] will be used
to determine the best model between unilateral and
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bilateral connections. Expected posterior model prob-
abilities and exceedance probabilities will be computed.
The group analysis on the DCM parameters will only in-
clude the model that will best fit the data. Within each
group, one sample t test will be conducted to examine
whether the parameters of the model that best fits the
data will have significant non-zero values. Two-sample t
tests will be used to identify group differences in intrin-
sic connectivity on each connection. The same will be
performed for the DMN to examine whether rTMS has
a specific effect on the language network or a more glo-
bal effect on attentional mechanisms.

Demographic, clinical, neurophysiological,
neuropsychological and biological data analysis
Socio-demographic data will be compared between the
active rTMS and the sham rTMS groups, and also be-
tween the ‘responder’ and ‘non-responder’ groups, using
a two-sample t test (Student’s t test) or a χ2 test.
To control for the rTMS treatment efficacy, a

repeated-measures analysis of variance (ANOVA) will be
performed on AHRS with time (before/after rTMS) as the
within-subject factor and group (active rTMS/sham
rTMS) as the between-group factor (based on the
per-protocol principles). The same strategy will be
followed for clinical, neurophysiological, neuropsycho-
logical, and biological data. Post-hoc pair-wise compari-
sons will be performed using a two-sample t test
(Student’s t test) or χ2 test. Bonferroni correction will be
applied as a multiple comparison adjustment to reduce
the chances of a false positive result. Normality of data
distribution (Shapiro–Wilk’s test) and equality of
variances (Levene’s test) will be previously verified. All
data will be presented as mean ± standard deviation. For
all tests, statistical significance will be set as p ≤ 0.05.

Discussion
Several meta-analyses support significant reduction of
AVH severity in schizophrenia following a multi-day 1
Hz rTMS regime [12–19], spurring hopes for rTMS for
this indication. Nonetheless, the high level of interindi-
vidual variability in clinical responses has weakened en-
thusiasm about its clinical efficacy and the topic remains
debated. In this context, the identification of biomarkers
predictive of positive clinical response could help clarify
the situation and provide more effective, suitable, and
customized treatments for AVH in schizophrenia. More-
over, by identifying patients who are most likely to re-
spond before therapy is applied, clinical indications
could be fine-tuned and, thus, general outcomes could
be improved. In our trial, functional and structural neu-
roimaging datasets recorded prior and following the
rTMS therapy will be employed to better characterize
mechanisms underlying the emergence of AVH, evaluate

the impact of a multiday rTMS regime, and gauge ability
to drive enduring recovery.
The protocol proposed for our trial follows previously

established recommendations on therapeutic uses of
rTMS for the treatment of AVH, using 1 Hz rTMS over
the left TPJ region [66]. However, to date, no clear
guidelines exist to titrate other stimulation parameters,
such as rTMS intensity (established between 90% and
100% of the MT) or the number of total sessions (or cu-
mulated sessions per day) necessary to achieve stable re-
covery in the shortest possible period (10 sessions over
1–2 weeks remain the most common protocol), which
vary greatly across studies [66]. Moreover, no established
guidelines seem to exist yet with regards to the maximal
number of pulses to be delivered per session. Nonetheless,
to our knowledge, no study included in the guidelines for
therapeutic use of rTMS [66] or cited in the 11
meta-analyses addressing the effect of rTMS on auditory
hallucinations in schizophrenia from 2007 to 2018 [13–18,
67–69] seem to use more than 1200 pulses per session.
To remain consistent with prior literature and convince
the Institutional Review Board of the safety of our inter-
ventions we took the decision to align ourselves with
established recommendations or prior peer-reviewed pub-
lications in the field.
In this protocol, we chose to administer two sessions

of 1200 pulses of 1 Hz rTMS per day (interleaved by a
TMS-free 1 h interval) across two consecutive weeks,
from Monday to Friday (10 days in total). The doubling
of daily rTMS sessions aims to increase the total number
of delivered stimuli, enhance effect magnitude and dur-
ation, and shorten stimulation regime duration. To this
regard, fundamental studies evaluating changes of pri-
mary motor cortex excitability in healthy participants
have shown, for example, that the higher the number of
stimuli, the longer the duration of rTMS inhibitory
effects [70, 71].
During the description of the study to patients, the in-

vestigators will clearly specify that rTMS therapy occurs
daily over two consecutive weeks (except on weekends).
After the inclusion phase, a prospective schedule for the
rTMS sessions (and other appointments) will be pro-
posed to be approved by each patient. If necessary, the
appointment time can be modified and adapted to the
patient requirements. If once duly informed about the
schedule, a patient declares that they cannot attend all
the planned rTMS sessions over 2 weeks, they will not
be included in the study. In that case, an active rTMS
treatment with a more flexible schedule can be offered
to these patients, outside this research protocol. If the
participant misses an appointment, it is possible to shift
the sessions of a day. In case a patient stops attending
the rTMS sessions before the end of the treatment or if
they are unable to attend to more than two consecutive
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rTMS sessions for any reason, investigators will consider
that the established research protocol is no longer
respected. The participant will then be withdrawn from
the study and their data will not be considered in the
analyses. This situation will not suppose any change for
the medical attention or treatment the patient undergoes
in our institution.
Regarding potential rTMS targets in AVH, work pub-

lished by Hoffman et al. [25, 72] has shown that active
(but not sham) rTMS over the left TPJ induces higher
levels of clinical improvement than stimulation on tem-
poral and frontal areas. Therefore, the current protocol
will employ MRI-based neuronavigation to localize the
Wernicke’s area in the left TPJ according to specific
spatial coordinates (MNI coordinates: x = − 69, y = − 41,
z = 11) on each individual participant MRI.
It is also important to mention that, although the main

and primary outcome goal of our project is the identifi-
cation of structural and functional brain biomarkers of
clinical response, our rTMS protocol includes a sham
rTMS group to control for the placebo effect of rTMS
therapy on AVH. In an attempt to meet the main object-
ive of our trial within a reasonable time period, which is
to identify biomarkers associated with clinical response,
we here decided to assign as many participants as we
could possibly recruit and treat (given sample size calcu-
lations and allotted time and resources) to an active
rTMS treatment. Consequently, an unequal lower num-
ber of patients (n = 10 patients, i.e., 22% of the final sam-
ple) will be randomized to the sham rTMS group which
is used to verify the known lack of recovery of enduring
AVH when no effective intervention is applied.
In our study, we propose a stratified randomization

based on sex only although a stratification by sex and age
would be more complete. Nonetheless, we are bound to
study two groups (active rTMS n = 35 and placebo rTMS
n = 10) with an unequal number of patients, and therefore
the stratification on sex as well as age ranges would be
more complex. We have currently defined two strata –
male and female. If we were to add the variable ‘age’, we
would have to deal with a much higher number of strata
(two for gender and, for example, three for age: 18–35,
35–50, and 50–65 years old), and this would significantly
slow down or seriously compromise the recruitment
process in the time allotted to complete the study. None-
theless, sex and age will be added as covariables in the stat-
istical analyses.
Importantly, in our trial, we will define clinical re-

sponse to active rTMS as a reduction of 50% in the HCS
measured at the end of rTMS treatment (W3) compared
to baseline evaluation (W0); this criteria of response is
commonly found in rTMS studies in schizophrenia [27,
52, 73, 74]. Nevertheless, the response criteria may vary
in some studies in which ‘responders’ are defined as

patients showing a reduction of 30% in the PSYRATS
[75, 76] or the AHRS scale [77]. Even though different
scales such as the PSYRATS or the AHRS scales have
both been shown to exhibit good psychometric reliabil-
ity, the HCS seems to be the most sensitive to rTMS ef-
fects on AVH [13, 69] and thus will be applied to classify
patients as ‘responders’ or ‘non-responders’ to rTMS.
Using this same criterion to classify patients with posi-
tive (for ‘responders’) or negative (for ‘non-responders’)
clinical responses to rTMS, our protocol predicts 40–
50% success rate, thus proving beneficial for at least half
of actively stimulated patients.
With regards to the neuroimaging datasets, three se-

quences (structural 3D-T1 MRI, functional rs-fMRI, and
DWI) will be acquired prior and following the multiday
rTMS protocol. MRI acquisition sessions will take ap-
proximately 30 min for each patient. Schizophrenia pa-
tients could have difficulty staying quiet and motionless
for a long time in an unnatural environment such as the
MRI bore. Thus, the final rs-fMRI sequence chosen,
which is relatively short compared to similar studies in
healthy participants, is the result of a tight compromise
that aims to optimize the investigation of brain func-
tional connectivity in this specific population.
In our trial, we will also determine the levels of BDNF

in blood serum for each subject at baseline (W0) and at
several stages following the end of the rTMS regime
(W3, W7 and W15). BDNF plays a key role in neuronal
survival, neurogenesis, the growth of dendrites and
axons, synapse formation and synaptic strength gain
[78]. Thus, increases of this factor may likely reflect or
impact the level of brain plasticity and excitability
changes induced by rTMS [49], which could potentially
correlate with the magnitude of rTMS effect on AVH in
schizophrenia patients. Moreover, baseline blood levels
of BDNF could be predictive of clinical response.
Our trial also integrates an evaluation of several cogni-

tive domains, which can either be altered in schizophre-
nia patients or could be modified by the 10-day rTMS
treatment delivered to the left TPJ, thus informing about
the cognitive domain selectivity of stimulation. The
completion of all these tests takes at least 2 h at baseline
(W0) and post rTMS regime (W3) evaluations. For prac-
tical reasons and to ensure patient compliance and reli-
ability, evaluations have been planned and adapted to
last no more than 1 h. Consequently, several tests (par-
ticularly the Hanoi Tower, the verbal memory task, the
task of Corsi or MEM battery, and an autobiographical
memory task) have been removed. For the same reason,
detailed neurophysiological measurements will not be
performed at W7 and W15 post rTMS treatment.
Another point we discussed about neuropsychological

assessment is the estimation of a patient’s premorbid
intellectual functioning. A very detailed assessment of
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premorbid intellectual status was not included in our
study since it would increase the time spent on cognitive
assessments for patients. Indeed, this assessment takes
approximately 90 min using the Wechsler Adult
Intelligence Scale or 40 min using a short form of this.
An alternative, the National Adult Reading Test, is used
for estimating premorbid intelligence levels and could
take just a few minutes. Nonetheless, this test consists of
50 words, graded in difficulty, whose pronunciation can-
not be determined from their spelling. Unfortunately,
our protocol will include patients with sufficient know-
ledge of the French language although not necessarily be
French-native speakers and, as such, the outcomes of
the National Adult Reading Test could be biased.
In conclusion, the current clinical trial will investigate

how brain structural and functional connectivity at the
network level may influence rTMS impact on AVH sever-
ity, and also address how the rTMS treatment can modu-
late brain function and induce clinical improvement for
this symptom in schizophrenia patients. Our study will
provide new insights to treat AVH with rTMS in schizo-
phrenia and, by identifying structural and functional con-
nectivity biomarkers of the clinical response to rTMS
stimulation in AVH, eventually contribute significantly to
refine this indication and allow the customization of
therapeutic protocols.

Trial status
The first version of this protocol was approved on 28
April, 2015. The first participant was included in the
study on 14 November, 2015. The local Ethics Commit-
tee accepted an amendment we requested to add a sham
rTMS group on 1 December, 2015. This second and final
version of the protocol is currently in the recruitment
phase. The end of the recruitment phase is currently
estimated for December 2018.

Additional file

Additional file 1: SPIRIT 2013 Checklist: recommended items to address
in a clinical trial protocol and related documents. (DOC 122 kb)
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