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Abstract Low-frequency repetitive transcranial magnetic

stimulation (LF-rTMS) of the left temporo-parietal cortex

(LTPC) has been proposed as a useful therapeutic method

for auditory hallucinations (AHs). Stereotactic neuronavi-

gation enables the magnetic coil to be targeted according to

the individual parameters obtained from neuroimaging.

Individualized rTMS neuronavigated according to

18-fluorodeoxyglucose positron emission tomography

(18FDG PET) allows us to focus the coil explicitly on a

given area with detected maxima of specific abnormalities,

thus presuming a higher therapeutic effect of the method.

The objective of this study is to test clinical efficacy of

neuronavigated LF-rTMS administered according to the

local maxima of 18FDG PET uptake of LTPC and to

compare it with treatment effects of standard and sham

rTMS. In a double-blind, sham-controlled design, patients

with AHs underwent a 10-day series of LF-rTMS using

(1) 18FDG PET-guided ‘‘neuronavigation,’’ (2) ‘‘standard’’

anatomically guided positioning, and (3) sham coil. The

effect of different rTMS conditions was assessed by

the Auditory Hallucinations Rating Scale (AHRS) and the

Positive and Negative Syndrome Scale (PANSS). Fifteen

patients were randomized to a treatment sequence and ten

of them completed all three treatment conditions. The

intention-to-treat analysis of AHRS score change revealed

superiority of the 18FDG PET-guided rTMS over both the

standard and the sham rTMS. The analyses of the PANSS

scores failed to detect significant difference among the

treatments. Our data showed acute efficacy of 18FDG PET-

guided rTMS in the treatment of AHs. Neuronavigated

rTMS was found to be more effective than standard, ana-

tomically guided rTMS.
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Introduction

The clinical effect of low-frequency repetitive transcranial

magnetic stimulation (LF-rTMS) (B1 Hz) on auditory hal-

lucinations (AHs) in schizophrenia has been documented by

several controlled trials [1–5]. The rationale of this treatment

is based on the fact that LF-rTMS inhibits the cortical

excitability and leads to a weakening of the synaptic transfer

[6–8]. This assumption inspired Hoffman et al., who reported

that the excessive activation of speech perception areas of the

cerebral cortex connected with the symptomatology of AHs

[9] could be suppressed by 1 Hz rTMS [8]. This initial report

of the beneficial effects of rTMS on hallucinations was fol-

lowed by subsequent studies, which found low-frequency

rTMS focused on the supposed hyper-activated temporo-

parietal area to be effective in the treatment [10, 11]. These

studies also documented the influence of rTMS on regional

brain metabolism [12] in the given area and its successive

modulations in transsynaptically connected areas (cortical

and subcortical regions except temporo-parietal regions in

the dominant hemisphere), which were previously demon-

strated in PET studies [12–22].
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181 03, Czech Republic

e-mail: klirova@pcp.lf3.cuni.cz

M. Klirova � J. Horacek � T. Novak � J. Cermak � F. Spaniel �
P. Mohr � C. Höschl
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The majority of rTMS studies on AHs were based on the

assumption that the cortical overactivity is in a region

below the coil placed over the scalp according to the skull

coordinates of the international 10/20 EEG electrode sys-

tem (midway between the left T3 and P3 sites). This area is

assumed to be represented by the posterior border of the

superior temporal gyrus (STG) (Wernicke area) and in our

article is denoted as a ‘‘standard’’ coil position for ana-

tomically guided intervention trials [1–5, 7, 8, 23].

However, there is a substantial gap between this standard

anatomic positioning of rTMS and recent neuroimaging

(fMRI) findings in Ahs [9, 24–27]. These studies docu-

mented that the individual local maxima of cortical activity

are not entirely explicitly registered in the given area below

the standard coil positioning but are often registered in areas

that are a part of the auditory cortico-subcortical network,

such as the right/left middle temporal gyrus [9, 25], Broca’s

area [9], the left inferior parietal gyrus [26], the anterior

cigulate [27], or the right thalamus and hippocampus [9, 27].

Hence, the main challenge in rTMS is the precise targeting of

the coil in the cortical area of maximal functional changes

underlying the psychopathology.

Stereotactic neuronavigation is a technology enabling

the coil to be aimed with a high (millimeter) degree of

anatomic accuracy [28, 29] together with the ability to

target the coil according to individual physiological

parameters obtained from functional neuroimaging [30].

Neuronavigated rTMS targeted according to brain metab-

olism detected by 18fluoro-deoxyglucose (18FDG) positron

emission tomography (PET) could be a suitable method to

specifically modulate the metabolic abnormalities [15, 16, 31]

related anatomically to the changes in cortical areas of

auditory processing [15]. PET studies in schizophrenia

patients document time consistent findings of regional

brain metabolism [32], which reflect the association with

long-lasting clinical findings and resting hallucination-

related activity detected even at times with an absence of

hallucinations while scanning [18].

The primary objective of our double-blind, sham-

controlled study was to prove the clinical effect of rTMS

targeted according to the local maxima of resting regional

brain metabolism (18FDG PET) in comparison with stan-

dard positioning of the rTMS coil and inactive ‘‘sham’’

stimulation in the treatment of AHs. We limited the neu-

ronavigated rTMS to the left acoustic-linguistic cortex

considering three critical aspects: (a) the clinical efficacy

within this region was documented in previous non-navi-

gated rTMS studies, (b) this region is accessible to scalp-

administered rTMS [8], and c) rTMS administered to this

region is suitable for double-blind trials. In the consequent

analyses, we also confirmed the increased metabolism in

this area of interest, that is, the left temporo-parietal cortex

(LTPC). Finally, we evaluated the anatomical distance

between the cortical area underlying the standard coil

position and the local maxima of metabolism in all indi-

vidual patients.

Methods

Subjects

The group of 15 patients (Table 1) with paranoid schizophrenia

diagnosed according to DSM-IV criteria (American Psychiatric

Association 1994) by two experienced psychiatrists was

recruited from Prague Psychiatric Centre (Czech Republic). All

patients fulfilled the criteria for treatment-resistant AHs defined

as non-response to at least one conventional and one atypical

antipsychotic adequate trial and at least 5 episodes of AHs per

day during the past month [12]. They received the following

antipsychotics in stable doses: (1) antipsychotics in mono-

therapy: olanzapine N = 2, clozapine N = 1, haloperidol

N = 3, flupentixol N = 1, amisulpride N = 1, (2) combination

of antipsychotics: olanzapine ? haloperidol N = 1, cloza-

pine ? haloperidol N = 1, clozapine ? risperidone N = 1,

risperidone ? haloperidol N = 1, flupentixol ? quetiapine

N = 1, clozapine ? flupentixol ? chlorpromazine N = 1

and haloperidol ? levomepromazine N = 1. Other concomi-

tant treatment included: (1) antidepressants: SSRI N = 7,

tricyclic ADs N = 1; (2) anticonvulsants: valproate N = 1,

carbamazepine N = 1; (3) anxiolytics: clonazepam N = 6.

Standard physical examination, medical history evaluation,

biochemistry, ECG, and EEG were performed to exclude

neurological or medical illness, and drug or alcohol abuse. All

participants signed an informed consent in accordance with the

latest version of the Declaration of Helsinki, and the local ethics

committee approved the study.

Table 1 Baseline demographic and clinical characteristics of the

group and subgroup of completers

Randomized

patients (N = 15)

Completers

(N = 10)

Age (years) 35.9 (9.5) 34.4 (8.7)

Sex (F/M) 6/9 3/7

Length of SZ (month) 115.3 (72.5) 143.1 (68.1)

No of hospitalization 4.7 (6.4) 5.8 (7.3)

CPZ Equi (mg per day) 675 (337) 723 (419)

AHRS 26.8 (6.2) 26.5 (6.0)

PANSS P 20.6 (5.2) 19.6 (3.8)

PANSS T 74.5 (20.1) 72.1 (18.6)

Data are presented as mean (standard deviation) or number of cases

SZ schizophrenia, CPZ Equi chlorpromazine equivalents [44, 45],

AHRS Auditory Hallucination Rating Scale, PANSS Positive and

Negative Syndrome Scale, T Total score, P Positive symptoms score
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Study protocol and neuroimaging

Using a double-blind, sham-controlled cross-over design,

we compared the clinical effect of LF-rTMS using

(1) neuronavigated positioning of the coil, (2) standard

stimulation with coil positioning according to scull anat-

omy [8], and (3) inactive (sham) rTMS. The setting order

of three rTMS series was randomized in two steps. In the

first step, the patients (N = 15) were randomized into

standard (N = 6) or sham (N = 9) rTMS to exclude placebo

responders and subjects who maintained response after the

defined washout period following the standard treatment.

The PET scanning was arranged between the first and

second randomization step. This approach enabled effec-

tive blinding of patients with a shorter period between

brain imaging and the neuronavigated rTMS. Those

patients who maintained a response after the defined

washout period were excluded from the second step ran-

domization. In the second step, the standard initiated

treatment was followed by a sham ? navigation or navi-

gation ? sham sequence. The sham initiated treatment

was followed by a sequence of standard ? navigation or

navigation ? standard. Neuronavigated rTMS as the sec-

ond step in a sequence of rTMS treatments was used

because of its hypothesized therapeutic superiority (Fig. 1).

Each series of rTMS consisted of 10 rTMS sessions over

10 consecutive working days within 2 weeks. During rTMS,

antipsychotic medications were continued without dose

changes for at least 4 weeks before and throughout the rTMS

treatment period. The washout period (T) between thera-

peutic trials of separate rTMS series was classified as a

minimum of 6 weeks (median T1/T2 = 157.5 days,

T2/T3 = 63.5 days), with respect to (1) an individual effect

duration of separate rTMS series [33, 34] and also with

respect to (2) current knowledge of the long-term efficiency

(over a number of weeks) administrated in further rTMS

studies [2, 4]. The double-blind design was concepted that

the study participants and clinical raters remained blind to

allocated condition and allocation parameters. The physician

applying rTMS was not blind to the treatment conditions.

The study was approved by the local ethics committee

and included as the subproject of project 1M0517 from the

Ministry of Education, the Czech Republic.

rTMS administration

Standard rTMS

Parameter settings for each rTMS series were as follows:

0.9 Hz of low-frequency rTMS at 100 % motor threshold,

1080 pulses/each session, 10 rTMS sessions over 10 days

within 2 weeks. We chose the frequency 0.9 Hz (instead of

1 Hz) to ensure an inhibitory effect on the brain cortex.

The inhibitory effect of 0.9 Hz rTMS on cortical connec-

tivity or functional coupling has been clearly documented

by EEG and 18FDG PET as well [12].

Motor threshold was assessed as the lowest strength of

TMS needed to elicit 5 or more electromyographic

responses (EMG, Neurosign 400) C50 lV within ten trials

[35]. The coil was administered over the left temporo-

parietal region defined as the midway between the T3 and

the P3 sites according to the international 10/20 EEG

electrode system for ‘‘standard’’ anatomically guided

positioning [1, 7]. For the rTMS treatment, we used

Magstim Super Rapid equipment (Magstim, Whitland, UK)

with an air-cooled, figure-of-eight 70-mm coil.

Fig. 1 Profile of the therapeutic

intervention trial comparing

rTMS neuronavigation with

standard (anatomically gained)

and sham rTMS, using double-

blind, sham-controlled design.

AHs auditory hallucinations,

AP antipsychotic medication
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Neuronavigated rTMS

The same parameters of rTMS as in the standard stimula-

tion were used for neuronavigated trial, except the posi-

tioning of the coil, which was administered with the

assistance of the Brainsight Frameless Neuronavigation

System (Rogue Research Inc., Montreal, Canada), designed

specifically for rTMS. This stereotactic system consists of a

3D infrared camera detecting triangularly arranged trackers

with a reflective surface mounted on the head of the subject

and on the coil. Each session started by a co-registration of

three modalities: (1) the subject’s head position, (2) the coil

placement, and (3) the 3D graphic model representing the

overlay of MRI and local maxima of 18FDG PET uptake.

This approach enabled real-time stereotactic monitoring of

the coil location and gave us exact information on the coil

position on the head of the subject during the entire stim-

ulation. The focus point of the coil was targeted to the

individual cluster contrasting the highest metabolic activity

(in comparison with control group) within the region of

LTPC (Fig. 2). LTPC has been anatomically defined as a

surface region over the superior, middle, and inferior

temporal gyrus, and the supramarginal and angular gyrus.

Sham rTMS

Sham stimulation was administered to the same location,

strength, and frequency as the standard positioning, but

during the sham condition, the coil was angled 90 degrees

away from the skull in a single-wing tilt position. This

method reproduced sound similar to the active stimulation

and some somatic sensations with minimal direct brain

effects [8].

Psychometric measurement

The psychometric assessments were conducted before the first

stimulation started (W0), after the first week (W1) and after

2 weeks of treatment, that is, at the end of each rTMS series

(W2), or in the case of withdrawal from the study. The clinical

effect was assessed by the Auditory Hallucination Rating Scale

(AHRS) [1, 36] as a primary outcome measure and the Positive

and Negative Syndrome Scale (PANSS) [37, 38] by a rater blind

to the treatment condition. The separate items for the AHRS are

represented as AHRS 1 = frequency, AHRS 2 = reality,

AHRS 3 = loudness, AHRS 4 = number of voices, AHRS

5 = length, AHRS 6 = attentional salience, and AHRS 7 =

distress level. A responder was defined by a reduction in total

AHRS score by least 50 % of the baseline [39].

Magnetic resonance imaging (MRI) investigation

Magnetic resonance images were obtained with a 3T sys-

tem Siemens Trio (Siemens, Erlangen, Germany). Subjects

were scanned using a T1-weighted (T1 W) 3D-MPRAGE

sequence (repetition time TR of 2,000 ms; echo time TE of

4.4 ms; bandwidth 130 Hz/pixel; field of view 256 mm;

matrix 256 9 256; slice thickness 1 mm; 160 contiguous

sagittal slices; voxel size of 1 9 191 mm and total

acquisition time 8 min).

18FDG PET investigation and pre-processing

Patients were examined with PET during time period

between the beginning of neuronavigated rTMS and the

previous standard or sham rTMS (median = 7 month). The

participants (patients and controls) were fasted for at least

6 h before the PET investigation. In a dimly lit and quiet

room, 3 MBq/kg of 18FDG was administered via a

peripheral vein catheter. The participants rested for 30 min

in a specified condition that is described as random epi-

sodic silent thinking (REST). The REST produces favor-

able reliability in PET findings for a schizophrenic

population [40]. The data were acquired using the ECAT

EXACT 922 (CTI/Siemens, Knoxville, Tenn., USA) PET

scanner. The 2D ‘hot’ transmission scans were immedi-

ately followed by 3D emission scanning which lasted

15 min. The data were reconstructed by an iterative

OS-EM algorithm (matrix 1,282, brain mode 47 slices,

zoom 2, subsets 16, iterations 6, Hann filter 5 mm) and

implemented using ECAT 7.2 software.

The pre-processing (and data analysis) was performed

using Statistical Parametric Mapping, SPM5 (http://www.

fil.ion.ucl.ac.uk/spm) implemented in Matlab (MathWorks,

Natick, Mass., USA). The PET scans were normalized into

Fig. 2 Cortical location targeted by neuronavigated rTMS, where the

coil was focused according to individual local maxima in the area of

left temporo-parietal cortex. Cortical location focused by neuronav-

igational-guided rTMS: Response to neuronavigated rTMS with

reduction C50 % (N = 6), Response to neuronavigated rTMS with

reduction B50 % (N = 6), Cortical location focused by standard

rTMS coil placement (T3–P3)
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standard stereotactic space and smoothed with an isotropic

Gaussian filter (full width at half maximum of 12 mm).

Individualized regional cerebral metabolism

(18FDG PET) analysis

To detect the local maxima of brain metabolism within an

area of temporo-parietal cortex, we used individualized

subject-versus-group 18FDG PET analysis based on the

general linear model [41]. This approach has been vali-

dated to detect individual characteristics of regional brain

metabolism in psychiatric and neurological disorders [42].

In a typical example, the individualized SPM analysis of
18FGD uptake showed the excellent sensitivity in the

detection of epileptogenic foci [41–43].

For individualized 18FDG PET analyses, we used a

group of 19 control subjects (M/F = 10/9, mean age = 37,0,

SD = 12,2) from the Prague Psychiatric Center PET

database of control subjects screened for the absence of any

neuropsychiatric disorder and absence of any medication.

The selection of control group was performed after the

completion of the first step of randomized rTMS (vs. sham)

treatment. At that time, the demographic characteristics for

the final sample of patients with acoustic hallucination who

continued with neuronavigated (vs. sham or standard)

rTMS were defined. Subsequently, the sample of control

subjects was selected from a similar sociodemographic

background (Caucasians only form the urban area of Pra-

gue only) and respecting the age (t = 0.25, p = 0.80) and

gender characteristics (v2 = 0.19, p = 0.67) of the whole

schizophrenia sample. To detect the local maxima of brain

metabolism within an area of temporo-parietal cortex, we

used individualized subject-versus-group PET analysis

comparing each patient with schizophrenia with the whole

control sample.

The group of control subjects, patients with AHs, and

covariate effects were estimated according to the general

linear model at the entire brain volume. The global

activity, age, and chlorpromazine equivalents were used

as confounding covariates [41]. The t statistics was used

to detect the difference between the mean regional glu-

cose utilization of the control group and the regional

glucose utilization of the subject with AHs, divided by the

error estimated with the control group data (after cor-

recting for confounding covariates). The p values at a

voxel level of B0.05 with FDR (false discovery rate)

correction with a minimum of 10 voxels per cluster

(extent threshold) were considered statistically significant

for the predefined region of the temporo-parietal cortex.

The global intensity differences were corrected by pro-

portional scaling (global mean to 50, analysis threshold

0.8), and a global calculation was performed by the mean

voxel value.

In the next step, we co-registered the individual T-map

with a native (non-normalized) MRI image for the purpose

of brain navigation. Both the MRI and the T-map in the

patient’s native space were overlaid in the brain navigation

software, and the rTMS coil was targeted at the local

maxima of brain metabolism within the region of LTPC.

Measurement of individual distance between stimulated

cortical areas

We measured the individual distance between the standard

coil positioning and the coil neuronavigated according to

PET contrast for the local maxima of 18FDG uptake as

follows: Firstly, Brainsight Frameless Neuronavigation

System was used for three-dimensional brain reconstruction

generated from the T1 W MRI examination. All subsequent

analyses were also performed on a 3D reconstructed brain

using the Brainsight software. Secondly, this approach

enabled to identify the cortical projection of the focus of

rTMS coil during standard positioning treatment was reg-

istered on the reconstructed brain surface. Thirdly, the

T-maps of SPM5 PET analysis were co-registered with

MRI, and the cortical projection of coil position used for

neuronavigated rTMS was registered. Finally, the coordi-

nates for cortical projections of standard and neuronavi-

gated coil positioning were exported, and the individual

distances were measured using the following equation

|AB| = (xa - xb)2 ? (ya - yb)2 ? (za - zb)2 (Table 2).

Statistical analyses

The primary efficacy analyses were based on an intent-to-

treat (ITT) data set (N = 15), which was defined as the

subset of patients who completed a baseline and at least

one post-baseline visit (evaluation) with the last observa-

tion analysis (LOAN) method. The treatment difference

was estimated in a pairwise fashion by the difference in the

least square means with 95 % confidence intervals. The

primary efficacy measure (AHRS) as well as PANSS total,

positive, and negative subscales scores changes over the

treatment conditions were tested using a repeated measure

of analyses of variance (RM-ANOVA) with the Green-

house–Geisser adjustment. The sequence as a between-

subjects factor and treatment, time and period as the

within-subjects factors were considered. Once ANOVA

revealed a significant difference, the analysis continued

with a Bonferroni post hoc test to discern where specific

differences between treatments existed. The differences

between treatments were expressed in terms of Cohen’s

d as well. Furthermore, the same analyses were performed

in the subsample of treatment completers (patients who

completed all treatment conditions).
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Response to rTMS treatment was defined as C50 %

reduction in AHRS within a particular treatment period.

Relationships between AHs severity changes (AHRS) and

neuronavigated-standard position distances were assessed

by Spearman’s rank correlation coefficient.

The sample size was calculated using the following para-

meters: RM-ANOVA, within-between interaction, alpha =

0.05, power = 0.8, number of groups (treatment) = 3,

measurement repetitions per treatment = 3, correlations

among repeated measures = 0.5, non-sphericity correction

e = 0.6. Under this calculation, the sample size needed to

detect the large effect size (f B 0.4) is 12 subjects. All sta-

tistical analyses were performed using the STATISTICA 9.0

(Statsoft Inc., Tulsa, OK) software; all tests were two-sided;

and p \ 0.05 was regarded as being statistically significant.

Results

Subjects

Fifteen patients were enrolled to the study and randomized to a

treatment sequence. Ten patients completed all three treat-

ment conditions (Table 1). One patient withdrew because

AHs completely and persistently disappeared after standard

rTMS (sequence sham-standard-navigated), one patient was

excluded due to non-compliance during the first treatment

period (sham), and three patients did not met the criteria of

stabile antipsychotic medication between the second and the

third treatment period (one after standard and two after navi-

gated rTMS) (Fig. 1). Overall, 13 patients completed sham

rTMS, 14 patients standard rTMS, and 12 patients finalized

the navigated rTMS period. Treatment was generally well

tolerated, and no serious side effects were detected.

Measurement of anatomical distance between standard

coil positioning and local maxima of 18FDG uptake

(PET)

Neuronavigation revealed that the centers of the coil tar-

geting according to the standard procedure (TP3) in thirteen

patients were located over Wernicke’s area (N = 5), angular

gyrus (N = 4), supramarginal gyrus (N = 3), and superior

temporal gyrus (N = 1). Local maxima indicated by PET

were found on the superior temporal gyrus (N = 6), the

middle temporal gyrus (N = 3), the angular gyrus (N = 1),

the supramarginal gyrus (N = 1), Wernicke’s area (N = 1),

and the primary auditory cortex (N = 1) (Table 2). When

measuring the discrepancy between the area focused by

standard coil positioning and PET local maxima for indi-

vidual patients, we found an overall mean difference of

35.9 mm (95 %CI 27.9–44.0 mm).

Intent-to-treat analysis

The mean change from baseline AHRS total score at the

end of treatment was 11.4 (95 %CI 6.8–16.1) in navigated

rTMS, 6.3 (95 %CI 2.9–9.6) in standard rTMS, and 0.3

(95 %CI–0.4–1.1) in sham rTMS (Table 3). RM-ANOVA

revealed treatment effect (F(2,26) = 7.94, p = 0.002),

time effect (F(2,26) = 21.68, p \ 0.001) and treatment x

time interaction (F(4,52) = 6.26, p \ 0.001) irrespectively

to sequence (F(1,13) = 0.73, p = 0.41), and period

(F(2,26) = 0.08, p = 0.90). In post hoc analysis, superi-

ority of both active treatments over sham (standard vs.

sham: p = 0.02; Cohen’s d = 0.79 and navigated vs.

sham: p \ 0.001; d = 1.52) and a better outcome in nav-

igated compared to standard rTMS period (p = 0.005;

d = 1.00) at week 2 was detected (Fig. 3). Subanalysis of

particular AHRS items revealed significant differences

between navigated rTMS and sham in item 5 ‘‘length’’

(F = 4.16, p = 0.03) and 7 ‘‘distress level’’ (F = 5.02,

p = 0.02), but not between active treatment. Concerning

the response to the completed treatment series (C50 %

score reduction), we identified no responders after 13 series

of sham rTMS, two responders after 14 series (29 %) of

standard rTMS, and six responders after twelve (50 %)

navigated rTMS series. Coil positions of responders and

non-responders to navigated rTMS are shown in Fig. 2.

When analyzing the PANSS positive subscale change

scores, we found significant differences among treatments

Table 2 Anatomical distance (in mm) between the location for standard coil positioning (ST) and location of 18FGD PET neuronavigated rTMS

(NN)—Focused area for rTMS treatment

Subject 1 2 3 4 5 6 7 8 9 10 11 12 13

NN–ST distance (mm) 37.3 20.0 30.6 31.3 30.4 19.5 42.2 63.5 26.8 56.6 28.9 26.0 43.0

Cortex location

NN PAC STG STG STG STG MTG MTG STG WA AG STG MTG SMG

ST WA WA WA SMG AG AG WA AG AG STG SMG WA SMG

NN–ST difference in AHRS score change 13 5 -12 13 NA 12 6 1 1 14 0 11 4

Cortex location: STG Superior temporal gyrus, MTG Middle temporal gyrus, ITG Inferior temporal gyrus, PAC Primary auditory cortex,

WA Wernicke’s area, SMG Supramarginal gyrus except Wernicke’s area, AG Angular gyrus, NA not applicable, patient completed only

‘‘standard’’ rTMS
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(F(2,26) = 4.66, p = 0.02) but non-significant treatment x

time interaction (F(4,52) = 0.67, p = 0.61), despite the

absence of a carryover effect. Negative results were found

for PANSS total and negative subscale scores.

Completer analysis

The mean change in AHRS total score was 11.6 (95 %CI

5.6–17.6) in navigated rTMS, 6.3 (95 %CI 1.2–11.4) in standard

rTMS, and 0.4 (95 %CI 0.5–1.3) in sham rTMS (Table 3).

RM-ANOVA detected treatment effect (F(2,16) = 5.86,

p = 0.01) time effect (F(2,16) = 14.73, p \ 0.001) and

treatment x time interaction (F(4,32) = 3.49, p = 0.02) but

not the sequence (F(1,8) = 0.26, p = 0.62) or period

(F(2,16) = 1.03, p = 0.38) effect. In post hoc analysis, only

the superiority of navigated rTMS over sham (p = 0.004;

Cohen’s d = 1.44) was found. Differences between other

treatment conditions did not achieve statistical significance

(navigated vs. standard: p = 0.06; d = 0.96; standard vs.

sham: p = 0.09; d = 0.76). A similar analysis did not reveal a

significant difference for the PANSS total and subscales scores.

Additionally, we found no significant associations

between neuronavigated-standard position distances or the

AHRS total change score after neuronavigated period

(rho = 0.12) and neuronavigated-standard difference in

AHRS score change (rho = 0.10) in twelve patients who

completed both active treatment conditions (Table 2).

Discussion

This is the first controlled study confirming the acute effect

of rTMS targeted according to the local maxima of brain

metabolism within left temporo-parietal region according

to 18FDG PET co-registered with structural imaging (MRI).

Our findings demonstrated the effect of neuronavigated

rTMS in alleviating AHs as measured by the AHRS.

Compared to standard and sham rTMS, we found neuro-

navigated algorithm the most effective of the trial.

Resting 18FDG PET primarily reflects the regional glu-

tamate turnover at the synaptic (particularly, presynaptic)

level and provides a probe for relative synaptic strength

and consequent metabolic activity [46, 47]. Hence, the
18FDG increased uptake in AHs confirmed by several PET

studies [22, 48] is related to the long-term over-activity

with consequent changes at the synaptic level.

Fig. 3 Graphical presentation of AHRS changes (from intention to

treat data of 15 patients) comparing navigated rTMS versus standard

rTMS and sham rTMS. Data are presented as mean and standard

deviation. AHRS Auditory Hallucination Rating Scale, rTMS repet-

itive transcranial magnetic stimulation

Table 3 Clinical effect of rTMS treatment (N = 15)

Sham Standard rTMS Neuronavigated rTMS

Measurement (day) W0 W1 W2 W0 W1 W2 W0 W1 W2

AHRS

ITT 23.9 (5.5) 21.9 (4.9) 23.5 (5.5) 25.2 (4.3) 19.8 (6.3) 19.4 (4.8) 23.9 (5.2) 18.4 (6.3) 12.9 (7.8)

COM 23.0 (6.4) 20.4 (4.6) 22.6 (6.4) 24.9 (5.1) 18.5 (7.0) 18.6 (4.5) 24.3 (5.7) 18.2 (6.4) 12.7 (6.9)

PANNS P

ITT 18.3 (5.8) 17.6 (5.1) 17.2 (5.2) 18.4 (5.8) 16.3 (7.2) 16.7 (6.3) 20.1 (6.1) 18.6 (5.8) 18.1 (5.8)

COM 18.0 (4.7) 16.7 (4.1) 16.8 (4.1) 17.5 (5.1) 15.1 (7.0) 16.3 (5.4) 19.3 (6.1) 18.1 (5.1) 17.8 (4.7)

PANNS T

ITT 75.7 (19.2) 73.5 (18.2) 70.1 (16.0) 75.5 (21.3) 69.7 (27.0) 69.4 (21.6) 82.1 (21.1) 78.3 (20.5) 74.5 (23.5)

COM 73.7 (18.3) 70.1 (18.3) 67.4 (15.3) 72.3 (22.5) 65.5 (30.2) 67.8 (23.0) 78.5 (24.5) 76.1 (23.1) 76.1 (23.3)

Data are presented as mean (standard deviation)

rTMS repetitive transcranial magnetic stimulation, PANSS Positive and Negative Syndrome Scale, T Total, P Positive Symptoms Score, AHRS

Auditory Hallucination Rating Scale, ITT Intent-to-treat analysis, COM Completers Analysis, W0 week 0 (baseline), W1 week 1, W2 week 2
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According to the hypothesis of a fronto-temporal dis-

connectivity [49], the specific changes represented by

increased 18FDG uptake could reflect the hyperactive

hallucination-related network. This condition could be

efficiently affected by rTMS guided to the local maxima of
18FDG uptake. Our approach to target rTMS according to

the local maxima of 18FDG uptake is in accordance with

the supposed long-term depression phenomenon induced

by LF-rTMS responsible for the inhibitory effect [50, 51]

and our previous finding of decreased metabolism in the

cortex underlying the coil in LF-rTMS treatment [12].

The post hoc comparison of regional brain metabolism

in the whole group of hallucinating patients with controls

confirmed the over-metabolism within left temporal and

temporo-parietal cortex used as the target for rTMS treat-

ment (Fig. 4).

By measuring the distance between cortical coil projec-

tion (focus of magnetic field) in standard positioning and

local maxima of metabolism used in our neuronavigated

algorithm, we found an average distance of 3.51 ± 0.63 cm.

Respecting the fact that the standard range of electromag-

netic field in rTMS does not cover the distance of 2 cm [52],

we suggest this finding (application of magnetic field away

from the place with the highest contrast of metabolic activ-

ity) could be a plausible explanation for negative results in

previous controlled studies with standard rTMS positioning

[23, 53].

Except for various rTMS studies on hallucinating

patients which used a neuronavigational system for indi-

vidual anatomic and functional targeting [24, 33, 39, 54],

the magnetic coil was administrated predominantly over

the area of standard positioning [1, 2, 7, 23].

Also, the fact that previous controlled studies of neu-

ronavigated rTMS guided by individual fMRI in halluci-

natory conditions (except one controlled study using a

different algorithm with high-frequency rTMS [39])

revealed negative results [24, 33, 54] supported our idea of

using 18FDG PET. Comparing with fMRI, 18FDG PET

represents a physiologically highly relevant method to

detect and directly quantify the metabolic abnormalities

[15, 16, 31] related to AHs [15].

In addition, PET studies with schizophrenic patient docu-

ment time consistent findings of regional brain metabolism

[32]. The resting hallucination-related over-activity is

detectable by PET even at periods with an absence of hallu-

cinations while scanning [18]. These findings are connected

also with the fact that the temporal resolutions of 18FDG are

much longer (45 min.) than those of fMRI (approx. 7 s) or

PET using 15O (approx. 2 min.). 18FDG PET reflects longer

time period and thus could detect more stable brain abnor-

mality that underlies hallucinations [55]. Moreover, in our

previous study, we documented that low-frequency rTMS

inhibits the regional 18FDG uptake in AHs [12].

In spite of the mechanism of the rTMS effect, we do not

have data on 18FDG uptake after rTMS and so we cannot

certainly claim, whether successful reduction in AH is

really related to reduction in metabolism at the local

maxima of 18FDG uptake. However, our previous findings

from the non-navigated LF-rTMS implicate that the effect

of rTMS is connected with decreased metabolism in the

cortex underlying the rTMS site with propagation by inter-

and intrahemispheric connections [12]. These PET and our

complementary EEG results indicate that the neuroplastic

changes affect the functional laterality and provide the

substrate for a metabolic effect. In this context, it is of

interest that 18FDG PET-guided rTMS studies in the

treatment of tinnitus do not provide evidence for superi-

ority of neuronavigational coil positioning [56] and the

clinical effects of rTMS on tinnitus are not related to

changes in PET activity [57].

Subanalysis of particular AHRS items also revealed

significant differences between navigated and sham rTMS.

Analyses of PANSS total and subscales scores did not

reveal a significant difference over time. Our findings are

in agreement with the results from recent open studies

[39, 58], but compared to previous controlled studies

Fig. 4 The increase in regional brain metabolism in the group of

schizophrenia patients with auditory hallucinations investigated prior

to neuronavigated rTMS in comparison with controls. The most

pronounced increase in 18FDG PET uptake was found in the cluster

consisting of lentiform nucleus, thalamus and left parahippocampal

gyrus bilaterally, bilateral postcentral gyrus and right superior frontal

gyrus. Within the area of interest (left acoustic-linguistic cortex), we

found the increased metabolism in the middle temporal gyrus, and

temporo-parietal junction including supramarginal and angular gyrus

(arrows). No regions with decreased metabolism were detected in the

group of hallucinating patients. Significant results exceeding the

height threshold T = 4.09 (p B 0.05, FDR corrected, cluster C100

voxels) are displayed on study-specific 3D template (upper images)

and mean image slices (lower images). L or R left or right hemisphere
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[2, 23, 24, 33, 54], we found rTMS more efficient on

hallucination withdrawal.

The limitation of our study was the processing of two-

step randomization (Fig. 1). However, analysis of order

effect did not demonstrate a significant effect on the final

results. A potential source of false-positive ratings over-

estimating the navigated trial was represented by the

standard initiated group (standard ? navigation ? sham),

where the treatment order of two consecutive active stim-

ulations (standard ? navigation) would potentially over-

value the effect of rTMS navigation. Nevertheless, this fact

was minimized by the number of patients from the standard

initiated group (N = 6), where only four patients addi-

tionally completed the study. The concept of the sham

initiated group (N = 9) between the first and the second

treatment periods (sham ? navigation/standard) was

without the risk of false-positive results in favor of neu-

ronavigated rTMS.

Another limitation is the absence of monitoring of long-

time effects, coupled with clinical monitoring of patients,

at least for the next 6 months after rTMS application.

Based on the evaluation of long-term effects of rTMS, we

would be able to design a suitable algorithm for mainte-

nance of rTMS in patients with AHs in the future, which

may represent another breakthrough in the treatment of

treatment-resistant schizophrenia.

In conclusion, our study documents the acute clinical

effect of neuronavigated rTMS in treatment-resistant AHs.

Our findings are also congruent with the hypothesis that

local neuroplastic and metabolic changes provide a sub-

strate for the clinical effect. Taking into account the indi-

vidual differences in brain metabolism, neuronavigated

rTMS allows an individualized approach to the treatment

of patients with pharmaco-resistant AHs.
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