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Abstract Repetitive transcranial magnetic stimulation

(rTMS) enables the local and non-invasive modulation of

cortical activity and has proved to achieve antidepressant

effects. To a lesser extent, rTMS is investigated as a

treatment option for anxiety disorders. As the prefrontal

cortex and the amygdala represent key components of

human emotion regulation, we investigated how pre-

frontally applied rTMS affects the responsiveness of the

subcortical amygdala during a fear-relevant study para-

digm to examine potential cortico-limbic effects. Sham-

controlled, randomised inhibitory rTMS (continuous theta

burst stimulation, TBS) was applied to 102 healthy subjects

(female = 54) over the right dorsolateral prefrontal cortex.

Subsequently, the emotion-potentiated (unpleasant, neutral,

and pleasant International Affective Picture System pic-

tures) acoustic startle response was investigated. Subjective

anxiety ratings (anxiety sensitivity, trait and state anxiety)

were considered. Picture category affected the startle

magnitude as expected for both TBS intervention groups

(highest startle response for unpleasant, lowest for pleasant

pictures). However, no modulatory effects of TBS on

startle potentiation were discerned. No significant interac-

tion effects of TBS intervention, subjective anxiety ratings,

and gender were identified. Interestingly, startle habitua-

tion was influenced by TBS intervention on a trend-level,

with verum TBS leading to an accelerated habituation. We

found no evidence for the hypothesis that prefrontal inhi-

bitory TBS affects the responsiveness of the amygdala

during the presentation of emotionally relevant stimuli in

healthy subjects. Instead, we found accelerated habituation

under verum TBS on a statistical trend-level. Hence, some

preliminary hints for modulatory effects of inhibitory TBS

on basic learning mechanisms could be found.

Keywords Theta burst stimulation (TBS) � Repetitive
transcranial magnetic stimulation (rTMS) �
Emotion-potentiated acoustic startle response � Emotion

regulation � Acoustic startle response � Startle habituation

Introduction

A complex neuronal network enables the modulation of

human emotions. Important structures—among others—are

the amygdala and the prefrontal cortex (PFC; Davidson
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2002). The activation of the amygdala plays a key role in

the development of fear and anxiety (Davidson 2002;

Charney 2003). Anxiety disorders are discussed to be

associated with a stronger activation of the amygdala after

the presentation of fear-relevant stimuli, compared with

healthy controls (Etkin and Wager 2007).

The valence hypothesis states that the processing of

negative emotions is located in the right brain hemisphere,

whereas positive emotional responses are located in the left

hemisphere (Davidson 1998, 2002; Wiedemann et al.

1999). Another approach argues for an inhibitory top-down

control of the PFC on the amygdala (Hariri et al. 2000;

Hariri et al. 2003; Kim and Whalen 2009). According to

this theory, a hyperactivated amygdala, insufficiently

inhibited by the prefrontal cortex, is associated with anxi-

ety disorders (Etkin and Wager 2007; Hariri et al. 2003).

The responsiveness of the amygdala can be indexed

through an established paradigm—the acoustic startle

response (ASR; Dawson et al. 2008). A potentiation of the

startle response during fear-inducing conditions could be

consistently demonstrated (Davis et al. 1993; Grillon and

Davis 1995; Grillon 2008). In addition, altered ASR in

baseline amplitude or during emotion-potentiated startle

paradigms was found in patients with anxiety disorders (for

review, see Grillon 2008; McTeague and Lang 2012).

Via electromagnetic induction, repetitive transcranial

magnetic stimulation (rTMS) enables a non-invasive and

local modulation of cortical activity (Wassermann and

Zimmermann 2012). RTMS can enhance or inhibit local

cortical excitability, depending on the frequency of stim-

ulation and the protocol applied (Wassermann and Zim-

mermann 2012; Huang et al. 2005). In this context, theta

burst stimulation (TBS) as an innovative form of rTMS

could demonstrate extended after-effects in addition to a

more comfortable application compared with conventional

rTMS protocols (Huang et al. 2005). RTMS has been able

to achieve antidepressant effects in controlled trials (Ge-

orge et al. 2013; Berlim et al. 2013), although also

inconsistent results were found (Couturier 2005; Martin

et al. 2002). In accordance with the valence hypothesis,

activating rTMS over the left PFC has demonstrated

moderate antidepressant effects (Garcia-Toro et al. 2006),

as has inhibitory rTMS over the right PFC, a finding that, in

turn, supports the theory of functional brain asymmetry

(Garcia-Toro et al. 2006). Less research has been con-

ducted so far with respect to rTMS effects on anxiety or

trauma- and stressor-related disorders, although promising

results exist, e.g., for posttraumatic stress disorder or panic

disorder (Machado et al. 2012; Zwanzger et al. 2009).

Considering interindividual differences in the ASR, a

significantly stronger fear-potentiated startle response was

found in subjects reporting high trait fear (Vaidyanathan

et al. 2009).

With respect to gender differences, it could be demon-

strated that women exhibit significantly greater baseline

and emotion-potentiated startle responses than men

(Bianchin and Angrilli 2012); however, non-confirming

results exist (Hubbard et al. 2011).

In addition, the effects of rTMS seem to be influenced

by the degree of anxiety, as demonstrated by Vanderhasselt

et al. (2011). It was found that the effects of rTMS on a

negative attentional bias were influenced by the baseline

state anxiety in 28 healthy female subjects.

To the best of our knowledge, this is the first study that

examines whether inhibitory, prefrontally applied TBS

influences the emotion-potentiated acoustic startle

response in healthy subjects. The effects of TBS were

investigated in a sham-controlled, randomised study with

a between-subjects design to clarify the link between

cortical and limbic structures. The following hypotheses

were tested: (1) in accordance with the valence hypoth-

esis, inhibitory rTMS over the right PFC should reduce

the emotion-potentiated startle amplitude, while sham

stimulation does not affect this phenomenon. (2) The

degree of alteration depends on the degree of state and

trait anxiety, and gender.

Materials and methods

Participants

A sample of 102 healthy subjects was recruited at the

Department of Psychiatry, University of Muenster,

between 2011 and 2013. Current or previous diagnosis of

DSM-IV axis-I disorders were ruled out using the Mini-

International Neuropsychiatric Interview (M.I.N.I, Sheehan

et al. 1998). The severity of potential subclinical depressive

symptoms was assessed with the Beck Depression Inven-

tory (BDI, Hautzinger et al. 1995; Beck et al. 2013).

To exclude neurological or other somatic disorders, all

subjects were interviewed and underwent a neurological

and physical examination by a physician prior to the

experiment. Additional exclusion criteria were high caf-

feine consumption (with more than three cups of coffee/

tea per day; Andrews et al. 1998), alcohol consumption of

more than 140 g per week, daily smoking of more than 10

cigarettes (Duncan et al. 2001), illegal drug consumption,

daily intake of any medication (except for hormonal

contraception or thyroid hormonal substitution therapy),

pregnancy, breastfeeding, history of seizures, tinnitus, age

under 18 or over 50 years, metal or magnetic pieces in

the head, history of major head trauma or of migraine,

hearing loss, and a history of heart or brain diseases.

Participants were asked to abstain from caffeine and

nicotine on the day of the experiment (Andrews et al.
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1998; Duncan et al. 2001). All subjects were naı̈ve to

rTMS.

Anxiety sensitivity (AS), meaning the tendency to fear

anxiety symptoms, was quantified with the German ver-

sion of the Anxiety Sensitivity Index-3 (ASI-3, Kemper

et al. 2009; Taylor et al. 2007). The extent of state and

trait anxiety before the intervention was measured with

the State-Trait Anxiety Inventory (STAI; Laux et al.

1981; Spielberger 1989). The study design is shown in

Fig. 1.

The procedure was approved by the ethics committee of

the medical faculty of the University of Muenster, Ger-

many. All procedures performed in the study were in

accordance with the ethical standards of the institutional

committee and with the 1964 Helsinki declaration and its

later amendments. Written informed consent was obtained

from all individual participants included in the study.

Theta burst stimulation

The study took place in a double-blind, sham-controlled

and between-subjects design. After a screening interview

prior to the investigation day, the experiment was carried

out from 13:45 to 17:30, or 14:45 to 18:30 h. After phys-

ical and neurological examinations ruling out exclusion

criteria, self-report anxiety and depression questionnaires

were completed. To localise the rTMS stimulation site,

electrode position F4 [right dorsolateral prefrontal cortex,

(DLPFC)] was identified according to the international

10–20 system for electrode positioning (Jasper 1958;

Herwig et al. 2003). Following a baseline recording of the

startle magnitude, TBS was applied with a figure-eight coil

(MCF-B65, 75 mm outer diameter) with a MagVenture

MagPro X100 with Option (MagVenture, Farum, Den-

mark). Continuous TBS (cTBS) consisted of 200 theta-

Screening session N = 102 healthy subjects

• Study information and informed consent
• Exclusion of psychiatric disorders (Mini-International Neuropsychiatric Interview; 

Sheehan et al., 1998)
• Assessment of sociodemographic variables

Investigation day • Preparation &
Baseline - Physical and neurological examination

- Location F4
- BDI
- ASI-3

- STAI state assessment (I)
- STAI trait
- Baseline startle assessment (10 auditory stimuli, 50 ms, 95 

dB white noise; Miller & Gronfier, 2006)

• rTMS - Random allocation to verum vs. sham cTBS (Huang et al., 

2005)
- 80% RMT
- Repetition after 15 min (Nyffeler et al., 2006; 2009)

- Sham cTBS: coil tilting 90° off the head

• Subjective
anxiety rating

- STAI state assessment (II) 

• Emotion-
potentiated
startle paradigm

- Emotional pictures (IAPS, Lang et al., 2005):

- 24 negative 
- 24 neutral 
- 24 pleasant

- EMG activity of the left orbicularis oculi occuring on 
acoustic startle tone (50 ms white noise, 95 dB)

- Startle application:
- 75% with startle probes during picture presentation
- 12,5 % with startle probes during ITI

- 12,5 % no startle probes

• Subjective
anxiety rating

- STAI state assessment (III)

- Electrode removement

• Picture rating & 
ending

- Free viewing condition, rating for arousal and valence (SAM 

scales)
- cTBS unblinding

Fig. 1 Study design. ASI-3

Anxiety Sensitivity Index-3,

BDI Beck Depression

Inventory, cTBS continuous

theta burst stimulation, dB

decibel, F4 electrode position,

International 10–20 system

EEG/right dorsolateral

prefrontal cortex, IAPS

International Affective

Picture System, ITI intertrial

interval, min minute(s), ms

millisecond(s), SAM Self-

Assessment-Manikin, STAI

State Trait Anxiety Inventory,

RMT resting motor threshold,

and rTMS repetitive transcranial

magnetic stimulation
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bursts (5 Hz) and was continuously repeated every 200 ms

(600 pulses per session; Huang et al. 2005). It was applied

twice within 15 min over the right DLPFC to achieve

sufficient aftereffects (Nyffeler et al. 2006, 2009). Active

cTBS was applied at 80 % of the resting motor threshold

(RMT). The RMT was determined via a visual motor

threshold determination of the fingers of the left hand. For

this purpose, single TMS pulses over the right primary

motor cortex were delivered (Varnava et al. 2011; Prid-

more et al. 1998). The RMT was determined this way to

allow for an easy, but also reliable application (Varnava

et al. 2011; Jung et al. 2010; Rossi et al. 2009). During

active cTBS, the coil was held tangentially to the scalp

with a 45� angle to the medial sagittal line of the skull, the

handle pointing backwards. Sham cTBS was applied

identically, but by tilting the coil 90� off the scalp to rule

out active stimulation effects (Lisanby and Belmaker

2000).

Safety and tolerance

In general, TBS was well tolerated. No neurological com-

plications occurred. However, one participant (active TBS)

discontinued the experiment while receiving rTMS due to

pain on the stimulation site and strong muscle contractions

of the upper face muscles. The discomforts were transient

and vanished quickly after the TBS stop. One participant

(sham TBS) discontinued the investigation due to discom-

fort while watching anxiety-relevant pictures. Again, the

discomfort vanished after stopping the experiment.

Outcome parameters: emotion-potentiated startle

paradigm and STAI

The startle paradigm here used, including skin preparation,

electromyogram (EMG) recording procedures, and affec-

tive images, is also described elsewhere (Domschke et al.

2012a, b, 2015; Klauke et al. 2012). Twenty-four threat-

ening unpleasant images were taken from the International

Affective Picture System (IAPS, Lang et al. 2005). These

pictures were selected as the anxiety-relevant emotional

cues. In addition, 24 neutral and 24 pleasant IAPS pictures

were chosen. Prior to the TBS intervention, baseline

acoustic startle eyeblink magnitude was recorded by pre-

senting 10 auditory stimuli (50-ms, 95-dB white noise with

an instantaneous rise-time presented with the help of Bose

around-ear headphones) within 6 min (Miller and Gronfier

2006). After the TBS intervention, the emotion-potentiated

startle paradigm was started. To reduce outlier startle

responses, subjects were first exposed to eight startle

stimuli at random intervals of 1–12 s prior to the critical

trials. The total procedure consisted of three blocks of 24

unpleasant anxiety-relevant, neutral, and pleasant IAPS

pictures. Between each block, 3-min breaks were realised.

One experimental block included eight pictures of each

valence in a randomised order, with the constraint that no

two of the same type (unpleasant, neutral, or pleasant) were

presented in succession. Images were shown for 8 s with an

inter-trial interval (ITI) of 21 s (mean value; range

16.5–25.5 s). Startle probes were presented 2.5, 4.0, or

5.5 s after picture onset, and also 10 or 12 s after picture

offset (during the ITI). In 12.5 % of all trials no startle

probes were administered. 75 % of all trials included startle

probes during the picture presentation (equally distributed

across all valences). In 12.5 % of all trials, startle probes

were solely administered during the ITI. Two electrodes

were placed under the left eye to quantify the EMG of the

musculus orbicularis oculi (Blumenthal et al. 2005). The

reference electrode was placed on the forehead, and the

ground electrode was placed on the processus mastoideus

behind the left ear. The EMG was recorded with a V-Amp

16 (Brain Products GmbH, Gilching, Germany), a

16-channel DC amplifier system using the BrainVision

Recorder Software (V-Amp Edition 1.10; Brain Products

GmbH). Sampling frequency was set to 1000 Hz, and a

notch filter of 50 Hz was used. Pictures and instructions

were presented via the software Presentation (Version 13.0;

Neurobehavioral Systems, Albany, CA, USA).

To assess subjective anxiety, participants were repeatedly

asked to rate their anxiety level by completing the state

questionnaire of the STAI (immediately after TBS prior to the

emotion-potentiated startle paradigm, directly after com-

pleting the emotion-potentiated startle paradigm, cf. Fig. 1).

After the experiment, all electrodes were removed and

subjects were asked to rate all pictures by valence

(1 = highly pleasant, 9 = highly unpleasant) and arousal

(1 = excited, 9 = calm) on the Self-Assessment-Manikin

(SAM) scales (Lang 1980). After indicating which TBS

intervention they believed they had experienced, all sub-

jects were informed about the real TBS condition and were

paid € 50.

Data reduction

To analyse EMG data offline, BrainVision Analyzer 2

(Brain Products GmbH) was used. The signals were recti-

fied, filtered (low cut-off, 28 Hz; high cut off, 499 Hz;

notch, 50 Hz), and smoothed (time constant of 50 ms).

Startle magnitude was defined as the difference between

the highest peak 21–200 ms after and the average during

50 ms before startle probe presentation. For each subject,

startle signals were checked for artefacts and zero

responses. Startle reactions with no detectable responses

(\5 lV) were scored as zero. Artefacts were defined as

spontaneous eye blinks during baseline or within 20 ms

after startle probe onset, and were scored as missing values.
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When too many zero responses (more than 2.5 SDs above

mean number of zero responses) or less than three suffi-

cient startle responses in one picture category were detec-

ted, subjects were excluded from data analysis, as is

customary in studies of the human acoustic startle reflex

(Blumenthal et al. 2005; Mühlberger et al. 2008; Dom-

schke et al. 2012a; Vaidyanathan et al. 2009). Startle

magnitudes were T-transformed within subjects to consider

interindividual differences and to achieve comparable data

(cf. Blumenthal et al. 2005; Pauli et al. 2010; Berg and

Balaban 2008).

Statistical analyses

All analyses were conducted with IBM SPSS Statistics 21.

Sample characteristics were analysed by v2 tests for gender
with TBS intervention (verum vs. sham) as between-sub-

jects factor, and by one-way ANOVAs for age, ASI-3,

STAI trait, STAI state prior to TBS intervention and mean

startle baseline with TBS intervention, and gender as

between-subjects factors. The effects of blinding regarding

TBS intervention were analysed using binomial tests (test

proportion: 0.5) for the subjective TBS condition in each

TBS intervention group, separately.

Picture viewing times (time interval between picture

onset and successive ratings) and picture ratings (for

valence and arousal) were evaluated with ANOVAs for

repeated measures (RM-ANOVAs) with TBS intervention

as between-subjects factor and picture category (unpleas-

ant, neutral, and pleasant) as within-subjects factor.

Startle habituation assessed during ITIs was analysed by

an RM-ANOVA with measurement time point (12 ITI

startle reactions divided into four measurement times, each

being the mean of at least two startle responses per mea-

surement time) as within-subjects factor and TBS inter-

vention as between-subjects factor.

Based on the a priori hypotheses, emotion-potentiated

startle response was analysed by RM-ANOVA with TBS

intervention as between-subjects factor and picture cate-

gory (unpleasant, neutral, and pleasant) as within-subjects

factor.

Further analyses were conducted using gender as an

additional between-subjects factor for the above mentioned

RM-ANOVA for the emotion-potentiated startle response

and startle habituation. In an additional step, ASI-3, STAI

state prior to TBS intervention, and STAI trait were con-

sidered separately as additional between-subjects factors

(median split). State anxiety (STAI) over the course of the

experiment and gender were analysed by RM-ANOVA

with TBS intervention as between-subjects factors and

measurement time point (before TBS intervention; imme-

diately after TBS intervention; directly after emotion-po-

tentiated startle paradigm, cf. Fig. 1) as within-subjects

factor.

Post-hoc pairwise comparisons of picture ratings, mea-

surement time, and picture valence (startle modulation)

were analysed with paired t tests.

Alpha level was set to p\ 0.05, and Greenhouse–

Geisser correction was used if appropriate.

Results

Sample characteristics

The participation of two subjects of initially 102 recruited

subjects was discontinued (see ‘‘Material and methods’’).

Considering the emotion-potentiated startle response, four

subjects showed too many zero startle responses ([41;

mean zero responses per subject in the whole group: 7.44,

SD 13.34). Therefore, these six subjects were excluded

from further analyses. The remaining group of 96 subjects

(female = 52) was equally distributed with respect to

gender across intervention groups (verum vs. sham;

v21 = 0.01, p = 0.97). One-way ANOVAs of mean age

revealed no differences between intervention groups, or

gender (all F1,95\ 0.60, p[ 0.41). One-way ANOVAs of

mean baseline anxiety ratings (ASI-3, STAI trait, STAI

state I, cf. Fig. 1) displayed no differences between inter-

vention groups, or gender (all F1,95\ 1.53, p[ 0.21;

Table 1). Mean ASI-3 was 12.05 (SD 6.76, range 0–33,

Table 1 Sociodemographic sample characteristics

Variable N Mean SD Female Male Verum Sham

N Mean SD N Mean SD N Mean SD N Mean SD

Total sample

Age (years) 96 24.95 6.43 52 25.00 7.36 44 24.89 5.19 46 25.48 7.36 50 24.46 5.45

ASI-3 96 12.05 6.76 52 12.13 6.64 44 11.95 6.96 46 11.37 6.86 50 12.68 6.66

ITI subsample (startle habituation)

Age (years) 77 24.74 6.32 44 24.90 7.11 33 24.56 5.17 36 25.10 7.21 41 24.44 5.50

ASI-3 77 11.64 6.66 44 11.84 6.51 33 11.36 6.92 36 10.98 7.02 41 12.22 6.35

ASI-3 Anxiety Sensitivity Index-3, ITI inter-trial-interval (startle habituation), SD standard deviation

Emotional processing and rTMS: does inhibitory theta burst stimulation affect the human… 1125
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median 12, N = 96), which was lower than assumed for a

healthy sample (mean value of about 19; Kemper et al.

2009).

For the assessment of startle habituation (ITI subsam-

ple), 19 additional subjects had to be excluded from anal-

yses due to too many missing responses during at least one

measurement time point. The analyses of the sociodemo-

graphic characteristics were rerun for this subsample

(n = 77), and no significant differences occurred for the

variables considered above (cf. Table 1).

Blinding examination: TBS

Thirty-seven participants of the sham group thought that

they had been sham stimulated, while 13 subjects assumed

that it had been the active intervention. Thirty-three par-

ticipants in the verum group thought that they had obtained

the active protocol, while 13 said they received sham

stimulation. For each TBS intervention group, these gues-

ses differed significantly from chance (binomial test;

verum group: p = 0.005, verum group: p = 0.001).

Picture ratings and viewing times

The valence of picture ratings conformed to a priori categories

(F2,127 = 2835.93, p\0.001; linear trend, F1,94 = 3426.91,

p\0.001; unpleasant\neutral\pleasant; all t95[ |34.20|,

p\0.001). No interaction or direct effects of the TBS inter-

vention on picture valence were found.

For the arousal ratings, a significant main effect of

picture valence was found (F2,188 = 494.64, p\ 0.001;

linear trend, F1,94 = 100.92, p\ 0.001). Unpleasant pic-

tures received significantly higher ratings than pleasant

pictures. The lowest ratings were given to neutral pictures

(all t95[ |10.1|, p\ 0.001). No interaction or direct effects

of TBS intervention on the arousal ratings were found.

Picture viewing times were not affected by picture

valence or TBS intervention.

Baseline startle response and habituation

Mean baseline startle response prior to TBS intervention

did not differ significantly between TBS intervention

groups, or gender.

Startle response during the ITIs was significantly influ-

enced by the measurement time (F3,225 = 31.24, p\ 0.001;

linear trend, F1,75 = 70.80, p\ 0.001). Moreover, a

trendwise interaction of measurement time and TBS inter-

vention was found (F3,225 = 2.46, p = 0.064). Under

verum TBS, mean ITI startle magnitude declined across the

first three measurement times (for both, t35[ 2.40,

p B 0.02) with no difference between the third and fourth

measurements. In contrast, under sham TBS, mean ITI

startle magnitude declined from the first to second mea-

surement time and from the third to fourth measurement

time (for both, t40[ 2.44, p B 0.019) with no significant

difference between the second and third measurement

times. No main effect of TBS intervention occurred.

Startle modulation: influence of picture valence

A significant main effect of picture category on startle

response was found (F2,162 = 37.13, p\ 0.001) with

decreasing startle magnitudes from unpleasant to neutral to

pleasant pictures (linear trend, F1,95 = 62.01, p\ 0.001;

all t95[ 3.88, p\ 0.001, see Fig. 2).

Effects of TBS (verum vs. sham) on startle

modulation

No significant interaction effect of TBS intervention and

picture category was identified. In addition, no significant

main effect of TBS intervention on startle magnitude was

found.

Gender effects and anxiety measures

Effects of gender on startle modulation

When using gender as an additional factor, a significant

interaction of picture category and gender on the emotion-

potentiated startle amplitude was found (F2,159 = 3.28,

p = 0.047). Therefore, post-hoc analyses for both gender

groups were conducted separately. For men, no significant

difference between unpleasant and neutral pictures occur-

red, but neutral pictures led to a significantly higher startle

46.00

47.00

48.00

49.00

50.00

51.00

52.00

53.00

unpleasant IAPS pictures neutral IAPS pictures pleasant IAPS pictures

M
ea

n
st

ar
tle

m
ag

ni
tu

de
(T

-tr
an

sf
or

m
ed

)

***

***

***

Fig. 2 Mean startle magnitude modulated by picture category with

significantly decreasing startle magnitude from unpleasant to neutral

to pleasant pictures. ***Significant at a level of p\ 0.001; IAPS

International Affective Picture System. Error bars indicate standard

error of the mean
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amplitude than pleasant pictures (t43 = 3.26, p = 0.002).

In addition, unpleasant pictures caused a significantly

higher startle magnitude than pleasant pictures (t43 = 4.14,

p\ 0.001). In contrast, for women, mean startle amplitude

significantly decreased from unpleasant[ neu-

tral[ pleasant pictures (for all, t51 C 2.21, p B 0.03).

Furthermore, unpleasant pictures induced a significantly

higher startle reaction than pleasant pictures (t51 = 7.10,

p\ 0.001).

However, no significant interaction of picture category,

gender, and TBS was identified. For the mean ITI startle

magnitude, no significant interaction of measurement time

and gender or measurement time, gender, and TBS were

found.

Additional effects of anxiety ratings and gender on startle

modulation

With ASI-3 (median split of ASI-3) as additional between-

subjects factor in the analysis of emotion-potentiated startle

amplitude, RM-ANOVA showed no significant interaction

effects of picture category 9 ASI-3, or picture cate-

gory 9 gender 9 ASI-3, or picture category 9 TBS 9 gen-

der 9 ASI-3. The same results were found, if STAI state

(prior to TBS intervention, median split) or STAI trait (me-

dian split) were considered instead of ASI-3.

In addition, no significant interactions of picture cate-

gory 9 gender 9 ASI-3 or picture cate-

gory 9 TBS 9 gender 9 ASI-3 were found for the mean

ITI startle magnitude. This was also the case when STAI

state (prior to TBS intervention, median split) or STAI trait

(median split) was considered instead of ASI-3.

A significant main effect of measurement time on STAI

state ratings was found (F2,159 = 6.22, p\ 0.005) with a

significant decrease in ratings from time point 1 (before

TBS intervention) to time point 2 (directly after TBS

intervention; t95 = 2.92, p\ 0.01) and a significant

increase in STAI state ratings from time point 2 to time

point 3 (directly after emotion-potentiated startle paradigm;

t95 = -3.89, p\ 0.001). No significant effects of TBS

intervention or interaction effects with gender on STAI-

state ratings were identified.

Discussion

The aim of this sham-controlled, randomised study was to

further clarify the role of cortical and limbic structures

during emotional processing in healthy subjects. To the

best of our knowledge, for the first time, it was examined

whether inhibitory TBS, applied to the right DLPFC, could

modify the emotion-potentiated acoustic startle response in

healthy participants. It was hypothesised that inhibitory

TBS over the right DLPFC would reduce the emotion-

potentiated startle response. Furthermore, we argued that

TBS induced modifications should depend on the degree of

state and trait anxiety and gender.

We found a significant emotion-potentiated startle

response with a linear increase in startle amplitude during

the unpleasant picture category compared with the ampli-

tude during neutral or pleasant pictures. This is in accor-

dance with former results (for a review see Grillon and

Baas 2003) and allowed us to investigate our study

hypotheses as the emotion-potentiated startle paradigm was

effective.

However, in contrast to our first hypothesis, no signifi-

cant modifications, such as significantly reduced startle

amplitudes during unpleasant picture viewing through

inhibitory TBS, could be found.

With respect to our second hypothesis, women displayed

a significant decrease in startle amplitude from unpleasant

to neutral and from neutral to pleasant pictures, whereas for

men, no significant differences occurred between

unpleasant and neutral images. This is in accordance with

results of Bianchin and Angrilli (2012) or Domschke et al.

(2012a). In contrast, startle habituation was not affected by

gender. Furthermore, no significant interaction effects of

TBS intervention and subjective anxiety ratings (trait

anxiety, state anxiety, or anxiety sensitivity) on emotion-

potentiated startle response or startle habituation were

identified. In addition, additional interaction effects of

gender were not found.

Beside the two hypotheses considered, in our study,

startle habituation (startle responses during the ITIs) seemed

to be affected by TBS intervention. Verum TBS was asso-

ciated with an accelerated decrease in startle amplitude

comparedwith the results of the sham group. As these results

were solely found on a statistical trend-level, they have to be

considered with reasonable caution. However, it could be

worthwhile to consider these results as they might help to

deepen the understanding of cortico-limbic associations and

brain hemispheric distributions. Startle habituation, defined

as a reduction of ASR magnitude during the repeated pre-

sentation of a startle stimulus, is not considered to be caused

by fatigue or a blunting of sensory receptor responsiveness

(Bradley et al. 2008), and is seen as a form of non-associa-

tive learning. For instance, the organism has learned that an

uncomfortable tone is not followed by a negative conse-

quence. From a broader perspective and with regard to

psychotherapy, habituation is discussed as one possible

mechanism of action during successful exposure therapy,

where pathological anxiety symptoms decline over time

(Mineka and Cannon 1999). In line with the valence

hypothesis, threat perception and modulation are commonly

related to the right hemisphere, including the PFC, the

anterior cingulate, or the amygdala (for a review, see
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Nitschke and Heller 2005). One might speculate that the

acoustic ITI-startles of white noise were already threat-rel-

evant, leading to an increased right hemispheric activation.

Active inhibitory TBS could probably reduce this enhanced

activation and thus led to a faster habituation course, with a

faster learning that startle probes were not followed by a

negative consequence. Interestingly, De Raedt et al. (2010)

demonstrated that facilitating rTMS over the right DLPFC

led to an impaired disengagement from angry faces and was

associated with an enhanced activation of the right amyg-

dala. Here, one might argue that right hemispheric activity

was artificially augmented by rTMS and led to a stronger

processing of threat-relevant stimuli. The modified habitu-

ation in our study and the results of De Raedt et al. are

contradictory to theories which focus on cortical top-down

mechanisms for emotion regulation. However, in line with

cortical top-down mechanisms, Baeken et al. (2010)

demonstrated that right prefrontal HF-rTMS attenuated right

amygdala processing of negatively valenced emotional

stimuli in healthy females.

Furthermore, it remains unclear why the emotion-po-

tentiated startle response was not affected by inhibitory

TBS, in contrast to startle habituation, modulated on a

trend-level. One might speculate that distinct mechanisms

were involved. Although the DLPFC (rTMS stimulation

site in our study) could be found to be activated during

explicit emotion regulation tasks (cf. Mitchell 2011), it

comprises comparatively few direct connections to the

amygdala (Ghashghaei et al. 2007). More recently, other

structures like the ventrolateral prefrontal cortex are dis-

cussed to be key structures in emotion regulation (for a

review, see Mitchell 2011) and might also represent

alternative stimulation sites in the treatment of depression

(Downar and Daskalakis 2013).

Worthy of note, modulatory effects of gender on the

emotion-potentiated startle response were not found for

startle habituation. Perhaps, these diverging reaction pat-

terns between men and women overlayed the statistical

power with respect to the TBS intervention. In sum, we

found hints for an accelerated startle habituation in the

verum group, but the result was not significant and has to

be considered with caution.

Despite strengths of our study (sample balanced for

gender, pilot study examining prefrontal rTMS effects on

emotion-potentiated startle response, TBS as an innovative

rTMS protocol), limitations have to be mentioned. The

majority of participants correctly guessed the applied TBS

condition. Hence, we cannot rule out possible placebo

effects. However, as a subcortical variable, the startle

response seems to be less influenced by intentional pro-

cesses (Grillon 2008; Grillon and Baas 2003), which is why

our results can still be considered as meaningful. We chose

a between-subjects study design to prevent our results from

potentially disruptive effects caused by a marked habitua-

tion on startle amplitude, which may be the case during

repeated presentations of the emotion-potentiated startle

paradigm. However, this may have reduced the statistical

power to detect TBS effects as within-subjects comparisons

(verum vs. sham) were not possible. Another important fact

could comprise the relatively low mean anxiety sensitivity

of our participants, which was lower than reported for

German samples (Kemper et al. 2009). This circumstance

probably affected the anxiety ratings and might have had a

bearing on the non-existent TBS effects on self-rated anx-

iety outcomes. Furthermore, one could argue that two single

inhibitory TBS sessions within 15 min do not reveal suffi-

ciently powerful or long-lasting effects on the emotion-

potentiated startle reflex. However, we based our design on

studies, demonstrating inhibitory TBS effects of several

hours (Nyffeler et al. 2006, 2009). We additionally exam-

ined the temporal progress in our data, but still did not find

TBS effects on the emotion-potentiated startle response,

e.g. for the first or second half of the experiment. Under

these circumstances, one might question whether inhibitory

TBS of the right PFC is generally capable to modify cortico-

limbic connections and emotional processing. Indeed, in a

functional near infrared study of healthy subjects, Tupak

et al. (2013) demonstrated that inhibitory TBS over the right

DLPFC, in contrast to inhibitory TBS over the left DLPFC,

did not influence prefrontal oxygenation. On the other hand,

inhibitory TBS of the right DLPFC led to significant effects

in terms of a changed impulsivity level of healthy subjects

(Cho et al. 2010). One aspect that could account for these

inconsistent effects might be the initial state of the stimu-

lated brain region. Indeed, state-dependent rTMS effects

were described for the perceptional system of vision or

motion (for a review, see Silvanto and Pascual-Leone

2008). In the reported studies, the initial state was manip-

ulated by either adaptation or priming of the neuronal net-

work (Silvanto and Pascual-Leone 2008). Furthermore,

Perini et al. (2012) could demonstrate state-dependent

effects of TMS in six healthy subjects, where visual contrast

sensitivity was decreased via TMS in the absence of phys-

iological adaptation but increased if adaptation existed.

With respect to the prefrontal cortex, Weigand et al. (2013)

investigated whether priming via transcranial direct current

stimulation (tDCS) followed by low-frequency rTMS over

the right DLPFC affected the emotional working memory.

Whereas no general state-dependent effects of rTMS on

working memory were discerned, for anger-related stimuli,

differential effects of rTMS on task accuracy dependent on

the tDCS condition were found, however, on a statistical

trend-level.

In conclusion, similar future studies could focus on the

left DLPFC (cf. Tupak et al. 2013), alternative stimulation

sites like the ventrolateral prefrontal cortex, but also a
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standardized priming of the neural network via tDCS (cf.

Weigand et al. 2013) to enable stronger and more consis-

tent TBS effects on the emotion-potentiated ASR. Alter-

natively, instead of inhibitory cTBS investigated in our

study, facilitatory intermittent TBS (iTBS, Huang et al.

2005) could be applied over the right DLPFC. Considering

the results of Baeken et al. (2010), iTBS might enhance the

top-down control of emotion regulation and thus could lead

to reduced startle amplitudes during unpleasant picture

viewing. Finally, a considerable number of studies inves-

tigating the effects of prefrontal TBS have been published

since 2005. Often, altered TBS-protocols were applied (e.g.

Gamboa et al. 2010; Nyffeler et al. 2006). To the best of

our knowledge, so far, only systematic reviews for TBS

effects on motor cortex areas were published (e.g. Suppa

et al. 2016, in press). To deepen the understanding of

optimal effects of prefrontal TBS, it might be helpful to

address these questions in a systematic review or meta-

analysis.

Taken together, in this pilot study, no modulatory effects

of inhibitory TBS on the emotion-potentiated startle

response were found. In addition, subjective anxiety ratings

did not modulate these results. Consistent with previous

findings, the emotion-potentiated startle response was

influenced by gender. Furthermore, we found some pre-

liminary hints for modulatory TBS effects on startle

habituation with an accelerated habituation under verum

TBS.
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repeated parietal theta burst stimulation trains induces long-

lasting improvement of visual neglect. Stroke 40:2791–2796.

doi:10.1161/STROKEAHA.109.552323

Pauli P, Conzelmann A, Mucha RF et al (2010) Affect-modulated

startle reflex and dopamine D4 receptor gene variation. Psy-

chophysiology 47:25–33. doi:10.1111/j.1469-8986.2009.00923.x

Perini F, Cattaneo L, Carrasco M, Schwarzbach JV (2012) Occipital

transcranial magnetic stimulation has an activity-dependent

suppressive effect. J Neurosci 32:12361–12365. doi:10.1523/

JNEUROSCI.5864-11.2012

Pridmore S, Fernandes Filho JA, Nahas Z et al (1998) Motor

threshold in transcranial magnetic stimulation: a comparison of a

neurophysiological method and a visualization of movement

method. J ECT 14:25–27

Rossi S, Hallett M, Rossini PM, Pascual-Leone A (2009) Safety,

ethical considerations, and application guidelines for the use of

transcranial magnetic stimulation in clinical practice and

research. Clin Neurophysiol 120:2008–2039. doi:10.1016/j.

clinph.2009.08.016

1130 N. Vennewald et al.

123

http://dx.doi.org/10.1007/s00221-010-2293-4
http://dx.doi.org/10.1007/s00221-010-2293-4
http://dx.doi.org/10.1016/j.pscychresns.2004.08.005
http://dx.doi.org/10.1097/YCO.0b013e32835ab46d
http://dx.doi.org/10.1016/j.neuroimage.2006.09.046
http://dx.doi.org/10.1007/s00213-007-1019-1
http://dx.doi.org/10.1007/s00213-007-1019-1
http://dx.doi.org/10.1016/S1388-2457(03)00202-5
http://dx.doi.org/10.1016/S1388-2457(03)00202-5
http://dx.doi.org/10.1016/S0002-3223(03)01786-9
http://dx.doi.org/10.1016/j.neuron.2004.12.033
http://dx.doi.org/10.1016/j.pain.2011.03.001
http://dx.doi.org/10.1016/j.brs.2009.10.003
http://dx.doi.org/10.1016/j.brs.2009.10.003
http://dx.doi.org/10.1026/0012-1924.55.4.223
http://dx.doi.org/10.1026/0012-1924.55.4.223
http://dx.doi.org/10.1523/JNEUROSCI.2335-09.2009
http://dx.doi.org/10.1002/1520-6394(2000)12:3%3c178:AID-DA10%3e3.0.CO;2-N
http://dx.doi.org/10.1002/1520-6394(2000)12:3%3c178:AID-DA10%3e3.0.CO;2-N
http://dx.doi.org/10.1016/j.neuropharm.2011.07.024
http://dx.doi.org/10.1016/j.neuropharm.2011.07.024
http://dx.doi.org/10.1002/14651858.CD003493
http://dx.doi.org/10.1002/da.21891
http://dx.doi.org/10.1111/j.1469-8986.2006.00400.x
http://dx.doi.org/10.1016/j.bbr.2010.10.030
http://dx.doi.org/10.1016/j.bbr.2010.10.030
http://dx.doi.org/10.1016/S0074-7742(05)67001-8
http://dx.doi.org/10.1111/j.1460-9568.2006.05154.x
http://dx.doi.org/10.1161/STROKEAHA.109.552323
http://dx.doi.org/10.1111/j.1469-8986.2009.00923.x
http://dx.doi.org/10.1523/JNEUROSCI.5864-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5864-11.2012
http://dx.doi.org/10.1016/j.clinph.2009.08.016
http://dx.doi.org/10.1016/j.clinph.2009.08.016


Sheehan DV, Lecrubier Y, Sheehan KH et al (1998) The Mini-

International Neuropsychiatric Interview (M.I.N.I.): the devel-

opment and validation of a structured diagnostic psychiatric

interview for DSM-IV and ICD-10. J Clin Psychiatry 59(Suppl

2):22–33 (quiz 34–57)
Silvanto J, Pascual-Leone A (2008) State-dependency of transcranial

magnetic stimulation. Brain Topogr 21:1–10. doi:10.1007/

s10548-008-0067-0

Spielberger CD (1989) State-trait anxiety inventory: bibliography,

2nd edn. Consulting Psychologists Press, Palo Alto

Suppa A, Huang YZ, Funke K, et al (2016) Ten years of theta burst

stimulation in humans: established knowledge, unknowns and

prospects. Brain Stimul. doi:10.1016/j.brs.2016.01.006 (in
press)

Taylor S, Zvolensky MJ, Cox BJ et al (2007) Robust dimensions of

anxiety sensitivity: development and initial validation of the

Anxiety Sensitivity Index-3. Psychol Assess 19:176–188. doi:10.

1037/1040-3590.19.2.176

Tupak SV, Dresler T, Badewien M et al (2013) Inhibitory transcranial

magnetic theta burst stimulation attenuates prefrontal cortex

oxygenation. Hum Brain Mapp 34:150–157. doi:10.1002/hbm.

21421

Vaidyanathan U, Patrick CJ, Bernat EM (2009) Startle reflex

potentiation during aversive picture viewing as an indicator of

trait fear. Psychophysiology 46:75–85. doi:10.1111/j.1469-8986.

2008.00751.x

Vanderhasselt M-A, Baeken C, Hendricks M, De Raedt R (2011) The

effects of high frequency rTMS on negative attentional bias are

influenced by baseline state anxiety. Neuropsychologia

49:1824–1830. doi:10.1016/j.neuropsychologia.2011.03.006

Varnava A, Stokes MG, Chambers CD (2011) Reliability of the

‘‘observation of movement’’ method for determining motor

threshold using transcranial magnetic stimulation. J Neurosci

Methods 201:327–332. doi:10.1016/j.jneumeth.2011.08.016

Wassermann EM, Zimmermann T (2012) Transcranial magnetic brain

stimulation: therapeutic promises and scientific gaps. Pharmacol

Ther 133:98–107. doi:10.1016/j.pharmthera.2011.09.003

Weigand A, Richtermeier A, Feeser M et al (2013) State-dependent

effects of prefrontal repetitive transcranial magnetic stimulation

on emotional working memory. Brain Stimul 6:905–912. doi:10.

1016/j.brs.2013.06.004

Wiedemann G, Pauli P, Dengler W et al (1999) Frontal brain

asymmetry as a biological substrate of emotions in patients with

panic disorders. Arch Gen Psychiatry 56:78–84

Zwanzger P, Fallgatter AJ, Zavorotnyy M, Padberg F (2009)

Anxiolytic effects of transcranial magnetic stimulation–an

alternative treatment option in anxiety disorders? J Neural

Transm 116:767–775. doi:10.1007/s00702-008-0162-0

Emotional processing and rTMS: does inhibitory theta burst stimulation affect the human… 1131

123

http://dx.doi.org/10.1007/s10548-008-0067-0
http://dx.doi.org/10.1007/s10548-008-0067-0
http://dx.doi.org/10.1016/j.brs.2016.01.006
http://dx.doi.org/10.1037/1040-3590.19.2.176
http://dx.doi.org/10.1037/1040-3590.19.2.176
http://dx.doi.org/10.1002/hbm.21421
http://dx.doi.org/10.1002/hbm.21421
http://dx.doi.org/10.1111/j.1469-8986.2008.00751.x
http://dx.doi.org/10.1111/j.1469-8986.2008.00751.x
http://dx.doi.org/10.1016/j.neuropsychologia.2011.03.006
http://dx.doi.org/10.1016/j.jneumeth.2011.08.016
http://dx.doi.org/10.1016/j.pharmthera.2011.09.003
http://dx.doi.org/10.1016/j.brs.2013.06.004
http://dx.doi.org/10.1016/j.brs.2013.06.004
http://dx.doi.org/10.1007/s00702-008-0162-0

	Emotional processing and rTMS: does inhibitory theta burst stimulation affect the human startle reflex?
	Abstract
	Introduction
	Materials and methods
	Participants
	Theta burst stimulation
	Safety and tolerance

	Outcome parameters: emotion-potentiated startle paradigm and STAI
	Data reduction
	Statistical analyses

	Results
	Sample characteristics
	Blinding examination: TBS
	Picture ratings and viewing times
	Baseline startle response and habituation
	Startle modulation: influence of picture valence
	Effects of TBS (verum vs. sham) on startle modulation
	Gender effects and anxiety measures
	Effects of gender on startle modulation
	Additional effects of anxiety ratings and gender on startle modulation


	Discussion
	Acknowledgments
	References




