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ARTICLE INFO ABSTRACT

Keywords: Post-traumatic stress disorder (PTSD) links to impaired extinction learning post-trauma. While treatments like
Posttraumatic stress disorder (PTSD) prolonged exposure therapy improve this learning, they benefit only 40-60 % of patients. Optimal arousal
Neuromodulation

supports extinction learning, but excessive arousal can hinder it. The intraparietal sulcus (IPS) is involved in
arousal regulation but has not yet been targeted using continuous theta burst stimulation (cTBS) in PTSD. This
study is the first to explore the effect of IPS cTBS on extinction learning in PTSD. This study aims to 1) evaluate
the impact of IPS cTBS on anxiety potentiated startle (APS) among patients with PTSD compared to sham IPS
cTBS, 2) examine whether IPS cTBS improves extinction learning relative to neutral learning, and 3) identify the
ideal dose of cTBS. Adults with PTSD will participate in six visits, involving clinical assessments, functional MRI
(fMRI), and IPS cTBS. Participants will undergo diagnostic interviews, generate trauma and neutral scripts, and
complete script-driven imagery tasks. They will receive active or sham cTBS (counterbalanced) paired with
trauma or neutral scripts during separate visits. Follow-up assessments occur at 24 h and 30 days post-
intervention. IRB approval and preliminary preparations began in January 2024. Recruitment started in April
2024 and is projected to conclude by April 2028. Ethical procedures are approved by the University of Penn-
sylvania IRB (Protocol Number: 849571). This will be the first study to evaluate the synergistic effects of
extinction training with IPS ¢TBS in individuals with PTSD. Our findings will strengthen the neurobiological
basis of augmenting extinction training with IPS cTBS.

Continuous theta burst stimulation
Transcranial magnetic stimulation

1. Introduction

Post-Traumatic Stress Disorder (PTSD) is a costly public health crisis
that affects approximately 8 % of the population [1]. Extinction
learning, the process of learning that a previously threatening stimulus
is no longer dangerous, is central to gold-standard behavioral treatments
for PTSD [2-5]. However, individuals with PTSD demonstrate reliable
deficits in extinction learning [6,7], and impaired retention following
extinction training [8-11]. Deficits in extinction learning and retention
contribute to the persistence of fear symptoms and represent a signifi-
cant challenge to improving treatment outcomes for individuals with
PTSD.

Alterations in arousal are a core symptom cluster of PTSD, which
may inhibit extinction learning [12,13]. Emotional processing theory

has proposed a U-shaped association between arousal and extinction
learning [14]. Hyperarousal (i.e., over-engagement) inhibits emotional
processing and has been predictive of poorer response to treatment [15,
16]. In contrast, hypoarousal (“under-engagement”), an indicator of
emotional avoidance during extinction training, is equally problematic
for extinction learning and worsens retention of extinction learning
[16].

Hyperarousal symptoms are among the most resistant to leading
evidence-based treatments for PTSD [17]. Prior work has demonstrated
that prolonged exposure therapy (PE), one of the most commonly used
treatments based on principles of extinction learning, is inadequate in
reducing hyperarousal symptoms and ineffective in 40-67 % of patients
[18-20]. Limited prior work has demonstrated some late-emerging re-
ductions in hyperarousal symptoms following treatment [21]. Cognitive
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processing therapy (CPT), another evidence-based PTSD treatment [5],
was also shown to be ineffective in reducing hyperarousal symptoms in
26 % of patients [17]. In sum, these findings underscore the importance
of directly targeting arousal to optimize therapeutic outcomes. Previous
attempts to modulate arousal during extinction learning using medica-
tions have yielded mixed results in animal and human studies [22-25].
Prior research has shown that beta-blockers such as propranolol may
reduce acute PTSD symptoms during initial extinction training, but not
in retention of learning [26]. Another medication, yohimbine, also
failed to modulate arousal during extinction learning [27]. These
inconsistent findings highlight the need for more targeted strategies to
manage arousal during extinction learning.

The intraparietal sulcus (IPS) is a promising neural target for
modulating arousal. Research has shown that IPS operates as a con-
nectivity “hub” mediating arousal expression [28,29]. The IPS is func-
tionally connected to the prefrontal cortex (PFC) and amygdala [30,31]
during arousal. Most prior neuromodulation trials for PTSD have tar-
geted the prefrontal cortex using repetitive transcranial magnetic stim-
ulation (rTMS), which has demonstrated some improvements in arousal
symptoms [32]. However, no research has explored IPS neuro-
modulation in patients with PTSD or anxiety disorders [33]. Fluctua-
tions in arousal with treatment are associated with differences in neural
connectivity compared to other PTSD symptom clusters, suggesting that
different neural targets for treatment augmentation may be needed [34].
Given that the IPS serves as a critical region underlying the regulation of
arousal [35] and anxiety expression [33,34], neurostimulation of this
region may be a novel target for modulating arousal during extinction
training.

Continuous theta burst (cTBS), a novel neuromodulation technique,
has the potential to modulate IPS activity and arousal associated with
PTSD. Previous research has shown that augmenting extinction training
with TMS may be beneficial in reducing PTSD symptoms [36,37]. It is
thought that cTBS induces long-term depression-like changes in synaptic
plasticity [38,39] resulting in decreases in cortical excitability at the site
of stimulation [40-42]. TMS to the medial PFC plus extinction training
was found to outperform TMS following a neutral cue and sham stim-
ulation after extinction training in improving intrusive symptoms [4].
However, PFC stimulation did not modulate arousal and there was no
significant decrease in arousal symptoms. By targeting the IPS, which is
functionally linked to arousal regulation, cTBS might address this gap
[28-31,43,44].

Compared to traditional rTMS, cTBS has several advantages. cTBS
can rapidly alter synaptic plasticity, with immediate effects that dissi-
pate after 60-90 min [40,45-47]. This brief duration is ideal for aug-
menting extinction learning and evaluating retention of extinction
learning. Furthermore, the dose of cTBS can be easily manipulated [48]
allowing for individualized dosing of stimulation. Furthermore, cTBS is
highly tolerable and safe [49-51]. Given its efficacy, efficiency, flexi-
bility, and tolerability, IPS cTBS has great potential for implementation
in real-world settings. This will be the first study to evaluate the syn-
ergistic effects of extinction training with IPS ¢TBS in individuals with
PTSD.

1.1. Objectives

This study has three core objectives. First, we aim to evaluate the
optimal dose of IPS cTBS. Based on our pilot research, we hypothesize
that our dose/response analysis will reveal that attenuation of startle for
IPS cTBS will plateau at 1200 pulses during training sessions. Second, we
aim to compare the main effect of IPS cTBS and its interaction with
extinction training on arousal (measured by startle response). We expect
that IPS c¢TBS will result in significantly greater reduction in arousal
compared to sham cTBS, as demonstrated by a steeper reduction in
startle during cTBS sessions and lower startle during learning retention
tests. We hypothesize that participants who receive IPS c¢TBS will have
greater reductions in startle in training and a significantly lower
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difference in retention of extinction learning vs. control/neutral
learning (indicative of greater retention of extinction learning)
compared to participants who receive sham cTBS. As a secondary aim,
we will test analogous hypotheses on subjective outcomes (subjective
units of distress) and on cognitive outcomes (negative outcome expec-
tancy) using the same design, and we hypothesize similar directions of
effects. Finally, we aim to evaluate neural mechanisms of action of IPS
c¢TBS + extinction training. We hypothesize that we will observe
attenuated activation (relative to pre-test) of the IPS for participants
who received IPS cTBS compared to those who received sham ¢TBS and
this effect will be stronger at test of retention of extinction learning
relative to neutral learning.

2. Methods
2.1. Study design

We will recruit participants with PTSD (N = 120) using a 2 (between
subject: active vs. sham IPS c¢TBS) x 2 (within subject: trauma vs. neutral
script driven-imagery) x 4 (within-subject dose in pulses: 0 vs. 600 vs.
1200 vs. 1800) design (See Fig. 1 for timeline of study visits). Following
a baseline evaluation, eligible participants will complete a baseline fMRI
scan (T1, T2, DWI, and resting state) to determine the precise location
for IPS stimulation. During this scan, we will collect f{MRI during threat
of unpredictable shock, using a group-based IPS target site (Day 2).
Participants will also complete a color-word Stroop task while under-
going fMRI scanning. Then, participants will complete an extinction
learning or neutral learning task (within-subjects, counterbalanced)
with either active or sham IPS cTBS pulses between blocks of learning
trials (Day 4). Twenty-four hours later, they will return to complete a
test of retention of extinction or neutral learning and will undergo fMRI
scanning (Day 5). After a thirty-day washout period, participants will
return to complete two additional visits identical to Day 4 & 5 (Day 34 &
35).

2.2. Participants and enrollment procedures

Eligibility Criteria. Participants will 1) be adults aged 18-60
recruited from the Philadelphia Metropolitan Area; and 2) meet criteria
for PTSD per the Clinician-Administered PTSD Scale for DSM-5 (i.e.,
scores >23; [52]). Prospective participants will be excluded if they 1)
are pregnant or trying to become pregnant; 2) have a diagnosed seizure
disorder or epilepsy; 3) are at increased risk of seizure; 4) are unable or
do not consent to speak English; 5) have a medical condition that in-
creases the risk for fMRI or cTBS; 7) have a medical implant; 8) endorse
hearing loss; 9) report claustrophobia; 10) report medication or therapy
changes within eight weeks of study evaluation; or 11) meet criteria for
a current severe substance use disorder.

2.3. Recruitment, screening, and enrollment

Recruitment will occur through internal clinic referrals at the Uni-
versity of Pennsylvania Center for the Treatment and Study of Anxiety
(CTSA). We will also recruit through online recruitment platforms
including the internal Penn Patient Recruiting Management System and
through the BuildClinical online research recruiting platform. Finally,
we will recruit from the Philadelphia community through targeted ad-
vertisements and referral streams at community clinics through estab-
lished collaborations [53,54]. We project that we will reach our
recruitment goal within four years of beginning enrollment.

Phone Screening. Participants who appear to meet preliminarily
eligibility criteria via the online screening process will complete a brief,
additional phone screening with a study team member. During the
phone screening, participants will provide their physical address and
emergency contact information in case of safety concerns during the
study. If preliminarily eligible, prospective participants will then be



S.A. Joshi et al.

Contemporary Clinical Trials Communications 49 (2026) 101591

Study Design

@ ~
Informed Baseline Script
Day 1 Consent [ Evaluation ] [ Generation ]
L J
r B\
Baseline Scan
Day 2 EliceRWerup) [ (Threat of Shock + Stroop) ]
AN J
(G
Analysis of IPS
Coordinates
CE—
4 Y
Motor Threshold SDI SDI SDI SDI
- . . cTBS P
Day 4 Determination e el @ ] [ Training ] [ GIEE ] [ Training ] [ EiES ] Training Training
. J
( \ ( fMRIS )
% A SDI SDI SDI Bk can
REfrE Retention] [ LD ] [Retention] [ CBS ] [ Retention ] AR (Threat of Shock + Stroop)
& Py 7/
s v &
Motor Threshold SDI SDI SDI SDI
i i s TBS 0
Day 34 Determination FEEEon ] { Training ] [ CIBS ] [ Training ] [ CES ] Training s Training
\ A J
( ) ( VRIS )
SDI SDI SDI can
ituati Shock Work
Day 35 Habituation T J [ cTBS ] [ Rt ] [ cTBS ] [ Retention ] ock Workup (Threat of Shack + Stroop)
o J -

Note: SDI = Script Driven Imagery; cTBS = continuous theta burst stimulation

Fig. 1. Timeline of study visits.

scheduled for a baseline evaluation.

Baseline Evaluation. Prospective participants will complete the
informed consent process and a full clinical evaluation with a doctoral-
level clinical interviewer. PTSD symptoms will be evaluated using the
Clinician-Administered PTSD Scale for DSM-5 Revised (CAPS-5R; [55])
Scores will also be converted to standard scoring on the CAPS-5; [52]).
Participants will also complete the Structured Clinical Interview for
DSM-5 (SCID-5; [56]) to assess for other psychiatric disorders, and the
Columbia-Suicide Severity Rating Scale (C-SSRS; [57]) to assess lifetime
suicidal ideation and attempts. Clinical interviewers will be masked to
treatment conditions, trained to fidelity in the CAPS-5R and SCID
administration, and complete monthly reliability meetings to reduce
rater drift. During the baseline evaluation, participants will also
generate scripts of a traumatic and neutral life event that the primary
investigator will turn into audio recordings for future visits. Finally,
participants will complete self-report measures of mental health symp-
toms (Table 1).

Script Driven Imagery. Trauma and neutral scripts were developed
using established procedures [58,59]. At baseline, the clinical inter-
viewer instructed participants to write 5-7 sentence scripts in
first-person, present tense, describing the events in vivid detail. Trauma
scripts focused on the most distressing portion of the Criterion A event
identified during the CAPS-5 interview, while neutral scripts described a
non-emotional personal event that occurred within a year of the trauma.
Participants then selected up to five emotional and physical reactions
associated with the event. The PI converted each script into a 30-s audio
recording, which participants heard during Days 4, 5, 34, and 35. In this
protocol, trauma SDI trials served as the extinction learning condition,
whereas neutral SDI trials served as the neutral learning condition.
Script order was counterbalanced so that participants completed four
SDI training trials with one script on Day 4 and four with the other on
Day 34. On each trial, participants were instructed to either “Relax” or
“Imagine” the script they heard. Participants then completed three SDI
retention trials for each script on Days 5 and 35.

2.4. Randomization

Following baseline evaluation, enrolled participants will be

Table 1
Study measures.
Day in Study
Day in Study
1 2 4 5 34 35
Eligibility X
Clinician Administered PTSD Scale- 5 (CAPS-5) X
Structured Clinical Interview for DSM-5 Disorders X
(SCID-5)
Depression Anxiety Stress Scales-21 (DASS-21) X
Generalized Anxiety Disorder-7 (GAD-7) X X
Posttraumatic Diagnostic Scale (PDS) X X X
Columbia-Suicide Severity Rating Scale (C-SSRS) X X X
Patient Health Questionnaire-9 (PHQ-9) X X
World Health Organization Disability Assessment X X
Schedule (WHO-DAS)
Diagnostic and Statistical Manual of Mental X
Disorders-5 (DSM-5) Cross-Cutting Baseline
Survey
Attentional Control Survey X
Sex Hormone Survey X
National Institutes of Mental Health (NIMH) X
Research Subject List
Post-Study Questionnaire X
Primary Outcome
Startle X X X X
Secondary Outcomes
Negative Expectancy X X X X
Script Driven Imagery (SDI) Training Data X X
Script Driven Imagery (SDI) Retention Data X X
Threat of Shock X X X
Stroop Task X X X
Resting State fMRI X X X
Subjective Units of Distress Scale (SUDS) X X X X
Adverse Events X X X X X

randomized to active or sham c¢TBS through REDCap's randomization
module. Each condition was randomly labeled “Coil A” and “Coil B
prior to the start of the study to ensure that stimulation remains double-
blinded. IPS stimulation has been shown to reduce arousal even after
controlling for participants' prediction about whether they received
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active or sham stimulation [29]. This study will use additional blinding
procedures to ensure the delivery of scalp stimulations to mimic those in
active stimulation (See Sham c¢TBS Section below).

2.5. cTBS procedures

Stimulation Parameters. Each participant's resting motor threshold
will be determined using EMG recordings and the adaptive parameter
estimation by sequential testing (PEST) [60] algorithm to ensure accu-
racy and reproducibility. TMS will be applied at 100 % RMT stimulation
intensity for probe conditions.

Active cTBS. For both active and sham cTBS, we will use the Mag-
venture Cool B65 A/P coil. ¢cTBS will be delivered at the individually
targeted IPS site at 100 % RMT. We have opted to use individually
targeted IPS site delivery given that this strategy has evidence for su-
perior efficacy relative to fixed-group average coordinates [61] and has
been successfully used with ¢TBS in prior research [62]. The stimulation
pattern and total number of pulses will be triplet 50 Hz bursts, repeated
at intervals of 200 ms (5 Hz) continuously for a total of 40s.

Sham cTBS. Sham stimulation with the Cool B65 A/P coil works by
blocking the magnetic field with an internal spacer on the sham side,
allowing the operator to place the appropriate coil surface (active vs.
sham) against the scalp. During the sham cTBS, we will use the coil's
electric stimulation functionality that allows for the delivery of a brief
electric pulse to the scalp simultaneous to the TMS pulse to mimic the
active stimulation. The electric pulse is calibrated to the stimulator
output to ensure a realistic sham. One limitation to this approach is that
the operator typically needs to set the electric stimulation intensity,
which does not allow for double-blind scalp e-stim delivery. To account
for this, we fabricated a set of custom visually identical cables allowing
the operator to deliver real or sham electric stimulation, meaning each
subject will receive either active cTBS + sham electric stimulation or
sham cTBS + active electric stimulation, allowing for a truly double-
blind design. Another limitation of this scalp e-stim approach is that
the IPS stimulation site is typically covered with hair, making it difficult
to get a low impedance connection with the scalp using typical vinyl
surface electrodes. Thus, we will use TMS compatible EEG donut elec-
trodes, secured under the swim cap at the site of stimulation, to deliver
the scalp e-stimulation. We will test the impedance of the electrodes and
ensure that they are under 10 kQ.
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2.6. fMRI procedures

Threat of shock task. Consistent with prior studies [28], we used
the gold standard, Threat of Shock task as a probe of reactivity to
elevated repeat threat. The threat of shock task is administered on Days
2, 5, and 35, and participants will always the shock work-up before each
threat of shock-task to determine the proper shock level. Subjects will be
presented with 4 alternating blocks of safety and threat (Fig. 2). The
block type will be explicitly cued using a colored circle (e.g., orange =
threat, blue = safe), and participants will be explicitly informed prior to
the experiment which color indicates threat. Throughout the 10 min run,
which will be repeated twice, subjects will continuously rate their
anxiety using an online visual analog scale. Up to 4 shocks will be
delivered using the Digitimer DS7A at random points during the threat
blocks per run (two total runs). The order of the blocks will be coun-
terbalanced across subjects. The Threat of shock task will be adminis-
tered during the baseline scan on Day 2, as well as during follow-up
scans on Day 5 and 35.

Color-Word Stroop. In the scanner, participants will complete the
Color-Word Stroop Task [63], which assesses inhibition of cognitive
interference when one stimulus feature prevents the processing of a
second feature (the Stroop effect; [64]; Fig. 3). The Stroop task was
administered to assess cognitive control under non-threatening condi-
tions, providing a comparison to performance during the unpredictable
threat of shock task, which elicits heightened arousal and defensive
responding. The Stroop task demonstrates the interference of word
meaning on the naming of the color in which the words are written,
measured by reaction time, between congruent and incongruent trials.
Words are presented in either congruent trials (the word “blue” pre-
sented in blue font) or incongruent trials (the word “green” presented in
blue font) with two response options for all trials. Participants are given
color words written in color and are asked to indicate (with a button
press on a response box) the color of the word (not its meaning) by key
press as fast as they can without making too many errors. The task in-
cludes 4 colors (red, green, blue, and yellow) presented with two types
of congruency (congruent or incongruent). Following a 30s rest block,
participants complete three alternating blocks of cycles of congruent and
incongruent trials, followed by another 30s rest block and then three
additional blocks of congruent and incongruent trials, followed by a
final 30s rest block. Each experimental block is comprised of fifteen
trials randomly shuffled across participants. Stimuli remain on the
screen until the participant provides a response and latencies are
measured from stimulus onset. This task will be repeated on Days 5 and

Subjects see a black screen with two circles.

Color indicates
block type

Color reflects
subjective rating

Anxiety rating scale

Balderston et al., (2017), eLIFE

Fig. 2. Task design for the Threat of Shock Task.



S.A. Joshi et al.

Contemporary Clinical Trials Communications 49 (2026) 101591

Congruent

green

Incongruent

Fig. 3. Task design for the Color-Word Stroop Task.

35.

Neuroimaging acquisition. MRI data will be acquired ona 3 T S
Prisma scanner using one head coil (64 channel; Erlangen, Germany). In
the targeting session, we will collect T1-weighted, T2-weighted, diffu-
sion MRI, multiband/multi-echo fMRI scans for the two tasks (2 x 8 min,
each). Scan time is 1 h, and participants have 3 total scans. We will use
optimize cTBS coil positioning using fMRI by computing a detailed head
mesh for electric field calculation and electric field models to optimize
stimulation, and we will monitor coil placement using online

fMRI Processing. Standard Multi-echo fMRI preprocessing will be
conducted using the AFNI software package [65,66]. Steps include
slice-time correction, despiking, volume registration, TE-dependent ICA
denoising (to remove non-BOLD artifacts), masking, blurring, scaling,
motion scrubbing, T1-EPI alignment, and normalization (using MNI
template). Additional noise covariates corresponding to white matter
and CSF will be regressed out of the resting state timeseries.

Individualized targeting of cTBS to IPS. Global brain connectivity
(GBC) will be conducted on the cleaned time series, with each voxel in
the brain correlated with every other voxel, and correlations averaged
across columns to yield a single whole-brain GBC map that reflects the
average connectivity between each voxel and the rest of the brain. GBC
maps will then be sampled using the IPS maps, and the voxel in the IPS
with the largest GBC value will be chosen as the cTBS target [29].
Targeting reliability is important to ensure reproducible results. To
accomplish this, the current protocol uses a targeting approach that
incorporates a group-level mask to narrow the search space for the
personalized target to ensure that the personalized target fall within the
IPS region [67,68].

Detailed computational head modeling. cTBS field modeling will
be conducted by generating realistic 3D head and coil geometries,
solving for the E-field using the finite element method (FEM). T1w and
T2w structural MRI (sMRI) and diffusion MRI (AMRI) will be combined
to yield an individualized head model and white matter conductivity
anisotropy. Tissue will be segmented into scalp, skull, CSF, gray matter,
and white matter. Volumetric outputs will be entered into numerically
optimized tetrahedral nodes using a Gmsh subroutine packaged in
SimNIBS [69]. We will incorporate dMRI data to account for anisotropy
effects of white matter. dMRI data will be pre-processed using the FDT
toolkit in FSL and modeled using a tensor model; eigenvalues can be
computed directly from the diffusion tensor eigenvalues and normalized
using the geometric mean [70,71].

Electric-Field calculations to optimize IPS cTBS. The detailed
head mesh from the anatomical data will be used to create E-field
models to define the optimal c¢TBS coil orientation. The roll and pitch of
the TMS coil handle will be defined perpendicular to the scalp. The yaw
will be selected from 24 possible orientation vectors spaced at 15-degree
increments. Separate E-field models will be conducted for each of the
yaw vectors; E-field models will be used to generate E-field maps of the
cortex given the corresponding stimulation parameters. E-field maps
will be sampled at the stimulation target, and the yaw vector that in-
duces the maximal E-field strength at the stimulation site will be selected
for cTBS. We will simulate the E-field for coil placement over the motor

hotspot.

Neuronavigation. Prior to the visits, target coordinates and orien-
tation vectors will be generated from the fMRI data and e-field models,
and loaded into Brainsight along with the reconstructed T1 image. Scalp
and cortical surfaces will be generated from the T1. During the visits, the
subject will be co-registered to the T1 using fiducial points at the Nasion
and Tragi. Throughout the visits, cTBS pulses will be delivered to the
target at the optimal orientation, and the accuracy of this targeted
stimulation will be monitored and tracked by the Brainsight software.
Overall stimulation accuracy will be used as a covariate in all statistical
analyses.

2.7. Participant compensation

In line with our prior studies, participants will be compensated at an
increasing rate to encourage continued participation. Participants will
receive $40 for completion of the baseline evaluation, $50 for comple-
tion of Day 2, and $60 for completion of each subsequent visit (Days
4-35).

2.8. Outcomes

Self-reported and researcher-administered assessments will be
recorded in the REDCap database (Table 1).

2.9. Primary outcome

Startle magnitude. Electromyography (EMG) will be recorded from
the left orbicularis oculi at 2000 Hz using a BIOPAC MP160 system with
a FEMG100D smart amplifier [72]. Prior studies demonstrate that EMG
startle recordings in the no/predictable/unpredictable threat paradigm
show strong test-retest reliability in humans [73]. Startle is a highly
reliable and valid measure of arousal, which is advantageous given our
innovative design [74]. Responses will be sampled from 50 ms before to
120 ms after white noise onset. The raw signal will be bandpass filtered
(30-300 Hz), rectified, and smoothed. Responses will be scored as the
peak (max during the 20-120 ms post noise onset window) — the base-
line (mean during -50 — 0 ms baseline; [28,75]). Raw scores will be
standardized into t-scores [76,77]. Trials with excessive noise at base-
line (2 SD above mean) will be outliers [75].

2.10. Secondary outcomes

Negative outcome expectancy. Following trauma script generation
during the baseline evaluation, participants will be asked for their ex-
pected outcome associated with listening to the recording of the trauma
script. As described by Kindt [78], for some participants, the negative
outcome expectancy will include fears of “falling apart”, or not being
able to tolerate distress, whereas for others, the expectancy might
include fears of “losing control” or “going crazy.” Once the idiographic
negative outcome is identified, participants will be asked to provide a
rating for each trial (trauma or neutral) to indicate their certainty about
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the likelihood of the feared outcome on a scale from O (“certain no
negative outcome”) to 9 (“certain negative outcome”) immediately
before script onset.

Subjective Units of Distress (SUDs). We will assess fear ratings using
the prompt “On a scale from 0 to 10, how fearful does this recording
make you?” rated on a scale from O (not at all) to 10 (very). Ratings will
be collected prior to and after each script.

Adverse events. Participants will be asked whether they experienced
a variety of adverse events, severity, relatedness of the symptom to the
task (extinction training or cTBS) at the end of each study visit. We will
track whether the symptom is expected or unexpected.

Sample Size and Power Analysis. We plan to recruit 120 partici-
pants assuming dropout of 10 % by Day 4 and a further 20 % dropout
between Day 5 and 35. For each hypothesis, we will use an alpha level of
0.025. Based on prior research [28,59,76], we assume a
within-participant correlation of 0.50 within each of the Day 4 and Day
34 startle responses, and a within-participant correlation of 0.4 between
the two sessions. For our main effect of stimulation type (IPS cTBS vs.
sham cTBS) and with these assumptions, our sample yields power of 80
% for an effect size of Cohen's d = 0.40. For our stimulation type x
training type (extinction vs. neutral training) interaction, our sample
yields 80 % power for a Cohen's d = 0.52.

2.11. Statistical analysis

Prior to conducting multivariate analyses, we will first examine
descriptive statistics and test for potential demographic differences
across variables. We do not expect to find differences associated with
demographic factors; however, if we do find evidence of differences
across our parameters of interest, we will include relevant demographic
factors as covariates in subsequent analyses.

Using mixed-effects models, we will compare the active and sham
cTBS groups on startle responses from the three blocks that follow cTBS
pulses during Day 4 and Day 34 [77]. We will use startle from the initial
pre-cTBS block of trials as a within-day baseline covariate to reduce
error variance. Models will include a binary within-participant factor for
order of training (neutral vs. trauma training), a categorical
within-participant dose factor (cumulative 600, 1,200, and 1800 pul-
ses), and a binary between-participant factor for stimulation type (IPS
cTBS vs. sham cTBS). We expect that a compound symmetry structure
(with parameter p1) within days and a compound symmetry structure
(with parameter p2) between days will provide an adequate fit, but we
will check other structures using AIC comparisons. We will perform our
primary analyses on an intent-to-treat basis. Mixed-effects models will
use all available data and yield valid inference when the missing data
due to dropout after randomization are missing at random [78].

Main effect of IPS c¢TBS, and interaction between IPS ¢TBS and
Dose (assessment of optimal dosing). cTBS main effect will estimate
the effect of IPS cTBS vs. sham cTBS, pooling over training type
(extinction vs. neutral) and dose (600, 1200, and 1800). We anticipate
that the effect of stimulation type will be in the same direction at all dose
levels, and we will evaluate the overall effect of IPS vs. sham c¢TBS. To
assess how that effect differs across dose level, we will include the
interaction between stimulation type (IPS cTBS vs. sham cTBS) and dose
(cumulative 600, 1,200, and 1800 pulses). The inclusion of the inter-
action term will allow us to estimate the possibly different effects of
cTBS type under the three different dose levels. The significance test for
the overall interaction term will inform whether there are significantly
different effects of stimulation type across the dose levels, and pairwise
contrasts will identify where those differences occur. We anticipate that
each of the 1200 and 1800 pulse doses will yield larger cTBS effects than
the 600 pulse dose, and that there will not be a significant difference
between the cTBS effect at the 1200 and 1800 pulse doses, which would
suggest that 1200 may be an optimal dose for this population. Regard-
less of the significance of the overall interaction test, we will report
estimated cTBS effects for the three dose levels, with associated standard
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errors, confidence intervals, and effect sizes, in addition to our estimated
main effect of stimulation type.

Interaction Between IPS cTBS, Dose, and Extinction Training
(Startle Outcomes). We will examine the interaction between training
(extinction vs. neutral training) and stimulation type (IPS cTBS vs. sham
cTBS), estimating the effects of cTBS type under trauma and neutral
trials, and test the significance of the differences, while pooling at the
level of dose of stimulation. We expect that IPS c¢TBS will reduce the
magnitude of startle during the trauma vs. neutral trials compared to
sham cTBS. To fully explore the interrelationships between stimulation
type, dose, and training type, we will extend our models to include all
two-way and the three-way interactions between factors. These analyses
will address, for example, whether the interaction effect between stim-
ulation and training type depends on dose.

Further Analyses. We will include baseline characteristics,
including PTSD severity, global brain connectivity (GBC), etc., to
explore whether these additional characteristics might be useful in
tailoring of dose to individuals, by examining their interactions with the
three design factors. We will calculate voxelwise GBC at baseline and
sample this GBC map using a 5 mm sphere centered on the IPS stimu-
lation site. This approach will result in a single GBC value representing
the connectivity between the IPS hub and the rest of the brain to be
entered as a predictor of dose analyses. We will also examine the effects
of stimulation type, dose and training type on Negative Outcome Ex-
pectancy, and SUDs, using models described above.

Startle Analyses During Retention (Days 5 & 35). The outcome
will be the startle responses obtained on Days 5 and 35. Analyses will be
similar to those described for the training days, simplified by the
absence of a dose factor. Models will include the average startle response
after 1800 pulse trials of training as a covariate. We will assess the main
effects of stimulation type (sham cTBS vs IPS c¢TBS) and training type
(neutral vs trauma). We will include the stimulation type by training
type interaction, estimating the effects of cTBS type under trauma and
neutral trials, and test the significance of the differences.

Further Analyses. We will examine the effects of stimulation and
training type on Negative Outcome Expectancy and SUDs, substituting
this response for the Startle response in the analyses described above. To
examine the effects of stimulation type on changes in neural activation
of the IPS, we will compare the IPS and sham cTBS groups on resting
state functional connectivity (rsFC) at Day 5 and 35, using a mixed ef-
fects model, with the day 2 measure of rsFC as a baseline covariate.

2.12. Missing data

Some participants will provide no responses for some outcomes and
partial responses for others. Mixed-effects models will use all available
data and yield valid inference when the missing data due to dropout
after randomization are missing at random. We will use an inverse
probability weighting approach to assess sensitivity to this assumption;
and will also estimate pattern mixture models. In reporting our results,
we will describe missing data patterns and describe the conclusions of
these sensitivity analyses. Some participants will provide no responses
for some outcomes and partial responses for others. Mixed-effects
models will use all available data and yield valid inference when the
missing data due to dropout after randomization are missing at random
[78]. We will use an inverse probability weighting approach to assess
sensitivity to this assumption; and will also estimate pattern mixture
models. In reporting our results, we will describe missing data patterns
and describe the conclusions of these sensitivity analyses.

3. Ethics approval

Ethical considerations of human participants outlined in this proto-
col are approved by the IRB of the University of Pennsylvania (Protocol
Number: 849571).
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4. Results

Preliminary study activities such as IRB approval, training of study
personnel, and development of study procedures began in January 2024.
Recruitment began in April 2024; we anticipate completing recruitment
by April 2028 (Fig. 4). Study results will be disseminated in 2029.

5. Discussion
5.1. Principal contributions to the field

This experimental study will serve as a mechanistic probe to evaluate
whether cTBS can augment extinction training. Our design will test the
effect of active IPS stimulation relative to sham IPS stimulation, probing
the effect of extinction training relative to control training, and the
addition of IPS stimulation to extinction training. We will evaluate the
optimal dose of IPS cTBS as well as conduct an exploratory analysis to
evaluate the neural underpinnings of IPS cTBS as it relates to extinction
training and subsequent retention of extinction learning. We selected
IPS cTBS, in contrast to prefrontal TMS, given the status of IPS as a
connectivity “hub” mediating arousal [79] and its role in reducing
arousal symptoms. All ongoing and completed TMS studies for PTSD
have targeted the prefrontal cortex, which is known to reduce depres-
sion [80] and re-experiencing symptoms [37,81], with no clear-cut ev-
idence for a reduction in arousal symptoms. This integrated protocol
offers a novel therapeutic option to target arousal among patients with
PTSD and to evaluate the additive or synergistic effects of IPS cTBS and
extinction training on arousal symptoms. Upon completion of this
project, we expect to have tested the mechanism underlying a procedure
for reducing PTSD-related arousal through integrating extinction
training with IPS cTBS. Our findings will strengthen the neurobiological
basis of augmenting extinction training with IPS cTBS.

6. Limitations

The findings from this study will only pertain to patients with PTSD;
however, anticipate that these findings will be of relevance to other
disorders that demonstrate alterations in the arousal system, including
other anxiety-related disorders. Furthermore, our study design will not
allow us to determine the number of training sessions that will be
necessary for symptom reduction. We will also be limited in our ability
to discern whether results are specific to trauma-related cues or general
effects of extinction learning. The findings from this study will pave the
way for subsequent clinical trials to clarify these limitations.
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6.1. Comparison with prior work

Prior neuromodulation trials for PTSD have targeted the prefrontal
cortex using rTMS, which has demonstrated limited effects on arousal
symptoms. However, to date, no research has explored IPS neuro-
modulation in patients with PTSD. Fluctuations in arousal with treat-
ment are associated with differences in neural connectivity compared to
other PTSD symptom clusters; however, psychopharmacological efforts
to modulate arousal during extinction learning using medications have
yielded mixed [22-25]. Given that the IPS serves as a critical region
underlying the regulation of arousal and anxiety expression, neuro-
stimulation of this region may be a novel target for modulating arousal
during extinction training.

7. Conclusions

This novel research will be the first study to examine the extent to
which IPS c¢TBS attenuates arousal, as indicated by a startle eyeblink
response (“startle”), relative to sham cTBS among individuals with
PTSD.
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