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Interleaved TMS/fMRI shows that threat decreases dlPFC-
mediated top-down regulation of emotion processing
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The dorsolateral prefrontal cortex (dlPFC) is thought to be a key site in the brain’s cognitive control network, supporting cognitive
processes like attention and working memory [1–7]. There is also evidence that the dlPFC is engaged during anxiety regulation
tasks, suggesting that anxiety regulation may be mediated in part by dlPFC activity [8–15]. However, the degree to which these two
domains of processing overlap is unclear. Therefore, in the current study, we tested the hypothesis that the dlPFC regulates brain
regions critical for the expression of anxiety. To do so, we used interleaved TMS/fMRI to record TMS-evoked BOLD responses during
periods of threat compared to periods of safety. We hypothesized that TMS pulses would reduce activity in anxiety expression
regions during threat. Forty-four healthy controls (no current or history of psychiatric disorders) were recruited to take part in a
broader study. Participants completed the neutral, predictable, and unpredictable (NPU) threat task while receiving TMS pulses to
either the right dlPFC or a control region. A whole brain analysis identified regions showing significant BOLD responses evoked by
dlPFC stimulation. We then extracted these responses and compared those evoked during safe blocks to those evoked during
unpredictable threat. We found that responses in the left insula (LI), right sensory/motor cortex (RSM), and a region encompassing
the bilateral SMA regions (BSMA) showed significantly different responses during the safe blocks compare to the threat. During the
safe periods, these regions showed significant BOLD deactivations. These deactivations were reduced during the threat blocks.
Overall, these findings are largely consistent with the hypothesis that the dlPFC plays a role in the top-down control of emotion and
suggest that dlPFC activity reduces downstream activity in emotional expression regions, but that this effect is reduced under
threat.
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LAY SUMMARY

The dorsolateral prefrontal cortex (dlPFC) is increasingly being targeted with transcranial magnetic stimulation (TMS) to reduce
anxiety; however, there is little mechanistic evidence linking dlPFC activity to specific changes in anxiety networks. Thus, the current
objective was to stimulate the dlPFC noninvasively using TMS, while simultaneously recording brain activity using fMRI. We found
that dlPFC stimulation reduced activity in downstream regions associated with anxiety, but that this reduction was partially blocked
when people were anxious.

INTRODUCTION
The dorsolateral prefrontal cortex (dlPFC) is thought to be a key
site in the brain’s cognitive control network, supporting cognitive
processes like attention and working memory [1–7]. The dlPFC is
also engaged during anxiety regulation tasks, suggesting that
anxiety regulation is mediated in part by dlPFC activity [8–15].
However, the degree to which these two domains of processing
overlap is unclear. There is evidence that engaging in working
memory processes can reduce anxiety levels during unpredictable
threat [16] and there are parallel data showing that activation of
the dlPFC during unpredictable threat both supports task
performance [17] and is correlated with lower anxiety levels [18].

Finally, there is evidence to suggest that individuals with anxiety
disorders have deficits in both working memory [19, 20] and
emotion regulation [21]. Together, these data suggest that anxiety
regulation may be a direct consequence of increases in dlPFC
activity; however, this has yet to be experimentally evaluated.
Additionally, there is evidence from clinical neuromodulation
studies suggesting the opposite, namely that decreasing dlPFC
activity, specifically right dlPFC activity, may reduce anxiety levels
[22]. Supporting this idea, 1 Hz stimulation to the right dlPFC,
which is thought to decrease cortical excitability, has been shown
to reduce anxiety in individuals with comorbid depression and
anxiety [23]. However, the mechanism is unclear.
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One approach to experimentally testing such a hypothesis is
to externally stimulate the dlPFC using noninvasive brain
stimulation techniques like transcranial magnetic stimulation
(TMS) [24]. TMS uses rapidly alternating magnetic fields to
generate a localized electric (e)-field capable of generating
action potentials in the cortex directly below the TMS coil
[25–27]. By combining TMS with simultaneous measures of
behavior or brain activity, it is possible to experimentally test the
effect of cortical stimulation on behavior or downstream brain
activity [28]. Recent advances in TMS coil and MRI pulse
sequence design have made it possible to interleave TMS pulses
with functional MRI sequences and record TMS-evoked BOLD
responses [29]. This approach has been used previously to
demonstrate patterns of downstream network activity evoked
by cortical stimulation [29, 30]. Namely, stimulating regions of
the cortex that show functional connections with specific sub-
cortical regions, as recorded with resting state fMRI, leads to
increases in BOLD activity in those regions [29–31]. Such an
approach allows researchers to causally map the networks
associated with the stimulation site [29, 30, 32, 33].
In the current study, we evaluated the hypothesis that the right

dlPFC regulates activity in brain regions that are critical for the
expression of anxiety. Participants completed the neural, pre-
dictable, unpredictable (NPU) threat task while undergoing TMS/
fMRI [18, 34, 35]. During this task, participants were instructed to
rate their anxiety during periods of predictable and unpredictable
threat. Intermittent single TMS pulses were delivered to either the
right dlPFC or a control region during counterbalanced safe and
threat blocks. We hypothesized that if we stimulate the right dlPFC
with TMS during the threat periods, we would observe TMS-
induced decreases in BOLD activity (i.e. BOLD deactivations) in
regions important for anxiety expression, like the amygdala or
insula. We chose the right dlPFC because we have previous data
linking right dlPFC activity to anxiety expression and because the
right dlPFC is a common treatment target for patients with anxiety
symptoms.

MATERIALS AND METHODS
Participants
Sixty-eight right-handed participants between the ages of 18 and 50 were
recruited from Philadelphia, PA, to take part in the broader study
(K01MH121777 [NLB]). A total of 44 participants elected to complete the
optional TMS/fMRI visit described below. A total of 41 participants
completed all aspects of the study needed for the current work (31
females, 13 males, mean age = 25.39 years, SD = 6.55), and were
included in the final analysis. A supplemental control analysis was
conducted on a subset of participants (N= 32) who had additional TMS/
fMRI data from a control site. These data are included in the Supplement.
Exclusion criteria included: current or past Axis I psychiatric disorder(s) as
identified with the Structured Clinical Interview (SCID) for DSM-V (Research
Version) [36], use of psychoactive medications, any significant medical or
neurological problems (e.g. cardiovascular illness, respiratory illness,
neurological illness, seizure, etc.), and any MRI/TMS contraindications
(e.g. implanted metal, history of epilepsy or seizure, etc.). For a complete
list, see: www.clinicaltrial.gov (Identifier: NCT03993509). Three participants
were excluded due to technical issues. All participants signed an informed
consent form, and the protocol was approved by the Institutional Review
Board for human subject research at the University of Pennsylvania. All
procedures contributing to this work were completed in compliance with
the ethical standards of the relevant national and institutional committees
on human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008.

Materials
Sternberg WM task (Targeting Visit). Participants were presented with a
series of maintain and sort trials. Each trial started with an instruction
prompt to indicate the trial type, followed by a series of 5 letters,
presented sequentially. Participants retained these items in working
memory for a brief retention interval. On “maintain” trials, participants
were instructed to remember the letters in the order presented. On “sort”

trials, participants were instructed to rearrange the letters in alphabetical
order. Afterward, participants were given a forced choice prompt that
consisted of a letter/number combination. They were instructed to indicate
whether the position of the letter in the series matched the number. Half
of the trials were matches and the other half were mismatches. The
duration of the letter series (1.5–2.5 s), retention interval (6.5–8.5 s), and ITI
(5–8 s) were jittered across trials. The duration of the instructions (1 s) and
response prompt (3 s) were fixed. There were twelve trials each for the sort
and maintain conditions.

NPU task (TMS/fMRI Visit). Participants completed two runs of the NPU
task for each stimulation site during the TMS/fMRI session. Each run
consisted of alternating blocks of neutral, predictable, and unpredictable
conditions. During the neutral blocks, participants were at no risk of being
shocked. During the predictable blocks, participants were only at risk of
shock during the visual cue. During the unpredictable blocks, participants
were at risk of shock throughout. Threat blocks were always separated by a
neutral block, resulting in the following block orders: NPNUNUNP or
NUNPNPNU. During these blocks, we measured the TMS-evoked BOLD
response during both the presence (cue trials) and absence (intertrial
interval [ITI]) of a visual cue (Fig. 1). These cues were simple colored shapes
that varied across conditions. We timed the delivery of the TMS pulses to
broadly replicate the timing of the white noise probes used to test the
acoustic startle reflex in laboratory versions of the NPU task [18, 35]. To
ensure that all conditions had the same number of trials per run (N= 8),
there were twice as many trials per block in the threat conditions as there
were in the safe condition. Each neutral block included 2 trials per
condition, while each threat block included 4 trials per condition, totaling
to 8 trials per condition per run. Three shocks were presented during each
run at random points during either the cue (predictable condition) or the
ITI (unpredictable condition) trials. Throughout the task participants rated
their anxiety from a scale of 0 (feeling not anxious) to 10 (feeling extremely
anxious) using an onscreen numerical scale.

Shock. The shock stimulus consisted of a 100ms train of 2 ms pulses
delivered at 200 Hz delivered using a DS7A constant current stimulator
(Digitimer #DS7A, Ft. Lauderdale, FL). Shocks were administered to the
participant’s left wrist via disposable 11mm Ag/AgCl electrodes (Biopac
Item number EL508; Goleta, CA), spaced ~2 cm apart. We calibrated the
shock intensity prior to the TMS/fMRI session using an individualized
workup procedure where participants rated a series of shocks shock on a
scale from 1 (not uncomfortable) to 10 (uncomfortable but tolerable) until
the participant reached their “level 10”. Shocks during the session were
delivered at their level “10”.

Scans. MRI data were acquired using a 3 Tesla Siemens Prisma scanner.
Structural scans were collected during the targeting session using a 64-
channel head coil (Erlangen, Germany). Structural scans included a T1-
weighted MPRAGE (TR= 2200ms; TE= 4.67ms; flip angle = 8°) with 160,
1mm axial slices (matrix = 256 × 256; field of view (FOV)= 240mm ×
240mm), and a T2-weighted image (TR= 3200ms; TE= 563ms; flip angle=
variable) with 160, 1mm sagittal slices (matrix = 256mm × 256mm;
FOV= 240mm × 240mm). TMS/fMRI scans were collected using a single-
channel birdcage coil (RAPID quad T/R single channel; Rimpar, Germany).
Each run included 233 whole-brain BOLD images (TR= 2000 ms; TE= 30ms;
flip angle = 75°) comprised of 32, 4mm axial slices (matrix = 64 × 64;
FOV= 192mm × 192mm) aligned to the AC-PC line.

TMS/fMRI pre-processing. TMS/fMRI data were processed using the
afni_proc.py script distributed with the AFNI software package [37]. The
data were preprocessed using the following standard preprocessing
blocks: tshift, align, tlrc, volreg, blur, mask, scale,
regress corresponding to: (1) the images were slice time corrected, (2)
aligned to the T1 data using a Local Pearson Correlation cost function, (3)
normalized to the MNI152_2009 template distributed with AFNI, (4)
individual volumes were registered to the image with the fewest outliers,
(4) images were resampled to 3 mm isotropic voxels and blurred with a
6mm Gaussian kernel, (5) masked using the union of the EPI brain mask
and the skull-stripped T1, (6) scaled so that the mean of each voxel
timeseries was 100. The first 4 TRs and TRs with greater than 0.5 mm
displacement or greater than 30% of voxels registered as outliers were
censored/scrubbed from the timeseries prior to the GLM. The participant-
level GLM included a set of polynomial regressors to model the baseline
and regressors of no interest corresponding to the 6 primary motion
vectors and their derivatives. NPU events were modeled with variable
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duration blocks to account for jittering in the timing of the events. TMS
pulses were modeled using an impulse response function.

Target localization. Data from the Sternberg WM task were used to identify
the right dlPFC target coordinates for the TMS/fMRI session [34, 38]. BOLD
maps from the retention interval were masked with a group-level ROI of the
right dlPFC a previously published Sternberg WM dataset [25, 39]. Single
participant BOLD activity was contrasted across sort and maintain trials and
the coordinates for the peak voxel within this mask was extracted and used
as a target (Fig. 2). We used the Brainsight (Rogue Research Inc, Montreal,
Canada) frameless stereotaxic neuronavigation system to mark the target
site on a swim cap worn during the TMS/fMRI session.

Motor threshold determination. We used a Magventure MagPro X100
stimulator with a B65 figure-8 coil to obtain resting motor threshold on the
first day of stimulation. Motor threshold was determined from EMG
recordings of the first dorsal interosseous muscle (FDI) using the adaptive
parameter estimation by sequential testing (PEST) algorithm [40].
Stimulator output during the TMS/fMRI session was adjusted to account
for differences in coil output using an in-house algorithm to determine
corresponding stimulation levels between the MV B65 and MV MRI-
B91 coils.

Stimulation. A Magventure MagPro X100 stimulator with a B91 figure-8
coil was used for the TMS/fMRI session. Periodically during the NPU task,
participants received single 3-pulse 50 Hz bursts at 100% of motor
threshold adjusted for differences in coil output. We timed the delivery of
the TMS pulses to broadly replicate the timing of the white noise probes
used to test the acoustic startle reflex in laboratory versions of the NPU
task [18, 35].

General procedure
General. Participants were enrolled in a broader study where they
received multiple sessions of active or sham continuous Theta Burst
Stimulation (cTBS) or intermittent Theta Burst Stimulation (iTBS), followed
by a series of cognitive and behavioral tests. The protocol included a
consent visit, a targeting visit, a TMS/fMRI visit, and several active/sham
TBS visits followed by a corresponding testing session. The aims of the
broader study were to examine the effect of active or sham cTBS or iTBS on
anxiety and working memory. However, the procedures and results of this

broader study are described elsewhere (K01MH121777 [NLB]) [38], and will
not be discussed here. In the following sections, we will briefly describe
procedures relevant to the data presented.

Consent visit. During the consent visit, participants completed a
consent form, MRI safety form, TMS adult safety screen (TASS), and
medical history questionnaire. Participants were also given the SCID,
Montgomery-Asberg Depression Rating Scale (MADRS) [41], and an
eligibility checklist, all administered by a research coordinator. Partici-
pants who met screening criteria completed a demographics ques-
tionnaire, the State/Trait Anxiety Inventory (STAI) [42], and the Beck
Anxiety Inventory (BAI) [43].

Fig. 2 Single participant targets in MNI space. Spheres represent
the single-participant peaks for WM-related activity during the
Sternberg WM task, which were used as the TMS targets during the
TMS/fMRI scans.

Fig. 1 Example screenshots from the NPU task. We extracted data from safe and (unpredictable) threat periods during the NPU paradigm.
During the safe period, participants could not receive a shock. During the threat periods, participants were instructed that they could receive a
shock at any time. Instructions were visible at the top of the screen through the blocks. Periodically, a visual cue would be presented in the
center of the screen. Cues would be separated by a variable intertrial interval (ITI). Participants also rated their anxiety level (from 0 to 10)
throughout the task using a button box, which controlled a number in the center of the screen. The number updated in real-time. TMS pulses
would be presented once during each cue (onset was jittered), and at random points during the ITI. Responses were collapsed across cue and
ITI trials.
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Targeting visit. During the targeting visit, MRI scans were collected and
used to identify the site and orientation of stimulation for the TMS/fMRI
session. Participants were escorted to the scanner and given ear plugs, a
button box, an emergency squeeze ball, and padding to minimize head
movement. Next, we collected a T1, and a T2 scan. Afterward, participants
completed 1 run of the Sternberg WM task and 2 resting state runs.

TMS/fMRI visit. During the TMS/fMRI visit, participants had their heads
registered with their MRIs in Brainsight and their stimulation sites were
marked on swim caps. Afterward, participants completed the shock
workup procedure and were escorted to the scanner. In the scanner, the
TMS coil was positioned over the right dlPFC stimulation site and the
articulating arm was supported with additional padding. Participants then
completed 2 runs of the NPU task with TMS delivered to the right dlPFC.

RESULTS
Ratings
Anxiety ratings at the onset of each TMS burst were extracted and
averaged across all trials in the safe and threat conditions (Fig. 3).
These responses were then compared using a paired sample t-
test. As a manipulation check, we compared the anxiety ratings in
safe compared to threat blocks using a t-test. As expected,
participants reported significantly greater anxiety during threat
periods compared to safe periods (t (39)= 8.85; p < 0.001; d= 1.4).

TMS-evoked responses
We began by defining a set of regions that were directly activated by
the right dlPFC TMS pulses by collapsing across conditions and
computing a voxelwise t-test against zero. The first-level beta
coefficients were extracted for all dlPFC-targeted TMS bursts. To
identify TMS-evoked responses, we compared these betas to an
implicit baseline using a single-sample t-test against 0 (3dttest++).
We used cluster thresholding and monte carlo simulations to correct
for multiple comparisons implemented by 3dClustSim [44]. We ran
10,000 Monte Carlo simulations with a voxelwise p-value of 0.001, a
non-Gaussian (i.e. autocorrelation function) [45] estimation of the
smoothness of the BOLD data, and extracted clusters comprised of
voxels with adjoining faces or edges. Based on these simulations, we
selected a minimum cluster size of 40, 3-mm voxels, which
corresponded to a cluster-level p-value < 0.01.
We identified 7 clusters/regions with TMS-evoked responses

that significantly differed from zero (Fig. 4A–G, Table 1). To
determine whether the TMS-evoked responses in these regions
differed as a function of threat, we extracted the average dlPFC-
targeted TMS-evoked BOLD response during the safe and threat
conditions for each of the clusters identified in the whole brain
analysis. We then compared these responses using a paired

sample t-test. We repeated this process for our control site evoked
responses in a subset of individuals who also had data targeting
the right IPS. We found that TMS-evoked responses in the right
sensory/motor cortex (Fig. 4H “RSM”), the left insula (Fig. 4H “LI”),
and a region encompassing the bilateral SMA regions (Fig. 4H
“BSMA”) differed significantly in the threat compared to safeFig. 3 Anxiety ratings threat task. Anxiety ratings reported on a

scale from 0 to 10. Bars represent the mean ± SEM. *p < 0.05.

Fig. 4 BOLD responses evoked by TMS pulses delivered to the
right dlPFC. A–G Regions showing TMS-evoked BOLD responses
that significantly differ from an implicit baseline. H BOLD responses
in these regions plotted as a function of safe and threat conditions.
RSM Right Sensory/Motor. LI Left Insula. LSMA Left SMA. LSM Left
Sensory/Motor. BSMA Bilateral SMA. BS Brainstem. LS Left Sensory.
Warm colors represent activations. Cool colors represent deactiva-
tions. Bars represent the mean ± SEM. *p < 0.05.

Table 1. Demographic information.

Measure Value

Recruitment

Started 11/8/2019

Ended 10/26/2022

Age 25.18 (6.04)

Race

Asian 17.86%

White 58.93%

Black or African American 19.64%

More than one Race 1.79%

Other 1.79%

Ethnicity

Hispanic 7.14%

Sex

Male 30.36%

Female 69.64%

Questionnaire Data

TAI 27.52 (6.18)

SAI 26.88 (4.87)

BAI 2.43 (3.64)

Task Details

MT (% Output) 59.79 (9.98)

e-field (V/M) 62.22 (13.4)

Shock (mA) 3.23 (3.01)
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conditions. Across all 3 regions, there was a significant TMS-
evoked BOLD deactivation in the safe periods that was
significantly attenuated in the threat periods (RSM: t (40)= 2.29;
p= 0.027; d= 0.36; LI: t (40)= 2.27; p= 0.029; d= 0.37; BSMA:
t (40)= 2.25; p= 0.03; d= 0.36). No other region showed
a significant differentiation as a function of threat (all
p-values > 0.05).

DISCUSSION
In this study, we investigated the effect of an experimental
manipulation of anxiety/threat on TMS-evoked BOLD responses
targeted at the right dlPFC. By administering TMS pulses
interleaved with the fMRI acquisition, we were able to measure
BOLD responses downstream from the dlPFC stimulation site. By
nesting these TMS pulses in alternating periods of safety and
threat, we were able to determine how threat effected activity in
regions downstream from the dlPFC. During safe periods, we
found that right dlPFC stimulation led to BOLD deactivation in a
variety of regions across several brain networks. However, during
the threat periods, this BOLD deactivation was reduced (i.e.
responses were less negative) in regions like the anterior insula
that have been highlighted in many prior studies of anxiety and
threat processing [18, 46]. Together these results suggest that the
dlPFC plays a broad role in top-down suppression across multiple
networks, which may filter distracting information out of working
memory. However, during periods of elevated threat and arousal,
this top-down suppression is reduced, perhaps allowing for
increased vigilance to threats in the environment.
The dlPFC is known to play a key role in both working memory

processes and emotion regulation [47]. However, the link between
these roles is currently unclear. Recently, we proposed a model
suggesting that the primary role of the dlPFC is to subserve
working memory related functions like the maintenance, manip-
ulation, and suppression of items in short term stores
[18, 20, 34, 38]. Furthermore, we proposed that the left and right
dlPFC were specialized to process distinct domains of content in
this processing [19, 47]. According to this model, the left dlPFC is
specialized for verbal content, while the right dlPFC is specialized
for non-verbal content. Accordingly, the left and right dlPFC could
potentially play distinct roles in emotion regulation, with the left
mediating effortful verbal regulation strategies, and the right
mediating more automatic non-verbal strategies. The current
results fit within this model as external stimulation of the right
dlPFC decreased BOLD activity in emotion-related regions. This is
consistent with the hypothesis that the right dlPFC activity may
automatically regulate emotion by suppressing activity in
emotion-related regions during safe periods and to a lesser
extent during threat periods. However, given that we did not
stimulate the left dlPFC, we have no data to suggest that these
results are isolated to the right dlPFC. Future studies should
directly test the effects of right vs. left dlPFC stimulation on activity
in downstream regions important for emotional expression.
Our results offer preliminary evidence supporting the hypoth-

esis that the dlPFC is involved in the top-down regulation of
anxiety. We further raise the testable hypothesis that impairment
of this top-down control of anxiety may potentially exacerbate
some of these core components (e.g. hyperarousal, hypervigi-
lance, impaired attention control, and overgeneralization, etc.) in
individuals with anxiety disorders. Clinical anxiety disorders
encompass a constellation of symptoms including hyperarousal,
hypervigilance, impaired attention control, and threat cue over-
generalization [48, 49]. Many of these symptoms could be
explained using this working memory framework. For instance,
hypervigilance and impaired attention control could arise from
impaired top-down inhibition of distraction-related activity when
cognitive demands are high [48, 50]. Similarly, overgeneralization
of threat could occur when novel memory encoding events occur

during periods of elevated arousal that are mediated by this
impaired top-down inhibition [51, 52]. These memories, in non-
anxious individuals would typically be recorded as neutral events,
but in highly anxious individuals, they may be encoded with a
negative valence. However, this hypothesis should be tested in
future studies in patient populations.
The dlPFC is one of the most common sites for rTMS in the

treatment of depression, and there is evidence to suggest that
excitatory left dlPFC stimulation improves depression symptoms
by normalizing connectivity between the dlPFC and the sub-
genual anterior cingulate cortex [20, 53, 54]. However, the
mechanisms that mediate anxiety reduction following right dlPFC
stimulation are less clear. Indeed, it is even unclear what type of
stimulation would offer the best results. There is evidence that
1 Hz stimulation to the right dlPFC can reduce anxiety symptoms
in depressed individuals. There is also some evidence that 5 Hz
and iTBS to the right dlPFC can improve symptoms of PTSD
[55–61]. While there is no clear-cut relationship between
stimulation type and excitability, it is thought that 1 Hz is
potentially inhibitory, while 5 Hz and iTBS are potentially
excitatory. With opposite theorized effects it is difficult to suggest
that these clinical stimulation protocols are targeting similar
mechanisms [62]. In our larger project, we measured the effect of
either cTBS or iTBS on anxiety potentiated startle [38]. Contrary to
our hypotheses, both cTBS and iTBS increased anxiety potentiated
startle, further complicating our attempts at deriving a compre-
hensive mechanistic explanation of the link between dlPFC
stimulation and anxiety. It should be noted that our studies were
conducted in low anxious healthy individuals and may not
generalize to patient populations. One might expect distinct
effects for the differing theta burst protocols; however, future
research is needed. Suffice it to say that our current finding that
external stimulation of the right dlPFC directly inhibits activity in
downstream regions will be important for disentangling these
effects.
Concurrent TMS/fMRI offers a unique translational perspective

that is useful for understanding the networks mediating
psychopathology. By experimentally stimulating a region of the
brain and then directly measuring the activity evoked by this
stimulation, it is possible to causally determine the downstream
targets of this region. For instance, single pulses to motor cortex
activate a network of regions important for motor activity, like
premotor cortex, and supplementary motor area [63]. Similarly,
stimulating regions of the dorsal attention network causes
downstream modulation of visual circuits [63]. Single pulses to
the left dlPFC evoke responses in reward regions compared to
sham and control site data [64, 65]. These downstream TMS-
evoked responses scale with machine output, demonstrating their
validity as a measure of target engagement [65]. In addition, TMS-
evoked responses are state-dependent (i.e. modulated by ongoing
activity). For instance, one study found that TMS enhanced FPN
activations and BOLD deactivations in the DMN during high load
blocks [66].
Critically, this evoked network response can then be used to

assess neuromodulatory interventions by using single pulse probe
before and after a neuromodulatory course of rTMS. For example,
TMS-evoked responses are also able to predict circuit-level
plasticity and behavior at later timepoints, thus providing an
acute measure reflecting the chronic neurobiological changes
associated with clinical TMS treatment [67]. Also, within-session
theta burst stimulation to cortical sites can modulate activity in
downstream subcortical sites and affect subsequent behavior [68].
Similar effects are seen with rTMS. For example, right compared to
left HF-rTMS is associated with greater dACC and dmPFC
responses [69], and lf-rTMS can increase brain activity at the
striatum, thalamus, and areas of the default mode network when
applied to the right, but not to the left DLPFC [70]. Finally, TMS-
evoked responses collected during unpredictable threat, show
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that the right dlPFC seems to regulate activity in downstream
regions important to emotion processing. This BOLD deactivation
is attenuated by exogenous shock threat [71].

Strengths and limitations
By combining TMS and fMRI techniques, this study was able to
concurrently (interleaved) stimulate the right dlPFC and record
brain activity in functionally connected regions, providing direct
evidence that right dlPFC activity can reduce activity in down-
stream brain areas. Despite this innovation, the study has several
limitations. First, by using an active control region with potentially
overlapping downstream connections, it is difficult to disentangle
the effects of the target and the control site. We accounted for this
by analyzing the control site data separately and showing that the
pattern of results differed from those evoked by active stimulation
of our dlPFC target. However, future work should incorporate the
use of a realistic sham condition such as electrical stimulation of
the scalp. Additionally, of the 68 initially recruited participants,
only 41 completed the TMS/fMRI sessions, and because the
control condition was added later, we do not have data from all
participants collected from this region (N= 32). To prioritize the
results from the dlPFC condition, the dlPFC/IPS order was not
counterbalanced among participants. Therefore, the findings from
the IPS control analyses are potentially subject to order effects.
Future work should extend these results and test their implica-
tions in a larger sample. Finally, although we induced anxiety
using threat of unpredictable shock, this paradigm is not a stand-
in for clinical anxiety symptomology and pathology. Future work
should include anxious participants in the sample.

CONCLUSIONS
The current work offers a novel experimental test of the
hypothesis that the dlPFC regulates emotion by reducing activity
in regions associated with emotional expression and offers
preliminary support for this hypothesis. Accordingly, these results
add to our understanding of the mechanisms underlying the
effectiveness of dlPFC stimulation protocols for anxiety reduction.
Future research should expand on these findings by investigating
links between TMS-evoked responses and behavior/symptom
changes following neuromodulatory courses of TMS in both
patients with anxiety as well as healthy controls.
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