
STUDY PROTOCOL Open Access

Identifying response and predictive
biomarkers for Transcranial magnetic
stimulation outcomes: protocol and
rationale for a mechanistic study of
functional neuroimaging and behavioral
biomarkers in veterans with
Pharmacoresistant depression
Leanne M. Williams1,2* , John T. Coman1,2†, Patrick C. Stetz1,2†, Nicole C. Walker2†, F. Andrew Kozel3,4†,
Mark S. George5,6†, Jong Yoon1,2†, Laura M. Hack1,2†, Michelle R. Madore1,2†, Kelvin O. Lim7,8†,
Noah S. Philip9,10† and Paul E. Holtzheimer11,12†

Abstract

(Continued on next page)

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: leawilliams@stanford.edu
John T. Coman, Patrick C. Stetz and Nicole C. Walker are Equal research
personnel contributions.
F. Andrew Kozel, Mark S. George and Jong Yoon are Equal expert
contributions as consultant and/or clinic director.
Laura M. Hack, Michelle R. Madore, Kelvin O. Lim, Noah S. Philip and Paul E.
Holtzheimer are Equal investigator contributions.
1Department of Psychiatry and Behavioral Sciences, Stanford University
School of Medicine, 401 Quarry Road, Stanford, CA 94304, USA
2Mental Illness Research, Education and Clinical Center, VA Palo Alto Health
Care System, 3801 Miranda Ave, Palo Alto, CA 94304, USA
Full list of author information is available at the end of the article

Williams et al. BMC Psychiatry           (2021) 21:35 
https://doi.org/10.1186/s12888-020-03030-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s12888-020-03030-z&domain=pdf
http://orcid.org/0000-0001-9987-7360
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:leawilliams@stanford.edu


(Continued from previous page)

Background: Although repetitive transcranial magnetic stimulation (‘TMS’) is becoming a gold standard treatment
for pharmacoresistant depression, we lack neural target biomarkers for identifying who is most likely to respond to
TMS and why. To address this gap in knowledge we evaluate neural targets defined by activation and functional
connectivity of the dorsolateral prefrontal cortex-anchored cognitive control circuit, regions of the default mode
network and attention circuit, and interactions with the subgenual anterior cingulate. We evaluate whether these
targets and interactions between them change in a dose-dependent manner, whether changes in these neural
targets correspond to changes in cognitive behavioral performance, and whether baseline and early change in
neural target and cognitive behavioral performance predict subsequent symptom severity, suicidality, and quality of
life outcomes. This study is designed as a pragmatic, mechanistic trial partnering with the National Clinical TMS
Program of the Veteran’s Health Administration.

Methods: Target enrollment consists of 100 veterans with pharmacoresistant Major Depressive Disorder (MDD). All
veterans will receive a clinical course of TMS and will be assessed at ‘baseline’ pre-TMS commencement, ‘first week’
after initiation of TMS (targeting five sessions) and ‘post-treatment’ at the completion of TMS (targeting 30 sessions).
Veterans will be assessed using functional magnetic resonance imaging (fMRI), a cognitive behavioral performance
battery, and established questionnaires. Multivariate linear mixed models will be used to assess whether neural
targets change with TMS as a function of dose (Aim 1), whether extent and change of neural target relates to and
predicts extent of behavioral performance (Aim 3), and whether extent of neural target change predicts
improvement in symptom severity, suicidality, and quality of life (Aim 3). For all three aims, we will also assess the
contribution of baseline moderators such as biological sex and age.

Discussion: To our knowledge, our study will be the first pragmatic, mechanistic observational trial to use fMRI
imaging and cognitive-behavioral performance as biomarkers of TMS treatment response in pharmacoresistant
MDD. The results of this trial will allow providers to select suitable candidates for TMS treatment and better predict
treatment response by assessing circuit connectivity and cognitive-behavioral performance at baseline and during
early treatment.

Trial registration: ClinicalTrials.gov NCT04663481, December 5th, 2020, retrospectively registered. The first veteran
was enrolled October 30th, 2020.

Keywords: Major depressive disorder (MDD), Treatment resistant depression (TRD), Repetitive Transcranial magnetic
stimulation (TMS), Dorsolateral prefrontal cortex (DLPFC), Functional magnetic resonance imaging (fMRI),
Neuroimaging, Biomarker, Cognitive control network, Default mode network (DMN), Veterans

Background
Major depressive disorder (MDD) is the leading cause of
disability worldwide [1]. Due to a lack of mechanistically
anchored quantitative tests for identifying the correct
intervention for individual patients at their first presen-
tation, treatment choice is often a years-long trial-and-
error process. One reason for the unpredictability of
therapeutic response is the heterogeneity of MDD, both
clinically and in terms of underlying neurobiology [2].
While definitions vary, pharmacoresistant or treatment-
resistant depression is defined as lack of response to at
least one antidepressant trial of adequate dose and dur-
ation [3]; up to 50% of MDD patients meet these criteria
[4]. Residual depressive symptoms are associated with a
higher risk of recurrence, worse functioning, and in-
creased personal and economic burden [5]. Furthermore,
pharmacoresistant depression can be life threatening:
30% of patients have one or more lifetime suicide at-
tempts, which is at least twice the rate of those with
non-resistant depression [6].

Neural circuits (hereafter circuits) consist of vast num-
bers of interconnected neurons comprising the anatom-
ical and functional networks of the brain [7]. Circuits
involved in cognitive control are promising targets for
pharmacoresistant depression. Dysfunctions in the cog-
nitive control network and reciprocal pathways linking
this circuit with attention and default mode networks
(DMN) are characteristic of MDD [8] (for review [2, 7]).
Depressed patients who do not remit on commonly pre-
scribed pharmacotherapies show dorsolateral prefrontal
cortex (DLPFC) hypoactivation along with hypoconnec-
tivity between the DLPFC and anterior cingulate cortex
[9]. Corresponding frontoparietal attention network
hypoconnectivity is also observed in MDD [10, 11] and
correlated with behavioral indices of poor attention,
such as false alarm errors on cognitive testing, in related
anxiety disorders [12]. Some degree of DMN dysfunction
is observed in persistently unwell MDD patients [13]
and can identify MDD patients who do not remit on an-
tidepressants [14]. Reflecting the close interplay of

Williams et al. BMC Psychiatry           (2021) 21:35 Page 2 of 17

https://clinicaltrials.gov/ct2/show/NCT04663841


cognitive control and attention networks, pharmacore-
sistant patients with MDD are also characterized by im-
paired connectivity of the DLPFC and precuneus
component of the attention network [15]. As an inter-
posed area involved in the interactive effects of cognitive
control and other circuits, subgenual anterior cingulate
cortex (sgACC) impairments are also thought to exacer-
bate broader circuit dysfunction in MDD (for review
[10]). Pharmacoresistant MDD patients show persistent
hypoactivation and connectivity involving the sgACC
[16] in analyses of brain metabolism using positron
emission tomography.
Repetitive transcranial magnetic stimulation (rTMS,

hereafter TMS) was cleared by the U.S. Food and Drug
Administration (FDA) for pharmacoresistant MDD in
2008 and has become an important treatment option in
clinical settings. While the putative therapeutic mechan-
ism of TMS remains under study, recent neuroimaging
studies provide insight into brain activity changes associ-
ated with therapeutic TMS of the DLPFC. Neuroimaging
studies of TMS in both healthy subjects and in MDD
have focused mostly on circuits probed during resting
conditions. In healthy subjects our prior work has shown
that DLPFC stimulation induces an inverse correlation
between resting connectivity of the DLPFC (middle
frontal gyrus) and the medial frontal region of the DMN
[17] as expected for flexible circuit organization. Neuro-
imaging studies implicate pre-stimulation baseline DLPF
C-sgACC connectivity in the mechanisms of clinical ac-
tion of TMS [18, 19]. In 13 patients with MDD, more in-
tact negative (i.e., “anticorrelated”) DLPFC-sgACC
resting state functional connectivity prior to DLPFC
stimulation was associated with superior amelioration of
clinical symptoms [18]. In a small subset of controls and
two patients scanned post-TMS, individual differences in
DLPFC-sgACC connectivity were highly reproducible
[19]. These findings suggest that suppression of the sub-
genual anterior cingulate cortex via DLPFC stimulation
may be an antidepressant mechanism of TMS, and that
baseline connectivity is a viable imaging biomarker to
optimize TMS at the individual level. When imaged after
TMS, responders (n=5/12) showed improvement in the
negative connectivity of DLPFC and sgACC, whereas
non-responders (n=7/12) did not [20]. In a complemen-
tary study, 17 MDD patients were found to show attenu-
ation of abnormally positive sgACC-DMN connectivity,
along with reduced DLPFC to medial prefrontal con-
nectivity, but not of the DLPFC and sgACC [21]. How-
ever, in this latter study, TMS-related connectivity
changes were not associated with clinical improvement.
Most recently, Weigand et al. [22] demonstrated that
sgACC-DLPFC connectivity could predict clinical re-
sponse to TMS; this study incorporated two datasets, in-
clusive of 25 participants who received unblinded TMS,

and 16 participants who received sham stimulation and
open-label stimulation from Taylor et al. [23]. Together,
findings to date suggest that TMS selectively modulates
functional connectivity both within and between the
cognitive control network and interconnected regions of
the frontal cortex and DMN, and that modulation of
these interactions by the sgACC may play an important
mechanistic role in predicting the effect of TMS on alle-
viating depression. The results also highlight the need
for systematic investigation using imaging biomarkers in
samples with greater power for statistical inference.
Drawing on this evidence, a premise of our study is

that TMS of the DLPFC will have antidepressant efficacy
via direct effects on cognitive control processes that con-
tribute to regulatory functions and that involve interac-
tions with attention and default mode networks.
Despite the wide scale adoption of TMS, we still lack

mechanistically-driven biomarkers designed to identify
who is most likely to respond, and why; these measures
are crucial for broader adoption of TMS and are possible
with near-term discoveries. In our recent multisite trial
of TMS in pharmacoresistant depression [24], standard
clinical measures did not predict remission [25]. While
there are relatively few side effects from TMS as com-
pared to other neuromodulation techniques, undergoing
a full course of this treatment when it will ultimately not
lead to remission can be discouraging for the patient
and psychiatrist, prolongs suffering and is economically
inefficient. For these reasons, there is an urgent need for
well-powered multisite clinical trials that advance a
biomarker-driven approach to identifying which patients
will benefit from TMS and through which mechanisms.
Furthermore, existing rubrics can be immediately used
to translate observed findings into clinical practice [26].
Our findings will, more broadly, also lay important foun-
dations for the systematic experimental manipulation of
stimulation protocols and parameters in future mechan-
istic trials.
Our study objective is to systematically evaluate cogni-

tive control network connectivity and behavior as re-
sponse biomarkers for the effect of TMS in
pharmacoresistant MDD, and the extent to which con-
nectivity and behavior are predictive of clinical symp-
toms, function, and suicidality outcomes. We strive to
meet this objective by exploring the following aims:

Aim 1
To evaluate a response biomarker of the effect of TMS
on promoting cognitive control. We will assess whether
activation and functional connectivity of the DLPFC-an-
chored cognitive control network, and interactions with
sgACC, attention and default mode regions involved,
change in a session (akin to dose)-dependent manner.
Our broad hypothesis is that functional connectivity will
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change from the pre-treatment baseline to reassessment
early after commencement of TMS (targeting 5 sessions)
and later, post- completion of treatment (targeting 30
sessions). Related, we hypothesize that the early change
will be most pronounced for patients with intact con-
nectivity at baseline; later change post-treatment will be
observed for those with more impaired baseline connect-
ivity. First, we will address the mechanistic question of
whether early changes in circuit connectivity are neces-
sary, if not sufficient, for subsequent circuit and clinical
changes observed post-TMS. Second, we will systematic-
ally test whether the extent of change in connectivity is
related to the extent of dysfunction at the pre-
stimulation baseline. Third, we will probe whether ob-
served changes in connectivity increase as a session-
dependent function of the total number of TMS ses-
sions. In addressing these issues, we will incorporate a
methodological technique to quantify the site of DLPFC
stimulation with anatomical precision.

Aim 2
To assess whether the extent of change in a DLPFC cog-
nitive control network connectivity response biomarker
is related to corresponding change in behavioral per-
formance. Our broad hypothesis is that the extent of
connectivity change will be related to the extent of
change in behavioral performance, and that this relation-
ship will be most pronounced for patients with relatively
intact connectivity at baseline; later change will be ob-
served in patients with more impaired baseline
connectivity.

Aim 3
To identify if pre-treatment functional connectivity of
the DLPFC cognitive control network, involving interac-
tions with the sgACC and regions of the attention and
default mode networks, and behavioral performance,
along with early change in connectivity and behavior,
are predictive biomarkers of clinical outcome. Our hy-
pothesis is that baseline connectivity and behavior, and
early and later changes in these measures will predict
who at post-treatment have the greatest change in symp-
tom severity, suicidality, and quality of life.

Methods and design
Recruitment and screening
To achieve a target enrollment size of 100, we aim to re-
cruit 125 veterans with pharmacoresistant MDD across
sites participating in the VA Clinical TMS Program. This
recruitment number (n= 125) allows for an anticipated
20% drop out rate of ~ 25 veterans, while still ensuring
sufficient statistical power to address the aims of the
study. To meet this target, we will recruit approximately
30 veterans per site. We set a minimum of 25 veterans

and a maximum of 40 per site to ensure that we retain
equivalent site representation. Given the complex nature
of the veteran sample, the primary diagnosis of MDD
may be comorbid with other disorders, including post-
traumatic stress disorder (PTSD).
Veterans will be recruited from four initial preexisting

clinics within the Clinical TMS Program: Palo Alto VA
Medical Center, White River Junction VA Medical Cen-
ter, Minneapolis VA Medical Center, and Providence
VA Medical Center. All referral sources agree to main-
tain their clinical relationship with the veterans and at-
tempt to keep medication regimen as stable as possible.
Every veteran seen in the TMS Clinical Program will be
invited to participate in this study as long as they meet
the eligibility criteria. See Table 1 for a summary of the
eligibility criteria. The invitation to participate will be
extended at the end of the veterans’ initial TMS clinical
evaluation with the attending TMS physician. Each vet-
eran’s research involvement is expected to last through-
out the course of their clinical TMS treatment.

Data collection procedures
Figure 1 details the study diagram of veterans undergo-
ing both clinic sessions and research assessments. ‘Base-
line’ refers to research assessments prior to
commencement of TMS treatment, ‘1Week’ refers to as-
sessments undertaken after sessions completed in the
first week, typically after five sessions, and ‘Post-treat-
ment’ to assessments undertaken following the comple-
tion of the full course of TMS treatment, which is
typically 30 sessions. Research assessments will occur at
both VA and VA-affiliated academic medical centers
and via remote procedures as required. Transportation
between research visits is provided for veterans as re-
quired. Each research assessment consists of different
data collection procedures. Collected data will include
functional neuroimaging, cognitive and behavioral mea-
sures, clinical measures, and complementary neuro-
psychological measures. Each measure and its function
are described in further detail below. To ensure data val-
idity and reliability, the protocol is designed to complete
assessments within specific time-windows. For a visual
representation of data collection time windows, see
Table 2.

Measures of sample characteristics and eligibility
measures
Measures of Screening and Eligibility will help establish
veterans’ ability to participate in research and gather
diagnostic clarification. See Table 3 for a detailed sum-
mary of screening and eligibility measures. A majority of
our self-report measures are administered using a com-
puterized format, suited to remote assessment when re-
quired, and recorded within the REDCap database. Raw
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scores are automatically transformed to standard scores
within the REDCap system as appropriate. All self-report
assessments will be administered via computer or tablet.
Assessments that are not computerized will be adminis-
tered and scored by a research coordinator or neuropsych-
ology trainee via clinically developed teleneuropsychology
procedures consistent with published guidelines [27–30].

1. MINI International Neuropsychiatric Interview-
7th Edition (MINI-7): This measure is an eight-
item questionnaire. The 7th edition of the MINI is
a derivative of the original MINI used in

conjunction with the DSM-III-R [31]. The MINI-7
will provide further psychiatric diagnostic clarifica-
tion utilizing the DSM-5, administered by research
personnel.

2. Self-Administered Comorbidity Questionnaire
(SCQ): Veterans will complete this measure on a
desktop computer or tablet. This task assesses up to
15 commonly occurring psychiatric and general
medical disorders [32]. Ratings assess the presence
of the disorder, whether or not veterans are
receiving treatment for the disorder, and whether
or not the disorder is related to functional
limitations.

3. Alcohol Use Disorders Identification Test
(AUDIT): The AUDIT includes 11 questions
developed for the identification of individuals with
alcohol use problems [33].

4. Drug Use Disorders Identification Test
(DUDIT): The DUDIT includes 11 questions that
assess the presence of drug-related problems [34].
This measure was developed as a parallel instru-
ment to the AUDIT and will be administered via
computer or tablet.

5. PTSD Checklist for DSM-5 (PCL-5) and PCL-
WEEKLY: The PCL-5 is a 20-item measure that as-
sesses DSM-5 symptoms of PTSD [35]. The PCL-5
and PCL-Weekly have identical questions, but dif-
ferent instructions. The PCL-5 will be administered
at Baseline and at the Post-treatment assessment
while the PCL-WEEKLY will be administered
weekly to align with the standardized assessment
scheduled for the Clinical TMS program.

6. Life Events Checklist for DSM-5 (LEC-5): The
LEC-5 is a 17-item measure that screens for poten-
tially traumatic events in a respondent’s lifetime
[36]. There is no formal scoring protocol or inter-
pretation, other than identifying whether a person
has experienced one or more traumatic events.

7. Advanced Clinical Solutions (ACS): A measure
estimating premorbid ability using the Test of

Table 1 Inclusion and Exclusion Criteria

Inclusion Criteria

● Ages 18 years and older

● Meets DSM-5 criteria for MDD (as documented by the TMS physician)

● Meet study criteria for pharmacoresistance in accordance with the
Clinical TMS Program (i.e. failed at least one antidepressant in the
current episode)

● Ability to obtain a motor threshold (MT) prior to the start of
treatment

● Stable medical conditions and ability to maintain stability on current
medication regimen for the duration of treatment

● Ability to participate in a daily treatment regimen

● Able to read, verbalize understanding, and voluntarily sign the
Informed Consent Form prior to participating in any study-specific pro-
cedures or assessments

Exclusion Criteria

● History of seizure disorder

● Structural or neurologic abnormalities present or in close proximity
to the treatment site

● History of brain surgery

● Pacemaker or medical infusion device (unless MRI compatible)

● History of traumatic brain injury within 60 days of the start of
treatment

● Severe or uncontrolled alcohol or substance use disorders

● Active withdrawal from alcohol or substances

● Implanted device in the head

● Metal in the head

● Severe impediment to vision, hearing and/or hand movement, likely
to interfere with ability to complete the assessments, or unable and/or
unlikely to follow the study protocols

● Lifetime history of bipolar I disorder

● Inability to speak, read or understand English

● Plans to move out of the area during the study period

● Clinician and/or Investigator discretion for clinical safety or protocol
adherence

All veterans referred to the TMS Clinic are evaluated by a physician familiar
with neuromodulation techniques who determines their eligibility for
treatment. Veterans deemed suitable for TMS treatment are then screened by
a research coordinator to determine their study eligibility based on the
inclusion and exclusion criteria above

Table 2 Data Collection Windows for Research Assessment
Sessions

Baseline 1Week Post-treatment

Standard < 72 h < 24 h < 72 h

Acceptable < 10 days < 72 h < 10 days

Unusable > 14 days > 96 h > 14 days

The Standard designation denotes the preferred data collection window for
each research assessment session. Data will still be accepted if obtained within
the Acceptable time window. Data obtained during the Unusable window will
not be used. Windows refer to the following: Baseline for assessments
completed prior to commencement of TMS, 1 Week for assessments
completed after five sessions of TMS and Post-treatment for assessments
completed after 30 sessions of TMS. Standard and Acceptable window data
will be treated the same way for data analysis purposes
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Premorbid Functioning (TOPF) word reading list
[37]. This measure will only be administered at
Baseline.

Functional neuroimaging protocol for assessing
circuit function (aim 1)
The neuroimaging protocol will be standardized across
sites (refer to Harmonization of Scanners below). Neu-
roimaging will be acquired using 3 T GE Discovery
MR750 UHP (GE Healthcare, Milwaukee, WI, USA) and
3 T Siemens Magnetom Prisma Fit (Siemens Medical So-
lutions USA, Malvern, PA, USA) scanners at VA-
affiliated institutions including Stanford University,
Dartmouth-Hitchcock, Brown University, and the Uni-
versity of Minnesota. We will perform functional and
structural MRI scans at the Baseline, 1Week and Post-
treatment visits. For functional imaging, we will adminis-
ter both task-based (GoNoGo and N-Back cognitive
control tasks) and resting state protocols.

Task-based fMRI and resting state

1. GoNoGo. We will use the GoNoGo task (depicted
in Fig. 2) to assess response inhibition and cognitive
control. Behavior is assessed in terms of “False
alarm” NoGo errors and reaction time for Go
stimuli. This task is well normed across nine
decades [40], and has sound test-retest reliability,
including parallel forms for repeat testing. It has
been shown to robustly elicit inhibition errors in
MDD and PTSD [15, 41]. In the GoNoGo task, vet-
erans respond via button press as quickly and ac-
curately as possible to Go stimuli (the word “Press”
in green) and withhold responses to NoGo stimuli
(the word “Press” in red). There are 180 Go and 60
NoGo stimuli (ratio 3:1), presented pseudorandomly
with duration of 500 ms and jittered interstimulus
interval of 750 ms.

2. N-Back Working Memory. The N-Back working
memory task (depicted in Fig. 2) has been used pre-
viously to probe working memory maintenance and
sustained attention functions in depression [42].
Stimuli are presented under three conditions: 30
sustained attention stimuli in which yellow letters

Table 3 Data Collection Summary for Sample Characteristics and Eligibility Measures

Enrollment Baseline 1 Week Post-treatment

Consenting Process (for study, fMRI, & testing) X

Measures of Sample Characteristics and Eligibility

MINI International Neuropsychiatric Interview- 7 (MINI-7) X

Self-Administered Comorbidity Questionnaire (SCQ) X X X

Alcohol Use Disorders Identification Test (AUDIT) X X X

Drug Use Disorders Identification Test (DUDIT) X X X

PTSD Checklist for DSM-5 (PCL-5) X X

PCL-5 Weekly Questionnaire X

Life Events Checklist for DSM-5 (LEC-5) X X

Estimates of Intellectual Premorbid Functioning

Advanced Clinical Solutions (ACS; Test of Premorbid Functioning) X

Data collection occurs at 4 time points as shown above. Enrollment and Baseline research sessions occur prior to the commencement of TMS treatment session 1.
The 1Week research session occurs after completion of the first TMS treatment sessions within the first week, targeting the first 5 TMS sessions. The Post-
treatment research session occurs after completion of TMS treatment, targeting 30 TMS sessions

Fig. 1 Procedural Diagram. All veterans that consent to research and meet eligibility criteria will follow this procedural diagram. Veterans will
attend four research assessment sessions (highlighted in orange). ‘Baseline’ refers to the research assessment session prior to commencement of
TMS treatment, ‘1 Week’ to the assessment session undertaken after a target of five sessions of TMS treatment, and ‘Post-treatment’ to assessment
sessions undertaken following the completion of the full course of TMS treatment which is typically 30 treatment sessions.*The MINI-7 is the only
Sample Characteristic and Eligibility Measure that will be given at the Enrollment Visit instead of the Baseline research session
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appear twice in a row and veterans respond to the
consecutive yellow letter; 50 working memory stim-
uli in which yellow letters appear randomly and not
consecutively and veterans are required to maintain
and update working memory without responding to
the letters; and 40 perceptual baseline stimuli in
which to-be-ignored white letters are presented as a
perceptual contrast to yellow letters. Working
memory stimuli are not presented in a design that
manipulates different levels of working memory
demand.

3. Resting State. Veterans will be instructed to stare
at a white cross on a black background. During this
time, their eyes will be monitored using an eye
tracker by the study coordinator to ensure they are
not asleep.

Acquisition sequences and details
The MRI protocol starts with scanner’s default localizer
to locate the brain. Next, spin-echo fieldmaps are ac-
quired with two different phase encodings to help with
distortion correction. The resting state and N-Back fMRI
acquisitions are calibrated with a single-band reference
image and then immediately followed by a multi-band
sequence (SMS factor = 6). The resting state sequence is
split into two opposing phase encoding directions to
average the effects of distortion. The GoNoGo task uses
a single band sequence with a TR of 2 s. Finally, the
protocol ends with a T1 sequence using prospective mo-
tion correction (PROMO). These parameters yield rele-
vant activations as shown by the group level analyses in
the independently funded Human Connectome Project
for Disordered Emotional States [42]. The parameters
are summarized below.

1. Spin-echo fieldmaps: FA = 90, field of view = 216
× 216 mm, 3D matrix size = 90 × 90 × 60,
angulation to anterior commissure - posterior
commissure (AC-PC) line, phase encoding = AP
and PA, voxel size = 2.4 mm isotropic.

2. Single-band calibration: FA = 90, field of view =
216 × 216 mm, 3D matrix size = 90 × 90 × 60, slice
orientation = axial, angulation to AC-PC line, phase
encoding = AP and PA, number of volumes = 4,
voxel size = 2.4 mm isotropic.

3. Multi-band fMRI: TE = 30 ms, TR = 0.71 s, FA =
54, acquisition time = 5:12 (Resting State × 2), 5:08
(N-Back), field of view = 216 × 216 mm, 3D matrix
size = 90 × 90 × 60, slice orientation = axial,
angulation to AC-PC line, phase encoding = PA
and AP, number of volumes = 428 (Resting State),
422 (N-Back), multiband factor = 6, voxel size =
2.4 mm isotropic. The low multiband factor (6) and
larger voxel size (2.4 mm) increase the signal to
noise ratio, especially in our subcortical structures
of interest [43].

4. Single-band fMRI: TE = 27.50 ms, TR = 2 s, FA =
77, acquisition time = 5:08 (GoNoGo), field of view
= 222 × 222 mm, 3D matrix size = 74 × 74 × 45,
slice orientation = axial, angulation to AC-PC line,
phase encoding = PA, number of volumes = 151,
voxel size = 3 mm isotropic.

5. T1-weighted anatomical: TE = 3.8 ms, TR = 3 s,
FA = 8, field of view = 256 × 256 mm, 3D matrix
size = 320 × 320 × 230, slice orientation = sagittal,
angulation to AC-PC line, motion correction =
PROMO, voxel size = 0.8 mm isotropic; parallel im-
aging technique = GRAPPA/ARC.

Localization of stimulation site
In order to localize the site of stimulation with respect
to our image analyses, we will use a PinPoint® for Small
Field of View Imaging 187 (Beekley Medical, Bristol, CT,
USA) MR-opaque gel capsule over the F3 site during
scanning. This approach will allow for the stimulation
target position (F3) to be ‘marked’ on the structural scan
relative to the ideal resting state target as has been previ-
ously demonstrated [22]. Some evidence suggests that
stimulation of the optimal BA46 region within the DLPF
C with the most anticorrelation to sgACC produces

Fig. 2 GoNoGo and N-Back Tasks. A visual summary of the GoNoGo paradigm [38] (left) and the N-Back working memory paradigm [39] (right)
for probing the cognitive control network during functional neuroimaging
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larger effects on clinical measures [18, 22], and we will
test this in exploratory analyses.

Quality control and motion correction
We will restrict head motion during acquisition using
foam inserts. We will record motion for subsequent cor-
rection using the PROMO [44] system on the GE scan-
ner and the fMRI Integrated Real-time Motion Monitor
(FIRMM) [45] on the Siemens scanners. For post-
acquisition, we will implement the full fBIRN quality
control (QC) metrics used in the Human Connectome
Project protocol [42] and that are established at the
Stanford coordinating site. In addition, we will imple-
ment scripts developed by Stanford personnel for add-
itional motion scrubbing [46–48]. These scripts are
designed to remove the variance of specific TRs associ-
ated with extreme movement as follows: 1) from one
volume to the next (calculated by as the sum of the ab-
solute values of the differentiated realignment estimates)
and, 2) changes in BOLD signal from one volume to the
next (as indexed by the temporal derivative of RMS vari-
ance over voxels) implemented with SPM’s time series
difference analysis toolbox [49].

Harmonization of scanners
Neuroimaging will be acquired using 3 T GE Discovery
MR750 UHP and 3 T Siemens PrismaFit scanners. To
ensure consistent data acquisition, much thought was
put into parameter harmonization. First the fMRI se-
quence was developed on Stanford’s GE scanner and
consisted of single-band, single-band reference, multi-
band, spin-echo fieldmaps, and T1 images. Next the se-
quence parameters were shared between GE and a
Siemens scanner with close attention paid to idiosyncra-
sies between the GE and Siemens systems. Limitations
on both systems required modifying the protocol so that
parameters would match. Parameter comparisons were
carried by checking both the printouts and comparing
information found in the dicom header. The remaining
Siemens sites received the protocol by sharing “.exar1”
files. The reliability of the harmonization procedures will
be assessed by acquiring test data at all sites, consisting
of repeat scanning of the same subjects and a phantom.
This data will be used to determine inter- and intra-site
variation. Phantoms will be scanned with the fMRI SMS
sequence for 8 min at each site to monitor quality
through SNR metrics on a monthly basis [43, 50]. Add-
itionally, the phantom acquisitions will be used to re-
duce inter-scanner variability [40]. We will keep a
record of which participants are required, in response to
public health guidance, to wear masks during MRI ses-
sions, along with a record of which session and which
sites.

Neurobehavioral protocol for assessing
performance (aim 2)
Neurobehavioral measures will be assessed across three
research sessions. For a summary of the administration
schedule for primary and secondary outcome measures,
see Table 4.

Measures of cognitive performance
CNS vital signs
This computerized neurocognitive test battery comprises
10 subtests measuring different aspects of cognitive
functioning [54]; however, for the purposes of this study
we will utilize and administer eight subtests using a
desktop computer. Four of these subtests will be utilized
to future investigate the cognitive control circuit, while
four will be used as supplemental measures to control
for potential confounding variables, such as motor
speed. Psychometric properties including test-retest reli-
ability have been established for these subtests [55]. The
program software will automatically score and
standardize the raw scores upon test completion.

WebNeuro
Computerized tests of cognitive control performance
will be measured offline using WebNeuro [51–53].
These tasks will be executed on a computer by the vet-
eran at the Baseline, 1Week, and Post-treatment re-
search assessment sessions. The software used to run
the tasks incorporates standardized task instructions.
Psychometric properties have been established for each
of these tests, including norms, construct validity, valid-
ation against traditional neuropsychological tests evalu-
ating equivalent functions, test-retest reliability, and
consistency across cultures [2]. For each test, we will
record accuracy and reaction time.

1. N-Back Task/Continuous Performance Test:
This is a measure of sustained attention. A series of
125 similar looking letters (B, C, D, or G) are
presented to the veteran on the computer screen
for 200 msec with an interval of 2.5 s between each
letter. If the same letter appears twice in a row, the
veteran is required to press the spacebar. There are
85 nontarget letters and 20 target letters (i.e.
repetitions of the previous letter).

2. GoNoGo Task: A word (press) is frequently
presented in the color green (Go) and infrequently
in the color red (NoGo). The veteran is asked to
respond with a keypress when the word is
presented in green and inhibit a keypress when it is
presented in red. Inhibition is assessed with
omission of keypress responses when the word
‘press’ is red.
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3. Symbol Digit Coding (SDC): This test consists of
serial presentations of screens, each of which
contains a bank of eight symbols above and eight
empty boxes below. The veteran types in the
number that corresponds to the symbol that is
highlighted.

4. Stroop Test: The Stroop test has three parts
which measure simple and complex reaction
time, inhibition, frontal skills, and processing
speed.

5. Shifting Attention (SAT): This test is a measure
of ability to shift from one instruction set to
another quickly and accurately. Veterans are
instructed to match geometric objects either by
shape or by color.

6. Continuous Performance (CPT): This test is a
measure of vigilance or sustained attention. The
test subject is asked to respond to the target
stimulus “B” but not to any other letter. The stimuli
are presented at random.

Clinical measures for assessing functional
outcomes (aim 3)
Self-report measures will be used to assess clinical
change in depression, medical history, and suicide
risk. These measures are administered using a com-
puterized format, suited to remote assessments when
required, and recorded within the REDCap database.
Raw scores are automatically transformed to stand-
ard scores within the REDCap system as appropriate.

Depression
Depression severity based on DSM-5 criteria will be
assessed using the Self-Report version of the Quick In-
ventory of Depressive Symptoms (QIDS-SR) [56].

Medical history
We will use the Veterans’ RAND 36-item Health Survey
(VR-36) to assess eight dimensions of function relevant
to physical and mental health [57, 58] including role lim-
itations due to physical problems, bodily pain, general
health perceptions, vitality, and social functioning, and
role limitations due to emotional problems and mental
health.

Suicide risk
Suicidality will be assessed using the Columbia-Suicide
Severity Rating Scale (C-SSRS), a semi-structured clinical
interview used to measure suicidal behavior [59]. This
assessment requires additional follow-up questions based
on the veterans’ responses; thus, this task will be admin-
istered via computer or tablet with the guidance of the
administrator.

Complementary outcome measures
For a summary of complementary measures, see
Table 5.

Supplemental cognitive-behavioral measures As de-
scribed above (see CNS Vital Signs), four subtests of the
CNS Vital Signs Battery will be used as supplemental

Table 4 Data Collection Summary for Primary and Secondary Outcome Measures

Enrollment Baseline 1 Week Post-treatment

Outcome Measures

Primary Outcomes - Neuroimaging (Aim 1)

Functional MRI

GoNoGo Task X X X

N-Back Working Memory Task X X X

Resting State X X X

Structural MRI

T1 Anatomical X X

Secondary Outcomes - Cognitive-Behavioral Measures (Aim 2)

CNS Vital Signs Battery (SDC, Stroop, SAT, CPT Subtests) X X X

Webneuro Abbreviated Version (GoNoGo and N-Back Subtests) X X X

Secondary Outcomes - Clinical Outcome Measures (Aim 3)

Quick Inventory of Depressive Symptoms (QIDS)- Self Report Form X X X

Veterans’ RAND 36-item Health Survey (VR-36) X X X

Columbia-Suicide Severity Rating Scale (C-SSRS) X X X

Data collection occurs at 4 time points as shown above. Enrollment and Baseline research sessions occur prior to the commencement of TMS treatment session 1.
The 1Week research session occurs after completion of the first TMS treatment sessions within the first week, targeting the first 5 TMS sessions. The Post-
treatment research session occurs after completion of TMS treatment, targeting 30 TMS sessions
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measures to control for potential confounding variables,
such as motor speed, memory, and perception.

1. Verbal Memory (VBM): A measure of recognition
memory for words. Fifteen words are presented,
one by one, on the screen every two seconds. For
immediate recognition, the veteran must identify
those words nested among fifteen new words. Then,
after six more tests, there is a delayed recognition
trial.

2. Visual Memory (VIM): Measures recognition
memory for figures or shapes. Fifteen geometric
figures are presented, one by one, on the screen.
For immediate recognition, the veteran must
identify those figures nested among fifteen.

3. Finger Tapping (FTT): This test requires subjects
to press the spacebar with their right index finger
as many times as they can in ten seconds. They do
this once for practice, and then there are three test
trials. The test is repeated with the left hand.

4. Perception of Emotions (POET): Measures how
well a subject can perceive and identify specific
emotions.

Exploratory neurocognitive measures A brief neuro-
psychological evaluation will be administered for the
purpose of future clinical translation. We will attempt to
administer these assessments in-person using an

internally certified neuropsychology trainee or research
coordinator. However, under public health circum-
stances in which assessments may have to be conducted
remotely, we will use teleneuropsychological administra-
tion. Teleneuropsychological administration is consid-
ered an appropriate alternative for several cognitive
measures that will be used within this study [28, 60–62]
and will be guided by best practices [27, 29, 30, 63, 64].
Certification requires attending a training seminar devel-
oped by a licensed clinical neuropsychologist, being
cleared by the neuropsychologist or the appropriate
proxy who is supervised by the neuropsychologist to ad-
minister each measure, and attending quarterly supple-
mental refresher courses. The cognitive measures were
selected in order to capture general cognitive function-
ing within the specific domains of memory, attention,
language, executive functioning, motor functioning, and
visuoperceptual abilities. The neuropsychological battery
will be altered to use alternate forms when available de-
pending on the assessment session. Specifically, veterans
will be given alternative test stimuli at the Post-
treatment research session in order to help alleviate con-
cerns regarding practice effects and test-retest reliability.
Published reliable change indices will be utilized to de-
tect clinically meaningful change for tests where alter-
nate test forms are unavailable. Table 5 provides a
summary of additional exploratory measures adminis-
tered in this study.

Table 5 Data Collection Summary for Complementary Outcome Measures

Enrollment Baseline 1 Week Post-treatment

Supplemental Cognitive-Behavioral Measures (Aim 2)

CNS Vital Signs (VBM, VIM, FTT and POET Subtests) X X X

Exploratory Cognitive-Behavioral Measures (Aim 2)

Executive Functioning

Trail Making Test A and B a X X

Wechsler Adult Intelligence Scale-4th edition (WAIS-IV): Coding Subtest a X X

Wechsler Adult Intelligence Scale-4th edition (WAIS-IV): Digit Span Subtest X X

Delis-Kaplan Executive Function System (D-KEFS): Color-Word Interference Subtest a X X

Delis-Kaplan Executive Function System (D-KEFS): Verbal Fluency Subtest- Standard Form X

Delis-Kaplan Executive Function System (D-KEFS): Verbal Fluency Subtest- Alternate Form X

Verbal and Nonverbal Memory Functioning

California Verbal Learning Test-Third Edition (CVLT-III)- Standard Form X

California Verbal Learning Test-Third Edition (CVLT-III)- Alternate Form X

Brief Visuospatial Memory Test-Revised (BVMT-R): Form 1 a X

BVMT-R: Alternate Form 2 a X

Motor Functioning

Grooved Pegboard a X X

This table describes the schedule of each complementary test. Data collection occurs at 4 time points as shown above. Enrollment and Baseline research sessions
occur prior to the commencement of TMS treatment session 1. The 1 Week research session occurs after completion of the first TMS treatment sessions within the
first week, targeting the first 5 TMS sessions. The Post-treatment research session occurs after completion of TMS treatment, targeting 30 TMS sessions. aThese
assessments may be altered or not administered if teleneuropsychological administration is conducted
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Administrators will use test-specific normative data to
convert veterans’ raw scores into standardized scores.
Each site will also attempt to use the same testing ad-
ministrator at both Baseline and Post-treatment research
sessions in order to avoid individual differences in test
administration and scoring. Sites will be encouraged to
have a second person score each measure to ensure
accuracy.

1. Executive Function
a. Trail Making Test A and B: A measure of

processing speed, sequencing, mental flexibility
and visual–motor skills [65]. Standardizing raw
scores will be accomplished using the Revised
Comprehensive Norms for an Expanded
Halstead-Reitan Battery: Demographically Ad-
justed Neuropsychological Norms for African
American and Caucasian Adults [66]. We will
use the reliable change indices from Dikmen
et al. [67]. If teleneuropsychological administra-
tion is conducted, Oral Trails [68] may be used
as a modification to the Trail Making Test A
and B.

b. Wechsler Adult Intelligence Scale-4th edi-
tion (WAIS-IV) – Selected Subtests: A
measure of processing speed (i.e., Coding) and
simple and complex auditory attention (i.e.,
Digit Span) [37] will be administered.
Standardized scores and reliable change indices
will be obtained using the normative data from
the WAIS-IV Examiner’s and Technical Man-
uals. If teleneuropsychological administration is
conducted, Coding may not be administered.

c. Delis-Kaplan Executive Function System (D-
KEFS) – Selected Subtests: A measure of
visual processing speed and cognitive control
will be administered (i.e., Color-Word Interfer-
ence). A measure of lexical fluency, semantic
fluency, and executive control will also be ad-
ministered (i.e., Verbal Fluency Subtest (VF),
Standard and Alternate Form) [69]. The VF-
Standard Form will be administered at Baseline,
while the VF-Alternate Form will be given at
the Post-treatment Visit. Standardized scores
and reliable change indices will be derived from
the D-KEFS Examiner’s and Technical Manuals.
If teleneuropsychological administration is con-
ducted, slight modifications will be used for the
Color-Word Interference subtest.

2. Verbal and Nonverbal Memory Function
a. California Verbal Learning Test-Third Edi-

tion (CVLT-III)- Standard and Alternate Form:
The CVLT-III is a 16-item list assessment that
measures verbal learning, memory, and

recognition [70]. The Standard Form will be ad-
ministered during the Baseline Visit, while the
Alternate Form will be administered during the
Post-treatment Visit. Normative data from the
CVLT-III Examiner’s Manual will be used for
standardizing raw scores.

b. Brief Visuospatial Memory Test-Revised
(BVMT-R), Form 1 and Form 2: The BVMT-
R is an assessment used to measure visuospatial
learning and memory [71]. Form 1 will be ad-
ministered at Baseline and Form 2 will be given
at the Post-treatment Visit. Standardized scores
will be derived from the BVMT-R Examiner’s
Manual. If teleneuropsychological administra-
tion is conducted, slight modifications will be
made for this measure.

3. Motor Function
a. Grooved Pegboard: The Grooved Pegboard is a

measure of eye-hand coordination and motor
speed and often used to localize deficits [65].
Standardized scores will be derived from the Re-
vised Comprehensive Norms for an Expanded
Halstead-Reitan Battery: Demographically Ad-
justed Neuropsychological Norms for African
American and Caucasian Adults [66] and reli-
able change indices will also be used [67]. If tel-
eneuropsychological administration is
conducted, Grooved Pegboard may not be
administered.

Regular care TMS protocol within the partner
clinical TMS program of the VA
Veterans will receive TMS treatment as part of their
regular clinical care within the VA. Because we will
utilize the umbrella VA Clinical TMS Program, we can
ensure that the parameters received by veterans are uni-
form. Treatment will be delivered using the Magstim
Rapid 2 or Magstim Horizon Performance devices (The
Magstim Company Ltd., Whitland, United Kingdom).
At the time of study design, current clinical practice

standards for MDD indicate one session of TMS per day
five times per week for 6 weeks. This protocol assumes a
magnetic field intensity of 120% of motor threshold at a
frequency of 10 Hz at the left DLPFC stimulation site.
Treatment sessions take approximately 37.5 min result-
ing in 3000 pulses per treatment session delivered based
on the following treatment parameters: train duration of
4 s, inter-train interval of 26 s, and 75 trains. Stimulation
targets are reached through anatomical landmarks using
the Beam-F3 method [72].
Depending on veteran treatment response and phys-

ician discretion, the standard TMS treatment protocol
may be subject to change throughout the treatment
course.
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Statistical analysis
Power calculation
The sample size was calculated based on a conservative
scenario in which we estimate a main effect for TMS on
targets of interest of small effect size (Cohen’s d of ap-
proximately 0.25), and use a within-subjects linear model
with session as a repeated measure, at least one moder-
ator of interest (extent of baseline connectivity dysfunc-
tion) and three covariates. It is possible that effect sizes
are larger. Dependent measures are connectivity, behav-
ior, and self-report measures (3 measurement domains),
and change in these measures, assessed in separate
models. With an alpha level of 0.05 (two-tailed), power
of 0.875 and an anticipated correlation of 0.5 for re-
peated sessions we require at least 98 veterans. To target
100 veterans and allow for the potential for dropout over
the 3 sessions we aim to recruit 125 veterans. If a greater
effect size is obtained, this would lead to greater power.

Data analysis plan
We will pursue a stepwise analysis plan that starts with a
focus on our a priori regions of interest and builds to a
model based on machine-learning of these regions, and
then an exploratory phase, as follows:
For Aim 1, we will quantify functional connectivity in

the resting and task conditions by computing correlation
coefficients between the a priori regions of interest and
converting these coefficients to Fisher Z scores. In task-
evoked conditions we will also use gPPI to quantify con-
nectivity incorporating the task contrast. Multivariate
linear mixed models will be used to test the hypothesis
that extent of connectivity is a response biomarker de-
termining extent of post-treatment change in both con-
nectivity and in clinical measures after 1Week of
treatment and Post-treatment (within-subjects). We will
include both binary between-subjects and continuous
moderators to assess whether veterans with intact pre-
treatment connectivity show connectivity change after
early sessions whereas veterans with impaired pre-
treatment connectivity show change after completion of
sessions. Correlational analyses will be used to test
whether the extent of early change is proportional to the
extent of baseline connectivity impairment.
For Aim 2, we will use the connectivity values estab-

lished under Aim 1. Linear mixed models, with behav-
ioral measures included as dependent variables, will be
employed to test the hypotheses that extent of connect-
ivity relates to extent of behavioral performance and that
change in connectivity predicts change in behavioral
performance (within subjects). We will include binary
and continuous moderators to test if these relationships
differ as a function of degree of baseline connectivity
dysfunction after 1Week and after Post-treatment
sessions.

For Aim 3, we will again use the connectivity values
established under Aim 1. Linear mixed models, with
symptom, function, and suicidality measures included as
dependent variables, will be employed to test the hy-
potheses that extent of baseline connectivity predicts se-
verity of symptoms, functional disability and suicidality
and that change in connectivity predicts changes in
symptoms, function, and suicidality (within subjects).
We will include binary and continuous moderators to
test if these relationships differ as a function of degree of
baseline connectivity dysfunction for after the 1Week
and Post-treatment sessions.

Interactions, covariates and cross-validation
Under each of these aims, we will evaluate if the inter-
action of the DLPFC-anchored cognitive control net-
work with resting attention and default mode networks,
and the sgACC, further moderates these relationships.
In each analysis, we will model sex, medication, medica-
tion change, comorbidity, substance use, and premorbid
function as covariates. We will employ cross-validation
techniques, as used in our prior pharmacotherapy and
imaging trials [14, 73, 74], to assess the rigor of our
inferences.

Exploratory analyses
We will pursue the following additional exploratory op-
tions: 1) covariation due to stimulation site quantified by
our gel capsule method, 2) canonical correlations to
quantify dimensional relations between connectivity, be-
havior and symptom, function and suicidality measures,
3) predictive regression models to further interrogate
our hypotheses that circuit-behavior measures are re-
sponse biomarkers of TMS response and predictive
markers of functional/suicidality outcomes, 4) machine-
learning methods to discover how our data form natur-
ally organized clusters of TMS response trajectories. We
will use principal components analysis for data reduc-
tion, clustering algorithms (e.g., hidden Markov models)
to identify cohesive subgroups defined by circuit dys-
functions, and GLMs to assess if clusters are differenti-
ated by behavior-symptom-functional-suicidality profiles
and TMS-related clinical outcomes and, 5) a whole brain
voxel-wise approach to quantify circuits and regions
within circuits that might be missed by using a priori
circuits and regions of interest.

Data management
Behavioral and cognitive data management
Data, once acquired, will be coded and given a generic
indicator (e.g. 001). Individuals who are listed on the
protocol will have access to all coded study data. Coded
data will be shared with participating sites for data ana-
lysis. All research staff will undergo training from the
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lead investigator at each site, including the means
through which confidentiality is maintained, the proper
procedures as dictated by study protocol, and a review
of any operating procedures that are important for data
collection and veteran safety and security. Standard op-
erating procedures will be shared with participating sites
and an overall training log will be kept up to date to en-
sure collaborating sites are collecting data and running
veteran visits in a standardized way. All information re-
garding prescription of the treatment parameters are
monitored throughout the course of treatment and cap-
tured in the VA National Clinical TMS Program Quality
Improvement Project. VA HIPAA authorization ap-
proved by IRB and embedded in the consent form allows
for access to this clinical data.
Shared, coded data will be transferred through a se-

cure file transfer software. The sharing of any PHI, if ne-
cessary, over the course of the study, will follow the
coordinating sites guidance for best practice. The shar-
ing of VA PHI will happen as permitted by VA HIPAA
authorization embedded in VA consent.

MRI data management
MRI acquisitions will be transferred from each facility to
the central facility at Stanford through secure transport.
All MRI data will be anonymized including removing
sensitive subject information and defacing structural im-
ages. The data storage system can only be accessed se-
curely by certain investigators using two factor
authentication. The storage system is scalable to large
datasets and snapshots are recorded over time to prevent
any possibility of data loss.

Data monitoring and safety reporting
A Data Safety and Monitoring Plan will be in place, con-
sistent with standard protocols at the participating sites.
Veteran recruitment, protocol compliance, and adverse
events (AEs) will be tracked for each site on a semi-
annual basis to monitor veteran safety, study progress,
and efficacy; and to make recommendations for study
continuation. All AEs will be recorded on standard
forms and will indicate the severity, date of onset, and
likelihood that the AE is related to a study procedure.
The PI will ensure that all measures necessary to resolve
the SAE are taken and that the Institutional Review
Board is notified as soon as is practical in accordance
with local institutional policy.

Discussion
Despite the wide scale adoption of repetitive transcranial
magnetic stimulation, we still lack mechanistically-
driven biomarkers designed to identify who is most
likely to respond, and why. The identification of more
precise solutions for MDD patients is imperative given

that pharmacoresistant depression can be life threaten-
ing. Our study addresses this need through a systematic
evaluation of brain circuit biomarkers in patients taking
part in the VA Clinical TMS Program. We use a pro-
spective design to evaluate cognitive control network
connectivity as a predictive biomarker of the clinical ef-
fect of repetitive transcranial magnetic stimulation, and
as a response biomarker of change with TMS.

Strengths
Innovations in our study design include 1) adequate
power to interrogate imaging markers, 2) standardization
to minimize variability, 3) implementation of a longitu-
dinal design to quantify TMS-related changes in imaging
markers, 4) integration of task-evoked and resting state
imaging markers, and 5) establishing the foundations for
expanding lessons learned to additional diagnoses and
parameters.

Adequate Power
Our study will be the first pragmatic, large scale mech-
anistic trial to use functional connectivity neuroimaging
and behavioral biomarkers of cognitive control as targets
for response and prediction of outcomes in pharmacore-
sistant patients. Reflective of the emergence of TMS re-
search, previous neuroimaging studies of TMS have
employed small samples (mean n= ~ 24) [10]. Our target
of 100 patients will ensure statistical power to test our
hypotheses.

Standardization to minimize variability
Our study will rigorously standardize TMS and neuro-
imaging protocols and the analytic pipeline (including
stringent motion correction). Drawing conclusions about
the utility of neuroimaging biomarkers has been difficult
from current knowledge given the juxtaposition of small
sample sizes and variability in neuroimaging/connectiv-
ity analysis, methods, and TMS delivery. By implement-
ing a standardized approach in a well-powered sample,
we will be in a unique position to parse variance due to
biomarkers of interest versus variance due to other
factors.

Implementation of longitudinal design
We will be obtaining fMRI scans at three time points
during the course of TMS (baseline, after 1Week and
Post-treatment), while other TMS neuroimaging studies
have obtained images at only one (Baseline) or two time
points (Baseline and Post-treatment). Our approach will
allow us, for the first time, to investigate whether change
in functional connectivity of particular neural circuits in
response to TMS may serve as an early biomarker (i.e.,
after only a few TMS sessions) of the subsequent effect
of TMS. This information could enable clinicians to
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discontinue an intensive therapy for certain patients
early in the TMS course, allowing the right treatment to
be identified more quickly, aborting unnecessary side ef-
fects, and lowering the risk of patients disengaging from
care due to frustration.

Task-evoked and resting state imaging markers
The majority of TMS neuroimaging studies have relied
heavily on resting state imaging [10]. Our cognitive con-
trol measures will allow us to probe our biomarkers of
the DLPFC-anchored cognitive control network, elicited
during GoNoGo and working memory tasks, and its
connectivity with resting circuits involved in regulation.
Additionally, if our broad hypothesis is correct that con-
nectivity and behavioral performance changes are corre-
lated, then behavioral measures may be used as proxies
for neuroimaging data in clinical practice. Such a finding
would offer a scalable TMS response biomarker that
complements our mechanistic understanding based on
neuroimaging measures of circuit connectivity.

Expanding lessons to additional diagnoses and parameters
Given dysfunction in cognitive control and associated
circuits are transdiagnostic [75], our findings will be a
foundation for expanding to other psychiatric disorders
in future trials. Our proposed sample will be sufficiently
representative of the comorbidities in pharmacoresistant
MDD patients to facilitate a future such transdiagnostic
approach.

Limitations
Our study design also presents certain limitations in-
cluding 1) the lack of a control group inherent in the ob-
servational design, 2) the definition of biomarkers, 3) the
co-administration of neuromodulation and psychotropic
medications, 4) presence of cognitive control dysfunc-
tion in our study population, 5) use of the Beam-F3
method for stimulation targeting vs. neuronavigation
methods, 6) choice of stimulation site and parameters,
and 7) the overrepresentation of older, male veterans in
our population.

Lack of control group
Our study is observational and therefore lacks a control
group. Veterans receive the standard TMS protocol for
MDD as part of their clinical care through the VA’s
Clinical TMS Program.

Definition of biomarkers
We follow the BEST (Biomarkers, EndpointS, and other
Tools) resource of the FDA-NIH Biomarker Working
Group for defining biomarkers [76]. Although we do not
have a means to randomize to a treatment control in the
current pragmatic design, our stratification in the

analysis of veterans based on extent of cognitive control
meets the broad definition that a predictive biomarker
identifies individuals who are more likely than similar in-
dividuals without the biomarker to experience a favor-
able or unfavorable effect from TMS.

Co-Administration of Neuromodulation and Psychotropic
Medication
The combination of neuromodulation and medications
used for pharmacoresistant major depression adds a de-
gree of complexity to the current trial. We considered
recruitment of medication-free veterans, but requiring
veterans to be medication-free would not be feasible or
ethical. Combined TMS and medications have been
shown to be safe and efficacious in veteran patients [77].
Thus, following prior TMS trials, clinical interventions
will be stable for at least 6 weeks prior to TMS and dur-
ing the study. Based on our prior experience, we antici-
pate medication changes during TMS will be limited.
Should medication changes occur during the TMS treat-
ment course, they will be recorded and post-hoc explo-
rations will be performed to evaluate the effect on
outcomes.

Presence of cognitive control dysfunction in our study
population
Patients with pharmacoresistant depression may be the
very individuals who demonstrate impaired cognitive
control function. Consistent with a dimensional ap-
proach, we will undertake analyses based on the con-
tinuous degree of cognitive control dysfunction as well
as seek to binarize the sample in subsequent analyses.

Use of the Beam-F3 method for stimulation targeting
We considered several approaches to target the DLPFC
and elected to use individual scalp landmarks to deter-
mine the site of stimulation (i.e., Beam-F3 Method [72]).
This approach is recommended by the National Network
of Depression Centers [78] when frameless stereotaxy is
unavailable or impractical. It offers significant advan-
tages over the standard “5-cm rule” that often misses the
DLPFC [79]. We recognize that this method has limita-
tions in and of itself, particularly if our goal was discov-
ery of novel approaches to precision targeting. However,
recent work indicates the Beam-F3 method provides a
reasonable approximation compared to neuronavigation
[80]; thus, we consider it suitable for our purposes.

Choice of stimulation site and parameters
The pragmatic design of the proposed trial, the need for
standardization, and the opportunity to leverage the
large-scale Clinical Program necessitate a focus on re-
producible parameters, namely 10 Hz DLPFC TMS,
which has been the standard clinical protocol for MDD
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for nearly 10 years. Nonetheless, we recognize that the
field is developing quickly. Thus, we anticipate planning
thoroughly for future protocol expansions that would in-
clude consideration of alternative stimulation parame-
ters, such as lower frequency, theta burst, or accelerated
TMS. Our data on systematically evaluated patients will
provide an important foundation from which to explore
and compare new parameters.

Overrepresentation of older, male veterans
Reflecting the veteran population, we anticipate a pre-
ponderance of older male participants; however, our re-
cruitment strategy will be targeted to ensure maximum
possible recruitment of female veterans. However, be-
cause we are leveraging the VA TMS Clinical Program,
our distribution will be reflective of the demographic
mix within veterans referred to the participating clinics.
Recent US Census data estimates the number of women
veterans in the US to be approximately 9.2% of the total
veteran population [81]. We anticipate a similar propor-
tion of women recruited for this study. Although veteran
participants in TMS trials may on average be older than
non-veteran participants, older age has not been found
to be a predictor of poorer response to TMS in veteran
patients [82]. We will also explore secondary hypotheses
that TMS-modulated brain-behavior targets are moder-
ated by sex differences within the anticipated male/fe-
male distribution in the veteran population.
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Angle; FDA: Food and Drug Administration; FIRMM: Framewise Integrated
Real-time MRI Monitoring; fMRI: Functional Magnetic Resonance Imaging;
FTT: Finger Tapping Test; GLM: Generalized Linear Model; HIPAA: Health
Insurance Portability and Accountability Act; IRB: Institutional Review Board;
LEC-5: Life Events Checklist for DSM-5; MDD: Major Depressive Disorder;
MINI: The MINI-International Neuropsychiatric Interview; MRI: Magnetic
Resonance Imaging; MT: Motor Threshold; NIH: National Institutes of Health;
NIMH: National Institutes of Mental Health; PA: Posterior to Anterior; PCL-
5: Post Traumatic Stress Disorder Checklist for DSM-5; PI: Principal
Investigator; PHI: Protected Health Information; POET: Perception of Emotions
Test; PROMO: Prospective Motion Correction; PTSD: Post Traumatic Stress
Disorder; REDCap: Research Electronic Data Capture; RMS: Root Mean Square;
QC: Quality Control; QIDS: Quick Inventory of Depressive Symptoms; QIDS-
SR: Quick Inventory of Depressive Symptoms- Self-Report Version; rTMS/
TMS: Repetitive Transcranial Magnetic Stimulation; SAE: Serious Adverse
Event; SAT: Shifting Attention Test; SDC: Symbol Digit Coding;
sgACC: Subgenual Anterior Cingulate Cortex; SCQ: Self-Administered
Comorbidity Questionnaire; TE: Echo Time; TMS: Transcranial Magnetic
Stimulation; TOPF: Test of Premorbid Functioning; TR: Repetition Time;
UHP: Ultra High Performance; US: United States; VBM: Verbal Memory;
VA: Veteran Administration; VF: Verbal Fluency; VIM: Visual Memory; VR-

36: Veterans’ RAND 36-Item Health Survey; WAIS-IV: Wechsler Adult
Intelligence Scale-4th edition
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