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Objective: Major depression is the most common psychi-
atric sequela of traumatic brain injury (TBI), but effective
treatment continues to be a challenge, with few studies
providing guidance.

Methods: In a pilot study, the authors evaluated the ef-
fect size of low-frequency right-sided (LFR) repetitive
transcranial magnetic stimulation (rTMS), compared with
sham treatment, over the right dorsolateral prefrontal
cortex (DLPFC) in patients (N=30) with TBI depression
and co-occurring neuropsychiatric symptoms, including
suicidal thoughts, anxiety, posttraumatic stress disorder,
sleep disturbance, behavioral problems, and cognitive
dysfunction. Exploratory analyses of diffusion tensor
imaging pre- and postintervention were performed to
determine the effect size of LFR rTMS on white matter
integrity.

Results: Small (Hedge’s g=0.19) and highly variable effects of
LRF rTMS over right DLPFC in TBI depression were observed.
Similarly, the effect of LFR rTMS for treatment of comorbid
neuropsychiatric symptoms varied from small to moderate.

Conclusions: These findings suggest that the observed ef-
fects of LFR rTMS over the right DLPFC in TBI depression and
co-occurring neuropsychiatric symptoms are small, at best,
and, preliminarily, that low-frequency right DLPFC stimula-
tion has limited potential in this patient population. However,
studies employing different rTMS parameters (e.g., type, lo-
cation, frequency, duration) or other participant character-
istics (e.g., TBI severity, chronicity, comorbidity, concurrent
treatment) may potentially yield different responses

J Neuropsychiatry Clin Neurosci 2019; 31:306–318;

doi: 10.1176/appi.neuropsych.17110338

Traumatic brain injury (TBI) is a major public health
problem, with an annual incidence rate of 2.5 million in the
United States (1). Major depression is a common sequela in
patients with TBI, with rates of approximately 50% (2–4),
compared with the general population in which the life-
time prevalence of major depressive disorder is about 19%
(5). Accordingly, depression following TBI (i.e., “TBI de-
pression”) is a significant health concern that warrants
clinical attention.

TBI depression is characterized by persistent sadness,
anhedonia, feelings of worthlessness, hopelessness, loss of
interest in work and family activities, poor motivation, de-
creased social contact, and suicidal thoughts. These symp-
toms start after TBI, occur at least several days per week,
last for 2 weeks or more, and significantly interfere with day-
to-day functioning (6). There is some evidence to suggest
that the rate of suicidality is rather substantial with TBI

depression. In a study that compared patients with TBI of all
severities (N=105) with matched healthy control subjects
(N=74), suicidal ideation was present in 33% of the TBI
cohort compared with 1.4% of the healthy control cohort (7).
In addition, there appears to be a negative effect from the
depression on the recovery process, with TBI symptoms
being more persistent when accompanied by depression (8).

Multiple factors may play a role in the development of
TBI depression, including preinjury factors (such as pre-TBI
psychiatric history, poor psychosocial functioning, and al-
cohol misuse), injury factors (such as injury severity and
injury to the left dorsolateral frontal lobe), and postinjury
factors (such as persistence of physical symptoms following
TBI, psychosocial dysfunction, and poor social support) (9).
Jorge et al. (10, 11)reported that development of depres-
sion in the early recovery period following TBI may be
more strongly related to injury factors, while late-onset
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depression may be more related to psychosocial factors. In
a recent study, Singh et al. (12) reported that TBI de-
pression can be associated with demographic and clinical
variables, such as nonwhite ethnicity, female gender, al-
cohol intoxication at injury, positive findings on comput-
erized tomography scans, and inability to return to full-
time work. TBI depression is most common in the first
year after TBI, although it can occur anytime thereaf-
ter (13).

Factors associated with prolonged persistence of neuro-
psychiatric disorders following TBI include pre-TBI psy-
chiatric history, previous TBIs, gender, age, personality style,
poor social support, inadequate treatment, and ongoing lit-
igation or compensation issues (14, 15). In a study on the
persistence of psychiatric symptoms after TBI, Silver (16)
observed that delayed-onset neuropsychiatric symptoms are
more likely to have a nonneurological component, but may
not be unrelated to the original injury. It is not always pos-
sible to directly associate the TBI event with neuropsychi-
atric symptoms because the acute event may not be followed
by a chronic injury detectable by objective methods. He
hypothesizes that the initial TBI event may cause ‘cognitive
dysfunctional feedback loops’ that are associated with the
persistence of symptoms; it may be that TBI can initially
trigger a cascade of symptoms that eventually takes on a life
of its own.

Despite its high prevalence and the socioeconomic bur-
den of TBI depression, there are only a few controlled
treatment trials of the disorder (17–19), with only one (17) of
these studies favoring antidepressants compared with pla-
cebo. However, in a recent systematic review and meta-
analysis conducted by Salter et al. (20) to determine the
effectiveness of pharmacotherapy for the treatment of TBI
depression, antidepressant pharmacotherapy was associated
with a large, favorable treatment effect (Hedges g=1.169,
95% CI, 0.849–1.489, p,0.001) based on data available for
pooled analysis of within-groups treatment effect from eight
studies. Similarly, in focusing the analysis on only placebo-
controlled trials, treatment with antidepressants was asso-
ciated with statistically significant reduction in depressive
symptoms (standardized mean difference=0.84, 95% confi-
dence interval, 0.314–1.366, p=0.002). Thus, the data have
been inconsistent in showing statistically significant differ-
ences between active treatment and placebo, perhaps due to
small sample size and lack of adequate power to capture
differences.

The present pilot study was designed to determine the
effect size of repetitive transcranial magnetic stimulation
(rTMS) for the treatment of TBI depression. There are some
advantages to rTMS over medications. Specifically, rTMS
may lend itself to the diffuse neuropathology of TBI more
than pharmacotherapy, since unlike pharmacotherapy,
rTMS is known to induce widespread neuromodulation and
strengthen synaptic connections in the fronto-subcortical-
limbic circuitry (21–23). Additionally, rTMS does not affect
multiple parts of the body, unlike pharmacotherapy, and thus

is focal in a sense as well. Another form of neuromodulation,
ECT, has also been studied for TBI depression. A retro-
spective, uncontrolled study of ECT showed improvement in
TBI depression in nine out of 11 study subjects with no de-
cline in cognitive function (24). However, unlike ECT, rTMS
does not require general anesthesia and does not normally
induce seizures. Therefore, it may potentially have a better
side-effect profile.

There are limited published studies in the literature on
the use of rTMS for treating TBI depression. Three studies
have been identified: a case report by Fitzgerald et al. (25), a
case report by Nielson et al. (26), and a randomized trial by
He et al. (27) comparing rTMS and a tricyclic antidepressant
with a tricyclic antidepressant alone. All three studies re-
ported positive effects of rTMS on depressive symptoms. In
studies of rTMS for the treatment of medication-resistant
idiopathic major depression, there is burgeoning support
demonstrating it to be superior compared with sham treat-
ment, as both monotherapy and adjunctive to antidepressant
treatment (28–31).

Abnormally increased activity and connectivity be-
tween regions of the medial prefrontal cortex (PFC), such
as Brodmann’s area 25, have been postulated in the eti-
ology of major depression (32, 33). High-frequency left-
sided (HFL) rTMS over the dorsolateral prefrontal cortex
(DLPFC) has been shown to increase cortical excitability
locally and decrease hyperconnectivity within the medial
PFC with improvement in depressive symptoms (34).
Even though the mechanism of improvement in de-
pressive symptoms with low-frequency right-sided (LFR)
rTMS over the DLPFC is not clearly known, electro-
physiological and functional neuroimaging studies have
shown reduced cortical excitability with LFR rTMS (35,
36), and clinical studies have shown that LFR rTMS can be
effective for depressive symptoms (37, 38). Clinical stud-
ies have also demonstrated antiepileptic effect with LFR
rTMS (39), in contrast to risk of seizures with HFL rTMS.
Other advantages of LFR over HFL rTMS include greater
tolerability, less localized discomfort at the stimulation
site, reduced stimulation of the facial nerve, and fewer
headaches (40, 41).

Given this background, it is clear that there is a need to
expand the range of available treatments for TBI depression
and determine other treatment strategies that are compa-
rable or superior to currently available antidepressants.
There is preliminary evidence, albeit rather limited, that
rTMS may be a viable option.

We conducted the present study to acquire data that will
inform 1) the safety and tolerability of LFR rTMS in patients
with TBI compared with sham treatment and 2) the effect
size of LFR rTMS over the DLPFC on TBI depression and
common comorbid psychiatric symptoms. This treatment
strategy has the potential to directly target the brain regions
involved in mood regulation and therefore may provide
equal or better efficacy compared with antidepressants
while causing minimal side effects.
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METHODS

Study procedures were approved by the institutional review
boards at Johns Hopkins Medicine and the Department of
Defense. Written, informed consent was obtained from all
study subjects, and the study was HIPAA compliant. Par-
ticipants were recruited from several sources, including the
Brain Injury Clinic at the Johns Hopkins Bayview Medical
Center, referral from other Johns Hopkins outpatient clin-
ics, and advertisements placed in local newspapers and via
social media. Adults aged$18 years who met Department of
Defense criteria for traumatic brain injury and Structured
Clinical Interview for DSM-IV (SCID-IV) criteria for major
depressive disorder and had a score .10 on the 17-item
Hamilton Depression Rating Scale (HAM-D)were eligible to
participate. Exclusion criteria included current antidepres-
sant use (to qualify for the study, individuals had to be off
antidepressants or be willing to taper off by working with
their treating physician); medical instability; active sub-
stance abuse $1 month prior to study entry; psychosis;
personality disorder of sufficient severity that it could in-
terfere with study participation; frontal lesion(s) on
screeningMRI brain scan due to any cause; bipolar disorder;
progressive dementia; Mini-Mental State Examination
(MMSE) score #24; positive and unmitigated response to
any question on the Transcranial Magnetic Stimulation
Safety Screen questionnaire; ECT within 6 months prior to
the screening visit; history of treatment with rTMS therapy
for any disorder; history of treatment with vagus nerve
stimulation; history of treatment with deep brain stimula-
tion; cardiac pacemakers, implanted medication pumps, or
intracardiac lines; intracranial implant or any other metal
object within or near the head; implanted neurostimulators;
known or suspected pregnancy; and history of seizures,
posttraumatic epilepsy, or any other neurological disorder
that could increase the risk of seizure.

The inhibition versus excitability component of LFR
rTMS was particularly important because of the increased
risk of seizure with excitation of cortical regions. We chose
the inhibition over the excitability component of rTMS to
minimize the risk of seizures. Although the risk of seizure
from rTMS is very low, and the risk of first seizure in the late
postinjury period following mild or moderate TBI is also
relatively low (42), we took a conservative approach to
treatment selection in order to reduce the risk of rTMS-
related seizures. We also excluded persons with post-
traumatic epilepsy, frontal lesions, and other neurological
disorders that could increase the risk of rTMS-related
seizures.

In order to enhance the accuracy of effect size de-
termination for LFR rTMS over the DLPFC for the treat-
ment of TBI depression and common comorbid psychiatric
symptoms, concurrent treatment with antidepressant med-
ications was not permitted. Individuals receiving such
treatments were excluded from study participation. In ad-
dition, individuals on the investigative team, personnel

affiliated with the study, and their immediate family mem-
bers were excluded from study participation.

After obtaining informed consent, all potential study
subjects underwent baseline assessment for eligibility to
participate in the study. All eligible individuals underwent
a comprehensive neuropsychiatric evaluation, including
collection of demographic information, TBI history, and
SCID-IV criteria met to establish the diagnosis of major
depressive disorder and other axis I psychiatric disorders.
Following baseline assessment, participants were randomly
assigned 1:1 to either rTMS intervention or sham treatment,
stratified by time since injury (,5 years versus $5 years)
using custom software developed by the study statistician
(JL). All study subjects had five follow-up assessments. The
first took place within a week of receiving the 20th rTMS or
sham treatment. Subsequent follow-up evaluations took
place 4, 8, 12, and 16 weeks after the 20th intervention.

Assessments
The 17-item HAM-D was used to assess the severity of de-
pression, which was the predetermined primary outcome
measure of the study. There were several secondary out-
come measures, including the Clinical Global Impression-
Severity (CGI-S) scale, used to assess severity of illness, the
Clinical Global Impression-Improvement (CGI-I) scale,
used to assess global improvement, and the Beck Scale for
Suicide Ideation (BSSI), used to assess attitudes toward
suicide.

Comorbid neuropsychiatric symptoms were also assessed
with other well-validated scales. These measures included
the 7-item Generalized Anxiety Disorder (GAD) scale, used
to assess the severity of anxiety; the Davidson Trauma Scale
(DTS), used to assess the severity of posttraumatic stress
symptoms; the Pittsburgh Sleep Quality Index (PSQI), used
to assess the presence and severity of subjective sleep
problems; the Epworth Sleepiness Scale (ESS), used to
measure daytime sleepiness; the Neurobehavioral Rating
Scale (NBRS), used to assess various neuropsychiatric
symptoms; the Rivermead Post-Concussion Symptoms
Questionnaire (RPQ), used to assess postconcussive symp-
toms; and the Fatigue Severity Scale (FSS), used to assess
fatigue severity. Other instruments included the General
Medical Health Rating Scale, used to assess overall medical
comorbidity; the Social Ties Checklist (STC), used to assess
the presence or absence of social connections; and the Sat-
isfaction With Life Scale (SWLS), used to determine overall
satisfaction with life.

In addition to standardized rating scales, study subjects
also underwent a battery of neuropsychological tests. Neu-
ropsychological tests administered included the Montreal
Cognitive Assessment (MoCA), Trail-Making Test, Part A,
Trail-Making Test, Part B, Controlled Oral Word Associa-
tion Test, Wisconsin Card Sorting Test (WCST), Stroop
Test, Brief Test of Attention, Hopkins Verbal Learning Test,
and Brief Visual Memory Test (BVMT).
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Participants were offered two overnight polysomno-
grams. One polysomnogram was conducted at baseline be-
fore the initiation of intervention (rTMS or sham), and the
secondwas conducted duringweek 16 (after rTMS and sham
stimulation concluded).

A subset of participants who were interested and willing
also underwent standard MRI brain scans (T1-weighted, T2-
weighted, fluid attenuated inversion recovery, and gradient
echo susceptibility weighted sequences) with diffusion ten-
sor imaging (DTI) sequences. MRI DTI scans were admin-
istered preintervention and postintervention (at the end of
16 weeks). DTI data were acquired with a single-shot echo-
planar imaging sequence with sensitivity encoding, using a
parallel-imaging factor of 2.5. The imaging matrix was
96396, with a field of view of 2123212 mm (nominal reso-
lution, 2.2 mm), zero-filled to 2563256 pixels. Transverse
sections of 2.2-mm thickness were acquired parallel to the
anterior commissure-posterior commissure line. A total of
60–65 sections covered the entire hemisphere and brain-
stem without gaps. Diffusion-weighted images at b=700
seconds/mm2 along 32 directions were acquired in addition
to five additional images with minimal diffusion weighting
(b=33 mm2/seconds). The scanning time per data set was
approximately 4 minutes. To enhance the signal-to-noise
ratio, this procedure was repeated twice. From this, frac-
tional anisotropy (FA) and trace values were calculated.

We performed hypothesis-based regional analysis of the
DTI-derived parameters using manual regions of interest
(ROI). ROIs included anterior limb of the internal capsule,
superior longitudinal fasciculus, body of the corpus cal-
losum, cingulumwhitematter, superior frontal white matter,
middle frontal white matter, and inferior frontal white
matter. In addition, we performed whole-brain white matter
analyses using a multiatlas segmentation technique (43–45)
in which the white matter was segmented into 171
structures.

Intervention
Through the Brain Stimulation Program at The Johns
Hopkins Hospital, rTMS intervention was delivered with a
Magstim Super Rapid 2 stimulator with a focal double
70-mm air-cooled coil (Magstim Company Limited, Whit-
land, United Kingdom). Control subjects received treat-
ment with an identically appearing coil that produced the
same sound and was the same weight as the active coil but
had negligible magnetic field strength. Scalp sensations in
the control subjects were simulated using the sham system
described by Borckardt et al. (46) Before each treatment,
study subjects were instructed to insert earplugs. The head
of the seated patient was secured in a head coil holder chair
and stand assembly (Rogue Research, Montreal). Motor
threshold (MT) was ascertained by delivering single pulses
to the area of the motor cortex (right side) controlling the
contralateral abductor pollicis brevis (APB). Electrical ac-
tivity in the APB was recorded using surface electrodes.
MT was defined as the lowest intensity of stimulation

producing motor-evoked potentials of at least 50 mV in five
out of 10 trials. MT was determined before the first treat-
ment and then weekly thereafter. The stimulation site for
LFR over the DLPFC was F4 of the International 10–20
System for Electrode Placement. Twenty daily (Monday
through Friday) rTMS treatment sessions consisting of
1,200 pulses/session at 110% MT were conducted over
4 weeks. Each session included four trains of 300 pulses
administered at 1 Hz separated by an intertrain interval of
60 seconds. This parameter set was within established
guidelines per the most recently updated TMS safety
guidelines (47). Treatment was delivered by a TMS tech-
nician, a coinvestigator (IR), or another physician
credentialed to deliver TMS at The Johns Hopkins Hos-
pital and approved by the Johns Hopkins Medicine In-
stitutional Review Board.

Outcome Measures
The primary analysis was comparison of the fitted slopes of
the HAM-D scores estimated from all the time points (weeks
4, 8, 12, and 16) from a longitudinal mixed-effects model. In
addition, response rates (as defined by a .50% reduction in
HAM-D score at week 16) and remission rates (as defined by
a HAM-D score #7 at week 16) were calculated. Secondary
analyses included longitudinal mixed-effects models to
compare fitted slopes between study arms on CGI-I, BSSI,
comorbid neuropsychiatric symptoms, and cognitive scores.
Additionally, exploratory analyses included examination of
1) changes in white matter integrity, as determined by
change in FA and trace values, assessed using DTI, at week
16 compared with preintervention values, and 2) changes in
polysomnogram results at week 16 compared with pre-
intervention results.

Calculation of Sample Size
The sample size calculation for this study was based on the
study conducted by Fann et al. (48) and our clinical expe-
rience. In their open-label study of sertraline for the treat-
ment of TBI depression, Fann et al. found a response rate
($50% reduction in HAM-D score) of 87% and a remission
rate (HAM-D score #7 at the end of treatment) of 67%. On
the basis of these results, we hypothesized improvement in
symptoms of 60%270% in the experimental group, as
measured with HAM-D, and on the basis of our clinical
experience, we hypothesized a remission rate of 10% in the
control group. We calculated sample sizes using various
power levels (0.6, 0.7, 0.8, and 0.9) and experimental re-
mission rates of 0.6 and 0.7. Using power of 0.8 and a re-
mission rate of 0.6, the total sample size was determined to
be 34, with N=17 in each arm. For power of 0.9 and a re-
mission rate of 0.6, the total sample size was determined to
be 42, with N=21 in each arm. Using power of 0.8 and a
remission rate of 0.7, the total sample size was determined to
be 26, with N=13 in each arm. For power of 0.9 with a re-
mission rate of 0.7, the total sample size was determined to
be 30, with N=15 in each arm. Because this is a pilot study, we
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chose a sample size (N=30) that was feasible and that would
allow us to complete the study in the allocated time. Results
from this study will help us to develop future studies with
larger sample sizes.

Statistical Analyses
Basic exploratory analyses were conducted first, including
checking of distributional assumptions, assessment of rela-
tionships among covariates, and missing-value multiple im-
putations. All study subjects were tracked over the study
period in order to capture the number of subjects randomly
assigned to each group and the number of participants who
dropped out or were lost to follow-up. The two groups (ac-
tive intervention with rTMS and sham treatment) were
compared on demographic and baseline clinical variables.
Mixed-effects models were used to evaluate the efficacy of
the intervention, with comparison of the slopes in the rTMS
(active intervention) and sham treatment (control) groups
adjusting for potential confounders. In this model, the co-
efficient of interest was the interaction between time and
treatment assignment, because it represented the difference
in rate of change over time in the two groups. To assess the
effects of LFR rTMS for treatment of depression and
comorbid neuropsychiatric symptoms, effect sizes were
calculated by a Hedge’s g-like formula (last visit time 3
coefficient/pooled standard deviation at baseline), and thus
the between-group difference was akin to a fitted difference
in mean but without the intercepts. Analyses were con-
ducted using Stata 15.1 (StataCorp, College, Station, Tex.). All
statistical tests were judged for significance based on a two-
sided p value ,0.05.

RESULTS

The number of people who were screened, the number of
people whowere randomly assigned, and the total number of
individuals who completed the study and were included in
the analysis are shown in Figure 1. On comparison of par-
ticipants whowere not randomly assigned (N=36) with those
who were randomly assigned (N=34), the nonrandomized
group had lower mean HAM-D scores (mean, 22.1 [SD=4.8]
versus mean, 25.4 [SD=5.3], p=0.029) and positive family
history of nonmood disorders (68% in the nonrandomized
group versus 41% in the randomized group, p=0.04). There
were no other statistically significant differences on de-
mographic or clinical variables. Similarly, on comparison of
individuals who dropped out (N=4) with those who com-
pleted the study (N=30), study drop outs had higher mean
scores on the Modified Overt Aggression Scale (mean, 8.8
[SD=10.8]) versus mean, 2.7 [SD=3.3], p=0.018) and higher
percentages of post-TBI comorbid psychiatric disorders,
such as posttraumatic stress disorder or generalized anxiety
disorder (67% versus 7%, p=0.004), suggesting that they may
have been in poorer condition. There were no significant
differences on demographic or clinical variables. Because
the goal of this study was to have 30 completers, all

subsequent results are based on this cohort of 30 who
completed the study.

Demographic and Preinjury Clinical Variables
Comparison on demographic and baseline clinical variables
between participants in the sham arm and those in the rTMS
intervention arm is summarized in Table 1. There were no
differences between the two groups on any of the measures
at baseline, except for statistically significant higher fatigue
scores in the control group, which was controlled for sta-
tistically in the analyses.

Blinding Effectiveness
The effectiveness of the blind was evaluated by asking each
participant after the first treatment and again at the end of
the 20th treatment his or her opinion on the treatment
received. After the first treatment, the majority of partici-
pants believed that they had received active treatment
(N=12/13 in the rTMS intervention arm and N=14/17 in the
sham arm), and after the 20th treatment, seven out of
13 participants in the rTMS intervention arm and 13 out of
17 in the sham arm believed that they had received active
treatment.

Safety and Tolerability
Of the 34 study subjects who were randomly assigned, four
dropped out of the study. All four who withdrew were in
the rTMS treatment arm. One dropped out after nine in-
terventions, because she had difficulty coming to the study
site regularly (i.e., she was unable to take time off from
work). Another withdrew after five treatments secondary
to intervention-associated headaches and having to come
to the study site regularly. Another withdrew after just one
treatment secondary to severe headaches that lasted for
4 days, and another was unable to keep up with the
monthly follow-up appointments after the intervention as a
result of relocation out of state to pursue educational
opportunities.

Among the 30 completers, both groups had a similar
number of side effects (Table 2). Themajority of participants
in both arms did not experience side effects. Headache was
the most common side effect in both groups, with the ma-
jority experiencing them at the start of the intervention and
during the first month of the study. Other side effects re-
ported in both groups included worsening mood, dizziness,
discomfort at the stimulation site, insomnia, and other gen-
eral effects (e.g., face tightness, toothache). No one reported
syncope, cognitive fogginess, or hearing loss, and no seizures
were reported.

Primary Outcome
The effect size of LFR rTMS over the DLPFC on TBI de-
pression was assessed with a longitudinal mixed-effects
model on the primary outcome measure (HAM-D), after
adjusting for fatigue. The effect size (Table 3) for this anal-
ysis was found to be small (Hedges’ g=0.16). Chi-square tests
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of independence were calculated comparing the responder
results in the two groups. There were no statistically sig-
nificant differences between the two groups on rates of re-
mission, as defined by a HAM-D score ,7 (x2=0.007, df=1,
p=1) or response, as defined by a 50% reduction in the
HAM-D score (x2=0.048, df=1, p=0.71). ForHAM-D scores at
different visit times, the effect size varied widely, favoring
rTMS treatment at some time points and sham treatment at
others, ranging from –0.06 at 4 weeks (favoring sham), 0.01
at 8 weeks (favoring rTMS treatment), –0.13 (favoring sham)
at 12 weeks, and 0.19 (favoring rTMS treatment) at 16 weeks
(Table 4).

Secondary Outcomes
The effect size for comorbid neuropsychiatric symptoms
also varied widely, favoring treatment for symptoms of

suicide (as assessed with BSSI), posttraumatic stress (as as-
sessed with DTS), excessive daytime sleepiness (as
assessed with ESS), overall neuropsychiatric symptoms (as
assessed with NBRS), aggression (as assessed with the
Modified Overt Aggression Scale), fatigue (as assessed with
FSS), satisfaction with life (as assessed with SWLS), and
social ties (as assessed with STC), with effect size ranging
between 0.06 and 0.38. The effect sizes favored sham
treatment for global improvement (as assessed with CGI-I),
sleep (as assessed with PSQI), anxiety (as assessed with
GAD), and postconcussive symptoms (as assessed with
RPQ). The effect size ranged between –0.03 and –0.53
(Table 5).

Neuropsychological functioning. Of the 30 completers,
29 underwent cognitive testing pre- and postintervention.

FIGURE 1. Flow chart of study participantsa

Total Screened (N=297)

Randomly assigned (N=34)

Intervention (N=17) Control (N=17)

Passed screening evaluation (N=70)

• History of mild to moderate TBI

• Currently depressed

• Not on antidepressants

• No current use of alcohol or illicit drugs

• No seizures 

•  Willing to come to Johns Hopkins for 

intervention and follow-up visits

Dropped out (N=4)

• Unable to continue to come to 

Johns Hopkins for intervention (N=2)

• Severe headaches post-intervention 

(N=2)

Total completers (N=30)

• Intervention (rTMSl) arm (N=13)

• Sham (control) arm (N=17)

Failed screening evaluation (N=227)

• No TBI (N=5, 2.2%)

• No depression (N=13, 5.73%)

• Mania (N=18, 7.93%)

• Unable to come to Johns Hopkins because of long distance 

travel (N=11, 4.85%)

• On antidepressants (N=58, 25.55%)

• Severe TBI (N=45, 19.8%)

• Long duration since TBI, including childhood TBI (N=12, 5.28%)

• Seizures (N=18, 7.93%)

• Current illicit drugs (N=3, 1.32%)

• Concerns about rTMS (N=10, 4.4%)

• Lost to follow-up/other issues (N=34, 14.9)

Not randomly assigned (N=36)

• Lost to follow-up and could not be contacted after the initial 

evaluation (N=14)

• Refused due to inability to come to Johns Hopkins 5 days/week 

for 4 weeks for the intervention (N=5)

• Did not meet DSM-IV criteria for major depression (N=5)

• Had concerns about receiving rTMS (N=3)

• On psychotropics (N=2)

• Did not have TBI (N=2)

• Currently using illicit drugs (N=1)

• Had skull fracture (N=1)

• Had severe TBI (N=1)

• Had seizure history (N=1)

• Had focal lesion on MRI (N=1)

a rTMS=repetitive transcranial magnetic stimulation, TBI=traumatic brain injury.
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One study subject was unable to participate, because he had
difficulty speaking and comprehending English. In terms of
the effect size for the different cognitive tests, the WCST
was found to have a large effect. However, while the number
of correct responses (Hedges’ g=1.15) and errors (Hedges’
g=1.03) on the WCST favored the sham treatment, the

number of categories completed (Hedges’ g=1.27) favored
rTMS treatment. The effect size for the other tests were
relatively small, ranging between 0.02 and 0.39. Some fa-
vored rTMS treatment (BVMT-immediate recall, Hopkins
Verbal Learning Test-immediate recall, Stroop test-
inhibiting automated responses), whereas others favored the

TABLE 1. Demographic and clinical characteristics of the study participantsa

Characteristic

Sham treatment group (N=17) rTMS intervention group (N=13)

pN or Mean % or SD N or Mean % or SD

Age (years) (M6SD) 40.2 14.6 39.8 14.2 0.95
Education (years) (M6SD) 14.4 2.6 14.6 3 0.8
Male gender 11 65 5 38 0.15
Employed (full-time/part-time) 13 76 7 54 0.19
Income ,$20,000 9 53 8 62 0.89
Living with someone 10 59 11 85 0.13
Marital status, married/partner 6 35 5 38 0.15
Caucasian 10 59 9 69 0.77
Military history, yes 2 12 0 0.22
Time since injury
3 months–1 year 9 53 3 23
1–5 years 2 12 5 38
5–10 years 5 29 3 23
.10 years 1 6 2 15

TBI severity
Mild 15 88 13 100
Moderate 2 12 0

Cause of injury
Motor vehicle accident 7 41 6 46
Fall 3 18 4 31
Assault 4 24 2 15
Sports 2 12 0
Object striking head 1 6 1 8

General Medical Health Rating Scale
Excellent 11 65 7 54
Good 4 24 4 31
Fair 2 12 2 15

HAM-D (M6SD) 23.7 4.4 23.2 4.4 0.73
PHQ (M6SD) 17.6 3.3 15.6 5.4 0.48
BSSI total (M6SD) 3.3 5.5 0.85 2.1 0.07
GAD (M6SD) 12.8 5 12.6 4.6 0.95
NBRS (M6SD) 56.1 10.7 51.2 5.9 0.13
DTS (M6SD) 41.7 40.8 34.2 30.3 0.58
RPQ (M6SD) 23.1 14.2 26.8 8.7 0.43
FSS (M6SD) 41.2 12 28.3 15.1 0.02
ESS (M6SD) 9.4 6.8 9.8 4.7 0.87
PSQI global (M6SD) 13.7 3.6 13.8 3.8 0.91
MOAS total (M6SD) 3.0 4. 2.3 2.1 0.58
STC (M6SD) 4.6 2.1 3.2 1.6 0.05
SWLS (M6SD) 10.6 4.1 14.2 7.1 0.097
Methadone use 1 6 2 15 0.39
Alcohol use pre-TBI 2 12 4 31 0.20
Illicit drug use pre-TBI 4 24 4 31 0.66
Legal history pre-TBI 5 29 5 38 0.60
Family history of mood disorder 8 47 6 46 0.96
Months depressed since injury 39.4 43 39.6 36.1 0.99
Pre-TBI history of mood disorder 5 29 8 62 0.078
Pre-TBI suicide attempt 2 12 7 54 0.41

a BSSI=Beck Scale for Suicide Ideation, DTS=Davidson Trauma Scale, GAD=7-item Generalized Anxiety Scale, HAM-D=17-item Hamilton Depression Rating
Scale, ESS=Epworth Sleepiness Scale, FSS=Fatigue Severity Scale, MOAS=Modified Overt Aggression Scale, NBRS=Neurobehavioral Rating Scale, PHQ=9-item
Patient Health Questionnaire, PSQI=Pittsburg Sleep Quality Index, RPQ=Rivermead Post-Concussion Symptoms Questionnaire, rTMS=repetitive transcranial
magnetic stimulation, STC=Social Ties Checklist, SWLS=Satisfaction With Life Scale.
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sham condition (MoCA total score, processing speed as
assessed with the Trail-Making Test, Part A, BVMT-delayed
recall, Hopkins Verbal Learning Test-delayed recall, and
cognitive flexibility as assessed with the Trail-Making Test,
Part B) (Table 6).

White matter integrity. All 30 study subjects were invited to
undergo structural MRI brain scans. Twenty-six underwent
preintervention brain MRIs, and four refused to undergo
MRI scans secondary to claustrophobia. Nineteen partici-
pants underwent postintervention brain MRIs. Four refused
postintervention scans secondary to claustrophobia, and
seven were not interested in having a second scan. Nineteen
study subjects had normal brain scans; one was found to
have extensive bilateral subcortical and periventricular
white matter small vessel ischemic changes, more than
expected for his age; four had nonspecific subcortical white
matter foci; and two had asymmetry of their temporal lobes,
with the left smaller than the right, but otherwise normal.

For the DTI analysis, the two groups were first compared
on seven primary anatomical areas. No statistically significant
differences on both FA and trace values pre- and posttreat-
ment were observed between the two groups. By using the
results of whole-brain analysis, the two groups were com-
pared on FA and trace values pre- and posttreatment. Effect

sizes were calculated for those regions that reached statis-
tical significance on pre-post comparisons on FA (the right
fusiform gyrus, right middle temporal gyrus, left fusiform
gyrus, left parahippocampal gyrus) and trace values (the
right superior frontal gyrus, right middle frontal gyrus, right
middle fronto-orbital gyrus, right insula, right fornix, left
cingulate gyrus, left superior frontal gyrus, left middle
frontal gyrus, left inferior frontal gyrus, and left caudate)
The effect size for FA was found to be mostly small (Hedges’
g=0.01–0.19), except in the left fusiform gyrus (Hedges’
g=0.42), which is a medium effect (Table 7). For trace values,
the effect size was found to be moderate and ranged from
0.35 to 0.78 (Table 8).

Polysomnogram changes. All study subjects were invited to
undergo two overnight sleep studies, with the first night
being for adaptation and the second for data collection. Only
10 participants underwent a preintervention sleep study,
eight underwent a postintervention study, and seven par-
ticipated in both pre- and postintervention studies. The
primary reasons for nonparticipation in a sleep study were
difficulty staying at the Hopkins Sleep Lab for 2 nights and
1 day (secondary to work- or family-related issues) and
preferring to start the study intervention as soon as possible
without waiting for a sleep study to be scheduled. No dif-
ferences were observed in the results of the postintervention
polysomnograms compared with the preintervention som-
nograms among the seven study subjects who participated in
both.

DISCUSSION

LFR rTMS was found to be safe and well tolerated, but small
and variable effect sizes between the active and sham groups
were observed. However, because this was a pilot study,
conclusions should be drawn cautiously from the results given
the small sample size. Results should only be considered
preliminary, because there are several limitations to the study.

The small sample size is the main limitation of this study
and precludes us from drawing strong conclusions from the
findings. The power analysis we used was based on an open-
label medication study and clinical experience and not on
previously reported effect sizes of rTMS. A meta-analyses of

TABLE 3. Benefits of rTMS intervention versus sham treatment
on the 17-item Hamilton Depression Rating Scale (HAM-D)a

Parameter

HAM-D

b SE p

Intercept 9.139 3.297 0.006
Time –0.535 0.109 0
Treatment 3.343 2.26 0.14
Treatment-by-time –0.042 0.159 0.794
Fatigue 0.245 0.078 0.002

a HAM-D was the primary outcomes measure. The Hedges’ g effect size for
treatment-by-time was 0.16. rTMS=repetitive transcranial magnetic
stimulation.

TABLE 2. Adverse events reported during each visita

Adverse events
rTMS intervention

group (N=13)
Sham treatment
group (N=17)

Week-four follow-up
No side effects 11 10
Headaches 7 8
Depression 1 0
Anxiety 1 1
Dizziness 1 2
Blurred vision 1 0
Fatigue 1 0
Puffy face 1 0

Week-eight follow-up
No side effects 15 11
Depression 0 1
Sleep problems 0 1
Other 3 0

Week-12 follow-up
No side effects 16 14
Depression 1 0
Anxiety 0 1
Face twitching 0 1
Eye twitching 1 0
Sleep problems 0 1
Other 2 1

Week-16 follow-up
No side effects 16 14
Headaches 2 1
Depression 2 0
Anxiety 0 1
Face twitching 0 1
Sleep problems 0 1

a rTMS=repetitive transcranial magnetic stimulation.
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rTMS on idiopathic depression by Slotema et al. (29) dem-
onstrated that the mean weighted effect size (expressed as
Hedges’ g) of rTMS versus sham for depression was 0.55
(p,0.001). By using this effect size of approximately 0.5 to
test the hypothesis that rTMS is more effective than sham
for the treatment of depression after TBI, with 80% power,
at an alpha level of 0.05 (two-tailed), a sample of more than
130 study subjects (i.e., more than 65 study subjects per
group) would be necessary to detect differences between the
two groups. Given the sample size of the present study
(rTMS group, N=13; sham group, N=17), with 80% power at
an alpha level of 0.05 (two-tailed), we would need to have an
effect size of $1.0 to detect a difference between rTMS and
sham for depression after TBI. The observed effect size of
0.2 at week 16 suggests that more than 400 study subjects
per group would be needed to demonstrate a beneficial ef-
fect of LFR rTMS over the DLPFC for TBI depression with
80% power at a two-tailed alpha level of 0.05 (49).

There are several other limitations to this study. We used
a focal double 70-mm air-cooled coil (a figure of eight coil) to
stimulate the right DLPFC at a low frequency of 1 Hz. In
addition, treatment was at 110% of the motor threshold,
which is more cautious than the more typical 120% of motor
threshold used with HFL rTMS for idiopathic depression.
We specifically chose LFR rTMS because of our concern for

seizures, which may have
been an overcautious ap-
proach given the low rate of
posttraumatic seizures among
persons withmild tomoderate
TBI. The frequency, the coil,
and the laterality parameters
we usedmay have reduced the
potential effect rTMS could
have on TBI depression in our
study sample. Studies and case
reports that have used HFL

frontal stimulation for various neuropsychiatric symptoms in
persons with TBI have demonstrated its benefits. George et al.
(50) evaluated the effectiveness of high-dose rTMS to reduce
suicidal ideation among hospitalized veterans. For both study
groups (active rTMS and sham rTMS), scores on the BSSI de-
clined rapidly over 3 days, with more rapid decline on the first
day with active rTMS falling short of statistical significance.
Leung et al. (51, 52) observed improvement in the severity, fre-
quency, and duration of headaches in a prospective case series
of six veterans with mild TBI and posttraumatic headaches
and later in a second study of 29 veteranswith chronicmild TBI
and posttraumatic headaches.

It is also possible that the focal double 70-mm air-cooled
coil we usedmay not have stimulated deeply enough to reach
neurons and white matter tracts most strongly implicated in
TBI depression. Deep TMS H-coil technology is a novel
development in TMS designed to achieve effective direct
stimulation of deep neuronal regions (53, 54), and this
technology, if used, may have had greater effect.

The heterogeneity in the time since injury (from about
3 months to .10 years) may have also confounded these
results. The pathophysiology of TBI is complex, with dif-
ferent types of secondary injuries predominating at times
during the recovery course. Therefore, the most appropriate
postinjury period for a neuromodulatory intervention to

TABLE 5. Benefits of rTMS intervention versus sham treatment on comorbid neuropsychiatric symptomsa

Psychiatric
variable

Intercept Time Treatment

Time-by-treatment

Baseline fatigue

b SE p b SE p b SE p b SE p
Hedges’ g
effect size b SE p

CGI 3.20 0.41 0 –0.13 0.02 0 0.05 0.29 0.85 –0.00 0.02 0.85 –0.08 0.02 0.01 0.02
BSS 1.21 0.61 0.05 –0.05 0.02 0.01 –0.75 0.46 0.10 0.02 0.03 0.40 0.21 –0.00 0.01 0.66
DTS 1.27 13.4 0.92 –1.1 0.46 0.01 2.80 9.67 0.77 . 21 0.54 0.70 0.09 0.80 0.33 0.01
PSQI 8.45 2.10 0 –0.20 0.07 0.00 1.31 1.39 0.35 –0.04 0.11 0.68 –0.19 0.10 0.04 0.02
ESS 8.08 2.33 0.00 –0.19 0.08 0.02 –0.31 1.85 0.87 0.03 0.11 0.81 0.07 0.01 0.05 0.77
GAD 3.37 2.34 0.15 –0.27 0.05 0 2.19 1.95 0.26 –0.01 0.11 0.93 –0.03 0.18 0.05 0.00
NBRS 43.5 4.68 0 –0.79 0.14 0 –0.53 3.58 0.88 0.21 0.22 0.35 0.37 0.20 0.09 0.04
MOAS 2.47 1.06 0.02 –0.12 0.05 0.02 –0.5 0.81 0.54 0.07 0.07 0.32 0.34 –0.01 0.02 0.69
FSS 12.7 4.87 0.01 –0.51 0.20 0.01 572 2.55 0.82 0.06 0.29 0.84 0.06 0.53 0.12 0
RPQ 6.58 3.57 0.07 –0.41 0.21 0.05 7.7 2.94 0.01 –0.40 0.24 0.10 –0.53 0.27 0.09 0.00
SWLS 16.8 3.99 0 0.36 0.1 0 2.09 2.56 0.42 0.14 0.15 0.37 0.38 –0.07 0.10 0.47
STC 2.68 1.03 0.01 –0.05 0.03 0.08 –0.63 0.67 0.35 0.03 0.04 0.39 0.27 0.04 0.02 0.12

a BSS=Beck Scale for Suicide Ideation, CGI=Clinical Global Impression, DTS=Davidson Trauma Scale, GAD=7-item Generalized Anxiety Scale, ESS=Epworth
Sleepiness Scale, FSS=Fatigue Severity Scale, HAM-D=17-item Hamilton Depression Rating Scale, MOAS=Modified Overt Aggression Scale, NBRS=Neur-
obehavioral Rating Scale, PHQ=9-item Patient Health Questionnaire, PSQI=Pittsburg Sleep Quality Index, RPQ=Rivermead Post-Concussion Symptoms
Questionnaire, rTMS=repetitive transcranial magnetic stimulation, STC=Social Ties Checklist, SWLS=Satisfaction With Life Scale.

TABLE 4. Assessment of rTMS intervention versus sham treatment at the follow-up time pointsa

Time point

rTMS intervention
group (N=13)

Sham treatment
group (N=17)

Hedges’ g
effect sizeEstimate SE Estimate SE

Baseline 12.73 2.15 9.38 3.22 0.12
Week 4 10.42 2.02 7.24 3.17 –0.06
Week 8 8.11 1.99 5.10 3.19 0.01
Week 12 5.80 2.07 2.96 3.27 –0.13
Week 16 3.50 2.24 0.82 3.40 0.19

a rTMS=repetitive transcranial magnetic stimulation.
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produce maximum benefits is unclear. It may be that any
signal of improvement with the intervention was therefore
lost among the variability of the postinjury time spans.

Time of assessment for response and remission statuswas
16 weeks after the end of treatment. It is possible that
treatment effects, if present, had dissipated by this time after
treatment. The length of treatment was 4 weeks. Increased
treatment length (6–9 weeks instead of 4 weeks) may have
resulted in a larger effect size. Dropouts were only in the
experimental group. It is possible that these dropouts may
have had more significant depression, and these patients
would have had lower sham response rates and thus showed
more benefit from the experimental treatment.

Our study had very rigid inclusion and exclusion criteria,
which reduces the generalizability of the study to the TBI
population at large. In order to keep it a clean study of rTMS
efficacy, we excluded people with depression who were on
antidepressants. However, this exclusion criterion may have
contributed to the smaller and inconsistent effect size. Sev-
eral study subjects were excluded because of severe TBI and
our concern for seizures. While our concern was safety re-
lated, people with severe TBI have high rates of depression

and likely more damage or dysfunction to the fronto-
subcortical circuits; accordingly, theymay have responded to
this purely biological treatment in a differentmanner. People
with MMSE scores #24 were also excluded. We chose to
include people with fairly intact cognitive functioning given
the complexity of the study (i.e., use of an intervention that
has not been well studied in this patient population, long
duration of follow-up [5 days/week for 16 weeks, followed by
monthly follow-up for 3 months], and extensive pre- and
postintervention assessments, including sleep studies and
brain scans). However, persons with TBI often have cogni-
tive deficits, and this exclusion criterion may have also
compromised the generalizability to the TBI patient pop-
ulation. Additionally, people with frontal lesions were ex-
cluded from the study due to concerns that rTMS over the
site of the lesion (frontal) would increase the seizure risk.
This exclusion criterion may have also affected the gener-
alizability of the study, because frontal lesions are common
in TBI.

Despite these limitations, this study has a number of
strengths. To our knowledge, this is the first randomized-
controlled trial to evaluate the benefit of rTMS in the

TABLE 7. Comparison of rTMS intervention versus sham treatment for fractional anisotropy valuesa

Region

Sham treatment
group (N=17)

rTMS intervention
group (N=13)

Hedges’ g
effect sizeMean SD Mean SD

Right fusiform gyrus 0.125 0.005 0.125 0.006 0.13
Right middle temporal gyrus 0.220 0.024 0.221 0.024 0.01
Left fusiform gyrus 0.122 0.003 0.121 0.005 0.42
Left parahippocampal gyrus 0.120 0.003 0.120 0.004 0.19

a The regions listed are selected from all regions that were statistically significant on prepost treatment. rTMS=repetitive transcranial magnetic stimulation.

TABLE 6. Benefits of rTMS intervention versus sham treatment on cognitive measuresa

Cognitive test

Intercept Time Treatment

Time-by-treatment

Baseline fatigue

b SE p b SE p b SE p b SE p
Hedges’ g
effect size b SE p

MoCA 26.0 2.25 0 0.02 0.04 0.53 –0.59 1.38 0.67 –0.009 0.06 0.89 –0.05 0.01 0.05 0.8
Trail-Making
Test, Part A

36.9 4.1 0 –0.06 0.12 0.64 –5.2 2.98 0.09 –0.147 0.19 0.44 –0.25 –0.15 0.09 0.1

BVMT-I 17.5 5.37 0.002 –0.18 0.07 0.01 0.56 3.60 0.88 0.204 0.09 0.03 0.39 0.17 0.11 0.14
BVMT-D 6.96 1.99 0.001 –0.06 0.040 0.17 0.36 1.29 0.78 –0.003 0.06 0.96 –0.02 0.07 0.04 0.08
HVLT-I 24.6 3.37 0 –0.03 0.06 0.63 –2.5 2.19 0.27 0.056 0.08 0.50 0.16 0.03 0.07 0.64
HVLT-D 6.97 2.26 0.003 –0.01 0.05 0.88 0.19 1.23 0.88 –0.16 0.77 0.84 –0.26 0.03 0.05 0.58
Trail-Making
Test, Part B

69.3 26.3 0.011 –0.23 0.59 0.70 –1.9 17.9 0.92 –0.638 0.75 0.4 –0.28 0.02 0.51 0.97

Wisconsin Card
Sorting Test
Correct 61.9 5.06 0 0.08 0.31 0.80 10.2 8.84 0.27 –0.736 0.60 0.24 –1.15 0.18 0.16 0.28
Errors made 12.0 3.90 0.007 –0.13 0.14 0.38 14.3 11.78 0.24 –0.755 0.71 0.30 –1.03 –0.02 0.09 0.79
Categories

completed
5.9 0.07 0 0.00 0.00 0.37 –0.44 0.36 0.236 0.028 0.02 0.22 1.27 0.00 0.00 0.22

Stroop color
word test

34.8 5.89 0 0.04 0.17 0.80 3.00 4.18 0.473 0.139 0.21 0.50 0.21 0.19 0.13 0.13

a BVMT-D=Brief Visual Memory Test-delayed recall, BVMT-I=Brief Visual Memory Test-immediate recall, HVLT-D=Hopkins Verbal Learning Test-delayed recall,
HVLT-I=Hopkins Verbal Learning Test-immediate recall, MoCA=Montreal Cognitive Assessment, rTMS=repetitive transcranial magnetic stimulation.
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treatment of TBI depression and its comorbid psychiatric
symptoms and as such may be useful in guiding future
studies. A major strength of this study was the use of a sham
TMS device, which the study subjects could not readily
distinguish from the experimental treatment. Additionally,
in the design of the study, we considered preinjury factors,
postinjury factors, and injury-related factors. Finally, multiple
types of outcome measures (well-validated standardized
rating scales, brain imaging parameters, polysomnogram
results, and neuropsychological testing results) were used
to capture the potential impact of the intervention on the
treatment of TBI depression.

CONCLUSIONS

Results from this study could be used as pilot data for larger
studies to determine the benefits of rTMS for the treatment
of TBI depression. Larger, more adequately powered mul-
ticenter studies need to be undertaken to assess whether
LFR rTMS is effective for treatment of TBI depression.
Other factors that need to be examined in future studies
include pulse frequency (high versus low), lateralization
(left versus right), focality (figure of eight coil versus H-coil),
number of sessions (more sessions versus fewer sessions),
severity of injury (mild versus moderate to severe), time
since injury (acute versus chronic), and comorbid medical
and psychiatric issues.

In future studies, there could be consideration of factors
that facilitate more personalized treatment for an individual
patient, such as administering LFR rTMS for patients who
have experienced seizures secondary to their TBI but ad-
ministering HFL rTMS in milder TBI cases where seizures
are less of a risk factor. Future studies may also focus on
H-coil (or deep) rTMS for patients with TBI, which has a
deeper and wider distribution of magnetic field than stan-
dard coils and thus potentially provide greater benefit.

AUTHOR AND ARTICLE INFORMATION

From the Department of Psychiatry and Behavioral Sciences, Johns
Hopkins University School of Medicine, Baltimore (Rao, McCann, Roy,

Peters, Yan, Leoutsakos, Tibbs, Reti); the Department of Physical Med-
icine and Rehabilitation, Johns Hopkins University School of Medicine,
Baltimore (Bechtold); the Neuropsychiatric Clinic at Carolina Partners
and Departments of Community and Family Medicine and Psychiatry
and Behavioral Sciences, Duke University School of Medicine, Durham,
N.C. (Vaishnavi); and the Department of Radiology, Johns Hopkins
University School of Medicine, Baltimore (Mori, Yousem).

Send correspondence to Dr. Rao (vrao@jhmi.edu).

Previously presented at the 4th Federal Interagency Conference on
Traumatic Brain Injury, June 12, 2018, Washington DC.

Supported by a grant from the U.S. Army Medical Research Acquisition
Activity (grant W81XWH-13-1-0469) to Dr. Rao.

The content of this article does not necessarily reflect the position or
the policy of the U.S. Government, and no official endorsement should
be inferred.

The authors report no financial relationships with commercial interests.

Received November 29, 2017; revisions received June 17 and July 25,
2018; accepted September 21, 2018; published online April 25, 2019.

REFERENCES
1. Faul M, Coronado V: Epidemiology of traumatic brain injury.

Handb Clin Neurol 2015; 127:3–13
2. Bombardier CH, Fann JR, Temkin NR, et al: Rates of major de-

pressive disorder and clinical outcomes following traumatic brain
injury. JAMA 2010; 303:1938–1945

3. Glenn MB, O’Neil-Pirozzi T, Goldstein R, et al: Depression
amongst outpatients with traumatic brain injury. Brain Inj 2001;
15:811–818

4. Whelan-Goodinson R, Ponsford J, Johnston L, et al: Psychiatric
disorders following traumatic brain injury: their nature and fre-
quency. J Head Trauma Rehabil 2009; 24:324–332

5. Kessler RC, Bromet EJ: The epidemiology of depression across
cultures. Annu Rev Public Health 2013; 34:119–138

6. Jorge RE, Robinson RG, Moser D, et al: Major depression fol-
lowing traumatic brain injury. Arch Gen Psychiatry 2004; 61:42–50

7. Wood RL, Williams C, Lewis R: Role of alexithymia in suicide
ideation after traumatic brain injury. J Int Neuropsychol Soc 2010;
16:1108–1114

8. Suhr JA, Gunstad J: Postconcussive symptom report: the relative
influence of head injury and depression. J Clin Exp Neuropsychol
2002; 24:981–993

9. Bay E, Kirsch N, Gillespie B: Chronic stress conditions do explain
posttraumatic brain injury depression. Res Theory Nurs Pract
2004; 18:213–228

10. Jorge RE, Robinson RG, Moser D, et al: Major depression fol-
lowing traumatic brain injury. Arch Gen Psychiatry 2004; 61:42–50

TABLE 8. Comparison of rTMS intervention versus sham treatment for trace valuesa

Region

Sham treatment
group (N=17)

rTMS intervention
group (N=13)

Hedges’ g
effect sizeMean SD Mean SD

Right superior frontal gyrus 0.003 0.0002 0.003 0.0002 0.52
Left cingulate gyrus 0.003 0.0001 0.003 0.0002 0.65
Right middle fronto-orbital gyrus 0.003 0.0002 0.003 0.0002 0.45
Right insula 0.003 0.0001 0.003 0.0002 0.68
Right fornix 0.002 0.0002 0.003 0.0004 0.35
Left cingulate gyrus 0.003 0.0001 0.003 0.0002 0.78
Left superior frontal gyrus 0.003 0.0002 0.003 0.0002 0.63
Left middle frontal gyrus 0.003 0.0002 0.003 0.0002 0.39
Left inferior frontal gyrus 0.003 0.0002 0.003 0.0002 0.41
Left caudate 0.004 0.0002 0.004 0.0003 0.69

a The regions listed are selected from all regions that were statistically significant on prepost treatment. rTMS=repetitive transcranial magnetic stimulation.

316 neuro.psychiatryonline.org J Neuropsychiatry Clin Neurosci 31:4, Fall 2019

LOW-FREQUENCY RTMS FOR DEPRESSION AFTER TBI

mailto:vrao@jhmi.edu
http://neuro.psychiatryonline.org


11. Jorge RE, Robinson RG, Arndt SV, et al: Depression following
traumatic brain injury: a 1 year longitudinal study. J Affect Disord
1993; 27:233–243

12. Singh R, Mason S, Lecky F, et al: Prevalence of depression after
TBI in a prospective cohort: the SHEFBIT study. Brain Inj 2018;
32:84–90

13. Silver JM, McAllister TW, Arciniegas DB: Depression and cogni-
tive complaints following mild traumatic brain injury. Am J Psy-
chiatry 2009; 166:653–661

14. Carroll LJ, Cassidy JD, Peloso PM, et al: WHO Collaborating
Centre Task Force on Mild Traumatic Brain Injury: Prognosis for
mild traumatic brain injury: results of the WHO Collaborating
Centre Task Force on Mild Traumatic Brain Injury. J Rehabil Med
2004; (43, Suppl)84–105

15. McAllister TW: Mild brain injury, in Textbook of Traumatic Brain
Injury, 2nd ed. Edited by Silver JM, McAllister TW, Yudofsky SC.
(eds), Washington, DC, American Psychiatric Publishing, 2011, pp
239–264

16. Silver JM: Neuropsychiatry of persistent symptoms after concus-
sion. Psychiatr Clin North Am 2014; 37:91–102

17. Lee H, Kim SW, Kim JM, et al: Comparing effects of methylphe-
nidate, sertraline and placebo on neuropsychiatric sequelae in
patients with traumatic brain injury. Hum Psychopharmacol 2005;
20:97–104

18. Ashman TA, Cantor JB, Gordon WA, et al: A randomized con-
trolled trial of sertraline for the treatment of depression in persons
with traumatic brain injury. Arch Phys Med Rehabil 2009; 90:
733–740

19. Fann JR, Bombardier CH, Temkin N, et al: Sertraline for major
depression during the year following traumatic brain injury: a
randomized controlled trial. J Head Trauma Rehabil 2017; 32:
332–342

20. Salter KL, McClure JA, Foley NC, et al: Pharmacotherapy for
depression posttraumatic brain injury: a meta-analysis. J Head
Trauma Rehabil 2016; 31:E21–E32

21. Bashir S, Mizrahi I, Weaver K, et al: Assessment and modulation of
neural plasticity in rehabilitation with transcranial magnetic
stimulation. PM R 2010; 2(Suppl 2):S253–S268

22. Baeken C, De Raedt R: Neurobiological mechanisms of repetitive
transcranial magnetic stimulation on the underlying neuro-
circuitry in unipolar depression. Dialogues Clin Neurosci 2011; 13:
139–145

23. Demirtas-Tatlidede A, Vahabzadeh-Hagh AM, Bernabeu M, et al:
Noninvasive brain stimulation in traumatic brain injury. J Head
Trauma Rehabil 2012; 27:274–292

24. Kant R, Coffey CE, Bogyi AM: Safety and efficacy of ECT in pa-
tients with head injury: a case series. J Neuropsychiatry Clin
Neurosci 1999; 11:32–37

25. Fitzgerald PB, Hoy KE, Maller JJ, et al: Transcranial magnetic
stimulation for depression after a traumatic brain injury: a case
study. J ECT 2011; 27:38–40

26. Nielson DM, McKnight CA, Patel RN, et al: Preliminary guidelines
for safe and effective use of repetitive transcranial magnetic
stimulation in moderate to severe traumatic brain injury. Arch
Phys Med Rehabil 2015; 96(Suppl):S138–S144

27. He CS, Yu Q, Yang DJ, et al: Interventional effects of low-
frequency repetitive transcranial magnetic stimulation on patients
with depression after traumatic brain injury. Zhongguo Linchuang
Kangfu 2004; 8:6044–6045

28. Fitzgerald PB, Brown TL, Marston NA, et al: Transcranial mag-
netic stimulation in the treatment of depression: a double-blind,
placebo-controlled trial. Arch Gen Psychiatry 2003; 60:1002–1008

29. Slotema CW, Blom JD, Hoek HW, et al: Should we expand the
toolbox of psychiatric treatment methods to include repetitive
transcranial magnetic stimulation (rTMS)? a meta-analysis of the
efficacy of rTMS in psychiatric disorders. J Clin Psychiatry 2010;
71:873–884

30. Berlim MT, Van den Eynde F, Jeff Daskalakis Z: Clinically
meaningful efficacy and acceptability of low-frequency repetitive
transcranial magnetic stimulation (rTMS) for treating primary major
depression: a meta-analysis of randomized, double-blind and sham-
controlled trials. Neuropsychopharmacology 2013; 38:543–551

31. Gaynes BN, Lloyd SW, Lux L, et al: Repetitive transcranial magnetic
stimulation for treatment-resistant depression: a systematic review
and meta-analysis. J Clin Psychiatry 2014; 75:477–489, quiz 489

32. Mayberg HS, Brannan SK, Tekell JL, et al: Regional metabolic
effects of fluoxetine in major depression: serial changes and re-
lationship to clinical response. Biol Psychiatry 2000; 48:830–843

33. Sheline YI, Barch DM, Price JL, et al: The default mode network
and self-referential processes in depression. Proc Natl Acad Sci
USA 2009; 106:1942–1947

34. Fox MD, Buckner RL, White MP, et al: Efficacy of transcranial
magnetic stimulation targets for depression is related to intrinsic
functional connectivity with the subgenual cingulate. Biol Psy-
chiatry 2012; 72:595–603

35. Muellbacher W, Ziemann U, Boroojerdi B, et al: Effects of low-
frequency transcranial magnetic stimulation on motor excitability
and basic motor behavior. Clin Neurophysiol 2000; 111:1002–1007

36. Romero JR, Anschel D, Sparing R, et al: Subthreshold low fre-
quency repetitive transcranial magnetic stimulation selectively
decreases facilitation in the motor cortex. Clin Neurophysiol 2002;
113:101–107

37. Isenberg K, Downs D, Pierce K, et al: Low frequency rTMS
stimulation of the right frontal cortex is as effective as high fre-
quency rTMS stimulation of the left frontal cortex for
antidepressant-free, treatment-resistant depressed patients. Ann
Clin Psychiatry 2005; 17:153–159

38. Blumberger DM, Mulsant BH, Fitzgerald PB, et al: A randomized
double-blind sham-controlled comparison of unilateral and bilateral
repetitive transcranial magnetic stimulation for treatment-resistant
major depression. World J Biol Psychiatry 2012; 13:423–435

39. Sun W, Mao W, Meng X, et al: Low-frequency repetitive trans-
cranial magnetic stimulation for the treatment of refractory partial
epilepsy: a controlled clinical study. Epilepsia 2012; 53:1782–1789

40. Loo CK, McFarquhar TF, Mitchell PB: A review of the safety of
repetitive transcranial magnetic stimulation as a clinical treatment
for depression. Int J Neuropsychopharmacol 2008; 11:131–147

41. Reti IM, Schwarz N, Bower A, et al: Transcranial magnetic stim-
ulation: a potential new treatment for depression associated with
traumatic brain injury. Brain Inj 2015; 29:789–797

42. Szaflarski JP, Nazzal Y, Dreer LE: Post-traumatic epilepsy: current
and emerging treatment options. Neuropsychiatr Dis Treat 2014;
10:1469–1477

43. Oishi K, Zilles K, Amunts K, et al: Human brain white matter atlas:
identification and assignment of common anatomical structures in
superficial white matter. Neuroimage 2008; 43:447–457

44. Tang X, Holland D, Dale AM, et al: Alzheimer’s Disease Neuro-
imaging Initiative: Shape abnormalities of subcortical and ven-
tricular structures in mild cognitive impairment and Alzheimer’s
disease: detecting, quantifying, and predicting. Hum Brain Mapp
2014; 35:3701–3725

45. Tang X, Yoshida S, Hsu J, et al: Multi-contrast multi-atlas par-
cellation of diffusion tensor imaging of the human brain. PLoS One
2014; 9:e96985

46. Borckardt JJ, Walker J, Branham RK, et al: Development and
evaluation of a portable sham transcranial magnetic stimulation
system. Brain Stimul 2008; 1:52–59

47. Rossi S, Hallett M, Rossini PM, et al: Safety of TMS Consensus
Group: Safety, ethical considerations, and application guidelines
for the use of transcranial magnetic stimulation in clinical practice
and research. Clin Neurophysiol 2009; 120:2008–2039

48. Fann JR, Uomoto JM, KatonWJ: Sertraline in the treatment of major
depression following mild traumatic brain injury. J Neuropsychiatry
Clin Neurosci 2000; 12:226–232

J Neuropsychiatry Clin Neurosci 31:4, Fall 2019 neuro.psychiatryonline.org 317

RAO ET AL.

http://neuro.psychiatryonline.org


49. Cohen J (ed): Statistical power analysis for the behavioral sciences,
2nd ed. Hillsdale, NJ, Erlbaum, 1988

50. George MS, Raman R, Benedek DM, et al: A two-site pilot ran-
domized 3 day trial of high dose left prefrontal repetitive trans-
cranial magnetic stimulation (rTMS) for suicidal inpatients. Brain
Stimul 2014; 7:421–431

51. Leung A, Fallah A, Shukla S, et al: rTMS in alleviating mild TBI
related headaches: a case series. Pain Physician 2016; 19:E347–
E354

52. Leung A, Metzger-Smith V, He Y, et al: Left dorsolateral prefrontal
cortex rTMS in alleviating mTBI related headaches and depressive
symptoms. Neuromodulation 2017

53. Zangen A, Roth Y, Voller B, et al: Transcranial magnetic stimula-
tion of deep brain regions: evidence for efficacy of the H-coil. Clin
Neurophysiol 2005; 116:775–779

54. Marcolin MA, Padberg F: Transcranial Brain Stimulation for
Treatment of Psychiatric Disorders, vol. 23. Basel, Switzerland,
Karger Publishers, 2007

318 neuro.psychiatryonline.org J Neuropsychiatry Clin Neurosci 31:4, Fall 2019

LOW-FREQUENCY RTMS FOR DEPRESSION AFTER TBI

http://neuro.psychiatryonline.org

