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Objective: Repetitive transcranial magnetic stimulation
(rTMS) is an effective treatment for refractory major depres-
sive disorder, yet no studies have characterized trajectories
of rTMS response. The aim of this study was to characterize
response trajectories for patients with major depression un-
dergoing left dorsolateral prefrontal cortex rTMS and to de-
termine associated baseline clinical characteristics.

Methods: This was a secondary analysis of a randomized
noninferiority trial (N=388) comparing conventional 10-Hz
rTMS and intermittent theta burst stimulation (iTBS) rTMS.
Participants were adult outpatients who had a primary di-
agnosis of major depressive disorder, had a score =18 on the
17-item Hamilton Depression Rating Scale (HAM-D), and did
not respond to one to three adequate antidepressant trials.
Treatment was either conventional 10-Hz rTMS or iTBS rTMS
applied to the dorsolateral prefrontal cortex, 5 days/week
over 4-6 weeks (20-30 sessions). Group-based trajectory
modeling was applied to identify HAM-D response trajec-
tories, and regression techniques were used to identify as-
sociated characteristics.

Treatment-resistant major depressive disorder remits for a
minority of patients treated with pharmacotherapy or psy-
chotherapy (1). Novel treatments such as repetitive trans-
cranial magnetic stimulation (rTMS) have been shown to be
effective for achieving remission in treatment-resistant
major depression (2). However, rTMS outcomes are het-
erogeneous (3, 4), with some studies suggesting subpopula-
tions of fast and slow responders (5).

Previous studies have identified distinct depression re-
sponse trajectories for pharmacotherapy and psychotherapy
(6-8); however, no similar studies have identified response
trajectories for rTMS. Understanding the variation in re-
sponse trajectories with rTMS is important for three reasons.
First, it could enable individualized prediction of fast re-
sponse, slow response, and nonresponse to rTMS using base-
line clinical characteristics. Second, it could help determine
whether the optimal treatment duration to achieve remission
varies among individuals, as does pharmacotherapy (9). Third,
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Results: Four trajectories were identified: nonresponse
(N=43, 11%); rapid response (N=73, 19%); higher baseline
symptoms, linear response (N=118, 30%); and lower baseline
symptoms, linear response (N=154, 40%). Significant differ-
ences in response and remission rates between trajectories
were detectable by week 1. There was no association be-
tween treatment protocol and response trajectory. Higher
baseline scores on the HAM-D and the Quick Inventory of
Depression Symptomatology—Self-Report (QIDS-SR) were
associated with the nonresponse trajectory, and older age,
lower QIDS-SR score, and lack of benzodiazepine use were
associated with the rapid response trajectory.

Conclusions: Major depression shows distinct response
trajectories to rTMS, which are associated with baseline
clinical characteristics but not treatment protocol. These
response trajectories with differential response to rTMS
raise the possibility of developing individualized treatment
protocols.
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it could offer clues regarding the biological heterogeneity of
major depression itself, based on pace of response (10).
Using data from a recent rTMS trial, we applied group-
based trajectory modeling techniques to identify distinct
response trajectories (11). Our primary objective was to
characterize the number and pattern of distinct longitudinal
response trajectories for adults with treatment-resistant
major depression over an acute course of rTMS. Our ex-
ploratory objective was to determine baseline clinical char-
acteristics associated with the identified response trajectories.

METHODS

Participants

This secondary analysis used data from the THREE-D study
(11), a randomized noninferiority trial comparing two rTMS
protocols applied to the left dorsolateral prefrontal cortex:
conventional high-frequency left (HFL) or intermittent theta
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burst ((TBS) stimulation. The study was conducted at three
Canadian academic hospitals from September 2013 to Oc-
tober 2016: the Centre for Addiction and Mental Health, the
University Health Network, and the University of British
Columbia. The study was approved by institutional ethics
boards at all sites, and participants provided written informed
consent.

Participants were outpatients between the ages of 18 and
65 with a diagnosis of unipolar major depressive disorder,
confirmed with the Mini International Neuropsychiatric
Interview (12). Inclusion criteria were current major de-
pressive episode, with a score =18 on the 17-item Hamilton
Depression Rating Scale (HAM-D) (13); lack of response to at
least one adequate or two inadequate antidepressant trials
during the current episode, as assessed by the Antidepressant
Treatment History Form (14); and, if taking psychotropic
medications, dosages had not been increased for 4 weeks
before starting treatment. Exclusion criteria were substance
dependence or abuse <3 months before study entry; any
unstable medical or neurological illness; acute suicidality; a
Mini International Neuropsychiatric Interview diagnosis of
bipolar I or II disorder, a primary psychotic disorder, or
psychotic symptoms in the current episode; a primary di-
agnosis of obsessive-compulsive disorder, posttraumatic
stress disorder, an anxiety disorder, or a personality disorder;
any contraindication to rTMS C(history of seizures; in-
tracranial implant); a lifetime history of failure to respond to
an adequate course of ECT; previous rTMS treatment; cur-
rent treatment with any anticonvulsant, or with lorazepam
at >2 mg/day; pregnancy; significant laboratory test abnor-
malities; and failure of more than three adequate antide-
pressant trials (defined by a score >3 on the Antidepressant
Treatment History Form) in the current episode.

Study Design

Participants were randomly assigned in a 1:1 ratio to receive
either HFL or iTBS treatment, administered 5 days/week
over 4-6 weeks for 20-30 treatments while continuing their
psychotropic medications unchanged for the study duration.
All participants received an initial course of 20 daily treat-
ments, and participants who achieved a reduction =30%
frombaseline in HAM-D score, but not remission, received an
additional 10 treatments over 2 weeks to optimize treatment
response and durability (15). Participants who did not achieve
a 30% reduction by week 4 exited the study. Participants were
withdrawn early if their depression scores (measured by the
HAM-D) were >25% higher than at baseline on two con-
secutive assessments, if they developed significant suicidal
ideation, or if they attempted suicide. Participants who
missed treatment sessions were rescheduled to achieve the
intended course length; however, participants who missed
four consecutive treatments were withdrawn. Randomiza-
tion of participants was stratified by degree of medication
resistance (dichotomized as more than one versus one or
fewer adequate medication trials without response) and
was done using a randomly permuted block method with a
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random number generator. While the design did not allow
the rTMS technician or patient to be blind to treatment
allocation, outcome assessors were blind to treatment allocation.

rTMS Procedure
Before treatment, all participants underwent anatomical
MRI brain scanning. rTMS treatments were delivered using
real-time MRI-guided neuronavigation with a Visor2 system
(Advanced Neuro Therapeutics, Madison, Wisc.) to optimize
coil positioning. The left dorsolateral prefrontal cortex was
targeted using the Montreal Neurological Institute’s MNI-
152 stereotaxic coordinates (X, y, z: —38, 44, 26) (16). The
device used was a MagPro X100/R30 stimulator equipped
with a B70 fluid-cooled coil (MagVenture, Farum, Denmark).
The resting motor threshold was determined by visual
observation according to published guidelines (17). HFL used
treatment settings approved by the U.S. Food and Drug Ad-
ministration (120% resting motor threshold, 10 Hz, 4 seconds
on, 26 seconds off, 3000 pulses/session over 37.5 minutes) (18,
19).iTBS was delivered to the same site with the same intensity
but used a different stimulation pattern (triplet 50-Hz bursts,
repeated at 5 Hz, 2 seconds on, 8 seconds off, 600 pulses per
session over 3 minutes) (20). Further details are provided in
the original THREE-D report (11).

Measures

Clinical assessments and prognostic factors. Clinical assess-
ments were completed by trained research assistants blind to
treatment allocation. All characteristics potentially associ-
ated with response trajectories were measured at baseline.
Validated psychometric scales were used to measure clini-
cal characteristics over time. Depression severity was mea-
sured at baseline and then weekly until trial completion
with clinician-rated (the HAM-D and the Inventory of De-
pressive Symptomatology [IDS]) (21) and self-rated (the
Quick Inventory of Depressive Symptomatology-Self-Rated
[QIDS-SR]) (22) instruments. Response was defined as a
reduction =50% from baseline in HAM-D score, and re-
mission was defined as a HAM-D score <8, as in the primary
THREE-D analysis (11). Supplementary measures were
assessed at baseline and at trial completion: anxiety (Brief
Symptom Inventory) (23), functional disability (Sheehan
Disability Scale) (24), degree of enjoyment and satisfaction
experienced in daily functioning (Quality of Life Enjoyment
and Satisfaction Questionnaire) (25), and mental well-being
(Warwick-Edinburgh Mental Well-Being Scale) (26).

Outcomes. The primary outcome was to classify study par-
ticipants into distinct response trajectories, using HAM-D
scores, during a course of rTMS. The exploratory outcome
was to determine clinical characteristics associated with
response trajectories.

Statistical Analysis
All statistical analyses were conducted in SAS, version 9.4
(SAS Institute, Cary, N.C.). For our primary analysis, intended
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to determine longitudinal response trajectories associated with
rTMS treatment, we used a semiparametric group-based
trajectory modeling strategy to classify study participants
into subgroups based on identifying heterogeneous longi-
tudinal polynomial trajectories. This was implemented via
the SAS procedure PROC TRAJ (27). The outcome variable—
HAM-D score—is a normally distributed psychometric scale
for which we estimated the error structure as a censored nor-
mal distribution. We determined the optimal number of
response trajectories in the model and optimal polynomial
degree in each trajectory, using the Bayesian information
criterion (BIC). The BIC measures improvement in model
fit gained by inclusion of additional groups or shape param-
eters, but it also penalizes added complexity. The BIC
log Bayes factor approximation, defined as 2XABIC (where
ABIC is the BIC difference between amore complex and aless
complex model), has been shown to be an acceptable ap-
proximation to the log Bayes factor criterion (28) and was used
to determine the number of response trajectories that best
fit the observed data. A log Bayes factor approximation >10
was used as the criterion for favoring the more complex
model (27).

We first determined the best-fitting number of response
trajectories with the maximum degree of the fitted poly-
nomial fixed at cubic, since previous work has demon-
strated that depressive symptoms during treatment
generally follow linear, quadratic, or cubic trajectories (8,
29). Next, we determined the polynomial degree in each
trajectory by systematically reducing the polynomial de-
gree for each trajectory with the smallest point estimate
until all trajectories consisted of linear polynomial de-
grees. The combination of linear, quadratic, and cubic
polynomials that best explained the observed response
trajectories (lowest BIC), was considered the best-fitting
model.

We assessed model fit by calculating the average posterior
probability of group membership (70% minimum for each
group), determining the percentage of the total sample within
each trajectory (5% minimum for each group), and calcu-
lating the odds of correct classification (>5 considered ad-
equate). Because participant data for weeks 5 and 6 were
missing not at random and potentially nonignorable, we
determined group membership using participant data
to week 4. However, because response trajectories may
identify protocol-defined early study completers at week
4 (early remission or <30% change in HAM-D score from
baseline), we compared response trajectory classifications
using week 4 data with classifications using week 6 data.
We found that there was an identical number of trajectories
and good interrater agreement (kappa=0.74) for assigning
response trajectories when week 4 or week 6 data were
used. Therefore, we extended participant depressive symp-
tom data to week 6 for descriptive purposes. Further-
more, because this trial used two different rTMS treatment
techniques, we repeated the model creation process for
each treatment technique separately. We also assigned
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treatment technique as a covariate in the PROC TRAJ en-
vironment to determine whether this was a significant pre-
dictor of group membership assignment.

We also completed two secondary analyses: a categorical
comparison of HAM-D remission (HAM-D score <8) and
response rates (HAM-D change =50% from baseline) for
weeks 1 to 4 and at trial completion between response tra-
jectories, and a sensitivity analysis determining the response
trajectory of participants who received treatment but vio-
lated study inclusion criteria.

For the exploratory objective of identifying clinical
features associated with response trajectory, we used
weighted multinomial multivariate logistic regression
to determine associations between potential characteris-
tics (baseline clinical and demographic characteristics
and treatment characteristics) and response trajectories.
The regressions were weighted by the probability of
group membership to account for measurement error
introduced by the uncertainty of group membership. The
reference group for the regression analysis was chosen a
priori to be the response trajectory with the largest
membership.

We used the following covariate selection process
to determine characteristics associated with response tra-
jectories. First, we removed any clinical, demographic, or
treatment variables that measured identical constructs.
Second, we assessed covariates for multicollinearity by
assessing the variance inflation factor and removing cova-
riates to ensure that the variance inflation factor was <4 for
all variables. Third, we assessed covariates for sparse data.
Multilevel categorical covariates were collapsed where ap-
propriate. If covariates could not be collapsed, then they were
excluded if the expected frequency was <5 within each
response trajectory. Fourth, the remaining covariates were
selected using a previously described procedure (30):
We derived 1,000 bootstrap samples, to which we applied
automated backward stepwise selection with variable
elimination when p was <0.05. Final covariates were selected
if they were included in >75% of the bootstrap samples, to
ensure that our selection of covariates would be more stable
and robust than from the single apparent sample (31). All
bootstrapped regressions were forced to include treatment
technique (HFL or iTBS) in the regression, to account for any
association with treatment technique. The identified pre-
dictors associated with treatment response were then in-
cluded in amultinomial regression model using the data set to
determine their independent association with group mem-
bership as measured by odds ratios and corresponding 95%
confidence intervals. Model discrimination and fit were
assessed in independent logistic models for each response
trajectory and are reported using the c-statistic and the
Hosmer-Lemeshow test, respectively. Statistical tests were
two-tailed with alpha set to 0.05, with the exception of
comparing response and remission rates between trajecto-
ries, where alpha was set to 0.01 to account for multiple
comparisons.
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TABLE 1. Change in Bayesian information criterion (BIC) with
more symptom trajectories with all cubic polynomials in a
sample of patients treated with repetitive transcranial
magnetic stimulation for depression

Number of Groups BIC 2XxABIC?
1 -5918.38 NA

2 -5640.88 555

3 -5522.37 237.02
4 -5496.22 52.3
5 -5552.18 -111.92

2 A log Bayes factor approximation >10 was used as the criterion for favoring
the more complex model. The value in boldface indicates the selected
solution.

RESULTS

Response Trajectories

A total of 414 participants underwent randomized treatment
assignment, with 26 excluded: two before receiving treat-
ment and 24 who received treatment but were subsequently
found to have violated study inclusion criteria. Therefore, the
analytic cohort for this study consisted of 388 participants
who received at least one rTMS treatment. For the primary
outcome, we found that four distinct response trajectories
adequately fit the observed data (Table 1) and were described
by a combination of cubic, quadratic, and linear polynomial
components. The longitudinal course of depressive symp-
toms for each of the four trajectories is depicted in Figure 1.
The four response trajectories each had a distinct pattern,
which we labeled “nonresponse” (N=43, 11%), with minimal
improvement over treatment; “rapid response” (N=73,19%),
with near-maximal improvement by week 2-3, followed by a
relative plateau to week 6; “higher baseline symptoms, linear
response” (N=118, 30%), with steady linear improvement and
no apparent plateau by week 6; and “lower baseline symp-
toms, linear response” (N=154, 40%), again with steady linear
improvement and no apparent plateau by week 6 (Table 2).

For the secondary outcomes, we observed significant dif-
ferences between trajectories in response rates by week 1 and
remission rates by week 3, and these differences were main-
tained until trial completion (Table 3). Compared with the in-
cluded participants (N=388), the excluded participants (N=24)
had a higher proportion in the nonresponding trajectory (42%
compared with 10%), but formal statistical testing was not
possible because of the small number of excluded partic-
ipants (see Table S1 in the online supplement).

For the sensitivity analysis of rTMS treatment technique
(HFL versus iTBS), we found that the optimal number of
trajectory groups was three—likely because of smaller sample
size (29)—but the models demonstrated a qualitatively sim-
ilar pattern (a nonresponding group, a rapid-responding
group achieving most improvement by week 2-3, and an
intermediate group showing steady gains and no plateau by
treatment end) (see Figure S1A,B in the online supplement).
Notably, including treatment condition in the PROC TRAJ
framework did not reveal any significant association of the
treatment protocol (HFL or iTBS) with response trajectories.
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FIGURE 1. Four distinct trajectories of change in depressive
symptoms over 4 to 6 weeks of repetitive transcranial magnetic
stimulation treatment?
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Characteristics Associated With Each Symptom
Trajectory

The results of the multinomial logistic regression model for
group membership are presented in Table 4. After adjusting
for treatment technique, the following characteristics were
significantly associated with response trajectory group:
clinician-rated baseline depression severity (HAM-D score),
self-rated baseline depression severity (QIDS-SR score), age,
and benzodiazepine use (present or absent). Characteristics
that were associated with membership in the rapid response
group were older age (odds ratio=1.04, 95% CI=1.01, 1.07),
lower baseline QIDS-SR score (odds ratio=0.79, 95% CI=0.71,
0.87), and absence of benzodiazepine use (odds ratio=0.40,
95% CI=0.18, 0.90). In contrast, characteristics that were
significantly associated with membership in the nonresponse
group were higher baseline HAM-D score (odds ratio=1.31,
95% CI=1.17, 1.47) and QIDS-SR score (odds ratio=1.20, 95%
CI=1.05, 1.38). The association of benzodiazepine use with the
nonresponse trajectory fell short of statistical significance
(odds ratio=2.25, 95% CI=0.99, 5.11). Sensitivity analyses in
which benzodiazepine use was modeled as a continuous
covariate (total daily dose) yielded a similar pattern of
findings, with greater total daily benzodiazepine doses as-
sociated with reduced odds of membership in the rapid
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TABLE 2. Baseline characteristics of participants receiving repetitive transcranial magnetic stimulation for depression, by symptom

trajectory group?

Lower Baseline

Symptoms, Higher Baseline
Total Sample Rapid Response  Linear Response Symptoms, Linear Nonresponse
Variable (N=388) (N=73) (N=154) Response (N=118) (N=43)
Demographic characteristics
Mean SD Mean SD Mean SD Mean SD Mean SD
Age (years) 42.3 115 45.4 111 41.2 11.4 429 11.3 395 12.1
Education (years) 16.3 3.1 16.7 2.8 16.0 2.8 16.7 3.3 158 3.7
Age at depressive symptom onset 20.9 10.9 219 122 19.9 9.0 22.0 119 19.6 119
(years)
Median IQR Median IQR Median IQR Median IQR Median IQR
Duration of current episode 140 8.0,250 180 11.0,30.0 120 6.0,240 170 10.0,28.0 14.0 7.0, 24.0
(months)
N % N % N % N % N %
Male 159 41.0 32 43.8 67 435 41 347 19 442
Unemployed 243 62.6 34 46.6 96 62.3 83 70.3 30 69.8
Right-handed 345 88.9 60 82.2 139 90.3 108 915 38 88.4
Treatment measures
Antidepressant treatment 295 76.0 59 80.8 121 78.6 79 66.9 36 83.7
Antidepressant augmentation 71 18.3 12 16.4 31 20.1 20 16.9 8 18.6
Antidepressant combination 84 21.6 19 26.0 32 20.8 27 22.9 6 14.0
Benzodiazepine use 123 31.7 14 19.2 52 33.8 36 30.5 21 48.8
Psychotherapy 151 389 21 28.8 70 455 44 37.3 16 37.2
Number of adequate antidepressant
trials
None 30 77 3 41 10 6.5 15 127 2 4.7
One 173 44.6 34 46.6 70 45.5 50 42.4 19 442
Two 111 28.6 28 38.4 46 29.9 26 22.0 11 25.6
Three 74 191 8 11.0 28 18.2 27 229 11 25.6
History of ECT treatment 18 4.6 0 0.0 4 2.6 8 6.8 6 14.0
Any anxiety comorbidity 207 53.4 28 38.4 86 55.8 69 58.5 24 55.8
Baseline symptom scales
Mean SD Mean SD Mean SD Mean SD Mean SD
HAM-D 235 4.3 20.6 2.7 222 3.5 259 4.0 26.8 4.3
QIDS-SR 17.0 3.9 13.8 3.3 16.8 3.7 18.1 3.3 19.8 33
Brief Symptom Inventory 10.0 52 7.5 5.0 9.3 4.8 11.3 5.4 13.0 4.6
Treatment characteristics
N % N % N % N % N %
HFL rTMS 189 48.7 35 47.9 81 52.6 56 475 17 395
iTBS rTMS 199 51.3 38 52.1 73 47.4 62 52.5 26 60.5

2 HAM-D=17-item Hamilton Depression Rating Scale; HFL=high-frequency left; IQR=interquartile range; iTBS=intermittent theta burst stimulation; QIDS-
SR=Quick Inventory of Depressive Symptomatology—Self-Report; rTMS=repetitive transcranial magnetic stimulation.

response group and greater odds of membership in the
nonresponse group, although the findings were not signifi-
cant (see Table S2 in the online supplement). Individual
logistic regression models for each response trajectory
indicated adequate model discrimination (c-statistic, 0.67-
0.84) and fit (Hosmer-Lemeshow test p>0.05).

DISCUSSION

This is, to our knowledge, the first study to describe de-
pression response trajectories with 4 to 6 weeks of rTMS.
We identified four distinct and clinically relevant trajectories.
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Differences in remission and response rates between tra-
jectories were evident by week 1 and persisted for the du-
ration of treatment. The rapid response group demonstrated
dramatic improvement by week 2, whereas the nonresponse
group demonstrated no improvement throughout treatment.
Two intermediate groups demonstrated slower, linear im-
provement with no apparent plateau of improvement but
with only a minority remitting by the end of treatment. At
treatment completion, there were significantly different
outcomes, with response rates ranging from 0% in the
nonresponse group to nearly 90% in the rapid response
group. Our exploratory analysis also identified four clinical
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TABLE 3. HAM-D response and remission rates for each of the four depressive symptom trajectories among participants receiving

repetitive transcranial magnetic stimulation for depression?

Lower Baseline

Higher Baseline

Total Sample  Rapid Response Symptoms, Linear Symptoms, Linear Nonresponse
(N=388) (N=73) Response (N=154) Response (N=118) (N=43)
Outcome N % N % N % N % N % X2 p
Response
Week 1 35 9.0 28 38.4 5 33 2 17 0 0.0 9478 <0.0001
Week 2 75 193 52 71.2 20 13.0 3 25 0 0.0 161.72 <0.0001
Week 3 109 28.1 51 69.9 47 30.5 11 9.3 0 0.0 100.88 <0.0001
Week 4 179 46.1 63 86.3 85 55.2 30 25.4 1 2.3 106.06 <0.0001
Final 181 46.7 64 87.7 83 53.9 34 28.8 0 0.0 105.29 <0.0001
Remission
Week 1° 9 2.3 9 12.3 0 0.0 0 0.0 0 0.0
Week 22 25 6.4 22 5.7 3 2.0 0 0.0 0 0.0
Week 3 33 8.5 28 384 5 3.3 0 0.0 0 0.0 104.03 <0.0001
Week 4 50 12.9 38 52.0 10 6.5 2 17 0 0.0 12490 <0.0001
Final 111 28.6 58 79.4 43 279 10 8.5 0 0.0 133.08 <0.0001

@ HAM-D=17-item Hamilton Depression Rating Scale. Response was defined as a reduction =50% from baseline in HAM-D score, and remission was defined as

a HAM-D score <8.
b Statistical testing not was performed because expected cell size was <5.

TABLE 4. Characteristics associated with depressive symptom trajectories among participants receiving repetitive transcranial magnetic

stimulation for depression®

Lower Baseline Symptoms,
Linear Response (N=154)

Rapid Response (N=73)

Higher Baseline Symptoms,

Linear Response (N=118) Nonresponse (N=43)

Characteristic Odds Ratio  95% CI Odds Ratio 95% Cl Odds Ratio 95% Cl Odds Ratio  95% ClI
Selected covariates
Age 1.04 1.01-1.07 1.00 (Reference) 1.00 0.98-1.03 0.98 0.94-1.01
Benzodiazepine use® 0.40 0.18-0.90 1.00 (Reference) 0.88 0.47-1.64 2.25 0.99-5.11
Baseline HAM-D 0.90 0.80-1.01 1.00 (Reference) 1.30 1.19-1.42 131 1.17-1.47
Baseline QIDS-SR 0.79 0.71-0.87 1.00 (Reference) 1.02 0.93-1.11 1.20 1.05-1.38
A priori covariate 1.00 (Reference)
iTBS rTMS€ 1.02 0.53-1.98 1.00 (Reference) 1.27 0.71-2.29 1.87 0.82-4.28

@ Boldface indicates statistical significance at p<0.05. HAM-D=17-item Hamilton Depression Rating Scale; QIDS-SR=Quick Inventory of Depressive
Symptomatology—Self-Report; rTMS=repetitive transcranial magnetic stimulation; iTBS=intermittent theta burst stimulation.

b Reference is no benzodiazepine use.
¢ Reference is high-frequency left rTMS.

characteristics independently associated with response tra-
jectories: baseline HAM-D score, QIDS-SR score, age, and
benzodiazepine use.

Our finding of distinct fast and slow response trajectories
with rTMS agrees with previous trajectory-based analyses
of pharmacotherapy in depression in older adults (8) and
younger adults (6) and combined pharmacotherapy and psy-
chotherapy in younger adults (7). However, unlike in trajectory-
based analyses of pharmacotherapy (8, 9), we did not identify
trajectories with delayed response to rTMS. This may be due
to the fact that the pharmacotherapy trajectory-based analy-
ses examined treatment outcomes up to 12 weeks, compared
with a maximum of 6 weeks in the present study. Previous
studies have suggested that some patients may benefit from
longer rTMS treatment courses (5, 15, 32), and this could
have been observed had our study allowed for prolonged
treatment. However, delayed responders represent a mi-
nority of patients in pharmacotherapy trajectory analyses
(5%—15%) (8, 9), and given the costs associated with rTMS
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(33), the cost-benefit analysis of prolonged treatment
courses will necessitate careful consideration on an indi-
vidual basis. Furthermore, our results raise the possibility
that the identified response trajectories represent distinct
neurophysiological phenotypes of major depression with
preferential response to neurostimulation (34).

We also identified four demographic and clinical char-
acteristics associated with membership in each trajectory:
baseline HAM-D score, QIDS-SR score, age, and benzodi-
azepine use. On self- and clinician-rated scales, low baseline
depression severity was associated with the rapid response
trajectory and high baseline severity with the nonresponse
trajectory. Similar observations were made between baseline
severity and response trajectories in two previous pharma-
cotherapy trajectory analyses of depression (8, 35). This
suggests that patients with higher baseline severity are less
likely to respond quickly and may require longer durations of
rTMS treatment. Interestingly, older age was associated with
increased odds of rapid rTMS response trajectory, although
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our sample only included adults under age 65. This finding is
consistent with previous work finding that rTMS was more
effective for older adults under age 65 and for late-life de-
pression (36, 37) when rTMS coils at higher stimulus in-
tensities were used, as in the present study (i.e., at 120% resting
motor threshold). This suggests that the hypothesis of older
age predicting poor response to rTMS may be due to early
clinical trials that used insufficient stimulus intensities (38).
Further studies using modern rTMS technologies to treat
individuals across the entire lifespan will be required to
clarify the association between age and rTMS outcomes.

Of particular clinical relevance is the association between
poorer response trajectories and benzodiazepine use,
which was the only modifiable characteristic identified.
Although high-dose benzodiazepine use was excluded,
low-dose benzodiazepine use (32% of study participants) was
associated with 60% lower odds of membership in the rapid
response trajectory and more than twice the odds of mem-
bership in the nonresponse trajectory. This finding is likely
independent of comorbid anxiety, which has been associated
with worse outcomes (40), because clinician-rated anxiety
(using the Brief Symptom Inventory) was not identified during
our variable selection process. This is an important finding
because benzodiazepines are positive allosteric modula-
tors at GABA, receptors and have been demonstrated to
interfere with cortical excitability (41). This suggests that
medications that affect cortical excitability, such as benzo-
diazepines or antiepileptic medications, may have a negative
impact on rTMS treatment outcomes, as has been suggested
in the literature on electroconvulsive therapy (42-44). From
a clinical perspective, our work suggests that clinicians
should consider discontinuing even low-dose benzodiaze-
pines, if possible, before pursuing rTMS treatment.

Limitations

Some important limitations of this study should be noted.
First, the selection criteria prevent the generalization of our
results to individuals over age 65, individuals with bipolar
depression, and individuals with significant psychiatric
comorbidity. Second, two different treatments were used in
this study (HFL rTMS and iTBS rTMS), which was a non-
inferiority trial, and although we performed multiple sen-
sitivity analyses, and despite the fact that the original study
found nearly identical longitudinal response trajectories (11),
residual trajectory differences between treatment techni-
ques remain possible. Given that these two treatments likely
result in distinct neurophysiological changes, further work
will be required to determine whether individual clinical or
biological characteristics may be useful in the choice of
treatment with iTBS or HFL rTMS. However, until bio-
markers of response to either form of treatment have been
identified, the increased treatment capacity offered by using
iTBS remains a compelling advantage over standard HFL
(3 minutes compared with 37.5 minutes). Third, our analysis
of the characteristics associated with response trajecto-
ries was exploratory and data driven. While we applied
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conservative significance thresholds to mitigate this issue,
the characteristics identified could still be a result of model
overfitting and therefore require replication in independent
cohorts in order to develop clinically useful predictive
models. Fourth, this analysis only considered clinical char-
acteristics associated with response trajectories and did not
use any biological markers such as baseline anatomical or
functional MRI scans or neurophysiological markers. These
characteristics will be assessed in future studies for any
potential further predictive value.

CONCLUSIONS

In this study of depression response trajectories with rTMS
treatment, to our knowledge the first of its kind, we identified
four distinct trajectories: nonresponse, rapid response, and two
intermediate response trajectories. Greater age, absence of
benzodiazepine use, and lower baseline depression severity
were associated with the rapid response trajectory, and greater
baseline depression severity was associated with the non-
response trajectory. While this study provides clinically relevant
information, further work will be needed to replicate these
findings as well as to determine the utility of prolonged treat-
ment courses and to explore the possibility that these trajec-
tories represent biologically distinct major depression subtypes.
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