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IMPORTANCE Emotion regulation is critically disrupted in depression, and the use of
paradigms that tap into these processes may uncover essential changes in neurobiology
during treatment. In addition, because neuroimaging outcome studies of depression
commonly use only baseline and end-point data—which are more prone to week-to-week
noise in symptomatology—we sought to use all data points over the course of a 6-month trial.

OBJECTIVE To examine changes in neurobiology resulting from successful treatment.

DESIGN, SETTING, AND PARTICIPANTS Double-blind trial examining changes in the neural
circuits involved in emotion regulation resulting from 1 of 2 antidepressant treatments during
a 6-month trial. Twenty-one patients with major depressive disorder and without other Axis I
or Axis II diagnoses were scanned before treatment and 2 and 6 months into treatment at the
university’s functional magnetic resonance imaging facility.

INTERVENTIONS Venlafaxine hydrochloride extended release (with doses of up to 300 mg) or
fluoxetine hydrochloride (with doses of up to 80 mg).

MAIN OUTCOMES AND MEASURES Neural activity, as measured using functional magnetic
resonance imaging during performance of an emotion regulation paradigm, as well as regular
assessments of symptom severity using the Hamilton Depression Rating Scale. For use of all
data points, slope trajectories were calculated for rate of change in depression severity and
for rate of change in neural engagement.

RESULTS The depressed individuals who showed the steepest decrease in depression
severity over the 6-month period were the same individuals who showed the most rapid
increases in activity in Brodmann area 10 and the right dorsolateral prefrontal cortex activity
when regulating negative affect over the same time frame. This relationship was more robust
when using only the baseline and end-point data.

CONCLUSIONS AND RELEVANCE Changes in prefrontal cortex engagement when regulating
negative affect correlate with changes in depression severity over 6 months. These results
are buttressed by calculating these statistics, which are more reliable and robust to
week-to-week variation than are difference scores.
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Emotion dysregulation is a core component in the patho-
physiology of major depressive disorder (MDD).1,2 In par-
ticular, the ability to adaptively regulate negative affect

is thought to be an important mechanism by which de-
pressed individuals recover from MDD and is part of the theo-
retic al rationale of several empiric al ly supported
psychotherapies.3 Meta-analyses of neuroimaging studies using
emotion regulation paradigms has shown that both the pre-
frontal cortex (PFC) and the amygdala appear to be involved
in the regulation of emotion,4 whereby it is hypothesized that
the PFC enacts “top-down” control of the amygdala and af-
fects its firing patterns.5 Studies have often found specific roles
for the dorsolateral PFC (DLPFC) and the medial PFC (mPFC)
in emotion regulation.6 Although the DLPFC does not have di-
rect projections to the amygdala, the mPFC does, and the
DLPFC may exert top-down control of amygdala function via
the mPFC.7 Recently, it has been suggested that more dorsal
regions of the mPFC are involved in the appraisal of emotion
and that more ventral regions of the mPFC are involved in the
regulation of emotion.7 Yet, despite near universal agree-
ment that improvement of emotion regulation is essential to
effective treatment, we are not aware of neuroimaging stud-
ies, to date, that have examined changes in the neurobiologi-
cal substrates underlying emotion regulation processes as a re-
sult of treatment.

Studies examining changes in the neurobiology of depres-
sion over the course of treatment have produced somewhat
inconsistent results. For example, meta-analyses examining
changes in functional magnetic resonance imaging (fMRI) and
positron emission tomography following antidepressant treat-
ment have found that activity in a variety of PFC, thalamic, and
insular areas increase during treatment, whereas activity in the
amygdala, hippocampus, ventral anterior cingulate cortex, and
other PFC areas appear to decrease during treatment.8,9 It ap-
pears that the results depend to a significant degree on what
type of paradigm is used (eg, either a resting state or one of sev-
eral task activation paradigms). It is also common for studies
to follow patients with MDD for 8 weeks or less; however, brain
activation changes, as well as symptom severity, may change
far beyond the first 8 weeks of treatment.

Another reason for a lack of concordance between treat-
ment studies of depression may be methodological. In treat-
ment studies of depression, many intermediate measures of
symptom severity are discarded, and only baseline and end-
point measures are examined. This approach is helpful for un-
derstanding final symptom severity but does so at the cost of
examining the course of medication response. One problem
with this approach is the potential large week-to-week vari-
ability in symptoms, which could lead to reduced accuracy if
only baseline and end-point data are used. Such issues can be
compounded when taking categorical approaches (eg, remit-
ter vs nonremitter) because the cut-point distinctions are
arbitrary.10 As the National Institute of Mental Health Treat-
ment of Depression Collaborative Research Program noted,11

end-point and categorical approaches to assessing treatment
outcome often make restrictive statistical assumptions and dis-
card potentially informative data. Instead, this work group sug-
gested the use of random regression models, whereby a tra-

jectory (ie, slope) is calculated for each patient or treatment
arm. This allows for the use of all data points, is robust in the
face of missing data, allows for irregularly spaced measure-
ment occasions, and can increase reliability of outcome mea-
sures. This type of approach has been successfully used in out-
come studies.12-15

Because emotion dysregulation is generally regarded to be
an essential feature of depression, using an experimental para-
digm designed specifically to tap into these psychological pro-
cesses has important ecological validity; there are no studies
of which we are aware that have examined relations between
changes in symptom severity resulting from treatment and
changes in brain regions subserving emotion regulation. In ad-
dition, following patients for longer than the customary 8
weeks after treatment may be important in uncovering novel
neurobiological circuits correlating with rate of treatment re-
sponse. Lastly, the development of novel methodological ap-
proaches to examining relations between changes in symp-
tom severity and brain engagement may be important for better
understanding treatment response.

To that end, a 6-month treatment outcome study was con-
ducted in which untreated patients with MDD were assessed
prior to and during treatment with 1 of 2 antidepressants (ven-
lafaxine hydrochloride extended release or fluoxetine hydro-
chloride). Patients were scanned on 3 occasions: before treat-
ment and 2 and 6 months into treatment. Depression severity
was assessed regularly. Given that the regulation of negative
affect is thought to be a central component of MDD,1,2 we used
a paradigm designed to tap into these processes. Given that
the PFC and the amygdala have been implicated in the suc-
cessful regulation of emotion,4 we predicted that trajectories
of change in the these areas would correlate with trajectories
of change in the Hamilton Depression Rating Scale (HDRS).

Methods
Participants
At baseline, 29 medication-free, right-handed adults satisfy-
ing DSM-IV16 criteria for unipolar MDD were enrolled in our
study. These participants were recruited through community
advertisements, and they had to be medication free for at least
2 weeks prior to study entry. At enrollment, the participants
were screened for standard MRI compatibility criteria, cen-
tral nervous system medications, comorbid substance abuse/
dependence, other comorbid DSM-IV Axis I (including anxi-
ety) or Axis II diagnoses, and a personal or familial history of
bipolar disorder. Patients in this sample were screened for and
excluded if they had a comorbid Axis I disorder. Patients were
required to have had depressive symptoms for at least 1 month
prior to enrollment and scores greater than 17 on the 21-item
HDRS at enrollment and baseline fMRI assessment. The par-
ticipants in our study are the same as those who participated
in the studies by Heller et al,17,18 Johnstone et al,19 and Light
et al.20 Our study was approved by the institutional review
board, and each participant provided informed written con-
sent.
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Following the initial, pretreatment scan session, patients
were randomly assigned to receive a 6-month course of either
venlafaxine or fluoxetine treatment. These patients were only
receiving antidepressant medication treatment; they were not
receiving other forms of therapy. In week 1, patients received
either 37.5 mg of venlafaxine or 20 mg of fluoxetine. In week
2, patients received either 75 mg of venlafaxine or 20 mg of
fluoxetine; these dosing levels were the minimum dosing lev-
els for our study. Further titration was based on clinical re-
sponse (adverse effects and antidepressant effects). The maxi-
mum dosing was 300 mg of venlafaxine and 80 mg of
fluoxetine. The HDRS scores were acquired approximately
weekly for the first 5 weeks (until an effective dose was
achieved), roughly every other week for the next month, and
approximately once a month through the completion of the
6-month study. Approximately 11 HDRS interviews were per-
formed over 6 months if the patient completed the study. Dur-
ing the first 2 months of treatment, the mean (SD) dosage was
37 (8.7) mg/d for the patients randomly assigned to receive
fluoxetine and 118 (36.6) mg/d for the patients randomly as-
signed to receive venlafaxine. Over the entire study, the mean
(SD) dosage was 43.62 (11.76) mg/d for the patients randomly
assigned to receive fluoxetine and 158.63 (62.06) mg/d for the
patients randomly assigned to receive venlafaxine. For regres-
sion analyses controlling for medication quantity, we used the
mean dosage that patients took over the entire study because
a single dosage of venlafaxine and a single dosage of fluox-
etine are thought to be of rough clinical equivalence. The ra-
tionale for using 2 different types of medication was 2-fold.
First, it was to examine the general neurobiological sub-
strates underlying medication treatment response. To do this,
2 medications were required to be able to examine such gen-
eralized patterns. A secondary goal was to be able to compare
the neurobiological profiles resulting from both a selective sero-
tonin reuptake inhibitor and a selective noradrenergic reup-
take inhibitor, although our sample sizes were ultimately not
large enough to be able to directly compare the treatments with
sufficient statistical power.

At 2 and 6 months, depressed participants returned for 2
additional fMRI assessments. Eight patients discontinued par-
ticipation, leaving 21 patients. There was a marginally signifi-
cant difference in initial HDRS scores between those de-
pressed patients completing the trial and those not completing
the trial (t27 = 1.93; P = .06), such that those completing the trial
had lower initial HDRS scores. After unblinding, it was re-
vealed that 12 patients had taken venlafaxine and that 9 pa-
tients had taken fluoxetine. Analyses incorporated medica-
tion “responders” and “nonresponders.”

The fMRI Design
All 3 scan sessions were identical in timing, procedure, and de-
sign. Participants were scanned while viewing a sequence of
72 positive and 72 negative images from the International Af-
fective Picture System.21 Negative images were selected ac-
cording to the International Affective Picture System norms
to be both unpleasant (with scores ranging from 1 [most un-
pleasant] to 9 [most pleasant]; mean [SD] score, 2.95 [0.87])
and arousing (with scores ranging from 1 [least arousing] to 9
[most arousing]; mean [SD] score, 5.44 [0.80]), whereas posi-
tive images were pleasant (mean [SD] score, 7.13 [0.62]) and
arousing (mean [SD] score, 5.28 [0.58]). Arousal ratings did not
differ significantly across positive and negative images (t < 1),
thus allowing us to manipulate valence while controlling for
stimulus intensity. Stimuli were presented using E-Prime soft-
ware (Psychological Software Tools). The same images were
used at all scan sessions; however, the order of image presen-
tation was randomized across the scans. Trials began with a
1-second fixation cross and auditory tone. Then, an image was
presented for 10 seconds, followed by 6 seconds of blank
screen. To ensure compliance, at the onset of each image, par-
ticipants used a button response pad to judge whether the im-
age was positive or negative. Four seconds following image on-
set, an auditory prompt instructed participants to increase
(“enhance”) or decrease (“suppress”) their emotional re-
sponse to the image or to continue to “attend” to the picture
(Figure 1). While positioned inside a mock scanner during a pre-

Figure 1. Schematic of the Emotion Regulation Paradigm
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vious session, participants were trained on the use of cogni-
tive reappraisal strategies to reevaluate the images as more or
less emotional. For the suppress condition, participants were
trained to either view the situation as fake or unreal or imag-
ine that the situation being depicted had a different outcome
than the one suggested (eg, a couple in love were just actors
and did not feel the way that they were depicted in the im-
age). For the enhance condition, participants were trained to
either imagine themselves or a loved one experiencing the situ-
ation being depicted or imagine a more extreme outcome than
the one depicted (eg, in response to a picture of a ferocious dog,
a participant might imagine that the dog’s leash broke and that
the dog is going to bite him or her). Alternatively, for the trials
of the attend condition, participants were instructed to main-
tain their focus on the picture without changing their affec-
tive experience. Across six 380-second scans, there were 24
trials of the regulation conditions and 12 trials of the attend con-
dition for each valence (order pseudorandomized).

Image Aquisition
Images were collected on a General Electric 3-T scanner
equipped with a standard clinical whole-head transmit-
receive quadrature head coil. Functional images were ac-
quired using a T2*-weighted gradient-echo, echo planar
imaging pulse sequence (33 sagittal slices, 4-mm thickness, and
1-mm interslice gap; 64 × 64 matrix; 240-mm field of view; a
repetition time of 2000 milliseconds, an echo time of 30 mil-
liseconds, and a flip angle of 60°; 190 whole-brain volumes per
run). A high-resolution T1-weighted anatomical image was also
acquired (T1-weighted inversion recovery fast gradient echo;
256 × 256 in-plane resolution; 240-mm field of view;
124 × 1.1-mm axial slices).

Analysis of Change in Depression Symptoms
To use the totality of the HDRS symptom data, we performed
a multiple regression analysis for each depressed patient in
which the vector of depression severity scores on the 21-item

HDRS over the course of the study was regressed on the square
root of the number of days since the initial, pretreatment HDRS
score. For each patient, this yielded an estimate of the B co-
efficient that corresponded to the rate of change of HDRS score
over the square root of time plus a constant of 1 for the time
variable. We used a square root transformation of time be-
cause previous reports11,13 have suggested that reductions in
symptom severity are nonlinear over time following treat-
ment with antidepressants. This can be seen descriptively in
Figure 2. Further supporting the rationale for using a square
root transformation of time was the fact that the mean R2 for
the HDRS trajectory regressions across participants was sig-
nificantly higher when the square root transformation (mean
[SD] R2 = 0.65 [0.23]) of time plus 1 was used as opposed to
when the nontransformed time variable (mean [SD] R2 = 0.55
[0.22]; paired t test: t20 = 6.46, P < .001) was used.

Image Analysis
At each of the 3 time points, fMRI data were corrected for slice
time and motion using AFNI software.22 Echo planar imaging
data were normalized to the 2-mm Montreal Neurological In-
stitute 152 T1 template (using FMRIB Software Library’s lin-
ear and nonlinear normalization algorithms FLIRT and FNIRT)
and smoothed (5-mm full-width at half maximum). These data
were then analyzed as single-participant generalized linear
models to model each of the 6 trial types (positive/negative
stimulus; enhance, attend, and suppress reappraisal instruc-
tion), as well as 6 motion estimate covariates. We also in-
cluded a second-order polynomial used to model the base-
line data and slow signal drift. Regressors consisted of a set of
7 sine basis functions, which were used to produce separate
estimated hemodynamic response functions for each trial type
over the entire trial. The estimated hemodynamic response
functions were converted to percentage signal change values
and averaged across time points corresponding to the peak he-
modynamic response during the regulation period (8-14 sec-
onds after stimulus onset). To examine brain function when

Figure 2. Trajectories of Hamilton Depression Rating Scale (HDRS) Scores Over Time for 21 Patients With Major
Depressive Disorder
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regulating negative affect, we created contrast maps for each
participant at all 3 time points by subtracting the “attend” con-
dition from the “suppress” condition in response to negative
stimuli.

We performed an analysis (similar to the one we per-
formed for the HDRS scores) in which data from all 3 scan ses-
sions were used to assess treatment-induced change in brain
activity when regulating emotion. As with the individual HDRS
trajectories, time, in this case, corresponded to the number of
days since the first scan occurred. Thus, for each participant,
on a voxel-by-voxel basis, we regressed the vector of the 3 nega-
tive “suppress” vs “attend” contrast values on the vector of 3
time values (again using square root transformation). For each
participant, this yielded an estimate of the B coefficient at each
voxel corresponding to the rate of change of fMRI when regu-
lating emotion resulting from treatment.

For the analyses using the more traditional approach of ex-
amining change using difference scores (end vs starting points),
we subtracted the initial HDRS score from the final HDRS score.
For fMRI analyses, in a voxelwise manner, we subtracted the
initial negative “suppress” vs “attend” from the final nega-
tive “suppress” vs “attend.”

Group Analysis
Each patient now had 2 B coefficient estimates following ini-
tiation of antidepressant treatment. One of them corre-
sponded to the rate of change of HDRS scores; the other cor-
responded to the rate of change of fMRI activity when
regulating emotion. To examine which brain areas displayed
a rate of change correlating with a rate of change of HDRS symp-
toms, we performed a between-subjects correlation, correlat-
ing the estimate of the B coefficient from the change in brain
activity over time, with the estimate indicating the rate of
change in HDRS scores. Brain areas demonstrating a signifi-
cant association in this analysis can be interpreted as reflect-
ing the rate of change of depression severity. Resulting brain
maps from group analysis were thresholded at P < .005 with
a cluster size of k > 51 voxels. This corresponds to P < .05 cor-
rected for multiple comparisons based on the Monte Carlo
simulation (the AlphaSim program in AFNI) using a whole-
brain mask. Group analyses relating to the difference scores
were performed in the same manner. For analyses of gray mat-
ter probability (GMP), we used FMRIB Software Library’s FAST
algorithm.23

For comparability with studies examining treatment for 8
weeks, we performed a similar analysis with only the first 2
fMRI time points and HDRS measurements for 8 weeks. We cal-
culated a difference score of the negative suppress vs attend
condition for the 2 fMRI sessions and correlated that with the
HDRS trajectory over the first 8 weeks.

We also performed a connectivity analysis to examine
whether the slope of amygdala-PFC connectivity related to the
HDRS trajectory. We used an anatomical amygdala seed from
the Juelich atlas,24 and we used the beta-seed connectivity
approach.25 We specifically looked at those PFC regions that
were significant in the univariate analysis. We subsequently
calculated the slope of change in connectivity across the 3 time

points and correlated that with the HDRS slope, as already de-
scribed. See eAppendix in Supplement.

Results
Symptom Change
Patients completing the 6-month trial were interviewed with
the HDRS a mean (SD) 12 (0.54) times. Their final HDRS assess-
ment visit, which coincided with the third and final MRI ses-
sion, was a mean (SD) of 189 (10.48) days after the initial HDRS
assessment and MRI session. At the initial time point, the mean
(SD) HDRS score was 20.33 (2.22), and at the final time point,
the mean (SD) HDRS score was 6.00 (4.30). At final assess-
ment, 14 of the 21 patients had “remitted” (HDRS score ≤7), and
2 of the 7 nonremitting patients were medication “respond-
ers” (≥50% decrease). The mean HDRS score at final assess-
ment was significantly lower than at initial assessment
(t20 = 14.46, P < .001). The mean (SD) estimate of the B coef-
ficient indicating the rate of change of HDRS score over time
(square root transformation) across participants was −10.22
(0.43). For the non–square root transformed data, the mean (SD)
estimate of the B coefficient was −0.07 (0.03). As can be seen
in Figure 2, individual patients demonstrated substantial vari-
ability at the final HDRS assessment (compared with their most
recent previous assessments), highlighting the potential power
in using a trajectory-based approach for assessing symptom
change.

Correlation Between HDRS Trajectory and fMRI Trajectory
When Regulating Negative Affect
The between-subjects correlation, examining the relation be-
tween the treatment-related blood oxygenation level–
dependent (BOLD) signal changes during the regulation of
negative affect and the HDRS trajectory, revealed several areas.
Perhaps most interestingly, 2 areas of the PFC, Brodmann area
(BA 10; peak: −4, 62, 12; Figure 3A) and the right DLPFC
(RDLPFC [BA 9]; peak: 18, 50, 44; Figure 3B) demonstrated a
significant negative association with HDRS rate of change.
Those individuals showing the steepest increase, over the
6-month trial, in negative “suppress” vs “attend” BOLD sig-
nal in these prefrontal regions were those individuals show-
ing the most rapid decrease in HDRS score. Controlling for age
and sex in the 2 PFC regions did not attenuate the relation-
ship. Other areas that showed a similar association can be seen
in our Table.

We found no such relationship between HDRS trajectory
and negative “suppress” vs “attend” trajectory in the amyg-
dala, contrary to our prediction. Furthermore, recent models
of antidepressant treatment change26 have suggested that
change in amygdala activity in response to negative stimuli (in
the absence of emotion regulation) may predate changes in PFC
activity. As a result, we calculated a similar trajectory for the
negative “attend” condition only and correlated that with HDRS
trajectory. Using the negative “attend” trajectory, we did not
see a relationship with HDRS trajectory within the amygdala,
even at the more liberal threshold of P < .01.
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Analyses Addressing Specificity
To examine the specificity of these findings, we performed sev-
eral analyses to address the specificity of the findings. When
controlling for medication type (eg, fluoxetine vs venlafax-
ine), the relationship between HDRS trajectory and BA 10 tra-
jectory remained significant (B = −11.46, t18 = −3.09, P = .006);
the effect of medication was not significant (B = −0.10,
t18 = −0.62, P = .54). Similarly, when controlling for medica-
tion type, the relationship between HDRS trajectory and DLPFC
trajectory remained significant (B = –11.72, t18 = −2.91, P = .009);
the effect of medication was not significant (B = −0.02,
t(18) = −0.13, P = .90). This suggests that drug type does not
account for this relationship.

Because this effect could be driven by individual differ-
ences in initial depression severity, we next performed analy-
ses controlling for baseline HDRS score. When controlling for

baseline HDRS score, the relationship between HDRS trajec-
tory and BA 10 trajectory slightly increased in significance
(B = −11.86, t18 = −3.98, P < .001); interestingly, the effect of
baseline HDRS score was also significant (B = −0.09, t18 = −3.18,
P = .005) such that individuals with higher baseline HDRS
scores had steeper HDRS trajectories. When controlling for
baseline HDRS score, the relationship between HDRS trajec-
tory and DLPFC trajectory remained significant (B = −9.71,
t18 = −2.53, P = .02); in this case, the effect of baseline HDRS
score was not significant (B = −0.06, t18 = −1.63, P = .12). This
suggests that these findings are due to relationships in the tra-
jectory, specifically, and not initial depression severity, per se.

Lastly, we examined the condition when participants were
increasing positive affect (namely, the positive “enhance” vs
positive “attend” conditions). We calculated fMRI trajecto-
ries for each participant and correlated them with HDRS tra-

Figure 3. Correlation Between Treatment-Related BOLD Signal Changes During Regulation of Negative Effect
and HDRS Trajectory
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The changes in Brodmann area 10
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Table. Brain Regions Showing a Significant Association Between HDRS Trajectory and fMRI Trajectory When
Regulating Negative Affect

Location
Brodmann

Area

x, y, z
Coordinates,

mm
Cluster Size,

Voxels
Maximum t

Value

Superior occipital gyrus 17/18 −4, −90, 24 189 −4.24

Right middle temporal gyrus 20 70, −35, −8 109 −4.37

Left middle temporal gyrus 21 −64, −12, −14 102 −4.50

Medial prefrontal cortex 10 −4, 62, 12 74 −3.83

Cerebellum 14, −86, −40 55 −3.85

Right superior frontal gyrus 9 18, 50, 44 53 −4.69

Abbreviations: fMRI, functional
magnetic resonance imaging facility;
HDRS, Hamilton Depression Rating
Scale.
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jectories. There were no significant associations between HDRS
trajectory and trajectory of upregulating positive affect when
correcting for multiple voxelwise comparisons. This may be
due, in part, to the fact that the HDRS has only 3 items inquir-
ing about reductions in positive affect in MDD.

Correlation Between HDRS Baseline to End-Point Difference
and fMRI Difference When Regulating Negative Affect
To evaluate whether calculating HDRS and fMRI trajectories
yields additional and potentially more robust information com-
pared with the more traditional difference score approach, we
assessed whether the significant effects among BA 10, DLPFC,
and HDRS trajectories held when using baseline and 6-month
difference scores. The correlation between the BA 10 differ-
ence score and the HDRS difference score (r = −0.39, P = .08)
and the correlation between the RDLPFC difference score and
the HDRS difference score (r = −0.37, P = .10) were not signifi-
cant. Note that the association is in the same direction as the
trajectory-based approach, but in these areas, the correlation
is attenuated—when testing whether the difference in corre-
lations was significant between the trajectory and difference
score approaches, neither were significantly different from one
another (P = .41 for BA 10 and P = .39 for the DLPFC). How-
ever, given the relatively strict requirements for multiple com-
parison correction in imaging paradigms, we would not have
found these effects using the traditional difference score ap-
proach.

Correlation Between HDRS Trajectory and GMP Trajectory
Because several studies have suggested that changes in brain
structure may accompany changes in depressive symptom se-
verity, we calculated GMP maps for each depressed patient at
all 3 time points and ran a voxelwise regression similar to that
for the functional data. There was no significant correlation
between GMP trajectory in BA 10 and HDRS trajectory
(r = −0.05, P = .82). When controlling for the GMP trajectory,
we found that the association between the BOLD signal BA 10
trajectory when regulating negative affect and the HDRS tra-
jectory remained significant (B = −12.11, t18 = −3.19, P = .005)
and that the association between the BA 10 GMP trajectory and
the HDRS trajectory was not significant (B = −12.10, t18 = 0.43,
P = .67). There was also no significant correlation between the
GMP trajectory in the RDLPFC and the HDRS trajectory
(r = −0.23, P = .32). Similarly, when controlling for the GMP tra-
jectory, we found that the association between the BOLD sig-
nal RDLPFC trajectory when regulating negative affect and the
HDRS trajectory remained significant (B = −11.84, t18 = −2.83,
P = .01) and that the association between the RDLPFC GMP tra-
jectory and the HDRS trajectory was not significant (B = −0.54,
t18 = −0.02, P = .98). This suggests that the findings are not due
to changes in structure but are specific to functional changes.

We computed a slope measure for each participant’s HDRS
scores across the initial 2 months—up to the point at which the
second scan occurred. We also computed a difference score for
change in brain activity when regulating negative affect, and
we performed a between-subjects voxelwise correlation of

these 2 individual difference metrics. Interestingly, no areas
survived multiple comparison correction for this analysis at 2
months.

For the connectivity analysis, we examined whether the
rate of change in amygdala–BA 10 connectivity or in amygdala-
RDLPFC connectivity predicted the HDRS trajectory. We found
no significant relationship between the rate of change in either
DLPFC-amygdala connectivity (P = .54) or BA 10–amygdala con-
nectivity (P = .65) and HDRS trajectory. See eAppendix in
Supplement.

Discussion
Emotion regulation is a core feature of the pathophysiology
in depression; however, studies examining brain changes dur-
ing the regulation of emotion over the course of treatment have
not been conducted. We calculated depression severity and
fMRI trajectories for each participant over 6 months of anti-
depressant treatment as they performed an emotion regula-
tion task. Performing a between-subjects regression with these
2 measures revealed that the rate of change of activity in BA
10 and the RDLPFC when regulating negative affect tracked
with the rate of change of depression severity such that those
depressed patients evidencing more rapid increases in BA 10
and RDLPFC activity were those individuals showing the most
rapid decreases in depression symptom severity. We did not
find such a relationship in the amygdala, or when upregulat-
ing positive affect as opposed to downregulating negative
affect. In addition, the calculation of symptom and brain tra-
jectories following treatment in psychiatric studies has sev-
eral virtues, including increasing the reliability of change sta-
tistics. The use of more reliable statistical measures, along with
the use of theoretically motivated experimental paradigms,
may lead to a greater concordance across studies and may aid
in designing better treatments.

This finding fits with some previous work examining the
neurobiological correlates underlying symptom change in de-
pression. Studies have found increases in DLPFC activity re-
sulting from 8 weeks of antidepressant treatment27 or in-
creases in medial PFC activity resulting from treatment.28,29

This finding is also partially consistent with a model for treat-
ment change suggesting that increases in PFC and decreases
in amygdala engagement would follow successful depression
treatment.26 The lack of a change in the amygdala when either
regulating negative affect or during negative emotional reac-
tivity is notable, however. It may be that the use of a para-
digm designed to more specifically probe amygdala
reactivity,30,31 as opposed to the emotion regulation para-
digm used herein, would have more power to reveal relation-
ships between the trajectory of amygdala reactivity and the tra-
jectory of depression severity.

Given the importance of the regulation of emotion in mood
disorders such as depression,1,2 using paradigms with face va-
lidity may be particularly important in uncovering the unique
neurobiological substrates underlying the disorder and its suc-
cessful treatment. In particular, changes in distinct brain net-
works appear to be related to changes in symptom severity, de-
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pending on the type of task used, and whether there is a task
at all (eg, at rest). This is not to say that emotion regulation para-
digms are the only or best approach—other paradigms de-
signed to examine disturbances in emotional reactivity,
memory, or cognitive disruption are also important to under-
standing the neurobiology underlying depression and its treat-
ment. This highlights not only the heterogeneity of the neu-
robiology underlying depression but also the importance of the
field to consider which imaging paradigms may be the most
valuable in aiding our understanding of the disorder.

There are at least 2 reasons for why we may have seen a
lack of a relationship between changes in amygdala activity and
changes in depression severity. First, it may more likely be due
to the paradigm that was used than to the reduced role of the
amygdala in depression treatment. In particular, a paradigm
designed to more robustly activate the amygdala may yield
greater variance across time points and may be sensitive to
changes resulting from treatment compared with the emo-
tion regulation paradigm used herein. Second, evidence sug-
gests that although the psychological effects of an antidepres-
sant may take weeks to occur, its effect on amygdala activity
may occur much more rapidly (ie, within hours32). As a re-
sult, there may have been a disconnect between changes in
amygdala activity and changes in HDRS score, making it dif-
ficult to find such a relationship.

Our finding that changes in BA 10 and RDLPFC trajectory
track changes in symptom severity raises the question of how
the rate of change in engagement of these specific subregions
of PFC corresponds to the rate of improvement in HDRS. Both
of these areas have been found by meta-analysis to be in-
volved in the regulation of emotion,4 but the roles of the spe-
cific subregions of the PFC during the regulation of affect have
yet to be identified. Recently, it has been suggested that the
medial PFC network can be subdivided into a dorsal area sub-
serving the appraisal of emotion and a ventral area subserv-
ing the regulation of affect.7 The PFC areas found in this study
fall within the dorsal nexus. Although it may be surprising that
the PFC regions were more likely found in dorsal portions of
the PFC and within this “appraisal” subdivision, it may, in fact,
be that how a depressed patient interprets stimuli in their life
is an important feature of how patients improve resulting from
treatment.

In fact, slope trajectories in several regions other than the
PFC were associated with the HDRS trajectory. These in-
cluded the occipital gyrus and middle temporal gyri. As we al-
ready suggested, the location of the PFC regions raises the pos-
sibility that brain areas responsible for appraisal processes are
changing as depression severity is changing, and it may not be
surprising that other perceptual areas are showing similar re-
lationships. It may be that rates of change in such perceptual
areas, in concert with the frontal areas, subserve changes in
how depressed patients are in fact experiencing such affec-
tive stimuli.

The most significant limitation in comparing a data set with
only 3 time points with a data set with 12 time points is the mis-

match in resolution. Ideally, we would have had 12 fMRI scans
and 12 HDRS assessments—although it would have been too
costly and too burdensome for respondents to complete such
a study. As such, one limitation is that we were required to ex-
amine only linear relationships over the course of the 6-month
trial. Although we ran linear regressions to compute fMRI
slopes (to correlate with HDRS slopes), a depressed patient’s
brain may change in nonlinear ways when regulating nega-
tive affect, and the use of nonlinear functions may better model
both the psychological and the biological changes resulting
from treatment. Inherent in this limitation is that with greater
scanning resolution, we would have also been able to look at
whether rates of brain changes differ early on in treatment vs
later in treatment. In our view, these are very important ques-
tions for future research.

Patients in this sample were screened for and excluded if
they had comorbid Axis I disorders. Clinically, this is less com-
mon—depressed patients often present with comorbid Axis I
disorders including generalized anxiety. In our view, this is both
a strength and a limitation. It is a strength in that we are mod-
eling the neural correlates of reductions in depressive symp-
toms specifically resulting from treatment. Using a more rep-
resentative sample of patients who have a variety of comorbid
Axis I disorders might enhance the generalizability of the find-
ings that BA 10 and DLPFC trajectories track with reductions
in HDRS score but might also introduce noise as patients ex-
perience reductions in additional clusters of symptoms. To ad-
dress these questions, future work examining relations be-
tween changes in neurobiological trajectories resulting from
treatment and changes in symptom severity should be more
inclusive as to comorbidity.

In summary, changes in PFC engagement when regulat-
ing negative affect track with changes in depression symp-
tom severity over 6 months. These results were buttressed by
calculating change statistics, which are theoretically more re-
liable than the use of difference scores. We believe that the use
of paradigms that are thought to tap into core features of the
disorder being studied, in addition to the use of statistics that
make use of all the data acquired, can increase reliability and
foster cross-study comparison because the findings are less re-
liant on an individual data point (symptom or fMRI measure)
being robust and accurate.

Most importantly, the findings from our study under-
score the use of probing emotion regulation in depression and
indicate that decreases in depression severity with treatment
are associated with increases in prefrontal activation during
the voluntary regulation of negative affect. These findings are
consistent with the conjecture that increased prefrontal acti-
vation during the regulation of negative affect confers some
benefit and may facilitate more rapid recovery following a nega-
tive challenge and thus, over time, may result in decreased de-
pression severity.
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