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A B S T R A C T

There are conflicting reports on the impact of antidepressants on neural reactions for positive information. We
thus hypothesized that there would be clinically important individual differences in neural reactivity to positive
information during SSRI therapy. We further predicted that only those who responded to SSRIs would show
increased amygdala reactivity to positive information following treatment to a level similar to that seen in
healthy participants. Depressed individuals (n = 17) underwent fMRI during performance of a task involving
rating the self-relevance of emotionally positive and negative cue words before and after receiving 12 weeks of
SSRI therapy. At post-treatment, SSRI responders (n = 11) had increased amygdala activity in response to
positive stimuli, and decreased activity in response to negative stimuli, compared to non-responders (n = 6).
Results suggest that normalizing amygdala responses to salient information is a correlate of SSRI efficacy. Second
line interventions that modulate amygdala activity, such as fMRI neurofeedback, may be beneficial in those who
do not respond to SSRI medications.

1. Introduction

Clinically, some patients report that antidepressant medications
blunt their reactions to positive information (Opbroek et al., 2002), and
others say their ability to engage with positive information is increased,
though not to the level that all antidepressants, particularly, escitalo-
pram, can generally be said to treat anhedonia (Cao et al., 2019; Yee
et al., 2015). As reduced amygdala hemodynamic activity to positive
stimuli, particularly positive autobiographical memories (AMs) appears
to be a causal mechanism interfering with recovery from major de-
pressive disorder (MDD) (Victor et al., 2010; Young et al., 2016), we
hypothesized that there would be individual differences in changes to
neural reactivity to positive information associated with SSRIs and that
only those whose reactivity to positive information in the amygdala
increased following treatment would recover. Indeed, recent work by
our lab suggests that real-time fMRI neurofeedback (rtfMIR-nf) training
appears to enhance the amygdala’s response to positive AMs and also
significantly reduces depressive symptoms in patients diagnosed with
MDD (Young et al., 2017). As antidepressant pharmacotherapy,

particularly treatment with selective serotonin reuptake inhibitors
(SSRIs), is one of the first interventions recommended for patients with
MDD, yet up to two-thirds of patients fail to respond to their first in-
tervention (Cain, 2007), understanding individual differences in re-
sponse, and how to best treat residual mechanisms of depression in
those who fail to respond, is a clinically important goal. The current
study thus aimed to examine the how the amygdala response to positive
self-referential stimuli changes with treatment and is related to re-
sponse to SSRI medications, and to qualify these changes with under-
standing of 1) whether pre-treatment differences in amygdala reactivity
were predictive of response, 2) whether changes in amygdala reactivity
following treatment were associated with response and 3) whether a
broader network of brain regions contributed to predictive power.

There have been numerous studies examining regional changes that
occur following SSRI interventions (Cheng et al., 2017; Fitzgerald et al.,
2008; Fu et al., 2004; Ruhe et al., 2012; Wang et al., 2015). These
studies have generally reported that SSRIs result in reduced amygdala
reactivity to emotional stimuli (e.g., (Fitzgerald et al., 2008; Ruhe et al.,
2012), raising the concern that SSRIs may increase anhedonic
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symptoms (Sansone and Sansone, 2010). However, the majority of re-
activity studies found significant changes to negative stimuli only and
either did not assess (Anand et al., 2007; Anderson et al., 2007; Del-Ben
et al., 2005; Fu et al., 2004; Phillips et al., 2015) or did not find changes
(Arce et al., 2008; Harmer et al., 2006; Murphy et al., 2009) in amyg-
dala responses to positive stimuli (Delaveau et al., 2011).

Yet, in some studies, decreased amygdala activity to negative sti-
muli and increased activity to positive stimuli has been found following
SSRI administration. For example, within the amygdala, MDD-asso-
ciated abnormalities are “doubly dissociated” from healthy individuals
by virtue of their greater response to negative stimuli and attenuated/
negative response to positive stimuli (Suslow et al., 2010; Victor et al.,
2010), including positive autobiographical memories (AMs) (Young
et al., 2016). This pattern of amygdala activity is observed at baseline in
both those who go on to be considered treatment responsive and
treatment non-responders, suggesting a shared neurobiological me-
chanism for the experience of MDD (Godlewska et al., 2016). However,
SSRI responders showed increased amygdala BOLD activity to happy
faces following treatment that was not seen in treatment non-re-
sponders (Godlewska et al., 2016). These studies have largely utilized
tasks measuring implicit processing or cognitive appraisals of emotional
faces (is this a man or a woman).

Effects of SSRIs on more ecological positive information processing
(sustained reactions to self-referential positive stimuli) have not been
examined, though compared to non-personally relevant stimuli such
stimuli may be more related to functional deficits patients with de-
pression experience, as self-referential autobiographical processing is
critical for problem solving (Raes et al., 2005), emotion regulation
(Raes et al., 2006), and social bonding (Alea and Bluck, 2003). There-
fore, the goal of the current study was to determine whether there were
individual differences in whether SSRI intervention dampens amygdala
reactivity during positive, as well as negative, emotional self-referential
processing, or normalizes activity by decreasing responses to negative
stimuli and increasing responses to positive stimuli in a clinically de-
pressed population.

The current study employed an autobiographical/self-referential
processing task in which participants are asked to evaluate the personal
relevance of emotional words (Siegle et al., 2006, 2012). We have used
neural reactivity on this task during processing of negative stimuli to
predict responses to SSRIs (Miller et al., 2013) and cognitive therapy
(CT) as well as evaluate change in CT (Siegle et al., 2006, 2012). A
secondary goal of the current study was therefore to determine whether
an analysis using the same task with a focus on activity to positive as
well as negative stimuli would replicate the results of our previous SSRI
study.

We predicted that the amygdala will be hyperactive to negative
stimuli and hypoactive to positive stimuli at baseline in participants
with depression, compared to controls, and will revert with successful
antidepressant intervention (decreased activity to negative, increased
to positive). Should non-responders to SSRI interventions show a de-
creased amygdala response to positive self-referential stimuli that does
not resolve with pharmacotherapy, this would support secondary line
interventions targeting amygdala reactivity (e.g., neurofeedback) when
SSRI treatment fails.

2. Materials and methods

2.1. Participants

Participants in this study are part of a larger study that also included
CT. Participants were able to self-select their treatment (CT or SSRI).
229 subjects were screened and 96 subjects were recruited over
33 months, of whom 32 self-selected into the SSRI group. Participants
completed a baseline assessment and fMRI scan, then began treatment
within an average of five days of completing the scan (range
1–14 days). Participants received 12 weeks of treatment and then

completed a follow-up assessment, including fMRI, within an average of
6 days (range 1–12 days) of completing treatment.

Per inclusion criteria, baseline Hamilton Depression Ratings Scale
(HDRS; Hamilton, 1961) scores were ≥14 and participants met diag-
nostic criteria for a current major depressive episode according to the
SCID-IV. 15 participants did not provide two scans of useable data.
Thus, the final analyzed sample included 17 individuals diagnosed with
MDD in a current major depressive episode (See CONSORT diagram in
the supplement, Figure S1) and a comparison group of 20 healthy
controls (HCs) with no current or lifetime axis I disorder who engaged
in the same task and whose data have been previously reported on
(Siegle et al., 2012). All participants had a North American Adult
Reading Test (NAART) equivalent FSIQ > 85, and described no history
of psychosis, manic or hypomanic episodes on a structured clinical in-
terview (SCID-IV), or antidepressant use within 2 weeks of testing
(6 weeks for fluoxetine) and having no exposure to/no previous ex-
perience with at least one of the study drugs (escitalopram, sertraline,
or fluoxetine). Participants also reported no health problems, eye pro-
blems, or psychoactive drug or alcohol dependence in the preceding
6 months. Data presented are part of a larger clinical trial comparing
antidepressant pharmacotherapy to CT (clinicaltrials.gov identifier
NCT00787501). After receiving a complete explanation of the study
procedures, all participants provided written informed consent to par-
ticipate, as obtained according to the Declaration of Helsinki and ap-
proved by the University of Pittsburgh IRB.

2.2. Clinical protocol

In the context of the ongoing preference trial of SSRI and CT
treatment for depression, we made the number of pharmacotherapy
sessions equivalent to the CT group (per Beck et al., 1979) – 16–20
sessions over 12 weeks. Pharmacotherapy sessions were 30–45 min in
length and were conducted by a psychiatric nurse who inquired about
general mood status, did a HDRS assessment, and provided psychoe-
ducation about medication effects and adverse effects. A psychiatrist
consulted with the nurse and patient for the final 5–10 min of the
session. Symptoms, adverse effects, and treatment progress were re-
viewed with the psychiatrist using the Frequency and Intensity of
Burden of Side Effects Rating scale (FIBSR; Wisniewski et al., 2006) and
treatment recommendations were made. Pharmacotherapy was titrated
to as close to an escitalopram-equivalent target dose as was tolerated.
Subjects were offered either escitalopram (N = 12; target = 20 mg,
max dose M = 19.33 mg, SD = 4.58 mg), sertraline (N = 3,
target = 125 mg, max dose M = 125.00 mg, SD = 28.87 mg), or
fluoxetine (N = 2, target = 30 mg, max dose M = 27.50 mg,
SD = 9.57 mg) depending upon their past treatment history. No psy-
chotherapy or supportive counseling was provided. The discussion of
subject’s thoughts, feelings, and/or behaviors by the pharmacotherapy
team was forbidden.

2.3. Clinical response

Our primary outcome measure was the 24-item Hamilton Ratings
Scale for Depression (HDRS). Standard definitions of response (50%
reduction in the initial HDRS score) and remission (HDRS score < 7)
were employed (Nierenberg and DeCecco, 2001). Clinical outcome was
operationalized using residual severity, calculated as the residuals of
post-treatment scores regressed on pre-treatment scores.

2.4. Personal relevance rating task

As in our previous publications (Siegle et al., 2006, 2007), in 60
slow-event related trials, participants viewed a fixation cue (1 s; row of
Xs with prongs around the center X) followed by a positive, a negative,
or a neutral word (200 ms; only negative and positive words analyzed
herein), followed by a mask (row of Xs; 10.8 s). Participants pushed a
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button to indicate whether the word was relevant, somewhat relevant,
or not relevant to them or their lives (button orders balanced across
participants), as quickly and accurately as they could. To maximize
chances of affective reactivity, half of the words were normed to be
affectively intense for most people, and half were idiosyncratically
generated by the participant. For the current analyses, we were inter-
ested in personally relevant ecologically valid information processing,
thus, analyses in this manuscript focus primarily on the idiosyncrati-
cally generated words. To obtain these personally relevant stimuli,
participants were asked to generate words between three and 11 letters
long prior to testing. Participants were instructed to generate “10 per-
sonally relevant negative words that best represent what you think
about when you are upset, down, or depressed,” as well as “10 per-
sonally relevant positive words that best represent what you think
about when you are happy or in a good mood,” and “10 personally
relevant neutral (i.e., not positive or negative) words that best represent
what you think about when you are neither very happy nor very upset,
down, or depressed” (Siegle et al., 2003).

2.5. fMRI acquisition and processing

fMRI scans were acquired at pretreatment and after 12 weeks of
SSRI treatment. Data were collected between 2008 and 2012 on the
same scanner with the same protocol, and were preprocessed at that
time using the technology proposed in the grant which funded that
work (NIMH MH074807; Pittsburgh Foundation, Emmerling Fund
M2007-0114). Twenty-nine 3.2 mm slices were acquired parallel to the
anterior commissure–posterior commissure line using a posterior to
anterior echoplanar imaging pulse sequence to minimize susceptibility
artifacts in the amygdala and orbitofrontal regions (3 T Siemens Trio
[Siemens Medical Solutions], T2*-weighted images depicting blood
oxygenation level–dependent (BOLD) contrast; repetition time,
1500 ms; echo time, 27 ms; field of view, 24 cm; flip angle, 80°),
yielding 8 whole-brain images per 12-second trial. Stimuli were dis-
played in black on a white background via a back-projection screen
(0.88° visual angle). Responses were recorded using a data glove
(Psychology Software Tools).

Standard preprocessing steps were performed using AFNI, aug-
mented by the NIS suite (NeuroImaging Software; Fissell et al., 2003),
and custom Matlab routines, and consisted of slice time correction,
motion correction, linear detrending and despiking, voxelwise outlier
rescaling, conversion to percent change, temporal smoothing [7-point
gaussian filter], 32-parameter nonlinear warping to the Montreal
Neurological Institute Colin-27 brain data set, spatial smoothing [6-mm
full width half maximum]. To capture sustained activity, the mean fMRI
signal 6–10.5 s after presentation of negative and positive words (se-
parately) was computed minus the pre-stimulus baseline for each trial
for each participant at pre-intervention and post-intervention. Left and
right amygdala regions-of-interest were anatomically defined using the
AFNI provided masks, and the percent signal change values extracted
for each participant at each time point and valence and entered into a
repeated measures ANOVA in SPSS.

Additionally, change scores were calculated for each participant by
subtracting the post-intervention values from pre-intervention values.

Mean voxelwise condition related responses results were entered into
3dLME (linear mixed-effects modeling analysis; Chen et al., 2013) to
conduct an auxiliary analysis examining the group (responder vs. non-
responders) × valence (positive vs. negative) interaction on change in
whole brain activity. Significance criteria was set pcorrected < 0.05
(calculated using AFNI’s 3dClustSim using the 2016 “acf” autocorrela-
tion function at voxel p < 0.005, yielding an empirically detected
cluster size > 15 voxels). Percent signal change values for each par-
ticipant within each significant cluster were extracted and entered into
SPSS to determine which group/valence was driving the effect. Percent
signal change values within the regions significant in the 3dLME ana-
lysis were also extracted for healthy controls and compared to the two
patient groups via t-test in order to determine what an average healthy
person’s response was so as to determine whether being similar to the
healthy control group was associated with treatment response.

To further examine associations between clinical change and brain
activity, the significant percent signal change values associated with the
t-tests were entered into a linear regression with residual depression
scores as the dependent variable.

3. Results

3.1. Clinical characteristics

Demographic and clinical characteristics for each group are pre-
sented in Table 1. For those who completed the study, response, as
determined by change in the HDRS was variable but generally de-
creased (pre-intervention: mean = 16.2, SD = 3.77; post-intervention:
mean = 7.22, SD = 6.20; change mean = -8.98, SD = 6.74 [t
(16) = 6.13, p < 0.001, d = 1.58]). Initial severity accounted for
29.7% of variance in final severity. Eleven of the 17 participants were
designated as responders to the medication and 6 were designated as
non-responders. The responders and non-responders did not differ on
their pre-intervention HDRS scores (t(15) = 0.69, p = 0.50, d = 0.35)
but did differ from each other on the post-intervention scores (t
(15) = 5.26, p < 0.01, d = 2.30; Table 1). Of those who responded to
the intervention, 10 of the 11 met criteria for remission (defined as
HDRS score < 7), and 1 had a final score of 7. Of those who did not
respond to the intervention, no participant met criteria for remission.
The healthy controls differed from both groups at baseline (ts > 8.5,
ps < 0.001, ds > 3.7) and from the non-responders at follow-up (t
(20) = 8.2, p < 0.001, d = 2.80) but were not significantly different
from the responders at follow-up (t(25) = 1.7, p = 0.12, d = 1.05).

3.2. Amygdala ROI results

Because we did not have a hypothesis regarding laterality of
amygdala activation, values were combined to create a single amygdala
value for each for each participant at each time-point and valence. A
repeated measures ANOVA with the within subject variables of time
(pre vs post-intervention) and valence (positive, negative), and the
between subjects variable group (responders, non-responders, HCs)
showed a significant Time × Valence × Group interaction (F
(2,35) = 5.45, p = 0.009, partial η2 = 0.24; Fig. 1; Table 2). Prior to

Table 1
Demographic and Clinical Characteristics.

N % Female % Caucasian % Receiving escitalopram Age HDRS-Pre HDRS-Post

Responders 11 82% 73% 73% 34.8 (9) 15.2 (4.1)* 3.6 (2.1)^
Non-Responders 6 83% 83% 67% 31.5 (9) 18 (2.3)* 13.8 (5.9)
Healthy Controls 20 78% 80% – 33.7 (10) 1.1 (1.6) 1.4 (2.09)^

Numbers in parentheses indicate one standard deviation of the mean. * indicates a significant difference from the healthy controls at p < 0.05. ^ indicates a
significant difference from the non-responders at p < 0.05.
HDRS = Hamilton Rating Scale for Depression.
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the SSRI intervention, responders and non-responders did not differ
from each other in amygdala activity to positive or negative words (ts
(16) < 0.313, ps > 0.76, ds < 0.16), but differed significantly from
the HCs (ts > 2.83, ps < 0.009, ds > 0.91). Patients had increased
amygdala activity to negative words and decreased activity to positive
words relative to HCs. Supplement S1 suggests that these results were
unique to idiosyncratic stimuli and did not replicate for the normed
words. Supplement S2 suggests these effects were driven by responses
in the left, rather than the right amygdala.

At post-intervention, non-responders had significantly different
amygdala activation to both positive and negative words from both the
responders and HCs (ts > 6.21, ps < 0.001, ds > 3.1), who no
longer differed significantly from each other (ts(30) < 1,03, ps >
0.32, ds < 0.39). Responders and HCs has increased amygdala ac-

tivity to positive words and decreased activity to negative words re-
lative to non-responders. Paired samples t-tests revealed that while

neither the HC nor the non-responders had a significant change in
amygdala activity to words of either valence following SSRI interven-
tion (ts < 0.38, ps > 0.71, ds < 0.34), responders had a significant
increase in amygdala activity to positive words (t(10) = 5.15,
p < 0.001, d = 3.2) and a marginally significant decrease to negative
words (t(10) = 2.19, p = 0.051, d = 0.93).

Finally, change in amygdala activity to positive and negative words
were correlated (r = −0.38, n = 37, p = 0.02; Fig. 1c), indicating that
in those individuals whose amygdala activity increased to positive
words, activity also decreased to negative words. Note that the corre-
lation was the same magnitude when just considering the MDD parti-
cipants, but due to the small sample, this correlation did not reach
significance (r = −0.37, n = 17, p = 0.14).

Fig. 1. Group Differences in Pre- and Post-Intervention Amygdala Hemodynamic Activity During Processing of Positive and Negative Self-Referential Cue Words. a)
The amygdala mask in AFNI used for the ROI analysis b) amygdala hemodynamic activity to positive and negative words at pre and post intervention for each group
c) within the MDD group, correlation between increased amygdala activity to positive words and decreased activity to negative. Error bars indicate ± 1 standard
error of the mean.* indicates a significant difference from the healthy controls at p < 0.05. ^ indicates a significant difference from the treatment non-responders at
p < 0.05. # indicates a significant difference from the treatment responders at p < 0.05.

Table 2
Regions that showed a significant Group × Valence interaction in activity change during the processing of personally relevant emotional stimuli.

Change from Pre to Post Intervention

Positive Words Negative Words

Area x,y,z Cluster Size F Value Non-responders Responders HC Non-responders Responders HC

Amygdala ROI −0.004 (0.53) 1.31 (0.25)* −0.06 (0.16) −0.08 (0.57) −1.10 (0.50)* 0 (0.37)
R Parahippocampus 19, −42, −5 27 4.56 0.29 (0.95) 0.99 (0.51)* 0.30 (0.33) 0.08 (0.31) −1.54 (0.29)* −0.08 (0.36)
L Thalamus −10, −14, 7 22 20.1 0.59 (0.42) −2.06 (0.39)* 0.14 (0.30) −0.95 (0.77) −0.09 (0.35) 0.01 (0.36)
L sgACC / BA 25 −1, 18, −19 17 8.82 −0.11 (0.55) 0.93 (0.24)* 0.01 (0.03) −0.01 (0.08) 0.15 (0.16) 0.07 (0.18)

Abbreviations: BA = Brodmann Area; L = left; R = right; sgACC = subgenual anterior cingulate cortex.
Coordinates correspond to the stereotaxic array of Talairach and Tournoux (1988). Cluster size refers to the number of contiguous voxels for which the voxel t value
corresponds to pcorrected < 0.05. Numbers in parentheses indicate one standard deviation of the mean.

* indicates a significant difference from 0 (indicating no change following the intervention).

K.D. Young, et al. NeuroImage: Clinical 28 (2020) 102388

4



3.3. Whole brain analysis

When a broader range of brain regions was analyzed, significant
differences associated with treatment response were also revealed,
highlighting additional regions of interest that could potentially be used

for stratifying patient response to SSRIs. The results of the
Group × Valence interaction for change in whole brain activity pre to
post-intervention are presented in Table 2 and Fig. 2. In the right
parahippocampal gyrus during processing of positive idiosyncratic
words, responders had a significant increase in activity following the

Fig. 2. Group × Valence Interaction in Regional Hemodynamic Activity during Processing of Positive and Negative Self-Referential Cue Words. Regions where the
change in hemodynamic activity from pre- to post-intervention distinguished SSRI responders and non-responders during processing self-referential cue words versus
baseline (pcorrected < 0.05). Using the significant clusters in Table 2 as ROIs, percent signal change values were extracted for pre-intervention and post-intervention
activity for responders, non-responders, and controls. Error bars indicate ± 1 standard error of the mean. * indicates a significant difference from the healthy
controls at p < 0.05. ^ indicates a significant difference from the treatment non-responders at p < 0.05. # indicates a significant difference from the treatment
responders at p < 0.05.
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intervention relative to both the non-responders and HCs (ts > 2.22,
ps < 0.03, ds > 0.80). Both responders and non-responders had
decreased activity at baseline relative to HCs (ts > 2.03, ps < 0.05,
ds > 0.70), while after the intervention responders’ activity was not
different from HCs (t(30) = 0.50, p = 0.62, d = 0.20), and both were
greater than that seen in the non-responders (ts > 4.11, ps < 0.001,
ds > 2.01). The opposite pattern was observed during processing of
negative idiosyncratic cue words, with responders showing a significant
decrease in activity following the intervention relative to both non-re-
sponders and HCs (ts > 3.03, ps < 0.01, ds > 1.56). At baseline,
both responders and non-responders had increased activity relative to
HCs (ts > 2.13, ps < 0.05, ds > 0.80), while after the intervention
responders’ activity was not different from HCs (t(30) = 1.63,
p = 0.11, d = 0.64), and both were lower than that seen in the non-
responders (ts > 3.33, ps < 0.01, ds > 1.60). The change in activity
to both positive and negative words was significant for the responders
(ts(11) > 5.31, ps < 0.001, ds > 2.23), but not for the HCs or non-
responders ts < 0.90, ps > 0.38, ds < 0.26).

Change in activity with treatment in the thalamus also showed a
group × valence interaction. During processing of positive idiosyn-
cratic words, responders had a significant decrease in thalamic activity
following the intervention (t(11) = 5.35, p < 0.001, d = 1.55) that
was greater than that seen in either the non-responders or HCs (ts >

4.26, ps < 0.004, ds > 2.24). Neither the non-responders (t
(5) = 1.42, p = 0.22, d = 0.14) nor the HCs (t(19) = 0.45, p = 0.66,
d = 0.09) had a significant change in thalamic activity to positive
words. At baseline, responders had higher thalamic activity to positive
words than both the non-responders and the HCs (ts > 2.18, ps <
0.04, ds > 0.74), while the non-responders and HCs did not differ

from each other (t(24) = 0.22, p = 0.83, d = 0.39). At post-treatment
HCs and non-responders still did not differ from each other in thalamic
activity (t(24) = 0.66, p = 0.51, d = 0.35), while the responders had
significantly less activity than both groups (ts > 3.07, ps < 0.005,
ds > 1.13). During processing of negative idiosyncratic words, no
group showed a significant change in activity (ts < 1.23, ps > 0.27,
ds < 0.50), nor were there any significant group differences in tha-
lamic activity at baseline or follow-up (ts < 1.66, ps > 0.11, ds <
0.63).

Finally, activity in the left subgenual anterior cingulate cortex
(sgACC) during processing of positive words increased significantly in
the responders (t(11) = 3.86, p = 0.003, d = 1.12) but did not sig-
nificantly change in the non-responders(t(5) = 0.66, p = 0.52,
d = 0.32) or HCs (t(19) = 0.04, p = 0.97, d = 0.01). The change in
responders’ sgACC activity during positive processing was significantly
greater than that observed in the non-responders or HCs (ts > 2.19,
ps < 0.03, ds > 0.75). At baseline, responders had decreased activity
relative to both the non-responders and HCs (ts > 2.01, ps < 0.05,
ds > 1.48), who did not differ significantly from each other (t
(24) = 0.96, p = 0.35, d = 0.50). At follow-up, groups did not differ
from each other (ts < 1.82, ps > 0.09, ds < 0.64). During proces-
sing of negative idiosyncratic words, no group showed a significant
change in activity (ts < 0.33, ps > 0.75, ds < 0.10), nor were there
any significant group differences in sgACC activity at baseline or follow-
up (ts < 1.38, ps > 0.19, ds < 0.61).

3.4. Association with clinical change

A linear regression was performed using residual HDRS scores as the
dependent variable and regional hemodynamic change for positive and
negative cues from the amygdala and Table 2 as the predictor variables.
The change in the amygdala to positive stimuli was significant in the
model (Fig. 3a; Table 3), as was the change in the parahippocampal
gyrus to negative stimuli (Fig. 3b; Table 3). No other regional changes
significantly explained variance in residual HDRS scores (Table 3). The
adjusted R2 for this model = 0.71 and the model was significant (F
(8,17) = 6.30, p = 0.006).

4. Discussion

The results of the current study are consistent with the emerging
literature that in those who respond to them, SSRI medications nor-
malize amygdala reactivity by increasing responses to personally re-
levant positive emotional stimuli (Godlewska et al., 2016; Victor et al.,
2010) and decreasing responses to negative stimuli (Godlewska et al.,
2012), rather than dampening reactions more generally. Previously, we
have also found that, directly targeting the amygdala hemodynamic
response via real-time fMRI neurofeedback training to increase activity
during positive autobiographical memory resulted in significant clinical
improvements in patients with MDD (Young et al., 2017). The finding
that SSRI non-responders did not have a detectable change in amygdala
activity, though the responders did, supports a role for the amygdala
response to emotional stimuli in recovery from MDD as did our finding
that the change in amygdala activity to positive words explained sig-
nificant variance in the treatment response. To the extent that these
results replicate, targeting amygdala responses to positive information
directly, e.g., via amygdala real-time neurofeedback, could share si-
milar mechanisms to SSRIs, while offering a lower side effect profile for
neurofeedback relative to pharmacotherapy (Hawkinson et al., 2012)
and may be useful to consider as a second-line intervention or to aug-
ment SSRI treatment in those who only partially respond. Whether the
same or different people would respond to each of these types of in-
tervention would be useful to consider in future studies in helping to
plan for mechanistically targeted moderator-informed precision treat-
ment prescription.

The observed normalization of amygdala activity following SSRI
intervention, rather than a non-specific dampening is in contrast with
the traditionally accepted mechanism of action for SSRI antidepressants
which focuses on 5-HT1A receptors that hyperpolarize the membrane
and decrease neuronal excitability (Gross et al., 2000). The fact that
there was a significant correlation between increased amygdala activity
to positive stimuli and decreased activity to negative supports the as-
sertion that individuals are regulating their amygdala activity in an
adaptive manner following SSRI treatment. Explanations for this
change would likely be more nuanced, e.g., due to SSRI-associated
changes in BDNF. SSRI medications have the downstream effect of
stimulating the cAMP cascade, leading to an increase in CREB and
BDNF and ultimately neurogenesis and synaptic plasticity (Duman
et al., 2001). As neuroplasticity is associated with the ability of neu-
ronal systems to incorporate and adapt to environmental stimuli and
make adaptive responses (Harmer et al., 2017), it may explain how
amygdala activity is normalized in SSRI treatment responders. The
observation that amygdala activity is not generally dampened by SSRI
treatment may be particularly important as our data (Fig. 1b) observe
relative deactivations of the amygdala to positive information at base-
line. This observation is consistent with our previous studies, which
have reported decreased BOLD activity in the amygdala, compared to
rest, in depressed participants as they recall positive autobiographical
memories (Young et al., 2016, 2017), and others have reported rela-
tively decreased amygdala BOLD responses to negative faces following
administration of escitalopram (Godlewska et al., 2012).

An auxiliary whole brain analysis revealed several other regions
that changed significantly with treatment response. Consistent with a
role of the peri-amygdaloid complex in recovery from MDD (Schaefer
et al., 2006), activity in the parahippocampus increased to positive and
decreased to negative idiosyncratic words, and did not change in the
non-responders or HCs. Activity in the thalamus significantly decreased
in response to positive idiosyncratic cues in the responders. Given the
role of the thalamus as a relay station directing sensory information to
cortical regions (Gazzaniga et al., 2014), the reduced activity in the
responders following intervention may reflect decreased effort needed
to relay positive information. Finally, we found increased sgACC ac-
tivity while processing personally relevant positive words following the
intervention only in the responders group. This region is commonly
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activated in neuroimaging studies focused on self-referential processing
(Northoff et al., 2006), and has been implicated in reward and pleasure,
as reduced sgACC activity is associated with decreased stimulation of
dopamine release resulting in anhedonia, apathy, and absence of be-
havioral incentive (Drevets et al., 1998, 1997, 2008). The increased
activity in the responders following intervention suggests that SSRIs
work by increasing the affective value of self-relevance of positive sti-
muli. Overall, these nonamygdala regions changed primarily to positive
stimuli, and may be considered important for recovery from MDD upon
replication.

Several limitations of the present study merit comment. Our sample
size was small, especially with respect to treatment non-responders.
However, large effect sizes were observed in a single a priori region,
suggesting some level of interest, particularly if they are replicated in a
larger sample. The strong response rate could reflect that the design was
atypical for psychopharmacology; participants were seen biweekly at
first and then weekly. This visit schedule is consistent with psy-
chotherapy studies and was instituted as the trial was done in a clinic
that was running concurrent psychotherapy research so all participants
were seen on the same schedule. This visit frequency could have af-
fected the types of observed change and associated predictors. The
strong response rate could also be accounted for by nonspecific effects
which have shown an average of HDRS point improvement per follow-
up visit (Posternak and Zimmerman, 2007). Despite accounting for all
of the medication and non-specific effects, amygdala reactivity differ-
entiated individuals who did and did not respond, suggesting the ro-
bustness of our finding. Our follow-up period was also relatively short.
Future studies would benefit from including longer-term outcome data
to determine if there is a sustained benefit in the responder group as-
sociated with a particular pattern of amygdala activation.

In conclusion, data are consistent with the hypothesis that for those
who respond, SSRIs normalize amygdala reactivity during emotional
processing of self-referential stimuli. Activity in the amygdala

significantly changed in responders but did not change in non-re-
sponders suggesting SSRIs work via normalization of the amygdala
response to emotional stimuli. For those who do not respond to SSRIs it
may be that the drugs blunt, or at least, do not increase amygdala re-
activity. Interventions that directly target these regions but are free
from the side-effects typically observed with SSRIs, such as real-time
neurofeedback, may therefore be effective treatments for MDD.
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