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A B S T R A C T

Background: Our lab has previously found that structural integrity in tracts from the raphe nucleus (RN) to the
amygdala, measured by fractional anisotropy (FA), predicts remission to selective serotonin reuptake inhibitors
(SSRIs) in major depressive disorder (MDD). This could potentially serve as a biomarker for remission that can
guide clinical decision-making. To enhance repeatability and reproducibility, we replicated our study in a larger,
more representative multi-site sample.
Methods: 64 direction DTI was collected in 144 medication-free patients with MDD from the Establishing
Moderators and Biosignatures of Antidepressant Response for Clinical Care (EMBARC) study. We performed
probabilistic tractography between the RN and bilateral amygdala and hippocampus and calculated weighted FA
in these tracts. Patients were treated with either sertraline or placebo, and their change in Hamilton Depression
Rating Scale (HDRS) score reported. Pretreatment weighted FA was compared between remitters and non-
remitters, and correlation between FA and percent change in HDRS score was assessed. Exploratory moderator
and voxel analyses were also performed.
Results: Contrary to our hypotheses, FA was greater in nonremitters than in remitters in RN-left and right
amygdala tracts (p=0.02 and 0.01, respectively). Pretreatment FA between the raphe and left amygdala cor-
related with greater, not reduced, HDRS (r=0.18, p=0.04). This finding was found to be greater in the placebo
group. Moderator and voxel analyses yielded no significant findings.
Conclusions: We found greater FA in nonremitters between the RN and amygdala than in remitters, and a cor-
relation between FA and symptom worsening, particularly with placebo. These findings may help reveal more
about the nature of MDD, as well as guide research methods involving placebo response.
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1. Introduction

Major depressive disorder (MDD) is a heterogeneous mental dis-
order with complex etiology and a variety of negative outcomes.
Despite being one of the most prevalent diseases globally, extensive
research and clinical treatment trials have fallen short of consistently
helping patients achieve remission (Katzman et al., 2014). Selective
Serotonin Reuptake Inhibitors (SSRIs), the most common MDD treat-
ment, only produce remission in one out of three patients (Rush et al.,
2006). Ineffective SSRI treatment can often cause additional impair-
ments due to common side effects such as insomnia, sexual dysfunction,
and anxiety (Lam et al., 2012). Moreover, SSRIs often take four weeks
or longer to exert antidepressant effects (Montgomery, 1997). There-
fore, the ability to accurately predict response prior to treatment would
help determine whether an SSRI is appropriate, or whether another
form of therapy should be pursued. Such accuracy may result in higher
treatment adherence, less patients lost to follow-up, and higher success
rates in treating MDD.

A non-invasive, in vivo option that can be used for this purpose is
Diffusion Tensor Imaging (DTI), a form of Magnetic Resonance Imaging
(MRI) that measures the diffusion of water molecules in the brain
(Frodl and Amico, 2014). One variable extracted from DTI is Fractional
Anisotropy (FA), which is derived from the calculated mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD) of water mo-
lecules (Alexander et al., 2007; Soares et al., 2013). FA is a measure of
the directional dependence of water diffusivity, with 0 corresponding to
isotropic diffusion in all directions and 1 indicating that water diffuses
completely across one axis (i.e., completely anisotropic) (O'Donnell and
Westin, 2011). It is thought that high FA corresponds to dense tracts of
myelinated WM axons (Du et al., 2014). Low FA values may reflect
decreased myelin sheath integrity (Heckel et al., 2015), although it can
be influenced by factors such as noise, artifacts, and crossing fibers. DTI
can also be used to estimate the location of fiber tracts from one region
(seed) to another (target).

Pretreatment FA differences between those who recover with
treatment (remitters) and those who do not (non-remitters) may reflect
baseline differences in structural integrity in brain regions implicated in
treatment efficacy. In line with this assumption, studies have found
associations between treatment response (including SSRIs, ketamine,
and a selective norepinephrine reuptake inhibitor (SNRI)) and pre-
treatment FA in regions such as the cingulum, stria terminalis (Grieve
et al., 2016; Korgaonkar et al., 2014), and frontal cortex
(Vasavada et al., 2016). These regions are connected to areas known to
be affected in MDD, such as the subgenual anterior cingulate cortex
(Vergani et al., 2016) and amygdala (Kruger et al., 2015). However, a
clinically viable marker for treatment response using DTI has not yet
been validated and has only been observed in small patient samples
with small effect sizes.

SSRIs’ initial chief mechanism of action involves blocking the ser-
otonin transporter (5-HTT), preventing reuptake of serotonin and
prolonging its action in the synapse (Fuller and Wong, 1977). There-
fore, the efficacy of SSRIs can be affected by the overall health of the
serotonin system. The principal source of serotonin in the central ner-
vous system is the raphe nucleus (RN) (Hornung, 2003), found in the
midbrain, pons, and medulla. Serotonergic fibers project from this re-
gion to nearly all areas of the brain. Therefore, FA between the RN and
these regions can serve as an indication of serotonergic integrity. The
amygdala is a logical choice of target: it is known to play a central role
in emotional processing (LeDoux, 2003), and a decrease in serotonin
levels is thought to result in overactivation of emotional circuitry in-
volving this region (Phillips et al., 2015). Antidepressant treatment has
been shown to normalize such hyperactivity (Sheline et al.,
2001)—thus, it has been of interest in MDD pathophysiology.

We have previously used DTI to locate tracts between the RN and
the amygdala, as well as the hippocampus, which has been shown to be
associated with volume loss in MDD (Schmaal et al., 2016). In this

previous study, we showed that, prior to treatment, average FA in the
tracts between the RN and right amygdala were significantly lower in
non-remitters versus remitters (tracts between RN and left amygdala
showed a marginally significant difference), while average FA in the
tracts between the RN and hippocampus did not differ between those
who did and did not remit (Delorenzo et al., 2013). This makes average
FA in the tracts between the RN and amygdala a potential biosignature
of antidepressant response. However, this was a preliminary study with
a sample size of 18 patients, which may not reflect diffusion patterns in
a larger cohort.

These issues can be readily addressed through the Establishing
Moderators and Biosignatures of Antidepressant Response for Clinical
Care (EMBARC) study (Trivedi et al., 2016). This large, multi-site study
included over 140 participants who underwent 64-direction DTI prior
to controlled antidepressant treatment. Thus, it provides ample re-
solution and statistical power to validate our preliminary findings. In
this placebo-controlled MDD treatment sample, one of the largest to
date with DTI imaging, we aim to replicate our finding that RN-
amygdala connectivity predicts SSRI remission, while RN-hippocampus
connectivity does not. We hypothesize this prediction will hold for both
left and right amygdala. To analyze the role FA plays in clinical re-
mission, we also examine whether FA in these tracts is a moderator of
treatment response (i.e., a variable that influences the relationship
between treatment assignment and remission) (Baron and
Kenny, 1986). Finally, other studies have shown differences between
remitters and non-remitters in other regions such as frontal cortex,
cingulum, and stria terminalis (Alexopoulos et al., 2002, 2008; Grieve
et al., 2016; Korgaonkar et al., 2014; Taylor et al., 2008). As there is no
consensus, and to examine these and other regions, we perform an
exploratory voxel-wise analysis to detect FA differences between re-
mitters and non-remitters outside our a priori hypotheses, as our well-
powered sample may allow us to find such differences across the whole
brain. Positive results would not only provide a tool for clinical use, but
also shed light on the pathophysiology of MDD.

2. Methods and materials

2.1. Participants

Data for all participants were taken from the EMBARC project,
which enrolled subjects at University of Michigan, Columbia University
Medical Center, Massachusetts General Hospital, and University of
Texas Southwestern Medical Center. EMBARC was designed to find
pretreatment biomarkers of treatment response. All four sites had their
protocols reviewed and approved by their Institutional Review Boards,
and all participants provided written informed consent.

Eligibility for each participant was determined based on a psy-
chiatric assessment, review of medical history, chart review, clinical
interview, physical examination, routine blood tests, pregnancy test,
and urine toxicology. Detailed inclusion/exclusion criteria can be found
in Trivedi et al. (2016). Briefly, inclusion criteria comprised: (1) age
18–65; (2) met criteria for a major depressive episode according to the
Structured Clinical Interview for the DSM IV (First et al., 1995); (3)
scored at least 14 on the Quick Inventory of Depressive Symptoms
(QIDS-SR) (Rush et al., 2003); and (4) had early onset (< 30 years old)
and chronic (> 2 years in duration) MDD or recurrent MDD (2 or more
recurrences). The study comprised 309 participants. Of these, 270 had
structural MRI images that passed stringent quality control measures
and 172 of these had DTI images that passed strict quality control
measures, examined by trained technicians (see below). To ensure that
remission was clinically significant, the sample was further restricted to
patients with a Hamilton Depression Rating Scale (HDRS) 17-item
(Hamilton, 1960) score of 15 or greater at baseline, as there is evidence
that response correlates with depression severity and in mild depression
there is a failure to differentiate placebo from drug response
(Fournier et al., 2010). This final set comprised 144 patients (Table 1).
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Participants were classified as remitters if their final HDRS scores were
less than or equal to 7 after 8 weeks of treatment on either sertraline or
placebo; if these criteria were not met, they were classified as non-re-
mitters. In addition, patients were considered responders if their HDRS
score improved by at least 50% over 8 weeks and non-responders if they
did not.

2.2. MRI acquisition

MRI scans were performed at Columbia University Medical Center
(GE Signa HDx), Massachusetts General Hospital (Siemens TrioTim),
University of Michigan (Phillips Ingenia), or University of Texas
Southwestern Medical Center (Phillips Achieva). Structural MRIs were
acquired using the following parameters: TR (repetition time):
5.9–8.2 ms, TE (echo time): 2.4–3.7 ms, Flip Angle: 9°–12°, voxel di-
mensions: 1 mm×1mm×1mm, acquisition matrix: 240×240,
256×243 or 256× 256, acceleration factor: 2, and 174–178 sagittal
slices. Scan parameters can be found in Supplementary Table 1, and
have been published previously (Fournier et al., 2017). Diffusion
images were acquired using a single-shot EPI (echo planar imaging)
sequence. Scan parameters were as follows: TR=8310–9500ms,
TE=95–96.3ms, Flip Angle= 90°, voxel dimensions= 2.5 mm ×
2.5mm×2.5mm or 1.9 mm× 1.9mm×2.5mm, acquisition ma-
trix= 96×96, b value= 1000 s/mm2, and 64 diffusion directions
with 1 or 5 non-weighted images (b=0). DTI acquisition time was
approximately 10 min. These parameters were selected prior to data
acquisition to standardize acquisition between scanners as much as
possible (Zhu et al., 2011). To adjust for any residual effects, site was
also included as a covariate.

2.3. MRI processing

T1-weighted structural MRI images were assessed for quality and
processed at Stony Brook University by trained technicians. Quality
inspection included checking for common artifacts such as field in-
homogeneity and poor skull stripping. Images were approved if the
amygdala, hippocampus, and brainstem (all regions used in this work)
were devoid of artifacts that would interfere with region identification.

Structural MRIs were processed using Freesurfer 5.3 (http://surfer.
nmr.mgh.harvard.edu/). Amygdala and hippocampus ROIs were de-
rived from Freesurfer's atlases. The RN ROI was derived from a previous
sample from our laboratory, in which 52 healthy controls were scanned
using the Positron Emission Tomography (PET) tracer [11C]-
WAY100635, a serotonin 1A antagonist (Forster et al., 1995). Voxel
binding maps were calculated for each subject and warped into MNI
space. A threshold binding potential of 18mL/cc was then applied to
the midbrain region of these images to differentiate the RN, as this area
has higher serotonin 1A binding than surrounding regions. This RN ROI
was then inverse-warped to individual MRIs using Advanced Normal-
ization Tools (ANTs) (Avants et al., 2011). We have used this method to
delineate the RN previously (Delorenzo et al., 2013).

2.4. DTI processing

DTI images were also assessed for quality and processed at Stony
Brook University. Diffusion weighted images were assessed for quality
by trained technicians to check for artifacts such as venetian blind,
gradient-wise motion, ghost, ringing, and slice-wise intensity artifacts
(Liu et al., 2010). Images were approved if the ventral area encom-
passing the amygdala, hippocampus, and brainstem was devoid of

Table 1
Patient demographics separated by treatment condition.

Variable Level Totala Placebo Sertraline P-valueb

Age All participants (74 placebo vs 70 sertraline) 37.27± 13.71 36.38±13.36 38.21± 14.10 0.42
Sex Female 90 (62.50%) 43 (47.78%) 47 (52.22%) 0.26

Male 54 (37.50%) 31 (57.41%) 23 (42.59%)
Race American Indian/Alaska Native 1 (0.69%) 1 (100.00%) 0 (0.00%) 0.86

Asian 11 (7.64%) 7 (63.64%) 4 (36.36%)
Black or African American 24 (16.67%) 12 (50.00%) 12 (50.00%)
Other 9 (6.25%) 5 (55.56%) 4 (44.44%)
White 99 (68.75%) 49 (49.49%) 50 (50.51%)

Hispanic No 120 (83.33%) 61 (50.83%) 59 (49.17%) 0.77
Yes 24 (16.67%) 13 (54.17%) 11 (45.83%)

Site CU 46 (31.94%) 22 (47.83%) 24 (52.17%) 0.76
MG 31 (21.53%) 18 (58.06%) 13 (41.94%)
TX 43 (29.86%) 23 (53.49%) 20 (46.51%)
UM 24 (16.67%) 11 (45.83%) 13 (54.17%)

MDD severityc High 74 (51.39%) 36 (48.65%) 38 (51.35%) 0.50
Low 70 (48.61%) 38 (54.29%) 32 (45.71%)

MDD chronicityd Chronic 73 (50.69%) 34 (46.58%) 39 (53.42%) 0.24
Non chronic 71 (49.31%) 40 (56.34%) 31 (43.66%)

Remitter No 91 (63.19%) 49 (53.85%) 42 (46.15%) 0.44
Yes 53 (36.81%) 25 (47.17%) 28 (52.83%)

Week 0 HDRS score All participants 19.83± 3.59 19.55±3.49 20.11± 3.70 0.35
Week 8 HDRS score All participants −8.38±7.36 −7.62± 7.30 −9.17± 7.40 0.21
% Change in HDRS score All participants −42±37 −40±38 −45±36 0.43
Weighted FA between raphe and left amygdala All participants 0.42± 0.04 0.42± 0.03 0.43±0.04 0.43
Weighted FA between raphe and right amygdala All participants 0.43± 0.04 0.42± 0.04 0.43±0.04 0.21
Weighted FA between raphe and left hippocampus All participants 0.44± 0.05 0.43± 0.05 0.44±0.05 0.22
Weighted FA between raphe and right hippocampus All participants 0.45± 0.05 0.44± 0.05 0.46±0.05 0.03e

Concurrent medication use Yes 78 (54.17%) 39 (50%) 39 (50%) 0.74
No 66 (45.83%) 35 (53.03%) 31 (46.97%)

a Total displayed: mean± SD for continuous variables; N (%) for categorical variables.
b For continuous variables, p-values were calculated from Welch's t-tests; for categorical variables, exact p-values were calculated from the Monte Carlo simulation.

All p-values are calculated between placebo and sertraline groups.
c Defined by HDRS ≥ 20 and QIDS-SR of ≥ 16.
d Chronic is defined as > 2 years.
e Not significant after multiple comparisons correction.
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artifacts that would interfere with probabilistic tractography. A rela-
tively large number of studies were excluded in this process (58) for
reasons stated above, due in part to the fact that DTI is sensitive to small
motions. When demographics, HDRS scores, and remission status was
compared between patients with approved DTI and HDRS score > 15
(144 total) and those with HDRS score > 15 who did not have ap-
proved DTI, no significant differences were found.

Images were corrected for motion and gradient coil-induced dis-
tortions using the eddy current correction routine in FSL (FMRIB
Software Library, http://www.fmrib.ox.ac.uk/fsl/). Nonbrain tissue
was removed through FSL's Brain Extraction Tool. After this, FA was
computed in Camino (http://web4.cs.ucl.ac.uk/research/medic/
camino/) using the least squares fit diffusion tensor with nonlinear
optimization using a Levenburg–Marquardt algorithm, constrained to
positive values by fitting its Cholesky decomposition (Alexander and
Barker, 2005).

Probabilistic Tractography was performed using the FMRIB
Diffusion Toolbox (FDT) (Behrens et al., 2007). FDT computes
streamlines through each voxel by repeated sampling from each prin-
cipal diffusion direction. This method yields the probability of con-
nections from the seed (RN) to post-synaptic targets in the brain
(amygdala and hippocampus). FDT was run with 5000 samples, a
maximum of 2000 steps per sample, a step length of 0.5mm, and a tract
curvature threshold of 0.2 mm. We used this to compute the weighted
average FA within the subject-specific tractography-defined tracts from
the RN to the amygdala and hippocampus (Fig. 1). To include only
voxels with a high probability of being in the defined tract, weighted
average FA was calculated by multiplying voxel-based FA measures by
the probability of connection at each voxel, summing the products, and
dividing by the sum of the probabilities (Bonnelle et al., 2012; Hagler
et al., 2009; Hua et al., 2008). Similar weighting procedures were used
for mean, radial, and axial diffusivity.

2.5. Statistics

All p-values for demographics comparisons were derived using
Monte-Carlo simulations (Agresti et al., 1979). A linear mixed model
was used to compare weighted FA between remitters and non-remitters
after covarying for age, sex, site, and treatment (placebo vs. sertraline).
The two-way interaction term among the remission measures and re-
gions was considered in order to account for possible different region-
specific relationships in the left and right amygdala and hippocampus.
This model yields many more samples to estimate residual errors, in-
creasing detection power and allowing us to measure both region-spe-
cific effects and group differences between regions. Akaike Information
Criteria (AIC) was used when selecting dependence structures for

modeling the correlation among imaging measures from different re-
gions but the same patient. Possible covariance structures considered
were unstructured (UN), compound symmetry (CS), heterogeneous CS
(CSH), Toeplitz (TOEP); CSH was selected according to AIC. Similar
models were used to test mean, radial, and axial diffusivity. To test for
correlations of FA with decrease in MDD symptoms, a similar linear
mixed model was used, but with percent change in HDRS score as an
outcome measure, defined as:

=

− −x Week Score Week Score
Week Score

8 0
0

By this formulation, an x value of 0 indicates no change, a value < 0
indicates improvement, and a value > 0 indicates worsening. Note that
this is the opposite as our pilot study (Delorenzo et al., 2013), where
positive values indicate improvement—we performed the analysis this
way to denote a change from baseline in any direction. Partial corre-
lation coefficients were calculated to quantify the correlation between
FAs and decrease in MDD symptoms after removing possible con-
founding effects of age, sex and site through the linear mixed model.

Multiple linear regression models and multiple logistic regression
models were also fitted to test if tracts from the raphe to the left
amygdala or right amygdala are treatment response moderators by
examining the interaction term between FA values and treatment
groups. Possible covariates included age, sex and site, which were
significantly related to treatment response in the univariate data ana-
lysis. Statistical significance was set at 0.05. Mixed model analysis was
performed using SAS 9.4 (SAS Institute Inc., Cary, NC). Multiple com-
parisons were corrected for via the Bonferroni method for the left and
right amygdala.

2.6. Voxel analysis

An exploratory voxel analysis of FA differences was carried out
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) – this test compared
FA voxel values across all subjects in standard space using a full fac-
torial model with age, sex, and site added as covariates. Cluster size was
thresholded at four voxels, and family-wise error correction was used.
For this analysis, only participants for whom MRI and DTI processing
for all regions had been approved were included—this yielded a smaller
sample than our a priori analyses, which only required approval of
amygdala, hippocampus, and RN. The sample comprised 98 partici-
pants. A significance threshold of p < 0.05 family-wise error corrected
threshold was used.

Fig. 1. Coronal (A), Sagittal (B), and axial (C) images of a representative tract (red) from the raphe nucleus (green) to the amygdala (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Fractional anisotropy in remitters and non-remitters

All comparisons were performed across both placebo and sertraline
groups unless stated otherwise. Groupwise comparisons of remitters vs.
non-remitters showed significant differences in fractional anisotropy
(FA) in tracts from the raphe nucleus (RN) to both left and right
amygdala (p=0.02 and 0.01, respectively, Bonferroni corrected; see
Fig. 2). No significant difference was found in tracts from RN to left
(p=0.16, uncorrected) or right (p=0.82, uncorrected) hippocampus.
Average difference in FA between groups was 0.02 in the left and right
amygdala, 0.01 in the left hippocampus, and less than 0.01 in the right
hippocampus (Table 2)—in all cases, remitters had lower FA than non-
remitters.

Similar analysis performed between responders and non-responders
revealed no significant differences in tracts from the RN to the left or
right amygdala (p=0.29 and 0.18, respectively, uncorrected), or to the
left or right hippocampus (p=0.69 and >0.99, respectively, un-
corrected, Supplementary Table 2).

3.2. Mean, radial, and axial diffusivity between remitters and non-remitters

Neither mean diffusivity, nor radial diffusivity, nor axial diffusivity
differed significantly between remitters and non-remitters, or between
responders and non-responders in any of the tracts examined.
Moreover, all differences in means for these measures were less than
0.00001 (Supplemental Tables 3–5).

3.3. Moderator analysis of left amygdala and right amygdala

No interaction term between FA values and treatment group (ser-
traline vs. placebo) was significant, i.e., there is no evidence that FA
influences the relationship between treatment group and remission

(p=0.59 and 0.95 for tracts terminating in the left and right amygdala,
respectively). Similarly, there was no significant treatment interaction
in the relative change in HDRS score for left or right amygdala
(p=0.27 and 0.91, respectively).

3.4. Correlation of fractional anisotropy with symptom improvement

When the correlation between average FA in the defined tracts and
percent change in HDRS was examined, a significant positive correla-
tion was found in average FA of tracts connecting the RN to the left
amygdala (r=0.18, p=0.04, Bonferroni corrected)—that is, a higher
FA was associated with increased symptom severity, while low FA was
associated with symptom improvement. There was no significant cor-
relation between HRDS and average FA in the tracts between the RN
and right amygdala (r=0.09, p=0.42), left hippocampus (r=0.05,
p=0.44), or right hippocampus (r=−0.05, p=0.69; see Table 3).
Subgroup analysis showed that this correlation between average FA in
tracts from the RN to left amygdala and depression severity was only
significant in the placebo group (r=0.32, p=0.02), and not the ser-
traline group (r=0.06, p=0.39, see Fig. 3). However, these in-
dependent correlations were not significantly different (Z=1.59, ns).

3.5. Exploratory voxel analysis

An exploratory voxel analysis found no significant differences in FA
between remitters and non-remitters, including in previously deli-
neated regions of frontal cortex, cingulum, and stria terminalis
(Alexopoulos et al., 2002, 2008; Grieve et al., 2016; Korgaonkar et al.,
2014; Taylor et al., 2008).

4. Discussion

Successful replication in neurophysiological research has often
proven elusive, and there is a broad effort in the scientific community to
address this (Kappenman and Keil, 2017). As part of this effort, we
sought to replicate our pilot study in a larger, more representative
sample. Similar to our previous study, we found a significant difference

Fig. 2. Boxplot of residual fractional anisotropy (FA) after taking age, sex, and
site into account. Group means are demarcated by the “X”. Right amygdala is
plotted as this is the region with the greatest difference between remitters and
non-remitters.

Table 2
Comparison of DTI measures between remitters and non-remittersa.

Seed to target pair Average FA (Remitters) Average FA (Non-remitters Average FA Differenceb 95% CI lower 95% CI upper Cohen's D P-value

Raphe to left amygdala 0.41 0.43 −0.02 −0.03 > −0.01 0.39 0.02*
Raphe to right amygdala 0.41 0.43 −0.02 −0.03 −0.01 0.54 0.01*
Raphe to left hippocampus 0.43 0.44 −0.01 −0.03 <0.01 0.29 0.16
Raphe to right hippocampus 0.45 0.45 <−0.01 −0.02 0.01 0.10 0.82

a DTI: diffusion tensor imaging, FA: fractional anisotropy, CI: confidence interval. P-values are from linear mixed model and are Bonferroni corrected for left and
right amygdala. Differences and p-values were calculated from linear mixed model after adjusting for age, gender and study site.

b Difference is calculated as mean FA(remitters) – mean FA(non-remitters).
⁎ p < 0.05.

Table 3
Correlation of fractional anisotropy with percent change in HDRS.

Seed to target pair Partial correlation
coefficient

95% CI
lower

95% CI
upper

P-value

Raphe to left amygdala 0.18 0.01 0.33 0.04*
Raphe to right amygdala 0.09 −0.08 0.25 0.42
Raphe to left

hippocampus
0.05 −0.12 0.21 0.44

Raphe to right
hippocampus

−0.05 −0.22 0.11 0.69

HDRS: Hamilton Depression Rating Scale, CI: confidence interval. P-values are
from linear mixed model and are Bonferroni corrected for left and right
amygdala. Partial correlation coefficients were calculated from linear mixed
model after adjusting for age, sex and study site.
*p < 0.05.
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in FA between remitters and non-remitters, but we found the opposite
pattern; rather than positively correlating with symptom improvement,
fractional anisotropy (FA) in the tracts between the raphe nucleus (RN)

and amygdala positively correlated with symptom worsening, and non-
remitters had higher FA between the raphe and amygdala than re-
mitters. A reversal such as this may have been due to the effect

Fig. 3. Output of linear mixed models relating change in symptom severity to fractional anisotropy (FA) between the raphe nucleus and left amygdala for all
participants (A), placebo group only (B), and sertraline group only (C). The placebo group drives the overall correlation. None of other correlations examined were
significantly different. HDRS-17: Hamilton Depression Rating Scale, 17 Item.
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size—with a correlation coefficient of 0.18, our previous study of 18
participants was likely underpowered and may have found a positive
correlation by chance. As our present study has nearly ten times the
number of participants, our statistical power is greatly improved. There
are some differences in study design from our preliminary analysis:
unlike our previous study, this was a placebo-controlled trial (although
examination of the SSRI arm alone revealed no significant association
with remission or symptom improvement). This also represents a dif-
ference from most clinical scenarios, where a patient is aware of what
medicine they are receiving. In addition, while our previous study used
a combined midbrain and RN ROI, we used the raphe by itself for our
current analysis as our improved DTI resolution allowed us to explore
this region. When we repeated the analysis with the combined ROI,
however, we replicated our current results (data not shown). It is im-
portant to note that DTI cannot provide contrast for brainstem nuclei in
of itself—therefore the integrity of the region depends on its quality of
delineation from PET studies. We have used this method previously
(Delorenzo et al., 2013). While an MRI-based method would be valu-
able, this has not yet been developed. One advantage of our PET based
method is that it allows the raphe delineation to be subject-specific.

While this finding is in contrast to studies showing higher pre-
treatment FA in frontal cortex in remitters (Alexopoulos et al., 2002,
2008) our results resemble those of a similar analysis performed in
frontal cortex in MDD patients—in that study, higher FA in the superior
frontal gyrus and anterior cingulate was associated with a poorer out-
come to sertraline (Taylor et al., 2008). Another study found that higher
FA in the stria terminalis predicted non-remission, while higher FA in
the cingulum predicted remission (Korgaonkar et al., 2014). This was
replicated when the authors used the ratio of cingulum to stria termi-
nalis binding to predict remission vs. non-remission (Grieve et al.,
2016). While we were not able to replicate these findings in our own
voxel analysis, the stria terminalis is particularly relevant in that it
contains efferent fibers from the amygdala (Wakana et al., 2004). Given
findings of increased amygdala activity in MDD (Sheline et al., 2001), it
may be that connectivity to this region is detrimental to treatment.
However, no significant differences in FA were observed between re-
mitter and non-remitter in our exploratory whole-brain voxel analysis,
suggesting that the effect size may not be large enough to withstand
multiple corrections in an exploratory analysis. Indeed, the difference
between groups in FA between the RN and amygdala was only 0.02.

While these findings cannot be applied on an individual basis at this
time, our study reveals group-level findings that may give some insight
into pathophysiology. Our previous hypothesis was that patients with
higher FA would show greater clinical improvement, possibly by capi-
talizing on more robust serotonergic pathways. Our current results
suggest that the opposite may be true. One possibility for this may be
that SSRIs are more beneficial for patients who do not have robust
serotonergic fibers, and that these drugs act to enhance these pathways.
Longitudinal analysis of FA in these pathways would be needed to
support this hypothesis.

A previous meta-analysis examined factors that predicted remission
with placebo—these included patients with less severe MDD (lower
Hamilton Depression Rating Scale scores), younger age, less anxiety,
and shorter MDD episode duration (Nelson et al., 2012). Our placebo
group happened to be slightly younger, have slightly lower HDRS
scores, and have a smaller proportion with chronic MDD (Table 1).
Despite the fact that none of these reached significance, they may have
individually contributed to the lack of differences in outcomes among
treatment groups.

Despite the moderate effect sizes, the absolute difference between
groups was small and the predictive value of FA in these regions was
only slightly better than chance (area under the curve using ten rounds
of five-fold cross-validation was 0.57, while random chance would be
0.5—data not shown). In addition, there appears to be no moderating
effect of FA either on remission or on changes in depression severity.
Therefore, these findings can be taken as negative on a clinical level,

and do not replicate previous results. It should be noted that these
findings were negative with and without covariates (data not shown).
This parallels previous studies reporting negative findings in FA be-
tween patients with MDD and healthy controls (Choi et al., 2014; Olvet
et al., 2015). As this study had a large sample size, it raises important
limitations about the ability of FA to influence clinical decisions.

Given that well-powered DTI studies have failed to find clinically
significant differences between healthy controls and patients with MDD
(Choi et al., 2014) or, in our sample, between remitters and non-re-
mitters, research into biomarkers of diagnosis and prognosis may re-
quire further design considerations. For example, MDD is a hetero-
geneous disorder. Such heterogeneity may have confounded the search
for a single marker across all subjects. Therefore, a more symptomatic
approach, such as studying clinical subtypes or research domain criteria
(RDoC, a classification system based on translational neurobiology and
observable behavior as opposed to self-reported categories of symp-
toms) (Cuthbert and Insel, 2013) may reduce these confounding effects.
Moreover, many patients were taking concurrent medications. While
our study prohibited psychoactive medication in our study, it is possible
that other classes of medications had effects on DTI measures that have
not yet been studied. In addition, as mentioned, DTI cannot selectively
identify neurons by their emitted neurotransmitter or by the direction
of transmission. This limits our interpretation of FA findings. While
there is currently no in vivo method to select for tracts based on their
primary neurotransmitter, a combined PET/DTI study examining
binding potential in a seed and target region in conjunction with tract
integrity between them may yield valuable information. However, it is
important to note that across the EMBARC study a statistically sig-
nificant difference in outcome between the placebo and sertraline
groups in clinical outcome was not observed (Webb et al., 2019), which
may have contributed to the lack of predictive power of our study.

In conclusion, in this large multi-site study, we found greater FA in
non-remitters between the RN and amygdala than in remitters.
Moreover, we found a correlation between FA in the tracts connecting
the RN to the left amygdala and symptom worsening. While this mea-
sure may not be useful on an individual basis with current technology,
these results may help reveal more about the nature of MDD. The use of
symptom-specific, RDoC, and multimodal approaches may bring us
closer to finding a clinically-useful prognostic marker.
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