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ABSTRACT
BACKGROUND: While response to antidepressants in major depressive disorder is difficult to predict, characterizing
the organization and integrity of white matter in the brain with diffusion tensor imaging (DTI) may provide the means to
distinguish between antidepressant responders and nonresponders.
METHODS: DTI data were collected at 6 sites (Canadian Biomarker Integration Network in Depression-1 [CAN-BIND-1
study]) from 200 (127 women) depressed and 112 (71 women) healthy participants at 3 time points: at baseline, 2
weeks, and 8 weeks following initiation of selective serotonin reuptake inhibitor treatment. Therapeutic response
was established by a 50% reduction of symptoms at 8 weeks. Analysis on responders, nonresponders, and
control subjects yielded 4 scalar metrics: fractional anisotropy and mean, axial, and radial diffusivity. Region-of-
interest analysis was carried out on 40 white matter regions using a skeletonization approach. Mixed-effects
regression was incorporated to test temporal trends.
RESULTS: The data acquired at baseline showed that axial diffusivity in the external capsule, which overlaps the
superior longitudinal fasciculus, was significantly associated with medication response. Regression analysis revealed
further baseline differences of responders compared with nonresponders in the cingulum regions, sagittal stratum,
and corona radiata. Additional group differences relative to control subjects were seen in the internal capsule,
posterior thalamic radiation, and uncinate fasciculus. Most effect sizes were moderate (near 0.5), with a maximum of
0.76 in the cingulum-hippocampus region. No temporal changes in DTI metrics were observed over the 8-week study
period.
CONCLUSIONS: Several DTI measures of altered white matter specifically distinguished medication responders and
nonresponders at baseline and show promise for predicting treatment response in depression.
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In major depressive disorder (MDD), only about 60%of affected
individuals respond to treatment with selective serotonin reup-
take inhibitor (SSRI) antidepressants, and even fewer go into
remission (1). Predicting treatment response is difficult, leading
to delayed commencement of secondary treatments that can
cause increased illness duration and possible mortality. The
ability to characterize brain differences between medication
responders and nonresponders using magnetic resonance im-
aging may lead to improved patient care and prognosis.

Evidence from functional imaging research has linked the
altered emotional and cognitive processing in depression to an
imbalance between overreactive subcortical limbic networks
and underreactive prefrontal-limbic networks (2–5). Further,
evidence has suggested that antidepressants correct this
imbalance, normalizing corticolimbic functional activity (6–8).
Diffusion tensor imaging (DTI) has identified depression-related
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white matter (WM) alterations in these same frontolimbic net-
works (9,10).

While a number of DTI studies have examined WM differ-
ences in depression, the reported location, magnitude, and
direction of variance has been heterogeneous. Meta-analyses
have reported alterations in the right inferior longitudinal
fasciculus, the right inferior fronto-occipital fasciculus, and the
superior longitudinal fasciculus (10–12). Some individual
studies have reported no significant group differences at all
(13,14).

Several rotationally invariant scalar metrics may be calcu-
lated from the diffusion tensor, with common choices including
fractional anisotropy (FA), mean diffusivity (MD), radial diffu-
sivity (RD), and axial diffusivity (AD) (15). These measures have
proven useful for differentiating between clinical and neuro-
typical groups. However, multiple WM characteristics affect
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Table 1. Scanning at the 6 Study Sites

Site Scanner B0

MDD
Participants,
n (Female)

Control
Subjects,
n (Female)

1 GE Discovery MR 750 3T 5 (5) 5 (2)

2 GE Discovery MR 750 3T 31 (22) 19 (12)

3 Siemens Tim Trio 3T 20 (9) 16 (12)

4 GE Signa HDxt 3T 55 (34) 25 (16)

5 Philips Achieva 3T 58 (39) 12 (8)

6 GE Discovery MR 750 3T 31 (18) 35 (21)

Total 200 (127) 112 (71)

All sites used a multichannel receiver head coil. Site locations were
1) the Center for Addiction and Mental Health, Toronto, Ontario,
Canada; 2) St Joseph’s Healthcare, Hamilton, Ontario, Canada; 3)
Queen’s University, Kingston, Ontario, Canada; 4) Toronto Western
Hospital, Toronto, Ontario, Canada; 5) University of British Columbia,
Vancouver, British Columbia, Canada; and 6) University of Calgary,
Calgary, Alberta, Canada.

GE Healthcare, Milwaukee, WI; Philips Medical Systems, Best, the
Netherlands; Siemens Healthcare GmbH, Erlangen, Germany.

B0, magnetic resonance imaging background field strength; MDD,
major depressive disorder.
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each DTI metric, making physiological interpretation difficult.
Contributing factors include WM maturation, axonal density,
diameter, and integrity; membrane permeability; scan signal-
to-noise ratio; and geometrical considerations such as
crossing fibers (16,17). FA is the most commonly used DTI
metric and provides a summary estimate of the degree to
which tissue micro- and macro-organization causes diffusion
anisotropy. FA is often discussed as a particularly sensitive
index of the integrity of WM: higher values are associated with
increased integrity. However, some authors urge caution
against overinterpretation of anisotropy results (18,19). MD
measures the overall diffusion restriction in a voxel, and lower
values are taken to denote more highly organized WM. Finally,
AD and RD describe the diffusion magnitude parallel to and
perpendicular to the primary diffusion direction, respectively.
At least in voxels with a single fiber population, increased RD is
associated with demyelination or dysmyelination (20–22), while
decreased AD has reflected axonal degeneration or damage
(23,24). Thus, in the present study, by examining FA and MD
conjointly with RD and AD, it is possible to derive a more
comprehensive picture of the neurobiological changes in MDD.

WM FA differences in tracts connecting to the amygdala
and hippocampus have been shown to predict remission
following antidepressant treatment (25). Long-term normali-
zation of limbic WM FA values following remission has also
been observed (26). Further work has examined limbic WM
associations with pharmacological treatment response and
remission (27,28). These studies showed that nonremission
was predicted by a high ratio of FA values in the cingulate
portion of the cingulum bundle (CgC) and the stria terminalis.
While this work represents progress in the identification of
imaging biomarkers of treatment response, it focused only on
corticolimbic regions and identified just 29% of nonremitters,
albeit with high specificity. Furthermore, almost all studies to
date have focused on FA as the primary outcome variable.

The present study is part of the Canadian Biomarker
Integration Network in Depression-1 (CAN-BIND-1) study,
which examined an MDD population before and during anti-
depressant treatment using neuroimaging, electroencephalo-
graphic, clinical, and molecular measures (29,30). The relatively
large sample size allowed an examination of all 4 scalar DTI
metrics in WM regions throughout the brain. Broadly, we hy-
pothesized that DTI measures reflect WM changes linked to
MDD treatment response in association tracts including the
inferior and superior longitudinal fasciculus, uncinate fascic-
ulus, and inferior fronto-occipital fasciculus. Our primary
objective was to investigate baseline WM differences associ-
ated with response or nonresponse to SSRI treatment in pa-
tients with depression. Second, we investigated temporal
changes in DTI metrics associated with a favorable medication
response during the 8-week study period.
METHODS AND MATERIALS

As part of the CAN-BIND-1 study, participants with a diagnosis
of MDD and healthy participants were recruited at 6 sites [for a
full description of the clinical and imaging protocols, see Lam
et al. (29) and MacQueen et al. (30)]. Institutional ethics boards
at each site gave research ethics approval. All participants
914 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging O
gave written informed consent and were compensated for
study participation. Sites and participant numbers are shown
in Table 1. Individuals with MDD were between 18 and 60 years
of age, met DSM-IV-TR (31) criteria for a major depressive
episode as identified through the Mini-International Neuro-
psychiatric Interview (32), had a depressive episode duration of
3 months or longer, were free of psychotropic medication for at
least 5 medication half-lives before baseline testing, scored 24
or greater on the Montgomery–Åsberg Depression Rating
Scale (MADRS) (33), and had adequate English language
fluency for questionnaires and interviews. Exclusion criteria for
MDD participants were accompanying psychosis, high risk for
hypomanic switch, past failure of 4 or more pharmacological
interventions, previous intolerance or nonresponse to escita-
lopram or aripiprazole, ongoing psychological treatment initi-
ated within the past 3 months, diagnosis of bipolar disorder I/II
or other primary psychiatric diagnoses, significant personality
disorder that would preclude protocol completion, or high
suicide risk. Patients meeting clinical criteria for generalized
anxiety disorder were not excluded. Exclusion criteria for
control subjects and MDD participants included substance
abuse/dependence in past 6 months, significant head trauma/
neurological disorders or other unstable medical conditions,
pregnancy or breastfeeding, or magnetic resonance imaging
contraindications. Images were collected at 3 time points: at
baseline, 2 weeks, and 8 weeks following the initiation of a
standardized, open-label monotherapy treatment with the
SSRI escitalopram (10–20 mg). Preexisting, stable, low doses
of zopiclone or lorazepam were allowed to continue. A thera-
peutic response was established as a 50% reduction in
MADRS score between baseline and week 8, dividing the MDD
group into responders and nonresponders.

Diffusion images were acquired using a single-shot spin
echo echo-planar imaging sequence. Diffusion sensitizing
gradients (b = 1000 s/mm2) were applied along 31 noncolinear
directions at most sites, with 30 directions used at sites 3 and
ctober 2019; 4:913–924 www.sobp.org/BPCNNI
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5 owing to scanner limitations. Six images without diffusion
weighting (b = 0) were also acquired and reconstructed as
separate individual images for later processing. Isotropic 2.5-
mm voxels were acquired (field of view = 240 3 240 mm,
matrix = 96 3 96, 2.5-mm-thick slices, no gap). Depending on
the scanner, 52 to 58 axial slices were acquired at each site.
The repetition time was 8 seconds and the echo time was 94
ms. One signal average was acquired, with parallel imaging
(acceleration factor R = 2). Most sites used image space
reconstruction (i.e., GE ASSET and Philips SENSE), while site 3
used the GRAPPA k-space method. The total acquisition took
about 5 minutes. Several sites required an adjustment of scan
parameters to obtain consensus values after data acquisition
had begun. This led to the division of the data into 11 sub-
projects to account for cross-site differences in later pro-
cessing (see Supplement).
Image Processing

All diffusion-weighted and T2-weighted (b = 0) images from
each participant visit (hereafter, a trial) were combined into a
single 4-dimensional NIfTI file. Motion and eddy current
correction were applied for each trial using affine registration
(eddy_correct), and diffusion vectors rotated accordingly.
Background masking was applied. The diffusion tensor model
was fit using a weighted-least-squares approach, and FA, MD,
RD, and AD scalar maps were calculated in the participant’s
native space. Spatial normalization was accomplished by
nonlinear registration of each trial’s FA map to a 2-mm isotropic
FA reference in Montreal Neurological Institute (MNI 152) stan-
dard space. The FA reference and later discussed regions of
interest (ROIs) originated from the Johns Hopkins University
ICBM-DTI-81 WM atlas (34), as distributed with FSL version
5.0.10 (http://fsl.fmrib.ox.ac.uk/fsl). To reduce the effects of
registration errors and individual variation, the skeletonization
step of the tract-based spatial statistics pipeline was applied to
the mean FA image (35). For each scalar metric, values from 40
ROIs (listed in the Supplement) were extracted from the pro-
jected skeleton of each participant [similar to (36–38)]. In addi-
tion, 2 ROIs were generated from the lateralized skeleton
periphery outside the Johns Hopkins University regions. These
steps were performed using custom-written shell scripts based
on FSL tools (39).
Table 2. Participant Demographics and Symptom Severity

Group Baselinea, n 3 Visitsb, n
Age, Years,
Mean 6 SD

S
(Fem

Control 103 86 33.2 6 10.7

Responder 80 66 34.6 6 11.7

Nonresponder 85 71 36.8 6 13.4

Of the 312 participants listed in Table 1, 308 had scans at baseline, and a
participants: 103 control subjects and 188 MDD participants, which were
nonresponders occurred at week 8, and some participants did not attain
participants were used in the 3-group analysis of variance at baseline. Mot

DIST, distribution-based outlier; MADRS, Montgomery–Åsberg Depressi
aParticipants included in statistical analyses at baseline.
bParticipants with valid scans from all 3 visits, which were included in th
cOutlier counts represent the mean number of values imputed across re
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Quality control was maintained by examination of color FA
glyph images for each participant’s baseline scan. This pro-
vided visual confirmation that gradient direction definitions and
magnitudes had been properly interpreted to generate tensor
models. An edge-overlay image of the brain mask on the mean
b = 0 image was also examined for every trial, to verify the mask
and exclude scans with excessive distortion or signal dropout.

Statistical Methods

To reduce intersite variance, a global scaling method was
employed (40). First, using the control subjects within each site,
age and sexwere regressed from the average of each scalarmap
(37). Next, ROI residuals were fitted with a linear model to obtain
intercepts and slopes representing the site effects for each scalar
metric (Supplemental Figure S3). This method and subsequent
statistical tests were carried out using custom-written python
scripts (39). Analysis proceeded with the residuals of the site-
effect regressions after controlling for age and sex.

Intrasubject data reliability was assessed using the sum of
squared errors (SSE) from linear fits to the 3 data points of
each participant for each ROI and DTI metric. Outliers were
identified based on extreme SSE values compared with their
study group (z . 2.67, at least). Next, to ensure that results
were not biased by extreme values, data points were identi-
fied for imputation based on comparison with their group
distribution (distribution-based outlier [DIST] strategy) (z .

3.02, at least). Based on the SSE and DIST strategies, 4
outlier approaches were enacted: EX0, in which no outliers
were imputed; EX1, using the SSE strategy only; EX2, using
both SSE and DIST strategies; and EX3, in which the SSE
strategy was extended so that participants with high mean
SSE had all their values imputed, and the DIST strategy was
run twice.

Group differences between MDD participants and control
subjects in baseline scans were assessed for each ROI using
2-sample t tests, followed by a false discovery rate procedure
to control for multiple comparisons (41). A 3-way analysis of
variance was used to test for responder, nonresponder, and
control group effects in baseline scans, followed by a post hoc
Tukey honestly significant difference test for pairwise differ-
ences. Because not all participants remained in the study at
week 8, baseline comparisons included more participants than
statistical tests involving all 3 time points (see Table 2).
ex Ratio
ale/Male)

MADRS Score,
Mean 6 SD

Motion, mm,
Mean 6 SD

Outlier
Strategyc

SSE DIST

1.77 0.8 6 1.6 0.71 6 0.67 1.2 2.4

1.75 29.8 6 5.4 0.79 6 0.80 0.9 4.3

1.63 30.7 6 5.4 0.74 6 0.49 0.8 1.7

further 17 baseline scans were excluded in quality control. This left 291
used in the baseline t tests. As the designation of responders and
week 8 in the study, only 80 1 85 = 165 major depressive disorder
ion measures indicate average displacement.
on Rating Scale; SSE, sum of squared errors.

e mixed-effects regression analyses.
gions of interest for the fractional anisotropy metric.
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Figure 1. Regions of interest (in red) and peripheral skeleton (SP) (in blue) overlaid on the mean fractional anisotropy image from the Johns Hopkins
University ICBM-81 atlas. The gray outline represents the brain mask boundary. Left/right region-of-interest labels have been omitted for brevity. The views are
centered on (234 mm, 224 mm, 8 mm) in Montreal Neurological Institute (MNI) coordinates to show the regions with significant results in this study, and are
shown in radiological orientation. The maximum grayscale value of the underlay was set to fractional anisotropy = 0.6. A full region-of-interest list is in the
Supplement. Those shown here are the anterior corona radiata (ACR), anterior limb of internal capsule (ALIC), body of corpus callosum (BCC), cingulum
(cingulate gyrus) (CgC), cingulum (hippocampus) (CgH), cerebral peduncle (CP), external capsule (EC), fornix (column and body of fornix) (FX), fornix (cres)/stria
terminalis (FX/ST), genu of corpus callosum (GCC), posterior corona radiata (PCR), posterior limb of internal capsule (PLIC), posterior thalamic radiation (PTR),
retrolenticular part of internal capsule (RLIC), splenium of corpus callosum (SCC), superior corona radiata (SCR), superior longitudinal fasciculus (SLF), sagittal
stratum (SS), tapetum (TAP), and uncinate fasciculus (UNC).
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To assess temporal changes in DTI metrics and fully leverage
the longitudinal character of the data set, linear mixed-effects
regression (LMER) was employed (42,43). Time and group were
considered fixed effects in the model, while individual partici-
pants were considered random. The maximum likelihood ratio
testwasused toevaluate significance.Moredetails onLMERand
the following outlier strategies are given in the Supplement.

To assess test–retest reliability, intraclass correlation coef-
ficient (ICC) values were calculated before outlier detection.
The form was ICC(3,1) as defined by Shrout and Fleiss (44),
because of the fixed time points used in this study. Effect sizes
(d) on group differences were calculated as mean differences
normalized by pooled standard deviations (45).
RESULTS

Figure 1 shows highly pertinent ROIs overlaid on the mean FA
image. The full extent of some regions can be difficult to
visualize from plane views. In particular, it is noteworthy that
the CgC and cingulum hippocampus (CgH) ROIs curve around
and meet posterior to the corpus callosum. The volumes of all
ROIs examined are detailed in the Supplement. The fornix ROI
was excluded from analysis as it was found to be severely
corrupted by partial volume of cerebrospinal fluid: median MD
in the fornix was 1.31 compared with a range of 0.64 to 0.81 in
all other ROIs.

During quality control, 25 scans were excluded (17 baseline;
20 participants represented), mainly owing to artifacts of
distortion or signal, which were identified when checking the
mask images. Viewing all participant visits sequentially was
particularly effective for identifying abnormal distortion. Several
irregularities were also identified from the glyph images. There
were no group differences in average displacement calculated
916 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging O
from motion-correction parameters (F2,666 = 0.969, p = .394 by
permutation test). The final participant group numbers, de-
mographics, and symptom severity scores are listed in Table 2.
Group differences in age (F2,220 = 1.728, p = .18), sex (F2,220 =
0.036, p = .96), and baseline MADRS depression scores be-
tween responders and nonresponders (F1,135 = 0.828, p= .36)
were not significant.

The global scaling method decreased intersite variance
(Supplemental Figure S1), as demonstrated by the decreased
spread of the colored site-mean lines. Quantitatively, after
applying global scaling (but without outlier imputation), the
standard deviation of the site means for each metric decreased
by 34% to 49%.

The mean ICC values of control subjects in the global scaled
data, before outlier imputation, were 0.82 (FA), 0.75 (MD), 0.75
(AD), and 0.80 (RD). Values were slightly higher before global
scaling, by 0.05 on average. This can be interpreted based on the
changes in session and participant variances: intersession vari-
ancedecreasedbyonly3%withglobal scaling,while intersubject
variance decreased by 24%. So, decreased intersite variance led
to the decrease in ICC. ICC was not strongly correlated with DTI
metric values across ROIs (jrj , .25 in all 4 cases).

The outlier identification approaches affected the LMER
results in a limited way. With no imputation at all, the EX0
approach returned 59 significant group differences, while 55,
64, and 71 significant results came from the EX1, EX2, and EX3
approaches, respectively. The effect sizes increased when
DIST strategy outliers were excluded, with mean effect sizes of
0.49, 0.49, 0.51, and 0.53 from the 4 approaches (EX0, EX1,
EX2, and EX3, respectively). To balance the desire to keep as
much data as possible, while still ensuring that results were not
biased by low-quality or extreme values, the subsequently
reported LMER results used the EX2 approach.
ctober 2019; 4:913–924 www.sobp.org/BPCNNI
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Figure 2. Regions with significant effects in the
baseline data. Values shown within the grids are
false discovery rate–corrected p values, while the
colors are mapped to 2log10ðpÞ, so that darker
indicates greater significance. (Left) False discovery
rate–corrected p values from the major depressive
disorder (MDD) and control (CTRL) group t tests.
Only the axial diffusivity (AD) metric indicated sig-
nificant group differences after multiple comparison
correction. (Right) False discovery rate–corrected
p values from the CTRL/responder (RESP)/nonre-
sponder (NONR) analysis of variance (ANOVA). In
post hoc tests, the only region with a significant

responder/nonresponder difference was the left external capsule (EC-L). CgC-R, right cingulum cingulate; CgH-L, left cingulum hippocampus; CgH-R, right
cingulum hippocampus; CP-L, left cerebral peduncle; CP-R, right cerebral peduncle; FA, fractional anisotropy; MD, mean diffusivity; PTR-L, left posterior
corona radiata; RD, radial diffusivity.
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Baseline Scans

Testing for ROI-based group differences in baseline scans
identified very few significant results that survived multiple-
comparison correction. The EX0 and EX1 approaches
revealed no significant effects, whether testing MDD partici-
pants against control subjects, or among responders, non-
responders, and control subjects. Group differences were
found using EX2, all confined to the AD metric (Figure 2).
Compared with the control group, reduced AD was found in
the MDD group with false discovery rate–corrected p, .05 in 6
regions: right cerebral peduncle (CP-R), left cerebral peduncle
(CP-L), left posterior thalamic radiation (PTR-L), right CgC
(CgC-R), right CgH (CgH-R), and left CgH (CgH-L).

The 3-way analysis of variance dividing responders from
nonresponders indicated AD group differences in the same 6
regions, as well as left external capsule (EC-L). Pairwise post
Biological Psychiatry: Cognitive Neuroscience and Neu
hoc tests showed decreased AD in nonresponders compared
with control subjects in the CP-R, CP-L, PTR-L, CgH-R, and
CgH-L. Responders had decreased AD compared with control
subjects in the PTR-L and CgC-R, but elevated AD compared
with control subjects and nonresponders in the EC-L. Baseline
testing results from the EX3 approach were almost identical to
EX2, with the addition of decreased AD in nonresponders
compared with control subjects in the right sagittal stratum
(SS-R) region.
Regression Analysis

Using the LMER method and the maximum likelihood ratio
test significance test with the EX2 outlier approach yielded sig-
nificant baseline group effects in 15 regions for FA, 8 for MD, 20
for AD, and 6 for RD (Figure 3). The significant group differences
Figure 3. Regions with significant baseline effects
from the linear mixed-effects regression analysis. As
in Figure 2, colors represent 2 log10ðpÞ of the p
values shown within the grids. (Left) False
discovery rate–corrected p values for group effects
from the maximum likelihood ratio test. It is note-
worthy that using fractional anisotropy (FA) as the
sole outcome metric would have missed several
strong group effects, particularly in the posterior
thalamic radiation (PTR) and cingulum regions
(cingulum cingulate [CgC], cingulum hippocampus
[CgH]). (Right) Corrected p values for responder
(RESP)/nonresponder (NONR) difference from the
Tukey honestly significant difference (HSD) test.
Blank cells occur because only regions with a sig-
nificant trigroup effect were tested post hoc. The
superior corona radiata (SCR), external capsule (EC),
sagittal stratum (SS), and both cingulum regions
(CgC, CgH) strongly differentiated medication
RESPs from NONRs. AD, axial diffusivity; ALIC,
anterior limb of internal capsule; CP, cerebral
peduncle; CTRL, control; FX/ST, fornix (cres)/stria
terminalis; L, left; MD, mean diffusivity; PCR, poste-
rior corona radiata; PLIC, posterior limb of internal
capsule; R, right; RD, radial diffusivity; RLIC, retro-
lenticular part of internal capsule; SP, peripheral
skeleton; UNC, uncinate fasciculus.
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Figure 4. Significant group differences detected by the linear mixed-effects regression approach. These regions had significant group effects (false dis-
covery rate–corrected p , .05) from the likelihood ratio test, and showed significant group differences in post hoc Tukey honestly significant difference (HSD)
tests with a = .05. Group differences at false discovery rate–corrected **p , .01 and ***p , .001. Ditto marks (") indicate an identical value to above, and
fractional anisotropy (FA) and mean diffusivity (MD) results have been highlighted in green. Particularly strong effect sizes were found in the nonresponder (N)/
control (C) group difference in the cingulum hippocampus region and the sagittal stratum. The highest effect sizes for the responder (R)/control comparison
were found in the internal capsule (posterior limb of internal capsule [PLIC]) and cingulum (cingulate gyrus) (CgC) regions. D, difference of group means;
AD, axial diffusivity; CgH, cingulum hippocampus; CP, cerebral peduncle; d, effect size; EC, external capsule; L, left; PTR, posterior thalamic radiation; R, right;
RD, radial diffusivity; ROI, region of interest; SCR, superior corona radiata; SP, peripheral skeleton; SS, sagittal stratum; UNC, uncinate fasciculus.
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frompost hoc tests are reported in Figure 4, while Figures 5 and 6
show additional plots of key group differences.

No significant temporal trends in any group’sDTImetricswere
observed over the 8-week observation period of this study. No
groups had significantly nonzero slope values, and none had
group differences in slope. Taking the responders group as a
typical example, the mean slope in FA across ROIs
was20.00004, compared with a mean intercept of 0.63, and the
average ratio of the SE to the magnitude of the slope was 4.0.

DISCUSSION

In the present study we examined whether a positive thera-
peutic response to SSRIs in depressed patients was
918 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging O
associated with WM microstructural differences, as measured
by DTI. Imaging data were collected at 3 time points in patients
and control subjects, and a therapeutic response to SSRI was
established by a 50% reduction of depressive symptoms as
assessed by MADRS at 8 weeks.

Our findings present the general pattern that nonresponder/
control group differences had greater magnitude than
responder/control group differences. Furthermore, the results
pointed to decreased WM integrity in nonresponders. Noting
that decreased AD, increased RD, and decreased FA are
generally taken to indicate WM disruption (20–24), every ROI
with significant group effects in the LMER analysis indicated
reduced integrity of WM in nonresponders.
ctober 2019; 4:913–924 www.sobp.org/BPCNNI
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Figure 5. Group comparisons for selected cortical connecting tracts. The plot symbols represent baseline values from the linear mixed-effects regression
intercepts. Shaded regions show the data distribution with kernel density estimation (violin plot) (72). Horizontal lines represent group means with standard
errors from the model fits. The level of significant group difference is indicated as + (p , .05), ++ (p , .01), or +++ (p , .001). (A) Three metrics in the
external capsule (EC), a region that overlaps the superior longitudinal fasciculus; all 3 study groups are strongly discriminated when including all the metrics,
and it can be seen that radial diffusivity (RD) is driving the fractional anisotropy (FA) changes more than axial diffusivity (AD). (B) FA in the superior corona
radiata (SCR); the groups are differentiated mainly due to elevated FA in responders. (C) AD and RD values in the posterior limb of internal capsule (PLIC)
region; the relative differences in group means show remarkable bilateral symmetry, with both responders (RESPs) and nonresponders (NONRs) differentiated
from control (CTRL) subjects by decreased AD and RD. L, left; R, right.
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Group differences identified from the baseline scans were
limited to the AD measure (Figure 2). Alterations were identified
in a number of regions previously associated with WM
changes in depression: the EC-L, PTR-L, the cingulum
(cingulate gyrus [CgC-R]), and bilateral CP and cingulum
(hippocampus [CgH]). These group differences in AD may
reflect WM disruption in MDD, as reduced AD has been
associated with axonal degeneration in mouse models (23).
Biological Psychiatry: Cognitive Neuroscience and Neu
This is consistent with prior work that has shown spectro-
scopic indicators of aberrant cell membrane turnover and
changes in neuronal/axonal integrity (46) in chronic depression
(47–49). The limited group differences in baseline DTI scans,
confined only to AD, were in line with some previous literature
that has not found MDD/control group differences when only
testing FA (14). The regression (LMER) analysis was employed
to leverage the full temporal nature of this study (i.e., baseline,
roimaging October 2019; 4:913–924 www.sobp.org/BPCNNI 919
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Figure 6. Group comparisons in frontotemporal white matter tracts. The level of significant group difference is indicated as + (p , .05), ++ (p , .01), or
+++ (p, .001). (A) Baseline (linear mixed-effects regression intercept) values from the sagittal stratum (SS) regions. Highly symmetrical trends show elevated
fractional anisotropy (FA) in responders (RESPs) that differentiated them from nonresponders (NONRs), while mean diffusivity (MD) was decreased compared
with control (CTRL) subjects in both major depressive disorder groups. (B) In the posterior thalamic radiation (PTR), decreased axial diffusivity (AD) values
distinguished both major depressive disorder groups from CTRL subjects. (C) In the uncinate fasciculus (UNC), symmetrical trends in group mean values
significantly differentiated NONRs from CTRL subjects. (D) In the cingulum regions (cingulum cingulate gyrus [CgC]), especially the cingulum hippocampus
(CgH), decreased AD distinguished NONRs from CTRL subjects. RESPs generally fell in between, and were distinguished from the other 2 groups in several
regions. The effect size of the NONR/CTRL difference in the left CgH (CgH-L) was the strongest in this study (d = 20.76). The trends in responder AD values in
the CgC regions were a rare example of bilateral asymmetry. L, left; R, right.
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week 2, and week 8). We found that none of the groups had
significantly nonzero regression slopes, and there were no
group differences in regression slopes in any metric (FA, MD,
AD, RD). Therefore, there were no apparent SSRI-propagated
WM changes across the 8-week time span of this study.

However, the LMER intercept values identified baseline
group differences that encompassed the baseline-scan AD
920 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging O
results, and also identified several effects in RD, FA, and MD
(Figure 3). Additional WM alterations were identified in the su-
perior corona radiata (SCR), internal capsule (especially the
posterior limb of the internal capsule), SS, and uncinate
fasciculus (UNC). We suggest that LMER had greater sensitivity
at baseline owing to the reduction in random variance that
resulted from using all 3 time points. These observations are
ctober 2019; 4:913–924 www.sobp.org/BPCNNI

http://www.sobp.org/BPCNNI


DTI Indices of Medication Response in MDD
Biological
Psychiatry:
CNNI
consistent with neuroimaging work illustrating that multiple
acquisitions from individual participants elucidate finer regional
features and improve the resolution of network characteristics
[e.g., (50)]. In interpreting our results, FA and MD may be
regarded as derived metrics. They are useful for comparison to
prior literature, as they have been widely used. AD and RD
provide valuable clarification of the observed effects, as basic
studies have tied these metrics directly to WM disruption with
an identifiable cause.
Cortical Systems: Corona Radiata, Internal
Capsule, and EC

Higher FA distinguished responders from both control subjects
and nonresponders in the SCR. The SCR is an area of inter-
digitated WM that comprises a mixed fiber population, notably
including projections that traverse the internal capsule and
radiate to the cortices (51), and corticostriatal fibers (52,53).
Prior studies have reported altered MD in the SCR of
depressed participants (54). WM differences found here in the
SCR and posterior limb of the internal capsule of responders
may reflect network connectivity changes that are associated
with the psychomotor disturbances in MDD (55,56).

Several WM changes were observed in the EC ROI,
considered part of the superior longitudinal fasciculus, which
were similar to previous reports from melancholic MDD (57)
and treatment-resistant MDD (58). Importantly, non-
responders were differentiated from responders bilaterally in
FA, driven by changes in both RD and AD. The EC carries
fibers directly from the prefrontal cortex to the striatum (59) and
has been associated with social reward processing (60). As
such, these findings are in line with research that has
emphasized disrupted reward circuitry in depression (12,61).

Frontotemporal WM: SS, UNC, and the Cingulum

Several DTI metrics in the SS distinguished the 3 groups, with
nonresponders consistently having lower FA and AD values.
The SS includes association fibers of the inferior longitudinal
fasciculus and inferior fronto-occipital fasciculus. A meta-
analysis (10) found lower FA in the right inferior longitudinal
fasciculus and right inferior fronto-occipital fasciculus in MDD,
and decreased FA in SS in MDD is consistent with prior liter-
ature (62).

We also found that reduced FA in the right UNC distin-
guished nonresponders from control subjects (Figure 5). The
UNC connects the orbital and medial prefrontal cortices and
the anterior mesial temporal lobe (63–65) and is functionally
important in the regulation of social and emotional behavior
(66–68).

Our findings particularly highlight the cingulum areas to
distinguish responders from nonresponders. The AD metric
most reliably differentiated the groups, with nonresponders
consistently having the lowest values. The cingulum bundle
lies deep to the cortical gray matter of the cingulate gyrus,
extending from Brodmann area 25 to the amygdala and hip-
pocampus (69). In the ICBM-DTI-81 atlas, the cingulum is
divided at the level of the splenium of the corpus callosum into
the CgH inferiorly and the CgC superiorly. The related literature
includes reports of WM FA reductions in the cingulum
Biological Psychiatry: Cognitive Neuroscience and Neu
(12,68,70), reports that CgC FA was predictive of medication
response (27), and functional magnetic resonance imaging
research identifying the subgenual anterior cingulate as a locus
of treatment response (71).

Taken together, the results from the SS, UNC, and cingulum
may suggest that a positive therapeutic response to SSRIs is
contingent on intact corticolimbic connectivity. These findings
also complement evidence that participants with treatment-
resistant MDD show greater reductions in FA in WM regions
including UNC and CgC, as compared with first-episode par-
ticipants and control subjects (58).

Limitations and Implications for Future Studies

One limitation of this study concerns the relatively short study
duration. It is possible that plasticity in the WM alterations of
responders would have become apparent on a longer time
scale, such as a 6-month follow-up (26). The exclusion of the
fornix, a tract of particular interest in MDD (27), was a further
limitation. However, diffusivity values indicated that it was
heavily corrupted by partial volume of cerebrospinal fluid.
Fitting an advanced diffusion model that includes a cerebro-
spinal fluid compartment may remedy this limitation.

In this study, intersubject variance was clearly increased by
the use of multiple study sites, and in particular, scanner
manufacturers (Supplemental Figure S3). Although the linear
regression method used here greatly reduced the variance
(Supplemental Figure S1), some nonlinear effects may have
remained as a confound.

It was evident from the 4 outlier identification approaches
that more aggressive outlier cleaning methods produced more
results from significance tests. This indicates that extreme
values were inflating variance in the dataset, rather than driving
the significance of results, and lends credence to the effects
identified here. In addition, incorporating 3 measurements into
the analysis reduced intrasubject variance and identified more
group differences. This further points to random variance as a
significant impediment to revealing differences between
groups in DTI studies of MDD. Future studies would likely
benefit from acquiring the equivalent of all 3 scans in this study
during the baseline visit alone (e.g., 1 high angular resolution
diffusion imaging scan). The examination of all 4 scalar DTI
metrics was also beneficial and should be adopted in future
research.

Conclusions

Baseline DTI scans of AD, a metric sometimes associated with
axonal integrity, have been shown to distinguish future SSRI
responders, nonresponders, and control subjects in several
regions. Moreover, we have demonstrated that some of these
regions, which have previously been associated with altered
WM in MDD, could serve as markers of medication response.
Only the EC, a portion of the superior longitudinal fasciculus,
was observed to distinguish nonresponders from responders
in scans acquired at baseline. However, further baseline
responder/nonresponder differences were revealed when all 3
measurements were incorporated in the mixed-effects
regression analysis. These findings demonstrate that baseline
DTI measures are associated with medication response in
MDD, and consideration must be given to intrasubject
roimaging October 2019; 4:913–924 www.sobp.org/BPCNNI 921
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variability and outlier classification. Especially strong effects
were observed in the cingulum regions and EC, both of which
differentiated all 3 groups from one another. We anticipate that
future studies will investigate measures from these regions as
predictive biomarkers.
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