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Background: Cross-sectional studies have repeatedly shown impaired white matter integrity in patients with major depressive disorder.
Longitudinal analyses are missing from the current research and are crucial to elucidating the impact of disease trajectories on white mat-
ter impairment in major depressive disorder. Methods: Fifty-nine patients with major depressive disorder receiving inpatient treatment, as
well as 49 healthy controls, took part in a prospective study. Participants were scanned twice (baseline and follow-up), approximately
2.25 years apart, using diffusion tensor imaging. We analyzed diffusion metrics using tract-based spatial statistics. Results: At baseline,
patients had higher mean diffusivity in a large bilateral frontal cluster comprising the body and genu of the corpus callosum, the anterior
and superior corona radiata, and the superior longitudinal fasciculus. A significant group x time interaction revealed a decrease of mean
diffusivity in patients with major depressive disorder over time, abolishing group differences at follow-up. This effect was observed irre-
spective of disease course in the follow-up period. Limitations: Analyzing the course of illness is challenging because of recollection
biases in patients with major depressive disorder. Conclusion: This study reports follow-up diffusion tensor imaging data in patients with
major depressive disorder after an acute depressive episode. We demonstrated impaired prefrontal white matter microstructure (higher
mean diffusivity) at baseline in patients with major depressive disorder, which normalized at follow-up after 2 years, irrespective of dis-

ease course. This might have been due to a general treatment effect and might have reflected recovery of white matter integrity.

Introduction

Major depressive disorder (MDD) is expected to become the
second-highest contributor to global disease burden by the
year 2020,' and yet our understanding of its pathophysio-
logical basis remains incomplete. Multimodal neuroimaging
evidence has shown an integrated pattern of structural and
functional brain abnormalities in affective disorders in re-
gions such as the prefrontal cortex, the hippocampus and
the amygdala.>*

A key step forward in the field has been the understanding
that abnormal structural and functional connectivity between
these regions is likely as important to the pathogenesis of
MDD as isolated changes in volume and functional activity.5®
The lower integrity of white matter tracts connecting these

cortical and subcortical regions supports the concept of MDD
as a “disconnection syndrome.”” In MDD, recent studies
have implicated alterations in certain structural and func-
tional subnetworks with specific depression symptom
dimensions.!" Diffusion tensor imaging (DTI) techniques
such as tract-based spatial statistics (TBSS) allow for the
investigation of diffusion in the brain, which is employed to
derive information about white matter integrity.'> Studies
using DTI have repeatedly shown impaired white matter,”!314
especially in frontal tracts such as the genu of the corpus callo-
sum, as well as longitudinal tracts; some studies have shown
that increasing age, longer illness duration and early age of
onset might be associated with lower fractional anisotropy
(FA).'>'7 This notion is further corroborated by findings from
a meta-analysis, which has shown an association between
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illness severity and reduced FA in MDD." Studies demon-
strating white matter disturbances in adolescents before the
onset of depression'®'? and in healthy participants at familial
risk for MDD also suggest that white matter alterations are
risk factors and predate the onset of disease.

However, even though these alterations have been exten-
sively studied in cross-sectional designs, little is known from
longitudinal designs about the causality between onset and
course of depression on one hand, and white matter changes
over time on the other. Whereas longitudinal studies focus-
ing on grey matter trajectories in MDD have emerged in re-
cent years,*?'? longitudinal studies on white matter in MDD
are lacking. We investigated white matter in MDD in a longi-
tudinal design (2 years) to disentangle trait and state influ-
ences on white matter alterations. To that end, we also con-
ducted an exploratory analysis to evaluate whether changes
in white matter were associated with relapse in the follow-up
period or with changes in depressive symptom severity be-
tween the 2 time points. We hypothesized that (1) white mat-
ter integrity would be impaired at baseline in MDD com-
pared with healthy controls, especially in the corpus
callosum; and (2) patients would display differential changes
of white matter integrity over time compared with controls,
and that patients with a relapse would show more pro-
nounced white matter deficits than patients without a relapse
at follow-up.

Methods
Participants and procedure

The present study comprised 59 patients diagnosed with
MDD and 49 healthy controls. Patients were recruited from the
inpatient service of the Department of Psychiatry, University
of Miinster. All participants were evaluated using the Struc-
tured Clinical Interview for DSM-IV-TR? to confirm psychiat-
ric diagnosis or lack thereof at both time points. For study in-
clusion and exclusion criteria see Appendix 1, Supplementary
Methods 1, available at jpn.ca/180243-al. All participants
underwent structural diffusion-weighted MRI at baseline and
approximately 2 years later at follow-up (time between scans,
mean = standard deviation [SD]: 2.25 + 0.26 years). We applied
the Hamilton Depression Rating Scale (HDRS),** a measure of
depressive symptom severity, at both time points. We also per-
formed structured interviews with all patients to assess the
course of illness during the follow-up interval (e.g., relapse).
At baseline, all patients were experiencing a moderate or
severe depressive episode and received inpatient treatment.
We assessed the type and dose of psychopharmacological
treatment at baseline and follow-up to calculate a medication
index for both time points. We used these variables to com-
pute an established medication load index,** a composite
measure of total medication load reflecting the dose and num-
ber of prescriptions, irrespective of active components. For
more information on the calculation of the medication index,
see Appendix 1, Supplementary Methods 1.

Two patients and 2 healthy controls were excluded dur-
ing MRI preprocessing (see Image Processing). The final

sample consisted of 57 patients with MDD and 47 healthy
controls.

For an exploratory analysis based on interview informa-
tion at follow-up, we subdivided the MDD sample into
patients with MDD who had another depressive episode
during the follow-up period (relapse; n = 32) and patients
who did not have another episode (no relapse; n = 25). For
further information, see Appendix 1, Table S1.

This study was approved by the ethics committee of the
Medical Faculty of Miinster University, and all participants
gave written informed consent before the examination. They
received financial compensation for participation after the
testing session.

DTI data acquisition

We acquired data using a 3 T whole body MRI scanner (Gy-
roscan Intera, Philips Medical Systems). The DTI data were
acquired in 36 axial slices, 3.6 mm thick with no gap (ac-
quired matrix 128 x 128), resulting in a voxel size of 1.8 x 1.8
x 3.6 mm®. The echo time was 95 ms, and the repetition time
was 9473 ms. We used a b-value of 1000 s/mm? for 20 diffusion-
weighted images, with isotropic gradient directions plus
1 non-diffusion-weighted (b, = 0) image. In sum, we used
21 images per slice for diffusion tensor estimation. The total
data acquisition time was approximately 8 minutes per par-
ticipant. During the experiment, participants lay supine in
the MRI scanner with their head position stabilized. We used
the same scanner and sequences at both time points.

Image processing

We performed preprocessing and analysis using the FSL
FMRIB Software Library v5.0.10 (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/, FMRIB, Oxford Centre for Functional MRI of
the Brain?). Preprocessing followed the established FSL
TBSS pipeline and has been described in detail earlier.?”
Briefly, images were corrected for motion and eddy-current
distortions and underwent automated skull stripping before
diffusion tensor estimation using the FSL FDT.® This
yielded an estimation of FA, mean diffusivity (MD), radial
diffusivity (RD) and axial diffusivity (AD) for each voxel.

To ensure data quality, we visually inspected all raw DTI and
FA images. We excluded 2 participants whose estimated mean
displacement provided by the eddy correct log file was more
than 3 times the standard deviation of all participants’ mean dis-
placement. We also excluded 2 outliers based on FA maps using
the homogeneity of covariance test (> 2 SD) provided by the
VBMS-toolbox (http:/ /dbm.neuro.unijena.de/vbm).

Tract-based spatial statistics

We performed standard TBSS preprocessing.? The FA
images were registered to the FMRIB58 FA template and
averaged to create a mean FA image. A white matter skele-
ton was created with an FA threshold of 0.2 and overlaid
onto each participant’s registered FA image. We warped
individual FA values onto this mean skeleton mask by
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searching perpendicular from the skeleton for maximum
FA values. We performed the same registration on MD, RD
and AD values.

To test for statistical significance, we used the nonpara-
metric permutation testing implemented in FSL’s “random-
ize,” with 5000 permutations. We used threshold-free cluster
enhancement® to correct for multiple comparisons using
the default values provided by the —T, option optimized
for TBSS. This allowed us to estimate cluster sizes corrected
for family-wise error (FWE; p < 0.05, 5000 permutations). We
derived Montreal Neurological Institute coordinates and
cluster size at peak voxel using FSL Cluster and retrieved
the corresponding white matter tract from the ICBM-DTI-81
white matter atlas.*!

Analysis

We performed statistical analyses on the demographic data
using IBM SPSS Statistics 25 (SPSS Inc.).

We established cross-sectional differences (baseline,
follow-up) between MDD and healthy controls in diffusion
metrics (FA, MD, RD, AD) using independent ¢ tests imple-
mented in “FSL randomize,” correcting for age, sex, time be-
tween scans and total intracranial volume. We established
longitudinal changes in diffusion metrics in both samples
using paired f tests in FSL randomize.

To analyze differential changes over time between
healthy controls and MDD, we performed a repeated-
measures analysis of covariance (ANCOVA). Permutation
of ANCOVAs via FSL randomize has not been imple-
mented yet (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM);
therefore, to analyze a group X time interaction, we ex-
tracted mean diffusion values from significant clusters at
baseline and analyzed them in SPSS. There, we performed
repeated-measures ANCOVAs with group (patients with
MDD, healthy controls) as the between-subjects factor and
time (baseline, follow-up) as a within-subjects factor. We in-
cluded age, sex and total intracranial volume as covariates,
as estimated by the Computational Anatomy Toolbox
(www.neuro.uni-jena.de/cat, v933) based on the corres-
ponding T, images.® For an alternative approach to investi-
gating whole-brain changes over time between groups, we
calculated difference images, subtracting baseline from
follow-up voxel values employing fslmaths. To compare
changes in diffusion metrics (AFA, AMD, AAD, ARD) over
time between groups, we analyzed difference images using
independent t tests within FSL comparing patients with
MDD to healthy controls, correcting for age, sex, time
between scans and total intracranial volume. Finally, we re-
peated the same analyses in a region-of-interest analysis
restricted to the mask from significant clusters at baseline.

In an exploratory analysis based on the interview informa-
tion at follow-up, we subdivided the MDD sample into “re-
lapse” and “no relapse” groups. We performed independent
t tests in FSL to test for differences at baseline and follow-up.
Again, we analyzed difference images using independent
t tests in FSL, comparing the 2 groups using age, sex and total
intracranial volume as covariates.

To test whether baseline values were associated with clin-
ical characteristics and medication, we performed a correla-
tion analysis in SPSS with mean MD (from the significant
baseline cluster), number of depressive episodes before base-
line, number of hospitalizations before baseline and medica-
tion index at baseline. To further investigate the observed
changes over time in the MDD sample, we correlated changes
in MD scores (A MD [follow-up — baseline]; extracted from the
significant baseline cluster) with changes in medication (A
medication index [follow-up — baseline]) and changes in de-
pression severity (A HDRS [follow-up — baseline]).

Results
Demographic data

Groups did not differ with respect to sex, age, time between
scans or years of education (Table 1). Patients had lower
HDRS and medication index scores at follow-up (HDRS
[baseline] 22.43, HDRS [follow-up] 8.73, t;, = 12.60, p < 0.001;
medication index [baseline] 1.95, medication index [follow-
up] 1.32, t,, = 2.7, p = 0.008). For more detailed information on
patients” medication and comorbidities, see Appendix 1, Table
S1 and Table S2.

Cross-sectional findings

At baseline, compared to healthy controls, patients with
MDD had significantly higher MD and RD in a large bilateral
frontal cluster comprising the body and genus of the corpus
callosum, the anterior and superior corona radiata, and the
left superior longitudinal fasciculus. (Fig. 1, Fig. 2, Table 2,
Table 3). We observed a trend of lower FA in the patient
group (p = 0.088).

At follow-up, we detected no significant differences be-
tween groups. For additional information on this trend-level
finding, see Appendix 1, Supplementary Results 3.

Longitudinal findings

Repeated-measures ¢ tests within FSL revealed a significant
increase in MD, AD and RD in a widespread cluster con-
taining the corpus callosum and the corona radiata (Table 2,
Table 3), as well as a trend of decreased FA (p = 0.068) at
follow-up in the healthy control sample. In the MDD sam-
ple, we did not detect any significant time effects.

Table 1: Sample characteristics

MDD Healthy controls
Characteristic (n=57) (n=47) p value
Sex, M/F 30/27 22/25 0.69*
Age, yr 34.68 + 12.08 37.38 +7.95 0.19
Education, yr 14.75 + 2.42 15.00 £ 2.35 0.75
Time between scans, yr 2.24 + 0.26 2.26 +0.26 0.37

F = female; M = male; MDD = major depressive disorder.
Values are mean =+ standard deviation unless otherwise indicated.
¥ test.
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Repeated-measures ANCOVA using baseline and follow-up
mean MD values (extracted from the significant baseline clus-
ter) revealed a significant group X time interaction (F,q =
16.80, p < 0.001; Fig. 2); post-hoc t tests showed an increase of
MD over time in the healthy control sample (p = 0.02) and a
decrease of MD over time in the MDD sample (p < 0.001).

Whole-brain analysis using difference images (AFA, AMD,
AAD and ARD) did not yield significant group differences. In
a region-of-interest analysis using the significant clusters at
baseline as a mask (Fig. 1), the same analyses revealed signifi-
cantly higher AMD, AAD and ARD in the healthy control
group compared to the MDD group (Appendix 1, Table S4),
reflecting a higher increase in those metrics over time in the
healthy control group.

Exploratory analysis: effects of relapse, depression severity
and medication index

At baseline, mean MD from the significant cluster was not
associated with number of depressive episodes before base-
line (r = 0.16, p = 0.24), number of hospitalizations before
baseline (r = 0.11, p = 0.42) or medication index at baseline
(r = =0.09, p = 0.51) in patients with MDD. Furthermore,
AMD was not correlated with AHDRS (r = 0.05, p = 0.77) or A
medication index (r = -0.13, p = 0.34).

We detected no significant cross-sectional or longitudinal
differences between patients with MDD who had a relapse in
the follow-up period and patients with MDD who did not
have a relapse.

Discussion

At baseline we found higher MD in patients with MDD com-
pared with healthy controls in several frontal white matter
regions. At follow-up, MD values increased in this cluster in
healthy controls, but it declined in patients with MDD, result-
ing in diminished MD differences between the 2 groups at
follow-up.

Cross-sectional studies have repeatedly demonstrated im-
paired white matter fibre integrity in patients with MDD
compared with healthy controls,*"* with most studies focus-

ing on FA as the primary DTI measure. We could show only
a trend of reduced FA in many frontal white matter tracts,
but analysis of MD revealed widespread increases in frontal
white matter in patients with MDD, including the body and
genu of the corpus callosum, the anterior and superior
corona radiata, and the left superior longitudinal fasciculus.
These affected white matter tracts have been consistently
reported in white matter studies in patients with MDD and
are thought to connect crucial prefrontal brain regions cen-
tral to current theories of mood dysregulation in affective
disorders.?>%

Although MD was less frequently investigated in the past,
our findings were in line with previous evidence of in-
creased MD in patients with MDD.*¢ Also conceptualized
as apparent diffusion coefficient,'> MD reflects the total
amount of diffusion in a voxel and is considered to represent
demyelination or edema.’” In contrast, FA represents the
degree of anisotropy in a voxel and is thought to be high in
organized, coherent white matter tracts. However, given the
complexity of neuronal architecture and the numerous fac-
tors influencing diffusion metrics (e.g., myelination, packing
density, axonal diameter, membrane permeability, crossing
of fibres) it is challenging to draw definite conclusions about
specific biological brain alterations using DTI metrics.®
Nonetheless, there is evidence that axonal membranes and
myelin behave as major barriers to water diffusion, and that
increases in MD could reflect less restricted diffusion caused
by demyelination. The investigation of MD in other diseases
revealed that MD was increased in acute multiple sclerosis
white matter lesions and might therefore be more closely
related to inflammatory brain processes (for a review, see
Alexander and colleagues®). Furthermore, our data showed
that the MD differences were partly based on higher RD in
patients with MDD at baseline. A measure of diffusion per-
pendicular to the main diffusion direction, RD has been
shown to offer specific assessment of demyelination of the
corpus callosum in a mouse model.* Moreover, higher RD
and MD have been associated with increased proinflamma-
tory cytokines in major depressive episodes in bipolar disor-
der.* Taken together, these findings could further support a
concept of disturbed white matter integrity (possibly

Fig. 1: Increased mean diffusivity (MD) in patients with major depressive disorder at baseline. Axial slices with corresponding y-axis
values (Montreal Neurological Institute) are presented. Black areas in white matter tracts represent voxels where significantly higher
MD was detected in patients with MDD compared to healthy controls (prwe < 0.05). FWE = family-wise error.
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through demyelination) in MDD during an acute depressive
episode. Future research is needed to investigate whether
these changes might be related to inflammatory processes
associated with affective disorders.*

As expected, MD increased over time in the healthy control
group. This finding is supported by previous studies show-
ing an increase of AD, RD and MD, and a decrease of FA,
with age,** and it likely represents normal aging processes.
Interestingly, MD decreases in patients with MDD after
2 years (Fig. 2) leading to a significant group x time interac-
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©
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0.00071 -

Baseline Follow-up

Fig. 2: Time x group interaction of mean diffusivity (MD) in a signifi-
cant baseline cluster. Extracted mean MD values from all significant
voxels of the baseline contrast major depressive disorder (MDD) >
healthy controls. Repeated-measures analysis of covariance
revealed a significant time x group interaction (F,, = 16.80;
p < 0.001). Error bars indicate + 2 standard errors.

Table 2: Results from cross-sectional and longitudinal analyses,
mean diffusivity*

Voxels, no. Max1-p MNI x, y, z (mm)
Cross-sectional results
Baseline
MDD > healthy controls
6526 0.964 -35, 8, 20
3266 0.955 19, 22, 38
Healthy controls > MDD, no significant results
Follow-up
MDD > healthy controls, no significant results
Healthy controls > MDD, no significant results
Longitudinal results
Healthy controls
Follow up > baseline
4048 0.003 —14, 35,6
1342 0.97 32,34,6
2 0.95 4,28, 11
Baseline > follow-up, no significant results
MDD

Follow-up > baseline, no significant results
Baseline > follow-up, no significant results

MDD = major depressive disorder; MNI = Montreal Neurological Institute.
*Dimensions of clusters (number of voxels) and localization of signal peaks (MNI
coordinates) are given for regions showing maximal differences in tract-based spatial
statistics values (signal peak).

tion. This could be seen as a possible neurobiological sign of
recovery after an acute depressive episode. Regardless of
clinical development over the follow-up period, all patients
with MDD at baseline were experiencing an acute moderate
to severe depressive episode that required hospitalization.
On average, patients with MDD showed clinical improve-
ment reflected in lower HDRS score and a lower medication
index at follow-up. However, we could not demonstrate

Table 3: Results from cross-sectional and longitudinal analyses,
lateriality and probability of affected tracts*

Region Laterality Probability, %

Cross-sectional results
Baseline
MDD > healthy controls

Genu of corpus callosum — 3.27
Body of corpus callosum — 5.80
Anterior limb of internal capsule R 0.01
Anterior limb of internal capsule L 0.02
Anterior corona radiata R 6.62
Anterior corona radiata L 7.60
Superior corona radiata R 1.86
Superior corona radiata L 4.20
Posterior thalamic radiation L 0.05
(includes optic radiation)
External capsule R 0.20
External capsule L 0.61
Superior longitudinal fasciculus R 0.03
Superior longitudinal fasciculus L 3.36
Superior fronto-occipital R 0.11
fasciculus
Superior fronto-occipital L 0.02
fasciculus
Unclassified — 66.22
Healthy controls > MDD, no significant results
Follow-up
MDD > healthy controls, no significant results
Healthy controls > MDD, no significant results
Longitudinal results
Healthy controls
Follow up > baseline
Genu of corpus callosum — 11.40
Body of corpus callosum — 0.33
Anterior limb of internal capsule R 0.69
Anterior limb of internal capsule L 0.61
Anterior corona radiata R 8.46
Anterior corona radiata L 15.69
External capsule R 0.13
External capsule L 1.54
Unclassified — 61.15
Baseline > follow-up, no significant results
MDD

Follow-up > baseline, no significant results
Baseline > follow-up, no significant results

L = left; MDD = major depressive disorder; R = right.

*White matter tracts in the cluster based on Johns Hopkins University ICBM-DTI-81
white matter labels (as implemented in FSL).3' Probability of affected tracts: (average)
probability of all significant voxels being a member of the labelled regions in the atlas,
calculated with the FSL tool atlasquery.
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differences between patients with relapse and those with-
out, and we could not show a correlation between MD
decrease and changes in HDRS scores or changes in medica-
tion scores. This may point toward a global, nonspecific ef-
fect of treatment during and after the acute depressive
episode, because all patients received psychotherapeutic
treatment during the initial hospitalization and all but 4 pa-
tients received psychotropic medication. Future studies
with bigger sample sizes (ideally with more treatment-naive
patients) need to be conducted to further elucidate possible
longitudinal effects of psycho- and pharmacological treat-
ment on white matter integrity.

Because we have observed only baseline differences and a
group X time interaction in MD (and not FA), it could be
argued that — compared with FA — MD is a more dynamic
DTI metric, more likely to represent flexible white matter
changes over time in a disease such as MDD, which has a
relapsing-remitting pattern. Future studies with longer follow-
up periods could shed light on the long-term development of
MD based on the clinical course of the disease.

Limitations

We did not detect any differences in FA between patients with
MDD and healthy controls, even though we found a trend of
decreased FA in the MDD sample at baseline. This might be
due to the small sample size, and our study might have been
underpowered to detect reliable cross-sectional differences.
Regarding the longitudinal analysis, it was a challenge to
assess a precise course of illness, because self-reported clinical
measures often have low accuracy because of recollection
biases in patients with MDD.* When we compared longitud-
inal group differences using difference images (e.g., AMD),
analyses did not reach significance. This was likely because of
the reduced variance in analysis using differences instead of a
proper repeated-measures general linear model, reducing the
sensitivity of detecting subtle changes between groups over
time. However, when restricting analyses to a region-of-interest
analysis of all regions that showed baseline differences, we
could demonstrate significantly higher AMD, AAD and ARD
in the healthy controls group. Diffusion tensor imaging
sequences with higher numbers of diffusion directions should
be used in the future for higher signal-to-noise ratio and im-
proved estimation of the diffusion tensor.

Conclusion

This study reports follow-up data on patients with MDD
after an acute depressive episode. We demonstrated
impaired prefrontal white matter (higher MD) at baseline in
patients with MDD, which seemed to normalize at follow-up
after 2 years, irrespective of disease course. This might have
been due to a general treatment effect. Future research with
longer follow-up periods and larger sample sizes is needed to
disentangle treatment factors that might have exerted possi-
ble neuroprotective effects (e.g., medication or psychother-
apy) and to explore a possible link between inflammation
and white matter integrity in MDD.
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