
 

 

 University of Groningen

White matter architecture in major depression with anxious distress symptoms
Heij, Gijs J; Penninx, Brenda W H J; van Velzen, Laura S; van Tol, Marie-José; van der Wee,
Nic J A; Veltman, Dick J; Aghajani, Moji
Published in:
Progress in Neuro-Psychopharmacology & Biological Psychiatry

DOI:
10.1016/j.pnpbp.2019.109664

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Heij, G. J., Penninx, B. W. H. J., van Velzen, L. S., van Tol, M-J., van der Wee, N. J. A., Veltman, D. J., &
Aghajani, M. (2019). White matter architecture in major depression with anxious distress symptoms.
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 94, [109664].
https://doi.org/10.1016/j.pnpbp.2019.109664

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.1016/j.pnpbp.2019.109664
https://research.rug.nl/en/publications/6ff09a5f-479f-4ace-8762-fb937a66b431
https://doi.org/10.1016/j.pnpbp.2019.109664


Contents lists available at ScienceDirect

Progress in Neuropsychopharmacology
& Biological Psychiatry

journal homepage: www.elsevier.com/locate/pnp

White matter architecture in major depression with anxious distress
symptoms
Gijs J. Heija,b, Brenda W.H.J. Penninxb,c, Laura S. van Velzenb,c, Marie-José van Told,
Nic J.A. van der Weee, Dick J. Veltmanb,c, Moji Aghajanib,c,⁎

a VU University, Faculty of Earth and Life Sciences, the Netherlands
bAmsterdam UMC, Location VUMC, Dept. of Psychiatry & Amsterdam Neuroscience, the Netherlands
cGGZ InGeest Specialized Mental Health Care, the Netherlands
dUniversity Medical Center Groningen, Dept. of Psychiatry, the Netherlands
e Leiden University Medical Center, Dept. of Psychiatry, the Netherlands

A B S T R A C T

Background: Comorbid anxious distress is common in Major Depressive Disorder (MDD), and associated with significantly worse clinical course and treatment
response. While DSM-5 recently introduced the Anxious Distress (AD) specifier as a potentially useful symptom-based subtyping scheme for MDD, its neurobiological
underpinnings remain unclear. The current study hence uniquely probed whether MDD with co-occurring AD (MDD/AD+) relates to distinct perturbations in
frontolimbic white matter (WM) pathways tentatively theorized in MDD/AD+ pathophysiology.
Methods: Tract-based spatial statistics (TBSS) was therefore used to analyze diffusion tensor imaging data on WM microstructure, in MDD/AD+ patients (N= 20)
relative to MDD patients without AD (MDD/AD-; N= 29) and healthy controls (HC; N=39). Using TBSS, we probed fractional anisotropy and axial/radial/mean
diffusivity as proxies for WM integrity. Categorical (between-groups) and dimensional (within-patients) analyses subsequently assessed how Anxious Distress in MDD
impacts frontolimbic WM connectivity. Receiver-Operating Characteristics additionally assessed classification capabilities of between-groups WM effects.
Results: Compared to MDD/AD- and HC participants, MDD/AD+ patients exhibited diminished integrity within the anterior thalamic radiation (ATR). Higher AD
specifier scores within MDD patients additionally related to diminished integrity of the uncinate fasciculus and cingulum pathways. These effects were not con-
founded by key clinical (e.g., comorbid anxiety disorder) and sociodemographic (e.g., age/sex) factors, with altered ATR integrity moreover successfully classifying
MDD/AD+ patients from MDD/AD- and HC participants (90% sensitivity | 73% specificity | 77% accuracy).
Conclusions: These findings collectively link MDD/AD+ to distinct WM anomalies in frontolimbic tracts important to adaptive emotional functioning, and may as
such provide relevant, yet preliminary, clues on MDD/AD+ pathophysiology.

1. Introduction

Major Depressive Disorder (MDD) is one of the most prevalent and
debilitating psychiatric disorders, affecting hundreds of millions of
people worldwide (WHO, 2017). Despite these concerns, a significant
portion of MDD patients do not fully benefit from currently available
treatment options and are severely impaired by MDD symptomatology
(Lener and Iosifescu, 2015). Many scholars and clinicians point to the
unitary diagnosis of MDD, based on heterogeneous symptom profiles, as
one of the main reasons for our inability to fully understand MDD pa-
thophysiology and formulate targeted, personalized treatments. To
address this issue and encourage subtype-specific research and treat-
ment initiatives, the newly revised DSM-5 included several specifiers for
the diagnosis of MDD, aimed at meaningful subgrouping of MDD pa-
tients based on etiology, symptomatology, and treatment responsivity
(APA, 2013; Gaspersz et al., 2018; Ionescu et al., 2013).

One specifier that seems of particular clinical relevance, and has
thus far received the most attention, is the “Anxious Distress” (AD)
specifier (Gaspersz et al., 2017a; Gaspersz et al., 2017b; Gaspersz et al.,
2017; Gaspersz et al., 2018; Ionescu et al., 2013; Kessler et al., 2015).
This specifier describes a subgroup of MDD patients who in addition to
their depressive symptoms also feel keyed up, tense, and restless, have
difficulty concentrating/focusing because of excessive worrying and
anxiousness, and often fear that they could lose control (APA, 2013).
Data suggest that 50–65% of MDD patients would meet the criteria for
AD, with the specifier additionally outperforming comorbid anxiety
diagnoses in predicting important clinical outcomes (e.g., chronicity,
remission, disability), thus highlighting its presumed clinical relevance
(Gaspersz et al., 2017a; Gaspersz et al., 2017b; Ionescu et al., 2013;
Rosellini et al., 2018). Studies moreover show that MDD with co-oc-
curring AD (MDD/AD+) versus MDD without AD (MDD/AD-) often has
an earlier age of onset, is more severe in its symptomatology, relates to

https://doi.org/10.1016/j.pnpbp.2019.109664
Received 3 January 2019; Received in revised form 29 April 2019; Accepted 30 May 2019

⁎ Corresponding author at: Amsterdam UMC/VUMC, Department of Psychiatry, Oldenaller 1, 1081 HJ Amsterdam, the Netherlands.
E-mail address: m.aghajani@vumc.nl (M. Aghajani).

Progress in Neuropsychopharmacology & Biological Psychiatry 94 (2019) 109664

Available online 31 May 2019
0278-5846/ © 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/02785846
https://www.elsevier.com/locate/pnp
https://doi.org/10.1016/j.pnpbp.2019.109664
https://doi.org/10.1016/j.pnpbp.2019.109664
mailto:m.aghajani@vumc.nl
https://doi.org/10.1016/j.pnpbp.2019.109664
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnpbp.2019.109664&domain=pdf


less favorable treatment prognosis and remission rates, and includes
more antidepressant side effects (Gaspersz et al., 2017a; Gaspersz et al.,
2017b; Kessler et al., 2015). These differences are deemed reminiscent
of distinct neurobiological underpinnings (Albaugh et al., 2017a; Canu
et al., 2015; Gaspersz et al., 2017a; Gaspersz et al., 2017b; Gaspersz
et al., 2018; Potvin et al., 2015; Zhao et al., 2017), and uncovering them
seems particularly important for improving diagnosis, prognosis, and
treatment (Ionescu et al., 2013).

There is some evidence indeed for this premise (though not always
unequivocal: e.g., Gaspersz et al., 2018; van Tol et al., 2010), with more
severe cortical thinning, frontolimbic circuit dysfunction, im-
munological imbalance, and cellular disintegrity being reported in
MDD patients with co-occurring AD symptoms (Albaugh et al., 2017b;
Gaspersz et al., 2017a; Gaspersz et al., 2018; Ionescu et al., 2013; Zhao
et al., 2017). The proposed frontolimbic circuit dysfunction is of par-
ticular interest, given its established role in abnormal emotion proces-
sing/regulation and affective psychopathology (Caetano et al., 2007;
Disner et al., 2011; Mayberg, 2003; Phillips et al., 2015; Phillips et al.,
2008; Price and Drevets, 2010). This frontolimbic circuit comprises
various prefrontal subregions and key limbic structures such as the
amygdala, hippocampus and striatum, which together form an in-
tegrated neural circuit dedicated to various aspects of emotion pro-
cessing and regulation. Within this circuit, the amygdala, striatum,
subgenual/ventral anterior cingulate cortex (ACC), ventrolateral pre-
frontal cortex (PFC), and orbitofrontal cortex (OFC) form a ventral
frontolimbic system, which encodes the emotional significance of a
stimulus and produces an affective response to it (Phillips et al., 2015;
Phillips et al., 2008; Stein et al., 2007). The dorsal ACC, dorsomedial
PFC, dorsolateral PFC, and hippocampus, on the other hand, are im-
plicated in a dorsal system that exerts cognitive control, regulates af-
fective states, and provides contextual information (Pessoa, 2008;
Phillips et al., 2015; Phillips et al., 2003; Phillips et al., 2008; Stein
et al., 2007). There is evidence for a functional imbalance between and
within these frontolimbic systems (Bhatia et al., 2018; Phillips et al.,
2008; Phillips et al., 2003; Price and Drevets, 2010), which are deemed
partly driven by microstructural changes in white matter (WM) bundles
of the uncinate fasciculus (UNC) and cingulum (CIN) that crucially
interlink key nodes of these systems (Bhatia et al., 2018; Bracht et al.,
2015; Cullen et al., 2010; Phillips et al., 2008; Phillips et al., 2015;
Phillips et al., 2003).

The UNC is a long-range WM tract that connects key limbic regions
such as the amygdalar and hippocampal complexes in the anterior
temporal lobe to ventral frontal lobe territories, including ven-
tromedial/orbitofrontal sections of the PFC and ventral ACC regions
(Olson et al., 2015). The location and connectivity profile of the UNC
pinpoint it as an integral component of adaptive frontolimbic interac-
tions, and abnormalities in its structural integrity are often linked to
abnormal emotional processing and susceptibility to affective psycho-
pathology (Bracht et al., 2015; Cullen et al., 2010; LeWinn et al., 2014;
Olson et al., 2015; Sexton et al., 2009; Von Der Heide et al., 2013). The
CIN bundle, on the other hand, allows for more widely-distributed in-
terconnections by linking prefrontal, cingulate, parietal and medial
temporal sites, whilst also interlinking key subcortical nuclei (e.g.,
thalamic nuclei) to various cingulate regions (Bubb et al., 2018; Wu
et al., 2016). It is involved in a wide range of processes, such as emotion
processing, motivational drive, executive functioning, pain and
memory (Bubb et al., 2018). It is noteworthy that studies indicative of
UNC microstructural alterations in MDD also implicate involvement of
the CIN in MDD pathophysiology (Bhatia et al., 2018; Bracht et al.,
2015; Cullen et al., 2010), further corroborating the crucial role of both
tracts in mood dysregulation (Bhatia et al., 2018; Keedwell et al., 2012;
Keedwell and Linden, 2013; Sexton et al., 2009). However, whether

specific alterations in UNC and CIN microstructure may also relate to
MDD/AD+ diagnosis, symptomatology, and severity has yet to be in-
vestigated.

It is worth mentioning that altered WM microstructure is also found
in pathways other than UNC and CIN among MDD patients, with some
alterations even occurring early in the course of MDD (Aghajani et al.,
2014; Zhu et al., 2011). Commonly affected pathways include the
corpus callosum, superior/inferior longitudinal fasciculus, forceps, in-
ternal capsule, and anterior thalamic radiation, with generally lower
integrity of WM bundles being reported (Bracht et al., 2015; Dillon
et al., 2018; Jiang et al., 2017; Liao et al., 2013; Shen et al., 2017; Wen
et al., 2014). It should be noted though that WM findings in MDD are
not always unequivocal, with several important studies reporting op-
posing effects or even null findings (e.g., see meta-analysis Choi et al.,
2014). These mixed findings might, among other things, be ascribed to
the heterogeneous nature of MDD, with various subgroups of patients
presenting different etiology, symptomatology, and treatment re-
sponsivity profiles (Belmaker and Agam, 2008). A subtype-specific
approach towards MDD is therefore anticipated to tackle these con-
flicting findings, improve our understanding of underlying neuro-
biology, and aid personalized treatment. That said, little is yet known of
whether DSM-5 informed MDD subtypes, and in particular MDD/AD+,
may involve specific WM anomalies. A handful of studies have tried to
address this issue, though fairly indirectly by either using a AD specifier
not conforming to DSM-5 criteria or comparing MDD patients with vs.
without comorbid anxiety on WM integrity (e.g., Delaparte et al., 2017;
Xia et al., 2018). However, MDD with comorbid anxiety disorder tends
to capture a partially different group of patients than MDD/AD+
(Gaspersz et al., 2017a; Rosellini et al., 2018), as evidenced by the poor
overlap between the presence of the AD specifier and comorbid anxiety
disorders among MDD patients (Gaspersz et al., 2017a). The DSM-5
informed AD specifier is additionally deemed more useful than co-
morbid anxiety diagnoses in formulating meaningful MDD subtypes,
partly due to its higher discriminative power on key clinical outcomes
(Gaspersz et al., 2017a; Gaspersz et al., 2018; Rosellini et al., 2018).
Examining WM microstructure in MDD/AD+ patients thus seems ra-
ther pertinent, as it may provide deeper insights into the underlying
neuropathology and aid biomarker development in the future.

We therefore employed tract-based spatial statistics (TBSS: Smith
et al., 2006) to analyze diffusion tensor imaging (DTI) data on WM
microstructure, in MDD/AD+ patients relative to MDD/AD- and
healthy control (HC) participants. Our main parameter of interest was
fractional anisotropy (FA), which reflects the tendency of water mole-
cules in WM to diffuse in one direction as opposed to all other direc-
tions, thereby providing a general proxy for WM microstructural in-
tegrity (e.g., myelin thickness, membrane integrity) (Kochunov et al.,
2007). FA, however, is less informative about the specific type of al-
terations that may present in WM fiber bundles, so additional para-
meters are commonly calculated and examined to gain more insight in
underlying mechanisms (Alexander et al., 2007). We therefore ad-
ditionally probed axial (A.Dif), radial (R.Dif), and mean (M.Dif) diffu-
sivity, which provide complementary information on axonal integrity,
fiber bundle coherence, and myelination, thereby aiding interpretation
of FA changes (Alexander et al., 2007; Budde et al., 2009; Horsfield and
Jones, 2002; Song et al., 2002) (see Fig. 1 for schematic representa-
tion). Specifically, A.Dif indexes water diffusion along the principal
direction of the fiber, and is deemed sensitive to axonal integrity and
fiber bundle coherence. R.Dif tends to index diffusion perpendicular to
the principal direction of the fiber, and is more indicative of myelina-
tion level. Finally, M.Dif reflects average water diffusion in all direc-
tions within the fiber bundle, providing a proxy marker for cellularity.

Given the proposed frontolimbic circuit dysfunction in MDD (Disner
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Fig. 1. Schematic representation of key DTI indices and their properties. The upper panel (A) depicts key neural tissue properties within WM that DTI allows to
approximate in vivo. The middle and lower panel (B, C) depict the physics behind DTI. DTI measures the magnitude and orientation of water diffusion within axonal
fiber bundles. It uses measures derived from the three eigenvectors, represented by their eigenvalues (λ1, λ2, λ3), which define the diffusion ellipsoid/tensor in every
voxel. FA reflects the general tendency of water molecules in WM to diffuse in one direction as opposed to all other directions. A.Dif (λ1) indexes water diffusion
along the principal direction of the fiber, whereas R.Dif ((λ2+λ3)/2) reflects diffusion perpendicular to the principal direction of the fiber, with M.Dif
((λ1+λ2+λ3)/3) indexing average water diffusion in all directions within the fiber bundle. Whereas FA provides a general proxy for WM microstructural
integrity, A.Dif is deemed sensitive to axonal integrity and fiber bundle coherence, R.Dif to myelination level, and M.Dif to cellularity levels. DTI=Diffusion Tensor
Imaging; WM=White Matter; FA= Fractional Anisotropy; A.Dif=Axial Diffusivity; R.Dif= Radial Diffusivity; M.Dif=Mean Diffusivity. Reprinted with per-
mission from Hindawi Publishing Corporation: BioMed Research International, (Alves et al., 2015).
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et al., 2011; Mayberg, 2003; Phillips et al., 2015; Price and Drevets,
2010) and the relevance of UNC and CIN bundles to frontolimbic
connectivity (Cohen et al., 2008; Concha et al., 2005; Petrides and
Pandya, 2002; Swartz and Monk, 2014), we focused primarily on these
two WM tracts. For completeness though, we also performed whole-
brain analyses to capture potential WM changes in other tracts, in-
cluding those considered pertinent to adaptive frontolimbic commu-
nication and affective psychopathology (e.g., anterior thalamic radia-
tion, forceps minor, and internal capsule) (Bracht et al., 2015; Dillon
et al., 2018; Jiang et al., 2017; Liao et al., 2013; Shen et al., 2017; Wen
et al., 2014). We employed categorical between-groups (based on the
presence of the AD specifier) and dimensional within-patient analyses
(based on the total AD specifier score) to thoroughly examine the im-
pact of the AD specifier on WM architecture in MDD patients. We hy-
pothesized diminished WM integrity as indexed by lower FA values
among MDD/AD+ patients versus MDD/AD- and HC participants, with
these group differences following a linear trend (MDD/AD+ < MDD/
AD- < HC), echoing the more severe symptomatology and neuro-
pathology of MDD/AD+ (Gaspersz et al., 2017b; Gaspersz et al., 2017;
Gaspersz et al., 2018; Kessler et al., 2015). We additionally speculated
that higher AD specifier total scores in MDD patients would relate to
lower FA values. Post-hoc analyses moreover probed the impact of key
clinical and sociodemographic factors on potential WM changes, and
additionally assessed whether the presence of the AD specifier vs. co-
morbid anxiety disorders relates to distinct/overlapping WM altera-
tions. Receiver-Operating Characteristics were finally computed to as-
sess diagnostic sensitivity of between-groups (categorical) WM effects
in classifying MDD/AD+ patients from MDD/AD- and HC participants.

2. Methods and materials

2.1. Participants

The current sample comprised a subset from the most recent wave
(9-year follow-up) of the Netherlands Study of Depression and Anxiety
(NESDA) (Penninx et al., 2008), and only included MDD and HC par-
ticipants who had complete DTI datasets and sufficient data to for-
mulate the AD specifier (N= 91). Visual inspection and quality control
of DTI data resulted in exclusion of 3 participants due to: missing DTI
scan in anterior-to-posterior direction (1), differing gradients in the
anterior-to-posterior and posterior-to-anterior DTI scan (1), and missing
volumes in the posterior-to-anterior DTI scan (1). The dataset of 88
subjects consisted of 49 patients with current MDD diagnosis (mean
age= 48.98, SD=8.57; 49% female) and 39 HC participants (mean
age= 52.10, SD=8.44; 39% female). The groups were matched on
age, sex, and education. MDD patients were recruited through general
practitioners, primary care, and specialized mental care institutions,
while HC participants were approached via local advertisements. DSM
diagnoses of current (6-month recency) MDD were established using the
Composite International Diagnostic Interview lifetime version 2.1
(Andrews and Peters, 1998).

Patients were excluded if they presented Axis I disorders other than
MDD or anxiety disorder (i.e., panic disorder, social anxiety disorder
and/or generalized anxiety disorder), and used psychotropic medica-
tions other than selective serotonin reuptake inhibitors (SSRIs) on a
stable basis or benzodiazepine on an infrequent basis (oxazepam/dia-
zepam, maximum of three times a week, max 10mg, and not within
48 h before scanning). Exclusion criteria for HC participants were life-
time diagnosis of MDD or other psychopathologies, and use of any
psychotropic medication, with the exception of infrequent benzodia-
zepine use (< 1 days per week). All participants were asked not to use
benzodiazepines or recreational drugs in the 48 h preceding the scan.

Exclusion criteria for the entire group were: the presence or history of
major internal or neurological disorder, dependency or recent abuse
(past year) of alcohol or drugs, hypertension, severe head trauma, in-
sulin dependence, presence of MRI-contraindications, and not being
fluent in Dutch language. Ethical Review Boards of the three partici-
pating centers (VU Medical Center=VUMC; Leiden University Medical
Center= LUMC; University Medical Center Groningen=UMCG) ap-
proved this study, and written informed consent was obtained from all
participants. Detailed information on sample characteristics is provided
in Table 1.

3. Anxious distress specifier

As per prior work (Gaspersz et al., 2017a; Gaspersz et al., 2017b;
Gaspersz et al., 2017; Gaspersz et al., 2018), the AD specifier for MDD
patients was constructed based on 5 self-reported items from the Inventory
of Depressive Symptomatology (IDS (Rush et al., 1996)) and the Beck
Anxiety Inventory (BAI (Beck et al., 1988)). These items directly matched
with the DSM-5 criteria for the AD specifier: (1) feeling keyed up or tense
(IDS item 7); (2) feeling unusually restless (IDS item 24); (3) difficulty
concentrating because of worry (IDS item 15); (4) fear that something
awful might happen (BAI item 5); (5) feeling that the individual might lose
control of self (BAI item 14). Both questionnaires assess symptoms in the
past week on a 0–3 (not at all-to-severe) scale, and symptoms are con-
sidered present when a patient indicates a score ≥2 (i.e., moderate or
severe). The presence of the specifier was assessed according to the cri-
terion of the DSM-5, requiring that the MDD patient presents/fulfills at
least 2 of 5 the symptoms. In addition to this dichotomous approach (i.e.,
specifier was present or absent), we also examined the total specifier se-
verity score (sum score of 5 AD items: 0–15) for within-patients examina-
tion of WM. Earlier studies (Gaspersz et al., 2017a; Gaspersz et al., 2017b)
have shown that the AD specifier has an adequate internal consistency
(Crohnbach's α=0.71) and predictive validity for subsequent course and
treatment response in depressed patients (Gaspersz et al., 2018). Based on
the criteria mentioned above, 20 of the 49 MDD patients met the criteria
for the AD specifier (see Table 1 for characteristics).

4. DTI data acquisition and preprocessing

Participants were scanned at one of the three participating centers:
VUMC (N=41), LUMC (N=29), and UMCG (N=18). DTI data were
collected using a Philips 3 T MRI scanner (Philips Medical Systems, The
Netherlands) with a 32-channel phased array head coil. A single-shot
echo-planar imaging (EPI) sequence was used with the following
parameters: TR= 7351ms, TE=71ms, flip angle= 90°, b
factor= 1000 s/mm2, FOV=240×240×150mm, voxel dimen-
sions= 1.88×2.35×2.00mm, number of transverse slices= 75, and
no slice gap. DTI data were acquired along 32 directions, together with
a baseline image having no diffusion weighting (b=0). Data was col-
lected with reversed phase-encode directions, resulting in pairs of
images with distortions going in opposite directions. The total scanning
time was approximately 8min: 4min acquisition in anterior to pos-
terior direction and 4min posterior to anterior direction. Collected DTI
data were preprocessed and analyzed using FSL version 5.0.10.
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL) (Smith et al., 2004).

After visual inspection of the data and quality control, FSL's Topup
Tool (Andersson et al., 2003; Smith et al., 2004; Van Essen et al., 2012)
was used to estimate susceptibility-induced off-resonance field maps
based on the b0-images and acquisition parameters. These off-re-
sonance field maps - together with brain-extracted mask images - were
then fed into FSL's Eddy Tool (Andersson and Sotiropoulos, 2016) to
correct for distortion and motion artefacts induced by eddy currents or
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by simple head motions. To correct for movement that coincided with
the diffusion encoding part of the sequence (causing partial or complete
signal dropout), FSL's Outlier Replacement Tool (Andersson et al.,
2016) was additionally used, which detects dropout-slices and replaces
them with Gaussian Process prediction. Finally, to generate individual
FA, A.Dif, R.Dif and M.Dif maps for each participant, the standard
diffusion tensor model was fitted to each voxel using FSL's Diffusion
Toolbox (Behrens et al., 2003). A.Dif was defined as the largest eigen-
value vector (λ1), R.Dif was calculated as the average of the two small
eigenvalues ((λ2+λ3)/2), and M.Dif was calculated as the average of
the three eigenvalues ((λ1+λ2+λ3)/3) (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/TBSS). Whereas A.Dif is deemed sensitive to axonal in-
tegrity and fiber bundle coherence, R.Dif is more indicative of myeli-
nation level, with M.Dif providing a proxy marker for cellularity
(Alexander et al., 2007)

5. TBSS analyses

Tract-based spatial statistics (TBSS) (Smith et al., 2006) version 1.2
was used for voxelwise analyses of the preprocessed DTI data. First, all
individual FA images were aligned to the FMRIB58_FA standard-space
image using FMRIB's non-linear registration tool (FNIRT). Next, a mean
FA image was created and skeletonized, representing the centers of all
major tracts common to the entire group. This skeleton was then
thresholded at an FA value of 0.35 to exclude peripheral tracts and
minimize partial voluming (Aghajani et al., 2014; Westlye et al., 2009).

Finally, each participant's aligned FA images were projected onto the
mean FA skeleton. In a similar manner, A.Dif, R.Dif and M.Dif data were
projected onto the skeleton using the FA registration and skeleton
projection parameters. In line with prior work, FA was examined
throughout the WM skeleton, while A.Dif, R.Dif and M.Dif were only
examined in regions showing significant FA changes to aid interpreta-
tion of these changes.

To test for regional specific FA alterations in UNC and CIN, bilateral
masks for these tracts were first created as per prior work (Aghajani
et al., 2014; Westlye et al., 2011; Westlye et al., 2009), using the
probabilistic Johns Hopkins University and Juelich Histological WM
atlases (Eickhoff et al., 2007; Mori et al., 2005) provided by FSL. The
UNC and CIN masks were then skeletonized against the thresholded
mean FA skeleton to include only voxels comprised in the individual
masks and the mean skeleton. This confines the statistical analyses to
voxels from the center of the tract, thereby minimizing anatomic inter-
subject variability, registration errors and partial voluming (Aghajani
et al., 2014; Westlye et al., 2009). The resulting UNC and CIN masks
were subsequently used for voxel-wise permutation-based statistical
analyses. For completeness, we also performed whole-brain voxel-wise
analyses to capture potential WM changes in other tracts, including
those considered pertinent to adaptive frontolimbic communication and
affective psychopathology (e.g., anterior thalamic radiation, forceps
minor, and internal capsule) (Bracht et al., 2015; Dillon et al., 2018;
Jiang et al., 2017; Liao et al., 2013; Shen et al., 2017; Wen et al., 2014).

The statistical inferences included both a categorical - between-groups

Table 1
Characteristics of the sample.

Characteristic Difference

MDD/AD+(N=20) MDD/AD-(N=29) HC (N=39)

Age, Years a 50.25 ± 6.66 48.10 ± 9.69 52.10 ± 8.44
Sex, N (%) a

Female 9 (45) 8 (28) 19 (49)
Male 11 (55) 21 (72) 20 (51)

Education (years) a 13.65 ± 2.74 13.03 ± 3.11 14.15 ± 2.93
Scan Location, n (%) a

Amsterdam 8 (45) 7 (55.2) 10 (41)
Leiden 5 (20) 17 (31) 21 (41)
Groningen 7 (35) 5 (13.8) 8 (18)

IDS b 34.05 ± 10.69 23.0 ± 8.43 4.38 ± 4.27 1 > 2 > 3
BAI b 16.45 ± 7.31 9.17 ± 6.34 1.74 ± 2.67 1 > 2 > 3
AD Specifier Total b 11.60 ± 1.27 8.21 ± 1.69 5.36 ± 0.74 1 > 2 > 3
IDS-Atypical b 6.10 ± 3.11 5.17 ± 2.24 0.77 ± 1.25 1=2 > 3
IDS-Melancholic b 9.77 ± 4.87 6.71 ± 4.03 1.05 ± 1.73 1 > 2 > 3
Antidepressants c

SSRI 5 8 –
TCA 1 1 –

Comorbidity a,c

Social Phobia 4 3 –
Panic Disorder 2 2 –
GAD 3 4 –
Mixed 1 2 –

MDD=Major Depressive Disorder; MDD/AD+=MDD with Anxious Distress; MDD/AD-=MDD without Anxious Distress; HC=Healthy Controls; IDS= Inventory
of Depressive Symptomatology; BAI=Beck Anxiety Inventory; AD Specifier Total= sum score on 5 IDS and BAI items (range 0–15); IDS-Atypical= atypical
symptoms scale; IDS-Melancholic=melancholic symptoms scale; SSRI= selective serotonin reuptake inhibitors; TCA= tricyclic antidepressants;
GAD=generalized anxiety disorder; Mixed=multiple comorbid anxiety disorders.
Values are given as mean ± standard deviation or number. Categorical variables (sex, scan location, medication, and presence of comorbid anxiety disorder) were
tested using Chi-square test, whereas continuous variables were tested with nonparametric Kruskal-Wallis ANOVA (IDS, BAI, and AD Specifier Total) or parametric
ANOVA (age, education).

a Not significant (P > 0.05).
b Significant at P < 0.001.
c Only tested within-patients, not applicable to HC participants.
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- approach (based on the presence of the AD specifier) and a dimensional
- within-patients - approach (based on the total AD specifier score) to
thoroughly examine the impact of the AD specifier on WM architecture
in MDD patients. The categorical between-groups analysis comprised
MDD/AD+, MDD/AD-, HC participants, and probed whether MDD/AD
+ involves diminished FA values compared to MDD/AD- and HC, ac-
cording to a linear trend (MDD/AD+ < MDD/AD- < HC). The di-
mensional within-patients analysis included only the MDD patients and
probed whether higher AD specifier total scores (mean-centered)
among individual patients would relate to lower FA values. Statistical
analyses were performed using FSL's permutation-based Randomise
tool, which included 5000 random permutations to build up the null
distribution of the cluster size statistic, while testing our contrasts of
interest in the categorical and dimensional analyses. Statistical maps
were thresholded using threshold-free cluster enhancement (TFCE
(Smith and Nichols, 2009)) with cluster normalization (Salimi-
Khorshidi et al., 2011), and family-wise error (FWE) corrected for
multiple comparisons at P < 0.05.

Post-hoc analyses probed whether adjusting for antidepressant use,
current comorbid anxiety disorders, presence of melancholic and aty-
pical MDD symptoms (bases on IDS items: Gaspersz et al., 2017; Khan
et al., 2006; Novick et al., 2005), sociodemographics (age, sex, educa-
tion), and scan location might impact any of the emerging findings (all
covariates mean-centered). Post-hoc analyses additionally assessed
whether the presence of the AD specifier vs. current comorbid anxiety
disorders may relate to distinct or overlapping WM correlates. Finally,

to explore the sensitivity and specificity of between-groups (i.e., cate-
gorical) WM effects in classifying MDD/AD+ patients versus MDD/AD-
and HC participants, Receiver-Operating Characteristics (ROC) analyses
were conducted.

6. Results

6.1. Sample characteristics

As shown in Table 1, MDD/AD+ patients did not differ in age, sex,
education and scan location from MDD/AD- and HC participants.
Kruskal-Wallis ANOVA revealed a linear trend in which MDD/AD+
patients scored the highest on the IDS, BAI and AD specifier total, fol-
lowed by MDD/AD- and HC, respectively. Of note, the three groups still
differed on the AD specifier total scores when correcting for melan-
cholic and atypical symptoms (univariate model: F(2,83)= 59.43,
P < 0.001), further showcasing the robustness and specificity of the
AD construct in the current study. Finally, MDD/AD+ and MDD/AD-
patients did not differ in terms of antidepressant use and presence of
current comorbid anxiety disorders (P's > 0.05).

6.2. TBSS analysis

6.2.1. Categorical approach
The categorical analyses focusing on UNC and CIN microstructure

revealed no significant between-groups differences in FA within these

Fig. 2. MDD/AD+ relates to diminished ATR integrity. The left panel depicts anterior (A), lateral (B), superior (C), and inferior (D) views of the WM skeleton (beige/
grey) and the ATR tract (red), with a subregion of the ATR (green) showing significantly reduced FA in MDD/AD+ patients relative to MDD/AD- and HC participants,
respectively (P= 0.01, TFCE and FWE corrected). Closer examination revealed that the effect site was in the vicinity of the brainstem/substantia nigra region, in
which the change in FA was mainly driven by increased A.Dif, R.Dif, M.Dif levels among MDD/AD+ patients relative to MDD/AD- and HC participants, respectively
(P's < 0.01, TFCE & FWE corrected). Black edged circles mark the effect site for better visibility. The distribution plot (right panel) provides a quantitative vi-
sualization of the effect, wherein mean FA estimates from the effect site (y axis) are plotted for each group (x axis). MDD/AD+=Major Depressive Disorder with
Anxious Distress; MDD/AD-=Major Depressive Disorder without Anxious Distress; HC=Healthy Controls; ATR=Anterior Thalamic Radiation; WM=White
Matter; FA=Fractional Anisotropy; TFCE=Threshold Free Cluster Enhancement; FWE=Family-Wise Error; A.Dif=Axial Diffusivity; R.Dif= Radial Diffusivity;
M.Dif=Mean Diffusivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tracts. Complementary whole-brain TBSS analysis, however, revealed a
significant FA effect within the left anterior thalamic radiation (ATR),
wherein MDD/AD+ patients exhibited the lowest FA values in com-
parison to MDD/AD- and HC participants, respectively (P=0.01, TFCE
and FWE corrected) (see Fig. 2). Closer examination revealed that the
effect site was in the vicinity of the brainstem/substantia nigra region,
in which the change in FA was mainly driven by higher A.Dif, R.Dif, and
M.Dif levels among MDD/AD+ patients relative to MDD/AD- and HC
participants, respectively (P's < 0.01, TFCE & FWE corrected). No
other effects emerged from these between-group analyses.

6.2.2. Dimensional approach
The dimensional within-patient analysis, however, did reveal an

association between MDD patients' AD specifier total scores and UNC
and CIN microstructure. Specifically, higher AD scores related to lower
FA values in the OFC section of the left UNC and ventral ACC segment
of the right CIN (P's < 0.02, TFCE & FWE corrected) (see Fig. 3 &
Fig. 4). Examination of diffusivity measures revealed that these changes
in FA were both mainly driven by decreased A.Dif, increased R.Dif, and
preserved M.Dif (P's < 0.01, TFCE & FWE corrected). Patients' AD
specifier scores were not associated with elevated FA levels, nor were
any associations found between AD scores and FA in other WM tracts
(i.e., complementary whole-brain analysis).

6.2.3. Confound correction
Similar to prior work (e.g., Cullen et al., 2014; Roy et al., 2013),

individual participants' mean FA from regions of significant effect were
used as dependent variable in a series of post-hoc analyses (SPSS,
Version 25, IBM Corp., Armonk, N.Y., USA), which probed the impact
of antidepressant use and comorbidity, along with sociodemographics
(age, sex, education) and scan location, on FA changes documented
here. Analyses of variance (ANOVA's) revealed that the categorical
between-group effect within the ATR remained significant when ex-
cluding MDD patients who were on antidepressants (N=16 excluded)
(univariate model: F(2,71)= 11.49, P < 0.05; Linear Contrast: 95%
CI=−0.10–−0.04, P < 0.05) or had a current comorbid anxiety
disorder (N=21 excluded) (univariate model: F(2,64)= 6.37,
P < 0.05; Linear Contrast: 95% CI=−0.10–−0.03, P < 0.05). In-
cluding all participants and covarying for antidepressant use, co-
morbidity, melancholic and atypical MDD symptoms, socio-
demographics (age, sex, education), and scan location similarly did not
affect the documented ATR effect (univariate model: F(2,76)= 3.54,
P < 0.05; Linear Contrast: 95% CI=−0.08–−0.05, P < 0.05).
Multiple regression analyses furthermore revealed that the dimensional
within-patients effects in the UNC and CIN remained significant when
excluding MDD patients who were on antidepressants (N=16 ex-
cluded) (UNC: β=−0.50, P < 0.05; CIN: β=−0.55, P < 0.05) or

Fig. 3. Higher AD specifier total scores relate to diminished UF integrity. The left panel depicts anterior (A), lateral (B), superior (C), and inferior (D) views of the WM
skeleton (beige/grey) and the UNC tract (red), with a subregion of the UNC (green) showing significantly reduced FA in MDD patients, as a function of higher AD
specifier scores (P < 0.02, TFCE & FWE corrected). Closer examination revealed that the effect site was in the orbitofrontal regions, in which the change in FA was
mainly driven by decreased A.Dif, increased R.Dif, and preserved M.Dif (P's < 0.01, TFCE & FWE corrected). Black edged circles mark the effect site for better
visibility. The scatter plot (right panel) provides a quantitative visualization of the effect, wherein mean FA estimates from the effect site (y axis) are plotted against
the AD specifier total scores (x axis). The green line depicts the slope of the association, with the grey bands indicating the 99% confidence interval of the slope.
AD=Anxious Distress Specifier; MDD=Major Depressive Disorder UNC=Uncinate Fasciculus; WM=White Matter; FA=Fractional Anisotropy;
TFCE=Threshold Free Cluster Enhancement; FWE=Family-Wise Error; A.Dif=Axial Diffusivity; R.Dif=Radial Diffusivity; M.Dif=Mean Diffusivity. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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had a comorbid anxiety disorder (N= 21 excluded) (UNC: β=−0.55,
P < 0.05; CIN: β=−0.52, P < 0.05). Including all MDD patients and
covarying for antidepressant use, comorbidity, melancholic and aty-
pical MDD symptoms, sociodemographics (age, sex, education), and
scan location likewise did not affect the documented UNC and CIN ef-
fects (UNC: β=−0.40, P < 0.05; CIN: β=−0.57, P < 0.05).

6.2.4. AD specifier vs. comorbid anxiety disorder
Post-hoc analyses additionally assessed whether the presence of the

AD specifier vs. current comorbid anxiety disorders may relate to dis-
tinct or overlapping WM effects. To this end, the categorical TBSS
analyses were rerun, but instead of using the AD specifier for MDD
groupings, the presence of comorbid anxiety disorders was now used to
form MDD groups. MDD patients with comorbidity (N= 21), without
comorbidity (N=28), and HC participants (N= 39) were subsequently
compared on WM integrity, using exactly the same analytical approach
as the primary categorical TBSS analyses. The analyses, however, re-
vealed no significant effects within the UNC, CIN, ATR, or any other
WM tracts (P's > 0.20, TFCE & FWE corrected). This suggests a weak
overlap between WM correlates of the AD specifier and comorbid an-
xiety disorders among our MDD patients, cautiously hinting that the

findings are specific to MDD/AD+.

6.2.5. Receiver-operating characteristics (ROC)
To explore the sensitivity and specificity of the between-groups ATR

effect in classifying MDD/AD+ patients versus MDD/AD- and HC parti-
cipants, ROC analyses (SPSS, Version 25, IBM Corp., Armonk, N.Y., USA)
were conducted. Similar to prior work (Ellard et al., 2018), mean FA
values from ATR regions of significant effect were entered as the test
variable, with diagnostic group entered as the state variable, assuming a
nonparametric distribution. Resulting cutoff scores representing the
greatest balance between highest sensitivity and specificity (i.e., Youden
Index) were used to calculate sample-based sensitivity/specificity pro-
portions. Microstructural integrity within the ATR effects site was mod-
erately successful in classifying MDD/AD+ patients versus MDD/AD- and
HC participants (AUC=0.83, SE=0.05, P < 0.001, CI=0.74—0.92),
with 90% sensitivity, 73% specificity, and 77% accuracy (see Fig. 5).
When looking at the two patient groups alone, ATR microstructural in-
tegrity was still fairly successful in discriminating MDD/AD+ fromMDD/
AD- patients (AUC=0.78, SE=0.07, P=0.001, CI=0.65—0.91), with
90% sensitivity, 66% specificity, and 75% accuracy (see Fig. 5).

Fig. 4. Higher AD specifier total scores relate to diminished CIN integrity. The left panel depicts anterior (A), lateral (B), superior (C), and inferior (D) views of the
WM skeleton (beige/grey) and the CIN tract (red), with a subregion of the CIN (green) showing significantly reduced FA in MDD patients, as a function of higher AD
specifier total scores (P < 0.02, TFCE & FWE corrected). Closer examination revealed that the effect site was in the ventral anterior cingulate region, in which the
change in FA was mainly driven by decreased A.Dif, increased R.Dif, and preserved M.Dif (P's < 0.01, TFCE & FWE corrected). Black edged circles mark the effect
site for better visibility. The scatter plot (right panel) provides a quantitative visualization of the effect, wherein mean FA estimates from the effect site (y axis) are
plotted against the AD specifier total scores (x axis). The green line depicts the slope of the association, with the grey bands indicating the 99% confidence interval of
the slope. AD=Anxious Distress Specifier; MDD=Major Depressive Disorder CIN=Cingulum; WM=White Matter; FA=Fractional Anisotropy;
TFCE=Threshold Free Cluster Enhancement; FWE=Family-Wise Error; A.Dif=Axial Diffusivity; R.Dif=Radial Diffusivity; M.Dif=Mean Diffusivity. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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7. Discussion

The current study uniquely probed whether MDD/AD+, as in-
formed by DSM-5, relates to distinct perturbations in WM architecture.
Whereas categorical analyses revealed diminished ATR integrity in
MDD/AD+ patients relative to MDD/AD- and HC participants, di-
mensional analyses within MDD patients linked elevated AD specifier

scores to diminished integrity of the UNC and CIN tracts. These effects
were not confounded by key clinical and sociodemographic factors,
with altered ATR integrity moreover successfully classifying MDD/AD
+ patients from MDD/AD- and HC participants. These novel findings
collectively link MDD/AD+ to distinct WM anomalies in frontolimbic
tracts important to adaptive emotional functioning. The findings may
thus provide relevant, yet preliminary, clues on MDD/AD+ patho-
physiology by highlighting WM microstructural changes as a putative
pathomechanism.

7.1. Categorical approach

Our categorical between-groups analysis revealed diminished FA
values in the ATR among MDD/AD+ patients, which were coupled
with elevated A.Dif, R.Dif, M.Dif levels, possibly suggestive of abnormal
fiber bundle coherence (i.e. elevated A.Dif), demyelination (i.e. ele-
vated R.Dif), and diminished cellularity (i.e. elevated M.Dif),
(Alexander et al., 2007). This change in ATR microstructure moreover
successfully classified MDD/AD+ patients from MDD/AD- and HC
participants (90% sensitivity | 73% specificity | 77% accuracy). Several
DTI studies link perturbed ATR microstructure to MDD pathophy-
siology, as well as abnormal fear processing and anxiety (Albaugh et al.,
2017a; Coenen et al., 2012; Deng et al., 2018; Jenkins et al., 2016; Lai
and Wu, 2014; Liu et al., 2016; Wang et al., 2016; Westlye et al., 2011).
Most of these studies converge on lower FA values in the ATR among
individuals with depressive and/or anxious symptomologies (Albaugh
et al., 2017a; Deng et al., 2018; Lai and Wu, 2014; Liu et al., 2016;
Westlye et al., 2011), echoing the findings presented here.

The ATR is a frontolimbic tract that links various thalamic sub-
regions to lateral and medial PFC territories (Bracht et al., 2015; Cho
et al., 2015), and is deemed relevant to the expression of emotions
(Coenen et al., 2012; Deng et al., 2018; Spalletta et al., 2013). In fact,
abnormalities in the ATR have been tentatively theorized to upset the
dynamic equilibrium between positive and negative affective states,
potentially rendering an individual vulnerable to mood dysregulation
(Coenen et al., 2012). The ATR is furthermore argued to play an im-
portant role in physiological distress and arousal (Coenen et al., 2012;
Kirouac, 2015), as it connects PFC and thalamic regions with central
autonomic structures such as the brainstem/substantia nigra territory
(Cho et al., 2015). Interestingly, this is also where we observed al-
terations in ATR microstructure among MDD/AD+ patients (Fig. 2).
The brainstem/substantia nigra territory was also implicated in a prior
DTI study on MDD with anxiety features (Blood et al., 2010), though
this concerned more the grey matter segments of this territory rather
than its ATR section, wherein the FA was intriguingly elevated. While
differences in methodology (TBSS vs. Voxelwise DTI) and effect site
(white vs. grey matter) may explain the opposing FA effects in this
region, they collectively converge on the relevance of the brainstem/
substantia nigra territory to MDD with anxiety features. Taken as a
whole, the ATR effect documented here might thus provide preliminary
insights into a putative substrate for MDD/AD+, which ostensibly
carries relevance for emotional homeostasis on the cognitive, beha-
vioral, and physiological level. Our classification analyses seem to
partly support this tentative notion by additionally showing the sensi-
tivity and specificity of these ATR effects. The findings, however,
warrant cautious interpretation, further investigation, and future re-
plication, given their exploratory nature and our incomplete under-
standing of ATR contributions to (mal)adaptive emotional function.

7.2. Dimensional approach

Our within-patients dimensional analysis additionally revealed that
higher AD scores related to lower FA values in the OFC section of the
UNC and ventral ACC segment of the CIN. Examination of diffusivity
measures suggested these FA changes to be largely driven by decreased
A.Dif, increased R.Dif, and preserved M.Dif, thus putatively linking AD

Fig. 5. Receiver-operating characteristics (ROC) analysis. To explore the sen-
sitivity and specificity of the between-groups ATR effect in classifying MDD/AD
+ patients versus MDD/AD- and HC participants, ROC analyses were con-
ducted. Microstructural integrity (i.e., mean FA) within the ATR effects site (A
& B) was moderately successful in classifying MDD/AD+ patients versus MDD/
AD- and HC participants (AUC=0.83, SE=0.05, P < 0.001,
CI=0.74—0.92), with 90% sensitivity, 73% specificity, and 77% accuracy (C,
green ROC curve). When looking at the two patient groups alone, ATR micro-
structural integrity was still fairly successful in discriminating MDD/AD+ from
MDD/AD- patients (AUC=0.78, SE=0.07, P= 0.001, CI=0.65—0.91), with
90% sensitivity, 66% specificity, and 75% accuracy (C, blue ROC curve). Red
squares represent the point of greatest balance between maximum sensitivity
and specificity (i.e., Youden Index). Brain images in A & B provide a re-
presentative view of the WM skeleton (beige/grey) and the ATR tract (red),
along with the ATR subregion (green) that exhibited significantly reduced FA in
MDD/AD+ patients relative to MDD/AD- and HC participants, respectively.
Black edged circles mark the effect site for better visibility. MDD/AD+=Major
Depressive Disorder with Anxious Distress; MDD/AD-=Major Depressive
Disorder without Anxious Distress; HC=Healthy Controls; ATR=Anterior
Thalamic Radiation; WM=White Matter; FA=Fractional Anisotropy. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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symptoms in MDD to demyelination (i.e., increased R.Dif) and axonal
disintegrity (i.e., decreased A.Dif) within the UNC and CIN (Alexander
et al., 2007). Various studies implicate abnormal UNC and CIN micro-
structure in the pathophysiology of depression and anxiety, with gen-
erally lower FA values being found within these tracts in depressed
and/or anxious individuals (Bhatia et al., 2018; Bracht et al., 2015;
Cullen et al., 2010), thus echoing the findings presented here. The UNC
mainly connects the amygdalar/hippocampal complexes to ventral
frontal territories (e.g., OFC) (Von Der Heide et al., 2013), while CIN
bundles allow for more widely-distributed interconnections by linking
prefrontal, cingulate, parietal and medial temporal territories (Bubb
et al., 2018; Wu et al., 2016). Their combined connectivity profiles are
therefore deemed crucial to adaptive frontolimbic communications that
serve to support various aspects of human emotional behavior (Bhatia
et al., 2018; Bracht et al., 2015; Cullen et al., 2010; Keedwell et al.,
2012; Keedwell and Linden, 2013; Sexton et al., 2009).

Alterations in UNC and CIN microstructure documented here thus
seem to reverberate the centrality of these WM tracts to the fronto-
limbic system dysfunction that is commonly hypothesized in affective
psychopathologies, and in specific MDD/AD+ (Gaspersz et al., 2017b;
Gaspersz et al., 2017; Gaspersz et al., 2018; Phillips et al., 2015). The
location of WM alterations we find for the UNC and CIN (OFC and
ventral ACC region, respectively), however, seems more suggestive of
perturbations in the ventral subsegment of this frontolimbic system
(Phillips et al., 2015; Phillips et al., 2008). This ventral frontolimbic
subsystem comprises the amygdala, subgenual/ventral ACC, ven-
trolateral PFC, and OFC, and is among other things, heavily involved in
encoding the emotional significance of a stimulus and producing an
affective response to it (Phillips et al., 2015; Phillips et al., 2008; Stein
et al., 2007). As the OFC and ventral ACC crucially link subcortically-
generated information with higher-order cortical computations, and
vice versa, (Etkin et al., 2011; Fatahi et al., 2018; Phillips et al., 2015;
Zhu et al., 2011), our findings may point to aberrant frontolimbic
transmission of emotional/affective information, which speculatively
could impede how emotions are perceived, processed, and controlled
(Gaspersz et al., 2018; Phillips et al., 2015; Phillips et al., 2008). The
fact that the ventral frontal segments of the UNC and CIN are prime
target sites for deep-brain stimulation in treatment-resistant depression
seems to further highlight their importance to adaptive emotional
function (Choi et al., 2015; Howell et al., 2019; Lujan et al., 2012;
Noecker et al., 2018; Riva-Posse et al., 2018; Riva-Posse et al., 2014).
The ventral/subgenual ACC section of the CIN, however, seems of
particular relevance in this context, for its stimulation tends to produce
far more superior and enduring antidepressant effects than stimulating
the “confluence point” of ventrofrontal UNC and CIN regions (Howell
et al., 2019). While the data presented here highlight the importance of
the UNC and CIN to (mal)adaptive emotional function, future studies
are warranted for further exploration and validation, given the intricate
modulation of human emotions by frontolimbic circuits.

7.3. Categorical versus dimensional approach

Due to the prevalence of comorbidity and multi-sourced etiologies,
psychopathological research benefits from an integrative approach
combining categorical and dimensional measures of psychiatric entities
(Fuchs, 2010; Fuchs and Pallagrosi, 2018; Hudziak et al., 2007).
Though the categorical approach at first sight may seem more ap-
pealing and clinically relevant, especially in the context of DSM, it may
not fully pick up the inter-subject variability that is unmistakably pre-
sent among MDD patients (Fuchs, 2010; Hudziak et al., 2007). Hence,
many scholars suggest the complementary application of categorical
and dimensional analyses in psychiatry (Fuchs and Pallagrosi, 2018),
even when examining a specific subgroup/subtype based on a pre-
defined specifier (Dillon et al., 2018; Hudziak et al., 2007). Consonant
with this notion, the current study innovatively probed the impact of
the DSM-5 Anxious Distress specifier for MDD on WM architecture both

categorically and dimensionally. While both approaches interestingly
revealed the same trend/effect as a function of Anxious Distress
symptoms (i.e., reduced WM integrity), the location of WM changes
differed between approaches (categorical=ATR tract; dimen-
sional=UNC & CIN tracts). This could speculatively suggest that ATR
microstructure might be more relevant for differentiating MDD/AD+
from other MDD subtypes and healthy controls, a notion partly sup-
ported by our classification analyses, whereas alterations in UNC and
CIN seem more indicative of MDD/AD+ severity. Future research on
MDD subtyping should further explore and validate these tentative in-
terpretations, ideally employing both categorical and dimensional ap-
proaches and comparing different subtypes simultaneously, in search
for commonalities and unique subtype characteristics.

7.4. Study limitations and strengths

The cross-sectional nature of this study does not allow for firm
conclusions regarding causality. Hence, we cannot ascertain whether
microstructural alterations reported in this study preceded or followed
the onset of MDD/AD+. The sample size is moreover relatively small,
though fairly similar to prior structural MRI work on DSM-informed
MDD subtypes (Bracht et al., 2014; Dillon et al., 2018; Ota et al., 2015;
Zhao et al., 2017). Longitudinal research in larger samples with a wide
age range, and DTI studies of individuals at risk for affective disorders,
could tackle these limitations. Although DTI is a useful tool for char-
acterizing WM microstructure (Lim and Helpern, 2002), it only pro-
vides a proxy for actual WM integrity (Beaulieu, 2002; Jones et al.,
2013; Soares et al., 2013). Caution is thus warranted in interpreting FA
changes as actual changes or differences in WM “integrity”. While our
post-hoc analyses revealed no significant impact of key clinical and
sociodemographic confounds on documented WM effects, cautious in-
terpretation of the findings is nevertheless warranted, given the diffi-
culties to fully tease out/eliminate confounders (especially in smaller
samples). The same cautiousness also applies to our classification
analysis/finding, which necessitates replication and further exploration
in preferably larger studies to reaffirm its accuracy.

Notwithstanding these limitations, our findings do merit attention
as the first evidence for fairly specific and discriminant WM anomalies
in MDD patients that meet the DSM-5 informed Anxious Distress spe-
cifier, which is novel within the field of MDD subtyping. Previous DTI
studies have tried to address this issue, though fairly indirectly by either
using a AD specifier not conforming to DSM-5 criteria or comparing
MDD patients with vs. without comorbid anxiety on WM integrity (e.g.,
Delaparte et al., 2017; Xia et al., 2018). However, MDD with a co-
morbid anxiety disorder captures a partially different group of patients
than MDD/AD+ (Gaspersz et al., 2017a; Rosellini et al., 2018), as
evidenced by the poor overlap between the presence of the AD specifier
and comorbid anxiety disorders among MDD patients (Gaspersz et al.,
2017a). The current study corroborates this premise, as MDD/AD+ and
MDD/AD- patients did not differ in terms of comorbid anxiety diag-
noses (see Table 1), while our post-hoc analyses found no overlap be-
tween WM correlates of the AD specifier and comorbid anxiety dis-
orders in MDD patients. This may cautiously hint that the findings
documented here are specific to MDD/AD+, and plausibly allow
deeper insights into MDD/AD+ pathophysiology. The fact that mel-
ancholic and atypical MDD symptoms did not affect any of the WM
effects documented here seems to further corroborate their specificity
to AD symptoms. The conjoint categorical and dimensional examina-
tion of AD-specific effects on WM, matching of groups on socio-
demographics, and correction for key confounds to the best of our
abilities, tend to moreover increase the reliability of the findings.

8. Conclusions

The data presented here collectively link MDD/AD+ to distinct WM
anomalies in frontolimbic tracts important to adaptive emotional
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functioning. The findings seem to provide relevant, yet preliminary,
clues on MDD/AD+ pathophysiology by highlighting WM micro-
structural changes as a putative pathomechanism. For a deeper un-
derstanding of WM architecture in MDD/AD+, it would be important
to examine whether WM alterations predict susceptibility, chronicity
and treatment response in this specific class of MDD patients. Ideally,
these future studies should be longitudinal and employ multimodal
imaging, in which structural and functional connectivity of relevant
frontolimbic tracts are simultaneously investigated.
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