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Background: Structural and functional alterations of the anterior cingulate cortex (ACC) have been related to
emotional, cognitive and behavioral domains of major depressive disorder. In this study, we investigate cortical
thickness of rostral and caudal ACC. In addition, we explore white matter microstructure of the cingulum bundle
(CB), a white matter pathway connecting multiple segments of the ACC. We hypothesized reduced cortical
thickness and reduced white matter microstructure of the CB in MDD, in particular in the melancholic subtype. In
addition, we expect an association between depression severity and CB microstructure.

Methods: Fifty-four patients with a current depressive episode and 22 healthy controls matched for age, gender
and handedness underwent structural and diffusion-weighted MRI-scans. Cortical thickness of rostral and caudal
ACC were computed. The CB was reconstructed bilaterally using manual tractography. Cortical thickness and
fractional anisotropy (FA) of bilateral CB were compared first between all patients and healthy controls and
second between healthy controls, melancholic and non-melancholic patients. Correlations between FA and
depression severity were calculated.

Results: We found no group differences in rostral and caudal ACC cortical thickness or in FA of the CB comparing
all patients with healthy controls. Melancholic patients had reduced cortical thickness of bilateral caudal ACC
compared to non-melancholic patients and compared to healthy controls. Across all patients, depression severity
was associated with reduced FA in bilateral CB.

Limitations: Impact of medication

Conclusions: Cortical thickness of the caudal ACC is associated with the melancholic syndrome. CB microstructure
may represent a marker of depression severity.

1. Introduction

Depression symptomatology is heterogeneous and does not reflect a
homogeneous biological and clinical entity (Parker et al., 2010;
Schrijvers et al., 2008; Shankman et al., 2020). Advances in neuro-
imaging offer new insights into functional and structural changes of the
brain in depression and contribute to further identification of depression
subtypes with differential patterns of treatment response or differences
regarding disease trajectories (Drysdale et al., 2017; Musil et al., 2018).
Thus, neuroimaging may help establishing a priori markers for treat-
ment response. However, the clinical benefit and usability of these
findings is still very limited and warrants further research elucidating
the neurobiology of depression (Arnow et al., 2015; Dunlop and
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Mayberg, 2017).

One approach to advance our understanding of depression patho-
physiology is to link structural and functional alterations of anatomical
networks to depression psychopathology. A minimum of four networks
may underlie the depressive syndrome: a limbic affective network, a
reward network, the default mode network and a cognitive control
network (Coenen et al., 2020; Li et al., 2018). Different segments of the
anterior cingulate cortex (ACC) represent important hubs of these net-
works. The rostral ACC forms part of the affective network that includes
prefrontal (e.g. orbitofrontal) and limbic (e.g. amygdala) brain areas. In
addition, the rostral ACC has connections with the fronto-striatal reward
network (Haber and Knutson, 2010). Functionally, the rostral ACC
contributes to the emergence of negative affectivity and anhedonia in
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depression (Keedwell et al., 2005; Liu et al., 2021; Wacker et al., 2009).
Furthermore, increased activity (as assessed with positron emission to-
mography (PET), electroencephalography (EEG), and functional mag-
netic resonance imaging (MRI)) of the rostral ACC may predict
treatment response in depression (Godlewska et al., 2018; Mayberg
et al., 1997; Pizzagalli, 2011; Pizzagalli et al., 2018; Tian et al., 2020). In
addition, first evidence supports another ACC subregion to be associated
with treatment outcome in depression, i.e. the caudal ACC (Baeken
et al., 2021; Phillips et al., 2015). The caudal ACC forms part of the
cognitive control network. Disturbed coupling of the caudal ACC and
limbic brain regions may lead to deficits to regulate negative emotions in
depression (Anand et al., 2005; Li et al., 2018). Furthermore, the caudal
ACC has connections to premotor areas (e.g. supplementary motor area)
and is implicated in initiating motivated behaviour (Rolls, 2019). This
converges with analyses of resting-state functional connectivity
demonstrating a temporal co-activation of the caudal ACC and premotor
areas (Margulies et al., 2007; Walther et al., 2012). Therefore, the caudal
ACC may contribute to the pathophysiology of motor symptoms in
depression (e.g. psychomotor disturbances Shankman et al., 2020;
Walther et al., 2019), which are particularly pronounced in the melan-
cholic subtype (Parker and McCraw, 2017).

Structural MRI studies allow for the investigation of grey matter
morphometry and may contribute to characterize depression subtypes
(Abe et al., 2016; Cohen et al., 2013; Pizzagalli et al., 2009; Suh et al.,
2019; Zhao et al., 2017). The MRI-derived cortical thickness is a mea-
sure that assesses the distance between the pial surface and the adjacent
white matter (Fischl, 2012). Cortical thickness may be a more sensitive
measure than grey matter volume for the identification of structural
alterations in neuropsychiatric disorders such as depression (Suh et al.,
2019). Furthermore, cortical thickness of the caudal ACC may predict
treatment outcome in depression (Phillips et al., 2015) and cortical
thickness of distinct brain regions may temporarily increase following
electroconvulsive therapy (ECT) (Gbyl et al., 2019). A reduction of
cortical thickness has been found in the ACC in the large Enhancing
Neuro Imaging Genetics through Meta-Analysis (ENIGMA) study in
adults with unipolar depression (Schmaal et al., 2017). However, this
finding is not consistent with results of a more recent meta-analysis in
unipolar depression based on different study samples (Suh et al., 2019),
highlighting the need to further address this research question. This may
be achieved by looking at distinct segments of the ACC (Rolls, 2019).

Segments of the ACC do not work in isolation but rather form a
network with different relay stations. The cingulum bundle (CB) sur-
rounds the corpus callosum and interconnects ipsilateral subcortical
nuclei, the cingulate gyrus, and areas of the frontal, the temporal and the
parietal lobe (Bubb et al., 2018). The CB can be reconstructed using
diffusion weighted imaging based tractography (Jones et al., 2013a).
White matter microstructure can be probed based on diffusion proper-
ties that rely on the directionality of diffusion of water molecules in the
brain (e.g. fractional anisotropy, FA) (Jones et al., 2013b). Reductions of
FA in the CB have been reported in women at familial risk for depression
(Keedwell et al., 2012), in segments of the CB connecting to the amyg-
dala (Bhatia et al., 2018), in the CB near the ACC (Dillon et al., 2018)
and in treatment resistant depression (de Diego-Adelino et al., 2014).
Nevertheless, findings remain inconsistent with a series of negative re-
ports (Bracht et al., 2015c). Given that the CB mediates numerous brain
functions that are impaired during depressive episodes such as attention,
memory, executive functions and emotional processes it is possible that
different clinical presentations contribute to inconsistent findings
regarding CB microstructure (Bracht et al., 2015c). Due to the compre-
hensive and integrating role of the CB (Bubb et al., 2018) one may
therefore assume that CB microstructure is associated with several
symptoms of depression and therefore reflects overall depression
severity, rather than clearly circumscribed symptoms.

Investigating homogeneous subgroups with clinical presentations
that underlie circumscribed neuronal networks may advance our path-
ophysiological understanding of depression (Bracht et al., 2015c;
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Pizzagalli et al., 2004; Shan et al., 2021). Melancholia is characterized
by pervasive anhedonia and psychomotor retardation and represents a
syndrome that can be regarded as a distinct depression entity (Parker
et al., 2010). Neurobiological alterations are more pronounced in the
melancholic subtype (Bracht et al., 2014; Denier et al., 2020; Pizzagalli
et al.,, 2004) and patients with melancholic depression differ from
non-melancholic depression regarding treatment outcome (Parker et al.,
2010; van Diermen et al., 2019). As a consequence the melancholic
subtype has been added as a specifier of major depressive disorder in the
DSM-5 (APA, 2013). In the present study, we consider this and calculate
additional analyses comparing melancholic with non-melancholic
depressed patients (Bracht et al., 2014; Denier et al., 2020).

The aim of this study is to investigate the role of cortical thickness of
rostral and caudal ACC and of CB microstructure for melancholia and
depression severity. First, we hypothesized reduced cortical thickness of
rostral and caudal ACC (Schmaal et al., 2017) and reduced FA of the CB
in currently depressed patients with unipolar depression (Bracht et al.,
2015c). Second, we hypothesized more pronounced structural alter-
ations in patients with the melancholic subtype than in non-melancholic
patients (Bracht et al., 2014; Denier et al., 2020; Pizzagalli et al., 2004).
Third, we hypothesized that reduced FA of the cingulum bundle is
associated with overall depression severity.

2. Methods
2.1. Participants

Fifty-four patients with unipolar depression and a current depressive
episode according to DSM-IV were recruited at the University Hospital
of Psychiatry and Psychotherapy in Bern. Inclusion criterion was age
between 18 and 65 years. Exclusion criteria were psychiatric comor-
bidities including substance abuse except from nicotine, personality
disorders, neurological disorders and contraindications to perform an
MRI. Twenty-two healthy controls without a history of a psychiatric
disorder were recruited and matched for age and gender. Handedness
was assessed using the Edinburgh Handedness Inventory (Oldfield,
1971). All participants were screened for psychiatric disorders using the
Mini International Neuropsychiatric Interview (MINI) (Sheehan et al.,
1998). The presence of personality disorders was assessed using the
Structured Clinical Interview for DSM-IV Axis II (SCID-II) (Wittchen
et al.,, 1997). Depression severity was measured using the 21-item
Hamilton rating scale for depression (HAMD) (Hamilton, 1967) and
the 21-item self-report Beck Depression Inventory (BDI-II) (Beck et al.,
1996). Psychomotor symptoms were assessed with the CORE (Parker
and Hadzi-Pavlovic, 1996). Anhedonia was assessed using the
Snaith-Hamilton Pleasure Scale (SHAPS) (Snaith et al., 1995). The
SHAPS is a 14-item self-report questionnaire rating the capacity to
derive pleasure hereby quantifying hedonic tone. Each item has four
response categories. As suggested by Franken et al. (2007) we calculated
a sum score based on the four response categories of the 14-items. Items
were scaled on a range from 1 (strongly disagree) to 4 (strongly agree).
Thus, higher sum scores indicate higher hedonic tone.

In line with previous publications (Bracht et al., 2014; Denier et al.,
2020; Parker et al., 2013) the patient group was divided into a melan-
cholic and a non-melancholic subgroup based on the HAMD subscale for
endogenomorphic depression (HES) (Thase et al., 1983; Zimmerman
et al., 1986). The HES score is a sum score of the HAMD items hope-
lessness, insomnia, work and activities, retardation, loss of weight and
diurnal variation. Patients with HES scores > 10 were classified as
melancholic, whilst patients with HES-scores < 10 were classified as
non-melancholic. All patients provided informed written consent. The
study was approved by the local cantonal ethics committee (KEK-BE:
2017-00731).
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2.2. MRI data acquisition

Structural and functional MRI data were acquired using a 3 Tesla
Magnetom Prisma scanner (Siemens, Erlangen, Germany) with a 64-
channel head and neck coil at the University Hospital of Bern. High-
contrast T1-weighted images were acquired using a bias-field cor-
rected MP2RAGE sequence with two gradient echo images (INV1 and
INV2) and a T1-weighted image (UNI). Parameters of the MP2RAGE
sequence were: 256 Slices, FOV = 256 x 256, 256 x 256 matrix, 1 x 1 x
1 mm?® isotropic resolution, TR = 5000 ms, TE = 2.98 ms, TI = 700 ms
and T2 = 2500 ms. Diffusion weighted images (DWI) were acquired with
64 non-collinear directions using a spin- echo-planar sequence. DWI
parameters were: 64 x b = 1000s/mm?, 1 x b = 0 s/mm2, 60 Slices,
FOV = 269 x 269, 128 x 128 matrix, 2.2 x 2.2 x 2.2 mm3 isotropic
resolution, TR = 6200 ms, TE = 69 ms.

3. Data analyses
3.1. Cortical thickness

For segmentation of the MP2RAGE volumes we used DL+DiReCT, a
novel deep learning-based neuroanatomy segmentation, followed by a
diffeomorphic registration-based cortical thickness (DiReCT) estimation
(Rebsamen et al., 2020). We applied HD-BET to the INV2 MP2RAGE
volumes for brain extraction and applied the derived binary brain mask
to the UNI volumes (Isensee et al., 2019). We computed cortical thick-
ness of left and right rostral and caudal ACC. Masks were derived from
FreeSurfer (Fischl, 2012). Finally, mean cortical thickness of the entire
brain was calculated (see Fig. 1A).

3.2. Diffusion weighted imaging

FSL 6.0 (http://www.fmrib.ox.ac.uk/fsl/) and FSL-BET were used
for robust brain extraction (-R option). Due to noisy background of
MP2RAGE UNI images, we used INV2 images as input and applied a
derived binary mask to the UNI image to get the extracted brain.
Diffusion-weighted MRI-scans were processed using ExploreDTI 4.8.6
(Leemans et al., 2009) as described in previous publications e.g. (Bracht
et al., 2021, 2018, 2019; Denier et al., 2020). We applied a motion
distortion and an echo-planar imaging (EPI) correction warping the
diffusion weighted images to the extracted MP2RAGE image (Leemans
and Jones, 2009). Whole-brain deterministic tractography was con-
ducting using a diffusion tensor model (Basser et al., 1994) with the
termination criteria FA< 0.2 and angle threshold > 45°. We placed one
ROI 5 slices anterior and one ROI 5 slices posterior of the rostro-caudal
midpoint of the body of the corpus callosum to reconstruct bilateral CB
(Bracht et al., 2015b; Jones et al., 2013a). FA was sampled and averaged
separately over left and right CB (see Fig. 1B).
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4. Statistical analyses

4.1. Group comparisons of cortical thickness and white matter
microstructure

We used the Statistical Package for Social Sciences SPSS 27.0 (SPSS,
Inc., Chicago, Illinois) for data analyses. Demographics between healthy
controls and all patients and between patient subgroups (melancholic,
non-melancholic) were compared for continuous or dichotomous vari-
ables using two-sample t-tests or y? tests as appropriate. First, a mixed-
model MANCOVA controlling for age and gender was used to compare
the between-subject factor group (all patients vs. healthy controls), the
within subject factor hemisphere (left vs. right) and the dependent
variables cortical thickness of rostral ACC, cortical thickness of caudal
ACC and FA of the CB. Second, a mixed-model MANCOVA controlling
for age and gender was used to compare the between-subject factor
subgroups (melancholic patients, non-melancholic patients and healthy
controls) the within subject factor hemisphere (left vs. right) and the
dependent variables cortical thickness of rostral ACC, cortical thickness
of caudal ACC and FA of the CB. In case of a significant main effect, post
hoc tests were considered. In case of a significant group x hemisphere
interaction, we tested each hemisphere separately; otherwise, we used a
mean score of both hemispheres. Finally, to demonstrate anatomical
specificity of putative alterations in cortical thickness of rostral ACC and
caudal ACC, ANCOVAs controlling for age and gender were used to
compare mean cortical thickness of the entire brain between first all
patients and healthy controls and second between the patient subgroups
(melancholic, and non-melancholic patients) and healthy controls.

4.2. Associations between depression severity and CB microstructure

Spearman correlations between HAMD total scores and FA of left and
right CB were calculated. To consider the impact of chronicity we also
calculated partial correlations between HAMD total scores and FA of left
and right CB controlling for the impact of the duration of the episode and
number of episodes. For all analyses, we applied a two-tailed level of
significance of p < 0.05.

4.3. Exploratory correlations

To relate structural alterations identified in the melancholic subtype
with the clinical core features of melancholia exploratory correlations
were calculated with the CORE (total-score and sub-scores) and with the
SHAPS total score. Correlations with the SHAPS were calculated across
the entire sample. Correlations with the CORE were only calculated for
the patient group because there was no variation in the healthy control
group (for results see supplementary Table 1). In addition, we explored
correlations between cortical thicknesses of rostral ACC, caudal ACC and
FA of the CB (see supplementary Table 3).

Fig. 1. ACC and cingulum bundle.

Masks illustrating the rostral ACC (green) and the
caudal ACC (red) are shown in Fig. 1A. Tractography
results for bilateral cingulum bundle (1B) are displayed
for a single subject in native space. FA values are
superimposed on the tracts. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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5. Results

Patients and controls did not differ significantly regarding age,
gender and handedness. Melancholic and non-melancholic patients
differed significantly regarding overall depression severity and CORE
total scores but not regarding SHAPS total scores, duration of episode,
number of episodes or type of antidepressive medication. Comparison of
demographics between all patients and healthy are shown in Table 1,
comparisons between melancholic and non-melancholic patients in
Supplementary Table 2.

Group comparisons of cortical thickness and white matter microstructure

For analyses of cortical thickness, one patient had to be excluded due
to a storage problem of the MP2RAGE raw data. Comparing cortical
thickness of rostral and caudal ACC and FA of the CB between all pa-
tients with depression and healthy controls there was no significant
main effect of group (F (3, 69) =2.107, p = 0.107, n2:0.084, see sup-
plementary Fig. 1). Comparing melancholic patients, non-melancholic
patients and healthy controls we detected a significant main effect of
group with a large effect size (F (6, 138) =3.771, p = 0.002, n2: (0.143).
Post hoc tests revealed a significant main effect for cortical thickness of
the mean of left and right caudal ACC (F (2, 70) = 9.982, p <0.001,
n2:0.222). This result was driven by a reduction of cortical thickness of
left and right caudal ACC in the melancholic subgroup as compared to
both non-melancholic patients and to healthy controls (see Table 2 and
Fig. 2). Post hoc tests failed to demonstrate a group difference of
thickness in the rostral ACC (F (2, 70) =0.481, p = 0.620, n2:0.014).
There was a significant group x hemisphere interaction for FA of the CB
(F (2, 70) =3.334, p = 0.041, n2:0.087). Therefore, post hoc tests
ANCOVAs comparing melancholic patients, non-melancholic patients
and healthy controls controlling for age and gender were performed
separately for each hemisphere. There were no significant main effects
of group for left (F (2, 75) =1.803,p = 0.172, n2:0.048) and right (F (2,
75) =0.187, p = 0.830, 1°=0.005) FA of the CB (see supplementary
Fig. 2). Mean cortical thickness across the entire brain neither differed
between all patients and healthy controls (F (1, 71) =0.160, p = 0.690,
1?=0.002), nor between subgroups (melancholic patients, non-
melancholic patients, healthy controls, (F (2, 70) =0.928, p = 0.400,

Table 1
Demographics for all patients and healthy controls.
Patients (n = Controls (n = P Value
54) 22)

Age (years) 439 +12 429 £13 P=0.75

Gender (male) 54% 54% P=0.95

Handedness (right, left, (82%, 12%, (90%, 5%,5%) P =0.64

ambidextrous) 6%)

HAMD 21 item version 21.8+5 06+1 P <
0.001 ***

BDI-II 28.6 +9 1.5+2 P<
0.001%**

CORE total 11.8+7 0.2+1 P<
0.001 ***

CORE Retardation 6.1+4 01+0 P<
0.001***

CORE Agitation 19+2 01+0 P <
0.001%**

CORE Non-interactiveness 3.7+2 00+0 P<
0.001 ***

SHAPS 358+6 50.0 + 4 P<
0.001%**

Duration of episode (months) 12.2 £11 N/A N/A

Number of episodes 35+3 N/A N/A

SSRI 18.5% N/A N/A

Dual antidepressants 37.1% N/A N/A

Tricyclic antidepressants 24.1% N/A N/A

Lithium 37.0% N/A N/A

No antidepressant 14.8% N/A N/A
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Table 2
ANCOVAs controlling for age and gender comparing cortical thickness of caudal
ACC between melancholic, non-melancholic patient subgroups and healthy
controls.

Melancholic Non- Controls
Melancholic
Thickness caudal ACC (left)  2.019 + 2.278 £0.2980 2.174 +
in mm 0.2876 0.2423
Thickness caudal ACC 2.123 £ 0.175 2.256 + 0.2065 2.2690 +
(right) in mm 0.2162
Group comparisons
Contrast Mel vs. Non- Mel vs. HC Non-Mel vs
Mel HC
Caudal ACC (left) F (1, 52) F (1, 56) F (1, 39)
=9.466 =4.361 =1.965
P =0.003** P =0.042* P=0.170
Caudal ACC (right) F (1, 52) F (1, 56) F(1, 39)
=5.140 =7.200 =0.041
P =0.028* P =0.010* P =10.841

12=0.026)).

5.1. Associations between depression severity and CB microstructure

Decreases of FA of both left and right CB were associated with in-
creases in depression severity. There was a significant influence of
duration of episode on the association between FA of the left CB and
HAMD total scores (see Table 3 and Fig. 3).

6. Discussion

In this study, we combined measurements of cortical thickness of
rostral and caudal ACC with manual tractography of the CB to investi-
gate the role of these structures for melancholia and depression severity.
We found reduced cortical thickness in bilateral caudal ACC in the
melancholic subtype compared to non-melancholic patients and to
healthy controls. CB microstructure did not differ between groups.
However, there was a negative correlation between FA of both left and
right CB and depression severity. This correlation remained significant
controlling for number of episodes whilst there was an impact of dura-
tion of episode on the correlational strength for the right hemisphere.

The identified reduction in cortical thickness of the caudal ACC in the
melancholic subtype complements and extends previous studies inves-
tigating cortical thickness in depression. To date findings are rather
inconsistent with meta-analyses including different study populations
yielding both negative and positive results (Schmaal et al., 2017; Suh
et al.,, 2019). We enhance specificity by looking at different compart-
ments of the ACC and by investigating clinically homogeneous sub-
groups. Our results are in line with previous findings pointing to more
pronounced neurobiological alterations in the melancholic subtype
(Bracht et al., 2014; Denier et al., 2020; Hyett et al., 2015; Korgaonkar
et al., 2011; Pizzagalli et al., 2004). Thus, stratifying patients into more
homogeneous subgroups such as the melancholic subtype may yield
structural and functional alterations of the brain and enhance our
pathophysiological understanding linking those alterations to specific
clinical syndromes. Increased thickness of the caudal ACC has been
associated with better treatment outcome in depression (Phillips et al.,
2015). Given that the melancholic subtype represents a clinical sub-
group with specific patterns of response (e.g. low response rates of
placebo, better response to tricyclic antidepressants and ECT) (Parker
etal., 2017; van Diermen et al., 2019) our finding of reduced caudal ACC
thickness in the melancholic subgroup may represent a biological
marker of treatment response. While such conclusions would require
longitudinal assessments, this explanation fits a plethora a findings
suggesting a core role of the ACC for predicting treatment outcome
(Godlewska et al., 2018; Mayberg et al., 1997; Pizzagalli, 2011; Pizza-
galli et al., 2018; Tian et al., 2020).
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Fig. 2. Caudal ACC thickness.
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Boxplots comparing cortical thickness of the left and right caudal ACC between melancholic (HES high), non-melancholic (HES low) and healthy controls. Cortical
thickness is reduced in the HES high group in comparison to the HES low group and in comparison to healthy controls for both left and right caudal ACC.

Table 3
Correlations between depression severity and CB microstructure.
HAMD
Control N/A Duration of Number of episodes
variable episode
FACB (left) ~ R=-0.288,p = R=-0.323,p = R=-0.336,p =
0.035* 0.024* 0.034*
FA CB (right) R =-0.323,p= R =-0.250,p = R=-0.343,p=
0.017* 0.083 0.030*

Our exploratory correlations suggest that decreases of cortical
thickness of the caudal ACC may be associated with the extent of non-
interactiveness, a core feature of melancholic depression (see supple-
mentary Table 1). Non-interactiveness (e.g. non-reactivity) represents a

35

HAMD

10

0.40 042 044 046 048 050 0.52

FA cingulum bundle left (0...1)

Fig. 3. Cingulum bundle and depression severity.

syndrome reflecting both the affective state and gestures (Pavlidou
et al., 2021; Schrijvers et al., 2008). The caudal ACC may serve as a hub
and links brain regions attributing emotional valence (e.g. subgenual
ACC Keedwell et al., 2016) with premotor areas (e.g. supplementary
motor area Bubb et al., 2018; Rolls, 2019). Therefore, impairments of
cortical thickness of the caudal ACC as observed in our study may un-
derlie emotional driven clinical features of motor behavior in depression
(Pavlidou et al., 2021; Walther et al., 2019).

In addition, increased thickness of the caudal ACC was associated
with increases in hedonic tone (see supplementary Table 1). Our result
complement previous functional MRI studies pointing to a central role of
the dorsal ACC regarding anticipatory and motivational aspects of
reward (Borsini et al., 2020; Liu et al., 2021). It is likely that motiva-
tional aspects of reward (e.g. wanting Berridge et al., 2009) are influ-
enced by (dopaminergic) projections from the ventral tegmental area to

HAMD

0.50
FA cingulum bundle right (0...1)

0.42 0.44 0.46 0.48

There is a negative correlation between total HAMD scores and FA for both left and right cingulum bundle.
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the orbitofrontal cortex (as shown for the supero-lateral medial fore-
brain bundle (sIMFB) (Bracht et al., 2015a; Coenen et al., 2011, 2020;
Denier et al., 2020). Those prefrontal brain areas (e.g. the orbitofrontal
cortex) form a network with the rostral and the caudal ACC and link
information regarding emotional valence with motivational information
(Kringelbach, 2005). Disturbances of this network, as exemplified by our
result of cortical thinning of the caudal ACC in melancholic depression
may therefore be associated with core features of melancholia related to
liking, wanting and to motivated behaviour (Bracht et al., 2014; Can-
tisani et al., 2016).

In contrast to our finding of reduced thickness of the caudal ACC in
melancholic depression, there were no differences of CB microstructure
between patients and controls, or between depression subtypes. This
adds to rather conflicting results of previous DWI-studies investigating
the CB (Bracht et al., 2015c¢). CB microstructure in depression is likely
influenced by series of factors such as familial risk (Keedwell et al.,
2012), genetic variability (Murphy et al., 2012), age (Cetin-Karayumak
et al., 2020) or the extent of treatment resistance (de Diego-Adelino
et al., 2014), which all adds to heterogeneity of findings. In addition,
structural alterations may be specific for sub-compartments (Bhatia
etal., 2018; Dillon et al., 2018; Keedwell et al., 2016). The CB integrates
a series of functions relevant to the depressive syndrome (e.g. affective,
cognitive, and reward-related motivational disturbances) (Bubb et al.,
2018; Dillon et al., 2018). Furthermore, the CB may play a role for
rumination because it connects anterior and posterior regions of the
default mode network that have been related to rumination-processes in
depression (Zhu et al., 2012). Given these diverse functions of the CB,
the clinical correlates of CB microstructural alterations may be broader
than it is the case for pathways with more circumscribed functions (e.g.
the sIMFB Bracht et al., 2015c; Denier et al., 2020). This assumption fits
our finding of a negative association between overall depression severity
(covering diverse symptoms of depression) and FA of bilateral CB.

Correlations remained significant controlling for number of episodes,
whilst there was a modest impact of duration of episode. This implies a
rather weak impact of chronicity on CB microstructure. Previous
research suggests that the process of remission is associated with FA
increases of the right cingulum bundle (Bracht et al., 2015b). One may
speculate whether increased activity of the ACC, an early marker of
treatment response (Godlewska et al., 2018; Mayberg et al., 1997; Piz-
zagalli, 2011; Pizzagalli et al., 2018; Tian et al., 2020), induces such
neuroplastic processes. Assuming such an association CB microstructure
may represent a state marker of depression severity. However, longitu-
dinal studies including comparison groups would be required to draw
conclusions on this research question.

Finally, this study has some limitations. First, the study consists of
patients with a rather long duration of the current episode. Therefore,
results cannot be generalized to acutely depressed patient subgroups.
Second, patients were mainly medicated. However, there were no sig-
nificant differences between melancholic and non-melancholic
depressed patients regarding medication status. Third, the applied
pleasure scale (SHAPS) does not assess motivational aspects of reward.
Fourth, due to the lack of neurobiological specificity of MRI-derived
measures we can only speculate on the nature of the identified cortical
thinning in the melancholic subgroup (e.g. reductions in glial density,
amount and volume of neurons (Suh et al., 2019). The same applies for
the lack of specificity of FA (which is influenced by axonal diameter,
myelination and fibre architecture (Jones et al., 2013b). Fifth, we
discuss our results referring to uncorrected exploratory correlations (see
supplementary Table 1) that require further replication in independent
study samples.

In sum, our results suggest cortical thinning of the caudal ACC in
melancholic depression, corroborating research pointing to more pro-
nounced neurobiological alterations in melancholia (Bracht et al., 2014;
Denier et al., 2020; Hyett et al., 2015; Korgaonkar et al., 2011; Pizza-
galli et al., 2004). This cortical thinning may be a structural correlate of
psychomotor disturbances and anhedonia. In contrast, there are no
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specific alterations of CB microstructure in the melancholic subtype.
However, CB microstructure relates to depression severity, and may
reflect broader and more diverse symptoms of depression. Future lon-
gitudinal studies should include measures of cortical thickness and CB
microstructure to investigate if those alterations are state or trait
markers and to investigate their putative role as biomarkers for treat-
ment response in depression (Bracht et al., 2015b; Phillips et al., 2015;
Pizzagalli et al., 2018; Tian et al., 2020).
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