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Recent observations suggest a role of the volume of the cerebral ventricle volume, corpus callosum (CC) segment
volume, in particular that of the central-anterior part, and choroid plexus (CP) volume for treatment resistance of
major depressive disorder (MDD). An increased CP volume has been associated with increased inflammatory
activity and changes in the structure of the ventricles and corpus callosum. We attempt to replicate and confirm
that these imaging markers are associated with clinical outcome in subjects from the EMBARC study, as implied
by a recent pilot study. The EMBARC study is a placebo controlled randomized study comparing sertraline vs.
placebo in patients with MDD to identify biological markers of therapy resistance. Association of baseline vol-
umes of the lateral ventricles (LVV), choroid plexus volume (CPV) and volume of segments of the CC with
treatment response after 4 weeks treatment was evaluated. 171 subjects (61 male, 110 female) completed the 4
week assessments; gender and age were taken into account for this analyses. As previously reported, no treatment
effect of sertraline vs. placebo was observed, therefore the study characterized prognostic markers of response in
the pooled population. Change in depression severity was identified by the ratio of the Hamilton-Depression
rating scale 17 (HAMD-17) at week 4 divided by the HAMD-17 at baseline (HAMD-17 ratio). Volumes of the
lateral ventricles and choroid plexi were positively correlated with the HAMD-17 ratio, indication worse outcome
with larger ventricles and choroid plexus volumes, whereas the volume of the central-anterior corpus callosum
was negatively correlated with the HAMD-17 ratio. Responders (n = 54) had significantly smaller volumes of the
lateral ventricles and CP compared to non-responders (n = 117), whereas the volume of mid-anterior CC was
significantly larger compared to non-responders (n = 117), confirming our previous findings. In an exploratory
way associations between enlarged LVV and CPV and signs of lipid dysregulation were observed. In conclusion,
we confirmed that volumes of lateral ventricles, choroid plexi and the mid-anterior corpus callosum are asso-
ciated with clinical improvement of depression and may be indicators of metabolic/inflammatory activity.

1. Introduction

The pathophysiology of major depressive disorder (MDD) is hetero-
geneous. The identification of effective compounds on the basis of a
specific underlying neurobiology is hampered by the currently accepted
definition of MDD in relevant classifications, including the DSM-5,
which does not take biological differentiation into account. Impor-
tantly, this variability may not only affect the response to a given
pharmacotherapy, but also the natural course of clinical change. This
situation has negative implications in the context of clinical trials:
Treatment arms are compared, which may show neurobiological

heterogeneity at baseline. Patient stratification on the basis of biological
variables may be able to define biological subtypes with a better chance
to show a treatment effect in a targeted population.

Markers, which differentiate patients with depression into more
biologically homogeneous subgroups have been reported. These include
inflammatory markers (Dantzer et al., 2008; Lamers et al., 2013; Miller
etal., 2009; Raison et al., 2013; Richter et al., 2010), metabolic markers,
in particular those related to metabolic syndrome (Lamers et al., 2010;
Richter et al., 2010), and neuroendocrine (Juruena et al., 2010; Lamers
et al., 2013; Murck et al., 2012) characteristics. More recently, markers
of autonomic regulation, including blood pressure and heart rate
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variability received renewed attention (Buttner et al., 2015; Engelmann
et al., 2022; Kemp et al., 2010; Licht et al., 2008). These markers may
have prognostic or predictive value in clinical trials and clinical practice.

Furthermore, imaging biomarkers have been characterized which
predict clinical response and which may be useful to define biological
subtypes. Many of these, including volumetry of gray- or white matter
segments, are of high importance from a research perspective (Drevets
et al., 1998; Samann et al., 2013), but are difficult to assess in standard
practice. From a practical perspective a more easily accessible imaging
marker, which is unfortunately frequently not reported in recent imag-
ing studies, is cerebral lateral ventricular volume (LVV). LVV was
frequently assessed already in the pre-MRI era by means of computer
tomography. In the context of depression, LVV is increased in patients
with depression in comparison to healthy controls (Kempton et al.,
2011; Schlegel et al., 1989; Via et al., 2012) and was related to treatment
outcome in one early study (Cardoner et al., 2003). It is often regarded
as biologically unspecific, based on volume changes in multiple gray and
white matter areas, but this may not completely explain observed
changes of this parameter.

Here we explore the alternative hypothesis that choroid plexus drives
ventricular expansion, which results in the compression of surrounding
anatomical areas, in particular parts of the corpus callosum. We recently
demonstrated an association between an increased LVV and CPV and
worse treatment outcome in hospitalized patients with depression and
identified moderators of this relationship (Murck et al., 2020), i.e. body
mass index (BMI) and the salivary aldosterone/cortisol ratio. In this
study we also observed a volume reduction of the mid-anterior and
central corpus callosum segment volume in these patients, which was
reciprocally correlated to LVV. This may indicate a compression of these
corpus callosum segments, which could affect anatomical projection
areas. In this context it is important to consider that LVV and CCV show
structural plasticity in a reciprocal manner. Both are sensitive to sleep
(Bernardi et al., 2016) and LVV is sensitive to stress, at least in animals
(Henckens et al., 2015). A plausible mediator of this plasticity is the
change in activity of the choroid plexus.

The volumetric determination of the CP is a relatively new area of
investigation but is feasible with current MRI techniques. Changes have
been described in complex pain syndrome (Zhou et al., 2015), anorexia
nervosa (Lavagnino et al., 2015), multiple sclerosis (Fleischer et al.,
2021) and most recently in major depression (Althubaity et al., 2022;
Bravi et al., 2023) and psychosis (Lizano et al., 2019; Senay et al., 2023).
The publications of Althubaity et al. and Bravi et al. are of particular
interest, as they show the association between inflammatory markers
and choroid plexus volume in mood disorders.

The functional plasticity of this system is also indicated by the fact
that stress leads to changes in gene expression of the CP in animal
models. Stress-affected genes are those of receptors, which have been
linked to major depressive disorder already (MDD), including 5-HT2a, 5-
HT2c, glucocorticoid, TNFa, IL18, BDNF (Sathyanesan et al., 2012) as
well as IL1 receptor (Wong and Licinio, 1994) and the CRH-receptor
(Wong et al., 1994). In addition, a reduced expression of pathways
centered around transforming growth factor beta (TGFbeta) in the
choroid plexus has also been reported in depression (Turner et al.,
2014). TGFbeta acts as an anti-inflammatory mediator in the brain
(Bajramovic, 2011) by inhibiting the TLR4-pathway (Naiki et al., 2005).
In line with the reported findings, the volume of the CP has been pro-
posed as a marker for inflammatory activity in the CNS (Turkheimer
et al., 2023) and may not only reflect, but possibly mediate inflamma-
tory and neuroendocrine changes in depression (Dantzer et al., 2008).

In summary, downstream mechanisms of the involvement of the CP
are at least threefold: an increased CSF release may lead to a mechanical
compression of anatomical areas, which are adjacent to the ventricles
(Murck et al., 2022). Secondly, molecular moderators may spread from
the CP into brain tissue via volume transmission (Dantzer, 2001; Skipor
and Thiery, 2008). Those moderators may be produced by the CP itself
or stem from the circulation. Finally, a reduction of the permeability of
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the blood brain barrier and the CP can be observed in conditions of
inflammation (Carloni et al., 2021; Turkheimer et al., 2021). However, it
is important to consider that the observed volume reduction of the
corpus callosum may be a direct effect of inflammation (Cyprien et al.,
2019), which may affect both choroid plexi and the corpus callosum in
parallel.

We want to replicate our earlier findings of the relationship of clin-
ical outcome with ventricular-, choroid plexus- and mid-anterior and
central corpus callosum volume in a larger sample of patients with
depression in this retrospective analysis from data from the EMBARC
study. In an exploratory way we also correlate metabolic and autonomic
markers with the volume of these anatomical areas in order to generate
hypothesis about the causality of the observed relationships.

2. Methods

The EMBARC study characterized biological markers in a random-
ized placebo-controlled trial of sertraline vs. placebo in patients with
MDD of 8 weeks duration, followed by an additional treatment section,
based on the outcome of the first 8 weeks of treatment. For consort
statement see (Cooper et al., 2019). This trial is conducted according to
the Declaration of Helsinki. It was approved by the Institutional Review
Board at each clinical site. Signed informed consent was obtained from
subjects in order for participation in the trial. The main objective was to
identify clinical and biological moderators of treatment response
(Trivedi et al., 2016). Patients with early onset (before age 30), chro-
nicity (episode duration >2 years) or recurrent MDD (two or more re-
currences including current episode) were enrolled.

The clinical parameter of interest was the Hamilton-depression rat-
ing scale (17 item; HAMD-17). For correlational analysis of clinical
improvement, we used the ratio between the HAMD-17 at outcome
divided to the HAMD-17 at baseline (HAMD-17 ratio). A value of 1
means no change from baseline, a value of 0.7 means a reduction to 70%
of the baseline value. Response was defined as a HAMD-17 ratio <0.5.

For these primary analyses we prospectively focused on subjects who
completed the first 4 weeks of the placebo-controlled treatment phase.
In the current dataset, 207 subjects had imaging and assessments with
the Hamilton depression rating scale (HAMD) at baseline, of which 171
(age 37.5 + 13.4; HAMD-17: 18.8 £ 4.7) had both assessments at week
4 as well. Age differed slightly, but significantly, between responders
and non-responders (36.6 + 11.6 vs. 37.2 + 13.8 years, respectively (p
< 0.05). We a priori chose the 4-week treatment interval in order to
optimize the time for clinical improvement with the number of drop-
outs. For a time course of the correlation of the HAMD-17 value with
imaging parameters, which was generated as a sensitivity analysis and to
show consistency, please see Table S1.

Imaging was processed as described before (Bartlett et al., 2018;
Pillai et al., 2019; Trivedi et al., 2016). For details see (Bartlett et al.,
2018). In short, MRI scans were performed at pretreatment. MRI scan-
ning took place across 5 sites: University of Texas Southwestern Medical
Center (TX—Philips Achieva, 8-channel head-coil), University of
Michigan (UM—Philips Ingenia, 15-channel), Massachusetts General
Hospital (MGH—Siemens TrioTim, 12-channel), Columbia University
Medical Center (CU—GE Signa HDx, 8-channel), and Stony Brook
Medical Center (SBU—Siemens TrioTim, 12-channel). T1-weighted
image acquisition and test-retest reliability of processing have been
published (Iscan et al., 2015). In short, MPRAGE sequences were ac-
quired at TX, UM, MGH, and SBU, while an IR-FSPGR sequence was
acquired at CU. Sequence parameters were as follows: TR/TE =
5.9-8.2/2.4-4.6 ms, 8-12° flip angle, 1 mm slice thickness, 4.4-5.5 min
acquisition, and 1 mm isotropic voxel dimensions. Raw structural im-
ages were passed through Freesurfer 5.3.0 (http://surfer.nmr.mgh.har
vard.edu/) to extract regions of interest. Freesurfer surface models un-
derwent systematic quality control and for reliability between different
sites (Iscan et al., 2015). Imaging processing included adjustments for
potential site differences, which made a statistical factor of the site


http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/

H. Murck et al.

unnecessary (Bartlett et al., 2018).

Of the 171 subjects with imaging measures at baseline and 4 weeks
associations of volumes of lateral ventricles (LVV), choroid plexus (CPV)
and of the corpus callosum (CCV), with treatment response were eval-
uated. For the correlational analysis adjusted volumes were used, which
took the total brain volume into account, i.e. volume of interest/total
brain volume-ratio. The relationship of LVV, CPV and the volume of the
mid-anterior and central part of the corpus callosum at baseline, and
clinical changes as assessed with the HAMD-17 ratio were examined.
Other CC segments are also reported but did not show a signal in the
pilots study and therefore are regarded as exploratory. For the analysis
of correlations Pearson correlation coefficients and p-values are pro-
vided. The correlations between outcome (HAMD-17 ratio at week 4)
and the adjusted LVV, CPV, mid-anterior and central CC segment vol-
umes are regarded as primary analysis, as these analyses served to
replicate and potentially confirm our earlier findings. For those pa-
rameters, which showed a significant correlation, a regression analysis
between the volume of interest and the HAMD-17 ratio at week 4 was
performed, which took total brain volume, age and gender into account.
From these regressions we also derived residuals in order to test for
normality. Furthermore, response after 4 weeks from baseline (<50 %
reduction of the HAMD) was assessed to compare responders from non-
responders; gender, age, and total brain volume were taken into account
for the ANCOVA analyses. Due to the imbalance of the number of re-
sponders and non-responders (see below), this analysis mainly serves to
ensure consistency with the correlational data. The correlations with
metabolic and autonomic parameters have to be regarded as
exploratory.

3. Results

The demographic, clinical and selected imaging characteristics of the
population at baseline are presented in Table 1. A correlation analysis
between baseline HAMD-17 and the volumes of interest was performed
in order to determine potential state related associations. Choroid plexus
volumes were significantly correlated with the HAMD-17 score at
baseline (n = 217; right: Pearson R = 0.22, p = 0.002; left: Pearson R =
0.17, p = 0.017), whereas no correlation between ventricular volumes
or corpus callosum sections and baseline depression severity could be
detected (all p > 0.20 with the exception of the right lateral ventricle,
which showed a trend toward a significant correlation (Pearson R =
0.13; p = 0.06)).

A Pearson correlation was used with HAMD-17 ratio at week 4 as
outcome variable and the volumes of the selected anatomical areas.
Scatterplots for the adjusted volumes are depicted in Fig. 1. These

Table 1

Descriptive Statistics of baseline characteristics and HAMD-17 over time
(HAMD: Hamilton depression rating scale; BMI, body mass index; CC: corpus
callosum).

n Minimum Maximum Mean SD
HAMD-17 baseline 207 7 32 18.8 4.5
HAMD-17 week 4 171 0 31 13.1 6.9
age 206 18 65 36.2 13.0
BMI 184 15.4 50.5 27.5 6.5
Volume right lateral 207  982.7 25820.4 6449.7  4073.7
ventricle
Volume left lateral 207  1996.8 37401.8 7177.2  4619.8
ventricle
Volume right choroid 207  376.9 4107.6 1381.2  478.0
plexus
Volume left choroid plexus 207  332.3 3682.8 1208.2  388.4
Volume CC anterior 207  549.8 1331.1 861.8 140.4
Volume CC central 207  241.2 849.9 473.1 92.8
Volume CC mid-anterior 207  270.1 1231.6 474.6 112.6
Volume CC mid-posterior 207  229.4 715.1 438.8 84.7
Volume CC posterior 207 5709 1302.4 948.2 132.2
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correlational analyses confirmed the relationship between clinical
change and ventricular volume, choroid plexus volume and mid anterior
CC segment volume at baseline., see Table S1 for details. The linear
regression model with sex, age and intracerebral volume as covariates
led to similar results and did not change the significance levels. For these
regression analyses the residuals were normally distributed in all cases
that showed a significant correlation. However, a correlation between
the central CC volume and outcome could not be confirmed.

Comparing responders and non-responders, we first used a multi-
variate test for selected volumes, which were adjusted for gender, age
and intracranial volume. An overall global significant difference be-
tween responders and non-responders was observed for volumetric pa-
rameters (p = 0.007, see Table 2). Univariate analyses revealed that
responders at week 4 had significantly smaller volumes of the choroid
plexi and lateral ventricles, whereas the volume of mid-anterior and
mid-posterior CC was significantly larger compared to non-responders
(Table 2). Due to the imbalance of the numbers of subjects in the re-
sponders vs. non-responders these results have to be taken with caution.

Vice versa, splitting the population at the median for the right ven-
tricular volume demonstrates the difference of the course of depressive
symptoms between the two LVV groups clearly (Fig. 2): A significant
difference between HAMD-17 scores for the high vs. low LVV-volume
groups were observed at week 2 and week 4.

As a sensitivity analysis we also correlated the baseline volume of the
anatomical structures with the relative outcome of the HAMD-17
(HAMD-ratio) over time. Both choroid plexus volumes at baseline
determined clinical outcome at week 4, week 6 and week 8 (p < 0.05).
For CC segment volumes (mid anterior and mid posterior) a statistically
significant negative correlation was observed at week 3 and 4; For both
left and right LVV a statistically significant positive correlation occurred
at week 4, indicating worse outcome with larger ventricles. Please see
Suppl. Table S1 for the stability of the correlation between volume of
anatomical structures and treatment effect over time.

In addition, we explored factors which may affect the volume of the
anatomical areas in an exploratory fashion at baseline (Table 3). We
found that the volumes of both lateral ventricles were positively corre-
lated to LDL-cholesterol and triglyceride levels. The volume of the left
LVV was significantly correlated to systolic blood pressure. A similar
pattern was observed for the CP volumes. All these parameters are
positively correlated to age, which we corrected for in the primary
analyses.

In order to determine the relationship between the anatomical areas
of interest, ventricular volumes were correlated with CC segment- and
CP volumes. A significant positive correlation between CP volumes and
lateral ventricle volumes was established. Furthermore, a significant
negative correlation between third ventricular volumes and the mid-
anterior and mid-posterior CC segments, as well as a significant nega-
tive correlation between the lateral ventricles and the central and mid-
posterior CC volume were observed (Table S2).

DTI parameters were assessed for the corpus callosum and did not
predict outcome. However, the volume of the mid-anterior and mid
posterior CC segments, adjusted for total brain volume, correlated
negatively with the axial diffusivity of these segments (mid-anterior: R
= —0.42, p < 0.001, n = 191; mid-posterior: R = —0.15; p = 0.036, n =
196), whereas the CC-segment volumes were not associated with frac-
tional anisotropy (for all, p > 0.1).

4. Discussion

The outcome of this study is twofold, one more practical, others
theoretical: Firstly, an easily accessible imaging marker, i.e. lateral
ventricular volume, shows a strong predictive value for the improve-
ment of depressive symptoms in MDD patients treated with either ser-
traline or placebo. From a theoretical, mechanistical aspect the strong
relationship of ventricular volume to both choroid plexus volume and
the volume of selected CC segments could be of interest for the
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Fig. 1. Association between clinical outcome and morphological features: a) Correlation of HAMD-17-ratio by right lateral ventricle volume (expressed as ratio
of ventricular volume to total brain volume): a larger ventricle volume is associated with less favorable clinical improvement after 4 weeks, independent of gender. b:
Correlation of HAMD-17-ratio with the right choroid plexus volume (as expressed as ratio between choroid plexus volume total brain volume): A large choroid plexus
volume is associated with less favorable clinical improvement after 4 weeks, independent of gender. c: Correlation of HAMD-17-ratio by central anterior CC volume
(as expressed as ratio between central anterior CC volume and total brain volume): A smaller CC volume is associated with less favorable clinical improvement after 4

weeks, independent of gender.

Table 2
Comparison of volume of anatomical structures in responders (>50 % reduction of HAMD from baseline at week 4) vs. non-responders.
Non-Responder (n = 117) Responder (n = 54) df Mean Square F Sig.
Volumes (mm?®) Mean SD Mean SD
right lateral vent. 7118.6 4547.2 5916.9 3523.7 1 69683320 4.630 .033
left lateral vent. 7890.2 5317.6 6527.3 3510.0 1 90042251 4.517 .035
right CP 1471.9 497.1 1244.8 436.5 1 2044360 10.631 .001
left CP 1284.5 411.1 1109.0 330.4 1 1051920 8.317 .004
CC anterior 860.6 137.0 880.8 168.7 1 1398 .087 769
CC mid-anterior 458.0 87.9 512.6 153.4 1 54259 4.846 .029
CC central 464.5 89.3 481.6 84.0 1 1482 .236 .628
CC mid-posterior 424.8 82.4 468.9 87.1 1 47513 7.843 .006
CC posterior 948.2 128.2 956.3 156.1 1 5084 .318 .573
I baseline
20 _ _ I week 1
n=65 n=72 I week 2
[ week 3
I week 4
18
18
S |
5
g 14 1 T
12 J
1 *
10
Week: B 1 2 3 4 B 1 2 3 4
8

smaller ventricle volume

larger ventricle volume

Fig. 2. Time course of HAMD-17 score in subjects with larger vs. smaller right lateral ventricle volume. A median split of the right lateral ventricle volume
was used to separate the groups. Only subjects without missing values are depicted.

pathophysiology of some forms of MDD. A working hypothesis is that
changes in choroid plexus function, i.e. an increased release of CSF
(Murck et al., 2020; Sheldon et al., 2015), or an increased release of
specific bioactive molecules, including inflammation mediators (Dant-
zer, 2001; Fleischer et al., 2021) may lead to a change in white matter
volume and/or integrity. This can be tested in prospective studies.
Increased ventricular pressure or, alternatively, such bioactive mole-
cules may affect white matter function either by mechanical compres-
sion or by an effect on white matter integrity via alternations of
oligodendrocyte function. This could be related to changes in myelina-
tion or changes in the volume regulation of axons within the CC. Indeed:
disturbance of white matter integrity has frequently been described in
patients with depressive disorders, mainly by using diffusion tensor
imaging (DTI) methods (Benedetti et al., 2011; Chen et al., 2017; de
Diego-Adelino et al., 2014; Guo et al., 2012b; Repple et al., 2017; Wise
et al., 2016). In addition, a direct effect on corpus callosum integrity for
example via inflammatory or metabolic/energy related mechanisms is a
possibility, which needs further exploration (Bartzokis, 2011; Connor
and Menzies, 1996; Murck et al., 2022). In line with this notion a
negative correlation between C-reactive protein concentration and

anterior and mid-corpus callosum volume has been demonstrated in
elderly patients with depression (Cyprien et al., 2019). It would be of
interest to study, whether anti-inflammatory compounds lead to
changes in choroid plexus-, ventricular- and corpus callosum volume
and if these changes are related or occur independently and whether
these are associated with clinical improvement.

Support of involvement of the choroid plexus in mood disorders was
reported recently (Althubaity et al., 2022; Bravi et al., 2023) and linked
to inflammatory activity and changes in blood brain barrier perme-
ability (Althubaity et al., 2022; Bravi et al., 2023; Cao et al., 2023).

Besides inflammatory mechanisms, the volume of the choroid plexus
is affected by neuroendocrine influences, which have been linked to
MDD, in particular vasopressin and aldosterone (Murck et al., 2020;
Sheldon et al., 2015), as well as metabolic parameters related to an
increased BMI. Therefore, activation of inflammatory processes appears
to be a plausible, but not exclusive explanation (Baumeister et al., 2016;
Coelho et al., 2014; Nemeroff, 2016). In particular, high fat diet is
related to an increased ventricular volume in animals in the context of
traumatic stress (Kalyan-Masih et al., 2016). Similarly, a link between
increased ventricular volume and hyperlipidemia has been observed in
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Table 3
Correlation of volume of anatomical structures with of relative improvement, metabolic parameters and age.
HAMD-17 ratio (N = Syst BP (n = Weight (n = Height (n = BMI (n = LDL-Chol. (n = Trigl. (n = age (n =

171) 195) 192) 184) 184) 184) 190) 206)
right lateral Pearson  .198 123 131 .106 .094 .176 .290 .313
vent. Sig. .009 .086 .069 .154 .206 .017 .000 .000
left lateral Pearson  .177 191 .219 .204 .176 .182 .216 .259
vent. Sig. .021 .008 .002 .005 .017 .013 .003 .000
right CP Pearson .239 .229 141 .251 .052 122 .233 .276
Sig. .002 .001 .050 <.001 .482 .098 .001 .000
left CP Pearson 222 .158 .099 .225 .023 .105 .253 .194
Sig. .004 .027 173 .002 .757 .155 .000 .005

CC anterior Pearson —.044 .019 .107 .203 .010 .007 —.083 —.051
Sig. .564 791 .138 .006 .889 924 .258 .468

CC mid- Pearson —.160 .000 111 .053 .096 —.053 —.014 —.107

anterior

Sig. .037 .996 124 473 .195 478 .851 126

CC central Pearson —.063 —-.074 .027 111 —.037 —.140 —.092 —.168
Sig. 411 .305 714 134 .620 .058 .208 .016

CC mid- Pearson —.219 —.103 .017 .168 —.071 —.087 —.095 —-.171
posterior Sig. .004 152 .819 .023 .341 .241 .191 .014
CC posterior Pearson  .042 .059 .165 .169 .093 .013 .008 .058
Sig. .581 414 .022 .021 211 .857 912 410

subjects with normal pressure hydrocephalus (Israelsson et al., 2017). In
line with this observation, our pilot study identified a strong correlation
between BMI and both choroid plexus- and ventricular volume (Murck
et al., 2020). The finding of the current study of the correlation between
triglyceride levels at baseline with choroid plexus volumes and ven-
tricular volumes reported here confirm the influence of metabolic pa-
rameters on brain morphology and together may be useful to
differentiate patients with depression to define more homogeneous
biological subgroups, as reported earlier (Lamers et al., 2013). It is
therefore of interest to study the effects of interventions, which affect
energy metabolism, including exercise, fasting, or lipid lowering com-
pounds in the choroid plexus volume and how its potential change re-
lates to clinical outcome (Murck et al., 2020; Nilsson et al., 1992).
Interestingly, these findings are also in line with the role of inflamma-
tion as both aldosterone (Bay-Richter et al., 2012; Hlavacova et al.,
2012; Rocha et al., 2002) and dyslipidemia and increased BMI (Cooper
et al., 2012; de Kloet et al., 2014; Miller et al., 2003; Pires et al., 2018)
show a close association to increased inflammation.

Our observation that the HAMD-17 score at baseline correlates
significantly to choroid plexus volumes, but only by trend to ventricular
volumes and not to CC segment volumes, implies that choroid plexus
volume shows a state like characteristic, whereas ventricular volume
may have a more trait/chronicity related characteristic. Corpus cal-
losum segments volume appears mainly to be a trait- or risk marker. As
mentioned in the introduction, stress leads to an increase in ventricular
volume in animals (Henckens et al., 2015). Childhood abuse has been
related to an increase in ventricular volumes and reduced white matter
volume in later life (De Bellis et al., 1999; De Bellis and Zisk, 2014), to
therapy refractoriness in depression (Heim and Nemeroff, 2001; Nelson
et al., 2017) and increased inflammatory activity (Baumeister et al.,
2016; Lippard and Nemeroff, 2022).

No association between DTI parameters with clinical change was
observed. This is in contrast to studies, which reported DTI parameters
as predictive for response, for example to ketamine (Sydnor et al., 2020;
Vasavada et al., 2016). Nevertheless, we observed that the volume of CC
segments correlated inversely with axial diffusivity (AD): a smaller CC
segment volume was correlated to an increased AD. An earlier DTI
report from the EMBARC study, which focused on the structural con-
nectivity in specific anatomical areas did find an increase in fractional
anisotropy (FA) in non-remitters (Pillai et al., 2019). As AD and FA are
correlated, this outcome appears consistent, but is nevertheless in
contrast to a number of other studies (Chen et al., 2017; de
Diego-Adelino et al., 2014; Guo et al., 2012a; Repple et al., 2017; Wise
et al., 2016). This shows the importance to take into consideration that

FA and AD and other DTI markers can be influenced by varying mech-
anisms, which depend on the structural integrity of an axon, but also on
axonal density (Bishop et al., 2018). The reporting of the volume of
white matter structures in the context of DTI studies may help to clarify
these discrepancies.

Limitations of the study are the post hoc nature of the current ana-
lyses, however, they were motivated by the attempt to replicate data
from an earlier study (Murck et al., 2020) and the primary variables of
interest are identical to the identified parameters from the pilot study.
Therefore, with all caution, the current analysis overall confirms the
results of our previous pilot study. It has, however, to be considered that
inclusion/exclusion criteria differ between the studies. Regarding the
imaging methodology, whereas the volume determination of the corpus
callosum and ventricles appears well established, the measurement of
choroid plexus volume has an exploratory element. A correlation be-
tween freesurfer-established volumes and manually performed seg-
mentation has been demonstrated (Lizano et al., 2019), but variability
was recognized. However, an automated segmentation with a visual
quality control, as in our study, appears to be acceptable in trials with
larger numbers of subjects (Bravi et al., 2023). Better methods for the
segmentation of the choroid plexus are nevertheless a high priority
(Bannai et al., 2020).

In conclusion, we (re-)identified an easily accessible imaging marker
which appears to be related to the clinical course of depression. Ven-
tricular volume may affect other imaging parameters and should
therefore be taken into account in future imaging studies, at least in
studies in MDD. In addition, the current findings go beyond a strictly
descriptive association. With the additional observation of the rela-
tionship of increased ventricular volumes and increased choroid plexus
volumes, our findings provide a plausible hypothesis, how neuroendo-
crine and metabolic parameters may mechanistically influence depres-
sive symptoms. A new focus on choroid plexus function in stress-related
disorders is supported, which, however, requires further methodological
improvements. In the meantime, LVV, which is easily accessible, may
provide a good correlate for practical purposes to identify subjects less
responsive to therapy.
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