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INTRODUCTION: Major depressive disorder is a common mental health disorder. Alterations in cortical structures have been
identified in this disease, but findings have been variable and inconsistent. Previous studies have illustrated that the cingulate
and prefrontal gyrus, along with the amygdala, are involved in emotional processing and the development of abnormal emotional
responses in depression.

OBJECTIVE: Our research aims to investigate the neurological structural differences and alterations in ACC, bilateral amygdala,
and dmPFC regions in patients with MDD using quantitative MRI (MPF and Diffusion parameters mapping (DPM), including
diffusion kurtosis).

MATERIALS AND METHODS: In this study, we utilized advanced quantitative MRI techniques, specifically Diffusion Tensor
Imaging, Diffusion Kurtosis Imaging, and Macromolecular Proton Fraction Mapping, to investigate microstructural differences
and alterations in the specific regions in patients diagnosed with major depressive disorder.

RESULTS: Our findings revealed no significant interaction between Macromolecular proton fraction Mapping with depressive dis-
order. However, patients with major depressive disorder exhibited a statistically significant increase in apparent mean, axial and radi-
al diffusivity (F=6.3, p=0.01, F=5.0, p=0.03, F=7.08, p=0.01, respectively) in the bilateral amygdala compared to healthy con-
trols, as well as in mean and radial diffusivity in the anterior cingulate cortex (F=5.61, p=0.02, F=7.08, p=0.01, respectively).
DISCUSSION: These findings suggest that altered molecular diffusion characteristics in the amygdala and the anterior cingulate
cortex may be specifically associated with major depressive disorder.

CONCLUSIONS: The importance of using new quantitative MRI methods to assess structural changes at the molecular level in
the brain is shown, which, ultimately, expands the fundamental understanding of the pathophysiology of depression.
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Introduction. More than 280 million people world-
wide are affected by various degrees of depression [1].
Major depressive disorder (MDD) is one of the leading
causes of disability, characterized by high prevalence
and a chronic course. Alterations in cortical structures
have been identified in MDD, but findings have been
variable and inconsistent. To date, no reliable quanti-
tative tools have been available to effectively character-
ize gray matter alterations in the default mode net-
work. The identification of new quantitative markers of
brain structure alterations could be crucial in the pre-
diction of moderate or severe MDD.

It has been learned in previous studies, that medica-
tion-free patients with MDD showed a complex pattern of
increased cortical thickness in the posterior cingulate cor-
tex, ventromedial prefrontal cortex, and anterior cingulate
cortex and decreased cortical thickness in others (gyrus
rectus, orbital segment of the superior frontal gyrus, and
middle temporal gyrus) [2]. It must be understood that
the measurement of cortical thickness can only be a
statement of some accompanied structural changes that
lead to an increase in the volume effects. Some articles
report on reductions in synaptic density and plasticity,
dendritic spines, boutons, and glia associated with
depression, specifically the arrangement and myelination
of nerve fibers, which can be examined using microstruc-
tural MRI techniques such as DTI and MPF [3].

Previous studies have illustrated that the cingulate
gyrus and amygdala are associated with emotional

processing and can trigger abnormal emotional
responses and cause disorders, such as depression [4—
6]. The alterations of diffusivity in MDD patients were
found in the amygdala [7, 8]. The anterior cingulate
cortex (ACC) is attributed to dysfunctions in stress sel-
fregulation and emotional processing [9]. Structure
alterations, including a reduction of gray matter vol-
ume and differences in white matter integrity, have
been observed in the anterior cingulate cortex of
patients with MDD [10—-13]. Important functions of
the dorsal part of the medial prefrontal cortex are work-
ing memory, cognitive flexibility, and abstract think-
ing, involving reflective and hypothetical processing of
information related to social interaction. Structural
alterations of the prefrontal cortex cause deficits in
executive functions, reduced decision-making abili-
ties, and social behavior disorders [14]. A decrease in
gray matter volume has been observed in the dmPFC
region of patients with MDD, which is probably pre-
ceded or accompanied by microstructural changes that
have not yet been detected/investigated [ 15].

The most promising structural MDD biomarkers
include various neuroimaging, genetic, molecular and
peripheral assays, for the purposes of determining sus-
ceptibility or presence of illness. Non-nvasive DTI and
MPF biomarkers, based on MRI, are of particular
interest for developing personalized approaches. This
is not only because they are relevant to the pathophys-
iology of interest, but also because they may be
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scalable and adoptable in the clinic in the near-term
future [16].

Objective. Considering these factors, our research
aims to investigate the neurological structural differ-
ences and alterations in ACC, bilateral amygdala, and
dmPFC regions in patients with MDD using quantita-
tive MRI (MPF and Diffusion parameters mapping
(DPM), including diffusion kurtosis).

Materials and methods. Participants: In this cross-
sectional study participants were recruited from the
International Institute of Psychology and Psychotherapy,
Novosibirsk. They were divided into two groups: 17
patients (age 19-51, average value=33 y.o.,
female=13, male=4) diagnosed with MDD and 19
healthy controls (HC) (age 21-55, average value=39
y.o0., female). The MPF map reconstruction was made for
13 patients (age 21-43, average value=34 y.o.,
female=8, male=3) and 23 HC (age 21-55, average
value=35 y.o., female). The group of healthy people is
completely identical to the experimental group in terms
of age criteria; a healthy test subject of the same year of
birth is recruited for each patient. The inclusion criteria
for all participants were as follows: aged over 18 years
old, meeting diagnostic criteria — codes F32, F33
(except F32.3 and F33.3), F34.1, according to
International Classification of Diseases, Tenth Revision
(ICD-10), and stable medical treatment >6 weeks, with
discontinuation of medications affecting brain function or
cerebral blood flow for at least 3 weeks, the group exhib-
ited homogeneity in pharmacotherapy, and all partici-
pants had a minimum of one year of disease experience.
Besides, the assessments of patients confirmed to have
depressive disorder were based on the following diagnos-
tic criteria for the clinical definition of the disease: The
structural interview of the Hamilton Depression Rating
Scale (17-HAM-D>13 points), Montgomery-Asberg
Depression Rating Scale (MADRS>7 points), Beck
Depression Inventory-II (BDI-II>14 points) [17-19].
The exclusion criteria for all participants were pregnancy,
history of severe brain damage, previous diagnosis with
other mental disorders, psychotic symptoms, serious
comorbid neurological, psychiatric, and somatic pathol-
ogy, any abnormal findings on routine brain MRI, and
MRI contraindications. If participants reported any dis-
comfort during the scanning process, the scanning was
halted, and they were excluded from the experiment. The
study was approved by the Committee on Biomedical
Ethics of the Federal Research Center for Fundamental
and Translational Medicine (FRC FTM), decision No. 9
dated 12.05.2022. Written informed consent was
obtained from the participants.

All data were acquired on a 3T scanner (Ingenia;
Philips Healthcare, Best, the Netherlands) equipped
with a 16-channel head coil at the International
Tomography Center Novosibirsk.

To reduce motion and scanner noise, cushions, and
earmulfs were provided for participants. For diffusion
imaging, a single-shot, fat-suppressed, diffusion-
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weighted spin echo-planar imaging sequence was per-
formed. The image acquisition parameters were as fol-
lows: TR/TE=10500/73 ms, field of view
(FOV)=224x224 mm?2, matrix size=96x94, voxel
size=2.33%2.33x2.33 mm3, parallel imaging (SENSE)
factor=2, b-values=0, 1500 and 2500 s/mm? in 32 total
non-collinear directions.

The whole-brain fast 3D MPF mapping protocol
included three spoiled gradient-echo sequences provid-
ing T1, proton density, and magnetization transfer con-
trasts with non-selective excitation, FOV=230x230x
x180 mm?, 1.4x1.4x1.4 mm? resolution, followed by
B1 mapping sequence for exact flip angle determination.
PD- and T1-weighted GRE images were acquired with
TR/TE=20/4.6 ms and FA=4° and 20°, respectively.
MT-weighted images were acquired with TR=50 ms and
FA=10°. Off-resonance saturation was achieved by
applying the single-lobe sinc pulse with Gaussian
apodization and the following parameters: offset frequen-
cy 4 kHz, effective saturation FA=560°, and duration
12 ms. Parallel imaging (SENSE) was used for all scans
in two phase encoding directions with acceleration fac-
tors 1.5 (anterior-posterior) and 1.2 (left-right). Scan
times were 1 min 32 s for the T1- and PD-weighted
images, 3 min 50 s for the MT-weighted, and 3 min 26 s
for the B1 map, thus resulting in about 23 min acquisi-
tion time for the entire protocol. Additionally, standard
anatomical high-resolution 3D TI1-weighted images
(TR/TE=7.7/3.8 ms, FA=8"  inversion time (TI)=900
ms, voxel size=1x1x1 mms3, scan time 3 min 01 s) were
acquired with same FOV for comparison purposes.
Sample source images are illustrated in Fig 1.

Image Processing and Analysis

Image processing was performed using SPM 12
(Welcome Trust Centre for Neuroimaging, University
College London, UK) [26]. MPF and DPM images
were coregistered to corresponding high-resolution
anatomical images. The right and left amygdala masks
were generated using WFU PickAtlas [27]. The ACC
and dmPFC rois were taken from the article of Amft et
al. [28]. For each subject, all of the ROIs, defined in
MNI space, were warped to the individual’s space and
used as masks to calculate ROI-average values of the
analyzed maps. Two studies with heavily mispositioned
DPM volume not covering left and right amygdala
ROIs were excluded from the analysis. The ROI vol-
umes were: 1.14+0.1 ml for the left amygdala, 1.740.1
ml for the right amygdala, 1.4+0.1 ml for ACC, and
0.840.1 ml for dmPFC. The scheme of ROI placement
is illustrated in Fig 1.

DKI datasets were processed using the Diffusional
Kurtosis Estimator software tool (DKE, Version 2.6)
[29]. Kurtosis (mean, mean kurtosis tensor) and mean
diffusivity parametric maps as well as FA maps were
calculated with the DKI in 36 cases (17 MDD and 19
HC). Examples of DPM are shown in Fig 2.

MPF maps were reconstructed from a single dataset
in 36 cases (13 MDD and 23 HC). The example
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Fig. 1. Representation of the three ROI examined in this article obtained from one of MDD patients (37 y.o. female). Blue:
bilateral amygdala; red: dorsomedial prefrontal cortex (dmPFC); yellow: anterior cingulate cortex (ACC) placed on the
three-dimensional sample source images: (a) T1-weighted image and (b) macromolecular proton fraction (MPF) map

Puc. 1. [1pencraBnienue Tpex uccienyembix B fanHol ctathbe RO, mosyuennbix ot ogHoro u3 nauuentoB ¢ BIIP (ken-
1Ha 37 J1eT), pacrnoJjioykeHHble Ha TpexmMepHbIX u3oOpaxenusix: (a) T1-B3Beuiennoe uzobparkenue u (b) kapra MITO.
CHHHH: MMHAJUHBL; KPAaCHBIH: 10pcoMeanabHast mpedpoHTabHas Kopa; XKeJIThlil: MepeaHsis nosicHasi Kopa

Fig. 2. Example images of diffusion parameter maps calculated by Diffusion Kurtosis Estimator; same axial slice
depicted on all maps (37 y.o. female MDD patient)
Puc. 2. TTpumepnl uzobpaxenust Kapt napamerpoB auddysnu, paccuntannbix ¢ nomotibio Diffusion Kurtosis
Estimator; Ha Bcex Kaprax uao6pakeH OJiH U TOT »Ke akcuabHbli cpes (nauuentka ¢ BJIP, 37 ser)
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of a reconstructed fast whole-brain 3D MPF map with
a standard region of interest set is illustrated in Fig 1.

MPF maps were reconstructed according to the sin-
gle-point synthetic reference image method [22] using
custom-written C-language software. MPIF maps were
registered to the images of standard T1 sequence.

Results. We did not reveal significant age differences
(p=0.128) between MDD and HC groups. The two-
sample t-test comparing the values of the left and right
amygdala in the MDD and HC groups for each metric
did not reveal any significant differences between the
left and right amygdala values. Consequently, we com-
bined the values of the left and right amygdala for each
group in each metric.

ROI-based Analysis

The mean, radial, and axial diffusivity values were
increased in the bilateral amygdala in MDD patients
comparing HC (F=6.3, p=0.01, F=5.0, p=0.03,
F=7.08, p=0.01, respectively) (Fig 3, b). In the ACC
statistically significant increases were observed in the
mean and axial diffusivity in MDD patients compared
with HC (F=5.61, p=0.02, F=7.08, p=0.01, respec-
tively) (Fig 3, ¢). The radial diffusivity in MDD patients
appeared to be higher compared with HC, but did not
reach statistical significance (Fig 3, ¢). There were no
group differences in other metrics, including MPF
(Fig 3, a), mean, radial and axial kurtosis, and MKT.

Discussion. In recent years, there has been growing
evidence from neuroimaging studies suggesting that
functional and structural changes in the brain may be
associated with depression [30]. Diffusion MRI is a non-
invasive method for mapping a brain microstructure and
providing quantitative parameters, making it a valuable
tool in neuroscience research, particularly in the context
of psychiatric disorders. Among the various diffusion
MRI techniques, DTI has been widely used to charac-
terize gross fiber orientations and visualize brain net-
works by imaging the organization of white matter bun-
dles. One of the most commonly studied variables in
DTI is FA, which reflects the degree of directionality of
water molecule movement in tissues and provides
insights into the status of white matter tracts. Lower FA
values are often associated with abnormalities in fiber
density, myelination, or tract coherence, while values
closer to 1 indicate highly directional movement and
stable connectivity [31-33]. Zou, K. et al. [30] indicate
reduced FA values in the left hemisphere in patients with
major depressive disorder (MDD), associated with
increased disease duration and severity. Hassan et al.
[27] found a significant reduction in the FA values of the
cingulum, uncinated fasciculus, and the fornix.
However, other variables commonly used for DTI analy-
ses include axial diffusivity, radial diffusivity, and mean
diffusivity. Axial and radial diffusivity parameters pair
provide the same information about diffusion ellipsoid as
mean diffusivity+FA and may be used interchangeably.

A previous study used DTI for research on white
matter integrity to evaluate the value of FA in patients
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with suicidal ideation. DTI is not able to distinguish
branching or crossing fibers [34]. To address this limi-
tation, we turned to diffusion kurtosis imaging (DKI),
which offers additional metrics closely related to tissue
microstructure. These metrics not only enhance the
accuracy of fiber tracking but also provide improved
quantitative and directional information in both white
and gray matter [20, 21].

Despite the strong correlations observed in DKI
metrics, it’s noteworthy that there was no significant
relationship between MPF values and depressive
symptoms, even after we controlled for age. Our
hypothesis that the disruption of cortical-subcortical
circuit integrity may be accompanied or caused by
some focal or diffuse myelin loss of structural alter-
ations is not sufficiently sensitive. It doesn’t detract
from a diagnostic value of a new quantitative imaging
method, MPF-mapping that already proved its value for
quantitative neuro tissue characterization in vivo fetal
and adult brain studies [24, 25]. Quantitative
Assessment of Subcortical Gray Matter Demyelination
using the Macromolecular Proton Fraction revealed a
close association between Multiple Sclerosis pheno-
type and disability [23].

In terms of diffusion properties, mean and axial (as
well as radial in the case of the amygdala) diffusivity
values showed a statistically significant increased effect
associated with major depressive disorder in the bilat-
eral amygdala and ACC. Mean diffusivity is hypothe-
sized to reflect tissue degeneration and may provide
subtle indicators of neuropathology. This corresponds
to the fact that the amygdala is the exception across all
subcortical regions which perform a familial mean dif-
fusivity aggregation, explained by additive genetic fac-
tors [33]. Previously, the reduction in gray matter vol-
ume and differences in white matter integrity were
investigated in the ACC, which were associated with
depressive symptoms in women [12]. Our work com-
plements these previous findings by providing evidence
of altered diffusion properties in gray matter in the
ACC associated with MDD.

[t is important to acknowledge the limitations of our
study. Firstly, the cross-sectional design restricts our
ability to make causal inferences or determine the tem-
poral sequence of the observed alterations.
Longitudinal studies are needed to establish the
dynamics and progression of these microstructural
changes over time. Secondly, our sample size was rel-
atively small, which may have limited the statistical
power to detect subtle differences. Future studies with
larger sample sizes are warranted to confirm our find-
ings. Our study only included adult participants at the
strong age frame and were mostly females — there-
fore, the findings may not generalize to other age or
sex groups, although studies and statistical results
have shown that the rates of depression are universally
higher in females [35]. Future studies could recruit
more participants with male predominance to balance
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Fig. 3. Boxplots show the two-way ANCOVA comparisons of patients with MDD and HC (a) measured by MPF in
the investigated regions and () in the bilateral amygdala measured by DTI (¢) in the ACC measured by DTI
Puc. 3. bokernorst nokasoisator asycroponnue ANCOVA-cpasuenust nauuentos ¢ bJIP u 'K (a) no MI1® B nccse-
JiyeMbix obJiactsix u (b) Gunarepasnbho B munaasunax no JIT MPT (c¢) B nepenneii nosicno# uasusune no 1T MPT

the numbers. Additionally, our study focused on spe-
cific brain regions based on previous research that have
consistently demonstrated the involvement of these
regions in major depressive disorder [5, 8, 9, 15].
However, it is crucial to recognize that depression is a
complex disorder that involves widespread neural net-
works and may be associated with microstructural
alterations in other brain regions that were not exam-
ined in our study. By exploring a broader range of

regions, future studies can provide a more comprehen-
sive picture of the neurobiological mechanisms
involved in depression.

Our study demonstrates the utility of diffusivity met-
rics in investigating microstructural alterations associ-
ated with depression. The findings enhance the funda-
mental understanding of the complexity of tissue
microstructure and its relationship to depressive disor-
der. Further research employing larger sample sizes
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and longitudinal designs will help confirm and extend
our findings, which will ultimately contribute to a deep-
er theoretical understanding of the neurobiology of
depression, and the development of practical technolo-
gies for various aspects of the diagnosis of this disease.

Conclusions. Accumulated evidence has shown
that diffusion associated brain abnormalities are relat-
ed to patients with major depressive disorder. In our
study, we analyzed both neurological structural varia-
tions in healthy controls and depressed patients using
Diffusion kurtosis imaging and Macromolecular pro-
ton fraction-mappings that improved the accuracy,
integrated, and diversified approach of analysis MDD.
Our results demonstrate that Macromolecular proton
fraction mapping may not exhibit sensitivity to the ear-

liest stages of myelin structural disturbance in the
major depressive disorder brain or further studies may
be required to explore potential clinical applications.
We determined the effect of major depressive disorder
and age on the differences between two groups in the
values of Macromolecular proton fraction, mean diffu-
sivity, fractional anisotropy, mean kurtosis, and kurto-
sis anisotropy. Diffusivity in the bilateral amygdala was
found to have a significant increase in patients with
major depressive disorder compared with healthy con-
trols (p<0.05). In addition, we revealed structural
changes in the form of an increase in the mean, radial
and axial values of the diffusion coefficient (p=0.01) in
the amygdala, which is consistent with the results of
most previous studies [7, 8].
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TemaTtnueckue uznanus, nocesiuieHHble udyueHuio COVID-19

MOCE/CTBUSI
MAHIEMUH
COVID-19

Moar prusgars
1A b o O . Barmps

Monorpadun IOATOTOBACHBI B BUAC M3DPAHHBIX ACKIHI IO OTAGABHBIM HAIIPABACHHUAM KAK MH(DOPMAIINMOHHO-
AHAANTHYECKOE MBAAHHE AAA HEIIPEPBHIBHOTO MEAHIIMHCKOIO OOPA30BAHMA C NCIOAB3OBAHMEM IIEPBOIO KAMHIYECKOTO
ombrta. Ha ocHoBammu amaAmsa myOAMKammii BEAYIIIIX KAHMHHUK U AaOOpaTopuii, paboTarommx B OOAACTH H3ydeHNA
HOBOI KoponapupycHoi nudekmmn COVID-19, ocBerensr mprpoAa BUpyca, IATOIEHE3 U KAUHUYIECKIE IIPOABACHIA
3aboAcBaHmA. AAH aHAAU3 IIPHMCHACMBIX METOAOB ACUCHUS M IIPOMDHAAKTUKH. BBEACHBI 9ACMEHTHI AHAAM3A TCUCHHS
MHQEKIHME B PASAMYHBIX PETHOHAX U CTPAHAX MHPA, IIPEACTABACHO OCMBICACHUE aBTOPAMHE SIIMAECMIYCCKOIO IIPOIECCa
¥ OPraHM3AIMH IIOMOIIH OOABHBIM. B PAAY AHMATHOCTHYECKHX METOAOB OIIMCAHBI KAMHIYCCKHE, AADOPATOPHbIC
I MHCTPYMCHTAABHBIC, BKAIOYAA MOACKYAAPHO-OMOAOIMYECKHE, OMOXHMMUYECKUE, PAAMOAOTHYECKHE HCCACAOBAHIA
BO3MOZKHBIX H3MEHECHII. Y ACACHO 0COO0E BHIMAHUE UMMYHHOM CrCTeME 1 opraram murmesaperusd mpr COVID-19.

VI3AQHs IIOATOTOBACHBI AAfl BPAYCH M KAMHIYCCKUX OPAMHATOPOB PA3ANYHOTO IPOMHAL, pAOOTAIOININX B IIEPHOA
PA3BHTHA SIIHACMIN KOPOHABUPYCHON HH(EKIINH, ACIINPAHTOB 1 CTYACHTOB MEAHIIMHCKUX BY30B.
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