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Preliminary Comparison of Subcortical Structures in Elderly
Subclinical Depression: Structural Analysis with 3T MRI
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2

Depression in the elderly population has shown increased likelihood of neurological disorders due to structural changes in the subcortical area.
However, further investigation into depression related subcortical changes is needed due to mismatches in structural analysis results between studies as well as scarcities in research regarding subcortical connectivity patterns of subclinical depression populations. This study aims to investigate
structural differences in subcortical regions of aged participants with subclinical depression using 3Tesla MRI. In structural analysis, volumes of
each subcortical region were measured to observe the volumetric difference and asymmetry between groups, but no significant difference was
found. In addition, fractional anisotropy (FA) and apparent diffusion coefficient (ADC) did not show any significant differences between groups.
Structural analysis using probabilistic tractography indicated that the connection strength between left nucleus accumbens-right hippocampus,
and right thalamus-right caudate was higher in the control group than the subclinical depression group. The differences in subcortical connection
strength of subclinical depression groups, have shown to correlate with emotional and cognitive disorders, such as anxiety and memory impairment. We believe that the analysis of structural differences and cross-regional network measures in subcortical structures can help identify neurophysiological changes occurring in subclinical depression.
Key words: Subclinical depression, Brain, Basal ganglia, Volumetric, Diffusion tensor imaging, Tractography

INTRODUCTION

The human body becomes vulnerable to various diseases with
age, as its biological structure and function decline. One part of the
body notably affected by age is the brain where its function gradually decreases, leading to increased vulnerability to mental illnesses
and diseases such as cerebrovascular disease and metabolic brain
disease [1]. An aging brain typically shows various structural volume changes that correlate with the formation of brain diseases
[2]. Mental illness of seniors can be caused by various factors such
as psychological attitudes, socioeconomic conditions, adaptation
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difficulties due to changes in the environment, deterioration in
physiology caused by aging, and other complex combinations of
biological, mental, and social factors [3, 4]. Previous studies have
shown an increasing trend of mental illness in aging seniors, with
the most common diseases being dementia and depression [5, 6].
Subclinical depression (SD), a condition that does not meet the
criteria for depressive disorder despite having depressive symptoms, is known to have a significant effect on the quality of life
due to combination symptoms such as mild grief and numbness.
Additionally, a previous study showed that the risk of developing
minor depression from SD is increased in subjects with SD [7].
Therefore, early detection by biomarker testing for SD can help in
early symptom detection and disease evaluation [8].
Research using magnetic resonance imaging (MRI) to identify
changes in morphological and functional characteristics of the
brain has improved the understanding of mental diseases [9]. Due
to excellent contrast provided by MRI, it is possible to distinguish
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the gray matter (GM), the white matter (WM) and the cerebrospinal fluid (CSF) of the brain, and compare their relative size and
shape differences in subcortical areas between subjects [10, 11].
Changes in subcortical structures are related to various neurological disorders such as dementia and depression [12]. Using image
data, it is possible to measure volume and cortical thickness of the
entire brain or regions of interest (ROI). Image techniques such
as Diffusion Tensor Image (DTI) enables structural analysis [13,
14] and tractography analysis of mapped neural connectivity by
reconstructing each voxel containing diffusion information into a
fiber path [15, 16]. Such analyses can show various brain pathologies involved in changes in behavior, learning, and aging.
According to previous studies using MRI, the subcortical GM
areas of patients with depression are mostly smaller when compared to those of normal subjects [17]. For example, areas such as
nucleus accumbens, amygdala, caudate, hippocampus, globus pallidus, putamen and thalamus reported volume reduction in metaanalysis studies [18, 19]. In addition, as part of the limbic–cortical–
striatal–pallidal–thalamic (LCSPT) subcortical network related
to the pathophysiology of major depression disorder (MDD), the
thalamus and hippocampus were previously associated with a
dysfunctional subcortical-cortical intra-network [20]. Hippocampus in particular is known to play an important role in memoryrelated processing, and structural changes in this area have shown
to correlate with emotional and cognitive disorders such as
anxiety and depression [21-23]. Studies on the thalamus, an area
known for processing emotions, have shown that iron deposits in
thalamus can trigger depressive symptoms with age [24]. However,
there are various inconsistencies between studies on subcortical
changes regarding mood disorders [25, 26].
It has been reported that the volumetric asymmetry of the left
and right hemispheres affects cognitive and emotional function in
brain structures [27]. The valence hypothesis reports that the right
hemisphere is related to negative emotions and the left hemisphere
is related to positive emotions [28]. A study using MRI reported
reduced asymmetry in depressed patients using voxel-based morphometry (VBM) on ROIs [29]. However, there are few reports of
depression related asymmetrical changes in subcortical structures
[30].
Synaptic plasticity-related functional disorders, which can occur early in various neurophysiological pathologies, are shown to
influence neurological psychopathic symptoms such as depression
[31, 32]. Previous studies using DTI found loss of WM fiber integrity in patients with depression and suggested that the connectivity
differences in subcortical areas form the basis of several stages of
depression [33]. The results of the study on WM microstructure
damage in patients with depression suggest that the disruption
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of wide-spread fiber connectivity between brain structures can
influence the flow of neurotransmitter materials and cause a chain
reaction of imbalance in neurotransmitter concentration of connected brain structures [34-36]. However, inconsistency in the patterns of subcortical structural and connectivity analysis reported
in each study suggests a need for further investigation. Additionally, since the physiological changes of SD participants are similar
to that of participants with MDD, it will be helpful in understanding depression-related physiological changes of the brain.
This study provides a comprehensive cross-sectional analysis of
characteristics in brain structures related to SD in two groups of
elderly populations using 3T MRI. Based on previous studies that
showed SD can develop into major depression disorder (MDD),
we hypothesized that structural changes in the subcortical area
that appear in MDD will also be seen in SD [7]. The subcortical areas, nucleus accumbens, amygdala, caudate, hippocampus,
globus pallidus, putamen, and thalamus were divided into two
hemispheres and measured quantitatively using MPRAGE and
DTI data collected from participants in age between 65 to 83. The
results of this study can serve as a reference database for the study
of depression-related brain connectivity.
MATERIALS AND METHODS
Subject preparation

The experiment was conducted by recruiting seniors over the age
of 65 from the Senior Welfare Center in Cheongju, North Chungcheongbuk-do. Seniors who agreed to participate were interviewed with a psychiatrist using the Structured Clinical Interview
of DSM-IV (SCID) [37]. A total of 39 participants were recruited
with no signs of major depressive disorder at the time of study
participation. All participants underwent Short Brief Michigan Alcoholism Screening Test-Geriatric version (SMAST-G) for screening alcohol use disorder [38] and the Korean version of minimental status examination(MMSE-KC) [39] for assessing general
cognitive function. Participants were divided into two groups (20
in the control and 19 in the SD group) based on scores of Korean
version of the short geriatric depression scale (SGDS-K) [40]. The
seniors that classified as the SD group received a score greater than
or equal to 8 out of 15 in SGDS-K while the seniors that classified
as control group scored less than 8 in SGDS-K. The basis for the
SGDS-K score cutoff was based on the results of a previous study
that suggested an optimal cutoff point for screening major depressive disorder (MDD) and minor depressive disorder (MnDD)
in community-dwelling seniors as 8 points [41]. To assess the
subject’s language function and verbal memory, each subject took
verbal fluency, Boston naming test, word list test in Korean version
https://doi.org/10.5607/en20056
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of CERAD (CERAD-K) [42]. Age, gender, years of education, and
test scores of the subjects were calculated into standard scores (zscore). All participants with a history of head trauma, neurological
disease, substance use disorder and major psychiatric disorders
such as schizophrenia or bipolar disorders were excluded. This
study was approved by the Chungbuk National University Bioethics Review Committee.
MR image acquisition

Image data acquisition was conducted on a 3 Tesla Philips
Achieve MRI scanner (Philips Medical System, Netherlands). For
signal reception, a Sensitivity encoding (SENSE) 8-channel head
coil was applied. The pulse sequence used for this acquisition was
High-resolution T1-weighted three-dimensional magnetizationprepared rapid gradient echo (T1-MPRAGE) (Gradient echo
sequence with a Repetition Time (TR)=6.8 ms, Echo Time
(TE)=3.2 ms, Flip Angle (FA)=9°, Bandwidth=241.1 Hz, Field
Of View (FOV)=256×240 mm, Slice Thickness=1.2 mm, Matrix
size=256×240, Voxel size=1×1×1.2 mm³, Number of Slice=170,
Scan time=5 m 34 s) and 2D EPI-Diffusion tensor (Spin echo
sequence with a Repetition Time (TR)=6,033 ms, Echo Time
(TE)=70 ms, Flip Angle (FA)=90°, Bandwidth=29.8 Hz, Field Of
View (FOV)=224×224 mm, Matrix size=112×109, Slice Thickness=3 mm, Voxel size=2×2.04×3 mm³, Number of Slice=50, Diffusion gradient pulse duration (δ)=34.4 ms, Diffusion gradient
separation (Δ)=12.3 ms, B-value=1,000 s/mm², Scan time=3 m 31
s). Acquired image data are shown in Fig. 1.

were converted to NIFTI format, then had the brains extracted
from the skulls of each converted NIFTI data. After registering
each extracted brain image to Montreal Neurological Institute
(MNI) 152 space, brain volumes were segmented to calculate the
total brain tissue volume [46-48]. Second, using the FIRST tool,
we extracted subcortical regions (Nucleus Accumbens, Amygdala,
Caudate, Hippocampus, Globus Pallidus, Putamen, and Thalamus) from the registered images and measured their volume [49].
Lastly, we performed eddy correction using FSL’s eddy then generated fiber reconstruction data using FSL’s BEDPOSTX [50] and
probabilistic tractography data using FSL’s PROBTRACKX [51].
The image processing pipeline used in this study is shown in Fig. 2.
Volumetric analysis

Segmentation of nucleus accumbens, amygdala, caudate, hippocampus, globus pallidus, putamen, and thalamus, was performed
using FMRIB software library version 5.0.1 (FSL, Created by the
Analysis Group, Oxford, UK) on acquired MPRAGE data. The
volume of segmented structures was measured using FSL’s fslstats.
All segmentations were divided into left and right hemispheres
and used to evaluate the left and right hemisphere asymmetry in
the subcortical area. The raw volumes of the measured subcortical
areas were adjusted for individual differences in brain size before
intergroup comparisons was compared between groups to account
[52]. Intergroup comparisons were then performed by correcting
for individual differences in brain size.
Probabilistic tractography analysis

Image data processing

Pipelines used for image data analysis used software libraries
such as FMRIB software library version 5.0.1 (FSL, Created by the
Analysis Group, Oxford, UK) [43, 44] and MRtrix3 (Brain Research Institute, Melbourne, Australia) [45]. First, all DICOM data

DTI data obtained for probabilistic tractography analysis were
denoised using MRtrix3 [53]. Eddy currents, susceptibility induced distortions and subject motion were corrected using FSL’s
eddy. The preprocessed data was fitted with a diffusion tensor
model using the DTIFIT function to obtain a scalar DTI map

Fig. 1. Acquired image data (coronal plane) and the processed results using FSL. MPRAGE (A), DTI (B), FA map (C), FA color map (D), example of
fiber orientation produced in each voxel.
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Fig. 2. Full analysis pipeline of the image data.

and fiber orientation information. Results of DTIFIT was used to Statistical analysis
measure fractional anisotropy (FA) and apparent diffusion coeffiFor statistical analysis, independent sample t-tests and Pearson
cient (ADC) through the fslmaths function. BEDPOSTX was per- correlation coefficient were performed using Statistical Package
formed to construct the distribution for the diffusion parameters for the Social Sciences software (SPSS version 23, IBM Corporain each voxel using Markov Chain Monte Carlo sampling. The tion, New York). Correction for the differences in the individual’s
detailed options were 3 number of fibers per voxel, 3000 burnin head size was done with the spinning equation [55].
period, zeppelins model. PROBTRACKX was performed using
�
V =
× 10
the BEDPOSTX results and the segmented brain structure region
�
mask. In PROBTRACKX each structure is designated as a seed
Vroi is each subcortical volume, VNBV is normalized brain volume (NBV), and Vstandard is standardized vol
and target, and the number of streamlines passing through the
Vroi is each subcortical volume,
�VNBV is normalized brain
corrected according to NBV.
V =
× 10
target structure and the shape of the streamline are simulated
by
volume
(NBV),
and
Vstandard
is
corrected
�standardized
 size of thevolume
The following equation was used to find the asymmetric
subcortical region [58,59].
probabilistic tractography results. The detailed options were 5000 according to NBV.
|(� brain
− �)|volume (NBV), and Vstandard is standardized vol
Vroi is each subcortical volume, VNBV is normalized
�� =was used to ×
100
samples per voxel, curvature threshold of 0.2 and stepcorrected
size of 1.according toThe
following equation
(� + �) find the asymmetric size of
NBV.
Tractography results were sorted by seed, normalized using
the
theequation
subcortical
region [56,the
57].asymmetric size of the subcortical region [58,59].
following
wasstructure
used to find
AI is the The
Asymmetry
Index, L is the
of the left
hemisphere, and R is the structure of the right hemisphe
volume of individual brain structures of all subjects, and then
|(� − �)|in a specific structure, and when the values of the
AI represents a decrease in the degree
of
asymmetry
�� =
× 100
averaged. The left and right hemisphere connectivity information
(� + �)
and right structures are the same, AI indicates zero. AI represents asymmetry measurement in a form of a percen
were displayed in matrix form by converting it to a log10 scale.
thatisdoes
not point towards
hemisphere.
AI
the Asymmetry
Index,aLspecific
is the structure
of the left hemisphere, and R is the structure of the right hemisphe
The matrix represents the connectivity between all divided strucAI is the Asymmetry Index, L is the structure of the left hemiTherepresents
differences
in the result
of degree
the neuropsychological
withinstructure,
the subcortical
regions
were statistic
AI
a decrease
in the
of asymmetry in test
a specific
and when
the values
of the
tures, and presented in a total of 4 quadrants in the form of left sphere, and R is the structure of the right hemisphere.
tested
using
z-transformed
with thezero.
independent
t-test.asymmetry
The arithmetic
formula of
is as
follow
and
right
structures
are the correlations
same, AI indicates
AI represents
measurement
in z-score
a form of
a percen
hemisphere-left hemisphere, left hemisphere-right hemisphere,
AI represents a decrease in the degree of asymmetry in a specific
(X − μ)
that does not point towards a specific hemisphere.
Z = of the left and right structures are
right hemisphere-left hemisphere and right hemisphere-right structure, and when the values
σ test within the subcortical regions were statistic
The differences in the result of the neuropsychological
hemisphere [54].
the same, AI indicates zero. AI represents asymmetry measuretested
using
z-transformed
independent
t-test.
Theσarithmetic
formula
of z-score is as follow
X is the
random
variable, μcorrelations
is the mean with
of thethe
random
variable
X, and
is the standard
deviation.
ment in a form of a percentage that does not point towards a spe(X
−
μ)
Volume differences of neuropsychological test results effect size (Cohen's d) were calculated between
Z=
cific hemisphere.
σ
Control group and the SD group. The arithmetic formula of effect size (Cohen's d) is as follows.
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(2X,−and
1)σ is the standard deviation.
X is the random variable, μ is the mean of the random variable
Cohen`s d =

Volume differences of neuropsychological test
results 
effect size (Cohen's d) were calculated between
https://doi.org/10.5607/en20056

Control group
andM2
theare
SDthe
group.
Theofarithmetic
formula
of effect
(Cohen's
as follows.
M1 and
means
the structural
volume
of thesize
Control
and d)
SDisgroup,
respectively, and SD

(2from
− 1)
is the standard deviation. Cohen's d is the smallest in the range
0.2 to 0.4, moderate between 0.5 to 0.7, and
Cohen`s d =

biggest above 0.8.

ected according to NBV.

� size of the subcortical region [58,59].
The following equation was used toVfind the asymmetric
=
× 10


is each subcortical volume, VNBV

�
|(� − �)|
�� =Comparison
× 100
of Differences
in Brain Structure Area and Differences through Tractography Analysis
(�brain
+ �)volume
is normalized
(NBV), and Vstandard is standardized volume

cted according to NBV.
s the Asymmetry Index, L is the structure of the left hemisphere, and R is the structure of the right hemisphere.
The following equation was used to find the asymmetric size of the subcortical region [58,59].
AI represents a decrease in the degree of asymmetry in a specific structure, and when the values of the left

The differences in the result
of the neuropsychological test cutoff, a relatively acceptable cutoff of 0.2 was established [59, 60].
|(� − �)|
within the subcortical regions
The application of FDR was performed based on Seed volume,
(� +were
�) statistically tested using zdoes not point towards a specific hemisphere.
transformed correlations with the independent t-test. The arith- FA, ADC, and connectivity values of each structural region correthe Asymmetry
Index,
L isresult
the structure
of the left hemisphere,
R isthe
thesubcortical
structure ofregions
the right
hemisphere.
The differences
in the
of the neuropsychological
test and
within
were
statistically
metic formula of z-score is as follows.
sponding to each table, and in correlation with the results of neuAI represents
a decrease
in thewith
degree
asymmetryt-test.
in a specific
structure,
and when
the values
the left
d using
z-transformed
correlations
theof
independent
The arithmetic
formula
of z-score
is as of
follows.
ropsychological tests. FDR correction was applied to volume, FA,
ight structures are the same, AI indicates zero. AI represents
(X − μ) asymmetry measurement in a form of a percentage
Z=
ADC, and asymmetry, respectively, and the connection pathways
σ
does not point towards a specific hemisphere.
representing the connectivity between two structures were divided
The differences
result
of of
thethe
neuropsychological
thestandard
subcortical
regions were statistically
the random
variable,inμ the
is the
mean
random variable X,test
andwithin
σ is the
deviation.
X iscorrelations
the random
variable, μ is the mean
of the
random
variable
X, into
left and right hemispheres.
d using
z-transformed
with the independent
t-test.
The size
arithmetic
formula
of z-score
is asbetween
follows.the
Volume
differences
of neuropsychological
test results
effect
(Cohen's
d) were
calculated
and σ is the standard deviation.(X − μ)
trol group and the SD group. The arithmetic formula of effect size (Cohen's d) is as follows.
Z=
Volume differences of neuropsychological
test results effect size RESULTS
σ
(2 − 1)
Cohen`s
d=
(Cohen’s d) were calculated
between
the
Control
group and the SD
the random variable, μ is the mean of the random variable
X,
and σ is the standard deviation.
group. The arithmetic formula of effect size (Cohen’s d) is as fol- Demographic and psychological characteristics of the
Volume
of neuropsychological
results
effect
size (Cohen's
d) wererespectively,
calculated between
the
M1 and differences
M2 are the means
of the structural test
volume
of the
Control
and SD group,
and SDpooled
subjects
lows.
group and
the SD Cohen's
group. The
formula
effect
size0.2
(Cohen's
is as follows.
erolstandard
deviation.
d isarithmetic
the smallest
in the of
range
from
to 0.4, d)
moderate
between 0.5 to 0.7, and the
In this study, demographic characteristics were compared be(2 − 1)
est above 0.8.
Cohen`s d =
tween
recruited seniors in the control and SD group using chi

All image data were tested for normality through shapiro-wilk
test, and equal variance test was performed
square test and Independent t-test. The average age between the
and M2
means of thet-test.
structural
volume of
the Control
andthe
SD differences
group, respectively,
and volume,
SDpooled
ugh M1
levene`s
testareoftheindependent
Independent
t-tests
evaluated
normalized
M1 and M2 are the means of the structural volume of the Con- controls and SD group was 69.58±4.51, 72.20±4.53, respectively,
e standard
deviation.
Cohen's d between
is the smallest
in thegroup
range and
fromthe
0.2SD
to group.
0.4, moderate
betweendifferences
0.5 to 0.7, between
and the
mmetry
index,
and pathways
the control
Demographic
trol and SD group, respectively, and SDpooled is the standard devia- with no significant difference in age (p: 0.124). Additionally, the
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were 0.8.
assessed using chi-square test (e.g. sex) and Independent
t-test (e.g. age and education level).
sex
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was
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data
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In addition,
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false discovery
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for false
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Table 1. Demographical statistics of each participant

Unit
Sex

Male
Female

Control
SN group
Total
group
mean±SD mean±SD
mean±SD
n=19
n=39
n=20
6
13

6
14

12
27

Analysis
χ²
(p-value)
0.345 (0.557)

Mean±SD Mean±SD Mean±SD t (p-value)
Age Year
EDU Year

69.58±4.51 72.20±4.53 70.89±4.52 -1.573 (0.124)
10.89±3.93 10.00±4.08 10.45±4.00 0.698 (0.490)

Significant p-value displayed in bold.
Data given in mean±standard deviation (SD).
EDU, Education.

https://doi.org/10.5607/en20056

GDS-KC
2.21±2.27
MMSE-KC
28.58±0.77
SMAST-G
0.47±1.43
Memory_z
0.73±0.84
Recall_z
0.23±0.88
Recognition_z 0.48±0.33
Boston_z
0.61±0.62
Fluency_z
0.41±1.08

10.40±2.04
27.90±1.33
1.25±1.65
0.34±0.69
-0.42±0.72
-0.54±0.86
0.49±0.91
-0.27±0.80

6.31±2.16
28.24±1.05
0.86±1.54
0.54±0.76
-0.10±0.80
-0.03±0.59
0.55±0.76
0.07±0.94

.890***
-.303
.249
-.254
-.384*
-.623***
-.075
-.343*

*p<.05, **p<.01, ***p<.001 by Significance of correlation (p≤0.05).
Data given in mean±standard deviation (SD).
SGDS-K: Korean version of short Geriatric Depression Scale.
MMSE-KC: Mini Mental Status Examination in the Korean version of the
CERAD assessment packet.
SMAST-G: Short Brief Michigan Alcoholism Screening Test-Geriatric
version.
Memory, Word list memory; Recall, Word list Recall; Recognition, Word
list Recognition; BNT, Boston naming test; VF, Verbal fluency test; z, Zscore.
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Fig. 3. The segmentation result of subcortical structures from the entire brain. 3D rendered brain are shown with the slice number to match the location
of the subcortical structures (Top left), subcortical structure label (Bottom left), segmentation of the subcortical structures overlaid on MPRAGE image
data (Right 1~6).

cal testing scores was confirmed by Pearson correlation in Table
2. In the SGDS-KC test, the SD group showed a higher score and
showed a significant correlation (p: <0.001). The comparison results of word list recall (p: 0.016), word list recognition (p: <0.001),
and verbal fluency test (p: 0.032) were significantly lower in the
SD group. however, scores of MMSE-KC (p: 0.061), SAMST-G (p:
0.126), Word list memory (p: 0.119), and Boston naming tests (p:
0.648) showed no significant correlation.
Segmentation of brain subcortical structure

Brain segmentation analysis was performed on MPRAGE images using FSL, with the segmented subcortical areas presented in
Fig. 3. The segmented subcortical regions are all divided into left
and right hemispheric areas and visualized on the extracted brain
from the MPRAGE images to accurately quantify the segmentation of nucleus accumbens, amygdala, caudate, hippocampus, globus pallidus, putamen, and thalamus. The visualized subcortical
areas are presented in Fig. 3, and detailed positions and shapes of
them are identified on each slide. Also, the segmentation results are
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3D rendered in Fig. 4.
Quantitative morphometric analysis of the subcortical
structure

The p-value of independent t-tests on significant differences of
subcortical volumes and FDR corrected results are displayed in
Table 3. The results of the comparisons between mean subcortical
volumes between the two groups are as follows. The control group’s
left hemisphere volumes were greater than the SD group’s volumes
in the nucleus accumbens (Left: -3.4%, p: 0.679), amygdala (Left:
-4.7%, p: 0.673), caudate (Left: -10.1%, p: 0.158), hippocampus
(Left: -3.9%, p: 0.539), globus pallidus (Left: -19.4%, p: 0.176), putamen (Left: -2.5%, p: 0.693) and thalamus (Left: -1.3%, p: 0.738). In
the left hemisphere, globus pallidus showed the biggest gap, and
thalamus showed the smallest difference. The control group’s right
hemisphere volumes were greater than the SD group’s volumes
in the nucleus accumbens (Right: -12.3%, p: 0.057), amygdala
(Right: 7.2%, p: 0.399), caudate (Right: 0.6%, p: 0.948), hippocampus (Right: 0.1%, p: 0.985), globus pallidus (Right: -1.0%, p: 0.953),
https://doi.org/10.5607/en20056
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Fig. 4. Segmented subcortical structures rendered in 3D. Model Plot of the position of subcortical areas (Left), location indicator and the label information of each subcortical structures (Right A~F).
Table 3. Volume measurements of subcortical structures for control and SD group
Nomalized volume
ROI
Left

Right

Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalaus
Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalaus

Control group
mean±SD
n=19
266.822±78.302
699.550±195.739
2,150.217±352.776
2,745.636±434.846
2,218.900±1,038.884
826.835±180.521
2,813.585±345.487
187.855±44.153
642.576±146.277
2,056.552±499.238
2,793.791±488.173
1,465.499±765.667
745.986±131.817
2,882.897±342.515

SN group
mean±SD
n=20

Absolute
difference
(mm3)

257.768±54.497
666.663±281.424
1,933.213±555.041
2,639.871±618.219
1,789.036±898.619
806.347±137.257
2,776.754±336.720
164.726±26.650
688.665±189.147
2,068.496±623.965
2,796.716±444.167
1,451.172±740.233
765.615±132.065
2,789.203±318.472

9.054
32.887
217.004
105.765
429.864
20.488
36.831
23.129
46.089
11.944
2.925
14.327
19.629
93.694

Percentage
difference
(%)
-3.4
-4.7
-10.1
-3.9
-19.4
-2.5
-1.3
-12.3
7.2
0.6
0.1
-1.0
2.6
-3.2

Cohen’s d

p-value
(FDR)

0.134
0.136
0.467
0.198
0.443
0.128
0.108
0.634
-0.273
-0.021
-0.006
0.019
-0.149
0.283

0.679 (0.939)
0.673 (0.939)
0.158 (0.821)
0.539 (0.939)
0.176 (0.821)
0.693 (0.939)
0.738 (0.939)
0.057 (0.798)
0.399 (0.939)
0.948 (0.985)
0.985 (0.985)
0.953 (0.939)
0.645 (0.985)
0.383 (0.939)

Data given in mean±standard deviation (SD).
Volume is measured in cubic units (1 voxel=1 mm3).
Significant p-value displayed in italics (p≤0.05).
Among the p-values showing significant differences, the values that passed the FDR correction (p≤0.2) are displayed in bold.

putamen (Right: 2.6%, p: 0.645) and thalamus (Right: -3.2%, p:
0.383). Furthermore, in the right hemisphere, nucleus accumbens
showed the largest difference, while the hippocampus showed the
smallest difference. Overall, volumetric comparison between the
left and right hemispheres showed that most subcortical volumes
were greater in the Control group than subcortical volumes of
the SD group, as shown in Table 3, and that the left hemisphere
volumes were larger than the right volumes. However, there was
https://doi.org/10.5607/en20056

no significant difference between groups in both the left and right
hemisphere subcortical volumes (FDR p>0.2). Since the differences of flat volumetric changes (pre-normalized values corrected
for brain size) must be considered, a raw volume analysis of each

group’s subcortical area was performed to show similar increases
and decreases as shown in Table 3. Comparison of raw volumes of
subcortical regions between groups is presented in Supplementary
Table 1.
www.enjournal.org
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Table 4 shows the volumetric asymmetry of all subcortical regions of the control group and SD group. In the Control group,
volumetric asymmetry was larger in globus pallidus (p: 0.172),
putamen (p: 0.448), thalamus (p: 0.277), and caudate (p: 0.167),
whereas, in the SD group, volumetric asymmetry was larger in the
nucleus accumbens (p: 0.127), hippocampus (p: 0.488), and amygdala (p: 0.221). However, none of the volumetric asymmetries was
significantly different between groups (FDR p>0.2).

Table 4. The arithmetic means of asymmetry index of subcortical structures in Control and SD group
Volume
ROI

Control group
mean±SD
n=20

SD group
mean±SD
n=19

p-value
(FDR)

Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalamus

16.446±11.008
3.474±15.596
3.122±8.600
0.820±10.455
20.116±23.883
4.675±9.173
1.225±3.103

21.445±8.771
3.634±19.913
2.965±17.190
3.621±14.284
9.803±22.249
2.704±6.587
0.258±2.287

0.127 (0.387)
0.221 (0.387)
0.167 (0.387)
0.488 (0.488)
0.172 (0.387)
0.448 (0.488)
0.277 (0.388)

Data given in mean±standard deviation (SD).
Significant p-value displayed in italics (p≤0.05).
Among the p-values showing significant differences, the values that
passed the FDR correction (p≤0.2) are displayed in bold.

Table 5 shows the statistical difference of all average FA and ADC
values between the control and SD groups. Although there were
no significant differences in the FA values between the two groups,
ADC value on the left hippocampus area was significantly different (p: 0.047). However, after FDR correction was done, the significant difference disappeared (FDR p>0.2).
Comparison of probabilistic tractography analysis

Probabilistic tractography was used to compare the subcortical
connectivity between the SD group and the Control group. The
results of probabilistic tractography analysis, which involves a Ttest comparison of each group’s connectivity, are presented in the
form of a linked matrix (Fig. 5). The subcortical connectivity map
is a scale-color map, with seven left and right anatomical detail areas, estimating the connectivity between a total of 14 areas. A total
of 39 matrix maps (Control group (N): 20, SD group (N): 19) was
created using the acquired DTI data of all groups. Matrix maps
of SD and control groups were averaged to compare and analyze
the intergroup connectivity matrix maps. The connectivity values
between the subcortical structures of SD and control groups are
shown in Supplementary Table 2. Each matrix shows the connectivity between the left column as the seed area and the top row as
the target area. The estimates between seed and target area are not
necessarily the same as connectivity estimates between target and
seed areas due to fibers being generated from one region. Further-

Table 5. FA and ADC of subcortical structures for Control and SD group
FA
ROI
Left

Right

Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalaus
Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalaus

Control group
mean±SD
n=19
2.262E-1±2.841E-2
2.185E-1±3.639E-2
3.920E-1±5.082E-2
1.789E-1±1.808E-2
2.858E-1±7.461E-2
3.796E-1±4.950E-2
3.394E-1±2.126E-2
2.200E-1±2.602E-2
1.921E-1±2.306E-2
3.751E-1±4.904E-2
1.782E-1±1.556E-2
2.460E-1±4.995E-2
4.013E-1±5.577E-2
3.535E-1±2.544E-2

ADC

SN group
mean±SD
n=20

p-value
(FDR)

Control
mean±SD
n=19

Depression
mean±SD
n=20

p-value
(FDR)

2.297E-1±2.762E-2
2.290E-1±3.801E-2
4.077E-1±3.256E-2
1.718E-1±2.599E-2
2.834E-1±6.856E-2
3.799E-1±4.609E-2
3.445E-1±2.005E-2
2.229E-1±2.133E-2
1.767E-1±2.588E-2
3.835E-1±5.488E-2
1.730E-1±2.433E-2
2.482E-1±3.444E-2
3.955E-1±5.906E-2
3.527E-1±1.877E-2

0.696 (0.986)
0.387 (0.986)
0.260 (0.986)
0.331 (0.986)
0.917 (0.986)
0.986 (0.986)
0.449 (0.986)
0.708 (0.986)
0.058 (0.812)
0.617 (0.986)
0.441 (0.986)
0.875 (0.986)
0.753 (0.986)
0.911 (0.986)

7.320E-4±4.444E-5
8.333E-4±3.516E-5
7.458E-4±5.016E-5
1.060E-3±9.955E-5
7.404E-4±7.546E-5
7.042E-4±5.156E-5
7.756E-4±2.454E-5
7.428E-4±4.843E-5
8.398E-4±5.058E-5
7.514E-4±6.283E-5
1.053E-3±8.750E-5
7.251E-4±7.014E-5
6.985E-4±5.885E-5
7.734E-4±1.685E-5

7.105E-4±5.250E-5
8.617E-4±8.589E-5
7.353E-4±4.071E-5
1.137E-3±1.312E-4
7.186E-4±6.519E-5
6.994E-4±3.654E-5
7.883E-4±4.118E-5
7.227E-4±6.328E-5
8.649E-4±6.616E-5
7.697E-4±1.305E-4
1.120E-3±1.510E-4
7.072E-4±7.573E-5
6.874E-4±6.969E-5
7.811E-4±3.541E-5

0.176 (0.543)
0.194 (0.543)
0.479 (0.610)
0.047 (0.543)
0.341 (0.597)
0.740 (0.740)
0.253 (0.548)
0.274 (0.548)
0.190 (0.543)
0.578 (0.641)
0.102 (0.543)
0.450 (0.610)
0.595 (0.641)
0.397 (0.610)

Data given in mean±standard deviation (SD).
ADC is measured in millimeter squared per seconds (mm2/s).
Significant p-value displayed in italics (p≤0.05).
Among the p-values showing significant differences, the values that passed the FDR correction (p≤0.2) are displayed in bold.
FA, fractional anisotropy; ADC, apparent diffusion coefficient.
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Fig. 5. Connectivity matrix map using DTI analysis results. Control group connectivity matrix map (A), SD group connectivity matrix map (B), Subcortical area connectivity matrix between two groups (C), connectivity matrix with significant difference (D). The link matrix was estimated between 14
anatomical areas on a logarithmic 10 scale color map. Tractography seed is shown above, target shown in the left column, along with rendered volumes
of each structural area.

more, subcortical areas divided into left and right hemispheres
creates a connectivity matrix from four different hemispheric
combinations of connection strengths in one matrix, each of
which consists of left-left, left-right, right-left, and right-right. The
average connectivity values in each group are represented in percentages as shown in Supplementary Table 3.
In Fig. 5A, B, the connectivity of the right hemisphere is higher
than that of the left hemisphere, and the Control group has a

https://doi.org/10.5607/en20056

higher connection strength than the SD group’s connection. The
connectivities of all regions are symmetrical around the diagonal
at the center of the matrix map, and the connectivity on the same
hemisphere is higher than that of the opposite.
The connectivity of subcortical areas in the Control group and
SD group were analyzed through T-test statistics, and presented
as matrices in Fig. 5C, D. The connectivities that showed significant differences in the subcortical area were the left nucleus
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accumbens-left hippocampus (p: 0.042), left nucleus accumbensright hippocampus (p: 0.027), and right thalamus-right caudate (p:
0.018). However, the significant difference of left nucleus accumbens-left hippocampus connectivity did not pass the FDR correction (p>0.2). Independent T-test result values of each subcortical
structures between the Control group and SD group and the average connectivity values in each group are shown in Supplementary

Table 4.
Fiber paths showing statistically significant differences are plotted in Fig. 6. The connectivity of each group were averaged and
compared. the SD group showed lower connectivity intensity in
the left nucleus accumbens-right hippocampus (FDR p: 0.190)
(Fig. 6A), and in the right thalamus-right caudate (FDR p: 0.129)
(Fig. 6B).

Fig. 6. Comparison graphs of segmented subcortical significant structure connection intensity between control and SN group. The right thalamus-right
caudate (A) and left accumbens-right hippocampus (B). The p-values (*) that passed the FDR correction are displayed (p≤0.2). Yellow: control, Red: SD. L,
Left; R, Right; Thal, Thalamus; Caud, Caudate; Accu, Nucleus Accumbens; Hipp, Hippocampus.

Fig. 7. The significant difference of connection between subcortical areas is 3D rendered. Pathway connection strength is expressed in accordance with
a logarithmic 10 scale gray map. The rendered structure and connection strength were presented in Axial, Sagittal, and Coronal (Top), and the exact location of the structural area was rendered on the left. L, Left; R, Right; Accu, Nucleus Accumbens; Hipp, Hippocampus; Thal, Thalamus; Caud, Caudate.
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The connectivities between structures that show significant differences from the T-test statistical analysis are 3D rendered in Fig. 7.
Left side of the figure shows two areas with statistically significant
connectivity difference, with the brain directions of the Control
group and the SD group displayed at the top of the figure. Interstructural connectivities, expressed in grayscale, shows weaker
connection strength closer the fiber color is to black, and stronger
connection strength closer the fiber color is to white. The track
shape of the Control group and the SD group, which indicates the
connectivity between each area, exhibits strong connections mostly in the same location, excluding minor twig-like protrusions.
Control group with connectivity stronger than that of the SD
group, are as follows: left nucleus accumbens-right hippocampus
(Control group: 0.085, SD group: 0.009), and right thalamus-right
caudate (Control group: 1420, SD group: 1295). The aforementioned results are consistent with the connectivity matrix shown
in Fig. 5, the control group showing stronger connectivity strength
than the disease group’s connectivity.
The relationship between the connection intensity of
hippocampus and thalamus and neuropsychological
examination

In Table 6, 7 and Fig. 8, the intensity of the WM connectivity
from the hippocampus and thalamus to the rest of the subcortical

area was examined to see if the connectivity intensity correlates
with scores of neuropsychological tests (e.g. Word list Recall, Word
list Recognition, and Verbal fluency test).
The Control group showed no significant correlations with
WM connectivity and the world list recall test scores while the SD
group’s left hippocampus-right hippocampus (r : -0.525, p: 0.021),
right hippocampus-left hippocampus (r : -0.500, p: 0.029), and right
hippocampus-left thalamus (r : -0.476, p: 0.039) showed negative
correlations with WM connectivity and test scores. When testing
for correlation between WM connectivity and word list recognition test scores, negative correlation was found in the connection
intensity of control group left hippocampus (r : -0.444, p: 0.050),
and positive correlation was found in SD group left hippocampusleft globus pallidus (r : 0.467, p: 0.044). When testing verbal fluency
test scores for correlation with WM connectivity, negative correlation was found only in the connection intensity between the left
hippocampus and the right hippocampus (r : -0.470, p: 0.037) of
the control group. However, the significant correlations that passed
FDR correction (p≤0.2) were limited to negative correlations
with word list recall test scores and connectivity intensities of left
hippocampus-right hippocampus (r : -0.525, FDR p: 0.148), right
hippocampus-left hippocampus (r : -0.500, FDR p: 0.138) and right
hippocampus-left thalamus (r : -0.476, FDR p: 0.138) as shown in
Table 6.

Table 6. Each group’s correlation coefficients of connectivity intensity between hippocampus and all other subcortical regions with neuropsychological
test scores
Word list recall
ROI
Left

Right

Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalamus
Accumbens
Amygdala
Caudate
Hippocampus
Pallidus
Putamen
Thalamus

Control group

Word list recognition

SD group

Control group

SD group

Verbal fluency test
Control group

SD group

Left

Right

Left

Right

Left

Right

Left

Right

Left

Right

Left

Right

-.201
-.090
-.114
-.324
.073
-.252
.056
-.118
.021
.035
-.252
-.044
-.160
.125

-.139
-.130
-.192
-.100
-.098
-.171
-.344
.008
-.055
-.007
-.319
.297
-.390
.039

.133
.195
-.012
-.019
-.059
-.198
.002
-.159
-.417
-.288
-.525*
-.265
-.160
-.188

-.018
-.331
-.302
-.500*
.122
.035
-.476*
.011
-.019
.001
-.020
.370
-.118
-.203

-.330
-.007
.027
-.444*
-.143
-.202
.070
.183
.193
.274
.062
.135
-.043
-.050

.164
.085
.367
.095
.119
.059
-.024
.129
-.113
.381
-.430
-.029
.182
-.061

.047
.205
.171
-.232
.467*
-.049
.178
.287
.117
.056
.098
.314
-.103
-.075

.023
.156
-.084
.024
-.206
-.289
-.036
-.092
-.039
-.045
-.258
.177
-.121
.188

-.279
.006
-.108
-.347
-.020
.236
-.093
.041
-.121
.055
-.470*
.051
.140
-.030

.044
-.222
-.356
-.418
.053
.069
-.149
.069
-.110
-.264
-.356
.067
-.375
.244

-.123
.158
-.008
.035
.228
.240
-.125
.409
.016
-.086
.104
.180
-.035
-.037

-.148
.287
-.053
.064
-.239
-.072
.338
.021
-.310
.048
.022
-.073
.019
.266

For the connectivity between the hippocampus and other subcortical areas, the hippocampus is the seed region, and all the other subcortical areas is the
target.
In the left column presenting the target area, the connectivity of the hippocampus, in the left and right hemispheres, are shown under each neuropsychological test.
*Significance of correlation at 0.05 level (2-tailed).
Among the p-values showing significant differences, the values that passed the FDR correction (p≤0.2) are displayed in bold.
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Table 7. The Control and SD group’s correlation coefficients of connectivity intensity from the thalamus to all other subcortical regions with neuropsychological test scores
Word list recall
ROI

Control group
Left

Right

Word list recognition

SD group
Left

Control group

Right

Left

Right

SD group
Left

Right

Verbal fluency test
Control group
Left

Right

SD group
Left

Right

Left

Accumbens
-.162
-.166
.311
-.071
.153
-.329
.382
-.033
-.311
-.265
-.067
-.247
Amygdala
.081
.279
-.002
-.445
-.155
.345
.113
.128
.407
.221
.167
.145
Caudate
-.226
.020
-.137
-.541*
.061
.198
-.005
-.056
-.305
-.020
.126
-.153
Hippocampus
.010
.049
-.124
-.289
-.207
.035
.104
.134
-.088
-.008
.119
.249
Pallidus
.104
.232
-.465* -.404
.032
-.127
.334
.193
.060
.037
.050
.075
Putamen
-.299
-.066
-.164
-.401
.080
.117
.045
.024
-.144
.009
.239
.041
Thalamus
-.332
-.368
-.038
-.494* -.442
-.105
-.246
-.089
-.337
-.238
.025
.052
Right
Accumbens
-.105
.130
-.197
.528*
.202
-.315
.294
.304
.033
-.041
.113
.020
Amygdala
.308
.283
-.211
.019
.301
.335
.027
.014
.178
.401
.258
-.002
Caudate
.062
-.291
-.524* -.003
.197
-.373
.046
-.166
-.053
-.219
-.109
-.067
Hippocampus
.048
.154
-.006
-.139
.043
.092
.007
.254
-.103
.054
-.236
.278
Pallidus
.176
.276
-.515* .312
.159
-.271
.190
.258
.124
.015
.036
.044
Putamen
.086
-.028
-.442
-.001
.067
.269
.123
.001
.125
-.092
.076
.120
Thalamus
-.325
-.323
-.499* -.032
-.079
-.461*
-.087
-.231
-.226
-.353
.058
.026
For the instance of the connectivity between the thalamus and other subcortical areas, the thalamus becomes the seed region, and all the other subcortical areas as the target. The left column presenting the target area, the connectivity of the thalamus, which is the seed area of the Control and SD group,
in the left and right hemispheres, are shown under each neuropsychological test.
*Significance of correlation at 0.05 level (2-tailed).
Among the p-values showing significant differences, the values that passed the FDR correction (p≤0.2) are displayed in bold.

The Control group’s subcortical connectivity intensity from the
thalamus had no significant correlations with the word list recall
test scores (FDR p>0.2). However, the SD group’s connectivity intensity in the left thalamus-left globus pallidus (r : -0.465, p: 0.045),
left thalamus-right caudate (r : -0.524, p: 0.021), left thalamus-right
globus pallidus (r : -0.515, p: 0.024), right thalamus-left pallidum (r :
-0.442, p: 0.058), left thalamus-right thalamus (r : -0.499, p: 0.030),
right thalamus-left caudate (r : -0.541, p: 0.017) and right thalamusright thalamus (r : -0.494, p: 0.031) showed negative correlation
with word list recall test scores and positive correlation with the
right thalamus-right accumbens (r : 0.528, p: 0.020) and test scores.
For word list recognition tests scores, the only negative correlation
found in the Control group was in the right thalamus (r : -0.461,
p: 0.041), while no significant correlations with the Verbal fluency
test were found. Negative correlations with word list test scores and
connectivity intensities of thalamus, left thalamus-right caudate (r :
-0.524, FDR p: 0.069), left thalamus-right globus pallidus (r : -0.515,
FDR p: 0.069), all survived FDR correction. Positive correlations
with word list test scores and connectivity intensities of left thalamus-right thalamus (r : -0.499, FDR p: 0.069), right thalamus-left
caudate (r : -0.541, FDR p: 0.110) and right thalamus-right thalamus (r : -0.494, FDR p: 0.110) and right thalamus-right accumbens
(r : 0.528, FDR p: 0.141), passed the FDR correction (FDR p≤0.2) as
shown in Table 7.
Significant structural connectivity that passed the FDR correc-
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tion is presented graphically in Fig. 8.
DISCUSSION

We conducted neuropsychological tests on seniors, classified
them into Control and SD groups and obtained brain image data
using 3Tesla MRI. Using the acquired image data, differences in
structural aspects were observed by dividing subcortical areas into
left and right hemispheres, and the connectivity of each structural
area was investigated using probabilistic tractography. The results
of this study were compared to the results of previous research on
depression-related brain structural change. Previous studies have
shown that people with subclinical asymptomatic depression have
an increased risk of developing depression, and a biomarker test
for early detection of depression has shown to help detect early
symptoms [7, 8]. The consensuses upon depression-related brain
structures in previous studies are that the subcortical areas are
mostly smaller than healthy brain structures and shows structural
asymmetry in the left and right hemispheres of the brain [33]. It is
also known that loss of integrity on WM fibers occurs in brains of
subjects with depression, which correlates with low connectivity in
subcortical areas [61].
By using FIRST from FSL, the left and right hemisphere subcortical structures were segmented. The seven segmented areas (e.g.,
Nucleus Accumbens, Amygdala, Caudate, Hippocampus, Globus
https://doi.org/10.5607/en20056
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Fig. 8. A scatterplot graph of the correlation between the connection pathways and neuropsychological test scores showing significant differences. The
horizontal axis of the graph is the strength of the connection between structures showing significant differences, and the vertical axis is the neuropsychological test score of z-score. Only the significant p-values that passed the FDR correction (p≤0.2) are displayed. Accu, Nucleus Accumbens; Caud,
Caudate; Hipp, Hippocampus; Pall, Pallidus; Thal, Thalamus.

pallidus, Putamen, and Thalamus) were overlaid in MPRAGE to
evaluate if the structures were well fitted in the correct position as
shown in previous studies. In quantitative analysis, most structures
were smaller in the SD group as shown in previous studies, and the
quantified values such as FA and ADC were mostly shown to be
smaller in the SD group. Furthermore, the quantified values were
larger in the left hemisphere than the right hemisphere in both
the Control group and the SD group. However, no quantified values showed statistically significant differences (FDR p>0.2). The
hemispherical asymmetry appeared in both control and depression groups. Asymmetries from the controls and depressions were
similar to each other, and the left hemisphere asymmetry prevailed
in cortical areas. These findings were consistent with the previous studies [62-65]. However, when comparing the left and right
hemisphere asymmetry between groups, no statistically significant difference was found (FDR p>0.2). Hemispheric asymmetry
patterns are critical in identifying certain structural anomalies
https://doi.org/10.5607/en20056

associated with mental and nervous system diseases such as Attention Deficit/Hyperactivity Disorder (ADHD), schizophrenia and
Alzheimer’s disease, etc. [66, 67]. Since hemispherical asymmetry
patterns are identifiable for specific structural anomalies associated with mental and neurological disorders, further studies with
larger sample sizes are needed in the future.
Through probabilistic tractography analysis, the connectivity
between the detailed areas of each subcortical region was investigated in the form of a matrix for visualizing strong and weak interhemispheric connectivity. Consistent with previous studies, the
connectivity between structures at a closer distance was stronger
than that of in the far [68]. Comparisons between the two groups
showed that the Control group had higher connection intensity
than the SD group and that statistically significant differences in
connection pathways were found in left nucleus accumbens-right
hippocampus and right thalamus-right caudate. A decrease in
hippocampus-related connection strength in SD group has shown
www.enjournal.org

195

SangJin Im, et al.

that it can affect emotional and cognitive disorders such as anxiety
and depression and quantifying the network measurements of
such hippocampal networks can help assess cognitive impairment
across clinical conditions [64, 69]. Moreover, results showed that
there was a significant correlation between each structure’s connectivity and neuropsychological test scores. The connectivity of
the hippocampus and thalamus, structures that greatly influence
depression, showed more correlations in the SD group than in the
Control group [70]. Out of all the neuropsychological tests, the
Wordlist Recall test showed the most prominent correlations.
Nucleus accumbens, a structure involved in the reward system
and related to depressive symptoms such as anhedonia, showed
structural and functional alteration in depression patients [71].
The mechanism by which nucleus accumbens affects depressive
symptoms can be inferred from studies using mouse models to
study the synaptic connection between accumbens and hippocampus. Specifically, the neurotransmission of synapses spanning from
hippocampus to accumbens is shown to decrease when undergoing chronic social defeat stress [72]. Additionally, improvement
of synaptic plasticity and neurotransmitter modulation between
hippocampus and nucleus accumbens were found in subjects
adapting escapist behavior to deal with hopeless situations. Thus,
the weakened WM connectivity between left accumbens and right
hippocampus in SD subjects identified in our study may represent
synaptic dysfunction reflected in microstructural alterations of
subcortical structures, frequently observed in subjects with depressive spectrum disorder, particularly before volumetric changes
of subcortical structures occur.
In the SD group, the WM connectivity of thalamus and caudate
were found to be weaker than those of control group. Caudate
forms a reward network with the frontal cortex and nucleus accumbens. According to previous studies, caudate volume did
not show a significant difference between healthy controls and
patients with mild to moderate depression as well as late life depression, which is consistent with the results of this study [73]. In
patients with depression, functional alteration is mainly observed
over structural alteration in the caudate as described in studies
showing reduced functional connectivity of anterior cingulate
cortex and caudate in depression group, possibly affecting motivation level of subjects with depression [74, 75]. The pattern of
significantly weaker thalamus to caudate connectivity in SD group
when compared with healthy controls in this study supports the
evidence that microstructural alteration of caudate may be related
to motivation and anhedonia symptoms that occur in depression
patients.
Results of this study showed a relationship between subcortical
structural WM connectivity and verbal recall and recognition.
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The level of verbal recall in the SD group was lower than that of
the control group, followed by a negative correlation with interhemispheric hippocampal connectivity. The structural and functional characteristics of the hippocampus are particularly related
to memory performance [76, 77], with hippocampal asymmetry
predicting accurate treatment response to memory dysfunction of
depression [78]. Hippocampus, unlike other subcortical structures,
establishes interhemispheric connection through the fornix [79].
According to rsFMRI research, hippocampus shows functional
asynchrony in dementia patients with Alzheimer’s disease [80].
Studies have shown that interhemispheric functional connectivity
related to memory performance is reduced in dementia patients
[81, 82], and may be improved through exercise [83]. Similar to
the results in our study, interhemispheric hippocampal connectivity and verbal memory showed a negative correlation in those
who suffered traumatic axonal injury [84]. In the study, the mean
diffusivity of hippocampal interhemispheric microstructural connections was also inversely correlated with verbal recognition [85].
The results of this study may be evidence of a negative correlation
between interhemispheric hippocampal microstructural connectivity and verbal memory performance in SD.
Changes in subcortical levels of dopamine, a neurotransmitter
that plays specific roles in controlling various aspects of cognitive
abilities have shown to contribute to neurological disorders [86].
Hence, cognitive defects from changes in levels of dopamine are
likely to be located in subcortical areas characterized by dense
connectivity. The current study shows that, similar to results of
previous depression studies, the connection strength between subcortical areas is smaller in the SD group than that of the Control
group, and the differences can be visualized in diffusion pathways
of each structure [33, 65]. The specific role of the subcortical areas
investigated in this study is related to neuropsychiatric disorders,
similar to previous studies reporting effects of microstructure
damage in the brain of senior depression patients [87-89]. Such
data support the notion that the effects of structural changes on
the brain generally leads to changes in the dopaminergic pathways,
which can cause emotion and cognition disorders (e.g., depression,
decreased motivation, and insensitivity) [90-92].
Our research investigated the changes in brain structure related
to SD in the aged group, and our results show that the network
defects in the subcortical area can help explain the cognitive
disorders frequently occurring in seniors, most notably depression. However, the sample size is too small to make a definitive
conclusion, and extension from sectional analysis to a longitudinal
examination using a larger sample size is needed. There have been
previous studies that have documented significant affects that age
has on connectivity [93-95], but our results showed that neither
https://doi.org/10.5607/en20056
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age nor sex showed any significant influence on our analysis.
However, it is possible that the imbalance of measured covariates
between subjects of control and SD groups may have influenced
our results [96, 97]. Additionally, all participants in the study were
recruited through one selected institution, which may introduce
potential bias as the recruited SD subjects were localized to a small
location and may not represent the results of a general population
of SD [98]. Also, factors that could have influenced the results such
as the duration of the disease from the diagnosed date, the treatment status, and the recurrence of the disease during treatment
were excluded. Another limitation of our study is that the history
of subjects’ internal diseases (e.g. cardiovascular disease, diabetes
and metabolic disorders) that could influence our results were not
considered for our study. In addition, the FDR correction used
in this study to solve for multiple comparisons after statistically
analyzing the differences between groups (e.g. comparing each
structural volume and connectivities (FA and ADC)) may have
introduced false positives due to being less conservative than the
Bonferroni method. Finally, it was investigated by psychiatrists to
evaluate with proven tools such as MMSE and SGDS and define
SD, but this is likely to be limited to the diagnosis of major SD
disorders. Future studies should consider more specific interviews
to establish formal SD related changes in the brain. Additionally,
probabilistic tractography analysis has limitations on deducing the
direction of the connection, therefore, cannot reflect the direction
of projection in the region of interest, making distinguishing the
inhibitory and excitability of the acquired fibers difficult.
The results of this study confirm that there is a difference in the
strength of the network in subcortical areas between the control
group and the depression group, and the reduced volume in the
region of interest could reflect cognitive degradation in the senior
depression group. These results will be useful in distinguishing
image markers of cognitive degradation in old depression patients
and may serve as reference databases for further research with depression patients.
In conclusion, we present the results of MRI brain analysis study
targeting SD in the elderly. The acquired brain MRI data was
used to compare subcortical volume and connectivity in Control
group and SD group using FSL. Results of our study were similar
to previous depression studies with the volume of the subcortical structural area of the SD group being mostly smaller than
that of the Control group, and structural asymmetry of left and
right hemisphere brain structures shown in both control and SD
groups. However, no statistically significant difference was found
between the volumetric analysis and the asymmetry test results.
The connection intensity between subcortical structural regions
was lower in the SD group than in the Control group. These results
https://doi.org/10.5607/en20056

support the notion that the influence of structural changes in subcortical structural domains related to neuropsychiatric disorders
can induce emotional and cognitive impairment. The description
of the connectivity between the subcortical structural regions
described in this study will be helpful in early symptom detection
and disease evaluation in SD as well as putative biomarker tests for
early detection of depression.
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