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Subcortical volume alterations indicate structural atrophy patterns
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Abstract

Background Multiple Sclerosis (MS), a neurodegenerative disorder affecting central nervous system, predominantly mani-
fests as Relapsing—Remitting MS (RRMS), with subcortical volume loss serving as a prognostic indicator.

Aims This study aimed to assess time-dependent volumetric changes in thalamus and basal nuclei using a validated auto-
mated tool, volBrain software, on MR images (MRI) across three years and relationship between structural changes and
disease progression.

Methods The study included 50 RRMS patients (33.5 £6.3 years; 68% female, 32% male) and 50 healthy controls
(38.0+5.8 years; 64% female, 36% male). T1-weighted brain MRI scans (from 2017, 2019, 2022) were analyzed via vol-
Brain. Statistical analyses included Shapiro—Wilk, Mann—Whitney U, Friedman, and Dunn tests.

Results Thalamus, nucleus caudatus (nuc. caudatus), and nucleus lentiformis (nuc. lentiformis) volumes were significantly
lower in RRMS (p < 0.05). Significant volume loss was observed between 1st-3rd MRI and 2nd-3rd MRI (p <0.05), but dif-
ference between 1st-2nd MRI was not statistically significant (p > 0.05). The most pronounced volume loss occurred between
1st-3rd MRI, with the greatest reduction observed in left nuc. caudatus (7.92%). This loss was followed by right thalamus
(5.68%) and nuc. lentiformis (4.35%). Although atrophy was observed across disease duration groups, this difference was not
statistically significant (p > 0.05). Volume loss in thalamus and basal nuclei indicated significant atrophy in RRMS patients.
Conclusions Findings highlighted MS-induced subcortical atrophy that significantly impacts brain structure. This study was
distinguished through volBrain, highlighting its effectiveness in providing data with clinical relevance. Subcortical volume
changes show potential as biomarkers for disease progression and guiding targeted therapies.
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the disease. A hallmark feature of MS progression is gradual
volumetric reduction or atrophy of subcortical structures,
most notably the thalamus and basal nuclei. This atrophic
process becomes more pronounced as the disease pro-
gresses [4]. Recent investigations have focused on volumet-
ric changes in subcortical structures to elucidate the role of
MS in neurodegenerative processes [4—6]. Particularly in
patients with RRMS, atrophy in deep gray matter structures,
such as the thalamus and basal nuclei, has been linked to
cognitive and motor impairments, even in the early stages
of the disease [7].

Magnetic Resonance Imaging (MRI) is a pivotal tool for
diagnosing and managing MS, and offers detailed insights
into lesion characteristics, locations, and structural altera-
tions in the brain. Beyond the initial diagnosis, MRI is
instrumental for tracking disease progression and evaluating
treatment efficacy over time. Standardized MRI protocols for
MS include T2-weighted imaging, Fluid-Attenuated Inver-
sion Recovery (FLAIR), and contrast-enhanced T1-weighted
imaging. These sequences are critical for the accurate iden-
tification and characterization of MS lesions across disease
stages. To ensure imaging quality, both axial and sagittal
slices should be obtained with a minimum field strength of
1.5 Tesla. When available, a 3 Tesla scanner is preferred
because of its enhanced spatial resolution and sensitivity [8,
9]. Automated brain volume measurement techniques have
recently gained prominence in MS research and in clini-
cal practice. Among these, volBrain is a widely used, free,
web-based software platform designed for automatic brain
volume analysis using T1-weighted MRI scans. Automated
tools, such as volBrain, provide an objective and efficient
method for evaluating subcortical structural changes in
MS, making them valuable for both research and clinical
applications [10]. This platform facilitates the assessment
of subcortical structures, advances our understanding of MS
pathology, and supports the development of improved strate-
gies for diagnosis and management.

In our research, volBrain was utilized to perform detailed
volumetric analyses of key brain regions, including the thal-
amus and basal nuclei, in patients with relapsing—remitting
multiple sclerosis (RRMS). The study relied on longitudinal
data derived from T1-weighted MRI scans collected over
a five-year period, from 2017 to 2022. This approach ena-
bled quantification of percentage changes in brain atrophy
and facilitated monitoring of its progression over time. Fur-
thermore, these volumetric measurements were correlated
with disease duration, allowing for in-depth exploration of
the temporal relationship between structural brain changes
and RRMS progression. We hypothesized that reductions
in the volume of the thalamus and basal nuclei are strongly
associated with disease duration and progression. These
regions are increasingly recognized as structural markers
of motor and cognitive impairment in patients with RRMS,
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reinforcing their clinical significance. These findings
emphasize the utility of innovative automated tools, such
as volBrain, which offer precise and reliable assessments of
subcortical atrophy, as valuable assets in MS management
and research. A distinguishing feature of this study was its
longitudinal design, which facilitated evaluation of subcor-
tical structural changes over time. By employing volBrain,
a relatively underutilized tool in existing MS research, our
study provided novel insights into the patterns of subcorti-
cal atrophy in RRMS. In addition, the relationship between
volumetric changes and clinical parameters, such as disease
duration, was analyzed in detail to provide a nuanced under-
standing of the progressive nature of RRMS. This methodol-
ogy highlighted the potential of automated volumetric tools
to deepen our understanding of MS pathology and enhance
their applicability in both research and clinical settings. By
bridging the gap between advanced imaging technologies
and clinical outcomes, this study underscored the value of
integrating such tools into routine clinical practice to bet-
ter monitor disease progression and inform therapeutic
strategies.

The primary objective of this investigation was to con-
duct a comprehensive analysis of volumetric changes in
the thalamus and basal nuclei of patients with RRMS, the
most prevalent subtype of MS. Using the advanced capabili-
ties of volBrain software, the study focused on evaluating
percentage changes in the volumes of critical subcortical
structures, including the thalamus, nucleus caudatus (nuc.
caudatus), and nucleus lentiformis (nuc. lentiformis). These
analyses were based on longitudinal MRI data collected at
three time points, 2017, 2019, and 2022. By assessing how
disease progression influences these structures over time,
we generated a robust dataset that provides valuable insights
into MS-related neurodegeneration. This dataset not only
contributes to a deeper understanding of the pathological
mechanisms underlying RRMS but also establishes a solid
foundation for future research. In our study, the thalamus,
nuc. caudatus, and nuc. lentiformis were selected because
their clinical relevance in MS had been widely documented
[11]. The thalamus was identified as an early and vulnerable
structure associated with disability progression, while the
nuc. caudatus and nuc. lentiformis, as key components of
the basal ganglia, had been linked to motor and cognitive
impairments [12]. Their inclusion allowed clinically mean-
ingful structural changes to be captured, reinforcing the
translational value of this research. The longitudinal design
of this study emphasized the dynamic nature of structural
changes in the brain, offering a more nuanced perspective
on how subcortical atrophy correlates with disease progres-
sion. Furthermore, this investigation highlighted the clini-
cal potential of integrating detailed volumetric analyses
into routine RRMS follow-up. By leveraging the precision
and automation of advanced neuroimaging tools, such as
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volBrain, this study underscored their value in enhancing
MS management. The novelty of our research was reflected
in the use of volBrain, a validated automated volumetric
tool that was applied to provide objective and reproducible
measurements of subcortical structures. Through its inte-
gration into the analysis, the potential translational role of
automated volumetry in clinical decision-making was high-
lighted, offering reliable biomarkers for disease monitoring
and management in RRMS. These tools provide clinicians
and researchers with a means to monitor disease progres-
sion more effectively and to develop targeted therapeutic and
diagnostic strategies aimed at improving patient outcomes.
We hypothesized that progressive volumetric reductions
in the thalamus, nuc. caudatus, and nuc. lentiformis would
serve as early and clinically meaningful markers of neuro-
degeneration in RRMS, and that these structural changes
would be closely associated with disease duration and dis-
ability progression. This research demonstrated the impor-
tance of combining innovative imaging technologies with
longitudinal studies to foster advancements in MS care and
support the design of personalized treatment approaches.
This study was aimed at addressing the existing gap in longi-
tudinal volumetric research by incorporating three repeated
MRI assessments in patients with RRMS, thereby providing
a more comprehensive understanding of progressive subcor-
tical atrophy over time.

Materials and methods
Participants

All procedures carried out in this study adhered to the guide-
lines set forth in the Declaration of Helsinki, and ethical
approval was granted by the Non-Interventional Clinical
Research Ethics Committee of the Kocaeli University (pro-
ject number: GOKAEK-2022/19.13 2022/321), Kocaeli,
Turkey. Our study followed the guidelines outlined by the
Non-Interventional Clinical Research Ethics Committee of
the Kocaeli University. Subsequently, a retrospective ana-
lytical approach was used to analyze the analysis of col-
lected data. The study cohort consisted of individuals aged
20-40 years who had been diagnosed with RRMS at the
Department of Neurology, Training and Research Hospital
of Kocaeli University, Kocaeli, Turkey. All participants had
T1-weighted brain MRI scans obtained at three distinct time
points between 2017 and 2022 and were followed up at the
same institution. For both the patient and control groups,
T1-weighted brain MRI scans were acquired using the same
MRI device. The control group comprised healthy controls
who presented to the Department of Neurology, Training and
Research Hospital of Kocaeli University, Kocaeli, Turkey
with complaints of headache, but were confirmed to have

no cranial pathology. Exclusion criteria included the pres-
ence of neoplastic, degenerative, or vascular pathologies that
could be mistaken for multiple sclerosis, the detection of
cranial pathologies in control subjects, and the absence of
MRI data from at three distinct time points between 2017
and 2022. The 'MS Base' program provided access to infor-
mation regarding MS subtypes, diagnosis dates, disease
duration, patient demographics, Expanded Disability Status
Scale (EDSS) scores, and medications administered during
the follow-up period. Volumetric measurements of the right
and left thalamus, nuc. caudatus, and nuc. lentiformis were
performed on T1-weighted brain MRI scans obtained at the
Department of Neurology, Training and Research Hospital
of Kocaeli University, Kocaeli, Turkey. A retrospective anal-
ysis of T1-weighted brain MRI scans from 1317 individuals
diagnosed with MS or admitted for headache complaints was
conducted using the Kocaeli University PACS system in the
Department of Radiology between 2017 and 2022. Follow-
ing the application of exclusion criteria, 1217 individuals
were excluded from the study. The final cohort included 50
patients with RRMS and 50 healthy controls.

Data collection

Volumetric measurements of the right and left thala-
mus, nuc. caudatus, and nuc. lentiformis, obtained from
T1-weighted brain MRI scans of 50 patients with RRMS and
50 healthy controls were performed. For the RRMS patient
group, volumetric measurements were conducted on three
separate T1-weighted MR images acquired at different time
points (2017, 2019, and 2022) over the study period from
2017 to 2022. By contrast, the healthy control group under-
went volume measurements on a single T1-weighted brain
MRI scan for each participant. The volBrain software was
utilized to perform automated and standardized measure-
ments of these subcortical brain structures. To evaluate alter-
ations over time in the patient group, differences in volume
and thickness across the three time points were calculated,
and the results were expressed as percentages to provide a
clear representation of the progression of structural changes.

Structural MRI protocol

The MRI protocol encompassed cranial MRI for all par-
ticipants. Imaging was conducted using a 3-Tesla (3 T)
scanner equipped with an eight-channel head coil. The pro-
tocol included two sequences: an axial three-dimensional
T1 turbo field echo and a fluid-attenuated inversion recov-
ery (FLAIR). For the T1-weighted sequence, the acquisi-
tion parameters were as follows: repetition time (TR) of
11 ms, echo time (TE) of 5 ms, slice thickness of 1 mm,
and no interslice gap. For the FLAIR sequence, the param-
eters included a TR of 11,000 ms, a TE of 140 ms, a slice
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thickness of 5 mm, an interslice gap of 0.5 mm, and a matrix
size of 512x512.

Quantitative image analysis with volBrain

The 3D T1-weighted brain MRI scan data of 100 partici-
pants were transferred from a picture archiving and com-
munication system to a personal computer for analysis.
The T1-weighted brain MRI scans, saved in the Digital
Imaging and Communications in Medicine (DICOM)
format, were organized into a designated folder for

Fig. 1 Flowchart of volBrain
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minimized human error, thereby providing a standardized
framework for volumetric analysis [10].

Statistical analysis

Statistical analyses were carried out using IBM SPSS Sta-
tistics version 20.0 (IBM Corp., Armonk, NY, USA) [13].
The normality of data distribution was assessed using both
the Kolmogorov—Smirnov and Shapiro—Wilk tests. As the
data were not normally distributed, numerical variables were
described using medians and interquartile ranges (25th—75th
percentiles), whereas categorical variables were expressed
as frequencies and percentages [14]. The Mann—Whitney U
test was used to compare differences between independent
groups. For repeated measures within dependent groups, the
Friedman two-way analysis of variance was applied, fol-
lowed by Dunn’s test for pairwise comparisons. The relation-
ships between categorical variables were evaluated using the
chi-square analysis. Statistical significance was defined as a
p-value less than 0.05.

Results

The study included 50 patients with RRMS and 50 healthy
controls. The patient group consisted of 16 males (32%) and
34 females (68%), whereas the control group included 18
males (36%) and 32 females (64%). The median age of the
patient group was 33.50 years (IQR: 25.75-38.00), whereas
the control group had a median age of 38.00 years (IQR:
29.75-40.00). Among the patients with RRMS, 26 individu-
als (52%) had a disease duration of 0-5 years, and 24 indi-
viduals (48%) had a disease duration of 5-10 years (Fig. 3).

Upon comparing the volume values of the thalamus,
nuc. caudatus, and nuc. lentiformis between the patient and
control groups and the control group exhibited significantly
higher volume values across most regions. The volume
measurements of the right thalamus, right nuc. caudatus,

Fig.3 Descriptive data of the 70
groups included in the study.

The demographic characteristics 60
of the study showed a younger 50
median age in the RRMS

patients compared to healthy 40
controls and a predominance

of female participants in both 30
groups

Female (%)

Male (%)

m Control Group

right nuc. lentiformis, left thalamus, and left nuc. lentiformis
were significantly lower in the RRMS group than in the con-
trol group (p <0.05). However, no significant difference was
observed in the left nuc. caudatus (Fig. 4A-B).

When subcortical volume measurements in the RRMS
group were compared over three time points (2017, 2019,
and 2022), the following trends were observed: The volume
values of the right and left thalamus, nuc. caudatus, and nuc.
lentiformis decreased progressively over time. The 1st MRI
values were higher than the 2nd MRI values, the 2nd MRI
values were higher than the 3rd MRI values, and the most
significant differences were observed between the 1st and
3rd MRI measurements (p <0.05) (Fig. SA-B).

Time-dependent percentage changes in the volumes
of subcortical structures were calculated for the RRMS
group. The volume reduction percentages for the thalamus,
nuc. caudatus, and nuc. lentiformis were highest between
the 1st MRI (2017) and the 3rd MRI (2022). Notably, the
percentage decrease was smaller between the 1 st and 2nd
MRIs (2017-2019) and between the 2nd and 3rd MRIs
(2019-2022), indicating an accelerated reduction over
longer durations (Fig. 6).

When the MRIs of the individuals in the patient group
belonging to 3 different times in which the volume values of
the subcortical areas were measured were compared, a sig-
nificant difference was obtained in the volume values of the
right and left thalamus, nuc. caudatus and nuc. lentiformis in
the 2nd-3rd MRI and 1st-3rd MRIs. MRIs, a significant dif-
ference was found in the volume values of right and left thal-
amus, nuc. caudatus and nuc. lentiformis (p < 0.05) (Fig. 7).

When the volume measurements were compared
between patients with RRMS by disease durations of
0-5 years and 5-10 years, no statistically significant dif-
ference was observed in the volume measurements of the
right and left thalamus, nuc. caudatus, or nuc. lentiformis
across the three MRI time points (p > 0.05). This indicates
that while all patients with RRMS experienced subcorti-
cal atrophy over time, the rate of atrophy was independent
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Fig.4 Comparison of volume measurements of subcortical areas.
A Representative comparison of volumes of subcortical areas' graphic
for right thalamus, nuc. caudatus, and nuc. lentiformis structures.
B Representative comparison of volumes of subcortical areas' graphic
for left thalamus, nuc. caudatus, and nuc. lentiformis structures. Volu-
metric comparison of subcortical structures between RRMS patients

Q1:3.94
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Fig.5 Volume values of subcortical areas in the patient group.
A Representative 1st MRI, 2nd MRI, and 3rd MRI values compari-
son of volumes of subcortical areas’ graphic for right thalamus, nuc.
caudatus, and nuc. lentiformis structures B Representative 1st MRI,
2nd MRI, and 3rd MRI values comparison of volumes of subcortical
areas’ graphic for left thalamus, nuc. caudatus, and nuc. lentiformis

of the disease duration (Fig. 8). Overall, the results dem-
onstrated a consistent pattern of progressive subcorti-
cal volume loss in the thalamus, nuc. caudatus and nuc.
lentiformis of RRMS patients. This longitudinal decline
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and healthy controls, showing significantly lower volumes in the thal-
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structures. Longitudinal volumetric analysis of subcortical structures
in RRMS patients showed progressive reductions in the thalamus,
nuc. caudatus, and nuc. lentiformis across three MRI time points
(2017, 2019, and 2022), with the most pronounced decline observed
between the 1st and 3rd MRI. *1st MRI referred to the MRI image
taken in 2017, 2nd MRI in 2019, and 3™ MRI in 2022

highlighted the vulnerability of these clinically relevant
structures and underscored their potential role as biomark-
ers for monitoring disease progression.
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Fig.8 Comparison of subcortical area volumes with disease duration. Subcortical volumes in RRMS patients with disease durations of
0-5 years and 5-10 years revealed no statistically significant differences, indicating that atrophy occurred regardless of disease duration

Discussion

RRMS, the most prevalent subtype of MS, is characterized
by alternating phases of neurological relapse, during which
symptoms worsen or new symptoms emerge, followed by
periods of remission, during which symptom progression
stabilizes or partially improves. Despite these remission
phases, the disease often culminates in a progressive decline
in neurological function over time, indicating its chronic and
debilitating nature [15]. Understanding the structural brain
changes underlying RRMS progression is crucial for identi-
fying biomarkers that can enhance disease monitoring and
therapeutic strategies. In this study, we investigated subcorti-
cal atrophy in the thalamus and basal nuclei using advanced
neuroimaging tools. A cohort of 50 patients diagnosed with
RRMS and 50 age- and gender-matched healthy controls was
included in the analysis. Longitudinal data were obtained
from T1-weighted MRI scans acquired at three distinct time
points (2017, 2019, and 2022). These images were processed
and analyzed using volBrain software to evaluate volumetric
changes in subcortical structures over time. Our findings
revealed a significant atrophy in the thalamus, nuc. cauda-
tus, and nuc. lentiformis in patients with RRMS compared
with healthy controls. The most pronounced reductions in
volume were observed between the 1st and 3rd imaging
intervals, highlighting the progressive nature of subcortical
atrophy in patients with MS. These results support the util-
ity of volumetric measurements of subcortical brain struc-
tures as reliable biomarkers for tracking disease progression
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and correlating these changes with clinical symptoms. Such
observations align with prior research, which has consist-
ently demonstrated that reductions in regional and total brain
volumes, largely driven by underlying mechanisms, such
as demyelination and axonal injury, are hallmark features
of MS pathology and are strongly associated with clinical
decline [16, 17].

Examination of structural changes in the brains of patients
with MS provides invaluable insights into disease progres-
sion and offers potential avenues for improved therapeutic
interventions. A growing body of research has been dedi-
cated to understanding these alterations in order to enhance
disease management and patient outcomes [18-20]. Among
the pathological hallmarks of MS, brain atrophy is one of
the most detrimental, reflecting widespread and progressive
damage to the central nervous system. This phenomenon is
closely associated with degradation of the myelin sheath,
axonal degeneration, and subsequent functional impairments
in neural connectivity [21, 22]. Unlike the gradual and com-
paratively slower brain atrophy observed in normal aging,
the rate of atrophy in MS is significantly accelerated and esti-
mated to be approximately five times faster [23]. Moreover,
gray matter demyelination and neuronal loss often begin in
the early stages of MS and predate the onset of overt clinical
symptoms. These changes contribute to the development of
irreversible disabilities and cognitive impairments as the dis-
ease progresses [24, 25]. These findings highlight the urgent
need for early diagnosis and targeted therapeutic strategies
to slow down or prevent neurodegeneration and mitigate its
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long-term effects. Importantly, gray matter atrophy in MS
is not uniform across the brain. Certain regions, particularly
those with high functional and structural demands, are more
vulnerable to neurodegeneration [26, 27]. In RRMS, early
atrophic changes have been identified in the limbic system,
temporal cortex, and deep gray matter structures, which are
critical for both cognitive and motor functions [28]. Building
on this foundation, the present study focused on the longitu-
dinal assessment of atrophic changes within key deep gray
matter structures, including the thalamus, nuc. caudatus, and
nuc. lentiformis in patients with RRMS. By tracking these
regions over time, we aimed to elucidate the progression
of subcortical atrophy and its potential role as a biomarker
for monitoring disease progression and informing targeted
interventions.

The median age of the patient group was 33.50 years
(25.75-38.00), while that of the control group had a median
age of 38.00 years (29.75-40.00) (Fig. 3). Prior studies have
reported similar findings, with mean ages of 38.32+8.74
for patients and 32.88 +6.87 for controls in grey matter
studies [7] and 34.22 +7.23 for patients versus 41.44 +8.06
for controls in thalamus volume research [29]. Such age
ranges align closely with the epidemiological profile of
MS, wherein the majority of diagnoses occur between 20
and 40 years of age [30, 31]. The gender distribution in the
present study revealed a predominance of females in both
groups, with 68% of the patient cohort and 64% of the con-
trol cohort being female, while males accounted for 32%
and 36%, respectively. This gender disparity is well-docu-
mented in the literature, which consistently reports a higher
prevalence of MS among women, reflecting a global female-
to-male ratio of approximately 2—-3:1 [30, 32]. The role of
the thalamus in MS pathology is particularly significant
because of its central involvement in sensory processing,
motor coordination, and cognitive functions. The thalamus
has been shown to undergo significant volumetric reduction
due to MS-related atrophy, which is strongly correlated with
disease progression and the manifestation of clinical symp-
toms [29, 32]. In this study, volumetric analysis confirmed
that thalamic volumes in patients with RRMS were mark-
edly lower than those in healthy controls (Fig. 4), further
substantiating the substantial atrophic changes observed in
the MS pathology. This atrophy has been strongly linked to
microstructural degeneration, which contributes to a cascade
of neurological and functional impairments. Notably, tha-
lamic degeneration has been associated with rapid cognitive
decline, particularly in domains such as attention, memory,
and executive functions [29, 33]. Furthermore, a reduction
in thalamic volume has been implicated in structural and
functional abnormalities underlying common MS symptoms,
including fatigue, motor deficits, and sensory impairments
[34]. Collectively, these findings underscore the pivotal
role of the thalamus as a biomarker for understanding the

pathological mechanisms of MS and as a potential target for
therapeutic interventions aimed at mitigating cognitive and
motor deterioration.

In our investigation, longitudinal volumetric changes in
the thalamus were assessed across three distinct time points,
as illustrated in Fig. 5. The results revealed a clear pattern of
progressive atrophy in both the right and left thalamus over
time, underscoring the degenerative nature of RRMS. This
progressive volume reduction reflects the ongoing neurode-
generative processes characteristic of the disease, such as
demyelination and axonal loss, which contribute to the struc-
tural and functional decline observed in the affected patients.
Detailed statistical analyses of thalamic volumes within the
patient group revealed significant differences between the
2nd and 3rd MRIs, as well as between the 1 st and 3rd MRIs,
for both the right and left thalamus (Fig. 7). These findings
highlighted the accelerated rate of atrophy during the later
stages of the study period, suggesting that neurodegenerative
changes intensify over time. Such temporal dynamics in tha-
lamic atrophy not only emphasize the importance of longitu-
dinal monitoring in MS but also reinforce the utility of volu-
metric MRI as a sensitive tool for detecting and quantifying
these changes. This evidence further supported the role of
the thalamus as a critical region for tracking disease progres-
sion and evaluating the efficacy of therapeutic interventions
aimed at preserving brain structure and function in patients
with RRMS. Specifically, the percentage median change in
the right thalamus volume between the 2nd and 3rd MRIs
was —2.96 (=9.75 to —0.80), and between the 1 st and 3rd
MRIs, it was —5.68 (—17.15 to —2.32). For the left thala-
mus, the percentage median change was —2.58 (—10.36 to
0.00) between the 2nd and 3rd MRIs, and —5.49 (—18.25 to
—1.15) between the 1st and 3rd MRIs (Fig. 6). These find-
ings underscored the progression of thalamic atrophy over
time and revealed significant differences in the volumetric
decline between specific time points. Although individuals
with a disease duration of 0-5 years exhibited slightly higher
thalamic volume values than those with a disease duration
of 5-10 years, this difference was not statistically signifi-
cant (Fig. 8). This lack of significance could be attributed
to the relatively similar range of volume values within the
patient group, as well as the possibility that thalamic atrophy
progresses at variable rates among individuals. Variability
in atrophy rates is consistent with previous research, which
demonstrated that thalamic atrophy progressed differently
over a five-year period in patients with RRMS compared to
healthy controls [35]. Moreover, the existing literature sup-
ports a weak association between brain atrophy and both dis-
ease duration, and MS subtypes [32]. These findings suggest
that the mechanisms underlying thalamic atrophy may not
be entirely dependent on the disease duration or its clinical
classification. Instead, the progression of atrophy may reflect
a complex interplay of factors, including neuroinflammatory
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processes, demyelination, and neurodegeneration, which
are not fully captured by conventional clinical or radiologi-
cal measures. This highlights the need for more nuanced
approaches to study MS-related neurodegeneration, with an
emphasis on exploring the diverse mechanisms contributing
to atrophy patterns. Such insights are essential for develop-
ing targeted interventions aimed at mitigating disease pro-
gression and preserving neural integrity.

Atrophy in MS is known to affect the nuc. caudatus and
nuc. lentiformis, which include the putamen and globus pal-
lidus, both of which are critical components of basal nuclei
[26, 36]. These structures play essential roles in motor con-
trol, cognitive function, and the regulation of various neu-
rological processes. In this study, volumetric comparisons
were performed between patient and control groups to assess
the degree of atrophy in these regions. The results demon-
strated that the patient group exhibited significantly lower
volumes in the right nuc. caudatus, right nuc. lentiformis
and left nuc. lentiformis compared to that in the control
group (Fig. 4). The atrophy observed in the basal nuclei has
been strongly linked to both motor and cognitive decline
in patients with MS as well as the overall rate of disease
progression [37, 38]. Prior research has highlighted that the
putamen in particular undergoes rapid volumetric reduc-
tion during the early stages of MS, which then slows as the
disease advances. This finding underscores the importance
of monitoring atrophy in this structure to gain insights into
disease onset and progression [39]. Abdominal atrophy was
also nuc. caudatus and globus pallidus have been shown to
correlate with impairments in walking function, independ-
ent of the MS subtype, as well as with total brain white and
gray matter volumes [40, 41]. In the present study, further
analysis revealed time-dependent atrophy in both the nuc.
caudatus and nuc. lentiformis on the right and left sides,
respectively, as observed in the MR images obtained at
three distinct time points (Fig. 5). Multiple comparisons of
the volumetric measurements in the patient group revealed
significant differences between the 2nd and 3rd MRIs, as
well as between the 1 st and 3rd MRIs, for both the right
and left nuc. caudatus and nuc. lentiformis (Fig. 7). These
findings provided additional evidence of the progressive
nature of basal nuclei atrophy in MS and highlighted the
importance of longitudinal volumetric assessments for
tracking disease progression and its impact on motor and
cognitive functions. In the comparison of the time-depend-
ent percentage decrease as % median, 2nd-3rd MRIs right
nuc. caudatus —3.09 (—7.25-0.11), right nuc. lentiformis
—1.78 (=9.71-3.01); 2nd-3rd MRIs left nuc. caudatus —2,71
(=5,92—1,11) and left nuc. lentiformis —1,42 (-3,96-0,90)
(Fig. 6). 1st-3rd MRIs showed —5.64 (—=10.91-2.98) in
right nuc. caudatus, —4.35 (—18.34—1.74) in right nuc. len-
tiformis, —7.92 (—13.1-0.29) in left nuc. caudatus and —2.01
(—=11.2-0.42) in left nuc. lentiformis (Fig. 6). These findings
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underscored the significant relationship between basal nuclei
atrophy and the severity of MS, particularly highlighting
the clinical implications of atrophy in the nuc. caudatus in
RRMS. Notably, the observed reduction in the volume of
the nuc. caudatus have been shown to directly influence
the manifestation and progression of clinical symptoms in
patients with RRMS [41]. This association suggests that the
nuc. caudatus plays a pivotal role in the pathophysiology
of MS, serving as a critical region in which neurodegen-
erative changes translate into functional impairments. The
importance of monitoring nuc. caudatus atrophy lies in its
potential to provide valuable insights into the clinical trajec-
tory of the disease, as its progressive degeneration has been
linked to key symptoms, such as motor dysfunction, cogni-
tive decline, and fatigue. These findings further emphasize
the need to integrate advanced neuroimaging techniques
into clinical practice to quantify atrophic changes in basal
nuclei. Such assessments may improve the understanding of
MS-related neurodegeneration, enhance the ability to pre-
dict disease progression, and tailor therapeutic interventions
accordingly.

Volumetric comparisons of the nuc. caudatus and nuc.
lentiformis were performed between patient subgroups
categorized according to disease duration (0-5 years and
5-10 years). The analysis revealed no statistically significant
differences in the volumes of these structures between the
two subgroups (Fig. 8). This lack of significant variation
could be attributed to the relatively similar volume values
observed across individuals within the patient cohorts. Fur-
thermore, MS progression is highly heterogeneous with sub-
stantial inter-individual variability in the timing, rate, and
extent of morphological changes in the brain [42]. Such vari-
ability likely diminishes the direct relationship between dis-
ease duration and the degree of structural atrophy in specific
regions, regardless of the time elapsed since the diagnosis.
These findings align with the general trends reported in the
literature, which emphasize the unpredictable and individu-
alized nature of MS progression [43]. Our study extended
the existing body of knowledge by providing focused
insights into the longitudinal progression of atrophy within
the thalamus and basal nuclei, which are critical components
of deep gray matter structures. By quantifying the degree
of atrophy in these regions, our research contributed to a
deeper understanding of the relationship between structural
changes and disease progression in MS. These findings have
potential clinical significance, offering valuable implications
for the assessment of disease prognosis and development
of therapeutic interventions aimed at slowing or mitigating
neurodegeneration. Such targeted approaches may ultimately
enhance disease management and improve the quality of life
of patients with MS.

This study had several limitations. The relatively small
sample size, shaped by stringent exclusion criteria, was
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one such limitation. Participants with cranial pathologies;
demyelinating symptoms; or conditions potentially mimick-
ing MS, such as neoplastic, degenerative, or vascular disor-
ders, were excluded to ensure diagnostic precision. While
this approach enhanced the specificity of the study, it also
reduced the pool of eligible participants, potentially narrow-
ing the scope of comparative analyses. Additionally, the ret-
rospective design of the study, which relied on data extracted
from the hospital registration system, limited the ability
of participants to incorporate cognitive assessments. This
aspect might have restricted the comprehensive evaluation
of the interplay between structural atrophy and functional
impairments. Despite these constraints, the findings of this
research underscored the significant atrophy observed in the
thalamus and basal nuclei of patients with RRMS, emphasiz-
ing their pivotal role in the progression of neurological and
cognitive impairments. By employing advanced volumetric
tools such as volBrain, this study demonstrated the utility
of these structures as potential biomarkers for monitoring
disease progression and predicting clinical outcomes. The
observed reduction in the volume of these regions correlated
with functional deficits in motor coordination, memory,
learning, and sensory processing, all of which substantially
impact the quality of life of patients with RRMS. This study
contributed valuable insights into the neuropathology of MS,
enriching the current understanding of disease mechanisms
and progression. Furthermore, this study provided a founda-
tion for the development of individualized therapeutic strat-
egies and highlights the potential of integrating advanced
imaging technologies into future investigations. By fostering
a deeper comprehension of MS-related neurodegeneration,
these findings will pave the way for improving both clinical
management and research methodologies in this domain.
Our research demonstrated significant atrophy in the thal-
amus and basal nuclei in patients with RRMS, underscoring
their pivotal role in the progression of both neurological
and cognitive impairments. The thalamus, as a central relay
station, and the basal nuclei, as key regulators of motor and
executive functions, are critical for maintaining neural inte-
gration; therefore, their structural decline directly translates
into functional deterioration. By highlighting these altera-
tions, the present study emphasized the critical importance
of utilizing automated volumetric tools, such as volBrain,
to objectively quantify and monitor such changes over time.
Unlike conventional imaging methods that focus primarily
on lesion burden, automated volumetric analysis captures
subtle but clinically meaningful atrophic changes, thereby
providing a more comprehensive picture of disease activ-
ity. These tools serve as reliable and precise biomarkers for
assessing disease progression and evaluating the effective-
ness of therapeutic interventions in both research and clini-
cal settings. The findings further revealed that progressive
shrinkage of the thalamus and basal nuclei was strongly

associated with deficits in motor coordination, memory,
learning capacity, and sensory processing. Such impair-
ments profoundly affect the quality of life of patients with
RRMS, illustrating the wide-ranging consequences of sub-
cortical atrophy in the physical, cognitive, and psychosocial
domains. Therefore, the ability to accurately measure these
changes through longitudinal volumetric analyses offers
valuable insights into the dynamic and multifactorial nature
of MS-related neurodegeneration, providing clinicians with
tools to better predict outcomes and adapt treatment strate-
gies accordingly.

In addition, this study not only advanced the current
understanding of MS pathology but also laid a founda-
tion for the development of more personalized therapeutic
approaches. By identifying distinct patterns of atrophy in
key subcortical regions, the research provided a framework
for designing interventions that specifically target neuro-
degenerative mechanisms while addressing the functional
deficits most relevant to patient well-being. Such region-
specific insights could guide the prioritization of therapeutic
strategies, from neuroprotective agents to rehabilitation pro-
grams, aimed at preserving the structural integrity and func-
tional capacity. Furthermore, the integration of advanced
imaging technologies into MS research and clinical practice
holds considerable promise for transforming the manage-
ment of this disease. volBrain offers clinicians and research-
ers powerful, reproducible, and time-efficient methods for
monitoring disease progression, complementing traditional
radiological assessments. Their use may enhance the early
detection of atrophy, facilitate treatment response monitor-
ing, and ultimately contribute to the development of predic-
tive models of disease trajectory. In future studies, expand-
ing longitudinal cohorts and integrating volumetric analyses
with clinical, neuropsychological, and molecular data will
be essential to deepen our understanding of MS-related neu-
rodegeneration. Such multidisciplinary approaches have the
potential to refine prognostic markers, optimize therapeutic
interventions, and advance personalized medicine strategies,
thereby improving the long-term outcomes and quality of
life of RRMS patients. Future research should also prioritize
multi-center investigations and the integration of volumet-
ric findings with clinical outcome measures, ensuring that
imaging-based biomarkers are directly translatable to patient
care and real-world therapeutic decision-making.
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