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Abstract

Introduction: The caudate nucleus (CN) plays a central role in motor control, cognition, and emotional regulation. Structural alter-
ations of the CN have been associated with various neurodegenerative and psychiatric disorders. While volumetric magnetic resonance
imaging (MRI) remains the standard for assessing CN morphology, linear morphometry offers a simpler and more accessible alternative
that does not require advanced post-processing. Normative data on age- and sex-related variations in CN linear dimensions remain
limited.

Aim: This study aimed to establish reference values for CN linear measurements and evaluate their associations with age and sex in
healthy adults.

Methods: A total of 241 neurologically healthy adults (134 females, 107 males; aged 30-70 years) underwent 1.5-T MRI. Individuals
with structural brain abnormalities, prior neurosurgery, or systemic disease were excluded. Data distribution was assessed using the
Shapiro-Wilk test. Sex differences were analyzed using the Mann-Whitney U test, and age correlations were evaluated using Spearman’s
rank correlation coefficient (p).

Results: Males demonstrated significantly greater right CN width compared with females (U=2756.0, p=0.045, r=0.15). Age showed a
weak but significant negative correlation with left CN length (p=-0.18, p=0.015). No additional significant sex- or age-related differenc-
es were observed.

Conclusion: This study establishes normative CN linear morphometric values and demonstrates subtle sex- and age-related variations.
Linear CN measurements may support personalized neurosurgical planning and aid in the development of structural biomarkers. Lon-
gitudinal and multimodal studies are warranted to validate their predictive value.
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Introduction

The caudate nucleus (CN), a major structure of the dorsal
striatum within the basal ganglia, contributes to a broad
range of neurobiological functions, including motor plan-
ning, executive control, procedural learning, memory pro-
cesses, and emotional regulation.!"?! Integrated within the
cortico-striato—thalamo-cortical circuitry, it receives ex-
tensive cortical excitatory inputs and modulates thalamic
output to support voluntary motor behavior and cognitive
flexibility.>¥ Anatomically, the CN has a characteristic
C-shaped configuration that curves around the lateral ven-
tricles and consists predominantly of gray matter contain-
ing GABAergic medium spiny neurons, interneurons, and
projection pathways.

Given its central location and dense connectivity with
cortical and subcortical networks, the CN is vulnerable to
age-related structural alterations and diverse pathological
processes. Age-associated neuronal loss, gliosis, demye-
lination, and synaptic degeneration have been consistent-
ly documented and are believed to contribute to declines
in working memory, psychomotor speed, and executive
functioning in older adults.”” Beyond normal aging, CN
morphology is implicated in several neurodegenerative
and neuropsychiatric disorders, including Parkinson’s
disease, Huntington’s disease, schizophrenia, vascular
cognitive impairment, obsessive-compulsive disorder,
and major depressive disorder.[°8 The frequency of these
conditions in later life further underscores the impor-
tance of understanding CN structural variability across
the adult lifespan.

The CN has also become an essential target in functional
neurosurgical interventions, such as deep brain stimulation
(DBS), stereotactic lesioning, and image-guided proce-
dures.’1! Accurate delineation of CN anatomy is there-
fore essential for both diagnostic interpretation and sur-
gical planning. Although volumetric magnetic resonance
imaging (MRI) remains the standard for assessing subcor-
tical morphology, volumetric analysis often requires com-
plex segmentation, specialized software, and considerable
processing time. Linear morphometry—based on simple
anteroposterior and mediolateral measurements—offers a
practical alternative that is reproducible, less susceptible to
segmentation error, and easily obtained from routine clini-
cal MRI sequences.!!>13]

Previous research has identified asymmetries and sex-
ual dimorphism in CN morphology, with males typically
demonstrating larger caudate volumes or widths and ten-
dencies toward right-sided dominance.['¥ However, the
combined effects of age, sex, and hemispheric laterality on
CN linear dimensions remain insufficiently characterized.
The lack of standardized normative morphometric data
limits the integration of linear CN measurements into both
clinical practice and research applications.

Aim

To address these gaps, the present study examines age- and
sex-related variation in CN linear dimensions, specifically
anteroposterior length and mediolateral width, in a neu-
rologically healthy adult population. Using a standardized
high-resolution MRI protocol and validated manual mea-
surement techniques, the study aims to establish normative
reference values that may improve neuroimaging interpre-
tation, inform neurosurgical targeting, and support the de-
velopment of structural biomarkers for neurodegenerative
and psychiatric disorders.

Methods

Study design and ethical approval

This cross-sectional observational study was conducted be-
tween September and December 2024 at the Department of
Radiology of a tertiary academic medical center affiliated
with Shiraz University of Medical Sciences (SUMS), Shiraz,
Iran. The investigation was part of an ongoing neuroimag-
ing initiative to establish normative morphometric values
for subcortical brain structures in adults. The study proto-
col was approved by the SUMS Medical Ethics Committee
(Approval Code: IR.SUMS.MED.REC.1403.733). All pro-
cedures were performed in accordance with the principles
of the Declaration of Helsinki. Written informed consent
was obtained from all participants prior to enrollment, and
all imaging data were anonymized before analysis to ensure
confidentiality.

Participants

A total of 241 neurologically healthy adults, including
107 males and 134 females aged 30-70 years (mean + SD:
45.2+11.3 years), were prospectively recruited. Participants
were consecutively enrolled from individuals undergo-
ing brain MRI for non-neurological clinical indications.
Eligibility required age >18 years and the availability of
high-quality axial and coronal T2-weighted MRI scans
that were diagnostically adequate for precise delineation of
the CN. Two radiologists independently reviewed all MRI
scans to confirm technical adequacy prior to morphomet-
ric analysis.

Participants were excluded if they had a history of neu-
rosurgical intervention, congenital brain malformations,
intracranial vascular anomalies, neurodegenerative disor-
ders such as Parkinson’s disease or Huntington’s disease, ce-
rebral palsy, or intracranial infection. Individuals with sys-
temic conditions known to affect neurovascular integrity,
including diabetes mellitus or uncontrolled hypertension,
were also excluded. Eligible participants were identified
through electronic health records, and all identifying infor-
mation was removed prior to data processing.
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MRI acquisition protocol

All MRI examinations were performed using a 1.5-Tesla
Philips Gyroscan Intera scanner (Philips Medical Systems,
Best, The Netherlands). Participants were positioned su-
pine, and the head was secured in a dedicated head coil and
aligned along the canthomeatal line to standardize imaging
orientation. The imaging protocol included scout imaging
consisting of 8-10 sagittal slices with a slice thickness of
5 mm and an interslice gap of 1 mm. Axial and coronal
T2-weighted spin-echo sequences were subsequently ac-
quired using a repetition time of 2800 ms, an echo time
of 100 ms, a slice thickness of 2.5 mm, an interslice gap of
0.3 mm, a flip angle of 90°, a field of view of 220 mm, and a
matrix size of 352x512. These parameters were selected to
optimize gray-white matter contrast and ensure clear visu-
alization of CN morphology. All images were inspected for
motion or technical artifacts prior to analysis.

Image processing and morphometric
analysis

MRI data in DICOM format were transferred to a secure
workstation and processed using Image] software (Version
1.34; National Institutes of Health, Bethesda, MD, USA).
Axial images were reoriented along the anterior commis-
sure—posterior commissure (AC-PC) line to standardize
anatomical alignment. Pre-processing involved semi-au-
tomated skull stripping to remove non-neural tissue, fol-
lowed by brightness and contrast adjustments to enhance
visualization of CN boundaries.

For morphometric analysis, the CN head was manually
delineated bilaterally on axial and coronal T2-weighted im-
ages, using standard neuroanatomical atlases as references.
In each hemisphere, two linear parameters were measured:
CN width (CNW), which is the maximum mediolateral
dimension, and CN length (CNL), which is the maximum
anteroposterior dimension (Fig. 1). To ensure procedural
consistency, only one skilled investigator carried out each
measurement. Manual segmentation was selected for its
anatomical precision, though it is time-intensive. Future
studies may benefit from semi-automated or atlas-based
segmentation methods to enhance scalability and reduce
inter-rater variability.

Blinding and reproducibility

The investigator performing the morphometric measure-
ments was blinded to participants’ age and sex. To evaluate
measurement reproducibility, 20% of the sample was in-
dependently reanalyzed by a second investigator who was
also blinded to participant characteristics and followed the
same measurement protocol. This procedure minimized
observer bias and ensured methodological consistency.

Sex and Age Effects on Caudate Morphometry
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Figure 1. Axial T1-weighted MRI images showing bilateral lin-
ear measurements of the head of the caudate nucleus (CN) in a
32-year-old male. Measurements were taken on a 1.5T MAG-
NETOM Amira system. RCNL (Right Caudate Nucleus Length):
18.39 mm, LCNL (Left Caudate Nucleus Length): 18.91 mm,
RCNW (Right Caudate Nucleus Width): 8.29 mm, and LCNW
(Left Caudate Nucleus Width): 8.33 mm. Yellow calipers indicate
linear measurements: length (anteroposterior) and width (medi-
olateral). Images were acquired with AC-PC alignment to ensure
anatomical consistency.

Statistical analysis

Statistical analyses were conducted using IBM SPSS Sta-
tistics (Version 27; IBM Corp., Armonk, NY, USA). The
distribution of CN linear measurements was assessed using
the Shapiro-Wilk test, which demonstrated significant de-
viation from normality for all variables (p<0.05). Accord-
ingly, non-parametric statistical methods were applied.
Differences between males and females were evaluated us-
ing the Mann-Whitney U test, while associations between
CN measurements and age were assessed using Spearman’s
rank correlation coeflicient (p). Effect sizes for the Mann-
Whitney U tests were calculated, with r values of 0.10, 0.30,
and 0.50 interpreted as small, medium, and large effects,
respectively. All statistical tests were two-tailed, and sta-
tistical significance was defined as a=0.05. Given the ex-
ploratory nature of the study, no adjustments for multiple
comparisons were made.

Folia Medica | 2026 | Vol. 68 | No. 3

Folia Medica



Folia Medica

S. Yousufzai et al.

Table 1. Descriptive statistics and sex-based comparisons of caudate nucleus (CN) linear dimensions

Variables

CN linear measurements expressed in mm Mean + SD Range Males (n=107) Females (n=134)
Age (years) 45.2+11.3 30-70 44.8+10.9 45.4+11.5

Right length 19.62+2.31 14.57-30.43 19.88+2.45 19.52+2.24

Right width 9.52+1.21 6.54-13.76 9.71£1.33 9.45+1.15

Left length 19.55+2.58 15.00-32.57 19.7242.63 19.48+2.56

Left width 9.64+1.38 6.70-13.37 9.82+1.44 9.57+1.34

Values are presented as mean + standard deviation (SD). Sex comparisons were performed using the Mann-Whitney U test. A signifi-
cant difference was observed only for right CN width (U=2756.0, p=0.045, r=0.15). All other comparisons were not significant (p>0.05).

Power and sample size considerations

The sample included all eligible participants recruited
during the study period. Although a priori power analysis
was not conducted, the sample size was considered suffi-
cient to detect small-to-moderate effects using non-para-
metric statistical methods. A post hoc power analysis will
be performed to guide sample size estimation for future
confirmatory or longitudinal investigations.

Results

Descriptive morphometry

Table 1 displays descriptive statistics for bilateral CN line
dimensions, including CNL and CNW. Overall, males
demonstrated slightly larger measurements than females
in both hemispheres. The mean right CNL (RCNL) was
19.88+2.45 mm in males and 19.52+2.24 mm in females.
The mean right CNW (RCNW) measured 9.71+1.33 mm
in males compared with 9.45+1.15 mm in females. Similar
patterns were observed for the left hemisphere, although
the differences were less pronounced. The Shapiro-Wilk
test revealed significant deviations from normality for all
morphometric variables (p<0.05), thereby justifying the
use of non-parametric statistical methods (Fig. 2 and 3.).

Sex-based differences

The Mann-Whitney U test identified a statistically signif-
icant sex difference only for RCNW (U=2756.0, p=0.045),
with males exhibiting larger values than females. The corre-
sponding effect size (r=0.15) indicates a small but measur-
able difference (Fig. 4). No significant sex differences were
observed for RCNL, LCNL, or LCNW (all p>0.05), sug-
gesting that sexual dimorphism in CN linear dimensions
is limited and primarily confined to the right-sided width.

Age-related associations

Spearman’s rank correlation analysis demonstrated a weak
but statistically significant negative correlation between age

and LCNL (p=-0.18, p=0.015), indicating a gradual reduc-
tion in left CN length with increasing age (Fig. 5). No sig-
nificant associations were detected between age and the re-
maining morphometric parameters—RCNL, RCNW, and
LCNW (all p>0.05). These findings suggest that age-related
structural changes in the CN are subtle and asymmetric,
predominantly affecting the longitudinal dimension of the
left hemisphere.

Discussion

Main findings

This study establishes normative reference values for the
linear dimensions of the CN in a neurologically healthy
adult population and identifies subtle but statistically sig-
nificant associations with sex and age. Male participants
demonstrated greater RCNW, whereas increasing age was
associated with a modest reduction in LCNL. These find-
ings contribute to foundational knowledge of CN morphol-
ogy and highlight the potential value of linear morphom-
etry as an accessible method for characterizing subcortical
anatomy.

Clinical utility of linear CN morphometry

The present findings reinforce the practicality of linear
MRI measurements as a complementary alternative to
volumetric morphometry. Linear metrics can be derived
directly from routine clinical MRI sequences, require min-
imal post-processing, and are less susceptible to segmenta-
tion-related errors. These characteristics make linear mor-
phometry particularly suitable for everyday radiological
practice and for clinical settings lacking advanced neuro-
imaging infrastructure. As interest in individualized neuro-
imaging biomarkers continues to expand, straightforward
CN linear measurements may support early identification
of structural variation, facilitate longitudinal monitoring,
and assist in neurosurgical planning.
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Figure 2. Normality assessment of caudate nucleus (CN) morphometric data. Q-Q plots for the four measured CN dimensions—right
length (top left), right width (top right), left length (bottom left), and left width (bottom right). Each plot compares observed values to
theoretical quantiles of a normal distribution. Systematic deviations from the red reference line, especially in the tails, reflect non-nor-

mality in all distributions.
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Figure 3. Normality assessment of caudate nucleus (CN) morphometric data. Kernel density plots for normalized measurements with
corresponding Shapiro-Wilk p-values showing significant deviation from normality for all parameters (p<0.05), justifying non-para-
metric statistical analysis. Right length (yellow dashed), right width (brown dash-dot), left length (red dotted), and left width (magenta
solid) are visualized with corresponding Shapiro-Wilk p-values: right length: p=0.001, right width: p=0.021, left length: p<0.001, and
left width: p=0.003. All tests indicate significant deviation from normality, validating the use of non-parametric methods for further

analysis.
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Figure 4. Boxplot comparing right caudate nucleus width (RCNW) between males and females. Males showed greater RCNW than

females (Mann-Whitney U test, p=0.045).
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Figure 5. Findings from Spearman’s correlation analysis evaluating the impact of age on the morphometric characteristics of the left
caudate nucleus (LCN). A scatterplot illustrates the relationship between age and LCN length (LCNL). A weak but significant negative
correlation was observed (Spearman’s p=-0.18, p=0.015), with advancing age associated with a gradual reduction in CNL. The red line

represents the regression trend with 95% confidence bands.

Sex differences in caudate nucleus
morphology

The observed sex-related difference in RCNW is consistent
with previous volumetric studies reporting larger caudate
and putaminal volumes in males.!'3) Proposed mechanisms
include sex-dependent neurodevelopmental trajectories,
androgen-mediated growth influences, and variations in
cerebrovascular architecture. Extending these observations
to linear morphometric parameters suggests that mediolat-
eral expansion of the CN may serve as a simple anatomical
indicator of sexual dimorphism. Given the CN’s involve-

ment in reinforcement learning, motivation, and cognitive
flexibility, structural differences may contribute to subtle
sex-related variations in behavioral performance.*) How-
ever, functional correlations were not evaluated in this
study and warrant investigation using task-based function-
al MRI or neuropsychological assessment.

Age-related CN changes and
lateralization

The inverse association between age and LCNL aligns with
established evidence of subcortical atrophy accompanying

Folia Medica | 2026 | Vol. 68 | No. 3



normal aging, particularly within the CN, putamen, and
thalamus.>¢! The lateralized nature of this finding, pre-
dominantly affecting the left hemisphere, suggests possible
asymmetric susceptibility to age-related structural change.
Potential mechanisms may include hemispheric differences
in dopaminergic innervation, microvascular supply, or in-
trinsic neurobiological resilience. Diffusion-based imaging
studies have demonstrated variability in basal ganglia de-
generation across hemispheres and disease phenotypes!'*,
and ultrastructural investigations have documented neuro-
nal loss within the CN in neurodegenerative disorders.!®!
Although the observed effect size was modest, the reduc-
tion in LCNL may represent a structural marker deserving
further longitudinal validation. Future studies are needed
to determine whether such changes precede or accompany
cognitive or motor decline.

Translational implications for
neurosurgery and neuroimaging

The translational relevance of these findings lies primarily
in their potential application to stereotactic neurosurgical
procedures, including deep brain stimulation, capsuloto-
my, and tumor resection. Linear morphometry provides
rapid, reproducible structural information that may re-
fine anatomical targeting, particularly in individuals with
age-related atrophy or anatomical variability. Normative
CN benchmarks may also aid in identifying deviations
from expected sex- and age-adjusted ranges, which could
support early recognition of neurodegenerative or psychi-
atric conditions. Structural asymmetries of the CN have
been reported in schizophrenia, dementia, vascular cogni-
tive impairment, and depressive disorders!!”!8], underscor-
ing their potential diagnostic relevance.

Integration with multimodal and
Al-driven imaging approaches

Combining CN linear measurements with advanced im-
aging modalities, such as diffusion tensor imaging, rest-
ing-state functional MRI, or positron emission tomog-
raphy, may enhance diagnostic and predictive modeling.
Linear metrics are straightforward, scalable, and cost-ef-
fective, making them well-suited for automated processing
pipelines and large cohort analyses. Emerging artificial in-
telligence applications increasingly rely on structural fea-
tures to predict brain aging, cognitive decline, and disease
susceptibility.!'”) Accordingly, CN linear parameters may
serve as informative inputs in Al-based analytical frame-
works aimed at improving diagnostic precision.

Strengths

This study provides one of the relatively few normative
datasets for linear CN measurements in healthy adults.
The sample size strengthens statistical reliability, and strict
inclusion and exclusion criteria enhance internal validity.

Sex and Age Effects on Caudate Morphometry

All MRI scans were obtained using a single 1.5-Tesla sys-
tem and standardized protocol, thereby minimizing in-
ter-scanner variability. Although manual segmentation is
labor-intensive, it ensures high anatomical accuracy. Blind-
ed assessment and reproducibility analysis further support
methodological rigor.

Limitations

Several limitations should be acknowledged. Manual seg-
mentation, while precise, is time-consuming and subject
to observer variability, despite blinding and reproducibility
checks. The cross-sectional design limits inference regard-
ing longitudinal age-related change. Recruiting individuals
undergoing clinical MRI may introduce selection bias, even
with strict exclusion criteria. Additionally, the observed ef-
fect sizes were modest and required replication in larger,
more diverse populations to enhance generalizability.

Future directions

future research should adopt longitudinal designs to mon-
itor CN morphometry over time and determine whether
reductions in LCNL precede clinical manifestations of neu-
rodegeneration. Larger and more demographically diverse
cohorts are needed to establish broadly applicable norma-
tive standards. Integration of linear CN metrics with diffu-
sion-based, functional, and quantitative imaging approach-
es may clarify microstructural and functional correlates. The
automation of measurement techniques through semi-auto-
mated tools or machine learning algorithms could improve
reproducibility and scalability. Correlating CN linear mea-
sures with cognitive, behavioral, and motor outcomes would
further clarify their functional significance. As Al-based di-
agnostics advance, incorporating CN linear parameters into
predictive models may enhance early detection and enable
individualized management strategies.

Conclusion

This study establishes normative reference values for cau-
date nucleus linear dimensions in healthy adults and iden-
tifies subtle associations with sex and age. Males exhibited
greater right mediolateral width, whereas increasing age was
associated with reduced left anteroposterior length. These
findings support the use of linear morphometry as a practi-
cal and reproducible method for evaluating CN morpholo-
gy, particularly in settings where volumetric analysis is not
feasible. The proposed normative benchmarks may assist in
stereotactic neurosurgical planning, improve neuroimaging
interpretation, and contribute to the early identification of
structural variation in neurodegenerative and psychiatric
conditions. Further validation in larger and longitudinal co-
horts is necessary to strengthen clinical applicability.
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