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Abstract

Background
Normal brain aging is associated with microstructural alterations that influence tissue water diffusivity.
Diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) mapping provides
quantitative assessment of brain tissue characteristics and is widely used in clinical neuroradiology.
However, ADC values vary according to age, anatomical location, MRI acquisition parameters, and
population characteristics. Establishing normative ADC values is essential for accurate interpretation of
diffusion abnormalities and differentiation of physiological variation from pathological changes. This
study aimed to evaluate regional ADC values across selected brain regions among individuals with
normal brain MRI findings and assess variations according to age, sex, and hemispheric laterality.

Methods
A quantitative cross-sectional observational study was conducted among 87 individuals aged 12–86
years with clinically normal brain MRI examinations. MRI examinations were performed using a 1.5 Tesla
scanner. ADC values were measured in selected bilateral brain regions, including the caudate nucleus,
thalamus, centrum semiovale, cerebellum, pons, and vermis. Statistical analysis was performed using
one-way analysis of variance (ANOVA), independent samples t-test, paired samples t-test, and Spearman
correlation analysis.

Results
The study included 87 individuals with normal brain MRI findings, comprising 33 males and 54 females.
Mean ADC values were relatively higher in the adolescent group and remained comparable across adult
age groups. No statistically significant association was observed between age and global ADC values (ρ
= −0.145, p = 0.179). No significant differences were identified in ADC values between males and
females. Most evaluated brain regions demonstrated comparable bilateral ADC values; however, the
centrum semiovale showed significantly higher ADC values in the left hemisphere compared with the
right hemisphere (p < 0.001).

Conclusions
This study provides regional normative ADC reference values among individuals with normal brain MRI
findings. The observed age-associated variations and hemispheric differences highlight the importance
of considering physiological ADC variability during clinical interpretation of diffusion-weighted imaging.
These findings may provide supportive reference data for evaluating abnormal ADC patterns within
comparable MRI acquisition protocols.
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Background
The normal adult brain undergoes significant morphological changes with advancing age, characterized
on autopsy by decreased brain weight and increased cerebrospinal fluid (CSF)-filled spaces resulting
from ventricular dilatation and sulcal enlargement.1 Neuropathological investigations indicate that age-
related cortical neuronal loss is less extensive than previously recognized, suggesting that white matter
(WM) alterations and subcortical atrophy-predominantly affecting the striatum through reduced cell size
and minimized gray matter loss-outweigh gray matter changes during normal human aging.2,3

Neuroimaging advances, particularly magnetic resonance imaging (MRI), have revolutionized the in vivo
study of human brain dynamics. Diffusion-weighted imaging (DWI) provides a non-invasive assessment
of tissue microarchitecture by quantifying the random Brownian motion of water molecules driven by
thermal energy.4,5 The apparent diffusion coefficient (ADC), derived using standard b-values, commonly
including 1000 s/mm², serves as a quantitative marker of water diffusivity within brain tissue and may
detect subtle microstructural alterations not evident on conventional MRI.6,7

Despite the extensive clinical utility of DWI in diagnosing acute cerebral infarction, characterizing
neoplasms, and monitoring neurodegenerative pathologies, literature regarding normal lifespan
trajectories of brain tissue water diffusivity remains inconsistent.8,9 While some investigations report
significant late life increases in ADC due to unavoidable tissue senescence and atrophy, others suggest
that healthy brain microstructure remains remarkably stable throughout adulthood.10,14 Furthermore,

prior studies frequently suffer from small sample sizes or rely on heterogeneous clinical populations. 19

Crucially, there is a notable absence of robust, population-specific normative baseline values within
South Asian and Nepalese cohorts to distinguish normal physiological aging from early
neurodegenerative or pathological alterations.11,12 Because clinical radiologists heavily depend on
diffusion-weighted metrics for diagnostic interpretation, establishing regional reference data is a critical
clinical necessity.11,13 Therefore, this study aimed to investigate regional apparent diffusion coefficient
values across multiple brain regions in individuals with normal brain MRI findings spanning a broad age
range and to assess variations according to age, sex, and hemispheric laterality.

Methods

Study design and Study setting
This cross-sectional observational study was conducted in the Department of Radiology and Imaging at
Bir Hospital, National Academy of Medical Sciences (NAMS), Kathmandu, Nepal. Data acquisition took
place from April 2025 to April 2026. Ethical approval was obtained from the Institutional Review Board of
NAMS (Ref: 501/079/80-2079/8/29).

Study population and sample size
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Using consecutive sampling, we included patients who underwent routine brain MRI examinations during
the study period and whose examinations were reported as normal by the attending radiologist having
15 years of work experience. The sample size (n = 87) was determined using the formula for descriptive
cross-sectional studies based on a standard normal distribution table value (Z = 1.96 for a 95%

confidence level) described by Miller et al.2 [ ] Standard Deviation (σ) = 0.14×10− 3 mm²/s,

based on the reported SD of the right cerebellar ADC in the reference study.18 and d = 0.03 × 10− 3 mm²/s
was set as the allowable absolute error (precision).

Ethical Approval and Consent:

This study was conducted in accordance with the ethical standards of the Declaration of Helsinki.
Ethical approval was granted by the Institutional Review Board (IRB) of the National Academy of Medical
Sciences (NAMS), Bir Hospital, Kathmandu, Nepal (Ref No. xxx/xxx/xx-xxxx/xx/xx). Written (or verbal)
informed consent was obtained from all individual participants prior to inclusion in the study.

Inclusion Criteria

Routine brain MRI examinations reported as normal by the radiologist, including normal DWI and ADC
findings.

Exclusion Criteria

Patients with a history of major neurological or psychiatric disorders, previous cerebrovascular disease
or intracranial surgery, and examinations degraded by severe artifacts or distortion that interfered with
ADC measurement.

MRI Acquisition Protocol
Imaging was performed on a 1.5-T MRI scanner (Achieva, Philips Medical Systems) using a standard
clinical brain protocol that includes axial, sagittal spin echo T1-weighted images (T1WI); axial, coronal
spin echo T2-weighted images (T2WI); axial spin echo fluid- Attenuated Inversion Recovery (FLAIR); fast
field-echo T2* weighted images; and axial diffusion- weighted spin-echo single-shot echo-planar (DW SE-
SS-EPI) sequences.

DWI MRI parameters: Repetition time (TR) / Echo time (TE) (ms): 3000/85; minimum TR: 2694 ms;
acquisition matrix M×P: 128×126; section thickness: 4 mm; interslice gap: 2.8 mm; echo-planar imaging
factor: 63; b-values: 0 and 1000 s/mm²; duration of each DWI protocol: 36 seconds; dB/dt: 62.8 T/s; max
B1 + rms: 152 µT; fat suppression: SPIR; and acquisition mode: Cartesian. Isotropic ADC maps and trace
images were generated automatically.

ADC Measurement: Data were transferred to an off-line workstation for quantitative analysis. Circular
ROIs of 10–20 mm² were manually placed by a radiologist experienced in brain MRI interpretation on

n =
Z

2
σ 2

d
2
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ADC maps, avoiding CSF spaces, vascular structures, and partial volume effects. ROIs were placed in the
bilateral heads of the caudate nuclei, thalami, centrum semiovale, and cerebellar hemispheres, as well as
in the pons and cerebellar vermis as shown in Fig. 1. The cohort was divided into four age groups: For
group-wise analysis, participants were categorized into four predefined age groups: 12–24, 25–44, 45–
64, and 65–86 years.1,2 These categories were used to facilitate comparison of ADC values across the
age distribution of the study population. Age was additionally analyzed as a continuous variable using
correlation analysis.

Statistical Analysis
Data were entered and cleaned in Microsoft Excel and analyzed using SPSS version 25. Spearman's rank
correlation coefficient was used to assess the relationship between age and ADC values. One-way
ANOVA was conducted to compare mean ADC values among age groups for each ROI, with Tukey post
hoc tests performed only if the ANOVA was statistically significant. Independent-samples t-tests
evaluated sex differences in ADC values, and paired-samples t-tests assessed right–left differences in
bilateral ROIs. A two-tailed p-value < 0.05 was considered statistically significant.

Results
Participant Demographics: A total of 87 participants (33 males [37.9%] and 54 females [62.1%]) with
clinically normal brain MRI examinations were included in the study. The overall cohort had a mean age
of 40.24 ± 17.68 years, spanning an age range from 12 to 86 years. For group-wise analysis, participants
were categorized into four predefined age groups: 12–24 years (n = 18), 25–44 years (n = 35), 45–64
years (n = 25), and 65–86 years (n = 9). The complete baseline distribution of the study population
across age brackets and gender is summarized below Table 1.

Table 1
Demographic characteristics of the study population (N = 87).

Age Group Age Range (Years) Total (n) Male (n, %) Female (n, %)

Adolescence 12–24 18 7 11

Mid-Adulthood 25–44 35 15 20

Older/Middle Age 45–64 25 5 20

Senior 65–86 9 6 3

Total 12–86 87 33 (37.9%) 54 (62.1%)

Age-Related Changes in Global Brain Diffusivity

Lifespan analysis revealed a non-linear pattern of global brain diffusivity, characterized by an early
developmental growth phase followed by structural stabilization. As illustrated in the global line chart
Fig. 2, mean Apparent Diffusion Coefficient (ADC) values peaked during adolescence (12–24 years) at
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approximately 0.75×10− 3 mm2/s, reflecting higher water mobility and extracellular space fraction during
active structural organization and axonal packing.

As white matter matured into mid-adulthood, mean global ADC values decreased and plateaued at
approximately 0.73×10− 3 mm2/s, maintaining structural stability across the adult lifespan. A One-way
ANOVA demonstrated no statistically significant differences in global ADC across the four age groups (p 
> 0.05), with data distributions overlapping closely in group-wise evaluations. Similarly, Spearman's rank
correlation indicated a weak, non-significant overall correlation between age and global brain diffusivity
(ρ = -0.145, p = 0.179), reflecting that global normative brain tissue integrity is largely preserved across
healthy adult aging.

Regional-Specific Analysis and Fitting Curves

Detailed regional-specific trajectory and curve-fitting analyses Fig. 3 demonstrated heterogeneous age-
related changes across individual Brain Regions of Interest (ROIs). White matter regions and
periventricular areas, including the frontal, occipital, and parietal lobes, as well as the centrum semiovale,
exhibited mild positive linear trends (r ≈ 0.3–0.6), showing a gradual progressive increase in ADC values
ADC (≈ 0.1–0.3 × 10⁻³ mm²/s) across advancing decades. Conversely, deep gray matter structures such
as the thalamus exhibited a nearly flat slope, indicating negligible age-related alterations in water
diffusion parameters. Regional scatter plots (≈ 20–40 observations per region) further revealed tighter
data clustering among younger cohorts compared to slightly greater variability among senior
participants, underscoring region-specific structural stabilization profiles over nearly nine decades of
normal human brain aging.

ADC (×10− 3 mm2/s)

Age (Years)

Comparison of ADC Values by Gender

Apparent Diffusion Coefficient (ADC) values were compared between male (n = 33) and female (n = 54)
participants using Student’s independent samples t-tests. Gender exerted no statistically significant
effect on brain diffusivity across any of the measured Regions of Interest (p > 0.05). Mean ADC values
demonstrated high concordance between genders, with minimal variation observed in structures such as
the left thalamus (p = 0.99) and the left centrum semiovale (p = 0.88). These findings indicate that brain
tissue water diffusivity is sex-independent in normative cohorts, supporting the combination of male and
female data for broader lifespan analyses.

Hemispheric Laterality Comparison

Apparent Diffusion Coefficient (ADC) values showed high bilateral symmetry across most subcortical
and cerebellar structures, including the head of the caudate nucleus (0.74 × 10− 3 mm2/s bilaterally; p = 
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0.33), thalamus (0.74 vs. 0.75 10− 3 mm2/s; p = 0.12), and cerebellum (0.68 vs. 0.69 10− 3 mm2/s; p = 
0.35). Conversely, a statistically significant lateralization was observed in the centrum semiovale, where
ADC values were significantly higher in the left hemisphere (0.76 ± 0.04 × 10− 3 mm2/s) compared to the

right (0.71 ± 0.05 × 10− 3 mm2/s); paired t-test, p < 0.001 as shown in the bar chart Fig. 4.

Discussion
The adult brain undergoes progressive microstructural alterations with age, particularly within white
matter. Diffusion-weighted imaging (DWI) provides a noninvasive method to evaluate these microscopic
changes, as apparent diffusion coefficient (ADC) values detect subtle variations invisible on standard
MRI.16,18 This study establishes normative baseline ADC values for normal-appearing brain tissue across
different ages, genders, and hemispheric laterality to enhance our understanding of physiological aging
and improve diagnostic precision.

Our findings demonstrate a physiological plateau in mean ADC values, which remain relatively stable
from early adulthood through late middle age. This stable trajectory indicates that brain microstructural
integrity does not necessarily diminish uniformly with age in a healthy cohort. This observation reflects
healthy adult homeostasis, contrasting sharply with the rapid diffusivity decreases seen during pediatric
maturation, where Sotardi et al.12 noted stabilization by 2.4 years due to active myelination, and the age-
related elevations in older seniors caused by myelin loss, neuronal degeneration, or extracellular space
expansion.13,16,17

Comparing our results with existing literature reveals general consensus regarding adult brain stability
alongside regional specificities. While Chun et al.13 and Klimas et al.5 reported minimal overall age-
related global diffusion changes, Gideon et al.19 observed progressive cerebral white matter increases.
Our regional data supports these subtleties, showing stable deep gray matter (such as the thalamus)
paired with subtle periventricular white matter increases. Furthermore, our analysis confirms that brain
tissue microstructure is sex-independent, aligning with previous findings by Helenius et al.14 and Klimas

et al.5. Regarding hemispheric laterality, while most subcortical and cerebellar structures demonstrated
high bilateral symmetry matching prior studies, a notable and statistically significant lateralization was
observed in the centrum semiovale, highlighting inherent microstructural white-matter asymmetry.12,14

Establishing these site-specific, normative ADC baselines holds substantial clinical utility. They serve as
critical diagnostic benchmarks that empower radiologists to accurately differentiate normal
physiological aging variations and inherent hemispheric asymmetries from early neurodegenerative or
neurovascular pathologies.

Several limitations should be acknowledged. The single-center, single-scanner design and uneven senior
sample distribution restrict broader generalizability. Manual region-of-interest (ROI) selection introduces
potential investigator bias and partial-volume effects, while the cross-sectional framework precludes
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longitudinal tracking. Finally, the absence of formal cognitive or neuropsychological correlations limits
direct clinical translation.

Conclusions
This study establishes robust normative ADC benchmarks demonstrating that brain tissue diffusivity
exhibits a physiological plateau throughout healthy adulthood, shows no gender-dependence, and
displays selective white matter asymmetry confined to the centrum semiovale. From a clinical
implication standpoint, these reference values provide vital diagnostic tools for neuroradiologists to
reliably differentiate normal structural variants from early neuropathological alterations. Future research
implementing multi-center automated frameworks and longitudinal tracking will be essential to enhance
the precision and predictive power of neuroimaging biomarkers in clinical practice.

Abbreviations
ADC Apparent Diffusion Coefficient

CSF Cerebrospinal Fluid

FOV Field of View

IRB Institutional Review Board

DKI Diffusion Kurtosis Imaging

DTI Diffusion Tensor Imaging

DWI Diffusion Weighted Imaging

FA Fractional Anisotropy

FLAIR Fluid Attenuated Inversion Recovery

GM Gray Matter

ICH Intracranial Hemorrhage

MRI Magnetic Resonance Imaging

NAMS National Academy of Medical Sciences

NSA Number of Signal Average

ROI Region of Interest

SD Standard Deviation
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SI Signal Intensity

SPSS Statistical Package for Social Sciences

T Tesla

TE Time of Echo

TR Time of Repetition

WM White Matter
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Figure 1

ROIs of gray and white matter of Brain
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Figure 2

Line chart distribution of mean ADC and age category.
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Figure 3

See image above for figure legend

Page 15/16



Figure 4

See image above for figure legend
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