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Subcortical brain volumetric differences
related to white matter lesion volume and
cognition in healthy aging
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White matter hyperintensity (WMH) lesions associated with small vessel cerebrovascular disease
(CVD) are common structural neuroimaging findings in older adults. Greater global brainWMHburden
related to aging has been implicated in dementia but has also been linked to brain atrophy and
cognitive dysfunction in old age. We sought to investigate the regionally distributed association of
global WMH lesion load with subcortical gray matter (SGM) volumes using a multivariate network
analysis method in 178 community-dwelling, healthy older adults (mean age = 69.77 ± 10.22 years).
We additionally applied mediation models with WMH-related subcortical volumetric differences as a
mediator to evaluate a potential global WMH-related vascular risk pathway leading to cognitive aging.
Global WMH burden was associated with a regionally distributed pattern of SGM atrophy involving
bilateral putamen and left nucleus accumbens, with relative volume increases in bilateral caudate
nucleus. Mediation analyses revealed that increasing age predicted greater WMH-SGM pattern
expression, which then predicted slowed processing speed that was, in turn, associated with
decrements in other age-sensitive cognitive domains of memory, executive functioning, and fine
motor function. These results suggest that themultivariateWMH-SGMpattern and its associationwith
processing speedmay provide an important early indicator of age-related decrements in higher-order
cognitiveprocesses, reflecting apotential link betweenCVDandbroader cognitive dysfunction across
multiple domains in healthy aging.

White matter hyperintensity (WMH) lesions, commonly observed on
magnetic resonance imaging (MRI) in healthy aging1, provide a neuroi-
maging marker of white matter lesion load associated with small vessel
cerebrovascular disease (CVD)2. Increased WMH volume in old age has
been implicated in cognitive impairment3–5 and an increased risk of Alz-
heimer’s disease and related dementias (ADRD)2. Subcortical gray matter
(SGM) atrophy has been associated with WMH lesions and has been pro-
posed as a major contributor to cognitive impairment and dementia risk in
old age6–11. Prior work has shown ventricular enlargement, atrophy of the
basal ganglia (including striatal volume reductions), and hippocampal
atrophy in relation to greater WMH volume in aging9,12–18, which may in

turn contribute to cognitive dysfunction associated with whitematter lesion
load16,19, but these relationships have yet to be fully elucidated. Investigating
the relation of WMH to SGM volume differences in healthy older adults
may help to further clarify how WMH lesions influence cognitive dys-
function in aging. This work could also help to identify a potential pathway
linking small vessel CVD to cognitive aging, while providing a possible early
indicator for dementia risk.

While previous research has reported volume reductions in regions
often impacted in aging and ADRD, the focus has been largely restricted to
cortical brain regions14,16,20,21. Even studies examining WMH-related sub-
cortical brain atrophy in aging have primarily focused on selective brain
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regions, particularly the hippocampus16,17,22, or individual regions in
isolation8,11,23,24. Less attention has been directed toward other key sub-
cortical brain areas that have been implicated in aging anddementia, suchas
the striatum8,11,23,24. Although it has been increasingly recognized that
between-person differences in the volume of a brain region often covary
with individual differences in the volume of other brain structures20,25,
studies have yet to consider covariance patterns across subcortical brain
structures that reflect the regionally distributed associations betweenWMH
lesion load and multiple SGM volumes.

Unlike traditional univariate approaches that assess differences in
brain regions individually, multivariate analysis methods in structural
neuroimaging studies can be used to characterize regional patterns or net-
works of brain structure. As a multivariate method, the Scaled Subprofile
Model (SSM) is a network covariance analysis technique that can detect
distributed patterns of structural brain volumes related to inter-individual
differences in clinical and demographic characteristics or other relevant
brain measures without requiring conservative multiple comparison
correction26. This technique applies a principal component-based approach
to identify multivariate patterns of variance shared across individuals that
reflect relative differences overmultiple brain regions27,28. The SSMprovides
a set of regional patternweights and expression scores that reflect the degree
to which each participant expresses the observed pattern, making it capable
of addressing sources of variability in neuroimaging datasets related to other
variables of interest26.

Applications of this analytic method to structural brain imaging data
have shown sensitivity in identifying network patterns of gray matter
volume reductions in human studies of healthy aging and vascular risk
burden21,29,30, and in non-human primate and rodent models of aging31,32.
Moreover, the SSM analysis has been shown to effectively capture subtle
regional volumetric patterns that link different measures of brain
structure21,33. As such, applying the SSM provides a way to identify a mul-
timodal neuroimaging covariance pattern of SGM volume differences
related toWMH lesion load and to examine its linkage to cognitive function
in aging.

Previous research on cognitive dysfunction related toWMHburden in
aging has reported mixed findings across studies regarding associations
between WMH lesions and age-sensitive cognitive domains, including
verbalmemory, executive functioning, andfinemotor skills3–5,34,35.However,
slowed information processing speed, commonly observed in vascular
cognitive impairment36, has been suggested to be preferentially related to
white matter lesion load2,3. Additionally, cumulative evidence has demon-
strated that a large portion of observed cross-sectional age-related differ-
ences in higher-order cognitive functions, such as verbal memory and
executive functions, can be attributed to slowing of processing speed37,38.
These findings, taken together, suggest that slowed processing speed may
play a central role as an important link in mediating associations between
WMH lesions and deficits in other higher-order cognitive domains pre-
ferentially affected by aging.

In the present study, we sought to identify the regionally distributed
pattern of volume reductions in SGM associated with globalWMHburden
in healthy aging using the SSM26. We hypothesized that subcortical brain
regions previously shown to be associatedwithWMH lesion load, including
hippocampus, nucleus accumbens, caudate, and putamen, would demon-
strate volume reductions as part of a WMH-related regional covariance
pattern of SGM volumes. We additionally applied a series of mediation
models to evaluate a WMH-related vascular risk pathway contributing to
cognitive aging. We further hypothesized that greater expression of the
WMH-SGM network pattern related to aging would be associated with
diminished processing speed, which, in turn, would be associated with
decrements in other cognitive abilities typically affected by aging.

Results
Network covariance pattern
A multivariate SSM network analysis identified a covariance pattern
reflecting how global WMH volume was associated with regional

differences in SGM volumes. A linear combination of the first seven SSM
components that represent a regional covariance pattern of SGM volume
associated with global WMH burden was selected based on the lowest
Bayesian information criterion (BIC) value. This regression model
accounted for 38.9% of the variance in total WMH volume in the sample
(F(7,170) = 17.10, p = 5.1113E-17; Fig. 1A). The WMH-related SSM pattern
that reflects a linear combination of the seven components was character-
ized by reduced volumes of bilateral putamen and left nucleus accumbens,
with relatively greater volumes of the caudate nucleus bilaterally (Fig. 1B).

Age predicting cognitive functioning through the WMH-SGM
pattern
We then examined whether the association of age with cognitive func-
tioning was mediated through the WMH-SGM network pattern, testing
measures of age-sensitive cognitive domains separately as an outcome
variable.The simplemediationmodels revealed that the associationbetween
age and processing speed was mediated through the WMH-SGM network
pattern (Effect = 0.115, SE = 0.043, 95% confidence intervals [CI] [0.035;
0.203], with a diminished, but still significant direct effect of age on pro-
cessing speed performance after adjusting for total intracranial volume
(TIV), sex, years of education, apolipoprotein E (APOE) ε4 carrier status,
hypertension status, and the time interval between MRI scans and neu-
ropsychological assessment (Table 1). Specifically, increasing age was
associatedwithgreater pattern expression (β = 0.492,p < 0.0001),whichwas
then associated with poorer (i.e., slowed) performance on the Trail Making
Test, Part A (TMT-A; β = 0.234, p = 0.0054).

With the same covariates, however, there were no significant media-
tion effects of the WMH-SGM network pattern in the association between
age and verbal memory on the consistent long-term retrieval (CLTR) score
from the Buschke Selective Reminding Test (SRT) (Effect = 0.025, SE =
0.040, 95% CI [−0.052; 0.105]) and fine motor function on the Grooved
Pegboard Test (GPT) with the dominant hand (Effect = 0.058, SE = 0.034,
95%CI [−0.003; 0.131]; Table 1). Similarly, no significant indirect effects of
the network pattern were observed for three components of executive
functioning (Effect =−0.060, SE = 0.044, 95% CI [−0.152; 0.022] for
shifting on the Trail Making Test, Part B [TMT-B]; Effect =−0.030, SE =
0.044, 95% CI [-0.120; 0.056] for working memory on the Letter-Number
Sequencing [LNS] from the Wechsler Adult Intelligence Scale–Fourth
Edition [WAIS-IV]; and Effect =−0.008, SE = 0.040, 95% CI [−0.089;
0.070] for inhibition on the Stroop Color-Word Interference Test [SCWT])
while controlling for the covariates listed above (Table 1).

Additionally adjusting for other vascular health risk factors of smoking
history, maximal oxygen uptake (VO2max), body mass index (BMI), and
high cholesterol status did not appreciably diminish themediation effect for
processing speed (Effect = 0.091, SE = 0.039, 95% CI [0.019; 0.173]). In
contrast, a similar pattern of results was observed for the other cognitive
domains: no significant mediation effects for memory (Effect = 0.031,
SE = 0.034, 95% CI [−0.030; 0.103]), fine motor function (Effect = 0.052,
SE = 0.031, 95% CI [−0.001; 0.119]), and executive functioning (Effect =
−0.054, SE = 0.040, 95% CI [−0.146; 0.012] for shifting; Effect =−0.011,
SE = 0.035, 95% CI [−0.078; 0.061] for working memory; Effect = 0.002,
SE = 0.036, 95% CI [−0.068; 0.077] for inhibition).

Age predicting cognitive functioning sequentially through the
WMH-SGM pattern and processing speed
Subsequently, we tested whether the WMH-SGM pattern influenced other
age-sensitive cognitive domains through its impact on processing speed
with the same covariates listed above. The serial mediationmodels revealed
that the relationship between age and verbal memory was mediated
sequentially through theWMH-related SGM pattern and processing speed
(Effect =−0.032, SE = 0.014, 95% CI [−0.064;−0.008]; Fig. 2), in addition
to significant direct age effects.

Similarly, significant indirect effects of age through the pattern’s
association with processing speed were observed for the three components
of executive functioning—shifting (Effect = 0.062, SE = 0.025, 95% CI
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[0.017; 0.117]), working memory (Effect =−0.033, SE = 0.015, 95% CI
[−0.067; −0.007]), and inhibition (Effect =−0.040, SE = 0.018, 95% CI
[−0.080; −0.010]; Fig. 3A-C)—as well as for fine motor function (Effect =
0.021, SE = 0.012, 95% CI [0.003; 0.048]; Fig. 4).

Given that GPT can also be considered ameasure of processing speed,
we additionally tested an alternative model in which the order of the
mediators was reversed, such that the relationship between age and pro-
cessing speed was mediated by the WMH-SGM network pattern and then
fine motor function with the same covariates added. This serial mediation
model, however, did not reach significance (Effect = 0.021, SE = 0.014, 95%

CI [−0.001; 0.054]), with no significant association of the network pattern
with performance on theGPT (β = 0.119, p = 0.0518), supporting our initial
predicted order of mediators.

The serial mediations followed the same pattern: increasing age was
associatedwithgreater expressionof theWMH-SGMnetworkpattern,which
predicted slower processing speed, which was associated with poorer per-
formance in verbal memory (Fig. 2), executive functioning (Fig. 3), and fine
motor function (Fig. 4). The indirect associations between age and cognitive
functioning sequentially through the WMH-SGM pattern and processing
speed remained significant after additionally adjusting for other vascular
health risk factors, including high cholesterol status, smoking history, BMI,
and VO2max, for verbal memory (Effect =−0.025, SE= 0.013, 95% CI
[−0.055;−0.005]), shifting (Effect=0.050,SE= 0.023, 95%CI [0.011; 0.099]),
working memory (Effect =−0.025, SE = 0.013, 95% CI [−0.054; −0.004]),
inhibition (Effect =−0.032, SE = 0.016, 95% CI [−0.069;−0.006]), and fine
motor function (Effect = 0.017, SE = 0.011, 95% CI [0.002; 0.043]).

Additionally, further adjustment for depression ratings did not
attenuate these indirect effects through processing speed for verbalmemory
(Effect =−0.026, SE = 0.014, 95% CI [−0.058; −0.006]), shifting (Effect =
0.051, SE = 0.023, 95% CI [0.011; 0.103]), working memory (Effect =
−0.026, SE = 0.013, 95%CI [−0.056;−0.004]), inhibition (Effect =−0.033,
SE = 0.016, 95% CI [−0.070; −0.006]), and fine motor function (Effect =
0.018, SE = 0.011, 95% CI [0.003; 0.046]).

Discussion
Our study investigating the effects of WMH lesions on volumes of sub-
cortical brain structures in cognitively unimpaired, healthy older adults
identified a WMH-related regional network covariance pattern of volume
reductions in bilateral putamen and left nucleus accumbens with relative
volume increases in bilateral caudate nucleus. To understand the pathways
linking the pattern of WMH-related SGM volume differences to cognitive
aging, we evaluated a series of predictedmediationmodels and found, along
with direct effects of age on cognition, significant indirect effects of the
WMH-SGM pattern in the relationship between age and cognition. Spe-
cifically, increasing agewas associatedwith greater expression of theWMH-
SGM pattern leading to slowed processing speed, which was then sequen-
tially linked to poorer performance in other cognitive domains often
impacted by aging. These results suggest that cognitive dysfunction in
healthy aging may be, in part, attributable to WMH-related subcortical
volumetric differences associated with slowed processing speed.

We identified a subcortical atrophy pattern of volume reductions in
putamen and nucleus accumbens associated with global WMH burden in
this healthy older adult cohort, suggesting greater sensitivity of volumes of
the striatum—putamen and nucleus accumbens—to cerebrovascular risk
burden characterized by WMH lesions in the context of healthy aging.
These findings are consistent with prior studies that have typically relied on
univariate analysis methods showing striatal volume reductions, as well as
ventricular enlargement and atrophy of the basal ganglia, in relation to
greaterWMH volume9,12–15. However, our results complement the previous
findings by showing WMH-related subcortical volumetric differences as a
network covariance pattern of SGM associated with WMH lesion load.
These findings help to advance current understanding of the association
between WMH lesions and brain atrophy that has been often focused on
morphological differences in cortical brain regions or limited to selective
individual subcortical brain structures. The atrophy of the putamen and
nucleus accumbensmaybe explainedbydirect vascular lesionsor secondary
degeneration15,39,40. Due to the surrounding small perforating arteries, these
brain structures have been suggested to be particularly vulnerable to
ischemic damage associated with small vessel CVD40. It has also been sug-
gested that extensive striatal connections with multiple brain regions pre-
dispose the putamen and nucleus accumbens to secondary loss of gray
matter due towhitematter damage, which ultimately can lead to observable
atrophy in the involved subcortical structures15,39,41–43.

Another main finding of our study is that the WMH-SGM pattern
mediated the relationship between age and processing speed, but not

Fig. 1 | WMH-related SGM network pattern in healthy older adults. A Network
participant scores and WMH. The participant scores of the WMH-related SGM
pattern were derived from the first seven SSM components. TotalWMHvolumewas
log-transformed. The scatter plot shows that greater total WMH volume was
associated with greater expression of theWMH-related SGM network SSM pattern.
The dotted lines indicate 95% CIs. Adjusted R2 value is indicated. BWMH-related
SSM loadings for the network pattern of the bilateral volumes of subcortical brain
structures. Loadings are directional weights that reflect the associations between
volume of each subcortical brain structure and WMH lesions in the context of the
identified linearly combined SSM network pattern. Negative loadings represent
regions showing WMH-related decreases in SGM volume, while positive loadings
represent regions showing relative SGM volume increases related to WMH lesion
volume. The gray bars represent point estimates for the SSM loadings, black lines
represent bootstrap 95% CIs with 10,000 iterations, and asterisks indicate statisti-
cally significant SGM regions contributing to the SSM network pattern. Amg
amygdala, Cau caudate, CI confidence interval, Hipp hippocampus, L left, NAcc
nucleus accumbens, Pal pallidum, Put putamen, R right, SGM subcortical gray
matter, SSM Scaled Subprofile Model, Thal thalamus, WMH white matter
hyperintensity.
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memory, executive functioning, and fine motor function, which is con-
sistent with prior research suggesting that processing speed is a cognitive
function preferentially affected by WMH burden2,3,36. We also found that
greater WMH-SGM pattern expression related to age was associated with
diminished memory, executive functioning, and fine motor function, but
only through slowed processing speed within serial mediation models.
These results are in line with previous studies showing poorer performance
on tasks of suchage-sensitive cognitive domains in relation to greaterWMH
burden3–5 and smaller striatal volume10,44. Our findings, however, extend
previous findings by demonstrating that WMH-related SGM volume pat-
tern differences in healthy aging contribute to multiple aspects of cognitive
dysfunction mainly through its impact on processing speed.

While its involvement in motor control and fine motor skills has long
been recognized42, the striatum, as part of discrete frontal cortico-striatal
networks, has alsobeen reported to contribute tonon-motor functions, such
as stimulus value representations and related stimulus-driven motivational
states, and executive functions (e.g., inhibitory control and task set-
shifting)42,45. A recent human neuroimaging study has shown that a sub-
region of the ventral striatum, including the nucleus accumbens, was

associated with effortful task responses, whereas bilateral putamen was
engaged in both effortful and non-effortful (or simple) task-related
movements43.

Moreover, deficits in motivated voluntary behaviors in small vessel
CVD have been associated with striatal volume reductions and damage to
white matter tracts connecting frontal lobe regions to basal ganglia, parti-
cularly involving the ventral striatum46,47. These results, taken together,
suggest that the relationships between volume reductions of the putamen
and nucleus accumbens associated with WMH lesions and slowed pro-
cessing speed could be related to macrostructural white matter damage by
WMH lesions within tracts connecting frontal cortico-striatal brain regions
implicated in effort-based motivational performance and associated gray
matter volume loss. Further work on how frontal lobe and other cortical
brain volumes relate toWMH-related subcortical volumetric differences in
the context of healthy aging would be important to help gain a more
complete understanding of the impacts ofWMH lesions on structural brain
and cognitive aging and the risk of dementia.

Consistent with a large body of previous work37,38, we observed a
mediational influence of processing speed associated with theWMH-SGM
pattern on each of three main components of executive functioning (i.e.,
shifting, working memory, and inhibition) and verbal memory, in addition
to age-related direct effects on these cognitive domains indicating age’s
unique contribution. These results suggest that some of the age-related
decrements in higher-order cognitive functions, across timed and untimed
measures, reflect reductions in the speed with which task-relevant cognitive
processing operations can be executed. This provides support for the view
that diminished processing speed is an important underlying aspect of
broader cognitive dysfunction in cross-sectional studies of aging37,38.

Furthermore, that significant mediation effects were not observed in
the reverse serialmediationmodel, where theWMH-SGMnetwork pattern
and the GPT score sequentially mediated the TMT-A score, supports the
directional importance of processing speed in mediating the pattern’s
association with fine motor function. Although often considered a test of
simple visuomotor speed, the GPT has been suggested to incorporate
visuospatial abilities, fine motor control, and manual dexterity48, while the
TMT-A has been suggested to depend on simple visuomotor tracking
abilities49.Our results potentially indicate the associationof theWMH-SGM
pattern with these additional components more specifically concerned with
fine motor skills in performance on the GPT, distinct from the TMT-A
whose performance may reflect a more basic information processing speed
function that serves as a prerequisite for other higher-order cognitive
abilities.

It is important to note that our results did not diminish substantially
after controlling for common vascular health risk factors, such as

Table 1 | Summary of simple mediation models of age predicting cognitive functioning through the WMH-related SGM pattern

Cognitive measures Indirect effects Direct effects Total effects

Effect SE 95% CI Effect Effect

SRT CLTR 0.025 0.040 −0.052, 0.105 −0.497*** −0.472***

TMT-Ba −0.060 0.044 −0.152, 0.022 0.234** 0.174*

WAIS-IV LNS −0.030 0.044 −0.120, 0.056 −0.416*** −0.447***

SCWT −0.008 0.040 −0.089, 0.070 −0.423*** −0.430***

TMT-Ab 0.115 0.043 0.035, 0.203 0.262** 0.377***

GPTb 0.058 0.034 −0.003, 0.131 0.639*** 0.697***

Effect andSE represent standardized coefficients and standard error, respectively, while adjusting for TIV, sex, years of education, APOE ε4 status, hypertension status, and the time interval betweenMRI
scans and neuropsychological tests. CIs indicate statistical significance when they do not contain zero. The indirect effects that remained significant after additionally adjusting for high cholesterol status,
smoking history, BMI, and VO2max (Effect = 0.091, SE = 0.039, 95% CI [0.019; 0.173]) are bolded.
APOE apolipoprotein E,BMIbodymass index,CI confidence interval,CLTR consistent long-term retrieval,GPTGroovedPegboard Test, LNS letter number sequencing,MRImagnetic resonance imaging,
SCWTStroopColor-Word Interference Test,SGM subcortical graymatter,SRTBuschkeSelectiveRemindingTest,TIV total intracranial volume,TMTTrailMaking Test,VO2max volumeofmaximal oxygen
consumption,WAIS-IVWechsler Adult Intelligence Scale–Fourth Edition,WMH white matter hyperintensity.
a Standardized residual value after statistically removing the processing speed performance on TMT-A with raw scores of the TMT.
b Log-transformed value.
* p < 0.05, ** p < 0.01, *** p < 0.001.

Fig. 2 | Serial mediation models of the WMH-related SGM network pattern and
processing speed sequentially mediating the association between age and
memory. Boxes and paths indicate hypothesized variables and their associations.
Black solid lines indicate statistically significant paths, while gray dotted lines
indicate non-significant paths. Standardized path coefficients with TIV, sex, years of
education, APOE ε4 status, hypertension status, and the time interval between MRI
scans and neuropsychological test administration as covariates are presented. In this
model, zero does not lie within the 95%CIs, indicating a significantmediation effect.
This sequential mediation effect remained significant after additionally adjusting for
high cholesterol status, smoking history, BMI, and VO2max, and further depressed
mood. APOE apolipoprotein E, BMI bodymass index, CI confidence interval, CLTR
consistent long-term retrieval, MRI magnetic resonance imaging, SGM subcortical
gray matter, SRT Buschke Selective Reminding Test, TIV total intracranial volume,
TMT Trail Making Test, VO2max volume of maximal oxygen consumption, WMH
white matter hyperintensity. *p < 0.05, **p < 0.01, ***p < 0.001.
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hypertension status, high cholesterol status, smoking history, BMI, and
cardiorespiratory fitness levels, as well as APOE ε4 status, and further
depressed mood. These results suggest the possibility of a more specific
vascular health risk process derived from the accumulation ofWMHlesions
associated with volumetric differences in SGM leading to cognitive dys-
function, which also could not be explained by differences in depressed
mood in this healthy older adult cohort. Previous structural neuroimaging
studies of non-demented older adults have implicated reduced volumes of
putamen and nucleus accumbens in cognitive impairment and increased
risk ofADRD, aswell as in aging6–9,11,23,24. These results fromprevious studies
suggest that WMH-related SGM volume pattern differences leading to
cognitive dysfunction may be an important link in the association between
small vessel vascular pathology and increased vulnerability to the devel-
opment of pathological aging leading to dementia6,8,9. Examination of the
potential role ofWMH-related subcortical volumetric differences as an early
indicator of dementia risk related to CVD and their potential linkages to the
development of Alzheimer’s disease (AD) remains an important direction
for future longitudinal work. Additionally, future research on how white

matter volume relates to the pattern of WMH-related SGM volume dif-
ferences and cognition in the context of healthy aging may provide addi-
tional insight into structural brain and cognitive aging.

The WMH-SGM network pattern also included covarying areas of
relatively increased gray matter in relation to WMH burden in bilateral
caudate nucleus. In line with our findings, positive associations of white
matter lesions with caudate volume have been reported in non-demented
community-dwelling older adults9. Such positive associations may reflect
perivascular spaces related to age-associated CVD pathology, by which the
caudate nucleus has been shown to often be affected due to its anatomical
location and specificity50–52. It is also possible that the positive associations
reflect the presence of periventricular WMH lesions, which can be poten-
tially misclassified as graymatter in the caudate53. Further investigations on
WMH-related subcortical morphological differences in the context of
healthy aging are needed to help clarify the physiological implications of the
observed relatively increased graymatter of the caudate with greaterWMH
burden.

Hippocampal volume has been shown to be associated with global
WMH burden in previous studies using univariate analysis17,18. We identi-
fied a multivariate SSM WMH-SGM pattern focusing on basal ganglia
regions without hippocampal volume as a main contributor. The results
from studies of cognitively unimpaired or non-demented older adults,
however, have been inconsistent, with some studies finding evidence in
support of associations between WMH and hippocampal atrophy, but
others not15–18,54,55. Factors, such as differences in the sample size and
composition, study design (e.g., cross-sectional or longitudinal), and ana-
lysis methods (e.g., univariate ormultivariate), as well as health status of the
study samples with a different prevalence of genetic and vascular health risk
factors, may help to explain such variation in the findings.

Another factor that may account for some of the discrepancies across
studies is differences in the potential influence ofWMHspatial distributions
and patterns. For instance, hippocampal atrophy has been found in relation
to subtypes ofWMH, such as deep or periventricular15. In addition, a recent
study of this healthy older adult cohort found smaller hippocampal volumes
associated with increases in left temporal and right parietal lobe WMH
volumes33. This suggests that hippocampal volume may be preferentially
sensitive to a pattern of regional WMH volume differences in healthy
aging33, which appears distinct from the association of total WMH volume
with subcortical brain structures. More research is needed to further eval-
uate potential differences in specific associations of subtypes and regional

Fig. 3 | Serial mediation models of the WMH-related SGM network pattern and
processing speed sequentially mediating the association between age and
executive functioning. A TMT-B, BWAIS-IV LNS, andC SCWT. Boxes and paths
indicate hypothesized variables and their associations. Black solid lines indicate
statistically significant paths, while gray dotted lines indicate non-significant paths.
Standardized path coefficients with TIV, sex, years of education, APOE ε4 status,
hypertension status, and the time interval between MRI scans and neuropsycholo-
gical test administration as covariates are presented. In these models, zero does not
lie within the 95% CIs, indicating significant serial mediation effects. These med-
iation effects remained significant after additionally adjusting for high cholesterol
status, smoking history, BMI, and VO2max, and further depressed mood. TMT-A
and TMT-B were log-transformed. APOE apolipoprotein E, BMI body mass index,
CI confidence interval, LNS letter number sequencing, MRI magnetic resonance
imaging, SCWT Stroop Color-Word Interference Test, SGM subcortical gray
matter, TIV total intracranial volume, TMT Trail Making Test, VO2max volume of
maximal oxygen consumption,WAIS-IVWechsler Adult Intelligence Scale–Fourth
Edition, WMH white matter hyperintensity. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4 | Serial mediation models of the WMH-related SGM network pattern and
processing speed sequentially mediating the association between age and fine
motor function. Boxes and paths indicate hypothesized variables and their asso-
ciations. Black solid lines indicate statistically significant paths, while gray dotted
lines indicate non-significant paths. Standardized path coefficients with TIV, sex,
years of education, APOE ε4 status, hypertension status, and the time interval
between MRI scans and neuropsychological test administration as covariates are
presented. In thismodel, zero does not lie within the 95%CIs, indicating a significant
mediation effect. This sequential mediation effect remained significant after addi-
tionally adjusting for high cholesterol status, smoking history, BMI, and VO2max,
and further depressed mood. APOE apolipoprotein E, BMI body mass index, CI
confidence interval, GPT Grooved Pegboard Test, MRI magnetic resonance ima-
ging, SGM subcortical gray matter, TIV total intracranial volume, TMT Trail
Making Test, VO2max volume of maximal oxygen consumption, WMH white
matter hyperintensity. *p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.1038/s41514-025-00234-z Article

npj Aging |           (2025) 11:44 5

www.nature.com/npjamd


differences in WMH volumes with subcortical brain structures in the
context of healthy aging and increased risk for CVD and AD dementia.

Our cohort included participants who were generally in good health,
well-educated, and predominantly White. Additionally, the relatively small
sample size may restrict our ability to detect smaller effects and the gen-
eralizability of our findings. As such, it would be important to determine
whether ourfindings are generalizable tomore diverse and larger samples of
older adults. Although we accounted for key demographic and clinically-
relevant characteristics in our analyses, we cannot rule out the possibility
that unmeasured factors that could be related to WMH-related subcortical
brain atrophy, slowed processing speed, or a combination of these might
influence our observed associations. Finally, usingmediationmodelingwith
a bootstrappingprocedure,we testeda theoretically supportedhypothesized
pathway linking small vessel CVD to cross-sectional differences in cognitive
aging and showed significant, robust indirect effects. The cross-sectional
observational study design, however, does not allow for conclusions on
causal relationships. Further studies using longitudinal and intervention-
based study designs are needed to extend ourfindings and to clarifywhether

WMH-related SGMatrophypattern differences lie on the causal pathway to
age-related cognitive impairment.

In conclusion, global WMH burden, in our sample of healthy middle-
aged to older adults, was associated with a regionally distributed pattern of
SGM atrophy involving the striatum—particularly, volume reductions in
theputamenandnucleus accumbens—followedby slowedprocessing speed
and associated decrements in other age-sensitive cognitive domains of
verbal memory, executive functions, and fine motor skills. These findings
suggest that the multivariate SSM WMH-SGM pattern and its association
with processing speed may reflect a potential pathway linking cere-
brovascular risk burden due to WMH lesions with broader aspects of
cognitive function in healthy older adults. Future research is needed to
further investigate howWMH lesion load influences cognitive aging and to
assess causality in our observed associations.

Methods
Participants
Participants were 178 community-dwelling, healthy older adults (mean age
= 69.77 ± 10.22 years, 50.6%women, 95.5%White individuals with 6.2% of
the sample self-identifying as Hispanic/Latinx), who completed brain MRI
scans, neuropsychological tests, and a graded treadmill exercise test as part
of a study on cognitive aging. Participants underwent a neurological
examination by a geriatric neurologist (GAH), together with a compre-
hensive medical screen, to exclude significant medical, psychiatric, and
neurological disorders. Exclusion criteria also included: aMini-Mental State
Exam56 score < 26 and a Hamilton Depression Rating score57 ≥ 10. The
sample’s demographic characteristics are reported in Table 2. After being
fully informed of the study procedures and possible risks, all participants
provided written consent. All procedures for this study were reviewed and
approved by theUniversity of Arizona Institutional Review Board andwere
completed in accordance with institutional guidelines.

Image acquisition
MRI scans were acquired during a single imaging visit on a 3 T GE Signa
scanner (HD Signa Excite, General Electric, Milwaukee, WI). We obtained
volumetric T1-weighted images using a spoiled gradient echo sequence
(TR = 5.3ms,TE = 2.0ms,TI = 500ms,flip angle= 15°,matrix=256 × 256,
field of view = 25.6 cm, slice thickness = 1.0mm). We also acquired T2-
weighted imagesusing afluid attenuated inverse recovery (FLAIR) sequence
(TR = 11,000ms, TE = 120ms, TI = 2,250ms, flip angle = 90°,matrix = 256
×256, field of view = 25.0 cm, slice thickness = 2.6 mm).

Image processing
T1-weighted images were processed using the automated recon-all pro-
cessing stream with standard parameters in FreeSurfer v5.3 (http://surfer.
nmr.mgh.harvard.edu) to obtain volumes of the following seven subcortical
brain structures for each hemisphere: caudate, putamen, pallidum, hippo-
campus, nucleus accumbens, amygdala, and thalamus. Details of Free-
Surfer’s processing pipeline for subcortical segmentation are described
elsewhere58–60, which included the following steps: motion correction,
intensity normalization, removal of non-brain tissue, segmentation of
subcortical gray/white matter volumetric structures, tessellation of gray/
white matter and gray matter/pial boundary, Talairach transformation,
topology correction, and surface deformation. Outputs of the FreeSurfer
segmentationwere visually inspected for accuracy, and the recon-allpipeline
was re-processed, as needed.

WMH volume was segmented automatically from T1 and FLAIR
images using the lesion segmentation toolbox (LST)61 implemented in
Statistical Parametric Mapping (SPM12; Wellcome Trust Center for Neu-
roimaging, London, UK) and the lesion growth algorithm (LGA). The
processing steps forWMHsegmentation in this cohorthavebeenpreviously
described in detail22,62. Briefly, manually segmented reference WMHmaps
were generated with ITK-SNAP (www.itksnap.org) in a subset of 35 par-
ticipants based on a consensus review by a neurologist (GAH) and two
expert raters (PKB and GEA). Lesion probability maps were then produced

Table 2 | Characteristics of the study sample (n = 178)

Variable M (SD) or N (%)

Age (years) 69.77 (10.22)

Sex (women) 90 (50.6)

Race/ethnicitya

White 170 (95.5)

Asian 3 (1.7)

American Indian/Alaska Native 1 (0.6)

Multiracialb 4 (2.2)

Education (years) 16.72 (2.80)

GDSe 1.01 (1.58)

MMSE score 29.02 (1.23)

VO2max (mL/kg/min) 24.43 (5.81)

BMI (kg/m2) 25.21 (3.87)

APOE ε4 carriers 56 (31.5)

Hypertensionc 59 (33.1)

High cholesterold 125 (70.2)

Smoking history (current or past) 71 (39.9)

Diabetes 7 (3.9)

Total WMH volume (mL) 6.68 (10.28)

SRT CLTR score 63.38 (37.16)

WAIS-IV LNS score 18.77 (2.80)

SCWT score 36.71 (9.33)

TMT-A (seconds) 32.62 (10.67)

TMT-Be (seconds) 75.80 (30.27)

GPT dominant hande (seconds) 92.10 (26.77)

Time intervalf (days) 56.49 (46.69)

M and SD represent mean and standard deviation, respectively.
APOE apolipoprotein E, BMI body mass index, CLTR consistent long-term retrieval, GDSGeriatric
Depression Scale, GPT Grooved Pegboard Test, LNS letter number sequencing,MMSEMini-
Mental Status Exam, SCWT Stroop Color-Word Interference Test, SRT Buschke Selective
Reminding Test, TMT Trail Making Test, VO2max volume ofmaximum oxygen consumption,WAIS-
IVWechsler Adult Intelligence Scale–Fourth Edition,WMH white matter hyperintensity.
a Self-reported race and ethnicity.
b Four participants (2.2%) self-reported as multiracial, with two individuals identifying as White and
American Indian or Alaska Native, and the other two as White, Black or African American and
American Indian or Alaska Native.
c Self-reported history of hypertension.
d Individuals with self-reported history of high cholesterol, use of cholesterol-loweringmedications,
or total serum cholesterol ≥ 200mg/dL.
e n = 177.
f Time interval between MRI scans and neuropsychological assessment.
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by the LST at the optimization parameter kappa of 0.35, which was deter-
mined through assessment of the segmentation accuracy across an array of
kappa thresholds (0.05 – 1.00), that was found to have the highest spatial
overlap between the referenceWMHmaps and the LGA-generatedWMH
maps. TotalWMHvolume for each participant was computed by summing
voxel volumes, and the values were log-transformed for subsequent ana-
lyses. TIV was calculated in each participant’s native brain space as the
combined volume of segmented gray/white matter and cerebrospinal fluid
using T1 scans63.

Cognitive measures
Participants completed a battery of neuropsychological tests that measured
cognitive domains typically impacted by aging, including verbal memory,
executive functioning, processing speed, andfinemotor function34,35. Verbal
memory was assessed with a 12-word, 12-trial version of the SRT64. For the
present study, we used the SRTCLTR score as ameasure of verbalmemory,
which reflects the ability to consistently recall items on at least three con-
secutive trials without reminding64.

For executive functioning,we focused onmeasures of shifting,working
memory, and inhibition65, which were assessed by time to complete the
TMT-B66 residualized to remove the influenceofprocessing speedmeasured
by the TMT-A; WAIS-IV LNS subtest score67; and SCWT68 score, respec-
tively. We used the time to completion on TMT-A66 as a measure of pro-
cessing speed49 and the time taken to complete the dominant handGPT69 as
ameasure offinemotor function48 after log-transformation tonormalize the
distributions for subsequent analyses. One participant had a missing value
for the TMT-B, and one participant was missing the GPT.

Laboratory assessments
APOEallelesweredeterminedongenomicDNAsamples by thepolymerase
chain reaction/restriction enzyme method70, as previously described in
detail22. Briefly, amplified DNA by polymerase chain reaction was digested
with HhaI restriction enzyme and analyzed on agarose gel. In this cohort,
there were 56 APOE ε4 carriers (31.5%) and 122 ε4 non-carriers (68.5%).

Serum total cholesterol concentrations weremeasured in fasting blood
samples by standardized enzymatic methods in the Clinical Chemistry
Laboratory of the Department of Pathology at the University of Arizona
Medical Center, Tucson, Arizona, following standard laboratory proce-
dures. For the current study, high cholesterol was defined as self-reported
history of high cholesterol, use of cholesterol-lowering medications, or
serum total cholesterol ≥ 200mg/dL71–73.

Cardiorespiratory fitness assessment
Cardiorespiratory fitness, defined as VO2max, has been previously descri-
bed in detail30 and was measured with indirect calorimetry during a graded
treadmill exercise test using a modified Naughton protocol74. Criteria for
reaching VO2max included (1) a plateau in oxygen consumption in
response to increasing workload; (2) a respiratory exchange ratio ≥ 1.1; and
(3) a heart rate ± 10 beats/min of the age-predicted maximum75. We
adjusted mediation models for cardiorespiratory fitness, as well as other
common cardiovascular risk factors, to test associations between WMH-
related subcortical morphological differences and cognition separate from
overall cardiovascular health.

Statistical analysis
Multivariate SSM analysis26 was applied to measures of bilateral volumes of
seven SGM structures in Matlab R2020a (MathWorks, Natick, MA) to
identify a subcortical regional covariance network pattern related to total
WMH volume reflecting the regionally distributed associations of WMH
burden with SGM volumes20,21,30. With this multivariate analytic approach,
regional differences in the WMH-SGM network pattern indicate how the
subcortical brain regions covary with each other in relation to WMH
volume. In addition, corresponding participant scores are generated, which
reflect individual (i.e., between-person) differences in the expression of the
network covariance pattern.

As previously described in Alexander and Moeller (1994)26, key
steps in the application of the SSM include: 1) subtracting mean values
across regions and participants after natural log-transformation; 2)
applying a modified principal component analysis on the participant
by region residual data; 3) obtaining a linearly combined set of SSM
components and corresponding participant scores indicating the
extent to which the identifiedWMH-related SGMnetwork pattern was
expressed by each participant; 4) using BIC-based multiple linear
regressions to identify the set of SSM components whose participant
scores best predicted total WMH volume; and 5) performing bootstrap
resampling with 10,000 iterations on the point estimate for theWMH-
related SGM volume pattern63,76,77 to provide CIs for the observed
regional pattern weights. We used the BIC78 as a model selection
approach to achieve balance between model fit and complexity to
maximize generalizability of our findings79. Regional weights reflect
associations between volumes of each subcortical brain structure and
WMH lesions in the context of the observed linearly combined SSM
network pattern. Negative weights indicate regions showing SGM
reductions with greater WMH volumes, whereas positive weights
indicate those regions showing WMH-related relative volume
increases.

We then tested whether age-related differences in cognitive perfor-
mance were mediated through the identified WMH-related SGM network
pattern in separate simplemediationmodels. In thesemodels,we focusedon
one measure for each hypothesized cognitive domain/component to limit
Type 1 error across multiple mediation models. The following cognitive
measures expected to be related to aging andWMHburdenwere separately
included as an outcome variable4,30,35,80—verbalmemory (SRTCLTR score);
executive functioning (the standardized residual of time to complete
TMT-B,WAIS-IV LNS score, and SCWT score); speed of processing (time
to complete TMT-A); and fine motor function (time to complete GPT
dominant hand).

Given a central role of processing speed in the operation of higher-
order cognitive functions37,38, these models were extended to test whether
speed of processingmediated the pattern’s association with performance in
other age-sensitive cognitive domains to further examine how the WMH-
SGM pattern contributes to cognitive aging. Specifically, we tested, in
separate serial mediationmodels, age as a predictor and cognitive measures
of verbal memory (SRT CLTR score), executive functioning (time to
complete TMT-B, WAIS-IV LNS score, and SCWT score), and fine motor
function (time to complete GPT dominant hand) as a dependent variable,
with the WMH-SGM pattern and processing speed performance on the
TMT-A (time to complete TMT-A) evaluated as sequential mediators.

In mediation model analyses, TIV, sex, years of education, APOE ε4
carrier status, hypertension status, and the time interval between adminis-
tration of the neuropsychological tests and MRI scans were included as
covariates to account for their relation to WMH lesions, volumetric
reductions in SGM, and cognitive performance2,16,22,80.We then repeated the
analyses above with smoking history, VO2max, BMI, and high cholesterol
status as additional covariates to further adjust for the potential influence of
other common vascular health risk factors2. As a follow-up, depression
ratings on the Geriatric Depression Scale81 were entered in the serial med-
iation models as an added covariate to control for potential differences in
depressed mood influencing cognitive function.

A bootstrapping procedure was applied to all mediation model ana-
lyses with 10,000 iterations to construct 95% percentile CIs for indirect
effects using the PROCESS macro v4.282 and SPSS 28.0 (IBM Corp.,
Armonk, NY). The 95% percentile bootstrap CIs that exclude zero indicate
that there are significant mediation effects. Completely standardized
indirect effects were computed and reported as measures of effect size83. All
tests were two-tailed with the alpha level set at 0.05.

Data availability
The datasets used during the current study are available from the corre-
sponding author on reasonable request.

https://doi.org/10.1038/s41514-025-00234-z Article

npj Aging |           (2025) 11:44 7

www.nature.com/npjamd


Code availability
Code used for this study is available from the corresponding author on
reasonable request.

Received: 3 February 2025; Accepted: 2 May 2025;

References
1. Meyer, J. S., Kawamura, J. & Terayama, Y. White matter lesion in the

elderly. J. Neurol. Sci. 110, 1–7 (1992).
2. Prins, N. D. & Scheltens, P. White matter hyperintensities, cognitive

impairment and dementia: An update. Nat. Rev. Neurol. 11, 157–165
(2015).

3. Gunning-Dixon, F. M. & Raz, N. The cognitive correlates of white
matter abnormalities in normal aging: a quantitative review.
Neuropsychology 14, 224–232 (2000).

4. Wright, C. B. et al. White matter hyperintensities and subclinical
infarction: Associations with psychomotor speed and cognitive
flexibility. Stroke 39, 800–805 (2008).

5. Sachdev, P. S., Wen, W., Christensen, H. & Jorm, A. F. White matter
hyperintensities are related to physical disability and poor motor
function. J. Neurol. Neurosurg. Psychiatry 76, 362–367 (2005).

6. de Jong, L.W. et al. Ventral striatal volume is associatedwith cognitive
decline in older people: a population based MR-study. Neurobiol.
Aging 33, 424.e1–424.e10 (2012).

7. Lambert, C. et al. Identifying preclinical vascular dementia in
symptomatic small vessel disease using MRI. NeuroImage Clin. 19,
925–938 (2018).

8. Yi, H. A. et al. Relation between subcortical grey matter atrophy and
conversion frommild cognitive impairment to Alzheimer’s disease. J.
Neurol. Neurosurg. Psychiatry 87, 425–432 (2016).

9. Hilal, S. et al. Subcortical atrophy in cognitive impairment and
dementia. J. Alzheimer’s. Dis. 48, 813–823 (2015).

10. Hedden, T. et al. Multiple brain markers are linked to age-related
variation in cognition. Cereb. Cortex 26, 1388–1400 (2016).

11. Pini, L. et al. Brain atrophy in Alzheimer’s Disease and aging. Ageing
Res. Rev. 30, 25–48 (2016).

12. Lambert, C. et al. Longitudinal patterns of leukoaraiosis and brain
atrophy in symptomatic small vessel disease. Brain 139, 1136–1151
(2016).

13. Lambert, C. et al. Characterising the grey matter correlates of
leukoaraiosis in cerebral small vessel disease. NeuroImage Clin. 9,
194–205 (2015).

14. Habes, M. et al. White matter hyperintensities and imaging patterns
of brain ageing in the general population. Brain 139, 1164–1179
(2016).

15. Appelman, A. P. A. et al. Whitematter lesions and brain atrophy: more
than shared risk factors? A systematic review. Cerebrovasc. Dis. 28,
227–242 (2009).

16. Raji, C. A. et al. White matter lesions and brain gray matter volume in
cognitively normal elders. Neurobiol. Aging 33, 834.e7–834.e16
(2012).

17. Godin, O. et al. Association of white-matter lesions with brain atrophy
markers: The three-city Dijon MRI study. Cerebrovasc. Dis. 28,
177–184 (2009).

18. Crane, D. E. et al. Grey matter blood flow and volume are reduced in
association with white matter hyperintensity lesion burden: a cross-
sectional MRI study. Front. Aging Neurosci. 7, 131 (2015).

19. da Silva, P. H. R. et al. Cortical thickness and brain connectivity
mediate the relation between white matter hyperintensity and
information processing speed in cerebral small vessel disease. Brain
Topogr. 36, 613–630 (2023).

20. Alexander, G. E. et al. Regional network of magnetic resonance
imaging gray matter volume in healthy aging. Neuroreport 17,
951–956 (2006).

21. Kern, K. C. et al. Blood pressure control in aging predicts cerebral
atrophy related to small-vessel white matter lesions. Front. Aging
Neurosci. 9, 132 (2017).

22. Van Etten, E. J. et al. Influence of regional white matter hyperintensity
volume and apolipoprotein E ε4 status on hippocampal volume in
healthy older adults. Hippocampus 31, 469–480 (2021).

23. Jernigan, T. L. et al. Effects of age on tissues and regions of the
cerebrum and cerebellum. Neurobiol. Aging 22, 581–594 (2001).

24. de Jong, L. W. et al. Strongly reduced volumes of putamen and
thalamus in Alzheimer’s disease: AnMRI study.Brain 131, 3277–3285
(2008).

25. Alexander-Bloch,A.,Giedd, J.N. &Bullmore,E. Imagingstructural co-
variance between human brain regions. Nat. Rev. Neurosci. 14,
322–336 (2013).

26. Alexander, G. E. & Moeller, J. R. Application of the scaled subprofile
model to functional imaging in neuropsychiatric disorders: a principal
component approach to modeling brain function in disease. Hum.
Brain Mapp. 2, 79–94 (1994).

27. Moeller, J. R., Strother, S. C., Sidtis, J. J. & Rottenberg, D. A. Scaled
subprofile model: a statistical approach to the analysis of functional
patterns inpositronemission tomographicdata. J.Cereb.BloodFlow.
Metab. 7, 649–658 (1987).

28. Moeller, J. R. & Strother, S. C. A regional covariance approach to the
analysis of functional patterns in positron emission tomographic data.
J. Cereb. Blood Flow Metab. 11, A121-35 (1991).

29. Bergfield, K. L. et al. Age-related networks of regional covariance in
MRI gray matter: Reproducible multivariate patterns in healthy aging.
Neuroimage 49, 1750–1759 (2010).

30. Song, H. et al. Association of homocysteine-related subcortical brain
atrophy with white matter lesion volume and cognition in healthy
aging. Neurobiol. Aging 121, 129–138 (2023).

31. Alexander, G. E. et al. Age-related regional network of magnetic
resonance imaging gray matter in the rhesus macaque. J. Neurosci.
28, 2710–2718 (2008).

32. Alexander, G. E. et al. Age-related regional network covariance of
magnetic resonance imaging gray matter in the rat. Front. Aging
Neurosci. 12, 267 (2020).

33. Van Etten, E. J. et al. Regional covariance of white matter
hyperintensity volume patterns associated with hippocampal volume
in healthy aging. Front. Aging Neurosci. 16, 1349449 (2024).

34. Alexander, G. E. et al. Characterizing cognitive aging in humans with
links to animal models. Front. Aging Neurosci. 4, 21 (2012).

35. Ruff, R.M. & Parker, S. B. Gender- and age-specific changes inmotor
speed and eye-hand coordination in adults: normative values for the
Finger Tapping andGrooved Pegboard Tests.Percept.Mot. Skills 76,
1219–1230 (1993).

36. O’Brien, J. T. et al. Vascular cognitive impairment. Lancet Neurol. 2,
89–98 (2003).

37. Salthouse, T. A. et al. Effects of aging on efficiency of task switching in
a variant of the trailmaking test.Neuropsychology14, 102–111 (2000).

38. Salthouse, T. A. Theprocessing-speed theory of adult agedifferences
in cognition. Psychol. Rev. 103, 403–428 (1996).

39. Pantoni, L. & Garcia, J. H. Pathogenesis of leukoaraiosis: a review.
Stroke 28, 652–659 (1997).

40. Moretti, R. & Caruso, P. Small vessel disease-related dementia: an
invalid neurovascular coupling?. Int. J. Mol. Sci. 21, 1095 (2020).

41. Fornito, A., Zalesky, A. & Breakspear, M. The connectomics of brain
disorders. Nat. Rev. Neurosci.16, 159–172 (2015).

42. Balleine, B. W., Delgado, M. R. & Hikosaka, O. The role of the dorsal
striatum in reward and decision-making. J. Neurosci. 27, 8161–8165
(2007).

43. Suzuki, S., Lawlor, V. M., Cooper, J. A., Arulpragasam, A. R. &
Treadway, M. T. Distinct regions of the striatum underlying effort,
movement initiation and effort discounting. Nat. Hum. Behav. 5,
378–388 (2021).

https://doi.org/10.1038/s41514-025-00234-z Article

npj Aging |           (2025) 11:44 8

www.nature.com/npjamd


44. Niemann, C., Godde, B., Staudinger, U. M. & Voelcker-Rehage, C.
Exercise-induced changes in basal ganglia volume and cognition in
older adults. Neuroscience 281, 147–163 (2014).

45. Pauli, W. M., O’Reilly, R. C., Yarkoni, T. & Wager, T. D. Regional
specialization within the human striatum for diverse psychological
functions. Proc. Natl. Acad. Sci. USA 113, 1907–1912 (2016).

46. Li, H. et al. Apathy is associated with striatal atrophy and cognitive
impairment in cerebral small vessel disease. J. Affect Disord. 328,
39–46 (2023).

47. Saleh, Y. et al. Apathy in small vessel cerebrovascular disease is
associated with deficits in effort-based decision making. Brain 144,
1247–1262 (2021).

48. Sage,M. D., Bryden, P. J., Roy, E. A. & Almeida, Q. J. The relationship
between the grooved pegboard test and clinical motor symptom
evaluation across the spectrum of Parkinson’s disease severity. J.
Parkinsons Dis. 2, 207–213 (2012).

49. Crowe, S. F. The differential contribution of mental tracking, cognitive
flexibility, visual search, and motor speed to performance on parts A
and B of the trail making test. J. Clin. Psychol. 54, 585–591 (1998).

50. Beach, T. G., Walker, R. & McGeer, E. G. Patterns of gliosis in
alzheimer’s disease and aging cerebrum. Glia 2, 420–436 (1989).

51. Laveskog, A., Wang, R., Bronge, L., Wahlund, L.-O. & Qiu, C.
Perivascular spaces in old age: assessment, distribution, and
correlation with white matter hyperintensities. Am. J. Neuroradiol. 39,
70–76 (2018).

52. Passiak, B. S. et al. Perivascular spaces contribute to cognition
beyond other small vessel disease markers. Neurology 92,
E1309–E1321 (2019).

53. Dadar, M., Potvin, O., Camicioli, R. & Duchesne, S. Beware of white
matter hyperintensities causing systematic errors in FreeSurfer
gray matter segmentations!. Hum. Brain Mapp. 42, 2734–2745
(2021).

54. Gattringer, T. et al. Vascular risk factors, whitematter hyperintensities
and hippocampal volume in normal elderly individuals. Dement
Geriatr. Cogn. Disord. 33, 29–34 (2012).

55. Raz,N., Rodrigue, K.M., Kennedy, K.M.&Acker, J. D. Vascular health
and longitudinal changes in brain and cognition in middle-aged and
older adults. Neuropsychology 21, 149–157 (2007).

56. Folstein, M. F., Folstein, S. E. & McHugh, P. R. Mini-mental state’. A
practical method for grading the cognitive state of patients for the
clinician. J. Psychiatr. Res 12, 189–198 (1975).

57. Hamilton, M. A rating scale for depression. J. Neurol. Neurosurg.
Psychiatry 23, 56–62 (1960).

58. Fischl, B. et al. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron 33, 341–355
(2002).

59. Fischl, B. et al. Sequence-independent segmentation of magnetic
resonance images. Neuroimage 23, S69–S84 (2004).

60. Dale, A. M., Fischl, B. & Sereno, M. I. Cortical surface-based analysis:
I. Segmentation and surface reconstruction. Neuroimage 9, 179–194
(1999).

61. Schmidt, P. et al. An automated tool for detection of FLAIR-
hyperintense white-matter lesions in multiple sclerosis. Neuroimage
59, 3774–3783 (2012).

62. Franchetti, M. K. et al. Interaction of age and self-reported physical
sports activity on white matter hyperintensity volume in healthy older
adults. Front. Aging Neurosci. 12, 346 (2020).

63. Alexander, G. E. et al. Gray matter network associated with risk for
Alzheimer’sdisease in young tomiddle-agedadults.Neurobiol. Aging
33, 2723–2732 (2012).

64. Buschke, H. Selective reminding for analysis of memory and learning.
J. Verbal Learn. Verbal Behav. 12, 543–550 (1973).

65. Miyake, A. & Friedman, N. P. The nature and organization of individual
differences in executive functions: Four general conclusions. Curr.
Dir. Psychol. Sci. 21, 8–14 (2012).

66. Reitan, R.M. Trail Making Test:Manual for administration, scoring and
interpretation. vol. 134 (Bloomington: Indiana University, 1956).

67. Wechsler, D.Wechsler adult intelligence scale–Fourth Edition
(WAIS–IV). vol. 22 (San Antonio: NCS Pearson, 2008).

68. Golden, C. J. & Freshwater, S. M. Stroop color and word test. (New
York: Skoelting, 1978).

69. Heaton,R.K.,Grant, I. &Matthews,C.G.Comprehensive norms for an
expanded Halstead-Reitan Battery. (Psychological Assessment
Resources, 1991).

70. Addya,K.,Wang,Y. L. &Leonard,D.G.Optimizationof apolipoprotein
e genotyping.Mol. Diagnosis 2, 271–276 (1997).

71. Expert Panel on Detection Evaluation and Treatment of High Blood
Cholesterol in Adults. Executive Summary of the Third Report of the
National Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III). JAMA 285, 2486–2497 (2001).

72. Tsao, C. W. et al. Heart disease and stroke statistics-2022 update: a
report from the American Heart Association. Circulation 145,
E153–E639 (2022).

73. Orozco-Beltran, D. et al. Lipid profile, cardiovascular disease and
mortality in a Mediterranean high-risk population: the ESCARVAL-
RISK study. PLoS One 12, e0186196 (2017).

74. Berry, M. J. et al. Estimation of VO2 in older individuals with
osteoarthritis of the knee andcardiovascular disease.MedSci. Sports
Exerc 28, 808–814 (1996).

75. ACSM. American College of Sports Medicine (ACSM’s) guidelines for
exercise testing and prescription. (Baltimore: Lippincott Williams and
Wilkins, 2000).

76. Efron, B. T. & Tibshirani, R. J. An Introduction to the Bootstrap. (Boca
Raton: CRC Press, 1994).

77. Habeck, C. et al. A new approach to spatial covariance modeling of
functional brain imaging data: Ordinal trend analysis. Neural Comput
17, 1602–1645 (2005).

78. Schwarz, G. Estimating the dimension of a model. Ann. Stat. 6,
461–464 (1978).

79. Pitt,M. A. &Myung, I. J.Whenagood fit canbebad.TrendsCogn.Sci.
6, 421–425 (2002).

80. Van Etten, E. J. et al. Right hippocampal volume mediation of
subjective memory complaints differs by hypertension status in
healthy aging. Neurobiol. Aging 94, 271–280 (2020).

81. Yesavage, J. A. et al. Development and validation of a geriatric
depression screening scale: A preliminary report. J. Psychiatr. Res.
17, 37–49 (1982).

82. Hayes, A. F. Introduction to mediation, moderation, and conditional
process analysis: A regression-based approach. (New York: Guilford
Publications, 2018).

83. Preacher, K. J. & Kelley, K. Supplemental material for effect size
measures for mediation models: quantitative strategies for
communicating indirect effects.Psychol. Methods 16, 93–115 (2011).

Acknowledgements
The authors would like to acknowledge support from the National Institutes
of Health (grant numbers AG025526, AG019610, AG072980, AG049464,
AG064587, AG067200, AG072445); the state of Arizona and Arizona
Department of Health Services; and McKnight Brain Research Foundation.
We thank the study participants for their valuable contributions to this
research.

Author contributions
H.S.: Conceptualization, Methodology, Formal analysis, Visualization,
Writing—original draft. P.K.B.: Formal analysis, Writing—review & editing.
M.D.G. and D.A.R.: Investigation, Writing - review & editing. C.G.H.:
Software, Formal analysis, Writing—review & editing. M.J.H., G.A.H., and
T.P.T.: Investigation, Project administration, Writing—review & editing.
G.E.A.: Funding acquisition, Investigation, Project administration,

https://doi.org/10.1038/s41514-025-00234-z Article

npj Aging |           (2025) 11:44 9

www.nature.com/npjamd


Supervision,Conceptualization,Methodology,Writing—review&editing.All
authors read and approved the final manuscript. This work was conducted
as part of the first author's (Hyun Song) doctoral dissertation research.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Gene E. Alexander.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41514-025-00234-z Article

npj Aging |           (2025) 11:44 10

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjamd

	Subcortical brain volumetric differences related to white matter lesion volume and cognition in healthy aging
	Results
	Network covariance pattern
	Age predicting cognitive functioning through the WMH-SGM pattern
	Age predicting cognitive functioning sequentially through the WMH-SGM pattern and processing speed

	Discussion
	Methods
	Participants
	Image acquisition
	Image processing
	Cognitive measures
	Laboratory assessments
	Cardiorespiratory fitness assessment
	Statistical analysis

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




