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Homocysteine (Hcy) is a cardiovascular risk factor implicated in cognitive 
impairment and cerebrovascular disease but has also been associated with 
Alzheimer’s disease. In 160 healthy older adults (mean age  =  69.66  ±  9.95  years), 
we  sought to investigate the association of cortical brain volume with white 
matter hyperintensity (WMH) burden and a previously identified Hcy-related 
multivariate network pattern showing reductions in subcortical gray matter (SGM) 
volumes of hippocampus and nucleus accumbens with relative preservation 
of basal ganglia. We  additionally evaluated the potential role of these brain 
imaging markers as a series of mediators in a vascular brain pathway leading 
to age-related cognitive dysfunction in healthy aging. We  found reductions 
in parietal lobar gray matter associated with the Hcy-SGM pattern, which was 
further associated with WMH burden. Mediation analyses revealed that slowed 
processing speed related to aging, but not executive functioning or memory, 
was mediated sequentially through increased WMH lesion volume, greater Hcy-
SGM pattern expression, and then smaller parietal lobe volume. Together, these 
findings suggest that volume reductions in parietal gray matter associated with 
a pattern of Hcy-related SGM volume differences may be indicative of slowed 
processing speed in cognitive aging, potentially linking cardiovascular risk to an 
important aspect of cognitive dysfunction in healthy aging.
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1 Introduction

As a sulfur amino acid, homocysteine (Hcy) is produced via the 
metabolism of the dietary essential amino acid methionine whose 
disturbances related to increasing age may lead to excess plasma 
concentrations of Hcy (Hankey and Eikelboom, 2001). Raised levels 
of Hcy have been recognized as a cardiovascular risk factor in healthy 
aging associated with age-related cognitive dysfunction (Prins et al., 
2002; Dufouil et al., 2003), but have also been associated with greater 
risk for dementia related to cerebrovascular disease (CVD; Hankey 
and Eikelboom, 2001), as well as Alzheimer’s disease (AD; Seshadri 
et al., 2002). Hcy is pro-atherothrombotic (Hankey and Eikelboom, 
2001) and higher levels of Hcy have been associated with greater white 
matter hyperintensity (WMH) burden on magnetic resonance 
imaging (MRI) in studies of middle-to-older-aged adults (Wright 
et al., 2005; Raz et al., 2012). The pathway by which elevated plasma 
Hcy levels contribute to cognitive aging and the risk for both CVD 
and AD, however, remains to be fully elucidated.

In a prior study (Song et al., 2023), we used multivariate network 
covariance analysis with the Scaled Subprofile Model (SSM; Alexander 
and Moeller, 1994) to identify a network pattern of Hcy-related 
subcortical gray matter (SGM) volumes, reflecting regional covariance 
in subcortical brain areas. This pattern indicated associations between 
higher plasma Hcy levels and volume reductions in both hippocampus 
and nucleus accumbens, key subcortical brain structures often 
implicated in the development of CVD and AD in aging (Walhovd 
et al., 2005; Habes et al., 2016; Pini et al., 2016; Werden et al., 2017; 
Morys et al., 2021), with relative preservation of basal ganglia volumes. 
Furthermore, we showed that increased WMH burden during aging 
predicted greater expression of the multivariate Hcy-related SGM 
volume pattern, which together sequentially mediated diminished 
processing speed, but not with measures of memory or executive 
function, in healthy older adults (Song et al., 2023).

While these findings suggest that the SSM Hcy-SGM pattern may 
provide an important early brain-based indicator of cognitive aging, 
reflecting a potential link between cardiovascular risk, CVD, and an 
aspect of cognitive dysfunction, our previous study was limited to 
investigating the volumes of subcortical brain structures related to 
plasma Hcy levels. Vascular white matter lesions, as well as plasma 
Hcy, have also been shown to contribute to alterations in cortical brain 
structures (Seshadri et al., 2008; Raji et al., 2012; Habes et al., 2016; 
Lambert et al., 2016; Tan et al., 2018). Structural MRI studies have 
suggested reduced gray matter volume (GMV) or thickness associated 
with higher Hcy levels (Seshadri et al., 2008; Tan et al., 2018) and 
greater WMH volume (Raji et al., 2012; Lambert et al., 2015; Habes 
et al., 2016) in brain regions often affected in aging and AD, including 
cortical regions of the frontal, temporal, and parietal lobes (Resnick 
et al., 2003; Alexander et al., 2006; Pini et al., 2016). Furthermore, 
reduced cortical gray matter has been linked to age-related decrements 
in processing speed, executive functioning, and memory (Cardenas 
et al., 2011; Mungas et al., 2018).

Importantly, studies have yet to investigate whether and how 
cortical brain volumes relate to Hcy-related subcortical volumetric 
differences and WMH lesion load. Investigating whether age-related 
differences in cortical brain volumes are mediated by Hcy-SGM 
pattern differences associated with WMH lesions to influence cognitive 
aging may advance our understanding of the structural brain-based 

effects of Hcy. Such efforts may help further elucidate a possible 
pathway by which a common peripheral blood marker of 
cardiovascular risk is associated with a combination of brain-based 
cortical and subcortical impacts that can contribute to cognitive 
dysfunction in healthy aging.

The present study built upon our previous work (Song et al., 
2023) in the same cohort of healthy older adults to investigate 
whether and how lobar regions of cortical brain volume are associated 
with our previously identified regional network covariance pattern 
that showed decreased SGM volumes of both the hippocampus and 
nucleus accumbens related to elevated plasma Hcy, as well as WMH 
burden. We  additionally investigated the potential role of these 
cortical and subcortical brain imaging markers as a series of 
mediators to evaluate a novel vascular risk pathway to influence 
cognitive dysfunction in healthy aging. To test associations between 
the structural brain-based effects of Hcy and cognition separate from 
overall cardiovascular health, we  adjusted mediation models for 
cardiorespiratory fitness measured by maximal oxygen uptake 
(VO2max) obtained during a treadmill graded exercise test (GXT), as 
well as other common AD and CVD risk factors (i.e., apolipoprotein 
E [APOE] ε4 status, hypertension status, smoking history, and 
additionally vitamin B12 levels). We  hypothesized that cortical 
volume reductions in regions often implicated in aging and the risk 
for CVD and AD, including frontal, parietal, and temporal lobe areas, 
would be predicted by the Hcy-SGM pattern. We also hypothesized 
that greater WMH lesion volume related to aging would predict 
greater expression of the Hcy-SGM pattern, followed by cortical 
brain atrophy, which in turn would be associated with diminished 
processing speed, executive functions, and memory in healthy 
older adults.

2 Materials and methods

2.1 Participants

Participants were the same cohort as reported in our prior study 
(Song et al., 2023), which included 160 community-dwelling healthy, 
cognitively unimpaired older adults, 50–89 years of age (mean 
age = 69.66 ± 9.95 years, 53.8% women, 95.0% White individuals with 
5.0% of those self-identifying as Hispanic/Latinx). Participant 
characteristics have been previously reported in detail (Song et al., 
2023) and are shown in Table 1. All participants provided written 
consent after they were informed about the study procedures and 
possible risks of participation. The study was reviewed and approved 
by the Institutional Review Board at the University of Arizona.

2.2 Laboratory assessments

Fasting blood samples drawn during the imaging visit were 
prepared for analysis and plasma total Hcy was processed as 
described previously (Song et  al., 2023). In brief, total Hcy was 
determined in plasma by the fluorescence polarization immunoassay 
method on the Axsym analyzer or by the chemiluminescence 
microparticle immunoassay method on the ci8200 analyzer (Abbott 
Laboratories, Chicago, IL). Validation between these two analyzers 
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was conducted and confirmed with a Deming regression coefficient 
of >0.999.

Serum vitamin B12 was determined by enhanced 
chemiluminescence immunoassay on the Vitros ECi 
Immunodiagnostic System (Ortho Clinical Diagnostics, Raritan, NJ).

APOE genotype was determined as previously described (Van 
Etten et  al., 2021). In brief, extracted DNA was assayed using 
restriction fragment length polymorphism analysis. DNA 
amplification by polymerase chain reaction was followed by digestion 
with HhaI restriction enzyme, and agarose gel analysis (Addya 
et al., 1997).

2.3 Cardiorespiratory fitness assessment

Oxygen uptake was measured during a maximal treadmill GXT 
using a modified Naughton protocol (Berry et al., 1996) with standard 
techniques of open-circuit spirometry as previously described (Song 
et  al., 2023). Achievement of VO2max, the standard measure of 
cardiorespiratory fitness, was considered as the attainment of at least 
two of the following three criteria: (1) a plateau in oxygen consumption 
with an increase in workload; (2) a respiratory exchange ratio of ≥1.1; 
and (3) a heart rate within 10 beats/min of the age-predicted 
maximum rate (ACSM, 2000).

2.4 Magnetic resonance imaging

Structural MRI images were acquired on a General Electric 3.0 
Tesla scanner (HD Signa Excite, Milwaukee, WI). We  obtained 
volumetric T1-weighted images using a spoiled gradient echo 
sequence with the following parameters: TR = 5.3 ms, TE = 2.0 ms, 
TI = 500 ms, slice thickness = 1 mm, flip angle = 15°, matrix = 256 × 256, 
field of view = 256 mm. We obtained fluid attenuated inverse recovery 
(FLAIR) T2-weighted scans with the following parameters: 
TR = 11,000 ms, TE = 120 ms, TI = 2,250 ms, slice thickness = 2.6 mm, 
flip angle = 90°, matrix = 256 × 256, field of view = 256 mm.

To process T1-weighted MRI scans, we used the default recon-all 
pipeline of FreeSurfer v5.3.1 Details of the processing stages for the 
automated segmentation of subcortical and cortical brain structures 
have been described elsewhere (Fischl et al., 2002, 2004). In brief, the 
FreeSurfer processing pipeline included non-brain tissue removal, 
Talairach transformation, gray/white matter segmentation, intensity 
normalization, tessellation of gray/white matter boundaries, 
automated correction of topological defects, and surface deformation. 
The processing stream provided GMVs of 34 bilateral cortical regions 
of interest (ROIs) according to the Desikan-Killiany atlas (Desikan 
et al., 2006), as well as seven subcortical brain structures for each 
hemisphere (Song et al., 2023). Volumes in the relevant ROIs that 
comprise each lobe were combined to derive lobar GMVs for the four 
major lobes (Desikan et al., 2006; Seshadri et al., 2008; Klein and 
Tourville, 2012; Chao et al., 2014; Dong et al., 2015).

Total WMH volume was automatically segmented using a 
combination of T1 and T2 FLAIR images with the lesion segmentation 
toolbox (Schmidt et al., 2012) implemented in Statistical Parametric 
Mapping (SPM12; Wellcome Trust Center for Neuroimaging, London, 
United Kingdom), using the lesion growth algorithm (LGA) approach. 
The processing steps involved in the segmentation of WMH in this 
healthy older adult cohort have been previously described in detail 
(Franchetti et al., 2020; Van Etten et al., 2021). Briefly, reference WMH 
maps were manually segmented in a subset of 35 participants using 
ITK-SNAP2 and underwent consensus review by expert raters. Mean 
spatial overlap between the LGA-generated WMH maps and the 
manually segmented reference WMH maps was computed across a 
range of optimization parameter kappa values (0.05–1.00) to 
determine an optimal threshold of 0.35 at which lesion probability 
maps for all study participants were generated. Total WMH volume 
was calculated as the sum of voxel volumes and was log-transformed. 
Estimates of total intracranial volume (TIV) were also obtained in 
native brain space from each T1 image using SPM12 (Alexander 
et al., 2012a).

2.5 Neuropsychological outcomes

We used measures of cognitive domains that are particularly 
vulnerable to the effects of aging: processing speed, executive 
functioning, and verbal memory (Alexander et al., 2012b), focusing 
on three selected measures obtained from the Trail Making Test 
(TMT; Reitan, 1958), Parts A and B and the 12-word, 12-trial version 
of the Buschke Selective Reminding Test (SRT; Buschke, 1973) as in 
our previous study (Song et  al., 2023). Such selected cognitive 
measures included the total time to completion of TMT-A (after 
log-transformation), which provides a measure of visuomotor 
processing speed that requires participants to draw lines connecting 
numbered circles randomly distributed on a sheet of paper in 
numerical order (Salthouse et al., 2000; Sánchez-Cubillo et al., 2009; 
Jacobs et al., 2013; Ferris et al., 2022). TMT-B is a timed task that 
involves drawing lines to connect numbered and lettered circles in 
alternating sequences. We used the standardized residual values of 

1 http://surfer.nmr.mgh.harvard.edu

2 www.itksnap.org

TABLE 1 Characteristics of the study sample.

Variable Mean ±  SD

Age (years) 69.66 ± 9.95

Sex (female/male) 86/74

Education (years) 15.98 ± 2.57

MMSE score 29.01 ± 1.25

Total WMH volume (mL) 6.57 ± 10.53

Frontal GMV (mL) 164.83 ± 15.04

Temporal GMV (mL) 96.83 ± 9.62

Parietal GMV (mL) 115.52 ± 11.19

Occipital GMV (mL) 44.91 ± 5.46

TMT-A (seconds) 32.18 ± 10.37

TMT-B (seconds) 76.14 ± 30.50

SRT CLTR (words) 64.62 ± 37.07

SD represents standard deviation. Details of participant characteristics have been reported 
previously (Song et al., 2023). CLTR, consistent long-term retrieval; GMV, gray matter 
volume; MMSE, Mini-Mental Status Exam; SRT, Buschke Selective Reminding Test; TMT, 
Trail Making Test; WMH, white matter hyperintensity.
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TMT-B, obtained by statistically removing the processing speed 
performance on TMT-A using raw scores, as a measure of executive 
functioning (Salthouse et al., 2000; Sánchez-Cubillo et al., 2009; Jacobs 
et al., 2013; Ferris et al., 2022). We also included the number of words 
consistently recalled on at least three succeeding trials, scored as 
consistent long-term retrieval (CLTR), on the SRT as a measure of 
verbal memory (Buschke, 1973). Despite non-significant associations 
of the Hcy-SGM pattern with executive functions or memory 
observed in our prior work, we included the same selected measures 
of these cognitive domains to assess their potential associations with 
cortical gray matter volumes (Cardenas et al., 2011; Mungas et al., 
2018) while maintaining comparability in evaluating our mediation 
models across studies.

2.6 Statistical analyses

Details of multivariate SSM analysis to identify subcortical 
regional covariance related to total plasma Hcy have been described 
previously (Song et al., 2023). In brief, following a modified principal 
component analysis, we chose the first set of sequential components 
as the best set of SSM component patterns predicting plasma total Hcy 
based on the lowest value of Akaike information criteria (Burnham 
and Anderson, 2002). A bootstrap resampling procedure was applied 
with 10,000 iterations to the SSM analysis to obtain reliability 
estimates at each volume of subcortical brain structures for the 
observed pattern weights related to Hcy (Efron and Tibshirani, 1994; 
Habeck et al., 2005; Alexander et al., 2012a). In our previous work, 
univariate associations of Hcy with individual subcortical brain 
volumes were tested as a follow-up to the multivariate SSM analysis to 
clarify how each of the regions in the pattern was associated with Hcy. 
The follow-up analyses showed that higher Hcy levels were 
significantly related to smaller hippocampal and nucleus accumbens 
volumes but were not significantly related to basal ganglia volumes. 
These findings suggested that the multivariate Hcy-related SGM 
pattern was mainly characterized by volume reductions in 
hippocampus and nucleus accumbens with increasing Hcy levels, 
while the covarying pattern increases in basal ganglia volumes may 
have reflected relative preservation of these subcortical brain 
structures with greater Hcy (Song et al., 2023).

Using our previously established Hcy-SGM covariance pattern, 
we performed block-wise multiple regression analyses to test the 
prediction of lobar GMVs by the multivariate Hcy-related SGM 
pattern. We first adjusted for TIV (Block 1) and then age, sex, and 
education (Block 2) to investigate the pattern’s association with 
cortical lobar brain volumes, distinct from differences in head size 
and additionally demographic factors (Mungas et al., 2018) while 
correcting for multiple comparisons with false discovery rate (FDR; 
Benjamini and Hochberg, 1995; Benjamini, 2010). As a follow-up, 
these analyses were repeated for left and right lobar GMVs 
separately to evaluate whether findings were consistent 
across hemispheres.

Significant FDR-corrected associations between lobar GMVs and 
the Hcy-SGM pattern were followed by serial mediation model analyses 
where we evaluated their relationships with WMH lesions. In these 
serial mediation models, we tested age as a predictor and lobar cortical 
GMVs separately as dependent variables, and total WMH volume and 
the Hcy-SGM pattern sequentially as mediators. We initially included 
TIV, sex, and education as covariates to account for their potential 

association with white matter lesion load and gray matter volume 
(Wright et al., 2005; Kern et al., 2017). We subsequently entered APOE 
ε4 status, hypertension status, smoking history, VO2max, and 
additionally vitamin B12 levels as added covariates to account for their 
relation to WMH lesions and volume reductions in gray matter as CVD 
and AD risk factors (Hankey and Eikelboom, 2001; Wright et al., 2005; 
Raji et al., 2012; Tan et al., 2018; Van Etten et al., 2021).

Mediation models with three mediators were then conducted to 
evaluate whether and how differences in cortical volumes were 
mediated by Hcy-related subcortical volumetric differences associated 
with WMH lesions to influence cognitive aging. In these models, 
selected cognitive outcomes in three domains—processing speed, 
executive functioning, and verbal memory—were chosen to limit Type 
1 error across multiple serial mediation models and were separately 
included as dependent variables. Total WMH volume, the Hcy-SGM 
pattern, and lobar GMVs were tested sequentially as mediators, using 
the same covariates as above, but additional adjustments were made for 
the time interval between MRI scans and neuropsychological test 
administration (Mean ± SD = 58.56 ± 47.35 days) to control for the 
potential influence of differences in time lengths between assessments 
on the outcome variables (Habes et al., 2016). In a follow-up analysis, 
we additionally included depression ratings on the Geriatric Depression 
Scale (Yesavage et al., 1982) as an added covariate to control for its 
potential relation to cognitive performance.

We applied a bootstrapping procedure with 10,000 iterations in 
the mediation analyses using the PROCESS macro v3.5 (Hayes, 2018) 
to construct 95% percentile confidence intervals (CIs) for indirect 
effects. Significant mediation effects were determined by the percentile 
bootstrap CIs that did not contain zero. Completely standardized 
indirect effects were reported as effect size measures (Preacher and 
Kelley, 2011). All statistical analyses were performed using SPSS 28.0 
(IBM Corp., Armonk, NY).

3 Results

There was a significant inverse association of the Hcy-SGM 
network pattern characterized by hippocampal and nucleus 
accumbens volume reductions and relative volume preservation in 
basal ganglia regions with parietal lobe GMV (β = −0.188, 
p-FDR = 0.0017) after we controlled for TIV, age, sex, and education. 
While a trend toward an inverse association was observed for frontal 
gray matter (β = −0.116, p-FDR = 0.0510), the Hcy-SGM pattern did 
not show significant associations with each of the temporal and 
occipital lobe GMVs after adjustments for the same covariates with or 
without multiple comparison correction (all p’s > 0.05; Table 2). When 
these analyses were repeated with hemispheric lobar cortical volumes 
separately as outcome variables, while controlling for the same 
covariates listed above, the results were consistent across hemispheres 
(see Supplementary Table 1).

Subsequently, serial mediation models revealed, in addition to 
significant direct effects, significant indirect effects of age sequentially 
through WMH volume and the Hcy-SGM pattern on parietal lobe 
GMV (Effect = −0.024, SE = 0.012, 95% CI [−0.052; −0.005]) while 
accounting for differences in TIV, sex, and education. Individual path 
associations indicated that increasing age predicted greater global 
WMH burden (β = 0.526, p < 0.0001), followed by greater pattern 
expression (β = 0.241, p = 0.0037), which then predicted smaller parietal 
lobe GMV (β = −0.186, p = 0.0007; Figure 1A). The mediation effects 
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remained significant after additional adjustments for APOE ε4 status, 
hypertension status, smoking history, VO2max, and further vitamin 
B12 levels (Effect = −0.020, SE = 0.012, 95% CI [−0.048; −0.003]).

We additionally performed a sensitivity analysis to test an 
alternative mediation model where the brain imaging mediators 
(WMH lesion load and the Hcy-SGM pattern) were reversed in order, 
to establish whether our proposed hypothesized sequence was 
specifically supported. The indirect effect for this reversed order 
model was not significant in the fully adjusted mediation analysis 
(Effect = −0.002, SE  = 0.005, 95% CI [−0.012; 0.009]), further 
supporting our proposed model. In addition, follow-up linear 
regressions to further evaluate the relation between Hcy and other 
common cardiovascular risk factors revealed that there were 
non-significant associations of Hcy with each of the vascular risk 
factors included as covariates in our models with or without adjusting 
for demographics (all p’s > 0.05; see Supplementary Table 2).

We then included cognitive outcomes in the mediation analysis to 
examine whether and how lobar regions of cortical brain volume 
impact cognitive aging, while focusing on three selected cognitive 
measures. There were no significant indirect effects of age via WMH 
lesion load, the Hcy-SGM pattern, and parietal GMV for the SRT 
CLTR score (Effect = −0.005, SE = 0.005, 95% CI [−0.017;0.001]) and 
for the residualized TMT-B value (Effect = 0.001, SE = 0.005, 95% CI 
[−0.009;0.011]), while controlling for TIV, sex, education, and the 
time interval between MRI scans and neuropsychological tests 
(Table 3).

With the same covariates listed above, however, a significant 
indirect effect sequentially through WMH burden, the Hcy-SGM 
pattern, and volume of parietal gray matter was observed in the 
association between age and visuomotor processing speed 
(Effect = 0.010, SE = 0.006, 95% CI [0.001;0.024]), along with 
significant direct age effects (Table  3). These indirect effects for 
processing speed remained significant after additionally controlling 
for APOE ε4 status, hypertension status, smoking history, VO2max, 
and vitamin B12 levels (Effect = 0.009, SE = 0.006, 95% CI [0.001;0.023]; 
Figure 1B) and were not attenuated after adjustment for depression 
ratings (Effect = 0.010, SE = 0.006, 95% CI [0.001;0.026]). As such, 
increasing age predicted greater total WMH volume (β = 0.481, 
p < 0.0001), which predicted greater expression of the Hcy-SGM 
network pattern (β = 0.239, p = 0.0069), which then predicted smaller 
parietal GMV (β = −0.184, p = 0.0010), followed by slowed processing 
speed (β = −0.409, p = 0.0018).

4 Discussion

In this cohort of healthy older adults, we found smaller parietal 
lobe volumes associated with greater Hcy-SGM network pattern 

expression, which was associated with increased WMH burden. 
We further found in addition to direct effects of age on processing 
speed, indirect effects through WMH lesion load, the Hcy-SGM 
pattern, and then parietal lobe atrophy, suggesting that slowed 
processing speed in cognitive aging may be partly attributable to these 
brain imaging markers. These findings from the present study expand 
upon our prior work that has shown associations of a multivariate 
Hcy-SGM pattern characterized by Hcy-related volume reductions in 
both hippocampus and nucleus accumbens with relative preservation 
in basal ganglia with cognitive functioning, by evaluating the pattern’s 
association with cortical lobar brain volumes. In addition, we assessed 
the mediating roles of these brain imaging markers to identify a 
possible vascular brain pathway associated with cognitive dysfunction 
in healthy aging.

There was an inverse association between the Hcy-SGM pattern 
and volumes of parietal gray matter consistent across hemispheres, 
which was not influenced by differences in TIV, age, sex, and 
education, suggesting parietal brain atrophy associated with cortical 
impacts of Hcy in combination with its subcortical brain-based effects 
(Song et al., 2023). These findings are consistent with the existing 
literature that has reported reductions in cortical gray matter of the 
parietal lobe related to higher Hcy levels in non-demented older adults 
even when controlling for other vascular risk factors (Tan et al., 2018).

Studies in animal models have linked glutamatergic neurotoxic 
effects of Hcy to brain atrophy in parietal cortex, as well as the 
hippocampus (Lipton et al., 1997; Matté et al., 2009, 2010; MacHado 
et al., 2011), which might be facilitated by breakdown of the blood–
brain barrier and increased permeability of brain micro-vessels 
induced by Hcy (Kamath et  al., 2006), resulting in apoptotic and 
excitotoxic cell death in these brain areas. Prior studies have 
additionally suggested that vascular pathology related to elevated Hcy 
concentrations may be  associated with brain atrophy, given the 
pro-atherothrombotic effects of Hcy, producing inflammation and 
endothelial dysfunction in cerebral blood vessels (Hankey and 
Eikelboom, 2001; Faraci and Lentz, 2004). Studies of middle-to-older-
aged adults have also shown a relationship between Hcy and WMH 
lesion load (Wright et al., 2005; Raz et al., 2012).

In line with these studies, our results showed an association of 
increased WMH burden related to aging with smaller parietal GMV, 
through greater Hcy-SGM pattern expression. This sequence of 
associations in our proposed model was further confirmed in a 
follow-up sensitivity analysis using an alternative order of predictors 
in the mediation model which showed no significant indirect effects, 
indicating the robustness of our primary model results. These findings 
are consistent with previous studies reporting parietal lobe atrophy 
related to greater WMH volume (Raji et al., 2012; Lambert et al., 2015; 
Habes et al., 2016), but also extend previous findings by showing its 
indirect effects via reduced hippocampal and nucleus accumbens 

TABLE 2 Summary of multiple regression analyses for the Hcy-SGM network pattern predicting lobar regions of cortical brain volume.

Variable β B SE 95% CI for B p-value p-FDRa

Frontal GMV −0.116 −1.742 0.772 −3.267, −0.216 0.0255 0.0510

Temporal GMV −0.096 −0.920 0.514 −1.936, 0.095 0.0754 0.1005

Parietal GMV −0.188 −2.106 0.585 −3.260, −0.951 0.0004 0.0017

Occipital GMV −0.092 −0.502 0.381 −1.255, 0.251 0.1898 0.1898

β represents the standardized coefficient. B and SE indicate the unstandardized coefficient and standard error of B, respectively, with adjustments for TIV, age, sex, and years of education. 
ap-value adjusted for multiple comparisons. CI, confidence interval; GMV, gray matter volume; Hcy, homocysteine; SGM, subcortical gray matter; TIV, total intracranial volume.
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volumes with Hcy in the context of healthy aging. Notably, the direct 
effects of age on parietal GMV remained significant, indicating that 
the sequential brain imaging mediators—WMH lesion load and the 
Hcy-SGM pattern—partially explain the influence of age on 
parietal GMV.

It is possible that elevated Hcy may lead to morphological 
differences in SGM through vascular pathology, promoting 
vulnerability of parietal cortical brain volume by vascular impacts of 
WMH lesion load related to ischemic damage (Du et al., 2005; Erten-
Lyons et  al., 2013). Another possible explanation may be  axonal 
damage associated with WMH burden that disrupts cortico-
subcortical connections, particularly to the hippocampus and nucleus 
accumbens (Du et al., 2005; Gouw et al., 2011; Kravitz et al., 2011; 
Britt et al., 2012; Erten-Lyons et al., 2013), followed by brain atrophy 
of the involved regions (Schmidt et al., 2005).

The parietal lobe includes brain regions that have shown 
preferential atrophy in previous studies of mild cognitive impairment 

and AD, such as in the precuneus, posterior cingulate gyrus, and 
inferior parietal lobule (Jacobs et al., 2012). These results from prior 
work suggest the possibility that parietal lobe atrophy associated 
with both Hcy-related subcortical morphological differences and 
WMH burden represents a potential vascular linkage to increased 
AD risk (Hooshmand et  al., 2013; Habes et  al., 2016). Future 
research, however, is needed to further examine region-specific 
vulnerability to Hcy-and WMH-related cumulative vascular burden 
of the aging brain. It would also be  important to evaluate the 
potential role of parietal lobe atrophy with decreased SGM volumes 
of both the hippocampus and nucleus accumbens by Hcy in 
dementia risk related to CVD and its implications for the common 
association of vascular risk factors in the development of AD during 
healthy aging.

When serial mediation models were extended to include 
cognition, we also found that greater WMH volume related to aging 
was associated with greater expression of the Hcy-SGM pattern, 

FIGURE 1

(A) Total WMH volume and the Hcy-related SGM network SSM pattern sequentially mediating the association between age and parietal GMV. 
Standardized path coefficients with TIV, sex, and years of education as covariates are presented. The mediation effects remained significant after 
additional adjustments for APOE ε4 status, hypertension status, smoking history, VO2max, and further vitamin B12 levels. (B) Total WMH volume, Hcy-
related SGM network pattern, and parietal GMV sequentially mediating the relationship between age and processing speed performance. Standardized 
path coefficients while controlling for TIV, sex, years of education, the time interval between MRI scans and neuropsychological tests, APOE ε4 status, 
hypertension status, smoking history, VO2max, and additionally vitamin B12 levels as covariates are presented. This serial mediation effect remained 
significant after additional adjustment for depression ratings. Boxes and paths indicate hypothesized variables and their associations. Black solid and 
gray dotted lines indicate statistically significant and non-significant paths, respectively. In these models, zero did not lie within the 95% CIs, indicating 
a significant sequential mediation effect. APOE, apolipoprotein E; CI, confidence interval; GMV, gray matter volume; Hcy, homocysteine; SGM, 
subcortical gray matter; SSM, Scaled Subprofile Model; 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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followed by parietal lobe atrophy and then slowed processing 
speed. That such indirect effects remained significant after adjusting 
for AD-related and other vascular health risk factors, as well as 
vitamin B12 levels and depressive symptoms, indicates the 
robustness of our observed findings. These findings are consistent 
with the literature on the association between elevated Hcy and 
reductions in cortical and/or subcortical gray matter, and 
diminished processing speed even after controlling for other 
vascular risk factors (Dufouil et al., 2003; Seshadri et al., 2008; Tan 
et al., 2018; Song et al., 2023). We also observed that Hcy was not 
significantly associated with the other common vascular risk 
factors included as covariates in our models, including APOE ε4 
status, hypertension status, smoking history, and VO2max. 
Together, these findings suggest that Hcy and other common 
cardiovascular risk factors may have separable or additive effects 
on brain structure and cognition. Future work is needed to further 
evaluate how the Hcy-related SGM pattern is influenced by other 
clinical and vascular health risk factors.

In addition, these results are in accord with prior research that has 
linked high plasma Hcy levels to cognitive dysfunction, with the 
relation most pronounced for processing speed (Prins et al., 2002; 
Dufouil et al., 2003; Feng et al., 2013), but are also consistent with 
studies showing preferential associations between CVD and slowed 
processing speed (Turken et al., 2008; Jacobs et al., 2013; Righart et al., 
2013). Deficits in processing speed have been shown to be a leading 
indicator of age-related differences in cognition (Salthouse, 1996), and 
to predict progression from being cognitively unimpaired to mild 
cognitive impairment in a recent study (Rabin et al., 2020). Our results 
suggest linkages between reduced parietal GMV associated with 
Hcy-related subcortical volumetric differences, WMH load, and an 
important aspect of cognitive aging.

Although white matter tracts were not directly assessed in the 
present study, slowing of processing speed related to vascular white 
matter damage has been associated with a disruption of fronto-
subcortical circuits driven by ischemic lesions and the associated 
alterations in cortical brain structures (Righart et al., 2013). A key role 

of frontoparietal white matter pathways in age-related differences in 
processing speed performance, however, has also been suggested in 
diffusion tensor imaging studies of non-demented older adults 
(Salami et al., 2012; Jacobs et al., 2013). In support of this association, 
a study on CVD reported that cortical lesions in parietal brain regions, 
including supramarginal and angular gyri, together with parietal lobe 
white matter lesions were associated with diminished processing 
speed (Turken et al., 2008).

Additionally, converging evidence from non-human primate and 
human studies has suggested that some of the parietal lobe regions 
and the hippocampus are part of a parieto-medial temporal pathway 
involved in attentional and visuospatial processing (Kravitz et  al., 
2011). It has also been shown in a recent human neuroimaging study 
that nucleus accumbens is involved in encoding of effortful 
information processing (Suzuki et al., 2021). Taken together, these 
findings suggest a vascular risk pathway where white matter damage 
associated with WMH lesions may contribute to subcortical and 
cortical brain-based impacts, influenced by Hcy, which may drive a 
disruption of frontal–parietal-subcortical connections, promoting 
volume reductions in the involved brain regions, which may in turn 
be  associated with slowed processing speed (Turken et  al., 2008; 
Kravitz et al., 2011; Jacobs et al., 2013; Bennett and Madden, 2014; 
Suzuki et al., 2021).

Despite associations shown in prior literature between reduced 
cortical gray matter and diminished executive functioning and 
memory in aging (Cardenas et al., 2011; Mungas et al., 2018), we did 
not find relations of parietal lobe atrophy associated with the 
Hcy-SGM pattern, as well as WMH burden, to these cognitive 
domains, which was consistent with our prior work (Song et al., 2023). 
Other previous studies, however, have also shown significant 
associations of Hcy with processing speed but not with executive 
functioning or memory after controlling for sex, education, and other 
vascular risk factors (Dufouil et al., 2003; Feng et al., 2013). These 
findings suggest that certain cognitive domains may be differentially 
vulnerable to WMH lesions and cortical and subcortical brain-based 
impacts of Hcy (Gunning-Dixon and Raz, 2000; Dufouil et al., 2003; 
Prins et al., 2005; Feng et al., 2013). It is also possible that these brain 
imaging markers may be  related to other age-sensitive cognitive 
domains via their associations with processing speed. A central role 
for diminished processing speed has been suggested in explaining 
cross-sectional age-related differences in executive functioning and 
memory (Salthouse, 1996). It could also be that performance on tests 
that load primarily on other aspects of executive function may 
be more sensitive to the structural brain-based impacts of Hcy (Prins 
et al., 2002).

In addition, previous research has reported an association 
between smaller frontal and temporal GMV and higher Hcy levels 
in healthy middle-aged adults (Seshadri et al., 2008). We observed 
only a non-significant trend towards an inverse relationship 
between the Hcy-related network pattern of decreased SGM 
volume and frontal lobe volume after multiple comparison 
correction. These findings in our study could be  attributed to 
differences in confounding factors controlled for in our models, the 
study design (longitudinal or cross-sectional), and the size and 
composition of the study samples, as well as differences in health 
status, including a relatively lower prevalence of vascular health 
risk factors in our cohort. Notably, the current study focused on 
predominantly healthy older adults who were able to perform a 

TABLE 3 Total, direct, and indirect effects of age predicting cognitive 
function sequentially through WMH volume, the Hcy-SGM network 
pattern, and parietal GMV.

Cognitive 
measures

Indirect effects Direct 
effects

Total 
effects

Effect SE LLCI, 
ULCI

Effect Effect

SRT CLTR −0.005 0.005 −0.017, 0.001 −0.428*** −0.436***

TMT-Ba 0.001 0.005 −0.009, 0.011 0.175 0.165*

TMT-Ab 0.010 0.006 0.001, 0.024 0.246** 0.445***

Effect and SE represent standardized coefficients and standard error, respectively, with TIV, 
sex, years of education, and the time interval between MRI scans and neuropsychological 
tests as covariates. LLCI and ULCI represent lower and upper bounds of a 95% bootstrap CI 
for the indirect effect. That zero does not lie within the 95% CIs indicates a significant 
mediation effect. 
aStandardized residual value of TMT-B obtained by statistically removing the processing 
speed performance on TMT-A.
bLog transformed value. CI, confidence interval; CLTR, consistent long-term retrieval; GMV, 
gray matter volume; Hcy, homocysteine; SGM, subcortical gray matter; SRT, Buschke 
Selective Reminding Test; TIV, total intracranial volume; TMT, Trail Making Test; WMH, 
white matter hyperintensity.
*p < 0.05, **p < 0.01, ***p < 0.001.
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maximal treadmill GXT safely, indicating overall good 
cardiovascular health of our sample. While the healthy older adult 
cohort is one of the current study’s strengths, the relatively small 
sample size may limit the ability to detect smaller effects, as well as 
the generalizability of our findings. These factors, individually or in 
combination, might influence the strengths of associations in some 
key findings.

Future work with larger and more ethnically diverse samples and 
with greater vascular health burden is needed to evaluate the 
possibility of increased vulnerability of parietal gray matter to 
structural brain-based effects of Hcy and to assess the generalizability 
of our findings. It is possible that associations of Hcy-related 
subcortical volumetric differences with frontal and temporal gray 
matter might be  observed in future work with larger and more 
diverse samples. It is also possible that associations of greater parietal 
lobe atrophy with decrements in executive functions and memory 
might be observed in larger cohorts.

Using serial mediation models with bootstrap resampling, 
we tested a hypothesized pathway that showed significant, robust 
indirect effects of differences in brain imaging markers in predicting 
a key aspect of cognitive aging. Combined with the findings of 
partial mediation in the present study, future research would 
be important to evaluate other factors, such as inflammation-related 
genetic variants, that might influence the observed associations that 
were not accounted for in our analyses but could be related to either 
WMH lesion load and Hcy-related brain atrophy or cognitive 
functioning or both.

Moreover, the relationships between WMH volume, Hcy-related 
subcortical volumetric differences, and cognitive functioning were 
assessed cross-sectionally in the present study. Although our 
hypothesized pathway is theoretically supported, it is important to 
note that the cross-sectional design does not permit conclusions 
regarding causality. Intervention and longitudinal neuroimaging 
studies investigating Hcy-related subcortical and cortical volumetric 
changes associated with WMH lesions to evaluate their influence on 
slowed processing speed and subsequent progression to cognitive 
impairment in aging are warranted to further evaluate the 
directionality implied by the current results. Furthermore, future 
longitudinal work with larger samples would be  important in 
clarifying the causal relationships and implications of our findings for 
the early development of vascular cognitive impairment, as well as 
potential linkages to the risk for AD.

5 Conclusion

Together, our results indicate that parietal lobe atrophy associated 
with a multivariate Hcy-related SGM pattern characterized by reduced 
volumes of both the hippocampus and nucleus accumbens during 
aging may provide an important early indicator of slowed processing 
speed in cognitive aging. These findings may reflect a potential link 
between a common peripheral plasma biomarker of cardiovascular 
risk, Hcy, CVD, and cognitive dysfunction in healthy aging.
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