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Abstract
Background  White matter hyperintensities (WMHs) are a core manifestation of normal and pathological aging and are 
potentially linked to geographical differences in social and physical exposomes. Previous studies have not examined the 
impact of WMHs burden on neurodegeneration and cognition in healthy controls (HCs) and patients with Alzheimer’s 
disease (AD) and behavioral variant frontotemporal dementia (bvFTD) across geographic regions. This study addressed this 
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Background
White matter hyperintensities (WMHs) are common and 
nonspecific brain MRI signal abnormalities strongly asso-
ciated with aging [1], cognitive decline [2], and neurode-
generative disorders [3, 4] such as Alzheimer’s disease 
(AD) and behavioral variant frontotemporal demen-
tia (bvFTD). Although typically interpreted as a sign of 
cerebral small vessel disease (CSVD), WMHs can also be 
caused by neurodegeneration and neuroinflammation 
[5]. For example, WMHs can result from axonal damage 
secondary to cortical atrophy in AD [6] and in bvFTD [7], 
from tau and beta-amyloid deposition pathology [8] and 
from microglial dysfunction due to progranulin muta-
tions [9]. Additionally, in the elderly, WMHs have been 
linked to less specific conditions, such as dysfunction of 
the glymphatic system [10].

Moreover, WMHs burden in the periventricular 
regions was associated with decline in general cogni-
tive functions in healthy aging [11], while in AD and 
bvFTD patients, worse performance in multiple cogni-
tive domains was associated with region-specific WMHs 
load [7]. WMHs burden may affect selective brain atro-
phy in regions associated with aging and specific demen-
tia subtypes [12, 13]. For instance, WMHs is related to 
grey matter (GM) atrophy in insular and parieto-occipital 
regions in AD [14], in frontal regions and basal ganglia in 
FTD [14, 15] and with atrophy of cortical and deep brain 
structures in normal aging, including AD-related regions 
[16, 17]. Thus, WMHs can be related to specific cognitive 
and neural mechanisms of aging and dementia.

Aging and cognitive health are shaped by the exposome 
involving social and environmental factors [18], particu-
larly affecting diverse populations like Latin Americans 
[19, 20]. The distinctive characteristics of this geographic 

region, marked by socioeconomic disadvantages [21] 
and cardiometabolic affections [22], may contribute to 
distinctive brain MRI patterns observed in normal aging 
and dementia. Studies across different geographic popu-
lations have uncovered differences in WMHs burden 
and its impact on neurodegeneration, likely tied to social 
and physical exposomes [23–25]. For instance, a multi-
center study conducted across Europe revealed a gradi-
ent of increasing WMHs burden from north to south, 
contrary to the expected pattern in relation to vascular 
disease burden [24]. An Asian multicenter study demon-
strated differential burdens of WMHs across nine cities 
[25]. Moreover, the impact of WMHs load on neurode-
generation was greater in non-Hispanic Black elderly 
individuals compared to White or Latino counterparts 
[12]. However, most large cohort neuroimaging stud-
ies involve white participants from developed countries. 
There is an urgent need to expand research by including 
more diverse participants. Racial and ethnic differences 
in the incidence and prevalence of dementia are well-
documented, yet the underlying mechanisms are poorly 
understood. In addition, varying genetic profiles could 
significantly influence the development and progression 
of aging-related cognitive decline and dementia. Neuro-
imaging markers, along with their mediators and mod-
erators, may vary among different sociocultural groups. 
Our aim was to narrow these knowledge gaps by study-
ing the burden of WMHs and its impact on neurodegen-
eration and cognition in aging and dementia within the 
Latin American population. The purpose of our study 
was to: (i) characterize the burden of WMHs in healthy 
controls (HCs) and individuals with dementia (bvFTD 
and AD) across samples from Latin America (LA) and 
the United States (US), (ii) explore the association of 

gap by assessing the impact of WMHs burden on participants with and without dementia from Latin America (LA) and the 
United States (US).

Methods  The study comprised 994 participants, including HCs (n = 402), AD (n = 359), and bvFTD subjects (n = 233) from 
LA and the US. WMHs and their association with grey matter (GM) atrophy, assessed through GM volume and cortical 
thickness, were evaluated and compared among groups (HCs, AD, and bvFTD) in LA and the US using a voxel-wise brain 
imaging approach (p < 0.05 family-wise error-corrected for multiple comparisons, minimum cluster size = 50 voxels). Multiple 
regressions analysis were employed to examine geographic differences in WMHs burden, WMHs-GM associations, and the 
effect of WMHs on cognitive performance, as assessed by the Mini-Mental State examination.

Results  In the LA cohort only, higher WMHs load was associated with greater GM atrophy across all groups (HCs, AD, 
bvFTD), with a specific neurodegenerative pattern involving orbitofrontal, cingulate, and temporal areas. HCs from LA 
showed a greater WMHs load than their US counterparts, and this effect was dependent on GM atrophy. Finally, WMHs 
burden negatively impacted cognitive performance in dementia subjects, with a greater effect observed in bvFTD subjects 
from the US.

Conclusion  WMHs have a more pronounced impact on neurodegeneration across the LA cohort, with a worse impact on 
HCs, which also show higher WMHs burden than their US counterparts. This could increase the risk of developing dementia. 
Moreover, WMHs burden differentially impacts cognition, with a greater negative effect observed in bvFTD subjects from 
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WMHs, neurodegeneration and cognition, and (iii) 
investigate how the geographic region (LA) influences 
these associations across groups (HCs, AD, and bvFTD). 
We employed two analytic approaches: voxel-wise brain 
image analysis and multiple regression analysis. We 
hypothesized that the LA cohort would exhibit a greater 
WMHs burden compared to the US cohort, potentially 
leading to differing impacts on neurodegeneration and 
cognition.

Methods
Participants
The study included 994 participants (mean age = 67.68, 
SD = 9.04, 57.85% women), comprising 359 subjects 
with AD, 233 with bvFTD and 402 HCs. Participants 
were recruited from the Multi-Partner Consortium to 
Expand Dementia Research in Latin America (ReDLat) 
[26], spanning 10 sites in 7 countries (Argentina, Brazil, 
Chile, Colombia, Mexico, Peru and the United States of 
America). All participants underwent comprehensive 
neurological, neuropsychological, and neuropsychiat-
ric assessments as well as brain MRI scans. Individuals 
with AD fulfilled the National Institute of Neurological 
and Communicative Disorders and Stroke-Alzheimer’s 
Disease and Related Disorders Association (NINCDS-
ARDA) criteria [27], while individuals with bvFTD 
fulfilled the revised Rascovsky criteria [28]. Clinical diag-
nosis of dementia was further supported by the char-
acteristic atrophy patterns (Fig. S1, Table S1 and Table 
S2). HCs exhibited preserved cognition, and had no his-
tory of neurological or psychiatric conditions. Cognition 
was evaluated using the Mini-Mental State Examination 
(MMSE) [29], which evaluates attention and orienta-
tion, memory, language, calculation, and visuospatial 
skills, with a maximum score of 30 indicating better per-
formance. The study was approved by the Institutional 
Review Boards of each recruitment site and the Executive 
Committee of the ReDLat consortium. All participants 
signed informed consent in accordance with the Declara-
tion of Helsinki [30].

Neuroimaging acquisition, preprocessing and analysis
This section is reported following recommendations from 
the Organization for Human Brain Mapping [31]. Whole-
brain structural 3DT1-weighted and FLAIR sequences 
were acquired for all participants across acquisition cen-
ters. Detailed scanning protocols followed by each center 
are detailed in Table S3. Structural T1-weighted images 
were preprocessed with the Computational Anatomy 
Toolbox (CAT12; www.neuro.uni-jena.de/cat/) imple-
mented in Statistical Parametric Mapping software (SPM 
12; Wellcome Centre for Human Neuroimaging; ​w​w​w​.​f​i​
l​.​i​o​n​.​u​c​l​.​a​c​.​u​k​/​s​p​m​/​s​o​f​t​w​a​r​e​/​s​p​m​1​2​/) [32] on MATLAB 
R2017b. Preprocessing steps included skull stripping, 

grey and white matter segmentation, and normalizing 
to a 1.5  mm structural Montreal Neurological Institute 
(MNI) template [33]. Spatial Gaussian kernel smoothing 
of 10 mm full width at half maximum (FWHM) was then 
applied. Total intracranial volume (TIV) was calculated 
by summing the raw volumes of GM, white matter, and 
cerebrospinal fluid. Mean cortical thickness was calcu-
lated by averaging the left and right hemispheric cortical 
thickness values obtained from the CAT12 preprocessing 
outputs for each participant.

WMHs segmentation was performed using the lesion 
prediction algorithm (LPA) [34] (​h​t​t​p​​:​/​/​​w​w​w​.​​a​p​​p​l​i​​e​d​
-​​s​t​a​t​​i​s​​t​i​c​s​.​d​e​/​l​s​t​.​h​t​m​l) implemented in the LST toolbox, 
version 2.0.15, for SPM. Individual FLAIR images were 
used to obtain lesion probability maps [35], which were 
visually inspected for artifacts and discarded if artifacts 
were present (commonly found in the choroid plexus and 
basal cisterns). The probability maps were thresholded 
using the default value of 0.1 and non linearly normalized 
to the standard MNI template. The normalized WMHs 
maps were smoothed by a 5 mm FWHM Gaussian kernel 
prior to performing voxel-based analyses. Total WMHs 
volume (in mL) was extracted from subject-level WMHs 
maps. Brain lesion maps were plotted using MRIcroGL.

Statistical analysis
Spatial distribution of WMHs load between disease groups
Differences in WMHs spatial distribution were assessed 
via voxel-wise analysis in SPM12. Second-level t-test 
analyses were performed using normalized WMHs lesion 
maps to compare HCs and neurodegenerative disease 
groups (AD and bvFTD) for each geographic region (LA 
and US). Age, years of education, sex, TIV, and scanner 
were controlled for as independent variables. Significance 
was set at p < 0.05 family-wise error-corrected for mul-
tiple comparisons with a cluster extent threshold of 50 
voxels. The Natbrainlab white matter tract atlas, provided 
by MRIcron, was used to identify significant WMHs clus-
ter locations.

WMHs and neurodegeneration associations
To explore the association between WMHs and neuro-
degeneration, we employed two approaches using voxel-
wise multiple regression analyses performed on SPM12. 
First, we used whole-brain GM maps as the dependent 
variable and total WMHs volume as the independent 
variable of interest. Second, we used WMHs probability 
maps as the dependent variable and mean cortical thick-
ness as the independent variable of interest. Covariates 
included age, years of education, sex, and scanner. For 
the first analysis, TIV was also included as covariate. Sig-
nificance was set at p < 0.05 family-wise error-corrected 
for multiple comparisons with a cluster extent threshold 
of 50 voxels. The Automated Anatomical Labeling (AAL) 

http://www.neuro.uni-jena.de/cat/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.applied-statistics.de/lst.html
http://www.applied-statistics.de/lst.html
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and NatBrainLab atlases were used to identify GM and 
WMHs cluster locations, respectively.

Multiple linear regression analysis
Multiple linear regression analyses were employed to 
evaluate differences in WMHs burden and its relation-
ship with GM atrophy between groups and geographic 
regions (Table 2), as well as to study the effect of WMHs 
burden on cognition (MMSE) (Table  3). WMHs vol-
ume was normalized to TIV and log-transformed (with 
the addition of a small constant, 1e-10) to achieve nor-
mal distribution. The significance threshold was set at 
p < 0.05. Analyses were performed in R (version 3.5.1).

For predicting WMHs load, two sets of regres-
sions were conducted for each diagnosis (HCs, AD and 
bvFTD). Model 1 included age, sex, and geographic 
region as predictors. Model 2 included the same predic-
tors as Model 1, with the addition of mean cortical thick-
ness and the interaction term between mean cortical 
thickness and geographic region, to evaluate their contri-
butions and their combined effect on WMHs.

For predicting MMSE score, a regression model was 
built for each diagnosis (HCs, AD and bvFTD), with 
total WMHs volume and geographic region entered as 
predictors. Age and years of education were included to 
account for their potential confounding effects.

Results
Demography and cognition
Most of the demographic variables were not balanced 
between group conditions and geographic regions 
(Table 1); thus, age, sex and years of education were con-
trolled in each analysis. AD subjects from LA were the 
oldest (mean age = 72.38, SD = 8.87). Educational levels 
were significantly lower in all groups from LA compared 
to the US.

WMHs burden across groups and geographic regions
Pathological groups in both geographic regions exhibited 
greater WMHs load than HCs as evidenced by voxel-wise 
analysis (Fig. 1, Table S4 and Table S5). In both regions 
(LA and US), bvFTD subjects displayed a predominant 
frontal WMHs load pattern while AD subjects exhibited 
a more posterior pattern. Comparison between AD and 
bvFTD groups, revealed higher WMHs burden in bvFTD 
in both LA and US regions (Fig.  1, Table S4 and Table 
S5). A predominant frontal pattern of involvement in 
bvFTD was observed in both regions (LA and US), with 
common tracts shared across both geographic regions 
and additional tracts specific to each. In LA, involved 
tracts included the cingulum bundle, corticospinal tract, 
cortico-ponto cerebellum among others (Table S4). In 
the US, tract-specific differences included the cingulum 
bundle, inferior occipitofrontal fasciculus, internal cap-
sule, optic radiation, anterior commissure, and uncinate 
fasciculus among others (Table S5).

Table 1  Demographic and cognitive information of the full sample. Continuous variables were assessed with ANOVAs and Tukey 
post-hoc pairwise comparisons and are presented as mean (SD). Sex was analyzed via pearson’s chi-squared (χ2) test. The asterisk 
(*) indicates significant differences with an alpha level of p < 0.05. AD: alzheimer’s disease, bvFTD: behavioral-variant frontotemporal 
dementia, F: females, HCs: healthy controls, LA: Latin American countries, MMSE: Mini-Mental State Examination, US: United States.

LA US Post-hoc comparisons
HCs
(n = 237)

AD
(n = 253)

bvFTD
(n = 149)

HCs
(n = 165)

AD
(n = 106)

bvFTD
(n = 84)

LA US LA vs. US

Age 66.67
(9.31)

72.38
(8.87)

65.34
(9.20)

68.73
(6.64)

63.88
(8.11)

63.29
(7.17)

HCs - AD: p < 0.001*
HCs - bvFTD: p = 0.10
AD - bvFTD: p < 0.001*

HCs - AD: p < 0.001*
HCs - bvFTD: 
p < 0.001*
AD - bvFTD: p = 0.84

HCs LA - US: 
p = 0.034*
AD LA - US p < 0.001*
bvFTD LA - US: 
p = 0.084

Years of 
formal 
education

14.69
(4.38)

11.61
(4.66)

12.90
(4.67)

17.10
(2.25)

16.62
(2.07)

16.32
(2.50)

HCs - AD: p < 0.001*
HCs - bvFTD: 
p < 0.001*
AD - bvFTD: p = 0.018*

HCs - AD: p = 0.20
HCs - bvFTD: 
p = 0.028*
AD - bvFTD: p = 0.63

HCs LA - US: 
p < 0.001*
AD LA - US p < 0.001*
bvFTD LA - US: 
p < 0.001*

F: M 82:155 102:151 75:74 66:99 42:64 52:32 HCs - AD: p = 0.2
HCs - bvFTD: 
p = 0.0031*
AD - bvFTD: p = 0.061

HCs - AD: p = 0.9
HCs - bvFTD: 
p = 0.0017*
AD - bvFTD: 
p < 0.0037*

HCs LA - US: p = 0.3
AD LA - US p = 0.9
bvFTD LA - US: 
p = 0.10

MMSE 28.76 
(1.65)
n = 157

22.24 
(4.84)
n = 193

22.02 
(6.2)
n = 100

29.4 
(0.85)
n = 150

17.79 
(7.85)
n = 97

22.31 
(6.02)
n = 80

HCs - AD: p < 0.0001*
HCs - bvFTD: 
p < 0.0001*
AD - bvFTD: p = 0.7

HCs - AD: p < 0.0001*
HCs - bvFTD: 
p < 0.0001*
AD - bvFTD: 
p < 0.0001*

HCs LA - US: 
p < 0.001*
AD LA - US p = 0.8
bvFTD LA - US: 
p < 0.001*
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Fig. 1  WMHs load in AD and bvFTD across LA and the US. Brain maps showing the significant areas of higher WMHs load in AD and bvFTD compared 
to HCs (AD > HCs and bvFTD > HCs respectively) and bvFTD compared to AD (bvFTD > AD) in LA (purple) and the US (green), controlled by age, years of 
education, sex, TIV and scanner. Significance was set at p < 0.05 FWE-corrected for multiple comparisons with a cluster extent threshold of 50 voxels. AD: 
Alzheimer Disease, bvFTD: behavioral variant frontotemporal dementia, FWE: family-wise error, LA: Latin America, US: United States.

 



Page 6 of 15Altschuler et al. Alzheimer's Research & Therapy          (2025) 17:188 

To evaluate the effect of the region (LA) on WMHs 
burden, we performed multiple linear regression analysis, 
which revealed an increased white matter lesion burden 
in HCs from LA (Table 2, p = 0.029), with no geographic 
differences observed in neurodegenerative groups (AD 
and bvFTD).

In summary, bvFTD showed a greater WMHs bur-
den than AD in both geographic regions. HCs from LA 
showed an increased WMHs burden compared to their 
US counterparts. No differences in WMHs burden were 
observed between LA and the US in dementia subjects 
(bvFTD and AD).

For each diagnostic group, two separate models were 
constructed: Model 1 (left columns) includes age, sex 
and geographic region as predictors. Model 2 (right col-
umns) includes age, sex, geographic region, mean cortical 
thickness, and the interaction between cortical thickness 
and geographic region (Cortical thickness * geographic 
region). In HCs, geographic region (LA) was associated 
with increased lesion burden. Cortical thickness was 
inversely related to WMHs in all groups. The interac-
tion between cortical thickness and region (LA) was sig-
nificant in HCs, meaning that the effect of GM atrophy 
on WMHs burden is greater in HCs from LA. The sig-
nificance threshold was set at p < 0.05. *Significant values. 
US was used as the reference group for the geographic 
region. AD: Alzheimer’s disease, bvFTD: behavioral vari-
ant frontotemporal dementia, F: female, HCs: healthy 
controls, LA: Latin American countries, US: United 
States. 

WMHs and GM atrophy associations
The relationship between WMHs burden and GM atro-
phy was assessed using a voxel-wise brain imaging 
approach for each group (HCs, AD, and bvFTD) and 
region (LA and the US). First, we employed the total 
WMHs volume to predict regional GM volume. Higher 
total WMHs volume predicted decreased GM volume 
in several regions across all LA groups (Fig.  2, panel A 
and Table S6). Notably, this association involved several 
of the same brain areas across all groups, including the 
right middle orbitofrontal cortex, the left inferior tempo-
ral gyrus, the middle cingulate cortex and fusiform gyrus 
bilaterally, as well as several cerebellar areas (Table S6). In 
AD, the neurodegenerative pattern involved large areas 
of fronto-temporal and parietal areas while in bvFTD 
involved several fronto-opercular regions, the cingulate 
cortex, the insula and the olfactory cortex (Table S6). The 
right precuneus was exclusively involved in AD, and the 
insula was only involved in bvFTD. Conversely, in the US, 
this association was only observed in AD (Fig. 2, panel A), 
involving several bilateral temporal regions, among oth-
ers (Table S7). AD groups from both geographic regions 
(LA and US) showed associations in the right fusiform Ta
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gyrus, in the left inferior frontal gyrus (pars triangula-
ris) and in the right middle and inferior temporal gyrus. 
However, in the US, the AD group showed associations 
involving lesser regions with smaller clusters than in LA 
(Fig. 2, panel A and Table S7). Next, we investigated how 
mean cortical thickness could predict WMHs burden. 
Cortical thinning was associated with increased WMHs 
volume in several WM tracts across all groups (Fig.  2, 
panel B and Table S8), with larger clusters observed in 
all LA groups (HCs, AD and bvFTD) compared to the 
US. In LA, cortical thinning predicted WMHs burden 
in the corticospinal tract across all groups (HCs, AD and 
bvFTD), whereas in the US, no common WM tracts were 
implicated across groups. In HCs from LA, the affected 
WM tracts included the cingulum, fornix and optic radi-
ation, among others while in the US, the cingulum and 
anterior commissure were implicated. In AD, the tracts 

involved in LA included the corpus callosum, inferior 
longitudinal fasciculus and uncinate fasciculus, whereas 
in the US, the cingulum, inferior occipitofrontal fascicu-
lus, inferior longitudinal fasciculus, and corticospinal 
tract were implicated. In bvFTD, the tracts affected in LA 
included the corpus callosum, cingulum, fornix, and the 
inferior longitudinal fasciculus, while in the US, the unci-
nate fasciculus, cingulum, and inferior occipitofrontal 
fasciculus were implicated.

Regression models showed that cortical thinning sig-
nificantly predicted WMHs burden in all groups (Table 2, 
HCs (p = 0.019), AD (p = 0.003) and bvFTD (p = 1.42e-
08)). Moreover, the interaction term between cortical 
thickness and geographic region was significant for HCs 
(Table 2, p = 0.013), suggesting that the effect of cortical 
thickness on WMHs burden differs by geographic region, 
with a region-specific negative impact observed in HCs 

Fig. 2  WMHs and GM atrophy associations in LA and US. A: Brain maps showing significant clusters of GM atrophy associated with total WMHs load in LA 
(purple) and in US (green) for each condition (HCs, AD, bvFTD). B: Brain maps showing significant tract-specific WMHs associated with cortical thinning 
in LA and in US regions (purple and green respectively) for each condition (HCs, AD, bvFTD). Age, years of education, sex, TIV and scanner were included 
as covariates of no interest. Significance was set at p < 0.05 FWE-corrected for multiple comparisons with a cluster extent threshold of 50 voxels. AD: 
Alzheimer Disease, bvFTD: behavioral variant frontotemporal dementia, FWE: family-wise error, HCs: healthy controls, LA: Latin America, US: United States
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from LA (Fig.  3). In line with these findings, the inclu-
sion of cortical thickness and its interaction with geo-
graphic region in Model 2 led to a consistent increase in 
R² values across all diagnostic groups compared to Model 
1 (HCs: 0.16 to 0.76; AD: 0.17 to 0.34; bvFTD: 0.02 to 
0.86) (Table  2), indicating that incorporating neurode-
generation measures improved the models’ explanatory 
power for WMHs burden. Overall, these results highlight 
a greater negative interaction between WMHs burden 
and neurodegeneration in the LA cohort, emphasizing 
regional differences in the effects of WMHs burden.

WMHs correlates of cognitive performance
Multiple linear regression models revealed that total 
WMHs burden contributed to explain poorer MMSE 
score in AD and bvFTD patients (Table 3), with stronger 
effect on bvFTD. The interaction between total WMHs 
and region (LA) was significant in bvFTD (Table  3, 
p = 0.031), indicating that the association between WMHs 
burden and MMSE score was weaker in the LA region 
compared to the US (Fig.  4). In summary, total WMHs 
load emerged as a key predictor of cognitive decline in 

Fig. 3  Association between cortical thickness and total WMHs by geographic region in HCs. Residuals of the total WMHs (adjusted for age and gender) 
are plotted against cortical thickness for each region, highlighting the regional differences across geographic groups. Lines represent linear trends within 
each region, and points show individual data. LA: Latin America, US: United States.
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dementia groups, with a stronger effect in bvFTD sub-
jects, and in particular from the US.

Multiple linear regression analyses were run to predict 
MMSE score from total WMHs volume and geographic 
region. Age and years of education were included as 
covariates. Total WMHs burden contributed to explain 
a worse performance on MMSE in AD and in bvFTD 
patients. The interaction between total WMHs and 
region (LA) was significant in bvFTD, meaning that the 
effect of WMHs in MMSE is weaker in LA compared 
to the US. The significance threshold was set at p < 0.05. 
*Significant values. AD: Alzheimer’s disease, bvFTD: 
behavioral variant frontotemporal dementia, HCs: 
Healthy controls, LA: Latin American countries, US: 
United States.

Discussion
In this study, we investigated WMHs volume and its 
association with neurodegeneration and cognition in 
healthy aging and dementia in LA, contrasting our find-
ings with a sample from the US. Our key findings are 
as follow: (i) In LA, associations between WMHs bur-
den and GM atrophy were more pronounced across all 
groups (HCs, AD and bvFTD), (ii) HCs from LA exhib-
ited a greater WMHs load compared to their US counter-
parts and this was influenced by GM atrophy, and (iii) the 
impact of WMHs on cognition was most pronounced in 
bvFTD subjects.

We observed a relationship between total WMHs bur-
den and GM volume loss in several brain areas across all 
groups (HCs, AD, and bvFTD) within the LA sample, 
which was not present in the US cohort. Commonly 
implicated GM areas across all LA diagnostic groups 
included the orbitofrontal cortex, temporal and cingulate 
areas. Notably, these areas have previously been linked to 
WMHs burden. The presence and progression of WMHs 
have been associated with medial temporal atrophy pro-
gression in AD [36]. Moreover, the connectivity of the 

orbitofrontal cortex has been shown to vary according 
to WMHs burden in a non-demented population [37]. In 
addition, these brain regions are known to support com-
plex cognitive and emotional processing in both normal 
aging [38] and dementia [39, 40].

Additionally, cortical thinning was associated with 
larger WMHs-affected areas in LA groups, notably 
involving the corticospinal tract across all diagnos-
tic groups. This consistent pattern, observed across all 
diagnostic groups within the LA region, suggests a geo-
graphic origin potentially linked to regional factors such 
as environmental or socioeconomic influences, contrib-
uting to an additional burden in LA. Supporting this 
hypothesis, previous studies have shown that the struc-
tural integrity of the corticospinal tract, as measured by 
fractional anisotropy, is associated with socioeconomic 
status, including education and income levels [41].

Disease-specific patterns were also evident in the 
WMHs-GM associations, with the precuneus uniquely 
affected in AD and the insula specifically involved in 
bvFTD, highlighting potential additive mechanisms of 
regional burden in LA that may exacerbate dementia-
related pathology. The precuneus is increasingly rec-
ognized as a vulnerable and early-affected region in 
various neurodegenerative diseases, especially AD [42, 
43]. Remarkably, in Black American populations, the 
precuneus has been identified as an early and vulnerable 
brain region associated with amyloid deposition, vas-
cular burden, and disruptions within the default mode 
network—factors that may collectively reflect the cumu-
lative impact of social, vascular, and biological risk [44, 
45]. These findings suggest that the precuneus may act as 
a hub for early AD-related changes in underrepresented 
populations. The precuneal involvement observed in AD 
subjects from LA may similarly reflect these vulnerability 
mechanisms, warranting further investigation.

Beyond these region- and population-specific pat-
terns, it is crucial to understand the general mechanisms 

Table 3  Multiple linear regression models to predict MMSE score
HCs (n = 307) AD (n = 290) bvFTD (n = 180)
Estimate (Std. error) p Estimate (Std. error) p Estimate (Std. 

error)
p

Age -0.046 (0.010) 4.92e-06 *** 0.136 (0.043) 0.002 ** 0.097 (0.055) 0.080
Years of education 0.061 (0.021) 0.004 ** 0.411 (0.084) 1.73e-06 *** 0.465 (0.109) 3.01e-

05 ***
Total WMHs 0.153 (0.142) 0.281 -1.707 (0.657) 0.010 ** -2.246 (0.596) 0.0002 

***
Geographic Region [LA] -1.360 (0.952) 0.154 6.287 (3.931) 0.111 9.382 (3.756) 0.013 

*
Total WMHs * Geographic 
Region [LA]

-0.165 (0.175) 0.345 0.061 (0.795) 0.939 1.818 (0.836) 0.031 
*

Model stats p = 2.137e-09
F = 10.61
R2 = 0.1498

p = 4.953e-15
F = 17.41
R2 = 0.2346

p = 1.35e-05
F = 6.534
R2 = 0.1581
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linking WMHs and neurodegeneration, a relationship for 
which several explanatory pathways have been proposed. 
On one hand, WMHs may lead to cortical thinning 
through secondary neurodegeneration along disrupted 
white matter tracts [46–48]. WMHs represent localized 
disruptions in white matter integrity, often due to CSVD 
[49]. They also serve as markers of broader cerebrovascu-
lar and metabolic dysfunction, consistent with the “tip of 
the iceberg” model of CSVD [50], where visible WMHs 
represent only the detectable portion of a global patho-
logical process affecting both white and GM. On the 

other hand, neurodegeneration could contribute to the 
development and progression of WMHs [6]. In AD and 
related dementias, WMHs burden may partially result 
from proteinopathies (e.g., tau, amyloid) [8], leading to 
Wallerian degeneration [5]. These neurodegenerative and 
vascular processes are not mutually exclusive and likely 
act synergistically [51].

Regional differences in vascular risk [52, 53], genet-
ics [54], and environmental stressors (exposomes) [18] 
likely contribute to the variations in both the burden of 
WMHs and GM atrophy, as well as their interactions. 

Fig. 4  Association between total WMHs and MMSE scores by geographic region in bvFTD. Residuals of MMSE scores (adjusted for age and education) are 
plotted against WMHs volume for each region, highlighting the region-specific effects on cognitive outcomes across geographic groups.Lines represent 
linear trends within each region, and points show individual data. LA: Latin America, MMSE: Mini-Mental State Examinantion, US: United States.
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These factors may help explain the differences observed 
between LA and US. Supporting this, Rizvi et al. [12] 
reported stronger associations between WMHs bur-
den and cortical thinning in frontal and parietal regions 
among vulnerable populations, particularly non-Hispanic 
Black individuals compared to White older adults. Fur-
ther research is needed to elucidate these mechanisms 
and their contribution to regional disparities.

Remarkably, HCs from LA exhibited a greater WMHs 
load than their US counterparts, and this effect was par-
tially mediated by cortical thinning. This structural vul-
nerability in normal aging could represent a risk factor 
for developing dementia. Future research should investi-
gate whether genetic factors, socioeconomic conditions, 
educational attainment, environmental influences (e.g., 
diet, physical activity, stress), access to healthcare, and 
social engagement collectively contribute to a harmful 
allostatic load that exacerbates WMHs burden in LA.

Our findings also emphasize the significant role of 
WMHs burden in cognitive decline among dementia 
patients, particularly in bvFTD. Albeit the accepted nega-
tive role of WMHs in cognitive performance, the extent 
to which it affects cognition is still under debate. More-
over, WMHs burden is generally associated with vascular 
and AD pathology. Here, we show a predominant role of 
WMHs in cognitive decline among FTD subjects, in line 
with prior research [7, 55]. Future studies should examine 
more in detail the role of white matter and GM pathology 
across dementia subtypes.

Similar to the white matter-GM associations, the 
impact of WMHs burden on cognition exhibited regional 
differences, with a more pronounced effect in bvFTD 
subjects from the US compared to LA. These regional 
differences may, for instance, be attributed to genetic fac-
tors previously associated with WMHs burden in FTD 
[56], highlighting the need for further investigation into 
potential mechanisms.

Our analysis also revealed comparable WMHs burdens 
in dementia groups from both geographic regions, with 
bvFTD showing a higher burden than AD. These results 
were independent of age, sex, and educational level and 
are consistent with findings from previous studies [9, 
14]. To our knowledge, this is the first study examining 
WMHs burden in normal aging and dementia within a 
large LA cohort, extending findings observed in popu-
lations from the Global North to an underrepresented 
region. This study contributes to understanding the dif-
ferences in aging and dementia phenotypes between the 
Global South and North [57], emphasizing the impor-
tance of including underrepresented populations where 
neurodegeneration and WMHs may exhibit stronger 
associations.

Limitations and future directions
This study has several limitations that should be acknowl-
edged. First, no biomarker data (such as PET imaging, 
CSF, or blood-based markers) were available to confirm 
the clinical diagnoses of dementia subtypes. Pathologi-
cal confirmation remains the gold standard for diagnosis, 
and the significant overlap in clinical presentations, atro-
phy patterns, and even biomarker profiles across demen-
tia subtypes further complicates definitive diagnosis. 
Notably, aside from the typical atrophied frontal areas 
observed in the bvFTD groups, the LA group also exhib-
ited more posterior precuneal and cuneal atrophy com-
pared to US participants. These differences may reflect 
underlying genetic factors, as the more widespread atro-
phy patterns observed with certain genetic mutations, 
including in the precuneal regions [58], contrast with 
the more focal patterns seen with other mutations [59]. 
Additionally, socio-environmental influences may impact 
the different atrophy patterns observed between LA and 
the US [60]. Further research incorporating genetic and 
environmental data would be necessary to validate these 
hypotheses. Second, while extensive cognitive testing was 
performed to diagnose dementia subtypes, the only cog-
nitive measure consistently available across participants 
was the MMSE, with other cognitive tests having sub-
stantial missing data. This limited cognitive data restricts 
the ability to explore distinct clinical subtype presenta-
tions and their associations with WMHs. Future studies 
with more comprehensive cognitive assessments and bio-
marker data will be crucial for a deeper understanding of 
the neurobiological underpinnings of dementia subtypes.

Additionally, while this multisite study enhances brain 
research in LA, the inclusion of participants from mul-
tiple sites with varying scanning protocols may introduce 
uncontrolled variability, even after controlling for scan-
ner effects. However, the LST toolbox used for WMHs 
mapping and volume extraction has shown to be reliable 
for multisite studies [61]. Despite this, larger and more 
balanced samples across regions are needed for system-
atic comparisons.

Furthermore, while comparing a more heterogeneous 
and vulnerable sample from LA with a seemingly more 
homogeneous and favorable one from the US, we may 
overlook a crucial aspect—the significant socioeconomic 
and ethnic heterogeneity within the US population. 
Despite this, our extensive literature review revealed a 
notable gap in WMHs studies, particularly regarding the 
representation of the diverse US population [23]. Con-
sequently, we acknowledge that our US sample may not 
fully capture this heterogeneity, warranting caution when 
contrasting it with the LA sample.

The restricted accessibility to neuroimaging technology 
in some regions may also introduce selection bias, limit-
ing generalizability. Exploring local factors, such as social 
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determinants of health, will be critical to understand-
ing regional differences in WMHs burden and cognitive 
performance, particularly in LA [62, 63]. Future research 
should incorporate cardiovascular and protein deposi-
tion biomarkers, genetic profiling, and protective factors 
(e.g., cognitive engagement, social interactions, proso-
cial behavior) to fully understand the interplay between 
WMHs burden, neurodegeneration, and cognition [64].

Conclusion
This study highlights a more pronounced interaction 
between white and gray matter pathology within the 
LA population, as well as a greater burden of WMHs in 
HCs from LA compared to those from the US. This vul-
nerability, which affects key cognitive-related areas, may 
increase the risk of developing dementia. Our findings 
underscore the importance of investigating underrep-
resented populations to better understand regional dif-
ferences in WMHs burden, paving the way for tailored 
interventions and global approaches to brain health.
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the US. These findings highlight geographic variations in 
WMHs-related conditions, offering valuable insights for 
tailored future research.
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