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Abstract
Background Dementia patients commonly present multiple neuropathologies, worsening cognitive function, yet 
structural neuroimaging signatures of dementia have not been positioned in the context of combined pathology. In 
this study, we implemented an MRI voxel-based approach to explore combined and independent effects of dementia 
pathologies on grey and white matter structural changes.

Methods In 91 amnestic dementia patients with post-mortem brain donation, grey matter density and white matter 
hyperintensity (WMH) burdens were obtained from pre-mortem MRI and analyzed in relation to Alzheimer’s, vascular, 
Lewy body, TDP-43, and hippocampal sclerosis (HS) pathologies. After exploring co-occurrence profiles of these 
pathologies, voxel-based morphometry was implemented to determine their joint and independent effects on grey 
matter loss. The impact of these pathologies on WMH burden was then evaluated both in spatial and quantitative 
combined analyses, using voxel-based and generalized linear models respectively.

Results 86.8% of patients in this cohort presented more than one pathology. The combined structural effect of 
these pathologies was a focal impact on hippocampal grey matter atrophy, primarily driven by HS and Alzheimer’s 
pathology (family-wise error corrected, p < 0.05), which also exhibited the strongest individual effects (uncorrected, 
p < 0.001). WMHs, predominant in middle and anterior cerebral portions, were most strongly associated with vascular 
(T = 2.47, p = 0.017) and tau pathologies (T = 2.09, p = 0.041).

Conclusions The mixed associations of these dementia neuroimaging hallmarks are relevant for the fine-tuning of 
diagnostic protocols and underscore the need for comprehensive pathology evaluations in the study of dementia 
phenotypes.
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Background
Compared to other imaging techniques, magnetic reso-
nance imaging (MRI) is a minimally invasive and cost-
effective method providing a comprehensive perspective 
in the identification of dementia [1]. Atrophy patterns 
on structural MRI have been characterized for each 
type of dementia and are today included within specific 
diagnostic criteria for Alzheimer’s Disease (AD), vascu-
lar dementia (VaD), Dementia with Lewy Bodies (DLB) 
and Frontotemporal Dementia (FTD) [2, 3]. These pat-
terns have also been employed to differentiate each type, 
with one study reaching 70.6% classification accuracy 
using solely MRI-derived features [4]. Grey matter atro-
phy profiles are especially useful to identify AD (espe-
cially affecting the temporal lobe), FTD (with frontal 
and temporal lobes affected, variably across phenotypic 
subtypes) and DLB (occipital and subcortical atrophy). 
However, the impact of combined pathology, present in 
over half of late-onset dementia patients [5], affects the 
interpretability of grey matter (GM) atrophy profiles typi-
cally associated with different types of dementia. While 
several GM-focused MRI studies have considered the 
contribution of co-pathologies [6–11], they have focused 
on specific regions of interest, such as the basal forebrain, 
hippocampus or brain ventricles. The inconsistency 
between considered regions and pathologies limits the 
joint interpretation of the findings from previous work 
into clinically relevant structural patterns.

In contrast to these grey matter signatures, the detec-
tion of VaD relies on finding specific lesions such as 
infarcts, lacunes or white matter hyperintensities 
(WMHs) [12–14]. Most evident on fluid-attenuated 
inversion recovery (FLAIR) MRI, WMHs are a general 
hallmark of aging, while also associated with cognitive 
worsening [15] and a three-fold higher risk of dementia 
[16]. The prevalence of WMHs is higher in individuals 
with vascular risk factors such as hypertension and dia-
betes [17], as well as in those with more specific cerebro-
vascular conditions [18]. As a result, WMHs are widely 
used as a VaD biomarker, commonly assessed through 
visual rating systems such as Fazekas [19] and Schel-
tens [20] scales. However, these lesions are not specific 
to vascular pathology, as higher WMH burden has also 
been found in AD [21], independently of comorbid vas-
cular disease [22]. Further studies found an association 
between WMHs and amyloid-β (Aβ), but not tau pathol-
ogy [23–25], although others reported the opposite [26, 
27]. This discrepancy might be driven by differences in 
WMHs assessment as well as in the technique employed 
for measuring Aβ and tau burdens, ranging from in vivo 
CSF or PET biomarkers to postmortem histopathology 
evaluation.

Another factor limiting the understanding of WMH 
pathologic correlates, and their specificity, is again the 

lack of consideration of coexistence of dementia neuro-
pathologies [28], which is known to lead to more severe 
cognitive syndromes [29]. For example, previous stud-
ies evaluated the contribution of tau and Aβ on WMHs 
separately [27], or disregarded the contribution of other 
co-pathologies [24, 26], or both [23]. Up to now, only one 
study evaluated WMH burden as a function of a compre-
hensive array of pathologies within the same analytical 
model [25], reporting an association with vascular (arte-
riolosclerosis and gross infarcts) and Aβ pathologies.

In the current study, we explored the combined effect 
of dementia neuropathologies on brain atrophy and 
WMH burden during advanced disease stages. We lever-
aged pre-mortem MRI and post-mortem pathology data 
from the Vallecas Alzheimer’s Center Study, a cohort 
of institutionalized dementia patients with a primarily 
amnestic profile. Considering AD, vascular, Lewy body, 
TDP-43 pathologies and hippocampal sclerosis of aging, 
we performed MRI-pathology correlational analyses in a 
group of 91 patients. The specific aims of this study were 
threefold: (i) to evaluate the separate and combined con-
tribution of these pathologies on whole-brain atrophy 
differences; (ii) to assess their impact on WMH burden, 
while verifying its debated association with tau or Aβ; 
and (iii) to study the spatial distribution of WMHs across 
cerebral vascular territories and in relation to this set of 
pathologies. Our study illustrates quantitative and whole-
brain structural signatures of dementia neuropathologies 
that can optimize the clinical use of MRI as a biomarker.

Methods
Cohort and MRI features
The Vallecas Alzheimer’s Center Study (VACS) is a fol-
low-up program for dementia patients in a specialized 
nursing home. The program includes clinical and MRI 
evaluations, as well as the possibility of post-mortem 
brain donation to the BT-CIEN brain bank (‘Banco de 
Tejidos Fundación CIEN’, in Spanish). For this study, we 
analyzed data from patients with at least one usable pre-
mortem MRI scan (as specified below) and post-mortem 
brain donation. Cognitive performance was considered 
based on the severe Mini-Mental State Examination 
(sMMSE), a version of the standard MMSE test adapted 
for individuals with severe cognitive impairment [30]. 
Test scores from baseline (at admission) and pre-exi-
tus (penultimate prior to death) follow-up visits were 
retrieved.

Magnetic resonance images were acquired using a 3T 
scanner (Signa HDxt General Electric), using a phased 
array 8 channel head coil. For T1-weighted images, 3D 
sagittal fast spoiled gradient recalled (FSPGR) configu-
ration was used with inversion recovery (repetition/
echo/inversion time 7/3.2/750ms, slice thickness 1  mm, 
matrix 288 × 288, field of view 240  mm, final resolution 
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1 × 0.469 × 0.469  mm). For subjects experiencing dif-
ficulties staying still in the scanner, an alternative pro-
tocol for faster T1-weighted imaging was used (slice 
thickness 2 mm, matrix 200 × 200, field of view 220 mm, 
final resolution 1 × 0.859 × 0.859  mm). FLAIR images 
were acquired using 2D axial fast spin echo (FSE) con-
figuration with inversion recovery (9000/124/2500ms, 
slice thickness 3.4  mm, no interslice gap, resolution 
0.938 × 0.938 × 3.4  mm). The quality of acquired scans 
was evaluated by an experienced neuroradiologist, who 
also performed Fazekas scoring on FLAIR images (eval-
uation of periventricular and deep WMHs, each on a 
score 0–3 [19]). Scans with no motion artifacts hinder-
ing distinction of tissue boundaries (white, grey mat-
ter and CSF) and thereby reliable segmentation, were 
selected. To correlate MRI measurements to pathologi-
cal data, we retrieved the last T1-weighted (available for 
97 patients) and FLAIR (88 patients) images of sufficient 
quality. For selected FLAIR images from each patient, the 
T1-weighted scan from the same session was obtained as 
well.

Neuropathological evaluation
Post-mortem brain extraction was performed according 
to the BT-CIEN protocol [31] by an experienced neu-
ropathologist. The left hemisphere was fixed, coronally 
sliced and used to obtain histological sections from rel-
evant regions for neuropathological evaluation. Sec-
tions were stained with hematoxylin/eosin (H/E) as well 
as immunostained with primary antibodies against Aβ, 
phosphorylated tau (AT100), total α-synuclein and total 
TDP-43.

Established consensus criteria were used to evaluate 
the following neuropathological burdens: Alzheimer’s 
Disease Neuropathological Change (ADNC, 0–3) [32] 
(based on assessment of Thal stage for Aβ, Braak tau 
stage and neuritic plaque density), Braak α-synuclein 
stage [33] (0–6) for Lewy body (LB) pathology distri-
bution, and limbic-predominant age-related TDP-43 
encephalopathy (LATE) staging [34] (0–3). Cerebrovas-
cular pathology was evaluated following two proposed 
consensus evaluations: Deramecourt scoring (0–20) 
[35] and Vascular Cognitive Impairment Neuropathol-
ogy Guidelines (VCING, 1–3) [36]. The former evaluates 
vascular pathology events in various regions using a hier-
archical scoring based on their incidence, while the lat-
ter is a composite score including evaluation of cerebral 
amyloid angiopathy (CAA), arteriolosclerosis, and large 
infarcts. Finally, hippocampal sclerosis of aging (HS) was 
evaluated in the hippocampal head following our recently 
proposed H/E-based staging system (0-IV) [37] including 
early gliotic stages.

To assess the coexistence between pathologies, the fol-
lowing thresholds were used to determine a high burden 

of each of them: high ADNC (score of 3), LB pathology in 
limbic or neocortical regions (3 or higher), TDP-43 hip-
pocampal pathology (2 or higher), Deramecourt score 8 
or higher, and early or advanced HS (stages I to IV).

Grey and white matter segmentation
T1-weighted images were processed for voxel-based 
morphometry (VBM) using SPM12 software (version 
v7771). First, images were modulated, homogenized 
in intensity, resliced to 2  mm and segmented into grey 
matter, white matter, and cerebrospinal fluid. The Dif-
feomorphic Atlas Registration Tool with Exponenti-
ated Lie Algebras (DARTEL) technique was then used 
to spatially register segmentations to an in-house tem-
plate, constructed from 348 scans of elderly subjects 
from previous studies at the Vallecas Alzheimer Center. 
Finally, registered maps were normalized to the Montreal 
Neurological Institute (MNI) atlas by affine transforma-
tion and smoothed with a Gaussian kernel of 6 mm. To 
discard relevant anatomical or segmentation differences, 
images were assessed using the sample homogeneity tool 
from the Computational Anatomy Toolbox (CAT12) 
[38]. At this step and together with visual inspection, 
10 out of 97 subjects were determined to present inac-
curate grey-white matter boundary segmentations. Out 
of these, we attempted to correct 7 segmentations which 
were affected by high WMH burdens. For that purpose, 
we used the Lesion Segmentation Toolbox (LST, version 
3.0.0) within SPM12. WMHs were first segmented from 
T1 and FLAIR images from the same time point using 
the Lesion Prediction Algorithm from LST, followed 
by lesion filling in the T1 image [39]. After reapplying 
all VBM processing steps to the 7 filled images, 4 were 
finally included as visually acceptable grey-white mat-
ter segmentations. Therefore, data from 6 subjects was 
excluded and a total of 91 subjects were included in these 
analyses. Out of these included T1 images, 31.9% were 
acquired using the faster scanning protocol described 
above.

WMH segmentation
We measured WMH burden using automated segmen-
tation methods, which offer greater reproducibility and 
eschew ceiling effects associated with visual scales. To 
evaluate the most suitable method for our dataset, we 
obtained WMH segmentations for all subjects using four 
approaches: two LST algorithms [39], (a) Lesion Pre-
diction Algorithm (LPA) and (b) Lesion Growth Algo-
rithm (LGA); (c) Samseg WMH segmentation [40]; and 
(d) FreeSurfer 7.1.1 subcortical segmentation. Variable 
inputs were used for each method: only FLAIR for (a), 
FLAIR and T1 sequences for (b) and (c), and only the T1 
image for method (d). A default initial threshold of 0.3 
was used for LGA, which was afterwards validated as the 
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optimal value. As hyperintense artifacts can be found in 
ventricles in FLAIR images, subcortical segmentations 
from FreeSurfer were aligned to FLAIR images to remove 
ventricle areas from LPA WMH maps. Resulting segmen-
tations were visually inspected, and out of 88 subjects 
in this dataset, 5 were discarded due to strong over- or 
underestimation of WMHs in at least two of the four 
methods. WMH volumes from the included 83 subjects 
were then obtained from each segmentation, using an 
intensity threshold of 0.5 for LST lesion maps.

Voxel-based morphometry
Obtained grey, white matter and WMH segmentations 
were analyzed at the group level using general linear 
models in SPM12. Explanatory variables included in each 
model were sex, age at scan, MRI antemortem interval 
(AMI), T1 acquisition protocol, total intracranial vol-
ume (TIV), and neuropathological stages of interest. For 
grey and white matter maps derived from T1-weighted 
images, the following neuropathological stages were 
included: ADNC, Deramecourt vascular score, Braak 
α-synuclein stage, LATE and HS staging. Individual 
T-contrasts were used to evaluate an inverse relation 
of each variable with tissue density, and a combined 
F-contrast was used to determine whether significant 
variance is explained by the neuropathological variables 
(i.e., to probe for independent and combined, positive or 
negative effects across all pathologies). For WMH maps, 
pathological explanatory variables included were Thal 
Aβ stage, Braak tau stage, Deramecourt score, Braak 
α-synuclein stage, LATE and HS staging.

In addition to these pathology models, differences in 
grey matter density were analyzed as a function of cogni-
tive state. For that, regions with a significant correlation 
to pre-exitus sMMSE scores were evaluated, correct-
ing for sex, age at scan, acquisition protocol, TIV, and 
time between MRI and cognitive evaluation. All results 
were reported at p < 0.05 using family-wise error (FWE) 
correction for multiple comparisons, with uncorrected 
results reported descriptively at a threshold of p < 0.001. 
Using CAT12, Threshold-free cluster enhancement [41] 
(1000 permutations) was applied to WMH maps prior 
to FWE correction, restricting results with a WM mask 
to avoid partial volume effects at the boundary with 
GM. This method enhances the sensitivity to spatially 
extended results by accounting for the added contribu-
tion of neighboring voxels. The Automated Anatomical 
Labelling Atlas 3 (AAL3) [42] was used to assign neuro-
anatomical regions to result maps.

Statistical analyses
Apart from VBM, all analyses and plots were performed 
using RStudio 1.4.1106. Pearson’s correlations were used 
to compare results from WMH segmentation methods 

with visual Fazekas scores. To examine the dependence 
of WMH volume on combined pathology, we employed 
a generalized linear model (GLM), which accommodates 
non-normal distributions while preserving the natural 
range of studied values. The GLM included the same neu-
ropathological stages and covariates as the WMH VBM 
model. Similarly to SPM12 analyses, neuropathological 
stages (ordinal evaluations) were treated as numeric to 
enable the modelling of subtle variations in quantitative 
MRI measures. A summary of the voxel-wise and vol-
ume models developed in this study to explore combined 
pathology effects is provided in Supplementary Table 1.

To explore the relationship between WMH volumes 
and individual vascular pathologies, GLMs were applied 
including three sub-scores derived either from Derame-
court or VCING evaluations (as well as TIV, sex, age and 
AMI as covariates). To spatially compare WMH burdens, 
lesion segmentations were masked using a vascular terri-
tory atlas [43] and resulting volumes were normalized by 
WM volume in each territory. Regional WMH volumes 
were then compared across territories (anterior, middle, 
posterior) and hemispheres (left/right) using repeated 
measures ANOVA with post-hoc pairwise T tests. Finally, 
cognitive state was also analyzed as a function of WMHs 
using baseline and pre-exitus sMMSE scores. These were 
regressed as a function of WMH volume, TIV, sex, age 
at scan, and time between MRI and cognitive evaluation.

All RStudio models were run in the absence and pres-
ence of dependent-variable outliers (deviating more than 
1.5 times the interquartile range), and the most conserva-
tive results were chosen. A p value below 0.05 was con-
sidered statistically significant.

Results
Neuropathological profiles
The VACS cohort is composed of a predominantly female 
population, with advanced age at symptom onset and 
long disease duration. Out of the 91 subjects included 
in our T1-derived analyses, 83.5% were females and the 
average age at death was 87.9 ± 6.7 years. Additional 
demographic and pathology details of this population 
are provided in Supplementary Table 2. As expected, 
there was a high incidence of co-pathologies in this 
group (Fig. 1A), with 86.8% of patients presenting more 
than one pathology. Only 10 subjects presented a high 
burden of a single pathology (two subjects presented 
only high ADNC, and eight presented only high vascu-
lar burden), which could be classified as “pure” AD and 
vascular cases, respectively. Interestingly, 14 subjects 
presented concomitant high burdens of the five studied 
pathologies. Two subjects presented only low pathology 
burdens, and thus were not included in Fig. 1A. The cor-
relation between these neuropathological stages was also 
explored to aid the interpretation of subsequent analyses. 
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As shown in Fig. 1B, HS and LATE stages were the two 
most highly correlated pathologies, followed by HS and 
ADNC.

Combined and independent pathological contributions to 
atrophy
Given the heterogeneous neuropathological profiles 
present in this cohort, we evaluated the effect of global 
pathology severity on structural brain differences at the 
time point closest to death. T1-weighted images, with 
an average antemortem interval (AMI) of 3.04 ± 3 years, 
were used to derive grey and white matter tissue maps. 
Grey matter density (GMD) was then compared voxel-
wise between subjects, considering the five evaluated 
pathologies using an F-test (summary of model details 
in Supplementary Table 1). As can be seen in Fig.  2A, 
global pathology severity was associated with focal bilat-
eral grey matter loss in the medial temporal lobe. These 
effects, surviving whole-brain FWE correction, extended 
from the amygdala to the hippocampal tail in both hemi-
spheres, including the left parahippocampal gyrus as 
well. We also averaged contrast estimates (model coeffi-
cients of the contribution of each variable to the results) 
within the region displaying significant effects. Figure 2B 
shows grey matter loss in this region was driven primar-
ily by HS severity and ADNC, with a minor contribution 
of vascular, LB and TDP-43 pathologies.

Using the same statistical model, single-variable 
contrasts were used to explore GMD differences as a 

function of each individual pathology. Therefore, individ-
ual pathology effects were analyzed while accounting for 
other co-pathologies as covariates. As shown in Fig. 3A, 
after applying FWE correction for multiple comparisons, 
HS stage was the only pathological variable presenting a 
significant negative correlation with GMD. These effects 
were restricted to bilateral temporal regions, more spe-
cifically to the parahippocampal gyri. At an uncorrected 
level, voxel-wise GMD differences associated with each 
pathological variable are shown in Fig.  3B. ADNC was 
associated with significant uncorrected effects in the 
right middle temporal gyrus, amygdala, hippocampus, 
and left fusiform gyrus. LB pathology showed effects in 
the right orbital and fusiform gyri and left superior tem-
poral and lingual gyri. Minimal GMD differences were 
observed as a function of vascular and TDP-43 patholo-
gies. MNI coordinates and labels for all corrected and 
uncorrected results are specified in Supplementary Table 
3.

Interestingly, more prominent effects of TDP-43 were 
observed bilaterally in the hippocampus when HS was 
removed from the model, such that the strong correla-
tion between LATE and HS stages renders these effects 
non-significant in the original model (Supplementary 
Fig.  1, Additional File 1). We also examined voxel-wise 
differences in white matter density, with no combined 
nor individual pathology effects displaying significance 
at p < 0.05 after FWE correction. Additionally, the rela-
tion between cognitive worsening and grey matter loss 

Fig. 1 Associations between pathological burdens in the studied cohort. (A) Venn diagram showing the co-occurrence of high burdens for each neu-
ropathology. High-burden thresholds are defined as specified in the Methods (Neuropathological Evaluation section). (B) Correlation matrix between 
included pathological stages, showing Spearman’s correlation coefficients and significance indicators: p < 0.05 (*) and p < 0.001 (***). ADNC = Alzheimer’s 
Disease Neuropathological Change; HS = hippocampal sclerosis of aging; LATE = Limbic Predominant Age-Related TDP-43 Encephalopathy; LB = Lewy 
body pathology

 



Page 6 of 12Ortega-Cruz et al. Alzheimer's Research & Therapy           (2025) 17:16 

was studied in a separate model using pre-exitus sMMSE 
scores. This analysis revealed significant results in tem-
poral and subcortical regions, with strongest effects in 
the right insula and left caudate nucleus (Supplementary 
Fig. 2).

Impact of neuropathologies on WMH volume
Next, we implemented a similar approach to evaluate the 
contribution of combined pathology to WMH burden. 
First, we determined the most optimal WMH quantifi-
cation method for this dataset among four freely avail-
able methods that did not require prior training: Lesion 
Prediction (LPA) and Lesion Growth (LGA) algorithms 
from the LST toolbox, Samseg, and FreeSurfer standard 
subcortical segmentation. Examples from segmenta-
tion outcome at different levels of WMH burden can 
be observed in Supplementary Fig.  3. WMH volumes 
obtained from these automated methods were compared 
relative to Fazekas scores, which are widely used in the 
clinical context. As shown in Supplementary Fig.  4, all 
volume measures significantly correlated with Fazekas 
scores for periventricular and deep WMH, with correla-
tion coefficients being highest for LPA. Therefore, LPA 
WMH volumes were used in subsequent analyses as the 
most clinically relevant measure among the four tested 
methods. Out of the 83 subjects with successful WMH 
processing, 79 were included in subsequent analyses 

after visual quality control of LPA segmentations. The 
suitability of this WMH measure was further validated 
by exploring its association with cognition, based on 
sMMSE scores. Correcting for demographic differences, 
both baseline and pre-exitus sMMSE scores were sig-
nificantly lower with increasing WMH burdens (Supple-
mentary Fig. 5), in line with the expected effect of these 
lesions on symptom severity.

To assess the relation between mixed pathology and 
LPA-derived WMH volumes, a generalized linear model 
was used including AD, vascular, LB, LATE and HS 
pathologies, while correcting for demographic differ-
ences (as summarized in Supplementary Table 1). Here, 
AD pathology was separately modelled using tau and Aβ 
pathology stages to address discrepancies between previ-
ous studies regarding their effects on WMHs. As shown 
in Fig. 4, this combined model showed tau and vascular 
pathologies were associated with greater WMH volume, 
while its associations with HS stage reached trend-
level significance. As an antemortem interval longer 
than 3 years has been shown to increase the chances of 
underestimating MRI-derived WMH burden relative to 
post-mortem quantification [25], we repeated this anal-
ysis only including patients with an AMI below 3 years 
(n = 49). In this subset of the cohort, vascular pathology 
and HS displayed a significant effect on WMH burden 
(Supplementary Fig. 6).

Fig. 2 Combined contribution of the studied neuropathologies to grey matter loss. (A) Voxel-based morphometry results as a function of all neuropa-
thologies, surviving whole-brain FWE correction for multiple comparisons. Results are thresholded at p < 0.05 and overlayed on an in-house template 
built from scans of elderly subjects. MNI coronal coordinates are provided, as well as left and right-side labels. Colormap indicates FWE-corrected p values. 
(B) Contrast estimates (effect sizes) for each variable, showing their effect on grey matter density in the region displaying significant effects (predicted 
density=∑(Contrast estimate)*(Pathology stage) through the five pathologies). Blue bars indicate 90% confidence interval. ADNC = Alzheimer’s Disease 
Neuropathological Change; FWE = family-wise error; HS = hippocampal sclerosis of aging; L = left; LATE = Limbic Predominant Age-Related TDP-43 En-
cephalopathy; LB = Lewy body pathology; MNI = Montreal Neurological Institute; R = right

 



Page 7 of 12Ortega-Cruz et al. Alzheimer's Research & Therapy           (2025) 17:16 

We also evaluated the contribution of the VCING 
assessment of vascular pathology, as an alternative 
to Deramecourt score. Although subjects with a high 
VCING score presented greater WMH volumes (Supple-
mentary Fig. 7), no significant associations were found in 
the combined model, regardless of whether we included 
all patients or the shorter-AMI patient subset. Addi-
tionally, differences between vascular assessments were 

further explored by regressing WMH volumes as a func-
tion of Deramecourt or VCING sub-scores separately 
(Supplementary Fig.  8). These analyses identified a sig-
nificant relation between WMH burden and vessel wall 
alterations (CAA or arteriolosclerosis) derived from Der-
amecourt scores, while no significant effects were found 
for VCING sub-scores.

Fig. 3 Individual pathology effects on grey matter density differences. (A) Results after applying whole-brain FWE correction for multiple comparisons, 
with significant effects (p < 0.05) surviving only as a function of HS stage. (B) GMD correlates of all studied pathologies of the general linear model, 
thresholded at p < 0.001 uncorrected. MNI coordinates are provided below each coronal section, and colormap indicates p values within the specified 
ranges. Specific coordinates and labels for these results are provided in Supplementary Table 3. ADNC = Alzheimer’s Disease Neuropathological Change; 
FWE = family-wise error; HS = hippocampal sclerosis of aging; L = left; LATE = Limbic Predominant Age-Related TDP-43 Encephalopathy; LB = Lewy body 
pathology; MNI = Montreal Neurological Institute; R = right
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Spatial WMH pathology signatures
To evaluate the spatial specificity of these quantita-
tive results, we explored the anatomical distribution of 
WMHs in this cohort. LPA-derived WMH maps were 
first divided into 3 bilateral territories [43] according to 
cerebral vasculature: anterior, middle and posterior cere-
bral arteries. Normalized WMH volumes per territory 
were significantly higher in the middle compared to the 
anterior region (F(2,460) = 22.7, p < 0.01), being both sig-
nificantly higher than posterior burden (p < 0.001 for both 
comparisons). No significant differences in WMH vol-
ume were found between hemispheres (F(1,460) = 0.09, 
p = 0.76).

Next, we used VBM to assess voxel-wise correlations of 
LPA WMH maps with combined pathology. This analysis 
included the same independent pathological staging vari-
ables as in the previous section. In line with our previous 
results, tau and vascular stages were the only variables 
with effects surviving correction for multiple compari-
sons. Surprisingly, WMH regions that significantly corre-
lated with both tau and vascular burden were lateralized 
to the right hemisphere, as shown in Fig. 5. These results 
were also predominant in anterior and middle vascular 
territories, with strongest effects localizing within the 
right pre- and post-central gyri for Deramecourt score, 
and within the right precuneus and angular gyrus for 
Braak tau stage. No results as a function of all pathologies 
combined survived correction, while uncorrected results 
were predominant in the right precentral region as well.

Discussion
Using pre-mortem MRI from amnestic dementia 
patients, this study aimed to illustrate structural corre-
lates of brain atrophy and WMHs in the context of com-
bined pathology. We found that the combined impact of 
dementia neuropathologies is associated with a marked, 

focal grey matter loss in the hippocampus. These effects 
were mainly driven by HS severity and Alzheimer’s 
pathology burden. Exploring individual pathology effects 
on GM loss, we again found strongly reduced hippocam-
pal GMD as a function of HS, with ADNC and LB also 
presenting significant effects at an uncorrected thresh-
old. The right lateralization of individual ADNC effects 
in the medial temporal lobe may serve to decompose the 
contribution of this variable in the combined model, in 
which model coefficients were averaged across significant 
results from both hemispheres. Vascular pathology was 
not found to correlate with GM loss, in line with previous 
studies considering combined pathology [7, 11]. While 
no pathological effects were found on white matter den-
sity, we specifically explored pathological vulnerabilities 
of this tissue based on WMHs. These analyses showed 
vascular and tau pathologies are the strongest contribu-
tors to WMH burden, while also suggesting an indepen-
dent effect of HS which remains currently unexplored.

Our findings therefore support the previously reported 
link between AD and WMHs independently of comorbid 
vascular pathology [21–23]. However, employing a simi-
lar combined approach to measuring WMH correlates, 
Arfanakis et al.. reported a contribution of Aβ rather than 
tau [25]. Although those findings were obtained with a 
larger sample size of 603 individuals, covering a wider 
cognitive range, they were based on Fazekas scoring 
rather than quantitative measurements. Besides, this pre-
vious study averaged Aβ and tau burdens across regions 
instead of following diagnostic criteria, which might fur-
ther contribute to the discrepancy with our results. One 
asset of our approach lies in addressing this research 
question from two different perspectives (volume- and 
voxel-based), such that the consistency between both 
results supports their reliability. Voxel-based analyses 
revealed vascular and tau pathology burdens specifically 

Fig. 4 Results from modelling LPA WMH volumes as a function of combined pathology. (A) Results from the generalized linear model including 6 
pathological variables of interest. T-statistics and p values for each independent variable of interest are provided, with p values below the significance 
threshold (< 0.05) highlighted in bold. (B) Boxplot showing the distribution of WMH volumes as a function of Deramecourt vascular score, which shows 
the strongest contribution in the combined model. (C) Boxplot of WMH volume as a function of Braak tau stage, with a significant effect in the combined 
model. HS = hippocampal sclerosis of aging; LATE = Limbic Predominant Age-Related TDP-43 Encephalopathy; LB = Lewy body pathology; LPA = Lesion 
Prediction Algorithm; WMH = white matter hyperintensity
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correlated with WMH burden in the right hemisphere. 
Considering WMH burden did not quantitatively differ 
between hemispheres, and that our neuropathological 
evaluation was based on the left one, these results might 
reflect a more compact topography of right-hemisphere 
lesions, favoring their correlation through VBM, rather 
than a lateralization of pathology effects.

The histopathological assessment of vascular pathology 
in dementia is highly variable [28]. We report a robust 
association of the Deramecourt vascular staging [35] 
with WMH burden, which in turn is known to relate to 
specific vascular lesions such as CAA [21], microinfarcts 
and arteriolosclerosis [25]. Although this staging system 
assumes a sequential order between vascular events, 
we further report its ability to capture the relationship 
between WMHs and vessel wall modifications, support-
ing its value as a clinically relevant descriptor of vascular 

pathology. In contrast, while the VCING consensus eval-
uation [36] was also linked to higher WMH volumes, it 
exhibited no significant contribution in the combined 
pathology model. Similarly, no effects were found for 
CAA severity evaluated by VCING criteria, despite the 
previously reported link between CAA and WMHs [44], 
potentially exacerbated by AD pathology [45]. These 
findings could inform the prioritization between Dera-
mecourt and VCING staging systems in future studies. 
Furthermore, they underscore the need for refined crite-
ria that unify the strengths of both systems to better cap-
ture the contribution of vascular pathology to dementia 
and its associated MRI phenotypes.

Our results also highlight the structural impact of hip-
pocampal sclerosis of aging. Although the contribution 
of HS to a worsened cognitive state is well documented 
[46, 47], this pathology is often overlooked in voxel-wise 

Fig. 5 VBM results on WMH maps as a function of neuropathologies. After applying threshold-free cluster enhancement and FWE correction on the WM 
region, significant results (p < 0.05) were found as a function of Deramecourt vascular score and tau stage. On the left, significant effects (in green) are 
overlayed on the WM tissue probability map from SPM12, with left and right sides indicated. Colormap indicates FWE-corrected p values. On the right, the 
percentage of each of these significant effects falling into each region of the vascular territory atlas (regions perfused by anterior, middle, and posterior 
cerebral arteries) is shown. FWE = family-wise error; L = left; R = right; VBM = voxel-based morphometry; WMH = white matter hyperintensity
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MRI studies [7, 9]. Other authors exploring volumetric 
differences have reported an independent impact of HS 
on atrophy of the hippocampus [10, 48] and neighboring 
GM [11]. A recent study also found that while the clinical 
presence of dementia independently impacts hippocam-
pal atrophy and overcomes the effects of most patholo-
gies, it does not surpass those of HS [49]. In the current 
cohort, of advanced age and primarily female, the effects 
of HS on grey matter atrophy were found to overshadow 
those of any other coexisting pathology. These findings 
may point towards our recently proposed HS staging [37] 
as a more accurate descriptor of neurodegeneration com-
pared to LATE stage, as despite their correlation, only 
the former displayed significant effects in the combined 
model. We also found a significant effect of HS on WMH 
burden in a subset of the cohort with shorter antemortem 
interval, and thereby a reduced time span between both 
measurements. This result could reflect an independent 
relation between HS-associated grey matter atrophy and 
WMHs, which has been previously explored in the con-
text of global brain atrophy [50]. Interestingly, we did not 
find hippocampal GMD among the regions with stron-
gest correlation to cognitive performance, which may 
reflect neurodegenerative progression such that regions 
outside the medial temporal lobe become critical in sus-
taining cognitive function at advanced disease stages.

In this study, neuropathologies were assessed follow-
ing consensus criteria, and thereby assumed to pres-
ent homogeneous spatial distributions across patients. 
This represents a potential limitation compared to stud-
ies specifically measuring regional pathology burdens in 
relation to in vivo alterations [8, 51]. Similarly, vascular 
pathology events were not independently assessed, lim-
iting the evaluation of more detailed, regional associa-
tions. Additionally, the sample size was defined by the 
availability of patient MRI and brain donation and not 
specifically designed for these combined analyses, which 
results in modest effect sizes, especially in quantitative 
WMH results. Another limitation of this work is the 
joint measurement of periventricular and deep WMHs, 
as some authors have suggested these present differing 
clinical phenotypes and microstructural changes [52]. 
On the other hand, the comparison of several automated, 
data-agnostic WMH quantification method is a strength 
of this study. The selected Lesion Prediction Algorithm 
(LPA) was especially robust in segmenting deep lesions, 
and has been previously demonstrated to provide accu-
rate results with respect to manual labelling [53]. Other 
strengths of this work include the use of “lesion filling” 
strategies to optimize GM/WM delineation in the pres-
ence of WMHs, and the implementation of time correc-
tions to partially overcome a long mean AMI resulting 
from scanning difficulties in dementia patients.

Conclusion
Taken together, this study provides evidence that in 
dementia patients with an amnestic profile, grey mat-
ter atrophy is primarily driven by HS and ADNC, while 
WMH burden is most strongly associated with cerebro-
vascular and tau pathologies. Our analyses also inform 
the spatial signatures of these associations and the per-
formance of different methodologies within the heter-
ogenous landscape of WMH and vascular pathology 
assessment. Furthermore, this work highlights the rel-
evance of comprehensive pathological evaluations in 
post-mortem studies and has implications for the use of 
structural MRI within diagnostic protocols. More specifi-
cally, our findings reinforce doubts about the suitability 
of WMHs as a biomarker of vascular dementia [54]. In 
this context, the assessment of WMHs as an intermedi-
ary marker of brain damage, rather than a diagnostic 
criterium, has been proposed [17]. The combination of 
this measure with other techniques such as arterial spin 
labeling (ASL) or diffusion MRI, both with recent meth-
odological advances applied to the study of cognitive 
decline [55–57], could be valuable towards a more spe-
cific in vivo identification of vascular alterations.
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