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Abstract

INTRODUCTION: We compared white matter hyperintensities (WMH) in early-onset 

Alzheimer’s disease (EOAD) with cognitively normal (CN) and early-onset amyloid-negative 
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cognitively impaired (EOnonAD) groups in the Longitudinal Early-onset Alzheimer Disease 

Study.

METHODS: We investigated the role of increased WMH in cognition and amyloid and tau 

burden. We compared WMH burden of 205 EOAD, 68 EOnonAD, and 89 CN participants in 

lobar regions using t-tests and analyses of covariance. Linear regression analyses were used to 

investigate the association between WMH and cognitive impairment, and amyloid and tau burden.

RESULTS: EOAD showed greater WMH compared with CN and EOnonAD participants across 

all regions with no significant differences between CN and EOnonAD groups. Greater WMH were 

associated with worse cognition. Tau burden was positively associated with WMH burden in the 

EOAD group.

DISCUSSION: EOAD consistently showed higher WMH volumes. Overall, greater WMH were 

associated with worse cognition and higher tau burden in EOAD.

Keywords

WMH; EOAD; tau positron emission tomography; tau PET; amyloid; white matter 
hyperintensities; Alzheimer’s Disease

1 Introduction

Magnetic resonance imaging (MRI) is often used to visualize structural changes in the 

brain associated with aging. White matter hyperintensities (WMHs) presenting as areas 

of comparatively high T2-weighted image intensities are commonly associated with small 

vessel cerebrovascular disease due to increasing age and greater cardiovascular risk factors. 

In recent years, several studies examined the association between WMH burden and clinical 

presentation of late-onset Alzheimer’s disease (LOAD) showing associations between WMH 

volume and the clinical symptoms1,2. The accumulation of WMHs in people with LOAD 

may reflect the presence of multiple pathologies3. A recent study4 emphasized the role 

of increased WMH volume as a unique determinant of cognitive performance in autosomal-

dominant early-onset AD (EOAD).

Associations between WMHs and amyloid burden measured by positron emission 

tomography (PET) inform the effect of cerebral amyloid angiopathy on increased WMH 

load in the brain. The mediating effect of cerebral microbleeds on the relationship between 

estimated disease onset and the WMH load was considered5 in the context of dominantly-

inherited AD using data from participants with 50% chance of developing AD since they 

have a first-degree relative diagnosed with AD autosomal dominant, fully-penetrant genetic 

mutation. The results indicate that the increase in WMHs in those with the mutation is not 

fully explained by presence of microbleeds5. Using data from cognitively unimpaired elderly 

participants in the Mayo Clinic Study of Aging, the topographic patterns of WMHs were 

analyzed6 showing that amyloid associated WMH volumes were localized in frontal and 

parietal lobes. In the meantime, increased volumes of WMH were associated with changes 

in plasma tau in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) LOAD study7. 

In addition, the association between WMHs and tau burden in tandem with presence of 

amyloid in the brain was predictive of AD diagnosis7.
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Compared to older individuals, WMHs are uncommon in young and healthy adults. For 

instance, a 10-fold increase in WMH was found8 in people over 55 years of age as compared 

to those less than 55 years of age. While it has been hypothesized that presence of WMH 

in younger individuals may associate with cognitive decline, the extent of WMHs in people 

with sporadic EOAD and their relationship with cognitive decline has not been evaluated 

in large sample studies. A case report study9 investigated the increased burden of WMH 

and brain atrophy looking for causative gene mutations. While causative genes associated 

with WMH burden and distribution of WMH were identified, the number of participants 

with the mutation included in the presented analyses was only seven, raising questions about 

generalizability of the results given the small sample size.

The Longitudinal Early-onset Alzheimer’s Disease study10 (LEADS) aims to inform 

characteristic biomarkers of EOAD. We considered the spatial distribution of WMH in 

EOAD and its differences from average WMH of cognitively normal (CN) and early-onset 

amyloid-negative cognitively impaired (EOnonAD) groups. We investigated associations 

between WMH burden and cognitive performance of participants in LEADS where cognitive 

status was evaluated using clinical dementia rating (CDR®) sum-of-box scores, Montreal 

Cognitive Assessment (MoCA), and the Mini-Mental State Exam (MMSE). In addition, 

we considered potential associations between amyloid and tau burden from PET scans 

and WMH volumes looking for potential differences in the strengths of these relationships 

between diagnosis groups.

2 Materials and Methods

2.1 Data

We analyzed data from 362 participants from the LEADS study accrued since 2018. From 

the 371 participants included in the LEADS mid-term analysis, nine were missing WMH 

volumes and were excluded from subsequent analyses. The sample includes 205 EOAD, 

68 EOnonAD, and 89 CN participants from LEADS. Participants were eligible for LEADS 

enrollment if their age was between 40- and 64-years, they had a reliable study partner, were 

English speaking, and had no known psychiatric disorders or other neurological issues. A 

global CDR score of ≤ 1 was the enrollment criterion for the cognitively impaired group 

while the cognitively normal group includes participants with a global CDR score of 0 and 

MMSE ≥26. Individuals with pathogenic variants in PSEN1, PSEN2, APP, MAPT, GRN and 

C9ORF72 were excluded from the analyses. Summaries of demographic and clinical scores 

are presented in Table 1.

2.2 MRI acquisition and analysis

According to the LEADS protocols, 3D MRI sequences were obtained from each 

participant. Details on MRI acquisition protocol are provided elsewhere10. Briefly, data were 

acquired using 3 Tesla scanners at all LEADS data collection sites supported by the LEADS 

MRI Core. Sagittal 3D magnetization-prepared rapid gradient echo (MPRAGE) sequences 

were obtained using TR/TE/TI = 2300/3/900 ms with flip angle of 9 degrees, sagittal 

orientation, and FOV = 256 × 240 mm with 208 slices using 1 × 1 × 1 mm resolution. 

Sagittal 3D fluid-attenuated inversion recovery (FLAIR) sequences were acquired with 
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TR/TE/TI = 4800/119/1650 ms, FOV = 256 × 256 mm with 160 slices, at resolution 

1.2 × 1 × 1 mm. A fully automatic algorithm11 was implemented to calculate WMH 

volumes from the 3D MPRAGE and FLAIR images. WMHs were segmented on the native 

FLAIR images via automated seed initialization based on their location using spatial priors, 

incorporating intensity relative to the distribution of GM intensity values, and that of its 

local neighborhood. To reduce false-positive WMH segmentations, a WM mask derived 

from automated MPRAGE segmentation with SPM12 was applied, in addition to using 

region-growing. For each ROI, total WMH volume was calculated as cm3 and scaled by the 

total intracranial volume (TIV) to adjust for head size.

2.3 PET Acquisition and Preprocessing

Positron emission tomography (PET) images were obtained from all participants for 

β-amyloid (18F-Florbetaben) and tau (18F-Flortaucipir). PET acquisition protocols were 

described previously10. About 90 to 110 minutes after injection of ~8 mCi of 18F-

Florbetaben the amyloid PET images were acquired at four 5-minute frames, while 18F-

Flortaucipir was acquired between 75 and 105 minutes after injection of about 10 mCi of 

the corresponding tracer. After quality control procedures, images were pre-processed by 

realignment and averaging, changing to a standard orientation, and smoothing.

2.4 Statistical Methods

WMHs were used in the analyses as proportion of TIV. Given the skewed distribution 

of resulting TIV-corrected WMH volumes, the cubic-root transformation was implemented 

before analyses12. Average cubic-root transformed WMH as proportion of TIV in left 

and right frontal, temporal, parietal, and occipital regions was compared between CN, 

EOAD, and EOnonAD groups, as well as the sums of left and right regions using t-tests. 

Similarly, total WMH burden was compared between participants with cardiovascular risk 

factors including diabetes, hypertension, and hypercholesterolemia using t-tests. WMH 

burden differences were considered between men and women within each diagnostic group 

using t-tests. Analysis of covariance was implemented to perform similar comparisons 

while controlling for the effects of age, education, and sex. In addition, using linear 

regressions, we tested whether there was a significant association between WMH burden and 

global cognitive impairment measured by MMSE, MoCA, and CDR-SB. Linear regression 

analyses were used to investigate the association between cognitive impairment as well 

as amyloid and tau PET burden with WMH load after correcting for the effects of age, 

sex, TIV, and education. The p-values for WMH comparisons were corrected for multiple 

comparisons using the false discovery rate (FDR) method where appropriate.

3 Results

The average age of participants was 57.63. On average, CN participants (56.13, SD = 

6.02) were younger than those in the EOAD group (58.79, SD = 3.94; p<0.01) and in the 

EOnonAD group (58.1, SD = 5.85; p = 0.04; Table 1). Females comprised 61.8% of the 

CN group, 52.7% of the EOAD group, and 33.8% of the EOnonAD group. While there was 

no statistically significant difference between sex distribution in CN and EOAD participants 

(p=0.10), we found the CN and EOAD groups included more female participants compared 
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with EOnonAD (ps<0.01). The CN group included more minority and Hispanic participants 

compared with EOAD and EOnonAD (ps<0.01). The CN group had greater years of 

education by 1.29 on average compared to the EOAD group (t-statistic = 4.44, p<0.01). 

The performance of the participants on MMSE was significantly worse in the EOAD group 

compared to the EOnonAD (t-statistic = -5.42, p<0.01). The global CDR was different 

between the diagnosis groups (p=0.048).

Within the EOAD group the spatial distribution of WMHs was similar within each region’s 

left and right hemispheres. However, WMH volume was highest in the frontal and parietal 

regions (no significant differences between WMH burden of frontal and parietal regions, p = 

0.90) followed by the occipital region that had lower WMH volumes (p =0.07). The WMH 

burden in EOAD was lowest in the temporal regions. EOAD participants had significantly 

greater WMH volumes on average compared with CN and EOnonAD participants across 

all regions (Figure 1 and Table 2, all p-values<0.05). The WMH burden in the temporal 

region (left and right) was not significantly different between EOAD and EOnonAD 

groups, however, given the relatively small sample size, this difference warrants further 

investigation. No significant differences were observed between average WMHs of CN 

and EOnonAD groups. The differences between EOAD compared with CN or EOnonAD 

groups were largest in frontal, parietal, and occipital regions. No significant differences 

were identified between WMH burden of participants with diabetes compared to those 

without diabetes (p-value = 0.33 for CN, 0.55 for EOAD, 0.56 for EOnonAD), similarly 

for hypertension (p-value = 0.14 for CN, 0.31 for EOAD, and 0.81 for EOnonAD), and 

hypercholesterolemia (p-value = 0.12 for CN, 0.66 for EOAD, and 0.75 for EOnonAD). 

Although on average TIV corrected WMH burden was slightly higher in women than 

men, no significant differences were identified between WMH burden of men and women 

(p-value = 0.62 for CN, 0.23 for EOAD, and 0.96 for EOnonAD) in the study. Higher 

WMH values were associated with worse performance on MMSE (b = −0.24, SE = 0.06, 

p-value<0.01) after controlling for the effects of age, sex, TIV, and education. Similarly, 

higher values of WMH were associated with worse performance on CDR sum-of-boxe 

scores (b=0.08, SE =0.02, p-value<0.01) and MoCA (b = −0.33, SE = 0.08, p-value<0.01). 

These observed relationships held after controlling for the effect of diagnosis. Figure 2a, b, 

and c show the relationships of clinical scores by diagnosis. As illustrated in Figure 2a we 

observe a steep decline of MMSE as WMH volume increases in the EOAD group while the 

slopes of the association of WMH and MMSE within the CN and EOnonAD groups are 

flat. Figure 2b shows that as WMH volumes increase, the scores on MoCA decrease for all 

three groups. Finally, as sum of WMHs over all regions increases, CDR sum-of-box scores 

increases both in the EOAD and EOnonAD groups, while remaining flat for the CN group as 

shown in Figure 2c.

Figure 3 shows the distribution of WMH volumes between APOEε4 carriers and non-

carriers by diagnosis group. APOE4 carrier status was not associated with WMH volume 

after controlling for the effects of age, sex, TIV, the interaction between APOE allele status 

and diagnosis group, and years of education (β = 1.63, SE = 1.01, p-value = 0.107). In 

addition, considering each diagnosis category, after fixing age, sex, and education to the 

same value we did not find significant differences of WMH between APOE4 carriers and 

non-carriers.
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We next investigated the association between WMH volume (sum of regions) and amyloid 

and tau PET burden. In the sample including all participants, increased WMH volumes 

were associated with increased amyloid burden (β = 0.02, p-value<0.01) and increased tau 

burden (β = 0.04, p<0.01) after controlling for the effect of age, sex, TIV, and education. 

However, after controlling for the effect of diagnosis group, amyloid burden measured using 

average MRI-based composite SUVR was not significantly associated with WMH volume 

(β = 0.001, p-value = 0.639). These associations are presented in Figure 4. In the meantime, 

tau burden remained associated with WMH volume (β = 0.01, SE = 0.005, p-value = 

<0.01), after controlling for participant diagnosis. Specifically, tau burden was significantly 

associated with WMH evaluated using the sum of regions in the EOAD group (β = 0.02, SE 

= 0.006, p-value = <0.01).

4 Discussion

EOAD participants enrolled in LEADS had higher WMH burden in comparison to their CN 

and EOnonAD peers which was associated with worse cognitive performance and greater 

tau burden. The regional distribution of WMH in EOAD was higher in the parietal and 

frontal regions followed closely by occipital regions, although this could be related to the 

differences in total volumes of the corresponding regions. These findings are consistent with 

the literature showing a similar distribution of WMH in older individuals with AD13. On the 

contrary, the WMH volume in temporal regions was significantly lower. EOAD consistently 

showed higher WMH volumes compared to their CN and EOnonAD peers in all brain ROIs 

considered in this study. The extent of WMH in CN and EOnonAD groups was generally 

similar, although EOnonAD on average had higher WMH burden than CN participants in 

all regions except for the occipital lobe. These differences were not statistically significant. 

EOAD had significantly higher WMH than CN across all brain regions with the largest 

differences in parietal and frontal regions. This finding is consistent with the literature 

showing higher WMH volumes in people with dementia14. The biggest differences between 

average WMH burden of CN and EOAD groups were in the parietal lobes (both left and 

right regions).

Higher WMHs were associated with worse cognitive impairment measured using MMSE, 

MoCA, and CDR sum-of-box scores. Associations between neuropsychiatric status and 

WMH have been found in AD and frontotemporal dementia15. When considering the 

subgroups in the analysis, we observed interesting relationships between cognitive measures 

and WMH. Namely, given the relatively low variability of MMSE and CDR sum-of-box 

scores within the CN group, we did not observe significant associations between WMH 

volumes and MMSE and CDR sum-of-box scores within the CN group. However, the 

association between WMH burden and all three cognitive measures was significant within 

the EOAD group. Interestingly, while there was more variability in the scores of EOnonAD 

participants on MMSE, CDR sum-of-box scores, and MoCA assessments, we found no 

significant associations between WMH burden and cognitive test scores in EOnonAD. 

More investigation using larger samples will be needed to understand if higher WMH 

will associate with declining cognitive performance in EOnonAD. In addition, longitudinal 

data will elucidate potential differences in trajectories of associations over time. Given that 

the EOnonAD group was milder in disease severity as measured by global CDR, further 
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analyses may consider controlling for the effect of global cognitive performance when 

comparing WMH between groups.

Increased WMH burden was associated with higher cerebral amyloid and tau PET uptake 

when considering the overall population of participants in the study. This finding is 

consistent with findings from pathology suggesting that WMH may result not only from 

ischemia related to small vessel disease, but also from cortical AD pathology16. However, 

once diagnostic group was included in the model to control for potential confounding by 

diagnosis, there was no significant association between amyloid burden and WMH volumes. 

Separate group specific analyses data from EOAD group in the first model and EOnonAD 

group in the second model further showed no association between higher WMH loads and 

amyloid burden.

When considering tau accumulation, while the WMH volumes in parietal and frontal areas 

were found to be associated with lobar cerebral microbleeds and amyloid burden6, no 

associations between WMH topographical patterns and tau burden either with voxel-based 

or region-specific analyses were identified. This may be due to the sample characteristics 

which consisted of a population-based sample who were primarily cognitively normal. On 

the contrary, WMH volumes were shown to increase with changes in cerebrospinal fluid 

tau levels2. Differences of WM lesions between individuals with AD related dementias and 

elderly non-demented participants were considered16. As opposed to non-demented elderly, 

WM lesions in people with AD were associated with both axonal loss and demyelination16. 

While no direct pathological relationship between amyloid and tau burden with decreased 

axonal density were identified, WMH were associated with increased hyperphosphorylated 

tau pathology and not small vessel disease16 which are in line with the findings of this 

study. Our findings on associations between tau burden from PET and WMH volumes 

lend support to this previous work. Future work will be needed to investigate the broad 

range of mechanisms that may contribute to these observed white matter changes including 

impaired perivascular clearance, hypoperfusion, Wallerian degeneration due to cortical 

neuronal/axonal loss. Further work should investigate whether the associations between tau 

burden and WMH are a reflection of disease duration (i.e. onset of amyloidosis). Greater 

tau burden indicates longer time since disease onset, hence greater damage to the vessels 

due to CAA. In the meantime, the absence of association with amyloid burden can likely be 

explained by the sigmoid shape of amyloid accumulation and the lack of range of amyloid as 

the disease severity progresses17. Hence, further analyses are needed to investigate whether 

tau burden is associated with WMH after controlling for the effect of disease onset.

Conclusions

Our finding that greater WMH burden was associated with worse cognitive performance 

and greater tau burden in EOAD is an important one. We show novel strong evidence 

that WMHs may be associated with AD pathology, independent of age-associated vascular 

disease and other non-AD pathology. While CAA may be a main basis of WMHs in AD, 

nevertheless, our findings indicate that these are correlated with increasing burden of AD. 

These findings shed light on the importance of considering white matter changes while 

assessing the disease related damage due to AD. Future work is warranted to investigate 
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how these white matter changes may play a mechanistic role in disease progression and 

clinical prognosis. An interesting future research direction is comparing WMH loads and 

their longitudinal trajectories with those of LOAD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• This study represents a comprehensive characterization of WMHs in sporadic 

EOAD.

• WMH volumes are associated with tau burden from PET in EOAD suggesting 

WMH are correlated with increasing burden of AD.

• Greater WMH volumes are associated with worse performance on global 

cognitive tests.

• EOAD participants have higher WMH volumes compared with CN and 

EOnonAD groups across all brain regions.
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Figure 1: 
Comparisons of cubic root-transformed WMH values between CN, EOAD, and EOnonAD 

participants. The means for each group are presented in triangles.

Eloyan et al. Page 13

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Associations between WMH volume and global cognitive measures in each diagnostic group 

(CN - in dark blue, EOAD - in blue, and EOnonAD - gray). The regression lines showing the 

relationship between the WMH volume and each cognitive measure within each diagnostic 

group are presented, along with a light gray colored confidence band.
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Figure 3: 
Comparisons of cubic root-transformed WMH volumes between APOE4− and APOE4+ 

participants. The means for each group are presented as triangles.
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Figure 4: 
Association between amyloid PET (left column) and tau PET (right column) and log-

transformed WMH values within CN, EOAD, and EOnonAD groups.
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Table 1:

CN, EOAD, and EOnonAD demographic and cognitive summaries, presented as mean (standard deviation, 

and comparisons. The last three columns represent t-statistics (p-values) from analyses comparing the 

respective groups for continuous variables, while binary variable comparisons show test statistics (p-values) 

from Chi-squared tests.

CN EOAD EOnonAD CN vs
EOAD

CN vs
EOnonAD

EOAD vs
EOnonAD

N 89(24.6%) 205 (56.6%) 68 (18.8%)

Age, years 56.13 (6.02) 58.79 (3.94) 58.1 (5.85) −3.82 (<0.01) −2.05 (0.04 ) 0.90 (0.37)

Sex (% F) 61.8% 52.7% 33.8% 2.09 (0.1) 12.07 (<0.01) 7.28 (<0.01)

Minority (%) 29.2% 7.8% 13.2% 23.51 (<0.01) 5.86 (0.016) 1.78 (0.18)

Hispanic (%) 7.9% 2.9% 2.9% 3.58 (0.058) 1.73 (0.19) 0.00 (0.99)

Education, years 16.67 (2.18) 15.38 (2.36) 15.32 (2.58) 4.44 (<0.01) 3.55 (<0.01) 0.15 (0.88)

MMSE 29.19 (0.94) 21.92 (4.99) 25.47 (4.35) 20.06 (<0.01) 6.94 (<0.01) −5.24 (<0.01)

CDR Global 0.5/1.0, % 0%/0% 66%/34% 79%/21% 4.41 (0.036)

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Eloyan et al. Page 18

Table 2:

Comparisons of region-specific cubic root-transformed WMH between CN, EOAD, EOnonAD participants 

presented as t-statistic (p-value). All p-values are computed using t-tests and are corrected for multiple 

comparisons using the FDR correction. The average (SD) WMH volumes are presented in Supplementary 

Table S1.

Region CN vs EOAD EOAD vs
EOnonAD

CN vs
EOnonAD

Frontal Left −5.1 (<0.001) 2.95 (0.005) −1.33 (0.50)

Frontal Right −4.05 (<0.001) 2.34 (0.025) −0.99 (0.50)

Temporal Left −4.49 (<0.001) 1.87 (0.069) −1.61 (0.50)

Temporal Right −3.03 (0.027) 1.52 (0.13) −0.98 (0.50)

Parietal Left −6.04 (<0.001) 4.94 (<0.001) −0.51 (0.76)

Parietal Right −6.84 (<0.001) 4.48 (<0.001) −1.43 (0.50)

Occipital Left −3.94 (<0.001) 3.72 (<0.001) 0.27 (0.79)

Occipital Right −4.51 (<0.001) 4.2 (<0.001) 0.3 (0.79)

Sum Left −5.95 (<0.001) 4.19 (<0.001) −0.94 (0.50)

Sum Right −5.66 (<0.001) 3.72 (<0.001) −1.08 (0.50)
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