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ABSTRACT

Introduction: Observational studies have indi-
cated widespread comorbidity of white matter
(WM) lesions and Alzheimer’s disease (AD) in
the elderly, but the causality and direction of
their relationship remained unclear. Our study
aims to examine the bidirectional causal rela-
tionship between WM change and AD using a
genetically informed method.
Methods: We performed a bidirectional two-
sample mendelian randomization (MR) study to
investigate the correlation of three WM phe-
notypes—white matter hyperintensities (WMH,
N = 18,381), fractional anisotropy (FA,
N = 17,673), and mean diffusivity (MD,
N = 17,467)—with AD (N = 63,926) using sum-
mary statistics from genome-wide association
studies (GWAS). The inverse variance weighted
method (IVW) was used to evaluate the causal
estimate and alternative methods to test the
heterogeneity, horizontal pleiotropy, and
outliers.

Results: There was no significant causal evi-
dence of WM MRI markers on AD across all MR
methods. We identified significant evidence of
causal effects of AD on the risk of WMH
(OR 1.06, 95% CI 1.03–1.10, p\0.01). The
same direction of effects was observed in MR-
Egger, weighted median, and weighted mode
analysis. Besides, we also observed a risk causal
relationship between AD with MD in MR-Egger,
weighted median, and weighted mode-based
methods (MR-Egger OR 1.38, 95% CI 1.07–1.79,
p = 0.02; weighted median OR 1.21, 95% CI
1.02–1.45, p = 0.03; weighted mode-based
OR 1.32, 95% CI 1.14–1.53, p\0.01). However,
the general significance of the causal effect of
AD on WMH and MD disappeared when we
removed the single nucleotide polymorphisms
(SNPs) near the APOE regions, revealing that the
ability of AD to increase the risk of white matter
damage might be mediated by APOE to some
extent. Unfortunately, we did not observe sig-
nificant causal evidence of AD on FA across all
MR analyses.
Conclusions: In this bidirectional MR study, we
did not observe that WM injuries were associ-
ated with a higher risk of AD. Likewise, geneti-
cally predicted AD did not result in a causal
effect on white matter damage. However, our
research revealed that underlying mechanisms
linking AD and white matter lesions might be
related to the SNPs near APOE regions.
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Key Summary Points

Why carry out this study?

Observational studies have indicated
widespread comorbidity of white matter
(WM) lesions and Alzheimer’s disease
(AD) in the elderly, but a direct clue of
causation between WM lesions and AD
remained unclear.

In this study, we examined the
bidirectional causal relationship between
WM change and AD using a genetically
informed method.

What was learned from the study?

In this bidirectional mendelian
randomization study, we did not observe
that WM injuries were associated with a
higher risk of AD. Likewise, genetically
predicted AD did not result in a causal
effect on WM damage.

Our research revealed that underlying
mechanisms linking AD and WM lesions
might be related to the single nucleotide
polymorphisms (SNPs) near APOE regions.

This study suggested that SNPs near APOE
regions might participate in the specific
biological processes underlying the
comorbid etiology of AD and WM
damage.

INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of
dementia, chiefly marked by amyloid plaques
and neurofibrillary tangles [1, 2]. However,
several large anti-amyloid trials for mild-to-
moderate AD have yielded disappointing results
[2, 3], which made researchers gradually move
away from simple assumptions to more broad

causality. Substantial evidence showed that the
vascular hypothesis might be an alternative
theory for AD etiology [4]. Cerebral small vessel
disease (CSVD) is a disorder of cerebral
microvessels that always leads to white matter
lesions and other abnormalities [5]. As an
assessment, CSVD contributed to about 50% of
dementia worldwide [5–7]. Recent meta-analy-
ses have investigated and suggested that white
matter hyperintensities (WMH) at baseline
conferred a 25% elevated risk of AD, and
periventricular WMH conferred a 1.51-fold
excess risk for dementia [8]. Besides, diffusion
tensor imaging (DTI) measures and assesses
white matter microstructure integrity and white
matter damage via estimation of fractional
anisotropy (FA) and mean diffusivity (MD) [9].
Observational studies reported abnormalities in
DTI, such as decreased fractional anisotropy
(FA) and increased mean diffusivity (MD), in AD
and mild cognitive impairment within a diver-
sity of white matter regions [10–12]. Moreover,
AD pathology was more likely to have a detri-
mental impact on WM lesions. Previous studies
detected that Ab pathology developed early
cerebral blood flow reductions [13] and brain
amyloid could increase the posterior WMH
loads [14]. Amyloid accumulation also had a
worse effect on white matter integrity in the
absence of cognitive impairment, particularly in
amyloid stage I–II [15]. Current evidence about
a possible relationship between AD and WM
damage was mainly based on observational
studies, but a direct clue of causation between
white matter lesions and AD remained
uncertain.

Mendelian randomization (MR) is an alter-
native means to obtain unconfounded causal
inference for the association between white
matter change and Alzheimer’s disease as the
MR approach takes advantage of genetic vari-
ants as instruments [16]. To this end, we
extracted instruments from summary statistics
of genome-wide association studies (GWAS) for
white matter MRI markers and AD and applied a
bidirectional two-sample MR design to assess
the potential causal relationship of white mat-
ter lesions with the risk of AD, and vice versa.
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METHODS

Data Source and Instruments

MRI Markers of WM
We drew all summary GWAS statistics of MRI
markers of WM from UK Biobank, from patients
aged between 40 and 69 years at recruitment
[17]. This GWAS examined the following three
MRI markers: white matter hyperintensities
(WMH, N = 18,381), fractional anisotropy (FA,
N = 17,673), and mean diffusivity (MD,
N = 17,467). In this GWAS, individuals diag-
nosed with major central nervous system (CNS)
diseases that could be related to white matter
changes (e.g., stroke, Parkinson’s disease, mul-
tiple sclerosis, dementia, or any other CNS
neurodegenerative condition) were excluded
from the analysis. WMH trait was log-trans-
formed and normalized for brain volume. Prin-
cipal component analysis (PCA) was performed
on the FA and MD measures of each of the 48
different brain tracts to obtain a single global
white matter FA and MD measure. Summary
level data for white matter markers that con-
sisted of full sets of association results were
available from Cerebrovascular Disease Knowl-
edge Portal (www.cerebrovascularportal.org). In
order to avoid bias introduced by overlapping
cohorts between AD and WM traits, we did not
apply the additional cohorts for WMH, such as
Cohorts for Heart and Aging Research in
Genomic Epidemiology Consortium (CHARGE)
and a study from patients with ischemic stroke,
which were used in the published WMH GWAS.
We selected the significant variants with a
threshold of p\5 9 10-8, and clumped single
nucleotide polymorphisms (SNPs) for indepen-
dence with SNPs correlated at r2\0.001 within
500 kb based on European ancestry reference
data from the 1000 Genomes Projects.

Alzheimer’s Disease
We drew on clinically diagnosed LOAD sum-
mary data from a recent GWAS of International
Genomics of Alzheimer’s Project (IGAP) stage 1
discovery study consisting of 21,982 cases and
41,944 controls [18]. All stage 1 samples are
from four consortia: Alzheimer Disease Genetics

Consortium (ADGC; 14,428 cases and 14,562
controls), CHARGE Consortium (2137 cases and
13,474 controls), The European Alzheimer’s
Disease Initiative (EADI; 2240 cases and 6631
controls), and Genetic and Environmental Risk
in AD/Defining Genetic, Polygenic and Envi-
ronmental Risk for Alzheimer’s Disease Con-
sortium (GERAD/PERADES; 3177 cases and 7277
controls). More detailed information about
summary demographics was available in the
original works. For MR analysis, independent
SNPs were clumped meeting a threshold of
p\5 9 10-8.

Standard Protocol Approvals,
Registrations, and Patient Consent

Studies contributing to WM MRI markers and
AD were approved by an institutional review
board in the original GWAS [17, 18]. In our
study, we only applied summary data.

Statistical Analysis

Before MR analysis, we calculated the propor-
tion of variance (R2) explained by the instru-
mental SNPs. The strength of instruments was
judged by F statistics, with a strong instrument
defined as an F statistic greater than 10 [19]. For
each direction of potential influence, inverse-
variance weighted (IVW) was performed for the
primary MR estimates [20]. This method will
return a biased result if SNPs present horizontal
pleiotropy, which will be contrary to the MR
assumption [21]. Therefore, we used other MR
methods, (e.g., MR-Egger regression [21],
weighted mode-based method [22], and weigh-
ted median approach [23]) as complementary
analyses to decrease the bias of horizontal
pleiotropy, which would result in loss of robust
statistical power [24]. In addition to these four
methods, we also applied Pleiotropy Residual
Sum and Outlier (MR-PRESSO) to identify hori-
zontal pleiotropic outliers [25] assuming that
horizontal pleiotropy occurred in less than 50%
of instruments. Finally, since SNPs on the
apolipoprotein E (APOE) were highly associated
with AD and some clues also indicated that
APOE was a top hit in the white matter damage
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[17, 26], MR analysis without SNPs near the
APOE regions (Chr19:45,116,911–46,318,605)
was considered as supplementary results to
reduce the horizontal pleiotropy. Results are
reported with odds ratios (ORs) per an approx-
imate 1 standard deviation (SD) increment of
each exposure. We estimated statistical power
for our MR analyses using an online calculator
(https://sb452.shinyapps.io/power). All analyses
were performed using R version 4.0.3 with
‘‘TwosampleMR’’ and ‘‘MR-PRESSO’’ packages.

RESULTS

Statistical Power

The F statistic for each SNP was greater than 10,
indicating less weak instrument bias (Table S1
in the supplementary material). When we con-
sidered all instruments, all statistical power for
our MR estimates was more than 80%, except
for the effect of AD on WMH (Table S2 in the
supplementary material). However, the statisti-
cal power for the causal relationship of AD on
WM sharply decreased if we removed the SNPs
in the APOE regions (Table S2).

Estimates of the Causal Effect of WM MRI
Markers on AD

We did not find any statistically significant
causal evidence of WM MRI markers on AD
across all MR methods. MR estimates remained
null even though we removed the outlier using
MR-PRESSO methods (Fig. 1). The presence of
heterogeneity and pleiotropic effect are shown
in Table S2. In addition, we found that no single
genetic variant influenced the results in leave-
one-out analyses (Figs. S1–S3 in the supple-
mentary material). Summary statistics for the
genetic instruments used to assess the effect of
WM on the risk of AD are shown in Table S3 in
the supplementary material.

Estimates of the Causal Effect of AD
on WM MRI Markers

We identified significant evidence that geneti-
cally predicted AD was associated with a greater
WMH load (IVW OR 1.06, 95% CI 1.03–1.10,
p\0.01). The same direction of effects was
observed in MR-Egger, weighted median, and
weighted mode analysis (Fig. 2). There was sig-
nificant heterogeneity in the IVW method and
possible pleiotropy in the MR-Egger analysis of
WMH (p\0.05) (Table S2). Besides, we also
observed a risk causal relationship between AD
with MD in MR-Egger, weighted median, and
weighted mode-based methods (MR-Egger
OR 1.38, 95% CI 1.07–1.79, p = 0.02; weighted
median OR 1.21, 95% CI 1.02–1.45, p = 0.03;
weighted mode-based OR 1.32, 95% CI
1.14–1.53, p\0.01) (Fig. 2). However, analyses
leaving out each SNP revealed that rs679515
drove this association (Fig. S6 in the supple-
mentary material). There was significant
heterogeneity and possible pleiotropy in both
analyses of WMH (IVW Cochran Q, 33.22,
p = 0.03; MR-Egger intercept, - 0.01, p\ 0.01;
MR PRESSO Global test, p\0.01) and MD (IVW
Cochran Q, 55.47, p\0.01; MR-Egger Cochran
Q, 46.34, p\0.01; MR PRESSO Global test,
p\0.01). There was no difference between
estimates from MR-PRESSO before and after the
outlier’s correction for WMH (MR PRESSO-Raw,
p = 0.13; MR PRESSO-Corrected, p = 0.07) and
MD (MR PRESSO-Raw, p = 0.39; MR PRESSO-
Corrected, p = 0.96) (Fig. 2). Most importantly,
when we removed the SNPs in the APOE
regions, the general significance of the causal
effect of AD on WMH and MD disappeared,
revealing that the ability of AD to increase the
risk of white matter damage might be mediated
by APOE to some extent. Unfortunately, we did
not observe significant causal evidence of AD on
FA across all MR analyses (Fig. 2). The presence
of heterogeneity and the pleiotropic effect is
shown in Table S2. Summary statistics for the
genetic instruments used to assess the effect of
AD on the risk of WM are shown in Table S4 in
the supplementary material. Leave-one-out
analyses for AD on the WM lesions are shown in
Figs. S4–S6 in the supplementary material.
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DISCUSSION

In this bidirectional MR study, a comprehensive
MR analysis was performed to assess the asso-
ciation between AD and white matter lesions
using a large sample size of GWAS pooled data
involving more than 63,000 subjects in AD
cohorts and over 17,000 individuals for WMH
load and WM microstructural changes. Regret-
tably, we did not observe that WM injuries were
associated with a higher risk of AD. Likewise,
genetically predicted AD did not result in a
causal effect on white matter damage. However,
our research suggested that underlying mecha-
nisms linking AD and white matter lesions
might be related to the SNPs near APOE.

Some lines of evidence suggested the
comorbidity of abnormalities in the brain
microvascular system and AD [1, 13, 27, 28]. In
the general population, the prevalence of white
matter lesions increased exponentially with age,
ranging from 11% to 21% at age 64 and 94%
aged 82 [29]. Current findings indicated that
WMH might predict AD a decade before the
clinical stage [30]. In addition to the positive
association between WMH and clinical AD [8],
systematic reviews and meta-analysis studies
also have shown a relationship between WMH
and a higher risk of specific cognitive domains
in patients with AD or MCI [31]. Moreover, a
recent review has suggested colocalized wide-
spread disrupted white matter integrity and AD
predominant pathologies (Ab42 or tau) in
patients with subjective cognitive impairment
(SCI), MCI, or AD [32]. Furthermore, oxidative
stress and microglia-mediated inflammation

might be common possible pathogenesis of AD
progression and white matter damage [33–41].
However, observational studies could not
exactly distinguish consequences from causes
because of the influence of confounding, as
accumulating evidence suggested that cardio-
vascular disease and other lifestyle-related dis-
orders, including diabetes, smoking, and
obesity, might contribute to the progression of
dementia and WM lesions [2, 34].

Using MR approaches, our results suggested
that white matter damage containing WMH
and white matter integrity could not elevate the
risk of AD, which was consistent with a previous
randomized controlled trial (RCT) showing that
hypertension treatment with nilvadipine did
not slow the decline in cognition or function in
patients with mild- and moderate-stage AD [42],
although a meta-analysis of RCT studies sug-
gested blood pressure control prevented WMH
progression [43, 44]. Moreover, intensive blood
pressure control did not result in a significant
reduction in the risk of probable dementia rel-
ative to standard blood pressure [45]. However,
these findings were less consistent with a recent
MR study showing a positive association of
WMH volume with AD [46]. This inconsistency
might be due to the selection bias because the
population recruited in our study was limited to
European ancestry and the age seemed to be
more severe when at recruitment. Similarly, a
recent MR analysis leveraging GWAS summary
statistics for 110 DTI measurement revealed that
the higher risk of AD was causally associated
with genetically determined WM integrity in
the corpus callosum [47], but not overall con-
tribution of white matter connectivity. There-
fore, white matter changes that increased the
risk of AD from the observational study might
be better explained by other factors rather than
the direct effect. For example, underlying con-
ditions with cardiovascular disease [48] could
interfere with WM lesions and cause AD.

For the relationship between AD and white
matter damage, the true causal relationship of
AD to the risk of WM injuries was obscured by
APOE. In our research, we observed a false pos-
itive result that AD could increase the WMH
load and damage the WM microstructural
integrity when we included all the instruments

bFig. 1 Causal effect estimates of genetically predicted
white matter change on Alzheimer’s disease. For the causal
effect of FA on Alzheimer’s disease (AD), we detected two
outliers (rs4150221 and rs76122535) using the MR-
PRESSO (Pleiotropy Residual Sum and Outlier) method.
For the causal effect of MD on AD, we detected one
outlier (rs4150221) using the MR-PRESSO. SNP single
nucleotide polymorphism, N number, OR odds ratios, CI
confidence interval, WM white matter, AD Alzheimer’s
disease,WMH white matter hyperintensities, FA fractional
anisotropy, MD mean diffusivity, IVW inverse variance
weighted

886 Neurol Ther (2022) 11:881–892



Neurol Ther (2022) 11:881–892 887



of AD, whereas the positive result disappeared
when we removed the SNPs in the APOE region.
On the basis of this, we reasonably inferred that
SNPs near APOE might explain the genetic cor-
relation of AD with WM pathologies. As we all
know, the presence of the e4 allele of APOE had
the strongest association with sporadic AD [49].
Meanwhile, APOE has been reported to destroy
blood–brain barrier integrity, affect cerebral
blood flow, and cause neuronal-vascular cou-
pling disorders [50, 51]. In line with our results,
a recent study confirmed that a higher genetic
risk score for AD, especially driven by APOE, was
associated with WM lesion burden by examin-
ing the polygenic overlap between AD and
vascular pathologies. Additionally, the effect of
APOE on memory and global cognition might
be partly mediated by WM damage in the
mediation analysis [26]. Additionally, the APOE
e4 allele could modulate brain WM structure
before any impending cognitive or clinical
manifestations of the disease [52] in an age-in-
dependent manner [53]. Besides, APOE geno-
type might influence the interaction of WM
function with AD pathology. WMH was corre-
lated with amyloid burden especially in the
posterior brain regions in APOE e4 non-carriers
but not in the APOE e4 carriers, suggesting that
the influence of APOE might override the effect

of WMH on amyloid burden [54]. However, our
MR analyses might not be powerful enough to
detect the small effect of impact of AD on WMH
after removing the SNPs near the APOE regions,
which needs expanded future discovery GWAS.
More evidence is needed to further investigate
the mechanisms that underline the influence of
AD on white matter.

Limitations

A typical MR study should be designed follow-
ing three core assumptions [55]: (1) instruments
should be associated with exposure; (2) instru-
ments should influence the outcome only
through the exposure, rather than any other
pathways; (3) instruments should not be asso-
ciated with any confounders. To completely
rule out all confounders was still a challenge for
an MR study as it might not be possible to
measure all confounders in the absence of an
exact understanding of the complex biology of
their relationship with the exposure [55]. In our
study, in addition to the conventional IVW
method, we applied four methods as sensitivity
analysis, namely the MR-Egger method, weigh-
ted median, weighted mode-base method, and
MR-PRESSO. A potential bias in our MR study
was the presence of horizontal pleiotropy
mainly caused by APOE when we assessed the
causal effect of AD on the risk of white matter
injuries. To solve this, we removed the instru-
ments in the APOE regions. In addition, the
causal relationship of genetically determined
AD with white matter lesions was null after
removing the SNPs near the APOE regions.
However, the low power might be the reason for
the null results. As population stratification
might affect the genetic associations, we
restricted the population to European ancestry.

CONCLUSIONS

In the present study, we did not provide evi-
dence to support a direct clue of causation
between white matter lesions and AD risk using
a bidirectional MR approach. However, we held
that SNPs near the APOE region might explain
the genetic correlation of AD with WM

bFig. 2 Causal effect estimates of genetically predicted
Alzheimer’s disease on white matter lesions. For the causal
effect of Alzheimer’s disease (AD) on white matter lesions
without APOE, we removed five SNPs near the APOE
regions (Chr19:45,116,911–46,318,605), namely
rs10416500, rs150685845, rs7412, rs1081105, and
rs147711004. For the causal effect of AD on WMH in
the total group, two outliers (rs1081105 and rs147711004)
were detected by the MR-PRESSO (Pleiotropy Residual
Sum and Outlier) method. For the causal effect of AD on
FA in the total group, two outliers (rs11218343 and
rs679515) were detected by the MR-PRESSO method. For
the causal effect of AD on MD in the total group, two
outliers (rs147711004 and rs679515) were detected by the
MR-PRESSO method. SNP single nucleotide polymor-
phism, N number, OR odds ratios, CI confidence interval,
WM white matter, AD Alzheimer’s disease, WMH white
matter hyperintensities, FA fractional anisotropy, MD
mean diffusivity, IVW inverse variance weighted
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pathologies. Further research is necessary to
provide insight into specific biological processes
underlying the comorbid etiology of AD and
white matter damage.
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