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Abstract

Cerebral white matter hyperintensities are believed the consequence of small vessel disease and are associated with risk
and progression of Alzheimer’s disease. The ¢4 allele of the APOE gene is the major factor accountable for Alzheimer’s
disease heritability. However, the relationship between white matter hyperintensities and APOE genotype in healthy
subjects remains controversial. Ve investigated the association between APOE-¢4 and vascular risk factors with white
matter hyperintensities, and explored their interactions, in a cohort of cognitively healthy adults (45-75 years). White
matter hyperintensities were assessed with the Fazekas Scale from magnetic resonance images (575 participants: 74
APOE-¢4 homozygotes, 220 heterozygotes and 281 noncarriers) and classified into normal (Fazekas < 2) and pathological
(>2). Stepwise logistic regression was used to study the association between pathological Fazekas and APOE genotype
after correcting for cardiovascular and sociodemographic factors. APOE-¢4 homozygotes, but not heterozygotes, bear a
significantly higher risk (OR 3.432; 95% CI [1.297-9.082]; p =0.013) of displaying pathological white matter hyperinten-
sities. As expected, aging, hypertension and cardiovascular and dementia risk scales were also positively associated to
pathological white matter hyperintensities, but these did not modulate the effect of APOE-¢4/¢4. In subjects at genetic
risk of developing Alzheimer’s disease, the control of modifiable risk factors of white matter hyperintensities is of
particular relevance to reduce or delay dementia’s onset.
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Introduction

Small vessel cerebrovascular pathology constitutes one
of the most common findings in neuroimaging studies
carried out in late adulthood and elderly individuals.'-
The most common of these lesions can be observed
through computed tomography or magnetic resonance
imaging (MRI) as areas of increased signal in the white
matter, commonly in periventricular locations, and are
referred to as white matter hyperintensities (WMH).
The Fazekas scale® rates WMH on a 0-3 point scale
in the periventricular and subcortical regions com-
bined. The Fazekas scale was designed for cross-
sectional rating of WMHs, shows good intra- and
inter-observer agreement and closely correlates with
volumetric assessments.*>

It is widely accepted that the etiology of these WMH
is of ischemic origin, but the precise underlying path-
ology is not completely understood.® In this way,
several alterations have been described in brain samples
of deceased patients ranging from local blood brain
barrier alterations with leakage of plasmatic proteins
to major myelin destruction and axonal loss.”® Both
the prevalence and extension of WMH are strongly
associated with aging and cardiovascular risk factors
(CRF), particularly hypertension.'” The reported
prevalence of WMH is highly variable, ranging from
below 10% to over 90% of a given study’s participants.
This variability can be accounted for by differences in
the age of participants included in these cohorts and
their comorbidities.'""'? Additional factors could also
contribute to these differences, such as ethnicity and
lifestyles of the evaluated samples as well as technical
differences in the MRI protocols.'* !

From a clinical perspective, severe affectation of
white matter could lead to vascular dementia and the
presence of these lesions may also contribute to the
development of cognitive impairment in other causes
of dementia.'®!” For instance, it has been suggested
that the presence of WMH could have an additive dele-
terious effect to amyloid pathology in Alzheimer’s dis-
ease (AD), facilitating the progression of cognitive
deterioration.'®!” The contribution of midlife vascular
risk factors in future brain function deterioration is
further supported by risk scores for vascular disease
like those from the Framingham study, which predict
the development of cognitive deterioration.?® Similarly,
the CAIDE (Cardiovascular risk factors, Aging, and
Incidence of DEmentia) risk score not only correlates
with the extension of WMH, but also predicts the
development of dementia after a follow-up of three
decades.?*

Although the etiology of sporadic AD remains elu-
sive, the Apolipoprotein E gene (APOE) genotype is the
major known factor accountable for the heritability
of the disease.”” In this regard, the presence of one

APOE-¢4 allele increases the risk of developing AD
by a factor of 3 approximately, and homozygotes for
this allele have nearly 14 times higher risk than
APOE-¢3/¢3 individuals. By contrast, the APOE-¢2
allele seems to confer resistance towards developing
the disease.>* In addition to its role in sporadic AD,
the APOE-¢e4 allele has also been associated with ath-
erosclerosis, a risk factor for the development of cere-
bral vascular lesions and, eventually, vascular
dementia.>> In this regard, it has been proposed that
the APOE genotype could be an independent risk
factor for the development of WMH.?® Thus, the asso-
ciation of the A POE-¢4 allele with the development of
AD could be explained, at least in part, by the major
presence of WMH and other vascular lesions in these
patients, which, in turn, could facilitate the onset of
cognitive impairment and, ultimately, lead to dementia.
In this way, it has been suggested that A POE-¢4 car-
riers could be more vulnerable to environmental factors
that facilitate cognitive deterioration including some
vascular risk factors such as fat dietary intake.>!

Several authors have described a positive association
between the APOEFE-¢4 allele and the prevalence of
WMH.?" 3" However, these works frequently included
patients with relevant comorbidities or advanced age
that increased the prevalence of WMH and could
mask the effect of the APOE genotype. Moreover, the
number of subjects homozygous for the A PO E-¢4 allele
recruited in previous studies was, in general, too low to
confidently evaluate whether the number of alleles
could have an additive effect on WMH in the same
way that occurs with the development of AD: the lar-
gest of them only included 21 homozygotes from a total
of 1779 recruited subjects.?®

In the present work, we sought to investigate the
association between the presence of the APOE-g4
allele with WMH in a cohort of cognitively healthy
adults aged between 45 and 75 years. In addition, we
aimed to recruit a high number of 4POE-¢4 homozy-
gotes, with the aim of assessing whether the number of
APOE-¢4 alleles could have an additive effect on WMH
load. Finally, we aimed to study the association of vas-
cular risk factors and their potential interaction with
the APOE-¢4 allele.

Materials and methods
Participants

The ALFA (for ALzheimer and FAmilies) parent
cohort, established by the Barcelonafeta Brain
Research Center (BBRC), consists of 2743 cognitively
healthy participants, aged between 45 and 75. The eth-
nicity of participants is very homogeneous, and the vast
majority of them are white Caucasians born in Spain



Rojas et al.

and have Spanish ancestry. The ALFA study protocol
was approved by the Independent Ethics Committee
Parc de Salut Mar Barcelona and registered at
Clinicaltrials.gov (Identifier: NCT01835717). For a
complete description of the ALFA parent cohort and
inclusion and exclusion criteria, please refer to
Molinuevo et al.*" In short, participants of the present
study had a Clinical Dementia Rating (CDR) equal to 0
and were cognitively normal as determined by a neuro-
psychological screening test battery that included the
Mini-Mental State Examination, the Memory
Impairment Screen, the Time Orientation of The
Barcelona Test II and verbal semantic fluency. We
excluded from the study those subjects with major
comorbidities that could have an impact on vascular
integrity. To assess whether the number of APOE-¢4
alleles could have an additive effect on WMH, 608
ALFA parent cohort participants without contraindi-
cations to brain MRI were selected to participate in the
present study according to their A POE genotype, pref-
erentially including 4POE-¢4 allele carriers. The pur-
pose of this strategy was to achieve a sample which
permitted us to distinctly study the impact on WMH
of APOE-e4 heterozygosity and homozygosity as com-
pared to APOE-¢4 allele non-carriers.

Research ethics and patient consent

The study was approved by the Ethics Committee of
the “Parc de Salut Mar” (Barcelona, Spain; MRI/
FBB2014v1.0) and conducted in accordance to the dir-
ectives of the Spanish Law 14/2007, of 3 July, on
Biomedical Research. All participants accepted the
study procedures by signing an informed consent.

Cardiovascular and dementia risk factors

At ALFA baseline assessment, participants were
enquired about their familiar and personal medical his-
tory and chronic medication use was recorded.
Participants’ weight, height, blood pressure, and waist
and hip circumference were measured. Participants
were considered as hypertensive if their measured
systolic blood pressure was >160mmHg and/or if
they were on antihypertensive medication and/or if
they self-reported to suffer current hypertension.
Participants were classified as having diabetes or
hypercholesterolemia if they were on anti-diabetic or
anti-hypercholesterolemic medication, respectively. In
addition, the presence of these comorbidities was also
taken as positive if self-reported. Participants’ weight
and height measurements were used to calculate their
body mass index (BMI). Smoking habits were collected
using a simplified version of the 2009 Spanish Ministry
of Health National Plan on Drugs Questionnaire.

Finally, participants’ level of physical activity was mea-
sured with the Spanish short version of the Minnesota
Leisure Time Physical Activity Questionnaire’® and
they were categorized as active if exercised at least
150 min per week of moderate workout or 75min per
week of vigorous workout as recommended by the cur-
rent guidelines.

Cardiovascular and dementia risk scores

Clinical and lifestyle-related variables gathered were
used to estimate participants’ risk of suffering coron-
ary disease events at 10 years, using the REGICOR
cardiovascular risk function (an adaptation of the
Framingham function validated in a Spanish
sample®®), and the probability of dementia in 20
years, using the CAIDE dementia risk score, a well-
established approach to assess the probability of
dementia in late life according to the risk score cate-
gories in middle age.** Participants’ risk scores were
estimated using both CAIDE statistical models that
differ in whether they do not include (model I) or
include (model 1II) the APOE status into
consideration.

The estimated variables were as follows: (i) For the
risk of suffering coronary disease events. Total choles-
terol: if a participant did not self-report to suffer
hypercholesterolemia and they were not on anti-
hypercholesterolemic medication, the assigned choles-
terol value was >160 and <200 mg/dl, corresponding
to a coefficient of 0 in the REGICOR Cox model. If
they self-reported hypercholesterolemia and/or were
on anti-hypercholesterolemic medication, the assigned
value was >240 and <280mg/dl, corresponding to a
coefficient of 0.5054 and 0.2439 for men and women,
respectively, in the same model. HDL-cholesterol:
Participants were assigned a >45 to <50mg/dl
value, corresponding to a coefficient of 0 and
0.1979 for men and women, respectively, in the
REGICOR Cox model. (ii) For the probability of
dementia in 20 years. Total cholesterol: if a partici-
pant did not self-report to suffer hypercholesterolemia
and they were not on anti-hypercholesterolemic medi-
cation, the assigned cholesterol value was 6.5 mmol/L,
corresponding to a coefficient of 0 in the CAIDE Cox
model. If they self-reported hypercholesterolemia and/
or were on anti-hypercholesterolemic medication, the
assigned value was 6.6 mmol/L, corresponding to a
coefficient of 0.631 and 0.460 in model I and II,
respectively.

Apolipoprotein E genotyping

Participants’ APOE genotype was determined as
described in Molinuevo et al.*!
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Figure 1. T2-FLAIR images illustrating the Fazekas Scores (A, 0; B, |; C, 2 and D, 3).

MRI acquisition

Scans were acquired wusing a 3.0-T scanner
(GE Discovery MR750 W 3T). The MRI protocol
was identical for all subjects and included high-resolu-
tion Tl-weighted 3D structural images with an iso-
tropic voxel size of 1 mm® (TR/TE/TI=8.0/3.7/
450 ms, NSA =1, Flip angle=28° and a matrix size of
256 x 256 x 160), as well as three T2-weighted pulse
sequences (256 x 256, 1 x 1 x 3mm matrix): (i) Fluid

attenuation inversion recovery (FLAIR: TR/TE/
TI=11000/90/2600 ms, Flip angle=160°), (ii) fast
spin . echo (FSE: TR/TE=5000/85ms, Flip

angle=110°) and (iii) gradient-recalled echo (GRE:
TR/TE =1300/23 ms, Flip angle =15°).

Radiological reporting of white matter
hyperintensities

Scans were evaluated by a trained neuroradiologist
within the following week after MRI acquisition and
blind to the APOE-¢4 status of the participants. The
grades of WMH were evaluated using modifications of
the Fazekas Scale,® which separately categorizes the

severity of deep and periventricular lesions, on a scale
from 0 to 3 (0: None or a single punctate WHM lesion,
1: Multiple punctate lesions, 2: Beginning confluency of
lesions [bridging] and 3: Large confluent lesions)
(Figure 1). For data analyses, the variable was dichot-
omized, classifying participants into two groups,
namely Fazekas score <2 and score >2, the latter usu-
ally considered as pathological in individuals younger
than 75 years old.>>’

Statistical analyses

An initial descriptive analysis of the study sample was
made and participants were divided into three groups
according to the number of 4APOE-¢4 alleles of their
APOE genotype. A between-group one-way ANOVA
or a Kruskal-Wallis test (depending on the normality
of the variables as assessed by a Kolmogorov-Smirnoff
test; p < 0.05) was conducted to assess the effect of each
of the variables.

A stepwise logistic regression analysis was conducted
to predict the presence of a pathological Fazekas score
(>2). Participants’ APOE status was codified in three
different ways that are based on (i) Model 1, the APOE
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haplotype (6 groups: “2/2”, “2/37, “3/3”, <“2/4”, “*3/4”,
“4/4”), (i) Model 2, the number of 4POE-¢4 alleles [3
groups: <07 (2/2, 2/3, 3/3); ““1” (2/4, 3/4); 2" (4/4)] and
(ii1) Model 3, APOE-¢4 carriers/non-carriers [2 groups:
“Non-carriers” (2/2, 2/3, 3/3); “Carriers” (2/4, 3/4, 4/
4)]. Aside from the APOE-¢4 status, all models
included the following predictors: hypertension, hyper-
cholesterolemia, BMI and smoking habits, as well as
sex, age and years of education as sociodemographic
factors. A multinomial regression model to assess for
the association of the Fazekas score as an ordinal vari-
able was used (collapsing score = 3 with score =2).

Regarding dementia risk estimates (CAIDE), a step-
wise logistic regression analysis was also conducted,
using the percentage of risk as a continuous variable.
The analysis was performed for both CAIDE model I
(model 4) and model II (model 5) and APOE status
categorized as A POE-¢4/4 homozygote or not. The pre-
dictors introduced in Models 1-3 were not included
here since they are already considered in the CAIDE
function.

Finally, Model 6 represents a stepwise logistic
regression analysis in which the estimated 10-year car-
diovascular percentage of risk was used as a continuous
variable. APOE status was categorized as APOE-¢4/4
homozygote or not. Education, the only predictor not
included in the REGICOR function, was included in
the analysis.

Initially, all predictors were introduced in the models
along with all two-way interactions. Progressively, fac-
tors showing p values >0.1 were removed from the
model except for sociodemographic factors. SPSS 17.0
for Windows was used for all the statistical analyses.
Differences were considered to be statistically signifi-
cant at p <0.05 in all analyses.

Results

From the 608 ALFA parent cohort participants that
were invited to take part in the present study, 575 pro-
vided valid MRI scans. The mean age was 57.79 years
and 39.48% were men. Two hundred and eighty-one
participants (48.9%) were APOE-g4 non carriers, out
of whom 7 (1.2% of the entire MRI sample) were
APOE-¢2/2, 111 (19.3%) were APOE-¢2/3 and 163
(28.3%) were APOE-¢3/3. The group of APOE-¢4 car-
riers was composed of 294 individuals (51.1%), out of
whom 174 (30.3%) were APOE-¢3/4, 46 (8.0%) were
APOE-¢2/4 and 74 (12.9%) were APO E-¢4/4 homozy-
gous. The main demographic characteristics of the par-
ticipants are shown in Table 1. There were significant
differences in age (A4 PO E-¢4/4 individuals were younger
than the rest), in the presence of hypercholesterolemia
(the percentage of hypercholesterolemic participants
increased with the number of 4APOE-¢4 alleles) and in

the percentage of risk of dementia estimated by the
CAIDE model IT (4POE-¢4 allele carriers presenting
a higher one). No significant between-group differences
were found for the other variables. Out of the 575 sub-
jects included in the study, 273 were rated with a
Fazekas score of 0, 257 with 1, 43 with 2 and only 2
with a score of 3. Table 2 shows the distribution of
Fazekas score according to number of 4 POE-¢4 alleles.

Table 3 shows the results of the different binomial
logistic regression models for the association of
Fazekas score with APOE-g4. When dichotomizing
WMH as normal and pathological (Fazekas score <2
and >2, respectively) and coding APOE status by
haplotype (Model 1), the results of the binomial logistic
regression showed that only APOE-¢4 homozygotes
(but not any other haplotype) positively correlated
with the presence of pathological WMH (p=0.011)
along with age (p=0.001) and hypertension
(p=0.007). Similarly, when coding APOE status by
the number of APOE-g4 alleles (Model 2), age
(p=0.001), hypertension (p=0.008) and APOE-¢4/4
genotype (p =0.008) positively correlated with the pres-
ence of pathological WMH. The results of the multi-
nomial regression model for the association of Fazekas
as an ordinal variable coding APOE status by the
number of APOE-¢4 alleles (Supplementary Table 1)
concurred with this analysis. On the other hand, when
APOE-¢4 status was coded according to the presence
of, at least, one APOE-¢4 allele (Model 3), no signifi-
cant effect of APOE-¢4 was detected (p =0.350). For all
these three models, interactions did not reach the stipu-
lated statistical threshold (p>0.1) and, hence, were
removed from the model.

The results of logistic regression models for the asso-
ciation of Fazekas score with cardiovascular and
dementia risk scores and APOE- ¢4 are shown in
Table 4. As expected, homozygosity for the 4POE-¢4
allele was positively associated with the Fazekas score
[CAIDE Model 1 (p=0.001), CAIDE Model II
(»p=0.011) and REGICOR (p=0.001)]. Again, inter-
actions did not reach statistical significance and were
excluded from the models.

Discussion

In this work, we assessed the impact of the A POFE geno-
type on the prevalence of pathological levels of WMH
in a sample of cognitively healthy, late-middle-aged
subjects and their potential interactions with vascular
risk factors. To evaluate whether the number of 4 POE-
&4 alleles could have an additive effect on WMH, par-
ticipants in this study were selected according to their
APOE genotype, preferentially including APOE-¢4
allele carriers, among members of the ALFA parent
cohort. This strategy resulted in a highly enriched
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Table 1. Characteristics of participants according to number of APOE-¢4 alleles.

Number of APOE-¢4 alleles

Total (n=575) None (n=281) One (n=220) Two (n=74) p

Age (years), Mean (SD) 57.79 (7.4) 58.2 (7.6) 58.3 (7.3) 54.7 (6.2) 0.001
Male sex, n (%) 227 (39.5) 102 (36.6) 98 (44.5) 27 (36.5) 0.148
Education (years), Mean (SD) 13.63 (3.5) 13.6 (3.6) 13.8 (3.5) 13.4 (3.5) 0.742
Hypertension®, n (%) 151 (26.2) 5 (26.7) 61 (27.7) 15 (20.2) 0.440
Diabetes®, n (%) 8 (4.9) 5(5.3) 10 (4.5) 3(4.1) 0.865
Cholesterol®, n (%) 177 (30.8) 4 (26.3) 73 (33.2) 30 (40.5) 0.039
BMI, Mean (SD) 26.88 (4.1) 26.9 (3.9) 26.9 (4.3) 26.8 (4.3) 0.985
Underweight (<18.5), n (%) I (0.2) 0 | (0.45) 0
Normal weight (18.5-24.9), n (%) 194 (33.7) 93 (33.1) 78 (35.4) 23 (31.1)
Overweight (25-29.9), n (%) 261 (45.4) 128 (45.5) 92 (41.8) 41 (55.4)
Obesity (>30), n (%) 119 (20.7) 60 (21.3) 49 (22.3) 10 (13.5)
Smoking habits, n (%) 0.118

Non-smoker 92 42 (14.9) 40 (18.2) 10 (13.5)

Ex-smoker 317 161 (57.3) 118 (53.6) 38 (51.3)

Smoker 135 68 (24.2) 44 (20.0) 23 31.1)

Not available 31 10 (3.5) 18 (8.2) 3 4.1)
CAIDE score model |, n (%)

0-5 234 (40.7) 122 (43.4) 82 (37.3) 30 (40.5)

67 189 (32.9) 89 (31.7) 71 (32.3) 29 (39.2)

8-9 100 (17.4) 44 (15.6) 44 (20.0) 12 (16.2)

10-11 39 (6.8) 19 (6.6) 17 (7.7) 3(4.1)

>12 4 (0.69) 3(1.2) I (0.4) 0

Not available 9 (1.6) 4 (1.5) 5(2.3) 0

Risk (%), Mean (SD) 22 (3.2) 22 (24) 24 (24) 1.5 (1.5) 0.192
CAIDE score model Il, n (%)

0-5 127 (22.1) 96 (34.2) 19 (8.6) 12 (16.2)

67 142 (24.7) 79 (28.1) 45 (20.4) 18 (24.3)

8-9 170 (29.6) 72 (25.6) 69 (31.4) 29 (39.2)

10-11 84 (14.6) 23 (8.2) 51 (23.4) 10 (13.5)

>12 43 (7.5) 7 (2.5) 31 (14.1) 5(6.7)

Not available 9 (1.6) 4 (1.4 5(2.3) 0

Risk (%), Mean (SD) 2.6 (3.2) 1.7 (2.0) 39 4.1) 2.6 (2.3) <0.001
REGICOR, n (%)

Low 424 (73.8) 213 (75.8) 161 (73.2) 50 (67.6)

Moderate 120 (20.8) 53 (18.9) 45 (20.4) 22 (29.7)

High 7 (2.9) 9(3.2) 7(32) I (1.35)

Very High 4 (0.8) 2 (0.7) 2 (0.9) 0

Not available 10 (1.7) 4 (14 5(2.27) I (1.35)

CV risk (%), Mean (SD) 3(29) 42 (2.9) 4.5 (2.9 4.3 (29) 0.428

BMI: body mass index; CV: cardiovascular. *Systolic blood pressure >160mm Hg and/or use antihypertensive medication and/or self-reported.

®Medications and/or self-reported.

sample for the APOE-¢4/4 genotype which allowed us
to distinctly study the impact on WMH of 4APOE-¢4
heterozygosity and homozygosity as compared to non-
carriers. Our main finding is that cognitively healthy

late-middle-aged 4 POE-¢4 homozygous bear a signifi-
cantly higher risk (OR 3.591; 95% Confidence Interval
[1.347-9.578];

p=0.011) of displaying pathological

levels of WMH than non-carriers. On the other hand,
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Table 2. Distribution of Fazekas Scale score according to
number of APOE-¢4 alleles.

Number of APOE-¢4 alleles

None One Two
(n=281) (n=220) (n=74)
Fazekas Scale, n (%)
Score 0: None or a 127 (45.2) 109 (49.5) 37 (50.0)
singlepunctate lesion
Score |: Multiple 134 (47.7) 96 (43.6) 27 (36.5)
punctate lesions
Score 2: Beginning 18 (6.4) 15 (6.8) 10 (13.5)
confluency of lesions
Score 3: Large 2 (0.7) 0 (0.0) 0 (0.0)

confluent lesions

the risk of APOE-e4 heterozygous participants is not
significantly different from that of non-carriers. As
expected, age and hypertension were also positively
associated to a pathological degree of WMH.
Similarly, the observed association between presence
of WMH with cardiovascular and dementia risk score
estimates was also expected, in view of the existing lit-
erature.’>*%% Interestingly, none of the CRF analyzed
here (namely diabetes, hypertension, hypercholesterol-
emia, BMI and smoking habits) showed an interaction
with 4 POE status, indicating that the effect of APOE
on WMH is independent of these factors.

Several studies have evaluated the association
between APOE genotype and the prevalence and sever-
ity of WMH. In fact, some articles could not find any
differences in WMH load between 4 POE-¢4 allele car-
riers and non-carriers,***' but others have observed a
clear correlation.’’** These recruited subjects from
general population, patients with cerebrovascular dis-
ease® or patients affected of probable AD.** There is,
therefore, a great variability on the characteristics of
subjects evaluated among studies, including age, ethni-
city, comorbidities and other demographic factors that
could have an impact on WMH. Consequently, it is not
surprising that previous published works have reported
contradictory results regarding the impact of the APOE
genotype on WMH prevalence and severity. In general,
those suggesting a possible role of the APOE-¢4 iso-
form in WMH studied large cohorts recruited from
the general population.®® Recently, the results of a
meta-analysis that addressed this topic have also rein-
forced the idea that, at least in general population,
APOE-¢4 allele carriers presented a higher risk of
developing WMH.?® By contrast, several studies that
did not find any correlations were carried out in cohorts
of patients affected from cerebrovascular disease or
AD. Under these conditions, other factors that

participate in the development of WMH, such as car-
diovascular disease, could prevail over the effect of the
APOE genotype and contribute to the observed lack of
association. In our study, subjects with relevant medical
pathology or neurologic disease were excluded. In con-
sequence, our sample is healthier than could be
expected from an age-matched cohort selected from
the general population. Moreover, participants are
younger in comparison with those in previous studies.
Since comorbidities and age are risk factors to develop
WMH, our selection criteria produced a cohort with a
lower WMH load than others reported in the literature.
The relatively low level of WMH pathology in our
cohort might account for the lack of correlation in het-
erozygosis in our results. It could be speculated that an
increased risk may be found in older APOE-¢4
heterozygotes.

Another important consideration to take into
account is the difference in the ethnicity of the subjects
between studies. The association between carrying
APOE-¢4 alleles and WMH has been clearly observed
in white Caucasians, thus it cannot be a priori general-
ized to other populations.?” In this way, other studies
carried out in Japanese patients did not observe a cor-
relation between 4POE-¢4 and WMH.*43

Aside of the demographic differences between the
studied cohorts, the low number of APOE-e4/4 homo-
zygotes undoubtedly represents the most relevant limi-
tation in previous studies exploring the relationship
between 4POE-¢4 status and WMH. Very few studies
have analyzed the correlation between WMH and
APOE-¢4/4 homozygosity and the largest of them
only included 21 homozygotes from a total of 1779
recruited subjects. In this work, APOE-¢4/4 homozy-
gotes showed more WMH and an increased progres-
sion of the lesions during a five-year follow up period.
In the same way, it was also found that WMH load of
APOE-¢4/4 individuals is higher than that of their
APOE-¢3/4 counterparts.®® A recent report on more
than 2000 participants aged between 20 and 90 years
did not discover any association with the 4 POE geno-
type, purportedly because they were not able to ana-
lyse homozygotes separately (the number of
homozygotes is not reported in the paper).*!
Therefore, the major strength of our study is the
number of recruited APOE-e4/4 homozygous (n="74)
which is, to our knowledge, considerably higher than
any other single center study published to date. This
enabled us to characterize the association between
APOE-¢4 genetic load and WMH. In fact, no correl-
ation with pathological WMH could be detected in
our sample in association with APOE-¢4 when we
pooled all subjects presenting at least one ¢4 allele
together. Nevertheless, it is worth mentioning that
our sampling strategy was designed to strengthen the
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Table 3. Logistic regression models for the association of Fazekas score with APOE-¢4.

B Odds ratio (95% CI) p

MODEL |
Age (years) 0.083 1.087 (1.034-1.143) 0.001*
Education (years) —0.018 0.982 (0.896—1.076) 0.693
Sex (reference: men) —0.027 0.973 (0.501-1.890) 0.936
Hypertension 0.9198 2.506 (1.283—4.896) 0.007*
APOE-¢4 haplotypes n 0.098
(reference: £3/3) 163
£2/2° 7 —18.233 - 0.999
£2/3 1 0.245 1.277 (0.461-3.537) 0.638
£2/4 46 0.619 1.856 0.535-6.447) 0.330
e3/4 174 —0.110 0.896 (0.377-2.126) 0.803
e4/4 74 1.279 3.591 (1.347-9.578) 0.011*
X?=32227, df=9, p <0.001*

MODEL 2
Age (years) 0.079 1.082 (1.032-1.136) 0.001*
Education (years) —0.021 0.979 (0.894-1.072) 0.645
Sex (reference: men) —0.013 0.987 (0.509-1.915) 0.970
Hypertension 0.904 2.470 (1.2674.814) 0.008*
Number of APOE-¢4 alleles n 0.015%
(reference: None) 281
One APOE-s4 220 —0.022 0.978 (0.479-1.997) 0.951
Two APOE-¢4 74 1.191 3.289 (1.371-7.893) 0.008*
X?=130.045, df =6, p < 0.001*

MODEL 3
Age (years) 0.067 1.069(1.021-1.119) 0.004*
Education (years) —0.023 0.977 (0.893—1.069) 0.608
Sex (reference: men) —0.020 0.980 (0.511-1.882) 0.953
Hypertension 0.883 2.418 (1.251-4.675) 0.009*
APOE-¢4 n
(reference: non Carriers) 281
Carriers 294 0.301 1.352(0.718-2.543) 0.350

X?=123.579, df=5, p < 0.001*

*Was excluded due to small n. *p < 0.005.

ability to detect associations for 4APOE-¢4 homozy-
gotes. The limitation of this strategy is that the allele
frequencies in our study are not representative of an
unselected population, thus increasing the risk of bias
and preventing us from drawing any epidemiological
conclusions. In addition, even though the vast major-
ity of the study participants are white Caucasians and,
consequently, ethnically homogeneous, specific geno-
typing of ancestry informative markers in our study
population has not been performed. Given that APOE
alleles are highly stratified by ethnicity*® even within
white European populations, unmeasured social,

cultural or genetic factors that vary by ethnicity and
incrcase WMH could confound the observed
associations.

On the other hand, a few studies have suggested an
association between the 4POE-¢2 allele and increased
levels of WMH as well as with other vascular cerebral
alterations.*” Our observations do not support this
hypothesis since no correlation was found between
WHM and this allele. However, other vascular lesions
such as microbleeds or lacunar infarcts were too scarce
in our cohort to allow us to perform correlational
analyses.
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Table 4. Logistic regression models for the association of Fazekas score with cardiovascular and dementia risk scores and APOE-¢4.

B Odds ratio (95% ClI) p
MODEL 4
CAIDE Model I? 0.176 1.193 (1.079-1.319) 0.001*
APOE-¢4 n
(reference: Others than APOE-¢4/4) 492
APOE-¢4/4 74 0.936 2.549 (1.178-5.514) 0.017*
X*=13.979, df =2, p=0.001*
MODEL 5
CAIDE Model II* 0.096 1.101 (1.022—1.186) 0.011*
APOE-¢4 n
(reference: Others than APOE-s4/4) 492
APOE-s4/4 74 0.819 2.269 (1.061-4.853) 0.035%
X*=9.092, df=2, p=0.011*
MODEL 6
REGICOR?® 0.141 1151 (1.063—1.246) 0.001*
Education —0.027 0.973 (0.889—1.066) 0.557
APOE-¢4 n
(reference: Others than APOE-s4/4) 492
APOE-¢4/4 73 0.750 2.117 (0.958-4.676) 0.064

X?=14.634, df =3, p =0.002*

?Percentage of cardiovascular risk. *p < 0.005.

The increased WMH observed in APOE-e4/4 indi-
viduals could be related to an increased tendency
towards vascular pathology, a higher sensibility to
risk factors, a reduced resilience to brain injury and a
reduced recovery of lesions.*® In any case, the accumu-
lation of WMH could decrease the efficiency of subcor-
tical white matter to perform its function and may have
additive or even synergistic effects with other noxious
processes acting in the brain like neurodegeneration in
the cortical grey matter.'® In the last instance, accumu-
lation of WMH could facilitate cognitive deterioration
and the onset of AD dementia.**>* Hence, controlling
WMH load in AD susceptible individuals could be a
useful preventive strategy to reduce or delay cognitive
decline.”' In contrast with age or APOE genotype,
other factors associated with WMH, like hypertension,
are modifiable with changes in life style or pharmaco-
logical treatment. There is no doubt that the control of
vascular risk factors is the way to go for all patients not
only for these with increased risk of developing WMH.
However, it could be theorized that a more strict con-
trol of these factors could particularly benefit the
APOE-¢4/4 homozygotes. The same rationale could
be considered for the development of treatments
focused on reducing WMH load and progression.
Such interventions could reduce the likelihood of cog-
nitive deterioration and eventually the onset of demen-
tia in APOE-¢4/4 homozygotes, which are at a higher
risk of developing AD.*®

Cognitively healthy APOE-e4 homozygotes have
also been reported to show a significantly higher preva-
lence of cerebral amyloid pathology. At the age of 55,
approximately 50% of 4POE-¢4/¢4 individuals display
abnormal levels of amyloid biomarkers, as compared to
only 10% of APOE-¢3/e3 persons and about 20% of
carriers of a single APOE-¢4 allele.” Cerebral amyloid
pathology has also been pinpointed as a relevant factor
in the development of WMH in cognitively normal eld-
erly individuals.>*>* In this regard, the main limitation
of our work is that we could not assess the impact in the
prevalence of WMH of cerebral amyloid pathology
independently of that of 4 POE-¢4 status, hypertension
and age.

Conclusions

Cognitively healthy, late-middle-aged A POE-e4 homo-
zygotes show a higher risk of presenting pathological
levels of WMH as compared to their heterozygous and
non-carrier counterparts. This association was found
after controlling for well-established risk factors for
the development of WMH such as age and hyperten-
sion and was also independent from other CRF. Given
the known association between WMH and future cog-
nitive decline, the control of modifiable risk factors in
individuals at higher risk of developing WMH appears
as a useful preventive strategy to reduce or delay the
onset of dementia.
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