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A CROSS-SECTIONAL ANALYSIS OF APOE GENE
POLYMORPHISM AND THE RISK OF COGNITIVE IMPAIRMENTS
IN THE ALZHEIMER’S DISEASE NEUROIMAGING
INITIATIVE STUDY

G. Wang', D.E. Vance?, W. L, for the Alzheimer’s Disease Neuroimaging Initiative™

Abstract: Background: It is inconclusive on how apolipoprotein epsilon (APOE) gene polymorphism is associated with the risk of
having mild cognitive impairment (MCI) or Alzheimer’s disease (AD). Objectives: To investigate how APOE genotype is associated
with the risk of MCI or AD using the data collected from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants.
Methods: A cross-sectional design was used to analyze the baseline data collected from the 1,720 ADNI participants. APOE gene
polymorphism was analyzed on how they are related to the risk of cognitive impairments of either MCI or AD using a percent
yield (PY) method. Then cognitive functions were compared among six different APOE genotypes using a two-way ANCOVA by
controlling possible confounding factors. Results: The prevalence of six APOE genotypes in 1,720 participants is as following: e2/e2
(0.3%), €2/e3 (7.4%), €3/ e3 (45.4%), €2/ e4 (2%), 3/ e4 (35%) and e4/e4 (9.9%). The e2/e2 and e4/e4 genotypes were associated with
the lowest and the highest risk respectively for cognitive impairments of either MCI or AD. Further, a worse cognitive diagnosis was
associated with an increasing number of APOE e4 allele in a dose dependent manner. Participants with genotype e3/e3 had a better
memory measure than those with the genotype of e3/e4. Conclusions: APOE gene polymorphism is associated with different level
of risks for cognitive impairments. The heterozygous genotype e3/e4 is associated with a worse memory function compared to the
genotype of e3/e3. Further investigations are needed to intervene the cognitive deteriorations in those with at risk APOE genotypes.
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In 1993, the apolipoprotein epsilon (APOE) gene
polymorphism was reported to be associated with the
risk of late-onset Alzheimer’s disease (AD) (1). APOE,
the major susceptibility gene for late-onset, sporadic
AD, is located on chromosome 19q13.2 (2). There are
three common APOE alleles: €2, e3, and e4, which are
defined by two single nucleotide polymorphisms in
APOE (rs429358/e4, rs7412/e2) (3). As a result, there are
six different APOE genotypes: e2/e2, e2/e3, e2/e4, €3/
e3, e3/e4, and e4/e4. Three of them are homozygous
(e2/e2, e3/€e3, and e4/e4) and the remaining three are
heterozygous (e2/e3, e2/e4, and e3/e4) genotypes. In
1994, allele e2 was demonstrated to have protective
effects against AD (4). By contrast, allele e4 could increase
the risk of sporadic AD in a dose dependent manner (4).
In 2003, one study confirmed the association between
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allele e4 and the risk of AD (5). In 2018, AD risk was
shown to be increased with APOE genotype varying
from e2/e3 to e2/ed to e3/e3 to e3/ed to ed/e4d in a
population-based cohort study (6). However, it is still
not clear how APOE genotype is associated with the
risk of mild cognitive impairment (MCI) and memory
function. Using the data collected from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI), the purpose
of this secondary data analysis study was to categorize
how APOE genotype is associated with: 1) the risk of MCI
or AD; and 2) cognitive performance. Interestingly, the
APOE gene polymorphism was shown to correlate with
the outcome in 58 individuals with mild-to-moderate
AD after a 10-weeks-long multidimensional stimulation
therapy (7). The ADNI participants represent an elderly
group who are or were living a relatively healthy lifestyle.
The potential findings of our study would be meaningful
to direct the care for those with cognitive impairments
based on the information of APOE gene polymorphism
and cognitive status (MCI or AD). For example, besides
living a healthy lifestyle, the clinical management of
individuals with cognitive impairments can be optimized
by considering the current cognitive diagnosis and the
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risk of cognitive deterioration associated with a certain
APOE genotype.

Methods

ADNI

Data were downloaded from the ADNI database (adni.
loni.usc.edu) on October 6, 2019. As an ongoing project,
ADNI was launched in 2003 and have been sponsored
by the following agencies: National Institute on Aging
(NIA), National Institute of Biomedical Imaging and
Bioengineering (NIBIB), Food and Drug Administration
(FDA), private pharmaceutical companies, and non-
profit organizations. The primary goal of the ADNI has
been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), biomarkers,
and clinical and neuropsychological assessment can be
combined to measure the progression of MCI and early
AD (8). In the first three phases (1, GO, and 2), the ADNI
recruited over 1,700 adult participants from over 50 sites
across the United States and Canada. The participants
were people (55 to 90 years old), and they consisted of
people with different cognitive diagnosis at the baseline
visit. Further information about this parent study can be
found at http:/ /www.adni-info.org/ and in previous
reports (8-13).

APOE Genotyping

APOE genotyping was done using DNA from blood
samples collected from ADNI participants. For ADNI-
1 participants, APOE genotyping was done through
polymerase chain reaction (PCR) amplification, Hhal
restriction enzyme digestion, and subsequent standard
gel resolution processes (14, 15). For ADNI-GO and
ADNI-2 participants, genotyping was carried out by
Prevention Genetics and LGC Genomics. Prevention
Genetics employed array processing using allele-specific
PCR with universal molecular beacons (16, 17). At LGC,
assays were performed using competitive allele-specific
PCR, enabling bi-allelic scoring of single nucleotide
polymorphisms. Genotypes were called and returned to
the ADNI Genetics Core after manual quality control.

Baseline Cognitive Diagnosis

For ADNI phase 1, participants were recruited with
three cognitive diagnoses at baseline: healthy control
(HC), MCI, and AD. The recruitment criteria for HC
participants included MMSE scores between 24-30
(inclusive), a clinical dementia rating (CDR) of 0, non-
depressed, no diagnosis of either MCI or dementia. The
recruitment criteria for participants with MCI included
Mini Mental Status Examination (MMSE) scores between
24-30 (inclusive), a memory complaint, have objective
memory loss measured by education adjusted scores on

27

Wechsler Memory Scale Logical Memory II, a CDR of
0.5, absence of significant levels of impairment in other
cognitive domains, essentially preserved activities of
daily living, and an absence of dementia. The recruitment
criteria for participants with AD included MMSE scores
between 20-26 (inclusive), CDR of 0.5 or 1.0, and meeting
NINCDS/ADRDA criteria for probable AD.

For phases GO and 2, the diagnosis of MCI was
separated into early MCI (EMCI) and late MCI (LMCI).
The criteria for EMCI were: MMSE scores between 24-30
(inclusive), a memory complaint (reported by subject or
informant), must have objective memory loss measured
by education adjusted scores on delayed recall of one
paragraph from Wechsler Memory Scale Logical Memory
II (between approximately 0.5 and 1.5 SD below the
mean of Cognitively Normal), a CDR of 0.5, absence
of significant levels of impairment in other cognitive
domains, essentially preserved activities of daily living,
and an absence of dementia.

For phase 2, significant memory concern (SMC) was
added as one separate category of baseline cognitive
diagnosis. Participants with SMC had self-reported
memory concern, quantified by using the Cognitive
Change Index and the CDR of Zero. However, they
scored normally for cognitive tests, and the informant
did not equate the expressed concern with progressive
memory impairment.

The detailed information on baseline cognitive
diagnosis and APOE genotype was provided in Table 1
for the 1,720 ADNI participants. Since cognitive diagnoses
of SMC, EMCI, and LMCI were added after the ADNI
phase 1, participants with cognitive diagnoses of SMC
and HC were combined into one group: Cognitively
normal (CN) for our data analysis purpose. As such,
EMCI and LMCI were also combined into the MCI group
(Table 1).

Cognitive Measures

The cognitive assessment raw data from the baseline
visit were processed and converted into composite
scores using validated methods (18-20). The ADNI
participants had a comprehensive neuopsychological
assessment at the baseline. Individual tests were
chosen for analyzing cognitive functions in domains
of executive function, language, memory, and
visuospatial function. A bi-factor model was used to
calculate a composite score for each of the cognitive
functions defining the mean at 0 and standard deviation
of 1. A lower composite score corresponds with a worse
cognitive performance in each of the cognitive domains.

Data Analysis

For calculating the relative risk of each APOE genotype
associated with cognitive impairment of MCI or AD,
we used a method called percent yield (PY) (21). For
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Table 1
Demographic information and baseline cognitive diagnosis were compared among groups of participants with
different APOE genotypes

e2/e2 e2/e3 e3/e3 e2/ed e3/ed ed/ed Sum
CN 3 68 301 7 130 12 521 (30.3%)
MCI 2 55 413 23 382 121 996 (57.9%)
AD 0 5 66 4 90 38 203 (11.8%)
Sex (M) 40% 52.3% 55.1% 44.1% 55.3% 59.1%
Race (White) 40% 92.2% 92.6% 85.3% 93.5% 92.4%
Age 76.40 + 3.19 73.75 + 0.63 74.10 + 0.26 74.09 + 1.22 73.04 + 0.29 70.53 v 0.55
Education 17.00 + 1.28 16.00 + 0.25 16.08 + 0.10 15.88 + 0.49 15.73 + 0.12 15.71+ 0.22
AD: Alzheimer’s disease; APOE = Apolipoprotein Epsilon; CN: Cognitively normal; M = male; MCI: mild cognitive impairment
Table 2
The risk of cognitive impairments shown as percent yield was associated with APOE genotype

e2/e2 e2/e3 e3/e3 e2/ed e3/ed ed/ed
CN 1.98 1.75 1.27 0.68 0.71 0.23
MCI 0.69 0.74 0.91 1.17 1.10 1.22
AD 0.00 0.33 0.72 1.00 1.27 1.88

AD = Alzheimer’s disease; CN = cognitively normal; MCI = mild cognitive impairment

the ADNI, all participants were recruited into the study
based on their clinical diagnosis of CN, MCI, and AD. The
enrollment ratios of these three baseline diagnoses of CN,
MCI, and AD were 30.3%, 57.9%, and 11.8% respectively
(Table 1).

For each APOE genotype, the PY was calculated
with dividing the actual count of participants with each
cognitive diagnosis (CN, MCI, or AD) by the theoretical
allocation based on the enrollment ratio and the total
count of participants for each APOE genotype. For
example, there were 5 participants with the genotype
e2/e2. Based on the enrollment ratio, there should be
30.3% * 5 = 1.51 persons being allocated to the CN group.
Actually, there were 3 participants with the genotype €2/
e2 and who were also cognitively normal. Therefore, the
PY is 3/1.51=1.98 for participants with the genotype €2/
e2, who were cognitive normal (Table 2).

SPSS (version 26.0) was used to conduct all statistical
analyses. A one-way analysis of variance (ANOVA)
was used to compare age at baseline or education
among the six APOE genotype groups (Table 3). Chi-
square tests were used to examine the relationship of
the APOE genotype with either sex or race (Table 3).
Then a two-way analysis of covariance (ANCOVA)
model was utilized to evaluate how APOE genotype
interacts with baseline diagnostic group (CN, MCI, AD)
to affect the cognitive functions with controlling age at
baseline, gender, education, and race. Bonferroni post-
hoc correction was used for comparing the cognitive
functions across the six APOE genotype groups.
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Data were shown in the form of mean + standard
deviation for both age and education, and p < 0.05 was
considered as significant for all statistical analyses.

Data Availability Statement

Data and analytical methods are carefully documented
for the performed study. Any data-sharing request can
only be submitted to the ADNI for approval purpose.

Results

For the 1,720 ADNI study participants with their APOE
genotypes determined, e3/e3 (45.4%) and e3/e4 (35%)
were most commonly seen (Table 1). By contrast, the
homozygous e2/e2 genotype was the least common
(0.3%). The second least common seen genotype was €2/
e4 (2%). The percentages for genotypes of e2/e3 and e4/
e4 were 7.4% and 9.9%, respectively (Table 1).

At baseline, participants from different APOE
genotype groups were significantly different pertaining
to either age or race but not education or sex (Table 1).
For the baseline age in years, participants in the e4/
e4 group had an average age of 70.53 + 0.55, which
was significantly younger than that for the e2/e3
group of 73.75 + 0.63 (p=0.002) or e3/e3 of 74.10 + 0.26
(p<0.001). For race, most APOE genotype groups were
composed of mainly Whites except the e2/e2 group,
which had two Whites out of a total of five participants.

For AD, the relative risk (RR) was in an increasing
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Table 3
Cognitive functions were compared among participant groups with different APOE genotypes

e2/e2 e2/e3 e3/e3 e2/e4 e3/ed edfed
Executive Function -1.2+0.43 0.21+0.1 0.19+ 0.04 -0.05 +0.17 -0.08 + 0.04 0.03+0.18
Language -0.38+0.39 0.22 +0.09 0.19+ 0.03 0.33 +0.16 0.16 + 0.04 0.17 +0.17
Memory 0.42+0.3 0.31+ 0.07 0.37 + 0.03 0.33 +0.12 0.23 +0.03 0.16 + 0.03
Visuospatial Function —0.97; 0.38 —0.09; 0.09 -0.08 + 0.03 -0.14 + 0.15 —0.11; 0.04 0.08 + 0.16

trajectory in the order of e2/e2, e2/e3, e3/e3, e2/e4, €3/
e4, and e4/e4. Genotype e3/e4 had a RR of 1.27, which
was lower than the same measure for the e4/e4 group
of 1.88 (Table 2). Interestingly, genotype e2/e4 did not
increase the AD risk with the RR of 1. For MCI, the RRs
for e2/e4, e3/e4, and ed/e4 were 1.17, 1.10, and 1.22,
respectively.

At last, cognitive functions were compared among the
six APOE genotype groups (Table 3). For the executive
function, the APOE gene polymorphism had significant
effects (F=2.97, p=0.011) with the e2/e2 group had lower
a low composite score than the same measure for the
group of e2/e3, e3/e3 or e3/e4. Similarly, there was a
significant effect of APOE gene polymorphism on the
memory function (F=2.75, p=0.018). The e3/e3 group
had a mean memory composite score of 0.37 + 0.03
(N=780, 95% confidence interval (CI): 0.32-0.42), which
was significantly higher than the same measure for the
e3/e4 group of 0.23 + 0.03 (95% CI: 0.17-0.29, N=602,
p=0.007) (Table 3). By contrast, neither language (F=0.75,
p=0.59) nor visuospatial function (F=1.38, p=0.23) were
significantly different among the six different APOE
genotype groups (Table 3).

Discussion

Out of the three APOE alleles: €2, €3, and e4, the e3
allele is the most common one followed by e4 then e2
(2), which is consistent with our observations from the
ADNI data as e3/e3 and e3/e4 are the most commonly
seen genotypes (Table 1). The most common e3 allele
was considered to be neutral regarding to AD risk. By
contrast, the e2 allele was considered to be protective
and associated with a lower risk of AD (4). In addition,
each additional copy of APOE e4 was associated with
a higher risk and younger age at onset for late onset-
AD (4). As expected, the e2/e2 genotype had the most
protective effects against MCI or AD. However, the
genotype e2/e2 was reported for having a slightly higher
10-year absolute risk for AD than that for the genotype
of e2/e3 (6). For either MCI or AD, both e2/e3 and e3/
e3 genotypes had protective roles as shown in Table 2.
Interestingly, the e2/e4 genotype did not increase the
risk for AD but did so for MCI with a PY of 1.17 (Table
2). As expected, both e3/e4 and e4/e4 genotypes were
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associated with an increased risk for either MCI or AD.
A dose dependent effect was observed for the e4 allele
for being a risk factor for AD as reported previously
(22). It was also reported that e4 allele was associated
with an increased risk and e2 allele had a protective role
for AD development (23). In another study, individuals
with subjective cognitive decline were also shown to
have a higher e4 allele frequency than the controls (24).

The e2/e2 had worse executive functions than the
genotype groups of e2/e3, e3/e3, or e3/e4, which was
unexpected and the findings might be skewed due to
the small sample size of the e2/e2 group (n=5). The
e3/e3 group had a better performance than the e3/
e4 group on memory, which indicated allele e4
had deteriorative effects on this cognitive function
(Table 3). It was reported that the protective effects
of allele e2 on memory was only observed in females
and the effects of allele e4 were unobserved (25).

The e4/e4 group had a significantly younger baseline
age than all other groups. Plus, the e4/e4 group had
the worst memory performance among all APOE
genotype groups (Table 26). In a previous report, even
for participants with normal cognitive functions, the
e4 allele carriers had a faster declining rate of cognitive
performance than the non-carriers (26).

The relation between APOE gene polymorphism and
cognitive function had been studied before. For example,
individuals carrying the e4 allele showed contextual
cueing deficits compared to those who did not carry
the e4 allele (27). In addition, an APOE genotype
containing e4 allele was shown as an independent risk
factor for cognitive decline from a longitudinal study
of 14 years (28). In participants with MCI, APOE e4
carrier genotype was associated with a poorer frontal
executive function than the e4 non-carrier genotype (29).
Further, performance on the MMSE was significantly
poorer for e4/e4 homozygotes than e4 heterozygotes or
e4 non-carriers (30). Structurally, an e4 allele dose effect
was observed for accelerating hippocampal atrophy in
participants with different baseline cognitive diagnosis
(31). In the current report, we observed the deteriorative
effect from the e4 allele but not the protective effect from
the e2 allele for the memory function.

Our study had some limitations. The number of
participants were small for some genotype groups.
For example, there were only 5 participants in the



genotype e2/e2 group. In addition, the e2/e4 group had
34 participants. The ADNI participants were mainly
composed of Whites and recruited based on the baseline
cognitive diagnosis for a prospective cohort study. The
participants are generally well educated, have a decent
socioeconomic status, and living a healthy lifestyle.
Therefore, it is worthy to note that our study was not
based on a randomly selected, population-based sample,
which could limit the generality of our findings.

In conclusion, our findings supported the e2 allele had
protective role for reducing the risk for MCI or AD. At the
same time, the data provided evidence on the e4 allele’s
deteriorative role for cognitive impairments in memory.
However, our findings have the following implications
for the elderly population especially for those with at
risk APOE genotypes. First, it might be crucial to practice
precision medicine using cognitive stimulation training
to help those who already developed or are at risk for
developing cognitive impairments based on their genetic
information. For example, the e4 allele carriers should be
monitored closely on cognitive impairment appearance
and given corresponding stimulation training/treatment.
Second, the APOE gene polymorphism is more closely
associated with cognitive performance in some domains
(for example memory) than others. Thus, it is important
to consider the gene polymorphism factor for doing
cognitive stimulation therapy targeting on a specific
domain as other researchers begun to consider (32).
At last, adopting or maintaining a healthy lifestyle is
important to reduce the risk of cognitive impairments
despite the genetic predisposition.
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