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Abstract. Vascular factors have been shown to affect the rate of Alzheimer’s disease (AD) progression. However, the effect of
the APOE ε4 allele on rate of progression has been ambiguous. Little research to date has examined an interaction between
vascular factors and the APOE ε4 allele in predicting decline among AD patients. 216 participants with incident AD from a
population of elderly persons in Cache County, Utah, were followed for a mean of 3.3 years and 4.2 follow-up visits. A history of
vascular risk factors and conditions and anti-hypertensive use was assessed at the diagnostic visit. Linear mixed effects models
tested interactions between the vascular factors, APOE ε4, and time as predictors of clinical progression on the Mini-Mental
State Exam (MMSE) and Clinical Dementia Rating-Sum of Boxes (CDR-SB). Multiple comparisons were corrected using the
Holm-Bonferroni method. There was a 3-way interaction between stroke, APOE ε4 and time in predicting MMSE decline (LR
2 = 10.32, 2 df, p = 0.006). For the CDR-SB, there were 3-way interactions between APOE ε4, time and either myocardial
infarction (LR χ2 = 17.83, 2 df, p = 0.0001) or stroke (LR 2 = 11.48, 2 df, p = 0.003. Results suggest a complex relationship
between the APOE ε4 and vascular factors in predicting cognitive and functional progression. Among individuals with a history
of stroke or myocardial infarction at baseline, progression of AD is influenced by APOE ε4 carrier status and varies by time
after AD diagnosis.
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INTRODUCTION
The ε4 allele of the apolipoprotein E (APOE) gene
is the strongest known genetic risk factor for late-
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onset Alzheimer’s disease (AD) [1, 2]. Compared to
non-carriers, heterozygous carriers of one ε4 allele are
3–times more likely to develop AD, while the risk for
homozygous carriers is even higher [2, 3]. Carriers
of an ε4 allele are also at an increased risk of vascular disease including myocardial infarction [4], carotid
atherosclerosis [5], and hypertension [6]. While these
vascular factors are also known risk factors for AD,
the combination of the ε4 allele and vascular factors is
especially potent in predicting AD risk [7, 8].
While the majority of studies have focused on APOE
as a risk factor for AD, some have examined the association between ε4 allele carrier status and rate of AD
progression, with conflicting results. The presence of
an ε4 allele has been associated with faster progression
after a diagnosis of AD [9–11] while others suggest the
ε4 allele is associated with slower progression [12–14]
or that there is not an association [15–18]. In our sample
of incident cases of AD from the Cache County, Utah
population, we reported that the ε4 allele was associated with a lower Mini-Mental State Exam (MMSE)
score at the time of AD diagnosis but did not affect
rate of progression on either the MMSE or Clinical
Dementia Rating-Sum of Boxes (CDR-SB) [19].
We and others have previously shown that vascular
factors affect the rate of dementia progression after a
diagnosis of AD [20, 21] [9]. Given that the APOE ε4
allele is also associated with risk of vascular disease,
it is important to determine whether the interaction
between vascular factors and ε4 contribute to rate of
progression. One previous small study reported that a
history of heart disease or stroke was associated with
faster cognitive decline only among APOE ε4 carriers
[9]. The aim of the present study was to determine
whether the APOE ε4 allele interacted with vascular
factors in predicting rate of cognitive and functional
decline among the sample of incident AD cases in the
Cache County Dementia Progression Study followed
up to 11 visits over 9 years.
MATERIALS AND METHODS
Participants and dementia diagnosis
The design and sampling methods of the study
have previously been described in detail [19, 22].
Briefly, the Cache County Dementia Progression Study
(DPS) originated from the longitudinal, populationbased Cache County Study on Memory in Aging
(CCSMA), which has examined the prevalence, incidence, and risk factors of dementia in a U.S. county
recognized for its residents’ longevity. In its first wave,
CCSMA enrolled 90% of the 5677 county residents

aged 65 years or older. Three triennial incidence waves
were subsequently completed. Individuals with incident dementia have been followed prospectively in the
DPS.
All DPS participants were identified from the multistage procedures of the CCSMA, which have been
reported elsewhere [19, 22]. Briefly, using diagnostic assessments involving cognitive screening and
in-home evaluation by a trained team, a study geropsychiatrist and neuropsychologist reviewed data from
each participant at each CCSMA wave and assigned
preliminary diagnoses of dementia according to DSMIII-R criteria [23]. Neuroimaging and laboratory
studies were used as part of the diagnostic work-up
to further clarify dementia type. The age of onset was
assigned as the age when the participant unambiguously met DSM-III-R criteria for dementia. Dementia
severity was rated on the CDR [24] and health status according to the General Medical Health Rating
[25]. A panel of experts consisting of neurologists,
geropsychiatrists, neuropsychologists, and a cognitive
neuroscientist reviewed all available clinical and neuropathological data and possible and probable AD
were diagnosed according to NINCDS-ADRDA criteria [26]. Vascular dementia was diagnosed following
National Institute of Neurological Diseases and Stroke
and Association International pour la Recherche et
l’Enseignement en Neurosciences (NINDS/AIREN)
criteria [27]. All study procedures were approved by
the institutional review boards of Utah State, Duke, and
Johns Hopkins Universities.
Measures of dementia progression
Outcomes reflecting AD dementia were the MMSE
[28] and the CDR-SB [24]. The MMSE is a global
measure of cognition that is widely used in clinical
trials assessing potential treatments on AD progression [29]. Similar to methods previously employed in
DPS [19–21] a sensory/motor MMSE adjusted score
was calculated by discarding items missed due to sensory/motor impairment (e.g., severe vision or hearing
loss, motor weakness, tremor, etc.), calculating the percent correct, and rescaling the final score on a 30-point
scale.
The CDR [24] examines functioning in six domains:
memory, orientation, judgment/problem solving, community affairs, home/hobbies, and personal care. The
CDR is assessed with a semi-structured interview
and has excellent reliability and validity [30]. Scores
include a composite score (CDR-composite) and Sum
of Boxes (CDR-SB), which is the sum of ratings in
each of six domains with a range of 0 (no impairment)
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Information on all vascular-related variables was
obtained at the baseline visit (i.e., visit at which dementia was diagnosed). We previously examined both the
utility of a vascular index and individual vascular risk
factors in predicting AD progression [21]. The vascular
index was adapted from the stroke risk profile developed in the Copenhagen City Heart Study (CCHS)
[32]. This index was similar to the Framingham Stroke
Risk Profile [33] but incorporated more self-reported
data and was therefore closer to methods of the present
study. However, the results of the vascular index were
null because some vascular factors were found to be
associated with a more rapid rate of decline (Atrial fibrillation (AF), systolic hypertension, and angina) while
others (history of coronary artery bypass graft surgery
(CABG), diabetes, and anti-hypertensive medications)
were associated with a slower rate of decline. Thus,
we have also focused on individual vascular factors
for the present analyses. The following were considered and included because they were originally part
of the vascular index: systolic blood pressure; history
of AF, diabetes mellitus (DM), myocardial infarction
(MI), smoking, angina or CABG; and current antihypertensive medication use. Systolic blood pressure
was the average of two measurements obtained by a
nurse at the baseline visit, 5 minutes apart. Information
on AF, DM, MI, angina, and CABG was obtained via
self- and proxy-report. Ascertainment of medication
use in this study has been previously described [34] and
relied on visual inspection of all available medication
vials at each visit. If participants were institutionalized, this information was obtained from nursing
home records. We classified participants as current
antihypertensive medication users if they were regularly (≥4 times per week) taking a medication from the
following drug classes at baseline: angiotensin converting enzyme inhibitors, beta-blocking anti-adrenergics,
calcium ion channel blockers, and diuretics.

only a baseline visit and those with one or more followup visits were examined using Fischer’s Exact test for
categorical variables and Student’s t-test for continuous variables. Differences in the prevalence of vascular
disease by APOE ε4 genotype (any ε4 allele versus
none) were assessed using Fisher’s exact test.
To model non-linear effects of the interaction
between vascular factors and APOE genotype on
dementia progression, we examined average change in
MMSE and CDR-SB from the visit at which dementia
was first diagnosed, using mixed effects models and
treating subject-specific intercepts and linear change
with time as random effects. This approach, used previously in DPS [19] allowed us to assess the effects of key
fixed factors, such as age, on average rate of change,
while accounting for the dependence between withinsubject repeated measures and for non-linear change
with respect to time. Because our analysis revealed significant non-linear time effects for both the MMSE and
CDR-SB, we included a time-squared term and appropriate time-squared terms in all examined interactions.
The quadratic term allows a better assessment of the
cognitive trajectories at later states of the disease. Furthermore, the quadratic terms allowed us to investigate
whether the relationship between APOE and vascular
factors affected the rate of cognitive decline over the
whole post-onset period or whether it was more evident
at earlier stages of the disease. Interaction terms were
retained in the models if the comparison between likelihood ratio (LR) test statistics between models with and
without the interaction terms was significant (p < 0.05).
The following variables have previously been found
to be associated with progression in MMSE and CDRSB in this population of AD participants [19]. They
were, therefore, included as covariates in the present
analyses: baseline age, gender, education, and dementia duration – the age differences from dementia onset
to when a diagnosis was made. Education, gender
and APOE genotype were determined at Wave 1 of
the CCSMA. APOE genotype was determined from
buccal DNA using a standard protocol [22]. The a
priori p-value was set at p < 0.05. Corrections for multiple comparisons were examined within each outcome
using the Holm-Bonferroni method [35]. All analyses
were conducted using STATA Version 11.1 (StataCorp,
College Station, TX).

Statistical analyses

RESULTS

The present analyses assessing dementia progression focused only on those individuals with at least one
follow-up visit. Differences in baseline demographic
and health-related characteristics between those with

There were 327 cases of incident AD with baseline MMSE or CDR-SB scores. The current analyses
included 216 participants (66.1%) diagnosed with incident AD who had at least one follow-up visit and

to 30 (maximum impairment in all domains). CDRSB was chosen as the principal outcome here, instead
of the composite, because of its greater range and
demonstrated sensitivity to change in mild cognitive
impairment and AD (e.g., [31]).
Assessment of vascular factors
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Table 1
Prevalence of baseline vascular factors among those with and without a follow-up

Vascular factor
SBP (cont)
SBP ≥ 140
Atrial fibrillation
Angina
Ml
CABG
Diabetes
Current Anti-htn med
Stroke

n = 327(all)
N/(%)

No follow-up (n = lll)
N/(%)

Any follow-up (n = 216)
N/(%)

p-value

128.8 (17.7)
73/293 (24.9%)
45/327 (13.8%)
46/325 (14.2%)
46/326 (14.1%)
19/327 (5.8%)
54/327 (16.5%)
154/326 (47.2%)
16/327 (4.89%)

129.9 (18.0)
20/103 (29.1%)
17/111 (15.3%)
17/110 (15.5%)
21/110 (19.1%)
9/110 (8.1%)
19/111 (17.1%)
60/110 (54.6%)
8/111 (7.2%)

127.4 (17.6)
43/190 (22.6%)
28/216 (13.0%)
29/215 (13.5%)
25/216 (11.6%)
10/216 (4.65%)
35/216 (16.2%)
94/216 (43.5%)
8/216 (3.7%)

0.267
0.258
0.612
0.618
0.091
0.218
0.474
0.062
0.182

an available MMSE or CDR-SB score at baseline.
The majority were female (65.8%), Caucasian (99.1%)
and had mild dementia (mean composite CDR = 1.1,
SD = 0.6) at baseline. One hundred eleven individuals
(33.9%) lacked any follow-up, the majority (n = 88,
79.3%) due to death. As previously reported [19],
these individuals were older and had a lower MMSE at
diagnosis compared to those with follow-up data. The
prevalence of vascular factors at baseline by followup status is shown in Table 1. While there were no
significant differences at the p < 0.05 level, individuals
without a follow-up were more likely to have had a
MI (19.1% versus 11.6%, p = 0.091) and to be taking
anti-hypertensive medication (54.6% versus 43.5%,
p = 0.062) at baseline.
Of the 216 participants with follow-up data, average
time in the study was 3.3 years (SD = 2.2; max = 9.9
years) with a mean of 4.2 study visits (SD = 2.4;
max = 11 visits). Ninety-seven (44.9%) of those with a
follow-up had at least one APOE ε4 allele. The prevalence of baseline vascular factors did not differ by
APOE ε4 allele carrier status (Table 2).
Using multivariate mixed effects models (Table 3),
presence of an APOE ε4 allele, regardless of vascular
risk factor status, did not predict progression on either
the MMSE or CDR-SB. However, there was a significant 3-way interaction (Table 3 and Figure 1 a) between
stroke, APOE ε4 allele and time (LR 2 = 10.32, 2 df,
p = 0.006), suggesting differential rate of progression
for those with versus without a history of stroke and
those with versus without an ε4 allele. Because higher
scores on MMSE and lower scores on CDR-SB denote
higher cognitive and functional status (respectively),
“faster decline” is denoted by a negative coefficient
for MMSE but a positive coefficient for CDR-SB.
Figure 1 a displays this model relationship such that
individuals with a history of stroke and APOE ε4 allele
initially declined faster on the MMSE compared to
individuals without a history of stroke and no APOE
ε4 allele, but their rate of decline decreased over time

and they experienced a slower rate of decline relative
to the other groups.
For progression on the CDR-SB (Table 3), there
were significant three-way interactions between the
APOE ε4 allele, time and either MI (LR 2 = 17.83,
2 df, p = 0.0001) or stroke (LR 2 = 11.48, 2 df,
p = 0.003). There was a trend for anti-hypertensive
medication use, but this did not hold up after corrections for multiple comparisons (LR 2 = 7.20, 2 df,
p = 0.027). Figure 1 b-d show these associations in
greater detail. Similar to the results of the MMSE,
individuals with a history of stroke and APOE ε4
allele initially had a faster rate of decline on CDR-SB
(b = 6.02), compared to individuals without a history of
stroke and no APOE ε4 allele, but their rate of decline
decreased over time and they experienced a slower rate
of decline relative to non-carriers. In the three-way
interaction between MI, APOE, and time, individuals
with a history of MI and who were APOE ε4 carriers
Table 2
Prevalence of vascular factors by Apoe ε4 genotype (any vs. none)
among participants with at least one follow-up (n = 216)
Vascular
factor
SBP ≥ 140:

Present
Absent
Atrial
Present
fibrillation: Absent
Angina:
Present
Absent
Ml:
Present
Absent
CABG:
Present
Absent
Diabetes:
Present
Absent
Current Anti- Present
htn Med:
Absent
Stroke:
Present
Absent

No E4
(n = 119)
N/(%)
24 (22.2%)
84 (77.8%)
19 (16.0%)
100 (84.0%)
16 (13.6%)
102 (86.4%)
14 (11.8%)
105 (88.2%)
7 (5.8%)
112 (94.1%)
22 (18.5%)
97 (81.5%)
48 (40.3%)
71 (59.7%)
4 (3.4%)
115 (96.6%)

*p-values based on Fischer’s Exact test.

Any E4 (l or 2) p-value∗
(n = 97)
N/(%)
19 (23.2%)
63 (76.8%)
9 (9.3%)
88 (90.7%)
13 (13.4%)
84 (86.6%)
11 (11.3%)
86 (88.7%)
3 (3.1%)
94 (96.9%)
13 (13.4%)
84 (86.6%)
45 (47.4%)
51 (52.6%)
4 (4.1%)
93 (95.9%)

1.000
0.160
1.000
1.000
0.517
0.357
0.335
1.000
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Table 3
Examination of an interaction between vascular factors and APOE as a predictor of cognitive and functional progression on the MMSE and
CDR-Sum
MMSE∗,†

Vascular factor

CDR-Sum∗,†

b (95% CI)

LR test

SBP
SBP*APOE*time
SBP*APOE*time2

0.01 (−0.03, 0.05)
0.001 (−0.01, −0.01)

2 = 0.60, 2 df, p = 0.741

−0.01 (−0.04, 0.03),
0.001 (−0.01, −0.01)

2 = 0.28, 2 df, p = 0.867

Atrial Fibrillation
AF*APOE*time
AF*APOE*time2

1.13 (−1.31, 3.58)
−0.31 (−0.64, 0.03)

2 = 3.31, 2 df, p = 0.192

−0.92 (−2.92, 1.07)
0.28 (−0.01, 0.57)

2 = 3.98, 2 df, p = 0.137

1.04 (−1.64, 3.71)
0.08 (−0.47, 0.63)

2 = 2.77, 2 df, p = 0.251

−0.32 (−2.48, 1.83)
0.01 (−0.42, 0.43)

2 = 0.20, 2 df, p = 0.906

Myocardial Infarction (Ml)
MI*APOE*time
0.03 (−2.41, 2.47)
MI*APOE*time2
−0.18 (−0.54, 0.18)

2 = 1.99 2 df, p = 0.370

−1.85 (−3.92, 0.21)
0.61 (0.29, 0.93)

2 = 17.83, 2 df, p = 0.0001‡

CABG
CABG*APOE*time
CABG*APOE*time2

−1.21 (−5.98, 3.55)
0.32 (−0.66, 1.30)

2 = 0.40, 2 df, p = 0.818

−1.88 (−6.01, 2.26)
0.72 (−0.18, 1.62)

2 = 3.10, 2 df, p = 0.212

Diabetes
Diabetes*APOE*time
Diabetes*APOE*time2

−1.06 (−2.91, 0.80)
0.09 (−0.12, 0.29)

2 = 1.29, 2 df, p = 0.525

0.91 (−0.65, 2.48)
−0.09 (−0.27, 0.09)

2 = 1.41, 2 df, p = 0.494

Current Anti-htn Med
Med*APOE*time
Med*APOE*time2

1.19 (−0.44, 2.83)
−0.14 (−0.43, 0.15)

2 = 2.03, 2 df, p = 0.362

−0.96 (−2.36, 0.44)
0.34 (0.08, 0.60)

2 = 7.20, 2 df, p = 0.027

Stroke
Stroke*APOE*time
Stroke*APOE*time2

−4.56 (−9.50, 0.38)
1.36 (0.48, 2.23)

2 = 10.32, 2 df, p = 0.006‡

6.02 (1.95, 10.10)
−1.32 (−2.08, −0.56)

2 = 11.48, 2 df, p = 0.003‡

Angina
Angina*APOE*time
Angina*APOE*time2

b (95% CI)

LR test

*Using Mixed Effects Regression, all models adjusted for time, time2 , baseline age, sex, education, dementia duration at baseline, baseline
any APOE ε4 allele, and all baseline vascular factors; † A positive coefficient for MMSE represents better performance whereas a negative
coefficient for CDR-Sum represents a better performance; ‡ Bolded values remain significant after Holm-Bonferroni correction for multi gative
coefficient for CDR-Sum represents a better pie comparison.

initially had a slower CDR-SB rate of decline compared to those without a history of MI and who were
not APOE ε4 allele carriers, but their rate of decline
accelerated over time such that they had a faster rate
of decline relative to the other groups.
DISCUSSION
In this population-based study of incident AD cases,
we previously reported that vascular factors affected
rate of decline on the MMSE and CDR-Sum. In this
paper, we have described interactions between vascular factors and APOE ε4 carrier status. Results suggest
strong three-way interactions between the presence
of an APOE ε4 allele, time and stroke on the rate
of MMSE decline. They also suggest interactions
between the presence of an APOE ε4 allele, time, and
either stroke or MI on rate of CDR-SB decline.
Vascular factors have consistently been shown to
affect the rate of AD progression [9, 20, 21]. However,
the effect of the APOE ε4 allele on rate of progres-

sion has been more ambiguous [9–18]. Little research
to date has examined an interaction between vascular
factors and the presence of an APOE ε4 allele in predicting decline among AD patients. Autopsy studies
have reported that the APOE ε4 allele is associated with
greater AD pathology burden, including neuritic senile
plaques (e.g., [36]) and neurofibrillary tangles (e.g.,
[37]), and also with greater vascular burden, including
small vessel arteriolosclerosis, amyloid angiopathy,
and other microvascular changes (e.g., [38]). Vascular
factors are presumably related to more vascular pathology but a higher prevalence of senile plaques have also
been reported at autopsy of middle-aged individuals
with coronary artery disease [39]. Thus, the combination of having an APOE ε4 allele likely leads to
more vascular pathology, but also may lead to more
AD pathology, and may therefore be especially potent
in predicting incident AD and/or rate of progression
after a diagnosis.
To date, just one small study has reported interactions between vascular factors and the APOE ε4 allele
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Time (years)
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No Anti-htn-APOE
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Fig. 1. Interactions between APOE ε4 carrier status, and either a history of stroke, myocardial infarction (MI), or baseline anti-hypertensive
(anti-htn) use on rate of progression on the MMSE and CDR-Sum. A) Interaction between APOE ε4 carrier status and stroke on MMSE
progression; B) Interaction between APOE ε4 carrier status and stroke on CDR-Sum progression; C) Interaction between APOE ε4 carrier
status and MI on CDR-Sum progression; D) Interaction between APOE ε4 carrier status and baseline anti-htn use on CDR-Sum progression.

in predicting cognitive decline among AD patients
[9]. Among ε4 carriers, higher total cholesterol, LDLcholesterol, stroke, and heart disease were associated
with faster cognitive decline. In the present study, we
also reported strong three-way interactions between
the presence of an APOE ε4 allele, time, and stroke
in predicting decline on MMSE and between APOE
ε4 allele, time, and either stroke or MI in predicting
decline on the CDRSB. Interestingly, we found that
AD patients with a history of stroke and an APOE
ε4 allele had less cognitive and functional progression
over time compared to those with a history of a stroke
and no APOE ε4 allele. While this finding is in contrast to the previous study examining this relationship
among AD patients [9], it is congruent with studies that
have reported no effect of stroke on incident dementia
in APOE e4 allele carriers but did find increased risk in
those without an APOE ε4 allele. Presumably, a similar relationship could exist after the clinical onset of

AD. Importantly, our findings suggest that this relationship is complex and varies by time from AD diagnosis.
Thus, individuals with a history of stroke or MI, or who
use anti-hypertensives at baseline, do not progress linearly over time after a diagnosis of AD. Rather, their
progression is influenced by APOE ε4 carrier status
and varies by time from AD diagnosis.
There are alternative explanations for the timevarying relationship between these vascular factors,
APOE ε4 carrier status, and cognitive and functional
decline after a diagnosis of AD. First, there is the possibility of differential survival such that those who have a
stroke and an APOE ε4 allele are more likely to die, and
those who did not die are more robust to the effects of
this interaction on cognitive and functional progression
after AD. However, the literature supporting this reasoning is equivocal at best and several studies have not
found the APOE ε4 allele to be a risk factor for mortality or poor outcome after stroke [40–42]. Second, the
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timing of stroke prior to onset of dementia could be
important. After a stroke, several people have an initial
cognitive decline and then some recovery. While this
could explain the initial time-varying effects reported
in the present study, stroke as a significant contributor
for dementia was included as exclusionary criteria for a
diagnosis of AD in this study and, therefore, likely did
not occur immediately prior to memory symptoms and
AD diagnosis. Lastly, vascular factors were examined
at the visit at which incident AD was diagnosed in this
study. It is likely that multiple individuals had additional vascular events, including stroke, after a diagnosis of AD. Future analyses will examine the timevarying effects of vascular factors on rate and recovery
of cognitive and functional decline in AD patients.
There are several strengths to this study. This was
a longitudinal population-based study with incident
AD cases, thereby attenuating selection bias found
in clinical studies of AD progression. Second, the
participants have been well-characterized over many
years of observation (from the Cache County Memory
Study and the DPS). Third, participants with primary
or co-morbid vascular dementia were excluded so as to
prevent circularity with regards to vascular risk factors,
APOE, and diagnosis of AD. Despite these strengths
several limitations warrant consideration. Information
on vascular factors was primarily based on self- and
proxy-report. As underreporting is more likely than
over-reporting, these findings are conservative and,
therefore, an interaction between vascular factors and
APOE could play a larger role in AD progression.
Second, despite having a larger sample size than previous papers, a sample size of 216 with at least one
follow-up is small and leads to reduced power at longer
durations of follow-up. Thus, the study warrants replication in a population-based study of incident cases
with larger sample sizes, particularly when examining
the effects of stroke. Third, dates of onset for vascular factors were not available and it is possible that
the time at which the vascular factor occurs prior to
AD-dementia onset could impact decline. Finally, the
Cache County population is primarily Caucasian and of
northern European descent. Thus, the results obtained
here may not generalize to populations with different
ethnic representation.
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