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Abstract

Vascular risk factors have been associated with cognitive decline, however, it remains unclear
whether apolipoprotein E (APOE) genotype modifies this relationship. We aimed to further
elucidate these relationships and extend previous findings by examining data from a more
comprehensive cognitive assessment than used in prior studies. 1,436 participants from the
prospective Framingham Offspring Cohort Study underwent health examination from 1991-1995,
followed by a baseline neuropsychological assessment (1999-2003) and a repeat
neuropsychological assessment approximately eight years later (2004-2009). Multivariate linear
regression analyses were performed to examine the relationship between midlife vascular risk
factors, presence of the APOE €4 allele, and cognitive change. APOE genotype significantly
modified the associations between both midlife hypertension and cardiovascular disease and
decline in language abilities as well as midlife diabetes and decline in verbal memory, attention,
and visuospatial abilities. Associations between increased midlife vascular risk burden and greater
cognitive decline were observed among APOE &4 carriers but not non-carriers. The present
findings revealed a subgroup at increased risk for cognitive decline (APOE &4 carriers with
midlife exposure to vascular risk factors) and suggest that treatment of vascular risk factors during
midlife may reduce the risk of cognitive impairment later in life, particularly among APOE ¢4
carriers.
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Introduction

The presence of vascular risk factors in midlife is associated with greater cognitive
decline[1] and the development of dementia later in life.[2, 3] Among nondemented older
adults, some studies report that greater vascular risk burden is associated with cognitive
decline restricted to a particular domain such as executive functioning[1] or language,[4]
whereas other studies have found associations with poorer performance across multiple
additional domains including processing speed, visuospatial abilities,[5] and memory.[6]

The presence of the apolipoprotein E (APOE) ¢4 allele is a well-established susceptibility
gene for Alzheimer’s disease (AD).[7] APOE genotype also influences susceptibility to
atherosclerosis[8] and may increase risk of vascular dementia.[9] In terms of the role of the
APOE ¢4 allele as a risk factor for cognitive decline in normal aging, findings have been
somewhat mixed. Some studies demonstrate poorer cognitive performance or greater decline
among APOE &4 carriers relative to non-carriers that is restricted to episodic memory[1]
whereas other studies show poorer performance across a variety of additional abilities,
including global cognitive functioning and executive functioning.[10] Further, several
previously published reports show no association between APOE genotype and cognitive
functioning in nondemented older adults,[11] particularly when those with preclinical AD
are removed from the sample.[12]

There are few published reports examining whether APOE genotype influences the
relationship between vascular risk burden and cognitive impairment, and even fewer have
investigated these associations in a longitudinal context. Generally, findings across such
studies have been inconsistent with some results demonstrating that the APOE ¢4 allele in
combination with vascular risk factors imparts increased risk of cognitive decline[6, 13, 14]
whereas other studies have reported no such interaction.[1, 15] Notably, these studies have
differed in terms of participant characteristics (e.g., mean age at baseline cognitive
evaluation) and methodology (e.g., length of follow up, vascular risk factors assessed,
cognitive measures administered). Further, in general, a caveat of existing longitudinal
studies involves the limited nature of the cognitive domains and measures examined.

Given the potential significant public health impact of identification of risk factors for
preclinical cognitive decline[16] as well as the limitations of existing studies examining the
influence of vascular risk burden and APOE genotype on cognition in older adults, we
aimed to further elucidate whether APOE genotype modifies the relationship between
midlife vascular risk burden and later cognitive decline. In particular, we sought to extend
findings of existing published reports by examining data from a more comprehensive
cognitive assessment than used in previous studies. We hypothesized that APOE genotype
would modify the relationship between vascular risk and cognitive decline across a variety
of cognitive domains including memory, attention, executive functioning, visuospatial skills,
and language. Specifically, we expected that the association between midlife vascular risk
exposure and later cognitive decline would be stronger among APOE &4 carriers relative to
non-carriers. Further, given the possibility that vascular risk factors may interact with
genetic risk to lead to cognitive decline through multiple divergent and convergent
physiologic pathways, we examined each vascular risk factor and cognitive domain
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individually to determine whether these individual risk factors show differential
relationships with the various cognitive domains.

Materials and Methods

Participants

The Framingham Heart Study is a community-based, prospective study that was initiated in
1948 to identify risk factors for cardiovascular disease. To date, the study has followed three
generations of participants including (1) the Original Cohort; (2) the Offspring Cohort,
which includes biological children of the Original cohort and Offspring spouses, who have
been followed since 1971; and (3) the Third Generation Cohort, which includes children
from members of the Offspring Cohort, who have been followed since 2000. Participants in
the current study were members of the Offspring Cohort who have undergone health
examinations approximately every four years since 1971.[17] Of the 3,799 participants from
the Offspring Cohort who participated in the fifth examination (Exam 5) between 1991 and
1995, 1,602 individuals also underwent two neuropsychological assessments at least five
years apart. The first assessment was administered between 1999 and 2003 and the second
assessment, was conducted between 2004 and 2009. Of the 1,558 participants aged 45 to 84
at the first neuropsychological assessment, individuals were excluded from the present study
for the following reasons: documented clinical stroke, dementia, or other neurological
disorders (e.g., multiple sclerosis, head trauma) at the first assessment (n = 38); neurological
conditions at the second assessment (n = 17); missing APOE genotype data (n = 28); APOE
£2/e4 genotype given the ambiguity associated with the presence of both an allele imparting
increased risk (4) as well as an allele with a possible protective impact (n = 31); and
missing covariate data (n = 8). Individuals with mild cognitive impairment at the first
assessment were not excluded. These inclusion and exclusion criteria resulted in a final
sample for the present analyses of 1,436 participants.

Vascular Risk Factors

Vascular risk factors were assessed at Exam 5. Hypertension was defined as systolic blood
pressure = 140 mm Hg, diastolic blood pressure = 90 mm Hg, or use of antihypertensive
medications;[18] history of cardiovascular disease was based on history of coronary heart
disease (includes myocardial infarction, angina pectoris, and coronary insufficiency),
cardiac failure, and intermittent claudication;[19] diabetes was defined as fasting glucose = 7
mmol/L or use of an anti-diabetic therapy; and cigarette smokers were identified based on
current smoking status (yes/no) at Exam 5.

Neuropsychological Assessment

Standardized neuropsychological measures administered at both assessments included
measures of verbal memory (Wechsler Memory Scale [WMS] Logical Memory-delayed
recall [LM-DRY]), visual memory (WMS Visual Reproduction-delayed recall [VR-DR]),
attention (Halstead-Reitan [HR] Trail Making Test Part A [Trails A]), executive functioning
(HR Trail Making Test Part B [Trails B]), visuospatial skills (Hooper Visual Organization
Test [VOT]), and language (Boston Naming Test 30-item version [BNT]). For the WMS
measures, savings scores, which assess degree of memory retention, were calculated and
expressed in percent using the following formulas: LM savings = ([LM Story A delayed
recall/LM Story A immediate recall] X 100) and VR savings = ([VR delayed recall/VR
immediate recall] X 100). For the Trail Making Test, a difference score (i.e., Trails B —
Trails A) was calculated. This derived score has been argued to reflect a purer measure of
the executive functioning abilities required to complete Trails B given that it is assumed to
subtract out the simple sequencing, visual scanning, and psychomotor demands common to
both Trails A and B.[20] The Center for Epidemiological Studies Depression Scale (CES-D)
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was administered during Exam 7, which was the examination closest to the baseline
neuropsychological assessment.

Statistical Analyses

Results

Multivariate linear regression analyses were performed to examine associations among
vascular risk factors, APOE genotype, and annualized change in neuropsychological
performance, adjusting for age at first neuropsychological assessment, sex, education, and
time from Exam 5 to the first neuropsychological assessment. Educational attainment was
obtained by self-report and studied as a three-category variable (no high school degree, high
school degree, college degree). Annualized raw change on neuropsychological measures
was calculated with the following formula: ([score at the second neuropsychological
assessment - score at the first neuropsychological assessment]/time between the first and
second neuropsychological assessments in years). The signs of all Trail Making Test
variables were reversed during calculation of annual rate of change in order to be consistent
with the other neuropsychological measures (i.e., negative rate of change indicates decline).
Results (i.e., p values) are adjusted differences in mean decline, presented in standard
deviation units. Interaction terms were included in models to examine the modifying effect
of APOE genotype on the relationship between vascular risk factor exposure at Exam 5 and
longitudinal change in neuropsychological performance. Secondary analyses were
performed (a) additionally adjusting for depressive symptoms (based on CES-D score), and
(b) excluding the 116 participants who reported significant depressive symptoms (i.e.,
scored a 16 or higher on the CES-D) at Exam 7. Significance levels of 0.10 were used for
tests of interaction; levels of 0.05 were used for all other tests. All analyses were performed
using Statistical Analyses System software version 9.2 (SAS Institute, Cary, NC).

Demographic variables and risk factor characteristics

Table 1 presents baseline characteristics of the sample participants as well as attendees of
Exam 5 who were not included in the current sample. In the study sample, midlife vascular
risk factors were assessed at a mean age of 54 years. The first and last neuropsychological
evaluations were performed at mean ages of 62 and 70 years, respectively. During the period
of time between the two neuropsychological evaluations, 21 participants sustained a stroke
and 13 developed dementia. Twenty percent of participants were APOE ¢4 carriers.
Attendees of examination 5 who were not in our study sample were somewhat older (mean
age of 56 versus 54 years at Exam 5), completed less education (30% versus 40% had
earned a college degree), and had greater vascular risk burden (significantly higher systolic
blood pressure and rates of hypertension, CVD, diabetes, and smoking). Table 2 shows the
mean raw scores and standard deviations for the various neuropsychological measures from
the baseline and follow-up examinations as well as the annual rate of change.

Main effect of midlife vascular risk factors on later cognitive decline

Across all participants (collapsed across APOE genotype), midlife vascular risk factors were
associated with a more marked decline in various aspects of cognitive functioning
approximately 15 years after the vascular risk assessment (and eight years after the initial
neuropsychological assessment; Table 3). Hypertension in midlife was significantly
associated with greater decline on measures of executive functioning (Trails B-A: -0.17 £
0.06, p < 0.01), visual attention (Trails A: -0.19 + 0.06, p < 0.01), and visuospatial skills
(VOT: -0.15 + 0.06, p < 0.05). History of cardiovascular disease at midlife was significantly
associated with a more pronounced decline in attention (Trails A: -0.35 + 0.13, p < 0.01) and
language (BNT: -0.26 £ 0.12, p < 0.05). Midlife diabetes was significantly associated with
greater decline on measures of language (BNT: -0.25 £ 0.12, p < 0.05). Smoking in midlife
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was significantly associated with a more marked decline in visual memory (VR delayed
recall: -0.17 + 0.07, p < 0.05). Findings were not changed after controlling for or excluding
for depressive symptoms based on the CES-D.

Main effect of APOE genotype on cognitive decline

Across all participants (independent of midlife vascular risk exposure), the presence of the
APOE ¢4 allele was significantly associated with a more marked decline in verbal memory
(LM delayed recall: -0.17 £ 0.07, p < 0.05; Table 3). APOE genotype was not associated
with decline on any other cognitive measure (p values > 0.05). Results were not changed
when controlling for or excluding for depressive symptoms based on the CES-D.

Moderating effect of APOE genotype on association between midlife vascular risk factors
and later cognitive decline

There were several significant interactions whereby APOE genotype modified the
relationship between midlife vascular risk factors and later cognitive change (Table 3).
Specifically, APOE genotype significantly modified the associations between both midlife
hypertension and midlife cardiovascular disease and decline in language abilities. Further,
APOE genotype modified the relationship between midlife diabetes and cognitive decline
across a variety of cognitive domains including verbal memory, attention, and visuospatial
abilities (Figure 1). Among APOE &4 carriers, diabetes was associated with a similar rate of
decline across the various cognitive domains ( values ranged from -0.52 to -0.74).
Significant associations between increased midlife vascular risk burden and greater
cognitive decline were observed among APOE ¢4 carriers but not among non-carriers (Table
4). Consistent with the findings for main effects of vascular risk factors and APOE
genotype, results were not changed when either adjusting for or excluding for depressive
symptoms.

Discussion

In a sample of 1,436 participants the presence of the APOE ¢4 allele exacerbated cognitive
decline associated with midlife exposure to vascular risk factors. APOE genotype
significantly modified the associations between both midlife hypertension and
cardiovascular disease and decline in language abilities as well as midlife diabetes and
decline in verbal memory, attention, and visuospatial abilities.

The present findings add to the growing body of evidence demonstrating the impact of
APOE genotype on the link between vascular risk burden and cognitive impairment. These
findings identify a subgroup of individuals at increased risk for cognitive decline (i.e.,
APOE ¢4 carriers with midlife exposure to vascular risk factors) and highlight the
importance of considering the influence of genetic factors when examining the associations
between cognition and vascular risk burden given that they may modify these relationships.
These findings extend results from previous longitudinal studies, which examined very few
cognitive domains,[1, 6, 13-15] by demonstrating associations between vascular risk factors
and cognition across all domains assessed including memory, executive functioning,
attention, visuospatial abilities, and language. Results were unchanged after controlling for
or excluding for depression suggesting that depression is not influencing the present
findings. Further, these findings suggest that these relationships are more complex than
many prior studies imply and that they differ depending on the particular vascular risk factor
and cognitive domain examined as well as genetic influences. The complexity of these
relationships may explain, in part, the disparate results across previous studies.
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ApoE plays a role in the development, remodeling, and regeneration of the central nervous
system through the transport and redistribution of lipids among cells for normal cholesterol
homeostasis,[21] repair of injured neurons,[22] maintenance of synaptodendritic
connections,[22] and removal of toxins.[23] The various isoforms (i.e., apoE2, apoE3,
apoE4) differ in their abilities to carry out these tasks. ApoE4, in particular, has been linked
to various neuropathological processes including increased amyloid 3 (Ap) deposition[24]
and, in a pathway independent of AB, inefficient responses to central nervous system
stressors (e.g., ischemia, inflammation).[25]

The literature examining the relationship between the various apoE isoforms and
susceptibility to stroke is complex and somewhat mixed.[26] Nonetheless, multiple studies
have reported that APOE &4 carriers are at increased risk for atherosclerosis and stroke.
[27-29] Given the role of apoE in lipid metabolism, atherosclerosis, stroke, AB clearance and
deposition, and response to central nervous system stressors, there are multiple potential
pathways by which apoE4 may lead to decline in brain functioning and cognition in the
context of aging.

Even among relatively healthy older adults free of clinical dementia or stroke, both vascular
neuropathology and AD-related neuropathology are relatively common and may coexist.[30,
31] When both pathologies are present it is generally unclear whether their relationship is
one of mere co-existence, interaction, or causality. As such, it is often challenging to
determine whether cognitive dysfunction is primarily related to the impact of vascular risk
factors on the brain, underlying AD-related neuropathology,[32] or a combination. Although
we show that presence of the APOE &4 allele coupled with vascular risk factors may impart
greater risk for cognitive decline in the context of aging, it is difficult to disentangle the
underlying mechanism(s) of this effect given that the APOE ¢4 allele has been associated
with both vascular and AD-related neuropathological processes.

We observed main effects of midlife vascular risk exposure on later decline in executive
functioning, however, we did not see differential decline in this particular domain as some
previous studies have reported.[1] It should be noted that the present study and the study by
Debette and colleagues, which demonstrated that midlife vascular risk exposure was
associated with later decline in executive functioning but not memory, differed in terms of
methodology and sample characteristics. For instance, in contrast to the study by Debette
and colleagues, we examined additional cognitive domains (Debette and colleagues
restricted their analyses to two cognitive domains: memory and executive functioning) and
required a minimum time interval between the two neuropsychological evaluations (i.e., five
years). Despite these differences, the two studies observed several similar effects (e.g.,
significant association between midlife hypertension and later decline in executive
functioning). The results reported by Debette and colleagues corroborate previous studies
linking midlife vascular risk factors and cognitive decline.[6, 15] The present results extend
these findings and suggest that, even among those with relatively low vascular risk burden,
genetic risk for AD significantly interacts with vascular risk factors to exacerbate cognitive
decline.

APOE genotype modified associations between hypertension, cardiovascular disease, and
diabetes, and cognitive decline, however, its influences appeared to be particularly salient
for individuals with diabetes. Although the pathophysiology underlying these relationships
remain unclear, neuropathological studies have demonstrated that older adults with diabetes
who are also APOE &4 carriers show increased risk of cerebral amyloid angiopathy, neuritic
plaques, and neurofibrillary tangles whereas those with only diabetes show increased risk for
only large infarcts.[33] Various mechanisms have been proposed to explain this modifying
effect.[34] One such mechanism relates to increased A} plaque deposition among
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individuals with diabetes. Insulin-degrading enzyme (IDE) degrades Af but may be not be
available to do so when insulin levels are increased thus requiring greater use of IDE for
insulin regulation[35] and, therefore, resulting in higher levels of AD pathology.[33] A
second proposed mechanism relates to neuronal damage related to oxidative stress and
accumulation of advanced glycation endproducts associated with hyperglycaemia. Given
that apoE4 is associated with impaired neuronal repair mechanisms, diabetes may result in
greater neuronal damage in APOE ¢4 carriers.[34] Taken together, it is possible that the
presence of both diabetes and the APOE ¢4 allele results in increased neurodegenerative and
vascular pathology thereby affecting a wide range of cognitive abilities.

Vascular risk factors are highly correlated with one another making it difficult to disentangle
the separate effects of each[1]. Further, despite potential differences among them, vascular
risk factors share downstream effects related to endothelial dysfunction, atherosclerosis, and
stroke.[36] However, although speculative, it is possible cardiovascular disease and
hypertension, which interacted with APOE genotype to result in greater decline in language
functioning but not any other cognitive ability, interact with genetic risk to exert their
influence on cognitive decline through distinct mechanisms than diabetes.

Importantly, regardless of the precise mechanisms by which vascular risk factors and the
APOE ¢4 allele negatively affect cognition and the brain, many midlife vascular risk factors
such as diabetes and hypertension are modifiable and should be treated.[15] A better
understanding of the earliest cognitive changes in those individuals who are at increased risk
for developing dementia is directly relevant to early and accurate identification.[16] Given
the present dearth of effective therapies to treat vascular and neurodegenerative cognitive
impairment, approaches designed to identify early and control vascular risk factors in order
to maintain cerebrovascular health into later ages hold great promise.[30]

There are limitations that need to be considered when interpreting the present findings and
that should be addressed in future studies. These include a lack of neuroimaging or
neuropathological data, which precludes our ability to definitively link our findings to
possible underlying physiologic mechanisms. In addition, the participants were
predominantly Caucasian which may limit the generalizability of our results to the older
adult population at large. Also, many participants who attended Exam 5 were excluded from
the present study for reasons listed above (e.g., they did not complete the
neuropsychological assessment; they were not eligible for the study based on other
exclusion and/or inclusion criteria). However, those included in the present study sample
were younger, had completed more education, and had less vascular risk burden than those
who were not included. Given that the present sample was younger and healthier than the
total sample that attended Exam 5, the present results are more likely to underestimate rather
than overestimate any effects. Further, there are other variables that may influence the
relations among vascular risk factors, APOE genotype, and cognitive decline that were not
assessed in the present study and should be considered in future investigations (e.g., medical
conditions such as chronic kidney disease; alcohol consumption; physical activity levels).

Despite these limitations, the present study has several notable strengths including a
longitudinal design, a large community-based sample, a comprehensive neuropsychological
assessment, inclusion of several vascular risk factors, and the exclusion of those participants
with a diagnosis of clinical dementia or stroke at baseline. Given the paucity of existing
research, there is an incomplete understanding of the associations among vascular risk
burden, genetic risk factors, and cognitive functioning. Future prospective longitudinal
studies incorporating clinical, genetic, neuroimaging, and neuropathological data are needed
given that vascular and degenerative pathologies are common in older age and often coexist,
which may result in similar clinical phenotypes.[30] Such studies will further elucidate the
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contributions of different pathologies and help to characterize phenotypes of the preclinical
and prodromal periods of different forms of dementia.
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Figure 1. Annual change in cognitive performance by APOE genotype and diabetes status

Mean annual change in cognitive performance presented in standard deviation units and
adjusted for age at first neuropsychological assessment, sex, education, and time from Exam
5 (when diabetes status was assessed) to the first neuropsychological assessment. APOE
genotype significantly modified the relationship between diabetes and change in
performance for all three cognitive variables (p < 0.083 for all interactions). Cognitive
abilities were assessed with the following measures: Wechsler Memory Scale Logical
Memory savings score (verbal memory savings), Halstead-Reitan Trail Making Test Part A
(attention), and Hooper Visual Organization Test (visuospatial abilities). DM = diabetes
mellitus.
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Demographic and Risk Factor Characteristics of Participants in the Present Study Sample Compared to

Table 1

Page 12

Participants who Attended Exam 5 but did Not Complete the Neuropsychological Assessment and Were Not
Included in the Present Sample.

Smoker (%)@

Variable Study Sample | Notin Sample p
N 1,436 2,363
Age at examination 5 (years; mean + SE) 54+9 56 + 11 <0.001
Sex (% women) 54 52 .218
Education (%)
No HS Degree 3 7 <0.001
HS Degree 57 62
College Degree 40 30
APOE &4 carrier (%) 20 21 0.480
MMSE score (mean + SE)& 201 2042 <0.001
Systolic blood pressure (mean + SE)& 124+18 128+19 <0.001
Hypertension (= JNC 7 Stage I; %)& 28 39 <0.001
History of CVD (%)2 5 1 <0.001
Diabetes mellitus (%)2 5 9 <0.001
15 22 <0.001

Abbreviations: SE = standard error; NP = neuropsychological; HS = high school; APOE = apolipoprotein E; MMSE = Mini-Mental State
Examination; CES-D = Center for Epidemiological Studies Depression Scale; JINC 7 = Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure; CVD = cardiovascular disease.

aAt Exam 5

J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Bangen et al.

Neuropsychological Performance at Baseline and Follow up Assessments and Rate of Cognitive Change

Table 2

Page 13

Neuropsychological Measure

Baseline score (mean +

Follow up score (mean

Annual rate of change (mean +

SD) +SD) SD)
WMS LM delayed recall 11+4 11+4 0.07 £ 0.56
WMS LM savings 92+19 91 +22 -0.2+4.0
WMS VR delayed recall 8+3 8+3 -0.07 £ 0.46
WMS VR savings 91 +23 88 £ 25 -04+49
WAIS Similarities 17+3 17+4 -0.03 £0.49
Halstead-Reitan Trail Making Part A (minutes) 05+02 06+03 -0.005 + 0.042"
Halstead-Reitan Trail Making Part B (minutes) 14+£09 17+£14 -0.06 +0.19"
Trail Making B-A (minutes) 0.8+0.8 12+13 -0.05+0.19%
Hooper Visual Organization Test 25+3 25+3 -0.06 + 0.35
Boston Naming Test 282 273 -0.04 £0.30

Abbreviations: SD = standard deviation; WMS = Wechsler Memory Scale; LM = Logical Memory; VR = Visual Reproduction; WAIS = Wechsler

Adult Intelligence Scale.

*
The signs of the three Trail Making Test variables were reversed during calculation of annual rate of change in order to be consistent with the
other neuropsychological measures (i.e., negative rate of change indicates decline)
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Table 4

Page 16

Association between midlife vascular risk factors and later cognitive decline stratified by APOE &4 status (for
those interactions where p < 0.10)

HTN | CVD DM
WMS LM savings
APOE ¢4- -0.01+£0.13
APOE &4+ -0.61 +£0.33
Halstead-Reitan Trail Making Part A
APOE &4- 0.05+0.13
APOE g4+ -0.74 +0.33"
Hooper Visual Organization Test
APOE &4- 0.15+0.14
APOE &4+ -0.52£0.31

Boston Naming Test

APOE &4-

0.01+0.06

-0.13+0.13

APOE ¢4+ | -0.28 £0.17

-0.66 +0.34"

All values represent f + SE.

*
0.01<p<0.05
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