
APOE genotype, hippocampus, and cognitive markers of 
Alzheimer’s disease in American Indians: Data from the Strong 
Heart Study

Astrid Suchy-Dicey1, Barbara Howard2, WT Longstreth Jr3, Eric M. Reiman4, Dedra 
Buchwald1

1Washington State University Elson S Floyd College of Medicine, Seattle, Washington, USA

2MedStar Health Research Institute, Phoenix, Arizona, USA

3University of Washington Neurology and Epidemiology Departments, Seattle, Washington, USA

4Banner Alzheimer’s Institute, Phoenix, Arizona, USA

Abstract

Background: The apolipoprotein E (APOE) ε4 allele confers higher risk of neurodegeneration 

and Alzheimer’s disease (AD), but differs by race/ethnicity. We examined this association in 

American Indians.

Methods: The Strong Heart Study is a population-based cohort of American Indians who were 

64 to 95 years of age in 2010 to 2013. APOE ε4 status, brain imaging, and neuropsychological 

testing was collected in N = 811 individuals. Summary statistics, graphics, and generalized 

linear regressions—adjusted for sociodemographics, clinical features, and intracranial volume with 

bootstrap variance estimator—compared APOE ε4 carriers with non-carriers.

Results: APOE ε4 carriers comprised 22% of the population (0.7% homozygotes). Participants 

were mean 73 years, 67% female, and 54% had some college education. The majority were obese 

(>50%), hypertensive (>80%), and diabetic (>50%). Neither imaging findings nor multidomain 

cognitive testing showed any substantive differences between APOE ε4 carriers and non-carriers.

Conclusion: We found no evidence of neurodegenerative risk from APOE ε4 in American 

Indians. Additional studies are needed to examine potential protective features.
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1 | INTRODUCTION

Apolipoprotein E (apoE), the major cholesterol transporter, is polymorphic with three 

common isoforms encoded by single nucleotide polymorphisms: ε2, ε3, and ε4. The 

APOE ε4 allele is a strong, well-established, independent, objective risk factor for 
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neurodegeneration, including Alzheimer’s disease1,2 and related disorders (ADRD),3–5 with 

structural6,7 and neuropsychological8 effects up to 20 years before clinical recognition. 

However, studies of African American, Hispanic-Latino, and Asian-ancestry populations 

have suggested differential, lower, or absent associations for the APOE ε4 allele.9–13 

Neurodegenerative disease resembling ADRD, endemic to Pacific Islanders, has not been 

associated with the APOE ε4 allele14,15; and only two small studies have examined 

APOE ε4 in North American Indigenous peoples.16,17 Our study purports to address these 

knowledge gaps with an analysis of brain volumes and cognitive testing markers related to 

ADRD in a large, heterogeneous, population-based study of American Indians.

1. Systematic review: Risk of Alzheimer’s disease and related disorders (ADRD) 

associated with the apolipoprotein E (APOE) ε4 allele is well established.

2. Interpretation: We did not find any evidence of such an association with 

structural brain volumes, cognitive performance, or function related to AD in a 

large cohort of American Indians. Overall, our negative findings lend credence to 

hypotheses of evolutionary pressure on lipid metabolism genes, suggesting that 

traditional food sources may be critical in sustaining brain health in Indigenous 

populations. In addition, social, behavioral, cultural, or other features promoting 

positive aging and resilience may counterbalance endogenous risks. Attributable 

risk for ADRD in American Indians is still unclear, due in part to inadequate 

epidemiology and neuropsychology in this underserved population.

3. Future directions: Future research should carefully estimate prevalence and 

incidence of dementia and ADRD; evaluate longitudinal changes in imaging and 

cognition markers in association with the APOE genotype; consider the effect of 

APOE genotype on endophenotypes of neurodegeneration, such as biomarkers 

of amyloid beta (Aβ) and tau; and explore sociocultural or behavioral protective 

features that may help to explain these findings.

The Strong Heart Study (SHS), a longitudinal cohort of American Indian adults residing 

in tribal communities in three geographic regions, has published prevalence of APOE ε4 

allele (≈24%), and ε4/ε4 homozygotes (≈1%),18 with allele frequencies roughly comparable 

to those in US populations of European descent. In previous reports from the SHS cohort, 

the APOE ε4allele was associated with higher serum lipid levels, history of cardiovascular 

disease, and poor glucose control—all important risk factors for vascular brain injury and 

ADRD.18 Our analysis aims to expand on these previous findings, to explore whether the 

presence of the APOE ε4allele is associated with cognition and neurodegeneration using 

data from a follow-up examination within the SHS cohort, including magnetic resonance 

imaging (MRI), detailed cognitive assessment, and neurological clinical history. Specifically, 

we will examine whether carriers of the APOE ε4allele have a greater degree of brain 

or hippocampal atrophy or a greater degree of memory loss, memory-defined cognitive 

impairment, or multiple-domain cognitive impairment.
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2 | METHODS

Setting.

SHS participants have undergone six waves of data collection, starting with a baseline 

examination in 1989 to 1991.19 This original cohort of 4549 American Indians, then 45 

to 74 years of age, comprised 62% of the total eligible population of tribal members 

living in 13 communities in the Northern Plains, Southern Plains, and Southwest.19 In 

2010 to 2013, a total of 86% of all survivors from that original cohort, by then 64 to 95 

years of age, participated in a comprehensive follow-up examination focused on cranial 

MRI, cognitive and functional assessment, and detailed neurological history, known as 

the Cardiovascular Disease and its Consequences in American Indians (CDCAI) study.20 

A methodological report for the recruitment and examination of these participants, with 

Consolidated Standards of Reporting Trials (CONSORT) diagram, has been published 

previously,20 as well as in-depth descriptions of MRI and cognitive findings.21,22 All 

participants provided written, informed consent; all participating institutional and Indian 

Health Service review boards, tribal research review boards, and tribal councils reviewed 

research procedures, as required.

Data Collection.

Genotyping procedures,23 MRI,24 and cognitive examinations20 have been described 

previously in detail. The APOE genotype was determined in a standard fashion18 using 

blood samples collected at the baseline SHS visit. Full APOE haplotypes were initially 

defined, but by the time of the neurology examination (ages 64 to 95), the rare haplotypes 

were so uncommon that the comparison of interest simplified to APOE ε4 carriers and 

non-carriers. Neuroradiologists blinded to participant data processed 1.5T MRI scans from 

the neurology visit using FreeSurfer image analysis suite,25 FIRST in FSL 5.0,26 and 

the ENIGMA1 protocol27 to estimate combined gray and white matter brain volume, 

right and left hippocampus, and intracranial space. Four standard cognitive tests were 

administered, including California Verbal Learning Test (CVLT) version II short form, 

comprising several indices of immediate and delayed verbal learning and memory;28 

Weschler Adult Intelligence Scale, 4th Edition (WAIS-IV) digit symbol coding subtest, 

measuring visuospatial processing speed and working memory29; the Controlled Oral 

Word Association (COWA) F,A,S test evaluating phonemic verbal fluency and executive 

functioning30; and the Modified Mini Mental Status Examination (3MSE) offering a global 

screening tool for general cognitive functioning.31 Of the participants with imaging and 

cognitive data available for analysis from the CDCAI neurology examination visit (2010 to 

2013), N = 811 also have available APOE genotype data.

Age, sex, years of formal education, and anthropometric (body mass index) or clinical 

co-morbidities were measured by self-reported questionnaire and clinical evaluation. 

Hypertension was defined as averaged seated systolic blood pressure >140 mm Hg, diastolic 

blood pressure >90 mm Hg, or use of antihypertensive medications; diabetes mellitus as 

fasting glucose >126 mg/dL (7 mmol/L) or use of insulin/antidiabetic medications; high 

serum LDL (low-density lipoprotein) as >140 mg/dL or use of statins; chronic kidney 

disease (CKD) as estimated glomerular filtration rate <60 mL/min.
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Analyses.

Descriptive techniques—count and percent or mean and standard deviation—were used to 

summarize sociodemographic, clinical, image volumetric, and cognitive test performance 

features, stratified by APOE ε4 allele carriers (haplotypes 4/2, 4/3, and 4/4) and non-

carriers (haplotypes 2/2, 3/2, 3/3). P-values in Table 1 were used to test the likelihood 

that differences between APOE ε4 carriers and non-carriers in these features would likely 

exist in the underlying population, under the null hypothesis of no true difference; tests 

used Student t (continuous) or chi-square (binary, categorical) distributions. Regressions 

comparing APOE ε4 allele carrier status (independent variable) against standardized, 

continuous imaging or cognitive features (dependent variables) used generalized linear 

models with Gaussian (normal) link and a non-parametric bootstrap (50 replication) 

variance estimator, to reduce model dependence on assumptions of representative selection, 

homoscedasticity, and normality. Adjustment variables included age, sex, field center, 

education, body mass index (BMI), diabetes, hypertension, high LDL, and CKD; imaging 

volumetric features were also adjusted for intracranial volume. Scatterplots with fractional 

polynomial curves and 95% confidence intervals examined the associations between 

cognitive performance scores and age, with stratification (coloration) by APOE ε4 allele 

carrier status. Cognitive impairment was defined using a simplified actuarial method, as 

deficits (1.5 SD below mean) in either learning (best of trials 3 and 4) or retention (percent 

retained after learning) on the CVLT tasks; performance on other cognitive tasks, including 

WAIS-IV digit coding, COWA, and 3MSE tests, were compared using box plots between 

those with/out impairment those with/out APOE ε4 allele carrier status. All statistical 

analyses were conducted using Stata version 14 (Stata Corp, LLC. College Station, Texas, 

USA).

3 | RESULTS

Among participants of the CDCAI neurology examination (2010 to 2013; N = 811), APOE 

ε4 non-carriers included haplotypes 3/2 (n = 42, 5.1%) and 3/3 (n = 588, 72.5%) but no 2/2. 

APOE4 carriers included haplotypes 4/2 (n = 5, 0.6%), 4/3 (n = 170, 21.0%), and 4/4 (n = 6, 

0.7%).

As has been detailed in previous reports,20 participants had a mean age 73 and were 67% 

female (Table 1). Education level was generally high, with 54% having attended at least 

some college. BMI was also high (mean >30 kg/m2), and many were hypertensive (>80%), 

diabetic (nearly 50%), dyslipidemic (>39%), or had CKD(>44%). When APOE ε4 carriers 

were compared with non-carriers, most sociodemographic or clinical features were similar, 

except for proportion of those with high LDL (44% vs 39%, not significant) and CKD (44% 

vs 48%, not significant). Performance on cognitive tests was varied: mean WAIS coding task 

score was 42 to 44 (SD 15 to 16); mean COWA 24 to 25 (SD 11 to 12); mean 3MSE 88 

to 89 (SD 9 to 11). CVLT learning tasks were generally successful: mean 7 (SD 1.5) of 9 

total, with relatively high consistency across trials; however, retention was lower, with mean 

22% to 23% lost (SD 27%), resulting in long delay mean score 1 to 2 points lower (mean 5 

to 6, SD 2). Brain, hippocampus, and intracranial (IC) volumes were similar between APOE 
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ε4 carriers and non-carriers, as were all CVLT measures, and the other cognitive test scores 

(WAIS, COWA, 3MSE).

Generalized linear models (Table 2) of APOE ε4 carrier status with MRI-defined brain 

volumes, adjusted for sociodemographics and key clinical risk features, demonstrated little 

evidence of any association. The beta coefficients were close to 0 and the 95% confidence 

intervals were squarely centered on 0. P-values for volumetric coefficients were robustly null 

(P > .2); however, P-values for the age coefficients in each model were robustly significant 

(P < .01). Adjustment for multiple testing was not performed because each of the tests is 

closely correlated, and part of the same singular, a priori stated hypothesis.

Similarly structured models for multiple measures of cognitive performance on the CVLT 

test (Tables 3) were also null (P > .3), but with significant positive control coefficients 

for age (P < .1). Scatterplots of various CVLT performance metrics (Figure 1) over age, 

stratified by APOE ε4 carrier status, with fractional polynomial fit lines and 95% confidence 

intervals, showed overlapping data and association for the entire range of age, with no 

divergence in the oldest groups. Box plots of non-CVLT cognitive tests—WAIS, COWA, 

and 3MSE, grouped by an actuarial-derived memory impairment categorization based on 

CVLT performance (Figure 2), and also by APOE ε4 carrier status—showed lower cognitive 

performance among those with memory deficit, but no differences by APOE ε4 carrier 

status, both in the impaired and in the non-impaired.

4 | DISCUSSION

This study evaluated associations between the presence of the APOE ε4 allele with both 

neuroimaging and cognitive markers of vascular brain injury and neurodegeneration in 

American Indians and found that the presence of the APOE ε4 allele was not associated 

with sociodemographic, clinical, subclinical, or functional markers of either vascular or 

degenerative brain disease in this large, heterogeneous cohort of American Indians over age 

65. Furthermore, the degree of APOE ε4 allele association was not different between those 

with or without cognitive or memory impairment, or over the range of age—a departure 

from prior studies in other populations.9 These findings are consistent with prior small 

studies in Choctaw16 and Cherokee,17 and with prior studies in this same population-based 

cohort that APOE genotype does not modify other risk associations.21

Of the neuropsychological domains that we examined, the APOE ε4 allele has been 

previously associated with decrements in processing speed and memory across the life-

course,32,33 independent of lifestyle and other factors,34 in population-based cohorts of 

primarily non-Hispanic Whites from the United Kingdom and Australia.35,36 Of note, 

in vascular dementia, APOE ε4 may preferentially impair spatial memory and reaction 

time, whereas in AD, processing speed and immediate recall tasks may be more strongly 

affected.37

Despite the negative findings in the current analysis, LDL cholesterol has been previously 

and significantly associated with APOE ε4 carrier status in the SHS cohort. APOE 
phenotype influenced LDL, high-density lipoprotein (HDL), and serum apolipoproteins, 
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with differences by sex and menopausal status.18 These findings are consistent with an 

endogenous role of apoE in lipid metabolism.

The APOE gene is polymorphic with three common isoforms, including ε2, ε3, and ε4–

encoded by two single nucleotide polymorphisms. Approximately 25% of the non-Hispanic 

White and European populations carries at least one APOE ε4 allele.9,32 Indigenous 

populations living in environments characterized by foraging or limited food availability also 

present with ε4 as a common allele, including Pygmies (41%), Khoi San (37%), Papuans 

(37%), Lapps (31%), Malaysian (24%), Australian (26%) aborigines, and some American 

Indian/Native Americans (28%).38,39 In the SHS baseline cohort of American Indians 45 to 

74 years of age, the APOE ε4 allele was characterized as 24%, with ≈1% homozygotes.18 In 

the CDCAI examination—which included 86% of surviving, eligible participants, who were 

then 64 to 95 years of age20–these frequencies were 22% and 0.7%, respectively.

Populations with long-established agricultural economies have slowly replaced the ε4 with 

the ε3 allele as the more common inherited form, suggesting that the high prevalence of 

type 2 diabetes, obesity, and other conditions related to metabolic disturbance in some 

populations may be a consequence of genetic variants that have undergone positive selection 

during periods of erratic food supply.38 This hypothesis posits that carriers of the ε4 allele 

differentially survive in foraging conditions because they are able to deposit additional fat 

between famines, bestowing an evolutionary advantage. When food availability increases, 

excess capacity for adipose tissue deposition becomes a risk, rather than an advantage. 

Recent studies have further found that ε4 frequency decreases and ε2/ε3 frequencies 

increase with more southerly latitude,40 suggesting that such natural selection pressures 

based on environmental temperatures and food availability patterns present since the 

Paleolithic period, may have resulted in functional differences in lipid metabolism for both 

Indigenous and non-Indigenous populations.41 Such a finding, if true, could suggest that 

traditional foods and food sources may be critically important to population health.

Modern population groups—including those with American Indian, African, Asian, or 

Hispanic-Latino heritage—may be difficult to categorize and define in the context of 

pre–Industrial Era population migrations and diaspora. Nevertheless, many studies have 

identified inconsistent, weak, absent, or otherwise differential associations for the APOE 
ε4 allele in non-White populations.9–13,42–45 Although some studies may be limited by 

selection bias, small sample size, and unvalidated cognitive measures, ADRD risk from 

APOE may be mediated or modified by race-confounded features such as socioeconomic 

status, diabetes,46 depression,47 and cardiovascular disease.48 Indeed, when large, sensitive, 

robust analyses are applied to account for socioeconomic differences, racial-risk estimates 

for APOE genotype appear similar across populations, with socioeconomic accounting 

for much of the risk difference.49,50 Despite methodological clarifications, inference on 

genetic studies with racial stratification should be structured with care, to avoid errors of 

interpretation. Ancestry is only one facet in racial/ethnic population identity, and racial 

status should not be considered as a surrogate marker for ancestry, and such ancestry should 

not be considered as homogeneous.
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This study found that the APOE ε4 allele does not appear to be linked to neurogenerative 

disease or cognition in American Indians. Despite strong evidence of risk from the APOE 
ε4 allele in the majority population and conflicting reports of risk in African Americans, 

Hispanic/Latinos, and Asians, possibly due to race-linked residual confounding and bias, our 

population-based cohort study was powered and structured to detect an effect, if one exists. 

Effects for other participant features were successfully identified, including age, serving as 

positive statistical controls. Furthermore, a sensitivity power analysis—given the observed 

study sample (n1 = 630; n2 = 181)—found that a two-tailed t-test with 0.05 alpha can detect 

a small to medium effect size (Cohen d = 0.27 to 0.30) with 90% to 95% power and a small 

effect size (d < 0.25) with 80% to 85% power.

Furthermore, research in non-Hispanic Whites has shown that, due to selective survival, 

the detectable differential effect of APOE genotype on neurodegeneration peaks at around 

age 70 for ε4/ε4 homozygotes and at around age 75 for APOE ε4 carriers/heterozygotes, 

compared with non-carriers,7 with detectability reduced to null by age 80. Because of 

the selection protocol inherent in the SHS and CDCAI cohorts,20 selective survival could 

increase Type 2 error with bias toward the null, if APOE genotype is associated with the 

likelihood of participation. Such error is critical to interpretation of these study results 

because the most likely finding is that the APOE ε4 allele status increases the risk of 

neurodegeneration and dementia in American Indians in a similar manner and magnitude 

as that observed in non-Hispanic White or European ancestry populations. However, a 

few findings argue against a Type 2 error solely explaining our null findings. First, the 

prevalence of the APOE ε4 allele was similar among SHS participants who did and did 

not survive to participate in the CDCAI neurology examination, suggesting that selective 

survival is not likely to have been affected by APOE ε4 allele status in this study. Second, 

the mean age range in this study was close to the age of peak discoverability in non-Hispanic 

Whites from prior studies.7 Third, previous studies in the SHS and CDCAI cohort have 

detected little evidence of selective survival for vascular and degenerative brain outcomes. 

Similarly, although AD pathogenetic severity could influence detectability of associations 

between APOE ε4 genetic exposures and markers of AD pathogenesis, the absence of 

validated cognitive standards by which to stage AD22,51 precludes population stratification 

until such standards can be established.

Research in context:

Overall, these negative findings lend credence to hypotheses of evolutionary pressure on 

lipid metabolism genes, suggesting that traditional food sources may be critical in sustaining 

cognitive function and avoiding neurodegeneration Indigenous populations. Alternatively, 

positive aging features may counterbalance risk features, contributing to resilient aging. 

Attributable risk for dementia and ADRD outcomes in American Indians is still unclear, 

due in part to inadequate information on the epidemiology of these conditions; therefore, 

future research should carefully estimate the prevalence and incidence of dementia and 

ADRD; evaluate longitudinal changes in imaging and cognition markers in association 

with APOE genotype; consider the effect of the APOE genotype on endophenotypes 

of neurodegeneration, such as biomarkers of Aβ and tau; and explore the cultural, 

environmental, or genetic protective features that may help to explain these findings.
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FIGURE 1. 
Scatterplots and association curves of age with the California Verbal Learning Test short 

form, 2nd Edition (CVLT); proportion (percent) retained between learning trials and 10-

minute “long” delay recall. Cross-sectional population range of age (64 to 95 years) on the 

X-axis. Y-axis features include percent retained between learning trials and long delay free 

recall (A); best performance between trials 3 and 4 (B); and long delay free-recall score (C). 

Stratification by apolipoprotein E (APOE) ε4 carrier status, with non-carriers in (light) blue 

and carriers in (dark) purple (or dark navy, dark green). Association lines using fractional 

polynomial fit (blue, purple) with 95% confidence interval (gray)
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FIGURE 2. 
Raw cognitive test scores, stratified by cognitive impairment and by apolipoprotein E 

(APOE) ε4 carrier status. Cognitive test scores include: (A) Weschler Adult Intelligence 

Scale (WAIS) digit symbol coding for processing speed, (B) Controlled Oral Word 

Association test (COWA) for phonemic fluency and executive function, and (C) Modified 

Mini Mental Status Examination (3MSE) for general cognition. Cognitive impairment 
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defined using operationalized (actuarial) method based on California Verbal Learning Test 

short form, 2nd edition (CVLT) score

Suchy-Dicey et al. Page 14

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Suchy-Dicey et al. Page 15

TA
B

L
E

 1

Se
le

ct
ed

 p
ar

tic
ip

an
t c

ha
ra

ct
er

is
tic

s 
of

 A
m

er
ic

an
 I

nd
ia

ns
, 6

4 
to

 9
5 

ye
ar

s 
of

 a
ge

, s
tr

at
if

ie
d 

by
 a

po
lip

op
ro

te
in

 E
 (

A
PO

E
) 
ε4

 c
ar

ri
er

 s
ta

tu
s

A
P

O
E

 ε
4 

st
at

us
 N

on
-c

ar
ri

er
s*

C
ar

ri
er

s*

n 
= 

63
0 

(7
7.

7%
)

n 
= 

18
1 

(2
2.

3%
)

P

A
ge

 (
ye

ar
s)

, m
ea

n 
(S

D
)

73
.1

 (
6.

0)
72

.7
 (

5.
5)

.3
4

M
al

e,
 n

(%
)

20
4 

(3
2.

4%
)

59
 (

32
.6

%
)

.9
6

Fi
el

d 
ce

nt
er

, n
(%

)
N

or
th

er
n 

Pl
ai

ns
29

4 
(4

6.
7%

)
78

 (
43

.1
%

)
.5

2

So
ut

he
rn

 P
la

in
s

25
9 

(4
1.

1%
)

83
 (

45
.9

%
)

So
ut

hw
es

t
77

 (
12

.2
%

)
20

 (
11

.0
%

)

B
M

I 
(k

g/
m

2 )
, m

ea
n 

(S
D

)
31

.3
 (

6.
4)

31
.8

 (
7.

1)
.3

9

E
du

ca
tio

n 
ca

te
go

ri
es

U
p 

to
 h

ig
h 

sc
ho

ol
12

6 
(2

0.
0%

)
36

 (
19

.9
%

)
.1

1

G
ra

d.
 h

ig
h 

sc
ho

ol
17

0 
(2

7.
0%

)
38

 (
21

.0
%

)

A
ny

 c
ol

le
ge

25
0 

(3
9.

7%
)

71
 (

39
.2

%
)

C
ol

le
ge

 g
ra

du
at

e
84

 (
13

.3
%

)
36

 (
19

.9
%

)

H
yp

er
te

ns
io

n
51

0 
(8

1.
0%

)
14

5 
(8

0.
1%

)
.8

0

D
ia

be
te

s 
m

el
lit

us
31

2 
(4

9.
5%

)
87

 (
48

.1
%

)
.7

3

H
ig

h 
L

D
L

24
5 

(3
8.

9%
)

80
 (

44
.2

%
)

.2
0

C
K

D
30

0 
(4

7.
6%

)
79

 (
43

.6
%

)
.3

5

V
ol

um
e:

 b
ra

in
 (

%
 I

C
),

 m
ea

n 
(S

D
)

77
.4

 (
4.

6)
77

.6
 (

4.
8)

.5
6

V
ol

um
e:

 h
ip

po
ca

m
pu

s 
(%

 I
C

),
 m

ea
n 

(S
D

)
0.

5 
(0

.1
)

0.
5 

(0
.1

)
.6

2

V
ol

um
e:

 le
ft

 h
ip

po
ca

m
pu

s 
(%

 I
C

),
 m

ea
n 

(S
D

)
0.

3 
(0

.0
)

0.
3 

(0
.0

)
.9

5

V
ol

um
e:

 r
ig

ht
 h

ip
po

ca
m

pu
s 

(%
 I

C
),

 m
ea

n 
(S

D
)

0.
3 

(0
.0

)
0.

3 
(0

.0
)

.4
2

L
ea

rn
in

g:
 C

V
LT

 b
es

t o
f 

tr
ia

ls
 3

 a
nd

 4
6.

9 
(1

.5
)

6.
9 

(1
.5

)
.6

2

L
ea

rn
in

g:
 C

V
LT

 a
cr

os
s-

tr
ia

l c
on

si
st

en
cy

 s
co

re
82

.3
 (

14
.3

)
82

.7
 (

14
.1

)
.7

4

L
ea

rn
in

g 
&

 m
em

or
y:

 C
V

LT
 %

 r
et

ai
ne

d
−

22
.7

 (
27

.1
)

−
21

.8
 (

27
.1

)
.6

8

M
em

or
y:

 C
V

LT
 s

ho
rt

 d
el

ay
 f

re
e 

re
ca

ll
5.

9 
(2

.0
)

6.
0 

(2
.1

)
.3

6

M
em

or
y:

 C
V

LT
 lo

ng
 d

el
ay

 f
re

e 
re

ca
ll

5.
4 

(2
.3

)
5.

5 
(2

.2
)

.6
3

M
em

or
y:

 C
V

LT
 lo

ng
 d

el
ay

 c
ue

d 
re

ca
ll

5.
9 

(2
.0

)
6.

1 
(2

.1
)

.2
6

M
em

or
y:

 C
V

LT
 r

ec
og

ni
tio

n 
/ d

is
cr

im
in

at
io

n
2.

6 
(0

.8
)

2.
6 

(0
.8

)
.9

5

Pr
oc

es
si

ng
 s

pe
ed

: W
A

IS
 c

od
in

g
44

.4
 (

16
.1

)
42

.4
 (

15
.0

)
.1

4

Ph
on

em
ic

 f
lu

en
cy

, e
xe

cu
tiv

e 
fu

nc
tio

n:
 C

O
W

A
24

.1
 (

11
.3

)
25

.3
 (

11
.9

)
.2

1

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Suchy-Dicey et al. Page 16

A
P

O
E

 ε
4 

st
at

us
 N

on
-c

ar
ri

er
s*

C
ar

ri
er

s*

n 
= 

63
0 

(7
7.

7%
)

n 
= 

18
1 

(2
2.

3%
)

P

G
en

er
al

 c
og

ni
tio

n:
 3

M
SE

88
.5

 (
8.

8)
87

.9
 (

11
.0

)
.4

8

* A
PO

E
 ε

4 
no

n-
ca

rr
ie

rs
 in

cl
ud

e 
ha

pl
ot

yp
es

 3
/2

 (
n 

=
 4

2,
 5

.1
%

) 
an

d 
3/

3 
(n

 =
 5

88
, 7

2.
5%

) 
bu

t n
o 

2/
2.

 A
PO

E
 ε

4 
ca

rr
ie

rs
 in

cl
ud

e 
ha

pl
ot

yp
es

 4
/2

 (
n 

=
 5

, 0
.6

%
),

 4
/3

 (
n 

=
 1

70
, 2

1.
0%

),
 a

nd
 4

/4
 (

n 
=

 6
, 0

.7
%

).

N
um

be
r 

an
d 

pe
rc

en
t, 

n(
%

).
 B

M
I,

 b
od

y 
m

as
s 

in
de

x;
, k

g/
m

2 ,
 k

ilo
gr

am
s 

pe
r 

m
et

er
 s

qu
ar

ed
; L

D
L

, l
ow

-d
en

si
ty

 li
po

pr
ot

ei
n;

 C
K

D
, c

hr
on

ic
 k

id
ne

y 
di

se
as

e;
 %

 I
C

, v
ol

um
et

ri
c 

m
ea

su
re

s 
pr

es
en

te
d 

as
 %

 
in

tr
ac

ra
ni

al
 v

ol
um

e;
 C

V
LT

, C
al

if
or

ni
a 

V
er

ba
l L

ea
rn

in
g 

Te
st

; W
A

IS
, W

es
ch

le
r 

A
du

lt 
In

te
lli

ge
nc

e 
Sc

al
e;

 C
O

W
A

, C
on

tr
ol

le
d 

O
ra

l W
or

d 
A

ss
oc

ia
tio

n;
 3

M
SE

, M
od

if
ie

d 
M

in
i M

en
ta

l S
ta

tu
s 

E
xa

m
in

at
io

n.

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Suchy-Dicey et al. Page 17

TA
B

L
E

 2

A
ss

oc
ia

tio
ns

*  o
f 

se
le

ct
ed

 v
ol

um
et

ri
c 

m
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g 
(M

R
I)

 f
in

di
ng

s 
w

ith
 A

PO
E

 ε
4 

ca
rr

ie
r 

st
at

us

N
β 

(9
5%

 C
I)

P
P

 (
ag

e)

B
ra

in
 v

ol
um

e
75

8
0.

02
 (

−
0.

05
, 0

.0
9)

.5
94

<.
00

1

H
ip

po
ca

m
pu

s 
vo

lu
m

e
75

6
−

0.
05

 (
−

0.
21

, 0
.1

1)
.5

48
.0

03

L
ef

t h
ip

po
ca

m
pu

s 
vo

lu
m

e
75

7
−

0.
01

 (
−

0.
20

, 0
.1

8)
.9

16
.0

01

R
ig

ht
 h

ip
po

ca
m

pu
s 

vo
lu

m
e

75
7

−
0.

08
 (

−
0.

21
, 0

.0
5)

.2
17

.0
05

* G
en

er
al

iz
ed

 li
ne

ar
 r

eg
re

ss
io

n 
m

od
el

, G
au

ss
ia

n 
(n

or
m

al
) 

lin
k,

 b
oo

ts
tr

ap
 v

ar
ia

nc
e-

co
va

ri
an

ce
 e

st
im

at
or

 (
V

C
E

) 
w

ith
 5

0 
re

pl
ic

at
io

ns
; a

dj
us

te
d 

fo
r 

in
tr

ac
ra

ni
al

 v
ol

um
e,

 a
ge

, s
ex

, f
ie

ld
 c

en
te

r, 
ed

uc
at

io
n,

 B
M

I,
 

di
ab

et
es

, h
yp

er
te

ns
io

n,
 h

ig
h 

L
D

L
, a

nd
 C

K
D

. S
ta

nd
ar

di
ze

d 
vo

lu
m

et
ri

c 
ex

po
su

re
 a

nd
 a

dj
us

tm
en

t v
ar

ia
bl

es
, f

or
 d

ir
ec

t c
om

pa
ri

so
ns

.

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Suchy-Dicey et al. Page 18

TA
B

L
E

 3

A
ss

oc
ia

tio
ns

*  o
f 

se
le

ct
ed

 C
al

if
or

ni
a 

V
er

ba
l L

ea
rn

in
g 

Te
st

 s
ho

rt
 f

or
m

, 2
nd

 E
di

tio
n 

(C
V

LT
) 

sc
or

es
, w

ith
 A

PO
E

 ε
4 

ca
rr

ie
r 

st
at

us

N
β 

(9
5%

 C
I)

P
P

 (
ag

e)

B
es

t o
f 

tr
ia

ls
 3

 a
nd

 4
74

3
0.

00
 (

−
0.

14
, 0

.1
5)

.9
67

.0
12

A
cr

os
s-

tr
ia

l c
on

si
st

en
cy

73
8

0.
02

 (
−

0.
13

, 0
.1

6)
.8

27
.0

85

Pe
rc

en
t r

et
ai

ne
d 

to
 lo

ng
 d

el
ay

73
6

0.
04

 (
−

0.
11

, 0
.2

0)
.5

59
.0

31

Sh
or

t f
re

e 
re

ca
ll

74
3

0.
06

 (
−

0.
08

, 0
.2

1)
.3

96
.0

01

L
on

g 
fr

ee
 r

ec
al

l
74

3
0.

03
 (

−
0.

14
, 0

.2
0)

.7
40

.0
01

L
on

g 
cu

ed
 r

ec
al

l
74

3
0.

08
 (

−
0.

09
, 0

.2
6)

.3
49

<.
00

1

R
ec

og
ni

tio
n/

di
sc

ri
m

in
at

io
n

74
3

−
0.

02
 (

−
0.

20
, 0

.1
6)

.8
24

<.
00

1

* G
en

er
al

iz
ed

 li
ne

ar
 r

eg
re

ss
io

n 
m

od
el

, G
au

ss
ia

n 
(n

or
m

al
) 

lin
k,

 b
oo

ts
tr

ap
 v

ar
ia

nc
e-

co
va

ri
an

ce
 e

st
im

at
or

 (
V

C
E

) 
w

ith
 5

0 
re

pl
ic

at
io

ns
; a

dj
us

te
d 

fo
r 

in
tr

ac
ra

ni
al

 v
ol

um
e,

 a
ge

, s
ex

, f
ie

ld
 c

en
te

r, 
ed

uc
at

io
n,

 B
M

I,
 

di
ab

et
es

, h
yp

er
te

ns
io

n,
 h

ig
h 

L
D

L
, a

nd
 C

K
D

. S
ta

nd
ar

di
ze

d 
co

gn
iti

ve
 e

xp
os

ur
e 

va
ri

ab
le

s,
 f

or
 d

ir
ec

t c
om

pa
ri

so
ns

.

Alzheimers Dement. Author manuscript; available in PMC 2023 December 01.


	Abstract
	INTRODUCTION
	METHODS
	Setting.
	Data Collection.
	Analyses.

	RESULTS
	DISCUSSION
	Research in context:

	References
	FIGURE 1
	FIGURE 2
	TABLE 1
	TABLE 2
	TABLE 3

