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Abstract

Introduction: Numerous neuroimaging studies demonstrated an association between
the apolipoprotein E (APOE) ¢4 allele and resting-state functional connectivity (rsFC)
of regions within the default mode network (DMN), both in healthy populations and
patients with AD. It remains unclear whether the APOE &4 allele differentially affects
the brain’s functional network architecture across race/ethnicity.

Methods: We investigated rsFC within DMN subsystems in 170 APOE ¢4 carriers com-
pared to 387 APOE ¢4 non-carriers across three major racial/ethnic groups, including
non-Hispanic Whites (n = 166), non-Hispanic Blacks (n = 185), and Hispanics (n = 206)
from the Washington Heights-Inwood Columbia Aging Project.

Results: Compared to APOE ¢4 non-carriers, APOE ¢4 carriers had lower rsFC in tem-
poral DMN, but only in non-Hispanic Whites. Non-Hispanic Black and Hispanic APOE
€4 carriers had slightly higher or similar rsFC compared with non-Hispanic White APOE
€4 non-carriers.

Discussion: These findings suggest that APOE ¢4 modulates DMN rsFC differently in

non-Hispanic Whites compared with non-Hispanic Blacks and Hispanics.

KEYWORDS
APOE &4 differences, brain aging, dementia, neuroimaging, racial/ethnic differences, resting-state
functional connectivity

Hispanics, a rapidly growing segment of the U.S. population, bear a

disproportionate burden of AD and cognitive impairment compared to

Apolipoprotein E (APOE) ¢4 is the most potent genetic risk factor of
late-onset Alzheimer’s disease (AD). The increased risk for AD is two-
to three-fold in people with one copy of the ¢4 allele and approximately
12-fold in those with two copies of the ¢4 allele compared to individ-

uals with no copies of the 4 allele.! Older non-Hispanic Blacks and

non-Hispanic Whites,? but the relationship between APOE ¢4 and risk
for AD is different across racial/ethnic groups. Despite higher APOE
¢4 allele frequency in non-Hispanic Blacks compared to non-Hispanic
Whites, most studies show a weaker association of APOE &4 in non-

Hispanic Blacks and Hispanics with AD.3-¢

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring published by Wiley Periodicals, Inc. on behalf of the Alzheimer’s Association.

Alzheimer’s Dement. 2020;12:e12094.
https://doi.org/10.1002/dad2.12094

wileyonlinelibrary.com/journal/dad2 | 10f8


mailto:ict2105@cumc.columbia.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/dad2
https://doi.org/10.1002/dad2.12094

20f8 Diagnosis, Assessment

TURNEY ET AL.

Disease Monitoring

Resting-state functional connectivity (rsFC), specifically within the
default mode network (DMN), is vulnerable to the earliest stages of
AD pathology,”? which accumulates years before symptom onset, 1011
suggesting the potential of rsFC as an early marker of synaptic and
neuronal dysfunction in AD. Several studies also report that the APOE
¢4 allele is associated with decreased DMN connectivity and function
among cognitively normal older adults,'2-2* even in the absence of
amyloid® and atrophy.1¢17 Nevertheless, previous studies investigat-
ing the relationship between APOE ¢4 and rsFC have included predom-
inantly white adults of European ancestry.1516

Studies also suggest that the DMN is organized around a set of
interacting subsystems that comprise distributed association areas of
the brain.’® We hypothesized that because APOE ¢4 demonstrates
differential associations with AD risk across race/ethnicity, it would
also affect DMN subsystems differently across racial/ethnic groups.
Given the weaker association of APOE ¢4 with the risk of AD in
non-Hispanic Blacks and Hispanics, we posited that the expected
association between APOE ¢4 and DMN rsFC would not be present
or would be weaker in these groups compared with non-Hispanic
Whites. The current study examined whether race/ethnicity moder-
ates the relationship between APOE &4 and rsFC in subsystems of the
DMN in a community-based sample of racially/ethnically diverse older
adults from the Washington Heights-Inwood Columbia Aging Project
(WHICAP). We predicted that APOE ¢4 carriers would have reduced
rsFC in the DMN, and this effect would be most prominent in non-

Hispanic Whites compared to non-Hispanic Blacks and Hispanics.

2 | METHODS

2.1 | Participants

We selected participants from the WHICAP cohort, a community-
based study of cognitive aging and dementia in residents of north-
ern Manhattan, New York. WHICAP participants were recruited in
three waves, beginning in 1992, 1999, and 2009. Magnetic resonance
imaging (MRI) was introduced into the WHICAP study in 20057 with
1.5T scanning; current analyses include participants recruited from the
2009 cohort from which 700 participants received functional scans
with 3T MRI beginning in 2011.2° Participants self-identified with a
race/ethnicity, including the following mutually exclusive categories:
non-Hispanic White, non-Hispanic Black, Hispanic, or other. As the pur-
pose of this study was to examine rsFC, only participants with complete
resting-state functional MRI (fMRI) sequences from the 2009 cohort,
as well as cognitive, demographic, and APOE data, were considered for
the analyses, resulting in a sample size of 579. Among these 579 par-
ticipants, 22 (~4%) met clinical criteria for AD, and an additional 107
(18%) individuals met criteria for mild cognitive impairment (MCl). We
excluded participants who met criteria for dementia, and included par-
ticipants meeting criteria for MCI (final n = 557). All participants gave
written informed consent and received compensation for their partic-
ipation. The Columbia University Medical Center Institutional Review

Board approved this study.

RESEARCH IN CONTEXT

1. Systematic review: Review of the existing literature
using PubMed revealed evidence that the apolipopro-
tein E (APOE) ¢4 allele, one of the strongest genetic
risk factors for Alzheimer’'s disease (AD), is associated
with resting-state functional connectivity (rsFC) in older
adults without dementia. The vast majority of research,
however, included predominantly non-Hispanic White
participants. APOE ¢4 may be a predictor of rsFC in
healthy older adults, but it is unclear whether this asso-
ciation differs across race/ethnicity.

2. Interpretation: Our findings suggest that APOE ¢4 mod-
ulates rsFC in default mode network subsystems differ-
ently in non-Hispanic Whites compared to non-Hispanic
Blacks and Hispanics.

3. Future directions: This study takes an essential step
toward understanding sources of APOE e4-related dis-
parities in AD risk. Future studies should identify socio-
cultural mechanisms, as well as the interplay between bio-
logical and sociocultural mechanisms, that may underlie
these differences.

2.2 | Measures

Participants were evaluated in their preferred language, English or
Spanish, using a comprehensive neuropsychological battery that has
been validated in both language groups.2! Dementia diagnosis was

adjudicated based on standardized criteria?2-24

at adiagnostic consen-
sus conference, which included at least one neuropsychologist and one
neurologist who reviewed medical, neuropsychological, and functional
interview data. Diagnostic formulation did not include MRI data. MCI
diagnosis was made as described previously.2> Blood samples were col-
lected, and the single nucleotide polymorphisms (SNPs) rs7412 and
rs429358 in APOE (gene map locus 19q13.2) were genotyped with
KASPar® PCR SNP genotyping system (LGC Genomics, Hoddesdon,
Herts, UK) and subsequently categorized as APOE &4 positive (APOE
ed+;n=170; 161 heterozygote) or negative (APOE e4-; n = 387) based
on the presence of the ¢4 allele.

2.3 | MRI acquisition and processing

Participants were scanned on a 3T Philips Intera scanner at Columbia
University between 2011 and 2019. Parameters for the T1-weighted
anatomical scans were: TR = 6.6 ms; TE = 3.0 ms; flip angle = 8°; field
of view (FOV) = 256 x 200 x 165 mm?3; in-plane resolution = 1 x 1
mm?Z; slices = 165. Resting-state functional time series was acquired
using a gradient echo-planar imaging (EPI) sequence with the fol-
lowing parameters TR = 2000 ms; TE = 20 ms; flip angle = 72°;
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FOV = 224 x 224 x 111 mm3; slice thickness = 3.0 mm; in-plane res-
olution = 2 x 2 mm?; volumes = 285. Images were acquired in the
axial orientation for a total acquisition time of 19 minutes. Scanning
acquisition parameters for the EPI sequence changed for some par-
ticipants (n = 211): TR = 2000 ms; TE = 30 ms; flip angle = 72°;
FOV = 240 x 240 x 117 mm3; slice thickness = 3.0 mm; in-plane res-
olution = 3 x 3 mm?; volumes = 200. Images were acquired in the
axial orientation for a total acquisition time of 7 minutes. We created
a dichotomous variable (“scan protocol”) to represent whether partic-
ipants received the 7-minute acquisition or the 19-minute protocol.
This indicator variable was later included as a covariate in our analysis
to control for differences in scan protocol.

The CONN toolbox,2¢ which uses Statistical Parametric Mapping 12
software (www.fil.ion.ucl.ac.uk/spm/), was used to process the imaging
data. We realigned each image to the mean of the time series, slice-
time corrected, skull-stripped, normalized to Montreal Neurological
Institute (MNI) space, and smoothed with a 6 mm full-width half-max
kernel, and adjusted for movement artifacts. The resting-state fMRI
time series was corrected on a voxel-by-voxel basis with the anatomical
component correction (aCompCor) method, which removes the prin-
cipal components attributed to white matter and cerebrospinal fluid
signals?’ and eliminates the need for a global signal regression.282?
Additional post-processing of time series data was performed with
the Artifact Detection Toolbox° to identify image frames at the sub-
ject level with extreme motion as outliers. We also excluded partici-
pants with greater than 3 mm movement, > 50% scrubbed volumes, or
poor signal-to-noise data (determined from six subject-specific motion
parameters and their first derivatives; n = 99). Participants excluded
from the rsFC analysis were similar to included participants with
respect to cognitive status, race/ethnicity, sex/gender, age at scan,
and APOE &4 (data not shown). Frames identified as extreme motion
outliers, as well as six subject-specific motion parameters and their
first derivatives, were also calculated as potential confounds in the
denoising processing step. The residual blood-oxygen-level-dependent
(BOLD) time-series in each voxel was band-pass filtered at 0.009 to
0.08 Hz to focus on low-frequency fluctuations.3!

2.4 | Statistical analysis

The mean BOLD signal time course was used to compute regions of
interest (ROI)-to-ROI connectivity between ROIls within the subsys-
tems of the DMN, using the Power Atlas.3? Subsystems of the DMN
included frontal (eg, inferior, medial, superior, and middle frontal gyri
and anterior cingulate), temporal (eg, inferior, middle, and superior
temporal gyri, parahippocampal, and fusiform gyri), and occipito-
parietal (eg, precuneus, cingulate, angular gyri), totaling 55 regions
(see Figure 1). We computed functional connectivity between each
ROI within each subsystem using the Conn functional connectivity
toolbox. The residual BOLD time-series was extracted from gray
matter voxels within the 55 ROls in the preprocessed resting-state
fMRI data. After the temporal preprocessing of fMRI data, ROI-to-ROI

functional connectivity analysis was performed by grouping voxels into
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FIGURE 1 Subsystem of the default mode network, including
frontal (purple), temporal (orange), and occipito-parietal (green)
regions. Each point represents a 5 mm spherical region-of-interest

the 55 ROIs defined into subsystems of the DMN, and estimating the
correlation matrix for each subject by computing Pearson’s correlation
coefficients between each ROI time-series and the time-series of all
other ROIs within the DMN subsystem. These correlation coefficients
for each participant were converted to z-values using Fisher’s trans-
form. False discovery rate (FDR; P < .05) was used to correct for
multiple comparisons in calculating the significance of each ROI-ROI
connection.?® We then conducted separate 2 x 2 univariate analyses
of variance (ANOVAs) within each DMN subsystem to compare the
mean differences in rsFC strength, using non-Hispanic white APOE ¢4
non-carriers as the reference group. Bonferroni correction was applied
to correct for multiple comparison. Race/ethnicity and APOE &4 status
were between-group factors while controlling for age, sex/gender, and
scan protocol. We conducted a sensitivity analysis with and without
MCI participants. Because the pattern of results remained the same,
we reported results of the full sample for greater power. We also con-
ducted stratified analyses by MCl status (Table S1 in supporting infor-

mation) and scanning protocol (Table S2 in supporting information).

3 | RESULTS

3.1 | Demographic characteristics

The sample included 170 APOE ¢4 carriers and 387 APOE ¢4 non-
carriers. Demographic details of the 557 participants included in the
analysis, separated by APOE ¢4 status, are shown in Table 1. Com-
pared to non-carriers, APOE ¢4 carriers were younger, had more years
of education, and were more likely to be non-Hispanic Black. Com-
pared to non-Hispanic Whites, non-Hispanic Blacks and Hispanics had
lower cognitive performance scores, were less likely to be women, and
were less likely to be diagnosed with MCI. There was no differential
effect of APOE ¢4 on any of the other demographic variables across

race/ethnicity.


http://www.fil.ion.ucl.ac.uk/spm/

40f8 Diagnosis, Assessment TURNEY ET AL.
Disease Monitoring
TABLE 1 Sample characteristics
Characteristics APOE ¢4+ (n = 170) APOE ¢4- (n = 387) Total (n = 557) F/X2 7?
Age; M (SD) 72.18(5.03) 73.47 (5.29) 73.08 (5.24) 7.19 013
Education (years);M (SD) 13.15 (4.29) 11.99 (4.66) 12.34 (4.58) 7.67 014
Sex .40 -
% Women 618 58.9 59.8 — —
Race/Ethnicity 24.30 —
NH White 28.2 30.5 29.8 — —
NH Black 47.1 27.1 33.2 — -
Hispanic 25.6 424 37.0 = =
% MCI positive 20.6 18.6 19.2 .30 -
% MCI positive (by NHW NHB Hispanic 5.45 -
race/ethnicity)
13.3 222 214
Abbreviations: APOE, apolipoprotein E; M, mean; MCI, mild cognitive impairment; NH, non-Hispanic; SD, standard deviation.
‘P<.01
P <.001.
3.2 | Imaging results carriers had lower rsFC in the temporal DMN subsystem, but only in

Overall, the effect of APOE 4 on rsFC differed across racial/ethnic
groups (see Table 2). In temporal DMN, non-Hispanic White APOE 4
carriers compared to non-Hispanic White non-carriers had lower rsFC
(B = -.01, [-.02, -.001]). Non-Hispanic Black APOE ¢4 carriers had
greater rsFC compared to non-Hispanic White non-carriers (3 = .02,
[.005, .04]). Hispanic APOE ¢4 carriers had similar rsFC compared to
non-Hispanic White non-carriers (8 = .01, [-.008, .03]). Connectivity
was lower in Non-Hispanic Blacks compared to non-Hispanic Whites
(B = -01, [-.02, .004]) while Hispanics had similar rsFC compared to
non-Hispanic Whites (8 = -.006, [-.02,.003]).

In occipito-parietal DMN, rsFC differed across racial/ethnic groups
where non-Hispanic Blacks had lower connectivity compared to non-
Hispanic Whites (8 = -.018, [-.03, -.004]) while Hispanics had similar
connectivity compared to non-Hispanic Whites (8 =-.009,[-.02,.005]).
APOE ¢4 carriers had similar rsFC in occipito-parietal DMN regions in
non-Hispanic Blacks (8 = .005, [-.020, .030]) and Hispanics 8 = .018,
[-.009,.044]) compared to non-Hispanic White APOE ¢4 non-carriers.

In frontal DMN, rsFC was similar across racial/ethnic groups. APOE
¢4 carriers also had similar rsFCin frontal DMN regions in non-Hispanic
Blacks and Hispanics compared to non-Hispanic White APOE ¢4 non-
carriers (see Figure 2). The pattern of results was similar after excluding

MCl participants.

4 | DISCUSSION

We used resting-state functional neuroimaging to investigate the
association between APOE ¢4 and functional connectivity within DMN
subsystems in a sample of racially and ethnically diverse older adults.
Compared to non-Hispanic Whites, non-Hispanic Blacks showed lower

rsFC in temporal and occipito-parietal DMN subsystems. APOE ¢4

non-Hispanic Whites. In contrast, APOE &4 carriers and non-carriers
had either slightly higher or similar connectivity in non-Hispanic
Blacks and Hispanics, respectively. The findings among non-Hispanic
White participants are consistent with previous studies that showed
lower connectivity in predominantly non-Hispanic White APOE 4
carriers.1>16 Qur findings are the first, however, to shed light on the
differing effects of APOE ¢4 status on rsFC of the DMN across three
major racial/ethnic groups.

Previous studies in non-Hispanic White APOE ¢4 older adults
showed a more considerable decline in rsFC in DMN subsystems com-
pared to APOE ¢4 non-carriers as they age’® as well as in young (i.e.,
mean age 28 years) APOE ¢4 carriers.®* Similar DMN regions showed
the highest resting metabolic activity in young adults and were also the
same regions with earliest amyloid beta (Af) deposition in a previous
study of older adults with AD.3° These findings, given previous studies
showing higher A8 burden in cognitively normal APOE &4 carriers,3¢
suggest that increased resting metabolism in young adulthood within
DMN subsystems may provide regional conditions that are conducive
to amyloid deposition in older adults.

In addition to the existing literature showing an association between
APOE &4 and amyloid, APOE ¢4 may operate through both Ag-
dependent and AgB-independent pathways. For example, APOE in the
brain is primarily expressed by astrocytes and microglia,3’ cell types
that are now widely appreciated to play critical roles in the pathogen-
esis of AD.383? APOE ¢4 disrupts normal glial cell biology, intersect-
ing with changes that occur during healthy aging to ultimately cause
neurodegeneration and cognitive decline.*%#2 A recent study by Mon-
tagne et al.*® presented evidence linking APOE ¢4 to blood-brain bar-
rier (BBB) breakdown. Specifically, cognitively normal APOE &4 carriers
had a leaky BBB in the hippocampus and medial temporal lobe regions
and this effect was worse in APOE &4 carriers with MCI. Others show

that APOE ¢4 carriers who subsequently develop AD have proteins
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TABLE 2 APOE ¢4 on rsFC DMN subsystems across race/ethnicity

95%Cl
B(SE) Lower Upper
Frontal DMN
Age 0.0002(.0002)  -0.0002 .001
Sex/Gender .003(.003) -.002 .009
Scan Protocol .031(.003) .025 037
APOE ¢4+ -.001(.006) -.013 010
Hispanic -.005(.004) -.013 .003
NH Black -.0004(.005) -.009 .009
Hispanic x APOE ¢4+ .001(.008) -.015 017
NH Blackx APOEe4+  -.001(.008) -.016 014
Temporal DMN
Age 0.0002(.0003)  -0.0003 .001
Sex/Gender .001(.004) -.006 .008
Scan protocol .026(.004) 019 .033'
APOE ¢4+ -.010(.007) -.023 .003
Hispanic -.007(.005) -.016 .003
NH Black -.012(.005) -.022 -.001"
Hispanic x APOE ¢4+ .011(.010) -.008 .030
NH Black x APOE ¢4+ .024(.009) .006 041
Occipito-parietal DMN
Age -0.00002(.0004)  -.001 .001
Sex/Gender -0.002(.005) -.010 .008
Scan protocol .062(.005) .052 072+
APOE ¢4+ -.002(.010) -.021 017
Hispanic -.009(.007) -.023 .004
NH Black -.020(.008) -.035 -.005
Hispanic x APOE ¢4+ .015(.014) -.011 042
NH Black x APOE ¢4+ .006(.013) -.019 031

Abbreviations: APOE, apolipoprotein E; B, unstandardized parameter esti-
mate; Cl, confidence interval; DMN, default mode network; NH, non-
Hispanic; SE, standard error.

Note: Underlined significant findings did not survive Bonferroni correction.
'P<.05.

‘P<.01.

P <.001.

leaked through the BBB, demonstrating that the integrity of the barrier
is lost before cognitive decline.** Disruption of rsFC in temporal brain
regions, as observed in our study, suggests a potential pathway through
which APOE &4 is linked to AD risk. Overall, our results demonstrated
differential effects of APOE ¢4 on rsFC networks across race/ethnicity,
suggesting that APOE e4-related brain dysfunction is more salient in
non-Hispanic Whites compared to non-Hispanic Blacks and Hispanics.

In our sample, compared to non-Hispanic Whites, non-Hispanic
Blacks showed lower rsFC in temporal and occipito-parietal DMN
regions, irrespective of APOE &4 status. Non-Hispanic Black APOE ¢4
carriers also showed higher rsFC in temporal DMN compared to non-

Hispanic White non-carriers. Because APOE status does not explain

Disease Monitoring

differences in rsFC across racial/ethnic groups and the differential
effects of APOE ¢4 across race/ethnicity, we suspect that those factors
may be vascular in nature, but as this was not the focus of the current
analysis, future studies will further examine these concepts. For exam-
ple, genetic risk variants reported for AD in Blacks include ABCA7,%°
TREM2,% and SLC10A2.4” One or more of these variants may attenu-
ate the effect of APOE ¢4 such that non-Hispanic Blacks and Hispanics
have less APOE g4-associated risk for AD than do non-Hispanic Whites.
The findings showing increased rsFC associated with APOE ¢4 among
non-Hispanic Blacks also raise the possibility of a protective role in this
group.

Hispanic APOE ¢4 carriers compared to non-Hispanic White non-
carriers had similar rsFC in DMN subsystems. One explanation for this
finding is the admixed nature of Hispanics in our sample. Previous stud-
ies showed that populations of European ancestry have a higher APOE
&4 risk compared to those of African ancestry*84? as well as compared
to Hispanics.”® We speculate that if rsFC is a sensitive marker of brain
dysfunction, our results suggest that APOE ¢4-related brain dysfunc-
tion is more salient in non-Hispanic whites compared to non-Hispanic
Blacks and Hispanics. While one pathway for developing AD among
non-Hispanic Whites is through APOE ¢4 affecting rsFC, this pathway
may be less operative in this cohort of older non-Hispanic Black and
Hispanic adults.

This study is limited by its cross-sectional design, which precludes
us from examining the relationship between rsFC and progression to
AD. Future studies should examine rsFC in APOE ¢4 carriers and non-
carriers across the lifespan and across racially/ethnically and socioeco-
nomically diverse older adults to determine the different factors that
may predict AD across diverse populations. Longitudinal studies will
be essential to help plan the optimal timing for potential interventional
studies in individuals at risk for symptomatic AD. Further, longitudi-
nal studies will be necessary to define the time course of any alter-
ations in rsFC, both those that appear independent of AS and, partic-
ularly, those that appear to progress to neuronal dysfunction and dam-
age. Though reliable, our effects are small. Given that our study is the
first to assess the association between APOE €4 and DMN rsFC across
race/ethnicity, it is critical for future work to test the impact of these
differences on clinical outcomes. Future work will examine the extent
towhich APOE ¢4 and race/ethnicity, and rsFC, are associated with rate
of cognitive decline and disease states.

Future studies should also take a more in-depth look at racial/ethnic
differences in gene-gene and gene-environmental interactions with
APOE &4 because this polymorphism has less of an effect on
racial/ethnic minorities. Thus, other factors (e.g., sociocultural, biolog-
ical, behavioral) may be driving the differences we see in rsFC and the
disparity in AD among racial/ethnic minorities. Future research should
also explore these interactions across various biomarkers, which may
lead to novel, population-specific therapeutics, and risk predictions.

Though the APOE ¢4 allele is the most well-established genetic
risk factor for AD, studies show a weak association of APOE ¢4 and
AD risk among racial/ethnic minority populations. Our findings show
racial/ethnic differences in the association between APOE ¢4 and rsFC

of the DMN, where non-Hispanic White APOE ¢4 carriers have lower
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Frontal DMN across Race/Ethnicity & APOE €4
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FIGURE 2 Resting-state functional connectivity in DMN subsystems across race/ethnicity and APOE e4 status (95% confidence interval error
bars). Abbreviations: NH, non-Hispanic; DMN, default mode network; APOE, apolipoprotein E.

P < .016 Bonferroni corrected; P < .05 uncorrected

rsFC in AD-related regions of the DMN. It is still critical that future
studies examine how race/ethnicity modifies the risk and expression of
AD to understand race-dependent biological mechanisms of AD.
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