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Impact of sex and APOE e4 on age-related
cerebral perfusion trajectories in
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Abstract

Cerebral hypoperfusion is thought to contribute to cognitive decline in Alzheimer’s disease, but the natural trajectory of

cerebral perfusion in cognitively healthy adults has not been well-studied. This longitudinal study is consisted of 950

participants (40—89 years), who were cognitively unimpaired at their first visit. We investigated the age-related changes

in cerebral perfusion, and their associations with APOE-genotype, biological sex, and cardiometabolic measurements.

During the follow-up period (range 0.13—8.24 years), increasing age was significantly associated with decreasing cere-

bral perfusion, in total gray-matter (b¼�1.43), hippocampus (�1.25), superior frontal gyrus (�1.70), middle frontal

gyrus (�1.99), posterior cingulate (�2.46), and precuneus (�2.14), with all P-values< 0.01. Compared with male-E4
carriers, female-E4 carriers showed a faster decline in global and regional cerebral perfusion with increasing age,

whereas the age-related decline in cerebral perfusion was similar between male- and female-E4 non-carriers. Worse

cardiometabolic profile (i.e., increased blood pressure, body mass index, total cholesterol, and blood glucose) was

associated with lower cerebral perfusion at all the visits. When time-varying cardiometabolic measurements were

adjusted in the model, the synergistic effect of sex and APOE-E4 on age-related cerebral perfusion-trajectories

became largely attenuated. Our findings demonstrate that APOE-genotype and sex interactively impact cerebral

perfusion-trajectories in mid- to late-life. This effect may be partially explained by cardiometabolic alterations.
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Introduction

Emerging evidence has revealed that cerebral perfu-

sion, measured by arterial spin labeling magnetic reso-

nance imaging (ASL-MRI), is a non-invasive

biomarker that may capture an upstream feature of

AD neuropathology,1,2 and may inform both disease

risk and physiological changes of the aging brain.3

Although the cause remains unclear, age-related reduc-

tion in ASL perfusion has been reported by previous

studies involving cognitively intact individuals.4 Most

studies have demonstrated reduced average cerebral

perfusion in gray matter with advancing age, but con-

troversial findings exist in regional variations of cere-

bral perfusion reduction.5–10 Previous research either

contrasted ASL perfusion between young and older

age groups dichotomously,5–8 or used a cross-

sectional design involving individuals with a wide

range of age (e.g., 20—80 years).9,10 Little research

has been done on the natural trajectory of ASL perfu-

sion with age in functionally intact middle-aged and

older adults.
Besides old age, APOE e4 allele and chromosomal

female sex are two well-established unmodifiable fac-

tors that increase the risk of late-onset AD.11,12

Consistent with that finding, evidence indicates that

among patients with cognitive impairment, regional

cerebral perfusion deficits differ by sex and APOE e4
status.13–15 Nevertheless, it remains unknown, whether

APOE e4 allele and female sex could, independently or

synergistically, modify cerebral perfusion trajectories

with increasing age in asymptomatic middle-aged and

older adults. In addition, cardiometabolic risk factors,

such as high levels of blood pressure and cholesterol,

have been established as important modifiable risk fac-

tors for AD. Furthermore, these factors appear to

interact with APOE e4 status and sex to increase AD

risk.16,17 Thus, we also sought to clarify the role of

cardiometabolic measurements in the patterns of cere-

bral perfusion trajectories with increasing age.
Within two longitudinal cohorts of middle-aged and

older adults (40-89 years old), we analyzed serial ASL

perfusion measures in AD-vulnerable regions to deter-

mine 1) the association between cerebral perfusion tra-

jectories and age; 2) the modifying effect of APOE e4
status and sex on the relationship between cerebral per-

fusion trajectories and age; 3) the role of cardiometa-

bolic measurements in the foregoing associations. We

hypothesized that cerebral perfusion decreases with

increasing age; that APOE e4 carriage and female sex

synergistically lead to further deterioration in cerebral

perfusion; and that cardiometabolic health is related to

cerebral perfusion trajectory, and partially mediates the

APOE e4 and sex effect.

Material and methods

Participants

Data for this report came from 950 cognitively unim-
paired individuals enrolled in two ongoing longitudinal
cohorts, the Wisconsin Registry for Alzheimer’s
Prevention (WRAP) and the Wisconsin Alzheimer’s
Disease Research Center (WADRC), between
November 24, 2009, and August 3, 2018.18,19 To be
included in this report, participants were required to:
a) be cognitively intact and without stroke or other
severe neurological disorder; and b) have at least one
ASL scan, in addition to meeting standard WRAP/
WARDC enrollment criteria which include being 40–
65 years at baseline, fluent English speaker, visual and
auditory acuity adequate for neuropsychological test-
ing, and overall good health with no diseases expected
to interfere with study participation over time.13,18 Of
the 950 individuals, 537 had two visits, 255 had a third
visit, 151 had a fourth visit, and 47 had five or more
visits. The average follow-up time was 2.76 years
(median: 2.17 years, interquartile range [IQR]: 1.51-
3.99 years, range: 0.13-8.24 years). In total, after
excluding 35 scans with poor neuroimaging quality,
1940 scans were available for analysis.

The data collection was approved by the University
of Wisconsin Institutional Review Board and within
the guidelines of the Helsinki Declaration. Written
informed consent was provided by each participant.

Demographic factors and cardiometabolic
measurements

Age was collected on the day of MRI scan acquisition
as a continuous variable with two decimals. Sex was
reported as woman or man. Educational level was
defined according to the maximum years of formal
schooling. At each study visit, cardiometabolic meas-
urements, i.e., systolic blood pressure, blood glucose,
total cholesterol, weight, and height were measured by
physical examination or laboratory test at the
University of Wisconsin Clinical Research Unit.18

Blood glucose and total cholesterol level were mea-
sured from blood drawn after a minimum 12-hour
overnight fast.20 Using a random-zero sphygmoma-
nometer with individualized cuff size, blood pressure
was measured up to three times (to ensure stability of
readings) with the participant in a seated position.21

Body mass index (BMI) was calculated as weight (kilo-
gram) divided by squared height (meter).

APOE genotyping

Determination of APOE genotype has been described
previously.18,22 We classified our participants into two
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groups: APOE e4 carriers (one or more e4 alleles pre-

sent) or APOE e4 non-carriers (no e4 allele present).

Neuroimaging protocol

MRI data were acquired on two identical clinical 3T

scanners (Discovery MR750, General Electric,

Waukesha, WI, USA),20 and 1642 scans were acquired

using an 8-channel head coil (Excite HD Brain Coil;

GE Healthcare) whereas 298 scans were acquired using

a 32-channel head coil (Nova Medical). We collected

3D T1-weighted inversion recovery-prepared spoiled

gradient echo scans with the following parameters:

inversion time (T1)¼450ms, echo time (TE)¼ 3.2ms,

repetition time (TR)¼8.2ms; flip angle¼ 12�, slice

thickness ¼1.0mm, field of view (FOV)¼ 256mm,

acquisition matrix¼ 256� 256.
Cerebral perfusion was measured using background-

suppressed pseudocontinuous ASL (pcASL) MRI,23

utilizing a 3D fast spin-echo stack of spiral sequence.

Scan parameters were as follows: echo spacing¼
4.9ms; TE¼ 10.5ms with centric phase encoding;

spiral arms¼ 8, spiral readout duratio¼4ms, FOV¼
240�240�176mm; 4mm isotropic spatial resolution;

reconstructed matrix size¼ 128�128�44; number of

averages (NEX)¼ 3; and labeling RF amplitude¼
0.24�mG, scan time¼ 4.5minute. Immediately after

each ASL scan, a proton density (PD) reference scan

was performed with identical imaging acquisition

parameters without ASL labeling but with a saturation

pulse was applied 2.0 seconds prior to imaging. This

PD image was used for ASL flow quantification as

well as for imaging registration.13

To improve signal-to-noise ratio, we averaged the

three excitations that comprise the pcASL sequence

(i.e., NEX¼ 3). The entire pcASL sequence, including

all 3 excitations and PD scan, took 4.5minutes. An

excellent test-retest reliability (rcorrelation> 0.95) for

this pcASL procedure has been reported previously.23

Cerebral perfusion is reported in ml/100g/min units. In

the present analytical sample, intra-class correlation

coefficient for repeated cerebral perfusion in global

gray matter was 0.97 (95% confidence interval [CI]:

0.80 to 0.99).
Also because of protocol changes, post-labeling

delay was 2025ms for 79% of scans and 1525ms for

the rest. To account for potential heterogeneity arising

from the foregoing protocol changes, head coil and

post-labeling delay were included as covariates in our

analyses.13 Furthermore, in sensitivity analyses we

excluded all scans with 1525ms post-labeling delay to

minimize potential measurement bias of this factor on

cerebral perfusion quantitation.

ASL processing

Measures were extracted from pcASL cerebral perfu-

sion images using SPM12 tool (http://www.fil.ion.ucl.

ac.uk/spm/software/spm12/). Each participant’s PD

image was first registered to the T1 image, and then

the derived transformation matrix was applied to the

average quantitative cerebral perfusion map. With

resampling to a 2x2x2 mm3 voxel size, the T1 volume
and associated cerebral perfusion image were subse-

quently spatially normalized to the Montreal

Neurological Institute (MNI) template. The normal-

ized cerebral perfusion maps were then smoothed

using an 8-mm full-width at half-maximum Gaussian

kernel. To reduce the risk of false-positive errors and

focus our analyses on brain regions that are known to

be critical in AD we imposed an a priori anatomical
mask (Figure 1) that included the hippocampus, supe-

rior frontal gyrus, middle frontal gyrus, posterior cin-

gulate, and precuneus using the WFU PickAtlas

toolbox.24 Our previous ASL work in asymptomatic

middle-aged adults with maternal history of

Alzheimer’s disease showed reduced cerebral perfusion

in these regions.13 We also examined total gray matter

perfusion.

Statistical analysis

Characteristics of study participants at their first MRI

scan, by APOE e4 status and sex, were compared using

Chi-square test for proportions and t-test for means.

Continuous variables that were not normally distribut-

ed were examined using Wilcoxon signed-rank test.

With age as the time scale, we used mixed-effects
models to explore the longitudinal changes in cerebral

perfusion. Covariates included in the fully adjusted

model were birth cohort (defined by year of birth),

sex, APOE e4 status, education, parental history of

dementia, smoking status, intracranial volume, post-

labeling delay, and head coil. Certain covariates (e.g.,

education level, parental history of dementia, smoking

status) had missing data.
Both random intercept and random slope were con-

sidered in the models, and an unstructured covariance

structure was implemented given its flexibility and gen-

eralizability when there is no a priori formulation of the

functional form of the data.25 To test the modifying

effect of APOE e4 status and sex on age-related cerebral
perfusion trajectories, we included interaction terms for

APOE e4�age, sex�age, and APOE e4�sex�age, in the

mixed-effects models. The association between cardio-

metabolic measurements and cerebral perfusion trajec-

tories was estimated in the mixed-effects models by

calculating the b-coefficients and 95% CI of time-

varying cardiometabolic measurements, i.e., systolic
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blood pressure, body mass index, total cholesterol, and
blood glucose. Likelihood-ratio tests between nested
models were performed to estimate the contribution of
time-varying cardiometabolic measurements to age-
related cerebral perfusion trajectories.

To further assess the robustness of our findings, we
conducted the following sensitivity analysis: 1) we
excluded those with follow-up time less than 3months
as well as those who had incident cognitive impairment,
2) we excluded scans with 1525ms post-labeling delay,
3) we re-ran the analyses after applying a locally-
derived correction factor of 1.3669 to all scans collected
using a 2025ms post-labeling delay cerebral perfusion;
and 4) only included those who had at least two MRI
scans. In additional analyses, we tested the possibility
of a nonlinear relationship between cerebral perfusion
changes and age by including the quadratic effect of

age in the models. Stata 14.0 for Windows

(StataCorp., College Station, TX, USA) was used for

all analyses. Only findings that met an alpha threshold

of 0.05 were deemed significant.

Results

Background characteristics of study participants

The characteristics of study participants at the first

visit, by APOE e4 status and sex, are shown in

Table 1. The average age was 60.29 (Standard

Deviation [SD] 7.75) years, and 38.52% were APOE

e4 carriers. There were no gender differences across

APOE e4 strata: e4 carriers were composed of

67.47% women compared to 66.96% among non-

carriers. No differences were observed in age, parental

Figure 1. Average slope of regional cerebral perfusion changes with age (n¼ 950).
SFG: Superior frontal gyrus; MFG: middle frontal gyrus; PC: posterior cingulate.
Note. The brain slices represent coronal, sagittal, and axial views of the a priori mask for each region. The graphs represent the average
slope of cerebral perfusion in each region in relation to age. **p<0.01.
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history of dementia, race, body mass index, or smoking
status by APOE e4 status and sex. Compared with
male e4 non-carriers, female e4 non-carriers showed
lower levels of education, blood pressure, blood glu-
cose, and intracranial volume. Conversely, they had
higher levels of total cholesterol and cerebral perfusion
(all regions except the hippocampus). Similarly, com-
pared with male e4 carriers, female e4 carriers had
lower levels of education, diastolic blood pressure,
and intracranial volume, but had higher levels of
total cholesterol and cerebral perfusion.

Age-related cerebral perfusion trajectories

After controlling for birth cohort, sex, APOE e4 status,
education year, parental history of dementia, smoking
status, intracranial volume, post-labeling delay, and
head coil in the fully adjusted models, we found a
linear relationship between increasing age (in 5-year
increments) and cerebral perfusion reduction in total
gray matter (b [95% CI]¼�1.43 [�1.79 to �1.07]), hip-
pocampus (�1.25 [�1.70 to �0.80]), superior frontal
gyrus (�1.70 [�2.18 to �1.22]), middle frontal gyrus
(�1.99 [�2.52 to �1.46]), posterior cingulate (�2.46
[�3.26 to �1.67]), and precuneus (�2.14 [�2.76 to
�1.52]) (Table 2 and Figure 1). Similarly, when age
was treated as a categorical variable in the models,
the results showed that compared with the

quadragenarians, other age groups all showed signifi-

cant reduction in cerebral perfusion across all the brain

regions (Table 2).

The modifying effect of APOE e4 status and sex on

cerebral perfusion trajectories

In the fully adjusted model, we observed a three-way

interactive effect of age, APOE e4, and sex on the cere-

bral perfusion trajectories in total gray matter

(P¼ 0.043), hippocampus (P¼ 0.038), superior frontal

gyrus (P¼ 0.033), middle frontal gyrus (P¼ 0.021), and

precuneus (P¼ 0.071). To further investigate this three-

way interaction, we classified participants into four

groups by APOE e4 status and sex. The slope of total

gray matter cerebral perfusion change with every 5-

year increase in age was �0.55 (P¼ 0.234) for male

e4 carriers, �2.74 (P< 0.01) for female e4 carriers,

�1.60 (P< 0.01) for male e4 non-carriers, and �1.37

(P< 0.01) for female e4 non-carriers. This gender

differential in slope was not significant among e4
non-carriers (P¼ 0.594) but was significant among e4
carriers (P¼ 0.027). Similar patterns of age-related

cerebral perfusion trajectories by APOE e4 status and

sex were seen in the regions of interest (Figure 2).
In order to further understand the different rates of

age-related decline in cerebral perfusion between

Table 2. Association of cerebral perfusion with age, sex, and APOE e4 status (n¼ 950).

Total gray mattera Hippocampusa
Superior frontal

gyrusa
Middle frontal

gyrusa
Posterior

cingulatea Precuneusa

Linear model, 5-yrs

Age, 5-year �1.43**

(�1.79, �1.07)

�1.25**

(�1.70, �0.80)

�1.70**

(�2.18, �1.22)

�1.99**

(�2.52, �1.46)

�2.46**

(�3.26, �1.67)

�2.14**

(�2.76, �1.52)

Categorical age

Age groups

40–49 Ref. Ref. Ref. Ref. Ref. Ref.

50–59 �3.10**

(�5.03, �1.18)

�3.18**

(�5.13, �1.23)

�2.89**

(�5.00, �0.78)

�3.26**

(�5.57, �0.95)

�5.76**

(�9.16, �2.36)

�4.95**

(�7.63, �2.26)

60–69 �4.72**

(�6.87, �2.57)

�4.42**

(�6.72, �2.13)

�4.88**

(�7.37, �2.38)

�5.62**

(�8.35, �2.90)

�7.99**

(�12.00, �3.99)

�7.40**

(�10.57, �4.23)

�70 �7.10**

(�9.64, �4.58)

�6.37**

(�9.25, �3.49)

�7.12**

(�10.26, �3.99)

�8.23**

(�11.66, �4.81)

�11.68**

(�16.66, �6.69)

�10.46**

(�14.43, �6.50)

APOE e4
Age� APOE e4 0.21

(�0.36, 0.79)

0.05

(�0.61, 0.71)

0.08

(�0.62, 0.79)

0.11

(�0.66, 0.87)

0.00

(�1.16, 1.17)

0.20

(�0.71, 1.11)

Sex

Age�Sex �0.37

(�0.95, 0.20)

�0.11

(�0.75, 0.54)

�0.53

(�1.23, 0.16)

�0.65

(�1.41, 0.11)

�0.64

(�1.80, 0.51)

�0.82

(�1.72, 0.07)

APOE e4 and sex

Age�e4�Sex �1.23*

(�2.46, �0.03)

�1.52*

(�2.98, �0.12)

�1.61*

(�3.10, �0.11)

�1.85*

(�3.49, �0.21)

�1.96

(�4.45, 0.52)

�1.70

(�3.64, 0.24)

aThe b-coefficients and 95% confidence intervals in the models were adjusted for birth cohort, sex, APOE e4 status, education, parental history of

dementia, smoking status, intracranial volume, post-labeling delay, and head coil.

*0.01<p< 0.05; **p< 0.01.
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female and male e4 carriers, we plotted the average
decline rates in cerebral perfusion by APOE zygosity
(homozygotes versus heterozygotes) (Supplementary
Figure 1). The results showed that in male e4 carriers,
homozygous individuals (i.e., e4/e4) presented faster
cerebral perfusion decline with age in total gray
matter, superior frontal gyrus, middle frontal gyrus,
posterior cingulate, and precuneus, than the heterozy-
gotes (i.e., e2/e4 or e3/e4). In contrast, among female e4
carriers, there was no difference in age-related cerebral
perfusion decline as a function of APOE zygosity. This
suggests that among female e4 carriers, with advancing

age, biological sex is a stronger determinant of cerebral

perfusion decline than mere e4 zygosity whereas the

reverse is true among their male counterparts.

The role of cardiometabolic measurements in the

age-related trajectories

Poor cardiometabolic health was associated with decreas-

ing cerebral perfusion over time (Supplementary Table 1).

Because cardiometabolic indices differed as a function of

APOE e4 status and sex (Table 1) we hypothesized that

change in cardiometabolic measurements may explain, at

Figure 2. Average slope of regional cerebral perfusion change with age by sex and APOE e4 status (n¼ 880).
SFG: superior frontal gyrus; MFG: middle frontal gyrus; PC: posterior cingulate.
Note. The brain slices are sagittal views of the a priori mask for each region. The left graphs represent the average slope of cerebral
perfusion with age in each region for female e4 non-carriers versus male e4 non-carriers, whereas the right graphs represents the
average slope of cerebral perfusion with age in each region for female e4 carriers versus male e4 carriers. Pdiff: p-value for the test for a
statistical difference between the slope for men versus women. **p<0.01.
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least partly, the effects of APOE e4 status and sex on age-
related cerebral perfusion trajectories.

Because there were no differences in age-related
cerebral perfusion decline between female and male
e4 non-carriers (see Figure 2), for these set of interrog-
ations, we collapsed them into one group resulting in
three groups of participants (i.e., e4 non-carriers, male
e4 carriers, and female e4 carriers). In the fully adjusted
model, compared with male e4 carriers who showed the
slowest cerebral perfusion slope, female e4 carriers
showed the fastest rate of age-related decline followed
by e4 non-carriers (Table 3). These associations became
largely attenuated after adding time-varying cardiome-
tabolic covariates to the model, i.e., systolic blood pres-
sure, glucose, body mass index, and total cholesterol.
The results of the likelihood-ratio tests between the two
models confirmed the significant contributions of the
cardiometabolic variables across all the examined brain
regions (P< 0.001).

Sensitivity analyses

All findings described above were substantively
unchanged after excluding those whose follow-up time
was less than 3months and those with incident cognitive
impairment. Likewise, in the analyses that applied a cor-
rection factor to scans collected with 2025ms post-labeling
delay, those that only included scans with 2025ms post-
labeling delay (Supplementary Table 2), and those that
only included individuals who had at least two MRI
scans, the original results persisted. When we tested for
nonlinearity in the association between age and cerebral
perfusion trajectories (Supplementary Table 3), we did not
detect substantial findings.

Discussion

In this longitudinal study, we observed that: 1) among
adults aged 40-89 years old, aging is associated with a
cerebral perfusion decrease in total gray matter, hippo-
campus, superior frontal gyrus, middle frontal gyrus,
posterior cingulate, and precuneus; 2) APOE e4 allele
and female sex synergistically accelerate age-related
cerebral perfusion decline in total and regional gray
matter; 3) poor cardiometabolic profile (i.e., higher sys-
tolic blood pressure, blood glucose, body mass index,
and total cholesterol) are related to a reduction in cere-
bral perfusion over time, which partially explained the
effects of APOE e4 status and sex on age-related cere-
bral perfusion decline.

Although accumulative evidence has emphasized the
importance of cerebral perfusion as a potential marker
of neurovascular health associated with AD, very few
studies have described age-related cerebral perfusion
trajectories in cognitively normal adults, especially in T
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a longitudinal manner. Using15 O–labeled water posi-
tron emission tomography (PET), the Baltimore
Longitudinal Study of Aging (BLSA) revealed that in
older adults without cognitive impairment (>55 years),
cerebral perfusion declines over time, and the rate of
decline differs by cardiovascular health, APOE e4
status, and amyloid burden.26–29 Specifically, the
BLSA reported a faster cerebral perfusion decline
over a period of 6-8 years in hypertensive participants
than in those who were normotensive,26 in participants
with impaired glucose tolerance than in participants
with normoglycemia, in APOE e4 carriers than in e4
noncarriers, and in groups with high amyloid deposi-
tion than in those with low amyloid deposition. One
cross-sectional study of cognitively normal older adults
aged 55-85 years, found that ASL-quantified cerebral
perfusion in gray matter was negatively correlated
with age.30 Similarly, another cross-sectional study of
healthy adults aged 23-88 years reported age-related
ASL perfusion reductions in cortical gray matter
areas including superior frontal, orbitofrontal, superior
parietal, middle and inferior temporal, insular, precu-
neus, supramarginal, lateral occipital, and cingulate
regions.9 To our knowledge, our study is the first
attempt to capture the natural trajectory of cerebral
perfusion change in a cognitively unimpaired aging
population using longitudinal ASL-quantified cerebral
perfusion data and focusing on brain regions that are
closely related to AD risk, such as hippocampus, pos-
terior cingulate, and the precuneus.13 Our data indicate
that cerebral perfusion of the posterior cingulate and
precuneus declines faster with increasing age than that
in other gray matter regions. This is consistent with
previous reports that concluded that cerebral perfusion
of these two brain structures is closely associated with
AD, and can be potentially useful neuroimaging
markers to identify mild cognitive impairment (MCI)
and AD.31,32

MCI and AD patients exhibit greater cerebral hypo-
perfusion in AD-vulnerable regions than those without
cognitive impairment.13,14 However, in non-
symptomatic adults with a risk profile of dementia/
AD, ASL-MRI-assessed cerebral perfusion may dis-
play diverse patterns. Specifically, the effect of APOE
e4 allele on cerebral perfusion appears to be modified
by age, with evidence that older e4 adults display
decreased cerebral perfusion and younger e4 carriers
show increased perfusion.33–35 It has been suggested
that such a “compensatory” cerebral perfusion increase
in younger individuals with AD risk profiles may be an
attempt to maintain cognitive function via increased
metabolic demands.33 The present study showed that
although neither APOE genotype nor sex individually
modified age-related cerebral perfusion decline, they
exerted an interactive effect on age-related cerebral

perfusion trajectories. Compared with non-e4 carriers
and male e4 carriers, female e4 carriers exhibited the
fastest cerebral perfusion decline. The results indicate
that female sex seemingly amplifies the harmful effect
of the APOE gene on the brain. This points to a critical
and commonly overlooked detail of the link between
APOE e4 and AD—it is more pronounced in women
than in men.12 Although studies that investigate the
interactions between APOE e4 status and sex on neu-
roimaging biomarkers are sparse, consistent findings
have revealed that APOE e4 confers greater AD risk
in women,36–38 and this increased APOE-related risk in
women is observed in tau pathology, cerebral hypome-
tabolism, altered functional connectivity, and brain
atrophy.39,40 A recent study by the Mayo group has
further confirmed that female e4 carriers accumulate
more tangles and have worse memory than male
carriers.41

It remains unclear why male e4 carriers presented
with the least age-related cerebral perfusion decline in
our study, even relative to e4 non-carriers. Slightly dif-
ferent from the prevalent view that women who carry
copies of the APOE e4 allele have a greater AD risk
than men with the same number of copies,42 we found
that among male e4 carriers, age-related cerebral per-
fusion decline appeared faster among homozygotes
than heterozygotes. Considering the same rate of age-
related cerebral perfusion decline among homozygotes
and heterozygotes was detected among female e4 car-
riers, our findings propose that during the aging pro-
cess, compared with mere e4 zygosity, cerebral
perfusion decline was largely driven by biological sex
among female e4 carriers. In contrast, e4 zygosity was
the main determinant among male e4 carriers. Future
studies are necessary to carefully investigate the role of
APOE e4 zygosity in the interactive effect of sex and
APOE e4 status on brain aging and AD onset.

Links between cardiovascular risk factors (e.g.,
increased systolic blood pressure and serum cholesterol
level) and cerebral perfusion reduction have been dis-
closed from previous studies.26,43,44 Evidence even sug-
gests that reduced global cerebral perfusion may be a
valid imaging biomarker for cardiovascular risk.41 In
the current study, we provided additional evidence by
investigating the dynamic association between cardio-
metabolic profiles and cerebral perfusion trajectories.
Our findings showed that increased cardiometabolic
measurements were correspondingly related to decreas-
ing cerebral perfusion during the aging process, which
also partially accounted for sex- and APOE e4-related
cerebral perfusion decline. In this context, it is interest-
ing to note that an ancillary, unreported, analysis of the
data revealed that although men had higher (but still
broadly normal) systolic blood pressure readings than
women at the outset of the study (the average value was
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125.1mmHg for men and 113.5mmHg for women),
women exhibited an accelerated increase in systolic
blood pressure over time such that by the time the
cohort was in their 80 s, systolic pressures were similar
between the sexes (the average value was 134.2mmHg
for men and 135.8mmHg for women, Supplementary
Figure 2).

It was interesting to note that women exhibited
higher cerebral perfusion than men at the start of the
study but then experienced a steeper rate of decline as
they aged. This phenomenon has been reported in
other studies.45,46 For example, in an [15O]H2O study
of cerebral blood flow, Aanerud and colleagues45

found that women had significantly higher cerebral
blood flow than men in frontal and temporal lobes in
younger ages, but these differences disappeared by the
time both groups reached age 65. One possible expla-
nation for the faster cerebral perfusion decline in
women is that a bioenergetic shift occurs during peri-
menopausal transition, resulting in a drop of estrogen,
prostacyclin, and CO2 reactivity during post-
menopause which then manifests as decreased cerebral
metabolic function and blood flow.12,45 Carrying the
APOE e4 risk allele further accelerates this age-
related reduction in cerebral metabolism and cerebral
perfusion. Other evidence also indicates that impair-
ment of mitochondrial energy production may drive
metabolic heterogeneity and consequently cause faster
cerebral perfusion decline in specific subgroups, such as
female e4 carriers.47 It is also possible that the differ-
ential escalation in systolic blood pressure noted above
among women may have contributed to their acceler-
ated decline in cerebral perfusion later in life.
Additional studies are needed for fully understanding
these sex effects.

The strengths of the current study include 1) a large,
well-characterized sample size, 2) longitudinal ASL
scanning, 3) time-varying measurement of cardiometa-
bolic factors, enabling an examination of their associ-
ation with cerebral perfusion trajectories over time, and
4) use of mixed-effects models that can properly deal
with data collection regimens involving intra- and
inter-person variation in number of longitudinal
follow-up or time interval between visits.

Several potential limitations should be addressed.
First, our sample has an overrepresentation of persons
with a parental history of dementia (66%). Although
this is by design (the WRAP and WADRC cohorts
were originally established to study the role of parental
history of dementia on prospective risk for dementia),
it necessitates some caution when attempting to gener-
alize our findings to the broader population of persons
without such a family history. Second, survival bias
may exist and result in the maintained participants
not fully representing the total population. Third, we

did not consider the use of medications (including
dosage and duration) when examining the impact of
cardiometabolic measurements on cerebral perfusion
trajectories, which may underestimate the association
between worsened cardiometabolic profiles and age-
related cerebral perfusion decline. Fourth, we mea-
sured cerebral perfusion using a single delay arterial
spin labeling sequence, which is known to be affected
by hemodynamic parameters, macrovascular geometry,
and arterial transit times. These effects often lead to
artificially lower measures, especially in the parietal
regions (“last meadows” phenomenon).48 It is possible
that our finding of preferential hypoperfusion in the
posterior cingulate and precuneus might be a method-
ological artifact considering that we did not have any
available cardiac output data adjusted in our models.
We recommend that future investigations of perfusion
trajectories in normal aging collect important hemody-
namic parameters, or apply methods that account for
(e.g. multi-delay ASL) or are independent of (e.g. PET)
such hemodynamic parameters. Similarly, it would be
advantageous for future studies to include monitoring
of end-tidal carbon dioxide concentration in order to
generate a more comprehensive understanding of the
biological mechanisms underlying the heart-brain con-
nection.49 In summary, our findings suggest that cere-
bral perfusion in both global and regional gray matter
declines with advancing age, and the decline differs
jointly by APOE e4 status and sex. Female APOE e4
carriers exhibit a precipitous age-related cerebral per-
fusion decline, which is largely explained by cardiome-
tabolic factors, such as systolic blood pressure, glucose,
body mass index, and serum total cholesterol. Future
studies extending our findings could clarify the mech-
anisms underlying the observed sex- and APOE e4-spe-
cific effect on cerebral perfusion trajectories and guide
the way to personalized prevention for AD.
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