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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. VWe 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 (B=—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-c4
carriers, female-€4 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-€4 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,'? and may inform both disease
risk and physiological changes of the aging brain.’
Although the cause remains unclear, age-related reduc-
tion in ASL perfusion has been reported by previous
studies involving cognitively intact individuals.* 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.” ' Previous research either
contrasted ASL perfusion between young and older
age groups dichotomously,”® or used a cross-
sectional design involving individuals with a wide
range of age (e.g., 20—80years).””' 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, APOFE &4 allele and chromosomal
female sex are two well-established unmodifiable fac-
tors that increase the risk of late-onset AD.'"'?
Consistent with that finding, evidence indicates that
among patients with cognitive impairment, regional
cerebral perfusion deficits differ by sex and APOFE €4
status.'>"'° Nevertheless, it remains unknown, whether
APOE €4 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 &4 status and sex to increase AD
risk.'®!7 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 €4
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 APOFE €4 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 €4 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."%!” 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.'>'® 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 2.76years
(median: 2.17years, interquartile range [IQR]: 1.51-
3.99years, range: 0.13-8.24years). 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.'®
Blood glucose and total cholesterol level were mea-
sured from blood drawn after a minimum 12-hour
overnight fast.’® 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.*!
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.'®?* We classified our participants into two
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groups: APOE &4 carriers (one or more €4 alleles pre-
sent) or APOE €4 non-carriers (no &4 allele present).

Neuroimaging protocol

MRI data were acquired on two identical clinical 3T
scanners (Discovery MR750, General Electric,
Waukesha, WI, USA),ZO 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 Tl-weighted inversion recovery-prepared spoiled
gradient echo scans with the following parameters:
inversion time (T1)=450ms, echo time (TE)=3.2ms,
repetition time (TR)=8.2ms; flip angle=12°, slice
thickness =1.0mm, field of view (FOV)=256 mm,
acquisition matrix =256 x 256.

Cerebral perfusion was measured using background-
suppressed pseudocontinuous ASL (pcASL) MRI,*
utilizing a 3 D fast spin-echo stack of spiral sequence.
Scan parameters were as follows: echo spacing=
49ms; TE=10.5ms with centric phase encoding;
spiral arms =38, spiral readout duratio=4ms, FOV =
240x240x176mm; 4mm isotropic spatial resolution;
reconstructed matrix size = 128x128x44; number of
averages (NEX)=3; and labeling RF amplitude =
0.24xm@G, scan time=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 2.0seconds prior to imaging. This
PD image was used for ASL flow quantification as
well as for imaging registration.'?

To improve signal-to-noise ratio, we averaged the
three excitations that comprise the pcASL sequence
(i.e., NEX =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.?
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 1525 ms 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.'> Furthermore, in sensitivity analyses we
excluded all scans with 1525 ms 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 mm?® 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.** Our previous ASL work in asymptomatic
middle-aged adults with maternal history of
Alzheimer’s disease showed reduced cerebral perfusion
in these regions.'> We also examined total gray matter
perfusion.

Statistical analysis

Characteristics of study participants at their first MRI
scan, by APOE &4 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 &4 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.”® To test the modifying
effect of APOF &4 status and sex on age-related cerebral
perfusion trajectories, we included interaction terms for
APOEFE e4xage, sexxage, and APOE g4 xsexxage, 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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Figure |. Average slope of regional cerebral perfusion changes with age (n = 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.

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 3 months
as well as those who had incident cognitive impairment,
2) we excluded scans with 1525 ms 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 2025 ms 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 &4 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
€4 carriers. There were no gender differences across
APOE €4 strata: €4 carriers were composed of
67.47% women compared to 66.96% among non-
carriers. No differences were observed in age, parental
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history of dementia, race, body mass index, or smoking
status by APOE €4 status and sex. Compared with
male €4 non-carriers, female €4 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 €4 carriers, female €4 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 &4 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]=-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 ¢4 status and sex on
cerebral perfusion trajectories

In the fully adjusted model, we observed a three-way
interactive effect of age, APOE €4, and sex on the cere-
bral perfusion trajectories in total gray matter
(P =0.043), hippocampus (P =0.038), superior frontal
gyrus (P =0.033), middle frontal gyrus (P =0.021), and
precuncus (P=0.071). To further investigate this three-
way interaction, we classified participants into four
groups by APOFE &4 status and sex. The slope of total
gray matter cerebral perfusion change with every 5-
year increase in age was —0.55 (P=0.234) for male
€4 carriers, —2.74 (P <0.01) for female &4 carriers,
—1.60 (P <0.01) for male €4 non-carriers, and —1.37
(P<0.01) for female €4 non-carriers. This gender
differential in slope was not significant among &4
non-carriers (P =0.594) but was significant among &4
carriers (P=0.027). Similar patterns of age-related
cerebral perfusion trajectories by APOE €4 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 ¢4 status (n = 950).

Superior frontal Middle frontal Posterior
Total gray matter® Hippocampus®  gyrus® gyrus® cingulate® Precuneus®
Linear model, 5-yrs
Age, 5-year —1.43%* —1.25% —1.70%* —1.99%* —2.46%* —2.14%
(—1.79, —1.07) (—1.70, —0.80) (—2.18, —1.22) (—2.52, —1.46) (—3.26, —1.67) (—2.76, —1.52)
Categorical age
Age groups
4049 Ref. Ref. Ref. Ref. Ref. Ref.
50-59 —3.10%* —3.18% —2.89%F —3.26%F —5.76%* —4.95%F
(—5.03, —1.18) (—5.13, —=1.23) (-5.00, —0.78) (—5.57, —0.95) (—9.16, —2.36) (—7.63, —2.26)
60-69 —4.72%* —4.42%F —4.88%F —5.62%F —7.99%F —7.40%
(—6.87, —2.57) (—6.72, =2.13) (—7.37, —2.38) (—835, —2.90) (—12.00, —3.99) (—10.57, —4.23)
>70 —7.10%* —6.37%F —7.12% —8.23%* —11.68%* —10.46%*
(—9.64, —4.58) (—9.25, —3.49) (—10.26, —3.99) (—11.66, —4.81) (—16.66, —6.69) (—14.43, —6.50)
APOE ¢4
Agex APOE ¢4 0.2 0.05 0.08 0.11 0.00 0.20
(—0.36, 0.79) (—0.61,071)  (—0.62, 0.79) (—0.66, 0.87) (—1.16, 1.17) (—=0.71, 1.11)
Sex
AgexSex —0.37 —0.11 —0.53 —0.65 —0.64 —0.82
(—0.95, 0.20) (—0.75,0.54)  (—1.23,0.16) (—1.41,0.11) (—1.80, 0.51) (—1.72, 0.07)
APOE ¢4 and sex
Age x4 xSex —1.23* —1.52% —1.61* —1.85% —1.96 —1.70
(—2.46, —0.03) (—2.98, —0.12) (—3.10, =0.11) (—3.49, —0.21) (—4.45,0.52) (—3.64, 0.24)

*The f-coefficients and 95% confidence intervals in the models were adjusted for birth cohort, sex, APOE ¢4 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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Figure 2. Average slope of regional cerebral perfusion change with age by sex and APOE &4 status (n = 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 ¢4 non-carriers versus male ¢4 non-carriers, whereas the right graphs represents the
average slope of cerebral perfusion with age in each region for female ¢4 carriers versus male ¢4 carriers. Py p-value for the test for a
statistical difference between the slope for men versus women. **p<0.0|.

female and male €4 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 €4 carriers,
homozygous individuals (i.e., €4/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., €2/e4 or €3/e4). In contrast, among female €4
carriers, there was no difference in age-related cerebral
perfusion decline as a function of APOFE zygosity. This
suggests that among female €4 carriers, with advancing

age, biological sex is a stronger determinant of cerebral
perfusion decline than mere €4 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 ¢4 status and sex (Table 1) we hypothesized that
change in cardiometabolic measurements may explain, at
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a longitudinal manner. Using'® 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 &4
status, and amyloid burden.?®?° 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,?® in participants
with impaired glucose tolerance than in participants
with normoglycemia, in APOE &4 carriers than in &4
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 55-85years, found that ASL-quantified cerebral
perfusion in gray matter was negatively correlated
with age.’® Similarly, another cross-sectional study of
healthy adults aged 23-88years 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.” 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.'® 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.*"¥?

MCI and AD patients exhibit greater cerebral hypo-
perfusion in AD-vulnerable regions than those without
cognitive  impairment.'*'*  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
€4 allele on cerebral perfusion appears to be modified
by age, with evidence that older e4 adults display
decreased cerebral perfusion and younger €4 carriers
show increased perfusion.>* > 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.*>* 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-g4 carriers
and male &4 carriers, female &4 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 €4 and AD—it is more pronounced in women
than in men.'> Although studies that investigate the
interactions between APOE €4 status and sex on neu-
roimaging biomarkers are sparse, consistent findings
have revealed that APOE €4 confers greater AD risk
in women,*® ® and this increased 4 POE-related risk in
women is observed in tau pathology, cerebral hypome-
tabolism, altered functional connectivity, and brain
atrophy.*”*° A recent study by the Mayo group has
further confirmed that female €4 carriers accumulate
more tangles and have worse memory than male
carriers.*!

It remains unclear why male €4 carriers presented
with the least age-related cerebral perfusion decline in
our study, even relative to €4 non-carriers. Slightly dif-
ferent from the prevalent view that women who carry
copies of the APOE &4 allele have a greater AD risk
than men with the same number of copies,** we found
that among male €4 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 &4 car-
riers, our findings propose that during the aging pro-
cess, compared with mere &4 zygosity, cerebral
perfusion decline was largely driven by biological sex
among female &4 carriers. In contrast, €4 zygosity was
the main determinant among male €4 carriers. Future
studies are necessary to carefully investigate the role of
APOE &4 zygosity in the interactive effect of sex and
APOE €4 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.?***** Evidence even sug-
gests that reduced global cerebral perfusion may be a
valid imaging biomarker for cardiovascular risk.*' 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 80s, systolic pressures were similar
between the sexes (the average value was 134.2 mmHg
for men and 135.8 mmHg 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.***® For example, in an [150]H20 study
of cerebral blood flow, Aanerud and colleagues®
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 CO, reactivity during post-
menopause which then manifests as decreased cerebral
metabolic function and blood flow.'**> Carrying the
APOE €4 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.*’ 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).*® 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.*” 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 &4 status and sex. Female APOE &4
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 A POE e4-spe-
cific effect on cerebral perfusion trajectories and guide
the way to personalized prevention for AD.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by National Institute on
Aging grants ROl AG062167 (OCO), ROl AG037639
(BBB), R01 AG027161 (SCJ), ROl AGO021155 (SCJ), P50
AGO033514 (SA); and by a Clinical and Translational
Science Award (UL1RR025011) to the University of
Wisconsin, Madison. Portions of this research were sup-
ported by the Wisconsin Alumni Research Foundation, the
Helen Bader Foundation, Northwestern Mutual Foundation,
and from the Veterans Administration including facilities and
resources at the Geriatric Research Education and Clinical
Center of the William S. Middleton Memorial Veterans
Hospital, Madison, WI. Dr. Rui Wang’s effort on this
work was supported by the international postdoctoral train-
ing program from the Swedish Research Council (No
2016-06658), the Loo and Hans Osterman Foundation



3026

Journal of Cerebral Blood Flow & Metabolism 41(11)

(No. 2019-01265), and the Swedish Dementia Foundation.
Dr. Laura Eisenmenger’s effort on this work was supported
by the Clinical and Translational Science Award (CTSA) pro-
gram, through the NIH National Center for Advancing
Translational Sciences (NCATS), grant UL1TR002373 and
KL2TR002374.

Acknowledgements

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.
Most importantly, the authors thank the dedicated partici-
pants of the WRAP and WADRC for their continued dedi-
cation to research.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

R.W. and O.C.O conceptualized and designed the study; R.
W. performed the data analysis and drafted the manuscript.
RW.,JM.O.,AM.,YM,MAS,HAR,KMIJ., CLG,
C.M.C.,,B.B.B.,,S.CJ.,S.A., LE., and O.C.O contributed to
the data interpretation and revision of the manuscript and
approved the final draft. R.W. has the full access to all the
data in this study and takes responsibility for the integrity of
the data and the accuracy of the data analysis.

ORCID iD
Rui Wang (@ https://orcid.org/0000-0001-7209-741X

Supplementary material

Supplemental material for this article is available online.

References

1. Hays CC, Zlatar ZZ and Wierenga CE. The utility of
cerebral blood flow as a biomarker of preclinical
Alzheimer’s disease. Cell Mol Neurobiol 2016; 36:
167-179.

2. Alsop DC, Dai W, Grossman M, et al. Arterial spin
labeling blood flow MRI: its role in the early character-
ization of Alzheimer’s disease. J Alzheimers Dis 2010; 20:
871-880.

3. Staffaroni AM, Cobigo Y, Elahi FM, et al. A longitudi-
nal characterization of perfusion in the aging brain and
associations with cognition and neural structure. Hum
Brain Mapp 2019; 40: 3522-3533.

4. Zhang N, Gordon ML and Goldberg TE. Cerebral blood
flow measured by arterial spin labeling MRI at resting
state in normal aging and Alzheimer’s disease. Neurosci
Biobehav Rev 2017; 72: 168—175.

5. Leoni RF, Oliveira IAF, Pontes-Neto OM, et al.
Cerebral blood flow and vasoreactivity in aging: an arte-
rial spin labeling study. Braz J Med Biol Res 2017; 50:
€5670.

6.

10.

11.

12.

13.

15.

16.

17.

19.

20.

21.

De Vis JB, Hendrikse J, Bhogal A, Adams A, et al. Age-
related changes in brain hemodynamics: a calibrated
MRI study. Hum Brain Mapp 2015; 36: 3973-3987.

. Bangen KJ, Restom K, Liu TT, et al. Differential age

effects on cerebral blood flow and BOLD response to
encoding: associations with cognition and stroke risk.
Neurobiol Aging 2009; 30: 1276—1287.

. Biagi L, Abbruzzese A, Bianchi MC, et al. Age depen-

dence of cerebral perfusion assessed by magnetic reso-
nance continuous arterial spin labeling. J Magn Reson
Imaging 2007; 25: 696-702.

. Chen JJ, Rosas HD and Salat DH. Age-associated reduc-

tions in cerebral blood flow are independent from region-
al atrophy. Neuroimage 2011; 55: 468-478.

Zhang N, Gordon ML, Ma Y, et al. The age-related per-
fusion pattern measured with arterial spin labeling MRI
in healthy subjects. Front Aging Neurosci 2018; 10.

Liu C-C, Liu C-C, Kanekiyo T, et al. Apolipoprotein ¢
and Alzheimer disease: risk, mechanisms and therapy.
Nat Rev Neurol 2013; 9: 106-118.

Riedel BC, Thompson PM and Brinton RD. Age, APOE
and sex: triad of risk of Alzheimer’s disease. J Steroid
Biochem Mol Biol 2016; 160: 134-147.

Okonkwo OC, Xu G, Oh JM, et al. Cerebral blood flow
is diminished in asymptomatic Middle-aged adults with
maternal history of Alzheimer’s disease. Cereb Cortex
2014; 24: 978-988.

. Michels L, Warnock G, Buck A, et al. Arterial spin label-

ing imaging reveals widespread and Ap-independent
reductions in cerebral blood flow in elderly apolipopro-
tein epsilon-4 carriers. J Cereb Blood Flow Metab 2016;
36: 581-595.

Hanyu H, Shimizu S, Tanaka Y, et al. Differences in
regional cerebral blood flow patterns in male versus
female patients with Alzheimer disease. AJNR Am J
Neuroradiol 2004; 25: 1199-1204.

Gilsanz P, Mayeda ER, Glymour MM, et al. Female sex,
early-onset hypertension, and risk of dementia.
Neurology 2017; 89: 1886-1893.

Wang R, Fratiglioni L, Laukka EJ, et al. Effects of vas-
cular risk factors and APOE ¢4 on white matter integrity
and cognitive decline. Neurology 2015; 84: 1128-1135.

. Johnson SC, Koscik RL, Jonaitis EM, et al. The

Wisconsin  Registry for Alzheimer’s Prevention: a
review of findings and current directions. Alzheimers
Dement (Amst) 2018; 10: 130-142.

Sager MA, Hermann B and La Rue A. Middle-aged chil-
dren of persons with Alzheimer’s disease: APOE geno-
types and cognitive function in the Wisconsin Registry
for Alzheimer’s Prevention. J Geriatr Psychiatry Neurol
2005; 18: 245-249.

Clark LR, Zuelsdorff M, Norton D, et al. Association of
cardiovascular risk factors with cerebral perfusion in
Whites and African Americans. J Alzheimers Dis 2020;
75: 649-660.

Clark LR, Koscik RL, Allison SL, et al. Hypertension
and obesity moderate the relationship between f-amyloid
and cognitive decline in midlife. A/zheimers Dement 2019;
15: 418-428.


https://orcid.org/0000-0001-7209-741X
https://orcid.org/0000-0001-7209-741X

Wang et al.

3027

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Johnson SC, La Rue A, Hermann BP, et al. The effect of
TOMMA40 poly-T length on gray matter volume and cog-
nition in middle-aged persons with APOE ¢3/¢3 genotype.
Alzheimers Dement 2011; 7. 456—465. doi:10.1016/j.
jalz.2010.11.012

Xu G, Rowley HA, Wu G, et al. Reliability and precision
of pseudo-continuous arterial spin labeling perfusion
MRI on 3.0 T and comparison with 150-water PET in
elderly subjects at risk for Alzheimer’s disease. NMR
Biomed 2010; 23: 286-293.

Maldjian JA, Laurienti PJ, Kraft RA, et al. An automat-
ed method for neuroanatomic and cytoarchitectonic
atlas-based interrogation of fMRI data sets.
Neuroimage 2003; 19: 1233-1239.

Singer JD and Willet JB. Applied longitudinal data anal-
ysis: modeling change and event occurrence. New York:
Oxford University Press, 2003.

Beason-Held LL, Moghekar A, Zonderman AB, et al.
Longitudinal changes in cerebral blood flow in the
older hypertensive brain. Stroke 2007; 38: 1766—1773.
Thambisetty M, Beason-Held LL, An Y, et al. Impaired
glucose tolerance in midlife and longitudinal changes in
brain function during aging. Neurobiol Aging 2013; 34:
2271-2276.

Thambisetty M, Beason-Held L, An Y, et al. APOE &4
genotype and longitudinal changes in cerebral blood flow
in normal aging. Arch Neurol 2010; 67: 93-98.

Sojkova J, Beason-Held L, Zhou Y, et al. Longitudinal
cerebral blood flow and amyloid deposition: an emerging
pattern? J Nucl Med 2008; 49: 1465-1471.

Zimmerman B, Sutton BP, Low KA, et al
Cardiorespiratory fitness mediates the effects of aging
on cerebral blood flow. Front Aging Neurosci 2014; 6: 59.
Thomas B, Sheelakumari R, Kannath S, et al. Regional
cerebral blood flow in the posterior cingulate and pre-
cuneus and the entorhinal cortical atrophy score differ-
entiate mild cognitive impairment and dementia due to
Alzheimer disease. Am J Neuroradiol 2019; 40:
1658-1664.

Kaneta T, Katsuse O, Hirano T, et al. Voxel-wise corre-
lations between cognition and cerebral blood flow using
arterial spin-labeled perfusion MRI in patients with
Alzheimer’s disease: a cross-sectional study. BMC
Neurol 2017; 17: 91.

Wierenga CE, Hays CC and Zlatar ZZ. Cerebral blood
flow measured by arterial spin labeling MRI as a preclin-
ical marker of Alzheimer’s disease. J Alzheimers Dis 2014;
42: S411-419.

Wierenga CE, Clark LR, Dev SI, et al. Interaction of age
and APOE genotype on cerebral blood flow at rest. J
Alzheimers Dis 2013; 34: 921-935.

Fleisher AS, Podraza KM, Bangen KJ, et al. Cerebral
perfusion and oxygenation differences in Alzheimer’s dis-
ease risk. Neurobiol Aging 2009; 30: 1737-1748.

36.

37.

38.

39.

40.

41.

42.

43.

44.

41.

45.

46.

47.

48.

49.

Altmann A, Tian L, Henderson VW, et al. Sex modifies
the APOE-related risk of developing Alzheimer disease.
Ann Neurol 2014; 75: 563-573.

Ungar L, Altmann A and Greicius MD. Apolipoprotein
E, gender, and Alzheimer’s disease: an overlooked, but
potent and promising interaction. Brain Imaging Behav
2014; 8: 262-273.

Beydoun MA, Boueiz A, Abougergi MS, et al. Sex differ-
ences in the association of the apolipoprotein E epsilon 4
allele with incidence of dementia, cognitive impairment,
and decline. Neurobiol Aging 2012; 33: 720-731.
Sampedro F, Vilaplana E, de Leon MJ, et al. APOE-by-
sex interactions on brain structure and metabolism in
healthy elderly controls. Oncotarget 2015; 6: 26663-26674.
Damoiseaux JS, Seeley WW, Zhou J, et al. Gender mod-
ulates the APOE &4 effect in healthy older adults: conver-
gent evidence from functional brain connectivity and
spinal fluid tau levels. J Neurosci 2012; 32: 8254-8262.
Ramanan VK, Castillo AM, Knopman DS, et al.
Association of apolipoprotein E €4, educational level,
and sex with tau deposition and tau-mediated metabolic
dysfunction in older adults. JAM A Netw Open 2019; 2:
€1913909.

Farrer LA, Cupples LA, Haines JL, et al. Effects of age,
sex, and ethnicity on the association between apolipopro-
tein E genotype and Alzheimer disease: a meta-analysis.
JAMA 1997; 278: 1349-1356.

Jennings JR, Heim AF, Kuan DCH, et al. Use of total
cerebral blood flow as an imaging biomarker of known
cardiovascular risks. Stroke 2013; 44: 2480-2485.

van Laar PJ, van der Graaf Y, Mali WPTM, SMART
Study Group, et al. Effect of cerebrovascular risk factors
on regional cerebral blood flow. Radiology 2008; 246:
198-204.

Alonso-Nanclares L, Gonzalez-Soriano J, Rodriguez JR
and DeFelipe J. Gender differences in human cortical
synaptic density. Proc Natl Acad Sci USA 2008; 105:
14615-14619.

Aanerud J, Borghammer P, Rodell A, et al. Sex differ-
ences of human cortical blood flow and energy metabo-
lism. J Cereb Blood Flow Metab 2017; 37: 2433-2440.
Matteis M, Troisi E, Monaldo BC, et al. Age and sex
differences in cerebral hemodynamics: a transcranial
Doppler study. Stroke 1998 May; 29: 963-967.
Fernandez CG, Hamby ME, McReynolds ML, et al. The
role of apoE4 in disrupting the homeostatic functions of
astrocytes and microglia in aging and Alzheimer’s dis-
ease. Front Aging Neurosci 2019; 11: 14.

Hossmann KA and Heiss WD. History of the Letzte
Wiese/last meadow concept of brain ischemia. Stroke
2016; 47: e46-50.

Brothers RM, Wingo JE, Hubing KA, et al. The effects of
reduced end-tidal carbon dioxide tension on cerebral blood
flow during heat stress. J Physiol 2009; 587: 3921-3927.



	table-fn1-0271678X211021313
	table-fn2-0271678X211021313
	table-fn3-0271678X211021313
	table-fn4-0271678X211021313
	table-fn5-0271678X211021313
	table-fn6-0271678X211021313
	table-fn7-0271678X211021313
	table-fn8-0271678X211021313
	table-fn9-0271678X211021313

