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Abstract

Altered blood flow in the human brain is characteristic of typical aging. However, numerous 

factors contribute to inter-individual variation in patterns of blood flow throughout the lifespan. To 

better understand the mechanisms behind such variation, we studied how sex and APOE genotype, 

a primary genetic risk factor for Alzheimer’s disease (AD), influence associations between age 

and brain perfusion measures. We conducted a cross-sectional study of 562 participants from the 

Human Connectome Project - Aging (36 to >90 years of age). We found widespread associations 

between age and vascular parameters, where increasing age was associated with regional decreases 

in cerebral blood flow (CBF) and increases in arterial transit time (ATT). When grouped by sex 

and APOE genotype, interactions between group and age demonstrated that females had relatively 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
*Corresponding author. 149 Thirteenth Street, Suite 2301, Charlestown, MA, 02129, USA. ndamestani@mgh.harvard.edu (N.L. 
Damestani), mjuttukonda@mgh.harvard.edu (M.R. Juttukonda). 

Declaration of Competing Interest
None.

Financial Disclosures
All authors declare that they have no competing interests in relation to this manuscript.

Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.neuroimage.2023.120167.

HHS Public Access
Author manuscript
Neuroimage. Author manuscript; available in PMC 2023 July 15.

Published in final edited form as:
Neuroimage. 2023 July 15; 275: 120167. doi:10.1016/j.neuroimage.2023.120167.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


greater CBF and lower ATT compared to males. Females carrying the APOE ε4 allele showed the 

strongest association between CBF decline and ATT incline with age. This demonstrates that sex 

and genetic risk for AD modulate age-associated patterns of cerebral perfusion measures.
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1. Introduction

Understanding the characteristics of typical brain aging is fundamental for identifying 

atypical age-related changes and for distinguishing early biomarkers of pathology associated 

with neurodegeneration. Previous work has demonstrated that brain perfusion decreases with 

advancing age (Chen et al., 2013, 2011) and has suggested that physiological properties, 

including tissue hypoperfusion, precede detectable alterations in brain structure or cognition 

(Mokhber et al., 2021; Li et al., 2021). One of the main roles of cerebral perfusion 

is supplying the nutrients necessary for cerebral metabolism and neuronal function, and 

reduced perfusion is associated with brain tissue damage and neural dysfunction (Love and 

Miners, 2016). Therefore, characterizing cerebral hemodynamic physiology is critical for 

improving our understanding of the aging process.

Arterial spin labeling (ASL) magnetic resonance imaging (MRI) allows for noninvasive 

quantitative measurement of cerebral hemodynamics by using arterial blood water as an 

endogenous tracer (Williams et al., 1992). Arterial blood water in the cervical arteries is 

‘labeled’ using a series of radiofrequency pulses. This labeling period is followed by a post-

labeling delay to allow the labeled blood to reach and perfuse brain tissue. Images acquired 

including this ‘label’ are subtracted from ‘control’ images acquired with no labeling, and 

this difference is used to quantify cerebral blood flow (CBF), which represents the perfusion 

rate of blood from cerebral capillaries into brain tissue.

Declining CBF in global gray matter with advancing age has been widely observed with 

ASL (Alisch et al., 2021; Juttukonda et al., 2021; Chen et al., 2013, 2011). However, 

conventional ASL imaging is typically acquired with one post-labeling delay, capturing 

the labeled blood that arrives to and perfuses brain tissue by this one time point. The 

temporal delay between labeling of the blood and its arrival to brain tissue is known as the 

arterial transit time (ATT), and ATT variation has been demonstrated in aging and in disease 

associated with changes in cerebral vasculature. By acquiring multiple post-labeling delays, 

known as ‘multi-delay’ ASL (Wang et al., 2013; OSIPI Task Force 4.1, 2022), it is possible 

to capture the variation in ATT between and within individuals. This provides additional 

information regarding vessel tortuosity and structure, which particularly benefits studies of 

aging (Mutsaerts et al., 2017). However, studies of ATT in aging have been limited as early 

multi-delay ASL methods produced elongated scan duration.

Accelerated MR imaging methods alongside multi-delay ASL have made it possible to 

acquire high-resolution data in a relatively short period (~5.5 min), as implemented as part 
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of the imaging protocol for the Human Connectome Project Aging (HCP-A) study (Harms 

et al., 2018). A recent study presented a novel modeling approach tailored to obtain reliable 

ATT measures in older adults using multi-delay ASL data from HCP-A (Juttukonda et al., 

2021). Using this approach for a subset of the HCP-A cohort, ATT increases and CBF 

decreases were identified globally in gray matter with advancing age.

Despite these advances, it remains to be determined whether specific regions of the cerebral 

cortex exhibit greater microvascular perfusion deficits during aging and whether some 

regions are hyperperfused (Wang et al., 2021; Chen et al., 2011; Parkes et al., 2004). 

Regional perfusion differences at a given age might also differ by biological sex (Parkes et 

al., 2004; Juttukonda et al., 2021; Alisch et al., 2021) and by the presence of an ε4 allele 

of the apolipoprotein-E (APOE) gene (Wang et al., 2021; Wierenga et al., 2013), which is 

the most significant and common genetic risk factor for developing late-onset Alzheimer’s 

disease (AD) (Rabinovici, 2019). Furthermore, the impact of the ε4 allele may depend on 

sex, with studies suggesting that APOE ε4 produces a greater AD risk in females (Altmann 

et al., 2014).

Given this range of contributing factors, large cohort studies with advanced perfusion 

imaging are crucial to understanding the effect of the aging process on hemodynamic 

function. HCP-A is likely the largest cohort to-date with multi-delay ASL data and 

containing a rich multi-modal dataset that captures a range of information on the aging 

process (Bookheimer et al., 2019; Harms et al., 2018). In this study, we extended previous 

approaches (Juttukonda et al., 2021) to a larger sample of the HCP-A cohort to investigate 

CBF and ATT variation with age. We stratified by both sex and APOE genotype with the 

goal of better understanding how these crucial factors may impact cerebral hemodynamics 

with healthy aging in distinct regions of the cortex and subcortex.

2. Materials and methods

2.1. Data and code availability statement

The Human Connectome Project datasets and standard processing scripts are publicly 

available, with access details available at https://www.humanconnectome.org/. Analyses 

were performed using publicly available software tools.

2.2. Study participants

Over 1200 healthy adults have been recruited for the Human Connectome Project Aging 

(HCP-A) study, between the age of 36 and 90+. Institutional Review Board approval 

was obtained, and all participants provided written, informed consent. The details of 

inclusion and exclusion criteria were described previously (Bookheimer et al., 2019), 

and all participants exhibited typical health for their age. Typical health, as discussed by 

Bookheimer et al. (2019), does not exclude those with prevalent health conditions (e.g., 

hypertension), but does exclude those with suspected Alzheimer’s disease or symptomatic 

stroke. No participants were excluded based on medication use. This ensures the HCP-A 

sample is representative of the aging process.
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Four acquisition sites used matched MRI scanning protocols. Participants from the public 

release of the HCP-A cohort were included if ASL data were available. 677 participants 

met our criterion of having undergone multi-delay ASL acquisition. For the analyses of 

APOE genotype, our criteria for inclusion were participants with genotypes 1) homozygous 

APOE-ε3 (ε3/ε3), 2) either heterozygous (ε2/ε4, ε3/ε4) or homozygous (ε4/ε4) APOE-ε4 

individuals, 3) either heterozygous (ε2/ε3) or homozygous APOE-ε2 (ε2/ε2) individuals 

within the cohort. 562 participants met this criterion. A flowchart of the exclusion process is 

shown in Fig. 1.

The demographics of interest and the stratification of the groups for this study are 

summarized in Table 1. The following measures of cardiometabolic health were also 

acquired in HCP-A (Bookheimer et al., 2018), which can be used to account for potential 

related changes in perfusion measures: body mass index (BMI), cholesterol, systolic blood 

pressure, diastolic blood pressure, insulin, hemoglobin A1C, LDL, triglyceride, and C-

reactive Protein. These measures were adjusted to account for medication use as described 

by Robertson et al. (2017).

For the age association plots and accompanying analyses (Section 2.7.1 and 2.7.2), 

participants over the age of 90 were removed due to privacy concerns.

2.3. APOE genotyping

APOE genotyping was determined as previously described (Cruchaga et al., 2010). In brief, 

APOE ε2, ε3 and ε4 isoforms were determined by genotyping rs 7412 and rs429358 using 

Tagman genotyping technology.

2.4. Data acquisition

Details regarding imaging acquisition have been reported previously (Juttukonda et al., 

2021; Harms et al., 2018), and important parameters related to the acquisitions utilized 

are briefly presented here. Two-dimensional pseudo-continuous ASL data were acquired 

without background field suppression to avoid signal loss. The acquisition parameters 

included: labeling duration = 1500 ms, five post-labeling delays (PLD) of length = 200 

ms (control/label pairs = 6), 700 ms (pairs = 6), 1200 ms (pairs = 6), 1700 ms (pairs = 10), 

and 2200 ms (pairs = 15). No vascular crushing was applied, therefore only macrovascular 

metrics were investigated. The range of PLDs employed are sufficient to account for age-

related transit delays, as validated by Dai et al. (2017). Additionally, the pCASL acquisition 

included multi-band 2D gradient-echo echo-planar imaging (EPI) readout with TR = 3580 

ms, TE = 19 ms, partial Fourier = 6/8, simultaneous multislice (SMS) acceleration factor = 

6, total slices = 60, spatial resolution = 2.5 × 2.5 × 2.5 mm3, total acquisition time = 5.5 

min. Two equilibrium magnetization M0  images were acquired at the end of the scan for 

calibration purposes.

To correct field inhomogeneity-related distortions, two spin echo EPI scans with opposite 

phase encoding directions were acquired, with TR = 8000 ms, TE = 40 ms, spatial resolution 

= 2.5 × 2.5 × 2.5 mm3. A T1-weighted image was acquired using multi-echo MPRAGE, 
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with TR = 2500 ms, TI = 1000 ms, TE = 1.8, 3.6, 5.4, 7.2 ms, and spatial resolution = 0.8 × 

0.8 × 0.8 mm3 .

2.5. Physiological image processing

Susceptibility distortions were corrected for by applying ‘TopUp’ (Andersson et al., 2003; 

Smith et al., 2004) with the opposite polarity spin echo EPI scans. Multi-band accelerated 

readout can produce artifacts such as signal overlap between simultaneously excited slices 

(Xu et al., 2013). This was corrected for by interpolating the last slice of each band with 

the slices on either side. Motion correction was performed using AFNI ‘3dvolreg’ (Cox, 

1996). Control and label ASL data were pair-wise subtracted and averaged for each PLD. 

The averaged images were then calibrated for CBF quantification to the second M0 image, in 

line with Juttukonda et al. (2021).

2.5.1. Arterial transit time—A cross-correlation-based approach was used to calculate 

ATT values based on a two-stage approach described previously (Juttukonda et al., 2021). 

First, each voxel was assigned a “shift index” based on the temporal shift at which the 

acquired signal time course in that voxel exhibited the maximum correlation with the 

theoretical time course, which provided a coarse estimate of ATT at the temporal resolution 

of the ASL acquisition (i.e., 500 ms). Next, a second cross-correlation analysis was used to 

provide a more fine-tuned temporal resolution of 100 ms by narrowing the search window 

to arrival times pre-determined by the shift index from the previous step. This two-stage 

approach was utilized to limit the potential for noise to result in a highly erroneous result.

2.5.2. Cerebral blood flow—An established two-compartment model at each PLD was 

used to extract CBF values as previously described (Wang et al., 2002; Juttukonda et al., 

2021) (Eq. (1))

CBF i =
6000 ⋅ λ ⋅ ΔMi ⋅ exp δ

T1, a

2 ⋅ α ⋅ M0 ⋅ T 1.a ⋅ exp − max PLDi − δ, 0
T1.t

− exp − max τ + PLDi − δ, 0
T1.t

(1)

where the blood-brain partition coefficient λ = 0.9g/ml, ΔMPLD is the ASL difference signal 

in each voxel, α = 0.85 is the labeling efficiency, M0 is the equilibrium magnetization in each 

voxel, T1, a is the longitudinal relaxation of arterial blood, T1, t is the longitudinal relaxation 

time of tissue, PLDi is the post-labeling delay for the given PLD i , τ = 1.5s is the labeling 

duration, and δ is the ATT in each voxel.

T1, a was calculated as indicated in Eq. (2) (Lu et al., 2004)

T 1, a = 1
0.52 ⋅ Hct + 0.38 (2)

where Hct is the hematocrit. The Hct value was derived from the median of the appropriate 

age and sex values for each participant as determined by Mahlknecht and Kaiser (2010). 
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CBF maps were derived using a least-squares fitting of Eq. (1) using data from all PLDs 

along with ATT values computed as described in Section 2.2.

2.6. Structural image processing

Freesurfer was used to segment the cortical regions of interest and reconstruct the cortical 

surfaces from the T1-weighted image (Dale et al., 1999; Fischl et al., 1999). Images were 

inspected for artifacts and excessive white matter lesion volume for quality control purposes.

2.7. Surface-based group analysis

M0 images were registered to the T1-weighted image using boundary-based registration 

(Greve and Fischl, 2009). Partial volume effects were then accounted for using PET 

Surfer (Greve et al., 2016). After applying partial volume correction, the ATT and CBF 

volumes were converted to surfaces and registered to Freesurfer’s ‘fsaverage’ surface atlas. 

A smoothing kernel of 15 mm FWHM was applied. The mean of each of Freesurfer’s 

34 gray matter cortical segmentations (Desikan et al., 2006) within each hemisphere were 

calculated using Freesurfer’s ‘mri_segstats’. Volume-wise analysis was also performed using 

7 subcortical structures, according to the automated ‘aseg’ segmentation in Freesurfer 

(Fischl et al., 2002).

Cardiovascular risk was accounted for using a composite average z-score computed from 

the medication-adjusted measures (Section 2.2) after testing for normality using Q-Q plots 

and Shapiro-Wilks test. The Framingham Risk Score was not used due to the interest of the 

study in age and sex effects.

Participants were stratified by sex and APOE genotype and general linear model analyses of 

gray matter ATT and CBF were performed on the surfaces. The contrasts in Table 2 were 

used, with significance threshold established at p < 0.05 after permutation testing with 1000 

permutations, including a cluster-forming threshold of p = 0.001 and cluster-wise multiple 

comparisons correction using threshold-free cluster enhancement in Freesurfer. As discussed 

by Greve and Fischl (2018), non-parametric permutation testing appropriately controls for 

false positive rates across hemispheres. Each hemisphere was analyzed separately given 

previous findings of asymmetry between groups according to sex and APOE genotype 

(Wierenga et al., 2013).

For the APOE genotype analyses, the output vertex-wise ‘gamma’ maps from Freesurfer 

were used to compute the effect size maps (i.e., Cohen’s D) to acknowledge the differences 

in sample size prevalent between APOE genotype groups.

2.7.1. Interaction analysis—To understand the association of age, sex and APOE 
on perfusion measures, two Gaussian general linear models were tested for significance. 

Both included, age, sex, cardiovascular risk and APOE genotype as independent regressors, 

however one model (Model 1) included the interaction of sex and APOE genotype and the 

other (Model 2) included the interaction of sex, age and APOE genotype. These models 

were computed for each of the 34 cortical regions and 7 subcortical regions in each 

hemisphere, and confidence intervals were computed for each term. Statistical significance 
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was established for the interaction term at p < 0.05 after false discovery rate (FDR) 

correction across the number of regions tested (pFDR).

2.7.2. Slope of association analysis—The slope of association (i.e., line of best fit) 

was computed for each of the 34 cortical and 7 subcortical regions between the CBF or ATT 

measures and age. To understand the general association of perfusion measures with age, the 

average of all slopes and the standard deviation were computed to create a global measure of 

the rate of CBF and ATT change across brain regions. This was repeated after stratifying for 

sex and APOE genotype, respectively. A non-linear slope of association plot was produced 

for visualization to validate the relationship linearity.

The linear slopes of association were statistically compared according to group, both in 

terms of the mean difference between slopes (i.e., whether there is on average higher/

lower CBF or ATT between groups) and the gradient of the slopes (i.e., whether CBF or 

ATT increases/decreases at a faster rate between groups) for each cortical and subcortical 

region. When comparing between sex (e.g., male vs female) or between genotype (e.g., ε2 

individuals vs ε4 individuals), the interaction of age and the variable of interest was modeled 

and compared using the least squares means package version 2.30.0 in R (Lenth, 2016). The 

resultant p-values were then corrected for multiple comparisons using FDR correction across 

regions.

The gradients of the linear slopes of association between CBF or ATT with age after 

stratifying into both APOE genotype and sex (e.g., female ε4 vs male ε4) were extracted for 

each region. The groups were then compared using a simple Welch’s two sample T-test with 

a significance threshold of p < 0.05.

3. Results

3.1. Associations between age and perfusion measures

We first studied the association of age with CBF and ATT measures across the entire cohort. 

When comparing linear slopes of association, we found that ATT was longer at older age 

(0.0768 ± 0.0127s per decade) and CBF was lower at older age (−3.05 ± 1.06 ml/100g/min 

per decade) on average across cortical gray matter and hemispheres. These patterns were 

consistent on average across the subcortical regions (CBF: −1.05 ± 0.895 ml/100g/min per 

decade; ATT: 0.0648 ± 0.0152s per decade). Fig. 2 includes the plots of the change in 

CBF and ATT with age on average across cortical and subcortical regions. Supplementary 

Material A demonstrates the impact of controlling for global gray matter CBF and ATT.

However, as demonstrated in Fig. 3, the spatial distribution of the association with age 

differs between ATT and CBF, with the largest effects seen for CBF in the superior frontal 

cortex and for ATT in the right caudal middle frontal, right inferior parietal and left superior 

temporal cortices. More widespread age effects are seen in ATT than in CBF, with the most 

overlap between the two effects being in the frontal and parietal cortices.
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3.2. The effect of sex on perfusion measures

Fig. 4 details the surface analysis of ATT and CBF for the contrast between males and 

females after controlling for the effect of age. Significant (pTFCE < 0.05) differences 

between sex in both ATT and CBF were widespread across the cortex, with females 

demonstrating elevated CBF in parietal and frontal cortices and males demonstrating longer 

ATT in the temporal and inferior parietal regions.

Fig. 5 shows the average cortical and subcortical non-linear slope of association between 

CBF and ATT with age, distinguished by sex. Across all 34 cortical regions, within each 

hemisphere, statistically significant (pFDR < 0.05) differences were found in the mean linear 

CBF and ATT slopes, supporting the previous finding. In the subcortex, significantly higher 

(pFDR < 0.05) mean CBF for females was found bilaterally in the caudate, hippocampus, 

putamen, and thalamus whereas significantly longer (pFDR < 0.05) mean ATT in males was 

found in all 7 subcortical regions.

No statistically significant differences (p > 0.05) were found between sex for the CBF and 

ATT linear slopes of association with age for any subcortical or cortical region, suggesting 

that CBF decreased with age and ATT increased with age at similar rates for both males and 

females.

3.3. The effect of APOE genotype on perfusion measures

When comparing APOE genotypes, no significant differences (p > 0.05) between genotype 

groups (i.e., ε2 vs ε3, ε3 vs ε4, ε2 vs ε4) in CBF and ATT were identified in the surface 

analysis. There were no significant differences (p > 0.05) in the extent of CBF or ATT 

difference with age between genotype groups nor between the means of the linear slopes of 

association for CBF or ATT in any cortical region (See Supplementary Material B). The rate 

of CBF decline was found to be significantly higher (pFDR = 0.01) only in the right putamen 

for ε4 carriers compared to ε2 carriers.

3.4. Interactions between APOE genotype, sex, and age on perfusion measures

No significant differences in mean CBF nor ATT within sex between genotype were 

identified (p > 0.05), both for the surface analysis and slope analyses. However, Table 

3 illustrates the gradients of the slope of association of perfusion measures with age on 

average across all 34 cortical regions between sex and APOE genotype. In general, female 

ε4 individuals demonstrated the steepest slope of association with age for both CBF and 

ATT on average across cortical and subcortical regions, with statistical significance (p 
< 0.05). The largest significant statistical difference appeared between male ε2 carriers 

and female ε4 carriers, whereas non-statistically significant values (p > 0.05) were seen 

between female ε2 carriers and female ε4 carriers. The slope of association between CBF 

and age was generally less steep in the bilateral subcortex in comparison with the cortex. 

Supplementary Materials C and D demonstrates the accompanying plots of the slopes of 

association.

Fig. 6 shows that regions with significant differences between males and females vary 

according to APOE genotype. For ATT in ε4 individuals, most sex differences were within 
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the temporal cortices, whereas for ε2 individuals only superior frontal regions appeared 

significant. For CBF in ε4 individuals, sex differences were predominantly in the parietal 

cortex and precuneus but were located in the frontal lobe for ε2 individuals. The effect 

size maps are independent of sample size and demonstrate distinct spatial patterns between 

genotypes. Supplementary Material E demonstrates the slopes of association for exemplar 

regions with sex differences within genotype.

To investigate this effect in more depth, we assessed the interaction of CBF and ATT for 

a general linear model including age, sex, cardiovascular health and APOE genotype as 

individual regressors, followed by an interaction term for only sex and APOE genotype 

in Model 1 and an interaction term for age, sex and APOE genotype in Model 2. No 

significant results (p > 0.05) for the interaction terms were found in cortical or subcortical 

regions after false discovery rate correction for either model.

4. Discussion

We investigated cross-sectional associations between age, sex, APOE genotype and regional 

vascular physiology in adults with typical health. We observed reduced CBF and increased 

ATT with advancing age throughout much of the cerebral cortex. We also found that CBF 

is higher and ATT is lower overall in females compared to males independently of age 

and cardiovascular risk. Additionally, we investigated the potential modifying effects of 

sex and APOE genotype on age associations with perfusion measures and found unique 

regions affiliated with sex differences depending on APOE genotype. Future work modeling 

interaction effects in the wider consortium HCP-A sample and continuation longitudinal 

study may be needed to fully investigate these associations in specific regions, given the 

power demands of complex three-way interactions (Heo and Leon, 2010). These results 

underscore the potentially complex modifying effects of sex and APOE genotype on age-

related variation in cerebral perfusion.

Effects of age on perfusion measures were present globally throughout the brain. However, 

there were overlapping regions where the association between CBF reduction with age and 

ATT increase with age were strongest. These regions included the frontal lobe and posterior 

cingulate cortex and were visible bilaterally. Decreases in CBF in the frontal and parietal 

cortices have been implicated in the aging process in previous studies (Chen et al., 2011; 

Wang et al., 2021). Furthermore, higher CBF in the frontal lobe has been associated better 

executive function and CBF reduction could be associated with frontotemporal dementias 

(Staffaroni et al., 2019) or small vessel disease (Markus et al., 2014). This could indicate 

certain regions of the cortex that are particularly vulnerable to neurodegeneration, which 

could be due to poor native physiology affiliated with age-related vascular changes (e.g., 

arterial stiffening) (Singer et al., 2014). This effect could also be linked to white matter 

lesion burden, which could be independently investigated as performed by van Dalen et al. 

(2016) to better understand local age-related microvascular changes. Our findings in the 

subcortex support those of Chen et al. (2011), whereby age-associated decline in CBF was 

less apparent in subcortical regions than in cortical regions.
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Females consistently exhibited elevated CBF and reduced ATT compared to males 

regardless of age. This agrees with previous findings, where Alisch et al. (2021) found 

elevated CBF across multiple cortical regions in females and Juttukonda et al. (2021) 

identified reduced ATT in females in global gray matter. One contributing factor could be 

the lower hematocrit identified in females, as discussed by Juttukonda and Donahue (2019), 

although sex hormones may also play an important role. Additionally, this effect appeared 

more left lateralized, supporting previous findings (Esposito et al., 1996). As reviewed 

extensively by Robison et al. (2019), estrogen increases cerebral blood flow and may 

provide neuroprotective effects; therefore, incorporating hormone levels and menopausal 

status into this analysis would be a crucial next step for understanding these differences.

We did not find significant differences in CBF or ATT between APOE genotype overall, but 

two key findings were observed: 1) accelerated CBF decline and ATT increase in female 

ε4 individuals (combined heterozygotic and homozygotic carriers) on average across all 

cortical regions, in agreement with previous findings (Wang et al., 2021) and 2) region-

specific sex differences between APOE genotype. Interestingly, although we found no 

statistically significant effects between genotype via surface and interaction analysis, the 

largest difference in the gradient of the slope of association for ATT incline with age and 

CBF decline with age was between male ε2 carriers and female ε4 carriers, which warrants 

further study in a sample-size matched cohort with higher sampling of ε2/ε4 carriers. 

Our findings could indicate that while females demonstrate higher CBF relative to males 

regardless of APOE status, sex is a key contributing factor as to how APOE genotype 

influences perfusion measures across the lifespan. This may support studies that suggest 

that sex modulates the impact of APOE genotype on Alzheimer’s disease risk and cerebral 

metabolism (Altmann et al., 2014; Sampedro et al., 2015). Integration of our results with 

cognitive scoring and lifestyle factors in a longitudinal cohort may provide further insight 

into the interacting effects involved.

The findings of this study should be considered in the context of the following limitations. 

Firstly, despite HCP-A being one of the largest cohorts with APOE genotype information 

to date with well age-matched groups, the effects described are cross-sectional and only 

describe variation trends in the sample. This can be influenced by a range of factors outside 

of those under study; for example, HCP-A did not strictly limit caffeine intake and caffeine 

is known to influence CBF (Mathew and Wilson, 1985). It is unclear how this may have 

affected the data reported but we do not expect that this would result in any substantial 

bias affecting any of the specific findings reported. Equally, arterial transit artifacts remain 

present in multi-delay ASL which could influence the regional differences observed. As 

with many studies of aging of this nature, longitudinal cohorts employing multi-delay 

ASL methodology, given the advantages for accurate ATT quantification, will benefit the 

validation of our findings. Finally, females have demonstrated higher CBF in prior studies 

using PET (Esposito et al., 1996), which has been attributed to inherently lower hematocrit 

compared to males (Mahlknecht and Kaiser, 2010). However, a limitation of this study is 

that hematocrit was not measured for each participant. Instead, population averages were 

used to model hematocrit changes between sexes and across the lifespan when computing 

CBF, as previously described (Juttukonda et al., 2021).
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In conclusion, we have implemented an advanced perfusion imaging technique alongside 

novel hemodynamic modeling to better understand the physiological mechanisms of age-

related variation and characterize brain health. Overall, our results confirm previous findings 

of age and sex-related differences in cerebral perfusion during the typical aging process 

while providing novel insights into the impact on arterial transit times, regional differences, 

and the interacting effect of APOE genotype on cerebral perfusion.
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Fig. 1. 
Flowchart of exclusion pipeline for participants in HCP-A cohort.
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Fig. 2. 
Subcortical (right) and cortical (left) CBF and ATT changes with age on average across 

regions and hemispheres, plotted with a non-linear slope of association. Participants over the 

age of 90 were removed from this visualization.
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Fig. 3. 
Spatial maps of surface-based group analysis for significant impact of age on (a) CBF 

and (b) ATT in large cohort, using Freesurfer general linear model including age as a 

regressor, cluster-wise corrected for multiple comparisons. Only significant statistics that 

survive cluster-wise correction at p < 0.05 are displayed. Regions with significant decline in 

CBF were mostly superior frontal, whereas regions with significant increase in ATT were 

spread across the temporal, parietal, and frontal cortices. (c) Overlap of CBF and ATT 

maps after thresholding at p < 10−10, majority of overlap in the frontal and superior parietal 

cortices. IP = Inferior Parietal, RMF = Rostral Middle Frontal, SF = Superior Frontal, SP = 

Superior Parietal.
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Fig. 4. 
Spatial maps of surface analysis for significant impact of sex on (a) CBF and (b) ATT in 

large cohort, using Freesurfer general linear model including both sex and age as regressors, 

cluster-wise corrected for multiple comparisons. Only significant statistics that survive 

cluster-wise correction at p < 0.05 are displayed. Females demonstrated higher CBF across 

the parietal and frontal cortices, whereas males demonstrated higher ATT across the superior 

frontal cortex and temporal lobe. SF = Superior Frontal, RMF = Rostral Middle Frontal, MT 

= Middle Temporal, IP = Inferior Parietal, ST = Superior Temporal.
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Fig. 5. 
Subcortical (right) and cortical (left) CBF and ATT changes with age on average across 

regions and hemispheres for females (red) and males (blue), plotted with a non-linear slope 

of association. Participants over the age of 90 were removed from this visualization.
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Fig. 6. 
Spatial maps of surface analysis for sex differences within APOE genotype of (a, b, c) 

CBF and (d, e, f) ATT, using Freesurfer general linear model including both age and sex 

as regressors but only modeling the data from APOE genotype of interest, cluster-wise 

corrected for multiple comparisons. Only significant statistics that survive cluster-wise 

correction at p < 0.05 are displayed. Bottom rows show effect size maps (Cohen’s D). 

Different spatial distributions of sex differences were identified based on APOE genotype.
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Table 1

Demographics of interest and APOE stratification for the HCP-A cohort.

APOE Genotype Grouping
Ngroup

Age (years)
Mean (St. Dev.)

Nfemale/Ntotal

APOE ε3 (ε3/ε3)
Nε3/ε3 = 360

60.0 (15.5) 199/360

APOE ε4 (ε2/ε4, ε4/ε4 or ε3/ε4)
Nε2/ε4 = 13, Nε4/ε4 = 14, Nε3/ε4 = 105

60.8 (14.0) 70/132

APOE ε2 (ε2/ε2, ε2/ε3)
Nε2/ε2 = 4, Nε2/ε3 = 66

61.7 (18.0) 38/70
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Table 2

Contrasts of interest for surface-based general linear model analysis for both ATT and CBF.

Effect of age only, with cardiovascular risk regressed

Male > female, with age and cardiovascular risk regressed

ε2 individuals > ε3 individuals, with age and cardiovascular risk regressed

ε3 individuals > ε4 individuals, with age and cardiovascular risk regressed

ε4 individuals > ε2 individuals, with age and cardiovascular risk regressed

Female ε2 individuals > male ε2 individuals, with age and cardiovascular risk regressed

Female ε3 individuals > male ε3 individuals, with age and cardiovascular risk regressed

Female ε4 individuals > male ε4 individuals, with age and cardiovascular risk regressed
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