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Abstract

Background: Cerebral perfusion is directly affected by systemic blood pressure, which has been
shown to be negatively correlated with cerebral blood flow (CBF). The impact of aging on these
effects is not fully understood.

Purpose: To determine whether the relationship between mean arterial pressure (MAP) and
cerebral hemodynamics persists throughout the lifespan.

Study Type: Retrospective, cross-sectional study.

Population: 669 participants from the Human Connectome Project-Aging ranging between
36-100+ years and without a major neurological disorder.

Field Strength/Sequence: Imaging data was acquired at 3.0 Tesla using a 32-channel head
coil. CBF and arterial transit time (ATT) were measured by multi-delay pseudo-continuous arterial
spin labeling (ASL).

Assessment: The relationships between cerebral hemodynamic parameters and MAP were
evaluated globally in gray and white matter and regionally using surface-based analysis in the
whole group, separately within different age groups (young: <60 years; younger-old: 60-79 years;
oldest-old: =80 years).

Statistical Tests: Chi-squared, Kruskal-Wallis, ANOVA, Spearman rank correlation and linear
regression models. The general linear model setup in FreeSurfer was used for surface-based
analyses. p<0.05 was considered significant.
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Results: Globally, there was a significant negative correlation between MAP and CBF in

both gray (0=-0.275) and white matter (o=—0.117). This association was most prominent in

the younger-old [gray matter CBF (p=-0.271); white matter CBF (=-0.241)]. In surface-based
analyses, CBF exhibited a widespread significant negative association with MAP throughout the
brain, whereas a limited number of regions showed significant prolongation in ATT with higher
MAP. The associations between regional CBF and MAP in the younger-old showed a different
topographic pattern in comparison to young subjects.

Data Conclusion: These observations further emphasize the importance of cardiovascular
health in mid-to-late adulthood for healthy brain aging. The differences in the topographic pattern
with aging indicate a spatially heterogeneous relationship between high blood pressure and CBF.
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INTRODUCTION

Cerebral metabolic demand is supported by the delivery of oxygen-rich blood, which is
often measured as cerebral blood flow (CBF)(1). CBF is regulated by various systemic
factors, including blood pressure, neurovascular coupling, cerebrovascular reactivity,
cardiac output, autonomic neural activity, and endothelium-dependent regulation(2). These
overlapping regulatory mechanisms mediate proper vascular responses to changes in
metabolic demand(1). Steady upstream cardiovascular physiology, including cardiac output,
systemic blood pressure, balanced cerebrovascular resistance, and metabolic factors, is
therefore critical not only for the regulation of CBF but also for maintaining cerebrovascular
and neural integrity(3).

Structural and functional integrity of the brain declines with aging, and this effect varies as a
function of cardiovascular health(4). Vascular risk factors, including hypertension, diabetes,
obesity, hyperlipidemia, and smoking, contribute to changes in the brain independently of
age(5). In particular, hypertension is one of the twelve modifiable risk factors that has

been emphasized by the Lancet Commission for Dementia Prevention, Intervention and
Care(6). Chronic hypertension may contribute to disruption of vasoregulatory functions
throughout the brain, resulting in small vessel disease, hypoperfusion and disrupted white
matter integrity(7, 8). Pathology studies have also revealed the impact of elevated blood
pressure on brain tissue, including elevated amyloid-beta deposition, neurofibrillary tangles,
neuritic plaque formation, and parenchymal volume loss, all of which are linked to
neurodegeneration(9). However, hypertension represents a categorical threshold for a certain
level of risk and does not capture the dynamic nature of blood pressure physiology.

Indeed, previous studies have demonstrated that blood pressure (as a continuous measure)

is associated with brain health and cognition, even in individuals in the pre-hypertensive
range(10, 11).

Mean arterial pressure (MAP), which represents the average arterial pressure throughout one
cardiac cycle, is a critical hemodynamic factor in maintaining sufficient cerebral perfusion.
In addition, alterations in cardiac output and systemic vascular resistance are reflected in
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MAP(1). Furthermore, age-related physiological changes lead to increases in MAP that
contribute to cardiac ventricular remodeling, vascular injury, and end-organ damage(12).
Together, these observations suggest that MAP can serve as one of the key systemic
vascular indicators governing cerebral hemodynamics. Indeed, elevated MAP has been
shown to be inversely related to CBF in cross-sectional and prospective cohorts(13, 14).
However, the extent of the impact of blood pressure on brain vascular health may also

vary depending on age(15-17). Although the association between midlife hypertension and
decreased CBF has been consistently demonstrated, discrepant results have been reported in
the elderly (older than 65 years) and more specifically in the oldest-old (older than 80 years)
populations(17-19).

This study aimed to extend prior observations regarding MAP and cerebral hemodynamics
using arterial spin labeling (ASL) data from the Human Connectome Project-Aging (HCP-
A) cohort. Specifically, the aim was to investigate the associations between MAP and
cerebral perfusion metrics, globally and regionally, across the adult lifespan.

MATERIALS AND METHODS

Study Participants

This retrospective study was approved by the local Institutional Review Board. Cross-
sectional analysis of publicly-available data acquired in the HCP-A study was performed,
which enrolled typically aging adults without any major disorders, including dementia,
clinical stroke, or other identified causes of cognitive decline(20-22). Details on screening,
additional exclusion criteria, and cognitive assessments in the HCP-A cohort have been
described previously(20). A total of 669 participants (age range: 36 to >100 years; [median
(IQR) age: 59 (47-73) years, 56% female]) in whom both ASL and blood pressure data were
available were included. Study participants were divided into three age groups and referred
to as “young” [36 to 59 years; n=353(52.8%), 204 female], “younger-old” [60 to 79 years;
n=221(33%); 119 female], and “oldest-old” [=80 years; n=95(14.2%); 52 female].

Clinical and Imaging Data Acquisition

The following demographic and clinical information was extracted for all study participants
from the study database: age, sex, race, ethnicity, blood pressure (systolic and diastolic),
and use of anti-hypertensive medications. Blood pressure measurements were obtained once
while the subjects were in a seated position.

Mean arterial pressure (i.e., MAP) was calculated as follows:

Systolic blood pressure + (2 X Diastolic blood pressure)

MAP = 3

MRI data were acquired at 3.0 Tesla (Prisma; Siemens Healthcare, Erlangen Germany)
using a 32-channel head coil at four different sites using the same acquisition parameters.
T4-weighted imaging was performed with a multi-echo magnetization-prepared rapid
gradient echo (MPRAGE) sequence using the following parameters: repetition time
(TR)=2500 ms; inversion time (T1)=1000 ms; echo times (TE)=1.8/3.6/5.4/7.2 ms; spatial
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resolution=0.8x0.8x0.8 mm3; number of echoes=4. Pseudo-continuous ASL was acquired
without background or vascular suppression using a labeling duration=1500 ms with the
standard body transmit coil, five post-labeling delays (PLD)=200 ms, 700 ms, 1200 ms,
1700 ms, and 2200 ms, and with a multi-band 2D gradient echo echo-planar imaging

(EPI) readout: TR=3580 ms; TE=19 ms; in-plane spatial resolution=2.5x2.5 mm?; slice
thickness=2.5 mm; field-of-view=215 mm x 215 mm x 182 mm; scan time=5:29 min; and
slice distance factor=10%. Equilibrium magnetization (Mp) images were acquired at the
end of the scan for normalization of the ASL difference images, and a pair of spin echo
echo-planar imaging scans with opposite phase encoding directions was separately acquired
for correction of field inhomogeneity-related distortions.

Image Processing

T4-weighted images were automatically processed to reconstruct cortical surfaces and to
segment region-of-interest (ROI) volumes using the FreeSurfer recon-all procedure(23, 24).
FreeSurfer’s ‘gtmseg’ tool was then used to generate a high-resolution segmentation for
each participant for use in partial volume correction.

ASL data were corrected for susceptibility distortion, motion, and signal loss incurred due
to spin history effects from the multi-band readout as previously described(25). Control
and label ASL data were pair-wise subtracted, averaged for each PLD, and normalized to
the second Mg image. Arterial transit time (ATT) values were calculated on a voxel-wise
basis through a two-stage normalized cross-correlation approach using a cross-correlation
approach similar to that which has been previously described(25). CBF values were then
calculated on a voxel-wise basis by fitting a two-compartment model using a least-squares
approach and the independently derived ATT information. The model parameters used
have been described previously(25). FreeSurfer's PetSurfer partial volume correction (PVC)
stream was used to account for the tissue fraction effect in CBF and ATT volumes. For
subcortical ROIs, the symmetric geometric transfer matrix (SGTM) method was used to
directly estimate ROl means. In addition, the Muller-Gartner method was applied to obtain
voxel-wise values. These corrected results were registered to each participant’s structural
space(26, 27).

Mean ATT and CBF values were calculated inside each ROI in the Desikan-Killiany
atlas(28). For subcortical regions, the ROI-based calculations output by the SGTM algorithm
were used directly(26, 27). For cortical regions, the CBF and ATT volumes output by the
Muller-Gartner algorithm were mapped to the cortical surfaces of each participant, and
surface-based smoothing was applied with a FWHM (full-width/half-maximum) of 15 mm.
Finally, the vertex-wise mean of each cortical Desikan-Killiany ROI was calculated for
regionally specified analyses.

Statistical Analysis

Categorical variables are expressed as n (percentage), and continuous variables are described
as either mean + standard deviation (SD) or median (interquartile range, IQR) depending

on the normality of distribution as evaluated by Kolmogorov-Smirnov test. Group-wise
comparisons were performed by chi-square test for categorical variables and Kruskal-Wallis
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or analysis of variance (ANOVA) for continuous variables. Associations between continuous
variables were assessed using Spearman rank correlation. Steiger’s z tests were used

to compare two dependent correlation coefficients with one variable in common(29).
Multivariate analyses were performed using linear regression models. The dependent
variable was log normalized to meet the assumption of normality in regression models. All
statistical tests were performed using R Project for Statistical Computing (software version
3.5.1), and p<0.05 was considered statistically significant.

First, we examined the patterns of associations between MAP and global white and gray
matter cerebral perfusion parameters in all subjects. Next, we performed multivariate
analyses to determine independent factors related to CBF and ATT. Along with MAP,
anti-hypertensive medication use, age and sex were introduced in these models as covariates.
Subsequently, we repeated these analyses within each age group (‘young’, ‘younger-old’,
and ‘oldest-old”) separately. Finally, we constructed regression models in the whole group
by including interaction terms (age group * MAP) in order to elucidate how age impacts the
association between MAP and cerebral hemodynamics. In addition to studying the impact
of blood pressure measures on mean CBF and ATT values globally, age-adjusted regional
variations of these associations were examined in the whole group and separate age groups
by performing surface-based analyses using general linear model setup in FreeSurfer(23).
Correlations between MAP and CBF vs. MAP and ATT were compared using Steiger’s z
test among five regions with the highest correlations in surface-based analyses of CBF and
ATT.

Table 1 summarizes the demographic variables, use of anti-hypertensive medication, and
blood pressure levels together with CBF and ATT values of the study population. There were
no significant sex differences or differences (p= 0.626) in diastolic blood pressure (p= 0.226)
between age groups, but other blood pressure parameters showed significant differences.
There was a weak yet significant correlation between MAP and age (Spearman's p=0.171).
The median (IQR) values of global gray and white matter CBF observed in the entire cohort
were 56.9 (49.8 — 65.9) ml/100 g/min, and 32.5 (29.3 — 36.2) m1/100 g/min, respectively,
and were negatively correlated with age in the gray (Spearman's o= —0.448) and white
matter (Spearman's p= — 0.082). A significant and moderately positive correlation between
ATT and age was observed in both tissue types (gray matter: Spearman's p= 0.552, white
matter: Spearman's p= 0.409).

Associations Between MAP and Global Cerebral Perfusion Parameters

Higher MAP was associated with lower CBF in both gray (Spearman's o= —0.275) and white
matter (Spearman's p= —0.117) in the overall population. In addition, a significant positive
correlation was observed between MAP and ATT in both gray (Spearman’s p= 0.171) and
white matter (Spearman’s p= 0.137) (Figure 1). The relationship between higher MAP and
CBF in gray (= —0.140) and white matter (= —0.103) remained significant after adjusting
for age, sex and anti-hypertensive medication use in multivariate analyses. However, there
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was no significant association between MAP and ATT in multivariate models after adjusting
for age, sex, and antihypertensive use (for gray matter, p= 0.757; for white matter, p= 0.686).

Across different age groups, the most robust association between MAP and CBF was
observed in individuals aged 60 to 79 years [for gray matter CBF (p= —0.271); for white
matter CBF (B=-0.241)] (Table 2). The oldest-old group displayed a relationship in the
same direction, but these results did not meet significance criteria [for gray matter CBF (=
-0.176, p= 0.079); for white matter CBF (p= —0.177, p= 0.089)]. The young group had

a significant yet weaker association between MAP and gray matter CBF (f= -0.101). No
significant association was observed between MAP and white matter CBF in this age group
(p=-0.012; p=0.834).

The analyses in the overall population after inclusion of the MAP * age group (reference
category: younger old) interaction term, revealed no significant difference between the
younger-old and the oldest-old groups regarding the associations of MAP with gray matter
(B=0.001; p=0.686) or white matter CBF (= 0.001; p= 0.893). However, a significant
interaction was observed in between the young group and the younger-old for the association
of MAP with gray matter (Bmap*age= 0.003) and white matter CBF (Bmapage= 0.003)
(Supplemental table 1).

Surface-based Analyses

Both unadjusted and age-adjusted surface-based image analyses in the overall population
showed that MAP was strongly associated with CBF in multiple cortical areas, with

the highest correlations observed in the cuneus, inferior parietal, transverse temporal,
pericalcarine and supramarginal regions. (Figure 2A). Meanwhile, the relationship between
MAP and ATT was significant only in limited number of cortical areas, including temporal
pole, medial and lateral orbitofrontal cortices, pars triangularis and insula (Figure 2B).

In regions showing the highest correlation between MAP and CBF, the coefficients

were significantly higher when compared to the correlations between MAP and ATT
(Supplemental table 2). Meanwhile, there was no significant difference between the
correlation coefficients of MAP vs. CBF and MAP vs. ATT in the top-tier of regions
highlighted in surface-based analyses of ATT (Supplemental table 3). Pairwise comparisons
of the age groups showed no significant topographical difference in the association of MAP
with CBF between the oldest-old and the younger-old groups (Figure 3A). However, in the
pairwise comparison of younger-old and young groups, there was a significant group-wise
difference of CBF vs. MAP slopes in a number of regions (i.e. right medial, inferior,
occipital and lateral parietal areas) with more negative slopes observed in the former group
(Figure 3B). Regions showing the highest partial correlations between MAP and CBF across
age groups are summarized in Supplemental table 4, highlighting a consistent association
between CBF and MAP in all age groups in the left inferior frontal and right middle
temporal lobes.

DISCUSSION

In this study, we aimed to investigate associations between systemic blood pressure and
cerebral hemodynamics across the adult lifespan. Our results showed that higher MAP
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values were associated with lower global CBF in both gray and white matter. This
association was more prominent in younger-old participants in comparison to the young
group. Furthermore, the comparative surface-based analyses showed significant group-wise
differences between the younger-old and young groups in certain anatomic areas with
steeper slopes in the MAP vs. gray matter CBF relationship of the younger-old subjects.

Substantial work examining the associations between cardiovascular risk factors and
cerebral hemodynamics, has highlighted the adverse effects of hypertension on CBF in
middle-aged and older individuals(19, 30, 31). The change in vascular structure (arteriolar
thickening and luminal narrowing) and elasticity are considered to underlie the decreased
CBF observed in subjects with chronic hypertension(32, 33). However, there are some
discrepant observations questioning whether the negative influence of high blood pressure
on cerebral perfusion still persists at later periods of life and especially in the oldest-old
individuals. In a longitudinal study, Suri et a/. found that the significant relationship between
cardiovascular risk and lower CBF observed in midlife attenuated during the periods of later
life(34). Similarly, van Dalen et a/. found no associations between blood pressure and CBF
cross-sectionally or longitudinally over a three-year period in a cohort of older hypertensive
individuals(35). In another study, Foster-Dingley et a/. found no effect of antihypertensive
drug cessation on CBF in a cohort of patients with mild cognitive impairment and mean
age of 81 years(18). Moreover, numerous longitudinal and observational studies have
highlighted an association between low instead of high blood pressure with negative health
outcomes such as brain atrophy (36), dementia (37) and even mortality (38) in later life.

On the other hand, Deverdun et al. have shown an association between increased MAP over
12 years and lower CBF across the whole gray matter in healthy older adults(13). In the
current study, we found a negative correlation between MAP and global CBF in the gray
matter throughout the lifespan. The strength of this relationship was greater in gray matter
and most prominent in individuals aged 60-79 years. A similar positive correlation was
observed in the oldest-old group, but this association did not reach the level of statistical
significance. However, both the regression analyses testing for the interaction of the age and
MAP, and the comparative surface-based analyses suggested that the oldest-old individuals
do not differ significantly from the younger-old subjects from the perspective of MAP-CBF
interplay. Therefore, we believe that the non-significant results in the oldest-old population
stem from statistical power issues associated with the lower number of participants in

this age group. Meanwhile, our findings highlight that the association between MAP and
global CBF may be more subtle in younger individuals and show topographic differences

in comparison to older subjects. Although this might reflect the duration of hypertension
and thereby the associated vascular effects, which probably are milder in the younger cases,
it is not possible to rule out spatial heterogeneity between different age groups regarding
the interplay between MAP and cerebral perfusion. Longitudinal studies evaluating cerebral
hemodynamics and their spatial patterns from younger age to midlife extending to the
oldest-old period are needed to further understand these relationships.

In addition to CBF, we evaluated ATT measures from the gray and white matter using a new
approach that has recently been presented(25). The analyses on white matter ATT may be
more novel, as many prior studies focusing on the cerebral hemodynamic effects of age or
vascular risk factors were primarily based on CBF measurements in the gray matter(13, 18,
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34). Consistent with our previous work, ATT was found to be higher in the white matter

in comparison to the gray matter in the current larger cohort(25). In addition, global gray
matter ATT showed a positive correlation with increasing age, replicating the observations
in previous studies(39, 40). There was also a similar prolongation of ATT with age in

the white matter. From the perspective of MAP, there was a positive correlation with gray
and white matter ATT in bivariate analyses, which became non-significant after adjusting
for age, sex and anti-hypertensive use. Despite the neutral relationship observed in global
analyses, significant associations between MAP and ATT were found in surface-based image
analyses, particularly in insula, medial and lateral orbitofrontal cortices, pars triangularis

of inferior frontal gyrus and temporal pole. Although the negative effects of systemic
vascular risk factors on cerebral perfusion are generally known, there are fewer studies that
directly examine the relationship with ATT. In one of these studies, similar to our results,

a significant relationship was found between blood pressure metrics and ATT in the insular
region of men aged 55-80 years, suggesting that vascular risk factors may have region-
specific differential effects on cerebral hemodynamics(31). Overall, these observations
suggest that MAP levels have more widespread adverse effects on CBF in comparison to
ATT. This finding could be related to the fact that CBF is more directly influenced by blood
pressure, whereas ATT may be more related to macrovascular mechanisms, including vessel
tortuosity and slower blood velocity(25).

First, the study cohort was limited in terms of ethnic and racial diversity, with the vast
majority of participants being of Caucasian descent. More data in diverse populations are
needed to allow for generalization of our observations to populations that are known to

have a higher prevalence of elevated blood pressure. Second, our findings rely on a single
cross-sectional retrospective evaluation of blood pressure data and perfusion imaging data
acquired at one field strength (i.e., 3 Tesla). Longitudinal follow-up of individuals with
measurements at multiple time points may be more informative about the role played

by aging and blood pressure levels in cerebral hemodynamic changes. Third, additional
vascular risk factors such as diabetes mellitus, hyperlipidemia, obesity or smoking that
might adversely affect cerebral perfusion were not accounted for in our analyses. Fourth, we
have defined our study groups as those <60 years, between 60 and 79 years, and >80 years;
however, a more ideal analysis that was not possible in our cohort due to the sample size
would be to stratify the study population to multiple age categories (e.g., to within a decade)
to more finely delineate the effect of aging on blood pressure and cerebral hemodynamic
relationships. Fifth, although the study did not include subjects with a history of stroke,

we did not have angiographic information to rule out asymptomatic, yet significant stenosis
that might confound the assessment of cerebral hemodynamics. Finally, although younger
participants of the current study are considered to be typically aging, it is unclear whether
they will remain free of major neurological disorders in their later years. In this regard, there
is an inevitable selection bias towards healthier participants in the oldest-old group.

In the current study, we demonstrated a strong relationship of MAP, an important systemic
physiological parameter, with CBF in both the gray and white matter and detailed the spatial
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distribution differences of this relationship by surface-based analysis in different age groups
using ASL MRI data from the HCP-A population. We found compelling evidence that the
most prominent effects were observed in individuals within the mid-to-late-life which is
consistent with the mounting evidence in the literature highlighting the role of vascular
health during this period of life on cognitive health in following years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: The relationship between MAP and cerebral hemodynamics in the whole sample.
Elevated MAP is inversely correlated with CBF and positively correlated with ATT in all age

groups. The relationship with CBF is more prominent in the gray matter (A) compared to
that in the white matter (B). GM CBF decreases 0.3 ml/100 g/min for each 1 mmHg increase
in MAP, whereas this decrease is 0.06 ml/100 g/min per 1 mmHg MAP increase in white
matter. A similar yet minor difference is seen between gray matter ATT (0.003 seconds per
mmHg increase) (C) and white matter ATT (0.002 seconds per mmHg increase) (D). The
shaded areas represent the 95% CI of the regression line.
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Figure 2: Vertex-wise analyses between MAP, CBF and ATT with and without adjustment for
age.

A?ge-unadjusted associations between MAP and hemodynamic parameters display a
widespread relationship (top row). After controlling for age effects (bottom row), this pattern
mostly endured for CBF compared to ATT. Color bars indicate p-values and the direction of
correlation; blue represents a negative correlation whereas red/yellow represents a positive
correlation. CBF, Cerebral blood flow; ATT, Arterial transit time; MAP, Mean arterial

pressure.
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Figure 3: Vertex-wise comparative group analyses between MAP and CBF.
The relationship between CBF and MAP displayed a significant difference only in a

limited number of regions among the oldest-old and younger-old groups (A). Surface-based
analyses among the younger-old and young groups highlighted various anatomic regions
with more negative slopes in the younger-old with respect to the relationship between MAP
and CBF (B). Color bars indicate p values and the direction of the association, with blue
representing a more negative slope. CBF, Cerebral blood flow; ATT, Arterial transit time;
MAP, Mean arterial pressure.
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Summary of the correlation and regression (adjusted for age, sex and antihypertensive medication) analyses
evaluating the effect of MAP on cerebral hemodynamics across age groups.

Spearman’s . .
correlation Linear regression
Age Dependent
groups variable P p value Beta B (SE) p value
Gray matter CBF -0.180  0.001 -0.101 -0.001(0.000)  0.040
White matter CBF | 0.011 0.841 -0.012 -0.000 (0.000)  0.834
Young group
Gray matter ATT 0.083 0.120 -0.016  0.000 (0.000) 0.741
White matter ATT | 0.044 0.411 -0.018  0.000 (0.000) 0.713
Gray matter CBF -0.295 <0.001 | -0.271 -0.002 (0.001) <0.001
White matter CBF | -0.204  0.002 -0.241 -0.002 (0.000)  <0.001
Younger-old group
Gray matter ATT 0.130 0.053 0.032 0.000 (0.000) 0.598
White matter ATT | 0.125 0.064 0.085 0.000 (0.000) 0.185
Gray matter CBF -0.284  0.005 -0.176 -0.002 (0.001)  0.079
White matter CBF | -0.232  0.024 -0.177 -0.001(0.001)  0.089
Oldest-old group
Gray matter ATT 0.119 0.249 0.095 0.000 (0.000) 0.334
White matter ATT | 0.022 0.834 -0.002  0.000 (0.000) 0.981

The dependent variables were log transformed in linear regression models, which include age, sex, anti-hypertensive use and MAP as independent
variables. p= Spearman’s rho correlation coefficient. Beta and B represent standardized and unstandardized coefficients, respectively. SE=Standard

error.
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