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Aging is associated with an increased prevalence of vascular health conditions that
are linked to a disruption in the cerebral vasculature and white matter microstructural
organization. In people with cardiovascular risk factors, increased cerebral arterial
pulsatility is associated with poorer white matter microstructural organization and
cognitive functioning. This study examines the relationship among arterial pulsatility,
white matter microstructural organization, and cognitive ability in a healthy adult
lifespan sample. One hundred and eighty-nine adults were divided into a younger adult
(<50 years, n = 97) and older adult (>50 years, n = 92). The latter were further subdivided
into two subgroups with (CV+, n = 25) and without (CV—, n = 67) cardiovascular
risk factors. Arterial pulsatility was measured using cardiac-gated phase-contrast flow
quantification sequence and three indexes of whole-brain white matter microstructural
organization [i.e., fractional anisotropy (FA), radial diffusivity (RaD), mean diffusivity (MD)]
were derived from diffusion-weighted imaging (DWI). Cognitive ability was assessed
using global cognitive functioning (MoCA) and a measure of working memory [sensitivity
(d) from a 2-back task]. Neither the whole group analysis nor the younger adult group
showed an association between measures of arterial pulsatility, global white matter
microstructural organization, and cognition. In older adults, higher MD and RaD were
associated with increased arterial pulsatility and poorer working memory performance.
The indirect pathway from arterial pulsatility to working memory performance via both
MD and RaD measures was significant in this group. Interestingly, a comparison of CV+
and CV— subgroups showed that this mediating relationship was only evident in older
adults with at least one CV risk factor. These findings are consistent with cardiovascular
risk factors as underlying arterial, white matter, and cognitive decline in cognitively normal
older adults.
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INTRODUCTION

Aging is associated with both increased prevalence of vascular
health conditions (e.g., hypertension, diabetes, atrial fibrillation,
hypercholesterolemia) and gradual atrophy of the brain. While
atrophy affects both gray and white matter, white matter changes
emerge later but progress at a much faster rate than gray
matter changes (Courchesne et al, 2000; Ge et al, 2002).
White matter structural deterioration is more pronounced in
frontal compared to posterior locations (van Swieten et al., 1991;
Bennett et al., 2010; Madden et al, 2012). Changes in white
matter microstructural organization are inferred from diffusion-
weighted imaging (DWI) sequences that measure the random
motion of water molecules in cortical tissue (Horsfield and Jones,
2002). Common measures include fractional anisotropy (FA)
as well as mean and radial diffusivity (MD, RaD, respectively),
which quantify the overall uniformity of diffusion in a vessel and
the direction of diffusion, respectively.

Cardiovascular (CV) health plays an important role in the
preservation of white matter structural organization in older
adults. Changes in the cardiac vasculature, such as reduced CV
reactivity and hardening of arterial walls (arteriosclerosis) are
associated with a disruption in white matter macrostructure,
including white matter atrophy and accumulation of white
matter hyperintensities (Bateman, 2002; Kennedy and Raz, 2009;
Mitchell et al., 2011; Fuhrmann et al., 2019). The presence of
CV risk factors is also associated with disruption of white matter
microstructural organization, as measured by DWI measures,
especially in the long fronto-posterior white matter tracts (Li
et al., 2015; Habes et al., 2018; Fuhrmann et al., 2019).

Deterioration of white matter macrostructural and
microstructural organization is also associated with cognitive
decline in older adults (Breteler et al., 1994; Arvanitakis et al,,
2016; Yang et al, 2017) and is more severe in the presence
of vascular risk factors, such as hypertension, high blood
cholesterol and diabetes (Li et al., 2015; Spielberg et al., 2017;
Biessels and Despa, 2018; Kong et al., 2020). The decline in white
matter microstructural organization mediates the relationship
between vascular risk factors and cognitive performance
(Oberlin et al., 2016), as well as the relationship between age
and cognitive performance (Jolly et al., 2016, 2017), potentially
by reducing the efficiency of neural communication across long
fiber tracts (Nilsson et al., 2014). These findings suggest that
both cognitive decline and white matter deterioration in older
adults may arise from a sub-clinical pathological process of
cardiovascular origin.

Cerebral blood flow (CBF) is believed to play a key mediating
role in the link between CV risk factors and white matter
structural organization (Parkes et al., 2004; Aslan et al., 2011).
Age-related reduction in CBF is closely linked to changes in
neurovascular coupling and metabolism (Chen et al., 2011).
As arterial flow is pulsatile, it causes periodic increases in
blood volume into the intracranial cavity, which is balanced
by cerebrospinal fluid and venous outflow. Vascular risk
factors can impact arterial structural integrity by increasing
arterial stiffness (i.e., arteriosclerosis) and restricting blood flow
(i.e., atherosclerosis), mechanisms that damage the endothelium

(Bateman, 2002; Bateman et al., 2008; Mitchell et al., 2011;
O’Rourke et al., 2011). These changes in arterial structure can
impact CBF balance by increasing the pulsatile properties of the
arterial inflow and/or reducing the volume of venous outflow.
Arterial pulsatility, a measure of the pulsatile properties of
arterial inflow derived from a cardiac-gated magnetic resonance
imaging (MRI) scan, is increased in idiopathic dementia
(Bateman, 2002) and early vascular dementia (Bateman, 2004),
both of which are characterized by the increased presence of
white matter hyperintensities. Moreover, consistent with a link
between arterial, white matter and cognitive health in older
adults, CV fitness is positively associated with better arterial
health (Chapman et al., 2013; Crichton et al., 2014; Zimmerman
et al., 2014), white matter structure (Johnson et al., 2012;
Burzynska et al, 2014; Fletcher et al, 2016) and cognitive
ability, and specifically working memory and processing speed
(McAuley et al., 2004; Fabiani et al., 2014; Zimmerman et al.,
2014; Gardener et al., 2015; Oberlin et al., 2016).

In community-dwelling older adults, whole-brain white
matter microstructural organization (measured using RaD)
was positively associated with both global cognitive ability
[measured using the Montreal Cognitive Assessment (MoCA;
Jolly et al, 2016)] and a measure of executive functioning
(mixing cost measured using a task-switching paradigm; Jolly
et al, 2017). Whole-brain RaD mediated the relationship
between age and cognitive ability, but age did not mediate the
relationship between RaD and cognitive ability, suggesting that
white matter microstructural organization is a better predictor
of cognition than age, per se (Jolly et al., 2016). Increased
arterial pulsatility was significantly correlated with disruption
in whole-brain white matter microstructural organization
(i.e., reduced FA, increased RaD), and this relationship remained
significant when controlling for age (Jolly et al, 2013).
Importantly, the relationships between arterial pulsatility, white
matter microstructural organization, cognition, and age were
statistically significant only in a subgroup of participants (60%)
who reported one or more CV risk factors (e.g., hypertension,
high blood cholesterol, and atrial fibrillation). These findings
suggest that the presence of modifiable CV risk factors
may at least partially account for the cognitive and brain
changes typically attributed to increasing age. Therefore, efficient
treatment of CV risk factors may hold the key to delaying or
preventing cognitive decline and brain structural changes in
otherwise healthy older adults (Hajduk et al., 2013; Elias et al.,
2018; Williamson et al., 2019; Peters et al., 2020).

Although Jolly et al. (2013, 2016, 2017) provided evidence
for a relationship between age, cerebral arterial pulsatility, white
matter structure, and cognitive performance, the cohort was all
over 45 years and biased towards people with CV risk factors.
Specifically, half the cohort was recruited from the caseload of a
clinical neurologist based on the presence of mild to moderate
white matter hyperintensities in their clinical MRL

In the current study, we sought to replicate and extend the
above findings in a larger and more representative sample of
older adults and compare the relationships between arterial,
white matter structure and cognition in young and older adults,
using both a test of global cognitive ability (MoCA) and the
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2-back task that targets working memory ability. Working
memory plays a critical role in many areas of cognition (e.g.,
language, maths; Baddeley, 2003; Raghubar et al., 2010) and
everyday life activities (e.g., planning what to do and when
to do it; Cohen and Conway, 2007; Kane et al, 2007) and
is highly sensitive to aging and pathological cognitive decline
(Saunders and Summers, 2011; Garcia-Alvarez et al.,, 2019;
Yaple et al., 2019)

Specifically, we sought to examine whether the relationship
between arterial pulsatility, whole-brain white matter
microstructural organization and both global cognitive and
working memory ability is evident in both young and old
adults. We also examined whether the relationship between
arterial, white matter, and cognitive measures was dependent
on the presence of one or more CV risk factors (CV+/CV—).
We hypothesized that global cognition and working memory
ability will vary with age as well as indices of whole-brain white
matter microstructural organization (FA, MD, or RD). Based
on Jolly’s findings, we expected that these variables would be
more strongly or exclusively related to the presence of one or
more cardiovascular risk factors. Specifically, we expected that
the whole-brain white matter microstructural organization will
mediate the relationship between arterial pulsatility index (AP)
and working memory capacity in the CV+ subgroup.

MATERIALS AND METHODS

Participants

Two hundred and five participants were recruited via
advertisements as part of a larger lifespan data set collected
at the National Cheng Kung University, Tainan, Taiwan,
R.O.C. Medical data, including information on cardiovascular
risk factors and mental health status, were collected via a
self-report questionnaire. Data from 16 participants were
removed from analyses: seven because they scored above
13 on the Beck Depression Inventory-II (BDI-II; Beck et al,
1996), and nine due to excessive artifact in their blood flow
scans. The remaining participants were divided into two age
groups (>50 and <50 years). This resulted in a final sample of
92 older adults (44 male, range = 50.08-78.01 years), of whom
25 reported the presence of one or more cardiovascular risk
factors, and 97 young adults (57 male, range = 20.32-49.95 years).
Information about the CV risk factors is reported in Table 3.
No participants reported any diagnosis of a psychiatric disorder.
Participants completed a test battery including demographic,
neuropsychological, and cognitive tasks, as well as imaging
protocols. The study complied with the Declaration of Helsinki,
and all participants provided written informed consent. The
study protocol was approved by the Research Ethics Committee
of the National Cheng Kung University, Tainan, Taiwan,
R.O.C. Participants were paid $1,500 NTD after completion of
the experiment.

MRI Protocols

MRI images were acquired on a GE MR750 3 T scanner (GE
Healthcare, Waukesha, WI, USA) in the Mind Research Imaging
Center at the National Cheng Kung University. High-resolution

structural images were acquired using fast-SPGR, consisting
166 axial slices [TR/TE/flip angle, 7.6 ms/3.3 ms/12°; the field
of view (FOV), 22.4 x 22.4 cm?; matrices, 224 x 224; slice
thickness, 1 mm], and the entire process lasted for 218 s.

Diffusion-Weighted Imaging (DWI)
Diffusion-weighted imaging (DWI) was obtained with a spin-
echo-echo planar sequence (TR/TE = 5,500 ms/62-64 ms,
50 directions with b = 1,000 s/mm?, 100 x 100 matrices, slice
thickness = 2.5 mm, voxel size = 2.5 x 2.5 x 2.5 mm, number
of slices = 50, FOV = 25 cm, NEX = 3). Reverse DTI was also
acquired for top-up correction in the DTI pre-processing. The
acquisition parameters for the reverse DTI were identical to the
DTI—the only difference was that there were six directions.

DWI Preprocessing

DWTI data pre-processing and analyses were carried out using
FMRIB’s Software Library (Smith et al., 2004; Jenkinson et al.,
2012), based on the processes outlined by Boekel et al. (2015).
For each participant and session, DWI data were concatenated
and corrected for eddy currents (including top-up correction).
Affine registration was used to register each volume to a reference
volume (Jenkinson and Smith, 2001). Following registration,
a mask was created from a single image without diffusion
weighting (b0; b-value = 0 s/mm?) using the FMRIB’s Brain
Extraction Tool (BET; Smith, 2002). Finally, DTIFIT 37 was
applied to fit a tensor model at each voxel to derive FA, MD, and
RaD measures (Smith et al., 2004).

Tract-Based Spatial Statistics

Following pre-processing, tract-based spatial statistics were
generated in FSL for the FA, MD, and RaD images (TBSS;
Smith et al., 2006). First, the end slices were removed from the
FA images by zeroing to reduce the impact of outliers from
the algorithm. Second, all FA images were aligned to a 1 mm
standard space using non-linear registration to the FMRIB58_FA
standard-space image. Following this, affine registrations were
used to align images into 1 x 1x 1 mm MNI 152-space,
before being skeletonized. To accurately represent the white-
matter tracts, the mean skeletonized image was thresholded at
FA of 0.2 based on the default recommendations. Lastly, each
participant’s FA data were projected onto the mean skeletonized
FA image and concatenated. This process was then repeated for
MD and RaD images using the tbss_non_FA function.

Quantifying Measures of White Matter

Mean FA, MD, and RaD measures were calculated from whole-
brain skeletonized images. FA denotes the degree of anisotropic
diffusion of water molecules within the tissue, MD measures the
degree of directional diffusivity, and RaD measures the diffusion
orthogonal to the principal direction of the vessel (Basser and
Jones, 2002; Song et al., 2003). High FA scores as well as low
RaD scores are associated with restricted linear diffusion and are
interpreted as representing more organized, and by extension,
stronger white matter tracts.

Arterial Blood Flow

Measurements of arterial blood flow were obtained using a
retrospectively cardiac-gated phase-contrast flow quantification
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sequence (TR = 8.5 ms; TE = 4.9 ms; slice thickness = 5 mmy;
matrix = 256 x 256). To measure the arterial flow, a section
plane was positioned to intersect the basilar artery and the
cavernous portion of the internal carotid arteries at the base of
the skull, as defined by Bateman (2002). Arterial blood flow was
calculated using region of interest (ROI) analyses in Medviso
Segment version 2.0 R5165 (Heiberg et al., 2010). An ROI
was defined around the basilar and carotid arteries to measure
the total arterial inflow. Before measuring blood flow, the ROI
was baseline corrected against a reference ROI of 1.5 cm? on
the brainstem. Arterial pulsatility was derived as the difference
between the maximum and minimum flow divided by the mean
flow across the ROI (see Jolly et al., 2013, 2016).

Cardiorespiratory Fitness

To estimate cardiorespiratory fitness, we used a metabolic
equivalent score (MET; Jurca et al., 2005) as an estimate of
VO;max. This score was derived from anthropometric variables
including sex, age, body mass index (BMI), resting heart rate
(RHR), and self-reported habitual physical activity (Act) levels.
The MET was calculated by an equation as follows:

MET = 2.77 % Gender — 0.1 x Age — 0.17 x BMI

—0.03 % RHR + 1 % Act + 18.07 (1)

where Gender: 1 = male and 0 = female and Act = 0, 0.32, 1.06,
1.76, and 3.03 for five different weekly exercise intensity levels.
Higher numbers represented higher exercise intensity.

Cognitive Tasks

In this article, we report cognitive results from the Montreal
Cognitive Assessment (MoCA; Nasreddine et al, 2005), a
measure of global cognitive functioning, and the 2-back task, a
measure of working memory.

We used the version of the 2-back working memory test
developed by Jaeggi et al. (2008). On each trial, a 3 x 3 square
grid was presented and a randomly selected box was blue
(Figure 1). Participants were asked to memorize the last two
locations of the blue box. If the location of the blue box
on the current trial (n) was the same as that two trials
back (n-2), participants were asked to press the “F” button
with their left index finger; if it was in a different location,
participants were to press the “J” button with their right
index finger. The blue stimulus was displayed for 500 ms
and participants were required to respond within a 2,000 ms
inter-stimulus interval (ISI). Participants completed four blocks
of 21 trials: the first block was task practice and feedback
was provided, the remaining three blocks formed the data
used in the analyses. The experiment lasted approximately
20-30 min.

The main outcome measure was sensitivity (d') and was
calculated based on the hit rate (H) and false-alarm (F) rate using
the formula:

d = Z(H) — Z(F) (2)

where Z refers to the z score of the normal distribution.

2 back

Stimulus = 500 ms =

Time

— -

FIGURE 1 | Schematic of the 2-back task. Participants responded whether
the position of the blue square matched the position on two trials prior.

Data Analyses

To compare with the findings by Jolly et al. (2013, 2016), we used
similar analyses to those reported in the original article. However,
we transformed all raw data into Z scores before the statistical
tests of correlations and mediations. Descriptive, correlation, and
regression analyses were run in IBM SPSS v22 (IBM, Armonk,
NY, USA).

Pearson correlations were used to examine the relationships
between age, arterial pulsatility, and measures of white matter
microstructural organization (FA, MD, RaD) on cognitive ability
(MoCA score, 2-back d’). Familywise error rate correction was
used as specified in relevant table legends. For the correlations,
we controlled for BDI-II, sex, education, and MET score.

Following this, we examined the associations between arterial
pulsatility and white matter measures in younger and older age
groups separately. To examine the impact of CV risk factors,
we further divided the older group into subgroups based on
the self-reported CV risk factors (with risk factors = CV+;
without = CV—).

We used mediation analyses to examine whether the
relationship between arterial pulsatility and each cognitive
ability score was mediated by white matter microstructural
organization (i.e., FA, MD, RaD) first in the entire older
adult group and then in CV+ and CV— older subgroups.
BDI-II, sex, education, and MET score were also controlled
in all mediation models. For the mediation analysis, we
used the PROCESS macro (Hayes, 2017), which estimates
path effects with ordinary least-squares regression. We used
the methodology specified by Hayes (2009) to examine the
relationships between total, direct and indirect effects, in which
an indirect relationship can be established between a predictor
and outcome, even in the absence relationship between these
two variables. The significance of direct or indirect effects
was assessed with a 95% confidence interval. To estimate
confidence intervals, we used a bias-corrected method with the
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percentile bootstrap estimation approach, which implemented
5,000 bootstrap iterations.

RESULTS

Age Group Differences

As shown in Table 1, the younger group had, on average, two
more years of education than the older group, but also reported
more depressive symptoms on the BDI-II. The MET score, an
estimate of VO,max, was also higher in the younger group. On
the cognitive tasks, the younger group scored higher on the
MoCA and the 2-back task than the older group. The younger
group also had higher FA, lower MD, and RaD, and lower arterial
pulsatility scores than the older group.

Relationship Between Arterial Pulsatility,
White Matter Microstructural Organization
and Cognitive Ability Within Age Groups
When examined across the entire sample, there were no
significant relationships between measures of arterial pulsatility,
white matter organization, and cognitive ability (all p > 0.05).
Following this, we examined these relationships within each age
group (Table 2).

Within each age group, of white matter
microstructural organization were highly intercorrelated. In
the younger group, these measures did not significantly correlate
with arterial or cognitive variables, nor did the latter correlate
with each other. In contrast, in the older group, all DWI
measures significantly correlated with scores on the 2-back task
(FA: r=0.27; MD: r = —0.28; RaD: r = 0.29), but not the MoCA.
Also, MD and RaD were positively associated with the arterial
pulsatility index (both r > 0.24).

The Indirect Effect of Arterial Pulsatility on
the Link Between White Matter
Microstructural Organization and
Cognitive Ability

To assess whether arterial pulsatility had an indirect effect
on working memory performance via its impact on whole-
brain white matter microstructural organization, we ran two
mediation models with arterial pulsatility index as the predictor

measures

of 2-back performance, and either MD or RaD as the
mediator, in the older age group. Figure 2 shows that there
was a small, but significant indirect effect between arterial
pulsatility and 2-back d’, for both MD and RaD mediators
(B = —0.06).

Effect of Cardiovascular Risk Factors
Present in the Older Adult Group

To identify whether the indirect effect of arterial pulsatility on
working memory performance was driven by the presence of CV
risk factors in some older adults, we reran the mediation analyses
in CV+ and CV— subgroups. As shown in Table 3, only 27%
of older adults reported one or more cardiovascular risk factors.
CV+ and CV— groups were highly comparable, with the only
significant difference being that the CV— group had, on average,
one extra year of education.

In both MD and RaD models, arterial pulsatility was
significantly associated with white measure microstructural
organization measures for the CV+ group only (Figure 3).
However, the indirect pathway from arterial pulsatility to
working memory ability via white matter microstructural
organization was only significant for MD and only in the CV+
group (Figure 3).

DISCUSSION

This study examined whether white matter microstructural
organization and arterial pulsatility can predict cognitive
performance in community-based adults with and without
the presence of CV risk factors. When examining these
relationships across the adult lifespan, there were no significant
relationships between arterial pulsatility, white matter, and
cognition. However, consistent with Jolly et al. (2013, 2016), these
relationships were present in the older age group (50-78 years),
and more strongly in the subgroup of older adults that had
one or more CV risk factors. In older adults, increased
arterial pulsatility was associated with poorer white matter
microstructural organization, which was in turn correlated with
worse working memory performance, consistent with Oberlin
et al. (2016). The mediation models showed that, for the older
adults, there was a small indirect effect of arterial pulsatility on
2-back accuracy with either MD or RaD as the mediator. This

TABLE 1 | Age group differences on demographic information, cognitive performance, measures of white matter microstructural organization, and arterial pulsatility.

Measure Younger adults Older adults t P
Education (years) 15.57 (2.19) 13.96 (2.61) —4.61% 8.00E-06
Gender (female/all) 40/97 48/92 —1.51 0.13
MET 11.69 (2.35) 8.49 (2.11) —9.82** 1.29E-18
BDI-II 5.89 (4.52) 4.49 (4.00) —2.25% 0.038
MoCA 28.06 (1.88) 27.13(1.82) —3.46** 6.70E-04
2-back d’ 2.40 (0.89) 1.52 (0.79) —7.09% 2.73E-11
FA 0.45 (0.01) 0.43 (0.02) —7.32% 1.25E-11
MD 7.55E-04 (1.61E-05) 7.66E-04 (2.66E-05) 3.26** 1.39E-03
RaD 5.51E-04 (1.71E-05) 5.69E-04 (2.97E-05) 5.20** 6.88E-07
AP 0.86 (0.23) 0.99 (0.21) 417 4.60E-05

Notes: measures reported as Mean (SD) unless noted. MET, metabolic equivalent score; BDI, Beck Depression Inventory; MoCA, Montreal Cognitive Assessment; FA, fractional
anisotropy; MD, mean diffusivity; RaD, radial diffusivity; AR, arterial pulsatility index. *p < 0.05; **p < 0.001.
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TABLE 2 | Correlations between arterial pulsatility index, white matter microstructural organization, and cognitive performance in each age group.

Age group Measure AP FA MD RaD MoCA
Young AP

FA —0.130

MD 0.066 —0.758**

RaD 0.098 —0.901** 0.964**

MoCA —-0.154 0.113 —0.033 —0.076

2-back d’ —0.082 0.086 —0.049 —0.076 0.191
Older AP

FA -0.176

MD 0.249* —0.901**

RaD 0.242* —0.955** 0.988**

MoCA —0.042 0.050 —0.059 —0.057

2-back d’ —-0.156 0.267* —0.277* —0.286** 0.116
Older CV— AP

FA —0.131

MD 0.176 —0.905*

RD 0.183 —0.958* 0.988*

2-back d’ -0.203 0.272 —0.253 -0.275
Older CV+ AP

FA —0.353

MD 0.498* —0.888*

RD 0.463* —0.947* 0.988*

2-back d’ —0.087 0.243 —0.357 —0.324

Notes: AR, arterial pulsatility index; FA, fractional anisotropy; MD, mean diffusivity; RaD, radial diffusivity; MoCA, Montreal Cognitive Assessment; CV—, subgroup of older adults without
cardiovascular risk factors; CV+, subgroup of older adults with cardiovascular risk factors. *p < 0.05; **p < 0.001. BDI-ll, sex, education, and MET were controlled.

effect was specific to the CV+ group, especially when using MD
as a mediator. In contrast, there was no indirect effect found in
the CV— group for either model.

The association between CV risk factors and white matter
structural changes with aging is well established (van Swieten
et al, 1991; Johnson et al, 2012). The arterial pulsatility
index refers to the balance between arterial inflow and
venous and CSF outflow in the cerebral aqueduct. This
declines with increasing age and more so in the presence
of CV risk factors. For instance, high arterial pressure
indicates a greater force of inflow, which may outweigh the
ability of the outflow to balance the pressure. This force
imbalance affects both gray and white matter tissue and has
been linked to white matter atrophy and reduced cognitive
performance (Mitchell et al., 2011; Fabiani et al., 2014;
Katulska et al., 2014). Moreover, changes in arterial pulsatility
have been associated with white matter disease (Bateman,

2002), stroke (Webb et al, 2012), and vascular dementia
(Bateman et al., 2008).

The present findings replicate the finding by Jolly et al.
(2016) that arterial pulsatility is indirectly related to cognitive
performance, but only in the presence of CV risk factors.
Also consistent with Jolly’s finding, in the absence of CV
risk factors, there was no relationship between white matter
microstructural organization and cognitive decline in older
adults. These findings are consistent with the notion that
age-related cognitive decline may be accounted for by the
increased prevalence of CV risk factors. Taken together,
these findings support the notion that the interaction
between arterial pulsatility and white matter microstructural
organization may be the pathway that links CV risk factors
to cognitive decline. The present findings are also consistent
with Oberlin et al. (2016) who showed that white matter
microstructural organization mediated the relationship between

Old group

RaD

$=-0.09(-0.28,0.11)

B=-0.08(-0.28,0.11)

Indirect effect : 0.24 X -0.24 =-0.06 (-0.15,-0.00)*

Indirect effect : 0.24 X -0.25 =-0.06 (-0.16,-0.00)*

FIGURE 2 | Mediation analysis for the older adult group examining the indirect relationship between arterial pulsatility and 2-back o’ when MD (left) or RaD (right)
were included as a mediator. Comparisons in the models controlled for BDI-Il sex, education, and MET. *Significant 95% confidence intervals.
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TABLE 3 | Group differences in demographic information, cognitive performance, measures of white matter microstructural organization, and arterial pulsatility for older

adults with and without cardiovascular risk factors.

Measure CV+ CvV- t P CV Risk Factor n %
n 25 67

Age (years) 62.09 (6.48) 62.98 (7.15) —0.54 0.59 Diabetes 7 28
Education (years) 13 (3.25) 14.31 (2.26) —2.19* 0.08 Hypertension 16 64
Gender (female/all) 9/25 39/67 1.91 0.06 Hyperlipidemia 2 8
MET 8.39 (1.98) 8.53 (2.17) -0.79 0.78 Hyperglycemia 4 16
BDI-II 5.2 (4.29) 4.22(3.88) 1.04 0.30 Stroke 1 4
MoCA 26.24 (2.27) 27.31 (1.61) —1.36 0.18 Stroke 1 4
2-back d’ 1.62 (0.71) 1.562 (0.83) 0.02 0.99 Smoking (Past/Present) 8 32
MD 7.67E-04 (2.56E-05) 7.65E-04 (2.71E-05) 0.42 0.68 Untreated risk factors 3 12
RaD 5.71E-04 (2.80E-05) 5.69E-04 (3.05E-05) 0.28 0.78 Untreated risk factors 3 12
AP 1.05 (0.20) 0.97 (0.21) 1.61 0.11 More than 1 CV risk factor 12 48

Notes: measures reported as Mean (SD) unless noted. MET, metabolic equivalent score; BDI, Beck Depression Inventory; MoCA, Montreal Cognitive Assessment; MD, mean diffusivity;
RaD, radial diffusivity; AR, arterial pulsatility index; CV—, subgroup of older adults without cardiovascular risk factors; CV+, subgroup of older adults with cardiovascular risk factors.
Also included is the number and proportion of CV risk factors amongst the CV+ group. *p < 0.05.

VOi2max and spatial working memory performance of healthy
older adults.

The finding that arterial pulsatility impacts cognitive
performance via white matter deterioration implies a cascade
of changes in the cerebrovascular system that are exacerbated
by CV risk factors. As discussed earlier, increased arterial
pulsatility may disrupt the balance of inflow and outflow in
the intracranial cavity effect leading to a pressure imbalance
(or pulse wave encephalopathy, Bateman, 2002, 2004). This
pressure imbalance may result in white matter macrostructural
damage, especially in periventricular areas, but also have
downstream effects on the smaller blood vessels throughout the
brain, impacting white matter microstructure. The pulsatile
energy which is transmitted into the microvasculature
is likely to have a disruptive effect on microcirculation,
reducing the reactivity of the microvasculature (Mitchell et al.,
2005), and accelerating the development of white matter
hyperintensities (Mitchell et al., 2011). Tan et al. (2019) using
diffuse optical tomography showed that increasing arterial
stiffness of cortical arteries was associated with increased
white matter lesion load as well as decreased executive
function performance.

It is important to note that, in this community sample,
only a relatively small percentage (27%) of older adults had
one or more CV risk factors. Yet, despite the relatively small
group size (n = 25), the relationships between AP and MD/RaD
were most robust in this CV+ compared to the CV— (n = 67)
subgroup. The greater percentage of people with CV risk
factors in Jolly’s cohort (60%) is likely due to the selection
of people with low to moderate white matter hyperintensities.
As such, the present sample is more representative of the
prevalence of CV risk factors within older adults, especially in
an Asian community.

Like most aging studies, the findings are based on a cross-
sectional design. It is, therefore, not possible to make strong
directional links between the level of arterial pulsatility, white
matter microstructural health and cognitive performance, or
predict whether the presence of CV risk factors in the older group
leads to accelerated cognitive decline. As the data presented here
are the first wave of a longitudinal study, our future work will be
able to address these questions.

In conclusion, these findings are consistent with a strong
link between cardiovascular health and both neural and
cognitive changes typically seen with increasing age. These

Cv-
CV+

MD

RaD

$=-0.14(-0.37,0.09) _|
APl 1

3-0.19(-0.23, 0.66)

2-back

B=-0.14(-0.37,0.10)
API 2-back

$=0.15(-0.32, 0.62)

Indirect effect : 0.17 X -0.22 =-0.04 (-0.14,0.02)
Indirect effect : 0.49 X -0.40 =-0.20 (-0.56,-0.02)*

education, and MET. *Significant 95% confidence intervals.

FIGURE 3 | Relationship between arterial pulsatility and 2-back @’ with MD (left) or RaD (right) as a mediator for both CV risk groups. CV— = subgroup of older
adults without cardiovascular risk factors; CV+ = subgroup of older adults with cardiovascular risk factors. Comparisons in the models controlled for BDI-I, sex,

Indirect effect : 0.18 X -0.24 =-0.04 (-0.15,0.02)
Indirect effect : 0.46 X -0.35 =-0.16 (-0.52,0.00)
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findings reinforce the importance of considering the presence of
cardiovascular risk factors when examining the effect of aging on
brain structural and cognitive changes in healthy older adults.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article are
available upon request for researchers who meet the criteria for
access to confidential data.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Research Ethics Committee of the National Cheng
Kung University, Tainan, Taiwan. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

AC contributed to the design of the experiment, processing of
blood flow sequences, and the design and preparation of the
manuscript. FK contributed to the design of the experiment and
analyses and preparation of the manuscript. TJ contributed to

REFERENCES

Arvanitakis, Z., Fleischman, D. A., Arfanakis, K., Leurgans, S. E., Barnes, L. L.,
and Bennett, D. A. (2016). Association of white matter hyperintensities and
gray matter volume with cognition in older individuals without cognitive
impairment. Brain Struct. Funct. 221, 2135-2146. doi: 10.1007/s00429-015-
1034-7

Aslan, S., Huang, H., Uh, J., Mishra, V., Xiao, G., van Osch, M. J. P, et al.
(2011). White matter cerebral blood flow is inversely correlated with structural
and functional connectivity in the human brain. NeuroImage 56, 1145-1153.
doi: 10.1016/j.neuroimage.2011.02.082

Baddeley, A. (2003). Working memory and language: an overview. J. Commun.
Disord. 36, 189-208. doi: 10.1016/s0021-9924(03)00019-4

Basser, P. J., and Jones, D. K. (2002). Diffusion-tensor MRI: theory, experimental
design and data analysis-a technical review. NMR Biomed. 15, 456-467.
doi: 10.1002/nbm.783

Bateman, G. A. (2002). Pulse-wave encephalopathy: a comparative study of
the hydrodynamics of leukoaraiosis and normal-pressure hydrocephalus.
Neuroradiology 44, 740-748. doi: 10.1007/s00234-002-0812-0

Bateman, G. A. (2004). Pulse wave encephalopathy: a spectrum hypothesis
incorporating  Alzheimer’s disease, vascular dementia and normal
pressure hydrocephalus. Med. Hypotheses 62, 182-187. doi: 10.1016/s0306-
9877(03)00330-x

Bateman, G. A., Levi, C. R., Schofield, P., Wang, Y., and Lovett, E. C.
(2008). The venous manifestations of pulse wave encephalopathy: windkessel
dysfunction in normal aging and senile dementia. Neuroradiology 50, 491-497.
doi: 10.1007/500234-008-0374-x

Beck, A. T, Steer, R. A., and Brown, G. K. (1996). Manual for the Beck Depression
Inventory-II. San Antonio, TX: Psychological Corporation.

Bennett, I. J., Madden, D. J., Vaidya, C. J., Howard, D. V., and Howard, J. H.
(2010). Age-related differences in multiple measures of white matter integrity:
a diffusion tensor imaging study of healthy aging. Hum. Brain Mapp. 31,
378-390. doi: 10.1002/hbm.20872

Biessels, G. J., and Despa, F. (2018). Cognitive decline and dementia in diabetes
mellitus: mechanisms and clinical implications. Nat. Rev. Endocrinol. 14,
591-604. doi: 10.1038/s41574-018-0048-7

the processing of the blood flow sequences and preparation of
the manuscript. M-HY contributed to the processing of blood
flow sequences, data collection and analysis, and preparation of
the manuscript. SH contributed to the design of the experiment
and analyses, data collection and processing, and preparation of
the manuscript.

FUNDING

This work was financially supported by the Ministry of
Science Technology (MOST) of the Republic of China,
Taiwan to SH (Contract No. MOST 104-2410-H-006-021-MY2;
MOST106-2410-H-006-031-MY2; MOST 108-2410-H-006-038-
MY3; MOST 108-2321-B-006-022-MY?2).

ACKNOWLEDGMENTS

We thank Birte Forstmann and Wouter Boekel for their
assistance with the diffusion-weighted imaging sequences
and processing procedures. We also thank Hsing-Hao Lee
and Yu-Chi Lin for their assistance with data collection,
and the Mind Research and Imaging Center (MRIC),
supported by the MOST, at NCKU for consultation and
instrument availability.

Boekel, W., Wagenmakers, E. J., Belay, L., Verhagen, ], Brown, S., and
Forstmann, B. U. (2015). A purely confirmatory replication study of structural
brain-behavior correlations. Cortex 66, 115-133. doi: 10.1016/j.cortex.2014.
11.019

Breteler, M. M. B., van Swieten, J. C., Bots, M. L., Grobbee, D. E.,
Claus, J. J., van den Hout, J. H. W, et al. (1994). Cerebral white matter
lesions, vascular risk factors and cognitive function in a population-based
study: the Rotterdam study. Neurology 44, 1246-1252. doi: 10.1212/wnl.44.
7.1246

Burzynska, A. Z., Chaddock-Heyman, L., Voss, M. W., Wong, C. N., Gothe, N. P.,
Olson, E. A., et al. (2014). Physical activity and cardiorespiratory fitness
are beneficial for white matter in low-fit older adults. PLoS One 9:¢107413.
doi: 10.1371/journal.pone.0107413

Chapman, S. B., Aslan, S., Spence, J. S., DeFina, L. F., Keebler, M. W.,
Didehbani, N., et al. (2013). Shorter term aerobic exercise improves brain,
cognition and cardiovascular fitness in aging. Front. Aging Neurosci. 5:75.
doi: 10.3389/fnagi.2013.00075

Chen, J. J., Rosas, H. D., and Salat, D. H. (2011). Age-associated reductions in
cerebral blood flow are independent from regional atrophy. Neurolmage 55,
468-478. doi: 10.1016/j.neuroimage.2010.12.032

Cohen, G., and Conway, M. A. (2007). Memory in the Real World, 3rd Edn. New
York: Psychology Press.

Courchesne, E., Chisum, H. J., Townsend, J., Cowles, A., Covington, J., Egaas, B.,
et al. (2000). Normal brain development and aging: quantitative analysis
at in vivo MR imaging in healthy volunteers. Radiology 261, 672-682.
doi: 10.1148/radiology.216.3.r00au37672

Crichton, G. E., Elias, M. F., and Robbins, M. A. (2014). Cardiovascular health and
arterial stiffness: the maine-syracuse longitudinal study. . Hum. Hypertens. 28,
444-449. doi: 10.1038/jhh.2013.131

Elias, M. F., Torres, R. V., and Davey, A. (2018). Clinical trials of blood pressure
lowering and antihypertensive medication: is cognitive measurement state-of-
the-art? Am. J. Hypertens. 31, 631-642. doi: 10.1093/ajh/hpy033

Fabiani, M., Low, K. A,, Tan, C. H., Zimmerman, B., Fletcher, M. A., Schneider-
Garces, N, et al. (2014). Taking the pulse of aging: mapping pulse pressure
and elasticity in cerebral arteries with optical methods. Psychophysiology 51,
1072-1088. doi: 10.1111/psyp.12288

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2020 | Volume 12 | Article 245


https://doi.org/10.1007/s00429-015-1034-7
https://doi.org/10.1007/s00429-015-1034-7
https://doi.org/10.1016/j.neuroimage.2011.02.082
https://doi.org/10.1016/s0021-9924(03)00019-4
https://doi.org/10.1002/nbm.783
https://doi.org/10.1007/s00234-002-0812-0
https://doi.org/10.1016/s0306-9877(03)00330-x
https://doi.org/10.1016/s0306-9877(03)00330-x
https://doi.org/10.1007/s00234-008-0374-x
https://doi.org/10.1002/hbm.20872
https://doi.org/10.1038/s41574-018-0048-7
https://doi.org/10.1016/j.cortex.2014.11.019
https://doi.org/10.1016/j.cortex.2014.11.019
https://doi.org/10.1212/wnl.44.7.1246
https://doi.org/10.1212/wnl.44.7.1246
https://doi.org/10.1371/journal.pone.0107413
https://doi.org/10.3389/fnagi.2013.00075
https://doi.org/10.1016/j.neuroimage.2010.12.032
https://doi.org/10.1148/radiology.216.3.r00au37672
https://doi.org/10.1038/jhh.2013.131
https://doi.org/10.1093/ajh/hpy033
https://doi.org/10.1111/psyp.12288
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Conley et al.

Arterial Pulsatility Impacts Working Memory

Fletcher, M. A., Low, K. A, Boyd, R., Zimmerman, B., Gordon, B. A,
Tan, C. H., et al. (2016). Comparing aging and fitness effects on
brain anatomy. Front. Hum. Neurosci. 10:286. doi: 10.3389/fnhum.2016.
00286

Fuhrmann, D., Nesbitt, D., Shafto, M., Rowe, J. B., Price, D., Gadie, A., et al. (2019).
Strong and specific associations between cardiovascular risk factors and white
matter micro- and macrostructure in healthy aging. Neurobiol. Aging 74, 46-55.
doi: 10.1016/j.neurobiolaging.2018.10.005

Garcia-Alvarez, L., Gomar, J. J., Sousa, A. Garcia-Portilla, M. P., and
Goldberg, T. E. (2019). Breadth and depth of working memory and executive
function compromises in mild cognitive impairment and their relationships to
frontal lobe morphometry and functional competence. Alzheimers Dement. 11,
170-179. doi: 10.1016/j.dadm.2018.12.010

Gardener, H., Wright, C. B., Dong, C., Cheung, K., DeRosa, J., Nannery, M.,
et al. (2015). Ideal cardiovascular health and cognitive aging in the Northern
Manhattan Study. J. Am. Heart Assoc. 5:¢002731. doi: 10.1161/JAHA.115.
002731

Ge, Y., Grossman, R. I, Babb, J. S., Rabin, M. L., Mannon, L. J., and Kolson, D. L.
(2002). Age-related total gray matter and white matter changes in normal adult
brain. Part I: volumetric MR imaging analysis. AJNR Am. J. Neuroradiol. 23,
1327-1333.

Habes, M., Erus, G., Toledo, J. B., Bryan, N., Janowitz, D., Doshi, J., et al.
(2018). Regional tract-specific white matter hyperintensities are associated
with patterns to aging-related brain atrophy via vascular risk factors, but also
independently. Alzheimers Dement. 10, 278-284. doi: 10.1016/j.dadm.2018.
02.002

Hajduk, A. M., Kiefe, C. L, Person, S. D., Gore, J. G., and Saczynski, J. S. (2013).
Cognitive change in heart failure: a systematic review. Circ. Cardiovasc. Qual.
Outcomes 6, 451-460. doi: 10.1161/CIRCOUTCOMES.113.000121

Hayes, A. (2017). Introduction to Mediation, Moderation and Conditional Process
Analysis, 2nd Edn. New York: Guildford publications.

Hayes, A. F. (2009). Beyond Baron and Kenny: statistical mediation
analysis in the new millennium. Commun. Monogr. 76, 408-420.
doi: 10.1080/03637750903310360

Heiberg, E., Sjogren, J., Ugander, M., Carlsson, M., Engblom, H., and Arheden, H.
(2010). Design and validation of segment-freely available software for
cardiovascular image analysis. BMC Med. Imaging 10:1. doi: 10.1186/1471-
2342-10-1

Horsfield, M. A., and Jones, D. K. (2002). Applications of diffusion-weighted and
diffusion tensor MRI to white matter diseases - A review. NMR Biomed. 15,
570-577. doi: 10.1002/nbm.787

Jaeggi, S. M., Buschkuehl, M., Jonides, J., and Perrig, W. J. (2008). Improving fluid
intelligence with training on working memory. Proc. Natl. Acad. Sci. U S A 105,
6829-6833. doi: 10.1073/pnas.0801268105

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., and
Smith, S. M. (2012). FSL. NeuroImage 62, 782-790. doi: 10.1016/j.neuroimage.
2011.09.015

Jenkinson, M., and Smith, S. (2001). A global optimisation method for
robust affine registration of brain images. Med. Image Anal. 5, 143-156.
doi: 10.1016/s1361-8415(01)00036-6

Johnson, N. F.,, Kim, C., Clasey, J. L., Bailey, A, and Gold, B. T. (2012).
Cardiorespiratory fitness is positively correlated with cerebral white matter
integrity in healthy seniors. Neurolmage 59, 1514-1523. doi: 10.1016/j.
neuroimage.2011.08.032

Jolly, T. A. D., Bateman, G. A., Levi, C. R,, Parsons, M. W., Michie, P. T,
and Karayanidis, F. (2013). Early detection of microstructural white matter
changes associated with arterial pulsatility. Front. Hum. Neurosci. 7:782.
doi: 10.3389/fnhum.2013.00782

Jolly, T. A. D., Cooper, P. S., Rennie, J. L., Levi, C. R,, Lenroot, R., Parsons, M. W.,
et al. (2017). Age-related decline in task switching is linked to both global and
tract-specific changes in white matter microstructure. Hum. Brain Mapp. 38,
1588-1603. doi: 10.1002/hbm.23473

Jolly, T. A. D., Cooper, P. S, Wan Ahmadul Badwi, S. A., Phillips, N. A,,
Rennie, J. L., Levi, C. R,, et al. (2016). Microstructural white matter changes
mediate age-related cognitive decline on the Montreal Cognitive Assessment
(MoCA). Psychophysiology 53, 258-267. doi: 10.1111/psyp.12565

Jurca, R,, Jackson, A. S., LaMonte, M. J., Morrow, J. R., Blair, S. N., Wareham, N. J.,
et al. (2005). Assessing cardiorespiratory fitness without performing

exercise testing. Am. J. Prev. Med. 29, 185-193. doi: 10.1016/j.amepre.2005.
06.004

Kane, M. J., Brown, L. H., McVay, J. C,, Silvia, P. J., Myin-Germeys, I, and
Kwapil, T. R. (2007). For whom the mind wanders and when. Psychol. Sci. 18,
614-621. doi: 10.1111/.1467-9280.2007.01948.x

Katulska, K., Wykrétowicz, M., Minczykowski, A., Krauze, T., Milewska, A.,
Piskorski, J., et al. (2014). Gray matter volume in relation to cardio-
vascular stiffness. J. Neurol. Sci. 343, 100-104. doi: 10.1016/j.jns.2014.
05.044

Kennedy, K. M., and Raz, N. (2009). Pattern of normal age-related regional
differences in white matter microstructure is modified by vascular risk. Brain
Res. 1297, 41-56. doi: 10.1016/j.brainres.2009.08.058

Kong, T. S., Gratton, C., Low, K. A, Tan, C. H, Chiarelli, A. M,
Fletcher, M. A., et al. (2020). Age-related differences in functional brain
network segregation are consistent with a cascade of cerebrovascular, structural
and cognitive effects. Netw. Neurosci. 4, 89-114. doi: 10.1162/netn_a_
00110

Li, X,, Liang, Y., Chen, Y., Zhang, J., Wei, D., Chen, K., et al. (2015). Disrupted
frontoparietal network mediates white matter structure dysfunction associated
with cognitive decline in hypertension patients. J. Neurosci. 35, 10015-10024.
doi: 10.1523/JNEUROSCI.5113-14.2015

Madden, D. ., Bennett, I J., Burzynska, A., Potter, G. G., Chen, N., and Song, A. W.
(2012). Biochimica et Biophysica Acta Diffusion tensor imaging of cerebral
white matter integrity in cognitive aging *. Biochim. Biophys. Acta 1822,
386-400. doi: 10.1016/j.bbadis.2011.08.003

McAuley, E., Kramer, A. F., and Colcombe, S. J. (2004). Cardiovascular fitness and
neurocognitive function in older adults: a brief review. Brain Behav. Immun.
18, 214-220. doi: 10.1016/j.bbi.2003.12.007

Mitchell, G. F., Van Buchem, M. A,, Sigurdsson, S., Gotal, J. D., Jonsdottir, M. K.,
Kjartansson, O., et al. (2011). Arterial stiffness, pressure and flow pulsatility
and brain structure and function: the age, gene/environment susceptibility-
reykjavik study. Brain 134, 3398-3407. doi: 10.1093/brain/awr253

Mitchell, G. E., Vita, J. A., Larson, M. G., Parise, H., Keyes, M. J., Warner, E.,
et al. (2005). Cross-sectional relations of peripheral microvascular function,
cardiovascular disease risk factors and aortic stiffness: the framingham heart
study. Circulation 112, 3722-3728. doi: 10.1161/CIRCULATIONAHA.105.
551168

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, et al. (2005). The Montreal Cognitive Assessment, MoCA: a brief
screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699.
doi: 10.1111/.1532-5415.2005.53221.x

Nilsson, J., Thomas, A. J., O’Brien, J. T., and Gallagher, P. (2014). White matter and
cognitive decline in aging: a focus on processing speed and variability. J. Int.
Neuropsychol. Soc. 20, 262-267. doi: 10.1017/S1355617713001458

Oberlin, L. E., Verstynen, T. D., Burzynska, A. Z., Voss, M. W., Prakash, R. S.,
Chaddock-Heyman, L., et al. (2016). White matter microstructure mediates
the relationship between cardiorespiratory fitness and spatial working memory
in older adults. NeuroImage 131, 91-101. doi: 10.1016/j.neuroimage.2015.
09.053

O’Rourke, M. F., Adji, A., Namasivayam, M., and Mok, J. (2011). Arterial
aging. Drugs Aging 28, 779-795. doi: 10.2165/11592730-000000000-
00000

Parkes, L. M., Rashid, W., Chard, D. T., and Tofts, P. S. (2004). Normal cerebral
perfusion measurements using arterial spin labeling: reproducibility, stability
and age and gender effects. Magn. Reson. Med. 51, 736-743. doi: 10.1002/mrm.
20023

Peters, R., Peters, J., Booth, A., and Anstey, K. J. (2020). Trajectory of blood
pressure, body mass index, cholesterol and incident dementia: systematic
review. Br. J. Psychiatry 216, 16-28. doi: 10.1192/bjp.2019.156

Raghubar, K. P., Barnes, M. A., and Hecht, S. A. (2010). Working memory and
mathematics: a review of developmental, individual difference and cognitive
approaches. Learn. Individ. Differ. 20, 110-122. doi: 10.1016/j.lindif.2009.
10.005

Saunders, N. L. J., and Summers, M. J. (2011). Longitudinal deficits to attention,
executive and working memory in subtypes of mild cognitive impairment.
Neuropsychology 25, 237-248. doi: 10.1037/a0021134

Smith, S. M. (2002). Fast robust automated brain extraction. Hum. Brain Mapp.
17, 143-155. doi: 10.1002/hbm.10062

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2020 | Volume 12 | Article 245


https://doi.org/10.3389/fnhum.2016.00286
https://doi.org/10.3389/fnhum.2016.00286
https://doi.org/10.1016/j.neurobiolaging.2018.10.005
https://doi.org/10.1016/j.dadm.2018.12.010
https://doi.org/10.1161/JAHA.115.002731
https://doi.org/10.1161/JAHA.115.002731
https://doi.org/10.1016/j.dadm.2018.02.002
https://doi.org/10.1016/j.dadm.2018.02.002
https://doi.org/10.1161/CIRCOUTCOMES.113.000121
https://doi.org/10.1080/03637750903310360
https://doi.org/10.1186/1471-2342-10-1
https://doi.org/10.1186/1471-2342-10-1
https://doi.org/10.1002/nbm.787
https://doi.org/10.1073/pnas.0801268105
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/j.neuroimage.2011.08.032
https://doi.org/10.1016/j.neuroimage.2011.08.032
https://doi.org/10.3389/fnhum.2013.00782
https://doi.org/10.1002/hbm.23473
https://doi.org/10.1111/psyp.12565
https://doi.org/10.1016/j.amepre.2005.06.004
https://doi.org/10.1016/j.amepre.2005.06.004
https://doi.org/10.1111/j.1467-9280.2007.01948.x
https://doi.org/10.1016/j.jns.2014.05.044
https://doi.org/10.1016/j.jns.2014.05.044
https://doi.org/10.1016/j.brainres.2009.08.058
https://doi.org/10.1162/netn_a_00110
https://doi.org/10.1162/netn_a_00110
https://doi.org/10.1523/JNEUROSCI.5113-14.2015
https://doi.org/10.1016/j.bbadis.2011.08.003
https://doi.org/10.1016/j.bbi.2003.12.007
https://doi.org/10.1093/brain/awr253
https://doi.org/10.1161/CIRCULATIONAHA.105.551168
https://doi.org/10.1161/CIRCULATIONAHA.105.551168
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1017/S1355617713001458
https://doi.org/10.1016/j.neuroimage.2015.09.053
https://doi.org/10.1016/j.neuroimage.2015.09.053
https://doi.org/10.2165/11592730-000000000-00000
https://doi.org/10.2165/11592730-000000000-00000
https://doi.org/10.1002/mrm.20023
https://doi.org/10.1002/mrm.20023
https://doi.org/10.1192/bjp.2019.156
https://doi.org/10.1016/j.lindif.2009.10.005
https://doi.org/10.1016/j.lindif.2009.10.005
https://doi.org/10.1037/a0021134
https://doi.org/10.1002/hbm.10062
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Conley et al.

Arterial Pulsatility Impacts Working Memory

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E., et al. (2006). Tract-based spatial statistics: voxelwise analysis
of multi-subject diffusion data. NeuroImage 31, 1487-1505. doi: 10.1016/j.
neuroimage.2006.02.024

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J.,
Johansen-Berg, H., et al. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neurolmage 23, S208-S219.
doi: 10.1016/j.neuroimage.2004.07.051

Song, S. K., Sun, S. W,, Ju, W. K, Lin, S. J,, Cross, A. H., and Neufeld, A. H.
(2003). Diffusion tensor imaging detects and differentiates axon and myelin
degeneration in mouse optic nerve after retinal ischemia. NeuroImage 20,
1714-1722. doi: 10.1016/j.neuroimage.2003.07.005

Spielberg, J. M., Sadeh, N., Leritz, E. C., McGlinchey, R. E., Milberg, W. P,,
Hayes, J. P., et al. (2017). Higher serum cholesterol is associated with
intensified age-related neural network decoupling and cognitive decline in
early- to mid-life. Hum. Brain Mapp. 38, 3249-3261. doi: 10.1002/hbm.
23587

Tan, C. H, Low, K. A, Chiarelli A. M., Fletcher, M. A., Navarra, R,
Burzynska, A. Z., et al. (2019). Optical measures of cerebral arterial stiffness are
associated with white matter signal abnormalities and cognitive performance
in normal aging. Neurobiol. Aging 84, 200-207. doi: 10.1016/j.neurobiolaging.
2019.08.004

van Swieten, J. C., Hout, J. H. W. V., Den Ketel, B. A. V., Hijdra, A., Wokke, J. H. .,
and Van Gijn, J. (1991). Periventricular lesions in the white matter on
magnetic resonance imaging in the elderly: a morphometric correlation
with arteriolosclerosis and dilated perivascular spaces. Brain 114, 761-774.
doi: 10.1093/brain/114.2.761

Webb, A. J. S., Simoni, M., Mazzucco, S., Kuker, W., Schulz, U, and
Rothwell, P. M. (2012). Increased cerebral arterial pulsatility in patients with

leukoaraiosis: arterial stiffness enhances transmission of aortic pulsatility.
Stroke 43, 2631-2636. doi: 10.1161/STROKEAHA.112.655837

Williamson, J. D., Pajewski, N. M., Auchus, A. P, Bryan, R. N,, Chelune, G.,
Cheung, A. K,, et al. (2019). Effect of intensive vs. standard blood pressure
control on probable dementia: a randomized clinical trial. JAMA 321, 553-561.
doi: 10.1001/jama.2018.21442

Yang, T., Sun, Y., Lu, Z, Leak, R. K,, and Zhang, F. (2017). The impact of
cerebrovascular aging on vascular cognitive impairment and dementia. Ageing
Res. Rev. 34, 15-29. doi: 10.1016/j.arr.2016.09.007

Yaple, Z. A., Stevens, W. D., and Arsalidou, M. (2019). Meta-analyses of the
n-back working memory task: fMRI evidence of age-related changes in
prefrontal cortex involvement across the adult lifespan. Neurolmage 196,
16-31. doi: 10.1016/j.neuroimage.2019.03.074

Zimmerman, B., Bradley, P., Low, K. A,, Fletcher, M. A, Tan, C. H., Schneider-
garces, N, et al. (2014). Cardiorespiratory fitness mediates the effects of aging
on cerebral blood flow. Front. Aging Neurosci. 6:59. doi: 10.3389/fnagi.2014.
00059

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Conley, Karayanidis, Jolly, Yang and Hsieh. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

10

August 2020 | Volume 12 | Article 245


https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2003.07.005
https://doi.org/10.1002/hbm.23587
https://doi.org/10.1002/hbm.23587
https://doi.org/10.1016/j.neurobiolaging.2019.08.004
https://doi.org/10.1016/j.neurobiolaging.2019.08.004
https://doi.org/10.1093/brain/114.2.761
https://doi.org/10.1161/STROKEAHA.112.655837
https://doi.org/10.1001/jama.2018.21442
https://doi.org/10.1016/j.arr.2016.09.007
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.3389/fnagi.2014.00059
https://doi.org/10.3389/fnagi.2014.00059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Cerebral Arterial Pulsatility and Global White Matter Microstructure Impact Spatial Working Memory in Older Adults With and Without Cardiovascular Risk Factors
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	MRI Protocols
	Diffusion-Weighted Imaging (DWI)
	DWI Preprocessing
	Tract-Based Spatial Statistics
	Quantifying Measures of White Matter

	Arterial Blood Flow
	Cardiorespiratory Fitness
	Cognitive Tasks
	Data Analyses

	RESULTS
	Age Group Differences
	Relationship Between Arterial Pulsatility, White Matter Microstructural Organization and Cognitive Ability Within Age Groups
	The Indirect Effect of Arterial Pulsatility on the Link Between White Matter Microstructural Organization and Cognitive Ability
	Effect of Cardiovascular Risk Factors Present in the Older Adult Group

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


