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Background: Central arterial stiffness (CAS) is associated
with elevated arterial blood pressure (BP) and is likely
associated with stiffening of cerebral artery walls, with
attendant cerebral hypoperfusion, neuronal density loss
and cognitive decline. Dahl salt-sensitive (Dahl-S) rats
exhibit age-associated hypertension and memory loss, even
on a normal salt intake.

Method: We sought to explore whether central arterial
pulse wave velocity (PWV), a marker of CAS, is associated
with hippocampal cerebral blood flow (CBF) and neuronal
density in hypertensive Dahl-S rats. We measured systolic
BP (by tail-cuff plethysmography), aortic PWV (by
echocardiography) and CBF and N-acetyl aspartate (NAA)
(by magnetic resonance imaging) in 6 month-old male
Dahl-S rats (n¼ 12).

Results: Greater PWV was significantly associated with
lower CBF and lower NAA concentration in the
hippocampus, supporting a role of CAS in cerebrovascular
dysfunction and decline in cognitive performance with
aging.

Conclusion: These findings implicate increased CAS in
cerebral hypoperfusion and loss of neuronal density and
function in the Dahl-S model of age-associated
cardiovascular dysfunction.

Keywords: aging, arterial blood pressure, arterial stiffness,
brain metabolites, cerebral blood flow, Dahl salt-sensitive
rats, hippocampus, hypertension, magnetic resonance
imaging, N-acetyl aspartate, neuronal density, pulse wave
velocity

Abbreviations: aPWV, aortic pulse wave velocity; ASL,
arterial spin labeling; BP, blood pressure; CAS, central
arterial stiffness; CASL, continuous arterial spin labeling;
CBF, cerebral blood flow; Dahl-S, Dahl salt-sensitive; ECG,
electrocardiogram; FDR, false discovery rate; HR, heart
rate; MRI, magnetic resonance imaging; MRS, magnetic
resonance spectroscopy; NAA, N-acetyl aspartate; PLD,
post-labeling delay; PWV, pulse wave velocity; ROI, region
of interest; SBP, systolic blood pressure; SD, standard
deviation; SNR, signal to noise ratio; tCr, total creatine
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INTRODUCTION
A
ging is a major risk factor for cardiovascular disor-
ders and dementia. The global burden of dementia
is projected to increase by 50% over the next

decade. Further elucidation of the underlying pathophysi-
ology will be required for the development of effective
therapeutics. For over two decades, epidemiological and
clinical studies have shown strong associations between
vascular risk factors and dementia [1–5], indicating that
diseases of the vascular wall, that is, stiffening of the arterial
wall and hypertension, may be significant contributors to
vascular dementia [6–11]. Untreated hypertension stage I is
characterized by systolic blood pressure (SBP) in the range
of 130–139 mmHg, and hypertension stage II is diagnosed
when SBP is �140 mmHg, as determined by the American
Heart Association (AHA) Guideline (https://www.hear-
t.org/en/health-topics/high-blood-pressure). However,
the mechanisms linking vascular stiffening with dementia
are not fully understood.

In normal cardiovascular physiology, at the end of
ventricular ejection, the pressure in the aorta falls much
more slowly than in the left ventricle. This is because the
large central arteries, including the aorta, are elastic and
thus act as a reservoir during systole, storing some of the
ejected blood. This blood is then forced into the peripheral
vessels during diastole through the Windkessel effect [12].
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Some kinetic energy is stored as potential energy in the
elastic conduit arteries during systole. With increased cen-
tral arterial stiffness (CAS), less potential energy is stored
during systole, which results in impaired, pulsatile and
erratic flow during diastole [12,13], that is, CAS decreases
the Windkessel phenomenon and increases reflected waves
leading to increased systolic and decreased diastolic pres-
sure. Increased CAS induces a decrease of the compliance
of the central arteries, not only due to an increase in
collagen abundance [14–16], but also due to elastin frag-
mentation within central arterial walls, resulting in a reduc-
tion in the elastin-to-collagen ratio [10,17,18]. CAS increases
with aging [19,20], and is often accompanied by an increase
in blood pressure (BP).

Methods of measuring arterial stiffness vary depending
on the location of focus: local, regional or systemic. Pulse
wave velocity (PWV) estimation is a method that provides a
regional measure of stiffness [21]. The velocity of blood
through a specific vessel segment is inversely proportional
to the distensibility of the vessel. Specifically, measuring the
velocity of a pulse wave from the transverse aorta to the
abdominal aorta provides an index of CAS [22,23]. This
metric as well as other hemodynamic parameters become
important when trying to understand the role vascular
effects play in peripheral organs such as the brain.

Circulating blood supplies the brain with oxygen and
nutrition and removes the products of cell metabolism. In
humans, the brain comprises only 2% of the body’s weight
but sequesters about 15% of the cardiac blood output.
Additionally, in a ratio disproportional to its weight, the
brain consumes about 20% of the total body’s oxygen
demand [24]. Understanding how CAS affects cerebral
circulation and perfusion could provide insights into the
mechanism of cognitive decline and dementia. One com-
ponent that links CAS with cerebral composition and func-
tion is cerebral blood flow (CBF). CBF can be measured
using magnetic resonance imaging (MRI) with arterial spin
labeling (ASL). This utilizes magnetic tagging of water
protons in blood to quantify the amount flowing through
a specific imaging slice. From this, mean CBF values can be
measured in regions of interest within the given slice. Lower
CBF has been correlated with greater pulsatility and stiff-
ness, as assessed by carotid to femoral PWV [25–27]. One
mechanism proposes that an impedance mismatch
between the aorta and carotid arteries results in pulse wave
reflection, which normally provides a protective hemody-
namic buffer to prevent excessive pulsatile flow from reach-
ing the brain. With CAS, proximal aortic stiffening increases
aortic impedance, thereby decreasing this impedance mis-
match and allowing transmission of excessive pressure and
flow pulsatility into the cerebral circulation. These abnor-
mal physical forces trigger vascular damage and remodel-
ing that limits flow, presumably leading to microvascular
ischemia, quantifiable tissue damage and reduced cognitive
performance [10,11,25,26].

N-acetyl aspartate (NAA) is a neuronal marker found
abundantly in the central nervous system [28]. One means
of detecting neuronal loss is through the measurement of
NAA concentration. The concentration of NAA can be
measured by localized magnetic resonance spectroscopy
(MRS) and is frequently cited as a metric of neuron health
2114 www.jhypertension.com
and viability. A reduced NAA concentration is indicative of
mitochondrial dysfunction and neuronal loss [29]. In gen-
eral, NAA concentration, whether measured as an absolute
concentration or as a ratio to total creatine (tCr), is dimin-
ished in neurodegenerative disorders [30,31]. In primary
degenerative dementia, for which definitive diagnosis
depends on neuropathological examination, the NAA/tCr
ratio was significantly lower than in healthy age-matched
controls. This effect was observed even in dementia
patients with no significant deficit in regional cerebral
blood flow or brain atrophy. Additionally, other works
have shown evidence of deficits in NAA within ischemic
brain regions [32].

Here, we studied Dahl salt sensitive (Dahl-S) rats [33,34],
which exhibit CAS and hippocampal spatial memory
decline as they develop a variable degree of moderate
hypertension with age (average SBP 150–160 mmHg in
6month-old Dahl-S rats) [33,34], comparable to the presen-
tation of hypertension stage II in humans. We employed the
Dahl-S rat model of age-associated hypertension and CAS to
elucidate links between arterial stiffening in the systemic
circulation and deficits in cerebral perfusion and neuronal
density in the hippocampus. We hypothesized that higher
aortic PWV, a marker of CAS, is associated with lower
hippocampal CBF and neuronal density in adult Dahl-S
rats maintained on a normal salt intake.

METHODS

Experimental design
The study design was approved by the local Animal Care
and Use Committee (Intramural Research Program,
National Institute on Aging, National Institutes of Health)
and all procedures were performed in accordance with
institutional guidelines. Twelve male Dahl-S rats (SS/JrHsd,
Charles River Laboratories, Frederick, MD) were main-
tained on a normal salt diet (0.5% NaCl) (Harlan Teklad,
Madison, WI) and tap water ad libitum for the duration of
the study. The rats were housed pairwise in plastic cages at
258C with a 12 h light/12 h dark cycle. All physiological and
MRI measurements were acquired at 6months of age and
over a time frame of no more than 2weeks.

SBP was recorded by tail-cuff plethysmography (IITC
Inc, Woodland Hills, CA) in conscious rats. For this mea-
surement, the animals require handling, warming and
restraint in order to obtain reliable results [35]. The rats
were habituated to restraint in a plastic tube with a tail cuff
at 328C for a minimum of 30min/day over 2 days prior to
measurement. After 5min of acclimation, five consecutive
measurements were performed with a 1min interval
between repetitions. The set of five consecutive measure-
ments was repeated, if necessary, in order to obtain a stable
reading. Finally, the average of the five stable readings was
recorded [34].

Aortic PWV (aPWV) was measured in rats sedated with
2.5% isoflurane in oxygen for restraint. The animals were
maintained on a heating pad in the supine position. The
chest was shaved, electrocardiogram (ECG) leads were
placed on two front legs and one rear leg, and an ECG
tracing was recorded. Aortic PWV was measured by the
transit time method using a Vevo 3100 system
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FIGURE 1 Voxel Placement for 1H Spectroscopy of the Right Hippocampus. Representative in-vivo T2-weighted MR images of a Dahl-S rat brain. (a) Coronal, (b) sagittal
and (c) axial brain slices with yellow arrowhead indicating a dashed region of interest (ROI), placed in the right hippocampus, where localized proton NMR spectra were
acquired.

Pulse wave velocity and the brain in adult Dahl salt-sensitive rats
(VisualSonics, Toronto, Canada) with a MX250S transducer
at the transverse aortic arch and the abdominal aorta [36].
The time at the transverse aortic arch (t1) and at the
abdominal aorta (t2) were defined as the time from the
peak of the ECG P wave to the foot of the velocity upstroke.
The transit time (DT) of the flow wave from the upper
thoracic aorta to the lower abdominal aorta was determined
as the difference between the two measurements (t2 � t1).
The distance between these two locations (D) was mea-
sured and aPWV was calculated as D/DT. Each measure-
ment of aPWV in each animal represents the average of five
independent recordings. Representative Doppler images
that were used for aPWV measurements are presented in
Figure S1, Supplemental Digital Content, http://link-
s.lww.com/HJH/B666, and the individual measurements
for t1, t2 and D are presented in Table S3, Supplemental
Digital Content, http://links.lww.com/HJH/B666.

Brain NAA concentration was measured in the right
hippocampus using a 7T Bruker Biospec MRI scanner
(Billerica, MA). Rats were sedated with 2% isoflurane in
FIGURE 2 Representative CBF Map and ROI Placement for Measurement of Hippocamp
CASL images. (b) Proton density-weighted image showing a region of interest (ROI) for c
to maximize the cross-sectional area of the hippocampus (yellow lines). CASL, continuou
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oxygen and placed prone in a custom animal bed (RAPID
MRI International, Columbus, OH). Vital signs were moni-
tored throughout the MRI examination (SA Instruments,
Stony Brook, NY). Respiration rate was maintained at 45–
55 min�1 by small variations in the inhalation mixture. For
data acquisition, a 2.5 mm� 1.5 mm� 2.5 mm spectro-
scopic voxel was placed in the right hippocampus
(Fig. 1), and a spectrum was measured using a PRESS
sequence with CHESS water suppression, echo time
TE¼ 15.7 ms, repetition time TR¼ 2.5 s, spectral
width¼ 6010 Hz and 128 averages. NAA concentration,
calculated using the unsuppressed water peak as a refer-
ence, and the ratio of NAA to tCr were calculated using
LCModel, a software package that calculates metabolite
concentrations from 1H NMR spectra [37]. Localized shim-
ming centered on the hippocampus was implemented, with
resulting water linewidths within the 7–10 Hz range.

CBF was measured using continuous arterial spin label-
ing (CASL) in the coronal slice with the largest hippocampal
area (Fig. 2). Data were acquired using an echo planar
al Perfusion in the Dahl-S rat brain. (a) Coronal CBF map calculated from filtered
alculation of hippocampal CBF. For CBF measurement, slice position was chosen
s arterial spin labeling; CBF, cerebral blood flow; Dahl-S, Dahl salt-sensitive.
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TABLE 1. Physiological and MRI parameters in 6 month-old male
Dahl-S rats

Parameters n¼12

Body weight (g) 439�24

Systolic blood pressure, SBP (mmHg) 162�13

HR during SBP measurement (in conscious rats) (beats/min) 418�23

Aortic pulse wave velocity (m/s) 5.25�0.92

HR during PWV measurement (in anesthetized rats) (beats/min) 340�25

Hippocampal blood flow, CBF (ml/100 g per min) 177�43

Hippocampal N-acetyl aspartate, NAA (mM) 6.62�1.36

Respiration rate during NAA scan (breaths/min) 51�3

Respiration rate during CBF scan (breaths/min) 52�3

Values are expressed as mean� standard deviation.
CBF, cerebral blood flow; Dahl-S, Dahl salt-sensitive; HR, heart rate; PWV, pulse wave
velocity.
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imaging sequence with echo time TE¼ 28ms, repetition
time TR¼ 5 s, 64� 64 pixels, 0.469 mm� 0.469 mm� 1mm
voxel size, labeling duration t¼ 2 s and postlabeling delay
(PLD)¼ 0.1 s. There were 5 repetitions of one contralateral
(control) and one labeling scan. An experiment with no
labeling was additionally conducted with 5 repetitions. The
nonlocal estimation of multispectral magnitudes (NESMA)
filter [38] was applied to the averaged images and a region
of interest (ROI) spanning both the right and left hippo-
campus was manually defined with reference to a corre-
sponding proton density-weighted image (Fig. 2b). Some
individual representative CBF images and numerical data
are presented in Figures S2–S5, Supplemental Digital Con-
tent, http://links.lww.com/HJH/B666 and in Table S4, Sup-
plemental Digital Content, http://links.lww.com/HJH/
B666. Mean CBF was calculated using a standard model,
assuming values for the brain/blood partition coefficient
l¼ 0.9 ml/g, labeling efficiency a¼ 0.85 and T1,blood -
¼ 2300 ms [39,40] (Fig. 2a).

Statistical analysis
All statistical analyses were performed with R software
(Open Source). Shapiro-Wilk normality tests were con-
ducted for each variable. All samples passed the normal-
ity test (P>> 0.05), showing that each variable has a
Gaussian distribution. Results are reported as mean
� standard deviation (SD). Next, a linear regression anal-
ysis was performed to obtain the coefficients of the
regression line and corresponding P-values (RStudio).
A two-tailed P-value less than 0.05 was considered
significant. A symmetric correlation matrix of all param-
eters was calculated using R. The correlations
were adjusted for false discovery rate (FDR). In addition,
multiple regression analysis was conducted to
investigate the relationship between NAA, CBF and
other variables.
TABLE 2. Correlation matrix of hemodynamic and MRI parameters in

SBP aPWV

SBP 1 0.56

aPWV 0.56 1

Hippo. CBF -0.42 -0.89

Hippo. NAA -0.41 -0.60

Correlation coefficients for pairs of systemic hemodynamic and hippocampal parameters. Green
0.05< P< 0.1; n¼12. Color-coded boxes above the black diagonal refer to false discovery rate
FDR adjustment, was seen between aPWV and CBF.
aPWV, aortic pulse wave velocity; CBF, cerebral blood flow; hippo, hippocampal; Dahl-S, Dahl s
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RESULTS
SBP, heart rate, aPWV, hippocampal CBF and NAA, col-
lected in this cross-sectional study in 6month-old Dahl-S
rats, are presented in Table 1. The rats exhibited elevated
SBP at this age. A symmetric correlation matrix of all
parameters is presented in Table 2. The correlations above
the diagonal (Table 2) were adjusted for FDR. Bivariate
analysis revealed a positive borderline correlation between
aPWV and SBP with a near-significant P-value of 0.06 and
an R2 value of 0.31 (Fig. 3). Notably, hippocampal CBF and
aPWV demonstrated a strong negative Pearson correlation
with a P-value <<0.001 and R2 value of 0.79 (Fig. 4). Next,
aPWV was negatively correlated with hippocampal NAA
with a P-value of 0.03 and R2 equal to 0.36 (Fig. 5). Finally,
hippocampal NAA concentrations positively correlated
with hippocampal CBF with a significant P-value of 0.03
and R2 of 0.38 (Fig. 6). The Pearson correlation matrix of all
individual simple regressions is presented in Table 2. As
illustrated in this matrix, SBP did not correlate significantly
with the brain MRI parameters. We also conducted multiple
regression analysis for NAA and CBF models (Table S1,
6 month-old male Dahl-S rats

Hippo. CBF Hippo. NAA

-0.42 -0.41

-0.89 -0.60

1 0.62

0.62 1

boxes indicate correlations with P < 0.05. Yellow boxes correspond to those with
(FDR) adjusted P values. A strong negative correlation, which remained significant after

alt-sensitive; NAA, N-acetyl aspartate; SBP, systolic blood pressure.

Volume 39 � Number 10 � October 2021

http://links.lww.com/HJH/B666
http://links.lww.com/HJH/B666
http://links.lww.com/HJH/B666


3 4 5 6 7
2

4

6

8

10

Hippo. NAA vs. aPWV

Pulse Wave Velocity (m/s)

H
ip

po
ca

m
pa

lN
A

A
(m

M
) R2 = 0.36

P = 0.03

FIGURE 5 Regression of hippocampal N-acetyl aspartate (NAA) concentration and
aortic pulse wave velocity (aPWV). A negative correlation between hippocampal
NAA and aPWV suggests that CAS is associated with a loss of neuronal mass and
viability. R2¼0.36; P¼0.03; dotted lines, 95% confidence interval; n¼12. CAS,
central arterial stiffness.
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FIGURE 3 Regression of aortic pulse wave velocity (aPWV) with systolic blood
pressure (SBP). aPWV, a marker of CAS, was near-significantly correlated with
SBP, indicating that the latter might be numerically associated with vascular wall
stiffening. R2¼0.31; P¼0.06; dotted lines, 95% confidence interval; n¼12. CAS,
central arterial stiffness.

Pulse wave velocity and the brain in adult Dahl salt-sensitive rats
Supplemental Digital Content, http://links.lww.com/HJH/
B666 and Table S2, Supplemental Digital Content, http://
links.lww.com/HJH/B666). Covariates included in multiple
regression models were included based on the strongest
bivariate associations with NAA or CBF. We considered the
potential covariates of heart rate, body weight, SBP, and
PWV in the model for hippocampal CBF. For the regression
model for NAA, hippocampal CBF was also included
(Tables S1, Supplemental Digital Content, http://link-
s.lww.com/HJH/B666 and Table S2, Supplemental Digital
Content, http://links.lww.com/HJH/B666). P values were
near-significant (Table S1) or nonsignificant (Table S2) for
all b coefficients corresponding to these covariates, result-
ing in the univariate models as described above.
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FIGURE 4 Regression of hippocampal cerebral blood flow (CBF) with aortic pulse
wave velocity (aPWV). Higher aPWV was associated with lower hippocampal CBF,
which suggests that CAS is associated with diminished cerebral perfusion.
R2¼0.79; P¼9.94�10�5; dotted lines, 95% confidence interval; n¼12. CAS,
central arterial stiffness.
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DISCUSSION

Central arterial stiffness and systolic blood
pressure
Numerous studies have linked hypertension with CAS. A
common interpretation of relations between CAS and
hypertension is that elevated BP increases pulsatile aortic
wall stress [41]. Hasegawa et al. [42] found a direct relation-
ship between aPWV and age in human subjects as well as
significantly greater aPWV in hypertensive compared to
age-matched normotensive subjects. Their analysis sup-
ported the conclusion that age was more significant than
blood pressure in predicting aPWV. Similarly, Stratos et al.
[43] found that aortic distensibility was lower in patients
with arterial hypertension (SBP ¼ 158� 17mmHg) than in
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FIGURE 6 Regression of hippocampal N-acetyl aspartate (NAA) concentration and
hippocampal cerebral blood flow (CBF). The positive correlation suggests that
chronic cerebral hypoperfusion is associated with loss of neuronal mass and viabil-
ity. R2¼0.38; P¼0.03; dotted lines, 95% confidence interval; n¼12.
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CASSBP CBF NAA

FIGURE 7 Schematic presentation of the associations between central arterial stiffness (CAS), measured as pulse wave velocity (PWV), systolic blood pressure (SBP),
hippocampal N-acetyl aspartate (NAA) and hippocampal cerebral blood flow (CBF). Solid arrows indicate the detected associations; dotted lines indicate the proposed
associations between parameters which will be further investigated.
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normotensive subjects (SBP ¼ 121� 8mmHg). However,
these results did not directly indicate whether the lower
distensibility was due to structural differences or whether
distensibility decreases as a function of pressure even in the
absence of vessel wall changes. Thus, whether arterial
stiffness is secondary to hypertension or vice versa, espe-
cially in elderly subjects, is unclear [12,44,45]. Nevertheless,
several studies have shown that higher levels of CAS in
normotensive individuals are associated with accelerated
BP progression and increased risk for incident hyperten-
sion, defined as SBP �140 mmHg [46] or SBP �160 mmHg
[47], during follow-up [46–49]. Moreover, it has been pre-
viously demonstrated that in men, BP and PWV increase
with age at different rates, suggesting that while interre-
lated, changes in PWV and BP may be regulated by inde-
pendent mechanisms [50].

An association between SBP and aPWV in the above
clinical studies is in agreement with the finding in our cross-
sectional study that SBP correlated positively with aPWV
with borderline significance (Fig. 3). Beyond this, we
sought to understand the influence of systemic hyperten-
sion and CAS on hippocampal CBF and NAA independent
of age. We found that both markers of cerebral integrity
exhibited a significant negative Pearson correlation with
aPWV but not with SBP (Table 2). This indicates that there is
a stronger association of brain MRI parameters with CAS
than with SBP. We conclude that hypertension, which was
defined as SBP >160 mmHg in the present study, is a
possible consequence of increased CAS (Fig. 7), in agree-
ment with the findings in previous clinical studies [46–50].

While both SBP and PWV measurements were taken at
similar timepoints, they could not be measured simulta-
neously. In addition, SBP was measured in conscious
animals to avoid the unnecessary stress of an additional
period of anesthesia, while PWV required isoflurane anes-
thesia. This is likely to affect the quantitative relationship
between these parameters, but, with all animals treated
consistently, these measurements provide meaningful met-
rics for comparisons within groups. Nevertheless, the asso-
ciation of SBP with the other physiologic parameters
studied, all measured under anesthesia, and their relation-
ships with CAS, brain CBF and neuronal integrity, merits
future study. Based on the results of the present study, we
conclude that elevated aPWV may play a distinct mecha-
nistic role in cerebral hypoperfusion and functional
impairment. This is in agreement with previous clinical
observations, which indicated that CAS was related to
MRI-derived brain outcome measures, including reduced
2118 www.jhypertension.com
CBF, altered cerebral microcirculation, cerebral micro-
bleeds and progression of white matter hyperintensities
[6,11,25–27].

Measurements of systolic blood pressure, aortic
pulse wave velocity, cerebral blood flow and
N-acetyl aspartate
Our values for central arterial PWV, hippocampal CBF and
NAA concentrations, obtained for 6month-old Dahl-S rats
(Table 1), are comparable to values found for Sprague-
Dawley rats. Specifically, values for hippocampal NAA
concentration (7.20� 2.65 mM, mean� SD), hippocampal
CBF (201� 37ml/100 g/min, mean� SD), and aPWV
(5.23� 0.12 m/s, mean� SD) were reported in 4month-
old Sprague-Dawley rats [51–53] matched in heart rate
and estimated mean arterial pressure to Dahl-S rats in
our present study (Table 1). Further, SBP and aPWV were
higher in our 6month-old adult Dahl-S rats than in 3month-
old young Dahl-S rats from our previously published paper
(SBP: 162� 13 vs. 133� 9mmHg; aPWV: 5.3� 0.9 vs.
2.6� 0.8 m/s, respectively; mean� SD) [54]; this is consis-
tent with the well-known phenomenon of an age-depen-
dent increase in SBP and aPWV in human subjects
[11,50,55–57].

Aortic pulse wave velocity and hippocampal
blood flow
Previous studies have explored the relationship between
central arterial PWV and CBF [11,25–27]. Kielstein et al. [27]
established a relationship between increased CAS and
decreased hippocampal CBF in human subjects secondary
to administration of an endogenous nitric oxide synthase
inhibitor, asymmetric dimethylarginine, with a greater
effect seen in hypertensive than in normotensive subjects.
Although this relationship was established with supraphy-
siological dimethylarginine blood levels, these results
clearly demonstrate the effect of CAS on CBF. Additional
studies have found that an increase in CAS was associated
with a reduction in wave reflection at the interface between
the carotid arteries and the aorta, with the increase in
cerebral vessel pulsatility potentially resulting in microvas-
cular and tissue damage [10,11]. This is consistent with the
previous finding that greater CAS was associated with lower
CBF in patients with dementia in comparison to age-
matched normal controls [23].

In the present work, we observed a strong, negative
Pearson correlation between hippocampal CBF and aPWV
Volume 39 � Number 10 � October 2021
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in 6month-old male Dahl-S rats (Fig. 4). Specifically, the
observation of lower levels of hippocampal CBF in animals
with greater aPWV suggests that CAS plays a significant role
in diminishing hippocampal perfusion, potentially through
the impedance-matching mechanism mentioned earlier
[10,11,25,26]. This proposed mechanism should be further
evaluated in longitudinal studies.

Hippocampal blood flow and neuronal density
Previous work in a murine model of malaria demonstrated
that reduced CBF was associated with lower levels of the
ratio NAA/Cr [58]; this was attributed to decreased oxygen
availability for oxidative phosphorylation. We found a
similar relation between hippocampal NAA and CBF in
our study on adult Dahl-S rats (Fig. 6). However, this
correlation was weaker than that between hippocampal
CBF and aPWV (Fig. 4). This is consistent with overall
adequacy of substrate delivery in our Dahl-S rats, but also
suggests that further increases in CAS, with concomitant
decreases in CBF, may have a negative impact on neuronal
viability. Our present observation is supported by data from
a study of experimental stroke in rats, which demonstrated
a threshold in CBF of 62–94ml/100 g per min, below which
marked neuronal damage occurs [59].

Aortic pulse wave velocity and hippocampal
neuronal density
In our work, the simultaneous occurrence of similar,
though opposite correlations of hippocampal NAA concen-
tration with aPWV (Fig. 5) and hippocampal NAA with
hippocampal CBF (Fig. 6) together with the much stronger
correlation between CBF and aPWV (Fig. 4) suggest that the
NAA correlations are not independent of one another.
Indeed, an indirect association of NAA concentration with
aPWV is consistent with the proposed mechanism linking
CAS with reduced CBF (Fig. 7).

Potential consequences for cognitive function
Hypertension is associated with a greater incidence of
cerebrovascular disease and dementia with aging [1–5,9].
Further, in clinical studies, BP management resulted in
improved cognitive function in patients with vascular
dementia [60,61]. Cerebral NAA concentration is known
to be directly associated with cognitive function [62,63].
We focused on the hippocampal parameters in our present
study, given their direct association with memory manifes-
tations in cognitive impairment and dementia [64,65]. In our
study, SBP did not correlate significantly with hippocampal
CBF or NAA concentration and we found that aPWV was
more closely correlated with CBF and NAA than was SBP
(Table 2). These observations suggest that the connection
between hypertension and cognitive deficits may be indi-
rect and very likely mediated by CAS and cerebral hypo-
perfusion in the Dahl-S model.

Limitations
The cross-sectional nature of our study in adult, 6month-
old, male Dahl-S rats represents a limitation in establishing
causal relationships between the measured outcomes,
including between CAS and cerebrovascular changes.
Journal of Hypertension
Further, CBF values may be particularly susceptible to
the acute physiologic status of the animal, although we
attempted to maintain strict consistency in animal handling
[66]. In addition, CBF measurements with MRI are notori-
ously difficult; in our experiment, we were able to operate
at a high field strength and use advanced filtering techni-
ques to increase the reliability of the results. Likewise, the
localized spectra from which NAA concentrations are
derived are necessary of limited SNR; we implemented
an optimized procedure including localized shimming
within the hippocampus to maximize sensitivity. An addi-
tional limitation of this study is the fact that SBP was
measured in conscious animals to avoid unnecessary addi-
tional physiologic stress, while PWV and brain MRI meas-
urements were performed under isoflurane anesthesia; this
has been discussed extensively above. In addition, these
parameters cannot be collected simultaneously due to
constraints imposed by the MRI system.

In conclusion, in the Dahl-S rat model of age-associated
vascular dementia, we observed a significant association
between higher aPWV, a marker for CAS, and lower hippo-
campal perfusion and lower NAA, a marker of neuronal
viability. Combined with the dependence of hippocampal
neuronal mass and viability on adequate perfusion, our
findings suggest a potential mechanistic link between age-
associated CAS, deficits in the cerebral circulation, loss of
neuronal density and cognitive impairment. This may sup-
port CAS as a potential therapeutic target for the prevention
and treatment of age-associatedneurodegenerative diseases.

PERSPECTIVES
Our study demonstrates the connection of central arterial
stiffness and cerebral hypoperfusion and neurodegenera-
tion in the Dahl-S rat model of age-associated hypertension,
which occurs in the absence of high salt intake. Our study
suggests that in this model, CAS significantly enhances the
pulsatility of blood flow, resulting in cerebral microvascular
damage and reduced cerebral blood flow to the brain cells,
thereby contributing to neurodegeneration.
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