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The influence of hypertension and aging alone on brain structure has been described
extensively. Our understanding of the interaction of hypertension with aging to brain
morphology is still limited. We aimed to detect the synergistic effects of hypertension
and aging on brain morphology and to describe the evolution patterns of cerebral
atrophy from spatial and temporal perspectives. In 8 spontaneously hypertensive
rats (SHRs) and 5 Wistar-Kyoto rats, high-resolution magnetic resonance imaging
scans were longitudinally acquired at 10, 24, 52, and 80 weeks. We analyzed the
tissue volumes of gray matter, white matter, cerebral spinal fluid, and total intracranial
volume (TIV), and then evaluated gray matter volume in detail using voxel-based
morphometry (VBM) and region of interest-based methods. There were interactive
effects on hypertension and aging in tissue volumes of gray matter, white matter, and
TIV, of which gray matter atrophy was most pronounced, especially in elderly SHRs.
We identified the vulnerable gray matter volume with combined effects of hypertension
and aging in the septal region, bilateral caudate putamen, hippocampus, primary
somatosensory cortex, cerebellum, periaqueductal gray, right accumbens nucleus,
and thalamus. We automatically extracted the septal region, anterior cingulate cortex,
primary somatosensory cortex, caudate putamen, hippocampus, and accumbens
nucleus and revealed an inverted-U trajectory of volume change in SHRs, with volume
increase at the early phase and decline at the late phase. Hypertension interacts with
aging to affect brain volume changes such as severe atrophy in elderly SHRs.

Keywords: hypertension, aging, magnetic resonance imaging, voxel-based morphometry, brain atrophy,
spontaneously hypertensive rat

HIGHLIGHTS

- Hypertension and aging have interactive effects on brain morphology.
- Longitudinal changes in gray matter volume are not uniform across space and time.
- Spontaneously hypertensive rats show an inverted-U trajectory of gray matter volume.
- MRI is a powerful tool for analyzing the dynamic evolution of whole brain morphology.
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INTRODUCTION

Hypertension was defined as 130 mmHg systolic or 80 mmHg
diastolic blood pressure or greater according to the 2017 set
of hypertension guidelines released by the American College of
Cardiology and American Heart Association (Whelton et al.,
2018). As the risk of hypertension increases with advancing
age, its prevalence will increase dramatically with global aging.
Additionally, an increasing number of younger individuals suffer
from hypertension due to unhealthy lifestyles (Erdos et al., 2011;
Mills et al., 2020). It has been well established that hypertension
is an important risk factor for neuropathology. Multiple studies
have demonstrated changes in cerebral functional integrity in
hypertensive populations (Naumczyk et al., 2017; Feng et al.,
2020), and brain structural deformities have also been observed,
including hippocampal volume reductions and cortical atrophy
(Korf et al., 2004; Gianaros et al., 2006). It is worth noting that
brain atrophy also occurs in normal elderly individuals (Raz et al.,
2005). However, the combined influence of hypertension and
aging on brain morphology is not entirely clear. Previous clinical
studies have shown that temporal and occipital regions appear
most vulnerable due to the interactive effects of hypertension and
age (Strassburger et al., 1997). Moreover, hypertension and aging
may have strong interrelationship effects on brain damage, which
is associated with cognitive decline (Kern et al., 2017).

It is difficult to investigate brain abnormalities in
hypertensive populations while avoiding interferences from
various environmental risk factors or treatment interventions.
Furthermore, such clinical studies are typically cross-sectional,
and only a few have attempted to longitudinally evaluate brain
changes over a short age span (Gilsanz et al., 2017). Animal
models provide convenience for exploring the impacts of
hypertension on brain aging over the lifespan. Spontaneously
hypertensive rats (SHRs), introduced by Okamoto and Aoki
(1963), are the most extensively used animal model for essential
hypertension. SHRs are normotensive at birth and progressively
develop hypertension without any intervention. SHRs are
commonly used to evaluate hypertensive brain damage and
potential treatments (Chan et al., 2018; Shi et al., 2020).
Postmortem histology analysis has revealed enlarged cerebral
ventricles and reduced regional brain volumes in adult SHRs.
Animal magnetic resonance imaging (MRI) is not only a
powerful tool for whole-brain investigation but also a useful
addition for noninvasively describing brain dynamic evolution.
Brain atrophy is already present in SHRs at 7–9 weeks (Koundal
et al., 2019). Although some aspects of cerebral damage in SHRs
have been investigated, these results can differ since they are
affected by aging (Li et al., 2016). Animal model experiments
have shown that hypertension and aging induce an increase
in ischemic susceptibility in aged SHRs (Lee et al., 2011).
Research on cerebral blood volume with the combined effects
of hypertension and aging suggests that a decrease in cerebral
blood volume correlates with age but not hypertension, whereas
a reduction in vasodilatory capacity is due to hypertension in
SHRs based on near-infrared spectroscopy findings (Shaul et al.,
2014). All these studies have added to our understanding about
SHR brain aging; however, we could not accurately answer where

and how hypertension exacerbates the brain morphological
changes that accompany aging. Whether hypertension and
aging affect only certain sensitive brain regions or a broader
area remains unclear. SHR brain morphological trajectories
with aging have never been depicted, and could present the
evolution of brain atrophy as either on-going and progressive
or relatively static. Hence, it is urgently needed to longitudinally
characterize the spatial and temporal brain structural changes
with brain aging in SHRs.

In the current study, we aimed to longitudinally assess brain
morphology in SHRs and Wistar-Kyoto (WKY) rats from early
adulthood to aging using in vivo MRI and to describe the
evolution patterns of cerebral atrophy from spatial and temporal
perspectives. We plan to delineate the combined effects of
chronic hypertension on brain volume in the context of aging.
We hypothesize that the combined effects of hypertension and
aging would exacerbate cerebral atrophy. Cerebral morphological
alterations are age dependent, and obvious brain atrophy may
occur in aged SHRs. We intend to assess overall tissue volume
changes in gray matter (GM), white matter (WM), and cerebral
spinal fluid (CSF), and then evaluate regional GM morphological
abnormalities in detail using voxel-based morphometry (VBM)
and region of interest (ROI)-based methods. Quantitative
analysis of brain volume alterations in SHRs over the life span will
be necessary to understand the cumulative effects of hypertension
on brain aging. These MRI markers of longitudinal changes
in brain structure provide more comprehensive information
about the evolution underlying the pathogenesis of chronic
hypertension with brain aging.

MATERIALS AND METHODS

Experimental Animals
Thirteen male SHRs and 10 WKY rats aged 8 weeks
were purchased from Beijing Vital River Laboratory Animal
Technology Company Limited. Five died in each of the two
groups by the age of 80 weeks throughout their natural life cycle,
so a total of 8 SHRs and 5 WKY rats were studied. All rats housed
in an air-conditioned room (constant temperature 22–24◦C,
relative humidity 50–60%), at a light/dark cycle of 12 h. They were
maintained on a standard pellet diet and tap water ad libitum. At
the age of 20 weeks, blood pressure was measured by non-invasive
blood pressure system. Body weight was recorded every week
from 8 to 80 weeks. This study was approved by the Experimental
Animal Ethics Committee of Hebei Medical University.

Magnetic Resonance Imaging Scanning
Protocol
MRI experiments were performed on two identical 7.0 T Bruker
scanners (Pharma Scan 70/16 US) at the different sites. All
rats were scanned 4 times repeatedly: at 10, 24, and 52 weeks
at one place and subsequently 80 weeks at the other. Rats
were initially anesthetized with 3% isoflurane in an induction
chamber and then administered an intramuscular injection of
0.015 mg/kg dexmedetomidine into the back of the right thigh.
Rats were placed in a prone position with a mixture of pure
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oxygen and isoflurane during MRI acquisition. The isoflurane
level was adjusted between 0.5 and 1.2% to maintain breathing
rate at 50–60 breath/min during scanning. A noninvasive pulse
oximeter was attached to the left hind paw to ensure that oxygen
saturation was above 96% during scanning. Body temperature
was maintained at 37◦C using a water circulation heating
system. Whole brain T2-weighted MRI was acquired in coronal
plane using a rapid acquisition with relaxation enhancement
(RARE) sequence. Scan parameters: TR = 10,700 ms, effective
TE = 36 ms, RARE factor = 8, FOV = 35 × 35 mm2, matrix
size = 256 × 256, special resolution = 0.137 × 0.137 mm2, slice
number= 90, slice thickness= 0.3 mm, number of averages= 4,
and scan time= 22 min 50 s.

Data Processing
We performed MRI data processing using the SPM12 toolbox in
MATLAB (2013b). A whole brain population-specific template
set for SHRs created by our team was used for image registration.
First, all the T2-weighted images were multiplied by a factor of
10 to approximate the size of a human brain, which enabled
the usage of data processing algorithms developed for humans.
Second, these resized images were reoriented manually according
to the template space. Third, the images were normalized and
segmented based on our customized template set using the
unified segmentation approach. In detail, the voxel values of
the tissue maps were modulated by the Jacobian determinants
of nonlinear components to account for the expansion or
contraction in brain regions. Finally, the modulated GM volume
images were smoothed by a 4 mm full width at half maximum
Gaussian kernel for VBM. Individual GM, WM, and CSF
volumes were calculated by multiplying total voxel numbers by
mean volume values from modulated volume images. The total
intracranial volume (TIV) was defined as the sum volume of GM,
WM, and CSF. We also calculated the volume index of GM/TIV,
WM/TIV, and CSF/TIV by dividing brain tissue volume by TIV
in each rat. We automatically extracted certain ROIs from the
modulation GM volume maps according to our template set,
including the septal region, anterior cingulate cortex, primary
somatosensory cortex, caudate putamen, hippocampus, and
accumbens nucleus. The volume of each ROI was computed by
multiplying the mean volume by the number of total voxels.

Statistical Analysis
A flexible factorial design was performed within SPM12 for VBM
analysis. We excluded voxels in which the volume value was
below 0.2 in the smoothed GM volume images to ensure sufficient
test effects. Voxel-level familywise error (FWE, P < 0.05)
corrected for multiple comparisons with a minimal cluster size of
200 voxels was performed. Then, the mean value of each cluster
was extracted to explore the post hoc analysis between groups at
each time point using a t-test.

ROI-based volume changes over age between groups were
evaluated with repeated-measures analysis of variance using SPSS
(version 22.0), with group being the between-subject factor and
age being the within-subject factor. Significant differences were
examined using two sample t-tests on the volume at each time
point to determine differences between groups and using paired

t-tests in each group to determine the trend of volume changing
with age. We correlated the TIV with the body weight in SHRs
and WKY rats using Pearson’s correlative analysis. The threshold
of statistical significance was P < 0.05.

RESULTS

Brain Tissue Volume
Figure 1 shows the brain volume and volume index changes in
SHRs and WKY rats aged 10, 24, 52, and 80 weeks. There were
interactions of group and age in the tissue volume of GM, WM,
and TIV, and these tissue volumes were smaller in the SHRs
than in WKY rats. Overall, the GM, WM, and TIV volumes
exhibited continuous increases from 10 to 52 weeks but declined
at different rates from 52 to 80 weeks in both groups. Compared
with other tissues, GM volume demonstrated a steeper decline,
especially in elderly SHRs. The temporal trajectories of the
volume index showed that GM/TIV continuously declined and
WM/TIV gradually increased in both groups. In addition, neither
the CSF volume nor the CSF/TIV volume index differed between
the two groups. Body weight was higher in the SHRs than in the
WKY rats at 52 weeks old, while no difference was found at the
other 3 time points. We observed a positive correlation between
TIV and body weight in both groups: the correlation coefficients
were 0.896 and 0.839 in SHRs and WKY rats, respectively. Table 1
shows the absolute volumes of GM, WM, CSF, and TIV in SHRs
and WKY rats at 10, 24, 52, and 80 weeks old.

Voxel-Based Gray Matter Volume
The significant voxels were superimposed on the T2-weighted
MRI template (FWE, P < 0.05; cluster extent > 200 voxels),
which presented 13 clusters with interactions of group and age
on the volume changes in SHRs and WKY rats (Figure 2). All
these brain regions are summarized in Table 2. We performed
a post hoc test by extracting the mean volume values from each
cluster. Temporal trajectories of volume changes show obvious
heterogeneity, differing across regions (Figure 3). In addition,
elderly SHRs exhibit severe GM atrophy.

Region of Interest-Based Gray Matter
Volume
We calculated the volume of the septal region, anterior
cingulate cortex, primary somatosensory cortex, caudate
putamen, hippocampus, and accumbens nucleus. There
was no bilateral difference in caudate putamen volume in
the two groups at all-time points, so the caudate putamen
volume was represented as the average of both sides.
The volume of other regions significantly differs between
hemispheres at certain time points, so we analyzed the
other regions on both sides. Table 3 presents regional GM
volume in SHRs and WKY rats at different ages. Except for
the hippocampus, the volume of other selected ROIs has
interactions of group and age. Figure 4 demonstrates the GM
volume longitudinal changes in both groups at 4 time points.
Temporal trajectories of GM volume changes show obvious
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FIGURE 1 | Comparisons of brain volume (A–D) and volume index (E–G) changes in SHRs and WKY rats at 10, 24, 52, and 80 weeks old. + indicates significant
interactions of group and age. # Indicates a significant volume difference between SHRs and age-matched WKY rats, and * indicates a significant trend determined
by paired t-tests in each group. Positive correlation between TIV and body weight in both groups (H).

TABLE 1 | Brain volume of the gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), and total intracranial volume (TIV) in spontaneously hypertensive rats
(SHRs) and Wistar-Kyoto (WKY) rats at 10, 24, 52, and 80 weeks old.

Tissue Group 10 weeks 24 weeks 52 weeks 80 weeks

GM (mm3) SHR 993.0 ± 10.2 1062.9 ± 11.0 1071.4 ± 9.3 986.2 ± 10.9

WKY 1046.6 ± 12.8 1102.4 ± 13.9 1127.7 ± 11.7 1055.7 ± 13.7

WM (mm3) SHR 532.6 ± 5.4 637.4 ± 6.2 679.0 ± 5.6 653.4 ± 6.1

WKY 618.4 ± 6.8 721.7 ± 7.8 780.8 ± 7.1 769.6 ± 7.7

CSF (mm3) SHR 154.9 ± 2.6 192.1 ± 2.9 188.5 ± 5.0 169.8 ± 5.2

WKY 162.2 ± 3.3 188.4 ± 3.7 190.9 ± 6.3 182.6 ± 6.6

TIV (mm3) SHR 1683.5 ± 13.9 1899.0 ± 15.9 1946.1 ± 15.4 1817.1 ± 18.3

WKY 1809.4 ± 17.6 1994.5 ± 20.1 2077.0 ± 19.5 1983.3 ± 23.1

heterogeneity between the two groups. The trajectories of
the volume changing with age show an inverted-U shape in
SHRs, increasing at the early phase and declining at the late
phase. Furthermore, unbalanced regional volume atrophy was
more pronounced in the SHRs. The rate of GM atrophy was
fastest in the right primary somatosensory cortex barrel field
in elderly SHRs.

DISCUSSION

To the best of our knowledge, this is the first longitudinal
study combining hypertension with aging to detect the evolution
of brain morphology in rats. Using high-resolution structural
MRI, our study demonstrates a spatial and temporal pattern
of brain volume alterations in SHRs and WKY rats from early
adulthood to aging. The major strength of the current study
lies in the longitudinal evaluation of the long-term changes
in brain morphology. Our study produced two main findings.
First, there are interactive effects of hypertension and aging on
brain morphology: chronic hypertension makes cerebral atrophy
more evident. Second, longitudinal changes in GM volume are

not uniform, with different shrinkage magnitudes occurring
across space and time.

Brain Tissue Volume
The association of brain shrinkage with the interactions of
hypertension and aging suggests that the effects of hypertension
are not only cumulative but also progressive. In other words,
the negative effects of chronic hypertension on cerebral atrophy
become more evident with aging. Changes in brain tissue volume
are not uniform. The volumes of GM, WM, and TIV were smaller
in SHRs than in WKY rats. SHRs and WKY rats expressed
similar brain tissue atrophy patterns but to different degrees.
From 24 to 52 weeks, the GM volume in SHRs was relatively
stable, while the GM volume in WKY rats continued to increase.
Histopathological studies have previously reported GM volume
loss in SHRs. It should be noted that ex vivo studies with brain
fixation, extraction, and dehydration may result in ventricle
collapse and anatomical shrinkage. An in vivo MRI study found
that GM volume had no interaction effects between hypertension
and aging in SHRs (Koundal et al., 2019). This controversy may
be related to the age of the rats. Our study included elderly rats
with chronic hypertension, while theirs was only based on early
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FIGURE 2 | Colored voxels superimposed on the T2-weighted MRI template represent clusters with the interactions of group and age on gray matter volume (FWE,
P-value < 0.05; threshold of 200 voxels). All 13 clusters included the septal region, bilateral caudate putamen, hippocampus, primary somatosensory cortex,
cerebellum, periaqueductal gray, right accumbens nucleus, and thalamus. Note that L and R represent the left and right sides of the brain, respectively.

hypertensive rats. A clinical study revealed that cerebral perfusion
increased with increasing blood pressure at low baseline but
decreased at high baseline (Glodzik et al., 2019). Accordingly, we
speculate that GM loss may be related to brain hypoperfusion
caused by chronic hypertension.

We found that the volume index of GM/TIV gradually
decreased, whereas the WM/TIV increased from 10 to 80 weeks

TABLE 2 | Voxel-based morphometry analysis revealed some GM regions with
interactions of group and age in SHRs and WKY rats.

Brain regions Coordinates Voxels Peak F-score

X Y Z

Septal region −4 −48 16 4,960 140.7

Caudate putamen L −30 −35 −6 8,430 209.3

Caudate putamen R 31 −33 −7 9,483 204.1

Hippocampus L −24 −30 −29 226 55.2

Hippocampus R 17 −32 −26 769 77.0

S1FL L −36 −23 6 2,815 69.3

S1BF R, S1FL R 45 −26 0 3,333 66.0

Cerebellum 9 −37 −93 877 94.2

Periaqueductal gray −4 −45 −62 239 91.1

Caudate putamen L −32 −73 3 334 71.8

Caudate putamen R 29 −70 4 5,819 271.1

Accumbens nucleus R 18 −67 24 1,619 209.1

Thalamus R 0 −55 −32 321 92.4

The names of these regions, the atlas coordinate of the peak point, the number
of voxels, and the maximum F-score in the cluster are summarized in (Familywise
error, P < 0.05; threshold of 200 voxels).
L, left; R, right; S1FL, Primary somatosensory cortex forelimb region; S1BF, Primary
somatosensory cortex barrel field.

in both groups. One preclinical study on hypertension and white
matter disruption in inducible hypertensive rats reported that
hypertension fails to disrupt white matter integrity in young or
aged rats, which is consistent with our findings (Holland et al.,
2015). Regional brain changes in aging adults with hypertension
have confirmed white matter injury (Sabisz et al., 2019). We
hypothesized that the opposite conclusion might be due to the
lower proportion of white matter in rats. It is worth noting that
the CSF volume shows nonsynchronous changes at the late phase,
when it is reduced in SHRs and stable in WKY rats. These results
do not seem to support the speculation that cerebral atrophy
is compensated by an enlargement of the ventricles. Previous
work confirmed that the CSF production rate and intracranial
pressure are normal in SHRs. Perhaps we can explain the
ventricle enlargement from the blood brain barrier permeability
perspective. One study reported no evidence for blood brain
barrier leakage in SHRs (Naessens et al., 2018); however, the
opposing view was reported in aged SHRs (Wang et al., 2018).
We believe that it is vital to explore the impacts of chronic
hypertension on cerebral circulation (Cipolla et al., 2018). The
body weight was higher in SHRs than in WKY rats at 52 weeks
old, while there was no difference between groups at other time
points. Linear regression analyses between body weight and TIV
revealed that the correlation coefficients were similar between the
two groups, and TIV in SHRs was consistently lower than that in
WKY rats. Thus, we hypothesized that the smaller TIV in SHRs
might be unrelated to their higher body weight.

Voxel-Based Gray Matter Volume
In order to detect vulnerable GM volume alterations with
interactive effects of hypertension and aging, we performed VBM
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FIGURE 3 | The volume changes in each cluster with interactions of group and age in SHRs and WKY rats aged 10, 24, 52, and 80 weeks. Temporal trajectories of
each cluster morphology show obvious heterogeneity, which is different across regions. Compared with WKY rats, elderly SHRs exhibit severe gray matter atrophy.
As early as 24 weeks of age, gray matter volume begins to atrophy significantly in the septal region, bilateral caudate putamen, and hippocampus.

TABLE 3 | Volume (mm3) of selected regions of interest of SHRs and WKY rats at different time points.

Region of interest Group 10 weeks 24 weeks 52 weeks 80 weeks

Septal region SHR 8.0 ± 0.1 9.2 ± 0.1 8.7 ± 0.2 7.5 ± 0.1

WKY 7.6 ± 0.2 8.8 ± 0.1 9.3 ± 0.2 8.7 ± 0.1

Caudate putamen SHR 36.1 ± 1.5 39.5 ± 1.4 39.4 ± 1.5 37.2 ± 1.3

WKY 38.1 ± 0.8 41.2 ± 0.7 42.2 ± 0.6 41.7 ± 0.8

Hippocampus L SHR 42.7 ± 0.4 47.6 ± 0.5 49.2 ± 0.5 45.6 ± 0.6

WKY 44.9 ± 0.5 49.8 ± 0.7 52.0 ± 0.6 48.7 ± 0.7

Hippocampus R SHR 43.5 ± 0.4 47.6 ± 0.5 49.5 ± 0.5 46.0 ± 0.5

WKY 45.0 ± 0.6 49.5 ± 0.6 51.7 ± 0.7 49.1 ± 0.6

Accumbens nucleus L SHR 4.9 ± 0.1 5.4 ± 0.1 5.5 ± 0.0 4.9 ± 0.1

WKY 5.4 ± 0.1 5.7 ± 0.1 5.8 ± 0.0 5.4 ± 0.1

Accumbens nucleus R SHR 5.2 ± 0.1 5.6 ± 0.1 5.8 ± 0.1 5.5 ± 0.1

WKY 5.9 ± 0.1 6.1 ± 0.1 6.2 ± 0.1 5.8 ± 0.1

There was no bilateral difference in caudate putamen volume in the two groups at all-time points, so the caudate putamen volume was represented as the average of
both sides.

analysis. We found that the interactive regions included certain
cortical and subcortical regions such as the septal region, bilateral
caudate putamen, hippocampus, primary somatosensory cortex,
cerebellum, periaqueductal gray, right accumbens nucleus, and
thalamus. Post hoc analysis revealed the patterns of GM volume
changes. As early as 24 weeks of age, gray matter volume
begins to atrophy obviously in certain brain regions, such as
the septal region, bilateral caudate putamen, and hippocampus.
These findings seem to contradict prior studies in aging SHRs
showing that hippocampal volumes were similar in SHRs and
WKY rats (Naessens et al., 2020). These conflicting results might
be explained by the method of MRI data analysis and the rats’ age,
since our studies used VBM analysis in rats with longer life span,

while prior studies used manually drawn ROI-based methods
in 10-month-old SHRs. Our study is generally consistent with
previous clinical MRI studies that indicated that hypertension
exacerbates the volume reductions accompanying advanced age
(Strassburger et al., 1997). Our studies have shown that rats with
chronic hypertension are much more prone to GM atrophy with
aging in some specific brain regions.

Region of Interest-Based Gray Matter
Volume
The spatial heterogeneity of GM volume was detected using VBM
analysis, while the temporal heterogeneity was explored using the
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FIGURE 4 | Comparisons of longitudinal changes in each ROI volume in SHRs and WKY rats at 10, 24, 52, and 80 weeks old. The caudate putamen volume is the
average volume of both sides because there was no significant bilateral difference in the two groups at any time point. Temporal trajectories of gray matter volume
show obvious heterogeneity between the two groups. The trajectories of the volume change show an inverted-U shape in SHRs, increasing at the early phase and
declining at the late phase. Compared with WKY rats, regional unbalanced volume atrophy is more pronounced in SHRs. The rate of gray matter atrophy is fastest in
the right primary somatosensory cortex barrel field in elderly SHRs.

ROI-based method. We used a longitudinal design to examine
the evolution patterns of the GM volume over aging in rats
with and without hypertension. Although longitudinal designs
impede interindividual variation, one limitation is the shorter
time windows (Elliott, 2020). We only selected 4 representative
time points to obtain the trends in GM volume with age.
We chose the septal region, anterior cingulate cortex, primary
somatosensory cortex, caudate putamen, hippocampus, and
accumbens nucleus as ROIs. We found that anterior cingulate
cortex area 2, overlapping within the cluster of septal region, had
the combined effects of hypertension and aging. Previous animal
studies have also reported that anterior cingulate cortex damage
is involved in hypertension-associated brain atrophy (Gianaros
et al., 2006; Lai et al., 2021). We found that all the above ROIs had
interactions, except for the bilateral hippocampus. We speculate
that there should be hypertension-aging interactions in certain
hippocampal subregions, but these interactions were offset by the
relatively large volume of the hippocampus. A previous study
observed an age-dependent neural reduction in the hippocampal
CA1 area (Li et al., 2016). Our data suggested an inverted-
U trajectory of GM volume change in SHR lifespan, with
volume increase at the early phase and decline at the late
phase. Therefore, the GM volume can rise, plateau, or decrease
according to different time phases. One study showed that
hippocampal volume increased with age in a normal aging rat
strain (Alexander et al., 2020); however, another study found
that hippocampal volume was similar in SHRs and WKY rats

(Naessens et al., 2020). The difference between these results can
be explained by our trajectory. Clinical studies reported that
reduced hippocampal volume was correlated with hypertension
duration and poorer cognitive aging (Triantafyllou et al., 2020;
Van Etten et al., 2020). These results support our view that elderly
SHRs experienced pronounced shrinkage. Moreover, the rate
of GM atrophy was fastest in the right primary somatosensory
cortex barrel field in elderly SHRs. We speculate that the right
primary somatosensory cortex barrel field may be more sensitive
to chronic hypoperfusion. Our results laterally support the
neurovascular pathological theory with biphasic responses in
cerebral blood flow and neurovascular coupling (Li et al., 2021).

Magnetic Resonance Imaging Data
Analysis
Structural MRI is a valid tool that can be used to noninvasively
investigate alterations in the rat brain. We comprehensively
assessed the spatial temporal course of GM volume change
patterns using VBM and ROI-based methods. VBM analyzes the
GM volume at the voxel level. A key advantage of VBM is that
it allows for detecting whole brain volume automatically and
objectively, while the disadvantage is that its accuracy might be
impeded by registration errors. To minimize this problem, we
used a custom template set for image registration. We checked
the registration step by step and did not find any misregistration.
Space smoothing can reduce image noise and enhance the
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statistical effect. We chose a 4 mm Gaussian smoothing kernel.
A previous study confirmed that smoothing kernels did not
significantly influence whole brain volume test-retest reliability
in rats (Jing et al., 2018). Alternatively, we quantified regional
GM volumes using automatic ROI-based analysis. Automatic
ROI extraction omits manual drawing to improve the reliability
of the results. Quantitative ROI-based analysis is beneficial for
multicenter and cross-species comparisons.

Animal Models
One benefit of animal models lies in the capability for within-
subject longitudinal designs in the disease course. Many animal
experiments on hypertensive brain damage have been performed
in acute conditions (Meissner et al., 2017; Menard et al., 2018).
The acute effects of hypertension on brain have been recognized
for a long time (Iyonaga et al., 2019), while the long-term
impacts of chronic hypertension on brain impairment remain
incompletely understood. Only a few experiments have evaluated
the influence of chronic hypertension (Willeman et al., 2019).
SHRs are the most widely used animal model for human essential
hypertension. SHRs are normotensive at birth and progressively
develop hypertension without any intervening procedure. We
chose scanning MRI at 10, 24, 52, and 80 weeks according to
the features of SHRs. Blood pressure increases prominently at
3–10 weeks and remains stable for at least 20 weeks in SHRs.
Animal models enable longitudinal design for analysis of chronic
hypertension across the life cycle.

Limitations
Several potential limitations should be noted. First, the MRI
scanner at the last time point was not the same as before,
although it was an identical type. To minimize the bias, we tried
to keep the scanning protocol consistent. Second, the present
work is based on male rats with a modest sample size. Strict-
corrected statistical thresholds were restricted to minimize the
risk of false positives. This is an issue of concern for higher blood
pressure in male SHRs than in females (Amaral and Michelin,
2011). Few studies have explored sex differences in SHRs
(Pietranera et al., 2016), and previous research investigations
were mostly conducted in males. Further studies with larger
sample sizes and longer follow-up periods are needed. Third,
a longitudinal neuroimaging study of rats requires repeated
anesthesia. A low dose of isoflurane in combination with
dexmedetomidine is a viable option for longitudinal imaging
in rats (Brynildsen et al., 2017). Fourth, as a longitudinal
study covering natural aging rats, various comorbidities were
inescapable, such as heart failure, atherosclerosis, and Alzheimer’s
disease (Suzuki et al., 2015; Dinh et al., 2017; Chang et al.,
2020). Since this phenomenon is common among elderly people,
it may not prevent the clinical translation of our results.
Finally, our present study primarily focused on evaluating
brain morphology, and it would be interesting to compare the
correlation of these volume results with cognition and behavioral
function. Moreover, a recent clinical study confirmed that early
onset hypertension was related to midlife cognitive function
(Suvila et al., 2021). Future pathological- or molecular-level

studies should expound the complex mechanisms of chronic
hypertension related to brain aging.

CONCLUSION

In conclusion, the current study presented a neuroimaging
approach to longitudinally characterize brain morphology in
SHRs and WKY rats from early adulthood to aging. There are
interactive effects of hypertension and aging on brain volume
alterations, and GM shrinkage is heterogeneous across space and
time. Our results provide evidence supporting the notion that
chronic hypertension accelerates brain aging. We hope that the
longitudinal neuroimaging characteristics of aging SHRs may
constitute a useful paradigm to explore the intricate pathological
mechanisms of hypertension and aging.
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