META-ANALYSIS

Biomolecules
& Biomedicine

Evaluation of the correlation between cerebral
hemodynamics and blood pressure by comparative
analysis of variation in cerebral blood flow in
hypertensive versus normotensive individuals:

A systematic review and meta-analysis

Lei Yang ®*, Hong Du 2, Xuejing Zhang ®3, Dongliang Zhang ®?, Xianhui Su®1, Zongrong Qiao ®?, and Bulang Gao ©3

Current understanding of the cerebral vascular response to variations in blood pressure (BP) among individuals with hypertension is
limited. The aim of this meta-analysis was to determine the correlation between hypertension, risk of stroke, and cerebral blood flow
(CBF). We reviewed studies published between 2000 and 2023 from PubMed, Google Scholar, and Science Direct that compared mean
CBF in normotensive (NTN) and hypertensive (HTN) patients. A random effects model was used to construct the risk ratio (RR), 95%
confidence interval (CI), forest plot, and inverse variance weighting. Additionally, a mixed-effects meta-regression was employed to
examine the impact of study-specific patient variables. This meta-analysis included eight prospective cross-sectional studies published
from 2002 to 2023. It revealed a significant average difference in the standard mean CBF of —0.45 (95% Cl —0.60 to —0.30, I = 69%,
P < 0.00001), distinguishing NTN from HTN subjects. A RR of 0.90 (95% Cl 0.63 to 1.30, I> = 89%, P = 0.04) indicated a significant
decrease in CBF among individuals with hypertension. We found a statistically significant relationship between changes in diastolic and
systolic BPs and the mean CBF (R = —0.81, P = 0.001and R = —0.90, P = 0.005, respectively). Our research demonstrates a strong
relationship between elevated BP and reduced CBF, with hypertension reducing CBF compared to NTN individuals, by increasing

cerebrovascular resistance.

Keywords: Cerebral blood flow (CBF), hypertension, systolic blood pressure (SBP), diastolic blood pressure (DBP), normotension,
cardiovascular risk factors, cerebral hemodynamic, systematic review, meta-analysis.

Introduction

A persistent increase in blood pressure (BP) above the thresh-
old of 130/90 mmHg is what distinguishes hypertension, also
known as high BP. This leads to an excessive amount of force
exerted by the blood on the arterial walls [1]. Hypertension
exerts a significant impact on a substantial portion of the global
population, as nearly 30% of the adult population between
the ages of 30 and 79 are afflicted by this ailment [2]. The
phenomenon of cerebrovascular remodeling, characterized by
alterations in the morphology, structure of cerebral blood ves-
sels, and changes in artery reactivity, such as impaired dilation,
has been found to be associated with hypertension. The con-
dition under consideration is distinguished by a reduction in
the baseline cerebral blood flow (CBF) resulting from height-
ened rigidity in the peripheral blood vessels, including those
located in the brain [3, 4]. Furthermore, it has been observed
that individuals with hypertension demonstrate elevated levels
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of cerebrovascular resistance in comparison to normotensive
(NTN) counterparts [5]. An increased susceptibility to cere-
brovascular events, such as decreased blood flow due to steno-
sis, thrombosis, embolism, or hemorrhage, might be one of
the reasons for the inability to regulate CBF [6,7]. Inade-
quate circulation of blood, known as ischemia, can have dele-
terious effects on cerebral tissue, potentially leading to the
onset of stroke and dementia [8, 9]. Research has shown that
untreated hypertension, inadequate management of hyperten-
sion, and elevated BP levels are associated with a reduction in
CBF [10, 11]. Furthermore, hypertensive (HTN) artery remod-
eling often causes a reduction in the diameter of the arte-
rial lumen and an increase in the ratio of the arterial wall
to the lumen in most cerebral arteries [12, 13]. Hypertension
induces structural changes in cerebral blood vessels and inter-
feres with complex vaso-regulatory processes that are respon-
sible for maintaining sufficient blood flow to the brain. These
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modifications pose a potential risk to CBF. The regulation of
cerebral circulation is primarily governed by alterations in vas-
cular resistance. Modulation of resistance can occur through
the influence of local-chemical and endothelial factors, as well
as autacoids. Additionally, nonvascular control, or functional
hyperemia, is the physiological process where increased neu-
ronal activity leads to a corresponding increase in regional CBF.
This ensures an adequate delivery of oxygen and nutrients to
the activated brain region. Hypertension has been observed to
reduce resting CBF, alter the intrinsic innervations crucial for
neurovascular coupling, and influence endothelial-dependent
responses. Additionally, most cerebral arteries undergo HTN
arterial remodeling, resulting in a reduction in lumen diameter
and an increase in the wall-to-lumen ratio. It is widely believed
that these modifications contribute to a decrease in mean CBF
following ischemia and an increase in ischemic damage [14, 15].
Currently available information regarding the cerebral vascular
response to fluctuations in BP in individuals with hypertension
remains limited. The objective of this systematic review and
meta-analysis was to examine the existing literature [16-23]
pertaining to the relationship between hypertension and CBF,
aiming to establish a correlation between these two variables.

Materials and methods

The meta-analysis was carried out in accordance with the rec-
ommendations provided by the Preferred Reporting Items of
Systematic Reviews and Meta-Analyses (PRISMA) [24].

Data sources and search strategy
This meta-analysis was conducted following a comprehensive
search across multiple databases, including PubMed, Embase,
Scopus, and the Cochrane Library. Between 2000 and 2023, the
search employed precise terms, including “cerebral blood flow”
OR “CBF,” “systolic blood pressure” OR “SBP,” “diastolic blood
pressure” OR “DBP,” “cerebral hemodynamics” OR “CHD,” “car-
diovascular risk factors” OR “CVD,” “meta-analysis,” “cross-
sectional studies,” and “systematic review.” Using the PICO
framework [25], terms that were consistent in both Medline
and EMBASE databases were identified. The Title (ti)-Abstract
(abs)-Keyword (key) field was used to search Scopus with the
provided keywords. The terms “cerebral blood flow velocity”
and “hypertension” were employed in the Cochrane database.
The PICO structure was employed to formulate specific
selection criteria [25]. In this particular context, the letter “P”
represents individuals with hypertension, the letter “I” refers
to the variability in the velocity of blood flow in the brain, the
letter “C” represents individuals with normal BP, and the letter
“0” encompasses several clinical outcomes, including systolic
blood pressure (SBP), diastolic blood pressure (DBP), and the
average blood flow in the brain. The design methodology used
in this study was limited to the use of (A) prospective or ret-
rospective studies that reported the average CBF in NTN and
HTN groups, (B) studies that included patients with hyperten-
sion who were over 18 years old, and (C) studies that provided
the main outcome data: SBP, DBP, and average CBF in both
HTN and NTN groups. The inclusion criteria specified that only
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papers published in the English language were considered. The
selection of papers was performed following the guidelines of
PRISMA. Two researchers, referred to as XZ and DZ, individu-
ally conducted an extensive examination of the relevant litera-
ture to identify pertinent studies.

Study selection

The search for the relevant literature was carried out and the
following requirements had to be fulfilled for a study to be con-
sidered eligible: Studies that are cross-sectional and evaluate
the mean CBF in both NTN and HTN groups, and studies that
evaluate the primary outcomes, which include SBP, DBP, and
mean CBF in both HTN and NTN groups. Studies that reported
hypertension-induced changes in the hemodynamics of preg-
nant women were among the studies that were excluded from
consideration. In addition, studies that were carried out on
healthy volunteers or those who suffered from conditions other
than hypertension were not included in this meta-analysis.

Data extraction

Microsoft Excel was used to create a computerized data extrac-
tion form, which was then utilized for documenting the fun-
damental information of the studies that were chosen for this
meta-analysis. The name of the first author, the year of pub-
lication, the journal of publication, the type of study, the total
number of participants, the number of individuals with hyper-
tension and those with non-hypertension, the mean age of
patients, the gender ratio (male to female), the cardiovascu-
lar parameters studied, the cerebral hemodynamic parameter
studied, and the instrument that was used for the analysis were
all included. Extraction of the data was carried out indepen-
dently by two distinct writers, and the outcomes of the extrac-
tions carried out by both authors were subsequently compared.
Despite the fact that there were contrasting viewpoints, a con-
sensus was reached through conversation. A third author was
also featured in the work, but this was contingent upon the
circumstances.

Quality assessment

The Cochrane Risk of Bias tool, which is published in version
5.3 of the Cochrane Handbook, was applied in order to evaluate
the methodological validity of each study that was included in
the meta-analysis [26]. Selected articles were given a rating
of “low,” “high,” or “some concern” during the process of data
extraction. This rating was determined by the methodology of
the articles, which included a variety of factors such as the
generation of random sequences, the concealment of alloca-
tion, the blinding of participants and staff, the blinding of out-
come assessment, the insufficiency of outcome data, selective
reporting, and potential sources of bias. This information was
taken into consideration when constructing a risk of bias sum-
mary and graph for evaluating the quality of the work. XZ and
DZ, two different evaluators, participated in an independent
investigation into the possibility of bias. Additionally, XS, who
was recognized as an additional reviewer, acted as an arbitra-
tor to settle any issues that remained unresolved. After this,
the funnel plot [27] was applied to determine whether or not
publication bias was present, and the MedCalc program [28]
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Figure 1.

was utilized to carry out Begg’s test [29] in order to determine
whether or not it was statistically significant.

Ethical statement

Since this study relies solely on publicly available published
literature, it was not required to obtain authorization from a
clinical ethics committee.

Statistical analysis

Through the utilization of RevMan software version 5.4 and
the implementation of a meta-analysis, the average change in
CBF (mL blood/100 mL tissue min) was obtained across all of
the investigations. It was determined that a random effects
model with inverse variance weighting was used to estimate
the mean change that occurred after surgery. This model took
into account the predicted heterogeneity. The findings were
displayed in the form of a forest plot, which also included the
confidence interval (CI) for the 95% level of certainty. In order
to evaluate the influence of particular parameters, such as SBP,
DBP, and mean change in CBF, across a number of different
studies, a mixed-effects meta-regression [30] was utilized in
the review process. To investigate the influence of each variable
on the outcomes of various research studies, a model was con-
structed that incorporated either the mean (standard deviation)
or the frequency of each variable in each study. This investi-
gation used data collected at the study level and included the
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PRISMA flowchart for the selection of studies. PRISMA: Preferred Reporting Items of Systematic Reviews and Meta-Analyses.

application of meta-regression. In addition, box and whisker
plots [31], correlation plots [32], and scatter plots [33] were
generated in order to visualize the associations between the
variables.

Results

Literature search results

Figure 1 shows the PRISMA chart for the selection of research.
Through a comprehensive search of online databases, 524 stud-
ies were identified and 137 studies were excluded due to irrel-
evant fields. Following a review of the title and abstract, 387
papers were then examined. Subsequently, 163 reports were
sought for retrieval, following the elimination of 224 reports
deemed irrelevant due to factors such as absence from valid
databases, publication in languages other than English, or clas-
sification as articles from online encyclopedias or blogs. Out of
these, 109 papers were further eliminated; 84 lacked data on
cardiovascular risk factors and CBF, and 25 lacked sufficient
information to construct a 2 x 2 table. Eight cross-sectional
studies that were eventually relevant were finally included in
the current meta-analysis after 54 reports were first evalu-
ated for eligibility. Table 1 displays the characteristics of each
individual included in the chosen research. Included studies
assessed how high BP affected mean CBF.
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Figure 2. Risk of bias summary of the included studies.
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Risk of bias assessment and publication bias

A summary of the potential for bias is presented in Figure 2,
which also includes an evaluation of the quality of the studies
that were included. A low risk of bias was found in six of the
eight studies that were included in the analysis. On the other
hand, two of the studies had a moderate risk of bias due to bias
that was caused by the assessment of the exposure and bias that
was caused by post-exposure treatments. There was a strong
potential for bias in one of the included studies since there was
alack of data. The graph depicting the potential for bias can be
found in Figure S1. Figure 3 represents the funnel plot, which
revealed that there was a low chance of publication bias, as
demonstrated by a P value of 0.348 for Begg’s test [34], which
was not significant.

Meta-analysis results
The risk ratio (RR) or relative risk, evaluates the risk of a
reduction in CBF in the hypertension group compared to the
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risk of the same event in the NTN group. It was found that
HTN individuals showed a significant reduction in CBF with a
RR 0f 0.90 (95% CI 0.63-1.30) and substantial heterogeneity of
Tau® = 0.24, Chi® = 64.06, df = 7, I? 89%, Z = 0.54, P = 0.04
(Figure 4). All the included studies demonstrated a statistically
significant difference in mean CBF between NTN and HTN
individuals with a standard mean difference of —0.45 (95 %
CI —0.60 to —0.30) and heterogeneity of Chi? = 22.27, df =7,
I = 69%, Z = 5.87 and P < 0.00001 as shown in Figure 5.

Across study findings (meta-regression)
The study employed univariate meta-regression analysis to
examine the association between hypertension and the mean
CBF. Figure 6 presents the box and whisker plot, which pro-
vides the five-number summary [35]. For the SBP of the HTN
group, min = 139.1, Q1 = 143.1, median = 148.6, Q3 = 156, and
max = 162 with a mean value 0f 149.56. For the SBP of the NTN
group, min = 120, Q1 = 121.45, median = 123.5, Q3 = 128.95,
and max = 136 with a mean value of 125.47. For the DBP of the
HTN group, min = 72, Q1 = 73.9, median = 83, Q3 = 87.2, and
max = 95, with a mean value of 81.9. For the DBP of the NTN
group, min = 60, Q1 = 65.05, median = 72.5, Q3 = 75.7, and
max = 82.6, with a mean value of 71.13. For the mean CBF of
the HTN group, min = 25, Q1 = 30.5, median = 43, Q3 = 55.5,
and max = 58 with a mean value of 42.64. Finally, for the mean
CBF of the NTN group, min = 32, Q1 = 39.5, median = 46.5,
Q3 = 60.19, and max = 63 with a mean value of 48.4. All six
groups have a potentially symmetrical skew and a mesokurtic
tail. This summary reveals a substantial correlation between the
extracted data pertaining to the primary cardiovascular factor,
specifically SBP, DBP, and the mean CBF, which was analyzed
across the included studies (Table 2).

The findings shown in Figure 7 demonstrate a statistically
significant association between the mean CBF and BP in both the
HTN and NTN groups. The box and whisker plot demonstrates
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HTN group NTN group Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ciuceis et al [16) 10 20 10 20 10.3% 1.00 [0.54, 1.86) —
Daietal [17) 19 41 22 41 12.2% 0.86 [0.56, 1.33] TR
Fitri etal [18] 160 330 170 330 14.4% 0.94 [0.81,1.10] =T
Jennings etal [19] 37 96 59 96 13.4% 0.63[0.47,0.84) o o
Machado et al [20] 85 115 30 115 13.2% 2.83[2.04,3.93) =
Neumann et al [21] 13 39 26 39 11.6% 0.50[0.30, 0.82) =
Serrador et al [22) 22 60 38 60 12.7% 0.58 [0.39, 0.85) S
Traon et al [23] 21 42 21 42 12.3% 1.00 [0.65, 1.53] B
Total (95% Cl) 743 743 100.0% 0.90 [0.63, 1.30] &
Total events 367 376
Heterogeneity: Tau®= 0.24; Chi*= 64.06, df=7 (P < 0.00001), F= 89% 50 01 051 150 100‘

Test for overall effect: Z= 0.54 (P = 0.04)

Figure 4.
Hypertensive patients; NTN: Normotensive patients.

Favours [HTN] Favours [NTN]

Forest plot for risk ratio of reduction in mean cerebral blood flow in hypertensive vs normotensive group. Cl: Confidence interval; HTN:

Std. Mean Difference

Std. Mean Difference

Study or Subgroup  Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ciuceis et al [16] 2.4% -1.21[-2.18,-0.24]

Daietal [17) 3.7% -2.19[-2.98,-1.40] =

Fitrietal [18] 48.2% -0.37 [-0.59,-0.15] |
Jennings etal [19] 13.3% -0.38 [-0.80, 0.03) =]
Machado et al [20] 13.1% -0.34 [-0.75, 0.09) -
Neumann et al [21] 5.0% -0.42[-1.10, 0.25) el
Serrador et al [22) 8.2% -0.29 [-0.81, 0.24) T

Traon et al [23] 6.1% -0.42 [-1.03, 0.20) T

Total (95% ClI) 100.0% -0.45 [-0.60, -0.30] +
Heterogeneity: Chi*= 22.27, df= 7 (P = 0.002); F= 69% t t t

Test for overall effect: Z=5.87 (P < 0.00001)

Figure 5.
patients; NTN: Normotensive patients.

Table 2. Summary of the primary study parameters

M O W i 4
Favours [HTN] Favours [NTN]

Forest plot for variation in mean cerebral blood flow in hypertensive vs normotensive group. Cl: Confidence interval; HTN: Hypertensive

Cerebral hemodynamic

Study ID Cardiovascular parameters parameters

Systolic blood pressure Diastolic blood pressure Mean CBF

NTN HTN NTN HTN NTN HTN

De Ciuceis et al. [16] 123+7 142+ 16 73+£9 82410 57.59 4 3.14 54.15 4 2.23
Dai et al. [17] 120.0 +18.0 139.14+20.8 65149 72.8+10.4 44.0+96 25.0+£7.0
Fitri et al. [18] 12447 14546 65+5 72+8 3249 2947
Jennings et al. [19] 120.4 144.2 73.4 84.4 46 +6 43+10.0
Machado et al. [20] 1225411 158 + 6.6 60 £10.51 75+£13.2 62.8 +11.7 58 415
Neumann et al. [21] 13294153 152.2 +15.1 82.6+87 90 + 6.4 47410.7 43+49
Serrador et al. [22] 125+11 162+7 72+6 84+7 35411 3249
Traon et al. [23] 136 +15 154 4+ 16 78 +13 95411 63416 57 +12

Values represent mean + SD. CBF: Cerebral blood flow; HTN: Hypertensive patients; NTN: Normotensive patients.

a decrease in the mean CBF value within the HTN group, which
can be attributed to a notable increase in SBP. In a similar vein,
the box and whisker plot presented in Figure 8 illustrates the
correlation between the mean CBF and DBP in the HTN group.
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The plot reveals a noteworthy decrease in mean CBF, which
can be attributed to a substantial increase in DBP. The scatter
plots [36] shown in Figure 9 demonstrate a negative correlation
between the average CBF and the changes observed in both SBP
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(R=—0.81,P =0.001) and DBP (R = —0.90, P = 0.005). These
findings further support the notion that an increase in BP is
associated with a decrease in mean CBF. The robustness of the
correlation is validated by the prominent correlation coefficient
plot [37] shown in Figure 10.
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Discussion

The presence of hypertension is linked to cerebrovascu-
lar remodeling, a decrease in baseline CBF, and elevated
cerebrovascular resistance compared to individuals without
hypertension [38]. The brain possesses the capacity for autoreg-
ulation of CBF, enabling it to maintain a relatively stable blood
flow even in the face of fluctuations in BP. Consequently, a
deficiency in the ability to regulate CBF is closely associated
with an elevated vulnerability to cerebrovascular events and
the onset of dementia [39, 40]. The fundamental issue that has
tobe addressed with regard to CBF in the setting of hypertension
is the disruption that is seen in the homeostasis of CBF. To be
more specific, an increase in cerebrovascular resistance causes
an upward migration of both the lower and upper thresholds
of CBF self-stabilization to higher pressure values [41-43]. The
fundamental process seems to include the structural thickening
of cerebral resistance arteries as well as the luminal constric-
tion of these veins [44]. According to a number of studies, the
adaptive changes that were discussed previously and that were
designed to protect the brain from having high intravascular
pressure also contributed to enhancing the brain’s susceptibil-
ity to ischemia in conditions when the BP was low [45].

Eight studies were included in this meta-analysis, which
examined the differences in CBF dynamics between NTN and
HTN patients. Each study made a substantial contribution to
this meta-analysis (Figure 11).

De Ciuceis et al. (2014) [16] utilized dynamic
susceptibility-weighted contrast magnetic resonance imaging
(DSC-MRI) in a selected cohort to investigate CBF and the
morphology of the cerebral small-resistance arteries in indi-
viduals with normotension and hypertension. They removed

781 www.biomolbiomed.com


http://www.biomolbiomed.com
http://www.biomolbiomed.com

. 20+
=
£
(0]
>
2 R =-0.81, P = 0.001
it
€
S 104
=1
3 .
= [ ]
3 . . o
£
&
o 01
C
(]
(0]
=
20 25 30 35
Increase in SBP

204
? R=-0.85, P=-0.003
g
(0]
3
7]
@
-
€ 104
o
o
= r— L [ ] -
B
% L ] L4 ° ‘\
— L ]
£
w0l
o
O
c
©
(0]
=

75 10.0 125 15.0 17.0

Increase in DBP

Figure 9. Scatter plot for mean CBF and change in blood pressure.
Increase in (A) systolic blood pressure and (B) diastolic blood pressure in
hypertensive vs normotensive group. CBF: Cerebral blood flow; SBP: Systolic
blood pressure; DBP: Diastolic blood pressure.

cerebral small-resistance arteries from a very small segment
of morphologically normal cerebral tissue and placed them on
an isometric myograph in order to determine the media-to-
lumen (M/L) ratio. This was done in order to carry out the
evaluation. A region-of-interest method was then utilized in
order to do a quantitative analysis of the CBF and cerebral blood
volume (CBV). The researchers discovered that HTN patients
exhibited a significantly lower regional CBF (mL/100 g/min) in
the following regions: The cortical gray matter (mean 4 SD:
55.63 £ 1.90 vs 58.37 & 2.19, P < 0.05), the basal ganglia
(53.34 + 4.39 vs 58.22 + 4.45, P < 0.05), the thalami (50.65
+ 3.23 vs 57.56 + 4.45, P < 0.05), the subcortical white matter
(19.32 £ 2.54 vs 22.24 + 1.9, P < 0.05), the greater M/L ratio
(0.099 + 0.013 vs 0.085 + 0.012, P < 0.05), and the lower
microvessel density (1.66 & 0.67 vs 2.52 & 1.28, P < 0.05). It
was observed that there was a statistically significant negative
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Ciuceis et al. [16] _—
® Dai et al. [17] [ S —
Q0 Fitri et al. [18] T e ——
T Jennings et al. [19] -_—
® Machado et al. [20] —_—
3 Neumann et al. [21] —_—
©  Serrador et al. [22] _—
% Traon et al. [23]
w

Total (fixed effects) L 4
Total (random effects)

0.4 0.5 0.6 0.7 0.8 0.9
Proportion

Figure11. Meta analysis plot for proportion of included studies.

association between the M/L ratio of cerebral arteries and CBF
in the cortical grey matter (r = —0.516, P < 0.05), basal ganglia
(r = —0.521, P < 0.05), thalami (r = —0.527, P < 0.05), and
subcortical white matter (r = —0.612, P < 0.01).

Dai et al. (2008) [17] conducted a study in which they
investigated the abnormal regional CBF (rCBF) in cogni-
tively normal elderly subjects who were also suffering from
hypertension. In order to determine rCBF at 1.5 T, continuous
arterial spin-labeled magnetic resonance imaging (MRI) was
utilized, along with the deformable atrophy-corrected registra-
tion method. Researchers found that patients with hyperten-
sion who were cognitively normal had decreased recurrent CBF
in the putamen, bilateral globus pallidus, and left hippocampus
when compared to patients with normotension. In addition, it
was discovered that the recurrent CBF was lower in the inferior
parietal, left orbitofrontal, and left superior temporal cortices.
Additionally, it was found to be lower in the left and right ante-
rior cingulate gyrus with broadening to the subcallosal region,
the left posterior cingulate gyrus, and the medial precuneus, as
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well as the left lateral inferior and superior frontal regions. A
comparison of the CBF in the posterior circulation of patients
with NTN and HTN BP was carried out by Fitri and Batubara
(2020) [18] using transcranial direct current (TCD) examina-
tion. The researchers discovered that HTN patients had signifi-
cantly lower mean flow velocities in the right vertebral artery
(RVA) (29.71 & 7.97 vs 32.74 + 9.07, P = 0.001) and the left
vertebral artery (LVA) (29.71 + 9.68 vs 32.6149.06, P = 0.005).
Additionally, the LVA had a lower peak systolic velocity at 50.57
+13.9vs 54.11 £ 14.5, P = 0.024, and the RVA had a peak systolic
velocity at 48.3 £ 15.30 vs 52.6 & 15.01, P = 0.011.

Jennings et al. (2005) [19] utilized carotid artery ultrasound
and MRI evaluations to examine compensation and decreased
CBF response in patients with untreated hypertension. It was
discovered that HTN subjects who exhibited a moderate level
of proficiency in verbal memory demonstrated an increased
rCBF response in the right amygdala or hippocampus. Addi-
tionally, HTN individuals have a diminished rCBF response in
the parietal cortex. Using digital plethysmography and TCD,
Machado et al. (2020) [20] assessed cerebral autoregulation
performance in patients with arterial hypertension undergo-
ing drug treatment. They observed that NTN individuals had a
lower resistance-area product (1.17 & 0.24, P < 0.05) in com-
parison to those with uncontrolled hypertension. Neumann
et al. (2019) [21] examined the CBF low response to simulated
hypovolemia in individuals with essential hypertension using
phase-contrast MR angiography. The researchers discovered
a significant drop in CBF and cardiac output during lower
body negative pressure (LBNP), with a P value of less than
0.0001. The heart rate exhibited an increase during LBNP,
with a significant rise observed at a pressure of -50 mmHg
(P < 0.0001). The mean arterial BP remained constant during
LBNP, with no significant change observed (P = 0.3). Serrador
et al. (2005) [22] examined the relationship between cerebral
pressure and blood flow in people with hypertension using tran-
scranial Doppler. The researchers discovered that individuals
with high BP showed an improved reduction of fluctuations
in CBF when their BP changed, both at the cardiac frequency
(lower gain) and in the low-frequency region (autoregulatory,
0.03-0.07 Hz). Although HTN individuals had an improved
autoregulatory response to pressure, they showed less respon-
siveness to carbon monoxide.

The dynamics of CBF autoregulation in HTN patients were
explored by Traon et al. (2002) [23] using TCD in the middle
cerebral artery. Following this, the cerebral vascular resistance
index (CR) was calculated. It was shown that the CR slope, which
is an indicator of the rate of cerebral autoregulation, was com-
parable in both groups and among the HTN patients. This was
the case regardless of whether the patients’ BP was adequately
controlled (eight patients) or not controlled (13 patients). In
both the control group and the HTN group, the amount of
time it took for the CR to reach its greatest reduction (T1) and
the amount of time it took for the CR to fully recover after
the first dip (T2) were comparable. T1 recorded 11.3+/—3.1 s,
while T2 recorded 12+/—5.9 s in the group that served as the
control. The value of Tl in the HTN group was 11.7+/-2.5 s,
and the value of T2 was 10.74+/—4.5 s. These timeframes were
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likewise constant among the patients who were diagnosed
with hypertension.

One of the clear implications of the alteration in the lower
threshold of CBF homeostasis in individuals who have hyper-
tension is that when the BP of an HTN patient is sud-
denly reduced to “normal” levels, it falls below the patient’s
lower autoregulatory threshold, which could be associated with
ischemic injury [46]. Some studies showed a preserved ability
to regulate flow compared with NTN individuals [47, 48], while
other studies showed an impairment of regulation due to the
fact that hypertension was associated with structural changes
in response to increased transmural pressure, such as arte-
rial stiffening and atherosclerosis [49-51]. The results of these
studies showed that the regulation of CBF in hypertension in
response to changes in BP shows mixed results. Patients with
hypertension had the greatest decrease in CBF between the ini-
tial visit and the 4-year follow-up, as shown by Muller et al. [52]
in large-scale longitudinal research involving 575 patients with
evident vascular illness. The investigation was conducted over
the course of four years.

In the present meta-analysis, we also found a statistically
significant difference in mean CBF between NTN and HTN indi-
viduals with a mean difference of —5.47 (95 % CI —8.47 to —2.47;
I? 80%, P = 0.0004) and a higher likelihood of a reduction
in CBF in HTN individuals with an RR of 0.90 (95% CI 0.63-
1.30, I 89%, P = 0.04). Since the CBF was evaluated using MRI
at varying Tesla levels in some studies and via TCD, in other
studies, this variation results in a significant level of analysis
heterogeneity. We were able to obtain a significant negative
correlation between mean CBF and change in SBP (R = —0.81,
P=0.001) and DBP (R = —0.90, P = 0.005), which validated the
prominent correlation between hypertension and dynamics of
mean CBF.

Limitations

In the context of this study, there are a number of constraints
that need to be taken into consideration. Due to the small
number of research, precisely eight, which display moderate
to high degrees of variability, the conclusions are limited in
their scope. The analysis was conducted in accordance with
the established norms of scientific rigor, which is an important
point to note. Second, rather than using the data from each
individual participant, we used the data that was compiled from
the entire research project in our analysis. Third, the sex of
the patient was a significant determinant in relation to BP and
CBF. Furthermore, there was some variation in the criteria used
to select HTN patients and the methods employed to measure
the CBF across the different studies, potentially introducing a
certain level of internal heterogeneity. This situation persisted
as the trials exhibited minor variations among them. Further-
more, it is worth noting that there were slight variations in the
specific description of primary outcomes among the numerous
studies included in the analysis. Additionally, it is important
to acknowledge that the search conducted for this study only
included publications written in English, potentially introduc-
ing bias in the selection of papers for inclusion.
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Conclusion

The findings of our research reveal a significant correlation
between hypertension and CBF. Hypertension is characterized
by cerebrovascular remodeling and a decrease in CBF relative to
NTN individuals, primarily due to heightened cerebrovascular
resistance. Hence, the regulation of BP is crucial in managing
cardiovascular risk, as it plays a significant role in maintaining
optimal cerebral hemodynamics. Deficiencies in CBF have been
associated with cognitive decline and an increased susceptibil-
ity to ischemia.
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Figure S1. Summary plot for assessment of risk of bias.
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