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Engineering, Faculty an opportunity for more accessible assessment of autonomic dysfunction. The
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Full list of author information is in hypertension remains poorly understood. This systematic review aims to investigate
available at the end of the article the association between non-invasive indicators of autonomic function based on beat-

to-beat cardiovascular signals with arterial stiffness in individuals with hypertension.

Methods: Four electronic databases were searched from inception to June 2022.
Studies that investigated non-invasive parameters of arterial stiffness and autonomic
function using beat-to-beat cardiovascular signals over a period of > 5min were
included. Study quality was assessed using the STROBE criteria. Two authors screened
the titles, abstracts, and full texts independently.

Results: Nineteen studies met the inclusion criteria. A comprehensive overview

of experimental design for assessing autonomic function in terms of baroreflex sensi-
tivity and beat-to-beat cardiovascular variabilities, as well as arterial stiffness, was pre-
sented. Alterations in non-invasive indicators of autonomic function, which included
baroreflex sensitivity, beat-to-beat cardiovascular variabilities and hemodynamic
changes in response to autonomic challenges, as well as arterial stiffness, were identi-
fied in individuals with hypertension. A mixed result was found in terms of the asso-
ciation between non-invasive quantitative autonomic indices and arterial stiffness

in hypertensive individuals. Nine out of 12 studies which quantified baroreflex sensitiv-
ity revealed a significant association with arterial stiffness parameters. Three studies
estimated beat-to-beat heart rate variability and only one study reported a significant
relationship with arterial stiffness indices. Three out of five studies which studied
beat-to-beat blood pressure variability showed a significant association with arte-

rial structural changes. One study revealed that hemodynamic changes in response

to autonomic challenges were significantly correlated with arterial stiffness parameters.

Conclusions: The current review demonstrated alteration in autonomic function,
which encompasses both the sympathetic and parasympathetic modulation of sinus
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node function and vasomotor tone (derived from beat-to-beat cardiovascular signals)
in hypertension, and a significant association between some of these parameters

with arterial stiffness. By employing non-invasive measurements to monitor changes
in autonomic function and arterial remodeling in individuals with hypertension, we
would be able to enhance our ability to identify individuals at high risk of cardiovas-
cular disease. Understanding the intricate relationships among these cardiovascular
variability measures and arterial stiffness could contribute toward better individualized
treatment for hypertension in the future.

Systematic review registration: PROSPERO ID: CRD42022336703. Date of registration:
12/06/2022.

Introduction

Hypertension, a condition associated with an increased cardiovascular morbidity and
mortality, represents a major global health issue [1]. Hypertension is prevalent in older
people [2] and often relates to abnormal autonomic nervous system (ANS) function,
with an observed overactivation of the sympathetic nervous system (SNS) [3-5]. Ear-
lier studies have reported that elevated sympathetic outflow is associated with the devel-
opment and progression of arterial fibrosis and stiffening [6, 7], a primary determinant
of outcomes in the hypertensive population [8, 9]. In these studies, sympathetic nerve
activity was assessed invasively by inserting tungsten microelectrodes into nerves pro-
jecting to the target muscles [10—12], while arterial stiffness was assessed by measuring
aortic pulse wave velocity using invasive pressure catheters [13]. Due to their invasive
nature, these measurements are not widely used or routinely performed in the clinic,
thus limiting their prognostic value.

Blood pressure lowering medications aim to restore the ANS function and protect
against target organ damage which occurs with untreated hypertension. Non-invasive
and reliable assessment of both ANS function and arterial stiffness are required to char-
acterize the effects of different blood pressure lowering medications on ANS function,
and whether the observed effects then translate into improvements in arterial proper-
ties. Arterial stiffening, a well-established consequence of uncontrolled hypertension,
is a recognized precursor to end organ damage. The challenges associated with deter-
mining both arterial stiffness and ANS, however, have led to a lack of understanding
regarding the relationship between them. Non-invasive modalities for arterial stiffness
assessment, which includes arterial tonometry, Doppler ultrasonography and magnetic
resonance imaging, have now emerged [13-15]. Cardiovascular autonomic measure-
ments, such as heart rate and blood pressure variabilities, have also received increased
attention as a means of non-invasive ANS function assessment [16, 17]. Emphasis has
grown about the significance of blood pressure variability (BPV) over traditional blood
pressure measurements in hypertension [18-20]. While prior research utilizing 24-h
ABPM or clinical BPV derived from multiple home visits have found associations with
vascular alterations [21-26], these assessments often rely on visit-to-visit or 24-h blood
pressure and heart rate measurements [23, 27]. These measurements are strongly influ-
enced by the circadian rhythm and are dependent on patient cooperation, thus reducing
the credibility of the derived autonomic indices [28]. Meanwhile, the heterogeneity of
study populations and the limitations of intermittent blood pressure monitoring [29],
may have raised questions about the consistency of the associations observed [21, 30].
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Non-invasive, continuous beat-to-beat physiological recordings are acquired over
a shorter period of time and have the potential of providing more reliable and repro-
ducible alternatives for ANS functional assessment [31]. However, limited stud-
ies have explored the relationship between beat-to-beat BPV and arterial stiffness,
despite its potential prognostic significance [20, 21, 32]. Continuous beat-to-beat
BPV monitoring allows for the examination of rapid fluctuations in blood pressure,
providing a more detailed and immediate understanding of autonomic control and
its impact on vascular function. This can lead to earlier detection of hypertensive
changes, ultimately enabling more timely interventions and personalized treatment
strategies. By delving into the intricate interplay between these two factors, we can
uncover vital insights into the pathophysiological mechanisms underlying hyperten-
sion and its associated complications.

To the best of our knowledge, no comprehensive review has systematically evalu-
ated the correlation between various baroreflex sensitivity (BRS) indices, beat-to-
beat cardiovascular variabilities (heart rate variability (HRV) and BPV) and arterial
stiffness in hypertension. Filling this void holds the promise of improving risk pre-
diction, refining management strategies, and ultimately advancing our ability to com-
bat hypertension effectively. This endeavor is not just about connecting the dots,
it is about illuminating the path toward a more nuanced and precise approach to
hypertension care. In this review, autonomic nervous system measures encompass
parameters, such as BPV and HRV (also referred to as beat-to-beat cardiovascular
variabilities), BRS as well as hemodynamic changes in response to autonomic chal-
lenges. All these parameters were derived based on continuous, beat-to-beat meas-
urement and variation of blood pressure and/or heart rate. These quantitative indices
have been proven to be reproducible and comparable to the gold standard invasive
measures [11]. This systematic review aims to (i) provide an overview of the experi-
mental design and assessment techniques for ANS and arterial stiffness; and (ii) ana-
lyze the extent to which different quantitative indices of ANS function derived based
on beat-to-beat cardiovascular variabilities are related to various non-invasive indi-
cators for arterial stiffness, as well as exploring their bidirectional relationship. We
suggested that apart from BRS parameters which require both heart rate and blood
pressure measurements, beat-to-beat BPV parameters could serve as alternative,
robust prognostic indicators for hypertension and are associated with non-invasive
indicators of arterial stiffness. This study would shed light on the characterization of
blood pressure regulatory pathways in hypertension using non-invasive, continuous
measurements which are both reproducible and easily accessible at a lower cost [33].

Results

Study selection

Figure 1 summarizes the process of study identification and selection. A total of 4008
studies were identified through the database search and other stated sources. After
the removal of duplicates, 3134 studies were potentially eligible and were included for
the abstract and title screening process. A total of 132 full-text studies were identified
and evaluated for potential eligibility of which 19 studies met the inclusion criteria.
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Fig. 1 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) study selection process

Risk of bias

Table 1 summarizes the quality assessment results of all the 19 studies included in this
review. None of the studies reported sample size calculations. Eight of the 16 checklist
items were reported by all studies, two items were reported by 18 studies, one item by 16
studies, one by 13 studies and two items by 12 studies. Five studies fulfilled 15 of the 16
checklist items, eight studies fulfilled 14 items, three studies fulfilled 13 items, while the
remaining studies fulfilled nine to 12 checklist items.

Population characteristics

Table 2 summarizes the characteristics of selected studies. Two of the 19 studies are lon-
gitudinal studies [40, 42], 11 are case—control studies [20, 35, 37, 39, 43, 44, 46-48, 50,
51], while the remaining are cohort studies which only involve the hypertension group
[34, 36, 38, 41, 45, 49]. 15 studies involved participants with a mean age ranging from 40
to 65 years [20, 34—37, 39-44, 46, 48—50], while three studies recruited older individuals
aged above 65 years [45, 47, 51]. Of all included studies, 12 included both normotensive
control and essential hypertensive subjects [43], with both mixed genders involved [20,
35, 37, 39, 40, 44, 46-48, 50, 51], whereas one study investigated the association between
autonomic control and vascular condition in men with essential hypertension only [38].
Some involved only hypertensive subjects in their study [34, 36, 49].

Experimental study participants were either untreated individuals with hyperten-
sion who had never received any blood pressure lowering therapy [34—37, 44, 46, 48,
50] or individuals receiving treatment for hypertension [36, 38—-40, 42, 43, 45, 49, 51].
Two studies required their participants with hypertension to stop their blood pressure
lowering agents 2 weeks before the study [36, 47]. Classes of blood pressure lowering
agents used by the participants included diuretics, angiotensin-converting enzyme
(ACE) inhibitors, angiotensin-II receptor antagonists, calcium channel antagonists
or 3-adrenoceptor antagonists. In addition, participants in all selected studies had
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Table 1 Quality assessment for potential risk of bias

Authors (Year) Checklist Score
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Cunha et al. [34] /) / / / / / /o / / 14/16
Kosch et al. [35] /) / / /7 /) / 11/16
Lantelmeetal.(36] / / / / / / / / /o /o / / 15/16
Tsai et al. [37] /S / / / /o /) / 13/16
Siegelovaetal.[38] / / / / / /7 / / 9/16
Labrova et al. [39] /S / / / /7 /) / / 14/16
Novakovaetal.[40] / / / / / / / /o /o / 12/16
Labrova et al. [41] /S / / / / / /7 / / 14/16
Chan etal. [42] /) / / / / /o / / 14/16
Honzikovaetal.[43] / / / / / / /o /ol / / 13/16
Michas et al. [44] /) / / / / /o /S / 14/16
Celosvkaetal.[45] / / / / / / / /o /o / / 14/16
Tikkakoskietal.[46] / / / / / / / / / /o / 14/16
Okada et al. [47] /ol / / / / / /o / / 15/16
Manios et al. [48] /o / / / / /o /o / 14/16
Xia et al. [20] A A / / / / /o /ol / 14/16
Celovskaetal.[49] / / / / / / / /o /) / 13/16
Koletsosetal.(50] / / / / / / / / /o /o / / 15/16
Jiang et al. [51] /) / / / / /o / / / 15/16
19 19 19 13 18 19 0 12 17 19 18 19 19 16 19 12
Checklist
Abstract 1. Describe a brief but informative and balanced summary of what has been done and
found
Introduction 2. Describe the related study background
3. Describe the specific objectives, including any potential hypotheses
Methods 4. Describe the study protocol, including setting, locations, periods of recruitment or
follow-up and data collection. (e.g., how the patients are recruited, where and when the
recruitment was.)
5. Define the diagnostic criteria for disease as well as the distributions of outcomes,
exposures, predictors, potential confounders, and effect modifiers in each subject group.
(e.g., medication status, evidence of cardiovascular risk)
6. Explain the data sources and how they are measured
7. Explain the establishment of the study size with the confidence interval
8. Explain how the quantitative variables are handled in the analysis
9. Describe all the statistical methods used and/or the handling of the missing data
Results 10. Describe the number of included participants in the study
11. Describe the characteristics of study participants, such as demographic, clinical or
medication status
12. Clearly describe the main findings
Discussion 13. Provide a summary of the key results with reference to study objectives

14. Discuss the study limitations, including the sources of potential bias
15. Interpret the overall results, including the objectives, limitations, multiplicity of analy-
ses, results from other similar studies

Other information  16. State the funding source or the role of funders for the study

no clinical evidence of hypertension-related complications, cardiovascular disease,
stroke, diabetes mellitus or secondary cause of hypertension, except for two studies
which included individuals with hypertension and ischemic stroke [45] and end-stage

renal disease (ESRD) after receiving nocturnal hemodialysis [42].
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Experimental design and assessment techniques for ANS and arterial stiffness

To address the first aim of this review, the experimental protocol and assessment meth-
ods of each included study were reviewed and further broken down into ANS function
assessment and arterial stiffness assessment techniques as shown in Tables 3, 4, 5 and 6.

Autonomic nervous system (ANS) assessment

Of the included studies, ANS function has been measured by BRS, BPV, HRV and hemo-
dynamic changes in response to autonomic challenge tests. All of these assessments
involved beat-to-beat recordings of physiological signals, as shown in Fig. 2. The experi-
mental protocol and parameters involved are listed in Tables 3, 4 and 5. Figure 3 summa-
rizes the duration of physiological recordings used in the quantitative ANS assessment.

Baroreflex sensitivity (BRS) 12 studies involved baroreflex sensitivity indices in quanti-
fying the autonomic function, which involved beat-to-beat systolic blood pressure (SBP)
and RR-interval (RRI) recordings. Of the 12 studies, BRS was generally quantified using
the sequence method [34, 36, 42, 45, 47, 49] or spectral method [36, 38—41, 43-45, 49].
Specifically, spectral technique was used to estimate (i) the gain of transfer function
between the changes in RRI or heart rate (HR) and changes in SBP at the frequency of
0.1 Hz; and (ii) alpha-coefficient. Other than the BRS mathematical derivation methods,
BRS was assessed under different experiment protocols, such as spontaneous breathing
[34, 36, 42], controlled breathing protocol using a metronome set at 0.33 Hz [38—-41, 43,
45, 49] or 0.25 Hz [44], during standing [36] as well as after the end of Valsalva maneuver
(Phase IV) [47]. Table 3 summarizes all the methods used by the studies which calculated
BRS.

Heart rate variability (HRV) Three studies involved short-term inter-beat interval (also
known as heart rate variability) as a quantitative measure of autonomic function [35, 40,
41]. Two of the three studies measured SD and spectral power density at 0.1 Hz [40, 41],
while the other one measured all the frequency-domain indices [i.e., low frequency (LF)
power, high frequency (HF) power, total power (TP) and LF/HF ratio] [35].

Table 4 summarizes all the indices used in the studies which involved HRV.

Blood pressure variability (BPV) Five studies measured very short-term BPV [20, 40, 41,
48, 51] based on supine finger blood pressure recordings.

Table 5 shows all the indices used in the studies which involved BPV, including systolic
BPV (SBPV) and diastolic BPV (DBPV).

Autonomic challenge test  Five different types of autonomic challenge tests were used in
the selected studies, which included mental stress test [37], handgrip test [50], head-up
tilt (HUT) [46], Valsalva maneuver (VM) [47] and standing [36]. Three out of the five
studies assessed changes in hemodynamics measurements from baseline, in response to
a series of autonomic challenges [37, 46, 50].

Arterial stiffness assessment
Schematically, different assessment techniques were used for evaluating arterial stiffness
non-invasively, as indicated in Fig. 2. These included the sonographic examination of
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Table 3 Methods used to derive BRS in the selected papers

Measures Derivation of BRS

BRS sequence method [34, 36, 42,45, 47, Identifying sequences of at least three consecutive beats, where

49] both SBP and RRI either increase or decrease, and then calculating
the average slope of the identified sequences within a defined time
frame

BRS spectral method [38-41, 43, 45, 49] Calculating the modulus or gain of the transfer function at a fre-
quency of 0.1 Hz using the formula:

BRS[ms/mmHg] = gﬁigg

Gxy(f): cross-spectral density between SBP and RRI; Gxx(f): power
spectral density of SBP

BRSf [39, 40, 45] Using the same formula as BRS spectral method, calculating the
modulus at 0.1 Hz using the instantaneous values of the heart rate

(in Hz) and SBP

BRS[Hz/mmHg] = 240

Gxy(f): cross-spectral density between HR and RRI; Gxx(f): power
spectral density of SBP

BRS alpha-index [36, 44] Calculating the square root of the ratio of the spectral powers of RRI
and SBP within a band of a particular frequency. In [36], alpha-index
for LF band (0.04-0.15 Hz) was considered. In [44], both LF and HF
band (0.20-0.35 Hz) were considered and combined alpha-index

was calculated: 0.5 x [LF alpha-index + HF alpha-index]

BRS baroreflex sensitivity, HF high frequency, LF low frequency, RRI RR-interval, SBP systolic blood pressure

carotid arteries [38—41, 43, 48—50], pulse wave velocity (PWV) [36, 44, 46, 47, 50], aug-
mentation index (Alx) [37, 46, 50], total arterial compliance (TAC) [20, 37] and disten-
sibility coefficient (DC) [35]. The details of measurement devices are listed in Tables 2.
Table 6 shows all the parameters used to access the mechanical or structural properties

of arteries in each study.
ANS and arterial stiffness in hypertensive and normotensive subjects

The differences in ANS function and arterial stiffness between hypertensive and normoten-

sive groups were examined as indicated in Tables 7, 8, 9 and 10. Hemodynamic parameters

Table 4 HRV parameters used in the selected papers

HRV parameters Definition Physiological interpretation

Time-domain measure

Standard deviation, SD (ms) [40,
41]

Frequency-domain measure

Standard deviation of RR-interval Total HRV

Low frequency power, LF (ms?)
[35]

High frequency power, HF (ms?)
[35]

Total power, TP (ms?) [35]

LF/HF ratio [35]

Spectral power density at
frequency of 0.1Hz (in absolute

unit, ms*/Hz, and relative units)
[40, 41]

Spectral power in the low fre-
quency band (0.04-0.15 Hz)

Spectral power in the high fre-
quency band (0.15-0.4 Hz)

Total spectral power (0.01-0.5 Hz)
Ratio of LF power to HF power

Cardiac sympathetic modulation

Cardiac vagal modulation

Cardiac sympathovagal balance

Likely due to the baroreceptor reflex,
which reflects the 0.1 Hz arterial
blood pressure oscillations (Mayer
wave) [52]
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Table 5 BPV parameters used in the selected papers

BPV parameters

Definition

Physiological Interpretation

Time-domain measure
Standard deviation, SD [20, 40,
41,48]

Coefficient of variation, CV [51]

Residual standard deviation,
RSD [20]

Average real variability, ARV [20]

Variation independent of mean,
VIM [20]

Time Rate, TR [48]

Frequency-domain measure

Spectral power density at
frequency of 0.1Hz (in absolute,
mmHg?/Hz and relative units)
[40,41]

Non-linear measure
Multiscale entropy [51]

Standard deviation of SBP or DBP

Vil DL 6 =%

Dividing the SD by the average SBP
or DBP level

D

X

Square root of the total squared dif-
ferences of data points from a linear
regression of SBP or DBP values
against time

Vil S 06— %

Average of absolute difference
between adjacent SBP or DBP
values

5 e 2Ly X — Xil
Proportional to SD/mean”, with

x derived from curve fitting
keSD/X"

First derivative of SBP or DBP values
against time

Entropy or recurrence in physio-
logic series over different temporal
or spatial scales

Measures the absolute magnitude of
overall variability of BP

Relative measure of variability that
normalized the standard deviation of
BP against mean of BP

Quantifies the extent of variability in
blood pressure over time by exclud-
ing the impact of the possible drift
in mean BP

Quantifies the BP measurements over
time by considering the sequence of
measurements

Quantifies BP fluctuations that occur
independently of mean BP level

Quantifies the degree and rate of BP
fluctuation, often used to assess the
speed or dynamics of BP fluctuations

Reflects the 10 s oscillation related to
BP and vasomotor tone regulation,
which refers to Mayer wave

Captures the irregularity of BPV fluc-
tuations across multiple time scales

DBP diastolic blood pressure, n total number of BP values, SBP systolic blood pressure; X;: set of BP measurement values; )?,

fitted values form linear regression of blood pressure values against time; k and m: obtained from a fitting curve of the form
y=kxP through a plot of SD of BP against mean BP

including blood pressure (BP), pulse pressure (PP), heart rate (HR), and total peripheral
resistance (TPR) were significantly higher in the hypertensive group, both at baseline and in
response to autonomic challenge tests. Hypertensive patients exhibited impaired baroreflex
control with lower BRS, reduced HRV, and increased beat-to-beat BPV compared to the con-
trol group. In terms of arterial stiffness, the hypertensive group demonstrated significantly
higher values of adjusted Alx, PWYV, and carotid intima—media thickness (IMT), along with

lower arterial compliance or distensibility, when compared to the normotensive subjects.

Association between quantitative ANS and arterial stiffness parameters

Result about the association between ANS and arterial stiffness in hypertensive sub-
jects, measured using non-invasive techniques, were mixed. BRS indices, specifi-
cally those obtained via the spectral method during supine/sitting position, were the
most commonly used method for quantifying the baroreflex control on the heart rate.
On the other hand, sonographic examination of the carotid intima—media thickness
(cIMT) was the most commonly used method for assessing the arterial stiffness.
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Table 6 Arterial stiffness parameters used in the selected papers

Parameters Description Vascular characteristic assessed

cf-PWV or PWV [34, 36, 44, 46, 47, Measures the speed at which the Aortic stiffness (by quantifying wave
50] pressure wave travels from the propagation speed in the aorta)
carotid artery to the femoral artery

ba-PWV [51] Measures the speed at which the Peripheral arterial stiffness (by quan-
pressure wave travels from the tifying wave propagation speed in
brachial artery (arm) to the ankle the peripheral arteries)

Carotid IMT [38-41, 43, 45, 48, 49] Measures the thickness of the inner  Thickness of the carotid artery wall
layers of the carotid artery wall

Alx or Alx adjusted for heart rate Measures the effect of reflected Aortic stiffness (by analyzing the

[37,46] waves on central blood pressure effect of wave reflection on central
waveform blood pressure waveform)

TAC [20,37,42] Measures the compliance of arteries  Arterial compliance

and their ability to accommodate
changes in blood volume, using the
formula:

SV/PP

DC [35] Measures the changes in diameter  Local arterial distensibility
or cross-sectional area of arteries
in response to changes in blood
pressure

Alx augmentation index, ba-PWV brachial-ankle PWV, cf-PWV PWV between carotid and femoral arteries, DC distensibility
coefficient, IMT intima-media thickness, LF spectral power at low-frequency band, PP pulse pressure, PWV pulse wave
velocity, SV stroke volume, TAC total arterial compliance

I Measurements / Assessment techniques I

I l

’ Physiological Signals (N=19) I I Arterial Stiffness (N=19) ‘
BP and HR _ HR and respiration _ B carotid IMT
(n=14) BP (n=2) (n=1) cf-PWV (n=4) | | [ba-PWV (n=1) n=9)
BRHR SVTPR | 5o e sy (aet) ! l l l
il central zortic carotid/brachial carotid IMT and
wave (n=2) artery diameter TAC (n=1) central aortic wave|
(n=1) (n=1)

Fig. 2 Physiological signal measurement and arterial stiffness assessment techniques used in the included
studies. N =total number of included studies, n=number of studies. ba-PWV branchial-ankle pulse wave
velocity, BP blood pressure, cf-PWV carotid-femoral pulse wave velocity, HR heart rate, IMT intima-media
thickness, SV stroke volume, TAC total arterial compliance, TPR total peripheral resistance

Baroreflex sensitivity (BRS) measures and arterial stiffness parameters

12 studies involved BRS indices in quantifying ANS function, particularly the sym-
pathetic and parasympathetic modulation of sinus node function. In terms of BRS
sequence method, four out of five studies found a significant negative correlation with
carotid IMT [45, 49] and cf-PWV (carotid—femoral pulse wave velocity) [34, 36]; positive
correlation with TAC (SV/PP) [42] in the hypertensives. Seven quantified BRS using the
spectral method and six of them revealed a significant negative relationship with carotid
IMT [39-41, 43, 45, 49]. Four studies which quantified BRSf showed a significant nega-
tive correlation with carotid IMT [39-41, 45]. Two studies measured BRS alpha-index
and cf-PWV [36, 44] but only one reported a significant association [44]. Whereas, no
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27%: Three sequential 5-min
recordings at rest

9%: 20-min recordings at rest
9%: 10-min recordings at rest

33%: Three sequential 5-min
recordings at rest

recordings at rest

20%: 10-min recordings at rest
20%: 10-15-min recordings at
rest

and 5-min recordings at active
standing
9%: No mention

I I I
' I I I
: I I I
; I I I
' I I I
; I I I
: I I I
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I ! I |
I ! I |
I ! I |

I I I

| I
| I
| I
| I
| I
| |
| I
| I
| |
: : 20%: Three sequential 5-min
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| I
| I
| I
| |
| |

Fig. 3 Duration of physiological signal recordings (blood pressure and RR interval) used in BRS, HRV and BPV
analysis, with percentage of studies which analyzed the signal recordings. BPV blood pressure variability, BRS
baroreflex sensitivity, HRV heart rate variability

relevant association analysis between the BRS method and arterial stiffness parameters
was reported in three studies [38, 47, 49], but a significantly lower BRS measure with a
concomitant larger carotid IMT was identified in the hypertensive group [38, 49].

Table 7 summarizes the BRS measures and arterial stiffness parameters used together
with their association.

Heart rate variability (HRV) measures and arterial stiffness parameters

Two of the three studies investigated the correlation between HRV indices (spectral
power at 0.1Hz and standard deviation of RR-interval) and cIMT [40, 41]. Only one
reported a significant negative correlation with cIMT in all subjects (control and hyper-
tensive group) [41]. Another study which involved the frequency domain parameters of
HRV (LE, HF, TP and LF/HF ratio) and correlated them with brachial and carotid artery
distensibility coefficient, showed that only LE/HF ratio was negatively associated with
carotid artery distensibility coefficient in hypertensive subjects [35]. Table 8 summarizes
the HRV measures and arterial stiffness parameters used together with their association.

Very short-term blood pressure variability (BPV) measures and arterial stiffness parameters
In terms of BPV indices, two studies revealed a negative association between some of
the SBPV/DBPV indices [i.e., standard deviation (SD), average real variability (ARV),
residual standard deviation (RSD), variation independent of mean (VIM), complexity]
with either TAC or PWYV [20, 51], while one study found a positive correlation between
SBPV/DBPYV indices with carotid IMT [48].

Table 9 summarizes the BPV measures and arterial stiffness parameters used together
with their association.

Hemodynamic changes to autonomic challenges with arterial stiffness parameters

Hypertensive subjects showed significant differences in their hemodynamic responses
during autonomic function tests, such as head-up tilt (HUT) and handgrip exercise when
compared to normotensive subjects [46, 50]. However, two out of the three studies did

Page 12 of 39



Page 13 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

|4y ueaw Jo uoneb

-uojoud Juspuadap-abe ue
01 9Np SaAISUSMadAY ay3 Ul
paudyeam Ajpuedyiubls sem
SYg pa1e|ai-abe JoAIMOH
‘dnoib ajoym ay ul Jsyg
pue Syg pue abe usamiaq
uone|21102 aAlebHau

‘]I pue obe usamiaqg
UO1e[21100 9ANISO
suuaned aaisualRdAy
ul§Sdg pue syg paseaidaqd

1| Job1e)

e 9ABY pUB X3|j2101eq Y3
JO UIeb Jamo| e aney Iap|o
ale ainssald as|nd Jaybiy e
YHM SaAISUSIRdAY paieal|

puipuels

01 5uldns Woly e-S4g pue
$-Syg ‘Igy Ul uononpal
dgs ur aseainul Juedyiubis

dnoib

SAISUSRdAY Ul 10U INg
dnoib sjoym sy Ul Jsyg
pue S4g Yiog pue LN
pl10JeD U99MISQ Uohe|al
-102 aAlzebAU 1URDYIUDIS

paniodai

sem ainssaid asind 1o ||
pl1OJED PUP S2INSEIW SYg
U99M13q UOI1BIDOSSe Y}
uo sisAeue dyioads oN

s103[gns aAIsuaadAY

Ul AMd pue (e-Syg 10u)
s-Syg buipuels pue auidns
410Q U2aM12q uoliejal
-102 aA1zebaU JuedYIUDIS

s309[gns

QAISURLIDdAY Ul SYg pue
AW USamiaq uone|i
-102 aA1rebaU JURDYIUDIS

SyusWaIN
-SeaW G WO PauIULLISISp
Sem | |N| plioied abelany
AJ21Je P110JED UOW

-Wod Y3| pue ybu ayy
y1oq uo uonysod auidns
9U1 Ul pawIopad sem
Aydeibouoselyn sapow-g

SUETEN)
-SeaW G WO PaUIULLISISP
Sem | |N| prioJed abesany
AJ31Je pl10oJeD UOW

-Wod Y3| pue ybu ay1
410q uo uonisod auidns
9U1 Ul pawIoad sem
Aydeibouoselyn apow-g

POYI2W 1004-0}
-100} 3y AQ paulwIIsp
Sem Sa1I91Je [RIOWR) pUR

pIoJed 3} U9aMIG AMJ

POYIaW 100J-0}

-100} 3y AQ pauIwIISp
SeM SaLI1Je [BJOWS) pUe
pIoJED Y} U9BMIDG AMJ

ZH €£0 buyieiq
P3]|0U0D-2UOUOIIBW
‘pouad uiw G e Buunp 153l
1e uonisod bumis ayx ul
ddd pue dgs 1e9G-03-189q
'S|PAISIUI-YY JO SIUDW
-3INSeaW SNONU[IUOD

zH ¢€°0 buiyieaiq
P2]|0JAUOD-2WOUOIIW
‘uonisod

auIdns Y3 Ul Ulw G 1oy
2Inssald poo|q JO SyusW
-a2lNsesaW SNONUNUOD)

puiyiealq snoau

-eluods ‘uopnisod buipuels
9y} Ul ulw G pue uopisod
auidns ay1 Ut uiw Q| o}
|4d PUe 4gS JO syusul
-9INseaw 1e9Qg-03-1e3g

Buiyieaiq snoauejuods
‘44 pUe 49Q dgs 1eaq-o
-1e3q 218|N2|RD 0} UoHISOd
auidns ay1 ul ujw 07 10}
2inssaid poojq Jo siuawW
-24NseaW SNONUUOY)

4549

LNl pnosed poupaw [endads Syg 500 [6€] e 19 eAroigeT]

1INI prosed ainssald asind poylaw [endads s¥g 007 [8€] e 19 enojabals

(e-54g) xopul-eydie syg
(s-S49)

AP poyiaw adusnbas Syg  z007  [9€] [e 19 dwjRueT

AN poylaw duUsNbas SYg  L661 [iZINERERNinD)

sbuipuy 19Yy10

J19)owesed

SSDUYNIS |elId)Ie

pue ainseaw syg
U39M13q UOIIRIDOSSY

SSauUnls |ela)y

ainseaw syg

SSaUIIS |eLIRMY aInseaw syg

|o>030.d Juswiiadxy

PaAjOAUl SID)oWRIR]  SIRIA (s) soyny

s1212wieled SSaUYNS [RIIS1IR PUR SAUNSEIW SHY £ dqel



Page 14 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

paseasdul DL
pUE SYg 3|Iym ‘paseaidap
dgd pue dgs ‘pardsyieun
Sulewal YH ueawl ‘siskje
-|poWay [BUINIDOU O}
SISA[eIPOWDY [PUOIIUSAUOD

WOJ UOISISAUOD BUIMO]|04

$123(gNS AISUSIOWLIOU

0} paledwod syualed
SAISUSLIRdAY Ul JSHg pue
SYg Pasealdap ‘|| J91eain

(S00¢—+00C 183K | Jo
pouad e U] sjuswiainseaul
410Q) $193(QNS SAISUSIOW
-1ou 01 pasedwod syuaiied
SAISUSLIadAY Ul JSHg pue

SHg paseadap ‘LA J1eain)

a4s3 yum s1oafgns
SAISUSMRdAY Ul DY pue
SHg Usami1ag uoliefal
-102 aAlisod 1uedyiubig

dnoub aaisusiadAy ul
10U Ing dnoib sjoym ay1
ul§Sdg pue Syg pue 1|
P110JED U99M1Sq UoNe|al
-102 aAizebaU URDYIUBIS

(1eak | JO

pouad e ul sjuswaInseaw
yroq) dnoib sjoym ayy

Ul LA prioied pue jSyg
'SYg UIMISQ UOIIRIDOSSe
aAIeHAU JUeDYIUbIS

(dd/AS) DvL

SyusWaIN
-SeaW G WO PaUIULLISISP
Sem | |N| plioied abelany
AJ31Je p110JED UOW

-Wod Y3| pue ybu ay1
y1oq uo uonysod auidns
9U1 Ul pawIopad sem
Aydeibouoselyn apow-g

SUETEN)
-SeaW G WOJJ PaUIULLISISP
Sem | |N| prioJed abesany
AJ31Je Pl10JED UOW

-Wod Y3| pue ybu ay1
410q uo uonisod auidns
9U1 Ul pawIopad sem
Aydeibouoselyn apowl-g

Bulyiealq snosueuods
(UoIssas ay1

18Ye Y ¥ <) sisAjeipowisy
[PUINIDOU JO 950 9|geIS
e J2)je syiuow ¢ (1)

pue ‘(UOISSas ay1

Ja)e Y g1 <) siskjeipousy
[BUOIUSAUOD BuIAIDDSI
3)IyMm :Buljaseq ()
:squlodawin

OM] 1. ‘A|9A1109dsal ‘sjus W
-2INSeaW dg SAISPAUI-UOU
pue H)J SNONUAUOD WOy
PoALISP 21oM dgS PUE [dd

ZH €€ buiyieaiq
P3]|0UO0D-2UOUOIIBW
‘pouad uiw G e Buunp 151
1e uonisod bumis ayy ul
ddd pue dgs 1e9G-03-1e9q
'S|eAISIUI-YY JO SIUDW
-3INSeaW SNONUIUOD

zH €€ buyieaiq
P3]|0J1UOD-3WOoU0IIBW
‘pouad ulw G e Bulnp 152l
1e uonisod bupus ayy Ul
d9d pue dgs 1esg-03-1eeq
'S|eAISIUI-YY JO SIUDW
-2INSeaW SNONURUOD

VL

LI proied

LI proieD)

poy1aWw 25uanbas §yg

4549
poyiaw [ei10ads Syg

ENCE
poy1aw [es12ads Syg

S00¢ [c¥][ers ueyd

S00C  [l¥]7e1e eroige]

500z [0] ‘|e 33 eroxeAON

sbuipuy 19Yy10

19)owesed

SSDUYNIS |elId)Ie

pue ainseaw syg
U39M13q UOIRIDOSSY

SSaUlS |elia)y

ainseaw syg

SSaujnls |ela)y

aInseaw syg

Jo>0304d Juswiiadxy

PoA|OAUI Si9)9Weled

siesp (s) Joyany

(PanuNUOd) £ 3jqey



Page 15 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

Y0NS YUM
S9AISUSIRAAY Ul ||| prioJed
PUE dd dgS paseaidu) pue
SYg pedNpal Usamiag
UOI1BD0SSe 1UBDLIUDIS
SON[BA JSHE/SYd

3U1 JaMO| Y1 ‘UoisuanadAy
Jo apeub ay3 uaybiy sy

$103[QNs SAISUSIOWIOU Uey}
SYg 1omo| pue AMmd 1Bybiy
pey 1ap|o Apuediubis
2Jom syuaned aAisu1IdAH

$103[gns aAIsUsMdAY Ul
10U Inq ‘dnoib ajoym ayx Ul
pue $123[gNs SAISUSI0UWIOU
Ul [N] pue abe yum paieal
-102 A|9A11EH3U Sem SYg

SIAISUD)
-19dAY 931)-930415 Yum
uosiedwod uj syuaned
Y0415 YM dAISULIRAAY
Ul LN gIng proies
/P110JeD PUE S2INSEIW
SYg ||e U9aM1ag Uoleal

-102 aAlzebau JuedYIUbIS

(sanIsuaniadAy pue
SaAIsus10WIou) dnolb
9|o0ym 2yl Ul Syg pue
AW USaMm1aq uolie|al
-102 aAeH3U JUedYIUbIS
sdnoib

Apnis omi ay1 usamiaq
panodas sem sisAjeue
uone|dosse a1eiedas oN

dnoib aaisusadAy

Ul 30U Ing ‘sdnoib sjoym
pue SAISUSIOWIOU 3Y}
Ul Syg pue LIN| poJed
U99M13q UONR|21I0D
9AIIEH3U JURDYIUBIS

qing

prosed pue A1a1ie pRoied
UOWIWOD Y30 4O SIS 1
1 BUIIXBU 31 JO Ueaw

poy1aW 1004-0}
1004 93 AQ paulWIIop
SeM SLI1IE [RIOWS) pUe

PII0JBD SY} U9IMIST AMd

SyusWaIN
-SeaW G WOl PauIULLIISp
sem | |\| prioled sbelany
AJ21Je pl10Jed UOW

-wod 13| pue 1ybu ayr
y10q uo uonysod auidns
3y} ul pawioyiad sem
Aydeibouoselyn spow-g

zH €€ buyleaiq
P3]|0J1UOD-3WOoU0IIBW
‘uoiisod auidns ay3

Ul yoes ulw G Jo spouad
|enuanbas 9a1y1 10} 49d
pue dgs |4y JO s1usw
-2INSeaW SNONUIUOD

ZH 570 Buiyieaiq
P3]|0U0D-3UOUOIIBW
‘pouad uiw G e bulnp 1531
1e uonsod Bumls ayy ul
dg9d Pue dgS 1esg-03-1esq
'S|PAIDIUI-YY JO SJUDW
-2INSeaW SNONU[IUOD)

ZH €£0 buyieiq
P3]|0U0D-2UOUOIIBDW
‘pouad uiw G e Bulnp 1531
1e uonsod Bumis ayx ul
ddd pue dgs 189G-03-189q
'S|PAIDIUI-YY JO SIUDW
-2INseaW SNONU[IUOD

4549
poyiaw [es30ads Syg

1INI pose) poylaw aduanbas sYg 710z [St] |8 19 eYSA0RD
A xopul-eydie Syg 10T [i77] *[e 32 seydin
LI pRoIed poylaw [e1ads Syg 9007  [£4] [e 19 BAONIZUOH

sbuipuy j3y10

J91owesed

ssauyns |elayie

pue ainseaw syg
U33M}3q UOIIRIDOSSY

SSaUIIS |[eLIRMY

ainsesaw syg

SSaUIIS |eLIRMY ainseaw syg

|030304d Juswiidx3

POAJOAUL SI9)dWRIRd  SIBIA (s) soyany

(penunuod) £ajqeLr



Page 16 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

'$123(gNs aAISUSLIRdAY

Ul AMd-2 Yiim pa1e|a1iod
SeM "YNSIN%/dd 1% 1ou
NQ 'Syg dnsyiedwAs
‘Aluo $129[gNs aAISuUaL
-19dAyY Ul 5¥g d1eyredwAs
pue AMd-Jo pue abins
BujuIow U3aM19q UOfIE[RI
-10D aAIsod uedylubig
'sdnolb

91 U9am1aqg VNS 1ybudn
10 auldns Ul 92U ON
96INS BUILIOW J9SSD| UM
950y ueyl abuns bujulow
1318216 Y1m $103[gNs 9IS
-uapadAy ul Jaybiy sem
LNH 409 A9 YNSIN9%/4d 1%
puUE J3||ewS Sem SHg
onayredwAs ybudn
'sdnolb Y10 usamiag syg
|ebeAolpied pue aseaidul
YH Buluiow Jejjwis Ing
'$199(gNS SAISUSIOWIOU O}
pasedwod syualied aAIsUS)
-19dAy Ul sYg d1eyredwAs

panodal
SeM AMd-J2 PUB S2INSeaw
SYg U9aM1aq UOIIeDOSSe

J9MO| PUB AMd2 J3YBIH 3y o sisAjeue dyads ON

pOYIdW 100J-0}

-100j 3y AQ pauIwWIR1ap
SeMm SalId1Je [BIOWS) pue
P1oJEd Y} USaMISG AMJ

Buiyiealq snosueiuods
(Bunyn jo uiw ¢

1se| ay1 bulinp pa123j02
219M e1ep YNSI) UlW 01
104313 3yBudn ;09
pue

pede ujw § Yum s 0z 104
BHWW 0% 18 A OM1 (1)
‘buiyieaiq

snoaueuods JO ulw 9 (1)
151591 953y buunp

dg pue yH Jo siuswi
-2INseal SNONUIIUOD

A4

((AI'9seyd) WA

oM 3yl bulinp 4gs 1eaq
-Ag-1e9Q pUB |4y USaM1aq
UOI1e|21102 JBaUl| 31 JO
2do|s ay1 Jo sanjeA sy
Buibelane Ag passasse)
pOY19W 25UsaNbas SHg

€10¢ [£v] 18319 epeyO

sbuipuy j3y10

J91owesed

ssauyns |elayie

pue ainseaw syg
U33M}3q UOIIRIDOSSY

SSaUIIS |[eLIRMY

ainsesaw syg

SSaUIIS |eLIRMY

ainseaw syg

|030304d Juswiidx3

POA|OAUL Si9)9Weled SIeI\

(s) soyany

(penunuod) £ajqeLr



Page 17 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

J3ANdUBW BA[BS[RA WA ‘DdUue)sisal [eiaydiuad 8103 Yd1 ‘(dd/AS) @oueljdwod |euayie |30} Dy ‘@inssaid poojq d1[03SAS 4gS ‘S|eAIDIUI-HY 4y “HUN dA1NR[3I (a1 ‘AHD0IdA anem asind AMd ‘Dinssaid asind
dd ‘A1A1oe snoAlau d13ay1edwAS S[2SNW NSHY ‘SS9UNDIYY BIPSW—BWIUI | /Y] ‘S1RJ 1ieay yYH ‘2inssaid poojq J1|01seIp Jg( ‘s91491Je [eIOW) PUR P110Jed U9amM1aq AMd AMd~42 ‘AUAINISUSS Xa|yaioleq Syg ‘ainssaid poolq dg

11

g|ng ploIed pue ploJed
paseadul Apuedyiubis
9ARY BHWW/SW G > SYg
[BD1ILD UM SOAISUDLIRAAY
pue aAIsuaLadAyaig
SaAISUILIRdAY

Ul g UeawWi se [[om se d4g
21|015AS pue SYg 9duanbas
‘Syg |e12ads usamiaq uon
-B|21102 aAleHAU URDYIUDIS

papodas sem

LINI P110JED pUB S3INSEaW
SYg U9aM1aq UOIIRDOSSe
941 Uo sisAjeue dydads oN

paie|nojed
Sem ||| 1918316 yim
(PRoJed UOWWOD 1ybu
pue 43|) PIS Y3 1B SjusW
-ainseaw 9|buls € Jo uesy
qing

plioJed ay3 03 [ewxold
uo3s buo| wd | buoje
AJ91IR PI0IEd UOWWOD JO
[[BM JBj 3U1 UO PaINSes|y

zH ¢£°0 Buiyieaiq
P3]|0U0D-3UIOUOIIDW
‘uonyisod auidns ay3 ul
4oea ujw G Jo spouad
|enuanbas 22143 10j d9a

PUe 4gS ‘Y JO siusw
-2INseal SNoNUIUOD

LI proled

poyiaul [esdads syg

'poYIaW 32UaNbIS SYg 107 [6¥] 8 12 ©SA0RD

sbuipuy 12Yy10

J9)owesed

Ssauylls |eudlle

pue ainseaw syg
U33M}3( UOIIRIDOSSY

SSaUIIS |eLIRMY

ainseaw syg

SSaUIIS |eLIRMY

ainseaw syg

|030304d Juswiiadxy

POAJOAUL SI9)dWRIRd  SIBIA (s) soyany

(penunuod) £ajqer



Page 18 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

-MoJ 3e 1amod [e13dads 47 ‘ssauddIy} eIpaw—ewiul 1) ‘A

Jamod [e10} 4] ‘UOIIRIASP piepuels (S ‘@Inssaid poojq d1j01sAs 4gs ‘s|eAlaiul-gy (4 “Hun dA1e[as jaJ ‘pueq Aouanbaiy

gelieA 9)el 1eay AYH ‘91l 1eay yH ‘pueq Aduanbaiy-ybiy 1e samod [ea3dads JH us1dYJ0d Ay

ISUa)sIp D@ ‘@inssaid Pooj|q d1j0IseIp 4gd ‘Hun dInjosge sqp

s103fgns

SAISUIOWIOU 0} paseduiod
syuaned aalsuauadAy Ul
(4omod zH 1'0 pue OS) 14y
ul AJljIgeLRA WI1-1OYS
paseaIdap ‘|| 191eain)

(S00T-+007 1894 | jo
pouad e Ul sjuswaInseaul
410Q) $123[qNs aAISUSI0W
-Jou 0} pasedwiod syuaned
SAISUSMRdAY Ul ZH |'0 18
(31UNn 31njosqe) s[eAIdIUI-YY
ul AJljigeLRA WI1-10YS
paseaIdap pue || 191ealn)

s13[gns

SAISUSIOWIOU 0} paseduiod
se syualied aAsUaIRdAY

Ul (%) lamod 4H uj uon
-dnpaiJ e yum ‘onel (4H

/47) AYH Ul 3seanu ue se
[]9M se ‘AljigIsuisip A1aie
[e1y2eIq pue pRoied ‘(d1)
AYH Ul uoianpal uesyiubls

s109fgns

[[e Ul ds AdH pue 1IN
P110J8D U99M13q Uone|al
-10D 9AI3eHIU JUBDLIUDIS

payiodas sem

1IN pl10JeD pue 2iNseaw
AYH U99M19G UONEIDOSSe
9U3 UO SisAjeue dypads oN

s19[gns ||e

Ul ollel 4H/47 pue (Alane
[e1y2eIqg J0U) (DQ) Uy
-J202 A)|IqISu1SIp A1a1ie
pl10JeD US9MIS] UOIIe|I
-102 aA1ebAU 1URDYIUDIS
sdnolb

Apnis omi ay1 usamiaq
pauodas sem sisAjeue
UoJ1eD0SSe 91eledas ON

sJuUsWaIN
-Se2aU G WOJ POUIULIDISP
Sem [IA| paoied sbelany
Ala1mie prnosed

UOWWOD Ya| pue 1ybL oy}
Y109 uo uonsod auidns
91 Ul pawiopad sem
Aydeibouoseiyn apou-g

SIEEN]
-SeaU G WOJ POUIULIDIDP
Sem [IA| proied sbelany
AJa1ie priosed

UOWWOD Ya| pue 1ybL ay)
Y109 uo uonsod auidns
9Y1 Ul pawiopad sem
Aydeibouoselyn spow-g

(d9a-dg9)/(,_p

X PY X 7) 3U1DL490D A1
-|IGISUS1SIP [[BM [BLSLIY °C
pue (%) (P)

1913WEIP DI|0ISBIP PUS puUe
(PV) J219WeIp [9559A JO
95BUDUI DI[0ISAS U9aMIaq
0l1eJ J919UIBIP [9SSIA JO
95BAIDUI DI|0ISAS DALY “|
:AQ painseaw

Sem A|IGISUSISIP [9SSIA

zH ¢£°0 buiyieaiq
P3]|0JIUOD-2WOUOIISW
pouad uiu g

e Bbulnp 153l 1e uonisod
Bunyis ay3 ul 4ga pue dgs
1890-01-183q ‘|yY JO Sjuswl
-2JnseaWl sSNoONUNUOD)

zH ¢£°0 buiyieaiq
P3||0JIUOI-3WOU0IIBW
pouad uiu g

e bulnp 153l 1e uopisod
Bunyis sy ui 4g@ pue 4gs
1820-01-1837 ‘|YY JO SIUBW
-2INseaW SNONUAUOYD)

Bulyiealq snoaueiuods
(weol

—ue g) uonisod auldns
3y} Ul uonesidsas pue
D)3 Jo BuIplodal UlW 0§

1WI pRoIED

LI proted

od
Ki31le prosed pue [eiydeig

as‘zH 1’0

1e AlIsuap Jomod [enoads

S00C  [L¥] e 1s eaoiger

as‘zH 1'o

1e Alisuap Jamod [enoads

S00Z [0%] '|e 12 eAOMeAON

dLonel4H/414H 9T 6661 [GE] e 12 Yosoy

sbuipuy 19Y10

J9)owered

SSauIls |elIdlIe

pue ainseaw AYH
U33M)3( UOIIRIDOSSY

SSUYILS |eLIRLY

ainseaw
AYH @Aneluend

SSaUIIS [eLIRMY

ainseaw
AYH @AneIuend

10303044 Judwiddx3

PaA|OAUI SI3)oWRIR]  SIBIA (s) soyany

sio1oweled SSOUUILS |elialie pue sainseaWd AHH 8 9@]qel



Page 19 of 39

:23

(2024) 23

ing OnLine

Ineeri,

Ooi et al. BioMedical Eng

ueaw Jo Juapuadapul UoneLeA JyjA ‘(Bwil Jsulebe sanjea dg 3yl JO SAINRALISP ISiy) d)el-dwi} ¥/ ‘@duelsisal [esayduad
18303 ¥d.1 “(dd/AS) @>ueljdwoD |eudlie (230} DY/ ‘DWIN|OA X01IS AS ‘UOIRIASP piepueRls (S ‘AH|IqeLieA ainssaid poojq d1j0isAs Adgs ‘inssaid poojq d1j03sAS Jgs ‘UOIIBIASP pJepue)s [eNnpIsal gSY ‘S|eAIdiul-HY [4Y ‘HuUn dAIRR[A
124 ‘Ky1d0]an anem asind Ad ‘@inssaid as|nd dd ‘2inssaid [elia)ie UBaW Jy/jy ‘SSIUNDIYY BIPaW—BWIUI [ )4/ ‘D1e] J4eay YH Juaidy)a0d ANjiqisudisip D ‘ANjigelien ainssaid poojq dijoiselp Adgd ‘dinssaid poojq d1jolselp

dgd 'UOIeLI_A JO JUSIDLYD0D AD ‘SIIIBYIR [BIOWS) PUB PII0IED USIMIDY AMJ AMd-42 ‘2inssaid poo|q 4g ‘AHd0JaA anem as|nd apjue—eiydelq AMd-bq ‘ANjiqerien [eal abeiane AyY ‘Xapul uolyeluswbne Xjy ‘Hun aynjosqe sqo

A1xa|dwod dg@ pue dgs Jamo|
Ajpuesyiublis pey uoisuanadAy
JO uoneinp Jabuo| e Yam asoyl
‘dnoib saisusadAY 2yl Uy

sdnoub 7 ay1 usemiaq

1USJaYIP ARUeDYIUDIS 10U 249M
$921puUl Adgd Pue d9d ‘YH
‘uonejndod aAIsUS10WIOU Y}

01 paledwod se uonendod aAls
-UsuadAy Ul AS pue Dy| padnpal
INQ ‘'AdgS Pue dd 4dS 1oubiH

123(gNS SAISUSIOWIOU O}
pasedwod syusied anisuanadAy
ul (lamod zH |'0 9AneRl) d9a
pue (Jamod zH "0 9AleR)) dgS
PaseaIdap pue ||| 19181

(5002-+00T ek

| Jo pouad e Ul s;uaUIAINSEIW
4104) $103[gNS SAISUSIOULIOU O}
paledwod syusied aAlsuaLadAy
Ul ZH 1’0 38 (un aAnejal) 49d
PaseaIdap pue ||| JS1ealn

SaAISUaLIRdAY Ul AMd-BG
pue A1Ixa|dwod dg usamiag
uol1e[21102 aAnebau JuedyIubis

IWg pue obe 4ga dgs

40 1uspuUadapul Hv| pue d4gs
1030-01-183q JO |A|A U99MIq
UOI1e[21102 dAlIebaU JURdYIUbIS
uone|ndod

SAISUSLIRAAY Ul DVL YIM paiefal
-102 A|lpAebau a1em Adgd

pue AdgS JO WIA ‘QSY ‘AdY ‘dS

syuaned aAlsuaadAy

Ul UOJIBLIBA 4gS 189G-03-183q
JO Y1 PUB J|N| PIIOIED USaMID]
U0I1e[91102 dAIIsod JuedyIUubIS

uoneOSSe JuedYIUBIS ON

UOI1eD0SSe 1URdYIUBIS ON

A120[2A 9ABM 35|nd 3pyjue
—le1ydeiq apis-1ybu pue -3|

dd/AS

uonesinyiq

p1oied ay1 01 [ewixoid ww |
USxe1 '9pIs Ydes uo Slusw
-2INSeaW Q| WOoJ) pale|nded
‘A191Je P1I0IED UOWWIOD 3} JO
11 Y3| pue 1ybu ay) Jo ueaw

SIUSWIINSEAW G WO} paull
-1919p SeM ||| PloJeD abeiany
AI1911e pRoJed UoWWod

3| pue 1ybu 3y1 y1og uo uon
-1s0d auidns ay3 Ul pawioyad
sem Aydesbouoselin spow-g

SIUSWRINSeAW G WO PauIw
-1919p Sem ||| phosed abeiaay
AJ21Ie PlI0JED UOWIWIOD

13| pue 1ybu 8y Y10q uo uon
-1sod auidns ay1 Ul pawiioyad
sem Aydeibouoselyn spow-g

Hujyieaiq snosueyuods

Ui G1-0| 104 uon

-1sod auldns ay1 Ul dgg pue dgs
JO SIUSWISINSEAU SNONUNUOD)

Buiyresiq snosueyuods

ulw Q| oy uonisod

auidns a3 Ut AS pue 93 g
4O SIUBIAINSEAW SNONUUOD

Buiyresiq snosueuods
(wdzi-weol)

4oea ulw G Jo spouad [en
-uanbas 9a1y1 10} dgQ pue d4gs
JO SJUSWIINSEAU SNONUIUOD

ZH €€'0 bul

-U1ealq P3| 1U0D-2WOUOIIDW
popad ujw-5 e bupnp

1521 e uopisod Bumis ay3 Ul
d9Q pue 4gs 1eag-01-12aq ‘|4Yy
JO SJUBWIAINSEAW SNONUNUOD

ZH €€°0 bul

-|y1831q P3||0JIUOI-3WOUOIISW
pousd uiw g e bulnp

152J e uopisod Bumis ay3 Ul
dga pue dgs 1ea9-01-1e9q ‘|yy
JO SIUSWISINSEAU SNONUIIUOD)

AMd-eq

vl

LN pROIED

1IN pROIED

LWI pRole)

Adoaiua ajeasinw ‘AD

WIA'QSY ‘AYY ‘QS

41'ds

as‘zHLo
1e Asuap Jamod [enyoads

as zHL'o
1e Alsuap Jamod [enoads

ceot [16] e 12 Buelr
£10T [07] e I
710¢ [8t7] ‘e 19 solue
500 [1¥] e 1 eACIQET

S00¢ [0¥] '|e 12 eAORAON

sbuipuy say10

1919wesed
SSSUYIIS [elISIe pUE dINsesw
A\dg UsaM13q UORIDOSSY

SSDUYNS |_LIDMY

ainseaw Adg aAneyuend

SS2UYNS |_LIDMY

ainseaw Adg aAneuend

10303014 JudwiIadx3

PaA|OAU| si9)2Weled

SIeap (s) Joyany

s1212wieled SSOUYNS [PISLIE pUR SAINSeaW AdY 6 3]qeL



Page 20 of 39

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

sisAjeue

paisnipe Jaye sdnoib omy
U99M13Q JUa1ayIp Ajued
-ylubis Ajjeansnels jou
2I9M INQG YAS Ul seanul
|9|jesed e jo auds ur | NH
Buunp pasnpal sem x|y
S[enpiAipul

SAISUSIOWIOU 0} paled
-wod ‘| NH buunp aiow
paseainul [YAS pue dgd
D11I0B 3|IYM 'SS3| paseaidul
31eJ 1Ue3Y 'SS3| pasealdap
dd DI1oe pue 4gs dnioe
‘I4AS pue AMd auidns
19ybiy Apuesyiubis yam
syualied aAlsusadAy u|

$309[gns

SAISUSIOWIOU 0} pasedulod
se syualied aAisUaIRdAY
AJpJiu Ut 92uelidwod 19mo|

g ‘Xl paisnlpe pue ‘Yd |

pauodal

sem sia1aweled sSaUpINS
D110 PUE SJUSWIRINSeaW
JlweuApowsay uj sabueyd
U99M1( UOIBIDOSSe

uo sisAjeue oyidads oN

X| UoJou 1ng
DV Ul 953109p B YIM ‘0D
Pue YH dd dvW d9d dgS
Ul 95P3DUI JUBLILIODUOD

v ‘sdnoib aaisuaadAy
PUB SAISUSI0WIOU Y104 U]
payodal sem Dy pue

X| PU S1USWISINSEIW
SlweuApoway ul sabueyd
U99M13( UONBIDOSSP

dIN3P
Aydeiboipied aduepadull
Apog-ajoym aya buisn
pauleigo sabueyd sdue
-padwil |p2113|3 ApOg
SU1 WO PRALISP SeM AMd
uojoAem ainssaid poo|q
D1310B SNONUIIUOD PRALISP
3Y1 WOJJ PUILIDIIP UM
Xy pue awi uonda|jal don
-Joe ‘ainssaid as|nd d1joy

(dd/AS) DVL

saseyd

BuIsal 9a1y1 aY3 Jo yoea
pulnp pabessae pue
UD)e) 2J9M SIUSWIRINSeaW
(%001 X dd/2inssaid
uopeuaWbNe) Xy pue
(4d 1 pue AS) @duepadul

(21ge1S 1s0W sem [eubis
9Y1 Usym) 11 dn peay syl
BulNp ulWw € 1se| 2Y1 pue
1113 dn peay ay3 buipadaid
S9INUIW auldns 9a1yy

15€| 941 U99M13q SanjeA
ueaW 3y} Ul S9dUIRYIP
Se pa1e[ndjed aJom | NH 01
asuodsal U sabueyd ay |
uonisod [pIUOZIIOY 2Y) O}
pauInial sem 3|ge1 3|
0901 1NH

3|ge1n

91 uo auidns bunsai 1
:spopad

UlW G SAIINDISUOD

924y} JOJ SIUSWIRINSEIW
JlueUApowsy Jo syusul
-2INSeaW SNoONUIUOD

polad A19A033) UlW 9 ¢
(1MDS)

1591 552115 [PIUSW UIW 9“7
(sulfaseq)

pollad bunsal ulw 9|
puisudwod ‘uonisod
pa1e35 B U SIUaWINSeauUl

AMd

(wdq g/ 1e 310

11eay J0J Pa12alI0d) Xy
pue awil) uoid3|jal diloe
‘ainssaid as|nd Doy

ovL
(wdq G/ 1e s1e

LNH  €10T  [9F] 1832 PsoxespyiL

"YH ‘dd dYIN d9Q dgs 12ybiH uo sisAjeue dyppads oN deipiedjosied 931yl HHI Pue dg SNONURUOD 113y 10 PAIDALOD) XY (LADS) 1591 SS241S [PIUSN  €00T [£€] e 39 tes|
1919weued ssauyis
[er1a)ie pue sasuodsal SSaUYNS [eLIBUY 1s9] ssauyns [eLsly 159)
Sjweulpowsay
sbuipuy 19410 USaM13( Uo1eIDOSSY |020304d JuswiIddX] P3AJOAU| SiS)oWRIRY  SIEDA (s) soyiny

SJ91oweled SSaUYNS eL1Je pue saBUS|eYD DILIOUOINE 0} $9sUO0dSal DIUBUAPOWSH QL djgeL



Page 21 of 39

aoue)sisal [eiayduad (2101 Yd 1 ‘(dd/AS) @2ueldwod [elsle [BI0] DY/ ‘XSPUl 9DURISISII SNOUIA DIWSISAS [YAS
‘92UB)SISDI SNOUDA DIWISAS YAS ‘DWINJOA 9%013S AS ‘1591 PIOA pue JojoD) doonls [MDS ‘Dinssaid poojq d1j03sAs 4gs ‘S|eAsaiul-gy 14y ‘Audojan anem asind Amd ‘@inssaid as|nd 44 ‘@inssaid [elanie uesw 4y ‘pueq Aousnbaiy
-mo| 1e Jamod [es1dads 47 ‘ssauxdiyl eipaw-ewnul [y ‘1 dn-peay [NH ‘S1el 1eay yH ‘2inssaid poojq 21j01selp 4g@ ‘indino deipied 0D ‘salislie [eJOWd) pue proJed usamiag AMd AMd-2 ‘Xepul uonejuswbne xjy

(2024) 23:23

Ooi et al. BioMedical Engineering OnLine

dd1 paseainur Apuedyiubis
pamoys siuaned aAIsUS)
-19dAyY anu1 ay1 'as1DIax
Bulng -auljaseq e sdnoib
Buowe Yd] Ul 2dUIRYIP
1uedYIUBIS A|[eo1SIels ON
spolad bunsal anndadsal
a3 ul sdnosb buouwe Ajpued
-4iubis Jayip Jou pip YH
‘S|eNPIAIPUI 9AISUS10WIOU
uey3 (9seaudur) asuodsal
d9Q/dgs 1218316 e paqiyxa
dAISUSIRAAY aNnJ1 yum sje
-NPIAIPUI '9512J9%3 Bulng

AMd PUB X dgd Pue dgs
D1110€/|_11UDD YUM pale|ai
-102 AlIAIISOd sem asiD1axe

pouad bunsay lad
pabelane pue paieinded
SeM Yd | "PISSISSE UM
KISNOD31 PUB ‘(ISIDIDX JO
21INUIW PAIYY pUe ‘puodas
‘IS14 'Sl ey} 'SIUSWISSISSEe
a1nujw Jad pue ‘ujw € ayy
19A0 pabelane) asDIax
dubpuey ‘auijeseq buunp
YH pue 4ga pue 49
KISA0D31 UIW € (Al)

pue (DA JO %0€

1) 1591 9510Jaxa dubpuey
[ewIXewqgns uiw € (1
‘(sbuipeal sa1yy

943 Jo159ybIYy aYr =DAW
‘U0112eIIUO0D AIRIUN|OA
[PWIXBW) JUSWSINSEIW
ora U9aMm1aq 1521 S 09
UM ‘pUBY JUBUILLOP Y}
Y suondeluod dub
-pUBY DLIIDWOS] [eulixeu
921y3 1531 dubpuey (1)

S|enplAlpul - Bupnp asuodsal Yd d|iym ‘uonisod
SAISUSI0WIOU UeY) syuaped ‘A BUISaI Yim pae uonisod pa1e3s e Ul auljaseq (1)
aAIsUadAY anuy Ul Iaybly  -1Dosse AjpAiisod sem asd auidns ul (wdg G/ 1e a1el Bulnp (wdq g/ 18 218l

AjauedyIubIs a1om Xy pue

-19X9 Jl11aWOoSs| JO a1nuUIW

1183y Joj PR1D21I0D) X|Y

YH pue 4g Jo syuaw

1183y Joj PR1031I0D) X|Y

AMd dg diioe/jenusd 151 241 BulNp asi g uoisod auldns up AMd-2 -2INSeaW SNONUNUOD AP 1s91dubpueH 6107 [0G] [P 19 SOSI9[OY
J1a)owesed ssauyns
lerayie pue sasuodsal SSUYIIS [eLIRLY 159 SsauYns [eLdMY 159]

sbuipuy 19Yy10

Sjweulpowsy
U99M13( UOIeIDOSSY

|030304d JuswLIRdX]

PoAJOAU| siolaWeled SJea)\

(s) Joyany

(Panunuod) oL 3|qeL



Ooi et al. BioMedical Engineering OnLine (2024) 23:23 Page 22 of 39

not report a specific analysis regarding the association between the changes in hemody-
namic responses and arterial properties during the mental stress test and HUT test [37,
46]. In a study involving mental stress test, both the normotensive and mild hypertensive
groups exhibited a similar response pattern. This pattern included a significant simul-
taneous increase in BP, HR and cardiac output (CO), along with a noteworthy decrease
TAC in response to the test [37]. However, there was no significant change in TPR dur-
ing the stress test [37]. On the contrary, during HUT, the untreated hypertensive group
exhibited an exaggerated increase in TPR and BP, along with a less pronounced rise in
HR [46]. Meanwhile, in response to the handgrip test, no significant change in HR was
observed, compared to the normotensive group [50].

Two studies also measured Alx during the mental stress test and HUT test, but no sig-
nificant change was observed in the mild hypertensive group [37] and untreated, estab-
lished hypertensive group [46], in comparison with individuals with normal BP. The only
study that performed an analysis on hemodynamic changes during the handgrip test and
cf-PWYV found a positive correlation between BP changes during the first minute of the
test and resting cf-PWV [50].

Table 10 summarizes the hemodynamic responses and arterial stiffness parameters

used together with their association.

Discussion

The major findings from this study can be summarized as follows: (i) HRV LF/HF ratio is
a more sensitive parameter in relation to arterial stiffness compared to other time- and
frequency-domain parameters for HRV; (ii) SBPV has a greater discriminative ability
for differentiating hypertensives from normotensives compared to DBPV; (iii) Beat-to-
beat BPV measures, particularly VIM, time-rate, and multiscale entropy, appears to be
more sensitive in relation to the changes in arterial properties; (iv) TPR plays a predomi-
nant role in BP regulation during HUT and handgrip test in individuals with established
hypertension.

In this review study, there is considerable diversity in the measures employed to assess
sympathetic or parasympathetic modulation of vascular tone and/or heart rate and arte-
rial stiffness. The most frequently utilized parameters for quantifying these aspects are
BRS and carotid IMT. Baroreflex sensitivity, beat-to-beat variations in blood pressure
and heart rate, as well as changes in hemodynamics to physiological perturbations were
altered in individuals with hypertension compared to normotensive individuals. These
alterations have been found to be associated with non-invasive measures of arterial stift-
ness at baseline condition, including PWV, TAC, carotid IMT, and Alx.

Experimental design and assessment techniques

To optimize the management of individuals with hypertension, it is important to char-
acterize blood pressure regulation and understand the pathway through which blood
pressure regulation is associated with autonomic nervous system function and vascu-
lar stiffness. However, this is impeded by a lack of standardized methods for autonomic
function and arterial stiffness assessment, which may explain discrepancies in results
among different studies. Furthermore, the patient selection criteria, which include the
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study population (treated or untreated hypertensives, patients with comorbidities), age
(older vs middle-aged population) and sample size, are inconsistent across the selected
studies.

In terms of autonomic function assessment, only a few studies observed hemodynam-
ics changes in response to a number of autonomic challenge tests, while the remaining
studies relied on measurements obtained in a supine or sitting position with different
recording durations. The duration of physiological signal measurement used in the ANS
analysis varies among included studies, but 5 min hemodynamic recordings were most
commonly used. In addition, some studies performed controlled breathing during con-
tinuous, beat-to-beat hemodynamic recordings, while others used spontaneous breath-
ing. More importantly, different indices have been used to quantify various aspects of
ANS function, particularly the sympathetic and vagal modulation of sinus node function
and vascular tone, such as BRS, HRV and BPV. However, it is crucial to note that there is
no single universal index that can serve as a “gold standard” for assessing the entire ANS
function. Instead, the appropriate index should be chosen based on the specific aspect of
autonomic nervous system function that aims to be studied.

With regard to arterial stiffness assessment, pulse wave velocity (PWYV) has been
generally accepted as the gold standard method for evaluating aortic stiffness, and its
association with autonomic dysfunction is well-established [53, 54]. Despite being the
gold standard, PWV also has its own limitations as it is sensitive to the timing of wave
reflection and blood pressure magnitude. Thus, alternative surrogate arterial stiffness
measures have been introduced, which include carotid IMT, Alx, distensibility and TAC.
Past studies have revealed a significant association between carotid IMT and PWYV,
indicating its ability to reflect arterial wall stiffness [55, 56]. However, carotid IMT, as a
surrogate marker, has limitations. It primarily reflects structural changes related to ath-
erosclerosis and may not fully capture the functional aspects of the arterial stiffness. In
addition, carotid IMT may be influenced by local factors and might not represent the
overall stiffness of the entire arterial system. Similar limitations are observed with Alx,
distensibility and TAC, which may not exclusively represent arterial stiffness. For exam-
ple, Alx which is an aortic stiffness measure, is dependent on wave reflections, heart
rate and blood pressure, making the interpretation of its results challenging [57-59].
Distensibility measure primarily reflects local compliance, while TAC measure reflects
the compliance of the entire arterial tree. Both of these measures are easily affected by
blood pressure magnitude as vessel properties are nonlinear [60]. Overall, the complex-
ity of arterial stiffness assessment requires multiple surrogate markers to complement
the weakness of other measures.

Mechanisms of autonomic alterations in hypertension and complications

The origin of essential hypertension remains a puzzle, but extensive discussions have
revolved around the involvement of key systems: the renin—angiotensin system, the
autonomic nervous system (ANS), body fluid volume and the peripheral vasculature
[61, 62]. The ANS, steering short-term blood pressure changes, plays a crucial role in
maintaining normal blood pressure levels. The alterations in cardiac autonomic control,
whether preceding or following the onset of essential hypertension, contribute signifi-
cantly to both functional and structural changes of the cardiac and subsequent systemic
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circulation [63]. Hence, increased or excessive sympathetic activity in hypertension is
associated with increased arterial stiffness and left ventricular hypertrophy and subse-
quent target organ damage [64, 65].

Previous studies have identified the potentiating effect of the sympathetic drive in
hypertension [66, 67], which is often then associated with baroreflex hypofunction [68].
Notably, heightened sympathetic activation in early hypertension results from impaired
vagal control of heart rate or reduced baroreflex modulation of heart rate. It can be clini-
cally presented as a hyperkinetic circulation marked by elevated HR, CO and a marginal
increase in BP [63, 69, 70]. As hypertension takes root, there is a hemodynamic shift
from a state of high cardiac output to one characterized by high vascular resistance [70].

The narrative centers on the transformations in the responsiveness of various cardio-
vascular organs in established hypertension. Cardiac remodelling due to the increased
afterload, reduces the cardiac compliance of venous filling, leading to the gradual
decrease of cardiac output in hypertension. In addition, reduced responsiveness to
B-adrenergic stimulation explains the decreased cardiac output in established hyper-
tension [70]. Vascular hypertrophy, a result of pressure-induced remodelling, explains
the transformation, where the vessel wall becomes thicker and encroaches even more
on the lumen, resulting in a steeper increase of vascular resistance (TPR) during vaso-
constriction [70, 71]. As hypertension advances, vascular hyperresponsiveness to vaso-
constriction requires less sympathetic firing (down regulation of sympathetic tone) to
maintain the elevated blood pressure. Concurrently, vascular remodelling, a key contrib-
utor to arterial stiffness, impacts baroreceptor functionality. Stiffer vessel walls, common
in hypertension-induced remodelling, limit the stretch and transmission of pressure
changes to baroreceptors, attenuating their ability to normalize blood pressure and
exert sympatho-inhibitory roles. Eventually the blunted baroreflex response leads to the
reduced BRS and potentially reduced HRYV, as well as greater BPV in hypertension [20,
34-36, 38—45, 47-49, 51]. The modifications in the baroreceptor—heart rate reflex (BRS)
play a role in the reciprocal decrease of parasympathetic activity, leading to tachycardia
and diminished HRV [72]. Simultaneously, the impairment of the baroreflex contributes
to increased BPV, a phenomenon substantiated by earlier animal studies involving arte-
rial baroreceptor denervation [73].

The apparent influence of the SNS on arterial stiffness does not definitively establish
cause-and-effect relationships due to their mutual interdependence. The SNS, by induc-
ing vasoconstriction, contributes to increased arterial stiffness. Conversely, arterial stiff-
ness, in turn, influences the SNS through baroreceptor reflexes. The bidirectional impact
of changes in aortic/arterial stiffness and SNS activity underscores the intricacy of their
interactions. It is postulated that elevated aortic stiffness (i.e., cf-PWV, Alx) or arterial
stiffness (i.e., carotid IMT and distensibility coefficient) parameters are associated with
derangements in cardiovascular variability, characterized by reduced BRS and HRV, and
greater BPV, stemming from the diminished sensitivity of baroreceptor in hypertension.

However, our findings reveal that various indices of BRS, HRV, and BPV were iden-
tified, but not all exhibited correlations with arterial structural changes. This discrep-
ancy can be attributed to the inherent mathematical formulae governing these indices,
as well as the impact of confounding factors such as respiration, age and the influence of
antihypertensive medications. It is within the realm of speculation that the associations
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mentioned earlier in the context of hypertension might experience attenuation or even
complete dissolution due to these contributing factors. Subsequent sections will metic-
ulously explore the intricate relationships among diverse BRS, HRV, BPV indices, and
parameters of aortic/arterial stiffness, contributing to a thorough understanding of these
interconnected cardiovascular dynamics.

Association between quantitative autonomic measures and arterial stiffness parameters
This review study confirms the well-established association between increased PWV and
impaired autonomic control (evidenced by reduced BRS and HRV and increased BPV).
Moreover, it also reveals similar negative associations between certain BRS, HRV and
BPV measures and surrogate arterial stiffness indicators discussed in this review, includ-
ing carotid IMT, Alx, and distensibility. An inverse association was identified between
some BRS, HRV and BPV parameters and TAC, an arterial compliance measure which is
inversely proportional to arterial stiffness.

Baroreflex sensitivity (BRS) measures

Baroreflex sensitivity (BRS) is a widely accepted, non-invasive method for assessing the
baroreflex system’s sensitivity. While the baroreflex primarily regulates blood pressure,
BRS quantifies how effectively blood pressure returns to a setpoint after perturbation.
However, assessing true BRS can be challenging experimentally, leading researchers to
often use heart rate responses as a surrogate measure to gain insights into baroreflex
system regulation. Available studies have demonstrated a lower supine or upright BRS
(spectral or sequence method) in individuals with hypertension compared to normoten-
sive individuals. The degree of impairment worsens with increasing severity (grade) of
hypertension and in the presence of comorbidities, such as stroke and renal disease [42,
45].

In general, regardless of BRS derivation methods or arterial stiffness measures (i.e.,
either carotid IMT or cf-PWV), most papers revealed a significant negative association
between BRS measure and arterial stiffness parameters. This implies that increased aor-
tic or arterial stiffness is associated with diminished baroreflex function in individuals
with hypertension. Arterial baroreceptors, which are specialized nerve endings located
in the outer layers of the carotid sinus and aortic arch, respond to mechanical stretch-
ing of blood vessels [74]. Thus, the reduced compliance of aortic and carotid arteries
due to the increased wall thickness or stiffness, very likely reduces the sensitivity of the
baroreceptors in response to the blood pressure variations [38, 41, 44]. Our review find-
ings indicate that studies using metronome-controlled breathing at specific frequencies,
such as 0.33 Hz or 0.25 Hz, reported a more consistent correlation between frequency-
domain BRS measures and arterial stiffness parameters [39—41, 43-45]. The use of met-
ronome-paced breathing not only increases the BRS gain value [75], but also enhances
the coherence and synchronization between respiratory and cardiovascular rhythms
[76]. This approach allows for a more precise assessment of the relationship between
BRS and arterial stiffness, which are both key indicators of cardiovascular health.

On the other hand, conflicting results emerged from two studies that examined BRS
using the alpha-index concerning its association with aortic stiffness (cf-PWYV) in
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hypertensive individuals [36, 44]. Apart from the difference in breathing protocol during
the experiments, this discrepancy may also be attributed to the selection of frequency
bandwidth during the derivation of BRS. Notably, the study reporting a significant
association between BRS and cf-PWV estimated the alpha coefficient based on values
obtained from both HF and LF band, while the study which did not find a significant
correlation focused solely on the LF band. In general, HF components (0.15-0.4 Hz)
reflect pressure oscillations associated with the respiratory mechanics, while LF com-
ponents, including Mayer’s waves (occurring every 10 s), are primarily linked to sym-
pathetic activity [77, 78]. However, the origin of LF oscillation in heart rate remains
debatable, with a potential involvement of vagal influences [79]. Incorporating both HF
and LF components in the estimation of BRS offers a more comprehensive physiologi-
cal perspective, as it reveals the interplay between sympathetic and vagal influences on
heart rate regulation in response to blood pressure fluctuations [80].

Furthermore, the variation in the two study results may be influenced by antihyper-
tensive treatments [36, 44]. The study demonstrating a significant association included
untreated hypertensive participants [44], while the one without a significant correla-
tion included a combination of treated and untreated hypertensive subjects [36]. Prior
research indicates that long-term blood pressure control with angiotensin convert-
ing enzyme (ACE) inhibitors, calcium channel blockers (CCB) and beta-blockers may
improve baroreflex function (increased BRS) and vascular function, but these improve-
ments might not extend to changes in vascular structure [81-83].

In addition, some studies which conducted separate analysis in normotensive and
hypertensive groups found that the association between BRS measures and carotid IMT
was absent or weakened in the hypertensive group. Yet, this association became appar-
ent when they considered the entire group [39-41, 43]. This suggests that other factors
may contribute to the association beyond hypertension, such as the use of blood pres-
sure lowering medication, which improved BRS through a reduction (increase) in sym-
pathetic (vagal) activation [39, 43] as well as the aging factor [39, 41]. The dominance of
blood pressure in hypertensive individuals is another critical factor [43]. Notably, the
current blood pressure levels in individuals with hypertension may not accurately reflect
the blood pressure conditions that initially contributed to the development of carotid
IMT over time [39, 41, 43]. Thus, this underscores the significant influence of historical
high blood pressure on carotid IMT in hypertensive individuals, potentially overshad-
owing the specific impact of BRS on IMT. Moreover, the lack of a significant association
in hypertensive groups compared to the whole group analysis, may be attributed to small
sample size [39-41, 43].

Heart rate variability (HRV) measures

The importance of HRV for evaluating the cardiac sympathovagal balance has been
highlighted over decades [16]. Hypertensive patients have an altered cardiac sympatho-
vagal balance (reflected by an increased LE/HF ratio), characterized by an increase in
cardiac sympathetic activity, which is relative to reduced cardiac vagal modulation. The
inverse relationship between the HRV LE/HF ratio and carotid artery distensibility [35]
highlights that LF/HF ratio is likely to be a more sensitive parameter over other HRV
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frequency-domain indices (i.e., LF, HF power and TP), considering the relative changes
in sympathetic and parasympathetic activities.

The mechanism responsible for the relationship between reduced HRV and increased
arterial stiffness in hypertension remains unclear. However, hypertension leads to auto-
nomic dysfunction, characterized by overactivation of the SNS [3-5]. This not only
reduces HRV but also raises the resting heart rate [54, 84], which, in turn, contributes
to arterial stiffness by altering blood flow dynamics and increasing shear stress [34]. In
essence, HRV alone may not be directly related to arterial stiffness, but HRV param-
eters such as the LE/HF ratio potentially offer insights into how the autonomic nervous
system influences the cardiovascular system, which can impact arterial stiffness. Unlike
HRV LF/HF ratio, LF and HF components separately indicate specific aspects of auto-
nomic activity and have opposing physiological interpretations. HRV HF power (0.15—
0.4 Hz) reliably indicates cardiac vagal modulation and respiratory effects on heart rate,
while the interpretation of HRV LF power (0.04—0.15 Hz) is debatable. Some viewed it
as a marker of cardiac sympathetic activity [85], while others suggested that it reflects a
combination of both sympathetic and vagal influences [16, 86], and some even suggested
it primarily reflects parasympathetic activity [86].

Moreover, as observed in the same study [35], the correlation between altered sympa-
thovagal balance and carotid artery distensibility, while not apparent in brachial artery
distensibility, may be explained by reduced carotid artery distensibility. This reduction
could lead to impaired carotid sinus sensitivity, potentially affecting the baroreceptor-
mediated control of heart rate in hypertensive patients [87, 88].

In another study [41], carotid IMT was found to be significantly correlated with HRV
SD, which is an established time-domain parameter in quantifying the HRV, but not
spectral power density at 0.1 Hz [41]. This difference may arise from their distinct physi-
ological interpretations. HRV SD encompasses both short-term high frequency variation
(often parasympathetically mediated) and long-term low frequency components, and is
strongly linked to frequency-domain parameters, such as LF, HF power and TP [16, 89].
In contrast, spectral power density at 0.1 Hz focuses on a specific 10 s oscillation associ-
ated with blood pressure and vasomotor tone regulation, which is potentially due to the
sympathetic drive [86]. This might not fully capture the same comprehensive variation
in heart rate as HRV SD does, explaining the insignificant correlation with carotid IMT.

Blood pressure variability (BPV) measures

In recent years, BPV has received increasing interest due to its association with target
organ damage irrespective of mean blood pressure [21]. While most studies investigat-
ing the association between BPV and arterial remodeling have focused on visit-to-visit
or short-term (i.e., 24 h) BPYV, several studies have assessed beat-to-beat BPV as it is
less susceptible to noise leading to better reproducibility [20, 40, 41, 48, 51]. In terms
of blood pressure fluctuation, an increase in BPV has also been found to correlate with
stiffening of the aorta or arteries, commonly occurring in hypertensive patients [20, 48,
51]. However, through our findings, only certain BPV parameters are associated with
arterial structural or functional changes.
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Similar to HRYV, spectral power density at 0.1 Hz for SBPV or DBPV (in absolute and
relative units) was not correlated with carotid IMT in the treated hypertensive subjects
[40, 41], which can be elucidated by the effect of antihypertensive treatment [90]. In
these individuals, there were no prominent signs of heightened sympathetic activity in
the patients, and antihypertensive therapy effectively normalized their blood pressure.
Importantly, the spectral power density of BPV at the 0.1 Hz frequency was notably sup-
pressed [41]. To date, age-related changes in the structure of the arterial wall have been
extensively studied [91], with numerous studies suggesting that these age-related altera-
tions could potentially supersede correlations with BPV measures.

Based on our findings, SD of BPV has no association with arterial stiffness parame-
ters. SD of BPV, which represents overall fluctuations around the mean blood pressure
value, does not consider the chronological order of BP measurements and is susceptible
to being affected by measurement errors that may arise during individual blood pressure
readings. This limits its suitability for very short-term BPV calculations, especially when
using non-invasive beat-to-beat digital BP measurements due to the significant noise
associated with such measurements [20, 92]. Therefore, ARV, RSD and VIM were intro-
duced to overcome the deficiencies of SD [93].

Time-domain indices which consider the time-series of the BP measurements such
as ARV, RSD and VIM of BPV have shown promise in assessing autonomic function
and were found to be correlated with total arterial compliance [20]. Specifically, ARV
accounts for the time series of BP measurements, being less sensitive to low-frequency
sampling of recordings; RSD excels in capturing the variability in BP fluctuations when
a linear trend between BP fluctuations and time is present; and VIM, in its uniqueness,
eliminates the influence of mean BP levels, showing the distinct contribution of these
SBPYV indices to TAC parameter in hypertensive individuals [20]. However, only VIM of
SBP remained significantly associated with TAC, even after adjusting for age, body mass
index (BMI), SBP and DBP, likely due to its ability to isolate the effect of mean BP levels,
allowing it to detect subtle but clinically relevant variations in SBPV [93, 94]. Compared
to DBPV indices, SBPV indices showed a stronger association with arterial stiffness
parameter [20, 51]. Arterial stiffening restricts arterial wall stretch during systole, lead-
ing to an increase in the systolic aortic and pulse pressure, as well as greater fluctuations
in systolic blood pressure [20, 27].

In addition to VIM of SBPV, TR of SBPV was shown to be correlated with carotid IMT,
independent of SBP and DBP levels [20, 48]. Understanding the TR of BPV is crucial for
grasping the impact of the speed and direction of blood pressure fluctuations on arterial
stiffness [95, 96]. In fact, hypertensive groups have shown a similar positive link between
the TR of 24 h ambulatory SBPV and carotid IMT [95]. This relationship suggests that
swift changes in SBP can induce acute oscillatory shear stress on the vascular wall, ulti-
mately leading to increased intima—media thickness and a consequent rise in arterial
stiffness [95].

The non-linear measures of BPV, multiscale entropy shows its potential in revealing
the blood pressure variations at different time scales or frequencies [51, 97]. BP regula-
tion involves various elements, including cardiac output, vascular resistance, and neural
and hormonal feedback mechanisms, all operating at different time scales. Traditional
BP metrics based on single-scale fluctuation, such as mean level or variability, may
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not adequately characterize these intricate multiscale dynamics. Therefore, multiscale
entropy provides a valuable tool to analyse and understand the complexity of BP regula-
tion, offering insights into the underlying physiological processes and their interactions.
It is shown that participants with a greater ba-PWV were associated with reduced mul-
tiscale entropy in SBP and DBP, implying that alterations in the vessel characteristics
could disrupt blood pressure regulation (diminished blood pressure complexity) [51].
The specific association identified with multiscale entropy, as opposed to linear time-
domain measure, such as CV [51], suggests that multiscale entropy is a more sensitive
non-linear BPV parameters, allowing the capture of subtle changes within cardiovascu-
lar systems that might be overlooked by linear measures, and providing more insights
into multiscale nature of blood pressure regulation.

Despite these studies, the causal relation between BPV and arterial stiffness measures
remains unclear. It is uncertain if arterial stiffening leads to a reduction in baroreceptor
sensitivity and thus increased BPV, or that conversely, enhanced blood pressure fluctua-
tions lead to a deterioration in the elastin component of the arterial wall and thus arte-
rial stiffening. A cyclical relationship between BPV and arterial stiffening may also exist.

Hemodynamic responses to autonomic challenges

In a study involving a mental stress test (SCWT), individuals with mild hypertension,
despite having higher baseline BP, HR, and TPR, showed similar patterns of hemody-
namic changes compared to those with normal BP [37]. During the test, both groups
exhibited increased SBP and DBP due to heightened HR and subsequent increased CO.
Notably, there were no significant changes in stroke volume (SV) and TPR in either
group. This suggests that individuals with mild hypertension do not exhibit exaggerated
blood pressure reactivity, and there were no notable differences in heart rate reactivity
compared to normotensive participants. In contrast to established hypertension (char-
acterized by reduced cardiac responsiveness and vascular hyperresponsiveness to stress)
[98], mild hypertensives in this study did not exhibit vascular hyperresponsiveness (i.e.,
a significant increase in TPR) [37]. In summary, mental stress test primarily induces HR
changes and not TPR changes, indicating that sympathetic nervous activity is not exces-
sively stimulated in individuals with mild hypertension. The primary mechanism under-
lying the blood pressure response to mental stress in this group is likely the withdrawal
of vagal tone [37].

Meanwhile, in response to SCWT, only a reduction in TAC but not adjusted Alx and
TPR, was observed during the stress test [37]. TAC, reflecting overall vessel compliance,
is easily affected by blood pressure magnitude due to nonlinear vessel properties [60].
Hence, the increase in blood pressure during SCWT led to a reduction in TAC, primar-
ily resulting from changes in peripheral arterial compliance rather than properties of the
central artery [37]. On the other hand, Alx, a measure of aortic distensibility, is predomi-
nantly determined by the distance the wave travels from the reflection site to the aorta
[99]. Given the lack of significant change in TPR during the stress test, the location of
wave reflection remained constant, and Alx remained unchanged [37].

Individuals with established hypertension, characterized by significantly higher aortic
stiffness (measured through Alx and cf-PWV) and vascular resistance, exhibited distinct
hemodynamic responses during HUT and handgrip test, compared to normotensive
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individuals [46, 50]. In contrast to mental stress test, both untreated hypertensive and
normotensive groups showed an exaggerated increase in blood pressure and TPR dur-
ing HUT and handgrip exercise tests, while their heart rate responses were similar [46,
50]. These findings indicate that the exaggerated BP increase was primarily driven by
increased TPR, indicating greater sympathetic vascular activity through heightened adr-
energic responsiveness in hypertensive individuals [47, 98]. Meanwhile, another study
measuring sympathetic BRS during spontaneous breathing and 60° upright tilt, along
with cardiovagal BRS during VM, revealed that elderly hypertensive individuals had
comparable cardiovagal BRS but significantly smaller sympathetic BRS compared to
normotensive subjects [47]. The observed smaller supine and upright sympathetic BRS,
along with the pronounced TPR increase in hypertensive subjects during 60° upright tilt
position, suggests that baroreflex control of TPR and increased vasoconstrictor sensitiv-
ity during orthostatic stress play a more predominant role that HR in the regulation of
blood pressure in elderly hypertensive patients [47].

Furthermore, despite an increase in TPR during the HUT test, Alx (normalized to
heart rate at 75 bpm) was reduced in both the normotensive and hypertensive groups
[46]. This reduction was likely due to the reduced SV in response to the postural changes
[46, 100]. In a study which performed the association analysis between hemodynamic
changes during autonomic challenge and aortic stiffness, an increase in BP during the
first minute of handgrip test was found correlated with the resting cf-PWYV [50]. The
author speculated that increased aortic stiffness might be the cause of abnormal rise in
BP during the handgrip test [50]. However, further investigations are needed to deter-
mine the contributors to excessive BP response in hypertension and whether increased

aortic stiffness causes exaggerated BP response or vice versa.

Future directions and study limitations
To more accurately characterize autonomic regulation of cardiovascular function (sym-
pathetic and vagal modulation of sinus node and vascular tone) and arterial properties
as well as their association in hypertension, a standardized experimental design, suit-
able indices to quantify the ANS and arterial stiffness as well as additional hemody-
namic measurements are required. Among the quantitative ANS indices, beat-to-beat
BPV appear to be a promising option as recent studies have highlighted that enhanced
fluctuation of blood pressure induced target organ damage, such as left ventricular
hypertrophy, vascular stiffness and stroke. SBPV has a larger discriminative power in
differentiating hypertensive from normotensive as compared to DBPV. As beat-to-beat
BPV is not only influenced by autonomic dysfunction, there is a need to identify fac-
tors leading to excessive fluctuations in blood pressure before it can be utilized in rou-
tine clinical practice. Previous research studies only analysed BP and HR in assessing BP
regulation, which is insufficient as BP is determined by both TPR and CO. With respect
to arterial stiffness, TAC, a less well-established approach which reflects overall compli-
ance of the entire arterial system, deserves greater attention when assessing the influ-
ence of autonomic dysfunction on arterial stiffness in patients with hypertension.

Based on our review, it is speculated that cardiovascular variability measures (BRS,
HRV or BPV) correlate with arterial/aortic stiffness in hypertension. However, it is essen-
tial to note that the observed correlation does not establish definitive cause-and-effect
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relationships, given the mutual interdependence of these variables. With limited avail-
able literature, to what extent the above-mentioned association would be affected by
hypertension remains unclear, as there are confounding factors which could contribute
to the mentioned association, such as aging and the effect of antihypertensive drugs.
Our review encountered challenges in drawing conclusive insights from the 19 relevant
studies included, primarily due to the small sample sizes within those studies that com-
pared the specific association between hypertensive and normotensive individuals [35,
37, 39-41, 43, 50]. Therefore, we have not included this comparison between the two
populations in terms of the association in this current paper due to the insufficient evi-
dence. It is noteworthy to highlight the limited scope of available research on this topic,
underscoring the need for more comprehensive investigations in future studies.

A limitation of our work is that the included studies did not determine the effect of
blood pressure lowering medications on sympathetic or parasympathetic modulation
of vascular tone and/or heart rate and arterial properties. In addition, to establish the
causal relationship between ANS function and arterial stiffness, interventions which
potentially alter autonomic function or arterial stiffness, including lifestyle changes and
certain medications, should be considered. In this systematic review, data or signal pre-
processing techniques applied prior to the beat-to-beat cardiovascular variability analy-
sis are not interpreted due to a lack of comprehensive description in most of the included
studies. The findings of a correlation between non-invasive quantitative measures of
autonomic function and arterial stiffness in essential hypertension, however, highlight
the potential for non-invasive beat-to-beat blood pressure and heart rate measurements
in providing individualized, targeted treatment for hypertension. Given the limited
number of studies investigating beat-to-beat BPV measures in relation to arterial stiff-
ness parameters, as well as the cross-sectional study design of existing research, there
is a need for further investigation into the bidirectional relationship between beat-to-
beat BPV and arterial structural or mechanical changes. However, our findings suggest
that beat-to-beat BPV measures, particularly VIM, time-rate, and multiscale entropy,
show potential as more sensitive indicators for correlating with arterial stiffness and may
possess greater prognostic significance compared to BRS and HRV. This could signify a
move from traditional snapshot office or home measurements of blood pressure toward
a more detailed characterization of blood pressure profiles using very short-term office-
based beat-to-beat hemodynamic measurements, which had been limited prior due to
the challenges of longer-term blood pressure measurements.

Conclusion

Non-invasive, beat-to-beat physiological measurements have a potentially useful
role in characterizing sympathetic and vagal modulation of vascular tone and heart
rate, and its relationship with arterial stiffness in individuals with hypertension. In
general, hypertension is significantly associated with impaired autonomic control,
as represented by the quantitative ANS indicators (BRS, HRV, BPV and hemody-
namic changes in response to autonomic challenges) based on non-invasive, continu-
ous hemodynamic measurements. In addition, the non-invasively measured arterial
properties were found to be altered in hypertension. Different BRS, HRV and BPV
indices were identified but not all of them were correlated with the arterial structural
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changes. Although the interpretation of available studies was limited by heterogene-
ity, a significant correlation between certain ANS parameters and arterial stiffness in
hypertensive subjects was identified in most studies. Beat-to-beat BPV parameters
are potentially more sensitive in correlating with arterial stiffness, in particular SBPV
has a larger discriminative power in differentiating hypertensive from normotensive
as compared to DBPV. Future standardization of the ANS and arterial stiffness assess-
ment is required to better characterize factors causing hypertension in individual
patients, which could help in devising better treatment strategies for hypertension in
a personalized manner using non-invasive, beat-to-beat physiological recordings.

Methods
The systematic review was reported with reference to the Preferred Reporting Items
for Systematic Reviews and Meta-analyses 2020 (PRISMA-S) checklist [101].

Sources

Four major electronic databases, National Library of Medicine (PubMed), Web of Sci-
ence, Embase via Ovid platform and Scopus, were searched from inception until June
2022. The reference lists of articles included were also examined.

Search strategy

Four main key concepts were identified, namely, beat-to-beat, autonomic nerv-
ous system, arterial stiffness and hypertension. The relevant search terms (Table 11)
were used in each database with no restriction applied on the language and type of
articles. The full electronic search in PubMed is presented in Table 12 and a similar
strategy was replicated in the other databases.

Inclusion and exclusion criteria

This review included only studies using non-invasive, continuous (beat-to-beat)
hemodynamic measurements and excludes those involving long-term changes in
blood pressure and heart rate. Inclusion criteria were studies that investigated: (1) the
association between autonomic function and arterial properties using only non-inva-
sive measurements; (2) primary or secondary hypertension with the resting systolic
blood pressure (SBP) > 140 mmHg and/or diastolic blood pressure (DBP) > 90 mmHg
(or>135/85 mmHg for home blood pressure measurements); (3) adults aged 18 years
and above; (4) non-invasive assessment of the arterial properties; and (5) non-inva-
sive assessment of the autonomic function, as derived from continuous, non-invasive,
beat-to-beat physiological measurements over a period of > 5 min: beat-to-beat blood
pressure variability (BPV) and/or heart rate variability (HRV) in time or frequency
domain, or baroreceptor sensitivity, or indices based on hemodynamic changes in
response to autonomic function tests.

We excluded human studies which did not make autonomic control and arterial
properties their main focus, and all animal studies. Studies that focused on whitecoat,
masked, borderline, preeclampsia or gestational, or orthostatic hypotension were also
excluded.
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Key concept

Search terms

MeSH terms

#1  Beat-to-beat

#2 Autonomic nervous system
#3  Vascular condition
#4  Hypertension

“Beat-to-beat” OR “very short term”OR
“ultra short term”OR “finger blood pres-
sure” OR photoplethysmography OR
Finapres OR Finometer OR “Task Force
Monitor”OR Continuous OR Noninvasive

Sympathetic OR parasympathetic OR
vagal OR autonomic OR baroreflex OR
baroreceptor OR“Valsalva maneuver”
OR"tilt table” OR "head-up tilt"OR "deep
breathing” OR “cardiovascular variability”
OR "heart rate variability” OR “heart

rate fluctuations” OR “blood pressure
variability” OR "blood pressure fluctua-
tions”OR "heart rate changes”OR “blood
pressure changes” OR “time domain”OR
“frequency domain”OR “valsalva ratio”
OR handgrip OR “isometric exercise” OR
“cold pressor test” OR “active standing”
OR “lower body negative pressure”

“Arterial stiffness” OR “total arterial
compliance” OR“pulse wave velocity” OR
“pulse wave analysis” OR distensibility OR
compliance OR elasticity OR “pulse tran-
sit time” OR “peripheral resistance” OR
“vascular aging” OR “augmentation index”
OR ultrasonography OR ultrasound OR
tonometry OR MRI OR“intima-media
thickness”

“High blood pressure” OR Hypertensi*
OR “elevated blood pressure” OR ‘raised
blood pressure” OR “increased blood
pressure”

« Autonomic nervous system

- Baroreflex

- Sympathetic nervous system

- Parasympathetic nervous system

«Vascular Remodeling/physiology
«Vascular capacitance

- Vascular resistance

«Vascular stiffness

- Hypertension
« High blood pressure

Combination search: #1 AND #2 AND #3 AND #4

Table 12 Full search strategy in PubMed database

((("Autonomic Nervous System'[Mesh] OR "Baroreflex"[Mesh] OR "Tilt-Table Test"[Mesh] OR "Valsalva
Maneuver'[Mesh] OR "Autonomic Nervous System"[All Fields] OR "Baroreflex"[All Fields] OR "Tilt-table Test"[All
Fields] OR "Valsalva Maneuver"[All Fields] OR sympathetic[All Fields] OR parasympathetic[All Fields] OR

vagal[All Fields] OR "autonomic dysfunction"[All Fields] OR "baroreceptor sensitivity"[All Fields] OR "baroreflex
sensitivity"[All Fields] OR autonomic[All Fields] OR "Valsalva maneuver" [All Fields] OR "head-up tilt" [All Fields] OR
"Cold pressor test*"[All Fields] OR "deep breathing" [All Fields] OR "active standing" [All Fields] OR "postur*"[All
Fields] OR "lower body negative pressure" [All Fields] OR handgrip[All Fields] OR "isometric exercise"[All Fields]
OR "cardiovascular variability"[All Fields] OR "heart rate variability" [All Fields] OR "valsalva ratio"[All Fields] OR
"blood pressure variability"[All Fields] OR "heart rate fluctuation*"[All Fields] OR "blood pressure fluctuation*"[All
Fields] OR spectral[All Fields] OR "time domain"[All Fields] OR "frequency domain"[All Fields]) AND ("Vascular
Remodeling/physiology'[Mesh] OR "Vascular Capacitance"[Mesh] OR "Vascular Resistance'[Mesh] OR "Vascular
Stiffness"[Mesh] OR "Pulse Wave Analysis"[Mesh] OR "arterial stiffness"[All Fields] OR "total arterial compliance"All
Fields] OR "pulse wave velocity"[All Fields] OR "pulse wave analysis"[All Fields] OR "distensibility"[All Fields]

OR compliancel[All Fields] OR "vascular elasticity"[All Fields] OR "pulse transit time"[All Fields] OR "peripheral
resistance"[All Fields] OR "vascular condition*"[All Fields] OR "vascular aging*"[All Fields] OR MRI[AIl Fields] OR
"tonomet*"[All Fields] OR "augmentation index"[All Fields] OR ultrasound[All Fields] OR ultrasonographyfAll
Fields] OR "intima-media thickness"[All Fields])) AND ("hypertension"[MeSH Terms] OR hypertensi*[All Fields] OR
"high blood pressure"[All Fields] OR "raised blood pressure"[All Fields] OR "elevated blood pressure"[All Fields]
OR "increased blood pressure"[All Fields])) AND ("beat-to-beat"[All Fields] OR "very short term"[All Fields] OR
"ultra short term"[All Fields] OR Finapres[All Fields] OR "Task Force Monitor"[All Fields] OR "short term"[All fields]
OR "finger blood pressure"[All Fields] OR "finger arterial pressure"[All Fields] OR continuous[All Fields] OR "non-
invasive"[All Fields])) NOT (animal OR rat)
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Data extraction

All papers retrieved from the electronic database search process were imported into a
reference management software (EndNote Version X10, Clarivate Analytics), followed
by the removal of duplicates. These processes were performed independently by two
authors (OJH, SH) and any disagreements were resolved by a third author (EL). Data of
each included study were extracted by OJH and validated by SH using a data extraction
form (Microsoft Excel 2021). The extracted data were reported narratively rather than
quantitatively due to the variations in study designs and outcome measures.

Data outcome

Non-invasive ANS measures include BRS, HRV and BPYV, as well as hemodynamic
changes in response to autonomic challenge tests. All measures were derived from non-
invasive, continuous and beat-to-beat physiological signals.

Baroreflex sensitivity (BRS)

Baroreflex sensitivity, derived based on the spontaneous fluctuations in systolic arterial
pressure and the RR intervals, is an established assessment tool for cardiac autonomic
control [102]. Although various techniques for spontaneous BRS estimation have been
introduced, only spectral analysis and the sequence methods were used in the selected
studies [103, 104].

Beat-to-beat blood pressure variability (BPV) and heart rate variability (HRV)

Very short-term BPV refers to beat-to-beat variation in blood pressure over seconds to
minutes [105]. The changes in time intervals between adjacent heartbeats are defined
as HRV [16]. Both very short-term BPV and HRV are represented using time-domain
or frequency-domain indices. Time-domain measures, such as mean, standard deviation
and coefficient of variation, quantify the amount of variability in blood pressure or RR-
interval measurements over a>5 min period [16, 106]. In addition to the conventional
statistical estimates, blood pressure complexity analysis, which quantifies the irregu-
larity of a signal, has been implemented by measuring the degree of self-similarity or
repeated patterns within the signal via entropy-based measures [97, 107]. It has been
reported that the physiologic complexity of the blood pressure signal is reduced with
aging and in pathological diseases [108]. Similar to time-domain analysis, a minimum of
5 min continuous physiological signal is required for frequency-domain analysis to guar-
antee sufficient frequency resolution [109]. Frequency analysis of physiological signals
reveals the amount of signal power across different frequencies, which represent sepa-
rate components of the autonomic nervous system, such as the sympathetic or the para-
sympathetic pathways [16, 106]. The frequency-domain indices can either be expressed
in the power unit (i.e., mm Hg? for BPV and ms? for HRV) or the power spectral density
unit (i.e., mmHg?/Hz for BPV and ms*/Hz for HRV).

Hemodynamic changes in response to autonomic challenge tests

Autonomic challenge tests augment autonomic responses, leading to more obvious,
measurable changes in beat-to-beat hemodynamic measurements. These changes also
reflect variations in the vasculature characteristics. These tests are highly sensitive and
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specific in determining the functional integrity of the autonomic nervous system in both
normotensive and hypertensive patients [110].

Arterial stiffness

Arterial stiffness, which refers to the structural or mechanical properties of the arterial
system, is believed to influence the physiological variability [31]. Sonographic examina-
tion of the carotid arteries allows non-invasive assessment of the vasculature with the
measurement of arterial wall thickness commonly used to determine the presence of
hypertensive complications. Arterial stiffness can also be evaluated through pulse wave
velocity (PWYV), augmentation index (Alx), arterial compliance or distensibility coef-
ficient determined through tonometry performed on a peripheral artery, usually the
radial, femoral or carotid arteries. Commercially available, validated devices are able to
calculate the relevant indices automatically using preset algorithms, providing us with a
detailed picture of the arterial stiffness.

Quality assessment

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines [111] were referenced to assess the risk of bias. Seventeen out of 22 STROBE
checklist items were reported to identify the potential sources of bias related to the
scope and objectives of this systematic review. The checklist comprised of six main com-
ponents: abstract, introduction, methods, results, discussions and other information.
Two reviewers resolved the discrepancies through discussion.

Abbreviations

Abs Absolute unit

Alx Augmentation index

ANS Autonomic nervous system

ARV Average real variability

ba-PWV Brachial-ankle pulse wave velocity
BPV Blood pressure variability

BPV (complexity)
BRS

Complexity of systolic/diastolic blood pressure
Baroreflex sensitivity

cf-PWV Pulse wave velocity between carotid and femoral arteries
cIMT Carotid intima—media thickness

[€6) Cardiac output

cv Coefficient of variation

DBP Diastolic blood pressure

DC Distensibility coefficient

ESRD End-stage renal disease

HF Spectral power at high-frequency band
HR Heart rate

HRV Heart rate variability

HUT Head-up tilt

IMT Intima-media thickness

LF Spectral power at low-frequency band
MAP Mean arterial pressure

MSNA Muscle sympathetic nervous activity
PP Pulse pressure

PWV Pulse wave velocity

Rel Relative unit

RRI RR-intervals

RSD Residual standard deviation

SBP Systolic blood pressure

SCWT Stroop Color and Word Test

SD Standard deviation

SV Stroke volume

SVR Systemic venous resistance
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SVRI Systemic venous resistance index

TAC Total arterial compliance (SV/PP)

TP Total power

TPR Total peripheral resistance

TR Time-rate (first derivative of the BP values against time)
VIM Variation independent of mean

VM Valsalva maneuver
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