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INTRODUCTION

ABSTRACT Metabolic syndrome (MetS) involves multi-factorial conditions linked to
an elevated risk of type 2 diabetes mellitus and cardiovascular disease. Pre-metabolic
syndrome (pre-MetS) possesses two MetS components but does not meet the MetS
diagnostic criteria. Although cardiac autonomic derangements are evident in MetS,
there is little information on their status in pre-MetS subjects. In this study, we sought
to examine cardiac autonomic functions in pre-MetS and to determine which MetS
component is more responsible for impaired cardiac autonomic functions. A total of
182 subjects were recruited and divided into healthy controls (n=89) and pre-MetS
subjects (n=93) based on inclusion and exclusion criteria. We performed biochemical
profiles on fasting blood samples to detect pre-MetS. Using standardized protocols,
we evaluated anthropometric data, body composition, baroreflex sensitivity (BRS),
heart rate variability (HRV), and autonomic function tests (AFTs). We further exam-
ined these parameters in pre-MetS subjects for each MetS component. Compared
to healthy controls, we observed a significant cardiac autonomic dysfunction (CAD)
through reduced BRS, lower overall HRV, and altered AFT parameters in pre-MetS
subjects, accompanied by markedly varied anthropometric, clinical and biochemical
parameters. Furthermore, all examined BRS, HRV, and AFT parameters exhibited an
abnormal trend and significant correlation toward hyperglycemia. This study dem-
onstrates CAD in pre-MetS subjects with reduced BRS, lower overall HRV, and altered
AFT parameters. Hyperglycemia was considered an independent determinant of
alterations in all the examined BRS, HRV, and AFT parameters. Thus, hyperglycemia
may contribute to CAD in pre-MetS subjects before progressing to MetS.

inflammatory state, and prothrombotic state [1]. Individuals with
MetS have a greater risk of developing type 2 diabetes mellitus

Metabolic syndrome (MetS) is an amalgamation of predis-
posing factors, comprising insulin resistance (IR), raised blood
pressure (BP), atherogenic dyslipidemia, abdominal obesity, pro-

(T2DM), cardiovascular disease (CVD), and all-cause mortality.
These dreadful consequences may be mitigated by controlling the
MetS components with suitable interventions [2]. There is also
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evidence that MetS is a modest and applicable clinical tool for
identifying high-risk individuals prone to T2D and CVD. More-
over, MetS components have been independently linked to T2D
and CVD, making them therapeutic targets [3]. The prevalence of
MetS is rising at pandemic proportions in developed and emerg-
ing nations [4]. The global prevalence of MetS among adults is es-
timated between 20% and 25% [5]. Based on the National Health
and Nutrition Examination Survey reports from 2003 to 2012, the
prevalence of MetS in the United States was 33%, and the preva-
lence increased with age [6]. Despite the devastating prevalence of
MetS and its risk severity, determining the causative connection
between MetS and CVD has been challenging. It is still open for
debate whether they have shared underlying pathophysiology [7].

The leading risk factor for Mets is a condition called pre-
MetS, which is often overlooked, asymptomatic and unnoticed.
Pre-MetS is considered to have any two MetS components but
does not fulfill the MetS diagnostic criterion [8]. Pre-MetS is not
a specific condition but a set of risk factors grouped together,
significantly increasing the risk of developing MetS later in life,
and is probably a lifetime burden of CVD. Thus, detecting and
treating pre-MetS at an early stage is critical. An ongoing debate
is whether pre-MetS deserve targeted identification and clinical
intervention. Several studies have shown that MetS causes cardiac
autonomic dysfunction (CAD), which manifests as an imbal-
ance between sympathetic and parasympathetic activity [9-12].
The components of MetS, including abdominal obesity, IR, and
chronic inflammation, have been implicated as essential mecha-
nisms linking hyperinsulinemia, sympathetic overactivity, and
CAD [13].

Non-invasive evaluation of cardiac autonomic functions may
include heart rate variability (HRV), autonomic function tests
(AFTs), heart rate recovery, heart rate turbulence, sympathetic
skin response, R-R interval variation, and baroreflex sensitivity
(BRS) [14]. Spectral analysis of HRV (a measure of the variance in
time between each heartbeat) can assess the cardiac autonomic
modulation of the heart and provides vital insights into the
pathogenesis of CAD. Lower HRYV, especially lower vagal activity,
has been interrelated to ischaemic heart disease, heart failure, and
coronary heart disease [15]. Moreover, 12-year follow-up research
found that having lower HRV increased the odds of developing
MetS [16]. BRS measures arterial baroreflex function [17]. BRS as-
sessment is a sensitive and effective method for evaluating CAD,
with practical applications in a clinical setting. The factors that
affect BRS include autonomic imbalance and arterial distensibil-
ity. Many studies have documented the implication of reduced
BRS in obesity, triglyceridemia, MetS, hypertension, T2DM,
myocardial infarction, coronary artery disease, and heart failure
[12,18]. Classic AFTs, including heart rate (HR) and BP responses
to standing, deep breathing, and isometric handgrip, provide a
simple and non-invasive method for assessing the sympathovagal
control of the cardiovascular system. A cohort study found a link
between MetS and a greater risk of early CAD [19]. In the same
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cohort, they also looked at the prospective connections between
individual components of MetS and detected an early deficit of
cardiac autonomic functions.

We have recently found that CAD forms sympathovagal im-
balance, as measured by reduced BRS, lower HRV, and high
resting HR in patients with MetS [12]. Though umpteen studies
have demonstrated CAD in MetS subjects, there is a paucity of
research on assessing the cardiac autonomic functional status in
pre-MetS subjects. We hypothesized that early cardiac autonomic
functional derangements are already present in pre-MetS and
carry some predictive power for significant cardiovascular co-
morbidities and complications in the future. Early detection of
CAD in pre-MetS can delay or even prevent the development of
serious cardiovascular complications. We designed this study to
confirm the hypothesis and compare electrocardiogram (ECG)-
derived measurements of cardiac autonomic functions between
apparently healthy control and pre-MetS subjects. Furthermore,
we investigated which MetS component was responsible for im-
paired cardiac autonomic functions and tested whether measures
of autonomic function, such as BRS, HRV, and AFT indices, were
related to different components of pre-MetS.

METHODS
Study participants

We performed a cross-sectional observational study in the
Department of Physiology, Puducherry Teaching Hospital, India.
The Institutional Ethical Committee approved the study protocol
for human studies at JIPMER, Puducherry (JIP/TEC/2018/0301).
A power analysis was performed before the study using OpenEpi,
version 3 (www.OpenEpi.com). Accordingly, when the effect
size was considered moderate based on the previous report with
a difference of 0.54 between two independent means of the log-
transformed ratio of low-frequency to high-frequency power (LF/
HF) of HRV, the sample size obtained was 156 subjects with 78 in
each group, which have resulted from 95% confidence and 90%
power [20]. However, we enrolled 182 subjects, with 89 subjects in
the control group and 93 subjects in the study group. Before col-
lecting the data, we obtained written informed consent from all
the participants. The subjects aged 18 to 65 years of either gender
volunteered to participate in this study.

The study group comprises pre-MetS subjects recruited based
on predetermined eligibility criteria set by National Cholesterol
Education Program Adult Treatment Panel IIT guidelines. Pre-
MetS was detected using two of the following five conditions [21].
Elevated waist circumference (WC) > 90 cm in men and 80 cm in
women (South-Asian criteria); hyperglycemia with fasting plasma
glucose (FPG) > 100 mg/dl (5.6 mM) or previously diagnosed
with T2D or on medication for T2D; atherogenic dyslipidemia
with serum triglyceride (TG) > 150 mg/dl (1.7 mM) and high-
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density-lipoprotein cholesterol (HDL-c) < 40 mg/dl (1.03 mM) in
men, < 50 mg/dl (1.29 mM) in women or on specific treatment
for dyslipidemia; raised BP with systolic BP > 130 mmHg or dia-
stolic BP > 85 mmHg or receiving antihypertensive medication.
The control group comprises age-matched healthy participants
having normal clinical and biochemical (blood glucose and lipid)
profiles. Patients with cardiovascular, neurological, psychiatric,
endocrine, and other significant co-morbidities or using medica-
tion for a chronic condition were excluded from the study during
the screening procedure.

Demographic, anthropometric, clinical, and
biochemical data collection

Subjects were instructed to report to the Department of
Physiology on their scheduled appointment date fixed during
the screening process. A standard questionnaire was directed
to gather data on health status, personal and family history of
chronic diseases (hypertension, T2D, and CVD), smoking and
alcohol intake, medication, and lifestyle details. Anthropometric
measurements were performed using the World Health Organ-
isation (WHO) guidelines [22]. The body mass (weight in kg) was
assessed using a digital weighing machine. Height was measured
with a wall-mounted stadiometer. Body mass index (BMI) was
calculated using Quetelet’s index [23].

We used non-stretchable tape to measure WC (cm) around the
abdomen at the level of the umbilicus (belly button) between the
lower edge of the last palpable rib and the top of the iliac crest.
In contrast, hip circumference (HC in cm) was measured as the
largest diameter around the buttocks in a standing position. The
ratio of waist-hip (WHR) and waist-height (WHtR) were calcu-
lated. The percentage of body fat (BF%) was assessed using a body
fat analyzing device (Quadscan 4000; Bodystat, Isle of Man, UK)
with a bioelectrical impedance analysis approach. Participants
were asked to remove any metals and lie supine on the couch.
Then electrodes were connected to the hand and foot in a tetrapo-
lar pattern, which operates because the electrical conductivity of
fat-free tissue is far greater than the fat mass.

BP was measured in the right arm using an Omron automated
BP device after 10 min of rest in a sitting posture (SEM-1; Omron,
Kyoto, Japan). The same observer obtained a minimum of three
recordings at 1-min intervals. An average of three BP readings
was taken. Fasting blood samples were drawn by vein puncture
and processed for biochemical analysis of FPG, total cholesterol
(TC), HDL-c, and TG using commercial kits adapted to clinical
chemistry autoanalyzer (Olympus 400; Beckman Coulter, Orlan-
do, FL, USA). Friedwalds’s formula assessed low-density lipopro-
tein cholesterol (LDL-c) and very low-density lipoproteins (VLDL)
[24]. Homeostatic model assessment of IR (HOMA-IR) and other
lipid profile-derived parameters were calculated (TC/HDL-c,
TG/HDL-c, LDL/HDL-c, non-HDL-c¢/HDL-c, and atherogenic
index of plasma (AIP: logl0[TG/HDL-c])). We used commercially
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available enzyme-linked immunosorbent assay (ELISA) kits and
followed the manufacturer’s instructions to measure insulin,
high-sensitive C reactive protein (hs-CRP), and adiponectin (Cal-
biotech, El Cajon, CA, USA).

Measures of cardiac autonomic modulation

Short-term HRV

Following the standard guidelines published by the Task Force
of the European and North American society for HRV, lead II
electrocardiogram (ECG) was obtained for 5 min after 15 min of
supine rest [25]. We used BIOPAC MP 150 data acquisition sys-
tem (BIOPAC Inc., Goleta, CA, USA) to record the lead II ECG.
We carefully analyzed artifacts and ectopic beats and removed
them thoroughly using a windows-based computer software
AcgKnowledge (version 4.2; BIOPAC Inc.). Both time domain
and frequency domain indices (TDI and FDI) were analyzed by
Kubios software (version 2.0; Biomedical Signal Analysis Group,
University of Kuopio, Finland). FDI were depicted as spectral
power such as total power (TP), very-low-frequency (VLF) power,
HF, and LF power in both absolute powers (ms’) and normalized
units (nu). The TDI encompassed standard deviation of normal
to normal (SDNN) interval, square root of the mean squared
differences of successive normal to normal intervals (RMSSD),
adjacent RR interval differing more than 50 milliseconds (NN50),
and its percentage (pNN50).

BRS

We assessed BRS noninvasively using Finapres hemodynamic
cardiovascular monitor (Finometer; Finapres Medical Systems,
Amsterdam, Netherlands) and BeatScope Easy computer pro-
gram (Finapres Medical Systems). Finapres reconstructs brachial
pressure from finger pressure through generalized waveform
inverse modeling, and generalized level correction and measure-
ments are based on the volume clamp method of Penaz and the
Physiocal criteria of Wesseling [17]. The subjects were instructed
to rest in a supine position. The brachial cuff was tied 2 cm above
the cubital fossa around the midarm. A finger cuff with an infra-
red light-emitting diode was wrapped around the middle phalanx
of the middle finger. Two sensors were installed for the height
correction, one at heart level and the other at finger level. After
connecting the cuff cables to the finometer, the recordings were
obtained after 10 min of supine rest. The “return to flow calibra-
tion and the physiocal” was done during the initial 5 min of the
recordings for level correction between the brachial and finger
pressure. After this, 10 min of continuous recording was done.
BRS was stated as the inter-beat-interval change, in ms, with in-
stantaneous change in BP, in mmHg. Rate-Pressure Product (RPP)
[26], a determinant of the myocardial oxygen consumption and
workload, has been determined using the formula RPP = 10~ x
(basal heart rate [BHR] x systolic blood pressure [SBP]).

Conventional AFTs [27,28]

» HR response to deep breathing: Baseline ECG recordings
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were taken in the supine position for 30 sec. Subjects were
instructed to breathe slowly and deeply at six breaths per
minute, with 5 sec of inspiratory and expiratory cycles. The
E:I ratio is the measure of response calculated as a ratio of
the longest RR interval during expiration (E) to the shortest
RR interval during inspiration ().

o Lying to standing test: This test aimed to determine the ef-
fects of orthostasis (standing) on HR and BP. The baseline
ECG and BP measurements were taken while the subject was
lying down, and the subject was told to stand up within 3 sec.
A continuous ECG was recorded, and the BP was monitored
every 40 sec by an automatic BP monitor for five minutes.
The 30/15 ratio is calculated as the ratio of the longest RR
intervals around the 30th beat and the shortest RR intervals
around the 15th beat in response to orthostasis.

o Isometric handgrip test: The subjects were instructed to press
the handgrip dynamometer (Inco, Ambala, India) for two
minutes at 1/3rd of their maximum strength after obtaining
their baseline BP value. Recordings of BP were taken during
the first and second minutes of contraction. The measure of
response is the difference between baseline and maximum
rise in diastolic blood pressure (ADBP;;5). ADBP, is con-
sidered normal at > 16 and abnormal at < 10.

Statistical analysis

The SPSS software program (version 22) was used for all statis-
tical analyses (IBM Corp., Armonk, NY, USA). The Kolmogorov-
Smirnov test was used to determine the normality of data. Non-
normal distribution data were reported as median (interquartile
range), whereas normal distribution data were reported as mean
+ SD. Student’s t-test for continuous parametric data and Mann-
Whitney U-test for nonparametric data were used to compare the
control and test groups. We provided percentages and frequencies
for categorical data, and the chi-square test (;°) determined the
difference between groups. A point-biserial correlation was used
to measure the strength and direction of the association between
continuous variables (cardiac AFT parameters) and dichotomous
variables (presence and absence of each MetS component). We
used Pearson’s correlation coefficient analysis to assess the degree
of correlation between cardiometabolic variables. The correla-
tion heatmaps were created using the “ggcorrplot” R package (R
Studio windows version 4.2.1). Multiple linear regression analysis
was used to investigate the independent contribution of WhtR,
FPG, TG, HDL-c, RPP, and BF% to BRS, HRV, and AFT param-
eters. All analyses were two-tailed, and the study employed p <
0.05 as a level of statistical significance.

Table 1. Comparison of demographic, anthropometric, and body composition data between healthy control and pre-MetS subjects

Total subjects

Control subjects Pre-MetS subjects

Variable (n = 182) (n = 89) (n = 93) p-value
Demographic data
Age (y) 45.07 £ 7.47 44.43 +6.95 45.68 = 7.91 0.260
Gender (Men/Women) 99/83 46/43 53/40 0.473
Smoking 31(17.0) 6(6.7) 25(26.9) 0.001
Alcohol intake 54 (29.7) 16 (18.0) 38 (40.9) 0.001
Physically active 121 (66.5) 62 (69.7) 59 (63.4) 0.374
Family H/O HTN 49 (26.9) 21 (23.6) 28 (30.1) 0.322
Family H/O T2D 74 (40.7) 29 (32.6) 5(48.4) 0.030
Family H/O CVD 16 (8.8) 2(2.2) 4(15.1) 0.002
Increased WC 57 (31.3) 26(29.2) 1(33.3) 0.549
Hyperglycemia 70 (38.5) 14 (15.7) 56 (60.2) 0.001
High TG 28 (15.4) 2(2.2) 26 (28.0) 0.001
Low HDL-c 43 (23.6) 7(7.9) 36 (38.7) 0.001
Hypertension 26 (14.3) 2(2.2) 24 (25.8) 0.001
Anthropometric measures
Height (cm) 164.02 + 8.99 164.50 + 8.51 163.52 +9.45 0.464
Weight (kg) 68.06 = 10.08 66.35 +10.74 69.69 £ 9.16 0.025
Body mass index (kg/m’) 25.65 (22.90-28.00) 24.70 (22.50-27.20) 26.60 (24.55-28.25) 0.001
Waist circumference (cm) 89.32 +9.29 86.65 + 9.88 91.88 +7.94 0.001
Hip circumference (cm) 98.67 + 9.06 97.29 £9.15 99.98 + 8.82 0.045
Waist-to-hip ratio 0.92 (0.87-0.96) 0.89 (0.85-0.93) 0.95 (0.91-0.99) 0.001
Waist-to-height ratio 0.55 + 0.081 0.52 + 0.062 0.58 + 0.086 0.001
Body composition
Body fat (%) 23.75(18.4-30.3) 21.70 (16.55-29.55) 25.30 (20.75-34.50) 0.001
Body lean (%) 76.10 (69.1-81.6) 78.30 (70.40-83.0) 74.70 (65.50-79.25) 0.002

The values are expressed as mean + SD, number only, number (%), or median (inter-quartile range). MetS, metabolic syndrome; H/O
HTN, history of hypertension; H/O T2D, history of type 2 diabetes mellitus; H/O CVD, history of cardiovascular disease; WC, waist
circumference; TG, triglycerides; HDL-c: high-density-lipoprotein cholesterol.
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RESULTS

Table 1 presents descriptive statistical values for the study par-
ticipants’ demographic, anthropometric, and body composition
data. The standard definition of MetS identified 93 participants
with the pre-MetS. The study variables in pre-MetS subjects
were compared to 89 healthy control subjects of the same age
and gender. Participants in the pre-MetS group had similar age,
gender distribution, physical activity status, and family history of
hypertension compared with control group participants. Hyper-
glycemia is more common among pre-MetS participants (60.2%).
A significantly higher prevalence of smoking, alcohol consump-
tion, family history of T2D and CVD, hyperglycemia, high TG,
low HDL-c, and raised BP was observed in the pre-MetS group
(Table 1). Anthropometric and body composition data revealed
the expected unfavorable phenotype in pre-MetS subjects, with
substantially higher weight, BMI, WC, HC, WHR, and WHtR.
Body composition data showed significantly higher body fat%
and lower body lean% than control subjects (Table 1).

Table 2 shows the biochemical profile of the study participants.
As expected, the pre-MetS subjects showed an impaired glyce-
mic profile as significant hyperglycemia and IR than the control
group. Though TC and LDL-c were not significantly different,
other lipid profile markers (TG, VLDL, LDL/HDL, TC/HDL, TG/
HDL, non-HDL/HDL, and AIP) were significantly higher in pre-
MetS than controls, but HDL-c was markedly lower. Compared
to controls, the pre-MetS group had altered adipokine secretion
with substantially higher hs-CRP and lower adiponectin (Table 2).

Table 3 presents BP variability, HRV, and AFT parameters

compared among the study participants. The cardiovascular vari-
ables BHR, SBP, DBP, mean arterial pressure (MAP), and RPP
were considerably more significant in pre-MetS than in controls,
while BRS was markedly lower. All the TDI of HRV were signifi-
cantly lower in the pre-MetS group, including mean RR, SDNN,
RMSSD, NN50, and pNN50, suggesting lower overall HRV with
decreased parasympathetic activity. Among the FDI of HRV, we
found lower TP, HF, LF, VLF, HFnu, and greater LFnu and LF/
HF ratio in pre-MetS than controls, suggesting probable silent
CAD and sympathovagal imbalance. Based on AFT parameters,
we observed lower autonomic reactivity as significantly lower E:I
ratio, 30:15 ratio, and higher ADBP,;;, in pre-MetS subjects than
controls.

Furthermore, we analyzed the impact of each diagnostic com-
ponent of MetS on BRS, HRV, and AFTs in the pre-MetS group to
investigate which criteria have impaired the autonomic modula-
tion (Fig. 1). Among the MetS components analyzed, we found
significant variations in BRS, SDNN, RMSSD, TP, LF/HF, EI ra-
tio, 30:15 ratio, and ADBP; related to the presence of hypergly-
cemia criterion. More precisely, hyperglycemia showed a strong
correlation with reduced BRS, SDNN, RMSSD, TP, E:I ratio, 30:15
ratio, and increased LE:HF ratio and DBP,;,;. Abdominal obesity
was connected to a considerably higher LF/HF ratio of HRV.
Surprisingly, hypertriglyceridemia was linked positively to TP of
HRV and 30:15 ratio. No significant differences were observed in
these BRS, HRV, and AFT parameters associated with the other 2
MetS criteria (low HDL-c and elevated BP).

Fig. 2 shows the CVD risk variables associated with the BRS,
HRYV, and AFT parameters. Hyperglycemia (raised FPG) and

Table 2. Comparison of biochemical profile between healthy control subjects and pre-MetS subjects

Total subjects

Control subjects Pre-MetS subjects

Variable (n=182) (n = 89) (n=93) p-value
Glucose profile
FPG (mg/dl) 94.87 (81-109.19) 84.0 (75.0-94.9) 107 (90.0-121.38) 0.001
Insulin (uU/ml) 11.29 (7.79-16.20) 9.65 (6.35-14.21) 12.80 (9.24-17.90) 0.001
HOMAT-IR 2.54 (1.58-4.3) 1.93 (1.15-2.93) 3.35(2.03-5.33) 0.001
Lipid profile and lipid ratios (risk factors)
TC (mg/dh 170.50 (154.0-191.0)  170.0 (153.50-187.60)  171.89 (154.50-195.0) 0.207
TG (mg/dl) 140.00 (123.0-156.7)  125.90 (112.0-138.67)  154.0 (139.57-178.08) 0.001
HDL-c (mg/dl) 43.32+7.70 45.97 +5.43 40.78 + 8.66 0.001
LDL-c (mg/dl) 101.98 (86.30-113.0)  101.96 (88.50-106.60)  102.00 (84.50-127.45) 0.137
VLDL-c (mg/dl) 23 (17.0-30.0) 21.0(15.72-28.50) 24.0 (18.90-32.94) 0.034
LDL/HDL 2.26 (1.91-2.65) 2.17 (1.87-2.41) 2.50(1.99-3.35) 0.001
TC/HDL 3.90 (3.41-4.41) 3.71(3.32-4.03) 4.20 (3.6-5.1) 0.001
TG/HDL 2.90 (2.20-3.40) 2.70(2.10-3.20) 3.00 (2.46-3.65) 0.003
Non-HDL/HDL 2.90 (2.41-3.44) 2.71(2.32-3.03) 3.20 (2.51-4.08) 0.001
AIP 0.50 (0.40-0.60) 0.40 (0.30-0.50) 0.50 (0.41-0.64) 0.009
Biomarkers
hs-CRP (mg/l) 11.85 (8.20-14.15) 10.98 (7.02-13.73) 12.25(9.30-14.53) 0.007
Adiponectin (ug/ml) 12.12 (8.58-18.37) 13.03 (9.15-20.45) 11.20 (8.31-16.05) 0.021

The values are expressed as median (inter-quartile range) or mean + SD. MetS, metabolic syndrome; FPG, fasting plasma glucose;
HOMA-IR, homeostatic model assessment of insulin resistance; TC, total cholesterol; TG, triglyceride; HDL-c, high-density-lipoprotein
cholesterol; LDL-c, low-density-lipoprotein cholesterol; VLDL-c, very-low-density lipoprotein cholesterol; AIP, atherogenic index of

plasma; hs-CRP, high-sensitive C reactive protein.
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Table 3. Comparison of BPV parameters, HRV indices, and CAFT parameters between healthy control and pre-MetS subjects

Variable

Total subjects

Control subjects

Pre-MetS subjects

(n=182) (n = 89) (n=93) p-value
BPV parameters
BHR (per min) 72.0 (66.96-79.33) 70.78 (66.08-78.08) 73.0 (67.35-81.50) 0.032
SBP (mmHg) 118.44 +10.36 115.40 = 9.64 121.36 +£10.24 0.001
DBP (mmHg) 74.29 +9.29 71.98 +8.32 76.49 £ 9.66 0.001
MAP (mmHg) 90.39 = 10.01 86.38 + 7.82 94.22 +10.40 0.001
RPP (mmHg/min) 85.05 (75.32-99.52) 80.0 (72.50-89.75) 91.40 (79.25-108.85) 0.001
BRS (ms/mmHg) 15.70 £ 6.93 1743 +7.17 14.03 + 6.29 0.001
Time-domain indices of HRV
Mean RR (ms) 848.29 £ 116.08 869.43 £ 112.18 828.05 £ 116.74 0.016
SDNN (ms) 40.70 (28.47-56.27) 43.7 (31.80-59.40) 38.90 (26.05-48.25) 0.011
RMSSD (ms) 45.50 (33.75-56.0) 52.0 (38.15-59.70) 40.70 (23.55-49.20) 0.001
NN50 30.70 (6.0-66.0) 42.0 (16.0-67.0) 17 (2.5-64.5) 0.001
pNN50 (%) 8.40 (1.68-18.05) 12.20 (4.15-18.65) 4.9 (0.80-17.45) 0.001
Frequency-domain indices of HRV
TP (ms’) 1,302.50 (707.25-1868.25)  1,384.0 (965.0-2108.50) 1,090.0 (581.5-1689.5) 0.003
HF (ms?) 434.50 (186.5-676.50) 463.0 (243.0-688.50) 407.0 (120.0-683.0) 0.046
LF (ms?) 404.0 (193.0-663.0) 476.0 (231.0-664.50) 315.0 (157.5-652.10) 0.034
VLF (ms) 354.0 (67.0-651.0) 403.0 (116.0-667.0) 169.0 (48.5-543.0) 0.007
HF (nu) 50.02 (36.58-56.93) 52.74 (37.43-64.02) 47.80 (36.56-55.67) 0.020
LF (nu) 53.52 (43.56-59.28) 47.19 (35.93-62.49) 55.27 (47.1-69.8) 0.001
LF/HF 1.20(0.67-2.11) 0.88 (0.56-1.67) 1.44 (0.71-2.57) 0.001
Cardiac autonomic function test parameters
E:l ratio 1.36 (1.21-1.48) 1.41 (1.31-1.52) 1.28 (1.15-1.43) 0.001
30:15 ratio 1.30 (1.21-1.50) 1.40 (1.24-1.56) 1.26 (1.15-1.43) 0.001
ADBP ¢ 16.0(12.75-23.0) 14 (12.0-21.0) 17 (14.0-26.0) 0.002

The values are expressed as median (inter-quartile range) or mean + SD. BPV, blood pressure variability; HRV, heart rate variability;
CAFT, cardiac autonomic function test; MetS, metabolic syndrome; BHR, basal heart rate; SBP, systolic blood pressure; DBP, diastolic
blood pressure; MAP, mean arterial pressure; RPP, rate pressure product; BRS, baroreflex sensitivity; Mean RR, mean-RR interval; SDNN,
standard deviation of normal to normal interval; RMSSD, square root of the mean squared differences of successive normal to normal
intervals; NN50, the number of interval differences of successive NN intervals greater than 50 ms; PNN50, the proportion derived by
dividing NN50 by the total number of NN intervals; TP, total power; HF, high-frequency power; HF nu, HF power in normalized units
(HF / (TP-VLF) x 100); LF, low-frequency power; LF nu, LF power in normalized units (LF / (TP-VLF) x 100); VLF, very-low-frequency; LF/
HF, a ratio of the low-frequency component to the high-frequency; E:l ratio, a ratio of maximum RR interval during expiration to
minimum RR interval during inspiration following deep breathing; ADBP,;, @ maximum rise in diastolic BP above baseline following

sustained handgrip.

HOMA-IR were significantly associated with all the studied pa-
rameters, including BRS, SDNN, RMSSD, TP, LF/HF, E:I ratio,
30:15 ratio, and ADBP,;.. The BRS and ADBP,;,; had the most
substantial power among the studied parameters regarding cor-
relation with FPG. The other CVD risk variables (WHR, WHtR,
insulin, TG, HDL-c, and BF%) also showed a few associations
with BRS, HRV, and AFT parameters. Multiple linear regression
analysis assesses the independent association of BRS, HRV, and
AFT parameters (as dependant variables) with MetS risk factors
(independent variables) in the pre-MetS group (Table 4). Among
the MetS risk factors, FPG levels were revealed to be an indepen-
dent predictor of alterations in all the examined BRS, HRYV, and
AFT parameters.

DISCUSSION

Globally, the prevalence of MetS is increasing and becoming
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a significant threat in all age groups and should be monitored
carefully. Furthermore, each component of MetS increases the
jeopardy of T2D and CVD [29]. One possible mechanism un-
derpinning the relationship between MetS and CVD events is
an aberrant modulation in autonomic tone with sympathovagal
imbalance [30]. Pre-MetS is the asymptomatic precursor of MetS
and is expected to be associated with early CAD. Thus, pre-MetS
is becoming a viable target for early management to avoid devel-
oping the MetS and its associated CAD in the future. HRV, BRS,
and AFT measurements have been widely used in clinical settings
as investigative and predictive tools to explore cardiac autonomic
functional status.

The present study involved 182 study participants, catego-
rized into pre-MetS and control groups based on the standard
criteria for MetS. The following were the significant findings of
the study: (1) Pre-MetS subjects were more prone to have CAD
than the control group; (2) BRS, HRV, and AFT parameters were
significantly different between the pre-MetS and control groups;
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Correlation matrix visualization between CAFT parameters and MetS components
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Fig. 1. Graph illustrating the correlation between cardiac autonom-
ic function test (CAFT) parameters and each component of meta-
bolic syndrome (MetS) in pre-MetS subjects (n = 93). We created the
correlation heatmap using the R package “ggcorrplot”. The color gra-
dients display pairwise correlation measured by Pearson’s correlation
coefficient (r values). In a total of 93 pre-MetS subjects, there were 31
subjects with abdominal obesity, 56 subjects with hyperglycemia, 26
subjects with hypertriglyceridemia, 36 subjects with low HDL-c, and 24
subjects with elevated BP. A cross represents an absence of statistical
significance (p-value > 0.05). The correlation is significant at 0.05, 0.01,
and 0.001. For instance, hyperglycemia was statistically correlated with
BRS, SDNN, RMSSD, TP, LF:HF, E:l ratio, 30:15 ratio, and DBP,,¢. HDL-c,
high-density-lipoprotein cholesterol; BP, blood pressure; BRS, barore-
flex sensitivity; SDNN, standard deviation of normal to normal interval;
RMSSD, square root of the mean squared differences of successive
normal to normal intervals; TP, total power; LF, low-frequency power;
HF, high-frequency power; E:l ratio, a ratio of maximum RR interval
during expiration to minimum RR interval during inspiration following
deep breathing; DBP,,,, diastolic BP above baseline following sustained
handgrip.

(3) BRS, HRV, and AFT values were substantially different only
in groups defined by the existence of the hyperglycemia criterion
when the participants in pre-MetS were further evaluated for each
diagnostic component of MetS; (4) All of the BRS, HRV, and AFT
parameters studied had a significant association with FPG levels;
and (5) The raised FPG levels were shown to be an independent
determinant of all the BRS, HRV, and AFT parameters studied.

Anthropometric and body composition data in
pre-MetS

In addition to significantly elevated WC, which is already re-
garded as a component of MetS, the study found weight, BMI,
HC, WHR, WHIR, and BF% were significantly higher in pre-
MetS subjects signifying the presence of abdominal obesity, pre-
disposing to CVD risk. Among the anthropometric parameters,
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Correlation matrix visualization of the correlation between cardiometabolic parameters
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Fig. 2. Correlation matrix visualization depicting the correlation
between cardiometabolic parameters in pre-MetS subjects (n =
93). We created the correlation heatmap using the R package “ggcor-
rplot”. The color gradient indicates Pearson’s correlation coefficients (r
values) based on pairwise correlations. Crosses indicate a lack of statis-
tical significance (p-value > 0.05). Correlation is significant at 0.05, 0.01,
and 0.001. A statistically significant correlation was seen, for instance,
between BRS, SDNN, RMSSD, TP, LF:HF, E:l ratio, 30:15 ratio, DBP,, in-
sulin, HOMA-IR, BF%, hs-CRP, and FPG. MetS, metabolic syndrome; BRS,
baroreflex sensitivity; SDNN, standard deviation of normal to normal
interval; RMSSD, square root of the mean squared differences of succes-
sive normal to normal intervals; TP, total power; LF, low-frequency pow-
er; HF, high-frequency power; E:l ratio, a ratio of maximum RR interval
during expiration to minimum RR interval during inspiration following
deep breathing; DBP,, diastolic BP above baseline following sustained
handgrip; BMI, body mass index; WHR, ratio of waist-hip; WHtR, ratio
of waist-height; FPG, fasting plasma glucose; HOMA-IR, homeostatic
model assessment of insulin resistance; TG, triglyceride; HDL-c, high-
density-lipoprotein cholesterol; AIP, atherogenic index of plasma; MAP,
mean arterial pressure; RPP, rate pressure product; BF%, percentage of
body fat; hs-CRP, high-sensitive C reactive protein.

WHR, particularly WHtR, has been reported to be linked with
CVD deaths [31]. Notably, the significant association of WHtR
with BRS, SDNN, RMSSD, TP, and E:I ratio in pre-MetS subjects
suggests an early CAD (Fig. 2). Moreover, a substantial rise in
BF% with a concomitant reduction in body lean% in pre-MetS
subjects might suggest a dysfunctional energy metabolism involv-
ing glucose and lipids due to increased adiposity. The substantial
relationship between BF% and BRS, SDNN, RMSSD, TP, and E:I
ratio might imply that excess adiposity contributes to early CAD
(Fig. 2).

Glycemic parameters, lipid profiles, and circulating
biomarkers in pre-MetS

The altered glycemic profile in pre-MetS subjects indicated an
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Table 4. Multiple linear regression analysis to assess the independent association of BRS, HRV, and AFT parameters (as dependant variables)
with MetsS risk factors (as independent variables) in the pre-MetS group, adjusted for age, gender, smoking, and alcohol history

Dependent variables in pre-MetS

Independent variable

E:l 30:15

BRS SDNN RMSSD TP LF/HF . . ADBP,,¢
ratio ratio

WHItR

Beta (standardized) -0.259 0.006 -0.108 -0.101 0.019 -0.270 -0.103 -0.013

p-value 0.024* 0.955 0.394 0.408 0.886 0.032* 0.429 0.910
FPG

Beta (standardized) -0.418 -0.134 -0.273 -0.250 0.222 -0.303 -0.353 0.325

p—value 0.001* 0.155 0.009* 0.013* 0.046* 0.003* 0.001* 0.001*
TG

Beta (standardized) -0.006 —-0.050 -0.141 -0.063 0.102 -0.144 -0.105 0.195

p-value 0.945 0.583 0.161 0.519 0.346 0.148 0.314 0.031*
HDL

Beta (standardized) 0.225 0.383 0.210 0.135 -0.108 0.032 0.076 -0.288

p-value 0.020%* 0.001* 0.051 0.193 0.346 0.759 0.492 0.003*
RPP

Beta (standardized) -0.010 -0.151 -0.034 -0.053 0.050 0.034 -0.032 -0.071

p—value 0.925 0.146 0.765 0.627 0.679 0.759 0.781 0.464
Body fat%

Beta (standardized) -0.003 -0.180 -0.013 -0.243 0.076 -0.083 0.031 -0.110

p-value 0.979 0.108 0.915 0.041* 0.561 0.487 0.805 0.308

The values with an asterisk (*) indicate a significant p value (p<0.05). BRS, baroreflex sensitivity; HRV, heart rate variability; AFT,
autonomic function test; MetS, metabolic syndrome; SDNN, standard deviation of normal to normal interval; RMSSD, square root of the
mean squared differences of successive normal to normal intervals; TP, total power; LF, low-frequency power; HF, high-frequency power;
E:l ratio, a ratio of maximum RR interval during expiration to minimum RR interval during inspiration following deep breathing; ADBP,,
a maximum rise in diastolic BP above baseline following sustained handgrip; WHIR, ratio of waist-height; FPG, fasting plasma glucose;
TG, triglyceride; HDL, high-density-lipoprotein; RPP, rate pressure product.

insulin-resistant condition with significantly higher FPG, insulin,
and HOMA-IR (Table 2). Lipid profile abnormalities were ob-
served in the pre-MetS group with markedly elevated TG, lipid to
lipoprotein ratios, and lower HDL-c. The significant associations
of FPG and HDL-c with the examined parameters of BRS, HRV,
and AFTs and the independent contribution of FPG and HDL-c
to altered BRS, HRV, and AFT parameters imply that the subjects
in the pre-MetS group are at an increased CVD risk associated
with CAD due to IR, and atherogenic dyslipidemia. Our recent
findings support the theory that persistent low-grade inflamma-
tion and hypoadiponectinemia are vital in developing metabolic
abnormalities in MetS patients [12]. Similarly, significantly higher
hs-CRP and lower adiponectin levels in pre-MetS, as well as the
association of hs-CRP with a few studied BRS, HRV, and AFT
parameters, suggest an association of chronic inflammation with
CAD in the current investigation.

Blood pressure variability (BPV) parameters in
pre-MetS

Among the BPV parameters, BHR is the most direct and
straightforward predictor of cardiac health. Low vagal potency
and autonomic imbalance have been linked to a high resting HR
[32]. Higher resting HR could indicate an imbalance in the heart’s
sympathovagal control. Consequently, myocardial oxygenation
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and workload are determined by the RPP, and an increase in RPP
has been identified as a CVD risk factor [26]. The pre-MetS group
had a significant increase in BHR and RPP, along with systolic,
diastolic, and mean arterial BP (SBP, DBP, and MAP), when
compared to controls, indicating poor CV health and increased
susceptibility to cardiac arrhythmias and other cardiovascular
complications. Additionally, BRS, a strong determinant of cardiac
mortality, was significantly lower in the pre-MetS group than in
controls, confirming poor CV health and cardiac autonomic im-
balance in these subjects. Pikkujamsa et al. [33] found impaired
BRS and respiratory modulation of HR in hypertensive subjects
with or without IR syndrome. These findings were backed up
by our study findings in the pre-MetS group. In another study,
Lindgren et al. [34] mentioned that BRS could precisely detect
autonomic complications and disease prognosis and found a car-
diovascular autonomic imbalance in MetS and IR subjects as a
low BRS.

HRV indices in pre-MetS

The spectral analysis of HRV is a robust approach for evaluat-
ing cardio-vagal modulation and the type and severity of CAD in
both health and illness. To date, no data on cardio-vagal modula-
tion in pre-MetS has been penned. In the current investigation,
we detected a strong and consistent link between pre-MetS and
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reduced HRV in the form of changes in the time and frequency
domain measurements. The TP of HRV represents entire au-
tonomic activity and cardio-vagal regulation. Reduced TP has
recently been linked with sudden CVD morbidity and mortality
[15,35]. Consequently, the pre-MetS group in this study demon-
strated a significant drop in the TP, presumably increasing the
risk of unfavorable CVD events. The lower TP was complemented
by a lower SDNN, which indicates a lower overall HRV. The LF
power of HRV represents both sympathetic and parasympathetic
modulation, with the cardiac sympathetic drive being the most
prominent. The pre-MetS group had considerably higher LFnu
than the controls, indicating sympathetic dominance (Table 3).
Inhibition of vagal activity was also observed in the pre-MetS
group by a substantial drop in the parasympathetic drive indica-
tors, including HF power and HFnu. In the pre-MetS group, lower
HF power and HFnu were accompanied by lower RMSSD (an in-
dicator of parasympathetic activity), confirming inadequate car-
diac vagal regulation. The LE/HF ratio shows the sympathovagal
balance, and an increased LF/HF ratio suggests a sympathovagal
imbalance. In the present study, the pre-MetS group had a much
higher LF/HF ratio, indicating a considerable sympathovagal
imbalance in these subjects. These findings are also consistent
with the previous cross-sectional studies by Liao et al. [36], Min et
al. [37], and Koskinen et al. [38]. They revealed that MetS and its
components were linked to CAD with reduced parasympathetic
and increased sympathetic activity [36-38].

Classical AFTs in pre-MetS

Classical AFTs employ physiological exercises and noninva-
sively determine fast and dynamic changes in autonomic nervous
activity. Parasympathetic function tests include HR response
to deep breathing (E:I ratio) and standing (30:15 ratio), whereas
sympathetic functions are assessed using the isometric handgrip
(ADBPyy;;) [27,28]. Reduced parasympathetic reactivity was ob-
served as a considerable drop in the E:I ratio and the 30:15 ratio in
pre-MetS subjects. Furthermore, the higher ADBP,, in pre-MetS
subjects suggests increased sympathetic reactivity. As a result of
elevated sympathetic tone and reactivity and reduced vagal tone
and reactivity in pre-MetS patients, the current study’s results
may suggest CAD in these subjects. Endukuru et al. [12] and
Keerthi et al. [39] reported similar findings and demonstrated
impaired AFT parameters in MetS and prediabetes, respectively.
Several multifaceted metabolic pathways involving glucotoxicity,
lipotoxicity, altered insulin signaling, increased cytokine activity,
and interstitial deposition of triacylglycerol result in increased
glucose and free fatty acid circulation, increasing pancreatic in-
sulin secretion, leading to increased sodium reabsorption, and
enhanced sympathetic nervous system activity, which could
underlie reduced BRS and lower HRV in pre-Met subjects [40].
Furthermore, pre-MetS subjects exhibit excess adiposity, athero-
genic dyslipidemia, elevated BP, hypoadiponectinemia, and pro-
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inflammatory events, which may be linked to cardiac autonomic
imbalance.

Cardiac autonomic modulation parameters in
pre-MetS subjects according to the presence and
absence of concurrent MetS components

Despite the well-recognized link between CAD and pre-MetS,
we assessed BRS, HRV, and AFT parameters in pre-MetS sub-
jects stratified by the presence and absence of concurrent MetS
components. In the present study, we observed a significant cor-
relation of hyperglycemia with lower BRS, SDNN, RMSSD, E:I
ratio, 30:15 ratio, and higher LF/HF ratio and ADBP,;; in the pre-
MetS subjects. We also observed significant differences in a few
parameters of HRV in pre-MetS with abdominal obesity (Fig. 1).
Surprisingly, hypertriglyceridemia was linked positively to TP of
HRV and 30:15 ratio. However, no differences were observed in
the other two MetS components (low HDL-c and elevated BP).
Moreover, FPG levels could remain an independent predictor of
reduced BRS, low HRV, and abnormal AFT parameters in pre-
MetS subjects. Similar results were reported by Rasic et al. [41]
and Balcioglu et al. [42]. They investigated CAD in MetS and
its components and found hyperglycemia as a reliable predictor
for HRV [41,42]. Recent research suggested that hyperglycemia
may cause CAD via increased formation of advanced glycation
end products, endothelial dysfunction, and oxidative stress, all of
which may lead to neuronal damage and subsequent autonomic
impairment [43]. In addition, the association between hypergly-
cemia and CAD may be bidirectional. It has been suggested that
CAD causes hyperglycemia via impaired insulin release by the
pancreas, increased glucose production by the liver, impaired glu-
cose uptake, and IR in skeletal muscles [43]. Hence, CAD might
be a result of, as well as a precursor to hyperglycemia, and a vi-
cious cycle of hyperglycemia and CAD may exist.

Strengths and limitations

The noteworthy observation of the current study is that pre-
MetS is asymptomatic and persists for a long time, exposing sub-
jects to premature CVD risks before they fully develop MetS and
T2DM. Thus, early diagnosis of pre-MetS and its associated CAD
is of great clinical importance, leading to more intense monitor-
ing of at-risk people. Our study has other strengths: we enrolled
pre-MetS subjects with no major co-morbidities. We assessed
numerous measures of cardiac autonomic modulation to evalu-
ate CAD in pre-MetS. Additionally, we analyzed the impact of
individual components of MetS on BRS, HRV, and AFT param-
eters in the pre-MetS group to find out which MetS component
contributes more to CAD. However, there are several limitations
in the study that must be addressed. First, the cross-sectional re-
search design may not demonstrate the cause-effect relationship
and bidirectional association between autonomic impairments
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and metabolic disturbances of MetS. In the future, well-designed
longitudinal studies with robust measures are needed to examine
these relationships over time. The sample size was modest, and
we have not involved other inflammatory markers and adipo-
kines contributing to CAD and CVD risks in pre-MetS.

In conclusion, reduced BRS, lower HRV, and altered AFT pa-
rameters in the pre-MetS group revealed an early CAD compared
to controls. Thus, it appears that CAD begins early in the pre-
MetS stage. These findings confirmed the hypothesis that early
cardiac autonomic functional derangements are present in the
initial stages of pre-MetS and associated with progressive dete-
rioration before the development of MetS and T2DM. Hypergly-
cemia potentiates CAD with a sympathovagal imbalance in pre-
MetS subjects. These findings may reveal that pre-MetS subjects
with hyperglycemia are more predisposed to CAD and CVD risk.
Consequently, early diagnosis of CAD and screening for the pres-
ence of MetS components should be equally important. Further
research should demonstrate whether early treatment of CAD
and MetS components can improve CVD outcomes.
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