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1 INTRODUCTION 





2 REVIEW OF THE LITERATURE 

2.1 Regulation of blood pressure - the physiological basis 

2.1.1 Cardiac function and peripheral vascular resistance 



2.1.2 Central wave reflection and arterial stiffness 



Figure 1.  Central wave pressure curve in elastic and in stiffened artery (modified from Safar et al. 
2013). 



Figure 2.  Schematic presentation of the central blood pressure curve (modified from Safar et al. 
 2013). 

 



Figure 3.  Amplification phenomenon along the arterial tree (modified from Wilmer & Vlachopoulos 
2011). 

 









2.1.3 Cardiac autonomic tone, heart rate variability 



2.2 The meaning of the posture, tilt table test 



2.3 Cardiovascular differences between the sexes  

2.3.1 Sex-related differences in cardiovascular diseases 





2.3.2 Hemodynamics in male and female subjects 



2.4 Metabolic syndrome  

2.4.1 Definitions of metabolic syndrome  
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2.4.2 Pathophysiology of metabolic syndrome 





2.4.3 Clinical importance of metabolic syndrome 



2.4.4 Hemodynamic features associated with metabolic syndrome 





2.4.5 Sex-related differences in metabolic syndrome 



2.4.6 Metabolic syndrome and autonomic nervous system 







3 AIMS OF THE STUDY 



4 SUBJECTS AND METHODS 

4.1 Study subjects 



Table 2.  Medications used regularly by the subjects of Study II (number of subjects with each            
 type of medication). 

 

Men 
n = 167 

Women 
n = 167 

Acetylsalicylic acid 3 0 
Acyclovir 0 1 

Allopurinol 0 1 

Amitriptyline 0 1 

Amoxicillin 0 1 

Antidepressant (SSRI or SNRI) 3 12 

Antihistamine 2 5 

Doxycycline (low dose) 1 0 

Ezetimibe 1 0 

Female hormones   

Systemic (including tibolone) 0 41 

Topical 0 3 

Glucosamine 3 3 

Intranasal or inhaled corticosteroid 2 6 

Isotretinoin 0 1 

Letrozole 0 1 

Levomepromazine 0 1 

Levonorgestrel via intrauterine device 0 16 

Liothyronine 0 1 

Lymecycline 1 0 

Mefloquine 0 1 

Melatonin 1 1 

Mepacrine 1 0 

Non-steroidal anti-inflammatory drug 1 3 

Oxybutynine 0 1 

Pramipexole 0 1 

Pregabalin 1 1 

Proton pump inhibitor 3 4 

Quetiapine 0 1 

Statin 7 1 

Thyroxine 0 10 

Valproate 0 1 

Vitamin D supplementation 6 11 

Warfarin 1 0 





4.2 Hemodynamic measurements 

4.2.1 Measurement protocol 



 

4.2.2 Pulse wave analysis 

4.2.3 Whole-body impedance cardiography 



Figure 4.  Placements of the electrodes in the ICGWB measurement (modified from CircMonR -
manual). 



4.3 Evaluating of cardiac autonomic tone 

4.4 Laboratory tests 



4.5 Statistical analyses 



4.6 Ethical aspects 



5 RESULTS 

5.1 Sex-related differences in hemodynamics (Study II) 
 
 

 
 





Table 3.  Characteristics in the groups of Study II. 

 Men 
n = 167 

Women 
n = 167 

P-value 

Age (years) 45 ± 12 45 ± 11 0.967 

Body mass index (kg/m2) 26.5 ± 3.7 26.6 ± 3.8 0.898 

Height (cm) 180 ± 6 166 ± 6 <0.001 

Weight (kg) 88 ± 12  73 ± 11 <0.001 

Systolic blood pressure (mmHg) 136 ± 17 131 ± 20 0.006 

Diastolic blood pressure (mmHg) 79 ± 13 76 ± 13 0.024 

Smoking    

Current (n / %) 22 / 13.2 % 17 / 10.2 % 0.394 

Previous (n / %) 51 / 30.5 % 46 / 27.5 % 0.547 

Never (n / %) 94 / 56.3 % 104 / 62.3 % 0.265 

Alcohol (standard drinks/week) 4 (1-10) 2 (0-4) <0.001 

Creatinine (μmol/l) 82 ± 12 65 ± 9 <0.001 

Cystatin-C (mg/l) 0.87 ± 0.14 0.80 ± 0.14 <0.001 

eGFR (ml/min/1.73 m2) 99.2 ± 14.5 99.3 ± 14.0 0.956 

Total cholesterol (mmol/l) 5.1 ± 1.0 5.1 ± 1.0 0.804 

LDL-C (mmol/l) 3.1 ± 1.0 2.8 ± 0.9 0.021 

HDL-C (mmol/l) 1.4 ± 0.3 1.8 ± 0.4 <0.001 

Triglycerides (mmol/l) 1.3 (0.7-1.5) 1.1 (0.7-1.3) 0.007 

Fasting plasma glucose (mmol/l) 5.5 ± 0.5 5.3 ± 0.5 <0.001 

Cornell voltage product in ECG  
(ms x mm) 

1638 ± 615 1621 ± 509 0.779 

Values are means ± SD except the values for smoking, which are the numbers of cases and 
percentages, and the values for alcohol intake and triglycerides, which are shown as medians (lower 
and upper quartiles) due to skewed distribution; eGFR, estimated glomerulus filtration rate; HDL-C, 
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ECG, 
electrocardiogram.  
 
 
 
 
 
 
 
 
 



Figure 5.  Line graphs show mean arterial pressure (A), heart rate (B), stroke index (C), cardiac 
index (D), left cardiac work index (E), and systemic vascular resistance index (F) in 167 men and 
167 women during supine position and passive head-up tilt; means and 95% confidence intervals 
of the mean; P values denote differences between the sexes in unadjusted analysis, and in 
analyses adjusted for low-density and high-density lipoprotein cholesterol, triglycerides, glucose, 
mean arterial pressure, smoking habits, alcohol intake, and height.  



5.2 Hemodynamics in metabolic syndrome 

5.2.1 Supine hemodynamics in metabolic syndrome with and without 
hypertension (Study I) 

 





Figure 6.  Pulse wave velocity (A), stroke index (B), heart rate (C), and cardiac index (D) in the study 
groups. HT, hypertensive subjects without any other components of MetS; NT-MetS, 
normotensive subjects with MetS; HT-MetS, hypertensive subjects with MetS; values as mean ± 
CI; ✳P < 0.05 vs. controls, †P < 0.05 vs. HT. 
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Figure 7.  Aortic pulse pressure (A), systemic vascular resistance index (SVRI) (B), augmentation 
index related to heart rate 75/min (C), and aortic augmentation pressure (D) in the study groups. 
HT, hypertensive subjects without any other components of MetS; NT-MetS, normotensive 
subjects with MetS; HT-MetS, hypertensive subjects with MetS; values as mean ± CI; ✳P < 0.05 
vs. controls, ‡P < 0.05 vs. NT-MetS. 
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Figure 8.  The relations of pulse wave velocity and systemic vascular resistance index to aortic pulse 
pressure. This is an additional figure and was not included in the original publication. 

 
 
 
 

 



Table 4.  Linear regression analysis of variables associated with pulse wave velocity. 

   95% Confidence Interval for 
B 

 

 B Beta Lower Bound Upper Bound P - value 

Age 0.075 0.432 0.052 0.098 <0.001 

Sex 0.273 0.079 -0.464 1.009 0.466 

Height 0.016 0.095 -0.019 0.052 0.366 

Waist circumference -0.001 -0.011 -0.024 0.021 0.913 

Current or previous 

smoking 0.108 0.030 -0.323 0.539 0.622 

Systolic blood pressure 0.019 0.205 0.000 0.038 0.057 

Diastolic blood pressure 0.004 0.031 -0.024 0.032 0.770 

HDL-C -0.837 -0.240 -1.470 -0.203 0.010 

Triglycerides 0.349 0.172 0.014 0.683 0.041 

Fasting plasma glucose 0.324 0.101 -0.164 0.812 0.191 

The enter method was used in the linear regression analysis. R squared of the model was 0.461.  
Male = 0, female = 1; non-smoking = 0, current or previous smoking = 1. 

5.2.2 Supine and upright hemodynamics in men and women with metabolic 
syndrome (Study III) 

 
 
 

 





Table 5.  Characteristics in the groups of Study III. 

Values are means ± SD except the values for smoking, which are the numbers of cases and 
percentages, and the values for triglycerides and alcohol doses per week, which are shown as 
medians (lower and upper quartiles) due to skewed distribution. M-control, men without MetS; 
M-MetS, men with MetS; W-control, women without MetS; W-MetS, women with MetS; P<0.05 
MetS vs control group; BMI, body mass index; eGFR, estimated glomerulus filtration rate; HDL-C, 
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; QUICKI, quantitative 
insulin sensitivity check index.

 
 

 

  M-control 
n=133 

M-MetS 
n=119 

W-control 
n=196 

W-MetS 
n=54 

Age (years) 48 ± 10 49 ± 9 47 ± 9 50 ± 10  

BMI (kg/m2) 26 ± 3 30 ± 3  25 ± 4 30 ± 5  

Waist circumference (cm) 95 ± 9 105 ± 8  85 ± 12 96 ± 12  

Systolic blood pressure  
(mmHg) 

129 ± 15 144 ± 16  124 ± 18 141 ± 18  

Diastolic blood pressure 
(mmHg) 

74 ± 10 84 ± 10  72 ± 12 80 ± 12  

Pulse wave velocity (m/s) 8.50 ± 1.8 9.88 ± 2.0  7.87 ± 1.4 9.21 ± 1.9  

Current smoker (N/%) 21 (16%) 14 (12%) 24 (12%) 6 (11%) 

Alcohol intake  
(standard doses/week) 

4 (1-9) 4 (1-10) 2 (0-3) 2 (0-4) 

Creatinine (µmol/l) 83 ± 12 81 ± 11 66 ± 9 62 ± 9  

eGFR (ml/min/1.73 m2) 95 ± 13 95 ± 12 95 ± 13 98 ± 13 

Fasting plasma glucose 
(mmol/l) 

5.4 ± 0.4 5.9 ± 0.4  5.2 ± 0.4 5.8 ± 0.5  

Total cholesterol (mmol/l) 5.1 ± 0.9 5.7 ± 1.1  5.1 ± 1.0 5.7 ± 0.8  

Triglycerides (mmol/l) 1.0 (0.7 - 1.4) 1.8 (1.1 - 2.4)  0.9 (0.6 - 1.1) 1.5 (1.1 - 2.1)  

HDL-C (mmol/l) 1.5 ± 0.3 1.2 ± 0.3  1.9 ± 0.4 1.5 ± 0.4  

LDL-C (mmol/l) 3.1 ± 0.9 3.7 ± 0.9  2.8 ± 0.9 3.5 ± 0.7  

QUICKI 0.365 ± 0.045 0.342 ± 0.040  0.373 ± 0.041 0.338 ± 0.031  

Cornell voltage product 
in ECG (ms x mm) 

1621 ± 817 1772 ± 557 1546 ± 516 1764 ± 518  





Figure 9.  Radial systolic blood pressure (A), diastolic blood pressure (B), heart rate (C), and 
systemic vascular resistance (SVR) in the study groups; means and 95% confidence intervals for 
the mean of each minute of recording; supine and upright P-values calculated using ANOVA for 
repeated measures, analyses adjusted for age; n=133 in men without metabolic syndrome 
(MetS), n=119 in men with MetS; n=196 in women without MetS, n=54 in women with MetS. The 
figure is from submitted, not yet published article. 



Figure 10.  Cardiac output (A), left cardiac work (LCW) (B), aortic pulse pressure (C), aortic 
characteristic impedance (D), time to return of the reflected wave (E), and subendocardial 
viability ratio (SEVR) (F) in the study groups; means and 95% confidence intervals of the mean of 
each minute of recording; supine and upright P values calculated using ANOVA for repeated 
measures, analyses adjusted for age; n=132-133 in men without metabolic syndrome (MetS), 
n=118-119 in men with MetS; n=196 in women without MetS, n=51-54 in women with MetS. The 
figure is from submitted, not yet published article. 



Figure 11.  Bar graphs show percent differences in pulse wave velocity (PWV), systemic vascular 
resistance (SVR), cardiac output (CO), left cardiac work (LCW), aortic pulse pressure (AO PP), 
aortic characteristic impedance (AO IMPED), and subendocardial viability ratio (SEVR) in the 
MetS groups versus respective controls. The analyses were adjusted for age, and outcomes of 
MetS groups vs. controls indicated as *P<0.05. The differences in percents were calculated from 
the mean values. The figure is from submitted, not yet published article. 



5.2.3 Metabolic syndrome and heart rate variability (Study IV) 





Figure 12.  Box plots of total power (A) and high frequency (HF) power (B) of heart rate variability in 
the study groups (median [line inside box], 25th to 75th percentile [box], and range [whiskers]; 
outliers were excluded from the figure, but were included in the statistics). Supine and upright P 
values in unadjusted analyses and in analyses adjusted for 1) age, smoking (current smoking 
amount), alcohol intake, and height; 2) model 1 plus heart rate; 3) model 2 plus breathing 
frequency. Numbers of subjects in the groups of men without metabolic syndrome (MetS), men 
with MetS, women without MetS, and women with MetS, respectively: unadjusted n=131, n=121, 
n=191, and n=58; adjusted models 1 and 2 n=125, n=120, n=180, and n=57; adjusted model 3 
n=110, n=90; n=160, and n=47-48. 



6 DISCUSSION 

6.1 Methodological aspects 

6.1.1 Study population 



6.1.2 Definition of the metabolic syndrome 



6.1.3 Hemodynamic measurements 





6.2 Major findings of the study 

6.2.1 Arterial stiffness and metabolic syndrome 



6.2.2 Hemodynamic differences between men and women 
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Objective. To evaluate the hemodynamic characteristics of metabolic syndrome (MetS) in
the absence and presence of hypertension.

Materials/Methods. Altogether 166 subjects without previously diagnosed cardiovascular
disease, diabetes, or antihypertensive medication, were allocated to four groups: control,
hypertension only, MetS without hypertension, and MetS with hypertension (mean age
44–46 years). Cut-point for hypertension was blood pressure ≥140/90 mmHg. Other criteria
of MetS were as defined by Alberti et al. 2009. Hemodynamic variables were measured using
whole-body impedance cardiography and pulse wave analysis.

Results. Pulse wave velocity was higher in hypertensive and normotensive subjects
with MetS than controls (p < 0.05), and in the hypertensive MetS group than subjects with
hypertension only (p < 0.05). Aortic pulse pressure was higher in the two hypertensive
groups than the two normotensive groups (p < 0.05). Systemic vascular resistance indexwas
higher in the hypertensive than normotensive MetS group (p < 0.05), and in the group with
hypertension alone than in controls (p < 0.05). Heart rate was higher in the hypertensive
Mets group than in controls and subjects with hypertension only (p < 0.05). Cardiac index
did not differ, while stroke index was lower in both groups with MetS than groups without
MetS. Augmentation pressure was higher in the hypertensive MetS group than in controls
and normotensive MetS group (p < 0.05).

Conclusions. Pulse wave velocity, an acknowledged marker of arterial stiffness, was
associated with MetS even in the absence of hypertension. This emphasizes the importance
of the prevention and treatment of MetS.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Metabolic syndrome (MetS) is a cluster of abnormalities in-
cluding abdominal obesity, glucose intolerance, dyslipidemias
and hypertension. The prevalence of the disorder is expand-
ing worldwide, and for example in North America MetS has
been estimated to affect approximately one-quarter of the
population [1,2]. MetS confers a 5-fold increase in the risk of
type 2 diabetes mellitus [3], and a 2-fold risk of developing
cardiovascular disease over the next 5 to 10 years when com-
pared with individuals without the syndrome. The lifetime
risk is probably much higher [3].

The mechanisms associating MetS with cardiovascular
disease have been examined in many studies, but the under-
lying pathogenesis is still incompletely understood [2].
Increased arterial stiffness may be a significant link between
MetS and excess cardiovascular risk [4,5]. In patients with
essential hypertension, higher arterial stiffness is an inde-
pendent predictor of stroke [6]. Even in the general population
increased aortic pulse wave velocity (PWV) independently
predicts fatal and non-fatal cardiovascular end-points [7].
Increased aortic pulse pressure [8], increased systemic vascu-
lar resistance, and decreased left ventricular stroke index [9]
have also been reported to be associated with MetS. Probably
due to the unfavorable hemodynamic profile, MetS is associ-
ated with impaired left ventricular systolic and diastolic
function [10].

Some studies have suggested that like in the case of
hypertension, also in MetS elevated blood pressure is the
strongest factor determining arterial stiffness [11,12]. A recent
report from the Framingham study suggested that although
diabetes mellitus was associated with increased risk of car-
diovascular events and death, much of the excess risk was
attributable to the coexistent hypertension [13]. In the present
study we examined how MetS influences hemodynamic vari-
ables in the absence and presence of hypertension. The re-
sults suggest that MetS may be associated with increased
arterial stiffness even in the absence of hypertension.

2. Methods

2.1. Study subjects

Medical doctors and nurses in 4 organizations that provide
occupational health-care in the region of Pirkanmaa were
contacted and informed about the possibility that subjects
examined in routine health inspections could be recruited to
participate in the present clinical study on hemodynamics
(DYNAMIC-study, clinical trial registration number
NCT01742702). An announcement for the recruitment of
subjects was also distributed among the personnel of the
University of Tampere and Tampere University Hospital, and
two announcements were published in a local newspaper.
The subjects who responded were recruited in the order that
they contacted the research nurse.

The population of the current study was screened from
altogether 688 participants, based on criteria mentioned
below, and the final study group consisted of 166 Finnish

subjects (88 men and 78 women) aged 21–68 years. All
participants underwent an interview and physical examina-
tion by a medical doctor. The lifestyle habits, family history
and medical history were recorded. All subjects were without
antihypertensive medication. Subjects with previous myo-
cardial infarction or diagnosed diabetes, coronary heart
disease, cardiac insufficiency, atherosclerotic vascular dis-
ease, or cerebrovascular disease were excluded. One subject
had mildly abnormal electrocardiography suggesting hyper-
trophic myocardium, but in an ultrasound evaluation by a
cardiologist his ejection fraction was normal and the condi-
tion was without hemodynamic significance. One subject had
previously had mitral insufficiency, but the disorder had been
successfully repaired with annuloplasty operation in 2004.

All subjects using medications with potential influences
on hemodynamics (like α1-adrenoceptor blockers for prostate
problems, β2-adrenoceptor agonists, digoxin) were excluded.
Five of the included subjects were on statin medication for
dyslipidemia (3 subjects in the NT-MetS group and 2 in the
HT-MetS group). Altogether 27 of the included female sub-
jects used estrogen, progestin, or their combination, but there
were no differences between the four study groups in hor-
mone use (p = 0.49). One subject had been diagnosed with
anti-phospholipid syndrome and was treated with warfarin,
but the patient was physically well and without any symp-
toms or findings during the recordings. In addition, 5 subjects
used intranasal or inhaled corticosteroid for asthma or
allergy, and 6 subjects were treated with anti-depressive
agents, two subjects used acetylsalicylic acid, and one subject
used allopurinol for gout. Also antihistamine products (n = 3)
and proton pump inhibitors (n = 8) were used.

The criteria of Alberti et al. from year 2009 [3] were used for
the definition of MetS, and at least three of the following
criteria were met: waist circumference ≥94 cm (men) and
≥80 cm (women); triglycerides ≥1.7 mmol/l; HDL <1.0 mmol/l
(men) and <1.3 mmol/l (women); systolic blood pressure
≥130 mmHg and/or diastolic blood pressure ≥85 mmHg;
fasting plasma glucose ≥5.6 mmol/l. In the initial analyses
the criteria were otherwise applied as above, but since the aim
was to examine the effects of hypertension in MetS, the
criterion for blood pressure was the accepted cut point of
hypertension: systolic blood pressure ≥140 or diastolic blood
pressure ≥90 mmHg [14]. Further analyses were performed so
that the criterion for hypertension was still ≥140/90 mmHg in
subjects without components of MetS, but the cut-off blood
pressure in subjects with MetS was ≥130/85 mmHg, i.e. all
of the criteria by Alberti et al. were applied for the presence
of MetS [3]. In this analysis, blood pressure in all controls
and NT-MetS subjects was <130/85 mmHg. Of note, blood
pressure level ≥130/85 mmHg has been defined as high
normal in the European Society of Hypertension guidelines
[14]. Arterial blood pressure was measured continuously
during the hemodynamic recordings using a radial tonometric
device (see below). The average values of all systolic and
diastolic readings during the last 3 min (i.e. recordings of at
least 180 cardiac cycles per subject) were used in the analyses,
as during this period the signal was most stable. On the basis
of the average blood pressures of the tonometric recordings
the subjects were classified as being normotensive or hyper-
tensive. Kidney disease was excluded by means of plasma
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creatinine determination and urine dipstick and albumin
analysis, and primary aldosteronism by determination of
plasma renin activity and aldosterone concentration.

The subjectswere allocated to 4 groups: 1. healthy controls,
2. hypertension only (normal plasma glucose, triglycerides,
HDL, and waist circumference), 3. MetS without hypertension,
and 4. MetS with hypertension. The groups were abbreviated
as control (n = 58), HT (hypertensive, n = 24), NT-MetS (nor-
motensive MetS, n = 27), and HT-MetS (hypertensive MetS,
n = 57). All participants gave written informed consent, and
the study was approved by the Ethics Committee of Tampere
University Hospital (study code R06086M).

2.2. Hemodynamic measurements

Hemodynamic measurements were performed in a quiet,
temperature-controlled research laboratory by a trained
nurse. The study subjects had refrained from caffeine contain-
ing products, smoking and heavy meals for at least 4 h and
from alcohol for at least 24 h prior to the investigation. The
subjects were resting supine on a table. The electrodes for
impedance cardiography were placed on the body surface, a
tonometric sensor for pulse wave analysis on the radial pul-
sation on the left wrist, an oscillometric brachial cuff for blood
pressure calibration on the right upper arm. Hemodynamic
variables were recorded for 5 min, and the mean values of the
last 3 min were used in the analyses. Previously, the good
repeatability and reproducibility of these measurements have
been demonstrated [15].

2.3. Pulse wave analysis, PWA

Blood pressure and pulse wave form were continuously
recorded from the radial artery by the use of a tonometric
sensor (Colin BP-508T, Colin Medical Instruments, USA),
which was fixed on the radial artery pulsation by the use
of a wrist band. The blood pressure signal from the radial
artery was calibrated on average every 2.5 min by contralat-
eral brachial blood pressure measurements. Aortic blood
pressure was derived using the SphygmoCor pulse wave
monitoring system (SpygmoCor PWMx, AtCor medical,
Australia) by the use of a validated generalized transfer
function [16]. Heart rate, aortic pulse pressure, aortic
reflection time, augmentation index (AIx, augmented pres-
sure/pulse pressure * 100), and pulse pressure amplification
(radial pulse pressure/aortic pulse pressure) were also
determined. AIx was adjusted to heart rate 75 beats/min
(AIx@75) with the formula of the SphygmoCor software. Due
to a technical problem, augmentation pressure and AIx could
not be recorded in one subject.

2.4. Whole-body impedance cardiography

A whole-body impedance cardiography device (CircMonR, JR
Medical, Tallinn, Estonia), which records the continuous
changes in body electrical impedance during a cardiac cycle,
was used to determine beat-to-beat heart rate, stroke
volume, cardiac output and aortic to popliteal PWV. To
calculate the PWV, the software measures the time differ-

ence between the onset of the decrease in the whole-body
impedance signal and the popliteal artery signal. PWV is
then determined from the time difference and the distance
between the electrodes. As the present impedance cardiog-
raphy method has been found to slightly overestimate PWV
when compared with Doppler ultrasound measurements, a
validated equation was utilized to calculate values that
correspond to the ultrasound method (PWV = (PWV imped-
ance * 0.696) + 0.864) [17].

Systemic vascular resistance index (SVRI) was calculated
using the blood pressure signal from the radial tonometric
sensor and the cardiac index measured by the CircMonR

device. A description of the method and electrode configura-
tion has been previously reported [17–19]. The cardiac output
values measured with CircMonR whole-body impedance car-
diography are in good agreement with the values measured
by the thermodilution method [18,20].

2.5. Laboratory tests

Blood samples were obtained from the antecubital vein after
approximately 12 h of fasting. Plasma glucose, triglycerides,
total cholesterol, HDL and creatinine were measured using
Cobas Integra 800 clinical chemistry analyzer, and plasma
insulin using electrochemiluminescence immunoassay on
Cobas e 411 analyzer according to the manufacturer's in-
structions (Roche Diagnostics, Basel, Switzerland). Estimated
creatinine-based glomerulus filtration rate (eGFR) was calcu-
lated individually using the RULE formula [21], which was
chosen because the measured creatinine values were within
normal range. LDL was calculated by using Friedewald's
formula [22]. In case of three subjects with triglycerides
values >4 mmol/l, LDL values were missing. Homeostasis
model assessment of insulin resistance (HOMA-IR) was cal-
culated according to the formula [plasma fasting insulin
(mU/ml) * plasma fasting glucose (mmol/l)/22.5] [23]. A stan-
dard 12-lead electrocardiogram was recorded and left ven-
tricular mass evaluated using Cornell voltage QRS duration
product with the cut point 2440 mm * ms [14].

2.6. Statistical analysis

The one-way analysis of variance (ANOVA) was used to
compare the characteristics and hemodynamic variables
between the four groups. The univariate statistics were ad-
justed for possible differences in other variables that could
have influenced the outcome by using the variables as
covariates in the analyses. The post-hoc test Tukey was
used in cases with homogenous variances, and Tamhane's
T2 in cases with non-homogenous variances. The skewed
distribution of triglycerides and HOMA-IR was corrected
using logarithmic transformation before statistical analyses.
To compare possible differences in smoking habits, use of
estrogen or progestin, and presence of left ventricular hyper-
trophy between the groups, Pearson Chi-Square or the
Fisher's exact test was used. Pearson's or Spearman's cor-
relations were calculated, as appropriate. As both present
and previous smoking may influence PWV, all subjects with
a smoking history were regarded as smokers and com-
bined to the same group in the analyses. Linear regression
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analysis was used to evaluate the associations of different
components of MetS with arterial stiffness. Testing was
2-sided and the results in the table were reported as
means and standard deviations for normally distributed
variables, and medians and lower and upper quartiles for
variables with skewed distribution, and numbers of cases
and percentages with categorical variables. The results in
the figures were depicted as means and standard devia-
tions (SD). P-values < 0.05 were considered statistically sig-
nificant. All data were analyzed using SPSS 17.0 (SPSS,
Chicago, IL, USA).

3. Results

3.1. Study population

The general characteristics of the study subjects are pre-
sented in Table 1. Age, plasma creatinine concentration, and
eGFR did not differ in the study groups (p > 0.10 for all). The
prevalence of current or previous smoking ranged from
25% to 52% in the four groups, with numerically, but not
quite statistically significantly, highest proportion of
smokers in the NT-MetS group (p = 0.05). Left ventricular
hypertrophy, as evaluated using the Cornell voltage QRS
duration product, was detected in 27 subjects (4, 5, 7 and 10
subjects in the control, HT, NT-MetS and HT-MetS groups,
respectively), but the differences between the groups were
not significant (p = 0.076).

As expected, the two MetS groups were characterized by
higher body mass index (BMI), waist circumference, plasma
total cholesterol, LDL, triglyceride, and fasting glucose con-
centrations, higher HOMA-IR, and lower plasma HDL concen-
tration, than subjects in the control and HT groups (p < 0.05
for all) (Table 1). Mean systolic and diastolic blood pressure
during the hemodynamicmeasurementswas higher in the HT

and HT-MetS groups than in the two normotensive groups
(p < 0.05). Mean systolic blood pressure was also slightly
higher in the NT-MetS than the control group (p < 0.05).

3.2. Hemodynamics of MetS with 140/90 mmHg as the
cut-off blood pressure

PWV was higher in both MetS groups (NT-MetS and HT-MetS)
than in controls (p < 0.05). PWV was also higher in the
HT-MetS than the HT group (p < 0.05), while the difference
between the NT-MetS and HT groups was not significant (p =
0.073) (Fig. 1A). The observed differences in PWV remained
significant after adjusting for age, sex, height, and smoking
habits. There was no significant difference in PWV between
the NT-MetS and HT-MetS groups, or between the HT and
control groups.

Aortic pulse pressure was higher in both hypertensive
groups (HT and HT-MetS) than in the normotensive groups
(NT-MetS and control) (p < 0.05 for all) (Fig. 1B). No statisti-
cally significant differences in AIx@75 were found between
the four groups, while augmentation pressure (i.e. amplitude
of the reflected pressure wave in mmHg) was higher in the
HT-MetS group than in controls and NT-MetS group (p < 0.05)
(Fig. 1C–D).

SVRI was higher in both hypertensive groups than in
controls, and also in the HT-MetS than the NT-MetS group
(p < 0.05) (Fig. 2A). No significant differences in cardiac
index were observed between the four groups (p > 0.1 for
all) (Fig. 2B), while stroke index was lower in both MetS
groups than in the HT and control groups (p < 0.05 for all)
(Fig. 2C). Heart rate was higher in the HT-MetS group than in
controls and the HT group (Fig. 2D). Of note, aortic pulse
pressure more strongly correlated with SVRI (R2 = 0.221,
p < 0.05) than with PWV (R2 = 0.072, p < 0.05).

The associations of the different MetS components
with PWV were also evaluated using linear regression

Table 1 – Clinical and metabolic characteristics in the study groups with 140/90 mmHg as the cut-off blood pressure.

Control n = 58 HT n = 24 NT-MetS n = 27 HT-MetS n = 57

Age (years) 44 ± 10 44 ± 14 45 ± 9 46 ± 8
BMI (kg/m2) 22.8 ± 2.4 22.9 ± 1.7 29.9 ± 3.9*† 30.3 ± 4.6*†

Waist circumference (cm) 79 ± 8 81 ± 8 102 ± 11*† 102 ± 13*†

Systolic blood pressure (mmHg) 119 ± 11 153 ± 13* 126 ± 11*† 151 ± 10*‡

Diastolic blood pressure (mmHg) 69 ± 10 87 ± 7* 75 ± 9† 89 ± 10*‡

Current or previous smoking (n/%) 17/29% 6/25% 14/52% 27/47%
Cornell voltage product in ECG (ms*mm) 1522 ± 584 1803 ± 706 1822 ± 566 1767 ± 547
Total cholesterol (mmol/l) 4.7 ± 0.8 4.9 ± 0.8 5.7 ± 1.3*† 5.7 ± 1.0*†

Triglycerides (mmol/l) 0.8 (0.6-1.1) 0.7 (0.6-0.8) 2.1 (1.7-2.7)*† 1.6 (1.1-2.1)*†‡

HDL (mmol/l) 1.9 ± 0.4 1.9 ± 0.4 1.0 ± 0.2*† 1.4 ± 0.4*†‡

LDL (mmol/l) 2.5 ± 0.8 2.7 ± 0.8 3.7 ± 1.4*† 3.5 ± 0.8*†

Creatinine (μmol/l) 73 ± 14 75 ± 12 72 ± 14 72 ± 14
eGFR (ml/min/1.73 m2) 111 ± 14 116 ± 17 116 ± 15 112 ± 13
Fasting plasma glucose (mmol/l) 5.0 ± 0.3 5.1 ± 0.3 5.7 ± 0.6*† 5.8 ± 0.4*†

HOMA-IR 1.1 (0.7-1.6) 1.1 (0.8-1.3) 2.8 (2.1-3.5)*† 2.3 (1.6-3.5)*†

Values are means ± SD except the values for smoking, which are the number of cases and percentages, and the values for triglycerides and
HOMA-IR, which are shown as medians (lower and upper quartiles) due to skewed distribution. HT, hypertensive subjects without any other
components of the metabolic syndrome (MetS); NT-MetS, normotensive subjects with MetS; HT-MetS, hypertensive subjects with MetS;
*p < 0.05 vs. controls, †p < 0.05 vs. HT, ‡p < 0.05 vs. NT-MetS; BMI, body mass index; eGFR, estimated glomerulus filtration rate; HOMA-IR,
homeostatic model assessment of insulin resistance.
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analyses (Table 2), with age, sex, height, waist circumference,
smoking status, systolic and diastolic blood pressure, plasma
HDL, triglycerides, and glucose as the independent variables
(R2 of the model = 0.461, p < 0.001). The analyses showed

that higher age, lower HDL, and higher triglycerides were
significantly associated with increased PWV (p < 0.05 for all).
The association of systolic blood pressure with PWV was not
quite statistically significant (p = 0.057).

Fig. 1 – Pulse wave velocity (A), aortic pulse pressure (B), augmentation index related to heart rate 75/min (C), and aortic
augmentation pressure (D) in the study groups. HT, hypertensive subjects without any other components of the metabolic
syndrome (MetS); NT-MetS, normotensive subjectswithMetS; HT-MetS, hypertensive subjectswithMetS;mean ± CI; *p < 0.05
vs. controls, †p < 0.05 vs. HT, ‡p < 0.05 vs. NT-MetS.

Fig. 2 – Systemic vascular resistance index (SVRI) (A), cardiac index (B), stroke index (C), and heart rate (D) in the study groups.
Group abbreviations as in Fig. 1; mean ± CI; *p < 0.05 vs. controls, †p < 0.05 vs. HT, ‡p < 0.05 vs. NT-MetS.
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3.3. Arterial stiffness in MetS with 130/85 mmHg as the
cut-off blood pressure

As the blood pressure criterion for the presence of MetS
according to Alberti et al. is set to ≥130/85 mmHg [3],
additional analyses were performed so that the cut point for
normotension in subjects with MetS and controls was
<130/85 mmHg. The cut point for hypertension alone re-
mained at ≥140/90 mmHg, according to the European Society
of Hypertension guideline [14]. Subsequently, subjects with-
out criteria for MetS and blood pressure values of 131–
139 mmHg of systolic, and 85–89 mmHg of diastolic blood
pressure, were excluded from the analyses. Thus, the study
population consisted of 156 subjects (82 men and 74 women)
in these analyses.

The PWV valueswere (mean ± SD) 7.4 ± 1.0, 7.8 ± 1.4, 8.6 ±
1.6, and 9.3 ± 1.8 m/s in the control (n = 48), HT (n = 24), NT-
Mets (n = 14), and HT-Mets (n = 70) groups, respectively.
Altogether, the results did not markedly deviate from the
original analysis, as PWV was higher in the HT-MetS group
than in controls and the HT group (p < 0.05). PWV was also
still numerically higher in the NT-MetS group (containing 14
subjects) than in controls, but the difference was not quite
statistically significant (p = 0.053). After adjustment for age,
sex, height, and smoking status the statistical significances
of the above differences in PWV were not changed. Of note,
PWV between the NT-MetS and HT-MetS groups, or between
the control and HT groups, did not differ with the lower blood
pressure criterion, either.

4. Discussion

In this study we examined the hemodynamic changes
associated with MetS in the absence and presence of hy-
pertension. The criterion for hypertension was the accepted
cut point of the European Society of Hypertension guideline:
systolic blood pressure ≥ 140 mmHg or diastolic blood pres-
sure ≥ 90 mmHg [14]. Of note, in the guideline, blood pressure
level ≥ 130/85 mmHg (as set in the criteria of MetS) has been
defined as high normal [14]. Since the special aim of this study
was to examine the impact of hypertension, the higher cut
point was primarily chosen. It should be noted that even with

this cut-point most of the subjects (68%) with MetS were
hypertensive. When using the 140/90 mmHg cut-off pressure,
we found that subjects with MetS, regardless of their blood
pressure status, had higher PWV when compared with
normotensive controls. These results suggest that MetS may
result in increased arterial stiffness even in the absence of
hypertension. When using the lower 130/85 mmHg cut-off
pressure, the difference in PWV between the controls and the
NT-Mets groups was not quite significant (p = 0.053), but it
should be noted that in this additional analysis the size of NT-
MetS group was rather small (14 subjects). Importantly, with
both of the above cut-off pressures, PWV between the NT-
MetS and HT-Mets groups did not differ, which emphasizes
the role of the other components of MetS in addition to
hypertension in the pathogenesis of arterial stiffening. We
also want to stress that arterial stiffness depends critically on
the prevailing blood pressure distending the blood vessels
[24], and a strength in the present study was that blood
pressure and PWV were measured simultaneously during the
hemodynamic recordings.

In spite of clear differences in PWV in the current study, we
found no differences in AIx (i.e. the proportion of the reflected
wave from pulse pressure) between the groups, while aortic
pulse pressure was higher in both hypertensive groups when
compared with controls and the NT-MetS group. Since SVRI
showed a stronger correlation with aortic pulse pressure than
PWV, the present results suggest that central pulse pressure is
more influenced by SVRI than by arterial stiffness. In addition
to peripheral arterial resistance and large artery stiffness, the
other known determinants of central pulse pressure are the
amplitude and the reflectance point of the pressure wave, and
the duration and pattern of left ventricular ejection [25]. It
should also be noted that AIx and central pulse pressure are
indirect surrogates of arterial stiffness, and that they both are
influenced by arterial stiffness, but also by other factors like
SVRI. In contrast, aortic PWV, which is measured as the speed
of the pressure wave propagation, is a direct and widely
acknowledged measure of arterial stiffness [4,25].

The association between MetS and increased arterial
stiffness is well known from previous studies [5,12]. Moreover,
some reports based on statistical multivariate regression
models have suggested that elevated blood pressure would
be the strongest factor determining arterial stiffness in MetS

Table 2 – Linear regression analysis of variables associated with pulse wave velocity.

B Beta 95% Confidence Interval for B P - value

Lower Bound Upper Bound

Age 0.075 0.432 0.052 0.098 <0.001
Sex 0.273 0.079 −0.464 1.009 0.466
Height 0.016 0.095 −0.019 0.052 0.366
Waist circumference −0.001 −0.011 −0.024 0.021 0.913
Current or previous smoking 0.108 0.030 −0.323 0.539 0.622
Systolic blood pressure 0.019 0.205 0.000 0.038 0.057
Diastolic blood pressure 0.004 0.031 −0.024 0.032 0.770
HDL −0.837 −0.240 −1.470 −0.203 0.010
Triglycerides 0.349 0.172 0.014 0.683 0.041
Fasting plasma glucose 0.324 0.101 −0.164 0.812 0.191

Entermethod is used in the linear regression analysis. R square of themodel is 0.461. Male = 0, female = 1; non-smoking = 0, current or previous
smoking = 1.
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[11,12]. In the present study, we evaluated the role of hyper-
tension by allocating the subjects to different groups on the
basis of widely accepted criteria (controls, HT, NT-MetS and
HT-Mets) [3,14]. To our knowledge, this is the first report that
compared the hemodynamic status between normotensive
and hypertensive subjects with MetS.

The present results suggest that MetS may be associated
with increased arterial stiffness even in the absence of
hypertension. The underlying pathophysiology of increased
arterial stiffness in MetS is not completely clear, but several
mechanisms have been postulated. An important factor in
MetS is abdominal adiposity. Although the pathophysiolo-
gical processes linking abdominal adiposity to arterial stiff-
ness remain incompletely defined, a widely accepted view is
that both the anatomical and metabolic properties of intra-
abdominal fat are related to atherosclerosis [11]. Insulin
resistance, which was documented in both of the present
groups with MetS by means of elevated HOMA-IR, contributes
to increased arterial stiffness via several mechanisms [5].
Hyperinsulinemia may increase sympathetic tone, promote
sodium reabsorption, activate the renin–angiotensin–aldoste-
rone system, and increase systemic and vascular inflamma-
tion [26,27]. The role of elevated blood glucose may also be
important, since in diabetic individuals the formation of
advanced glycation end-products (AGEs) in the arterial wall
is known to cause cross-linking of collagen molecules, which
may lead to loss of elasticity and a subsequent increase in
arterial stiffness [28]. In addition, low-grade inflammation and
endothelial dysfunction, which are closely interrelated, may
also explain the increased arterial stiffness related to MetS [5].
There is also evidence that the circulating levels of the caro-
tenoid lycopene are inversely correlated with PWV in male
subjects with MetS, suggesting that antioxidant status is
associated with arterial stiffness [29]. Also low HDL and high
LDL levels have been shown to be associated with aortic
stiffness [30]. As MetS is a cluster of abnormalities, it may well
be assumed that the above disorders have a synergistic
deteriorating effect on arterial stiffness. In the present study,
linear regression analysis indicated that lower HDL, higher
triglycerides, and higher age were significantly associated
with increased arterial stiffness.

We also found that mean stroke index was lower in the
groups with MetS, in the absence and presence of hyperten-
sion. This may largely be related to the higher BMI and larger
body surface area in these subjects. A similar finding has
been reported in young adults with MetS [9]. In overweight
subjects overactivity of the sympathetic nervous system may
also elevate heart rate with a subsequent decrease in stroke
volume and left ventricular ejection time [31]. However,
impaired left ventricular systolic and diastolic function has
previously been found in subjects with MetS [10]. Thus, dimi-
nished stroke index in these subjects may also be related to
structural and functional alterations in the heart [9].

The hemodynamic changes associated with hyperten-
sion in the current study were increased aortic pulse pres-
sure and systemic vascular resistance. Thus, hypertension
already in its early stage is associated with elevated central
pulse pressure.

In the present study, the influence on blood pressure in
linear regression analysis on arterial stiffness was only of

borderline significance (p = 0.057). Although hypertension
has previously been without doubt associated with increased
arterial stiffness [4,32], the subjects in the current study with
hypertension only, who were also devoid of any other com-
ponents of MetS, had corresponding PWV values to the nor-
motensive controls. Since all participants were without
antihypertensive medication and did not have a history of
hypertension, and Cornell voltage product did not differ from
normotensive controls, it seems likely that elevated blood
pressure in the subjects with hypertension was neither pro-
longed nor severe. In addition, we want to stress that the
subjects in the HT group did not have any other metabolic
risk factors in addition to elevated blood pressure. Therefore,
they did not represent the typical hypertensive patient
characterized by clustering of cardiovascular risk factors
[14]. Collectively these findings suggest that increased PWV
is not an early feature of hypertension, and that especially
the clustering of metabolic risk factors contributes to large
arterial stiffening. This corresponds well to the European
Society of Hypertension guideline, in which increased ar-
terial stiffness is classified as subclinical target organ dam-
age of hypertension, i.e. consequence of chronically elevated
blood pressure [14]. However, recently increased arterial
stiffness was suggested to precede the onset of hypertension
in 60-year-old subjects [33].

Since impaired renal function is an acknowledged cause
of large arterial stiffening [4,31], we estimated renal function
by two different approaches (plasma creatinine and eGFR
using the RULE formula). As there were no differences in the
variables reflecting kidney function between the four groups,
we conclude that renal dysfunction was not the explanation
for the increased PWV in the groups with MetS.

Our study has several limitations. 1) The observational
design does not allow conclusions about causal relationship.
2) The sizes of the groups were relatively small, and the
results must be extrapolated with caution. Of note, in the
whole population of 688 subjects who participated in the
hemodynamic recordings, the prevalence of hypertension in
the absence of other components of MetS was low (24
subjects, i.e. 3.5%). 3) The medications used by some of the
subjects may have influenced the results. Five subjects were
on statin, one subject used warfarin for phospholipid
syndrome, and two used acetylsalicylic acid. However,
additional analyses were made so that these subjects were
excluded, and the results showing an association between
NT-MetS and increased arterial stiffness remained the same.
There were no significant differences in the use of female
hormones between the groups, either. 4) The study groups
were not homogenous for smoking habits. Even though
smoking status was included in the linear regression ana-
lyses, differences in the cumulative dose of smoking between
the groups may have influenced the results. 5) The presence
of white-coat and masked hypertension may have influenced
the results, as the presence of hypertension was determined
on the average values of the tonometric recordings. For
instance, in 2051 Finnish 45–74 year-old subjects the preva-
lence of masked hypertension was 14.2% [34], while that of
white-coat hypertension was 15.6% [35]. 6) PWV was recorded
using the whole-body impedance cardiography method,
which has been reported to provide reliable and reproducible
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information about PWV when compared with Doppler-
ultrasound as the reference method [17]. Normal values for
PWV in 799 individuals with ages ranging from 25 to 76 years
have also been published, with the conclusion that that
whole-body impedance cardiography was a practical method
for the evaluation of arterial stiffness [36]. The signal of
detected by impedance cardiography depends on the change
in electrical resistivity induced by ejection of blood into
the ascending aorta with each heartbeat [37], and there may
be greater variability in individual PWV values recorded with
this technique than with non-invasive devices employing
carotid and femoral artery sensors. However, the present
PWV values represent average recordings from every cardiac
cycle during a 3-min period, in contrast to the ultrasound and
tonometric devices, where the recordings are typically
derived from 10 consecutive heartbeats. The higher number
of PWV recordings can be considered to increase the reli-
ability of the whole-body impedance cardiography data.
Nevertheless, hard end-point data concerning the prognostic
influence of arterial stiffness measured using whole-body
impedance cardiography are still lacking.

In the current study the criteria of Alberti et al. from year
2009 [3] were used for the definition of MetS (except for the
criterion of blood pressure). These criteria are relatively tight,
and for example in the widely used definition by National
Cholesterol Education Program from year 2004, the cut point
for waist circumference is ≥102/88 cm (men/women), while in
this study the cut point was ≥94/80 cm. When using the
criteria of Alberti for defining MetS [3], the prevalence of the
disorder is exceedingly high in the Western world. Very
often these patients have no medical treatment, especially if
they don’t have hypertension. MetS is also an expanding
disorder worldwide, and a significant risk factor for cardio-
vascular diseases [2,3]. For better prevention and appropriate
treatment, it is important to understand the mechanisms
leading to increased risk of cardiovascular disease in MetS.

In conclusion, in the current study we found that central
arterial PWV is increased in MetS even in the absence of
hypertension. Since increased arterial stiffness is known to be
a strong predictor of cardiovascular events [4], the findings of
the present study, especially if confirmed in larger prospective
studies, emphasize the importance of the prevention and
treatment of MetS.
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Increased Cardiac Workload in the Upright Posture in Men:
Noninvasive Hemodynamics in Men Versus Women
Pauliina Kangas, MD; Anna Tahvanainen, MD, PhD; Antti Tikkakoski, MD; Jenni Koskela, MD, PhD; Marko Uitto, MSc; Jari Viik, MSc, PhD;
Mika K€ah€onen, MD, PhD; Tiit K€o€obi, MD, PhD; Jukka Mustonen, MD, PhD; Ilkka P€orsti, MD, PhD

Background-—Men and women differ in the risk of cardiovascular disease, but the underlying mechanisms are not completely
understood. We examined possible sex-related differences in supine and upright cardiovascular regulation.

Methods and Results-—Hemodynamics were recorded from 167 men and 167 women of matching age (�45 years) and body
mass index (�26.5) during passive head-up tilt. None had diabetes mellitus or cardiovascular disease other than hypertension or
used antihypertensive medication. Whole-body impedance cardiography, tonometric radial blood pressure, and heart rate variability
were analyzed. Results were adjusted for height, smoking, alcohol intake, mean arterial pressure, plasma lipids, and glucose.
Supine hemodynamic differences were minor: Men had lower heart rate (�4%) and higher stroke index (+7.5%) than women
(P<0.05 for both). Upright systemic vascular resistance was lower (�10%), but stroke index (+15%), cardiac index (+16%), and left
cardiac work were clearly higher (+20%) in men than in women (P<0.001 for all). Corresponding results were observed in a
subgroup of men and postmenopausal women (n=76, aged >55 years). Heart rate variability analyses showed higher low:high
frequency ratios in supine (P<0.001) and upright (P=0.003) positions in men.

Conclusions-—The foremost difference in cardiovascular regulation between sexes was higher upright hemodynamic workload for
the heart in men, a finding not explained by known cardiovascular risk factors or hormonal differences before menopause. Heart
rate variability analyses indicated higher sympathovagal balance in men regardless of body position. The deviations in upright
hemodynamics could play a role in the differences in cardiovascular risk between men and women.

Clinical Trial Registration-—URL: http://www.clinicaltrials.gov. Unique identifier: NCT01742702. ( J Am Heart Assoc. 2016;5:
e002883 doi: 10.1161/JAHA.115.002883)

Key Words: cardiac output • hemodynamics • sex-specific

T he lifetime risk of cardiovascular disease (CVD) is close
to 50% for persons aged 30 years without known CVD,1

and it is the most common cause of death for both men and
women.2 The risk and the outcome of CVD, however, differ
between sexes; particularly before middle age, morbidity and
mortality caused by CVDs are higher in men.3 In the
Framingham Heart Study, the lifetime risk of coronary heart

disease at age 40 years was about 49% for men and 32% for
women.4 These differences in CVD risk between sexes have
been attributed to hormonal differences and to the fact that
most of the risk factors are more favorable for women.5

Distinct differences in cardiovascular regulation have been
characterized between sexes. In early adulthood, pulse
pressure is higher in men; however, at older ages, pulse
pressure becomes higher in women.6 The myocardial remod-
eling process in response to aging, pressure and volume
overload, and myocardial infarction appears to be more
favorable in women than in men.7 In patients with ischemic
heart disease, women may be more prone to myocardial
ischemia in response to mental stress, whereas men may
show higher increases in blood pressure (BP).8 Taken
together, these findings raise the question of whether further
differences in cardiovascular regulation exist between men
and women that could influence the hemodynamic load of the
heart and subsequently affect the number of cardiovascular
end points.

Hypertension is more prevalent in young men than in
young women, but after menopause, the risk of hypertension
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is significantly increased in women.9 The lifetime burden of
hypertension on the prevalence of CVDs is substantial.1 In a
survey in Finland performed in 2007, only 37% of the drug-
treated hypertensive patients had normal BP (<140/
90 mm Hg).10 The suboptimal control of hypertension raises
the question of whether individual characteristics and possi-
ble sex-related differences in the regulation of hemodynamics
should be more carefully taken into account in the treatment
of elevated BP.

Although a major share of the active life is spent in the
upright position, most reports on sex-related differences in
hemodynamics have focused on resting conditions.11–14 Only
few studies have compared upright hemodynamics between
sexes.15–17 Similar upright increase in peripheral arterial
resistance and decrease in cardiac output was reported in 9
men versus 8 women,15 lower upright splanchnic vasocon-
striction but corresponding decrease in cardiac output was
reported in 14 women versus 16 men,17 and corresponding
upright increase in forearm vascular resistance was observed
in 48 women versus 41 men.16 In most of the previous
studies, the control of cardiac autonomic tone between sexes
was evaluated by the use of heart rate variability (HRV). In the
majority of these reports, sympathovagal balance was
reported to be higher in men, regardless of whether the
participants were in supine, sitting, or standing position.16,18–
20

The previous studies comparing hemodynamics between
sexes were performed with small numbers of participants, and
the groups have not been uniform in age and body mass index
(BMI).8,15–17 Therapies based on individual sex-related char-
acteristics could improve outcomes in the treatment of CVDs
like hypertension,21 and personalized approaches in the
treatment of medical conditions are keenly sought.22–24

Because only limited information exists about the upright
regulation of the cardiovascular system between sexes, we
compared the hemodynamic responses to passive head-up tilt
in 167 men versus 167 women with corresponding age and
BMI. The main findings were verified in a larger group
composed of an additional 313 men and 231 women. A total
of 480 men and 398 women were examined.

Methods

Study Participants
All participants were in an ongoing study of hemodynamics in
volunteers, with the primary aim of examining the hemody-
namic changes in primary and secondary hypertension and
normotensive control participants in supine and upright
positions (DYNAMIC study; ClinicalTrials.gov identifier
NCT01742702). Participants were enrolled from the patients
treated at Tampere University Hospital. An announcement of

recruitment was distributed at Tampere University Hospital,
the University of Tampere, offices of local occupational health
care providers, and Varala Sports Institute, and 2 announce-
ments were published in a newspaper. Those who agreed to
participate were recruited in the order in which their contact
information was available to the research nurses.

By the time of the present analysis, 878 participants (480
men and 398 women) had undergone hemodynamic mea-
surements; of those, 615 were without medications with
direct influence on cardiovascular function. The remaining
participants included medicated patients with hypertension,
chronic renal disease, diabetes mellitus, and atherosclerotic
vascular disease. All participants were interviewed to record
lifestyle habits, family history, and medical history. Clinical
examination of cardiovascular status and routine laboratory
tests were performed.

For the main analysis of the present study, participants
with antihypertensive medication, coronary heart disease, or
previous myocardial infarction, diagnosis of diabetes mellitus,
cardiac insufficiency, atherosclerotic vascular disease, renal
disease, or cerebrovascular disease were excluded. In addi-
tion, all participants using medications with potential influ-
ence on hemodynamics (eg, a1-adrenoceptor blockers for
prostate problems, b2-adrenoceptor agonists, digoxin, and
topical b-blockers for glaucoma) were excluded.25 To avoid
confounding caused by differences in age and body weight,26–
29 the following inclusion protocol was applied: A female
participant was chosen, followed by selection of a male
participant with corresponding age (difference in age
≤3 years) and BMI (difference ≤1.5 units). Using this
approach, 334 participants aged 21 to 67 years were
included (Table 1).

Overall, 114 (34%) of the 334 persons used some
medication (Table 2). Forty female participants used systemic
estrogen, progestin, or their combination (for contraception or
hormone replacement therapy), and 1 participant used
tibolone. Eight participants were taking statins, and 11
euthyroid participants were on a stable dose of thyroid
hormone. Other medications (acetylsalicylic acid, drugs for
mental problems, antihistamines, proton pump inhibitors,
intranasal or inhaled corticosteroid for asthma or allergy) were
used by the study population. One participant who was
physically well and symptomless was treated with warfarin for
antiphospholipid syndrome.

Additional analyses were performed in groups in which (1)
all participants using systemic female hormones or statins
were excluded, (2) all participants were aged ≥55 years, and
(3) all 878 participants who participated in the recording of
hemodynamics were included. The participants gave written
informed consent, and the study was approved by the ethics
committee of Tampere University Hospital (study code
R06086M).

DOI: 10.1161/JAHA.115.002883 Journal of the American Heart Association 2

Upright Hemodynamics in Men and Women Kangas et al

O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on June 26, 2016http://jaha.ahajournals.org/Downloaded from 



Hemodynamic Measurements
Hemodynamic measurements were performed in a tempera-
ture-controlled laboratory. The participants were advised to
refrain from using caffeine-containing products, smoking, and
eating heavy meals for at least 4 hours and from drinking
alcohol for at least 24 hours prior to the recording. While the
participants were resting supine on a tilt table, the electrodes
for impedance cardiography were placed on the body surface,
a tonometric sensor for radial artery BP on the left wrist (Colin
BP-508T; Colin Medical Instruments Corp) and an oscillomet-
ric brachial cuff for BP calibration on the right upper
arm.25,26,31 The left arm with the tonometric sensor was
abducted to 90° in a support that held the arm at the level of
the heart in supine and upright positions. Estimation of

central aortic BP was performed by mathematical transfor-
mation of radial tonometry pressure with the SphygmoCor
pulse wave monitoring system (SpygmoCor PWMx; Atcor
Medical) using a validated transfer function.32

Table 1. Clinical and Metabolic Characteristics in the Study
Groups

Men
(n=167)

Women
(n=167) P Value

Age, y 45�12 45�11 0.967

Body mass index,
kg/m2

26.5�3.7 26.6�3.8 0.898

Height, cm 180�6 166�6 <0.001

Weight, kg 88�12 73�11 <0.001

Systolic blood pressure,
mm Hg

132�17 127�18 0.006

Diastolic blood pressure,
mm Hg

75�12 72�12 0.026

Smoking

Current 51 (30.5) 46 (27.5) 0.547

Previous 22 (13.2) 17 (10.2) 0.394

Never 94 (56.3) 10 (62.3) 0.265

Alcohol, standard
drinks per week

4 (1–10) 2 (0–4) <0.001

Creatinine, lmol/L 82�12 65�9 <0.001

Cystatin-C, mg/L 0.87�0.14 0.80�0.14 <0.001

eGFR, mL/min per 1.73 m2 99.2�14.5 99.3�14.0 0.956

Total cholesterol, mmol/L 5.1�1.0 5.1�1.0 0.804

LDL cholesterol, mmol/L 3.1�1.0 2.8�0.9 0.021

HDL cholesterol, mmol/L 1.4�0.3 1.8�0.4 <0.001

Triglycerides, mmol/L 1.3 (0.7–1.5) 1.1 (0.7–1.3) 0.007

Fasting plasma glucose,
mmol/L

5.5�0.5 5.3�0.5 <0.001

Cornell voltage product
in ECG, ms9mm

1638�615 1621�509 0.779

Values are means�SD except for smoking, which shows the number of participants and
percentages, and for alcohol intake and triglycerides, which are shown as medians (lower
and upper quartiles) due to skewed distribution. eGFR indicates estimated glomerulus
filtration rate30; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Table 2. Medications Used Regularly by the Study
Participants (Number of Participants With Each Type of
Medication)

Medication
Men
(n=167)

Women
(n=167)

Acetylsalicylic acid 3 0

Acyclovir 0 1

Allopurinol 0 1

Amitriptyline 0 1

Amoxicillin 0 1

Antidepressant (SSRI or SNRI) 3 12

Antihistamine 2 5

Doxycycline (low dose) 1 0

Ezetimibe 1 0

Female hormones

Systemic (including tibolone) 0 41

Topical 0 3

Glucosamine 3 3

Intranasal or inhaled corticosteroid 2 6

Isotretinoin 0 1

Letrozole 0 1

Levomepromazine 0 1

Levonorgestrel via intrauterine device 0 16

Liothyronine 0 1

Lymecycline 1 0

Mefloquine 0 1

Melatonin 1 1

Mepacrine 1 0

Nonsteroidal anti-inflammatory drug 1 3

Oxybutynine 0 1

Pramipexole 0 1

Pregabalin 1 1

Proton pump inhibitor 3 4

Quetiapine 0 1

Statin 7 1

Thyroxine 0 10

Valproate 0 1

Vitamin D supplementation 6 11

Warfarin 1 0

SNRI indicates serotonin–norepinephrine reuptake inhibitor; SSRI, selective serotonin
reuptake inhibitor.
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A whole-body impedance cardiography device (CircMon; JR
Medical Ltd) that records changes in body electrical
impedance during cardiac cycles was used to determine
heart rate, stroke volume, and cardiac output.25,33–35 The
description of the method and electrode configuration was
reported previously.25,33–35 The values were normalized to
body surface area and expressed as cardiac index, stroke
index, systemic vascular resistance index (SVRI), and left
cardiac work index (LCWI). SVRI was calculated from the
radial BP signal and cardiac index measured by the CircMon
device. LCWI (in kg9m/min per m2) was calculated using
following formula: 0.01439(mean aortic pressure–pulmonary
artery occlusion pressure)9cardiac index. Pulmonary artery
occlusion pressure was assumed to be 6 mm Hg (normal),
and 0.0143 is the conversion factor of pressure from
millimeters of mercury to centimeters of water, volume to
density of blood (in kg/L), and centimeters to meters.36,37 The
stroke volume and cardiac output measured using CircMon
whole-body impedance cardiography agree with values mea-
sured using 3-dimensional ultrasound and the thermodilution
method, respectively, and agreement with the latter has been
shown in both supine and upright positions.34,36,38

An introductory head-up tilt was performed before the
recordings. The actual measurement consisted of 3 consec-
utive 5-minute periods with continuous capture of data:
5 minutes supine, 5 minutes of passive head-up tilt to 60°,
and 5 minutes supine. The repeatability and reproducibility of
the supine and upright measurements has been shown to be
good.31

Evaluation of Cardiac Autonomic Tone
HRV analysis from electrocardiograms was used to assess
cardiac autonomic tone. The electrocardiograms were
recorded by the CircMon device at a 200-Hz sampling rate,
and data were analyzed using Matlab software (MathWorks
Inc). Normal R-R intervals were recognized, and a beat was
considered ectopic if the interval differed >20% from the
previous values. The artifacts were processed using the cubic
spline interpolation method.39 Because the data were
collected from short-term recordings, the frequency domain
method was applied.40 The following variables were calculated
from the recordings in supine (0–5 minutes) and upright
(5–10 minutes) positions using the fast Fourier transforma-
tion method: (1) total power, (2) power in the low-frequency
(LF) range (0.04–0.15 Hz), (3) power in the high-frequency
(HF) range (0.15–0.40 Hz), and (4) LF/HF ratio.40

Laboratory Tests
Blood samples were obtained after about 12 hours of fasting.
Plasma glucose, creatinine, cystatin C, triglyceride, and total

and high- and low-density lipoprotein cholesterol concentra-
tions were determined using the Cobas Integra 700/800 or
Cobas 6000, module c501 (F. Hoffmann-La Roche Ltd), and
blood cell count was performed by an ADVIA 120 or 2120
system (Siemens Healthcare GmbH). In some participants,
low-density lipoprotein was calculated using the Friedewald
formula.41 Creatinine- and cystatin C–based estimated
glomerular filtration rate was calculated using the Chronic
Kidney Disease Epidemiology Collaboration formula.30 A
standard 12-lead electrocardiogram was recorded, and left
ventricular mass was evaluated using the Cornell voltage QRS
duration product.21 All laboratory values were missing from 3
participants, and low-density lipoprotein cholesterol values
were missing from an additional 2 participants.

Statistical Analyses
The characteristics of men versus women were compared
using an independent samples t test, and smoking habits
(current, previous and never) were compared using the
Pearson chi-square test. Hemodynamic differences in supine
and upright positions were examined using ANOVA for
repeated measures, and the changes in hemodynamic values
from supine to upright position (average values of last
3 minutes before and last 3 minutes during the head-up tilt25)
and HRV differences were analyzed using an independent
samples t test and ANOVA with possible confounding factors
as covariates. Average BP values during the last 3 minutes of
the first supine period were applied for the clinical charac-
terization of the BP of participants (Table 1).

The analyses were adjusted for smoking habits, alcohol
intake (standard doses per week), fasting plasma glucose,
triglycerides, high- and low-density lipoprotein cholesterol,
height, and mean arterial pressure, as appropriate (the
adjusting variable was not used if it was included in the
formula of the variable of interest). HRV analyses were also
adjusted for heart rate.42 In the adjusted analyses, current
smoking as cigarettes per day was applied as a continuous
variable, whereas in the tables, the smoking habits were
described as current, previous, and never smoker. Due to
missing data among the main group of interest (334
participants), the number of participants in the adjusted
analyses ranged from 311 to 324, with at least 153 men and
158 women in all analyses.

The skewed distributions of triglycerides, total power, LF
power, HF power, and LF/HF ratio were logarithmically
transformed before statistical analyses. Variables with normal
distribution were reported as means and standard deviations
(SD) or 95% CIs of the means; skewed distributions were
reported as medians, lower and upper quartiles, and range;
and categorical variables were reported as numbers of
participants and percentages. All testing was 2-sided, and P
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values <0.05 were considered statistically significant. The
data were analyzed using SPSS 17.0 (IBM Corp).

Results

Study Population
The general characteristics of the study participants are
presented in Table 1. Because of the inclusion protocol, men
and women were well matched for age and BMI. In addition,
there were no significant differences in smoking status,
estimated glomerular filtration rate,30 total cholesterol, and
Cornell voltage product21 between the 167 men and 167
women. Men, however, were characterized by somewhat
higher systolic and diastolic BP, alcohol intake, and higher
fasting plasma creatinine, cystatin C, low-density lipoprotein
cholesterol, triglyceride, and glucose concentration and lower
high-density lipoprotein cholesterol concentration than
women.

Supine and Upright Hemodynamics
Men had higher supine mean arterial pressure, stroke index,
and LCWI and lower heart rate than women in unadjusted
analyses (Figure 1A–1C and 1E). Supine cardiac index and
SVRI did not differ between sexes (Figure 1D and 1F). After
adjusting for height, smoking habits, alcohol intake, mean
arterial pressure, low- and high-density lipoprotein choles-
terol, triglycerides, and glucose, only the differences in supine
heart rate and stroke index for men and women remained
significant (Figure 1B and 1C).

During passive head-up tilt to 60°, men had higher mean
arterial pressure, stroke index, cardiac index, and LCWI
(Figure 1A, 1C, 1D, and 1E) and lower SVRI (Figure 1F)
than women in unadjusted analyses. Upright heart rate did
not differ between men and women (Figure 1B). In
adjusted analyses, with the exception of mean arterial
pressure, all of the above differences in upright hemody-
namics for men and women remained significant (Figure 1A
and 1C–1F).

The magnitude of the changes in hemodynamic variables in
response to upright posture was also analyzed (see Methods).
Unadjusted analyses showed a greater increase in heart rate
(P<0.001); less decrease in stroke index, cardiac index, and
LCWI (P<0.05 for all); and less increase in SVRI (P<0.001) in
response to head-up tilt in men than in women. A similar
increase in mean arterial pressure was observed in both sexes
(P=0.812). In adjusted analyses, the differences in the upright
changes in cardiac index, LCWI, and SVRI remained significant
(P<0.01 for all), whereas the changes in heart rate and stroke
index were no longer different between men and women
(P=0.600 and P=0.694, respectively).

HRV in Supine and Upright Positions
In supine and upright positions, there were no significant
differences in total power and in power in the LF range in
unadjusted analyses (Figure 2A and 2B), whereas men had
lower power in the HF range and higher LF/HF ratios than
women (Figure 2C and 2D). In adjusted analyses, the upright
differences in the HF component were no longer significant
(Figure 2C), but supine HF power was lower and both supine
and upright LF/HF ratios remained higher in men than in
women (Figure 2C and 2D)

Supine and Upright Hemodynamics in Additional
Analyses
Three additional analyses of hemodynamic changes in
response to head-up tilt were performed: (1) All participants
using systemic female hormones and statins were excluded
(n=285) (Figure 3); (2) all included participants were aged
≥55 years, and none used systemic female hormones (n=76)
(Figure 4); (3) all participants who participated in hemody-
namic recordings were included (n=878) (Figure 5). The last
group was composed of 615 participants who were without
medications with direct influence on cardiovascular function
and 263 medicated patients with hypertension, chronic renal
disease, diabetes mellitus, or atherosclerotic vascular dis-
ease. The outcome of all of these additional analyses was that
the sex-related differences in upright hemodynamics were
very similar to those observed in the 167 men and 167
women with matching age and BMI. The results clearly
showed a higher upright hemodynamic workload for the heart
in men (Figures 3 through 5).

Discussion
Several previous studies examined the differences in cardio-
vascular function between sexes,6–8,16,18–20,43 but only a few
reports compared the upright hemodynamics between
sexes.15–17,44,45 Although head-up tilt for 5 minutes is a
short period of observation, we found that upright hemo-
dynamic adaptation differed between men and women. In
men, cardiac index and left cardiac work decreased less in
the upright position than in women, whereas men also
showed lower upright increase in systemic vascular resis-
tance than women. The net outcome was that the upright
hemodynamic workload of the heart was higher in men than
in women.

To gain functional insight about the cardiovascular system,
we applied a head-up tilt protocol to induce changes in
autonomic tone, cardiac function, and peripheral arterial
resistance in the study participants.25,26,31,35 Because age
and excess body weight have major influences on
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hemodynamics,26–29 we initially performed analyses in 167
men and 167womenwith corresponding age andBMI; however,
the findings showing higher cardiacworkload during head-up tilt

in men remained similar in participants not using statins or
hormone replacement therapy, in participants aged ≥55 years,
and in a large group composed of 878 participants.

Figure 1. Line graphs show mean arterial pressure (A), heart rate (B), stroke index (C), cardiac index (D),
left cardiac work index (E), and systemic vascular resistance index (F) in 167 men and 167 women during
supine position and passive head-up tilt (means and 95% CIs of the mean). P values denote differences
between sexes in unadjusted analysis and in analyses adjusted for low- and high-density lipoprotein
cholesterol, triglycerides, glucose, mean arterial pressure, smoking habits, alcohol intake, and height.
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We examined cardiac autonomic tone using the frequency
domain analyses of HRV.16,18–20 The HF component reflects
cardiac parasympathetic activity,46–48 whereas the LF com-
ponent predominantly reflects sympathetic activity, although
it contains parasympathetic contributions.40,46,48 The LF/HF
ratio is a marker of sympathovagal balance,40,46 but this
matter remains controversial, and conclusions should be
drawn with caution.47,48 In the present study, the frequency
domain analysis of HRV showed higher LF/HF ratios in men
both supine and upright, suggesting increased sympathovagal
balance. The differences in cardiac autonomic tone largely
resulted from decreased HF power, namely, lower cardiac
parasympathetic tone in men than women. There has been
controversy about whether the indices of HRV are higher in

men or in women. In participants aged <30 years, the time
domain measures of HRV were higher in men than in
women49; however, most published reports on frequency
domain measures of HRV have found that the values of LF
power are higher in men,18–20,50 whereas the values of HF
power are higher in women.16,19,50 Higher LF/HF ratios during
supine and standing positions have been reported in 156 men
versus 206 women,20 and the majority of reports have
suggested that sympathovagal balance is higher in
men.15,16,18–20,43,50–52 The present findings stress the role
of differences in cardiac parasympathetic regulation between
sexes.

Higher sympathovagal balance in men agrees with higher
upright cardiac workload but raises questions about lower

Figure 2. Box plots of heart rate variability in men and women during 5 minutes in supine and upright
positions: total power (A), LF power (B), HF power (C), and LF/HF ratio (D) (median [line inside box], 25th to
75th percentile [box], and range [whiskers); outliers were excluded from the figure but were included in the
statistics). P values denote differences between sexes in unadjusted analysis and in analyses adjusted for
low- and high-density lipoprotein cholesterol, triglycerides, glucose, heart rate,42 mean arterial pressure,
smoking habits, alcohol intake, and height. HR indicates high frequency; LF, low frequency.
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upright SVRI in men. Both arteries and veins are innervated by
autonomic nerves. Autonomic innervation of the resistance
arteries consists of sympathetic and sensory–motor nerves,
whereas parasympathetic vascular innervation is nonexistent
or very limited.53 If higher sympathovagal balance would be
transmitted to the resistance arteries similarly in men and
women, higher cardiac output would result in an excessive
upright rise of arterial pressure in men, with subsequent
activation of baroreceptors.54 This would limit the increase in
vascular resistance, and the comparison of baroreflexes
between men and women is a subject for further studies.
Previously, baroreceptor sensitivity during orthostasis has
been reported to be higher in men than in women.15 Although
sympathetic nerves are predominantly vasoconstrictor nerves,

they can induce vasodilation in skeletal muscles,53 and the
net effect of sympathetic stimulation on peripheral resistance
depends on the circulatory balance between skeletal muscles
and other organs. Studies of muscle sympathetic nerve
activity have shown that the association of sympathetic tone
with hemodynamics is not straightforward.14,15 In younger
men and women (aged <40 years), no relationship was found
between muscle sympathetic nerve activity and BP, although
a clear relationship was observed in older participants (aged
≥40 years).14 In younger men, muscle sympathetic nerve
activity was positively related to peripheral vascular resis-
tance and negatively related to cardiac output, whereas in
younger women, no relationship was found between muscle
sympathetic nerve activity and peripheral vascular resistance

Figure 3. Participants using statins or hormone replacement therapy were excluded. Line graphs show
mean arterial pressure (A), cardiac index (B), left cardiac work index (C), and systemic vascular resistance
index (D) in 160 men and 125 women during supine position and passive head-up tilt (means and 95% CIs
of the mean). P values denote differences between sexes in unadjusted analysis and in analyses adjusted
for low- and high-density lipoprotein cholesterol, triglycerides, glucose, mean arterial pressure, smoking
habits, alcohol intake, age, and body mass index.
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or cardiac output.14 Finally, autonomic innervation is not the
sole regulator of resistance arterial tone; endothelium-
dependent mechanisms, myogenic regulation, and humoral
factors also contribute to vascular resistance.53,55

The present findings provide another putative explanation
for the higher risk of cardiac events in men. Coronary heart
disease and myocardial infarction account for a third to half of
the initial presentations of CVD, and male sex particularly
predisposes to myocardial infarction in those aged
<60 years.56 The more unfavorable upright hemodynamic
load of the heart could lead to earlier clinical manifestation of
coronary heart disease in men than in women. Of note, the
coronary findings in those who experienced sudden death
also differ between sexes. In 442 cases of sudden coronary

death, the prevalence of acute thrombosis and plaque rupture
was higher in men than in women (53% versus 46% and 71%
versus 33%, respectively), whereas plaque erosion as a cause
of thrombosis was less frequent in men than in women (24%
versus 58%).57 Finally, even the prognosis of heart failure has
been reported to be worse in men than in women.58,59 This is
not explained by the etiology of the heart failure or by
differences in left ventricular ejection fraction.60 Differences
in the upright hemodynamic load of the heart could partially
explain some of the aforementioned differences in cardiovas-
cular risk between men and women.

An obvious difference between men and women is
hormonal function, and both endogenous and exogenous
sex hormones have effects on the vasculature.9,61

Figure 4. All included participants aged ≥55 years. Line graphs show mean arterial pressure (A), cardiac
index (B), left cardiac work index (C), and systemic vascular resistance index (D) in 43 men and 33 women
(no hormone replacement therapy in use) during supine position and passive head-up tilt (means and 95%
CIs of the mean). P values denote differences between sexes in unadjusted analysis and in analyses
adjusted for low- and high-density lipoprotein cholesterol, triglycerides, glucose, mean arterial pressure,
smoking habits, alcohol intake, age, and body mass index.
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Progesterone, for example, has vasodilatory or vasoconstric-
tive effects depending on the location of the vessel and the
level of exposure.9 Exogenous progestins have androgenic
properties compared with endogenous progesterone, and
baroreflex sensitivity during oral contraceptive pill use may
differ from that during the normal menstrual cycle.9 Estradiol
may inhibit renin release, whereas testosterone may activate
the renin–angiotensin system.61 Estrogens may even acutely
enhance endothelium-dependent vasodilation in post-
menopausal women.62 In the present study, the upright
differences in hemodynamics between men and women were
not confined to premenopausal women but were consistent in

participants of postmenopausal age. Consequently, higher left
cardiac work in the upright position cannot be explained
solely by differences in the sex hormones of men and women.

The sex differences in CVD risk factors and end points are
known to diminish with increasing age.5 Although the
incidence of myocardial infarction increases in post-
menopausal women, after age 70 years, heart failure and
stroke are the most common initial presentations of CVD in
both sexes.56 A major predisposing factor to heart failure and
stroke is the increased prevalence of hypertension.1,9 The
withdrawal of estrogen increases the age-related cardiovas-
cular risk in postmenopausal women, but chronological aging

Figure 5. Overall, 878 participants were examined. Line graphs show mean arterial pressure (A), cardiac
index (B), left cardiac work index (C), and systemic vascular resistance index (D) in 480 men and 398
women during supine position and passive head-up tilt (312 men and 303 women were without medications
with direct cardiovascular actions; means and 95% CIs of the mean). P values denote differences between
sexes in unadjusted analysis and in analyses adjusted for low- and high-density lipoprotein cholesterol,
triglycerides, glucose, mean arterial pressure, smoking habits, alcohol intake, age, and body mass index. In
adjusted analyses, the numbers of participants ranged from 402 to 411 for men and from 332 to 342 for
women.
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processes acting on top of biological differences between
men and women likely play a more important role in the
increase of cardiovascular risk.63

Another difference between men and women is body
height. An inverse association between height and the risk of
CVD has been found.64,65 Hemodynamically, height is corre-
lated with higher systolic pressure amplification from central
to peripheral arteries and prolonged return of the reflected
pressure wave form the peripheral circulation to the
aorta.64,66 Subsequently, shorter body height in women
results in less peripheral systolic pressure amplification than
in men, with lower peripheral but not central systolic
pressure. In premenopausal women, greater arterial distensi-
bility partially offsets the effects of shorter body height, but
after menopause, arterial stiffness increases and does not
compensate for the smaller stature of women, resulting in
higher pressure wave reflections in central arteries.64,66 In the
present study, the estimation of aortic BP was performed
using a pulse wave monitoring system that takes into account
the reflected pressure waves, and the influences of the
reflected waves were included in the estimation of aortic
mean pressure that was used for the calculation of left cardiac
work.

Our study has several limitations. The noninvasive record-
ings of cardiac output require mathematical equations and
simplification of physiology,38 but invasive measurements are
not justified without a clinical reason. The present methods
have been validated against invasive methods,32,34,67 and we
have no reason to suspect that the recordings would be less
reliable in the upright position between sexes. Although
participants taking medications with direct influence on
hemodynamics were excluded from the main group composed
of 334 participants, the medications used by the participants
may have influenced the results. Selection bias also may have
influenced the results in the group composed of 334
participants; however, it is unlikely that the results were
observed merely by chance because the outcome in 878
participants (of whom 263 had CVD and were on various
medications) correspondingly showed higher upright cardiac
load in men than in women. The average BMI (in kg/m2) in the
study population was �26.5, which corresponds well to the
average BMI in Finnish men (27.4) and women (26.9) in a
recent survey.68 Finally, the present analyses were adjusted
for smoking habits, BP, lipid profile and glucose, and the
groups of men and women had similar BMIs and ages.
Consequently, the sex-related differences in upright hemody-
namics were not explained by the generally known cardio-
vascular risk factors.

In conclusion, we found clear differences in upright
hemodynamics between men and women. In men, the upright
position was associated with higher workload of the heart,
whereas in women, the most marked hemodynamic change

was a significant rise in peripheral arterial resistance. These
hemodynamic differences were not explained by the generally
known cardiovascular risk factors like smoking, alcohol use,
lipid or glucose disorders, or level of BP. The findings of the
current study emphasize that upright hemodynamics should
receive special attention when examining cardiovascular
differences between men and women. The observed differ-
ences in upright hemodynamics could play a role in the higher
risk of cardiac events in men than in women.
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Impaired heart rate variability (HRV) is associated with increased risk of cardio-
vascular disease, but evidence regarding alterations of HRV in metabolic syndrome
(MetS) remains elusive. In order to examine HRV in MetS, we subjected 501 vol-
unteers without atherosclerosis, diabetes or antihypertensive medication, mean
age 48 years, to passive head-up tilt. The subjects were divided to control men
(n = 131), men with MetS (n = 121), control women (n = 191) and women
with MetS (n = 58) according to the criteria by Alberti et al. (Circulation, 2009,
120, 1640). In unadjusted analyses (i) men and women with MetS had lower
total power and high-frequency (HF) power of HRV than controls whether supine
or upright (P<0�05 for all). (ii) Supine low-frequency (LF) power of HRV was
lower in men (P = 0�012) but not in women (P = 0�064) with MetS than in con-
trols, while men and women with MetS had lower upright LF power of HRV than
controls (P <0�01 for both). (iii) The LF:HF ratio did not differ between subjects
with and without MetS. After adjustment for age, smoking habits, alcohol intake,
height, heart rate and breathing frequency, only the differences in upright total
power and HF power of HRV between women with MetS and control women
remained significant (P<0�05). In conclusion, reduced total and HF power of
HRV in the upright position may partially explain why the relative increase in car-
diovascular risk associated with MetS is greater in women than in men. Addition-
ally, the present results emphasize that the confounding factors must be carefully
taken into consideration when evaluating HRV.

Introduction

Metabolic syndrome (MetS), a disorder characterized by a

cluster of unfavourable changes in lipid profile, blood pres-

sure, glucose metabolism and waist circumference is very

common, especially in the Western countries. MetS is related

to an increased risk of diabetes and cardiovascular disease

(CVD) (Alberti et al., 2009), while CVDs are the most impor-

tant factor causing mortality worldwide (Mendis & Norrving,

2011). Consequently, MetS has been under active investigation

during the last decades. However, the mechanisms linking

MetS with increased risk of CVD are still incompletely under-

stood (Mottillo et al., 2010).

Imbalance in the autonomic nervous system with sympa-

thetic overdrive has been linked with MetS (Grassi, 2006). An

applicable, non-invasive method for the evaluation of cardiac

autonomic tone is the measurement of heart rate variability

(HRV). Decreased vagal activity, as indicated by HRV, has

been shown to predict mortality in both high-risk and low-

risk populations (Thayer et al., 2010; Wulsin et al., 2015).

According to a recent systematic review (Stuckey et al., 2014),

numerous cross-sectional studies have revealed impaired car-

diac autonomic function associated with MetS. Furthermore, a

longitudinal study showed that low HRV increased the odds

of developing MetS during 12 years of follow-up (Wulsin

et al., 2016).
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In previous studies, MetS was associated with lower

indices of HRV, but the results have not been consistent

(Stuckey et al., 2014). In many reports, the changes of car-

diac autonomic tone in MetS seemed to be more pronounced

in women than in men (Koskinen et al., 2009; Stuckey et al.,

2014, 2015). Several studies suggested that the association of

MetS with cardiovascular end points is also stronger in

women than in men (Hunt et al., 2004; Schillaci et al.,

2006). This raises the question whether the sex-related dif-

ferences in autonomic tone in MetS could play a role to

explain these differences.

In addition to various medical conditions, also age (Bon-

nemeier et al., 2003), sex (Koenig & Thayer, 2016), heart rate

(HR) (Billman, 2013a; Sacha, 2014), circadian rhythm (Bon-

nemeier et al., 2003) and breathing frequency (Stolarz et al.,

2003; Billman, 2011) can influence HRV. In many studies,

evaluating HRV in MetS these factors were somewhat

neglected, and this may explain some of the discrepancies in

the published results (Stuckey et al., 2014). According to a

review published in 2014 (Stuckey et al., 2014), only three

reports had separated the analyses by sex, while only one

study in young adults had adjusted the HRV results for HR

(Koskinen et al., 2009), although increased HR is characteristic

of subjects with MetS (Mancia et al., 2007). To our knowl-

edge, no HR-adjusted results of HRV in MetS have been pub-

lished thereafter.

Importantly, many antihypertensive medications like beta-

blockers (Vaile et al., 1999), calcium channel blockers (Karas

et al., 2005), angiotensin receptor blockers (Karas et al., 2005;

Okano et al., 2009) and angiotensin-converting enzyme inhi-

bitors (Karas et al., 2005) can influence HRV. Hypertension is

very common in MetS, and in many studies evaluating HRV

in MetS, subjects with antihypertensive medication were

included (Stuckey et al., 2014), and this has probably also

contributed the discrepancy in the published results.

In the current study, we examined changes in HRV associ-

ated with MetS separately in men and women. None of the

subjects used antihypertensive agents or other medications

with direct cardiovascular influences, and the differences

between HR and breathing frequency were also taken into

account. As upright position is characterized by differences in

the haemodynamic responses between men and women (Kan-

gas et al., 2016), we examined HRV during supine and

upright positions.

Methods

Study subjects

This study is part of an ongoing investigation of haemody-

namics in the University of Tampere (DYNAMIC-study, Clini-

calTrials.gov identifier NCT01742702). The procedures for

recruiting of participants and data collection have been previ-

ously described (Kangas et al., 2016). The population of the

current study was screened from 1091 subjects. The exclusion

criteria were diagnosed atherosclerosis, cardiac insufficiency or

cerebrovascular disease, diabetes, and use of antihypertensive

drugs or other medications having influences on haemody-

namics (like b-blocker eye drops for glaucoma, b2-adrenocep-
tor agonists, a1-adrenoceptor blockers for prostate problems

and digoxin). After the exclusion process, 501 subjects aged

19–72 years were eligible for the study population. Clinical

cardiovascular status was examined, lifestyle habits, medical

history, family history and use of medicines were recorded,

and laboratory tests were taken before the haemodynamic

recordings.

For the definition of MetS, the criteria of Alberti et al. from

2009 (Alberti et al., 2009) were used, so that three or more

of the following criteria were met: waist circumfer-

ence ≥ 94 cm (men) and ≥ 80 cm (women); high-density

lipoprotein cholesterol (HDL-C) <1�0 mmol l�1 (men) and

<1�3 mmol l�1 (women); triglycerides ≥ 1�7 mmol l�1; fast-

ing plasma glucose ≥ 5�6 mmol l�1; systolic BP ≥ 130 mmHg

and/or diastolic BP ≥ 85 mmHg. The study subjects were

allocated to four groups: men without MetS (M-control,

n = 131), men with MetS (M-MetS, n = 121), women

without MetS (W-control, n = 191) and women with MetS

(W-MetS, n = 58).

Although none of the subjects used antihypertensive agents,

medications not affecting haemodynamics were allowed. Alto-

gether, 186 subjects (37%) used some medication. Thirteen

had statins for dyslipidemia, 77 female participants (31%)

used systemic female hormones (hormone replacement ther-

apy or contraception). In the use of female hormones, no dif-

ference was found between W-control and W-MetS groups

(P = 0�761). Additionally, some other drugs (e.g. antihistami-

nes, thyroid hormones, proton pump inhibitors, acetylsalicylic

acid, selective serotonin re-uptake inhibitors and intranasal or

inhaled corticosteroids) were used by the participants. One

subject had anti-phospholipid syndrome without any symp-

toms or findings, and he was receiving warfarin.

Measuring heart rate variability during passive head-up

tilt test

The participants were instructed to refrain from smoking, caf-

feine-containing products and heavy meals for at least 4 h,

and from alcohol for at least 24 h prior to the recordings. The

recordings were performed in a temperature-controlled labo-

ratory by a trained research nurse during two consecutive

5-min periods with continuous capture of data: 5 min of

supine recordings followed by 5 min of passive head-up tilt

to >60°. The actual recordings were preceded by an introduc-

tory head-up tilt. The HRV values of the last 3 min of the

supine and the upright periods were used in the analyses,

since the signal of these periods was most stable (Tikkakoski

et al., 2013). Continuous radial tonometric blood pressure val-

ues were recorded during the measurements, and the average

systolic and diastolic values of the last supine 3 min were

used for the definition of MetS. The detailed description of

© 2018 Scandinavian Society of Clinical Physiology and Nuclear Medicine. Published by John Wiley & Sons Ltd
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the measurement protocol has been previously published

(Kangas et al., 2013; Koskela et al., 2013).

For assessing cardiac autonomic tone, HRV analysis from a

single channel electrocardiogram (ECG) was used. The ECG was

recorded by the CircMonR device (CircMon; JR Medical Ltd)

with 200 Hz sampling rate, and Matlab software (MathWorks

Inc., Natick, Massachusetts, USA) was used for data analyses.

Normal R-R intervals were recognized, and if the interval dif-

fered more than 20% from the previous values, the beat was

considered ectopic. The processing of artefacts was performed

using the cubic spline interpolation method (Peltola, 2012).

Since the data was collected from short-term recordings, the

frequency domain method was applied (Task Force of the

European Society of Cardiology and the North American Society

of Pacing and Electrophysiology, 1996). The following HRV

variables were calculated using the fast Fourier transformation:

(i) total power, (ii) power in the low-frequency (LF) range

(0�04–0�15 Hz), (iii) power in the high-frequency (HF) range

(0�15–0�40 Hz) and (iv) LF:HF ratio. The recordings were per-

formed in both supine and upright positions. Breathing fre-

quency was captured from the CircMonR data, the focus being

on the last 3 min of the supine and upright phases of recording.

Laboratory tests

Blood samples were obtained after ~12 h of fasting, and

plasma total cholesterol, HDL-C and low-density lipoprotein

cholesterol (LDL-C), triglycerides, glucose, creatinine and cys-

tatin C were determined using the Cobas Integra 700/800 or

Cobas 6000 (Roche Diagnostics, Basel, Switzerland), and insu-

lin using electrochemiluminescence immunoassay (Cobas e

422, Roche Diagnostics). A standard 12-lead electrocardio-

gram was recorded and Cornell voltage QRS duration product

was calculated for evaluating left ventricular mass (ESC,

2007). Insulin sensitivity was estimated using the Quantitative

insulin-sensitivity check index (QUICKI) (Katz et al., 2000).

Estimated glomerulus filtration rate (eGFR) was calculated

using the CKD-EPI formula (Inker et al., 2012).

Statistical analyses

The skewed distributions of total power, LF power, HF

power, LF:HF ratio and triglycerides were logarithmically

transformed before the statistical analyses. The original values

of the HRV variables are represented in the Figures. The statis-

tical analyses were performed separately in men and women.

In the comparisons of HRV variables and the characteristics

between control and MetS groups, the independent samples of

t-test were used. Pearson chi-square test was applied to com-

pare smoking habits (current, previous and never) and the use

of female hormones between the study groups, while Mann–
Whitney U-test was used for the comparisons of alcohol intake

due to its skewed distribution.

To assess the influence of different confounding factors on

the HRV results, three separate models of adjustment were

crafted. The results adjusted for (i) age, smoking (current

smoking amount), alcohol intake and height; (ii) model 1 plus

HR (Billman, 2013a; Sacha, 2013; Monfredi et al., 2014); (iii)

model 2 plus breathing frequency (Brown et al., 1993; Bill-

man, 2013b). In the adjusted analyses, analysis of covariance

(ANCOVA) was used with the above variables as covariates.

HRV data were captured from all 501 participants. How-

ever, some of the additional data were missing: Information

about alcohol intake was missing from 14 and about smoking

from five subjects. LDL-C value was missing from four, and

ECG from one subject. QUICKI could not be calculated from

47 participants. Due to technical problems, breathing fre-

quency was not obtained from 77 subjects in the supine posi-

tion and from 76 subjects in the upright position. Altogether,

482 (96%) subjects were included in the adjusted models 1

and 2, while 407–408 (81%) subjects were included in the

adjusted model 3.

All testing was 2-sided, and the results in the table were

reported as means and standard deviations for normally dis-

tributed variables, and medians and lower and upper quartiles

for variables with skewed distribution. For categorical vari-

ables, numbers of cases and percentages are shown. P-values

<0�05 were considered significant. The statistical analyses were

performed using IBM SPSS Statistics (software version 24,

Armonk, New York, USA).

Results

Study population

The characteristics of the study participants are presented in

Table 1. The MetS and the control groups did not differ in

age or in alcohol use (P > 0�1 for all). In women, the propor-

tion of previous smokers was higher in the MetS group than

in the control group (P = 0�047), but the proportions of cur-

rent smokers were similar in the MetS and control groups, in

both women and men (P>0�1). As expected, female and male

subjects with MetS had higher systolic and diastolic blood

pressure, BMI and waist circumference; and higher fasting

plasma glucose, total cholesterol, triglycerides, LDL-C

(P<0�001 for all), and lower HDL-C and QUICKI (P<0�001
for all) than the control subjects. Creatinine was higher in the

W-control group than in the W-MetS group (P = 0�004), but
eGFR did not differ between the W-MetS and the W-control

groups, or between the M-MetS and the M-control groups

(P>0�1 for both). Both women and men with MetS had

higher Cornell voltage product in ECG than controls (P<0�05).

HRV in supine and upright positions

Unadjusted supine analyses: Supine total power (Fig. 1a) and

HF power (Fig. 1b) of HRV were lower in the MetS groups

than in the control groups (P<0�05 for analyses in men and in

women). The M-MetS group had lower supine LF power

(Fig. 2a) than the M-control group (P = 0�012), while in
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women supine LF power did not show a significant difference

between the two groups (P = 0�064). The supine LF:HF ratio

(Fig. 2b) did not differ between the MetS and the control

groups (P>0�1).
Unadjusted upright analyses: Upright total power (Fig. 1a),

HF power (Fig. 1b) and LF power (Fig. 2a) were all different

in the comparisons between the M-MetS and the M-control

groups and between the W-MetS and the W-control groups

(P<0�05 for all). The upright LF:HF ratio (Fig. 2b) did not

differ between the MetS and the control groups (P>0�1).
When the results were adjusted for the confounding factors,

the differences between the MetS and the control groups were

not as clear as in the unadjusted analyses. The detailed com-

parisons with the three models of adjustment with the exact

P-values are presented in the Figs. 1 and 2. The results of

model 1, with adjustments for age, smoking habits, alcohol

intake and height, paralleled well the unadjusted results. In

model 2 with additional adjustments for HR, the differences

between the MetS and the control groups in supine total

power and HF power in women and supine LF power in men

were no longer significant.

In model 3, where the HRV results were also adjusted for

breathing frequency, only the differences in upright total

power (Fig. 1a), and upright HF power (Fig. 1b), between

the MetS and the control groups remained statistically signifi-

cant, and these differences were only found in women

(P<0�05 for both). In men, all of the adjusted P-values in

model 3 were not significant (P≥0�105).

Discussion

The present study demonstrates sex-dependent characteristics

of cardiac autonomic tone in MetS using the frequency

domain analyses of HRV. In HRV indices, the HF component

represents cardiac parasympathetic activity (Eckberg, 1997;

Cooke et al., 1999; Xhyheri et al., 2012), while the LF compo-

nent predominantly reflects sympathetic activity, although it

contains parasympathetic contributions (Eckberg, 1997;

Xhyheri et al., 2012). The interpretation of LF:HF ratio

remains somewhat controversial. It has been suggested to rep-

resent sympathovagal balance (Task Force of the European

Society of Cardiology and the North American Society of Pac-

ing and Electrophysiology, 1996; Xhyheri et al., 2012), but

this interpretation has been criticized, and conclusions should

be drawn with caution (Eckberg, 1997; Cooke et al., 1999;

Billman, 2013b).

Impaired cardiac autonomic tone is associated with cardio-

vascular risk (Tsuji et al., 1996; Schuster et al., 2016; Patel

et al., 2017) and mortality (Thayer et al., 2010; Wulsin et al.,

2015). Several studies have reported changes in the HRV

indices in MetS (Stuckey et al., 2014), and disturbances in

autonomic nervous tone have been suggested as an important

link between MetS and cardiovascular diseases (Grassi, 2006).

However, although the HRV indices are known to be affected

by multiple factors, aspects like HR, sex and breathing fre-

quency have been somewhat neglected in many reports evalu-

ating the association between MetS and HRV (Stuckey et al.,

Table 1 Clinical and metabolic characteristics in the study groups.

Variable M-control M-MetS P-value W-control W-MetS P-value

Number of subjects 131 121 191 58
Age (years) 48 � 10 49 � 9 0�457 47 � 9 49 � 10 0�113
BMI (kg m�2) 26 � 3 30 � 4 <0�001 25 � 4 30 � 5 <0�001
Waist circumference (cm) 95 � 10 106 � 8 <0�001 85 � 12 98 � 14 <0�001
Systolic blood pressure (mmHg) 130 � 16 144 � 15 <0�001 125 � 18 142 � 19 <0�001
Diastolic blood pressure (mmHg) 75 � 11 84 � 10 <0�001 72 � 12 81 � 13 <0�001
Smoking status
Never smoked (n/%) 70/53 57/47 0�316 118/62 28/48 0�067
Current smoker (n/%) 21/16 18/15 0�800 26/14 8/14 0�972
Previous smoker (n/%) 40/31 46/38 0�211 47/25 22/38 0�047

Alcohol intake (standard doses per week) 4 (1–9) 4 (2–11) 0�410 2 (0–3) 2 (0–4) 0�697
Creatinine (lmol l�1) 82 � 12 82 � 11 0�551 66 � 9 62 � 9 0�004
eGFR (ml min�1 1�73 m�2) 95 � 13 96 � 13 0�842 95 � 13 98 � 13 0�122
Fasting plasma glucose (mmol l�1) 5�4 � 0�4 5�9 � 0�5 <0�001 5,2 � 0�4 5�8 � 0�5 <0�001
Total cholesterol (mmol l�1) 5�2 � 0�9 5�6 � 1�1 <0�001 5,1 � 1�0 5�6 � 0�9 <0�001
Triglycerides (mmol l�1) 1�0 (0�7 - 1�4) 1�7 (1�1 - 2�3) <0�001 0�9 (0�6 - 1�2) 1�5 (1�0 - 2�0) <0�001
High-density lipoprotein cholesterol (mmol l�1) 1�5 � 0�3 1�2 � 0�3 <0�001 1�9 � 0�4 1�5 � 0�4 <0�001
Low-density lipoprotein cholesterol (mmol l�1) 3�2 � 0�9 3�7 � 1�0 <0�001 2�8 � 0�9 3�4 � 0�8 <0�001
Quantitative insulin sensitivity check index 0�365 � 0�046 0�343 � 0�042 <0�001 0�372 � 0�042 0�339 � 0�032 <0�001
Cornell voltage product in ECG (ms 9 mm) 1624 � 823 1807 � 584 0�044 1543 � 523 1739 � 506 0�012

M-control, men without MetS; M-MetS, men with MetS; W-control, women without MetS; W-MetS, women with MetS; BMI, body mass index;
eGFR, estimated glomerulus filtration rate (Inker et al., 2012).
Values are means � SD except the values for smoking, which are the number of cases and percentages, and the values for triglycerides and alcohol
intake, which are shown as medians (lower and upper quartiles) due to skewed distribution.

© 2018 Scandinavian Society of Clinical Physiology and Nuclear Medicine. Published by John Wiley & Sons Ltd

Heart rate variability in metabolic syndrome, P. Kangas et al.4



2014). In the current study, we found that MetS was associ-

ated with lower total power, HF power and LF power of HRV

in both women and men. These findings are in accordance

with previous studies. When the results were adjusted for age,

smoking habits, alcohol intake, height, HR and breathing fre-

quency, the differences between the MetS and the control

groups diminished. Even after all adjustments, the total power

and HF power, measured in the upright position, were still

lower in women with MetS than in control women. Similar

results were not found in men.

HR has a significant influence on HRV. Higher HRV repre-

sents higher parasympathetic nervous system activity, which

leads to slower HR (Task Force of the European Society of

Cardiology and the North American Society of Pacing and

Electrophysiology, 1996). Thus, there is a physiological asso-

ciation between HR and HRV indices. In addition, a non-lin-

ear relationship exists between the heart period (R-R

intervals) and HR, causing a mathematical dependence

between HRV and HR (Sacha & Pluta, 2008; Sacha, 2014).

Furthermore, the impact of HR on the prognostic value of

HRV has been found to differ between sexes: as the HRV

indices became more dependent on HR, the predictive power

of spectral indices increased for cardiac death in men, whereas

the prognostic power of the indices decreased in women

(Sacha et al., 2014). Monfredi et al. have concluded that HRV

is primarily dependent on HR and it cannot be used in any

simple way to assess autonomic nerve activity to the heart

(Monfredi et al., 2014). Therefore, all studies concerning HRV

should carefully correct for differences in HR before drawing

conclusions (Monfredi et al., 2014). In comparisons between

sexes, women have presented with greater vagal activity as

Figure 1 Box plots of total power (a) and high-frequency (HF)
power (b) of heart rate variability in the study groups (median [line
inside box], 25th to 75th percentile [box], and range [whiskers]; out-
liers were excluded from the Figure, but were included in the statis-
tics). Supine and upright P values in unadjusted analyses and in
analyses adjusted for (i) age, smoking (current smoking amount),
alcohol intake and height; (ii) model 1 plus heart rate; (iii) model 2
plus breathing frequency. Numbers of subjects in the groups of men
without metabolic syndrome (MetS), men with MetS, women without
MetS and women with MetS, respectively: unadjusted n = 131,
n = 121, n = 191 and n = 58; adjusted models 1 and 2 n = 125,
n = 120, n = 180 and n = 57; adjusted model 3 n = 110, n = 90;
n = 160 and n = 47–48.

Figure 2 Box plots of low-frequency (LF) power (a) and LF:HF
ratio (b) in the study groups (median [line inside box], 25th–75th
percentile [box], and range [whiskers]; outliers were excluded from
the Figure, but were included in the statistics). Supine and upright P
values in unadjusted analyses and in analyses adjusted for (i) age,
smoking (current smoking amount), alcohol intake and height; (ii)
model 1 plus heart rate; (iii) model 2 plus breathing frequency. Num-
ber of subjects in the unadjusted and adjusted models as in Figure 1.
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indexed by the HF power, but higher HR is also characteristic

for women (Koenig & Thayer, 2016). Therefore, the relation-

ship between the HRV indices and HR is not straightforward.

In the present study, HR was taken into account in the adjust-

ing process, and this clearly influenced the results.

Breathing frequency is another important factor that influ-

ences the HRV indices (Stolarz et al., 2003; Billman, 2011).

HRV increases when respiratory frequency decreases, while

HRV decreases when the tidal volume of ventilation decreases

(Brown et al., 1993). Furthermore, mechanical factors that

occur during respiration (stretch of the atria that results from

changes in thoracic pressure and cardiac filling) influence

HRV independent of changes in cardiac autonomic nerve

activity (Billman, 2013b). Several studies have shown that

slow, paced breathing strengthens vagal activity and modifies

HRV (Howorka et al., 2013; Prinsloo et al., 2013; Kromen-

acker et al., 2018; Li et al., 2018). In the current study, the

influence of breathing on the HRV indices was taken into

account by adjusting the results for breathing frequency.

The underlying pathophysiology for the association of MetS

with impaired HRV is not clear, but some factors have been

suggested. Insulin resistance is commonly found in MetS, and

several studies have revealed an association of insulin resis-

tance with impaired HRV (Rodriguez-Colon et al., 2010; Hille-

brand et al., 2015; Saito et al., 2015). However, a study that

examined HRV in subjects with and without MetS and com-

prised 220 subjects, found that insulin resistance was associ-

ated with HR but not with HRV (Stuckey et al., 2015).

Inflammatory markers, like interleukin-6, have been shown to

inversely associate with HRV (Brunner et al., 2002; Haensel

et al., 2008). Also increased plasma leptin level seems to asso-

ciate with a shift of the sympathovagal balance towards sym-

pathetic predominance (Paolisso et al., 2000), and this

relationship was found to be stronger in women than in men

(Flanagan et al., 2007). Both interleukin-6 and leptin are asso-

ciated with obesity, and influence in the pathogenesis of MetS

(Kaur, 2014). When the influence of the different MetS com-

ponents (waist circumference, HDL-C, triglycerides, fasting

glucose and blood pressure) on HRV were evaluated in a large

cohort of men, all components had a strong, linear association

(Hemingway et al., 2005), but the strongest association was

found between HRV and waist circumference (Hemingway

et al., 2005; Stuckey et al., 2015). However, a study with

2441 participants emphasized the role of glycemic status

above all other components of MetS as a cause for the

impaired HRV (Jarczok et al., 2013).

In the current study, the association of MetS with reduced

HRV indices was found to be stronger in women than in

men. This is in good concordance with previous studies

(Stuckey et al., 2014, 2015). The tilt test challenges the auto-

nomic nervous system (Avolio & Parati, 2011; Teodorovich &

Swissa, 2016), thus it is logical that the differences between

MetS and control groups found in women were accentuated

in the upright position. The reason why women with MetS

seem to have relatively more disturbances in HRV than men

with MetS remains unknown. However, hormonal factors may

play an important role in this process.

Our study has some limitations. (i) The observational

design does not allow conclusions about causal relationship.

(ii) The collection of the breathing frequency data was not

complete from all participants, and the depth of respiration

was not measured. (iii) The information about the hormonal

status like menstrual cycle and testosterone level could have

given additional information, as hormonal factors potentially

influence HRV. However, the use of exogenous female hor-

mones was reported, and no difference was found between

the W-MetS and W-control groups. (iv) Subjects using medi-

cations that are known to influence HRV were excluded, but

it remains uncertain whether the medications that were used

by some of the participants had an effect on the results. (v)

The criteria by Alberti et al.(Alberti et al., 2009) were used

for the definition of MetS, instead of the definition by

National Cholesterol Education Program (NCEP, 2001). Using

the criteria of Alberti et al., healthier subjects are defined as

MetS patients. Of note, despite this MetS definition used in

the current study, the results showed impaired HRV in

women with MetS.

In conclusion, when the confounding factors were taken

into account, the MetS-related changes in HRV seemed to be

more pronounced in women than in men, especially in the

upright position. It is possible that changes in cardiac auto-

nomic tone, presented as lower total power and lower HF

power of HRV, may contribute to the previously reported

greater relative increase in cardiovascular risk in women than

in men with MetS (Hunt et al., 2004; Iglseder et al., 2005;

Schillaci et al., 2006).
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