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Abstract

Background: High resting heart rate (HR) is associated with increased cardiovascular risk in general populations,
possibly due to elevated blood pressure (BP) or sympathetic over-activity. We studied the association of resting
HR with cardiovascular function, and examined whether the hemodynamics remained similar during passive
head-up tilt.

Methods: Hemodynamics were recorded using whole-body impedance cardiography and continuous radial pulse
wave analysis in 522 subjects (age 20-72 years, 261 males) without medication influencing HR or BP, or diagnosed
diabetes, coronary artery, renal, peripheral arterial, or cerebrovascular disease. Correlations were calculated, and
results analysed according to resting HR tertiles.

Results: Higher resting HR was associated with elevated systolic and diastolic BP, lower stroke volume but higher
cardiac output and work, and lower systemic vascular resistance, both supine and upright (p < 0.05 for all). Subjects
with higher HR also showed lower supine and upright aortic pulse pressure and augmentation index, and increased
resting pulse wave velocity (p < 0.001). Upright stroke volume decreased less in subjects with highest resting HR

(p <0.05), and cardiac output decreased less in subjects with lowest resting HR (p < 0.009), but clear hemodynamic
differences between the tertiles persisted both supine and upright.

Conclusions: Supine and upright hemodynamic profile associated with higher resting HR is characterized by higher
cardiac output and lower systemic vascular resistance. Higher resting HR was associated with reduced central wave

Trial registration: ClinicalTrials.gov, NCT01742702

reflection, in spite of elevated BP and arterial stiffness. The increased cardiac workload, higher BP and arterial
stiffness, may explain why higher HR is associated with less favourable prognosis in populations.
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Background

Measurement of heart rate (HR) is an easily available
cardiovascular phenotype in clinical practice. Increased
resting HR is associated with higher cardiovascular mor-
tality and morbidity in general populations [1-5], even
when other cardiac risk factors are taken into conside-
ration [2,4,5]. Higher HR is also a risk factor for elevated
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blood pressure (BP) in both children and adolescents
[6]. Moreover, many studies have reported that HR is as-
sociated with atherosclerosis and elevated risk of adverse
cardiovascular events [1,7-9]. However, the results con-
cerning possible benefits of pharmacological HR lowe-
ring are inconsistent [7,10-14].

The mechanisms linking elevated HR with cardio-
vascular pathology and pathophysiology are not well
understood. The association has been assumed to be a
consequence of sympathetic over-activity [15,16]. In
addition, elevated HR and reduced HR variability have
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been shown to accelerate atherosclerotic process in coron-
ary arteries through local hemodynamic changes [17,18].
Higher resting HR has also been associated with increased
pulse wave velocity (PWV), i.e. increased arterial stiffness
[19-22]. High PWV is a marker of cardiovascular aging
and an acknowledged independent risk factor for cardio-
vascular morbidity [23].

On the other hand, there is a significant negative as-
sociation between HR and central BP and central wave
reflection [24]. Augmentation index (Alx) is commonly
measured to evaluate central wave reflection, and higher
Alx can result from increased arterial stiffness, older
age, short stature, and lower HR [24]. Increased Alx and
higher central wave reflection have also been associated
with increased cardiovascular risk [25,26]. Although
B-blocking agents seem to increase Alx, this class of
drugs appears to have a beneficial influence on prog-
nosis in subjects with coronary artery disease, at least
after myocardial infarction [14,24,27]. In addition to
the anti-arrhythmic properties of B-blockers, this may
be attributed to improved oxygen delivery due to in-
creased time for coronary flow during prolonged dia-
stole [24,27].

Taken together, even though higher HR at rest is
associated with lower central wave reflection which is
considered to be beneficial, it is associated with less
favourable prognosis in observational studies [2,4,5,25,26].
In order to understand the adverse influence of increased
HR on prognosis we should identify the underlying hemo-
dynamic differences. Previously, simultaneous analysis of
central and peripheral BP, vascular resistance, cardiac
function, arterial stiffness and central wave reflection du-
ring standard physical challenge has only seldom been
performed. The aim of this study was to examine the asso-
ciation of HR with principal hemodynamic variables and
their functional responses during head-up tilt in a cross-
sectional study including 522 subjects without medica-
tions directly influencing HR or BP.

Methods

Study population

All study subjects participated in an on-going study, in
which hemodynamics are noninvasively recorded from
voluntary subjects (DYNAMIC-study; Clinical Trials re-
gistration number NCT01742702). The ethics committee
of the Tampere University Hospital approved the study
protocol and patients gave an informed consent, as
stipulated in the Declaration of Helsinki. An announce-
ment for the recruitment of subjects was distributed at
the University of Tampere, Tampere University Hospital,
several occupational health care organizations, Varala
Sports Institute, and two announcements were published
in a local newspaper. The subjects who responded were
successively recruited in the order that they contacted
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the research nurse. In November 2012 a total number of
830 subjects had been recruited to the study.

In present investigation, those subjects with a history
of coronary artery disease, diabetes mellitus, peripheral
arterial or cerebrovascular disease, valvular regurgitation
or stenosis, long QT syndrome, chronic renal insuffi-
ciency, hemochromatosis, or medication for hypertension
were excluded. Also, subjects with regular medication in-
fluencing HR or BP were excluded, i.e. subjects using anti-
arrhythmic agents, long-acting B,-sympathomimetics,
a-adrenoceptor agonists, varenicline, or the weight-
reducing agent sibutramine.

Altogether 522 subjects (261 males, aged 20 to 72
years) with technically successful hemodynamic record-
ings were included in the present study. The majority of
subjects were without concurrent diseases or medica-
tions (for medication details please see Additional file 1:
Table S1). In total 80 of 261 women were on low-dose
progesterone (intrauterine device) or combination of
oestrogen and progesterone therapy (contraception or
hormone replacement therapy). Subjects with the fol-
lowing medical conditions with established and stable
drug treatment were included in the study: depression
(n=29), allergies or asthma (n =26), dyspepsia (n =15),
hypothyroidism (n = 15), hyperlipidaemia (n =14), mus-
culoskeletal problems (n=10), and epilepsy (n=5). All
subjects with thyroid problems were euthyroid clini-
cally and on the basis of laboratory tests. Moreover,
mean HR was not statistically different between any
medicated versus corresponding unmedicated sub-
groups of subjects.

All subjects underwent a physical examination per-
formed by a physician, who also documented medical
history, lifestyle habits, and cardiovascular risk factors by
interview. The amount of smoking was calculated in
pack years, and the use of alcohol was evaluated as aver-
age consumption of standard drinks (corresponding to
12 grams of absolute alcohol) per week. Physical exercise
frequency was interviewed, and was expressed as the
number of bouts of physical activity per week that lasted
for at least 30 min each time and caused sweating or
shortness of breath.

Laboratory analyses

Venous blood samples were drawn after ~12 hours of
fasting. Plasma sodium, potassium, glucose, creatinine,
cystatin C, C-reactive protein (CRP), and total, high-
density (HDL) and low-density lipoprotein (LDL) choles-
terol concentrations were determined using Cobas Integra
700/800 (F. Hoffmann-LaRoche Ltd, Basel, Switzerland),
or Cobas 6000, module ¢501 (Roche Diagnostics, Basel,
Switzerland), and white blood cell count and haematocrit
using ADVIA 120 or 2120 analyzers (Bayer Health Care,
Tarrytown, NY, USA). Glomerular filtration rate was
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estimated using the Rule formula [28], since the measured
creatinine values were within the normal range.

Hemodynamic measurements

Hemodynamics recordings were carried out in a quiet,
temperature-controlled laboratory by a research nurse.
The subjects were instructed to refrain from caffeine-
containing products, smoking, and heavy meals for at
least 4 h, and from alcohol for at least 24 h prior to the
investigation. Before the actual measurement the sub-
jects were resting supine for approximately 10 min, dur-
ing which period electrodes for impedance cardiography
were placed on the body surface, a tonometric sensor for
pulse wave analysis was fixed to the left wrist on the ra-
dial pulsation, and a brachial cuff for BP calibration was
placed to the right upper arm. Then hemodynamic vari-
ables were continuously captured in a beat-to-beat fash-
ion for 5 min in supine position and for 5 min during
passive head-up tilt to 60 degrees. Mean values of each
measured minute of the experiment were calculated and
used in statistical analyses.

Whole-body impedance cardiography

A whole-body impedance cardiography device (CircMon®,
JR Medical Ltd, Tallinn, Estonia), which records the chan-
ges in body electrical impedance during cardiac cycles,
was used to determine beat-to-beat HR, stroke index
(stroke volume in proportion to body surface area, ml/m?),
cardiac index (cardiac output/body surface area, I/min/m?),
and PWV (m/s) [29-31]. Left cardiac work index (kg*m/
min/m?) was calculated by formula 0.0143*(MAP—PAOP)*
cardiac index, which has been derived from the equation
published by Gorlin et al. [32]. MAP is mean radial arterial
pressure measured by tonometric sensor, PAOP is pulmo-
nary artery occlusion pressure which is assumed to be
normal (default 6 mmHg), and 0.0143 is the factor for the
conversion of pressure from mmHg to cmH,O, volume to
density of blood (kg/L), and centimetre to metre. Systemic
vascular resistance index (systemic vascular resistance/
body surface area, dyn*s/cm®/m?) was calculated from the
signal of the tonometric BP sensor and cardiac index mea-
sured by CircMon®.

To calculate the PWYV, the CircMon software measures
the time difference between the onset of the decrease in
impedance in the whole-body impedance signal and the
popliteal artery signal. From the time difference and the
distance between the electrodes, PWYV can be determined.
As the whole-body impedance cardiography slightly over-
estimates PWV when compared with Doppler ultrasound
method, a validated equation was utilized to calculate
values that correspond to the ultrasound method (PWYV =
(PW Vimpedance*0.696) + 0.864) [30]. PWV was determined
only in the supine position because of less accurate timing
of left ventricular ejection during head-up tilt [30]. A
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detailed description of the method and electrode confi-
guration has been previously reported [31]. PWV was also
recorded after the head-up tilt in all subjects, and the
average difference between the mean PWYV before and
after the head-up tilt was 0.024 + 0.388 m/s (mean + stan-
dard deviation), showing the good repeatability of the
method (repeatability index R 98%, Bland-Altman repeat-
ability index 0.8) [33]. The cardiac output values measured
with CircMon® are in good agreement with the values
measured by the thermodilution method [31], and the
repeatability and reproducibility of the measurements
(including PWYV recordings) have been shown to be
good [34,35].

Pulse wave analysis

Radial BP and pulse wave form were continuously deter-
mined by the use of an automatic tonometric sensor
(Colin BP-508 T, Colin Medical Instruments Corp., USA),
which was fixed on the radial pulse with a wrist band. The
extended left arm was lying on a stable bracket at the level
of the heart, whether supine or upright. Radial BP signal
was calibrated by brachial BP measurement at the onset of
the recording. Continuous aortic BP was derived with the
SphygmoCor monitoring system (SphygmoCor PWMXx,
AtCor Medical, Australia) using the previously vali-
dated generalized transfer function [36]. From the aor-
tic pulse wave form Alx (augmented pressure/pulse
pressure*100,%) was determined.

Stroke volume determination with cardiac ultrasound

To evaluate the accuracy of stroke volume determi-
nation with impedance cardiography during head-up
tilt, echocardiography was performed by a cardiologist
(author E.L) to a subset of subjects (n=16) during an
extra visit. The 3D echocardiography (Philips ie33 ultra-
sound system, Bothell, USA; 1-5 MHz Matrix-array X5-1
transducer) was performed simultaneously with beat-to-
beat impedance cardiography recordings during head-up
tilt to 60 degrees. Mean stroke volume from 7 con-
secutive heart beats (6 before and 1 after echocardi-
ography) was calculated from impedance cardiography
recordings to cover approximately one respiratory
cycle (~6 seconds).

Statistical analyses

For the statistical analyses, the study population was
divided into tertiles according to mean resting HR, de-
termined as an average HR of the last 3 min during the
5-min measurement period in supine position. Analysis
of variances for repeated measures was applied to study
the differences in the hemodynamic variables BP, stroke
index, cardiac index, left cardiac work index, systemic
vascular resistance index, Alx, and PWV between the HR
tertile groups during rest and head-up tilt. For post hoc
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testing Tukey HSD test was performed for homogenous,
and Tamhane’s T2 test for nonhomogeneous variables. In
adjusted analysis of variances for repeated measures, the
variables sex, age, body mass index, smoking in pack
years, haematocrit, leukocyte count, CRP, creatinine, cys-
tatin C, total cholesterol, triglycerides, HDL cholesterol,
fasting plasma glucose, and mean radial arterial pressure
at rest were used as covariates.

Pearson’s correlation coefficients were calculated, as
appropriate, and possible differences in stroke volume
determined using impedance cardiography and 3D echo-
cardiography were tested using Students T-test. Dis-
tributions of categorical variables among resting HR
tertiles were tested using x> test, and differences of nu-
merical variables among HR tertiles were studied using
analysis of variances. Variable values are given as means
and 95% confidence intervals (CI). Natural logarithms of
CRP and triglyceride concentrations were used in ana-
lyses to normalize their distributions. P-values <0.05
were considered statistically significant. The analyses
were performed using SPSS Statistics 17.0 for Windows
software (SPSS Inc., Chicago, Ill., USA).

Table 1 Characteristics of the study population
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Results

Study population

The characteristics of the study population according to
the HR tertiles at rest, with average values of 54, 62 and
75 beats/min in the 1st, 2nd and 3rd tertile, respectively,
are shown in Table 1. Mean resting HR among men was
62 (CL 61 to 64), and among women 64 (CI: 63 to 65)
beats/min (p = 0.028). The proportion of men was higher
in tertile 1 (with lowest HR) when compared with ter-
tiles 2 and 3 (p =0.019). Age, use of alcohol, amount of
smoking, hematocrit, and plasma concentrations of
sodium, potassium, HDL cholesterol, LDL cholesterol,
and glucose did not differ between the HR tertiles
(p>0.05 for all). Body mass index, white blood cell
count, C-reactive protein, plasma total cholesterol and
triglycerides were highest within tertile 3 (p <0.05 for
all). Although plasma creatinine was lowest in tertile
3 (p<0.005), there were no significant differences in
cystatin-C concentrations or estimated glomerular filtra-
tion rate between the groups. The self-reported amount
of physical exercise bouts per week was 3.4 in tertile 1
(CI: 3.1 to 3.7), 3.0 in tertile 2 (CI: 2.7 to 3.3), and 3.1 in

Resting heart rate tertiles

1 2 3
n=172 n=176 n=174

Resting heart rate (1/min) 54 (53-54) 62 (62-63)* 75 (73-75)*"
Age (years) 46 (44-48) 46 (44-47) 46 (44-47)
Sex (M/F) 101/71% 79/97 81/93
Body mass index (kg/m?) 26.2 (25.7-26.7) 26,5 (25.8-27.1) 273 (26.6-28.1)*
Waist circumference (cm) 92 (90-93) 92 (90-94) 94 (92-96)
Smoking (pack years) 23 (1.2-34) 1.8 (0.9-2.6) 3.5 (2.0-5.0)
Alcohol (drinks/week) 4 (3-5) 4 (3-5) 5 (4-6)
Leukocyte count (1*107/1) 54 (5.2-5.6) 59 (56-6.1)* 6.1 (5.8-64)*
Haematocrit (%) 42 (42-43) 41 (41-42) 42 (41-43)
C-reactive protein (mg/l) 12 (1.0-14) 1.6 (1.2-2.0) 22 (16-2.9)*
Creatinine (umol/l) 77 (75-79) 72 (70-74)* 71 (70-73)*
Estimated GFR (ml/min/1.73 m?) 112 (109-114) 111 (110-113) 112 (110-114)
Cystatin C (mg/l) 0.83 (0.81-0.85) 0.82 (0.80-0.84) 0.86 (0.83-0.88)
Sodium (mmol/) 140 (140-141) 140 (140-141) 140 (140-140)
Potassium (mmol/l) 3.8 (3.8-3.9) 3.8 (3.8-3.9) 3.8 (3.7-3.8)
Fasting plasma

Total cholesterol (mmol/l) 52 (5.0-54) 0 (4.8-5.1)* 52 (5.1-5.4)

Triglycerides (mmol/l) 1(1.0-12) 2(1.1-13) 13 (1.2-1.5)*

HDL cholesterol (mmol/l) 1.7 (1.6-1.7) 6 (1.5-1.6) 5 (1.5-1.6)

LDL cholesterol (mmol/l) 0(29-3.2) 9 (2.7-3.0) 3.1 (3.0-3.3)

Glucose (mmol/l) 4 (53-5.5) 4 (53-54) 55 (54-56)

Values are means and 95% confidence intervals; *p < 0.05 vs. tertile 1, Tp < 0.05 vs. tertile 2, analysis of variance with Tukey HSD post hoc test; *p < 0.05 for

distributions between the tertiles, X* test; GFR = glomerular filtration rate using the Rule formula [28].
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tertile 3(CI: 2.7 to 3.5), and the differences between the
tertiles were not statistically significant (p = 0.143).

BP in the HR tertiles

In the entire study population HR at rest showed a mod-
erate association with resting radial systolic BP (r = 0.14,
p <0.001) and diastolic BP (r=0.19, p <0.001). In tertile
3 radial systolic and diastolic BPs were higher than in
other tertiles, in both supine position and during head-
up tilt (Figure 1). The differences in radial BPs between
HR tertile 3 versus other tertiles in supine and upright
positions remained significant in adjusted analyses in-
cluding the covariates given in the Statistical analyses
section of Methods.

Aortic systolic BP did not differ between the tertiles in
supine (p = 0.139) or upright positions (p = 0.452). How-
ever, supine aortic diastolic BP was higher in tertile 3
than tertiles 1 and 2 (p <0.033, unadjusted and adjusted
comparisons). Upright aortic diastolic BP was higher in
tertile 3 than tertile 1 (p <0.001).

Stroke volume, cardiac work, and systemic vascular
resistance among HR tertiles
All HR tertiles showed a corresponding upright chrono-
tropic effect (11.5-13.1 beats/min, p > 0.05), and the clear
differences in HR between the tertiles persisted during
the head-up tilt (Figure 2A). The mean supine to upright
increase in HR in the whole population was 12.4 (CI: 11.8
to 12.9) beats/min.

Supine stroke index showed a significant negative cor-
relation with HR (r=-0.31, p<0.001), and in tertile 3
supine stroke index was lower than in other tertiles
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(Figure 2B, p < 0.001 also after adjustments). In response
to head-up tilt, the decrease in stroke index was smaller
in the 3rd tertile (10.4 ml/m? CIL: 9.7 to 11.2) , than in
the 1st (13.3 ml/m? CI: 12.4 to 14.2), and 2nd tertiles
(12.9 ml/m? CI: 12.0 to 13.7) (unadjusted and adjusted
p <0.001). Upright stroke index was lower in tertiles 2
and 3 than in tertile 1 (p = 0.002).

In spite of the above negative correlation between
stroke index and HR, supine cardiac index and also left
cardiac work index were highest in tertile 3, and were
also higher in tertile 2 than tertile 1 (Figures 2C and 2D,
p<0.001 also in adjusted analyses). The upright de-
crease in cardiac index was slightly higher in the 2nd
(-0.38 ml/min/m?, CL -0.31 to -0.44), and 3rd tertiles
(-0.38 ml/min/m? CI: -0.32 to -0.44), than in the st
tertile (-0.28 ml/min/m? CI: -0.22 to —0.33) (p < 0.034),
but in adjusted analyses the difference remained signifi-
cant only between the 1st and 3rd tertiles (p < 0.009).
Importantly, the clear differences in cardiac index and
left cardiac work index between the HR tertiles persisted
in the upright position (p <0.001 in unadjusted and ad-
justed analyses).

Systemic vascular resistance index was lowest in tertile
3, and also lower in tertile 2 than tertile 1, and the dif-
ferences remained significant in the upright position
(Figure 2E, p < 0.001 also after adjustments).

HR, central wave reflection, and arterial stiffness

In the whole population, an expected negative associ-
ation was found between resting HR and Alx (r = -0.19,
p<0.001), so that AIx was mathematically reduced by
2.5%-units for every 10 beats/min increase in HR.

A M Tertile 3: Heart rate > 67
@ Tertile 2: Heart rate 59-67
o Tertile 1: Heart rate < 58

145 -

140

135

130

Radial systolic blood pressure (mmHg)

125
H |
p=0.001 p<0.001
1204 oo—'- ce—!
Supine Tilt

T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10

Time (min)

different symbols.

Figure 1 Radial blood pressures during rest and passive head-up tilt according to resting heart rate tertiles. (A) Systolic blood pressure,
(B) diastolic blood pressure; mean (95% confidence intervals), p values denote significant differences between the tertiles depicted with

90
=)
I
E
< g5+
o
5
7]
»
[
a
8 80+
kel
o
Q
S
17}
©
T 754
5
k<l
E 0 — H
p<0.001 p<0.001
70 - oe— oce—!

Supine
T T T T T T

T
1 2 3 4 5 6 7 8 9 10

Time (min)




Koskela et al. BMC Cardiovascular Disorders 2013, 13:102
http://www.biomedcentral.com/1471-2261/13/102

Page 6 of 11

Cardiac index (ml/min/m?)

Heart rate (1/min)

90 ~

80

70 4

60

50 4

3.50

3.25

3.00

2.75

2.50

2.25

m

Systemic vascular resistance index

3400 A

3200

dyn*s/cm®™m?)

~ 2600 -

2400

2200

3000

2800

B
p<0.001, all e
B Tertile 3: Heart rate > 67
® Tertile 2: Heart rate 59-67
O Tertile 1: Heart rate < 58 —
£
E
3
o
£
2
e
@
Supine
T T T T T
1 2 3 4 5 6 7 8 9 10
Time (min)
D

Left cardiac work index (kg*m/min/m®)

Supine

1 2 3 4 5 6 7 8 9

Time (min)

1 2 3 4 5 6 7 8 9
Time (min)

50+

45

40+

35+

304

5.0+

4.5+

4.0

3.5

3.0

2.5

Time (min)

p<0.001, alllcomparisons

1.2 3 4 5 6 7 8 9

Time (min)

10

Figure 2 Principal hemodynamic variables during rest and passive head-up tilt according to resting heart rate tertiles. (A) Heart rate,

(B) stroke index, (C) cardiac index, (D) left cardiac work index, (E) systemic vascular resistance index; mean (95% confidence intervals).
.




Koskela et al. BMC Cardiovascular Disorders 2013, 13:102
http://www.biomedcentral.com/1471-2261/13/102

Page 7 of 11

A
50+
D 45+
£
E
o mHe—
2 40 p=0.006
g m Tertile 3: Heart rate > 67
9 ® Tertile 2: Heart rate 59-67
3
3 35+ o Tertile 1: Heart rate < 58
£
(=]
<
30 me
p<0.001
o !
Supine Tilt

T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 3 Central pulse pressure and wave reflection during rest and passive head-up tilt according to resting heart rate tertiles.
(A) Aortic pulse pressure, (B) augmentation index; mean (95% confidence intervals).

30+

254

20+

Augmentation index (%)

104

Supine Tilt

Time (min)

Supine aortic pulse pressure was highest in the 1st HR
tertile (Figure 3A), while supine Alx was lowest in the
3rd HR tertile (Figure 3B), and corresponding differ-
ences were also observed during the head-up tilt. The
differences in aortic pulse pressure and Alx remained
significant in adjusted analyses (p <0.001 for all, supine
and upright). As the subject’s height may influence Alx,
we performed an additional analysis so that body mass
index was replaced by height and weight in the adjust-
ments, but the outcome of the analysis did not change.

Arterial stiffness was evaluated by measuring resting
PWYV, the mean value of which in the whole study po-
pulation was 8.5 m/s (CL: 8.3 to 8.7). HR was notably
correlated with PWV (r=0.23, p<0.001). PWV was
significantly higher in tertiles 2 and 3 than in tertile 1
(Figure 4; p <0.001 also in adjusted analysis).

Determination of stroke volume using impedance
cardiography and echocardiography

Stroke volume during the head-up tilt was determined
by means of impedance cardiography and cardiac 3D
ultrasound in 16 subjects. Mean stroke volume by im-
pedance cardiography was 72 ml (CI: 61 to 82) and
by echocardiography 67 ml (CL: 59 to 75) (p>0.05,
Figure 5A). The correlation between the impedance
cardiography and echocardiography recordings was
good (Figure 5B).

Discussion

To our knowledge, the association of resting HR with
cardiovascular response to head-up tilt has not been
studied previously. Here we demonstrated that higher
resting HR was associated with reduced central wave

reflection and lower vascular resistance, but in spite of
these beneficial characteristics, cardiac output and work
were increased in tertiles with higher resting HR, both
supine and upright. Moreover, BP was moderately in-
creased in the 3rd HR tertile, while arterial stiffness was
increased in both 2nd and 3rd HR tertiles when com-
pared with the lowest HR tertile. Altogether, the present
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Figure 4 Pulse wave velocity according to resting heart rate
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findings support the view that lower resting HR repre-
sents a more beneficial hemodynamic profile.

Since the change in posture induces significant hemo-
dynamic changes in blood volume distribution, vascular
resistance, and autonomic nervous function, head-up tilt
can be regarded as a test addressing cardiovascular re-
activity [37,38]. The head-up tilt -induced decrease in
stroke volume was slightly lesser in subjects with highest
resting HR, while the decrease in cardiac output was
somewhat lower in the subjects with lowest resting HR,
despite the changes in HR between the tertiles did not
differ. However, the clear differences in cardiac output
and vascular resistance between the HR tertiles persisted
in the upright position, and the observed differences be-
tween the hemodynamic profiles in the HR tertiles were
surprisingly similar both supine and upright. This sug-
gests that resting HR provides significant information
about upright hemodynamics, so that higher resting HR
indicates a more hyperdynamic upright hemodynamic
profile.

The increased cardiovascular risk related to higher
resting HR has been attributed to genetic factors, im-
paired myocardial oxygen delivery, increased BP, arrhyth-
mias, sympathetic over-activity, and increased arterial
stiffness [1-5,7,15,16], but the mechanisms are not com-
pletely understood. Elevated BP is considered one of the
most potential mechanisms associating higher HR with
cardiovascular risk [6,39]. In the present study, despite
lower stroke volume and vascular resistance, radial BP
was highest in the 3rd tertile with the highest resting HR,
in line with previous results [39]. However, as the dif-
ference in central and peripheral BP between the HR
tertiles was rather small, other factors in addition to ele-
vated BP may play a more important pathophysiological

role in the cardiovascular risk associated with ele-
vated HR. Moreover, increased HR may merely be a
marker, but not a cause, for higher risk of cardiovas-
cular end-points.

A change in heart rate is a major factor by which the
cardiovascular system adjusts cardiac output [40], and in
the absence of a heart disease, higher HR is commonly
assumed to indicate higher cardiac output. Although
cardiac output cannot be reliably predicted from HR
alone [40], the present results suggest that higher HR is
associated with increased cardiac output. The known
determinants of cardiac output are the interaction of i)
cardiac function, which is determined by heart rate, con-
tractility, afterload and preload; and ii) return function,
which is determined by vascular volume, venous compli-
ance, blood draining from the venous compliant regions,
and right atrial pressure (for a review, see [40]).

We found that higher HR was related with increased
left cardiac work, and thus higher cardiac oxygen de-
mand. In patients with coronary artery disease, reducing
HR is an acknowledged treatment modality, which re-
duces myocardial oxygen consumption and improves
subendocardial blood flow [14,24,27]. In an experimental
study in dogs, increasing HR was found to increase car-
diac oxygen demand even when the external work per-
formed by the heart was kept constant, and this effect
was attributed to the greater oxygen requirement for
excitation-contraction coupling during higher HR [41].
Moreover, although the benefits of HR lowering in the
treatment of hypertension have recently been questioned
[10-13], pharmacological reduction of HR and the subse-
quent decrease in cardiac workload by the use of drugs
like B-adrenoceptor blockers might still benefit distinct
subgroups of patients [15,16].
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Higher resting HR is thought to reflect enhanced
sympathetic tone, and this may predispose to cardiac ar-
rhythmias and hypertension [6,42,43]. In the heart in-
creased sympathetic tone has both chronotropic and
inotropic effects, while in the resistance arteries higher
sympathetic tone induces vasoconstriction and thus ele-
vates BP [44]. Counteracting these effects, parasympa-
thetic tone plays an important role in the regulation of
HR and cardiac output, and it also influences vascular
resistance via secondary mechanisms [45]. In this study,
we observed an inverse relation between higher HR and
systemic vascular resistance and stroke index, and these
findings seem to contradict with the concept of sympa-
thetic over-activity as the cause of higher HR. On the
other hand, higher HR was associated with higher BP,
which suggests that vascular resistance was not suffi-
ciently reduced to compensate for the increased cardiac
output resulting from higher HR. Therefore, lower re-
sistance in peripheral arteries cannot exclude the possi-
bility of increased sympathetic tone in subjects with
higher HR. A thorough analysis of autonomic tone
would require the recording of HR variability, baro-
receptor sensitivity, or direct muscle sympathetic nerve
activity, and such analyses make an interesting topic for
further investigations.

We found an inverse relation with HR and Alx and
central pulse pressure, in line with previous reports
[13,24,46]. Increased Alx, which is an indicator of cen-
tral wave reflection, has been related to elevated cardio-
vascular risk [25,26]. When higher HR leads to shorter
duration of systole, this shifts the reflected wave towards
diastole, and the reduction in Alx during higher HR can
thus be regarded as a beneficial hemodynamic change
[24]. The present results suggest that the relationship
between HR and Alx could also arise from the inverse
association of HR with systemic vascular resistance: the
reflection point of the forward arterial pressure wave is
shifted more peripherally during lower systemic vascular
resistance index, and this prolongs the time to wave re-
flection shifting it towards diastole [24].

Our results showed a small but significant relationship
between higher HR and increased PWYV, a marker of ar-
terial stiffness [23], in agreement with previous studies
[19,22,47,48]. However, HR itself may be an important
confounder during PWYV assessment. Higher HR exerted
a significant increasing influence on PWYV in 22 elderly
subjects during cardiac pacing, in the absence of changes
in BP [19]. In a study with 102 young, healthy males, left
ventricular ejection time was an important determinant
of PWYV both under resting conditions and during ad-
renergic stimulation: shorter ventricular ejection time
was associated with higher PWV [49]. Therefore, the as-
sociations between HR and PWYV must be interpreted
with caution. Although higher arterial stiffness increases
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pulse pressure [50], we found that aortic pulse pressure
was lower in the highest HR tertile when compared with
the lowest HR tertile, in spite of higher PWV in the
former group. This can be explained by the lower aug-
mentation index during higher heart rate, i.e. lower sum-
mation of the reflected pressure wave to the systolic
volume wave. In addition, pulse pressure is significantly
determined by stroke volume [50], and stroke index was
inversely correlated (r=-0.31) with heart rate. Thus,
lower aortic pulse pressure in the highest versus lowest
heart rate tertile was probably a consequence of reduced
augmentation index and lower stroke volume in the
former group.

The majority of the present subjects were devoid of
medications or prevalent diseases, while those with a di-
agnosed disorder were in a stable condition and on a
constant medication without direct cardiovascular in-
fluences. HR was slightly higher in women versus men
(64 vs. 62 beats/min), while there was no relation bet-
ween HR and age. Previously, resting HR has been re-
ported to be 2—7 beats/min higher in female than male
subjects, while the effect of age on resting HR has been
minor [1,39,51]. Importantly, age and sex were included
as confounding variables in the statistical analyses. On
the basis of a recent epidemiological FINRISKI survey,
the present study population with a mean body mass
index of 26.7, total cholesterol level of 5.1 mmol/], and
18% proportion of smokers, represented well the preva-
lent Finnish population [52]. The applied methods were
non-invasive, safe, and easy to perform, and the accuracy
of pulse wave analysis and impedance cardiography has
been tested against invasive methods [30,31,53]. To
strengthen the results, we performed a small validation
study that showed a good correlation between imped-
ance cardiography and echocardiography -derived stroke
volume.

When measuring the human hemodynamics noninva-
sively, many of the variables are calculations or deriva-
tives, and most of the calculations include HR in the
procedure. The formulas used here have been found to
be reliable [30-32,54], but HR is actually a major deter-
minant in most of the calculated cardiac and vascular
hemodynamic variables. Furthermore, some of the back-
ground characteristics were strongly correlated with each
other, like the associations of body mass index with age,
sex, and fasting glucose. These points cause a multicolli-
nearity problem, which cannot be completely controlled
for by statistical methods, but has to be taken into consi-
deration when evaluating the results of this study.

Conclusions

We found that the hemodynamic profile associated with
higher resting HR was characterized by higher cardiac
output, higher cardiac workload, and lower systemic
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vascular resistance. The hemodynamic features of the
distinct HR tertile groups persisted during the head-up
tilt. Higher resting HR was also associated with lower
augmentation index and aortic pulse pressure, in spite of
elevated BP and arterial stiffness. Thus, possible factors
associating higher resting HR with less favourable prog-
nosis in the population studies are higher cardiac work-
load, elevated BP, and increased arterial stiffness.

Additional file

[ Additional file 1: Regular medications used by the study population. ]
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