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Effect of age and gender on ventricular- s
arterial coupling estimated using a non-
invasive technique
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Abstract

Background Left ventricular-arterial coupling is assessed as the ratio of left ventricular end-systolic elastance (Ees)
to arterial elastance (Ea). Previous studies have introduced non-invasive estimations of Ees/Ea. It requires only four
variables, namely pre-ejection period, ejection time, end-systolic pressure and diastolic pressure. The aims of the
present study were to clarify the reference values of Ees/Ea estimated using the noninvasive technique, and to
investigate the effects of age and gender on Ees/Ea in healthy subjects.

Methods This retrospective study utilized data from healthy, 30-79-year-old subjects. We recorded
electrocardiogram, phonocardiogram, and brachial arterial pulse waves simultaneously using the vascular screening
system, and used the observed variables to calculate Ees/Ea. We separated subjects into five groups according to their
age and compared Ees/Ea among the different age groups.

Results The study included 2114 males and 2292 females. Ees/Ea ranged from 1.87 to 2.04 in males, and 1.98 to 2.32
in females. We observed no age-related differences in Ees/Ea in males (p=0.10), and significant differences in females
(p<0.001). Ees/Ea in males was not different compared to those in females in 60-69-year-old group (p=0.92). Whereas
Ees/Ea was higher in females compared to those in males in the other age groups. The differences between medians
of Ees/Ea in males and those in females were 0.45 (p <0.001), 0.24 (p <0.001),0.13 (p=0.01),and 0.13 (p=0.03) in
30-39, 40-49, 50-59, and 70-79-year-old age groups, respectively.

Conclusions We clarified the reference values of Ees/Ea in healthy subjects. The effect of age on Ees/Ea is different in
males and females, although Ees/Ea is maintained within a relatively narrow range in all subjects.
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Background

Left ventricular-arterial coupling (V-A coupling), which
represents the interaction between the left ventricle and
the arterial system, is an important factor determin-
ing cardiac performance. It is calculated as the ratio of
measured left ventricular end-systolic elastance (Ees) to
effective arterial elastance (Ea). Ees describes the slope
and volume intercept of the left ventricular end-systolic
pressure volume relationship [1]. Ees is indicative of left
ventricular contractility, chamber geometry and passive
ventricular stiffening [2]. Ea, a lumped index of arterial
load, is calculated as end-systolic pressure divided by
stroke volume [3, 4]. Ees and Ea have so far been assessed
invasively, using a family of pressure-volume loops
obtained during preload alteration [5]. However, as this
entails invasive measurements, quantification takes time
and appears impractical. Previous studies have described
non-invasive estimations of Ees/Ea [6, 7] including a
single beat method to estimate Ees/Ea using echocardio-
graphic measurements [7]. While an ultrasound-based
technique has a number of advantages, it has several
limitations, e.g. difficulty in continuous real time moni-
toring and operator dependence, relying on the technical
skills and the visual interpretation of the images. Hayashi
et al. developed a technique to estimate Ees/Ea using four
variables, namely arterial end-systolic pressure (Pes),
arterial diastolic pressure (Pd), pre-ejection period (PEP)
and ejection time (ET) [8]. These four variables can be
obtained using electrocardiogram (ECG), phonocardio-
gram, pulse waveform, and non-invasive blood pressure.
This method enables the measurement of Ees/Ea nonin-
vasively, continuously and in real time, since it does not
require measurement of left ventricular volume by echo-
cardiography. However, Ees/Ea monitoring has still not
been used in a clinical setting and its reference values are
still unknown.

The aims of the present study were to determine the
reference values of Ees/Ea estimated using the noninva-
sive technique, and to investigate the effects of age and
gender on Ees/Ea in healthy subjects.

Methods

This retrospective study utilized data from subjects
who underwent vascular screening as a part of medical
checkups at Fukui-ken Saiseikai Hospital between July
2007 and August 2017. The study protocol was approved
by the Research Ethics Committee of Fukui-ken Saisei-
kai Hospital (N0.2017-010). Written informed consent
was obtained from all subjects. We enrolled males and
females between the ages of 30 and 79 years. We excluded
the following subjects: those with hypertension, diabetes
mellitus, dyslipidemia, coronary heart disease, stroke,
and the other cardiovascular diseases. Then we classified
the subjects into five groups according to their age.
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Measurements

We recorded age, gender, height, and weight of the sub-
jects. All subjects were placed in the supine position. A
standard four lead ECG was attached, and a stethoscope
was placed on the second right sternal border. Four blood
pressure cuffs were placed around the arms and ankles.
We simultaneously recorded the subjects’ ECG, phono-
cardiogram, brachial arterial pulse waves and tibial arte-
rial pulse waves using the vascular screening system,
Vasera VS-2000 (Fukuda Denshi Co. Ltd, Tokyo, Japan).
Pre-ejection period (PEP), ejection time (ET), systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
were automatically recorded by the device. ET was
defined as the time difference between the upstroke and
the dicrotic notch of the right brachial pulse wave. PEP
was obtained by subtracting ET from the time between
the Q wave and the second heart sound. SBP and DBP
were determined by cuff sphygmomanometry. We calcu-
lated Pes from SBP and DBP using the formula published
by Kappus et al. [9].

Pes = (0.205 x SBP) + (0.898 x DBP) + 0.4214. (1)

Then, we calculated the ratio of Ees to Ea using the val-
ues of PEP, ET, Pes and DBP, as described previously [8].
Briefly, we solved the following simultaneous equations
using Newton’s method and estimated Ees/Ea.

Ees/Ea = Pd/Pes (1 +k x ET/PEP)—1.  (2)

k = 0.53 (Bes/Ea)™" . 3)

In the above equations, k is the slope ratio of two straight
lines in the ventricular time-varying elastance curve, one
for the isovolumic phase and the other for the ejection
phase. Equation (2) is algebraically expressed using the
concept of the left ventricular pressure-volume relation-
ship. Equation (3) is the empirical relationship between
Ees/Ea and k, which was determined by extensively alter-
ing heart rate, contractility and afterload in dogs. We
used DBP instead of Pd for the calculations.

Statistical analysis

We report continuous variables as the median (inter-
quartile range, IQR) and categorical variables as propor-
tions. We identified and excluded the outliers of Ees/Ea
using ROUT method [10]. Then the Kruskal-Wallis test
and post hoc Dunn’s multiple comparison test were per-
formed to compare Ees/Ea measured in each age group.
Furthermore, the Mann-Whitney test was used to com-
pare the demographic variables as well as Ees/Ea in males
and females separately in each age group. Statistical sig-
nificance was set at p<0.05 and all tests were two sided.
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Fig. 1 Number of males and females. Each bar indicates the number of males and females in each age group. The actual numbers are shown on the bars

Table 1 Demographic characteristics and blood pressure of the subjects in each age group

Height [cm] Weight [kg] BMI [kg/m?]
Males Females Males Females Males Females
Age [y.0.] Median (IQR) Median (IQR) p value Median (IQR) Median (IQR) p value Median (IQR) Median (IQR) p value
30-39 173 (169, 178) 159 (156, 161) <0.001 71 (65, 80) 1 (46, 58) <0.001 24 (22,26) 20(18,22) <0.001
40-49 172 (168, 176) 159(155,162)  <0.001 69 (63, 76) (49 61) <0.001 3(22,26) 21 (20,24) <0.001
50-59 170 (167, 174) 158 (154, 161) <0.001 68 (62, 74) 3(49,59) <0.001 4 (22, 25) 22 (20, 24) <0.001
60-69 168 (164, 171) 155 (152, 158) <0.001 64 (59, 70) 51 (47 56) <0.001 23(21,25) 21(20,23) <0.001
70-79 166 (161, 169) 153(149,156)  <0.001 61 (55,69) 47 (44, 53) <0.001 3(21,25) 21(19,23) <0.001
All 169 (166, 174) 157 (154, 160) <0.001 67 (61,73) 52 (48, 58) <0.001 3(22,25) 21(20,23) <0.001
SBP [mmHg] DBP [mmHg]
Males Females Males Females
Age [y.0.] Median (IQR) Median (IQR) p value Median (IQR) Median (IQR) p value
30-39 116 (111,124) 104 (97,112) <0.001 71 (66, 77) 63 (58, 69) <0.001
40-49 117 (110, 124) 0 (104, 120) <0.001 75 (69, 81) 9 (62,75) <0.001
50-59 120 (111, 130) 4(105,123) <0.001 79 (72, 86) 71 (64,78) <0.001
60-69 120(113,130) 6(107,128)  <0.001 78 (72,85) 1(65,79) <0.001
70-79 123 (115,130) 121(112,133) 0.44 77 (71,82) 6 (67, 80) 0.03
All 119 (112, 128) 113 (105, 124) <0.001 77 (71,84) 71 (64,78) <0.001

IQR: interquartile range; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure

Results

A total of 8225 subjects were enrolled and 4406 subjects
(2114 males and 2292 females) matched the including cri-
teria. Figure 1 shows the number of subjects in each age
group in males and females. The subjects’ demographics
and baseline characteristics in each age group are pre-
sented in Table 1. Height and weight tended to decrease
with age in each gender. The values of height, weight,
and body mass index (BMI) were higher in males com-
pared to females in all age groups. SBP and DBP tended
to increase with age in each gender. SBP and DBP were
higher in males compared to females except 70-79-year-
old age groups.

Median (IQR) values of Ees/Ea in each age group and
for each gender are shown in Table 2. Ees/Ea ranged from
1.87 to 2.04 in males, and 1.98 to 2.32 in females. Fig-
ure 2 shows a comparison of Ees/Ea by age in males and
females. We observed no differences in Ees/Ea in each
group in males (p=0.10). Whereas there were signifi-
cant differences in Ees/Ea between females aged 30-39
years old and those aged 60-69 years old (p=0.03), and
between 40-49-year-old and 50-59 and 60-69-year-old
females (p=0.002 and p<0.001 respectively). Ees/Ea was
lowest in 60-69-year-old females. Table 2 also shows a
comparison between Ees/Ea in males and females in each
age group. We observed no gender related differences
in Ees/Ea in 60-69-year-old age groups (p=0.92). Ees/Ea
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Table 2 Ees/Ea in each age group

Males Females
Age [y.o.] Median (IQR) Median (IQR) p value
30-39 1.87 (1.50,2.27) 232(1.73,2.94) <0.001
40-49 1.93(1.54,242) 2.17(1.69,2.75) <0.001
50-59 1.90 (1.51, 2.44) 2.03(1.62,2.50) 0.01
60-69 2.04(1.62,242) 1.98 (1.55,2.53) 0.92
70-79 2.00 (1.54, 2.44) 2.13(1.78,2.72) 0.03
All 1.95 (1.54,2.42) 2.05(1.62,2.58) <0.001

IQR: interquartile range

was significantly higher in females compared to males in
the 30-39, 4049, 50-59, and 70-79-year-old age groups.

Discussion

In the present study, we report the reference values of
Ees/Ea in healthy subjects, estimated using a noninvasive
method based on four variables, Pes, Pd, PEP and ET. We
found that the effect of age on Ees/Ea is slightly different
between males and females. Ees/Ea is lower in middle-
aged females compared to those in young females, while
Ees/Ea is constant regardless of age in males. However,
the most important finding of this study is that Ees/Ea is
maintained within a relatively narrow range over all age
groups and in both genders.

As arterial stiffening and Ea increase with aging, the
elastance of the left ventricle (Ees) increases proportion-
ately to ensure adequate systolic V-A coupling and to
optimize the transfer of blood from the heart to the arter-
ies [2]. It has been shown that an age-related increase in
Ea is associated with an increase in ventricular Ees mea-
sured using an invasive technique [11, 12]. As a result, the
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ratio of Ees to Ea is maintained unchanged irrespective
of age. However, these previous studies did not focus on
the effect of gender, and the majority of subjects in their
study populations were males. As in previous studies, we
found no difference in Ees/Ea in males.

Previous investigations on the effect of gender on V-A
coupling have shown conflicting results. Najjar et al.
assessed V-A coupling using gated radionuclide blood
pool scans [13]. They showed that V-A coupling did
not change regardless of age and gender. Redfield et al.
measured V-A coupling using the modified single beat
method in a large community-based population [14].
They showed that V-A coupling (Ea/Ees) did not change
with age in males, but declined with age in females both
in the entire study population and in those without car-
diovascular disease. Coutinho et al. compared V-A cou-
pling separately in males and females, using the same
noninvasive method [2]. In their study, mean age was
65 years in males and 67 years in females. They showed
that V-A coupling (Ea/Ees) was not different in males and
females, although they included subjects with multiple
cardiovascular risk factors. In our study, Ees/Ea remained
unchanged with age in males, which is consistent with
the results of previous studies. On the other hand, the
change in Ees/Ea with age in females showed the oppo-
site trend compared to the study by Redfield et al. How-
ever, they included a population older than 45 years and
assessed changes in V-A coupling using a linear regres-
sion model. In our study, we included younger subjects
and found that the changes in Ees/Ea followed a grad-
ual U-shaped curve. We speculate that this age-related
changes in Ees/Ea associate with the changes in the
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Fig. 2 Effect of age on Ees/Ea. Changes in Ees/Ea with age in males and females. The points and whiskers indicate the median and interquartile range of
Ees/Ea in each age group. The p value estimated by the Kruskal-Wallis test is presented in the lower right corner. % indicates a significant difference from
the group of 30-39 year olds. T indicates a significant difference from the group of 40-49 year olds
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female hormonal environment. The acceleration of age-
associated declines in vascular function in females after
menopause has been reported in some studies [15, 16].
It may affect the increase in Ea and decrease in Ees/Ea.
Also, we showed that SBP and DBP were lower in females
compared to males in each age group. It could be one of
the reasons why Ees/Ea in females were higher than those
in males.

It should be noted that the median value of Ees/Ea in
this study is slightly higher compared to those previ-
ously reported. Starling measured Ees/Ea in twenty-nine
healthy patients using radionuclide angiography [5]. He
showed that the normal human heart operates at an Ees/
Ea ratio of 1.62+0.80 under basal hemodynamic condi-
tions. Hayward et al. assessed the left ventricular pressure
volume loop using simultaneous conductance catheter
volumetry, and measured Ees/Ea in 48-75-year-old sub-
jects with normal left ventricular function [17]. They
showed that the value of Ees/Ea, representing V-A cou-
pling, was 1.19+0.40 in females and 1.54+0.30 in males.
In our study the median value of Ees/Ea was around 2.0.
One of the reasons why Ees/Ea in our study is higher
than those in the previous studies is due to the method of
the ET measurement. We measured ET using the vascu-
lar screening system which defined ET as the time differ-
ence between the upstroke and the dicrotic notch of the
right brachial pulse wave. We have published previously
that ET measured at the peripheral site is longer than the
actual ET [18]. The longer ET makes the higher Ees/Ea.
However, we believe that our results are still meaningful
and reasonable. Burkhoff and Sagawa have shown that
maximal myocardial efficiency, defined as the ratio of LV
stroke work to myocardial oxygen consumption, occurs
when the ratio of Ees to Ea is close to 2.0 [19].

The concept of V-A coupling was established around 30
years ago. Subsequently, the invasive experiments were
performed around for 10 years. Half of previous studies
we cited were published more than 15 years ago. Due to
the requirement of the invasive measurements, V-A cou-
pling is not used commonly in the operating room (OR)
and in the intensive care unit (ICU) even though some
noninvasive methods have been introduced. However,
the concept of V-A coupling is important to understand
the hemodynamics and to make an appropriate decision.
For instance, when the vasopressors are used for main-
taining arterial pressure in patients with septic shock,
the effect can be detrimental by increasing the left ven-
tricular workload and worsening V-A coupling [20]. In
another example, a pre-existing condition of V-A decou-
pling because of a covert loss of myocardial contractility
can be high risk of decompensation in case of pharma-
cological heart rate reduction [21]. Our study provided
the reference values of V-A coupling using a noninvasive
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method. It could be the first step to use this method and
assess V-A coupling in the OR and the ICU.

Our study has several limitations. The sample size
in young and elderly age groups are relatively small.
We focused on the healthy subjects and did not assess
the effect of cardiovascular diseases on Ees/Ea. On the
other hand, the elderly subjects may have undiagnosed
or asymptomatic cardiovascular diseases. Further study
is needed to clarify the prognostic value of Ees/Ea in
patients with such diseases. We analyzed the data retro-
spectively without assessing the actual pulse waves and
phonocardiogram. Arrhythmia, respiratory sounds, and
motion artifacts might affect PEP/ET measurements.
However, we included a large population and evaluated
the median values of the measurements to minimize the
effects of the measurement error. We did not perform
transthoracic echocardiography in this cohort. Therefore,
we cannot compare our results to the values of Ees/Ea
estimated using the other noninvasive methods.

Conclusions

In conclusion, we clarified the age-related reference val-
ues of Ees/Ea, calculated using formulas that included
four noninvasively-determined variables. The effect of
age on Ees/Ea is different in males and females, although
Ees/Ea is maintained within a relatively narrow range
in all subjects. Our findings will be useful in the clinical
monitoring of Ees/Ea continuously and in real time.
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