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Abstract

Background: Understanding the relation between ventricular-arterial coupling (VAC) and myocardial mechanical parameters could
offer an adjunctive perspective on left ventricular function.

Objectives: Our aim was to study the relation between VAC and the parameters of myocardial mechanics using three-dimensional
speckle-tracking echocardiography (3DSTE).

Patients and Methods: We studied 68 normal participants (mean age, 35 £12.2 y; 36 [53%] males). VAC was measured by the ratio of arterial
elastance (Ea) to ventricular elastance (Ees). The peak systolic value of longitudinal strain (LS), circumferential strain (CS), radial strain,
three-dimensional global strain (3DGS), apical rotation, torsion, and twist and their time to peak were calculated.

Results: Almost all deformation indices were higher in the women than in the men. LS (r =-0.41, P < 0.01), twist (r = 0.26, P < 0.03), rotation
(r=0.41,P<0.01),and 3DGS (r =- 0.39, P < 0.01) were associated with age. Although significant associations were found between VAC and
Ea or Ees in the men and women, no relation was found between Ea and Ees in both sexes (r=0.07 in men and r= 0.08 in women). Indeed,
VAC had a stronger association with Ea than with Ees (r = 0.708 vs. r=-0.537). Ees and VAC were related to torsion (r = 0.30 vs.r=-0.37; both
P <0.05); and Ea, Ees, and VAC were also associated with CS (r= 0.64, r=-0.45,and r= 0.79; all P < 0.05) and 3DGS (r=-0.55,r=0.38,and r =

-0.64;all P<0.01).

Conclusions: Amongst all myocardial mechanical parameters, VAC was related to CS and 3DGS as well as torsion.
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1. Background

Ventricular-arterial coupling (VAC) indicates the inter-
action between the ventricle as a pump and the vascular
system as a load (1) The components that characterize
VAC are arterial elastance (Ea) and left ventricular elas-
tance (Ees) (2) VAC, which was first proposed by Suga (3),
is defined as the ratio of Ea to Ees. Ea is a good reflector
of the arterial load (4) and is the change in volume for
a given change in pressure and can be approximated
by the ratio of end-systolic pressure (ESP) to stroke vol-
ume (2) ESP can be approximated as 0.9 x brachial sys-
tolic blood pressure by a noninvasive estimate of ESP to
predict pressure-volume loop measurements of ESP, (5)
whereas stroke volume can be estimated as the differ-
ence between end-diastolic volume and end-systolic
volume (ESV) by echocardiography. Left ventricular (LV)

contractility can also be estimated by Ees (6). This index
can be calculated as ESP[ESV. The analysis of Ees further
helps understand LV contractility, function, and geom-
etry (2). Baseline Ees in healthy subjects is around 2.2 +
0.8 mmHg/mL (2). For a more reliable evaluation, both
Ea and Ees should be indexed for body surface area. In
healthy individuals at resting condition, VAC is main-
tained within a narrow range in order to allow the car-
diovascular system to work with its best mechanical
efficacy at the lowest energy consumption. Remaining
around 1 £ 0.36 ensures mechanical efficacy and ener-
getic sufficiency (2, 7). The main advantage of Ea/Ees is
that it can quantify LV contractility and arterial load in
the same units by a relatively simple method. It also as-
sists in understanding the effect of abnormalities in Ea
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and Ees on stroke volume and left ventricular ejection
fraction (LVEF). Examining the components of Ea/Ees
helps evaluate whether alterations in Ea/Ees are due to
changes in LV properties, arterial properties, or both -
which LVEF alone is incapable of showing (8). Speckle-
tracking echocardiography (STE) has been recently
introduced as a novel technique for the evaluation of
myocardial deformation and the accurate prediction
of LV contractility in cardiovascular diseases. In several
studies, a good correlation has been shown between
longitudinal strain (LS) and LVEF (9). LS provides a quan-
titative assessment of myocardial deformation to allow
the early detection of systolic dysfunction in patients
with preserved LVEF(10). Longitudinal myocardial fibers
are known to be the first to be affected in many cardiac
conditions (11, 12). Moreover, long-axis function is con-
sidered an important component of LV performance,
despite its preserved circumferential motion and LVEE.
In addition, LV torsion, which measures the rotational
deformation of the myocardium, plays an important
role in LV contraction (13) and filling (14). The response
of LV torsion to acute changes in load was reported by
Park et al. (15). However, the contribution of VAC and its
components (i.e., Ea and Ees) to LV myocardial deforma-
tion indices remains unclear.

2. Objectives

The aim of this study was to evaluate the relationship
between the parameters of myocardial mechanics and
VAC in normal adult subjects (< 50 y) and to compare
these relations with age and sex using three-dimensional
(3D) STE.

3. Patients and Methods

3.1. Study Population and Protocol

The study population consisted of 68 subjects (mean
age, 35 + 12 y; 53% males) who underwent echocardio-
graphic examinations in our laboratory. Clinical vari-
ables - including age, gender, height, weight, and body
surface area - were recorded from medical records. The
study subjects had no history of cardiovascular disease
and showed normal two-dimensional and Doppler
echocardiograms. Brachial blood pressure was mea-
sured just before the echocardiographic examination
and was used for calculating ESP. The study protocol
was approved by the Institutional Review Board at Tufts
Medical Center.

3.2. Three-Dimensional Echocardiography with
Speckle-Tracking Echocardiography
The patients were imaged with a commercially avail-

able system (Artida, Toshiba Medical Systems, Tokyo,
Japan). Next, 3D echocardiographic data sets were ac-

quired using a 3D transthoracic probe (PST-255X 1 - 4
MHz phased-array matrix transducer). Full-volume
apical data sets were recorded within one breath hold
during 3 cardiac cycles. The mean frame rate was 20 vol-
umes/second. Then the 3D data sets were stored in a raw
data format for off-line analysis and exported to the Ul-
traExtend Workstation using a semiautomated contour-
tracing algorithm (16, 17) Each 3D data set was displayed
in a five-plane view: 1 apical four-chamber view (plane
A), a second apical view (plane B) orthogonal to plane A
(two-chamber view), and 3 short-axis planes in the api-
cal, mid-ventricle, and basal portions of the LV. In plane
A (four-chamber), 3 reference points were set: 2 at the
base of the LV at the mitral valve level and 1 at the apex.
The same 3 points were fixed on plane B. The epicardi-
al border was traced manually (or by setting a default
thickness for the myocardium). After the detection of
the myocardial borders at the end-diastolic reference
frame, LV shape was corrected at the starting image. A
robust calculation of LV volumes and LVEF was obtained
by performing 3D wall motion tracking through the en-
tire cardiac cycle automatically. The quality of the track-
ing was then assessed, and if the border detection was
not correct or if 3 or more segments were not adequate-
ly visualized, the acquisition was discarded from the
study. The same process was applied for LS (Figure 1A,
upper panel), circumferential strain (CS), radial strain
(RS), three-dimensional global strain (3DGS), apical rota-
tion (Figure 1B, lower panel), torsion, and twist measure-
ments for each segment.

3.3. Statistical Analysis

The data were presented as mean + standard deviation
(SD) for the interval and count (percent) for the categori-
cal variables. One-sample Kolmogorov-Smirnov test was
applied to show the fitness of the interval variables to
the Gaussian distribution. The Student t test was used to
compare the data between the men and women. The re-
lationships between deformation and elastance indices
were investigated using the Pearson correlation coeffi-
cient (r) and linear regression models. A P value < 0.05
was considered significant. IBM SPSS Statistics® 19 for
Windows® (IBM Corp., Armonk, NY) was applied for the
statistical analysis.

4.Results

4.1. Baseline Characteristics

Table 1 lists the baseline characteristics of the study
population. There were no significant differences in age
(33+10.4 and 36 £13.9; P = 0.210) and LVEF (58.1 £ 2.9 and
59.4 + 3.5; P = 0.088) between the men and women. The
mean of LVEF, Ea, Ees, and VAC was 58.8 * 3.2%, 1.85 + 0.62
mmHg/mL, 2.16 £ 0.61 mmHg/mL, and 0.92 + 0.44 - respec-
tively.
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Figure 1. Left Ventricular Analysis Using Three-Dimensional Speckle-Tracking Echocardiography in Normal Participants
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4.2. Ventricular Deformation Indices

Peak systolic deformation indices were measured for each
segment as a percentage of cardiac cycle (Table 2). There was
a significant relationship between age and LS (r =-0.41, P <
0.01), twist (r=0.26,P<0.03), rotation (r=0.41,P<0.01),and

3DGS (r=-0.39, P < 0.01) (Table 2). Interestingly, in the wom-
en, thevalues of all the indices trended toward being higher
than did those of the men but the difference was significant
only for LS (-16.08 £ 2.63 vs.-17.93 + 2.77; P=0.006) (Table 3).

Table 1. Baseline Characteristics of the Study Participants?

Descriptive Index Total (n=68) Male (n=36) Female (n=32) PValue
Age 35+12 32.7+10.4 36.5+13.9 0.21
BSA, m?2 1.87+0.21 1.98+0.2 1.74£0.2 <0.001
SBP, mmHg 117.4 £11.5 122.7+9.7 111.4 £10.5 <0.001
DBP, mmHg 723+£8.6 75.7£7.9 68.4+7.8 <0.001
HR, bpm 64 113 60.6 £10.7 67.8+£10.9 0.008
LVEDV, mL 115.5+28.2 130.8 £25.8 98.4+£20 <0.001
LVESV, mL 53.2+17.2 60.6 £17.4 44.8 £12.6 <0.001
LVEF, % 58.7+3.2 581%2.9 59.4£3.5 0.088
SV, mL 62.1%17.7 69.2+17.7 54.2114.1 <0.001
CO, mL/min 4269.8+892 44413 £866.7 4076.8 +893.8 0.093
Ea, mmHg/mL 1.85+ 0.6 1731+ 0.6 1.98+0.6 0.104
Ees, mmHg/mL 216+ 0.6 1.94+0.5 2.40%£0.7 0.002
VAC 0.92+0.4 0.95+0.4 0.89%+0.40 0.598

Abbreviations: BSA, body surface area; CO, cardiac output; DBP, diastolic blood pressure; Ea, arterial elastance; Ees, ventricular elastance; HR, heart
rate; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; SBP, systolic blood

pressure; SV, stroke volume; VAC, ventricular-arterial coupling.
dData are presented as mean * standard deviation or number.

Table 2. Three-Dimensional Speckle-Tracking Echocardiographic Indices of Myocardial Deformation and Their Time to Peak in the

Study Participants and Their Relations With Sex and Age?

Indexes Gender Age
Total (n=68) Male (n=36) Female (n=32) P Value P Value

Ventricular deformation index
L strain, % -16.95+2.84 -16.08 £2.63 -17.93+£2.77 0.006 <0.01
R strain, % 2932%6.73 28.07+£5.62 30.73+7.64 0.104 0.07
C strain, % -25.8 £ 6.05 -259+£5.8 -25.68 + 6.41 0.884 0.09
Twist, © 7.58 £ 4.71 7.44+4.24 7.72+5.25 0.807 0.03
Rotation (apical), ° 3.84+2.89 3.76 £2.82 3.92+3.01 0.821 <0.01
Torsion, °/cm 1.33£0.71 129+ 0.62 1.37+£0.8 0.631 0.13
3DGS, % 12.43 £ 27.81 17.07 £24.71 17.2+£30.49 0.145 <0.01

Time-to-Peak deformation index
L strain-TTP, ms 359.34 £57.09 352.6 £55.68 366.92 +£58.57 0.306 0.06
R strain-TTP, ms 350.15 + 61.47 337.55+56.58 364.33£64.5 0.073 0.03
C strain-TTP, ms 344.51+56.28 337.52 +£51.87 352.371+60.73 0.281 0.08
Rotation (apical - TTP 303.15+120.86 294.87 +117.32 312.45 +125.95 0.553 0.02
Twist-TTP, ms 324.9+65.8 303.62+39.21 348.84 £80.66 0.006 0.08
Torsion-TTP, ms 309.1+32.98 308.16 +23.52 310.38 +43.44 0.841 0.29
3DGS-TTP, ms 349.41+59.79 338.68+53.4 361.49 + 64.98 0.117 0.06

Abbreviations: C, circumferential; L, Longitudinal; R, Radial; 3DGS, Three-dimensional global strain; TTP, Time to peak.

dData are presented as mean + standard deviation.
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Table 3. Sex Differences in Relation Between Arterial Elastance, Ventricular Elastance and Ventricular-Arterial Coupling?

Ea Ees
Male Female Male Female
Ees 0.07 0.08 NA NA
VACP 0.76 -0.53 -0.59

Abbreviations: Ea, arterial elastance; Ees, ventricular elastance; NA, not available; VAC, Ventricular-arterial coupling.

dData represent the Pearson correlation coefficients (r).
Pvalue < 0.05.

4.3. Time-to-Peak Systolic Deformation

Time-to-peak (TTP) deformation indices were defined by
calculating the time to reach peak systolic deformation
for each segment as a percentage of cardiac cycle (Table
2). Except for a significant difference between TTP radial
strain and apical rotation and age (r =0 .27, P=0.03 and
r =0 .28, P = 0.02 respectively) (Table 3) and sex (males,
303.6 £39.2 vs. females, 348.8 + 80.7; P = 0.006) (Table 3),
there were no significant differences between the TTP of
the other deformation indices and either age or sex.

4.4. Relations Between Arterial Elastance, Ventric-
ular Elastance, and Ventricular-Arterial Coupling
and Clinical and Two-Dimensional Echocardio-
graphic Data

A positive relationship was found between Ea and Ees
and heart rate (r = 0.42, P < 0.001and r = 0.23, P = 0.054)
and LV end-diastolic volume (r = -0.41, P = 0.001 vs. T =
-0.69, P < 0.001). A significant correlation was also found
between Ees and VAC and EF (r=0.37,P=0.02 vs.1 =-0.29,
P =0.018 respectively) (Figure 2).

4.5. Relations Between Arterial Elastance, Ventric-
ular Elastance, and Ventricular-Arterial Coupling
and Age and Sex

Assignificant correlation was found for both Ea and VAC
with age (r=0.30,P =0.014 vs.r = 0.38, P = 0.001). A com-
parison of the mean values of Ea, Ees, and VAC showed a
significantly higher value of Ees in the women than in the
men (1.94 £ 0.48 vs.2.4 £ 0.66; P=0.002), but no sex differ-
ence was observed for the mean values of Ea (1.73+ 0.63 vs.
1.98 £ 0.59; P=0.104) and VAC (0.95 + 0.45 vs. 0.89 + 0.43;
P=0.589).

4.6. Relations Between Arterial Elastance, Ventric-
ular Elastance, and Ventricular-Arterial Coupling

Although our data showed significant relations be-
tween VAC and either Ea or Ees in the men and women, no
relation was found between Ea and Ees in both sexes (r =
0.07 in men vs. T = 0.08 in women) (Tables 3). In addition,
VAC was more strongly related to Ea than Ees (r=0.708 vs.
r=-0.537; P=0.01) (Table 4).
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4.7. Relations Between Arterial Elastance and Myo-
cardial Deformation Indices

The analysis of the relationship between Ea and defor-
mation indices revealed a significant negative associa-
tion with CS (r = 0.64, P < 0.01) and 3DGS (r =-0.55, P <
0.01). There was also a significant relation between Ea
and TTP LS, CS, apical rotation, and twist (Table 5, Figures
3and4).

4.8. Relations Between Ventricular Elastance and
Myocardial Deformation Indices

The analysis of correlation showed a significant positive
relation between Ees and CS (r = 0.45, P < 0.01), torsion (r
=0.30,P=0.01),and 3DGS (r = 0.38, P < 0.01) (Table 5, Fig-
ures 3 and 4). Additionally, Ees was significantly related
only to the TTP values of CS (r =-0.23, P = 0.05).

4.9. Relations Between Ventricular-Arterial

Coupling and Myocardial Deformation Indices
Our results showed significant relations between VAC

and CS (r =0.79, P < 0.01), torsion (r =-0.37, P < 0.01), and

3DGS (r =-0.64, P < 0.01). There was a significant relation
between VAC and the TTP values of all myocardial defor-

mation indices (all P < 0.01) except for torsion (r = 0.08, P
=0.58) (Table 5, Figures 3 and 4).

4.10. Influence of Sex

Generally, all deformation indices were high in the
women when compared with those of the men, although
TTP deformation indices were not influenced by sex. In
contrast to the men, the women demonstrated elevated
values of Ea and substantially higher measures of Ees, but
low values of VAC. However, no sex influence was demon-
strated on the relations between Ea and Ees.

Table 4. Correlation Between Arterial Elastance, Ventricular
Elastance, and Ventricular-Arterial Couplingé‘*b

Ea Ees VAC
Ea 1 NA NA
Ees 0.141 1 NA
VAC 0.708 € -0.537°¢ 1

Abbreviations: Ea, arterial elastance; Ees, ventricular elastance; NA, not
available; VAC, ventricular-arterial coupling.
dData represent the Pearson correlation coefficients (r).

P value < 0.05.

Table 5. Correlations Between Arterial Elastance, Ventricular Elastance, and Ventricular-Arterial Coupling and Deformation Indices?

Ea Ees VAC
R P Value R P Value R P Value
Ventricular deformation index
L strain, % 0.13 0.28 0.02 0.88 0.1 0.36
Rstrain, % 0.12 0.33 0.01 0.97 0.07 0.57
C strain, % 0.64 <0.01 -0.45 <0.01 0.79 <0.01
Twist, © 0.00 0.99 -0.06 0.63 -0.06 0.65
Rotation, ° 0.14 0.25 -0.17 0.16 0.15 0.21
Torsion, °/cm -0.14 0.26 0.30 0.01 -0.37 <0.01
3DGS, % -0.55 <0.01 0.38 <0.01 -0.64 <0.01
Time-to-peak deformation index
L strain-TTP, ms 0.25 0.04 -0.23 0.06 0.44 <0.01
R strain-TTP, ms 0.24 0.05 -0.11 0.38 0.39 <0.01
C strain-TTP, ms 0.21 0.09 -0.23 0.05 0.43 <0.01
Rotation-TTP, ms 0.32 0.01 -0.23 0.06 0.39 <0.01
Twist-TTP, ms 0.37 0.00 -0.13 0.31 0.37 <0.01
Torsion-TTP, ms -0.22 0.15 -0.19 0.21 0.08 0.58
3DGS-TTP, ms 0.16 0.18 -0.19 0.13 0.37 <0.01
Abbreviations: C, circumferential; L, longitudinal; R, radial; 3DGS, three-dimensional global strain; TTP, time to peak; VAC, ventricular-arterial coupling.
n=68).
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Figure 4. Relations Between Arterial Elastance, Ventricular Elastance, and
Ventricular-Arterial Coupling and Torsion

5. Discussion

In our study of the relation between the parameters of
myocardial mechanics and VAC, the following observa-
tions were made: Ees, but not Ea and VAC, was higher in
the women than in the men. In addition, almost all de-
formation indices were higher in the women than in the
men. VAC was related to both Ea and Ees in the men and
women, but Ea and Ees were not related to each other in
both sexes. Indeed, the association between VAC and Ea
was stronger than was that with Ees. Finally, Ees and VAC
were related to torsion and interestingly Ea, Ees, and VAC
were all related to CS and 3DGS. However, we did not find
an association between age and Ees, which has been ob-
served in several other studies (18,19). The primary reason

Arch Cardiovasc Imaging. 2015;3(3):€33216

for the lack of influence of age on Ees in our study was
related to our study population, which was less than 50
years of age.

Although there are some well-known advantages for
studying VAC and its components (Ea and Ees), these pa-
rameters also have some limitations (20).

The major disadvantage of Ees is that it cannot assess
myocardial properties, which can be effectively assessed
by deformation indices. VAC (Ea/Ees) does not character-
ize (and totally neglects) LV loading sequence; however,
because of its major advantage (i.e., quantifying LV cham-
ber contractility/stiffness and arterial load in the same
units) (20), its relation to a particular deformation index
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may help determine a valuable indicator of cardiac per-
formance amongst these parameters.

It has been shown that global strains correlate well with
global LV function expressed as wall motion score and
LVEF (21). In addition, speckle-tracking-derived CS has
been reported to aid in the placement of pacing leads
in the target areas of delayed contraction (22). In recent
years, there has been increased interest in quantifying
LV rotation (23), which is one of the most intriguing ad-
vancements in imaging techniques. The potential of LV
rotation for the early detection of cardiac pathology (24),
its ability to provide regional information, and its role as
an indicator of active diastolic relaxation are deemed its
significance (25). LV torsion and recoil are a result of the
dynamic interaction between obliquely oriented epicar-
dial and endocardial fibers. Rotation dominates in the
epicardial layer and includes both systolic and diastolic
indices of LV circumferential motion. It is well-estab-
lished that LV rotation is sensitive to changes in both
regional and global LV functions (26, 27). Therefore, as-
sessment of LV rotation represents an important clinical
tool for quantifying LV function insofar as it appears to
be more sensitive to dysfunction than do many other tra-
ditional echocardiographic measures. Although cardiac
magnetic resonance is thought to be a reliable standard
for measuring LV rotation (28), the spatial restrictions of
the magnet as well as the accessibility and affordability
of this modality renders it less practical than is echocar-
diography.

Recently developed STE allows the assessment of tor-
sion by echocardiography (29). The ability to quantify
and track changes in LV rotation may provide further in-
sight into the cardiac structure and function. For exam-
ple, Hansen et al. (24) showed that despite no change in
LVEF, reductions in torsion and torsion rate were found
in their patients undergoing acute cardiac allograft rejec-
tion. Our results showed that Ees and VAC were related
to torsion. This finding also strengthens the importance
of torsion as a main mechanism of contraction and the
effectiveness of cardiac mechanics and energetic suffi-
ciency. The relations between Ea, Ees, and VAC and CS are
also in favor of the crucial role of circumferential fibers
in maintaining VAC within its narrow normal range.
Therefore, it seems that torsion and CS should be consid-
ered surrogates for VAC, which is known as a well-distin-
guished marker of mechanical efficacy.

5.1. Study Limitations

Despite the statistical significance, the linear correla-
tion coefficients were not very high. It means that we
found real and important relationships among the study
parameters, but they were not linear. Also it could have
been due to the effects of other variables which we did
not consider in our study. Accordingly, all the findings
should be interpreted in light of these limitations.

Our data were derived from young healthy subjects and

thus cannot be applied to all normal individuals. This
study does not provide information on the relation be-
tween VAC and the parameters of myocardial mechanics
in diseased states but provides a foundation for future
studies in pathologic conditions.

5.2. Conclusions

Amongst all systolic myocardial deformation indices,
VAC was related to CS and 3DGS as well as torsion. Since
Ees was also related to CS and torsion, we suggest them as
valuable indicators of cardiac performance.
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