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Abstract

The peak stress/rest ratio of left ventricular (LV) elastance, or LV force, is a load-independent index of left ventricular
contractile reserve (LVCR) with stress echo (SE). To assess the accuracy of LVCR calculated during SE with approaches
of different complexity. Two-hundred-forty patients were referred to SE for known or suspected coronary artery disease
or heart failure and, of those, 200 patients, age 61 + 15, 99 females, with interpretable volumetric SE were enrolled. All
readers had passed the upstream quality control reading for regional wall motion abnormality (RWMA) and end-systolic
volume (ESV) measurement. The employed stress was dipyridamole (0.84 mg, 6 min) in 86 (43%) and dobutamine (up to
40 mcg/kg/min) in 114 (57%) patients. All underwent SE with evaluation of RWMA and simultaneous LVCR assessment
with stress/rest ratio of LV force (systolic blood pressure by cuff sphygmomanometer/ESV). ESV was calculated in each
patient by two of three methods: biplane Simpson rule (S, in 100 patients), single plane area-length (AL, apical four-chamber
area and length, in 100 patients), and Teichholz rule (T, from parasternal long axis and/or short axis view, in 200 patients).
RMWA were observed in 54 patients. Success rate for ESV measurement was 76% (100/131) for S, 92% (100/109) for AL,
and 100% (240/240) for T. There were 100 paired measurements (rest and stress) with S versus T, and 100 with AL versus
T. The analysis time was the shortest for T (33 +8 s at rest, 34 + 7 s at stress), intermediate for AL (70+22 s at rest 67 +21 s
at stress), and the longest for S (136424 at rest 129+27 s at stress, p<0.05 vs. T and AL). ESV absolute values were
moderately correlated: T versus S (r rest=0.746, p<0.01, n=100; r stress=0.794, p<0.01, n=100); T vs. AL (r=0.603
p<0.01, n=100, at rest and r=0.820 p<0.01 n=100 at peak stress). LVCR values were tightly correlated independently
of the method employed: T versus S (r=0.899, p<0.01, n=100), and T versus AL (r=0.845, p<0.01, n=100). LVCR can
be accurately determined with all three methods used to extract the raw values of ESV necessary to generate the calculation
of Force. Although S is known to be more precise in determining absolute ESV values, the relative (rest-stress) changes can
be assessed, with comparable accuracy, with simpler and more feasible T and AL methods, characterized by higher success
rate, shorter imaging and analysis time.
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Introduction

The assessment of regional wall motion abnormalities
(RWMA) is the cornerstone of stress echocardiography
(SE) for the evaluation of patients with coronary artery
disease (CAD) and/or heart failure (HF) [1, 2]. The evalu-
ation of global left ventricular (LV) contractile reserve
(LVCR) is also possible during stress and is usually
defined as an increase by > 5 points in ejection fraction
(EF) from rest to peak stress [3]. An alternative approach
is the calculation of Force, also known as elastance [4],
which allows to apply noninvasively in the SE lab the
concept originally developed by Suga and Sagawa in the
experimental laboratory with an invasive approach [5].
Force is expressed as the ratio of peak systolic blood pres-
sure by cuff sphygmomanometer and end-systolic volume
(ESV) by 2-D echocardiography [6]. Force is simpler to
measure than EF, since it requires only ESV, rather than
both ESV and end-diastolic volumes as EF. Differently
from EF, Force is not dependent on heart rate, preload
and afterload changes [7, 8]. The robust pathophysiologi-
cal basis translates into better prognostic performance
when compared to EF in patients undergoing SE [9-12].
Ideally, Force measured with the modified Simpson (S)
rule requires biplane view of the left ventricle (LV) with
integration of 4- and 2-chamber apical view to calculate
ESV with the method of disks [13]. However, the possi-
bility to obtain images suitable for volumetric assessment
with S method decreases at peak stress which degrades
image quality for increased heart rate, hyperventilation
and hypercontractility [14].

Aim of this prospective two-center study was to assess
the feasibility and relative accuracy of LVCR based on
rest-stress Force variations with three different methods
of different complexity for estimating ESV: S (the gold
standard), apical single plane area-length (AL), and linear
Teichholz (T) method from parasternal long- or short-axis.

Methods
Study population

In this prospective two-center study, we initially screened
240 patients. From this series, 200 patients were enrolled
(99 female, 101 male; age 60+ 15 years). They were
referred to the SE laboratories of two university hospi-
tals (Porto Alegre and Curitiba, Brazil). The inclusion
criteria were: 1) Age > 18 years; 2) referral to dipyrida-
mole or dobutamine SE for known or suspected CAD or
HF, with any degree of resting left ventricular function
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(preserved or reduced); 3) no severe primary valvular or
congenital heart disease; 4) wall motion imaging by TTE
of acceptable quality at rest; 5) willingness to give their
written informed consent allowing scientific utilization of
observational data, respectful of privacy rights. Exclusion
criteria were: 1- acoustic window of unacceptable quality
at rest for regional wall motion assessment (n=10); 2-
unwillingness to give informed consent (n =0).

The recruitment started in August, 2017 and lasted until
November, 2018.

All patients underwent SE testing as part of a clinically-
driven work-up and according to the referring physician’s
indications. The study protocol was reviewed and approved
by the institutional ethics committees as a part of the SE
2020 study (148—Comitato Etico Lazio-1, July 16, 2016;
Clinical Trials.Gov Identifier NCT 030.49995). The local
center chapters of SE 2020 were approved in August, 2017
(in Porto Alegre, CAAE: 63787417.2.1001.5327) and July,
2018 (in Curitiba, CAAE: 63787417.2.2005.0096).

Transthoracic echocardiography

We used commercially available ultrasound machines:
Philips EPIQ 7 model with transducer X5-1 5 MHz, IE 33
and Affinity 70 (Philips, Medical Systems, Andover, MA,
USA) with a 2.5-3.5 and 4 MHz phased-array sector scan
probe; Vivid 7 (GE Healthcare, USA, manufactured in
Horten, Norway), with standard transducers.

All patients underwent comprehensive TTE at rest, and
SE according to the protocol recommended by the Euro-
pean Association of Cardiovascular Imaging guidelines [2].
We used dipyridamole up to 0.86 mg/kg over 6’ or dobu-
tamine starting from 5 up to 40 mcg/kg/min with atropine
co-administration up to 1 mg. Electrocardiogram and blood
pressure were monitored continuously. Criteria for interrupt-
ing the test were severe chest pain, diagnostic ST-segment
shift, excessive blood pressure increase (systolic blood pres-
sure > 240 mmHg, diastolic blood pressure > 120 mmHg),
limiting dyspnea, maximal predicted heart rate, significant
arrhythmias or limiting side effects. Echocardiographic
imaging was performed from parasternal long axis view,
short axis view, and apical 4-, 3- and 2-chamber view, using
conventional two-dimensional echocardiography. Wall-
motion score index (WMSI) was calculated in each patient at
baseline and peak stress, in a four-point score ranging from
one (normal) to four (dyskinetic) in a 17-segment model of
the LV [2, 3]. All doctors and nurses involved were trained
in Basic Life Support and Advanced Cardiac Life Support.

A test was considered positive for ischemia when at least
two adjacent segments of the same vascular territory of the
LV showed an increment of at least one point of WMSI
during SE.
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Volume analysis

By design, at least 2 methods were initially applied to
assess ESV in all 240 recruited patients. Of these 240,
Teichholz rule (T, from parasternal long axis and/or short
axis view) was attempted and successfully completed in
all 240. Biplane Simpson (S) method was attempted in 131
consecutive patients and successfully completed in 100.
Single plane area-length (AL, apical four-chamber area
and length) was attempted in 109 patients (not evaluated
with S) and successfully completed in 100.

LV EDV and ESV were measured from apical four- and
two-chamber views, using the biplane S method. Only rep-
resentative cycles with optimal endocardial visualization
were measured and the average of three measurements
was taken. The endocardial border was traced, excluding
the papillary muscles. The frame captured at the R wave
of the ECG (or the first frame after mitral valve closure
when ECG trace was unreadable) was considered to be the
end-diastolic frame, and the frame with the smallest left
ventricular silhouette (usually the first frame before mitral
valve opening) the end-systolic frame [13]. All cardiac
volumes were normalized to body surface area, yielding
their respective indexes.

In the AL method, four-chamber view, the LV area
is traced as above and the long-axis length is measured
from the furthest point of the apex to the midpoint of the
straight line crossing the mitral valve annulus [15] (Fig. 1).

In the T method, linear measurements of the LV end-
diastolic and end-systolic internal diameter are obtained
from 2D echocardiographic images perpendicular to the
LV long-axis and measured at or immediately below the
level of the mitral valve leaflets tips [13, 16] (Fig. 1).

LVCR criteria of positivity were stress-specific and
based on previous data analyzing the prognostic impact
of this parameter:: < 2.0 for dobutamine [10] and < 1.1 for
dipyridamole [12].

+LVIDs 349cm
ESV (2D-Teich) 50.5 ml_
EF (2D-Teich)  60.9%

ESV(AC) 108
EF(MC) 488

Fig.1 Methodology of ESV calculation. The measurement of ESV
was obtained in each patient with two of three methods: parasternal
view with Teichholz method (left panel); area-length monoplane from

Quality control for RWMA and ESV reading

On a set of 20 video-clips selected from eight different
laboratories as a part of the quality control process of the
SE 2020-RWMA subproject, the accredited readers all
had >90% concordance with core lab reading on presence
of RWMA [17, 18]. The cardiologist-echocardiographer
performing the test interpreted the RWMA. The procedure
for acquisition between centers was standardized through a
web-based learning module before starting data collection.

With the same approach, the reading of ESV implied
readings of a different set of 20 clips selected from seven
different laboratories [19]. The accepted threshold was 80%
concordance with area measurement (from apical 4- and 2-
chamber views). The gold standard was the average reading
of two experienced observers of the coordinating centers.
For each clip, the measurement was considered concordant
when the reading was +20% from the gold standard.

In order to assess intraobserver reproducibility, the same
observer (TT) measured the ESV measures in a set of 20
(rest or stress) clips with three methods. On the same clips,
a different independent observer (MAT) repeated the same
measurements.

Statistical analysis

The statistical analyses included descriptive statistics (fre-
quency and percentage of categorical variables and mean
and standard deviation of continuous variables). Data are
expressed as mean + standard deviation (normally distrib-
uted data) or per cent frequency (categorical data) [20].
Parametric Pearson’s correlation coefficient analysis was
used to assess the absolute values of ESV and the relative
(stress-rest) changes of LVCR with ESV assessed with
different methods (S vs. T and AL vs. T). For analysis of
concordance between LVCR of the three methods we used
Kappa statistics. The intra-class correlation coefficient was
calculated to assess inter-rater and intra-rater variability of

TIS0.3 Mi1.1

1326

wA2Cs
LV Length 6.72cm

ESV(A2C) 446mi
EF(AXC)  587%
ESV(BP) 743 ml
EF (8P) 8%

apical four-chamber view (middle panel); biplane modified Simpson
(middle and right panel)
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measurements with different methods. Statistical signifi-
cance was set at p<0.05. All analyses were conducted with
the Statistical Package for the Social Sciences (SPSS Inc.,
Chicago, IL,USA, version 12).

Results

The main clinical characteristics of the study patients are
described in Table 1. The employed stress was dipyridamole
in 86 (43%) and dobutamine in 114 (57%) patients.

Qualitative analysis: WMSI and RWMA

Interpretable images were obtained in all patients at peak
stress, with an overall feasibility of 100% for interpretation
of RWMA and calculation of WMSI. In the overall popu-
lation, WMSI increased slightly at peak stress (Table 2).
Stress-induced ischemic RWMA were present in 54 patients

(27%).
Quantitative analysis: ESV, EF and LVCR

Images were considered interpretable for quantitative analy-
sis with at least one method in all patients. The feasibility
rate (at rest and peak stress) was 100% for T (240/240), 92%
for AL (100/109) and 76% for S (100/131). A paired evalu-
ation was available in 200 patients: 100 with T and S and an
additional 100 with T and AL.

For those with interpretable images, the analysis time for
ESV was the shortest for T (33 +£8 s at rest 34 +7 s at stress),
intermediate for AL (70+22 s at rest 67 +21 s at stress),

Table 1 Study patients

Sex (F/M) 99/101

Age (years) 60.6+14.9
BSA (m?) 1.7+0.5
Hypertension 142 (71%)
Diabetes 72 (36%)
Previous MI 32 (16%)
CABG/PCI 28 (14%)
NYHA class 140 (T) 50 (IT) 10 (IIT)
Beta-blocker 87 (43.5%)
Nitrates 10 (5%)
Calcium channel blockers 58 (29%)
Statin 107 (53.5%)
ACE 63 (31.5%)
Anti-platelet therapy 80 (40%)

ACE angiotensin-enzyme inhibitors, CABG coronary artery bypass
surgery, MI myocardial infarction, PCI percutaneous coronary inter-
vention

@ Springer

Table 2 Echocardiographic and hemodynamic findings

EF rest % (S) 49+13
EF stress % (S) 54+13
WMSI rest 1.2+04
WMSI stress 1.1+0.3
Force rest (S) (mmHg/mL) 3.5+2.6
Force stress (S) (mmHg/mL) 5.1+5.2
ESV index rest (mL/m?) (S) 35+18
ESV index stress (mL/m?) (S) 31+22
HR rest (beats/m) 73+ 14
HR stress (beats/m) 113+26
DBP rest (mmHg) 77+15
DBP stress (mmHg) 83+14
SBP rest (mmHg) 149+30
SBP stress (mmHg) 157+38
LVCR (S) 1.4+0.5

DBP diastolic blodd pressure, EF ejection fraction, ESV end-systolic
volume, HR heart rate, LVCR left ventricular contractile reserve, S
Simpson rule, WMSI wall motion score index

and the longest for S (136 +24 s at rest 129 +27 s at stress),
p<0.05 versus T and S at rest and stress.

For ESV intra-rater variability, the ICC was 0.964 for S,
0.953 for A-L and 0.981 for T at rest. For ESV inter-rater
variability, the ICC was 0.965 for S, 0.989 for A-L and 0.998
for T at rest. For LVCR, the ICC was 0.812 (inter-rater) and
0.629 (intra-rater) for S, 0.907 and 0.936 for AL, and 0.958
(inter-rate) and 0.954 (intra-rater) for T.

Considering the absolute values of ESV, the correlation
was good for both S and T (r rest=0.746, p<0.01, n=100;
r stress=0.794 n=100, p<0.01), and AL and T (r=0.603,
p<0.01, n=100, at rest and r=0.820, p<0.01, n=100 at
peak stress).

Considering LVCR (based on relative changes between
rest and stress), the correlation was moderate for both S and
T (n=100, r=0.899, p<0.01), and AL and T (r=0.845,
n=100, p<0.01) (Fig. 2).

Correlation among WMSI, EF and LVCR values

In all 200 patients we obtained measurable WMSI and
LVCR. A(stress-rest)-WMSI was poorly correlated with
LVCR obtained with T (n=200, r=0.16, p=NS), AL
(n=100,r=0.047,p=NS) or S (n=100, r=0.138, p=NS).

In the 200 patients with both EF and LVCR obtained with
T, a moderate correlation was observed between LVCR and
A (stress-rest) EF (r=0.523, p<0.01).

Patterns of response combining WMSI and LVCR

The rest and stress values of WMSI, EF, Force and LVCR
are shown in Table 2. At individual patient analysis, the
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LVCR (Area-Length)

LVCR (Teichholz)

LVCR (Simpson)

LVCR (Teichholz)

Fig.2 The correlation between LVCR with different methods. There is a good correlation between LVCR with AL and T (upper panel) and S

and T (lower panel)

combination of RWMA and LVCR using the T method
identified 4 separate patterns of response: non-ischemic and
strong heart (with no inducible RWMA and normal LVCR)
found in 71 patients (38%); non-ischemic and weak heart in
74 patients (37%); ischemic and strong heart in 15 patients
(7.5%); ischemic and weak heart in 39 patients (20%).

The level of concordance for positivity or negativity
between the LVCR calculated of the three methods were
89% for S versus T and 87% for T versus AL (Kappa values
were 0.768 and 0.742, respectively).

Discussion

LVCR can be measured in all patients with a combined use
of S (first choice), AL (second choice) and T (third choice)
methods. As expected the correlation between the 3 meth-
ods is only moderate for absolute values of ESV, due to the
recognized greater accuracy of S method in presence of dis-
torted and dilated LV. S method remains therefore the gold
standard. When it is not feasible for presence of images of

suboptimal quality, AL and even T provide a suitable surro-
gate, with the clear advantage of being substantially simpler
and less time-consuming than S. The integrated stepwise use
of S, AL and T for volumetric SE allows to gain in virtually
all patients insight into force-based assessment of LVCR,
more informative than EF-based LVCR.

Comparison with previous studies

Our findings are in agreement with previous studies showing
that LVCR can be evaluated during all forms of physical,
pharmacological and pacing stress [6, 9, 12, 21].

We found a high success rate at rest, but in 30% of
patients the biplane view was not optimal and therefore the
apical 4-chamber view was analyzed with the A-L approach.
The success rate increases from 70% to 90% when only one
apical view is needed and becomes 100% when the less
accurate but technically easiest parasternal view is needed as
in T method. Interestingly, the success rate did not decrease
during stress, possibly due to the use of pharmacological
stresses.
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The improvement of technical feasibility and success
rate during stress is essential for exploiting at the fullest the
potential merits of Force in the clinical arena. The advan-
tages of force-based LVCR over ejection fraction-based
LVCR are convincingly rooted in theoretical and pathophysi-
ological grounds and proven, to date, in selected popula-
tions. Previous studies showed that LVCR based on Force
is simpler, faster and better for risk stratification than EF
[9-12]. It is simpler from the computational aspect because
it does not require the measurement of EDV needed, in
addition to ESV, for EF. It is more reproducible because EF
requires the manual tracing of the endocardial contours in
end-diastole and end-systole in two projections. As these
values are summed and multiplied to calculate EF, any meas-
urement error is compounded [22]. It is also simpler because
the myocardial backscatter reflectors decrease their inten-
sity at end-systole compared to end-diastole, and therefore
specular endocardial boundaries in end-systole are easier to
visualize [23]. Due to consolidation of the ventricular mass
and architecture in systole, endocardial boundaries are bet-
ter delineated at end-systole than at end-diastole [22]. The
reproducibility of measurements from 2D without contrast
is substantially better for ESV than for EDV [24, 25].

Clinical implications

Volumetric echocardiography is important at rest and during
stress, but its practical impact has been severely limited by
the well-supported notion that they are “too time consum-
ing”, even nowadays that the dedicated software is on board
of every commercially available machines [26]. This is espe-
cially important during stress, which is a battle against time,
with so many parameters to see and so little time available
[27]. However, ultrasound images can be stored for off-line
processing and the extra-time required for volume analysis
is of a few minutes for S, and of a few seconds for T method.

LVCR expands the potential of integrated SE and offers
an information which is complementary and additive to
RWMA. It can be measured in all patients with a combi-
nation of 3 methods: S when both apical 4 and 2-chamber
views are measurable at rest and during stress (as it happens
in most, but not all, patients); AL when only apical four-
chamber view is measurable; and T when only parasternal
views are available. The extra-analysis time is minimal with
the simplest T, and still very reasonable with the gold stand-
ard S method.

In this way, LVCR and volumetric stress echocardiogra-
phy can become an integral part of the state-of-the-art SE
protocol, and may add surprising dividends to RWMA. In
fact, a weak heart can be present in absence of ischemic
RWMA, and a strong heart can coexist with RWMA—and
they offer independent and incremental information over
RWMA and superior to EF also in applications beyond CAD
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[25]. It is good that we can measure the force-based LVCR
in virtually all patients referred to SE lab.

Limitations

We measured ESV at the smallest cavity size, as suggested
by current guidelines [12]. However, this measurement is not
always so obvious in populations with conduction delays and
asynchronous contraction, not infrequent in patients with
CAD or HF as those enrolled in the present study [28].

We used pharmacological stress only because this is the
standard clinical practice in our labs, where only recently a
supine cyclo-ergometer became available. Generalization of
results to exercise stress test is not straightforward because
an intrinsic limitation of the technique is the required quality
of ultrasound scans. However, the measurement on images
of degraded quality might further emphasize the value of the
simplified T method, less affected by image degradation than
S [29]. Accordingly, cyclo-ergometer stress test can have a
huge impact on the quality of scans.

We compared volumetric SE with single plane vs biplane
methods, but the real gold standard would be real time
3D echocardiography, which is however more technically
demanding and less feasible during stress and requires addi-
tional hardware and software cost [12].

Within this study, several different ultrasound devices
were used from two vendors, and certainly differences in
image quality and features can account for accuracy and suc-
cess of measurement between the compared approaches. In
particular, the feasibility and accuracy of S and A-L drop
considerably in presence of image quality intermediate-
to-poor, whereas T is much less affected. In a study with
real time three-dimensional echocardiography as the gold
standard, the correlation of ESV with transoesophageal
echo-based T was worse than S with high quality images,
but significantly better with poor-quality images [29].

We compared T with S in 100 patients and T with A-L
in another set of 100 patients. In order to have a full com-
parison, the three techniques might have been measured in
the full population.

Conclusions

LVCR can be accurately determined with all three methods
used to extract the raw values of ESV necessary to generate
the calculation of Force: S, AL and T. Although S is known
to be more precise in determining absolute ESV values, the
relative (rest-stress) changes can be assessed, with compa-
rable accuracy, with simpler and more feasible T and AL
methods, characterized by higher success rate, shorter imag-
ing and analysis time. Dual imaging of RWMA and LVCR
can be integrated in all patients, with all pharmacological
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stresses, in the comprehensive new standard of quadruple
imaging SE with ABCD protocol [30].
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