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Purpose: Left ventricular (LV) contractile reserve is commonly used for LV systolic
function assessment, while data on normal LV contractile reserve to exercise and the effect
of gender on it are contradictory and limited, especially in Chinese adults. The aims of the
present study are to clarify echocardiographic normal reference of LV contractile reserve
during treadmill exercise stress echocardiography in healthy Chinese adults and to evaluate
the sex-specific impact on it.

Patients and Methods: The study population consisted of 157 healthy Chinese adults. All
subjects underwent comprehensive echocardiographic assessment at rest and immediately
after a symptom-limited treadmill stress test. The impact of gender on LV contractile reserve
was analyzed.

Results: The study population consisted of 157 healthy Chinese adults. All subjects under-
went comprehensive echocardiographic assessment at rest and immediately after a symptom-
limited treadmill stress test. The impact of gender on LV contractile reserve was analyzed.
Conclusion: Traditional LV contractile reserve of men was much higher than that of women
in a healthy Chinese population. The difference might be because of higher BSA in men.
AGLS was less influenced by METs and CI at rest compared to AEF. AGLS, and especially
the AGLS index, might be considered as a more preferable contractile reserve parameter for
clinical cardiac function evaluation.

Keywords: stress echocardiography, treadmill stress test, left ventricular contractile reserve,

longitudinal strain

Introduction
Left ventricular (LV) systolic function plays an important role in establishing
treatment strategy and prognosis in various cardiovascular diseases'. Current
studies have shown that the LV ejection fraction (LVEF) lacks accuracy and
sensitivity in detecting early subclinical impairment. In contrast, recent echocardio-
graphic guidelines recommended routine LV global longitudinal strain (GLS)
assessment while evaluating systolic myocardial performance”.

Stressing the heart can unmask subtle alterations in cardiac function that might
not be detected during echocardiographic examination at rest. In the early stage of
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many diseases, resting LV systolic function may remain
preserved, but LV contractile reserve for inotropic stimu-
lation may be blunted. Depressed LV contractile reserve
has been documented in patients with nonischemic heart
diseases, such as mitral regurgitation, aortic regurgitation,
hypertrophic cardiomyopathy, and diabetic cardiomyopa-
thy, and is thought to represent an early manifestation of
LV dysfunction*®. The use of LV contractile reserve in
pathological conditions implies the need to consider nor-
mal reference values derived from a healthy population.
Despite showing great clinical potential, there are few data
on normal values for LV contractile reserve in healthy
individuals. Besides, some studies showed increased, unal-
tered, or even reduced LV strain during stress testing in
healthy controls>>'®. The latest guideline on ischemic
heart disease claimed that optimal speckle-tracking echo-
cardiography (STE) parameters for detection of ischemia
remain uncertain, and additional studies are needed to
define normal response to dobutamine and exercise
stress''. The currently available LV contractile reserve
values are mainly derived from North American and
European population studies that may not be applicable
to the Chinese population. Moreover, no studies have
demonstrated whether sex-related differences exist in LV
contractile reserve.

Therefore, the aims of the present study are to deter-
mine echocardiographic normal references for LV contrac-
tile reserve during exercise stress echocardiography (SE)
in healthy Chinese adults and to evaluate sex-specific
impacts on it.

Patients and Methods
Study Population

In a cross-sectional study design, we prospectively
enrolled 157 healthy volunteers during the period from
May 2018 to December 2019. Subjects were recruited
through advertisements and among hospital employees,
their relatives, and members of the local community. The
participants had blood pressure values within normal refer-
ence ranges, had normal resting electrocardiographic
results, were not taking any medications, were nonsmo-
kers, and had no history of hypertension, diabetes, or
cardiac diseases. All subjects underwent clinical examina-
tions, resting 12-lead electrocardiography, and comprehen-
transthoracic rest and

sive echocardiography at

immediately after maximal treadmill stress testing.

Participants with suboptimal image quality were excluded.

The clinical examination comprised measurements of
height, weight, body mass index (BMI) and resting blood
pressure. Body surface area (BSA) was calculated accord-
ing to the DuBois formula'?. For the subsequent analysis,
subjects were divided into two groups according to sex.
Every participant was >18 years of age and was included
after providing informed written consent according to the
principles of the Declaration of Helsinki. The study was
conducted after approval from the local scientific ethics
committee of the Sichuan Provincial People’s Hospital.

Echocardiographic Data Acquisition
Transthoracic echocardiographic images were recorded in
accordance with current guidelines using a commercially
available ultrasound system Vivid E95 equipped with an
M5S 3.5-MHz transducer (GE Vivid E95, Vingmed
Ultrasound, Horten, Norway) at rest and immediately
after exercise in the left lateral decubitus position.
Electrocardiogram-triggered echocardiographic data were
acquired and digitally stored in a cine-loop format for
offline analysis with EchoPac (EchoPac 202, General
Electric Vingmed Ultrasound).

LV end-diastolic and end-systolic volumes (LVEDV and
LVESV) were measured in the apical two- and four-chamber
views, and stroke volume (SV) was calculated from LVEDV
and LVESV. The LVEF was calculated using the biplane
Simpson’s method'>. LVEDV, LVESV, and SV were
indexed into BSA (presented as LVEDVI, LVESVI, and
SVI, respectively). Cardiac output (CO) (SV * Heart rate
(HR)) and cardiac index (CI) (CO/BSA) were calculated.

Speckle Tracking Imaging

Longitudinal myocardial deformation was assessed using
a semiautomated 2D speckle tracking technique
(EchoPac 202, General Electric Vingmed Ultrasound)
with a typical temporal resolution of >70 frames/s.
After manual tracing of the endocardial border and
selecting the appropriate wall thickness, the software
automatically identified six segments in each view and
tracked the motion of acoustic markers. Segments that
failed to track satisfactorily were readjusted manually,
and, if this was ineffective, they were excluded from
further analysis. The measurements comprised the great-
est negative value on the strain curves. The timing of the
aortic and mitral valve opening and closure was obtained
using single-gated pulsed-wave Doppler traces. GLS was
computed as the average value of all LV segments sub-
jected to analysis. Longitudinal strain (LS) at different
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Figure | LV LS analysis at rest (A) and postexercise (B). LV LS of base, middle and apex were all increased after exercise, especially the apex.

Abbreviation: LS, longitudinal strain.

LV levels was computed as the average value of all
segments at basal, middle, or apical level. GLS and LS
at different levels were analyzed both at rest and post-
exercise (Figure 1). In this study, strain and changes in
strain are reported in absolute values. All echocardio-
graphic parameters were averaged over three consecutive
cardiac cycles.

Exercise Protocol

All participants performed a symptom-limited treadmill
(TMX-425, Full Vision Inc, Kansas) exercise test using the
standard Bruce protocols.’ Subjects were encouraged to exer-
cise until exhaustion. A baseline 12-lead electrocardiogram
(ECQG) and noninvasive blood pressure were acquired and
repeated at 2-min intervals during the exercise test, at peak
exertion, and after exercise. The maximum exercise capacity
of metabolic equivalents (METs) was recorded, where 1
MET = 3.5 mL/kg/min oxygen consumption was estimated
based on the protocol, speed, and grade achieved'*. Exercise
duration and ratio of peak HR to target HR (according to the
220-age formula) were also recorded automatically.

Assessment of LV Contractile Reserve
LVEF and LV GLS were analyzed at rest and postexercise.
LV contractile reserve was calculated as the difference in
LVEF and LV GLS between rest and postexercise values
(presented as AEF and AGLS, respectively).

LV contractiles at different levels were calculated from
LV LS change at the base, middle, and apex of LV. AEF
and AGLS were also indexed to BSA as the LV contractile
reserve index.

Statistical Analysis

Normally distributed data are presented as the mean+SD.
Skewed data are presented as median (interquartile range
[IQR]). Histograms and Q-Q plots were used to check contin-
uous values for normality. Comparison of continuous variables
between sexes was done using unpaired Student’s t-tests. The
95% confidence interval was calculated as +1.96 SDs from the
mean. The lowest (2.5th percentile) and highest (97.5th per-
centile) expected values for skewed data were estimated in
1000 bootstrap samples to generate the sampling distribution.
To identify correlations of LV contractile reserve, univariable
linear regression analysis was carried out. After excluding
variables showing collinearity, all the variables that were sig-
nificant in univariable analysis were entered into a stepwise
multivariable regression analysis. P < 0.05 was considered
statistically significant. All statistical analyses were performed
using SPSS version 23.0 (SPSS, Armonk, NY).

Intraobserver and Interobserver
Variability Analysis

GLS analyses at baseline and immediately after exercise were
repeated in 10 randomly selected patients at least 4 weeks
after the initial analysis by the original investigator and by
a second investigator who were both blinded to the original
measurements to assess intraobserver and interobserver varia-
bility. Intraclass correlations (ICCs) were evaluated.

Results

Characteristics of the Population
Resting and treadmill exercise SE were performed in 157
healthy volunteers (55% women; aged 45.3+£13.0 years; age
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Table | Characteristics of the Population

Parameters Total (n=157), MeantSD Male (n=71), MeantSD Female (n=86), MeantSD P-value
Age (years) 45.3£13.0 44.6x13.5 45.8+12.6 0.561
Height (cm) 163.7£8.4 169.8+7.9 158.7+4.6 <0.001
Weight (kg) 61.4x12.0 68.7+12.1 55.4+8.0 <0.001
Body surface area (m2) 1.7£0.2 1.9+0.2 1.6%0.1 <0.001
Body mass index (kg/m2) 22.6+3.0 23.6%3.1 21.8+2.6 <0.001
HRrest (bpm) 9315 93%15 92+15 0.620
HRpeak (bpm) 16516 167£16 163£16 0.067
HRpeak/target HR (%) 96+7 97+6 95+7 0.087
SBPrest (mmHg) 12416 128+16 119£15 <0.001
SBPpeak (mmHg) 168+23 176+24 161£18 <0.001
DBPrest (mmHg) 77£10 80x10 7510 0.004
DBPpeak (mmHg) 78%13 78%13 78%12 0.906
Exercise duration (min) 8.7%1.7 9.1£1.9 85+1.8 0.031
METs (units) 9.6x1.7 9.9+1.7 9.3x1.7 0.029

Abbreviations: HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; METs, metabolic equivalents.

range, 2274 years). All subjects were in sinus rhythm dur-
ing examination. The clinical characteristics of the study
population are displayed in Table 1. As expected, men
were significantly taller and had larger BSA than women.
There were no statistically significant differences in HR
at rest or at the peak of exercise. Systolic blood pressure
(SBP) in men was higher compared with women both at rest
and at the peak of exercise. The male group also showed
longer exercise duration and higher exercise capacity.

Feasibility of Speckle Tracking Analysis
Speckle tracking analysis was feasible in all subjects.
A total of 5338 segments were analyzed at rest and post-
exercise, of which 96 segments were excluded because of
inadequate tracking quality (ie, lung interference). The
remaining 5242 segments (98.2%) had successful tracking.
Three of 314 LV GLS calculations were done by hand
because of poor tracking of three of 17 segments. No LV
GLS calculation was based on <14 segments.

Exercise Stress Echocardiography
Conventional treadmill exercise SE parameters for LV are
summarized in Table 2. All subjects had normal LV geo-
metry. The male group had a larger LV volume at rest.
Significant differences were also found in LV SV, SVI,
CO, and CI at rest. After exercise, no significant differ-
ences were found in LV EDV, EDVI, ESV, SVI, or CI. For
LV systolic function, there is no significant difference in
the traditional parameter EF at rest. With exercise, EF
increased much higher in men compared to women.

GLS and LS at different levels were increased after
exercise of course (Table S1). GLS in the female group
was much higher than that in the male group at rest,
whereas no significant difference was found in the two
groups at postexercise (Table S1, Figure S1). The strain

gradient at different levels of LV did not change either at
rest or postexercise, with the highest LS at apex and the
lowest LS at the base of LV (Figure 2). At rest, LS at the
base and middle of LV was higher in women, but no
significant difference was found in LS at the apex between
groups. While at post-exercise, there were significant dif-
ferences in LS at all three levels (Figure S1).

LV Contractile Reserve

Details of LV contractile reserve are listed in Table 3. AEF
and AGLS were much higher in men than women. After
adjustment for BSA, no significant difference was found in
AEFI and AGLSI between the two groups. The lowest
expected values of LV contractile reserve were 0.03/m2
for AEFI and 0.52%/m2 for AGLSI. There were no sig-
nificant differences in ALS in basal segments and middle
segments between the two groups. ALS at the apex was
much higher in males.

Factors Influencing LV Contractile

Reserve

AEF showed moderate correlation with BSA (r=0.21, P =
0.004, Figure 3) and significant but weak correlations with
BMI, METs, and CI at rest (r = 0.16, P = 0.023; » = 0.18,
P =0.013; r = —0.15, P = 0.029, respectively). In the
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Figure 2 LS changes during exercise at different levels of LV. The strain gradient at different levels of LV did not change either at rest or postexercise, with the highest LS at
apex and the lowest LS at the base of LV. The LS of the apex increased much more than the other two levels.

Abbreviations: LS, longitudinal strain; LV, left ventricle.

multivariable analysis, AEF was independently associated
with BSA (f = 0.23, P = 0.003), METs (f = 0.21, P =
0.006) and CI at rest (f = —0.31, P = 0.001).

The relative increase in EF (AEF to rest) showed moder-
ate correlation with BSA (r=10.21, P =0.008, Figure 3), and
significant but weak correlations with BMI (» = 0.17, P =
0.033), HRpeak/target HR (» = 0.19, P = 0.017), METs (r =
0.18, P=0.024), and Cl at rest (r=—0.178, P =0.026). In the
multivariable analysis, the relative increase in EF was inde-
pendently associated with BSA (f = 0.23, P =0.002), HR at
rest (6 =0.31, P <0.001), CI at rest (f = —0.35, P < 0.001),
and METs (8 = 0.21, P = 0.005).

AGLS showed significant correlations with BMI and
BSA (r = 0.16, P = 0.025, and r = 0.23, P = 0.015,
respectively, Figure 3). In the multivariable analysis,
AGLS was only independently associated with BSA (f =
0.18, P = 0.03).

The relative increase of GLS (AGLS to rest) showed
moderate correlations with BMI (r = 0.24, P = 0.003) and
BSA (r = 0.27, P = 0.001, Figure 3). In the multivariable
analysis, the relative increase in GLS was also only inde-
pendently associated with BSA (f = 0.27, P = 0.001).

Intra- and Interobserver Reproducibility
The ICC for intraobserver variability was 0.92 for GLS at
baseline and 0.84 for GLS at postexercise. The ICC for
interobserver variability was 0.91 for GLS at baseline and
0.85 for GLS at postexercise.

Discussion
The present prospective study provides contemporary normal
reference values for LV contractile reserve in different sexes in

a large cohort of healthy Chinese volunteers. Our study
showed that LV contractile reserve in men was much higher
than that in women. The difference might be due to larger BSA
of men. After adjusting for BSA, no significant difference was
found in LV contractile reserve between sexes. In addition, the
augmentation of systolic function is mostly driven by the apex.
And AGLS, as well as the relative increase of the GLS, was
less influenced by other parameters compared to AEF. AGLS,
especially AGLS index, might be considered a more stable
contractile reserve parameter for clinical applications.

Feasibility and Reproducibility of
Speckle-Tracking Analysis

In our study, we achieved high (98.2%) feasibility of
segmental speckle tracking during exercise. The reason
for the high feasibility of our study might be that only
normal subjects with a priori satisfactory image quality
were enrolled.

Resting LV GLS measurements have proved robust and
reproducible with low intra- and interobserver variability,”
which is in accordance with our findings in the present
study. Although it decreased after exercise, ICC was still
more than 0.80. Good reproducibility at different stages
reinforces the possibility of a promising application of this
echocardiographic parameter in daily clinical practice.

LV Contractile Reserve During Exercise SE
During the early stages of disease process, global LV func-
tional parameters of volume and EF are usually preserved.”*
Unless there has been a previous infarction or stunning of the
myocardium, regional wall motion abnormalities are not
evident at rest, and noninvasive detection of ischemia by
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Note: tLowest expected value.

Abbreviations: AEF, changes of ejection fraction; AEFI, changes of ejection fraction indexed by BSA; AGLS, changes of global longitudinal strain; AGLSI, changes of global longitudinal strain indexed by BSA; ALSbase, changes of

longitudinal strain at the base of left ventricle; ALSmid, changes of longitudinal strain at the middle of left ventricle; ALSapex, changes of longitudinal strain at apex of left ventricle.

transthoracic echocardiography requires stress provocation.
Myocardial functional reserve between peak stress and rest
reflects the recruitment of myocardial function during stress
testing, which allows adequate adaptation of LV forward
stroke volume and cardiac output to central and peripheral
demands. In addition to chronotropic adaptation, LV
improves contractility with an increase in longitudinal short-
ening, circumferential, and radial thickening.

Because EF and visual assessment of regional wall
motion are based on radial thickening of the endocardial
border, these parameters are less sensitive to detecting early
ischemia.”® Furthermore, LVEF may overestimate LV sys-
tolic function due to the presence of the regurgitant volume in
the left atrium, and could not reflect regional systolic func-
tion unless 3D echocardiography is used.” In our study, AEF
was influenced by lots of factors, which restricts its applica-
tion in LV contractile reserve assessment. Magne et al found
that the first consequences of LV myocardial damage primar-
ily occur in longitudinal function before impairment of cir-
cumferential or radial function.® Therefore, longitudinal
strain, which has a predominant contribution from the endo-
cardial layer, more accurately detects early derangement of
cardiac function caused by ischemia, hypoxia and higher
wall stress associated with hemodynamic overload.” In
patients with normal EF and absence of wall motion abnorm-
alities, the discriminatory presence of reduced GLS provides
incremental diagnostic value for detecting underlying coron-
ary artery disease and other nonischemic diseases.*®'*!! In
heart failure patients, a reduced contractile reserve could also
be used for outcome prediction.'*'?

In the early stage of many diseases, resting systolic
function may remain preserved, but contractile reserve for
isotropic stimulation may be blunted. Depressed contractile
reserve is thought to represent an early manifestation of LV
dysfunction.®'*!'” However, there is a paucity of data about
myocardial strain change between rest and post-exercise in
healthy adults.'® In healthy individuals, inotropic myocar-
dial reserve usually increases myocardial deformation dur-
ing exercise. Larsen et al found that the average absolute
numeric LVGLS rises by approximately 5% in healthy
subjects,'® which is the same as in our study.

Different Regional LS Change Between

Rest and Post-Exercise During Exercise SE
Evaluation of LS at different levels may provide additional
clinical value to GLS. Certain cardiac diseases, such as
hypertrophic obstructive cardiomyopathy and amyloidosis,
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Figure 3 Correlation between parameters of LV contractile reserve and BSA. LV, left ventricle; BSA, body surface area; EF, ejection fraction; GLS, global longitudinal strain; %
AEF, percentage of EF increase compared to rest; %AGLS, percentage of GLS increase compared to rest.

display a characteristic relative apical sparing pattern.'®

Therefore, knowing the normal relative difference in api-
cal, middle and basal LS allows comparison. In this study,
the strain gradient at different LV levels did not change
either at rest or postexercise, with the highest LS at apex
and the lowest LS at the base of LV. The significant
difference in GLS between groups was mostly driven by
the change in apex of LV. Marwick et al showed
a significant increase in LV LS from the LV base to apex
also, which has been attributed to the specific curvature
and architecture of the LV apical fibers.?® This specific
structure might account for regional differences in LV
mechanics that are responsible for the different distribution
of contractile reserve across the LV.

Interestingly, a study showed LS changes observed
during dobutamine SE displayed different region-related
dispersion, with an increase in the apex, but decrease in
the base and middle LV segments.”' This opposite direc-
tion of changes in regional deformation at different LV

levels indicates the need for differentiation of segment-
specific cut-off values for deformation-based ischemia
detection during dobutamine SE. However, the LS of all
three levels increased after exercise in our research, prob-
ably because we used exercise SE and all subjects were
healthy volunteers, not patients with high coronary risk
profiles.

Correlates of LV Contractile Reserve

We examined the impact of clinical characteristics and LV
dynamic parameters on LV contractile reserve.
Multivariable analysis showed that AEF was indepen-
dently associated with BSA, METs, and CI at rest. While
AGLS and the relative increase of GLS were only inde-
pendently associated with BSA. This finding restricts the
multiple factor influenced AEF as a stable parameter to
evaluate LV contractile reserve. Other research found that
exercise-induced changes in regurgitant volume influenced

LV EF and might mask abnormal contractility.’> This
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finding also emphasizes that the assessment of myocardial
contractile function by a volume-based functional para-
meter has important limitations in the setting of LV
volume overload.

Cognet et al found that longitudinal strain reserve was
significantly higher in overweight patients after dipyrida-
mole infusion. After a multivariate analysis, only age
remained independently associated with a decrease in
longitudinal strain reserve. While the mean age of that
study was 70 + 11 years ranging from 46 to 90 years
old, which is much higher than that in our research.”
However, we did not find any association between age
and LV contractile reserve, probably due to different stres-
ses and age distribution.

It is well known that the differences in cardiac cham-
ber and great arterial dimensions among different racial
and sex groups are attributable largely to variations in
body size.”* In the present study, lots of parameters in
men were significantly higher than in women, which
suggests that it is important to take into account the
impacts of sex on LV contractile reserve parameters, and
it is more appropriate to use sex-specific reference values
in clinical practice. At the same time, it should be noted
that men had larger BSA than women in our research.
There is a significant correlation between LV contractile
reserve and BSA. In addition, AGLS and the relative
increase of GLS were only independently associated
with BSA. After adjusting for BSA, no significant differ-
ence was found in LV contractile reserve between sexes.
Therefore, there is no need to use sex-specific references
for LV contractile reserve. AGLS adjusted for BSA could
be considered as a “one size fits all” LV contractile
reserve index.

Limitations
This
a moderate

study reflects a single-center experience with
sample size of 157 healthy patients.
However, compared to most of the published studies to
assess LV contractile reserve, the sample size of the pre-
sent study exceeds previously reported data. And we will
expand the sample size in the future to investigate the
difference in LV contractile reserve among different age
groups.

Second, we cannot rule out the presence of asympto-
matic cardiovascular disease. Nevertheless, all patients
demonstrated normal physiological responses to exercise
on the standard hemodynamic and echocardiographic

measures.

Third, certain limitations inherent to the technique of
speckle tracking echocardiography, such as image quality
dependency, are amplified during exercise stress test.
Concurrently, increased heart rate reduces temporal reso-
lution and strain accuracy. However, none of the patients
were excluded because of inadequate imaging.

Conclusion

Speckle tracking imaging is feasible during exercise SE. In
normal exercise SE studies, both global and regional
strains increase during exercise, with the highest value of
LV apical LS and the lowest value of LV basal LS. The LV
contractile reserve of men was much higher than that of
women in healthy Chinese adults. The difference might be
because of the higher BSA of men. While AGLS was not
influenced by METs, and CI at rest compared to AEF.
After LV contractile reserve was adjusted by BSA, no
significant difference was found between the two groups.
AGLS, and especially the AGLS index and the relative
increase of GLS, emerged beyond AEF as promising and
more preferable contractile reserve parameters for nonin-
vasive assessment of LV systolic function.
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