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Abstract

Introduction Transthoracic echocardiography (TTE) identifies a hypercontractile phenotype (HP) in chronic coronary syndromes (CCS),
characterized by elevated resting left ventricular (LV) elastance (force = systolic blood pressure/end-systolic volume).
To evaluate the prognostic significance and functional correlates of HP.

* Corresponding author. Email: gciampi@gmail.com

© The Author(s) 2026. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

920Z 1890100 /0 U0 Jasn AlisiaAiun sniujiA Aq L LES0.8/LS L BBAX/p/S | /a1o1e/1ydSa/woo dnomoIWspede Wol) PaPEojUMO(]


https://orcid.org/0000-0003-4775-8380
https://orcid.org/0000-0002-1804-4939
https://orcid.org/0000-0002-9085-4872
https://orcid.org/0000-0002-1233-3924
https://orcid.org/0000-0003-4446-2445
https://orcid.org/0000-0001-8573-5695
https://orcid.org/0000-0003-0336-5593
https://orcid.org/0000-0002-2207-3388
https://orcid.org/0000-0003-2524-6288
mailto:qciampi@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/eschf/xvag151

Methods

Results

Conclusion

Ciampi et al.

In a prospective multicentre study, 10 677 patients with CCS underwent resting TTE to assess LV ejection fraction (EF),
stroke volume, and force by quantitative volumetric echocardiography. All patients were followed for the endpoint of
all-cause mortality. In a subset of 5834 patients, stress echocardiography (exercise or dobutamine) was performed for
LV contractile reserve and heart rate reserve.

Patients were stratified into Force quintiles (Q1-Q5). Patients with hypercontractile phenotype exhibited lower stroke vol-
ume at rest (Q5 =348 +12.3 vs Q1-Q4 =574 + 19.1 mL; P <.01) and higher EF at rest (Q5 = 64.8 + 6.9% vs Q1-Q4 =
58.1 +8.7%, P < .01). During a median follow-up of 24 months (interquartile range = 12—40 months), 509 deaths occurred.
The exposure-adjusted death rate was lowest in Q3 (3.53—4.51 mmHg/mL; 1.03 per 100 person/years) and higher in Q1
(£2.62 mmHg/mL, 2.88), Q2 (2.63-3.52 mmHg/mL, 1.86), Q4 (4.52-6.11 mmHg/mL, 1.56), and Q5 (HP, >6.11 mmHg/
mL; 1.88; P <.0001 vs Q1 and Q3). Multivariable analysis identified HP (Q5; HR 1.531 vs Q3, 95% CI 1.116-2.099;
P =.006) and EF (HR 0.963, 95% Cl 0.953-0.972; P < .0001) as independent predictors of death. During exercise or dobu-
tamine stress, HP showed reduced LV contractile reserve (AEF: Q5 =4.3 + 9.4% vs Q1-Q4=7.0 + 9.3%; P <.001) and
blunted heart rate reserve (Q5 = 1.77 + 0.33 vs Q1-Q4 = 1.85 £ 0.39; P < .01). All patients with force-based LV contractile
reserve >4.1 (present in 185, 3.2% of the population) survived.

Patients with CCS with HP assessed by resting TTE demonstrate higher mortality and multilayered functional impairment,
including reduced LV contractile and chronotropic reserves. Hypercontractile phenotype improved the prediction of mor-
tality by EF. A ‘stronger’ heart is, in fact, functionally and prognostically weaker.
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Dark side of the increased force

The left ventricular (LV) hypercontractile phenotype (HP) arises from
genetic sarcomeric mutations, altered Ca** handling, and hyperadre-
nergic states, leading to enhanced systolic function but impaired diastol-
ic filling." Hypercontractile phenotype becomes pathological in chronic
coronary syndromes (CCS), hypertrophic cardiomyopathy, hyperten-
sion, or heart failure with preserved ejection fraction (EF), increasing
the risk of heart failure and arrhythmias.?

Transthoracic echocardiography (TTE) is helpful to identify HP in
several possible ways as increased (>70%) EF, global longitudinal strain
absolute values >25%, or with the relatively load-independent index of
high resting left ventricular (LV) end-systolic elastance (Ees, also called
force), measured as the ratio of systolic blood pressure (SBP)/end-
systolic volume (ESV).3 HP identified with resting TTE is associated
with a small heart with reduced end-diastolic volume, reduced stroke
volume (SV) despite high EF, and higher arterial elastance in patients
with CCS* heart failure with preserved EF.°> and in hypertrophic
cardiomyopathy.®

While LV elastance is a true load-independent index of LV function, it
requires the assessment of the slope (and therefore at least 2 points) to
measure pressure and volume under different loading conditions. Left
ventricular force is a simplified, load-dependent estimate of LV function
that changes with afterload and is more prognostically accurate than EF.

The study hypothesis was that the resting HP identified as the highest
quintile (Q) of force in the distribution of the enrolled population was
associated with increased functional vulnerability evaluated with stress
echocardiography (SE) and worse survival in all-comers with CCS. To
test this hypothesis, data from the international, multicentre, prospect-
ive SE 2030 study were interrogated.”

The study protocol was reviewed and approved by the institutional ethics
committees, as a part of the more comprehensive SE 2020 study
(148-Comitato Etico Lazio-1, 16 July 2016; ClinicalTrials.gov Identifier
NCT 030.49995) and SE 2030 study (291/294/295 Comitato Etico
Lazio-1, 8 March 2021; ClinicalTrials.gov Identifier NCT NCT050.81115).

N = 10,981

N = 10,861

Study population with resting

TTE and follow-up data

No support from the industry was received. The study was officially en-
dorsed by the ltalian Society of Echocardiography and Cardiovascular
Imaging (SIECVI), and all data were stored in a dedicated data bank property
of SIECVI. Written informed consent was obtained from all patients. The
data that support the findings of this study are available from the corre-
sponding author upon reasonable request.

Study population

In this retrospective analysis of prospectively acquired data, we initially
screened 10981 CCS, patients were recruited from July 2016 to May
2025 by 32 certified laboratories across 12 countries (Argentina,
Bosnia-Herzegovina Republic of Srpska, Bulgaria, Hungary, Italy, Lithuania,
Mexico, Poland, the Russian Federation, Serbia, Spain, USA). The initial in-
clusion criteria were (1) age >18 years; (2) referral for known or suspected
CCS; (3) no severe valvular or congenital heart disease, or presence of
prognosis-limiting comorbidities, such as advanced cancer, reducing life ex-
pectancy to <1 year; (4) TTE of acceptable quality at rest; and (5) willingness
to give written informed consent allowing scientific utilization of observa-
tional data, respectful of privacy rights. Exclusion criteria were the following:
(1) absence of LV quantitative volumetric data (n = 120, 1.1%) or (2) lack of
follow-up data (n =214, 2.0%). The final study population consisted of
10 677 patients, all of whom were studied with rest TTE and had available
follow-up information (Figure 7). In a subset of 5834 patients, SE data (ex-
ercise or dobutamine) were available.

All patients underwent comprehensive TTE at rest following standard re-
commendations, including measurement of LV end-diastolic volume and
ESV with biplane Simpson’s method® or apical single plane area-length
method,” and EF and SV as previously described.** The lung ultrasound ac-
quisition was performed at rest with the 4-site simplified scan at the third
intercostal space on the anterior and lateral hemithoraces, using the
same probe employed for the cardiac scan. After scanning the four chest
sites, the cumulative B-line score was obtained by summing the number
of detected B-lines at each site. B-lines were considered present if at least
two B-lines could be detected.>® Commercially available ultrasound sys-
tems were used.

Stress echocardiography was performed in 3932 patients (67.4%) using ex-
ercise and in 1902 patients (32.6%) using dobutamine, adhering to the proto-
cols recommended by the European Association of Cardiovascular Imaging
and the American Society of Echocardiography.'®'! Among the exercise tests,
the semi-supine bicycle was the most common (n = 2826, 71.9%), followed by
the upright bicycle (n=591, 15.0%) and treadmill (n=515, 13.1%). Left

absence of LV quantitative
volumetric data n= 120 (1,1%)

lack of follow-up data
n=214(2,0%)

SE not performed or performed with
vasodilator n = 4843 (45,4%)
Study subset with
exercise/dobutamine SE

Flowchart of this study. CAD, coronary artery disease; EDV, end-diastolic volume; ESV, end-systolic volume; SBP, systolic blood pressure;

SE, stress echocardiography; WMSI, wall motion score index
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ventricular contractile reserve (LVCR) based on the force was calculated as the
ratio between stress/rest force."" Left ventricular contractile reserve based on
EF calculated as the stress-rest difference in EF values.'®"" Heart rate reserve
(HRR) was calculated as stress/rest heart rate."

Force represents a load-dependent index derived from SBP (numerator)
and LV ESV (denominator) rather than a direct measure of myocardial
contractility.

Blood pressure was a single reading measured manually (auscultatory) or
automatically (oscillometry) using a calibrated sphygmomanometer at each
stage of the stress protocol. The measurement at rest was obtained at the
end of the preparation phase. The SBP value used for the force calculation
at peak stress was the reading obtained during the final 30 s, immediately
before the acquisition of peak stress images. This timing ensures that the
SBP measurement corresponds as closely as possible to the haemodynamic
state captured in the echocardiographic images.'®""

For this analysis, the HP was defined as the highest quintile of myocardial
force within the study cohort. Specifically, participants with force values ex-
ceeding the 80th percentile of the study population were classified as HP.
This cut-off was not pre-specified based on external guidelines, as a univer-
sal definition for myocardial hypercontractility in this context is lacking.
Instead, it was empirically derived from the distribution of the data to iden-
tify the top 20% of the force, ensuring a sufficient sample size for compara-
tive analysis against the lower quintiles. This approach allows for the
investigation of physiological extremes within a representative sample of
the population under study.

All centres passed the preliminary quality control for regional wall mo-
tion and LV volumes assessment as previously described.'>"?

The same readers (one from each centre) accredited for RWMA also
underwent quality control for ESV assessment. The quality control of
ESV implied reading of a different set of 20 videoclips selected from seven
different laboratories. The accepted threshold was >90% concordance
with area measurement (from apical four- and two-chamber views). For
each clip, the measurement was considered concordant when the planimet-
ric area value was +20% from the gold standard, represented by the average
reading of two experienced observers of the coordinating centres.'*"?

The index of ventricular force, also called elastance, was calculated as
Force =SBP/ESV. The LVCR was calculated as the stress/rest ratio of
force.">"

Stress echocardiography was performed as part of a clinically driven
evaluation, following the referring physician’s indications. The choice of a
specific test was based on patient characteristics and the physician’s clinical
judgment. Typically, patients capable of exercising underwent an exercise
test, while those unable to exercise received a pharmacological test. In
the present analysis, patients who underwent a vasodilator stress test
were excluded, as the values of LV contractile and chronotropic reserves
differ from those associated with exercise or dobutamine stress.

Data storage and analysis

The results for each test were entered in the data bank at the time of testing
by each recruiting centre and sent monthly to the core lab with the elec-
tronic case report form with clinical data. After checking for internal con-
sistency by trained technical staff, and double-checking with the centre
for data verification on possibly inconsistent input, the data were added
to the data bank and locked.

Outcome data analysis

Deaths were identified from the health service database, either national or
local. Non-deceased participants were contacted directly. To avoid mis-
classification of the cause of death, overall death was considered.
Assessors were blinded to clinical, TTE, and SE results. Data were analysed
by statisticians who had no role in data acquisition.

Statistical analysis

To achieve 90% power for detecting a hazard ratio of 1.5, we required a
sample size of 7500 patients. This calculation assumed a 2-year follow-up,
a 2.5% annual mortality rate in the control group, and a 20% prevalence
of the prognostic factor. During analysis, continuous variables were sum-
marized as median and interquartile ranges or mean + standard deviation
according to the data distribution assessed with the D’Agostino-Pearson

Ciampi et al.

test. Categorical data are expressed as a number of subjects and percen-
tages. We divided patients into Q, based on rest force results, with HP iden-
tified a priori as the highest Q (Q5). For continuous and categorical variables
among-group differences were tested by Kruskal-Wallis and  tests, as ap-
propriate. The effect of force Q on survival was demonstrated by the
Kaplan—Meier survival time curve. Survival curves were compared by means
of the log-rank test.

In the multivariable regression, all variables that were significant in the
univariable analysis (P <.05) were included. To avoid collinearity, para-
meters used in the calculation of force were not included in the final multi-
variable model. Furthermore, end-diastolic volume was excluded due to
collinearity with ejection fraction. Among all variables tested in Table 3,
only a small proportion (<5%) had missing values, which were imputed
using the corresponding mean value.

The discriminatory performance of each model was assessed using the
receiver operating characteristic (ROC) curve and its associated area under
the curve, also known as the C-statistic. A formal comparison of the AUCs
was performed to test for a statistically significant improvement in discrim-
ination with the addition of new variables (e.g. Model 1 vs Model 2).

To address the potential heterogeneity introduced by the use of two dif-
ferent stress modalities (exercise vs dobutamine), we introduced an inter-
action term into the full multivariable model. We preliminary created a
binary variable for ‘stress modality’ (coded as O for exercise and 1 for do-
butamine). Subsequently, we included the interaction term between stress
modality and force into a model including stress modality and force as sep-
arate variables as well as other potential confounders.

To assess whether the prognostic value of the HP is independent of the
confounding effects of pre-existing left ventricular systolic dysfunction, we
performed a pre-specified sensitivity analysis. By restricting the cohort to
patients with preserved ejection fraction (EF > 50%), we aimed to eliminate
this major confounder.

Statistical significance was set at P <.05. All analyses were performed
using R software (version 4.2.0, The R Foundation for Statistical
Computing, 2022) and SPSS version 28.0.1.1.

The main demographic and clinical characteristics of patients (n =10
677; age 65+ 11 years; 6471 males, 60.6%) are given in Table 1.
Patients with HP were older, more frequently women, with a greater
prevalence of systemic hypertension.

Resting transthoracic echocardiography

On average, EF was 59.3 + 8.8% and force was 4.52 +2.11 mmHg/ml
(Q3 =3.50-4.26 mmHg/ml). Patients in the HP group demonstrated
higher values of EF and lower values of LVEDV, LVESV, and SV (Table 2).

Outcome prediction

During a median of 24 months (interquartile range = 13—40 months) of
follow-up, 509 deaths occurred.

Patients were stratified into quintiles of contractile force (systolic
pressure/end-systolic volume). Mortality rates followed a U-shaped
pattern across the spectrum (Figure 2). Q1, representing the lowest
force values (<£2.62 mmHg/mL), showed the highest mortality
(31.8%), consistent with advanced systolic dysfunction. Survival im-
proved progressively through Q2—Q3, reaching its optimum in Q3
(13.4%), which likely represents physiological contractility. Beyond
this range, mortality increased again in Q5—the hypercontractile
phenotype (HP, >6.11 mmHg/mL)—with a 24.6% death rate. The dif-
ference in survival between quintiles was statistically significant (log-
rank P <.001), confirming that both reduced and excessive contractile
force are associated with adverse prognosis.

Similarly, the annualized mortality rate was lowest for Q3 (1.03 events
per 100 person-years), and highest for Q1 (2.88 events per 100 person-
years), intermediate for Q5 (1.88 events per 100 person-years), Q2
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Dark side of the increased force
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Dark side of the increased force

Univariable and multivariable predictors of all-cause death in Cox analysis with resting TTE variables in

10 677 patients

Univariable Cox
Regression analysis

Multivariable Cox
Regression analysis

Variables Hazard ratio (95% CI) P Hazard ratio (95% CI) P value

Age (years) 1.065 (1.055-1.075) <.001 1.062 (1.052-1.073) <.001

Sex (male) 1.292 (1.073-1.555) .007 1.274 (1.050-1.547) 014

Hypertension 1.201 (0.970-1.487) 093

Beta-blocker therapy 1.123 (0.918-1.374) 151

Diabetes mellitus 2291 (1.913-2.774) <.001 1.819 (1.514-2.186) <.001

Prior MI 1.573 (1.310-1.888) <.001 1.128 (0.932-1.363) 215

Rest HR (b/m) 1.006 (0.999-1.014) 110

Rest SBP (mmHg)* 1.001 (0.996-1.006) 601

Rest EDV (ml)* 1.005 (1.004-1.007) <.001

Rest ESV (ml)* 1.010 (1.008-1.010) <.001

Rest EF (%) 0957 (0.939-0.975) <.001

Ejection fraction at rest (%) 0952 (0.945-0.959) <.001 0.963 (0.953-0.972) <.001

Force at rest (Q3) (mmHg/ml)
Q1 2.847 (2.081-3.986) <.001 1.686 (1.197-2.375) 003
Q2 1.884 (1.350-2.628) .001 1.635 (1.168-2.288) 004
Q4 1.401 (1.003-1.956) .048 1.345 (0.961-1.882) .084
Q5 1.540 (1.130-2.097) .006 1.531 (1.116-2.099) .008

HR, heart rate; SBP, systolic blood pressure; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume; EF, left ventricular ejection fraction.

Variables were excluded from the multivariable model for the presence of collinearity.

251

Mortality (%)

X? =552
p < 0.0001

0+ v ' : : 1
0 1 2 3 4 5
Subjects at risk Years
Force £ 2.62 2127 1820 834 463 146 80
Force 2.63-3.52 2129 1712 884 547 158 118
Force 3.53-4.51 2161 1695 1072 683 241 181
Force 4.52-6.11 2149 1690 1090 745 314 221
Force >6.11 2100 1771 1388 1052 591 488

Kaplan—Meier curve for all-cause death in the 5 Qs
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(1.86 events per 100 person-years), and Q4 (1.56 events per 100
person-years) (Figure 3).

The multivariable Cox regression analysis identified LVEF and force
Q1, Q2, and Q5 as independent predictors of mortality (see Table 3).

Additionally, we forced into the multivariable regression model all vari-
ables that showed a significant difference across force quintiles (Table 1),
were not collinear, and had no missing data: body mass index, left bundle
branch block, and prior coronary revascularization. The inclusion of these
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Prediction of the probability of death with all-cause death prediction model. ROC curve analysis with LVEF (model 1, red line) and with

LVEF and force (model 2, blue line)

variables did not change the results of the multivariable logistic regression
model or the role of force quintiles as predictors of all-cause mortality, as
reported in Table 3. We added a Force X EF interaction term to the pri-
mary Cox model. The interaction was not statistically significant in univari-
ate analysis (P=.840, HR 1.00, 95% CI: 0.99-1.00), suggesting that the
prognostic effect of force does not vary significantly across the whole
range of EF in our preserved EF cohort.

For the endpoint of mortality, the discriminatory performance of LVEF
(Model 1) evaluated with ROC curve analysis was improved with the add-
ition of Force (Model 2, area under ROC curve = 0.69, 95% confidence
interval: 0.66—0.71 vs Model 1, area under ROC curve = 0.63, 95% confi-
dence interval: 0.60-0.66, D + 9%, P < .001, Figure 4).

We conducted a subgroup analysis restricted to 9526 patients with
baseline LVEF >50% (Supplementary Table S1).
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Dark side of the increased force

The values of quintiles were obviously different in this population,
with Q5 corresponding to values >6.32 mmHg/ml, but still, at multivari-
able analysis, Q5 remained a significant predictor of reduced survival
(Supplementary Table S2).

Mortality rate was higher in Q5 compared to the other groups
(Supplementary Figure S1).

Stress echocardiography

We studied 5834 patients with exercise (3932, 67%) or dobutamine
(1902, 33%). The abnormal force-based LVCR was defined <1.6, ac-
cording to the ROC curve analysis (sensitivity: 55.7%, specificity:
58.1%, area under ROC curve: 0.575, 95% confidence interval:
0.562-5.587). Patients with HP (Q5, 707, 12%) showed reduced
LVCR based on force or EF (AEF: Q5=4.3 +£9.4% vs Q1-Q4=7.0
+9.3%; P<.001; A-Force: Q5=1.79+0.33 vs Q1-Q4=190+
0.83, P<.001) and blunted HRR (Q5=1.79+0.33 vs Q1-Q4=
1.85+0.38; P <.01) (Table 4).

When only patients with normal EF (>50%) were considered, there
was a higher prevalence of stress-induced B-lines in HP group (Q5 =
69/200, 34.5% vs Q1-Q4 =354/1335, 26.5%, P =.013) and reduced
LVCR (AEF: Q5=42+9.0% vs Q1-Q4=6.8+987%; P<.001;
A-Force: Q5=1.72+0.70 vs Q1-Q4 =193 + 0.84, P < .001).

In the 5834 patients with SE, follow-up duration was 20 months
(interquartile range = 12-30 months) and 185 deaths occurred.

In a Cox model including variables of the basic model as well as LVEF,
force, and stress variables such as force-based LVCR (Table 5), stress-rest
change in EF [hazard ratio, (HR): 0.981, 95% coefficient interval (Cl):
0.970-0.993, P=.001], Q5 of force at rest (HR: 1.589, 95% ClI: 1.141
2.211, P=.006), and abnormal force-based LVCR <1.60 (HR: 1.654,
95% Cl: 1.344-2.036, P <.001) were significant predictors of death
(Table 5). All patients with LV contractile reserve >4.1 (present in 185 pa-
tients, 3.2% of the population) survived (Figure 5).

Interaction analyses by stress modality

There was no significant effect (P =.10) in the interaction analysis of ex-
ercise versus dobutamine on the relationship between resting force and
mortality in the multivariable model adjusted for age, sex, diabetes, pre-
vious myocardial infarction, and resting ejection fraction.

In this study, we used rest TTE with force to characterize distinct LV
contractile phenotypes at rest. The main findings can be summarized
as follows: (1) patients with HP were more often older, female, with a
higher prevalence of hypertension or diabetes mellitus, and with a
lower prevalence of left bundle branch block, previous myocardial in-
farction, or prior coronary revascularization. (2) At rest, they exhib-
ited smaller LV volumes and higher EF values. (3) Despite
supernormal resting contractility, their hearts were functionally
more vulnerable, with reduced contractile and chronotropic reserve,
and greater pulmonary congestion despite less ischaemia. (4) They
had worse survival, with increased force conferring prognostic value
independent of the underlying LV EF phenotype and age. (5) A super-
normal force-based LVCR was associated with an excellent prognosis
(Graphical Abstract).

Mechanistic determinants of
hypercontractile phenotype

The HP of the LV may arise from three principal mechanisms: intrinsic
myosin overactivity (myocardial), increased central arterial stiffness
(aortic), and heightened sympathetic drive (neurogenic). Experimental
models show that excessive LV contractility, driven by enhanced myosin

Comparison of stress echocardiography findings according to quintiles of force at rest

P value

Q5
>6.11 mmHg/ml

Q4
4.52-6.11 mmHg/ml

Q3
3.53-4.51 mmHg/mi

Q2

2.63-3.52 mmHg/ml

Q1
<2.62 mHg/ml

Overall

707
1.09 +0.20
0.049 +0.172
109 (15.4%)
69 (34.5%)

1059
1.11 £ 0.25%*

1343
1.12 £ 0.26%*

1563
1.14 £ 0.27%*

1162
1.33 £ 0.46%*

n=>5834
117+033
0.062 +£0.225

Number
WMSI

<.001

0.074 +0.022
209 (19.7%)

0.061 +£0.203

0.058 + 0.208
282 (21.0%)*
107 (25.3%)

7.6 £ 9.1%*

0.065 +0.276
417 (26.7%)%*

203
<.001

AWMSI

241 (20.7%)
105 (27.7%)
7.1 £ 9.2%%

1258 (21.6%)
552 (29.8%)
67+93
1.88 +0.82
2472 (42.4%)

Stress-induced ischaemia
B-lines n=1752

A-EF

026
<.001
<.001
<.001
<.001

97 (29.4%)
6.3+ 9.2%%

144 (343%)
6.7+ 9.4%%

43494
1.72+0.70
362 (51.2%)

1.89 £ 0.77%*

1.93 £0.81%*

1.87 +0.88%*

426 (40.2%)%*

447 (38.5%)%*

1.91 + 0.85%*
548 (40.8%)%*

689 (44.1%)*

1.89 £ 0.41%*

A-Force

Abnormal A-Force

HRR

179033

+ 1.84+0.96 179 +0.95

1.88 £ 0.41%*

1.85+0.38

EF, ejection fraction; HRR, heart rate reserve; WMSI, wall motion score index.

*P <.0.05 (Q5 vs all other groups).

#*P <.001 (QS5 vs all other groups).
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Univariable and multivariable predictors of all-cause death in Cox analysis with resting TTE and SE

variables in 5834 patients

Variables

Age (per year)
Sex (male)
Hypertension
Beta-blocker therapy
Diabetes mellitus
Prior MI
Rest HR (b/min)
Rest SBP (mmHg)*
Rest EDV (ml)?
Rest ESV (ml)?
Ejection fraction at rest (%)
Force at rest (Q3) mmHg/mi
Q1
Q2
Q4
Q5
LV CR: Abnormal A Force (<1.6)
A EF (%)

Univariable Cox
Regression analysis

Hazard ratio (95% CI)

1.061 (1.045-1.077)
1.849 (1.341-2.548)
1003 (0.726-1.386)
1.041 (0.740-1.465)
1.855 (1.379-2.494)
2.291 (1.711-3.068)
1.008 (0.997-1.019)
1.008 (1.000-1.016)
1.006 (1.002-1.009)
1.010 (1.006—-1.014)
0.941 (0.915-0.969)

2.260 (1.363-3.746)
1.846 (1.081-3.152)
1.910 (1.105-3.301)
1.975 (1.103-3.533)
2.010 (1.956-2.838)
0.971 (0.962-0.981)

P

<.001
<.001
983
818
<.001
<.001
170
039
<.001
<.001
<.001

.002
.009
.020
022
<.001
<.001

Multivariable Cox
Regression analysis

Hazard ratio (95% CI)

1.062 (1.051-1072)
1.314 (1.073-1607)

1.574 (1.299-1.908)

1.039 (0.850-1.1270)

1.539 (1.069-2.217)
1.605 (1.133-2.274)
1.316 (0.927-1.868)
1.589 (1.141-2.211)
1.654 (1.344-2.036)
0.981 (0.970-0993)

P value

<.001
.008

<.001
709

020
.008
125
.006
<.001
.001

HR, heart rate; SBP, systolic blood pressure; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume; EF, left ventricular ejection fraction; CR, contractile

reserve.

*Variables were excluded from the multivariable model for the presence of collinearity.

12

10

LVCR

r=-0.52
p<0.001

10
Resting force (mmHg/ml)

Alive O

Dead@

Correlation between resting force (x-axis) and LVCR (y-axis). Black dots indicate dead patients, and white dots those alive at follow-up
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Dark side of the increased force

activity, creates an energy-demanding state that predisposes to mal-
adaptive remodelling and long-term dysfunction."* By analogy, the HP
in CCS may represent an early stage of latent LV dysfunction due to
the chronically increased myocardial oxygen demand. Consistently, pa-
tients with this phenotype demonstrated reduced contractile and
chronotropic reserve.

The paradox wherein supernormal organ function at rest signifies a
poor prognosis, while a supernormal functional reserve during stress
indicates a protective prognosis, is a recognized physiological concept
beyond cardiac contractility. The presented evidence hits upon a funda-
mental principle in physiology and systems medicine, often discussed in
the context of allostasis and allostatic load. Allostasis is the process of
achieving stability (or ‘homeostasis’) through change. This is the normal,
adaptive stress response (e.g. a rise in cardiac output during exercise).
This is the ‘supernormal function during stress’ associated with a
good prognosis. Allostatic load is the ‘wear and tear’ on the body
and brain resulting from chronic overactivity or underactivity of allo-
static systems. This is the maladaptive, long-term cost of forced
adaptation.’

Comparison with previous studies

Our findings are broadly consistent with previous evidence showing
that a supernormal EF is prognostically unfavourable in patients with
CCS or heart failure with preserved EF."**? Fewer data are available
regarding LV force, which has generally shown stronger prognostic
relevance than EF in patients with depressed or normal EF2-2
Reported thresholds for identifying HP and increased prognostic vul-
nerability appear to be disease-specific, with values >5.48 mmHg/mL
in heart failure with preserved EF® and >7.32 mmHg/mL in hypertroph-
ic cardiomyopathy with preserved EF, where LV outflow tract gradient
is added to systolic blood pressure (SBP) in the force calculation.® In line
with these reports, our study demonstrated a 70% increase in mortality
among CCS patients with resting LV force >6.11 mmHg/mL.

Previous work also showed that HP is associated with echocardio-
graphic features suggestive of impaired diastolic function, such as small
LV chamber size.** The present study confirms these observations and
extends current knowledge by assessing prognostic value in an unse-
lected CCS population referred for SE testing, considering all-cause
mortality as the sole endpoint within a large-scale, multicentre design.
Importantly, prognostic assessment was enriched by a composite func-
tional evaluation combining resting TTE and SE results. This approach
allowed us to link anatomical features to clinical outcomes through
functional parameters, highlighting the multilayered vulnerability of
HP—from impaired contractile reserve to reduced chronotropic re-
serve (indicative of impaired sympathetic and autonomic function)
and diastolic dysfunction, indicated by the increased number of
B-lines during stress. The hypothesized mechanism underlying a pre-
served contractile reserve might be the absence of ischaemia, necrosis,
or fibrosis.'®"!

Clinical implications
Hypercontractile phenotype is a distinct pathophysiological entity and a
unique endotype within the clinical phenotype of CCS. Ejection fraction
reflects predominantly LV circumferential shortening, and it can be nor-
mal or increased with a reduction of contractile longitudinal function
assessed with global longitudinal strain, and should not be used as a
stand-alone measure of LV function.?® Force integrates the role of load-
ing in assessing LV function and has stronger theoretical and experi-
mental foundations for identifying HP compared to EF, which is
notably influenced by heart rate, loading conditions, and LV size.”’
The ability to safely and efficiently identify a specific HP endotype
using resting TTE is a critical prerequisite for targeted therapeutic inter-
ventions, such as beta-blockers or, potentially, novel cardiac myosin

1

inhibitors.?® However, therapeutic implications should be proposed
with caution, since, for instance, HP have small ventricular volumes
and limited stroke volume reserve, suggesting a physiology that may
be relatively heart-rate dependent. In such circumstances,
heart-rate-reducing therapies could theoretically reduce cardiac output
rather than improve it. Recommendations regarding specific pharmaco-
logic strategies remain speculative and should be corroborated by fu-
ture randomized studies driven by the non-invasive recognition of
specific phenotypes.

Study limitations

First, the dataset was derived from multiple institutions—including both
academic centres and community hospitals—using different imaging
vendors and stress protocols, which may introduce inter-centre vari-
ability. Nevertheless, the study benefited from broad inclusion, enrol-
ling patients from 12 countries across Europe and the Americas, and
reflecting local practices, expertise, and patient profiles. This pragmatic
and adaptable approach enhances the external validity of the findings,
making them more representative of real-world clinical settings.
Second, although no central core-lab adjudication was performed, all
participating sites contributed data after undergoing preliminary quality
control, ensuring consistency and reliability of database entry.

Volumetric echocardiography traditionally relies on manual delinea-
tion of endocardial contours, a method susceptible to non-negligible
variability—even in expert laboratories—despite rigorous quality con-
trol and acceptable inter-operator reproducibility for end-systolic area
measurements. At present, accuracy remains dependent on image qual-
ity and correct probe alignment, particularly in suboptimal acoustic win-
dows. However, the introduction of automated algorithms for
click-free assessment of LV volumes by the integration of artificial intel-
ligence will significantly enhance both the speed and accuracy of volu-
metric echocardiography. This advancement enables rapid, objective,
and reproducible assessment, at rest and during stress, of a parameter
that was traditionally labour-intensive, time-consuming, and operator-
dependent.”” Other imaging invasive and non-invasive techniques
may be more accurate and reproducible than TTE for assessing LV vo-
lumes, but the low cost, universal availability, radiation-free, and
environment-friendly nature of ultrasound make it unmatched for a
first-line application.*®

The definition of the HP based on quintiles of force, although statis-
tically clear, depends on the cohort distribution and oversimplifies a
continuous variable, which may limit extrapolation to other popula-
tions. In fact, the cut-off values can be different in other populations,
and typically higher in a population of hypertrophic cardiomyopathy®
and lower in a population of patients with heart failure and preserved
ejection fraction.”

The primary endpoint of all-cause mortality does not distinguish be-
tween cardiovascular and non-cardiovascular deaths, thereby reducing
clinical specificity. However, death is a binary, undeniable event. There
is no interpretation, no judgment, and no bias. It’s the hardest endpoint
that can be verified with 100% certainty through public records.

While we adhered to a strict protocol for measuring blood pressure
concurrently with image acquisition, the use of a single reading rather
than an averaged value may introduce variability. In both stress modal-
ities (exercise or dobutamine), a single reading was used for the peak
stress force calculation, as capturing multiple averaged readings during
the brief window of true peak stress is not feasible without delaying im-
age acquisition.

Exercise and dobutamine SE represent fundamentally different
physiological stimuli. Exercise induces a complex haemodynamic re-
sponse involving increases in heart rate, preload, and metabolic de-
mand, whereas dobutamine produces a pharmacologically mediated
increase in contractility with distinct effects on loading conditions.
Therefore, while acknowledging the distinct physiological stimuli,
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pooling the modalities in the primary analysis was justified, as formal
testing for interaction did not reveal a significant effect modification
by stress modality.

QS5 patients showed a lower prevalence of left bundle branch block,
prior myocardial infarction, and previous coronary revascularization,
suggesting that the underlying ischaemic substrate may not be compar-
able between groups, but the objective measures of CAD disease se-
verity were missing in the majority of patients due to a lack of
coronary angiographic information at the time of evaluation.
Therefore, residual confounding by CAD burden cannot be excluded.

Our model was intentionally constructed to isolate the independent
prognostic value of high force quintile after adjusting for a core set of
well-established clinical and echocardiographic confounders, including
demographics, diabetes, and ejection fraction. However, a more com-
prehensive adjustment for structural heart disease would strengthen
the analysis, and the next step on an expanded series with longer
follow-up is to incorporate HP with other established markers of struc-
tural and haemodynamic burden derived from rest TTE and SE, such as
atrial enlargement, RWMA, LV volumes, and pulmonary congestion.

In CCS, HP at rest is a maladaptive feature associated with reduced ven-
tricular filling, impaired contractile and chronotropic reserve during
stress, and increased all-cause mortality. This paradox reveals that a
‘stronger’ heart by conventional metrics is functionally and prognostic-
ally weaker.

Supplementary data are available at ESC Heart Failure online.

Disclosure of Interest

The authors have no conflicts of interest to disclose.

Data Availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Funding

Unrestricted funding from Societa Italiana di Ecocardiografia e
Cardiovascular Imaging (SIECVI); Dr Yi Wang is the recipient of a grant
from Regione Campania for the China-Italy cultural exchange and spent 6
months as a visiting research fellow in Salerno, Italy.

Ethical Approval

SE 2020 study (148-Comitato Etico Lazio-1, 16 July 2016) and SE 2030
study (291/294/295 Comitato Etico Lazio-1, 8 March 2021).

Pre-registered Clinical Trial Number

ClinicalTrials.govldentifier NCT 030.49995; ClinicalTrials.govldentifier
NCT NCT050.81115

1. Curl CL, Danes VR, Bell JR, Raaijmakers AJA, Ip WTK, Chandramouli C, et al.
Cardiomyocyte functional etiology in heart failure with preserved ejection fraction is

N

w

B

w

o

~

ec]

el

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ciampi et al.

distinctive-A new preclinical model. | Am Heart Assoc 2018;7:¢007451. https:/doi.org/
10.1161/J/AHA.117.007451

. Ohte N, Kikuchi S, Iwahashi N, Kinugasa Y, Dohi K, Takase H, et al. Unfavourable out-

comes in patients with heart failure with higher preserved left ventricular ejection frac-
tion. Eur Heart | Cardiovasc Imaging 2023;24:293-300. https:/doi.org/10.1093/ehjci/
jeac240

. Wang Y, Yin L. Noninvasive identification and therapeutic implications of supernormal

left ventricular contractile phenotype. Explor Cardiol 2024;2:97-113. https:/doi.org/10.
37349/ec.2024.00025

Wang Y, Ciampi Q, Cortigiani L, Zagatina A, Kasprzak JD, Wierzbowska-Drabik K, et al.
(October 10, 2024) Predictors of hypercontractile heart phenotype in patients with
chronic coronary syndromes or heart failure. Int | Cardiovasc Imaging. Online ahead of
print. https:/doi.org/10.1007/s10554-024-03240-6

. Wang Y, Ciampi Q, Cortigiani L, Zagatina A, Padang R, Kane GC, et al. Left ventricular

elastance with resting volumetric transthoracic echocardiography identifies different
phenotypes in heart failure with preserved ejection fraction: a retrospective analysis
of a multicenter prospective observational study. | Am Soc Echocardiogr 2025;38:
409-20. https:/doi.org/10.1016/j.echo.2024.12.012

. Wierzbowska-Drabik K, Pélinkas ED, D'Alfonso MG, Mori F, Del Franco A, Vazquez JP,

et al. Hypercontractile phenotype in hypertrophic cardiomyopathy indicates unfavor-
able hemodynamics, coronary flow and prognosis. Eur Heart | Cardiovasc Imaging
2025;26:1675-84. https:/doi.org/10.1093/ehjci/jeaf238

Picano E, Ciampi Q, Arbucci R, Cortigiani L, Zagatina A, Celutkiene }, et al. Stress Echo
2030: the new ABCDE protocol defining the future of cardiac imaging. Eur Heart | Suppl
2023;25:C63-7. https://doi.org/10.1093/eurheartjsupp/suad008

. Lang RM, Badano LP, Mor-Avi V, Afilalo ), Armstrong A, Ernande L, et al

Recommendations for cardiac chamber quantification by echocardiography in adults:
an update from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. Eur Heart | Cardiovasc Imaging 2015;16:
233-70. https:/doi.org/10.1093/ehjci/jev014

. Torres MAR, Texeira TF, Camarozano AC, Bellagamba CCA, Quevedo NM, Junior AlH,

et al. The value of a simplified approach to end-systolic volume measurement for assess-
ment of left ventricular contractile reserve during stress-echocardiography. Int |
Cardiovasc Imaging 2019;35:1019-26. https:/doi.org/10.1007/s10554-019-01599-5
Pellikka PA, Arruda-Olson A, Chaudhry FA, Chen MH, Marshall JE, Porter TR, et al.
Guidelines for performance, interpretation, and application of stress echocardiography
in ischemic heart disease: from the American Society of Echocardiography. | Am Soc
Echocardiogr 2020;33:1-41.e8. https:/doi.org/10.1016/j.echo.2019.07.001

Picano E, Pierard L, Peteiro ], Djordjevic-Dikic A, Sade LE, Cortigiani L, et al. The clinical
use of stress echocardiography in chronic coronary syndromes and beyond coronary
artery disease: a clinical consensus statement from the European Association of
Cardiovascular Imaging of the ESC. Eur Heart | Cardiovasc Imaging 2024;25:¢65-90.
https:/doi.org/10.1093/ehjci/jead250

Ciampi Q, Zagatina A, Cortigiani L, Wierzbowska-Drabik K, Kasprzak JD, Haberka M,
et al. Prognostic value of stress echocardiography assessed by the ABCDE protocol.
Eur Heart | 2021;42:3869-78. https:/doi.org/10.1093/eurheartj/ehab493

Bombardini T, Zagatina A, Ciampi Q, Cortigiani L, D'Andrea A, Borguezan Daros C,
et al. Feasibility and value of two-dimensional volumetric stress echocardiography.
Minerva  Cardiol Angiol 2022;70:148-59. https:/doi.org/10.23736/52724-5683.20.
05304-9

Kreutziger KL, Piroddi N. Calcium-dependent thin filament activation and myofilament
Ca®* desensitization underlie the cellular basis for the hyperdynamic function of the hu-
man heart. | Mol Cell Cardiol 2011;50:165—74. https://doi.org/10.1016/j.yjmcc.2010.10.
025

McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load. Ann N Y Acad
Sci 1998,840:33—44. https:/doi.org/10.1111/.1749-6632.1998.tb09546.x

Wehner G, Jing L, Haggerty CM, Suever D, Leader JB, Hartzel DN, et al. Routinely re-
ported ejection fraction and mortality in clinical practice: where does the nadir of risk
lie? Eur Heart | 2020;41:1249-57. https:/doi.org/10.1093/eurheartj/ehz550

Stewart S, Playford D, Scalia GM, Currie P, Celermajer DS, Prior D, et al. Ejection frac-
tion and mortality: a nationwide register-based cohort study of 499 153 women and
men. Eur | Heart Fail 2021;23:406—16. https:/doi.org/10.1002/ejhf.2047

Kondo T, Dewan P, Anand IS, Desai AS, Packer M, Zile MR, et al. Clinical characteristics
and outcomes in patients with heart failure: are there thresholds and inflection points in
left ventricular ejection fraction and thresholds justifying a clinical classification?
Circulation ~ 2023;148:732-49.  https:/doi.org/10.1161/CIRCULATIONAHA.122.
063642

Popovic D, Alogna A, Omar M, Sorimachi H, Omote K, Reddy YNV, et al. Ventricular
stiffening and chamber contracture in heart failure with higher ejection fraction. Eur |
Heart Fail 2023;25:657-68. https://doi.org/10.1002/ejhf.2843

Shah S, Segar MW, Kondamudi N, Ayers C, Chandra A, Matulevicius S, et al.
Supranormal left ventricular ejection fraction, stroke volume, and cardiovascular risk:
findings from population-based cohort studies. JACC Heart Fail 2022;10:583-94.
https:/doi.org/10.1016/j.jchf.2022.05.007

920Z 1290100 /0 U0 Jasn AlisiaAiun sniujiA Aq L LES0.8/LS L BBAX/p/S | /a1o1e/1ydSa/Wwoo dno-oIWspede. Wol) PaPEOjUMO(]


http://academic.oup.com/eschf/article-lookup/doi/10.1093/eschf/xvag151#supplementary-data
https://doi.org/10.1161/JAHA.117.007451
https://doi.org/10.1161/JAHA.117.007451
https://doi.org/10.1093/ehjci/jeac240
https://doi.org/10.1093/ehjci/jeac240
https://doi.org/10.37349/ec.2024.00025
https://doi.org/10.37349/ec.2024.00025
https://doi.org/10.1007/s10554-024-03240-6
https://doi.org/10.1016/j.echo.2024.12.012
https://doi.org/10.1093/ehjci/jeaf238
https://doi.org/10.1093/eurheartjsupp/suad008
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1007/s10554-019-01599-5
https://doi.org/10.1016/j.echo.2019.07.001
https://doi.org/10.1093/ehjci/jead250
https://doi.org/10.1093/eurheartj/ehab493
https://doi.org/10.23736/S2724-5683.20.05304-9
https://doi.org/10.23736/S2724-5683.20.05304-9
https://doi.org/10.1016/j.yjmcc.2010.10.025
https://doi.org/10.1016/j.yjmcc.2010.10.025
https://doi.org/10.1111/j.1749-6632.1998.tb09546.x
https://doi.org/10.1093/eurheartj/ehz550
https://doi.org/10.1002/ejhf.2047
https://doi.org/10.1161/CIRCULATIONAHA.122.0%2063642
https://doi.org/10.1161/CIRCULATIONAHA.122.0%2063642
https://doi.org/10.1002/ejhf.2843
https://doi.org/10.1016/j.jchf.2022.05.007

Dark side of the increased force

21.

22.

23.

24.

25.

Van Essen BJ, Tromp J, Ter Maaten JM, Greenberg BH, Gimpelewicz C, Felker GM, et al.
Characteristics and clinical outcomes of patients with acute heart failure with a supra-
normal left ventricular ejection fraction. Eur | Heart Fail 2023;25:35-42. https:/doi.org/
10.1002/ejhf.2695

Mahmood A, Dhall E, Primus CP, Gallagher A, Zakeri R, Mohammed SF, et al. Heart fail-
ure with preserved ejection fraction management: a systematic review of clinical prac-
tice guidelines and recommendations. Eur Heart | Qual Care Clin Outcomes 2024;10:
571-89. https:/doi.org/10.1093/ehjqcco/qcae053

Grosu A, Bombardini T, Senni M, Duino V, Gori M, Picano E. End-systolic pressure/vol-
ume relationship during dobutamine stress echo: a prognostically useful non-invasive in-
dex of left ventricular contractility. Eur Heart | 2005;26:2404—12. https:/doi.org/10.
1093/eurheartj/ehi444

Bombardini T, Galderisi M, Agricola E, Coppola V, Mottola G, Picano E. Negative stress
echo: further prognostic stratification with assessment of pressure-volume relation. Int |
Cardiol 2008;126:258-67. https:/doi.org/10.1016/j.ijcard.2006.12.093

Cortigiani L, Hugi A, Ciampi Q, Bombardini T, Bovenzi F, Picano E. Integration of wall
motion, coronary flow velocity, and left ventricular contractile reserve in a single test:

26.

27.

28.

29.

30.

13

prognostic value of vasodilator stress echocardiography in patients with diabetes. |
Am Soc Echocardiogr 2018;31:692—701. https:/doi.org/10.1016/j.echo.2017.11.019
Smiseth OA, Fernandes JF, Lamata P. The challenge of understanding heart failure with
supernormal left ventricular ejection fraction: time for building the patient's ‘digital twin’.
Eur Heart | Cardiovasc Imaging 2023;24:301-3. https:/doi.org/10.1093/ehjci/jeac268
Konstam MA, Abboud FM. Ejection fraction: misunderstood and overrated (changing
the paradigm in categorizing heart failure). Circulation 2017;135:717-9. https:/doi.
org/10.1161/CIRCULATIONAHA.116.025795

Ramadan MM, Al-Najjar RA, Abady RS, Obaid HA, Mostafa YA, Al-Obeid MT, et al.
Mavacamten cardiac myosin inhibitor: clinical applications and future perspectives.
Cureus 2025;17:e82722. https:/doi.org/10.7759/cureus.82722

Karuzas A, Ciampi Q, Kazukauskiene |, Miscikas L, Sablauskas K, Kiziela A, et al. Artificial
intelligence implementation in automated heart chambers quantification during
pharmacological stress echocardiography. Eur Heart | Digit Health 2025;7:ztaf121.
https:/doi.org/10.1093/ehjdh/ztaf121

Picano E. Economic, ethical, and environmental sustainability of cardiac imaging. Eur
Heart | 2023;44:4748-51. https:/doi.org/10.1093/eurheartj/ehac716

920Z 1290100 /0 U0 Jasn AlisiaAiun sniujiA Aq L LES0.8/LS L BBAX/p/S | /a1o1e/1ydSa/Wwoo dno-oIWspede. Wol) PaPEOjUMO(]


https://doi.org/10.1002/ejhf.2695
https://doi.org/10.1002/ejhf.2695
https://doi.org/10.1093/ehjqcco/qcae053
https://doi.org/10.1093/eurheartj/ehi444
https://doi.org/10.1093/eurheartj/ehi444
https://doi.org/10.1016/j.ijcard.2006.12.093
https://doi.org/10.1016/j.echo.2017.11.019
https://doi.org/10.1093/ehjci/jeac268
https://doi.org/10.1161/CIRCULATIONAHA.116.025795
https://doi.org/10.1161/CIRCULATIONAHA.116.025795
https://doi.org/10.7759/cureus.82722
https://doi.org/10.1093/ehjdh/ztaf121
https://doi.org/10.1093/eurheartj/ehac716

	Hypercontractile phenotype at rest in chronic coronary syndromes predicts impaired functional reserve and increased mortality
	Introduction
	Methods
	Study population
	Data storage and analysis
	Outcome data analysis
	Statistical analysis

	Results
	Resting transthoracic echocardiography
	Outcome prediction
	Stress echocardiography
	Interaction analyses by stress modality

	Discussion
	Mechanistic determinants of hypercontractile phenotype
	Comparison with previous studies
	Clinical implications
	Study limitations

	Conclusion
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding
	Ethical Approval
	Pre-registered Clinical Trial Number

	References

	Untitled



