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Abstract
Background: Mechanical heterogeneity is a hallmark of advanced cardiomyopathy, although stress echocardiography 
traditionally focuses on ischemia or global systolic reserve. Exercise stress echocardiography may identify distinct 
mechanical phenotypes in chronic Chagas cardiomyopathy (CCC) through integrated assessment of strain and 
dyssynchrony behavior.

Objective: To investigate the interaction between contractile reserve and intraventricular dyssynchrony (IVD) during 
exercise stress echocardiography and its association with clinical outcomes in patients with CCC.

Methods: Forty patients with severe CCC (left ventricular ejection fraction ≤ 35%, non-LBBB QRS morphology) 
underwent symptom-limited treadmill stress echocardiography. Global longitudinal strain (GLS), IVD, and conventional 
echocardiographic parameters were assessed at rest and immediately after peak exercise. Patients were stratified into four 
groups according to GLS and IVD variation. The primary endpoint was a composite of death, heart transplantation, or 
hospitalization for heart failure over a 2-year follow-up. Statistical significance was defined as p < 0.05.

Results: After a median follow-up of 729 days, 20 patients (50%) reached the primary endpoint. Patients without 
contractile reserve and without dyssynchrony improvement during exercise had significantly lower event-free survival 
compared with the remaining groups (p < 0.01). When analyzed separately, both absence of contractile reserve and 
unfavorable dyssynchrony response were associated with adverse outcomes. In multivariable analysis, only right 
ventricular function remained independently associated with the primary outcome (hazard ratio 0.83, 95% confidence 
interval 0.71–0.96; p = 0.014).

Conclusions: Integration of strain-derived contractile reserve and IVD during physiologic stress may help identify 
prognostic phenotypes beyond ejection fraction in CCC and supports the concept of dynamic mechanical phenotyping 
in advanced cardiomyopathy.
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Introduction
The presence of contractile reserve is a recognized 

marker of better prognosis in patients with heart failure 
(HF) of different etiologies,1,2 in addition to predicting a 
better response to cardiac resynchronization therapy (CRT).3 
Likewise, the increase in intraventricular dyssynchrony 
(IVD) after stress is associated with worsening of mitral 

regurgitation and changes in cardiac output4 and is an 
independent determinant of peak oxygen consumption 
during cardiopulmonary testing5 and of a greater number 
of clinical events.6

Since right bundle branch block (RBBB) is the most 
common intraventricular conduction disturbance (IVCD) and 
left bundle branch block (LBBB) has a low prevalence,7 the 
indications for CRT in CCC are often limited. Furthermore, 
the prognosis of patients with CCC undergoing CRT is worse 
than that of patients with other heart diseases.8

We previously demonstrated that exercise stress 
echocardiography can identify distinct mechanical 
phenotypes in chronic Chagas cardiomyopathy (CCC), 
integrating strain and dyssynchrony behavior during exercise. 
Patients with CCC and severe myocardial dysfunction 
present different echocardiographic and exercise patterns 
when dynamically evaluated, making it possible to identify 
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subgroups with contractile reserve, evaluated by global 
longitudinal strain (GLS), and greater IVD.9

While GLS reflects myocardial deformation and 
IVD captures temporal dispersion of contraction, their 
integrated behavior under stress conditions has not been 
systematically explored. In advanced cardiomyopathy, 
where electromechanical coupling is profoundly altered, 
the dynamic interplay between these parameters may reveal 
latent functional reserve not apparent at rest.

The prognostic and pathophysiologic significance of 
these dynamic mechanical patterns remain uncertain. 
Therefore, this study aimed to investigate the interaction 
between contractile reserve and IVD during exercise stress 
echocardiography and its association with clinical outcomes 
in patients with CCC (Central Illustration).

Methods
This is a pilot, prospective, observational, single-center 

cohort study. Patients with CCC and HF were recruited 
by convenience sampling from the outpatient clinics of 
the Instituto do Coração of the Faculdade de Medicina 
of Universidade de São Paulo (InCor–FMUSP) between 
August 23, 2018 and April 3, 2019. Eligible patients were 

consecutively screened during routine clinical care and 
invited to participate based on availability, without random 
selection.

Patients

Patients meeting the following criteria were considered 
eligible: aged ≥ 18 years and ≤ 75 years; positive serology 
for Chagas disease in at least 2 different tests (indirect 
hemagglutination, indirect immunofluorescence, or enzyme-
linked immunosorbent assay [ELISA]); non-LBBB IVCD on 
the electrocardiogram (ECG); left ventricular ejection fraction 
(LVEF) less than or equal to 35%; no cardiac implantable 
electronic devices (CIED) at the time of inclusion; and 
informed consent to participate in the study.

Patients were excluded based on the following criteria: an 
acoustic window considered inadequate by the examiners; 
physical limitation to perform an exercise stress test; 
myocardial ischemia induced during the exercise stress test; a 
life expectancy of less than 1 year due to the disease itself or 
comorbidities; or previous withdrawal from this study.

All patients signed an informed consent form, according to 
the guidelines of the Ethics Committee of our institution, which 
approved the study (CAPPesq: 5556/18 in August 2018).

Forty patients with nonischemic Chagas cardiomyopathy, LVEF ≤ 35%, and non-LBBB underwent dynamic echocardiographic 
assessment with GLS and IVD at rest and during exercise. Patient stratification according to GLS and IVD response identified subgroups 
with different prognoses. The GLS−IVD− group showed the highest risk of adverse outcomes. Dynamic GLS and IVD assessment 
suggested additional prognostic information beyond LVEF. CCC: chronic Chagas cardiomyopathy; GLS: global longitudinal strain;  
IVD: intraventricular dyssynchrony; LBBB: left bundle branch block; LVEF: left ventricular ejection fraction.

Central Illustration: Stress Echocardiographic Strain–Dyssynchrony Interactions Identify Prognostic 
Phenotypes in Chagas Cardiomyopathy: A Pilot Study 
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Exercise stress echo integrating strain and dyssynchrony reveals dynamic mechanical phenotypes  
in advanced CCC — linking physiology to prognosis
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Conclusions: Integration of strain-derived contractile reserve and IVD under physiologic stress may provide 
mechanistic insights into myocardial dysfunction and may help identify prognostic phenotypes beyond ejection 
fraction in CCC patients. These findings support the concept of dynamic mechanical phenotyping as a potential 

framework for advanced nonischemic cardiomyopathy evaluation.
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Clinical evaluation and echocardiographic protocol
All procedures performed in each patient have been 

previously described.9 Initially, each participant underwent 
a standardized clinical evaluation by an experienced 
investigator, including assessment of demographic 
characteristics, comorbidities, and current medications. 
A resting ECG was obtained and interpreted according to 
current guidelines.

Subsequently, all patients underwent transthoracic 
echocardiography at rest and immediately after symptom-
limited treadmill exercise using the Naughton protocol 
(Micromed, São Paulo, Brazil). At peak exertion, patients 
were rapidly positioned in the left lateral decubitus 
position, and post-exercise images were acquired within 
the first minute of recovery. High-frame rate acquisitions 
were obtained for myocardial deformation and tissue 
Doppler imaging (TDI) analysis of IVD from the apical two-, 
three-, and four-chamber views. A total of six acquisitions 
of three cardiac cycles each were recorded for subsequent 
analysis.

All echocardiograms were performed using a Vivid E95 
scanner (GE Healthcare, Milwaukee, Wisconsin, USA). Digital 
raw data were stored for offline analysis using EchoPAC 
software (GE Healthcare, Milwaukee, Wisconsin, USA) by 
two independent investigators blinded to clinical data.

LVEF and left atrial (LA) volume were calculated using 
the Simpson biplane method. Left ventricular diastolic 
dimensions were obtained from the parasternal long-axis 
view at the level of the mitral valve leaflets. Tricuspid 
annular plane systolic excursion (TAPSE) and systolic 
(S′) wave velocity were measured according to current 
echocardiographic standards.

Longitudinal strain analysis was performed from the apical 
two-, three-, and four-chamber views. The endocardial 
border was manually traced, ensuring exclusion of the 
epicardial layer, with a narrow region of interest adjusted 
to the myocardial wall thickness. GLS was calculated as 
the average of the three apical projections. A GLS value < 
–8% was defined as a marker of very severe left ventricular 
dysfunction (LVD).10

Because no validated exercise-induced GLS threshold for 
contractile reserve exists in advanced CCC, we intentionally 
adopted an exploratory cohort-derived definition designed 
for physiologic stratification rather than clinical classification, 
defining contractile reserve as a GLS increase greater than 
the mean variation observed in the study population.

Mechanical dyssynchrony was quantified using tissue 
synchronization imaging and expressed as the Yu index, 
defined as the standard deviation of time to peak systolic 
velocity across 12 left ventricular segments. A Yu index 
≥ 33 ms was considered indicative of signif icant 
mechanical dyssynchrony.11

Patient grouping and follow-up
Patients were categorized into four groups according to 

the dynamic response pattern of GLS and IVD (Yu index) 
between rest and peak exercise.

•	 GLS+IVD+: patients exhibiting contractile reserve and 
improved intraventricular synchrony after exercise, 
defined as an increase in GLS and a decrease in the 
Yu index greater than the mean change observed in 
the study population;

•	 GLS+IVD−: patients showing contractile reserve but 
no meaningful variation in synchrony after exercise;

•	 GLS−IVD+: patients without contractile reserve but 
demonstrating improved synchrony (reduction in Yu 
index) after exercise;

•	 GLS−IVD−: patients with neither contractile reserve 
nor improvement in synchrony following exercise.

Clinical follow-up was performed every six months for 
up to two years, through in-person visits at the Cardiac 
Stimulation Unit of InCor–HCFMUSP. During each visit, 
adherence to medical therapy, vital signs, and adverse 
events were recorded. The study was originally designed 
with a prespecified 2-year follow-up window to ensure 
homogeneous follow-up duration across participants and 
reduce variability introduced by differential long-term 
surveillance.

From March 2020 onward, due to restrictions imposed 
by the SARS-CoV-2 pandemic, follow-up assessments were 
conducted via structured telephone interviews. Throughout 
the study, all patients received optimized HF therapy 
according to current guideline-directed medical treatment 
recommendations.12

Outcomes
The primary endpoint was a composite of death, heart 

transplantation, and hospitalization for HF. The secondary 
endpoint was death and heart transplantation.

Statistical analysis
Sample size was estimated by convenience in 40 patients, 

whose data were processed using the software packages 
Excel 2017 (Microsoft Corp., Redmond, Washington, USA) 
and SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA).

Continuous variables were tested for normality using 
the Shapiro–Wilk test. Continuous variables with a normal 
distribution were described using mean ± standard deviation, 
and continuous variables without a normal distribution were 
described using median and interquartile range. Categorical 
variables were expressed as frequency and percentages. 
Comparisons between rest and post-exercise values were 
performed using paired t tests or Wilcoxon signed-rank tests, 
as appropriate. Comparisons among groups were performed 
using one-way ANOVA or Kruskal–Wallis tests for continuous 
variables, and chi-square tests for categorical variables. 
When overall between-group comparisons were significant, 
post hoc pairwise comparisons were performed using the 
Bonferroni test after one-way ANOVA and Dunn’s test with 
Bonferroni adjustment after Kruskal–Wallis tests.

Event-free survival was estimated using the Kaplan–Meier 
method and compared using the log-rank test. Predictors 
of the primary outcome were initially explored using 
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univariate Cox analyses. A multivariate Cox proportional 
hazards model was performed using a parsimonious 
approach to reduce the risk of overfitting, considering the 
relatively small number of events observed in the cohort. 
Accordingly, the number of covariates included in the final 
model was deliberately limited. Hazard ratios (HRs) and 
corresponding 95% confidence intervals (95% CIs) were 
estimated for each covariate. Statistical significance was 
established at p < 0.05.

Results

Clinical characteristics of the sample
This study included 40 patients. During the exercise stress 

test, one patient had well-tolerated sustained ventricular 
tachycardia and the test was discontinued. Dynamic 
imaging was feasible in 95% of patients, as Yu index could 
not be measured in one patient due to intense myocardial 
trabeculation. The mean GLS response between rest and 
exercise was an absolute −0.74% increase over resting 
values, and the mean Yu index response was an absolute 
decrease of 6.9 ms. Therefore, out of the 38 patients whose 
exercise parameters could be measured, 9 patients were 
allocated to the GLS+IVD+ group, 9 to the GLS+IVD− 
group, 10 patients to the GLS−IVD+ group, and 10 patients 
to the GLS−IVD− group.

Table 1 summarizes the clinical and echocardiographic 
data of the population studied. The mean age was 58 years, 
and the majority of patients were male (62.5%). RBBB on 
ECG was present in 70% of patients, and mean QRS duration 
was 140 (120–160) ms. Most patients were in New York Heart 
Association (NYHA) functional classes I and II (90%), and drug 
treatment included high rates of angiotensin-converting 
enzyme inhibitors/angiotensin receptor blockers (ACEI/ARB) 
use (85%), beta-blockers (90%), and spironolactone (77.5%). 
There were no relevant differences between clinical and 
electrocardiographic data among groups.

Echocardiographic findings at rest and during exercise
The median LVEF was 28% (22%–33%), and the GLS 

at rest was −7.1 ± 2.4% with no difference among the 
groups. The IVD at rest, measured by the Yu index, was 49 
± 18.6 ms; it was different among the groups and more 
significant in the GLS−IVD+ group. Figure 1 exemplifies 
the behavior of the IVD and GLS at rest and after exercise 
in each of the groups.

LA volume and TAPSE also differed among groups, with 
higher LA volume and lower TAPSE in the GLS−IVD− 
group. After post hoc pairwise comparisons with Bonferroni 
correction, only TAPSE remained significantly lower in 
the GLS−IVD− group compared with the GLS+IVD+ 
group (adjusted p = 0.009); and resting Yu index differed 
significantly between the GLS+IVD+ and GLS+IVD− 
groups (adjusted p = 0.032), as well as between the 
GLS+IVD− and GLS−IVD+ groups (adjusted p = 0.024). 
No significant pairwise differences persisted after Bonferroni 
correction for LA volume or GLS during exercise.

Overall, 87.5% of patients had significant IVD at rest 
(Yu index ≥ 33 ms) and 67.5% had GLS < −8% at rest. 
A consistent directional improvement in GLS, from values of 
−7.1% to −7.9% (p = 0.018), and reduction in dyssynchrony 
parameters, Yu index from 49 ms to 42 ms (p = 0.03), were 
observed during stress (Figure 2). Although absolute changes 
were modest, relative variations reached approximately 
10% for GLS and 14% for dyssynchrony indices, indicating 
a consistent directional response to stress.

Of the 40 patients evaluated, 27 (67.5%) had very severe 
LVD (GLS < −8%), while 13 had better global contractility 
assessed by longitudinal strain (GLS > −8%). In addition, 
among patients with very severe LVD, 11 patients had 
contractile reserve after performing the exercise stress 
test. Interobserver variability analysis had been previously 
performed in the original methodological study using 
the same acquisition protocol and software platform. 
GLS showed low intra- and interobserver variability, with 
coefficients of variation ~1% and strong correlation (r > 0.9; 
p < 0.001).9

Analysis of clinical outcomes
After a mean follow-up of 729 (± 33) days, 20 patients 

(50%) presented the composite primary outcome. Among 
these, there were 10 (25%) hospitalizations for HF (5 of 
whom died during follow-up), in addition to 14 deaths and 
heart transplants (35%) (Table 2).

There was a statistical difference among the groups in relation 
to the composite primary outcome, with the highest frequency 
in the GLS−IVD− group (61.9%) (p = 0.005). Regarding 
deaths, there was no statistically significant difference among 
the groups (p = 0.15). When  the variables GLS and IVD were 
analyzed separately, we observed that the patients who showed 
a favorable behavior for GLS and IVD during exertion in relation 
to rest showed a lower prevalence of the composite outcome (p 
= 0.036 and p = 0.011, respectively), but with no difference in 
relation to the secondary outcome (p = 0.084 and p = 0.36, 
respectively) (Figure 3).

In univariate Cox regression analysis (Table 3), larger 
LA volume was associated with a higher risk of the 
primary outcome, whereas higher TAPSE and GLS during 
exercise were associated with a lower risk of events. In the 
multivariate model, which included TAPSE, LA volume, and 
GLS during exercise, only TAPSE remained independently 
associated with the primary outcome (HR 0.83, 95% CI 
0.71–0.96; p = 0.014).

Discussion
This study is the first, to our knowledge, to assess the 

behavior of myocardial function and dyssynchrony and 
their prognostic impact, through the analysis of the GLS 
and IVD using stress echocardiography in patients with 
advanced CCC who were not candidates for CRT. Using 
these measures, we were able to demonstrate that integrating 
strain-derived contractile reserve and IVD during exercise 
stress echocardiography may reflect distinct mechanical 
response patterns with prognostic implications in patients 
with CCC, severe LVD, and non-LBBB.
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Table 1 – Clinical and echocardiographic characteristics of the studied population

Total
(n=40)

GLS+IVD+ 
(n=9)

GLS+IVD– 
(n=9)

GLS–IVD+ 
(n=10)

GLS–IVD– 
(n=10) p

Male 25 (62.5%) 6 (66.7%) 5 (55.6%) 5 (50%) 8 (80%) 0.52

Age 58.8 ± 9.2 61.4 ± 7.8 53.8 ± 11.6 61.2 ± 8.4 58 ± 8.9 0.389

Atrial fibrillation 10 (25%) 2 (22.2%) 1 (11.1%) 4 (40%) 3 (30%) 0.53

QRS interval (ms) 142.9 ± 29.7 137.8 ± 29.9 140.6 ± 22.4 146 ± 33.7 143 ± 37.7 0.983

RBBB 28 (70%) 5 (55.6%) 6 (66.7%) 8 (80%) 7 (70%) 0.72

Dyspnea (NYHA)

0.79
I 15 (37.5%) 5 (55.6%) 3 (33.3%) 4 (40%) 3 (30%)

II 21 (52.5%) 4 (44.4%) 5 (55.6%) 6 (60%) 4 (40%)

III 4 (10%) 0 1 (11.1%) 0 3 (30%)

Beta-blockers 36 (90%) 7 (77.8%) 8 (88.9%) 10 (100%) 9 (90%) 0.81

ACEI/ARB 34 (85%) 8 (88.9%) 8 (88.9%) 9 (90%) 7 (70%) 0.55

Spironolactone 31 (77.5%) 7 (77.8%) 6 (66.7%) 10 (100%) 7 (70%) 0.56

Loop diuretic 28 (70%) 6 (66.7%) 6 (66.7%) 6 (60%) 9 (90%) 0.47

OAC 17 (42.5%) 2 (22.2%) 5 (55.6%) 5 (50%) 5 (50%) 0.47

LA volume (mL) 57.5 [43–71.8] 48.2 ± 15 47.9 ± 16.2 62 ± 14.2 74.5 [57–80.1] 0.027*

LVDD (mm) 68 ± 7.5 62 [60–69] 66.6 ± 7.3 70.1 ± 6.8 68.3 ± 8.6 0.746

LVSD (mm) 58.3 ± 9 56.1 ± 8.2 56.3 ± 11.6 60 ± 5.8 59.5 ± 10.1 0.832

LVEF (%) 28 [22–33] 27.8 ± 3.4 33 [30–35] 26.2 ± 6.6 24.7 ± 7.7 0.327

TAPSE (cm) 16 ± 3.9 18.7 ± 3.2 16.9 ± 3.2 15.6 ± 4.4 13.3 ± 2.8 0.040*

GLS at rest (%) −7.1 ± 2.4 −7 ± 1.4 –7.8 ± 2.4 –7.3 ± 2.4 –6.8 ± 3.2 0.913

Yu at rest (ms) 49 ± 18.6 55 ± 13.3 37 ± 10.1 59 ± 17.2 41 ± 20.1 0.036*

PSD 86 [70–118.5] 98 ± 33.6 78 [66–92] 85 [78–112] 90 [70.3–118.8] 0.83

GLS during exercise (%) −7.9 ± 3 −9.1 ± 1.8 –9.9 ± 2.9 –6.8 ± 2.3 –6.1 ± 3.5 0.034

Yu during exercise (ms) 42 ± 17.5 36 ± 21.5 44 ± 13.8 40 ± 16.6 45 ± 19 0.844

VO2 max (mL/kg/min) 13.8 [10.4–20.6] 18.3 ± 7 17.9 ± 6 15.8 ± 6 7.1 [7.1–13] 0.067

MET 4 [3–5.9] 5.2 ± 2 5.1 ± 1.7 4.5 ± 1.7 2 [2–3.7] 0.067

Values are presented as mean ± standard deviation, median [interquartile range], or number (%) of patients, as appropriate. 
Between-group comparisons were performed using one-way ANOVA or Kruskal–Wallis test for continuous variables, 
according to data distribution, and chi-square test for categorical variables. When overall between-group comparisons 
were significant, post hoc pairwise comparisons were performed using Bonferroni correction after one-way ANOVA and 
Dunn’s test with Bonferroni adjustment after Kruskal–Wallis tests. *Statistically significant between-group difference. 
ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; GLS: global longitudinal strain; IVD: 
intraventricular dyssynchrony; LA: left atrium; LVDD: left ventricular diastolic diameter; LVEF: left ventricular ejection 
fraction; LVSD: left ventricular systolic diameter; MET: metabolic equivalent; NYHA: New York Heart Association; OAC: oral 
anticoagulant; PSD: peak systolic displacement; RBBB: right bundle branch block; TAPSE: tricuspid annular plane systolic 
excursion; VO2 max: maximal oxygen uptake.
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Previous research by our group established the feasibility 
of assessing mechanical patterns under exercise in CCC.9 The 
present investigation extends those observations by linking 
dynamic mechanical behavior to clinical outcomes and 
pathophysiologic mechanisms. Importantly, the variability of 
GLS and IVD between rest and exercise was documented by 
dividing patients into four different subgroups, with different 
echocardiographic and exercise profiles, but with similar 
resting LVEF and GLS values.

Although the absolute changes in GLS and dyssynchrony 
parameters were small, the key finding of this study lies 
not in the magnitude of variation but in the directional 
and integrative response under stress conditions. In 
advanced cardiomyopathy, even subtle changes during 
stress may reflect underlying myocardial reserve and 
electromechanical adaptability. Thus, the combination of 
strain and dyssynchrony responses provides a functional 
phenotype, rather than relying on absolute cutoff values. 
This concept is aligned with prior observations that dynamic 
responses to stress may carry incremental prognostic value 
beyond resting measurements, particularly in advanced 
disease stages.13

In addition, the GLS and IVD dynamic response pattern 
between rest and exertion was associated with the composite 
outcome (death, heart transplantation, and hospitalization 

for HF), insofar as the group with the least favorable GLS 
and IVD responses on exertion presented more outcomes in 
relation to the other groups, similarly demonstrated in other 
populations with HF.14,15

In our study, TAPSE was the only resting parameter to 
significantly predict the primary outcome. However, our 
cohort already presented baseline right ventricular (RV) 
dysfunction (median TAPSE 16 mm). While RV failure is 
a known late-stage predictor in Chagas disease,16,17 the 
integration of GLS and IVD identifies the specific mechanical 
phenotypes that drive progressive left ventricular failure 
even when the RV is already compromised, offering a 
more nuanced framework for myocardial exhaustion in 
advanced CCC.

Our sample differs from other studies with CCC in terms 
of the severity of the patients included, since it approached a 
population with lower values of GLS and LVEF.18,19 In addition 
to the reduced LVEF, GLS values < −8% have been considered 
a marker of very severe LVD10 and were present in the majority 
of the sample, which may have intrinsically contributed to 
the high number of events observed. Furthermore, most of 
the sample had significant IVD (Yu index ≥ 33 ms) at rest, a 
more expressive number than that found in other studies that 
evaluated it in populations of patients with HF with reduced 
ejection fraction, even with LBBB.20-22

Figure 1 – Examples illustrating the behavior of myocardial mechanics (global longitudinal strain and intraventricular dyssynchrony) 
at rest and after exercise in patients with chronic Chagas heart disease among the study groups. GLS: global longitudinal strain; 
IVD: intraventricular dyssynchrony.

A  GLS+IVD+

B  GLS+IVD–

C  GLS–IVD+

D  GLS–IVD–
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The coexistence of absent contractile reserve and exercise-
induced dyssynchrony likely represents a phenotype of 
mechanical exhaustion, characterized by limited myocardial 
recruitability and progressive loss of temporal coordination. 
Although the absolute changes in GLS and IVD from rest 
to exercise were modest, the direction of these dynamic 
responses appeared to be clinically relevant.

Patients demonstrating a tendency toward improved 
contractility and reduced dyssynchrony under physiologic 
stress likely represent an adaptive mechanical phenotype, 
characterized by preserved myocardial recruitability 
and coordinated systolic timing, which translated into 
better prognosis. Conversely, persistence or worsening of 
impaired strain and mechanical dispersion during exercise 
identified a mechanical exhaustion phenotype, suggesting 
limited contractile reserve and progressive temporal 
dyssynchronization, a condition associated with poor two-
year outcomes, as demonstrated in our cohort.

Patients with CCC have a low prevalence of LBBB,7 
which limits CRT indications in this population due to the 
lack of evidence for more favorable outcomes in a group 
that predominantly demonstrates non-LBBB IVCD.8,23 It 
therefore remains relevant to determine whether CRT is 
useful in patients who continue to exhibit dyssynchrony and 
who obtain better left ventricular function during exercise 

(GLS+IVD− subgroup), that is, patients with a greater degree 
of dyssynchrony who still have contractile reserve. Dynamic 
mechanical phenotyping may help refine patient selection 
for these advanced strategies.

This study has several limitations. First, the small sample 
size, male predominance, limited number of events, and 
relatively short follow-up duration restrict statistical power 
and limit the robustness of inferential analyses.

Second, the use of convenience sampling may introduce 
selection bias and limit external validity. Third, the definition 
of contractile reserve based on a population-derived 
threshold reflects a data-driven approach and should not 
be interpreted as a clinically validated cutoff.

Fourth, subgroup stratification resulted in small groups, 
which may reduce robustness. Finally, the use of conventional 
parameters for RV assessment may not fully capture the 
complexity of RV involvement in Chagas cardiomyopathy, 
as, at the time of study design, RV free-wall strain was not 
systematically available in our laboratory workflow.

Conclusions
The integration of contractile reserve and intraventricular 

dyssynchrony under physiologic stress may provide 
mechanistic insights into myocardial dysfunction and is 

Table 2 – Primary and secondary outcomes in the total sample and among groups according to changes in GLS and IVD

Total 
(n=40)

GLS+IVD+ 
(n=9)

GLS+IVD– 
(n=9)

GLS–IVD+ 
(n=10)

GLS–IVD– 
(n=10) p

Death, heart transplantation, and 
hospitalization due to HF 20 (50%) 3 (15%) 3 (15%) 5 (25%) 9 (45%) 0.005

Death and heart transplant 14 (35%) 2 (14.3%) 2 (14.3%) 4 (28.6%) 6 (42.8%) 0.15

GLS: global longitudinal strain; HF: heart failure; IVD: intraventricular dyssynchrony.

Figure 2 – Dynamic assessment of intraventricular dyssynchrony (Yu index) between rest and exercise (A) and myocardial function 
(global longitudinal strain) (B) in the entire sample.

p = 0.03
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associated with clinical outcomes in patients with CCC.
These findings support the concept of dynamic mechanical 

phenotyping as a promising framework for functional 
assessment, although larger studies are needed to validate 
its prognostic value.
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Table 3 – Univariate and multivariable predictors of the primary outcome by Cox regression analysis

HR (95% CI) p Value HR (95% CI) p Value

Age 0.99 (0.95–1.04) 0.742

QRS (ms) 1.01 (0.99–1.02) 0.451

LA volume (mL) 1.03 (1.01–1.04) 0.006* 1.02 (1.00–1.04) 0.101

LVDD (mm) 1.02 (0.96–1.08) 0.538

LVSD (mm) 1.03 (0.98–1.08) 0.319

LVEF (%) 0.97 (0.90–1.04) 0.365

TAPSE (cm) 0.83 (0.72–0.94) 0.005* 0.83 (0.71–0.96) 0.014*

GLS at rest (%) 0.89 (0.72–1.10) 0.286

Yu at rest (ms) 1.00 (0.98–1.03) 0.916

GLS on exertion (%) 0.83 (0.70–0.99) 0.035* 0.98 (0.81–1.19) 0.845

Yu on exertion (ms) 1.02 (0.99–1.04) 0.232

Delta-GLS (%)‡ 0.80 (0.61–1.05) 0.102

Delta-Yu (ms)‡ 1.01 (0.99–1.03) 0.446

VO2 max (mL/kg/min) 0.96 (0.89–1.02) 0.194

MET 0.85 (0.67–1.08) 0.194

Values are medians and interquartile ranges or numbers (%) of patients. CI: confidence interval; GLS: global longitudinal 
strain; HR: hazard ratio; IVD: intraventricular dyssynchrony; LA: left atrium; LVDD: left ventricular diastolic diameter; LVEF: left 
ventricular ejection fraction; LVSD: left ventricular systolic diameter; MET: metabolic equivalent; TAPSE: tricuspid annular plane 
systolic excursion; VO2 max: maximal oxygen uptake. ‡Delta-GLS and delta-Yu refer to variation between values on exertion 
and at rest.
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