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Clinical and Imaging Factors Associated with Lower Peak Oxygen
Consumption in Patients with Hypertrophic Cardiomyopathy: the Value
of Ventricular Strain by Magnetic Resonance Imaging

Factores clinicos e imagenoldgicos asociados a un menor consumo maximo de oxigeno en
pacientes con miocardiopatia hipertrdfica: el valor del strain ventricular por resonancia
magnética
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ABSTRACT

Background: Peak oxygen consumption (peak VO,) is a key marker for assessing functional capacity and prognosis in patients with
hypertrophic cardiomyopathy (HCM). Although multiple factors can influence this parameter, its relative impact and predictive
value are not fully established.

Objective: The aim of this study was to analyze the association between clinical, echocardiographic, and cardiac magnetic resonance
imaging (CMR) variables with peak VO, in patients diagnosed with HCM.

Methods: A retrospective, observational, single-center cohort study was conducted in patients diagnosed with sarcomeric HCM be-
longing to an institutional HCM registry between January 2017 and March 2025, who had echocardiography, CMR, and oxygen con-
sumption tests performed within less than a year of each other. Clinical, imaging, and functional data were collected from electronic
medical records. Cardiac magnetic resonance scans were done with a 1.5-T magnet (Avanto, Siemens Medical Solutions®, Erlangen,
Germany). Late gadolinium enhancement (LGE) quantification and global longitudinal strain by CMR (GLS-CMR) were obtained
using Circle Cardiovascular Imaging software (Tissue Tracking, cvi42). Univariate and multivariate linear regression models were
used to evaluate associations with peak VO,.

Results: Fifty-four patients with mean age of 53 + 18 years (59% men) were included in the study. Mean peak VO, was 23.5+9.6 mL/
kg/min. In the univariate analysis, male sex (p=0.001), indexed right ventricular end-diastolic volume (p<0.001), and GLS-CMR
(p=0.030) were significantly associated with higher peak VO,. Age was inversely associated with peak VO, (p<0.001). No significant
associations were found with left ventricular ejection fraction, intraventricular obstructive gradient, left ventricular mass index,
or LGE. In the multivariate analysis, the variables that showed an independent association with lower peak VO, were female sex
(p=0.007), older age at diagnosis (p<0.001), and lower GLS-CMR value (p=0.033).

Conclusions: In patients with HCM, female sex, older age, and lower left ventricular global longitudinal strain by CMR were inde-
pendently associated with lower peak VO,. These findings highlight the usefulness of myocardial strain as a complementary func-
tional marker that could contribute to improve prognostic stratification in this population.
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RESUMEN

Introduccién: El consumo pico de oxigeno (VO, pico) es un marcador clave para evaluar la capacidad funcional y el prondstico en
pacientes con miocardiopatia hipertréfica (MCH). Aunque multiples factores pueden influir en este parametro, su impacto relativo
y valor predictivo no estdn completamente establecidos.

Objetivo: Analizar la asociacién entre variables clinicas, ecocardiograficas y de resonancia magnética cardiaca (RMC) con el VO, pico
en pacientes diagnosticados con MCH.

Material y métodos: Estudio retrospectivo, observacional y unicéntrico que incluy6 pacientes con diagnéstico de MCH sarcomérica
pertenecientes a un registro institucional entre 2017 y 2025, que contaran con ecocardiograma, RMC y prueba de consumo de oxige-
no realizados en un intervalo menor a un ano de diferencia entre si. Se recolectaron de la historia clinica electrénica datos clinicos,
imagenoldgicos y funcionales. Las exploraciones de RMC se realizaron con un imén de 1.5-T (Avanto, Siemens Medical Solutions®,
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Erlangen, Alemania). La cuantificacién de realce tardio de gadolinio (RT'G) y el strain longitudinal global por RMC (SLG-RMC) se
efectuaron con el software Circle Cardiovascular Imaging (Tissue Tracking, cvi42). Se utilizaron modelos de regresion lineal univa-
riados y multivariados para evaluar las asociaciones con el VO, pico.

Resultados: Se incluyeron 54 pacientes con una edad promedio de 53 + 18 afios, de los cuales el 59% eran hombres. E1 VO, pico pro-
medio fue de 23,5 = 9.6 mL/kg/min. En el anélisis univariado, el sexo masculino (p=0,001), el volumen telediastoélico del ventriculo
derecho indexado (p<0,001) y el SLG-RMC (p=0,030) se asociaron significativamente con un mayor VO, pico. La edad present6 una
asociacién inversa con el VO, pico (p<0,001). No se hallaron asociaciones significativas con la fracciéon de eyeccién del ventriculo
izquierdo, el gradiente obstructivo intraventricular, el indice de masa ventricular izquierda ni con el realce tardio de gadolinio. En
el analisis multivariado, las variables que mostraron asociacién independiente con un VO, pico més bajo fueron el sexo femenino
(p=0,007), una mayor edad al diagnédstico (p<0,001) y un menor valor de SLG-RMC (p=0,033).

Conclusiones: En pacientes con MCH, el sexo femenino, una mayor edad y un menor strain longitudinal global del ventriculo
izquierdo por RMC se asociaron de forma independiente con un menor VO, pico. Estos hallazgos resaltan la utilidad del strain mio-
cardico como marcador funcional complementario que podria contribuir a mejorar la estratificacién prondstica en esta poblacién.

Palabras clave: Miocardiopatia hipertréfica - Strain - Resonancia magnética cardiaca - Consumo de oxigeno

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a relatively
common genetic clinical syndrome characterized by
left ventricular (LV) hypertrophy in the absence of
other cardiac, systemic, or metabolic disease (1). Its
origin mainly lies in gene mutations of the sarcomere,
and it is inherited in an autosomal dominant manner
in most cases. (2) It presents a broad clinical spec-
trum, ranging from asymptomatic patients to those
with advanced heart failure or sudden death. (3)

However, prognostic stratification in HCM re-
mains challenging, given the heterogeneity in disease
progression and the limited ability of conventional
parameters to predict functional decline (3-5). Peak
oxygen consumption (peak VO,), obtained through
cardiopulmonary exercise testing, is a robust marker
of functional capacity and an independent predictor of
morbidity and mortality in various heart diseases, in-
cluding HCM (6). Thus, peak VO, was proposed as the
primary endpoint in the main studies on this condi-
tion. (7-9) However, the clinical and imaging variables
that determine lower peak VO, in this population are
not clearly defined.

Cardiac magnetic resonance imaging (CMR) has
become the gold standard for LV morphological and
functional assessment, also allowing accurate quanti-
fication of fibrosis using late gadolinium enhancement
(LGE) (1,2). Recently, the incorporation of global lon-
gitudinal strain analysis by cardiac magnetic reso-
nance imaging (GLS-CMR) through feature track-
ing detects earlier stages of ventricular involvement,
which are not evident with conventional techniques
such as volumetric left ventricular ejection fraction
(LVEF) measurement (10, 11). It should be noted that
GLS was used in this study because it is the most re-
producible parameter and the most widely used in
clinical practice, with less variability than radial or
circumferential strain (12, 13).

However, the prognostic value of this parameter in
relation to functional capacity in HCM still requires
further evidence. (14-17)

OBJECTIVES
We evaluated the association between GLS-CMR and
other clinical, echocardiographic, and CMR variables

with peak VO, measured in the cardiopulmonary ex-
ercise test in a contemporary cohort of patients with
confirmed diagnosis of HCM, with the aim of identi-
fying independent predictors of functional limitation
that would optimize prognostic stratification in this
group of patients.

METHODS

A retrospective, observational, single-center cohort study
was conducted including patients belonging to an institu-
tional HCM registry between January 2017 and March 2025.
All patients gave informed consent prior to inclusion in the
study. The data for the present analysis were obtained from
a review of the institutional electronic medical records.

Hypertrophic cardiomyopathy was defined as the pres-
ence of increased thickness in any LV segment >15 mm, or
>13 mm in first-degree relatives diagnosed with this dis-
ease, in the absence of any other justifiable cause. (1) When-
ever possible, genetic studies were performed to confirm
the sarcomeric etiology. Patients over 18 years of age with
a confirmed diagnosis of sarcomeric HCM were included in
the study, and phenocopies or other causes of ventricular hy-
pertrophy were excluded.

For this study, only those patients who had echocar-
diogram, CMR, and cardiopulmonary exercise testing per-
formed within an interval < 12 months from each other were
selected.

The following variables were collected: demographic
(age, sex, height), clinical (NYHA functional class, treat-
ment received), echocardiographic (LVEF, maximum intra-
ventricular gradient, presence of obstructive HCM defined
by a gradient =30 mmHg at rest and/or systolic anterior
movement of the anterior mitral valve), and CMR-derived
parameters (indexed ventricular volumes and mass, LVEE,
and right ventricular ejection fraction, maximum wall thick-
ness, presence and quantification of LGE, and LV GLS-
CMR).

Cardiac magnetic resonance imaging was performed us-
ing a 1.5 T scanner (Avanto, Siemens Medical Solutions®,
Erlangen, Germany) and LGE quantification (using a
5-threshold technique) and GLS-CMR were acquired using
Circle Cardiovascular Imaging software (Tissue Tracking,
cvid2, Figure 1). Peak VO, was obtained by cardiopulmonary
testing on a cycle ergometer using an incremental protocol,
expressed in mL/kg/min.

Statistical analysis
Continuous variables were expressed as mean + standard
deviation (SD) or as median and interquartile range (IQR),
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depending on their distribution as assessed by the Shapiro-
Wilk test, and were compared using Student's t-test or the
Mann-Whitney test, depending on data distribution. Cat-
egorical variables were presented as absolute frequencies
and percentages and were compared using the Chi? test or
Fisher's exact test, as appropriate.

Linear regression models were applied to explore the
associations between clinical, echocardiographic, and CMR
variables with peak VO,. In the univariate analysis, each
predictor was evaluated individually to identify significant
correlations with peak VO,. Subsequently, those variables
with statistical significance (p <0.05) or clinical relevance
were incorporated into a multivariate linear regression
model to identify independent predictors of lower peak
VO,. All statistical analyses were performed using STATA
software version 13.1 (StataCorp LP, College Station, TX,
USA), and p values <0.05 were considered as statistically
significant.

Ethical considerations

The study protocol follows the ethical guidelines of the Dec-
laration of Helsinki, (18) and the design of the institutional
hypertrophic cardiomyopathy registry from which the data
were obtained was approved by the institutional ethics com-
mittee.

RESULTS

A total of 54 patients diagnosed with sarcomeric
HCM were included in the study. Mean age was
53+ 18 years, and 59.2% (n=32) were men. The ob-
structive form of the disease was recorded in 26 pa-

tients (48.1%). Mean peak VO, in the population was
23.5+9.6 mL/kg/min.

Cardiac magnetic resonance parameters

Mean LVEF was 72+10% and mean maximum wall
thickness 17+4 mm. Late gadolinium enhancement
was present in 94.4% (n=51) of patients, with a me-
dian mass of 15 grams and a 95% confidence interval
(CI) of 6.84-33.59 (no discrimination was made ac-
cording to LGE percentage). Mean LV GLS-CMR was
-13%+3.3%. Figure 1 shows an example of GLS-CMR
measurement in one cohort patient. The remaining
clinical, echocardiographic, CMR, and cardiopulmo-
nary exercise test variables are detailed in Table 1.

Univariate analysis

In the univariate linear regression model, significant
associations were observed between peak VO, and
age at diagnosis (B = -0.35; 95% CI: -0.46 to -0.24; p
<0.001), male sex (B= +8.26;95% CI +3.37 to +13.14;
p = 0.001), indexed right ventricular end-diastolic vol-
ume (B= +0.31; 95% CI +0.15 to +0.46; p <0.001),
and LV GLS-CMR (B= -0.85; 95% CI -1.62 to -0.08; p
= 0.034). No significant associations were found with
NYHA functional class, the presence of dynamic in-
traventricular obstruction, maximum intraventricu-
lar gradient, LVEF, LV volumes, LV mass, maximum
wall thickness, or LGE. Table 2 details the variables

Fig. 1. Example of left ventricular global longitudinal strain analysis using Circle Cardiovascular Imaging (Tissue Tracking, cvi42).
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Table 1. General characteristics of the population

Clinical variables

Age at diagnosis, years, mean = SD 53 +18
Male sex, n (%) 32 (59.3)
Height, centimeters, mean + SD 161 £33
NYHA functional class* > 2, n (%) 16 (29.6)
BMI*, kg/m2, mean = SD 284 +5.1
Hypertension, n (%) 21(38.9)
Diabetes mellitus, n (%) 6(11.1)
Atrial fibrillation, n (%) 7 (13.0)
Dyspnea, n (%) 31 (57.4)
Angina, n (%) 12 (22.2)
Atrial fibrillation, n (%) 7(13.0)
Beta-blockers, n (%) 38 (70.4)
Calcium channel blockers, n (%) 7 (13.0)
Myosin inhibitors, n (%) 3(5.6)
ICD*, n (%) 6(11.1)
Septal myectomy, n (%) 3(5.6)
Septal alcoholization, n (%) 2(3.7)
Wall thickness, mm, mean + SD 17.4 +£3.9
Left atrial anteroposterior diameter, mm, median (IQR) 42 [38-46]
Intraventricular gradient, mmHg, median (IQR) 30 [6-58]
SAM, n (%) 25 (46.3)
LVOTO, n (%) 32 (59.3)
LVEF, %, mean + SD 72 £10
Indexed LV end-diastolic volume, mL/m?, mean + SD 72 £18
Indexed LV end-systolic volume, mL/m?, median (IQR) 69 [60-78]
Maximum thickness, mm, mean + SD 17 +4
Presence of LGE, n (%) 51 (94.4)
LGE mass, grams, median (IQR) 15 [6.84-33.59]
Left ventricular GLS, %, mean + SD -13+3.3
Right ventricular ejection fraction, %, mean + SD 66 +7
RV end-diastolic volume, mL, mean + SD 71 £15
RV end-systolic volume, mL, mean + SD 27 £24
LV mass, grams 86 £24
Peak VO, (ml/kg/min), mean + SD 23.5+96
VO, (% of predicted), mean + SD 833+ 195
Heart rate at peak VO, (bpm), mean + SD 133.7 £ 30.7
QOUES, [(mL/min)/log10], mean + SD 2156.8 + 954.7

BMI: body mass index; ICD: implantable cardioverter defibrillator; IQR: interquartile range; LGE: late gadolinium enhancement; LV:
left ventricular; LVEF: left ventricular ejection fraction; LVOTO: left ventricular outflow tract obstruction; NYHA: New York Heart
Association; OUES: oxygen uptake efficiency slope; RV: right ventricular; SAM: systolic anterior mitral valve movement; SD: standard
deviation.
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included in the univariate analysis and their relation-
ship with peak VO,

Multivariate analysis

In the multivariate linear regression model (Table 3),
the independent predictors of lower peak VO, were: fe-
male sex (B = -6.1; 95% CI -10.56 to -1.75; p = 0.007),
older age at diagnosis (B= -0.26; 95% CI: -0.37 to -0.15;
p <0.001), and lower LV GLS-CMR (3= -0.59, 95% CI.:
-1.14 to - 0.04; p = 0.033).

DISCUSSION

In this contemporary cohort of patients with HCM,
we observed that a lower LV-GLS-CMR value was in-
dependently associated with lower functional capac-
ity, as measured by peak VO, in the cardiopulmonary
exercise test. This finding could provide a relevant
pathophysiological perspective, based on the hypoth-

esis that functional limitation in HCM would depend
not only on the degree of hypertrophy or the presence
of dynamic obstruction, but also on both clinical and
subclinical myocardial contractile failure, detectable
by GLS-CMR, even in patients with preserved LVEF.
Global longitudinal strain, by reflecting the longitudi-
nal deformation capacity of the myocardium, is a sen-
sitive marker of contractile efficiency and allows the
detection of early mechanical dysfunction before glob-
al LVEF alterations or advanced symptoms become
apparent (19, 20). It is noteworthy that all patients in
our cohort had preserved LVEF.

Abnormal GLS probably represents the functional
expression of the distinctive molecular mechanisms of
HCM, characterized by a progressive loss of contractile
efficiency, which translates into reduced myocardial
shortening and, consequently, a limited ability to in-
crease cardiac output during exercise. In other words,

Table 2. Univariate linear regression model

Variable

Age at diagnosis

Male

NYHA dyspnea

Maximum intraventricular gradient (mmHg)
Obstructive HCM

LVEF %

Indexed left ventricular end-diastolic volume, (mL/m?2)
Indexed LV end-systolic volume, (mL/m2)
Left ventricular mass (g/m2)

Maximum wall thickness (mm)

Quantitative LGE (%)

LGE (present)

RVEF (%)

Indexed RV end-diastolic volume (mL/m?2)
Indexed RV end-systolic volume (mL/m2)
CMR strain (%)

Univariate linear regression p value
B coefficient (35% Cl)
-0.35 (-0.46 to -0.24) <0.001
+8.26 (+3.37 to +13.14) 0.001
-2.59 (-5.35 t0 +0.17) 0.065
-0.06 (-0.15 to +0.02) 0.110
-1.14 (-6.44 to +4.17) 0.669
+0.11 (=0.16 to +0.38) 0.425
+0.08 (-0.06 to +0.23) 0.265
—0.05 (-0.15 to +0.05) 0.320
—-0.0007 (-=0.11 to +0.11) 0.921
+0.09 (-0.60 to +0.79) 0.781
—0.004 (-0.10 to +0.09) 0.934
+2.35(-18 t0 23.2) 0.821
+0.25 (-0.10 to +0.60) 0.162
+0.31 (+0.15 to +0.46) <0.001
—-0.018 (-0.13 to +0.09) 0.743
-0.85 (-1.6 to -0.08) 0.034

CMR: cardiac magnetic resonance; HCM: hypertrophic cardiomyopathy; LGE: late gadolinium enhancement; LV: left ventricular; LVEF:
left ventricular ejection fraction; NYHA: New York Heart Association; RV: right ventricular; RVEF: right ventricular ejection fraction.

Table 3. Multivariate linear regression model

Variable

Age at diagnosis (years)
Female sex
LV global longitudinal strain

LV: left ventricular

Multivariate linear regression p value
B coefficient (95% ClI)
-0.26 (-0.37 to —-0.15) <0.001
-6.10 (=10.56 to —1.75) 0.007
-0.59 (-1.14 to —-0.04) 0.033
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reduced GLS implies a lower contractile reserve and,
therefore, a limitation in sustaining cardiac output,
which translates into decreased peak VO,. (14,19) This
phenomenon could explain the association between
greater GLS-CMR alteration and lower peak VO, ob-
served in our study, in accordance with the findings of
the STRAIN-HCM study, where GLS behaved as an in-
dependent predictor of adverse events. (14, 21)

On the other hand, we found no correlation be-
tween peak VO, and the amount of myocardial fibro-
sis measured by LGE, a finding that reinforces the
idea that GLS identifies an earlier functional stage of
myocardial damage. (22, 23) It should be noted that
in our cohort, almost all patients had some degree of
LGE, suggesting that the differential prognostic value
of GLS does not depend exclusively on the presence
or absence of fibrosis, but on the degree of underlying
mechanical dysfunction.

The lower functional capacity observed in women
in this study is consistent with reports from other se-
ries, where female sex is associated with more symp-
tomatic phenotypes, smaller ventricular cavities, and
greater predisposition to dynamic obstruction. (24)
These anatomical features, combined with a frequent-
ly later diagnosis, could partly explain the functional
gap observed. Similarly, older age was a negative de-
terminant of peak VO,, probably reflecting the cumu-
lative impact of diffuse fibrosis, myocardial stiffness,
and associated comorbidities. (25, 26)

From a clinical perspective, incorporating GLS-
CMR into the evaluation of HCM may provide addi-
tional prognostic value and allow for a more accurate
characterization of the functional phenotype. In pa-
tients with preserved LVEE a significant reduction in
GLS could anticipate clinical deterioration and guide
early interventions. This integrated approach is in
line with the current trend in the AHA/ACC inter-
national guidelines, (1) which promote personalized
pathophysiological stratification, prevailing over a
purely morphological approach.

In the future, it will likely be necessary to develop
prognostic models that integrate clinical, imaging,
and functional variables to refine risk prediction in
this population.

Although this study has limitations inherent to its
retrospective design and the single-center nature of
the sample, the availability of high-quality comple-
mentary studies—echocardiogram, CMR, and cardio-
pulmonary testing— strengthens the robustness of
the results. Furthermore, our population represents
a clinical profile characteristic of HCM, with the pres-
ence of obstructive forms, which reinforces the rep-
resentativeness of the sample and the applicability of
the findings. Taken together, our data consolidate the
notion that HCM is essentially a disease of myocardial
mechanics rather than hypertrophy per se, and posi-
tion GLS-CMR as a potentially important marker for
understanding, quantifying, and monitoring contrac-
tile efficiency in clinical practice.

CONCLUSIONS

In this contemporary cohort of patients with HCM,
female sex, older age, and reduced GLS-CMR were in-
dependently associated with lower peak VO,

These results highlight the usefulness of GLS-CMR
as a complementary tool for prognostic stratification
and functional assessment, beyond conventional pa-
rameters such as LVEF or LGE. Its systematic imple-
mentation could optimize the early identification of
patients at higher risk of functional deterioration.

Limitations

The limitations of this study include its retrospective
nature and the lack of stratification of peak VO, ac-
cording to patient sex. It is also important to note that
no comparison was made between strain measured
by cardiac magnetic resonance imaging and strain as-
sessed by echocardiography.
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