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Preface

Echocardiography remains a cornerstone of cardiovascular care because it is widely accessible,

repeatable, and directly informs bedside decision making. At the same time, the field is rapidly

evolving, with advances in image acquisition, quantitative analysis, and automated interpretation

that are changing how we evaluate cardiac structure and function. This Reprint was prepared

to provide readers with a curated snapshot of these developments, drawn from the Special Issue

Echocardiography and Cardiovascular Disease. The articles assembled here illustrate how rigorous

echocardiographic methodology and emerging computational techniques can complement clinical

expertise, support consistent reporting, and enhance patient specific risk assessment. We hope this

Reprint will be useful to practicing clinicians, imagers, and investigators, and will stimulate further

collaboration toward evidence based and data informed cardiovascular imaging.

Kenya Kusunose

Guest Editor
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Left Cardiac Remodelling Assessed by Echocardiography Is
Associated with Rho-Kinase Activation in Long-Distance
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Abstract: This single-blind and cross-sectional study evaluated the role of Rho-kinase (ROCK) as a
biomarker of the cardiovascular remodelling process assessed by echocardiography in competitive
long-distance runners (LDRs) during the training period before a marathon race. Thirty-six healthy
male LDRs (37.0± 5.3 years; 174.0± 7.0 height; BMI: 23.8± 2.8;

.
V O2-peak: 56.5 ± 7.3 mL·kg−1·min−1)

were separated into two groups according to previous training level: high-training (HT, n = 16) ≥
100 km·week−1 and low-training (LT, n = 20) ≥ 70 and < 100 km·week−1. Also, twenty-one healthy
nonactive subjects were included as a control group (CTR). A transthoracic echocardiography was
performed and ROCK activity levels in circulating leukocytes were measured at rest (48 h without
exercising) the week before the race. The HT group showed a higher left ventricular mass index
(LVMi) and left atrial volume index (LAVi) than other groups (p < 0.05, for both); also, higher
levels of ROCK activity were found in LDRs (HT = 6.17 ± 1.41 vs. CTR = 1.64 ± 0.66 (p < 0.01); vs.
LT = 2.74 ± 0.84; (p < 0.05)). In LDRs a direct correlation between ROCK activity levels and LVMi
(r = 0.83; p < 0.001), and LAVi (r = 0.70; p < 0.001) were found. In conclusion, in male competitive
long-distance runners, the load of exercise implicated in marathon training is associated with ROCK
activity levels and the left cardiac remodelling process assessed by echocardiography.

Keywords: athlete’s heart; cardiac biomarkers; echocardiography; exercise; functional cardiac capacity

1. Introduction

Physical exercise plays a fundamental role in cardiovascular disease prevention
and significantly reduces global mortality [1]. This benefit is associated with different
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mechanisms linked to structural changes or “adaptation” of the heart [2]. The combination
of these adaptations, known as cardiovascular remodelling, involves changes at molecular
and cellular levels which translate into structural, electric and functional cardiovascular
modifications [3].

The cardiac remodelling process can occur early during the training process [4].
Highly trained runners experience these changes with greater prevalence and intensity,
which in most cases are benign and reversible [2]—a condition called “athlete’s heart” [5]
that includes increased bi-ventricular diameter, left ventricle (LV) parietal thickness, LV
mass and bi-atrial volume with systolic and normal diastolic function [6]. The majority
of these changes are a physiological adaptation to exercise; however, some patterns
may overlap with channelopathies or cardiomyopathies [7]; LV hypertrophy criteria are
present in as many as 70% of highly trained athletes [8], and only 12% showed criteria for
right ventricular hypertrophy [9].

Advances in image techniques have allowed a better characterization of athlete’s
heart. It is known that these changes are related with better sports performance [10]; how-
ever, some predisposed athletes subjected to high training loads may show a potentially
adverse cardiac remodelling (“Phidippides” cardiomyopathy) [6,11]. This adverse cardiac
remodelling process is not frequent and is characterized by LV hypertrophy associated
with myocardial fibrosis [8], increased coronary atheromatosis, greater right ventricular
remodelling and extreme right and left atrial (LA) dilatation [12,13]; there is uncertainty
over whether there is a maximum limit of training considered safe, and if it is possible to
identify an individual limit for each athlete [13].

The physiological and eventually pathophysiological mechanisms linked to adverse
cardiac remodelling in high-performance athletes are not completely clear. In this regard,
the dynamics of different biomarkers related to tissue damage, inflammation, oxidative
stress and cardiac remodelling have been studied in athletes of different disciplines with
no clear significance [6]. A novel pathway related to cell survival and cardiac adaptation
to stress is rho-kinase (ROCK) activation [14]. This kinase exerts its role by acting on the
cytoskeleton, regulating cell motility (migration), adhesion, and proliferation, assuming a
leading role in mediating cardiac remodelling [15,16] in different clinical scenarios [17,18].
The association of ROCK with exercise has been poorly explored. Recently, investigations
have reported an increase of ROCK activity induced by aerobic exercise in the skeletal
muscle of rats, linked to glucose uptake through insulin receptor substrate 1 (IRS1) phos-
phorylation [18,19]. In patients with dyslipidemia, moderate aerobic physical exercise
(30 min × 5 days a week) has been related to attenuation of ROCK concentration [20]. The
role of insulin pathways during the hypertrophic process and ROCK activation induced
by exercise has been recently reported in an interesting review by Anaruma et al. [21].
However, the dynamics of ROCK activation and their association with cardiac remod-
elling in endurance athletes with highly demanding training protocols, as for a marathon
race competition, has not been previously studied. Thus, the primary objective of this
study was to evaluate the activity of ROCK and its association with cardiac remodelling
assessed by echocardiography in competitive long-distance runners (LDRs) with different
training loads before a highly demanding competition (marathon).

2. Materials and Methods

The sample size calculation was done by G*Power® 3.1 software (Heinrich–Heine
University, Dusseldorf, Germany) using previous data concerning the association found
between echocardiography measurements (negative deformation of the post P wave strain
curve, LASa) and

.
VO2-max in runners with similar characteristics to the participants

in this study (rho = 0.546; p = 0.028) [10]—considering a significance level of 5% and a
power of 80%, in a two-tail test, plus 10% of data loss. Thus, thirty-six Caucasian males
recreational LDRs were recruited previously to a marathon race (Santiago, 42.2 km). The
participants were included 16 weeks before the competition, in the training period called
“optimal phase”, where the volume of training is increased by running a longer distance
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each week. Hydric support during preparations follows the recommendation of our sport
section group: as a rule, during high intensity or hard physical activity it is recommended
to have intakes of 0.6–1 L·h−1 with frequent intakes (150–250 mL) every 15–20 min, and
always with an isotonic content; also, with frequent body weight checks. The inclusion
criteria were: (i) age between 18 and 50 years to minimize possible cardiovascular events
linked to the competition, (ii) participation in three or more completed marathons in
the last five years, and (iii) recreational status, to obtain a more diverse sample. The
exclusion criteria were: (i) presence of any morbidity or disease that alters plasma levels
of ROCK (e.g., arterial hypertension, dyslipidemia, insulin resistance, smoking or alcohol
consumption habits, renal or liver dysfunction, neoplasia, and chronic respiratory and
cardiac diseases) and (ii) use of anti-hypertensive, anorexic, anti-depressant, and/or
antibiotics medication. In addition, a control group of healthy and non-active, sedentary
subjects (n = 21) was included. The study was approved by the Ethics Committee of
Pontificia Universidad Católica de Chile in observance of the Declaration of Helsinki on
experimentation in human beings (project nº 16082603). Written informed consent was
obtained from the subjects prior to any procedure.

The study was cross-sectional with single blinding in researchers responsible for
analyzing the serum samples and performing the echocardiographic reports and statistical
analysis; they did not know to which group each subject belonged. After completing an
ad hoc questionnaire with open questions concerning sports history, previous injuries,
and time availability to training, LDRs were allocated to groups according to feasible
weakly exercise volume during the training period before the marathon race. Running
100 km per week as a maximum exercise volume was adopted as a limit to separate
the groups; this criterium has been used previously by our research group [10]. Thus,
some LDRs were allocated to a high-training group (HT ≥ 100 km·week−1, n = 16) and
a low-training group (LT ≥ 70 and <100 km·week−1, n = 20). Figure 1 shows the study
design and assessments performed.

Figure 1. Study design scheme.
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Through a venipuncture of the antecubital fossa, peripheral blood mononuclear
cells were extracted to determine ROCK activity one week before the marathon competi-
tion. ROCK activity was determined in mononuclear cells, using protocols previously
described [16]. Briefly, ROCK activation is determined by measuring the phosphorylation
of a direct ROCK target, the myosin phosphatase target subunit 1 (MYPT1) of the myosin
light chain phosphatase of the light chain of myosin, by Western blot. The antibodies used
were anti-myosin phosphatase target subunit 1 (anti-MYPT-1 antibody, rabbit polyclonal,
1/500 cell signaling, Cat 2634) and anti-p-MYPT-1 antibody (phospho-MYPT1-Thr 853
rabbit polyclonal, 1/500, cyclex, Cat CY-P1025). ROCK activity was expressed by the
quotient between phosphorylated (p-MYPT1) and total MYPT1 (t-MYPT1). We previously
showed in an experimental model that ROCK activity in circulating leukocytes reflects ac-
tivation of this signaling pathway in the myocardium and aortic wall [22]. Also, troponin-I
levels were measured pre- and post-marathon race by a commercially available ELISA kit
(CARD-I-KIT ELISA Troponin I, Labmaster, Finland) on an ELISA reader (Tecan-spectra,
Austria), and calculated (ng·mL−1) as instructed by the manufacturer.

Transthoracic echocardiography (TTE) was performed in all participants using Vivid
I echocardiography equipment (General Electric Healthcare, Horten, Norway) with
a 2.5/5 MHz sector transducer. Traditional views were acquired from the windows:
parasternal, apical, and subcostal for the quantification of the left and right heart cham-
bers according to the American Society of Echocardiography [23]. LV systolic function was
assessed by the ejection fraction (EF), calculated by the Simpson’s method. LV diastolic
function was evaluated using transmitral filling waves and mitral annulus tissue Doppler.
LV mass was calculated with the linear method (Devereux’s formula) as follows: 0.8 ×
1.04 × [(IVS + LVID + PWT) 3 – LVID 3 ] + 0.6 g [23]. Also, LV longitudinal deformation
(longitudinal strain) was carried out using four, three, and two chamber views optimized
to achieve >60 frames per second. Images were stored for further analysis by an expert,
blinded echocardiographer using the manufacturer’s software (EchoPAC, version BT12;
GE Healthcare, Horten, Norway).

The physical performance of LDRs was assessed by the cardiopulmonary test (peak
aerobic capacity,

.
VO2-peak) at the end of the “optimal phase” training period. All

LDRs were instructed not to perform physical activity 48 h before the measurement
and avoid intakes of alcohol, caffeine, or other stimulants and food for at least three
hours before. The

.
VO2-peak test was measured on a treadmill ergometer (HP Cosmos,

Traunstein, Germany) until voluntary exhaustion, despite oral breathing (respiratory
quotient, 1.20 ± 0.05). The exercise protocol consisted of a 3 min rest, a 5 min warm-up (8
km·h−1), and a subsequent increase of 2 km·h−1 every 150 s, until all criteria for stopping
the test were met. Ventilatory data were analysed breath-by-breath using open-circuit
spirometry and were expressed under standard temperature, pressure, and dry (STPD)
conditions (MasterScreen CPX, JaegerTM, Würzburg, Germany). Before each test, the gas
analyser and the volume transducer were calibrated according to the manufacturer’s
instructions.

The normality of the data was evaluated using the Shapiro–Wilk test. The ANOVA
and Student t-test were used to compare groups. The Pearson correlation test was
used for assessing the association between ROCK activity levels and echocardiographic
parameters linked to the cardiac remodelling process. The statistical software used was
GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA). A value of p <
0.05 was considered statistically significant. To evaluate statistical power of the study a
post-hoc power analysis was performed [24].

3. Results

Fifty-seven participants were consecutively included (age 37.4 ± 6.1 years). The
LDRs achieved values of

.
VO2-peak according to their health status (LT: 52.5 ± 8.1

mL·kg−1·min−1 vs. HT: 58.5 ± 5.3 mL·kg−1·min−1; p = 0.02). The HT group com-
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pleted the marathon race in the least time (231 ± 39 vs. 197 ± 33 min vs. 231 ± 39 LT, p =
0.03). Table 1 shows the participants’ characteristics.

The activity of ROCK was different between the groups. HT showed highest ROCK
activation (6.17 ± 1.41 vs. 2.74 ± 0.84 LT (p = 0.002), and vs. 1.64 ± 0.66 CTR (p = 0.001);
Figure 2). Post-hoc power analysis showed that differences between HT and LT, and HT and
CTR groups had 100% power, whereas between LT and CTR group they had 99.6% power.

Table 1. Participant’s characteristics.

Groups

Variables
Control
(n = 21)

LT
(n = 20)

HT
(n = 16)

p-Value

Age (years) 35 ± 4 39 ± 5 37 ± 6 0.32

Height (cm) 175 ± 6 174 ± 6 172 ± 7 0.47

Weight (kg) 72 ± 9 73 ± 8 69 ± 8 0.09

Body surface (m2) 1.89 ± 0.13 1.88 ± 0.12 1.82 ± 0.13 0.08

Creatinine (mg·dL−1) 0.99 ± 0.11 0.97 ± 0.10 0.98 ± 0.09 0.63

Hematocrit (%) 42 ± 3 43 ± 3 43 ± 2 0.87

Sodium (mEq/L) 142 ± 2 142 ± 2 142 ± 3 0.44

AST (U/L) 26 ± 7 28 ± 8 29 ± 9 0.67

Uric acid (mg/dL) 5.2 ± 0.8 5.0 ± 0.9 5.6 ± 0.9 0.17
.

VO2-peak (mL·kg−1·min−1) - 52.5 ± 8.1 58.5 ± 5.3 0.02 *

Running experience (years) - 15 ± 3 17 ± 3 0.81

Time training per week (h) - 14 ± 2 19 ± 2 0.01 *

Training intensity (%HR máx., 220-age) - 82 ± 2 81 ± 3 0.78

Data are reported as the mean ± SD; Student’s t test, * p < 0.05. Abbreviations. CTR: Control; LT: Low training (≥70 and <100 km·week−1);
HT: High training (≥100 km·week−1); AST: Aspartate amino transferase;

.
VO2-peak: Peak oxygen consumption.

Figure 2. ROCK activity levels by group. Abbreviations: ROCK: Rho kinase activity expressed
as p-MYPT1/t-MYPT1 ratio; LT: low training (≥70 and <100 km·week−1); HT: high training
(≥100 km·week−1). * p < 0.01. ** p < 0.001.

Regarding the quantification of the cardiac chambers by TTE, the results are shown
in Table 2.
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The HT group showed significantly larger LV linear dimensions than the other
groups. Also, they showed a significantly increased LV mass index and LA volume index
(Figure 3). LV diastolic function and right ventricle parameters were similar between
groups.

Table 2. Heart chambers quantification.

Groups

Control
(n = 21)

LT
(n = 20)

HT
(n = 16)

p-Value

Left Cardiac Cavities

Interventricular septum (mm) 7.6 ± 0.8; (10.5) 9.0 ± 1.6; (17.7) 10.2 ± 1.2 *; (11.89 <0.001

Posterior wall (mm) 7.6 ± 0.8; (10.5) 8.5 ± 1.2; (14.1) 9.3 ± 2.1 *; (22.6) 0.01

LVEDD (mm) 46 ± 4; (8) 50 ± 5; (10) 58 ± 4 *; (6) 0.04

LVESD (mm) 30 ± 3; (10) 30 ± 4; (13) 33 ± 5; (15) 0.40

Ejection fraction (%) 57 ± 4; (7) 55 ± 6; (10) 54 ± 3; (5) 0.11

LV mas index (g·m−2) 58 ± 11; (18) 78 ± 18; (23) 106 ± 27 *; (25) <0.001

LA diameter (mm) 33 ± 4; (12) 34 ± 3; (8) 36 ± 4; (11) 0.22

LA area (cm2) 19 ± 5; (26) 22 ± 4; (18) 25 ± 3 *; (12) <0.001

LA volumen index (mL·m−2) 25 ± 9; (36) 30 ± 11; (36) 42 ± 8 *; (19) <0.001

Global LV longitudinal strain (%) −21.0 ± −2.0; (9.5) −19.6 ± −1.6; (8.2) −19.5 ± −2.4; (12.3) 0.11

E wave (cm·s−1) 77 ± 15; (19) 84 ± 12; (14) 78 ± 13; (17) 0.21

A wave (cm·s−1) 48 ± 16; (33) 53 ± 10; (19) 50 ± 12; (24) 0.43

Deceleration time (ms) 200 ± 66; (33) 229 ± 65; (28) 233 ± 65; (28) 0.18

e’ lateral (cm·s−1) 15.0 ± 1.8; (12.0) 15.0 ± 2.5; (16.7) 15.0 ± 2.3; (15.3) 0.70

e’ medial (cm·s−1) 11.0 ± 1.8; (16.4) 10.0 ± 2.0; (20.0) 10.0 ± 2.0; (20.0) 0.75

Right Ventricle

TAPSE (mm) 25.4 ± 3.3; (12.9) 25.6 ± 4.7; (18.3) 25.8 ± 3.0; (11.6) 0.16

FAC (%) 52.5 ± 3.9; (7.4) 57.3 ± 4.6; (8.0) 56.4 ± 3.7; (6.6) 0.07

Data are reported as the mean ± SD; coefficient of variation (CV). ANOVA test (HT vs. other groups), * p < 0.05. Abbreviations: CTR:
Control; LT: Low training (≥70 and <100 km·week−1); HT: High training (≥100 km·week−1); LVEDD: left ventricular-end diastolic
diameter; LVESD: left ventricular-end systolic diameter; LV: left ventricle; LA: left atrium; é: mitral annulus tissue Doppler; TAPSE:
tricuspid annulus plane systolic excursion; FAC: fractional area change.
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Figure 3. Quantification of left heart chambers. Abbreviations: LT: low training (≥70 and <100 km·week−1); HT: high
training (≥100 km·week−1); EDD: end diastolic diameter; IVS: inter ventricular septum; PW: posterior wall; LV: left ventricle;
LA: left atrium.

Among LDRs, a direct correlation between ROCK activation in circulating leukocytes,
measured by the p-MYPT1/t-MYPT1 ratio, and left cardiac remodelling, evaluated by LV
mass index (Figure 4a) and LA volume index, was found (Figure 4b).

Figure 4. Correlation between ROCK activity and heart remodeling parameters. (a) ROCK activity
(expressed as p−MYPT1/t−MYPT1 ratio) and LV mass index; (b) ROCK activity and LA volume
index. Abbreviations: LV: left ventricle; LA: left atrium.
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4. Discussion

The main results of this study are that in LDRs, ROCK activation levels in circulation
leukocytes were correlated with LV and LA remodelling, as evaluated by indexed LV mass
and LA volume. It is expected that with a greater volume of LV cavity the deformation
will be less, but we did not find that difference between our groups, probably due to
the small differences in the magnitude of left ventricular size between the groups. Also,
HT runners showed higher ROCK activity in circulating leukocytes than LT runners and
physically healthy, non-active participants. Also, the HT group showed more significant
LV diastolic diameter, LV wall thickness, and LV indexed mass, with normal deformation
properties and systo-diastolic function; also, in the HT group LA volume was bigger, but
with normal filling pressures.

Previous reports revealed that athletes who participate in competitive endurance
sports show a heart remodelling process similar to our findings. Athletes showed an
increased LA volume and LV mass with normal systolic and diastolic function; these
structural changes were more pronounced in those with a more intensive training proto-
col [6,12,13]. A meta-analysis in athletes with high training regimes showed that acute
and prolonged exercise was associated with larger LV volumes and a relative lower LV
ejection fraction post-intensive exercise [25]. In this study, the HT group showed a greater
left cardiac remodelling process, which potentially gives athletes better performance in
highly demanding races [10]; however, these changes could be related to a theoretically
excessive and deleterious remodelling process [12], which is in keeping with other re-
ports showing inflammatory and cell remodelling biomarker elevation in athletes, whose
complete significance is not fully clarified [22,23].

The ROCK signaling pathway participates in cell survival and cardiac hypertrophy,
cardiac fibrosis, and cell apoptosis [15]. Some athletes may develop an extreme cardiac
remodelling process, including atrial structure and function changes [12,13,26], worse
ventricular performance post-effort [6], and appearance of arrhythmias in long-term
follow-up [27,28]. Regarding the physiopathology of previous processes, the ROCK sig-
naling pathway could play an important role in electrical property changes in atrial tissue
(connexin expression), as Chen et al. (2018) showed while studying the LA appendage
in patients with and without atrial fibrillation [29]. In our study, the HT group showed
higher left cardiac cavity remodelling, ROCK activity, and sports performance than other
groups; these pathways are probably related to cell survival in stress, and cardiac remod-
elling allows athletes to better adapt and performance extreme efforts, but there could
be an individual point for each subject in which a poor adaptation may be observed.
This “point” could lead to an extreme cardiac remodelling process and the risk of future
arrhythmias [6] and cardiac dysfunction.

Rho kinase activity is associated with several mechanisms of cardiac injury including
ischemic/reperfusion phenomenon [30]. A recent meta-analysis of animal models of
myocardial ischemia/reperfusion injury showed that fasudil, a Rho kinase inhibitor,
exerts a cardioprotective effect including lowering of troponin-I elevation [31]. Multiple
protocols have assessed troponin levels post-different intensities of exercise, but the results
have different results and there have been different interpretations on the mechanism
of troponin release, which probably depends on multiple individual mechanisms of
adaptation to exercise [26,27,32]. In our protocol we did not find troponin-I elevation
post-marathon race (troponin-I < 0.156 ng·mL−1 in all subjects).

Athletes showed a systemic and cellular adaptation to mechanical, inflammatory,
and metabolic stress caused by regular and intense exercise training that generated
adaptation mechanisms, such as cardiac remodelling and changes in cardiac biomarker
expression [33], so that more trained athletes could perform higher workloads, resulting
in better performance in highly demanding competitions; however, some subjects could
experience extreme and potentially non-adaptive changes [6,13]. Maladaptive changes
could be partially explained by experimental models of prolonged intense exercise that
showed an increased expression of tumour growth factor-β1 (TGF-β1) in atrial and right
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ventricular tissue related to myocardial stiffness and myocardial fibrosis [34]. Genetic
influences in ROCK activation cannot be ruled out in the formation of cardiac fibrosis
associated to a remodelling process induced by intense exercise and regular physical train-
ing load. In this regard, normal rodents with genetically higher angiotensin-converting
enzyme levels have increased ROCK cascade activation simultaneously in the heart
and circulating leukocytes, and they develop higher LV fibrosis levels in response to
isoproterenol [35].

Therefore, we suggest that these processes of conditioning and adaptation to contin-
uous effort could result in a “maladaptation” in individual athletes over time, triggering
an adverse remodelling process which would be explained by the concept of “hormesis”,
that is defined as an adaptive cellular response to stressors resulting in a biphasic dose-
response—low doses are related to a beneficial adaptation while high doses result in an
adverse effect in some specific subjects. Currently, it is unknown precisely what the real
meaning of these changes and the behavior of cardiac remodelling biomarkers in appar-
ently non-pathological conditions is and whether they predispose to and partly explain
the development of arrhythmias in this subgroup. Moreover, ROCK activity in circulating
leukocytes, which reflects activation of this pathway in the myocardium [22], is related
to adverse cardiac remodelling in patients with hypertension and cardiac failure [17,18]
making the interpretation of our findings more complex.

An aspect that could interfere with our results is the seasonal variations in corporal
composition and hydration status during the training period in competitive athletes,
affecting plasmatic volume (and cardiac output) and hemodynamic variables that could
interfere in the echocardiography measurements obtained in LDRs [36].

One of the main limitations of our study was the reduced number of participants
recruited. Therefore, some of the results should be taken cautiously as due to the relatively
small sample size, the data may not have the statistical power to expose small effects of
training on ROCK activity and cardiac remodelling, possibly resulting in a type II error.
However, post-hoc analysis of ROCK activity data showed that the differences had almost
100% power, suggesting that the sample size of this work is sufficient to assess differences
in this parameter. Other limitations were the exclusive participation of male athletes,
that our conclusions are potentially applicable exclusively to long-distance runners, and
that our results are applicable only to the Caucasian ethnic group. Also, the presence of
myocardial fibrosis with cardiac resonance was not evaluated. We assumed that athletes
had normal systo-diastolic function and normal deformation (global longitudinal strain)
of the left ventricle, only with echocardiographic assessment. The applicability of a
questionnaire with open questions to assign athletes to runner groups (HT or LT) also is a
limitation, mainly because we did not objectively measure the different levels of physical
activity completed by runners during the weeks before allocation, for example, reviewing
sports activities completed and loaded into training software (e.g., TrainingPeaks™,
EnduranceTool™, etc.).

There is no doubt that moderate exercise training leads to good cardiovascular health
and longevity [1]. However, there is increasing evidence that more intense exercise can
produce potentially excessive cardiac remodelling and arrhythmic events in the long-term
follow-up. So, it is essential to have available and accessible clinical tools and biomarkers
that help identify those individuals at a greater risk.

5. Conclusions

In male long-distance competitive runners, the load of exercise implicated in marathon
training (overload cardiac volume) is associated with ROCK activity levels and a left
cardiac remodelling process assessed by echocardiography.
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Abstract: Background: Echocardiography requires a high degree of skill on the part of the examiner,
and the skill may be more improved in larger volume centers. This study investigated trends and
outcomes associated with the use and volume of echocardiographic exams from a real-world registry
database of heart failure (HF) hospitalizations. Methods: This study was based on the Diagnosis
Procedure Combination database in the Japanese Registry of All Cardiac and Vascular Datasets
(JROAD-DPC). A first analysis was performed to assess the trend of echocardiographic examinations
between 2012 and 2016. A secondary analysis was performed to assess whether echocardiographic
use was associated with in-hospital mortality in 2015. Results: During this period, the use of
echocardiography grew at an average annual rate of 6%. Patients with echocardiography had
declining rates of hospital mortality, and these trends were associated with high hospitalization
costs. In the 2015 sample, a total of 52,832 echocardiograms were examined, corresponding to 65.6%
of all HF hospital admissions for that year. We found that the use and volume of echocardiography
exams were associated with significantly lower odds of all-cause hospital mortality in heart failure
(adjusted odds ratio (OR): 0.48 for use of echocardiography and 0.78 for the third tertile; both
p < 0.001). Conclusions: The use of echocardiography was associated with decreased odds of
hospital mortality in HF. The volumes of echocardiographic examinations were also associated with
hospital mortality.

Keywords: heart failure; echocardiography; mortality; big data

1. Introduction

Heart failure (HF) is a leading cause of cardiovascular death and remains a major
socioeconomic issue [1,2]. Despite advances in modern therapy, mortality rates for HF
continue to be high. Echocardiography is an easily available, versatile, and cost-effective
means of cardiac imaging. This technique does not require intervention, radiation ex-
posure, or radioactive isotopes [3]. It also provides data on cardiac dysfunction, hemo-
dynamic status, valvular heart disease, and myocardial ischemia for treatment of heart
failure [4]. There are several recommendations for the use of echocardiography in acute
hospitalized HF [5,6]; however, clinical evidence and data on echocardiographic use are
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limited. Studies on nationwide data in the United States showed that, even if echocar-
diographic examinations were underused during cardiovascular hospitalizations, the
use of echocardiography itself was associated with lower inpatient mortality [7]. On the
other hand, echocardiography requires a high degree of skill on the part of the examiner,
and skill may be more improved in large volume centers [8]. We hypothesized that
higher hospital echocardiographic volumes would be associated with reduced inpatient
mortality in patients admitted with acute heart failure. We analyzed trends and outcomes
in association with the use and volumes of echocardiography using real-world big data
based on HF hospitalizations to check the association between echocardiographic volumes
and inpatient mortality.

2. Methods

2.1. Study Population

First, we queried the Japanese Registry of All Cardiac and Vascular Diseases and the
Diagnosis Procedure Combination (JROAD-DPC) database to quantify temporal trends in
inpatient echocardiographic use between April 2012 and March 2017. Second, we explored
the 2015 database to investigate whether the use and volume of echocardiographic exams
were associated with all-cause in-hospital mortality in patients with HF. JROAD-DPC is a
nationwide registry, a medical database with information on admission and discharge for
cardiovascular diseases, clinical examinations and treatment status, patient status and
hospital overview. The JROAD-DPC database integrates the information with analysis
datasets covering 5.1 million cases between April 2012 and March 2017. The identification
of HF (I50.0, I50.1, I50.9) hospitalization was based on the International Classification of
Diseases (ICD) diagnosis codes. The diagnosis of HF was defined as the main diagnosis,
admission-precipitating diagnosis, or most resource-consuming diagnosis. We defined
readmission as an admission after discharge to a DPC hospital due to HF. Data regarding
patient age and sex, main diagnosis, comorbidity at admission, length of hospitalization
and treatment content were extracted from the database. We identified the numbers of
board-certified doctors through the Japanese Circulation Society who were working full
time in cardiovascular departments in Japan, and the numbers of transthoracic echocar-
diographies through the survey of the Japanese Circulation Society. The Institutional
Review Board of the Tokushima University Hospital approved the study protocol (no.
3503).

Figure 1 shows the patient selection flowchart. We selected 649,960 patients hospital-
ized with HF between April 2012 and March 2017. To analyze the associations between
echocardiography and all-cause in-hospital mortality in HF, we enrolled 140,768 patients
hospitalized for HF at 739 hospitals between April 2015 and March 2016. To reduce the
variability of the data collected from this database, we focused on one year of data. We
excluded patients from readmission cases (n = 42,660), age < 20 years (n = 284), death in 24
h after admission to exclude counter bias by patients in whom a fatal outcome occurred
without sufficient lead time to obtain an echocardiographic examination if clinically indi-
cated (n = 2074), a planned hospitalization to focus on hospital mortality (n = 10,652), and
a lack of data (n = 15,042). As a result, a total of 80,496 were selected to assess hospital
mortality. We categorized the 739 hospitals into 3 groups according to the number of
echocardiographic studies performed annually (first tertile: <2500 cases, second tertile:
2500–4500 cases, third tertile: >4500 cases) and compared the groups of patients admitted
to the categorized hospitals.

2.2. Clinical Outcomes

The main outcome was in-hospital mortality (total number of deaths during hospi-
talization).
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Figure 1. Flowchart of this study. HF, heart failure.

2.3. Statistical Analysis

Temporal trends in the incidence of echocardiographic use between 2012 and 2016
were analyzed. The increase in volume was analyzed by calculating the average annual
percentage change from 2012 to 2016. The 2015 sample was dichotomized into three
groups based on echocardiographic volumes, and descriptive statistics were generated on
frequencies and proportions for categorical variables. Continuous variables are expressed
as the mean ± SD for parameters with a normal distribution, as the median (interquartile
range; IQR) for parameters with a skewed distribution, and categorical variables as the
proportion (%). We estimated the odds ratios (ORs) and their 95% confidence interval (CI)
for in-hospital mortality using multivariable models. A forward stepwise multivariable
analysis was performed using relevant variables (associated with outcomes), incorporat-
ing a p value threshold <0.05 as the entry cutoff. All statistical tests were 2-sided, and
p values less than 0.05 were considered statistically significant. Statistical analysis was
performed using SAS version 9.4 and JMP 14.0 (SAS Institute Inc., Cary, NC). Odds ratios
(ORs) and their 95% confidence interval (CI) for in-hospital mortality were calculated
using multivariable models of multinomial logistic regression analysis in 3 groups.

3. Results

3.1. Analysis of Trends

A total of around 90,000 echocardiographic examinations per year were performed
at all centers participating in this database from 2012 to 2016. During this period, the use
of echocardiography grew at an average annual rate of 6% (Figure 2A). The numbers of
in-hospital deaths were 12,206 (mortality: 11.2%), 12,159 (mortality: 10.5%), 13,959 (mor-
tality: 10.6%), 14,895 (mortality: 10.6%), and 16,720 (mortality: 10.9%) in 2012, 2013, 2014,
2015 and 2016, respectively. An evaluation of resource use and patient outcomes found
that patients with echocardiographic examinations had relatively lower rates of hospital
mortality compared with patients without echocardiographic examinations. There was
no trend of mortality among years. On the other hand, patients with echocardiographic
examinations were associated with higher hospitalization costs than those without ex-
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aminations (Figure 2B,C). According to these trends, we undertook a detailed analysis to
investigate whether the use of echocardiography may be related to hospital outcomes.

Figure 2. Trends in echocardiography use between 2012 and 2016. (A) Echocardiographic volume; (B) Hospitalization
Charge; (C) Hospitalization mortality; HF, heart failure; $, US dollar.

3.2. 2015 Nationwide Inpatient Characteristics

Table 1 and Table S1 display the 2015 sample and the study population stratified by
echocardiographic use and categorical variables. A total of 53.6% of patients in this study
were male. The mean age was 78 ± 13 years, and half of all patients had hypertension
(51.3%). Around 60% of the patients were New York Heart Association (NYHA) class
III or IV. A total of 58,921 echocardiograms were examined in 2015, corresponding to
73.2% of all HF hospital admissions for that year. The distributions observed within
categorical variables between the echocardiography and non-echocardiography groups
of our study population are shown in Table 2. In a comparison of the two sample groups,
patients undergoing echocardiography were younger, had a higher BMI, had a higher
prevalence of hypertension dyslipidemia atrial fibrillation, and had less chronic kidney
disease (all p < 0.001) (Table 2). The distribution of other comorbidities was comparable
to the echocardiographic status.

Table 1. Baseline hospital characteristics.

Hospital Characteristics All 1st Tertile 2nd Tertile 3rd Tertile

Number of Institutes 739 238 246 255
BC Doctor 4 (2–6) 2 (1–3) 4 (3–5) 7 (4–10)

TTE 3315 (2070–5361) 1733 (1220–2043) 3294 (2888–3943) 6613 (5293–8543)
Bed 386 (275–536) 279 (198–342) 394 (301–487) 560 (405–701)

CV Bed 35 (28–44) 30 (20–37) 33 (30–42) 41 (33–51)

Data are presented as the median (interquartile range). Abbreviations: BC, board-certified; CV, cardiovascular.
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Table 2. Characteristics with and without echocardiography.

All Echocardiography (−) Echocardiography (+)
p-Value

N 80,496 21,575 58,921

Age (year) 78 ± 13 78.4 ± 12.5 77.8 ± 12.7 <0.001
Male (%) 53.6 54.3 53.4 0.0201
BMI (%) 22.8 ± 5.2 22.7 ± 5.4 22.8 ± 5.1 <0.001

NYHA I-II (%) 41.4 43.9 40.5 <0.001
Complication (%)

HT 51.3 49.3 52.0 <0.001
DM 26.8 26.8 26.8 0.963
DL 17.6 16.5 18.0 <0.001
MI 9.8 9.7 9.8 0.7042
Af 34.3 30.1 35.9 <0.001

PVD 3.9 4.0 3.8 0.1486
Stroke 7.8 8.0 7.7 0.1892

Dementia 5.5 5.6 5.4 0.3819
COPD 7.0 6.9 7.1 0.3131

Liver Disease 0.1 0.2 0.1 0.1098
CKD 14.5 17.0 13.5 <0.001

Cancer 10.8 10.3 11.0 0.0029
Treatment (%)

HD 5.0 7.1 4.2 <0.001
Artificial Respirator 19.3 22.2 18.2 <0.001

IABP 0.9 0.7 1.0 <0.001
PCPS 0.1 0.2 0.1 0.0271

Inotropes 12.0 11.8 12.0 0.364
PCI 4.7 3.3 5.3 <0.001

Data given as the proportion. See abbreviations in Table 1. Abbreviations: OR, odds ratio.

3.3. Mortality Analysis

In the analysis cohort, in-hospital mortality was 7.7% (n = 6179). Patients with
echocardiography had a significantly lower in-hospital mortality (6.0% vs. 12.2%, p < 0.001;
OR, 0.46, 95% CI: 0.44–0.49). In the univariate logistic regression analysis, many clinical
variables were associated with in-hospital mortality. A multivariate logistic regression
adjusting for clinical variables (age, body mass index, NYHA class, hypertension, dys-
lipidemia, atrial fibrillation, stroke, renal failure, liver failure, cancer, artificial respirator,
intra-aortic balloon pumping, percutaneous cardiopulmonary support, inotropes, per-
cutaneous coronary intervention, board-certified doctor) using stepwise selection was
performed to evaluate for the association between echocardiographic use and the odds
of a patient’s death. To adjust by the number of doctors, we included board-certified
doctors in this analysis. We found that the use of echocardiograms was associated with
significantly lower odds of all-cause hospital mortality in heart failure (adjusted OR: 0.48;
95% CI: 0.45 to 0.51; p < 0.001) (Table 3).

In the tertile analysis of the number of echocardiographic volumes, the unadjusted
OR for in-hospital mortality was significantly lower in the second tertile (OR, 0.72; 95%
CI: 0.67–0.77, p < 0.001) and third tertile (OR, 0.56; 95% CI: 0.53–0.60, p < 0.001) than in the
first tertile. In the stepwise analysis, the adjusted OR for in-hospital mortality was 0.86
(95% CI: 0.79–0.98, p < 0.001) for the second tertile and 0.78 (95% CI: 0.72–0.85, p < 0.001)
for the third tertile. Interestingly, the number of echocardiographic examinations and
volumes of the institute remained an independent risk factor after adjustment of clinical
variables including the numbers of board-certified doctors (Figure 3).
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Table 3. Multivariate analysis of covariates for in-hospital mortality in all patients.

Univariate Multivariate

OR Lower Upper p OR Lower Upper p

Age 1.06 1.06 1.07 <0.001 1.07 1.07 1.07 <0.001
BMI 0.90 0.89 0.91 <0.001 0.95 0.94 0.96 <0.001
Male 1.29 1.23 1.36 <0.001

NYHA 1–2 1.86 1.76 1.97 <0.001 0.67 0.63 0.71 <0.001
HT 0.35 0.33 0.37 <0.001 0.43 0.40 0.45 <0.001
DM 0.73 0.69 0.78 <0.001
DL 0.34 0.31 0.38 <0.001 0.56 0.51 0.63 <0.001
MI 1.06 0.97 1.16 0.1743
Af 0.65 0.61 0.69 <0.001 0.74 0.69 0.79 <0.001

PVD 0.98 0.86 1.13 0.8059
Stroke 1.77 1.63 1.92 <0.001 1.44 1.32 1.58 <0.001

Dementia 1.87 1.7 2.05 <0.001
COPD 1.03 0.93 1.14 0.5749
CKD 1.42 1.33 1.52 <0.001 1.36 1.26 1.47 <0.001

Liver Failure 2.94 1.83 4.75 <0.001 3.14 1.79 5.52 <0.001
Cancer 1.48 1.38 1.60 <0.001 1.52 1.40 1.65 <0.001

HD 1.3 1.17 1.45 <0.001
Artificial Respirator 3.29 3.12 3.48 <0.001 2.74 2.57 2.93 <0.001

IABP 3.86 3.25 4.58 <0.001 1.46 1.16 1.83 0.0011
PCPS 19.34 13.25 28.23 <0.001 12.19 7.53 19.74 <0.001

Inotropes 6.46 6.11 6.84 <0.001 5.75 5.37 6.14 <0.001
PCI 0.46 0.38 0.54 <0.001 0.24 0.20 0.29 <0.001
TTE 0.46 0.44 0.49 <0.001 0.48 0.45 0.51 <0.001

All Beds 1.00 1.00 1.00 <0.001
CV Beds 0.99 0.99 0.99 <0.001

BC Doctor 0.95 0.94 0.95 <0.001 0.97 0.96 0.98 <0.001
Group 1st Tertile vs

2nd 0.72 0.67 0.77 <0.001 0.86 0.79 0.92 <0.001

2nd vs 3rd 0.56 0.53 0.60 <0.001 0.78 0.72 0.85 <0.001
2nd vs 3rd 0.78 0.74 0.83 <0.001 0.92 0.85 0.98 0.0172

Data given as the proportion. See abbreviations in Table 1. Abbreviations: OR, odds ratio.

Figure 3. Odds ratio of in-hospital mortality. BC, board-certified. Dots and lines mean odds ratio (OR) and 95% CI,
respectively.
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4. Discussion

Echocardiography is common in many clinical aspects of cardiovascular hospitals.
However, there are limited data for applications of echocardiography in Japan. Our main
findings of this study were: (1) between 2012 and 2016, the use of echocardiography grew
at an average annual rate of 6%, (2) patients with echocardiography had declining rates
of hospital mortality and these trends were associated with high hospitalization costs,
(3) HF patients with echocardiography in the hospitals with larger echocardiographic
volumes had significantly lower in-hospital mortality, even after the matching of clinical
variables, including the numbers of board-certified doctors.

4.1. Use of Echocardiogram on HF

In the United States, the analysis of the largest publicly available all-payer impatient
database showed that the incidence of echocardiography per hospitalization gradually
increased at annual rates of around 3.0% [7]. However, their analysis suggested that
echocardiography may be underused for common and appropriate indications because
the incidence of echocardiographic performance per hospitalization was around 2% in
2010. In Japan, 58,921 echocardiograms were examined in 2015, corresponding to 73.2%
of all HF hospital admissions for that year, and the incidence of echocardiography is
extremely high compared with the United States. This discrepancy reflects differences in
study populations because our demographics were specific to the HF inpatient setting
and there were high rates of echocardiographic use among cardiovascular hospitals in
Japan.

4.2. Impact of Echocardiograhy on HF Mortality

In 2015, a total of 58,921 echocardiograms were examined in HF. After adjusting
for key variables, we observed that the use of echocardiography was associated with
lower odds of hospital mortality in this cohort. Interestingly, the total number of exams
performed at institutes was strongly associated with hospital mortality even after the ad-
justment of the numbers of board-certified doctors. In a previous study for acute coronary
syndrome, patients who were admitted to cardiology centers more commonly underwent
cardiac catheterization, received evidence-based therapy and had a significantly lower
mortality than those admitted to noncardiology centers [9]. Some studies also showed
that a large operating volume, number of cardiologists and cardiovascular beds were
associated with reduced mortality [10,11]. The similar causal link between examination
totals and mortality may be true for echocardiography. Echocardiography is a first-line
diagnostic tool that contributes to the initiation of therapy in HF [5,6]. It was well known
that echocardiographic decisions improved mortality rates in the clinical setting [12]. In
a major academic medical center, 32% of inpatient echocardiographic examinations led
to an active change in medical care including cardiovascular managements [13]. The
clinical information provided by echocardiography can assist physicians in management
decisions and patient risk stratification. Another explanation may show that in large
university teaching hospitals with higher resources and advanced procedures in patients
with HF, the usage of echocardiography should be higher than in smaller institutions,
and the better outcome of patients in the first ones might be explained by easier access to
echocardiography and an earlier diagnosis of change in the heart function or of compli-
cations, which can lead to a better outcome. In addition, improvement in HF outcomes
over time may be attributable to an increasing use of guideline-directed medical therapy,
new therapies (such as sacubitril/valsartan), a shift towards more HF with preserved
EF and less HF with reduced EF, increasing use of mechanical support, etc. All of these
things may be more common in larger centers that do more echoes. These scenarios
may support our hypothesis that the use of echocardiography can improve the hospital
mortality in HF. According to our results, the quality of care including echocardiography
may be associated with outcomes in patients with HF. Because some studies showed
that quality of care for patients with HF may be sub-standard and that there is a wide
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heterogeneity in the quality of care for HF among hospitals in several countries [14,15],
the quality of care for patients should be improved in the future. Among patients with HF,
in-hospital mortality is reported to vary from around 5.0% to 12.0% [16–19]. Our cohort
had a mortality rate of about 10%, which may reflect the current situation in Japan as a
hyper-aged society.

4.3. Clinical Implication

Improvement in the prognosis of HF is an essential part of clinical management [5].
According to our data from the large high-risk HF cohort, including around 60% of
patients with NYHA III/IV, patients with echocardiography had a lower mortality after
the adjustment for clinical variables, including the numbers of board-certified doctors.
This study suggests that improving the quality of echocardiographic examinations could
be beneficial and that the skill of echocardiography contributes to patients’ care and
prognosis.

4.4. Limitations

The study based on ICD codes has several limitations. We analyzed only patients
with HF hospitalized in facilities contributing to the database, which may lead to selection
bias. This database included approximately 50% of Japanese Circulation Society certi-
fied hospitals and 29% of all hospitals in Japan [20]. All hospitals were cardiovascular
training facilities and their affiliated facilities. We were unable to gather the data from
noncardiology wards (e.g., internists or geriatric wards). The database has no information
on laboratory data (e.g., NT-proBNP) and specific echocardiographic data (e.g., left ven-
tricular ejection fraction) to assess the prognosis of HF. To overcome this issue, we used
treatment devices and isotropic medication as markers of HF severity. All-cause mortality
was used as the primary end point in our patient population. The most likely cause of
death in our patient population is HF, given the known high-risk nature of our patient
population. The patients in this study are mostly Japanese. The results may differ due to
racial/cultural differences in other countries. The JROAD-DPC dataset extracts only a
record, which contains all types of cardiovascular diseases in any categories of diagnosis
based on the DPC dataset in the Ministry of Health, Labor and Welfare in Japan. This
J-ROAD dataset has already been validated in past studies [21,22]. Around 40% of acute
HF patients had NYHA I–II symptoms in this database. Many patients with even mild
symptoms were admitted to hospitals with board-certified doctors, probably due to the
insurance system that covers all of its citizens in Japan. In clinical practice, there are a
subset of patients less likely to be imaged or to receive aggressive care, in part because it is
understood that overall outcomes will be poor. We focused on the 2015 database because
the data before 2015 had some missing values including the NYHA functional class. The
short period of inclusion was another limitation. Finally, we have excluded almost 40% of
the entire cohort for various reasons, and thus there is a selection bias. According to these
limitations, this paper should be considered as a hypothesis-generating study.

5. Conclusions

The use of echocardiography was associated with decreased odds of hospital mor-
tality in HF. The number of echocardiographic examinations was also associated with
hospital mortality; thus, this study could generate the hypothesis that the skill of echocar-
diography may be better in the large volume centers and contribute to good outcomes in
HF. Our study is based on a highly and retrospectively selected cohort. We believe that
larger international studies are warranted to confirm this result.

Supplementary Materials: The following are available online, Table S1: Baseline patient character-
istics.
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Abstract: Twelve world elite Biathlon (Bia), ten Nordic Cross Country (NCC) and ten ski-mountaineering
(Ski-Mo) athletes were evaluated for pronounced echocardiographic physiological cardiac remodeling as a
primary aim of our descriptive preliminary report. In this context, sports-related cardiac remodeling was
analyzed by performing two-dimensional echocardiography including speckle tracking analysis as left
ventricular global longitudinal strain (LV-GLS). A multicenter retrospective analysis of echocardiographic
data was performed in 32 elite world winter sports athletes, which were obtained between 2020 and
2021 during the annual medical examination. The matched data of the elite world winter sports athletes
(14 women, 18 male athletes, age: 18–35 years) were compared for different echocardiographic parameters.
Significant differences could be revealed for left ventricular systolic function (LV-EF, p = 0.0001), left
ventricular mass index (LV Mass index, p = 0.0078), left atrial remodeling by left atrial volume index
(LAVI, p = 0.0052), and LV-GLS (p = 0.0003) between the three professional winter sports disciplines. This
report provides new evidence that resting measures of cardiac structure and function in elite winter sport
professionals can identify sport specific remodeling of the left heart, against the background of training
schedule and training frequency.

Keywords: athlete’s heart; Biathlon; Nordic Cross—Country; Ski-mountaineering; cardiac
remodeling; echocardiography

1. Introduction

Ski mountaineering (Ski-Mo) is one of the most endurant sports imaginable, as it
involves the whole body, mostly performed at altitude involving uphill locomotion, repre-
senting a high-energy-demanding elite winter sport [1–6]. Biathlon (Bia) and Nordic Cross
Country (NCC) are different to Ski-Mo, yet not less complex and metabolically demanding
in their physiological demands, which have been of interest in previous studies [7,8]. The
athletic features of these extreme endurance sports should cause pronounced structural
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and hemodynamical cardiac remodeling of the left heart [9–11]. As the training schedule
as well as the conditions during training and competition are comparable between these
three winter sports, they represent the athletes in our descriptive preliminary report, in
which the most pronounced cardiac adaptations are to be expected.

The term athlete’s heart describes different changes and adaptions, namely structural,
functional, physiological, and electro-physiological, due to sport-specific cardiac remodel-
ing [12]. Different training stimuli (dynamic vs. static) lead to varying physiological adap-
tions [13,14]. In this context, especially pronounced changes due to left ventricular (LV) and
atrial remodeling can be proven in elite endurance athletes [15]. Inherited and acquired car-
diovascular abnormalities such as structural components as hypertrophic cardiomyopathies
(HCM), arrhythmogenic ventricular cardiomyopathy (AVCM), or myocarditis—detectable
via electrocardiographic (ECG) or echocardiographic evaluation—are sometimes difficult
to be distinguished from the physiological adaptations observed in the so-called athlete’s
heart, especially in athletes performing sports with a high dynamic component [16,17].
Therefore, regular standardized echocardiographic evaluation of athletes is essential, which
might contribute to the prevention of undesirable cardiac events in young competitive
athletes, because sudden cardiac death in athletes is one of the leading causes of mortality
in athletes during sport activities [18–25].

In our preliminary report of elite winter sport athletes, we want to focus on the exercise-
induced cardiac remodeling of the athlete’s heart by two-dimensional echocardiography
including longitudinal peak strain examination [13]. This method, particularly the longitu-
dinal Peak Systolic Strain (LPSS) allows an evaluation of early features of functional and
morphological modifications in both ventricles, while conventional morphological echocar-
diographic parameters fail to distinguish the adaptations in the athlete’s heart [13,26–33].
In the last decade, strain analysis by speckle tracking echocardiography has emerged as an
effective tool for sports cardiologists to assess the nature of hypertrophy and myocardial
contractility especially in athletes [34]. Nevertheless, there is a lack of data about cardiac
remodeling in world elite winter sports athletes.

Therefore, the aim of the present descriptive preliminary report is to detect functional
and morphological cardiac remodeling in extreme winter sports athlete’s heart.

2. Materials and Methods

The local ethics committee of the University of Nurnberg-Erlangen approved the study
protocol (17_21 B). The study was conducted in conformity with Good Clinical Practice and
the declaration of Helsinki [35]. Before any trial-related activities, our participants were
informed about the study protocol and participants gave their written informed consent.

2.1. Study Population

Thirty-two young elite winter sport professionals, all active members of the German
National Team, participating in world cups and world championships, were examined
during the season 2020/2021. During the severe COVID-19 pandemic situation, no par-
ticipant was infected or had to be excluded from the analysis due to post-COVID-19
infection syndromes. All participants underwent a sports medicine check-up in their
sport medicine performance center—Institute for Applied Exercise Science, University
Leipzig and Interdisciplinary Center of Sportsmedicine, Klinikum Bamberg in the pre-
season preparation summer time. All participants were professional athletes with a total
amount of 20–25 training hours per week in high-volume training time and 5–10 training
hours in recreation time. Neither arrhythmias nor a known cardiac familiar defect have
been detected during their sports career. Figure 1 shows the winter sport professionals
selection flowchart.
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Allocation 

Echocardiographic Analysis 

Enrollment 

Figure 1. Flowchart of this study.

2.2. Participants Visit

As part of the sports medicine checkup, we performed an echocardiographic func-
tional and morphological assessment using a commercially available echocardiographic
system Phillips EPIQ 7 device with an X5-1 aMatrix-array transducer (Phillips Healthcare,
Eindhoven, The Netherlands), following a standard protocol [36]. The images were stored
and analyzed digitally; for measurements, sequences of at least three heart beats were
stored and analyzed. Participants were screened in the preseason preparation summer
time and during the echocardiographic examination the heart rate and blood pressure
were recorded for the following analysis. Two-dimensional echocardiographic analyses
were performed following the general recommendations [36–38]. The systolic LV ejection
fraction (LV-EF) was estimated and calculated using biplane Simpson rule, based on the
apical four—as well as the apical two-chamber view. Two-dimensional linear dimensions
for both ventricles and both atria were performed manually according to the recommenda-
tions [36–38]. An estimation of the right ventricular (RV) systolic function using the TAPSE
(Tricuspide anular plane systolic excursion) was obtained in the apical four chamber view.

Based on the two-dimensional echocardiographic measurements, the left ventricular
mass index (LV Mass index) was calculated with a validated method [39], the relative
wall thickness (RWT) of the left ventricle (LV) was calculated as (2× posterior wall thick-
ness)/LVedd [39], and the left atrial volume index (LAVI) was obtained with a validated
method for each participant [40].

For assessment of the LV diastolic function, we measured the pulse-wave Doppler in
the apical four-chamber view referring to the peak early filling (E wave) and late diastolic
filling (A wave) velocities. A tissue Doppler imaging of the lateral mitral anulus in the
apical four chamber view was performed (peak early velocity E′) [36,37].

Furthermore, a LV speckle tracking analysis of the athlete’s heart was recorded, focus-
ing on the LV-GLS pattern by two-dimensional strain in the apical views. We focused on
the analysis of the LV and did not perform RV strain analysis.

Each of the participants was evaluated for the prevalence of right and left heart valve
regurgitation as part of the standard echocardiographic assessment.
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2.3. Statistical Analyses

Data were analyzed with Graph Pad Prism 8.2.1(279) (Graph Pad Software; San Diego,
CA, USA) and Minitap statistic program (Minitab Inc.; State College, PA, USA). Our
sample size was not normally distributed; therefore, we evaluated our numerical data
group comparisons for ten Ski-Mo athletes, ten NCC athletes, and twelve elite Bia athletes
using the analysis of variance testing (ANOVA) and nonparametric testing with post-hoc
testing (p < 0.05). Afterwards, a gender-specific analysis for the interesting parameters was
utilized equally.

3. Results

3.1. Baseline Characterictics and Echocardiographic Assessment

A total of 32 young professional winter sports athletes were examined. The matched
data of the three different winter sports were compared for different echocardiographic
parameters. In the two-dimensional echocardiographic examination, all participating elite
winter sports athletes showed a low–normal to normal LV-EF estimated by the biplane
Simpson method and did not show any relevant regurgitation of the left and right heart
valves, except mild regurgitation at the mitral and tricuspid valve without any relevant
systolic pulmonary artery pressure evaluated by tricuspid peak systolic velocity analysis.
The heart rate at baseline as well as the blood pressure were quite low in this elite winter
sport population. Anthropometric and echocardiographic data are shown in Tables 1 and 2.

Our measurement values were evaluated referring to the new standards and reference
values in standardized transthoracic echocardiography as reported in the 2020 guidelines
of the German Society of Cardiology (DGK) for untrained sedentary controls [38].

3.2. Morpholgical and Functional Cardiac Remodeling

All athletes showed a normal systolic LV-EF, but the Bia athletes showed a significantly
higher normal systolic LV-EF compared to Ski-Mo and NCC athletes (results shown in
Table 2). In this context, analyzing the sex-specific differences of this parameter across the
three disciplines, the female Bia-athletes showed a significantly higher LV-EF, compared to
Ski-Mo and NCC athletes, whereby in our male participants no significant differences for
LV-EF could be revealed (results shown in Table 2). The LV Mass index was calculated as an
indexed parameter for all three different winter sports professionals and we could reveal
significantly higher values for NCC and Bia athletes in comparison to Ski-Mo athletes
(results shown in Table 2 and Figure 2). In this context, Bia and NCC athletes showed a
significantly higher RWT in comparison to Ski-Mo athletes (results shown in Table 2).

Table 1. Baseline winter sport professional characteristics. Anthropometric data of the Ski-Mo, NCC
and Biathlon athletes.

Ski–Mo
n = 10

NCC
n = 10

Biathletes
n = 12

Male
n = 6

Female
n = 4

Male
n = 6

Female
n = 4

Male
n = 6

Female
n = 6

Age (y) 21.2 ± 1.9 20.8 ± 2.4 26.3 ± 4.1 25.5 ± 0.5 27.3 ± 3.6 29.0 ± 3.2
Height (cm) 178.4 ± 3.7 163.5 ± 8.8 181.3 ± 4.7 171.2 ± 5.8 180.9 ± 5.1 172.8 ± 3.7
Weight (kg) 67.5 ± 0.5 53.2 ± 6.5 72.0 ± 3.0 63.4 ± 5.9 77.1 ± 3.7 62.5 ± 4.1

BMI (kg/m2) 18.9 ± 1.7 19.8 ± 0.4 22.0 ± 1.1 21.6 ± 1.2 23.6 ± 0.9 20.9 ± 1.0
Resting Blood Pressure

Systolic/Diastolic (mmHg)
120 ± 5.6
82 ± 3.5

100 ± 8.2
72 ± 1.5

125 ± 8.3
78 ± 2.9

105 ± 7.2
71 ± 3.8

117 ± 7.6
77 ± 2.2

108 ± 6.2
70 ± 3.3

Resting Heart Rate (bpm) 40 ± 5.6 44 ± 4.5 42 ± 3.6 46 ± 5.1 41 ± 4.2 45 ± 5.1
BSA (body surface area m2) 1.75 ± 0.08 1.61 ± 0.12 1.88 ± 0.04 1.81 ±0.07 1.92 ± 0.04 1.77 ± 0.05

Data are presented as a median with standard deviation.
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Table 2. Echocardiographic measurements (mean ± SD) of the Ski-mountaineering, Nordic Cross—
Country and Biathlon athletes.

Ski-Mo (I)
n = 10

NCC (II)
n = 10

Biathletes (III)
n = 12

p-Value
Male
n = 6

Female
n = 4

Male
n = 6

Female
n = 4

Male
n = 6

Female
n = 6

LV edd (mm)
50.83 ± 4.22 45.25 ± 5.96 55.50 ± 3.83 50.75 ± 3.50 55.50 ± 5.24 49.50 ± 1.52

ns
48.6 ± 5.48 53.6 ± 4.27 52.5 ± 4.83

LV Mass Index
(g/m2)

97.2 ± 25.2 76.3 ± 26.7 130.7 ± 16.5 106 ± 16.4 133.5 ± 20.6 102.3 ± 14.8
0.0078 *

88.8 ± 26.6 * 120.8 ± 20.1 * 117.9 ± 23.6 *

Relative Wall
Thickness RWT

0.38 ± 0.03 0.34 ± 0.06 0.40 ± 0.04 0.41 ± 0.04 0.40 ± 0.04 0.42 ± 0.04 Ski-Mo vs. NCC
0.0230 *

Ski-Mo vs. Bia
0.0230 *

0.37 ± 0.05 0.41 ± 0.03 0.41 ± 0.04

IVSd (mm)
8.67 ± 1.97 8.25 ± 2.50 11.00 ± 0.63 10.50 ± 0.58 10.83 ± 0.98 9.67 ± 1.37 Ski-Mo vs. NCC

0.0266 *,
Ski-Mo vs. Bia

0.0337 *
8.5 ± 2.07 10.4 ± 1.17 10.3 ± 1.29

LVPWs (mm)
9.97 ± 1.03 7.75 ± 1.50 11.17 ± 0.41 10.50 ± 0.58 12.33 ± 2.07 10.17 ± 1.17 Ski-Mo vs. NCC

0.0161 *
Ski-Mo vs. Bia

0.0030 *
8.9 ± 1.52 10.9 ± 0.57 11.3 ± 1.96

E/A
2.18 ± 0.58 1.98 ± 0.17 2.48 ± 0.26 2.40 ± 0.77 1.97 ± 0.52 1.75 ± 0.40 NCC vs. Bia

0.0166 *2.1 ± 0.45 2.5 ± 0.49 1.9 ± 0.46

E/E′ 6.75 ± 1.71 7 ± 1.79 6.80 ± 0.86 6.13 ± 1.22 7 ± 0.86 6.37 ± 1.04
ns

6.9 ± 1.66 6.4 ± 1.09 6.7 ± 0.97

LAVI (mL/m2)
51.83 ± 12.1 46.25 ± 11.1 150 ± 84.58 89.3 ± 45.7 117.5 ± 37.7 72.8 ± 19.6

0.0052 *
49.6 ± 11.4 125.7 ± 75.2 95.2 ± 36.9

RA (cm2)
19.17 ± 3.87 16.75 ± 2.87 24.83 ± 3.73 18.28 ± 4.72 20.78 ± 3.64 15.50 ± 2.40 ns

18.2 ± 3.55 22.2 ± 5.16 18.1 ± 4.03

LV–EF
60,33 ± 4.08 58.00 ± 5.60 61.17 ± 4.96 59.50 ± 4.80 65.83 ± 5.38 73.00 ± 4.34

0.0001 *
59.4 ± 4.60 60.5 ± 4.70 69.4 ± 5.98

GLS

−18.26 ±
2.21

−18.83 ±
2.93

−21.21 ±
1.99

−23.25 ±
3.23

−22.62 ±
1.26

−22.34 ±
1.42 0.0003 *

−18.5 ± 2.38 −22.0 ± 2.61 −22.5±1.29

Data are presented as mean with standard deviation. p value *, statistically significant (p < 0.05). Abbreviations:
LV edd, left ventricle enddiastolic size; LV, left ventricular; IVSd, interventricular septal wall thickness at diastole;
LVPWd, left ventricular posterior wall thickness at diastole; E/A and E/E, parameters for diastolic function of the
left ventricle; LAVI, left atrial volume index; RA, right atrium; LV-EF, left ventricular systolic ejection fraction;
GLS, global longitudinal strain; ns, non-significant.

Significant differences could be revealed in the echocardiographic analysis referring
to LA remodeling of world elite athletes. The LAVI (mL/m2) was significantly enlarged in
our NCC and Bia athletes in comparison to Ski-Mo athletes (results shown in Table 2 and
Figure 3). Even sex-related differences between the three subdisciplines could be revealed
for male NCC and Bia female athletes, which had significantly larger LAVI than the Ski-Mo
athletes (results shown in Table 2).
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Figure 2. Left ventricular mass index significantly differs in elite winter sports athletes (p = 0.0078).

Figure 3. Analysis of the left atrial volume index (LAVI)—significant different results defined by the
athletic sporting discipline (p = 0.0052).

The athletes differed significantly with regards to the eccentric remodeling of the LV,
especially for the interventricular septal wall diameter (IVSd), the left ventricular posterior
wall diameter (LVPWd) and RWT. NCC and Bia athletes showed thicker wall diameters
than the Ski-Mo athletes, as shown in the Table 2. The gender-specific subanalysis revealed
thicker LV wall diameter in the male and female NCC and Bia athletes than in the Ski-Mo
athletes (results shown in Table 2).

After proving sport-specific LA cardiac remodeling, the comparison of E/A and
E/E′ ratio as criteria for LV diastolic function, revealed significant differences between
NCC athletes and Bia athletes with respect to E/A, but not with respect to E/E′. The
gender-specific subgroup analysis could not reach significant differences (results shown in
Table 2).

No significant results could be revealed for the left ventricle end-diastolic size (LVedd),
for the end-diastolic volume (LV EDVedd), the right heart dimensions as right atrial end-
systolic diameter (RA endsyst) and right ventricular end-diastolic size (RV edd) as well
as the TAPSE of RV in our three different elite winter sport disciplines. The sex-specific
analysis across the three cohorts did not reach significant differences for the mentioned five
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parameters either, i.e., LVedd, LV EDVedd, RA endsyst, RV edd and TAPSE (LVedd and RA
endsyst, results shown in Table 2).

Focusing on the speckle tracking analysis with the main emphasis on the LV-GLS,
significant differences defined by the athletic sporting discipline could be proven in our
small cohort as represented in Figure 4, whereas the LV-GLS significantly differed in men
with Ski-Mo athletes having the lowest values (p = 0.0003, shown in Table 2).

Figure 4. Analysis of the LV-GLS—significant differences defined by the athletic sporting discipline
(p = 0.0003).

Our measurements of the preliminary descriptive report were compared with the
stated data of the German Society of Cardiology (DGK) position statement paper 2020 as
generally sedentary control measurements, as presented in Table 3. Therefore, the LVedd
diameter in our athletes is estimated to be normal for male participating athletes and in
the upper normal range for female participants, and athletes’ LV-EF is estimated in the
normal range for both. Our LV Mass index measurements, especially in the Bia and NCC
athletes, have to be categorized in the upper normal to light extended range in comparison
to the DGK sedentary controls. Remodeling of the LV, represented by IVSd and LVPWd,
is classified in the upper normal to lightly thickened range in comparison to the DGK
recommendations, especially in the Bia and NCC athletes.

Table 3. Comparison of our structural two dimensional echocardiographic data to the stated control
data of the position statement paper of DGK (German Society of Cardiology, 2020).

Parameter

OUR Study Data
Reference Value

Male
Reference Value

FemaleTotal Male
(n = 18)

Total Female
(n = 14)

LV edd (mm) 53.9 ± 4.8 48.6 ± 4.1 42–58 38–52

LV-EF (%) 62.4 ± 5.2 64.9 ± 8.6 52–72 54–74

LV Mass Index
(g/m2) 120.4 ± 26.1 95.9 ± 21.9 49–115 43–95

IVSd (mm) 10.2 ± 1.7 9.2 ± 1.7 6–10 6–9

LVPWd (mm) 11.1 ± 1.7 9.6 ± 1.6 6–10 6–9
Data are presented as mean with standard deviation. LV edd, left ventricular enddiastolic size; LV-EF, left
ventricular systolic ejection fraction; LV, left ventricular; IVSd, interventricular septal wall thickness at diastole;
LVPWd, left ventricular posterior wall thickness at diastole; mm, millimeter; g, grams; m2, square meters.
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4. Discussion

In the present descriptive preliminary report, the morphological and functional cardiac
remodeling due to high-performance competition and training volume in elite winter sports
athletes was investigated for the first time. The investigated winter sports in this study
represent the most endurant competitive sports as they involve the whole body, are often
performed at altitude and are associated with high and intense energy demands [1–3,7,8].
They combine ET and ST training components, and include mainly dynamic (isotonic) but
also to a lesser degree static (isometric) elements [41].

4.1. Impact of Two Dimensional Echocardiography on Morpholgical and Functional Cardiac
Remodeling of the Athlete’s Left Heart

The characteristics of the athlete’s heart have been investigated mostly in the LV as
described by Utomi et al. [15]. The analysis of the systolic LV-EF in our elite winter sport
professionals revealed, across the cohorts, significant differences of this weak parameter as
seen for higher systolic LV-EF values for our Bia athletes. These results have to be handled
carefully due to the fact that all athletes showed a normal systolic LV-EF and that other
studies did not reveal significant differences between athletes and non-athletes [42,43]. Our
Ski-Mo athletes showed the lowest, but still normal, systolic LV-EF parameters.

Of the three disciplines, Ski-Mo represents the sport with the highest endurance
component during training [2]. Most of their training regimen happens at or around
ventilatory threshold 1 (VT1). The consequence is an associated bradycardia tendency and
a low systolic cardiac function (LV-EF) at rest, when the heart works at a low capacity. In
this context, the heart rate and blood pressure at baseline were quite low, as a common
known phenomenon in elite athletes [23].

The LVedd and LV EDVedd did not reveal significant differences in our investigated
groups of elite athletes, which showed a tendency for bradycardia in general, what has to be
taken into consideration by evaluating this parameter. Another morphological remodeling
key aspect is the induced LV hypertrophy in older athletes. Therefore, we evaluated in
our cohorts the LV mass index, whereby Ski-Mo athletes showed significant lower values
compared to NCC and Bia athletes as demonstrated in Table 2.

These results must be handled carefully since the results may be due to inter-group
differences in age, height and weight, BMI and BSA. Interindividual differences determined
the group of Ski-Mo athletes as the physically smallest and youngest athletes, which might
contribute to the obtained differences. Besides the physical status, the differences up to
training schedules have to be taken into consideration. All participants in this study were
professional athletes with a total amount of 20–25 training hours per week, but the Ski-Mo
athletes were the youngest athlete category, with the fewest life time training hours and
less years of participation as an elite athlete. The main training focus in Ski-Mo athletes
is set on ET sessions, whereas ST sessions represent an essential part in Bia and NCC
athletes’ training schedule. These circumstances have to be taken into consideration while
investigating the progress of exercise-induced cardiac remodeling. Generally, a greater
wall thickness of the LV is observed in athletes focusing on ST, i.e., static aspects [44]. In
our cohort, these athletes are represented by the NCC and Bia athletes with greater wall
thickness than Ski-Mo athletes, while the Ski-Mo athletes show a tendency for eccentric
left ventricular wall remodeling due to the higher dynamic aspect of their training. These
results—especially proportionately larger LV walls—were firstly proposed and described by
Morganroth, but represent a quite common finding, even in our athletes [45]. These variable
circumstances have to be taken into consideration once again, while evaluating sport-
specific cardiac remodeling, mostly influenced by different aspects due to th the athlete’s
constitution and different training variables. Nevertheless, our analyzed participants
number is small, due to the fact that we only investigated athletes from the German
national teams competing at world-class events. Our study has a rather small sample size
which is restricted due to the limited spots on a national team. Consequently, drawing a
conclusion or reflecting our results for the general population being involved in Ski-Mo,
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Bia or NCC would be misleading. Furthermore, as mentioned in the limitations section
of our manuscript, an interobserver variability with respect to measurement acquirement
must be considered.

Sports-specific remodeling consisted of left heart dimension adaption [46], in a con-
centric remodeling of the LV. This emerging concentric hypertrophy might be an adaption
to sports-specific dynamic efforts in winter sports, but may also be a marker of a beginning
heart disease and a regular routine analysis might contribute to prevention of sudden
cardiac death in athletes. Our descriptive reporting of significant differences could be
proven for LV remodeling, represented as following by RWT and data of LV wall diameters.
These trends in data analysis have to be handled carefully due to the mentioned aspects of
small size, variable training schedule and physical differences as proven by BMI and BSA
inter-athlete differences. Nevertheless, these results show interesting tendencies, which
should be confirmed in future studies with a greater number of participants.

In this controversy of training-related cardiac adaption and functional remodeling
versus a beginning balanced cardiomyopathy in male endurance athletes, new insights
were provided by Utomi et al. [15]. The authors noted morphological features, above all
left heart remodeling, with enlarged left heart structures in male athletes in general.

In our study, LA remodeling was observed especially in NCC and Bia athletes. Our
evaluated parameter, LAVI, revealed in our small number of participants significantly
different results, which implies significantly higher values for the NCC and Bia athletes
compared to Ski-Mo athletes. These athletes are represented mainly as a homogenously
young and physically small group of male and women athletes. Therefore, our results have
to handled with care and can only serve as a description of structural cardiac remodeling of
world professional winter sport athletes. Nevertheless, LA remodeling has been described
as a typical characteristic in endurance athletes [46]. However, this common finding
in highly trained endurance athletes might contribute to the development of an atrial
cardiomyopathy, which is characterized by LA enlargement and fibrosis. There is some
evidence that an accumulation of lifetime training hours and participation in competitions
plays an important role for this development [25,47]. In this context, our results have to
handled with care due to the clinical presentation of our athletes, which have even an
increased risk for developing an atrial cardiomyopathy during their career and afterwards.
These findings might also suggest an atrial remodeling due to firstly structural LAVI as
well as secondly to functional remodeling, represented as LA passive and total emptying
fraction. Kasikcioglu et al. revealed positive correlations between VO 2max and LA passive
emptying fraction, which might contribute to improved exercise capacity in athletes and
improved cardiac output during exercise [48]. On the other hand, Klasnja et al. found a
mild association between measurement of resting left heart cardiac structure and function
and peak cardiac output performance, whereas the interpretation of the association should
be considered carefully, even in our presented data [49].

The functional remodeling of the LV can be evaluated using the peak early to late
diastolic filling ration (E/A ratio) and tissue doppler analysis (E/E′ratio). Higher values
are observed in athletes in comparison to non-athletes [50]. We found similar results in
our study, which is comparable to previously published data [15]. However, functional
remodeling is a controversially discussed topic, as the enhanced maximal cardiac output
could be a consequence of enhanced diastolic function on the one hand but is also influenced
by putative mechanisms such as volume preload or intrinsic relaxation conditions on the
other hand [51]. Our descriptive results emphasize the training-induced adaptations in
athletes, which support the thesis of a balanced cardiomyopathy that is supposed to be
physiological, but has to be judged with respect to the specific sport and the lifetime training
hours. A higher diastolic capacity of the LV might be explained by lower heart rates at rest,
improved hemodynamic effects and an increased vagal component in athletes [50].

Nevertheless, discussing the specific cardiac remodeling of the winter sport elite
athlete’s heart, it has to be stated clearly that the prognostic value of reported echocar-
diographic assessment is limited and does not provide sensitive results for at least two
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frequent conditions of sudden cardiac death in athlete’s heart. Firstly, coronary artery
anomalies and secondly the non-compaction cardiomyopathy of the LV cannot be sensi-
tively detected or ruled out by two-dimensional echocardiographic assessment. Therefore,
further cardiac imaging techniques, such as computer tomography or cardiac MRI should
be considered [52–54]. In this context, the cardiac MRI screening of Angelini et al. could
reveal 1.3% of young people to have high risk cardiovascular conditions, with a surprisingly
high value of unknown LV non-compaction cardiomyopathy in this cohort of adolescents.
These MRI-based screening protocols might pave the road to accurately identify potential
deadly cardiac abnormalities and prevent sudden cardiac death [52].

4.2. Global Longitudinal Strain (GLS) Analysis of the Athlete’s Left Ventricle in Winter
Sport Professionals

Echocardiographic two-dimensional speckle tracking is a modern method for identi-
fying subtle differences in the adaption of LV strain cardiac pattern or twist mechanism
of the LV in athletes [27]. The distinction between physiological adaption and inherited
or acquired HCM can be improved by using LV-GLS. In this context, normal LV-GLS is re-
ported between −18% and −25% in healthy individuals, whereas strain imaging in general
can reveal early changes and functional abnormalities in cardiac mechanics long before
structural damages can be detected [55–57]. In our study limited by the small number of
participating athletes, LV-GLS was slightly reduced in Ski-Mo—when compared to NCC
and Bia athletes. On the one hand, as mentioned above, Ski-Mo athletes are represented
mainly as a homogenously young and physically small group of male and female athletes
with less life time training hours compared to the career of the athletes in NCC and Bia. It
must be mentioned that our measurements are in the normal range of healthy subjects and
were adapted in the preseason preparation summer time. Further sport-season specific
echocardiographic follow-ups might be an interesting scientific research topic to evaluate
the reversal of echocardiographic strain rate in the context of training intensity and training-
related cardiac volume load. An interobserver variability might also finally contribute to
our reported slightly existing differences between the different winter sport professionals.
Nevertheless, our data confirm previous findings in which highly trained Olympic athletes
showed normal GLS and strain rate parameters of the LV with merely mild differences
compared with untrained controls [28]. On the other hand, different patterns of LV de-
formation mechanics were revealed early in young footballers [11,29]. In the end, subtle
physiological differences of LV strain pattern analysis have to be interpreted with respect to
the performed sport, as reported by Beaumont et al. [27]. In the end, our results emphasize
the training-induced adaptions in athlete’s heart and although an atrial cardiomyopathy
can not be stated clearly, there is evidence for an increased risk for degeneration from a
balanced physiological cardiomyopathy to a pathological entity within the lifetime of a
sports career. In this context, additional information might be provided by detection of
atrial fibrosis in the cardiac MRI.

4.3. Impact of Two Dimensional Echocardiography on Morpholgical and Functional Cardiac
Remodeling of the Athlete’s Right Heart

The right side of the heart in athletes has also received some interest in the past as
well as in the current scientific view. In a systematic review in athletes, Ascenzi et al. [58]
detected training-induced RV enlargement. However, RV dilatation is a common phe-
notypic expression and a differential diagnosis for ARVC. Therefore, the sports-specific
background needs to be taken into account in order to discriminate physiological adaption
from cardiomyopathies. As a limitation, we did not perform RV strain analysis in our study,
nevertheless this topic represents an interesting tool for functional right heart remodeling.
In this context, an improved RV apical strain in comparison to a decrease of RV strain in the
basal segments is described in athletes in various studies. The specific regional differences
within the RV are highlighted, with a broad variability among athletes and in terms of
training load [59–61]. Morphological right heart adaption in elite endurance athletes is
a common finding in several studies [50], and is reported to show greater right heart
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remodeling than in ST athletes and untrained controls [62]. Our elite winter sport athletes,
which are characterized by ET as a major component as well as speed- and ST units [63],
showed comparable results with age- and sex-matched normal data when investigating
the right heart echocardiographic parameters (RA and RV size, TAPSE). There was no
significant difference between our three elite winter sport professional athlete’s groups.
However, changes in the right heart are reported to be small and do not prohibit peak
performance [50]. Regarding all these different morphological parameters and influenc-
ing circumstancing facts, due to the small number of participants, different anatomical
athletes’ structure and training schedules, our findings can provide guidance for further
investigation with a greater number of participating athletes.

4.4. Limitations

Our study has several limitations as mentioned above in the discussion. First of all,
the number of professional winter sport athletes is relatively small which is due to the fact
that we only investigated high-level athletes from the German national teams competing at
world-class events. Secondly, Ski-Mo athletes were the youngest athlete category, implying
fewer lifetime training hours and showed a smaller physical constitution than NCC and
Bia athletes—these circumstances have to be taken into consideration, while evaluating
sport-specific cardiac remodeling and we agree that our paper should be likely regarded as
an interesting descriptive preliminary report. Furthermore, the echocardiographic analyses
of the participating athletes were performed in a multicenter study design, so that an
interobserver variability with respect to measurement acquirement must be considered on
the one hand. On the other hand, the mixture of young and experienced athletes especially
in the NCC and Bia athlete cohort entails an interindividual variability in relation to
anatomical habitus, lifetime training hours and training schedule variability, which might
contribute to a certain standard deviation in our measurements. Thirdly, the multicenter
measurement was performed in the preseason preparation time in summer. This condition
associated with individual training schedules might contribute to individual athlete’s heart
volume change and result in this difference. Our functional left ventricular analysis has
been focused on the LV-GLS and not on the circumferential strain analysis of the LV. No
specific strain analysis has been performed in the RV, which is an important limitation of
this study and might be performed in further investigations.

5. Conclusions

This is the first study to present data of world class winter sports athletes and mor-
phological and functional remodeling of the left heart.

Our results have to be handled with care due to the mentioned limitations and serve
as a preliminary report. Therefore, our results analysis—in general as well as in the gender-
specific subgroup—can identify physiological differences in functional and morphological
cardiac remodeling, especially due to LV-EF and LV mass index, LA remodeling as mea-
sured by LAVI, and differences in the speckle tracking analysis, focusing the LV-GLS.
Nevertheless, the individual morphological and secondary functional adaption of the
athlete’s heart have to be interpreted carefully due to the different types of sports and
lifetime training hours. From this aspect, future studies should consider a greater number
of participating athletes to verify the impact on sport-specific cardiac remodeling and to
further strengthen the evidence base.
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Abstract: The left and right atria serve as buffer chambers to control the flow of venous blood for
ventricular filling. If an atrium is absent, blood does not flow effectively into the ventricle, leading
to venous blood retention and low cardiac output. The importance of atrial function has become
increasingly recognized, because left atrial (LA) function contributes to cardiac performance, and loss
of LA function is associated with heart failure. LA volume change has been used for LA function
assessment in experimental and clinical studies. In conjunction with LA pressure, the LA pressure–
volume relationship provides a better understanding of LA mechanics. LA strain measurement by
speckle tracking echocardiography was introduced to evaluate three components of LA function as a
(booster) pump, reservoir and conduit. Furthermore, increasing evidence supports the theory that
LA reservoir strain has prognostic utility in various cardiac diseases. In this review, we summarize
LA contribution to maintain cardiac performance by evaluating LA function with echocardiography
according to our experiences and previous reports. Furthermore, we discuss LA dysfunction in
challenging cardiac diseases of cardiac amyloidosis and adult congenital heart disease.

Keywords: left atrial function; heart failure; pressure–volume loop; left atrial strain; atrial fibrillation;
cardiac amyloidosis; adult congenital heart disease

1. Introduction

The atria work as buffer chambers to receive blood from the venous system in a
controlled manner and to effectively deliver it to the ventricles. If an atrium is absent, the
ventricle carries a considerable hemodynamic burden to maintain cardiac performance.
Under such circumstances, preservation of cardiac output depends only on ventricular
systolic and diastolic function; otherwise, forward flow is unavoidably produced by an
increased pressure in the upper venous system. For example, when the pressure in the
pulmonary vein is elevated to force a forward flow into a failing left ventricle, patients
complain of heart failure symptoms, such as shortness of breath and dyspnea on exertion.
The scenario demonstrates the importance of the left atrial (LA) contribution to overall
cardiac function.

The left atrium contributes to cardiac performance through three components, func-
tioning as a (booster) pump, reservoir and conduit. LA pressure and volume change
instantaneously during the cardiac cycle. The resultant LA pressure–volume curve shows
a figure-eight configuration, which provides important information regarding LA active
and passive function.

Echocardiography was first used to assess LA size and function in clinical practice [1].
Two-dimensional (2D) echocardiography can be used to quantify LA size, and the LA
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volume index estimated by 2D echocardiography is a well-known diagnostic and prog-
nostic parameter in patients with heart failure [2,3]. In terms of LA functional assessment,
historically, Doppler echocardiography, particularly the pulmonary vein signal, is utilized
to understand LA pressure and function. As a screening tool, pulmonary vein flow is
relatively underused compared with transmitral flow to evaluate LA function; however,
the waveform of pulmonary vein flow enables assessment of the LA pump, reservoir and
conduit functions [4,5].

The importance of the atrial contribution to cardiac function has become increasingly
recognized in clinical practice. In this review, we summarize LA contribution to prevent
heart failure by evaluating LA function with echocardiography according to our experiences
and previous reports. Furthermore, we discuss LA dysfunction in challenging cardiac
disorders of cardiac amyloidosis and adult congenital heart disease (ACHD).

2. Basic Mechanics of the Left Atrium

The pressure–volume relationship is the gold standard for evaluating myocardial
work. Suga presented the concept of the pressure–volume loop area as a novel marker
of myocardial work in the left ventricle [6]. Russel, Smiseth, and colleagues developed a
noninvasive method to quantify left ventricular (LV) work from the pressure–strain loop
area using speckle tracking echocardiography [7].

Regarding the LA pressure–volume relationship, the loop typically has a figure-eight
pattern (Figure 1A), with the two loops consisting of the A- and V-loops [8]. The A-loop
rotates counterclockwise, which corresponds to LA active contraction and relaxation, while
the V-loop rotates clockwise, which corresponds to LA passive dilatation and emptying.

The A-loop area represents LA active function to maintain stroke volume and normal
LA pressure despite afterload increase [9]. Although an increase in afterload limits LV work,
augmentations of LA pump function (booster function) and LA active relaxation (early
reservoir function) immediately react as compensatory mechanisms to prevent ‘afterload
mismatch’ (Figure 1B). However, if atrial fibrillation (AF) is already present, heart failure
could develop, because the A-loop is absent due to atrial myopathy (Figure 1C) [8].

The V-loop represents LA passive function. The first half of the upsloping V-loop
occurs during the LV ejection period, and the slope begins at the time point of x-trough
pressure and ends at that of v-wave pressure. During the LV ejection period, LV myocardial
fiber shortens longitudinally, and in turn, the LA wall lengthens as a source of the LA late
reservoir function.

The second half of the downsloping V-loop begins at mitral valve opening. After the
mitral valve opens, the left atrium behaves as a conduit by producing forward blood flow
through LA elastic recoil as well as LV diastolic function. The left atrium reflects LV systolic
and diastolic function because of the anatomical continuity between the two chambers [10].

When we focus on LA reservoir function, the left atrium works as a reservoir to
maintain cardiac output. An experimental study elegantly revealed that LA reservoir
function was determined by LA relaxation, LV longitudinal shortening and LA stiffness [11].
In this phase, the LA pressure rises from the x-trough to v-wave pressure. Importantly, the
ratio of the pressure gradient from the x-trough to v-wave pressure to LA volume increase
is a surrogate of LA chamber stiffness (Figure 1D). The concept of the LA pressure–volume
relationship provides a better understanding of LA intrinsic function as well as LA passive
function supported mainly by adjacent LV work.

In this case, the slope connecting the x-trough pressure to the v-wave pressure on the
loop becomes steeper than that in other cases with a compliant left atrium (Figure 1A).
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Figure 1. Left atrial pressure–volume loop curve. (A) Normal left atrial pressure–volume loop
consisting of A- and V-loops. The A-loop is produced by LA contraction (booster pump function) and
relaxation (early reservoir function), while the V-loop is produced by LA dilatation (late reservoir
function) and emptying (conduit function). LA pressure includes the x-trough and v-wave pressures,
and the slope connecting the two pressure points (dotted line) on the loop is defined as the LA
stiffness index. (B) During afterload increase. When systolic blood pressure increases from 120 to
180 mmHg for instance, left ventricular (LV) systolic and diastolic function worsen due to afterload
increase. The A-loop area immediately enlarges to pressure-overloaded LV dysfunction, resulting in
the maintenance of stroke volume without a critical elevation in LA pressure. (C) Atrial fibrillation
occurrence. Atrial fibrillation promotes atrial myopathy, resulting in LA dilatation, functional
impairment and perhaps elevated mean LA pressure. The A-loop disappears during atrial fibrillation,
and it mainly depends on ventricular function to maintain cardiac performance. (D) Left atrial
stiffening. The pressure–volume loop in a case of cardiac amyloidosis. Abnormal amyloid proteins
deposit into the myocardial wall, including the left atrium. LA, left atrial; LV, left ventricular.

3. Atrial Function in Cardiovascular Diseases

It is recognized that LA function is important to prevent heart failure, particularly if
LV function deteriorates. In cases with LV dysfunction, LA dilatation during ventricular
systole, which is one of the components of LA ‘reservoir function’, is limited due to reduced
LV longitudinal systolic shortening. Suga reported that LA reservoir function was an
important determinant of cardiac output [12]. Thus, heart failure could develop unless a
compensatory mechanism operates. Under the circumstances, the left atrium immediately
responds by operating its intrinsic ‘pump function’ to expand a diseased left ventricle and
maintain normal cardiac output via the Frank–Starling mechanism [13]. The augmented
LA pump function is also linked with enhanced LA relaxation, thus effectively pulling
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blood from the pulmonary vein to the left atrium [14]. The occurrence of AF is directly
associated with an increased incidence of heart failure, especially in patients with LV
dysfunction [15,16]. Ablation of the AF is effective to obtain LA reverse remodeling and is
expected to reduce the occurrence of heart failure.

LA dilatation is a marker of chronicity of LV diastolic dysfunction. An LA volume
index (LAVi) >34 mL/m2 is an important parameter in estimating LV filling pressure [2].
Meanwhile, AF itself promotes LA dilatation irrespective of LV filling pressure. LA enlarge-
ment coexists with LA functional impairment.

LA strain by speckle tracking echocardiography (STE) can be used to evaluate LA
function. The EACVI/ASE/Industry Task Force provides standardization of LA strain
measurement for clinical and scientific purposes [17]. For the measurement, the Task Force
recommends that the zero-strain reference for LA strain curves should be end-diastole, as
shown Figure 2. The LA strain curve has two positive peaks corresponding to LA reservoir
and pump functions.

Figure 2. Calculation of left atrial strain. LA strain can be analyzed from a non-foreshortened apical
four-chamber view. The zero-strain reference is set at end-diastole according to the recommendation
by Badano et al. [17], enabling one to obtain LA strain value even in patients with atrial fibrillation.
LA reservoir strain (LASr) is calculated as difference between end-diastole and onset of early LV
filling, while LA pump strain (LASp) as difference between onset of atrial contraction and onset of
late LV filling. LA, left atrial, LV, left ventricular.

LA functional assessment is emerging to diagnose and predict heart failure in patients
with underlying heart diseases. We recently collaborated to conduct a multicenter study
of 322 patients with cardiovascular disease of different etiologies [18], resulting that LA
reservoir strain < 18% and LA pump strain < 8% predicted elevated LV filling pressure
better (p < 0.05) than LA volume [18]. Furthermore, LA pump strain > 14% identified
normal LV filling pressure with 92% accuracy in patients with preserved LV ejection
fraction. These results suggest that LA reservoir strain is an alternative marker to LA
volume index for identifying elevated LV filling pressure. In addition, a preservation of LA
pump strain indicates LA compensation to maintain normal LV filling pressure in patients
with underlying cardiac diseases.

As LA remodeling progresses, LA stiffness increases. The assessment of LA stiffness
has been studied from the LA pressure–volume relationship, as mentioned above. Reddy
Y et al. reported that LA stiffness progressively increased with LV diastolic dysfunction
and AF burden, leading to poor outcomes in patients with heart failure with preserved LV
ejection fraction [19]. Cardiac amyloidosis is also a representative cardiac disease with stiff
LA syndrome. When we visually focus on LA behavior by echocardiography, LA dilatation

39



J. Cardiovasc. Dev. Dis. 2022, 9, 68

is somewhat restricted at the LA reservoir phase in patients with cardiac amyloidosis. This
is due to amyloid infiltration in the LA wall leading to progressive loss of atrial function
and increased stiffness [20].

In contrast to the left atrium, right atrial (RA) structure and function are not routinely
evaluated with echocardiography in clinical practice. In adult congenital heart disease
(ACHD), over time, the right-sided heart is often more diseased rather than the left-sided
heart. Patients with ACHD suffer from right-sided heart failure presenting as anasarca,
ascites and general fatigue. Right ventricular (RV) dilatation is usually observed, and
echocardiography enables the estimation of RV size as well as function. The right atrium is
also dilated concomitantly with RV remodeling, although the assessment of RA structure
and function is less studied in patients with ACHD. Furthermore, the prevalence of AF
is rising precipitously with the increase in the aging population, and the right atrium is
progressively remodeled. The success rate of AF ablation is unsatisfactory in patients with
ACHD with complex cardiac structure and previous surgery.

4. Left Atrial Structure and Function in Atrial Fibrillation

Atrial fibrillation is the most common arrhythmia, and the number of patients with AF
has been increasing gradually and steadily worldwide [21,22]. The increasing incidence of
AF has contributed to rising health care costs because of the association of AF with stroke,
heart failure, and overall mortality [21–23]. Therefore, better preventive and therapeutic
steps for the management of this arrhythmia are needed. AF initiates self-perpetuating
changes in the structural, functional, and electrophysiological properties of the atrium
and promotes atrial remodeling (AF begets AF) [24]. LA structural and functional cardiac
abnormalities, including chamber dilatation and systolic/diastolic dysfunction, are all
potential risk factors for AF [25–29]. Furthermore, LA structural and electrophysiological
remodeling are key markers for risk stratification in patients with AF [1,26–28,30–34].

Considerable evidence exists regarding the usefulness of echocardiographic LA struc-
tural and functional parameters for risk stratification (stroke, heart failure, and overall
mortality) in patients with AF. In particular, LAVi is a well-established parameter for
risk stratification of cardiovascular events and recurrence of catheter ablation (CA) for
AF. Osranek et al. reported the results of very long-term follow-up (median 27 years) of
46 patients with well-documented, clinically defined, lone AF [32]. They revealed that
patients with large LA volume (LAVi ≥ 32 mL/m2) at baseline had a significantly worse
event-free survival after adjustment for age and clinical risk factors (adjusted HR, 4.46).
In a systematic review and meta-analysis, Njoku et al. assessed whether LA volume
was an independent predictor of AF recurrence following CA, and found that patients
with AF recurrence following CA had a higher mean LA volume/LAVi compared with
patients with no recurrence [31]. In contrast, many studies have revealed a reduction in
LA enlargement after restoration of sinus rhythm by CA (reverse remodeling), and LA
reverse remodeling was thought to be a marker for better outcomes (lower recurrence
rate) of CA for AF [33,35–39]. In our recent work, we investigated whether the degree
of LA volumetric reverse remodeling was associated with long-term outcomes (AF-free
survival) after initial CA for AF in 140 patients with LA enlargement (LAVi ≥ 34 mL/m2) at
baseline [33]. We found that more than half of the patients (54%) had a normal LA volume
(LAVi < 34 mL/m2) at 1 year follow-up after CA, and those patients had better long-term
outcomes (lower recurrence rate) after CA than patients who did not have a normal LA
volume. Recent guidelines report the normal ranges and severity partition cutoffs of LA
volume abnormality assessed by echocardiography [40]; an LAVi of 34 mL/m2 can be used
as a clear cut-off for risk stratification in a variety of clinical settings in patients with AF.

LA strain assessed by STE can detect early impairment of LA function, such as re-
duced LA reservoir and (booster) pump function [41,42]. Kuppahally et al. carried out a
validation study on the relationship between LA strain and cardiac magnetic resonance
and revealed that LA strain was inversely associated with LA fibrosis [43]. Moreover, STE
can accurately assess regional myocardial function; thus, LA strain assessed by STE may
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also be used to evaluate disturbances in the timing of LA contraction (as a LA mechanical
dispersion) (Figure 3), which reflect the presence of atrial fibrosis and electrophysiologi-
cal disorders [44,45]. Watanabe et al. demonstrated that LA mechanical dispersion was
increased significantly in patients with low-voltage zones evaluated by electro-anatomical
mapping, and the severity of LA dispersion was related to the LA conduction delay in
patients undergoing CA for AF [44]. These findings support the conclusion that STE can be
a useful tool for evaluation of LA remodeling. Indeed, recent studies demonstrated that
LA strain, mainly LA reservoir strain, can be a useful marker for risk stratification of AF in
a variety of cardiac conditions [46–55], and can also provide incremental diagnostic and
therapeutic value for AF management over LA enlargement [46–48,51]. Furthermore, LA
dispersion is greater in patients with AF than in healthy individuals [56–59], and increases
in proportion to the duration of AF [56]. LA dispersion predicts progression from parox-
ysmal to persistent AF [60]. In a community-based study, Kawakami et al. revealed that
LA function and dispersion obtained from STE provided incremental information on LA
volume and function in the prediction of new-onset AF [61]. LA strain assessed by STE has
been also useful in predicting outcomes of AF treatment, including defibrillation and CA.
From a functional point of view, LA reservoir strain calculated by STE is considered one of
the strongest predictors of AF recurrence [53,55,62]. A recent meta-analysis proved that
LA reservoir strain was strongly associated with recurrence of AF after adjusting for age,
gender, AF duration, and LA volume, with an excellent predictive value (area under the
receiver operating curve of 0.80) [62]. Assessment of LA dispersion using STE may also
forecast recurrence after CA for AF. Sarvari et al. evaluated the association of LA dispersion
with recurrence after CA for AF in patients with normal LV function and without severe
LA enlargement, and demonstrated that LA dispersion was more pronounced in patients
with recurrence of AF after CA compared with those without recurrence, and it predicted
AF recurrence after adjustment for age, LA volume, e’, and LA function [63]. Although
CA is an effective therapy for AF, CA can lead to injury to the atrial myocardium and im-
pairments in neurohormonal functions, leading to “stiff LA syndrome” [64,65]. Therefore,
evaluating LA volumetric and functional changes is important after CA for AF, especially
in patients with long-standing persistent AF and heart failure. Moreover, reduced LA
function and dispersed LA contraction pattern assessed by STE can also contribute to the
risk stratification of stroke events in patients with AF [66,67]. Obokata et al. reported that
LA strain had an incremental advantage over the CHA2DS2-VASc score for predicting the
risk of stroke in patients with AF [66]. The greatest advantage of LA strain is the ability to
detect early LA function and asynchrony in patients without LA enlargement [51,57,61,63].

 

Figure 3. Calculation of left atrial dispersion. LA dispersion is defined as the standard deviation of
the time to peak positive strain corrected by the R-R interval (%). White arrows indicate contraction
durations defined as the time from the R wave on the electrocardiogram to the maximal time of
positive deformation in each LA segment. LA, left atrial.
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5. Left Atrial Function in Cardiac Amyloidosis

Cardiac amyloidosis is characterized by extracellular amyloid infiltration in the left
ventricle, resulting in a restrictive pathophysiology. Amyloid deposition in the left ventricle
causes LV wall thickening and increased ventricular filling pressure, which lead to LV
diastolic dysfunction. It has also been reported that amyloid is pathologically deposited not
only in the left ventricle, but also in the left atrium. The left atrium in cardiac amyloidosis
is hemodynamically impaired similarly to the left ventricle. Amyloid infiltration into the
LA wall causes it to thicken and stiffen, increasing its size and impairing its ejection force
and strain [68]. By observing and evaluating LA behavior, we can learn much about the
pathophysiology of cardiac amyloidosis.

Echocardiography is a key imaging modality in diagnosing cardiac amyloidosis. LA
dimension or volume is a simple parameter, which indicates a chronic elevation of LA
pressure. However, LA size is insufficient to obtain detailed information about LA func-
tion. Several studies with STE demonstrated that LA systolic contraction, reservoir and
conduit functions were impaired in cardiac amyloidosis [69,70]. Recently, Bandera and
colleagues [20] reported substantial impairment of the three phasic functional atrial compo-
nents (median reservoir strain 8.9%, conduit strain 6.5%, pump strain 4.0%) evaluated by
STE. Furthermore, they demonstrated that patients with amyloidosis with sinus rhythm
whose atrial contraction was absent had a poorer prognosis compared with those with
sinus rhythm and effective mechanical contraction.

Since the ATTR-ACT study [71], which showed that treatment with tafamidis im-
proved the prognosis of cardiac amyloidosis, early diagnosis and phenotyping of cardiac
amyloidosis has become more important. Amyloidosis is a disease characterized by LV
hypertrophy, but it is often difficult to differentiate from other diseases presenting with LV
hypertrophy, such as hypertrophic cardiomyopathy, hypertensive heart disease, and ath-
lete’s heart. In cardiac amyloidosis, the characteristic regional differences in LV longitudinal
strain from cardiac base to apex are useful in differentiating the diseases. LV longitudinal
strain is preserved at the apex and reduced significantly at the mid and basal segments.
This strain pattern with STE is called ‘apical sparing’ and is specific to cardiac amyloido-
sis [72–74]. Regarding the left atrium in cardiac amyloidosis, Rausch et al. [75] reported
that LA strain parameters at three phases were significantly reduced in the amyloidosis
cohort compared to the hypertensive heart disease cohort. A reservoir strain cut-off value
of 20% was 86% sensitive and 89% specific for detecting cardiac amyloidosis compared to
hypertensive heart disease in their analysis.

Recently, we demonstrated the usefulness of visual assessment of the left atrium to
differentiate cardiac amyloidosis from hypertrophic cardiomyopathy [76]. As shown in
Figure 4, we classified the LA dilatation motion into three grades (preserved: grade 1,
abnormal: grade 2, and restricted: grade 3) based on the apical four-chamber view and
defined it as the LA dilatation grade (Inoue grade). Among 127 subjects, all 57 (45%) who
presented with Inoue grade 1 had hypertrophic cardiomyopathy. In contrast, 28 patients
(22%) were classified as Inoue grade 3, 20 of whom had cardiac amyloidosis. Thus, patients
with cardiac amyloidosis had a higher Inoue grade than those with hypertrophic cardiomy-
opathy (p < 0.01). This diagnostic parameter is not only an indicator for the diagnosis of
cardiac amyloidosis, but also a predictor of prognosis.

Impaired LA function in cardiac amyloidosis leads to decreased cardiac output and
the development of heart failure. Another problem related to the clinical course of car-
diac amyloidosis is the high incidence of arrhythmias. In particular, AF is commonly
encountered and is the most troublesome arrhythmia in this condition. Donnellan et al.
reported that AF occurred in 265 (69%) of 383 patients with amyloidosis in a retrospec-
tive cohort study [77]. They also identified risk factors associated with the development
of AF, including older age, advanced cardiac amyloidosis stage, and higher LA volume
index. AF can also cause cardiogenic stroke due to thrombus formation in the left atrium
(mainly in the LA appendage). In general, a thrombus is unlikely to form in the left atrium
when sinus rhythm is maintained, but in cardiac amyloidosis, thrombus formation can
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occur even in sinus rhythm. Martinez-Naharro et al. [78] reported that the prevalence of
intracardiac thrombi was 6.2% in 324 patients with cardiac amyloidosis (256 males, 79%;
71 ± 11 years of age). Of the 20 patients with intracardiac thrombi, 13 had AF, and seven
had sinus rhythm. All patients with AF and intracardiac thrombi were receiving long-term
anticoagulation therapy. Therefore, cardiac amyloidosis is a disease that requires careful
attention to thromboembolic events, even in patients with normal sinus rhythm or receiving
anticoagulation therapy.

Figure 4. Visual assessment (grading) of left atrial reservoir function. (A) A case of hypertrophic
cardiomyopathy. (B,C) Two cases of cardiac amyloidosis. The upper panel in each case is a frame
when the LA size is minimized, while the lower panel is a frame when the LA size is maximized. In
a patient with hypertrophic cardiomyopathy, the LA dilatation grade (Inoue grade) was preserved
(A). In contrast, two patients with cardiac amyloidosis showed abnormal (B) and restricted (C) LA
dilatation, indicating LA stiffening. LA, left atrial.

Echocardiography has the potential to enable early diagnosis of cardiac amyloido-
sis. By focusing not only on the left ventricle, but also on the left atrium, we can better
understand the cardiac pathology and provide appropriate treatment for patients with
cardiac amyloidosis.

6. Atrial Structure and Function in Adult Congenital Heart Disease

The diagnosis and management of congenital heart disease (CHD) has been a major
success story of modern medicine. More than 90% of children with CHD survive into
adulthood, and the number of adults with congenital heart disease (i.e., ACHD) is increas-
ing [79]. It is recognized that CHD is associated with lifelong comorbidity that impacts
health services utilization and costs. In particular, heart failure (HF) is a serious problem
affecting 20–50% of the ACHD population [80]. Diastolic dysfunction correlates with poor
prognosis in various forms of ACHD [81]. In adult acquired heart disease, the assessment
of LA function has recently emerged as a powerful parameter of diastolic dysfunction [82].
Although the application of these LA functional assessments to patients with ACHD re-
mains questionable, this knowledge should be actively pursued. The application of these
LA functional assessments to patients with ACHD remains questionable. We will focus on
“Atrial septal defect” and “Fontan Palliation”, two common forms of ACHD, and review
the current understanding of the assessment of atrial structure and function in ACHD.
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6.1. Atrial Septal Defect

Traditionally, an atrial septal defect (ASD) has been repaired surgically. Recently,
however, percutaneous transcatheter device occlusion has been used. A previous report
showed that there was more significant intra-atrial systolic dyssynchrony with device
closure than with surgical closure in strain imaging, suggesting that the bulky device
impairs synchronous contraction [83]. In addition, at long-term follow-up, LA reservoir,
conduit, and contraction functions were reduced in the device closure group compared
with the healthy control group, but there was no difference in these functions in the surgical
closure group. These data after ASD treatment suggest that device closure negatively affects
LA function [84]. Although it has been reported that the annual incidence of new-onset
AF in patients with ASD after device closure was 4.1% [85], the prognostic impact of the
reduced LA function remains unknown, and further evidence must be accumulated. On the
other hand, a study investigating pre-procedural risk factors for paroxysmal AF occurring
after ASD device closure found that the combination of the standard deviations of RA time
to peak strain, a marker of RA dyssynchrony, and the RA expansion index, a marker of RA
reservoir function, provided a stronger estimate of paroxysmal AF independently of LA
dysfunction [86]. These findings highlight the importance of understanding both LA and
RA function in predicting the prognosis of patients with ASD.

Although rare, RA dysfunction due to impaired RV dilatation can lead to a right-to-left
shunt via ASD. A case report described a patient who underwent pulmonary valvulo-
plasty for pulmonary stenosis with RV hypertrophy and developed a right-to-left shunt via
ASD [87]. STE indicated an impaired reservoir function of the RA with a slight increase in
booster function. However, STE analysis is not always possible due to difficulty in visualiz-
ing the free wall of the RA. In a case with a residual leak after ASD device implantation,
RA dysfunction caused a right-to-left shunt (Figure 5A). In this case, STE analysis was
difficult, but the enlarged RA area and decreased RA fractional area change suggested RA
dysfunction (Figure 5B) [88].

Figure 5. Cont.
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Figure 5. Atrial function in atrial septal defect and Fontan palliation. (A) TEE showing a right-to-left
(R-L) shunt from a residual leak after ASD device closure with RA dysfunction. (B) Four-chamber
views of end-systole (RAA max) and end-diastole (RAA min). The decreased RA fractional area
change (FAC) suggests RA dysfunction. (C) Illustration of the Fontan circulation and the process of
impairment of systemic ventricular relaxation after Fontan palliation. (D) Transmitral Doppler early
diastolic (E-wave) and late diastolic (A-wave) velocities in a control subject, and the SV peak E-wave
and A-wave inflow velocities in a patient with Fontan palliation (EC-TCPC). (E) Representative atrial
strain curves in a patient with Fontan palliation (EC-TCPC) and a control subject. Peak negative
(red arrow) and positive (white arrow) atrial strain are noted. TEE, transesophageal echocardiogra-
phy; ASD, atrial septal defect; RA, right atrial; RAA, right atrial area; EC-TCPC, extracardiac total
cavopulmonary connection.

6.2. Fontan Palliation

Fontan [89] reported successful performance of a right-sided cardiac bypass in pa-
tients with a functional single ventricle (SV) for the first time in 1971. Since then, with
modifications in operative techniques and postoperative management, early survival has
improved [90–92]. However, little has been investigated regarding atrial function late after
the Fontan palliation.

By separating the pulmonary and systemic circulations, the Fontan palliation imposes
an acute preload reduction on a previously volume-loaded ventricle. After the Fontan
palliation [93,94], an increased mass/volume ratio and acquired hypertrophy of the ventri-
cles occur, with concomitant impairment of systemic ventricular relaxation (Figure 5C). A
persistent late impairment of isovolumic relaxation time and diminishing SV peak early
diastolic velocity compared to controls have also been reported [95], suggesting a trend
towards reduced ventricular compliance. In a previous study, the SV peak early diastolic
(E-wave) was decreased, and the late diastole (A-wave) inflow velocity was increased
compared with that in healthy subjects [96] (Figure 5D). This reliance on increased atrial
contractility may be a response to the elevated ventricular end-diastolic pressures after the
Fontan palliation. These findings were demonstrated in STE-based studies [96,97]. The SV
atrial deformation parameters were significantly altered compared with healthy subjects,
with markedly impaired conduit strain, reduced reservoir strain, and increased reliance
on active strain for ventricular filling (Figure 5E). These differences may have important
implications for their long-term outcomes; further studies are needed to clarify the role of
atrial function in SV cardiac performance.

7. Conclusions

According to recent developments in diagnostic, therapeutic and preventive medicine,
the survival rate has improved in patients with heart failure. However, the number of
individuals with heart failure is increasing, because cardiac structural and functional
remodeling still exists despite medical and interventional therapies. Atrial enlargement
and dysfunction indicate a history of hemodynamic burden and disease severity. The
assessment of atrial structure and function by echocardiography enables an understanding
of the underlying risk of heart failure, thus promoting early preventive and therapeutic
interventions to decrease heart failure occurrence.
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Abstract: More than half of patients with heart failure have a preserved ejection fraction (HFpEF).
The prevalence of HFpEF has been increasing worldwide and is expected to increase further, making
it an important health-care problem. The diagnosis of HFpEF is straightforward in the presence
of obvious objective signs of congestion; however, it is challenging in patients presenting with a
low degree of congestion because abnormal elevation in intracardiac pressures may occur only
during physiological stress conditions, such as during exercise. On the basis of this hemodynamic
background, current consensus guidelines have emphasized the importance of exercise stress testing
to reveal abnormalities during exercise, and exercise stress echocardiography (i.e., diastolic stress
echocardiography) may be used as an initial diagnostic approach to HFpEF owing to its noninvasive
nature and wide availability. However, evidence supporting the use of this method remains limited
and many knowledge gaps exist with respect to diastolic stress echocardiography. This review sum-
marizes the current understanding of the use of diastolic stress echocardiography in the diagnostic
evaluation of HFpEF and discusses its strengths and limitations to encourage future studies on
this subject.

Keywords: diagnosis; expired gas analysis; heart failure with preserved ejection fraction

1. Introduction

The burden of heart failure (HF) is increasing worldwide, and more than half of
patients with HF have a preserved left ventricular (LV) ejection fraction (HFpEF) [1].
Owing to aging populations and the increasing prevalence of metabolic comorbidities,
such as obesity, metabolic syndrome, and diabetes mellitus, the prevalence and incidence
of HFpEF relative to HF with reduced ejection fraction (HFrEF) is expected to increase
further [2]. The limited treatment options for HFpEF and the increasing burden of this
disease result in a substantial unmet clinical need in the modern era.

In contrast to HFrEF, the diagnosis of HFpEF is challenging because patients have a
normal ejection fraction. In addition, many patients have normal hemodynamics at rest and
show abnormal hemodynamic responses only during exercise [1,3]. Accumulating evidence
has demonstrated the utility of exercise stress testing (exercise stress echocardiography
or invasive hemodynamic exercise testing) in revealing diastolic reserve limitation and,
subsequently, elevation in LV filling pressures during exercise. As a result, exercise stress
testing has been increasingly recommended for the diagnostic evaluation of HFpEF [4–9].
For this purpose, exercise stress echocardiography (i.e., diastolic stress echocardiography)
plays a central role in clinical practice owing to its noninvasive nature and wide availabil-
ity [4]. However, evidence supporting the use of this method remains limited and many
knowledge gaps remain. In this review, we will summarize the current understanding of
the use of diastolic stress echocardiography for the diagnosis of HFpEF, highlighting its
strengths and limitations.
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2. Pathophysiological Background Supporting the Importance of Exercise Stress
Echocardiography for the Diagnosis of HFpEF

The diagnosis of HFrEF is straightforward and requires the detection of a decreased
ejection fraction on echocardiography in patients with symptoms of HF (e.g., dyspnea,
peripheral edema, and jugular venous distention). In contrast, HFpEF is more difficult to
evaluate because the patients’ LV ejection fraction is preserved, making it difficult to distin-
guish HFpEF from other disorders presenting with HF-like symptoms (e.g., pulmonary
diseases) [3,10,11]. In such cases, the diagnosis relies on objective evidence of congestion or
elevated LV filling pressures [10], including the detection of pulmonary congestion on chest
radiography or computed tomography, high natriuretic peptide levels, echocardiographic
signs of LV diastolic dysfunction, or abnormal central hemodynamics directly measured
through cardiac catheterization. Nevertheless, the diagnosis of HFpEF is not simple be-
cause many patients, especially those with no or a low degree of congestion, have normal
LV filling pressures at rest [4,12]. Thus, the methods for identifying HFpEF among euv-
olemic patients have poor sensitivity (~60%), even during right heart catheterization, when
performed at rest [4]. In patients with HFpEF, intracardiac pressures dramatically increase
during the stress of exercise [4,13–17]. On the basis of this hemodynamic background, the
ability of exercise stress echocardiography to reveal abnormalities that develop only during
stress has been receiving increasing attention [4,8,18,19].

3. Exercise Echocardiography Methods

3.1. Clinical Indications

Diastolic stress echocardiography is indicated in patients who are suspected of having
HFpEF based on clinical history, symptoms, or physical findings but had no clear evidence
of elevated filling pressures from assessments performed at rest, such as echocardiography
or measurement of natriuretic peptide levels [3,4,10,20]. Patients with apparent congestion
or abnormal findings indicative of elevated LV filling pressures (e.g., high left atrial pres-
sure according to the European Association of Cardiovascular Imaging [EACVI]/American
Society of Echocardiography [ASE] algorithm) do not need to be referred for exercise testing
because of a sufficiently high pretest probability. Meanwhile, diastolic stress echocardio-
graphy should not be performed in patients with no features of HFpEF because even a
positive exercise test does not increase the post-test probability of definitively diagnosing
HFpEF (as, theoretically, the positive predictive value depends on disease prevalence) [21].
Therefore, diastolic stress echocardiography is most useful in patients with an intermediate
pretest probability for HFpEF.

Two scoring systems are available for estimating the pretest probability of HFpEF: the
H2FPEF and HFA-PEFF scores [8,22]. The H2FPEF score is a weighted composite score of
four clinical factors (obesity, two or more antihypertensive medications, atrial fibrillation,
and age > 60 years) and two echocardiographic parameters (ratio of early diastolic mitral
inflow velocity to mitral annular tissue velocity [E/e′ ratio] > 9 and estimated pulmonary
artery systolic pressure > 35 mmHg), ranging from 0 to 9 points [22]. The HFA-PEFF
score is a consensus-based algorithm proposed by the Heart Failure Association (HFA) of
the European Society of Cardiology (ESC) that is composed of three domains (functional,
morphological, and natriuretic peptide domains) and ranges from 0 to 6 points [8]. Patients
with an intermediate pretest probability based on these metrics (H2FPEF score of 2–5 points
or HFA-PEFF score of 2–4 points) are indicated for diastolic stress echocardiography to
refine the diagnosis of HFpEF [23]. Studies have also demonstrated that both scores predict
reduced exercise capacity and clinical outcomes in patients with HFpEF [19,24–27].

3.2. Exercise Stress Methods

Exercise requires integrated physiologic responses in the cardiovascular system, in-
cluding biventricular contractility, lusitropic effect, chronotropic response, systemic and
pulmonary vasodilation, and venous return, involving the central and peripheral nervous
systems, lungs, coronary circulation, and skeletal muscle [16,28–30]. Patients with HF-
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pEF may develop abnormalities in several of these components, leading to symptoms of
dyspnea and exercise intolerance [15–17,31]. When a patient is able to exercise, dynamic
exercise (e.g., treadmill or bicycle ergometer testing) should be selected because it can cause
physiologic stress to the cardiovascular system [7]. Isometric exercise (sustained isomet-
ric handgrip exercise) can be performed in some patients to produce afterload-mediated
stress [32–34]. A preload stress test through passive leg raises or the leg-positive pressure
maneuver might also represent a non-exercise test to reveal LV diastolic dysfunction [35,36].
However, multiple abnormalities contribute to LV diastolic dysfunction and elevated LV
filling pressures in HFpEF [15–17,31]. Therefore, the use of handgrip exercises or a preload
stress test is less likely to be an alternative to dynamic exercise because it only partially
stresses the cardiovascular system (i.e., handgrip exercise does not considerably affect the
heart rate, preload, or venous return) [5,37].

Supine bicycle stress echocardiography is the recommended modality for diastolic
stress echocardiography, as it has important advantages over treadmill exercise, as fol-
lows [7,8,38]: it allows continuous image acquisition throughout the test rather than only
immediately post-exercise; it uses the semi-left lateral decubitus position, which facilitates
the acquisition of images during exercise; and it has a much lower risk of falling down than
treadmill exercise. However, as most physical activities in daily living are performed in an
upright position, upright bicycle ergometer exercise is likely to produce more physiological
stress than supine bicycle exercise if diagnostic-quality images can be obtained during
exercise [39,40]. Notably, because the exercise position can affect central hemodynamics,
the results must be interpreted with caution [41]. An increase in LV filling pressures may
be more prominent owing to greater preload augmentation in the supine position than in
the upright position [4,39,40,42].

3.3. Stress Protocols, Image Acquisition, and Targeted Parameters

No universally adopted protocols exist for diastolic stress echocardiography. The
EACVI/ASE guidelines recommend a multistage protocol, starting at 25 watts (W) at a
60 rpm cadence with the load increasing by 25 W every 3 min until peak exercise [7,20].
Other researchers have proposed a ramp stress protocol, starting at 15 W with 5 W incre-
ments every minute to a submaximal target heart rate of 100–110 bpm. During supine
bicycle exercise echocardiography, echocardiographic images should be obtained at base-
line, at each stage of exercise, and during the early recovery phase [7]. The advantage of
image acquisition is the chance to determine the E/e′ ratio before the fusion of the mitral E
and A velocities (Figure 1).

The EACVI/ASE guidelines recommend measuring the transmitral flow velocities,
mitral annular tissue velocities, and tricuspid regurgitant velocity (TRV) to detect abnormal
LV diastolic function reserve and the resulting increase in LV filling pressures [7,20]. The
E/e′ ratio plays a key role in estimating LV filling pressures during exercise stress echocar-
diography [7,20]. A simultaneous catheterization–echocardiography study demonstrated
a moderate correlation between the E/e′ ratio and invasively measured pulmonary cap-
illary wedge pressure (PCWP) during exercise (r = 0.54–0.58) [4], although some studies
raised questions about the ability of the E/e′ ratio to indicate changes in LV filling pres-
sures [43–45]. The most common diagnostic limitation is the inability to evaluate the E/e′
ratio when the diastolic velocities are fused during high heart rates [4]. The EACVI/ASE
guidelines recommend the acquisition of images during the submaximal phase before the
fusion of the mitral E and A velocities (heart rate, 100–110 bpm) or during the early recovery
period [7]. Previous studies using exercise right heart catheterization have consistently
shown that an abnormal increase in left-side filling pressure occurs early during submaxi-
mal (20-W) exercise in patients with HFpEF [4,5,16,46,47]. This observation may support
the utility of E/e′ ratio measurement during submaximal supine exercise in diagnosing
HFpEF [4]; however, further studies are required to determine the diagnostic value of
the E/e′ ratio during submaximal exercise, ideally using simultaneous invasive exercise
hemodynamic testing. Conversely, PCWP may rapidly return to baseline levels early in
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the recovery phase even in patients with HFpEF (1 min post-exercise) [5]. Thus, PCWP
may be normal when the E and A waves are no longer fused (Figure 1). It is also important
to remember that E/e′ ratio cannot be applied to patients with specific diseases, such as
mitral stenosis, severe mitral regurgitation, mitral annular calcification, mitral valve repair,
or a prosthetic mitral valve, or in the presence of regional wall motion abnormalities [48].

Figure 1. Changes in the transmitral inflow profile at rest and throughout exercise in a patient with
heart failure and preserved ejection fraction. During peak exercise (80 watts), the transmitral E and
A waves were indistinguishable owing to fusion. Continuous image acquisition allowed for the
identification of an E wave of 100 cm/s at 60–watt exercise, and the E/e′ ratio at this stage was
elevated (E/e′ ratio, 15.5). Invasive exercise right heart catheterization revealed that the pulmonary
capillary wedge pressure (PCWP) was normal at rest (9 mmHg); however, it increased to 26 mmHg
during peak exercise (80 watts). Although the E and A waves were no longer fused in the early
recovery phase, the E/e′ ratio was 12.9. The invasively measured PCWP decreased to 19 mmHg
(<25 mmHg) at 1 min post–exercise. HR, heart rate.

Pulmonary hypertension (PH) in HF is primarily caused by a passive elevation in
downstream LV filling pressures [49]. Thus, the assessment of PH during diastolic stress
echocardiography is important to evaluate the severity of increases in LV filling pressures
during the stress of exercise, and this can be achieved by measuring the TRV [7,8,20]. An
isolated increase in the TRV during exercise is insufficient to diagnose HFpEF because it
may be secondary to pulmonary vascular disease (pre-capillary component) or high cardiac
output (CO). The presence of a concomitant increase in the TRV and E/e′ ratio can increase
the probability of elevated LV filling pressures [8,50,51]. Importantly, exercise-induced
PH predicts poor clinical outcomes in patients with HFpEF [52,53]. The current practice
in assessing PH during exercise relies on TRV alone rather than the combination of TRV
and right atrial pressure (RAP) [7,8,20,54]. This may be related to the technical difficulty
in imaging the inferior vena cava during exercise; however, the exclusion of RAP leads
to a serious underestimation of the severity of PH during exercise in some patients in
whom RAP may increase dramatically (~40 mmHg) [14,15,17,55]. Prior studies reported
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a close relationship between RAP and peripheral venous pressure at rest [56,57]. Our
group recently demonstrated that the measurement of peripheral venous pressure may be
a reliable alternative to RAP measurement during diastolic stress echocardiography [58].

Accumulating evidence has shown that lung ultrasound can reliably demonstrate
pulmonary congestion as multiple B-lines in patients with HF [59]. Echocardiographic
B-lines (lung comets) can be visualized as vertical, laser-like, hyperechoic artifacts that arise
from the pleural line and extend to the bottom of the screen without fading [60,61]. B-lines
may develop or quickly worsen in response to exercise in patients with HF, and “wet spots”
may appear in the third intercostal space in two regions along the anterior axillary and
mid-axillary lines, where B-lines most prominently develop during supine exercise [62]. An
increased number of B-lines during exercise is correlated with hemodynamic congestion
(Figure 2) (higher PCWP and pulmonary arterial pressures), as well as with reduced
exercise capacity and worse clinical outcomes in HFpEF [63–67].

Figure 2. Exercise-induced ultrasound B-lines with simultaneously measured pulmonary capillary
wedge pressure (PCWP) in a patient with heart failure and preserved ejection fraction. The patient
demonstrated mildly elevated PCWP (19 mmHg, red line) without ultrasound B-lines at rest. During
peak exercise (40 watts), the PCWP increased to 33 mmHg with marked V waves (71 mmHg), and
multiple B-lines developed (yellow arrowheads).

Notably, the assessment of ultrasound B-lines may be less influenced by the move-
ment of the heart during exercise, contributing to a high data acquisition rate. However,
the limitations in assessing B-lines in diastolic stress echocardiography also need to be
considered. The presence of B-lines is not specific to pulmonary congestion but rather
indicates interstitial syndrome [60,68]. Thus, its diagnostic value is limited in patients
with concomitant interstitial lung diseases. B-lines can be evaluated in 28 chest regions [7];
however, scanning all 28 regions may reduce the time for imaging other parameters [63].
The most important limitation is the lack of consensus on the interpretation of results.
Further studies are required to establish the cutoff value of the number of B-lines to define
elevated LV filling pressures during exercise in patients with HFpEF.

Depending on the assumed differential diseases, additional echocardiographic param-
eters can be evaluated, including the following: regional wall motion; mitral regurgitation;
pulmonary venous flow velocities; right ventricular systolic function (tricuspid annular
plane systolic excursion, tricuspid lateral annular systolic velocity, or right ventricular
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longitudinal strain); tricuspid regurgitation; and inferior vena cava measurements. For
example, regional wall motion abnormalities can be additionally evaluated in patients
suspected of having HFpEF with multiple coronary risk factors. This approach might
allow for a better pathophysiological characterization that may lead to a specific treatment
strategy (Figure 3) [11].

Figure 3. Heightened ventricular interdependence due to worsening tricuspid regurgitation (TR)
during exercise in a patient with heart failure and preserved ejection fraction. The patient had
persistent atrial fibrillation and moderate-to-severe TR at rest. The TR velocity was 2.5 m/s, and the
estimated right atrial pressure based on inferior vena cava measurements was 15 mmHg. During
peak exercise (20 watts), the TR dramatically worsened with incomplete coaptation of the tricuspid
valves, resulting in paradoxical reduction in TR velocity (1.9 m/s). A significant increase in TR during
exercise caused greater ventricular interdependence, contributing to reduced exercise capacity (peak
oxygen consumption [VO2], 7.1 mL/min/kg).

3.4. Interpretation of Test Results and Diagnosis of HFpEF

The EACVI/ASE proposed a consensus-based scheme to define abnormal diastolic
function based on the E/e′ ratio, TRV, and e′ velocity (Figures 4 and 5) [7,20].

Although this algorithm is pathophysiologically sound, its requirement of satisfying
all three criteria may reduce the feasibility and sensitivity of diagnosing HFpEF. A study
reported that during peak exercise, the E/e′ ratio was not measurable in approximately
20% and TRV was measurable in only approximately 50% of patients [4]. The HFA of the
ESC suggested an algorithm that emphasizes the exercise E/e′ ratio, adding 2 points for
isolated E/e′ elevation and 3 points for a concomitant increase in the E/e′ ratio and TRV to
the resting HFA-PEFF score (Figure 5) [8]. This may be more probabilistically reasonable
than the EACVI/ASE guidelines (i.e., patients with elevated E/e′ and TRV are more likely
to have HFpEF). Thereby, the development or increasing number of B-lines may indicate
an increased probability of HFpEF [3,63].
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Figure 4. Key parameters in diastolic stress echocardiography. A 72-year-old woman who presented
with exertional dyspnea was referred for diastolic stress echocardiography. She had a normal ejection
fraction (61%), slightly elevated B-type natriuretic peptide (NP) levels (48.2 pg/mL), borderline E/e′

ratio (10.9), and a normal tricuspid regurgitation (TR) velocity (2.4 m/s). During peak exercise, the
E wave and E/e′ ratio increased (16.9), with a concomitant elevation in TR velocity (3.8 m/s). LV,
left ventricular.

Figure 5. EACVI/ASE recommendations and HFA-PEFF algorithm for the diagnosis of HFpEF using
exercise stress echocardiography. (A) In the EACVI/ASE recommendations, the test is considered
abnormal (i.e., HFpEF) when all three criteria are met. (B) In the HFA-PEFF algorithm, the E/e′ ratio
and TR velocity during exercise are used to add points to the resting HFA-PEFF score calculated in
step 2. If the total score is ≥5 points, the diagnosis of HFpEF is confirmed. ASE, American Society of
Echocardiography; EACVI, European Association of Cardiovascular Imaging; HFA-PEFF algorithm,
a consensus-based algorithm proposed by the Heart Failure Association of the European Society of
Cardiology; HFpEF, heart failure with preserved ejection fraction; TR, tricuspid regurgitation; NP,
natriuretic peptide.
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The most important limitation of exercise stress echocardiography is imaging quality.
Acquiring diagnostic-quality images is more challenging during exercise in patients with
obesity, which is very common in HFpEF. When echocardiographic imaging has poor
quality or equivocal findings, invasive exercise hemodynamic testing is recommended to
confirm the diagnosis [8].

4. Potential Value of Simultaneous Expired Gas Analysis

Cardiopulmonary exercise testing (CPET) is a gold standard test for evaluating ex-
ercise capacity and provides valuable information on exercise physiology involving the
pulmonary, cardiovascular, and peripheral oxidative systems [69]. Notably, CPET-derived
parameters are associated with clinical outcomes in both HFrEF and HFpEF [70–72]. Re-
cently, interest has focused on combining diastolic stress echocardiography and expired
gas analysis (i.e., CPET) in patients presenting with unexplained dyspnea and for the
evaluation of HFpEF [16,39,50,66,67,69,73]. Peak oxygen consumption (VO2), especially
percentage predicted value normalized to age, sex, and weight, is the gold standard objec-
tive marker of aerobic capacity in patients with cardiac dysfunction [69]. Previous studies
have demonstrated that peak VO2 is universally decreased in patients with HFpEF, and ex-
pired gas analysis during exercise echocardiography enables the simultaneous assessment
of reduced exercise capacity [14–16,40]. In this regard, very low or relatively preserved
peak VO2 (<14 or >20 mL/min/kg) may be useful in identifying HFpEF among patients
with dyspnea [39]. The factors limiting peak VO2 (or the O2 pathway) may vary among
individual patients [14–16,30,40,74]. On the basis of the Fick principle (VO2 = CO × arteri-
ovenous difference in O2 content), O2 delivery or convection and extraction are the two
physiological determinants in the O2 pathway. Combining diastolic stress echocardiog-
raphy with expired gas analysis also allows for the assessment of the CO reserve during
exercise. CO can be estimated with echocardiography using the LV outflow pulse Doppler
method. In healthy humans, a 6 mL/min increase in CO is required for a 1 mL/min
increase in VO2 [75]. A CO reserve limitation is determined when the observed increase in
CO is <80% of the predicted value based on the change in VO2 (Figure 6).

Peak VO2 measurement during diastolic stress echocardiography may also be useful
for evaluating the therapeutic response. Prior studies have shown improvements in func-
tional capacity after exercise training in patients with HFpEF by demonstrating changes in
peak VO2 [76,77].

The ventilation equivalent to carbon dioxide production (VE/VCO2) slope repre-
sents ventilatory efficiency and is a strong prognostic marker in patients with HFrEF
and HFpEF [70,78–80]. In patients with HF, ventilatory inefficiency, as evidenced by an
increased VE/VCO2 slope, is likely to be a consequence of hemodynamic derangements
during exercise or is a contributor to exercise intolerance [16,29,30,73]. Increased physiolog-
ical dead space may be a primary contributor to impaired ventilatory efficiency in patients
with HFpEF [29], and this could be associated with the presence of comorbid conditions
including pulmonary vascular disease and chronic lung disease [16,81]. Further studies are
warranted to determine the optimal use of combined exercise stress echocardiography and
expired gas analysis for the diagnosis and evaluation of HFpEF.
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Figure 6. A case of cardiac output (CO) reserve limitation during exercise. A 79-year-old woman
with obesity (body mass index, 30 kg/m2) was referred to our echocardiographic laboratory for
the evaluation of unexplained dyspnea on exertion. Her NP levels were within the normal range
(N-terminal pro-brain NP, 65 pg/mL). The results of resting echocardiography were also normal;
however, cardiac magnetic resonance imaging showed remarkable epicardial fat tissue (yellow
arrowhead). Diastolic stress echocardiography combined with expired gas analysis showed CO
reserve limitation during exercise relative to increases in VO2 (CO, 2.9 to 3.9 L/min; VO2, 189
to 549 mL/min; CO reserve, 48%). The septum became flattened in the parasternal short-axis
view during peak ergometry exercise (yellow arrowhead), suggesting that enhanced ventricular
interdependence might have contributed to the CO reserve limitation due to reduction in LV preload
in addition to chronotropic incompetence. LVOT, left ventricular outflow tract.

5. Conclusions and Future Directions

Diastolic stress echocardiography plays an essential role in revealing abnormalities
that develop only during exercise, and contemporary guidelines recommend its use as a
diagnostic test to identify HFpEF among patients with unexplained dyspnea. Nevertheless,
evidence supporting this practice remains limited and many unanswered questions and
knowledge gaps remain (Table 1). Further studies are required to advance the knowledge
of this method.

HFpEF is now understood as a heterogeneous syndrome, and phenotyping patients
into pathophysiologically homogeneous groups may allow the personalization of new
therapies [82]. Beyond resting assessments, diastolic stress echocardiography with simulta-
neous expired gas analysis may provide valuable information on the cardiac, pulmonary,
and peripheral reserve during exercise and may improve understandings of the underlying
pathophysiology and phenotypes of patients with HFpEF to facilitate better individualiza-
tion of treatment.
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Table 1. Key Questions and Knowledge Gaps with Respect to Diastolic Stress Echocardiography.

Key Questions Gaps in Evidence and Future Studies Needed

Diastolic stress echocardiography allows the diagnosis of
HFpEF among patients with dyspnea; however, it is unclear
whether early diagnosis itself will improve the
clinical outcomes.

Echocardiographic markers of congestion during exercise are
associated with clinical outcomes in HFpEF, supporting the
prognostic value of diastolic stress echocardiography [53,65,83,84];
however, further prospective studies are needed to determine if
intervention after an early diagnosis will improve the outcomes.

No universally adopted protocols exist, and whether a
multistep or ramp protocol is better remains unknown.

Patients with HFpEF are older, and a ramp protocol or a
multistep protocol with low initial and incremental workload
(e.g., 10 watts) may be preferred [38]. Further studies are
required to develop optimal protocols.

What is the optimal workload in identifying diastolic
abnormalities? It is unclear whether maximal workload
is necessary.

Submaximal exercise is likely to be more feasible and equivalent
to daily activities; however, few studies have examined its
diagnostic value [4]. Further studies are warranted to establish
the clinical value of echocardiographic indices measured during
submaximal exercise.

The E/e′ ratio plays a central role in diastolic stress
echocardiography; however, what is the best way to address
E–A fusion during exercise? What is the optimal cutoff of E/e′
during exercise in patients with AF? E/e’ ratio cannot be
applied to patients with specific diseases, such as mitral valve
diseases, mitral valve repair, or prosthetic mitral valves, or in
the presence of regional wall motion abnormalities [52].

The E/e′ ratio during submaximal exercise or the early recovery
period can be used to diagnose HFpEF; however, evidence
supporting this practice is insufficient. Data on the exercise E/e′
ratio in patients with AF remain limited. Further studies are
required to examine the diagnostic value of the exercise E/e′
ratio, using simultaneous invasive right heart catheterization.

Identification of pulmonary hypertension during exercise is
useful for diagnosing HFpEF. Pulmonary hypertension may be
underestimated in some patients, such as those with severe TR
or those with very high RAP during exercise. How should this
be addressed?

It is unclear how the underestimation of the TR gradient in
patients with severe TR should be addressed. Further studies
are required. Measurements of peripheral venous pressure may
be a useful alternative to RAP measurements during
exercise [56,58].

What is the diagnostic value of other candidate markers of
congestion during diastolic stress echocardiography, such as
echocardiographic B-lines or left atrial strain [85]?

The presence of multiple B-lines may be useful in detecting
pulmonary congestion that develops during exercise [63];
however, it is unclear how the data should be interpreted
(e.g., the optimal cutoff value for B-lines is unknown). Further
studies are warranted to establish the optimal role of the
assessment of B-lines in diastolic stress echocardiography.

What is the role of expired gas analysis combined with diastolic
stress echocardiography?

Simultaneous assessment of exercise capacity (peak oxygen
consumption) is the major advantage of diastolic stress
echocardiography [39]. Further studies are needed to determine
the clinical value of combining diastolic stress echocardiography
and expired gas analysis in the diagnosis of HFpEF.

A, late diastolic mitral inflow velocity; AF, atrial fibrillation; E, early diastolic mitral inflow velocity; e′, early
diastolic mitral annular tissue velocity; HFpEF, heart failure with preserved ejection fraction; RAP, right atrial
pressure; TR, tricuspid regurgitation.
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Abstract: Hypertrophic cardiomyopathy (HCM) is an underdiagnosed genetic heart disease with an
estimated prevalence of 0.2–0.5%. Although the prognosis of HCM is relatively good, with an annual
general mortality of ~0.7%, some patients have an increased risk of sudden death, or of developing
severe heart failure requiring heart transplantation or left ventricular (LV) assist device therapy.
Therefore, earlier diagnosis and proper identification of high-risk patients may reduce disease-related
morbidity/mortality by promoting timely treatment. Echocardiography is the primary imaging
modality for patients with suspected HCM; it plays central roles in differential diagnosis from other
causes of LV hypertrophy and in evaluating morphology, hemodynamic disturbances, LV function,
and associated valvular disease. Echocardiography is also an essential tool for the continuous clinical
management of patients with confirmed HCM. Other imaging modalities, such as cardiac computed
tomography (CT) and cardiac magnetic resonance imaging (MRI), can supplement echocardiography
in identifying high-risk as well as milder HCM phenotypes. The role of such multimodality imaging
has been steadily expanding along with recent advancements in surgical techniques and minimally
invasive procedures, and the emergence of novel pharmacotherapies directly targeting pathogenic
molecules such as myosin inhibitors. Here we review essential knowledge surrounding HCM with a
specific focus on structural and functional abnormalities assessed by imaging modalities, leading to
treatment strategies.

Keywords: hypertrophic cardiomyopathy; echocardiography; multimodality imaging

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a common inherited heart disease with an
estimated prevalence ranging from 0.2 to 0.5% based on echocardiography screening [1–5],
and it is thought that many patients are underdiagnosed [6,7]. HCM is caused by mutations
of sarcomeric genes with heterogeneous clinical phenotypes, and its pathological hallmarks
include non-physiological left ventricular (LV) hypertrophy not related to pressure or
volume overload [1,8]. Although disease severity varies from asymptomatic or fairly
symptomatic to advanced heart failure and fatal ventricular arrhythmia leading to sudden
cardiac death (SCD), the general prognosis of HCM is relatively good, with a general
mortality rate of about 0.7% [9–11]. Nevertheless, some patients have increased risks of
SCD or of developing severe heart failure requiring heart transplantation or LV assist
device therapy. Therefore, the identification of such high-risk patients is a critical issue [1,8],
and earlier and prompt diagnosis leading to prognostic stratification may reduce disease-
related complications by promoting optimal management. Recent advancements in the
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identification of pathogenic mutations in HCM have provided a new patient spectrum of
genotype-positive relatives who do not have signs and symptoms of HCM. Several studies
have reported that these patients have subtle abnormalities in the mitral valve apparatus
or LV function.

Echocardiography is the primary modality for suspected HCM and plays a central role
in excluding other causes of LV hypertrophy and in evaluating morphology, hemodynamic
disturbances, and LV function [12,13]. Repeat echocardiography is also an important tool
for the continuous clinical management of patients with HCM and for identifying markers
associated with worse prognosis. Because preventing SCD is one of the important targets in
the management of HCM, a continuous effort has been made to identify echocardiographic
parameters related to SCD. The current SCD risk calculators endorsed by the European
Society of Cardiology (ESC) and the American Heart Association (AHA) include echocar-
diographic measurements [1,8]. Recently, other imaging modalities, including cardiac
computed tomography (CT) and cardiac magnetic resonance imaging (MRI), have been
employed to supplement and support echocardiography with the identification of the
high-risk HCM phenotype as well as with the identification of milder spectrum or early
stages of HCM. In addition, the role of multimodality imaging has been steadily expanding,
with recent advancements in medical therapy directly targeting pathogenic molecules. In
this article, we review essential knowledge of HCM, with a specific focus on structural and
functional abnormalities assessed by imaging modalities, leading to treatment strategies.

2. Diagnosis and Variation of Hypertrophy

The diagnostic criteria for HCM are currently as follows: prominent LV hypertrophy
without other causes of hypertrophy, a maximum LV wall thickness of ≥15 mm, or a
maximum LV wall thickness of ≥13 mm for patients with a first-degree relative with
confirmed HCM [1,8]. The pattern and the distribution of LV hypertrophy are highly
variable. The interventricular septum is commonly affected, but LV hypertrophy can also
be isolated to the LV free wall, apex, and anterolateral wall. Asymmetric hypertrophy is
considered one of the hallmarks of HCM, defined as a septal-to-posterior wall thickness
ratio of ≥1.3 in normotensive patients or ≥1.5 in hypertensive patients. However, some
patients with hypertension can have asymmetric hypertrophy, so this definition is not
necessarily specific to HCM [13].

In addition to the hypertrophic LV wall, HCM is characterized by heterogeneous
clinical expression, in which some patients may present with severe symptoms of dysp-
nea, chest pain, or syncope, while other patients may remain asymptomatic. Structural
abnormalities, such as left ventricular outflow tract (LVOT) or mid-ventricular obstruc-
tion (MVO), left ventricular apical aneurysm, systolic anterior motion of the mitral valve,
and other mitral valve apparatus abnormalities are often related to the symptoms and
complications of HCM.

Assessment of LV Wall Hypertrophy

Echocardiography is the primary imaging modality in the screening, diagnosis, prog-
nostic stratification, and follow-up of HCM patients [1,8,14]. Comprehensive echocardio-
graphic evaluations are recommended for the initial disease screening. As a first step for
the diagnosis of HCM, careful assessment of LV wall thickness from the base to the apex is
essential. LV wall thickness is recommended to be measured at end-diastole and preferably
in parasternal short axis views, but it is important not to include RV trabeculations while
measuring the septal wall thickness. The LV wall thickness measured at any site of the LV
end-diastole is defined as maximal diastolic LV wall thickness. Although two-dimensional
(2D) echocardiography is the first-line modality for diagnosing HCM, it may fail to diagnose
some HCM phenotypes, such as localized hypertrophy of LV segments. Even localized
mild hypertrophy is still at risk for disease complications like SCD. In patients with poor
echocardiographic images, cardiovascular magnetic resonance (CMR) imaging is useful to
detect the site and extent of LV hypertrophy. In addition to the LV wall, CMR can provide
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high-resolution moving images of systolic anterior motion (SAM) of the mitral valve, LVOT
flow turbulence, mitral regurgitation, and abnormalities in papillary muscles.

The patterns of hypertrophy vary. Originally, Maron et al. proposed the following
four-type classification based on the location of LV hypertrophy: type I, hypertrophy
involving the basal anteroseptum; type II, hypertrophy involving the whole septum; type
III, hypertrophy involving the whole septum and at least one region among the anterior,
posterior, or lateral wall; and type IV, other localization involving the posterior, apex, or
lateral wall (Figure 1) [15]. Although this classification is the most popular and clinically
useful, the localization of the thickened wall changes depending on the cross section of
the short axis view in echocardiography. This results from the helical arrangement of the
muscle fibers in the LV (Figure 2). Syed et al. proposed the following five-phenotype
classification: type A, a predominant mid-septal convexity toward the LV cavity, with the
cavity often having a crescent shape (reverse curvature septum HCM); type B, a generally
ovoid LV cavity, with the septum being concave to the LV cavity and a prominent basal
septal bulge (sigmoid septum HCM); type C, an overall straight septum that is neither
predominantly convex nor concave toward the LV cavity (neutral septum HCM); type D,
predominant apical distribution of hypertrophy (apical HCM); and type E, predominant
hypertrophy at the mid-ventricular level (mid-ventricular HCM) [16]. Helmy proposed
another classification based on clinical presentation: pattern 1, septal hypertrophy alone;
pattern 2, septum and adjacent segments’ hypertrophy, but not apical hypertrophy; pattern
3, apical in combination with other LV segments’ hypertrophy; and pattern 4, apical
hypertrophy alone [17]. These differences are likely determined by the underlying genetic
substrate, but the data are currently insufficient to confirm this hypothesis.

Figure 1. The classical four phenotypes of Maron’s classification based on the location and degree of
hypertrophy. Post. = posterior; LV = left ventricle; Ant. = anterior; VS = ventricular septum.

Although the diagnosis of HCM primarily depends on unphysiological LV hypertro-
phy, LV hypertrophy can also be caused by other conditions, such as hypertensive heart
disease, athlete heart, aortic stenosis, cardiac amyloidosis, Fabry disease, and sigmoid
septum leading to isolated basal hypertrophy. Although maximal LV wall thickness greater
than 15 mm is favorable for the diagnosis of HCM and unusually observed in the other
conditions, this is not specific for HCM. In addition to the clinical information such as symp-
toms, heart murmur, family history, and genetic testing, multimodality imaging is useful
for the differential diagnosis. For example, a cardiac magnetic resonance late gadolinium
enhancement imaging (CMR-LGE) pattern of patchy distribution in middle segment is
a typical finding in HCM. On the other hand, low QRS voltage in ECG, apical sparing
pattern in longitudinal strain echo imaging, and 99mTc-pyrophosphate (PYP) scintigraphy
are characteristics of the cardiac amyloidosis. Although differentiation from athlete’s heart
is sometimes challenging, the absence of LGE and reduction in extracellular volume by T1
mapping in CMR are favorable for the diagnosis of athlete’s heart [18].
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Figure 2. A representative case in which the hypertrophied region is changing along with the helical
structure of myocardial fibers. The arrowheads indicate the location of hypertrophy. LV short axis
views from the basal (A) to the apex (F).

3. Various Types of Left Ventricular Structural Abnormality

3.1. Left Ventricular Outflow Obstruction (LVOTO)

In addition to the aforementioned classifications, mainly based on the location of LV
hypertrophy, functional and hemodynamical classifications also exist. An obstructive HCM
is defined as a significant intraventricular pressure gradient of ≥30 mmHg. One-third of
patients with HCM have significant obstructions at rest, one-third are latent obstructive
after provocative maneuvers (Valsalva/standing/exercise), and one-third are truly non-
obstructive (Figure 3) [8,19,20]. Intraventricular obstruction, such as that in the LVOT and
mid-ventricle, is dynamic and may vary depending on loading conditions; additionally, it
is associated with symptoms and heart failure progression even in patients with latent ob-
struction. Further, 38% of patients who have resting obstruction have symptoms, compared
to 20% of patients with provocative obstruction and 10% of patients without obstruction [8].
LVOT obstruction (LVOTO) represents an important predictor of heart failure progression
and poor outcomes in HCM, especially in females [21]. Therefore, provocative maneu-
vers are mandatory in all patients, especially symptomatic patients without significant
obstructions at rest [13]. In addition to gradient provocation, exercise echocardiography
is recommended in all symptomatic patients with resting intraventricular gradients of
<50 mmHg or in asymptomatic patients when provocation is relevant for their management
and for risk stratification [13,22].
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Figure 3. Schematic diagram of the different variants of HCM based on hemodynamic (obstructive
vs. non-obstructive) classification. HCM = hypertrophic cardiomyopathy, LVOT = left ventricular
outflow tract, LVOTO = left ventricular outflow tract obstruction, MVO = mid-ventricular obstruction,
and LVAA = left ventricular apical aneurysm.

Accelerated color flow Doppler imaging helps to detect the presence of obstruction,
and continuous-wave Doppler imaging is useful in measuring the peak gradient. In cases
with turbulence of the color Doppler flow in the LVOT, it is recommended to interrogate the
flow using a pulse-wave Doppler, starting in the LV apex or mid-ventricle and advancing
the velocity sample box toward the LVOT and aortic valve to confirm aliasing of velocities
at the LVOT level. The Doppler envelope typically has a late systolic peak or a mid-systolic
temporary drop in cases of more severe obstruction. Care should be taken to avoid the
mitral regurgitation (MR) jet velocity, which can overestimate obstruction severity [13].
The duration and shape of the jet should be considered to avoid measuring the MR jet
instead of the obstruction flow. The MR jet starts with isovolumic relaxation, resulting in a
longer systolic ejection period than the LVOT profile. The MR jet envelope typically has a
mid-systolic peak and a more rounded appearance, with a peak velocity of about ≥6 m/s.
A continuous sweep from LVOT flow toward MR flow can differentiate the two different
Doppler profiles, as the flows will be displayed almost simultaneously adjacent.

The mechanism of obstruction is multifactorial. The obstruction was initially consid-
ered to be related to systolic contraction of the hypertrophied basal ventricular septum,
which would then encroach into the LVOT with a resultant suction, or Venturi force, which
would pull the mitral valve leaflets into the LVOT and produce further obstruction. Al-
though isolated basal ventricular septal bulge is fairly common in older patients and can
cause LVOTO, a ventricular septal bulge alone is usually not a significant cause of LVOTO.
Rather, concomitant abnormalities of the mitral valve apparatus leading to SAM of the
mitral valve play a central role by narrowing the LVOT [23]. Recent advances in imaging
modality have enabled a deeper understanding of the complex way that the mitral valve
apparatus contributes to dynamic LVOT obstruction.

Significant LVOTO is another risk factor for symptoms, progression of heart fail-
ure, and mortality in patients with HCM [19]. Hemodynamically significant LVOTO is
considered as a gradient of ≥50 mmHg. Although pharmacological therapy is effective
to improve symptoms and reduce pressure gradient, residual LVOTO > 50 mmHg with
drug-refractory symptoms is considered to be an indication for invasive septal reduction
therapies, including surgical myectomy or percutaneous transluminal septal myocardial
ablation (PTSMA) [1,8]. Although clinical outcomes are comparable between PTSMA and
surgical septal myectomy, the choice of septal reduction therapy should be individualized

69



J. Cardiovasc. Dev. Dis. 2022, 9, 169

based on the patient’s age, surgical risk, anatomical consideration, and extent of the hy-
pertrophy, in addition to the patient’s preference [24]. Progress in cardiac imaging has
provided useful intervention strategies in cases of PTSMA (Figures 4 and 5). In particular,
the importance of CT in the diagnosis and management of HCM has been increasingly
recognized. In addition to the intervention strategies for PTSMA, advanced CT imaging
can offer evaluation of coronary artery disease, distribution of LV hypertrophy, presence or
absence of LVOTO or MVO, and left ventricular apical aneurysm.

Figure 4. Three-dimensional CT images for the assessment of appropriate septal branch coronary
artery for patients with significant left ventricular outflow tract obstruction planned for PTSMA.
The arrowheads indicate the septal branch. CT = computed tomography, PTSMA = percutaneous
transluminal septal myocardial alcohol ablation. D-dimensional views of the first major septal branch
from different angles (A–C).

Figure 5. A representative case of LVOT obstruction. Transesophageal echocardiography (A), CT
images for LVOT obstruction (B), and a target septal branch for PTSMA (C).

3.2. Systolic Anterior Motion (SAM) of the Mitral Valve and Anomaly in the Mitral
Valve Apparatus

One of the morphological features observed in the mitral valve apparatus that con-
tributes to LVOTO is the SAM of the mitral valve [14]. The detection of SAM is classically
done by M-mode echocardiography findings such as mid-systolic notching of the aortic
valve and contact of the anterior mitral valve to the basal ventricular septum. There is less
traction on the anterior leaflet, which is pulled into the LVOT in early systole by drag forces
generated by the LV, thereby causing obstruction [25]. In the presence of SAM, failure of
mitral valve leaflet coaptation can cause MR directing laterally and posteriorly.

The severity of SAM is defined as mild when there is no mitral leaflet-septal contact,
with a 10-mm minimum distance between the mitral valve and the ventricular septum.
Severe SAM is defined as mitral leaflet-septal contact of >30%. SAM and LVOT obstruction
are less common in other causes of LV hypertrophy, such as hypertensive heart disease
and amyloidosis, which suggests that primary abnormalities of the mitral valve, specific
to HCM, predispose individuals to develop SAM and LVOT obstruction. The displaced
papillary muscle is typically hypertrophied and is compounding the obstruction by causing
greater LVOT area reduction [1,26].
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In patients with HCM, the mitral valve leaflet may be intrinsically normal. Rather,
there may be abnormalities in the surrounding structures in the mitral valve apparatus,
including elongation of the mitral chordae and anterior displacement of hypertrophied
papillary muscles. Prominent displacement of papillary muscle directly into the mitral
valve leaflet can be a cause of LVOTO. In the initial screening echocardiography for HCM
patients, assessment of the mitral valve apparatus should be focused; leaflet morphology
and coaptation, the severity of mitral regurgitation (MR), and the regurgitant jet direction
should all be assessed. In patients with SAM, MR often coexists and is directed laterally and
posteriorly. MR due to SAM predominates during mid- and late systole, and the severity of
MR is proportional to the ventricular load and LV contractility that affect the severity of
LVOTO. However, it is important to also diagnose other causes of mitral regurgitation, such
as degenerative mitral valve prolapse, especially in cases with consideration of surgical or
catheter intervention.

3.3. Mid-Ventricular Obstruction (MVO) and Left Ventricular Apical Aneurysm (LVAA)

The site of obstruction is usually located in the LVOT, but it can also be present in
the mid-ventricle or close to the apex due to the hypertrophied LV wall and/or papillary
muscles abutting against the septum. Similar to the detection of LVOTO, color Doppler
and pulse-wave Doppler are often used to identify the anatomic site of obstruction, and
careful assessments of the whole LV (apex/mid-ventricular/LVOT) should be routinely
conducted [13,14]. The gradient due to MVO also has significant variability, which relates to
changes in loading conditions and contractility [27]. Significant obstruction can be detected
only after provocation. The presence of MVO increases the risk of left ventricular apical
aneurysms (LVAAs).

Patients with HCM and LVAAs are at risk for SCD or ventricular arrhythmias, and
thromboembolic events in cases of apical thrombus. HCM with LVAAs larger than 4 cm
is reported to be associated with increased risk of SCD, with a mortality rate of 3.4%
per year [28]. Aneurysms can be visualized by echocardiography, but CT or MRI are
particularly useful for the detection of apical aneurysms and thrombi (Figure 6) [13,14].

Figure 6. Representative cases with left ventricular apical aneurysm. Transthoracic echocardio-
graphy (A–C) and cardiac magnetic resonance imaging (D–F). Yellow arrowheads indicate apical
aneurysms and red arrowheads indicate late gadolinium enhancement.
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3.4. Reduced LV Function (Dilated Phase/End-Stage/Advanced Stage)

The clinical course of HCM is heterogeneous. Compared with the increased under-
standing of SCD risk stratification strategies, the risk factor of progressive heart failure
remains unknown, although heart failure is responsible for approximately 60% of HCM-
related deaths [29,30].

Left ventricular ejection fraction (LVEF) is typically preserved or supranormal in
patients with HCM. However, LVEF is inadequate to evaluate systolic function in HCM.
Patients with HCM usually have small LVs and reduced LV volumes, and LVEF can
overestimate systolic function. A significant impairment of longitudinal LV systolic function
is reported in patients with HCM who had preserved LVEF [31]. In a study including more
than 3000 patients with HCM, abnormal global longitudinal strain (GLS) was associated
with ventricular arrythmia [32]. Therefore, LVEF only decreases in the late-stage in a small
subset of patients, less than approximately 15% [8]; this stage is referred to as the dilated
phase, advanced stage, or end-stage [33–35]. An LVEF value of <50% indicates the end-
stage or dilated phase of HCM [36,37], but data regarding optimal LVEF cut-off values for
defining end-stage HCM are scarce. Extensive late gadolinium enhancement (LGE), defined
as ≥15% of total LV mass, is reported to indicate the progression to end-stage HCM [38].
Nevertheless, longitudinal follow-up studies to identify risk factors and characteristics
related to adverse LV remodeling are still warranted.

4. Risk of Sudden Cardiac Death

HCM is generally a low-event-rate disease, but SCD represents the most devastating
complication of its natural history. It has been reported that the estimated overall incidence
of SCD is 0.5–1.0% per year, compared with 0.2% in the general population, 2.0–3.0% in high-
risk patients, including carriers of complex genotypes, and 4.7% in the presence of LV apical
aneurysms [39]. Potential mediators for SCD include myocardial fibrosis, microvascular
ischemia, and extensive disarray with disorganized myocyte arrangement. At present,
there is no evidence-based pharmacological treatment for SCD prevention in HCM; the
implantable cardioverter defibrillator (ICD) represents the only effective treatment for
reducing SCD risk in high-risk individuals [1,8,40]. Therefore, risk stratification is important
to assess those at risk of SCD; however, it remains challenging [41,42].

4.1. Risk Scores

The HCM Risk-SCD is a clinical risk prediction model for SCD based on a cohort of
3675 patients with HCM, providing 5-year risk analyses of SCD [43]. The HCM Risk-SCD
uses seven variables: maximum LV wall thickness, LA size, LVOT gradient at rest as a
continuum in addition to age, family history of SCD, non-sustained ventricular tachycardia
(NSVT), and unexplained syncope. The 2014 ESC guidelines incorporated the HCM Risk-
SCD model to classify patients as low-risk (5-year risk of SCD, <4%), intermediate-risk
(5-year risk of SCD, 4–6%), or high-risk (5-year risk of SCD, >6%). ICD implantation was
recommended as class IIB or IIA in the aforementioned groups.

In a validation study of 1629 patients with HCM in the United States, the risk of SCD
calculated by the ESC risk score was significantly lower than the actual event rate. Only
11% of 35 patients who had an SCD event were considered high-risk, which indicated that
ICD was recommended, whereas 60% of the patients who experienced a clinical SCD event
were low-risk, and ICD was not recommended [44,45]. On the other hand, Nakagawa
et al. validated the Risk-SCD model in 370 Japanese patients with HCM and reported the
supportive results, in particular for those with LVEF ≥ 50% [46]. In addition, a recent
meta-analysis of 7291 patients showed that the prevalence of SCD endpoints was about
1% in low-risk patients, 2.4% in intermediate-risk patients, and 8.4% in high-risk patients,
according to the HCM Risk-SCD score groups. Most SCD endpoints (68%) occurred in
patients with an estimated 5-year risk of ≥4% [47], suggesting that the HCM Risk-SCD
model provided reasonable risk estimations able to guide ICD therapy. However, there are
no existing randomized trials or statistically validated prospective prediction models that
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guide ICD implantation in patients with HCM so far. In addition to the aforementioned risk
scores, some HCM patients begin in an intermediate-risk group based on this current risk
stratification, and additional echocardiographic parameters may be used to determine ICD
implantation as a primary prevention. For example, patients with severe LV hypertrophy
(MWT >30 mm) have a 3-fold higher risk for ventricular arrhythmia [9,48], and LVOT
obstruction at rest increases the absolute risk of SCD from 0.9% to 1.5% [49]. Additionally,
LV apical aneurysm, disarray, and myocardial fibrosis might be valuable to include in the
risk score assessment for SCD.

4.2. Role of Cardiac MRI for SCD Risk Stratification

While echocardiography is the first-line imaging modality in providing anatomical
and functional details in patients with HCM, cardiac MRI (CMR) can often improve both
the diagnosis and prognostic stratification, especially when echocardiography images are
inadequate. CMR can provide excellent anatomical data regarding the distribution of
myocardial fibrosis, assessed as LGE and extracellular volume [13]. Several studies have
assessed the positive correlation between LGE and risk of SCD [38,50]. LGE exceeding 15%
of the whole LV has been associated with a 2-fold increased risk in low-risk patients [51]. A
combined use of global extracellular volume and ESC-SCD risk score has been reported
to have better performance than LGE [52]. Additionally, CMR may help to detect right
ventricular hypertrophy in HCM [53]. CMR can also provide a more detailed assessment
of the multiple abnormalities in the mitral valve complex, including papillary muscle
and chordal morphology and anatomy [54]. The information from the combined use of
echocardiography and CMR is particularly useful to enhance our understanding of the
mechanism of SAM and LVOT obstruction, leading to a better strategy for patients who are
candidates for invasive septal reduction therapy. The risk of microvascular dysfunction
has been suggested to be attributable to hypertrophy in HCM. Stress-induced perfusion
detected by CMR or myocardial perfusion imaging-gated SPECT images are reported to be
useful to detect microvascular disruption in patients with HCM [55,56].

4.3. Novel Echocardiographic Technique

Novel echocardiographic techniques are also useful to differentiate HCM from other
causes of LV hypertrophy and to identify patients at high-risk of SCD or development
of HF. Three-dimensional (3D) echocardiography has some advantages over standard
2D echocardiography, offering more information, such as the distribution and the extent
of hypertrophy, the quantitative LV wall mass, and the mechanism of dynamic LV ob-
struction [14]. Furthermore, LV volumes, mass, and ejection fraction derived from 3D
echocardiography have a stronger correlation than those obtained using CMR [13].

Myocardial deformation imaging can offer additional prognostic implications. A
significant reduction in LV systolic velocity by tissue Doppler imaging (TDI) (<4 cm/s at
the lateral site) has been reported as an independent predictor of death or hospitalization
for worsening heart failure [57]. In addition, impairment of LV-GLS was associated with
poor cardiovascular outcomes [32].

Speckle-tracking strain echocardiography can be used to assess mechanical and/or
electrical dispersion, which may reflect heterogeneous contraction. Mechanical dispersion
is defined as the standard deviation of time from Q/R wave onset on an electrocardiogram
(ECG) to the peak negative strain in 16 LV segments [58]. A recent study has reported
that mechanical dispersion was associated with malignant ventricular arrhythmias in
cardiomyopathies and relates to fibrosis detected by CMR in patients with HCM [59–62].

5. Role of Pharmacological Therapy

Pharmacological interventions currently do not directly target the core molecular
mechanism of HCM but are recommended to control symptoms, intraventricular pressure
gradient, arrhythmia, and/or anticoagulation if needed [1,8].
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Non-vasodilating β-blockers, such as bisoprolol, metoprolol, atenolol, propranolol,
and nadolol, are usually the first-line therapy in symptomatic obstructive HCM [40].
Particularly, β-blockers are effective in patients with latent obstruction, although those
with resting obstruction also respond [63]. β-blockers also have anti-arrhythmic effects.
Specifically, propranolol was associated with a reduction in mortality in the pediatric
population, especially in high doses [64]. In another study, sotalol was associated with
a reduction in suppressing supraventricular and ventricular arrhythmias [65]. Calcium
channel blocker (CCB) is sometimes used as an alternative in patients who are intolerant or
have contraindications to β-blockers, with a class IB for verapamil and IIA for diltiazem.
As the second-line agent, some class IA antiarrhythmic drugs, such as disopyramide or
cibenzoline, can be an option when non-vasodilating β-blockers or verapamil therapy
is ineffective. These drugs have negative inotropic effects and can decrease resting and
provoked LV obstruction [40,66,67]. However, anticholinergic side effects may limit their
use, and their efficacy may decrease over time.

Amiodarone is employed as an arrhythmic control agent to reduce ventricular arrhyth-
mic burden as well as the ICD shocks, often in combination with β-blockers. Drugs such as
dihydropyridine CCB, nitrates, digoxin, angiotensin-converting enzyme (ACE)-inhibitors,
and angiotensin II receptor blockers (ARBs) have risks associated with worsening intraven-
tricular gradient, and it is recommended that they be avoided in patients with HOCM.

New Drugs

The aforementioned traditional medical therapy is known to be effective in reliev-
ing symptoms; however, there is no evidence for any improvement in the natural course
of the disease progression. Therefore, considerable efforts have been made to develop
molecular approaches aimed at the core mechanism of the disease. Recently, a new phar-
macological treatment was developed using a novel myosin inhibitor, mavacamten. This
treatment was designed to reversibly inhibit β-myosin from binding to actin and to pro-
mote the super-relaxed conformation [68]; its effect includes an improvement in clinical
outcomes, as well as a reduction of morbidity and mortality. In a phase-2 PIONEER-HCM
study, mavacamten was associated with significantly decreased LVOT pressure gradient,
increased peak VO2, and symptomatic benefits in patients with HCM [69]. A recent phase-
3 EXPLORER-HCM multicenter, double-blind, placebo-controlled study evaluated the
efficacy and safety of mavacamten in 251 symptomatic patients with obstructive HCM.
Patients were randomly assigned to oral mavacamten or a matching placebo once daily
for 30 weeks. Dose titration was individualized from 2.5 mg to 15 mg to achieve the
target reduction in the LVOT gradient (<30 mmHg) and the target mavacamten plasma
concentration (350–700 ng/mL). Patients who received mavacamten were associated with
an increase in peak VO2 (≥3.0 mL/kg/min) or peak VO2 (≥1.5 mL/kg/min), with NYHA
improvement as a primary endpoint (37% vs. 17%, p = 0.005). In addition, patients treated
with mavacamten were associated with reduced LVOT gradient and improved heart failure
biomarkers, symptoms, exercise performance, and health status [70]. Mavacamten was
associated with reduced LV wall thickness and LA volumes, and it improved diastolic
parameters compared with baseline [71]. Based on these promising results, mavacamten
has a potential to change the clinical practice in the management of HCM.

6. Role of Genetic Testing

HCM is one the most common genetic cardiovascular diseases. At present, more than
1400 mutations in 11 or more genes have been identified in patients with HCM, with the
majority encoding proteins of the cardiac sarcomere. Affected genes include β-myosin
heavy chain (MYH), myosin-binding protein C (MYBPC3), cardiac troponin T (TNNT2)
and I (TNNI3), α-tropomyosin (TPM1), actin (ACTC1), titin (TTN), and myosin light chains
(MYL3) [14]. Types of mutations vary and include deletions, insertions, missense, and splice
site mutations. These known mutations are inherited in an autosomal dominant manner.
However, not all HCM patients have detectable pathogenic mutations, and mutations in
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other genes outside of the sarcomeric myofilaments have also been implicated in HCM.
Previous studies have reported that patients with sarcomere mutations were associated with
an increased risk of developing heart failure compared with patients with non-sarcomere
mutation or negative results from genetic testing [72–74].

The identification of pathogenic mutations enables us to screen first-degree relatives
who are at risk of developing HCM. Although several studies have reported that genotype-
positive relatives without LV hypertrophy had subtle changes in myocardial function
or the mitral valve apparatus [75], the clinical course of these patients is favorable. In
a recent series of 203 individuals, only 10% converted to a true HCM phenotype, and
none experienced cardiac events [76]. In another study from the Framingham and Jackson
Heart Study cohorts, 11.2% of participants with sarcomere gene variants carried at least
one rare non-synonymous sarcomere variant, and 0.6% of participants carried mutations
considered to be pathogenic based on conservative criteria [77]. Interestingly, many of these
participants were not diagnosed with HCM, although the sarcomere variants indicated an
increased risk of future cardiovascular events [77].

7. Conclusions and Future Perspective

Over the past 20 years, the pathophysiological understanding and clinical manage-
ment of HCM have changed significantly. In particular, the introduction of ICD for SCD
prevention is a paradigm for disease management. Although the SCD-risk model is pro-
posed by existing guidelines, more precise risk stratification models are still needed. In
addition to prevention for SCD, risk stratification for progression of heart failure or dilated
HCM remains inconclusive.

The combined use of novel imaging techniques has the potential to identify several
structural or functional abnormalities related to adverse events in HCM, leading to future
gene-directed approaches, as well as assessment of the effect of novel pharmacological
management on the disease progression and outcomes. In addition, further mechanistic
studies are warranted for a deeper understanding of the phenotype–genotype linkage;
such studies have the potential to lead to the development of novel specific therapeutic
approaches for HCM.
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65. Tendera, M.; Wycisk, A.; Schneeweiss, A.; Poloński, L.; Wodniecki, J. Effect of Sotalol on Arrhythmias and Exercise Tolerance in
Patients with Hypertrophic Cardiomyopathy. Cardiology 1993, 82, 335–342. [CrossRef]

66. Sherrid, M.V.; Barac, I.; McKenna, W.J.; Elliott, P.M.; Dickie, S.; Chojnowska, L.; Casey, S.; Maron, B.J. Multicenter Study of the
Efficacy and Safety of Disopyramide in Obstructive Hypertrophic Cardiomyopathy. J. Am. Coll. Cardiol. 2005, 45, 1251–1258.
[CrossRef]

67. Adler, A.; Fourey, D.; Weissler-Snir, A.; Hindieh, W.; Chan, R.H.; Gollob, M.H.; Rakowski, H. Safety of Outpatient Initiation of
Disopyramide for Obstructive Hypertrophic Cardiomyopathy Patients. J. Am. Heart Assoc. 2017, 6. [CrossRef]

68. Anderson, R.L.; Trivedi, D.V.; Sarkar, S.S.; Henze, M.; Ma, W.; Gong, H.; Rogers, C.S.; Gorham, J.M.; Wong, F.L.; Morck, M.M.;
et al. Deciphering the Super Relaxed State of Human Beta-Cardiac Myosin and the Mode of Action of Mavacamten from Myosin
Molecules to Muscle Fibers. Proc. Natl. Acad. Sci. USA 2018, 115, E8143–E8152. [CrossRef]

69. Heitner, S.B.; Jacoby, D.; Lester, S.J.; Owens, A.; Wang, A.; Zhang, D.; Lambing, J.; Lee, J.; Semigran, M.; Sehnert, A.J. Mavacamten
Treatment for Obstructive Hypertrophic Cardiomyopathy: A Clinical Trial. Ann. Intern. Med. 2019, 170, 741–748. [CrossRef]

70. Olivotto, I.; Oreziak, A.; Barriales-Villa, R.; Abraham, T.P.; Masri, A.; Garcia-Pavia, P.; Saberi, S.; Lakdawala, N.K.; Wheeler, M.T.;
Owens, A.; et al. Mavacamten for Treatment of Symptomatic Obstructive Hypertrophic Cardiomyopathy (Explorer-HCM): A
Randomised, Double-Blind, Placebo-Controlled, phase 3 Trial. Lancet 2020, 396, 759–769. [CrossRef]

71. Saberi, S.; Cardim, N.; Yamani, M.; Schulz-Menger, J.; Li, W.; Florea, V.; Sehnert, A.J.; Kwong, R.Y.; Jerosch-Herold, M.; Masri, A.;
et al. Mavacamten Favorably Impacts Cardiac Structure in Obstructive Hypertrophic Cardiomyopathy: Explorer-HCM Cardiac
Magnetic Resonance Substudy Analysis. Circulation 2021, 143, 606–608. [CrossRef] [PubMed]

72. Fujita, T.; Fujino, N.; Anan, R.; Tei, C.; Kubo, T.; Doi, Y.; Kinugawa, S.; Tsutsui, H.; Kobayashi, S.; Yano, M.; et al. Sarcomere Gene
Mutations Are Associated with Increased Cardiovascular Events in Left Ventricular Hypertrophy: Results from Multicenter
Registration in Japan. JACC Heart Fail. 2013, 1, 459–466. [CrossRef] [PubMed]

78



J. Cardiovasc. Dev. Dis. 2022, 9, 169

73. Li, Q.; Gruner, C.; Chan, R.H.; Care, M.; Siminovitch, K.; Williams, L.; Woo, A.; Rakowski, H. Genotype-Positive Status in Patients
with Hypertrophic Cardiomyopathy Is Associated with Higher Rates of Heart Failure Events. Circ. Cardiovasc. Genet. 2014, 7,
416–422. [CrossRef] [PubMed]

74. Olivotto, I.; Girolami, F.; Ackerman, M.J.; Nistri, S.; Bos, J.M.; Zachara, E.; Ommen, S.R.; Theis, J.L.; Vaubel, R.A.; Re, F.; et al.
Myofilament Protein Gene Mutation Screening and Outcome of Patients with Hypertrophic Cardiomyopathy. Mayo Clin. Proc.
2008, 83, 630–638. [CrossRef]

75. Maron, M.S.; Olivotto, I.; Harrigan, C.; Appelbaum, E.; Gibson, C.M.; Lesser, J.R.; Haas, T.S.; Udelson, J.E.; Manning, W.J.; Maron,
B.J. Mitral Valve Abnormalities Identified by Cardiovascular Magnetic Resonance Represent a Primary Phenotypic Expression of
Hypertrophic Cardiomyopathy. Circulation 2011, 124, 40–47. [CrossRef] [PubMed]

76. Maurizi, N.; Michels, M.; Rowin, E.J.; Semsarian, C.; Girolami, F.; Tomberli, B.; Cecchi, F.; Maron, M.S.; Olivotto, I.; Maron, B.J.
Clinical Course and Significance of Hypertrophic Cardiomyopathy Without Left Ventricular Hypertrophy. Circulation 2019, 139,
830–833. [CrossRef]

77. Bick, A.G.; Flannick, J.; Ito, K.; Cheng, S.; Vasan, R.S.; Parfenov, M.G.; Herman, D.S.; DePalma, S.R.; Gupta, N.; Gabriel, S.B.; et al.
Burden of Rare Sarcomere Gene Variants in the Framingham and Jackson Heart Study Cohorts. Am. J. Hum. Genet. 2012, 91,
513–519. [CrossRef]

79



Journal of

Cardiovascular 

Development and Disease

Article

Diagnostic Accuracy of Global Longitudinal Strain for
Detecting Exercise Intolerance in Patients with Ischemic Heart
Disease

Sisi Zhang 1,†, Yujian Liu 1,†, Luying Jiang 1,2, Zhaozhao Wang 1, Wanjun Liu 1,* and Houjuan Zuo 1,*

1 Division of Cardiology, Department of Internal Medicine, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430030, China

2 Hubei Key Laboratory of Genetics and Molecular Mechanisms of Cardiologic Disorders,
Wuhan 430030, China

* Correspondence: wjliu@tjh.tjmu.edu.cn (W.L.); zuohoujuan@126.com (H.Z.)
† These authors contributed equally to this work.

Abstract: Objective: Global longitudinal strain (GLS) is a sensitive and reproducible predictive factor
in patients with ischemic heart disease (IHD), although its correlation with exercise tolerance is
unknown. We aimed to identify the correlation between global longitudinal strain (GLS) and car-
diopulmonary exercise testing (CPX) parameters and assess the prognostic implications and accuracy
of GLS in predicting exercise intolerance in populations with ischemic heart disease (IHD) using CPET
criteria. Methods: Prospectively, 108 patients with IHD underwent CPX and 2D speckle-tracking
echocardiography. Correlation between GLS and multiple CPX variables was assessed using Spear-
man’s correlation analysis and univariate regression analysis. A receiver operating characteristic
(ROC) curve analysis was performed on GLS to detect exercise intolerance. Results: GLS was corre-
lated with peak oxygen uptake (peak VO2; r = −0.438, p = 0.000), %PPeak VO2 (−0.369, p = 0.000),
peak metabolic equivalents (METs@peak; r = −0.438, p < 0.01), and the minute ventilation–carbon
dioxide production (VE/VCO2) slope (r = 0.257, p < 0.01). Weak-to-moderate correlations were also
identified for the respiratory exchange rate at the anaerobic threshold (RER@AT), end-tidal carbon
dioxide at the anaerobic threshold (PETCO2@AT), oxygen consumption at the anaerobic threshold
(VO2@AT), carbon dioxide production at the anaerobic threshold (VCO2@AT), and metabolic equiva-
lents at the anaerobic threshold (METs@AT; p < 0.01). On multivariate analysis, the results showed
that age, the BMI, and GLS are independent predictors for reduced exercise capacity in patients with
IHD (p < 0.01). The area under the ROC curve value of GLS for identifying patients with a peak VO2

of <14 mL/kg/min was 0.73 (p = 0.000). Conclusion: As a sensitive echocardiographic assessment
of patients with ischemic heart disease, global longitudinal strain is an independent predictor of
reduced exercise capacity and has a sensitivity of 74.2% and a specificity of 66.7% to detect exercise
intolerance.

Keywords: 2D speckle-tracking echocardiography; global longitudinal strain; cardiopulmonary
exercise testing; exercise intolerance; ischemic heart disease

1. Introduction

Catheter coronary angiography (CCA), the traditional gold standard for diagnosing
coronary artery disease (CAD), identifies visual obstructive lesions [1]. Despite its advan-
tages, the widespread clinical application of CCA remains limited due to the relative risk,
technical dependence, and substantial equipment costs. Furthermore, two-thirds of females
and one-third of males with stable ischemic heart disease (IHD) have no obstructive CAD
on CCA [2], which is associated with worse outcomes. Conventional echocardiography pre-
dominantly depends on assessing the left ventricle (LV) ejection fraction (EF) and abnormal
wall motion. However, since regional wall motion abnormalities (WMAs) are not evident
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at rest in approximately 50% of patients, transthoracic echocardiography (TTE) is not
diagnostically informative in patients with IHD [3–6]. Two-dimensional speckle-tracking
echocardiographic (2D-STE) imaging is a novel, effective method to measure myocardial
deformation and provides a comprehensive quantitative assessment of cardiac function. In
patients with ST-elevation myocardial infarction (STEMI), 2D longitudinal strain allows
a more objective assessment of myocardial regional and global kinetic injuries and the
severity of CAD [7].

Cardiopulmonary exercise testing (CPX) is another non-invasive test that can assess
cardiovascular, respiratory, and skeletal physiology. Compared to traditional electrocar-
diogram (ECG) stress testing, CPX gas exchange variables, such as peak oxygen pulse
(O2 pulse), peak oxygen uptake (peak VO2), peak carbon dioxide exertion (peak VCO2),
anaerobic threshold (AT), VO2/WR, and respiratory equivalent during anaerobic threshold
(VE/VCO2), provide more sensitive and specific information to detect the onset of ischemia,
mortality, and hospitalization [8–11].

Previous studies have failed to identify the correlation between the EF and peak VO2,
except for diastolic function and right ventricular (RV) function [12–14]. However, these
studies predominantly focused on patients with heart failure (HF), and there have been
no studies on the correlation between the exercise capacity determined with CPET and
2D-STE in patients with IHD. This study aims to identify and evaluate this correlation to
assess whether GLS can predict the exercise capacity and cardiorespiratory fitness (CRF) of
these patients.

2. Materials and Methods

2.1. Study Population

This prospective study was conducted at Tongji Hospital, Tongji Medical College, and
Huazhong University of Science and Technology from November 2021 to May 2022.

A total of 108 patients with stable IHD, which also means chronic coronary syndromes
(CCS), as defined by the European Society for Cardiology (ESC) guidelines in 2019. The
patients were treated through either percutaneous coronary intervention (PCI) or optimal
medical therapy following coronary stenosis on cardiac catheterization examination. They
also underwent conventional 2D-ECG and symptom-limited CPX within 1 day. Comorbidi-
ties and hematological examinations were recorded. The exclusion criteria were patients
with acute myocardial infarction or unstable angina in the previous 6 months, reduced
LVEF (<40%), intermittent claudication, mitral stenosis, aortic valve disease, atrial fibrilla-
tion, and premature ventricular complexes; patients with abnormal resting regional wall
motion on ECG; and patients with suboptimal-quality images to assess strain.

2.2. Cardiopulmonary Exercise Testing

All patients underwent symptom-limited CPX on a CARDIOVIT CS-200 (Schiller, Barr,
Switzerland) on the same day before/after 2D-STE, and the procedure complied with the
American Heart Association (AHA) statement concerning exercise Standards for Testing
and Training [15,16]. The test was performed using modified Bruce protocols via cycle
ergometry with a gradual increase in the work rate within 1 min. The increased value was
tailored based on the individual’s physical conditioning and exercise tolerance, resulting in
a test duration of 8 to 12 min until the subject could no longer maintain a consistent pedaling
frequency [17]. A 12-lead ECG and oxygen saturation were monitored continuously during
the test, with blood pressure measured every 2 min. Peak VO2 was the average value of the
highest 20 s at the last stage of the exercise test and was expressed as absolute (L/min) or
relative (mL/kg/min). The VE/VCO2 slope was calculated using linear regression during
exercise (y = mx + b, m = slope), while the anaerobic threshold (AT) was determined using
the V-slope technique [18,19]. The following formula was used to calculate the percentage
of predicted peak VO2 (%PPeak VO2): %PPeak VO2 = achieved peak VO2/predicted
peak VO2 obtained using the Wasserman equation × 100 [20]. A %PPeak VO2 of <80%
is considered the best stratification of patients with functional impairment (New York
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Heart Association Class II or higher) compared with those without limitations [21]. The
slope of the relationship between the rise in VO2 over the rate of increase in the work
rate (�VO2/�work rate) was expressed as follows: �VO2/�work rate = (peak VO2 −
unloaded VO2)/[(T − 0.75) × S], where T is the time of incremental exercise and S is the
slope of work rate incremental in watts per minute [22].

2.3. Conventional Echocardiography

Standardized transesophageal echocardiogram (TEE) examinations were performed
using Vivid E9 Ultrasound systems (GE Healthcare Vingmed Ultrasound AS, Horten,
Norway) under the guidelines of the American Society of Echocardiography [23]. The
electrocardiogram (ECG) data included left end-diastolic dimensions (LVEDD), the LVEF
(calculated according to Simpson’s method), peak early diastolic filling (E) and late diastolic
filling (A) velocities, the E/A ratio, and early and late diastolic septal mitral annular
velocities (E’ and A’, respectively), obtained from the pulsed-wave tissue ratio [24].

2.4. Two-Dimensional Speckle-Tracking Echocardiography (2D-STE)

As previously described, a strain specialist blind to the clinical data of the patients
performed longitudinal strain assessments of the LV from three apical views (4-chamber,
2-chamber, and 3-chamber) using EchoPAC (GE Healthcare Vingmed Ultrasound AS) [24].
The endocardial border and myocardium were automatically tracked throughout the
cardiac cycle. A region of interest was traced along the endocardial border from an end-
systolic frame, and the thickness of the region of interest was adjusted to include the
maximum wall thickness. The mean peak longitudinal systolic strain of all LV segments
from the three apical views was used to calculate GLS and generated a 17-segment bull’s-
eye display (Figure 1). GLS values were presented as negative values. According to a
previous report, the normal value of GLS is ≤−17.6 [25].

 

Figure 1. Two-dimensional speckle-tracking echocardiography (2D STE) analysis shows the result of
global longitudinal strain (GLS) on a bull’s-eye depiction acquired by EchoPAC.
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2.5. Statistical Analysis

Continuous data were presented as the mean ± SD or the median (interquartile range,
IQR). Categorical variables were expressed as numbers and percentages. Student’s t-test
and the Mann–Whitney test were performed for quantitative variables, while Pearson’s
chi-square test and Fisher’s exact test were performed for categorical variables to compare
the differences between the two groups (normal GLS group vs. impaired GLS group).
Correlations between GLS and multiple CPX variables were performed using Spearman’s
correlation analysis. The significant variables (p < 0.05) from the univariate analysis were
included in the multiple stepwise regression analysis for assessing independent correlations
to peak VO2. Receiver operating characteristic (ROC) curves were generated, and area
under the curve (AUC) values were calculated to determine the discrimination value of GLS
to predict a peak VO2 of <14 mL/kg/min. A p-value of <0.05 was considered statistically
significant. All data were analyzed using SPSS Statistics software. (SPSS 18, SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. Patients’ Baseline Characteristics

Of the 108 patients included in the study, 56.5% (n = 61) had impaired GLS (>−17.6),
while 43.5% (n = 47) had normal GLS (≤−17.6). The baseline characteristics of the two
groups are presented in Table 1. No significant differences were found between the two
groups except for angiotensin-converting enzyme inhibitor/angiotensin receptor blocker
(ACEI/ARB) usage.

Table 1. Baseline characteristics stratified by a GLS median of −17.6%.

Variable GLS ≥ −17.6 (n = 61) GLS < −17.6 (n = 47) p-Value

Age (years) 57.21 ± 10.89 60.96 ± 5.95 0.025
Gender (%)

Male 39 (63.93) 28 (59.57) 0.643
Female 22 (36.07) 19 (40.43) 0.643

Height (cm) 164.74 ± 7.19 163.12 ± 7.64 0.262
Weight (kg) 163.12 ± 7.64 66.29 ± 11.20 0.1

BMI (kg/m2) 25.65 ± 2.97 24.80 ± 3.03 0.145
Comorbidities (%)

Hypertension 31 (50.82) 30 (63.83) 0.176
Diabetes 18 (29.51) 13 (27.66) 0.833

Dyslipidemia 24 (39.34) 13 (27.66) 0.205
SBP (mmHg) 135.79 ± 28.73 142.04 ± 15.52 0.151
DBP (mmHg) 73.74 ± 15.21 73.55 ± 9.36 0.942

HR (bpm) 101.33 ± 13.30 98.28 ± 12.24 0.224
Medications (%)

β-Blocker 38 (62.30) 24 (51.06) 0.242
ACE inhibitors/ARB 22 (36.07) 26 (55.32) 0.046 *

Statin 57 (93.44) 47 (100.00) 0.074
Aspirin 57 (93.44) 44 (93.62) 0.971

Clopidogrel 55 (90.16) 46 (97.87) 0.107
CCB 14 (22.95) 14 (29.79) 0.422

Serum marker
Creatinine (umol/L) 82.03 ± 23.00 76.82 ± 20.28 0.233

CK (mmol/L) 258.11 ± 802.31 96.77 ± 42.57 0.15
Cholesterol (mmol/L) 4.39 ± 1.30 4.05 ± 1.12 0.155

Glucose (mmol/L) 6.320 (5.4, 8.4) 6.510 (5.9, 8.2) 0.479
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Table 1. Cont.

Variable GLS ≥ −17.6 (n = 61) GLS < −17.6 (n = 47) p-Value

HDL (mmol/L) 1.050 (0.9, 1.3) 1.080 (0.9, 1.2) 0.942
LDL (mmol/L) 2.67 ± 1.03 2.35 ± 0.94 0.111
Lipoprotein (a)

(mmol/L) 40.12 ± 47.97 45.81 ± 57.46 0.59

Triglycerides
(mmol/L) 1.560 (1.0, 2.7) 1.600 (0.9, 2.7) 0.829

Hemoglobin (g/L) 137.49 ± 16.41 135.30 ± 16.79 0.507
NT-proBNP 315.26 ± 789.62 286.42 ± 1077.99 0.898

IHD (%)
Non-PCI 27 (44.26) 28 (59.57) 0.115

PCI 34 (55.74) 19 (40.43) 0.115
Abbreviations: GLS, global longitudinal strain; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HR, heart rate; ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers; CCB,
calcium channel blocker; CK, creatine kinase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; IHD, ischemic heart disease; PCI, percutaneous intervention.
* p < 0.05.

3.2. ECG and CPX data

ECG and CPX parameters between the two groups are shown in Table 2. Com-
pared with the impaired GLS group, patients with normal GLS exhibited significantly
higher VO2/kg@AT, Load@AT, VCO2/kg@AT, RER@AT, metabolic equivalents (METs)@AT,
VO2/kg@peak, VCO2/kg@peak, RER@peak, and %PPeak VO2, which indicated a better
exercise capacity. TEE data were similar across both groups.

Table 2. Echocardiographic characteristics, global longitudinal strain, and primary CPET variables
between groups.

Variables GLS ≥ −17.6 (n = 61) GLS < −17.6 (n = 47) p-Value

GLS (%) −14.68 ± 2.16 −19.61 ± 1.45 0.000
LVEDD (mm) 47.68 ± 4.84 47.14 ± 4.68 0.568

LVEF (%) 0.580 (0.5,0.6) 0.630 (0.6, 0.7) 0.003
E (cm/s) 71.53 ± 24.19 71.02 ± 19.26 0.911
A (cm/s) 83.96 ± 24.05 75.27 ± 20.77 0.061

E/A 0.94 ± 0.44 0.96 ± 0.28 0.796
E’ (cm/s) 5.84 ± 1.76 6.23 ± 1.58 0.254
A’ (cm/s) 9.58 ± 2.28 9.64 ± 2.43 0.909
RER@ AT 1.02 ± 0.07 1.05 ± 0.06 0.030 *

VO2/kg@ AT (mL/kg/min) 11.32 ± 1.92 12.22 ± 1.59 0.010 *
Load@ AT (w) 52.52 ± 19.90 52.91 ± 13.11 0.908

VE@ AT (L/min) 24.80 ± 5.04 24.27 ± 4.42 0.573
VE/kg@ AT (mL/kg/min) 351.52 ± 73.47 368.50 ± 55.74 0.19

VCO2/kg@ AT (mL/kg/min) 11.57 ± 2.13 12.83 ± 2.08 0.003 **
HR@ AT (beats) 101.33 ± 13.30 98.28 ± 12.24 0.224

Metabolic equivalents@ AT (Mets) 3.24 ± 0.55 3.50 ± 0.45 0.009 **
RER@ peak 1.21 ± 0.09 1.24 ± 0.08 0.028 *

VO2/kg@ peak (mL/kg/min) 17.01 ± 3.22 19.19 ± 3.42 0.001 **
VO2 peak/predicted 0.66 ± 0.14 0.76 ± 0.09 0.000 **

Load@ peak (w) 88.39 ± 30.73 92.60 ± 24.83 0.446
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Table 2. Cont.

Variables GLS ≥ −17.6 (n = 61) GLS < −17.6 (n = 47) p-Value

VE@ peak (L/min) 43.79 ± 10.89 45.82 ± 11.88 0.358
VE/kg@ peak (mL/kg/min) 622.35 ± 159.42 691.72 ± 145.81 0.022 *

VCO2/kg@ peak (mL/kg/min) 20.65 ± 4.55 24.01 ± 5.30 0.001 **
HR@ peak (beats) 123.97 ± 18.77 126.09 ± 21.18 0.584

Metabolic equivalents@ peak (Mets) 4.86 ± 0.92 5.49 ± 0.97 0.001
VE/VCO2 slope 28.91 ± 5.83 26.65 ± 5.98 0.051

dVO2/d Work rate (mL/min/watt) 9.19 ± 1.77 9.72 ± 1.64 0.112
FEV1 (L) 2.44 ± 0.70 2.47 ± 0.61 0.8
FVC (L) 3.05 ± 0.79 3.13 ± 0.80 0.622

FEV1/FVC (%) 0.80 ± 0.09 0.80 ± 0.10 0.978
VC max 3.19 ± 0.79 3.23 ± 0.78 0.784

Abbreviations: LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; RER,
respiratory exchange ratio; AT, anaerobic threshold; VO2, oxygen uptake; VCO2, ventilatory carbon dioxide; HR,
heart rate; VE, exercise ventilation; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; VC, vital
capacity. * p < 0.05, ** p < 0.01.

3.3. Correlation of GLS with CPX Variables

The Pearson correlation of GLS with CPX data (Table 3) revealed that GLS is inversely
related to some of the analyzed CPX variables, including RER@peak (r = −0.341, p < 001),
VO2/kg@peak (r = −0.432, p < 0.01), METs@peak (r = −0.438, p < 0.01), VE/kg@peak
(r = −0.328, p < 0.01), and %PPeak VO2 (r = −0.37, p < 0.01), and directly related to
VE/VCO2slope (r = 0.257, p < 0.01); see Figure 2. Correlations were also found for RER@AT,
PETCO2@AT, VO2/kg@AT, VCO2/kg@AT, and METs@AT (p < 0.01). The EF value showed
no significant correlation with any of the analyzed CPET variables (Table 3).

Table 3. Correlations between numerical parameters of CPX with the left ventricular ejection fraction
(LVEF) and global longitudinal strain (GLS).

Values
GLS EF

r p-Value r p-Value

dVO2/dWR (mL/min/W) −0.177 0.067 −0.023 0.82
VE @AT (L/min) 0.007 0.944 −0.064 0.526
HR @AT (bpm) 0.151 0.118 −0.007 0.445

Load @AT (watts) −0.04 0.682 0.037 0.711
RER@ AT −0.305 0.001 ** 0.081 0.421

PETCO2 @AT (mmHg) −0.274 0.004 ** 0.187 0.062
PETO2 @AT (mmHg) 0.047 0.63 −0.086 0.394

Systolic BP@A (mmHg) −0.077 0.431 0.144 0.151
Diastolic BP@AT (mmHg) 0.019 0.848 0.028 0.784
VE/kg @AT (mL/kg/min) −0.158 0.102 0.097 0.335

VO2/kg @AT (mL/kg/min) −0.267 0.005 ** 0.202 0.042
VCO2/kg @AT (mL/kg/min) −0.335 0.000 ** 0.192 0.054

Metabolic equivalents (METs)@ AT −0.271 0.005 ** 0.205 0.04
VE @peak (L/min) −0.2 0.038 −0.077 0.445
HR @peak (bpm) −0.098 0.313 −0.087 0.39

Load @peak (watts) −0.151 0.118 −0.025 0.808
RER@ peak −0.341 0.000 ** 0.016 0.875

PETCO2 @peak (mmHg) −0.244 0.011 0.078 0.438
PETO2 @peak (mmHg) 0.035 0.717 −0.126 0.209
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Table 3. Cont.

Values
GLS EF

r p-Value r p-Value

Systolic BP@peak (mmHg) −0.167 0.085 0.131 0.19
Diastolic BP@peak (mmHg) −0.093 0.339 −0.031 0.762
VE/kg @peak (mL/kg/min) −0.328 0.001 ** 0.035 0.725

VO2/kg @peak (mL/kg/min) −0.432 0.000 ** 0.075 0.459
VCO2/kg @peak (mL/kg/min) −0.456 0.000 ** 0.068 0.499

Metabolic equivalents (METs)@ peak −0.438 0.000 ** 0.076 0.448
VE/VCO2slope 0.257 0.007 ** −0.242 0.015

%PPeak VO2 (%) −0.369 0.000 ** 0.135 0.178
VC max (L) −0.087 0.369 −0.045 0.655

FEV1 (L) −0.024 0.808 −0.009 0.931
FVC (L) −0.1 0.308 0.004 0.966

FEV1/FVC (%) 0.116 0.238 −0.019 0.852

Abbreviations: dVO2/dWR: oxygen-consumption-to-work-rate ratio; VE, exercise ventilation; HR, heart rate;
RER, respiratory exchange ratio; AT, anaerobic threshold; PETCO2, end-tidal carbon dioxide; PETO2, end-tidal
partial pressures of oxygen; BP, blood pressure; VO2, oxygen uptake; VCO2, ventilatory carbon dioxide; FEV1,
forced expiratory volume in 1 s; FVC, forced vital capacity; VC, vital capacity. ** p < 0.01.

Figure 2. Correlation between GLS and %PPeak VO2, peak VO2, VE/VCO2slope, peak VE, peak
RER, and peak METs.

On univariate analysis, the results showed that age (p < 0.01) and GLS (p < 0.01) appear
to be associated with reduced exercise tolerance in subjects with IHD, while on multivariate
analysis, age, the BMI, and GLS were independent predictors of reduced exercise capacity
(Table 4).
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Table 4. Univariate and multivariate predictors to predict reduced exercise capacity (peak VO2) in
patients with IHD.

Variables
Univariate Analysis Multivariate Analysis

OR 95%CI p-Value OR 95%CI p-Value

Gender 4 1.258–12.72 0.019 3.998 0.766–20.859 0.1
Age 0.869 0.791–0.954 <0.01 0.793 0.684–0.919 <0.01
BMI 0.824 0.681–0.997 0.047 0.663 0.487–0.903 <0.01
EF 0.975 0.010–97.809 0.991 0.028 0.000–4.464 0.167

GLS 0.737 0.606–0.896 <0.01 0.618 0.445–0.859 <0.01
LV 0.946 0.844–1.060 0.34 0.876 0.731–1.05 0.152

Abbreviations: BMI, body mass index; EF, ejection fraction; GLS, global longitudinal strain; LV, left ventricular;
OR, odds ratio; CI, confidence interval.

The area under the ROC curve (AUC) value for GLS in the detection of peak VO2
of <14 mL/kg/min was 0.73 (95% confidence interval (CI) 0.6–0.86), with a sensitivity of
74.2% and a specificity of 66.7%, for a cut-off GLS value of −15.2% (p = 0.000); see Figure 3.

Figure 3. ROC curve for evaluating the ability of GLS in predicting VO2 of <14 mL/kg/min.

4. Discussion

To the best of our knowledge, this is the first study to describe the relationship
between GLS and CPX parameters in the population with IHD. The study highlights
weak-to-moderate correlations between GLS and functional CPX parameters and further
demonstrates that GLS can detect reduced exercise capacity in these patients.

The non-invasive detection of ischemia for non-obstructive CAD remains a clinical
challenge. Previous studies have recognized GLS as one of the most sensitive and repro-
ducible indicators of ischemia and have shown that GLS is superior to the EF in detecting
an early reduction in contractile function [26]. The LVEF is not correlated with functional
capacity [27]. Most evidence on the association between exercise tolerance and cardiac
strain has predominantly focused on patients with HF [28]. However, this relationship
has not been investigated and demonstrated in patients with IHD. GLS has emerged as a
promising parameter of exercise capacity [29]. This study is the first to show the correlation
between GLS and exercise capacity in patients with IHD, which has not been investigated
in prior studies of 2D-STE and CPX after a coronary angiogram. More than half of the
patients referred for coronary angiography are reported to have normal or non-obstructive
CAD, and compared to optimal medical treatment, revascularization is only beneficial
in patients with severe ischemia [30,31]. Further coronary angiograms should be consid-
ered for symptomatic patients with cardiac dysfunction of reduced peak VO2 (<70% of
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predicted) on CPET. Furthermore, revascularization does not improve the peak VO2 for
patients with multivessel disease, suggesting that CPET plays a vital role in characterizing
the functional consequences of myocardial ischemia [32]. Hence, a more sensitive index for
coronary revascularization is needed.

Patients with IHD frequently have reduced exercise capacity, even when the con-
ventional parameters of left ventricular function, such as ejection fraction (LVEF), are
within the normal range. In addition, the role of disability, particularly in the context of
exercise intolerance, is not fully understood. GLS is associated with the extent of viable
myocardial tissue in patients with chronic IHD, where the load has less of an impact. Since
sub-endocardial fibers are more sensitive to ischemia, numerous studies have demonstrated
that GLS is more accurate at detecting early myocardial disturbances caused by ischemia
compared with the EF value [3,25]. Previous research has suggested that GLS is related to
the ability to exercise through poor contractile reservation during exercise [33]. Peak VO2
and VE/VCO2 slope are critical parameters in the detection of obstructive CAD, and in
this study, patients with normal GLS had a higher peak VO2 (19.19 ± 3.42 mL/kg/min vs.
17.01 ± 3.22 mL/kg/min), and compared with the resting EF, GLS showed a relationship
with peak VO2 (r = −0.432, p < 0.01) and the VE/VCO2 slope (r = 0.257, p = 0.000). Moreover,
multivariable analysis demonstrated that GLS is independently associated with reduced
peak VO2. Thus, reduced GLS may be an effective indicator of exercise intolerance in this
group of patients.

Peak VO2, defined as cardiorespiratory fitness (CRF), is a vital clinical sign of all-cause
and cardiovascular mortality in patients with cardiovascular diseases, as well as in healthy
individuals [34]. Reduced peak VO2 is recognized as an independent risk factor for adverse
cardiovascular events in populations with IHD. The correlations between GLS and exercise
capacity identified in this study further highlight the potential importance of early detection
of LV dysfunction in individuals with IHD with exercise intolerance.

Ng et al. reported that GLS at rest was −16.3 ± 2.4 in patients with CAD vs.
−19.1 ± 2.9 in patients with non-significant CAD [35]. Similar results were obtained by
Biering-Sørensen et al. [36], Gaibazzi et al. [37], Evensen et al. [38], and Shimoni et al. [39].
In this study, the cut-off value of GLS to detect a peak VO2 of <14 mL/min/kg was −15.2,
with a sensitivity of 74.2% and a specificity of 66.7%. Collectively, these findings indicate
the quantifiable and prognostic significance of GLS as a suitable alternative to evaluate
patients with reduced exercise capacity.

The value of using CPX in detecting macrovascular ischemia has been previously
reported [9]. However, the direct measurement of CPX requires specialized equipment and
trained personnel to accurately interpret the results. In addition, patients may be unable or
unwilling to undergo this testing. Thus, CPX remains underused in China. Simultaneously,
despite numerous attempts to develop surrogates and regression models based on non-
experimental test data to predict peak VO2, the models are not specific enough to classify
CRF as routine practice. Hence, determination of the relationship between GLS and exercise
intolerance could potentially allow the prediction of CRF of patients with IHD based solely
on ECG-derived GLS. The exercise intolerance prediction results from this study extend
the findings of Maia et al. [40] regarding GLS measured in patients with systolic heart
failure. In this study, the GLS cut-off value for detecting a peak VO2 of <14 mL/min/kg
was −15.2. Therefore, GLS could be a valuable tool to discriminate patients with normal
exercise capacity from those with reduced exercise capacity.

4.1. Limitations

Despite the valuable findings of this study, there are several significant limitations that
should also be considered. First, as a single-center study, the small size of the population
in the study may limit the generalizability of the findings. Second, more than 50% of
the participants in both experimental groups were taking β-receptor blocker medication,
a primary treatment for IHD, which significantly lowers the peak VO2 in CPX. Further
studies should be conducted on subjects using 3D STE.
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4.2. Conclusions

The study presented the value of GLS measured with 2D speckle-tracking echocardio-
graph in patients with IHD. The assessment of GLS was able to detect exercise intolerance
and identify what has a poor prognosis.
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25. Yingchoncharoen, T.; Agarwal, S.; Popović, Z.B.; Marwick, T.H. Normal ranges of left ventricular strain: A meta-analysis. J. Am.
Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 2013, 26, 185–191. [CrossRef]

26. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.P.;
Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [CrossRef]

27. Arena, R.; Guazzi, M.; Cahalin, L.P.; Myers, J. Revisiting cardiopulmonary exercise testing applications in heart failure: Aligning
evidence with clinical practice. Exerc. Sport Sci. Rev. 2014, 42, 153–160. [CrossRef]

28. Kou, S.; Suzuki, K.; Akashi, Y.J.; Mizukoshi, K.; Takai, M.; Izumo, M.; Shimozato, T.; Hayashi, A.; Ohtaki, E.; Osada, N.; et al.
Global longitudinal strain by two-dimensional speckle tracking imaging predicts exercise capacity in patients with chronic heart
failure. J. Echocardiogr. 2011, 9, 64–72. [CrossRef]

29. Shimoni, O.; Korenfeld, R.; Goland, S.; Meledin, V.; Haberman, D.; George, J.; Shimoni, S. Subclinical Myocardial Dysfunction in
Patients Recovered from COVID-19 Disease: Correlation with Exercise Capacity. Biology 2021, 10, 1201. [CrossRef]

30. Boden, W.E.; O’Rourke, R.A.; Teo, K.K.; Hartigan, P.M.; Maron, D.J.; Kostuk, W.J.; Knudtson, M.; Dada, M.; Casperson, P.; Harris,
C.L.; et al. Optimal medical therapy with or without PCI for stable coronary disease. N. Engl. J. Med. 2007, 356, 1503–1516.
[CrossRef]

31. Patel, M.R.; Peterson, E.D.; Dai, D.; Brennan, J.M.; Redberg, R.F.; Anderson, H.V.; Brindis, R.G.; Douglas, P.S. Low diagnostic
yield of elective coronary angiography. N. Engl. J. Med. 2010, 362, 886–895. [CrossRef]

32. Engstrøm, T.; Kelbæk, H.; Helqvist, S.; Høfsten, D.E.; Kløvgaard, L.; Holmvang, L.; Jørgensen, E.; Pedersen, F.; Saunamäki,
K.; Clemmensen, P.; et al. Complete revascularisation versus treatment of the culprit lesion only in patients with ST-segment
elevation myocardial infarction and multivessel disease (DANAMI-3—PRIMULTI): An open-label, randomised controlled trial.
Lancet 2015, 386, 665–671. [CrossRef] [PubMed]

33. Hasselberg, N.E.; Haugaa, K.H.; Sarvari, S.I.; Gullestad, L.; Andreassen, A.K.; Smiseth, O.A.; Edvardsen, T. Left ventricular global
longitudinal strain is associated with exercise capacity in failing hearts with preserved and reduced ejection fraction. Eur. Heart J.
Cardiovasc. Imaging 2015, 16, 217–224. [CrossRef] [PubMed]

34. Conraads, V.M.; Pattyn, N.; De Maeyer, C.; Beckers, P.J.; Coeckelberghs, E.; Cornelissen, V.A.; Denollet, J.; Frederix, G.;
Goetschalckx, K.; Hoymans, V.Y.; et al. Aerobic interval training and continuous training equally improve aerobic exercise
capacity in patients with coronary artery disease: The SAINTEX-CAD study. Int. J. Cardiol. 2015, 179, 203–210. [CrossRef]
[PubMed]

35. Ng, A.C.; Sitges, M.; Pham, P.N.; da Tran, T.; Delgado, V.; Bertini, M.; Nucifora, G.; Vidaic, J.; Allman, C.; Holman, E.R.; et al.
Incremental value of 2-dimensional speckle tracking strain imaging to wall motion analysis for detection of coronary artery
disease in patients undergoing dobutamine stress echocardiography. Am. Heart J. 2009, 158, 836–844. [CrossRef]

90



J. Cardiovasc. Dev. Dis. 2023, 10, 10

36. Biering-Sørensen, T.; Hoffmann, S.; Mogelvang, R.; Zeeberg Iversen, A.; Galatius, S.; Fritz-Hansen, T.; Bech, J.; Jensen, J.S.
Myocardial strain analysis by 2-dimensional speckle tracking echocardiography improves diagnostics of coronary artery stenosis
in stable angina pectoris. Circ. Cardiovasc. Imaging 2014, 7, 58–65. [CrossRef]

37. Gaibazzi, N.; Pigazzani, F.; Reverberi, C.; Porter, T.R. Rest global longitudinal 2D strain to detect coronary artery disease in
patients undergoing stress echocardiography: A comparison with wall-motion and coronary flow reserve responses. Echo Res.
Pract. 2014, 1, 61–70. [CrossRef]

38. Evensen, K.; Sarvari, S.I.; Rønning, O.M.; Edvardsen, T.; Russell, D. Carotid artery intima-media thickness is closely related to
impaired left ventricular function in patients with coronary artery disease: A single-centre, blinded, non-randomized study.
Cardiovasc. Ultrasound 2014, 12, 39. [CrossRef]

39. Shimoni, S.; Gendelman, G.; Ayzenberg, O.; Smirin, N.; Lysyansky, P.; Edri, O.; Deutsch, L.; Caspi, A.; Friedman, Z. Differential
effects of coronary artery stenosis on myocardial function: The value of myocardial strain analysis for the detection of coronary
artery disease. J. Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 2011, 24, 748–757. [CrossRef]

40. Maia, R.J.C.; Brandão, S.C.S.; Leite, J.; Parente, G.B.; Pinheiro, F.; Araújo, B.T.S.; Aguiar, M.I.R.; Martins, S.M.; Brandão, D.C.;
Andrade, A.D. Global Longitudinal Strain Predicts Poor Functional Capacity in Patients with Systolic Heart Failure. Arq. Bras. De
Cardiol. 2019, 113, 188–194. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

91



Journal of

Cardiovascular 

Development and Disease

Article

The Prognostic Value of Pulmonary Venous Flow Reversal in
Patients with Significant Degenerative Mitral Regurgitation

Alon Shechter 1,2,3,*, Steele C. Butcher 4, Robert J. Siegel 3,5, Jenan Awesat 1,2, Merry Abitbol 1,2,

Mordehay Vaturi 1,2, Alex Sagie 1,2, Ran Kornowski 1,2, Yaron Shapira 1,2 and Idit Yedidya 1,2

1 Department of Cardiology, Rabin Medical Center, Petach Tikva 4941492, Israel
2 Faculty of Medicine, Tel Aviv University, Tel Aviv 69978, Israel
3 Department of Cardiology, Smidt Heart Institute, Cedars-Sinai Medical Center, Los Angeles, CA 90048, USA
4 Department of Cardiology, Royal Perth Hospital, Perth, WA 6000, Australia
5 David Geffen School of Medicine, University of California Los Angeles, Los Angeles, CA 90095, USA
* Correspondence: alon.shechter@cshs.org or alonshechter@gmail.com;

Tel.: +1-(310)-423-2726; Fax: +1-(310)-423-0166

Abstract: Background: The prognostic significance of pulmonary venous (PV) flow reversal in degen-
erative mitral regurgitation (dMR) is not well-established. Objective: We aimed to assess whether
reversed PV flow is associated with adverse outcomes in patients with significant dMR. Methods: We
retrospectively analyzed consecutive patients referred to a tertiary center for evaluation of dMR of
greater than moderate degree, who had normal sinus rhythm, had a left ventricular ejection fraction
of above 60%, and did not suffer from any other major valvular disorders. The primary outcome was
the combined rate of all-cause mortality, mitral intervention, or new-onset atrial fibrillation (AF) at
5 years following index echocardiogram. Secondary outcomes included individual components of the
primary outcome. Results: Overall, 135 patients (median age 68 (IQR, 58–74) years; 93 (68.9%) males;
89 (65.9%) with severe MR) met the inclusion criteria and were followed for 115.2 (IQR, 60.0–155.0)
months. Patients with a reversed PV flow pattern (PVFP) (n = 34) more often presented with severe
MR compared to those with a normal (n = 49) and non-reversed PVFP (n = 101) (RR = 2.03 and 1.59,
respectively, all p < 0.001). At 5 years, they experienced the highest cumulative incidence of the
primary outcome (80.2% vs. 59.2% and 67.3%, p = 0.008 and 0.018, respectively). Furthermore, a
reversed PVFP was independently associated with a higher risk of the primary outcome compared
to normal PVFP (HR 2.53, 95% CI 1.21–5.31, p = 0.011) and non-reversed PVFP (HR 2.14, 95% CI
1.12–4.10, p = 0.022). Conclusion: PV flow reversal is associated with a worse 5-year composite of
mortality, mitral intervention, or AF in patients with significant dMR.

Keywords: degenerative mitral regurgitation; pulmonary veins; atrial fibrillation; prognosis

1. Introduction

Degenerative mitral regurgitation (dMR) is the second-most common form of chronic
mitral regurgitation (MR) in developed nations [1]. Affecting 15 out of every 1000 adult
Americans in the year 2000 [1], the disease constitutes a significant health and economic
burden at an advanced stage. Timely valvular intervention is therefore of paramount
importance. Previous retrospective studies have identified atrial fibrillation (AF) and
left atrial (LA) dilation as predictors of increased mortality among dMR patients, both
conservatively managed [2,3] and surgically treated [3,4]. Serving as the mechanistic link
between MR and atrial aberrations [5,6] is LA remodeling, the manifestations of which may
include abnormal pulmonary venous (PV) flow pattern (PVFP). Already considered to be
supportive evidence of severe MR [7], a reversed PVFP likely signifies a worse disease state
which may adversely affect prognosis. Using a contemporary cohort of real-world patients,
we assessed whether pulmonary venous flow reversal was associated with worse clinical
outcomes in patients with significant chronic dMR.
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2. Methods

2.1. Study Population and Outcomes

This is a single-center, retrospective analysis of consecutive patients with dMR of
greater than moderate grade who were referred to transesophageal echocardiography
(TEE) at Rabin Medical Center (RMC), Israel, between May 1995 and June 2017.

Inclusion criteria comprised the following: 1. absence of documented AF or flutter
prior to the TEE; 2. normal left ventricular (LV) systolic function, defined as an LV ejection
fraction (LVEF) of above 60% on the transthoracic echocardiogram (TTE) part of the index
examination; and 3. an isolated degenerative mitral pathology not accompanied by other
valvular disorders of greater than mild-to-moderate grade. Patients that underwent any
previous valvular intervention, as well as those without complete baseline data (impor-
tantly, the documentation of PVFP bilaterally) were excluded. Follow-up duration spanned
the timeframe between the date of echocardiogram and either death or 30 April 2020.

The primary outcome was defined as the composite of all-cause mortality, any form
of invasive mitral intervention, and new-onset AF or flutter during the first 5 years of
follow-up, excluding arrhythmic events in the first post-interventional month. Secondary
outcomes included single components of the primary outcome.

Data regarding endpoints were retrieved using Ofek Software (dbMotion, Pittsburg,
PA, USA), which is a web-based medical chart platform shared by most of Israel’s public
medical providers. Atrial arrythmias were ascertained by inspecting patient files for any
mention of obvious AF or flutter on a 12-lead electrocardiogram (ECG) and/or an irregular
ventricular electrical activity without discernible P waves on a 30-s strip [8].

The study was conducted in accordance with the Declaration of Helsinki and received
Institutional Review Board (IRB) approval. The requirement for informed consent was
waived due to the study’s retrospective nature.

2.2. Echocardiographic Assessment

All echocardiograms were performed and interpreted by level-III-trained sonogra-
phers and echocardiologists. Echo systems used included Vivid 3 Premium and Vivid E95
(General Electric, Milwaukee, WN, USA), Agilent 5500 (Agilent, Santa Clara, CA, USA), HP
77020 (Hewlett Packard, Andover, MA, USA), and IE33 and EPIQ (Philips, Amsterdam, The
Netherlands). Diagnostic measurements and conclusions made at each study were based
on criteria set forth by the relevant American Society of Echocardiography guidelines [8,9].
Mitral valve assessment incorporated standard multiple views. Regurgitation severity
was determined based on the integration of qualitative and semiquantitative measures,
whenever possible. A diagnosis of degenerative mitral valve (MV) disease required the
visualization of leaflet prolapse, signified by a ≥2 mm atrial displacement of the leaflet
tip from the mitral annular level at end-systole. Pulmonary veins (PVs) were assessed
bilaterally. After verification of tangentiality by color Doppler, the flow at each PV was
sampled by a pulsed-wave (PW) Doppler beam placed within 1 cm of the PV ostia. Normal
PVFP was defined by a peak systolic (S) velocity to peak diastolic (D) velocity ratio of 1 and
above (Figure 1); conversely, PVFP reversal was characterized by an S to D ratio of below
zero. Blunted PVFP, considered a form of non-reversed PVFP, was further identified by an S
to D ratio between zero and below 1. Overall flow was determined according to the lowest
S to D ratio observed. Pulmonary arterial systolic pressure (PASP) assessment was based on
the peak systolic pressure gradient measured across the tricuspid valve and the estimated
right atrial pressure (RAP) using the diameter and respiratory collapsibility of the inferior
vena cava (IVC), both during the TTE part of each study. Global right ventricular (RV)
function was evaluated qualitatively. All reports were blindly scrutinized for integrity by
two physicians (A.Shechter and I.Y.).
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Figure 1. Pulmonary Venous Flow Patterns as Imaged on Transesophageal Echocardiogram. Normal
pattern is signified by a peak systolic (S) to peak diastolic (D) flow velocities ratio of ≥1. Abnormal
pattern may include either a blunted or a reversed S wave, manifested by an S/D ratio of <1 or <0,
respectively. (A) Normal Flow Pattern. (B) Blunted Flow Pattern. (C) Reversed Flow Pattern.
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2.3. Statistical Analysis

The study cohort was split into three main groups according to baseline PVFP, namely
normal, reversed, and non-reversed, with the latter comprising patients exhibiting either
normal or blunted flow patterns in the PVs. In each group, continuous variables were
expressed as means and standard deviations (SDs) or as medians and interquartile ranges
(IQRs). Categorical variables were reported as frequencies and percentages. Between-
group comparison of continuous variables with normal distribution was performed using
Student’s t test, while that of continuous variables demonstrating non-normal distribution
was performed using the Mann–Whitney U test. Categorical variables were compared
using Pearson’s chi-squared test or Fisher’s exact test. Importantly, only two groups were
compared at a time.

The risk for the development of the primary outcome according to PVFP was graphi-
cally displayed using the Kaplan–Meier method, with comparisons of cumulative survival
across strata conducted using the log rank test. To identify independent associations be-
tween the primary outcome and baseline variables, particularly different forms of PVFP,
univariable Cox regression analysis was employed, after which parameters showing a
p-value of <0.1 were integrated into a multivariable model.

Patients with missing data were censored from the relevant analyses. A two-sided
p-value of <0.05 was considered to represent statistical significance. All analyses were
performed using SPSSTM Statistic for Windows software, version 24 (IBM Corporation,
Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics of the Study Population

Out of 485 patients that underwent TEE for an evaluation of chronic dMR at RMC
between May 1995 and June 2017, a total of 135 met the study inclusion criteria (Figure 2).
The median follow-up duration was 115.2 (IQR, 60.0–155.0) months. Three patients —
two in the normal PVFP group and one in the reversed PVFP group—were lost to follow-up
after a median of 20.0 months.

Figure 2. Study Flow Chart. dMR = degenerative mitral regurgitation; LV = left ventricle; NSR = nor-
mal sinus rhythm; PVFP = pulmonary venous flow pattern.
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Baseline clinical and echocardiographic characteristics of the study cohort are pre-
sented in Tables 1 and 2, respectively. Notably, the patients were mostly male (n = 93,
68.9%) and the median age was 68 (IQR, 58–74) years. Additionally, more than half (n = 70,
56.5%) were hypertensive. MR was concluded as severe in 89 (65.9%) cases and prolapse
mainly involved the posterior leaflet alone (n = 94, 69.5%), followed by both leaflets (n = 26,
19.3%) and the anterior leaflet only (n = 15, 11.1%).

Table 1. Baseline Clinical Characteristics of the Study Population.

p-Value

Total Cohort
(N = 135)

Normal PVFP
(N = 49)

Reversed
PVFP

(N = 34)

Non-Reversed
PVFP (N = 101)

Normal vs.
Reversed

Non-Reversed
vs. Reversed

Demographic Data

Age (years) 68 (58–74) 68 (58–73) 69 (56–76) 68 (58–74) 0.636 0.941

Male sex 93 (68.9) 31 (63.3) 24 (64.7) 70 (70.3) 1.000 0.542

Comorbidities

BMI
Median (kg/m2) 25.0 (22.5–27.2) 25.7 (23.2–28.9) 23.1 (20.5–25.3) 26.0 (23.0–27.9) 0.007 0.001

≥30 kg/m2 11 (10.8) 6 (18.2) 0 (0.0) 11 (15.1) 0.026 0.027

BSA (m2) 1.82 (1.69–1.98) 1.80 (1.70–1.93) 1.80 (1.59–1.93) 1.85 (1.70–2.00) 0.628 0.323

Hypertension 70 (56.5) 26 (61.9) 15 (45.5) 55 (60.4) 0.155 0.137

Diabetes Mellitus 12 (9.7) 7 (16.7) 0 (0.0) 12 (13.2) 0.016 0.035

Functional Status

NYHA Class 0.063 0.010
I 34 (34.7) 14 (37.8) 6 (24.0) 28 (38.4)
II 38 (38.8) 14 (37.8) 8 (32.0) 30 (41.1)
III 23 (23.5) 9 (24.3) 8 (32.0) 15 (20.5)
IV 3 (3.1) 0 (0.0) 3 (12.0) 0 (0.0)

II and Above 64 (65.3) 23 (62.2) 19 (76.0) 45 (61.6) 0.427 0.193

Medications

Beta blockers 37 (30.1) 13 (31.0) 6 (18.2) 31 (34.4) 0.207 0.081

RAS inhibitors 53 (43.1) 20 (47.6) 14 (43.1) 39 (43.3) 0.654 0.928

MRAs 5 (4.1) 2 (4.8) 0 (0.0) 5 (5.6) 0.501 0.323

Data are presented as number (percentage) or median (interquartile range), where appropriate. BMI = body
mass index; BSA = body surface area; MRA = mineralocorticoid receptor antagonist; NYHA = New York Heart
Association; PVFP = pulmonary venous flow pattern; RAS = renin–angiotensin system.

3.2. Pulmonary Venous Flow Pattern

Overall, 49 (36.3%) patients exhibited a normal flow pattern in the PVs on both sides
and 86 (63.7%) patients had an abnormal PVFP on at least one side. Among the latter, 34
(25.2%) were diagnosed with a reversed PVFP and 52 (38.5%) had a blunted PVFP. The
proportion of PV flow reversal was considerably higher among individuals with severe MR
compared to those with moderate-to-severe MR (31/89; 34.8% vs. 3/46; 6.5%, p < 0.001).

Compared to patients with normal or non-reversed PVFP, those with reversed PVFP
were less likely to be obese and diabetic (Table 1). While similarly symptomatic overall
(n = 19, 76.0%), they exhibited greater functional impairment, expressed by the New
York Heart Association (NYHA) classification, which was statistically significant when
comparing the non-reversed and reversed PV flow groups. Lastly, patients with a reversed
PVFP had the highest prevalence of severe MR (91.2%), as well as increased PASP values
(Table 2). No significant differences were noted in other clinical and echocardiographic
parameters, including LV end-systolic diameter, LA dimensions, and prolapse site.
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Table 2. Baseline Echocardiographic Parameters.

p-Value

Total Cohort
(N = 135)

Normal PVFP
(N = 49)

Reversed
PVFP

(N = 34)

Non-Reversed
PVFP (N = 101)

Normal vs.
Reversed

Non-Reversed
vs. Reversed

Mitral Regurgitation

MR Severity <0.001 <0.001
Moderate-to-Severe 46 (34.1) 27 (55.1) 3 (8.8) 43 (42.6)

Severe 89 (65.9) 22 (44.9) 31 (91.2) 58 (57.4)

MR PISA EROA
Median (cm2) 0.48 (0.36–0.63) 0.38 (0.30–0.49) 0.60 (0.48–0.69) 0.43 (0.33–0.54) 0.001 0.005
≥0.4 cm2 40 (66.7) 9 (42.9) 16 (88.9) 24 (57.1) 0.003 0.017

MR PISA RVol
Median (mL) 71 (55–88) 60 (45–81) 81 (70–94) 68 (51–77) 0.042 0.029

≥60 mL 39 (73.6) 10 (50.0) 16 (94.1) 23 (63.9) 0.003 0.022

Prolapses Site 0.563
Anterior 15 (11.1) 10 (20.4) 4 (11.8) 11 (10.9) 0.301 1.000
Posterior 94 (69.5) 31 (63.3) 23 (67.6) 71 (70.3) 0.681 0.771

Both 26 (19.3) 8 (16.3) 7 (20.6) 19 (18.8) 0.620 0.820

Left Heart Dimensions

LV ESD
Median (mm) 32 (28–37) 30 (27–37) 35 (30–39) 31 (27–37) 0.056 0.070

≥40 mm 21 (15.6) 7 (14.3) 5 (14.7) 16 (15.8) 1.000 0.874

LA Diameter
Median (mm) 45 (40–50) 45 (40–50) 46 (40–52) 44 (40–49) 0.452 0.321

>55 mm 8 (5.9) 2 (4.1) 3 (8.8) 5 (5.0) 0.396 0.415

LA Area
Median (cm2) 26 (22–31) 24 (21–28) 27 (23–33) 25 (22–31) 0.057 0.387

>20 cm2 103 (76.3) 33 (67.3) 26 (76.5) 77 (76.2) 0.367 0.978

Right Heart

RV Dysfunction 2 (1.5) 1 (2.0) 0 (0.0) 2 (2.0) 1.000 1.000

PASP
Median (mmHg) 39 (30–50) 32 (26–40) 44 (34–55) 38 (30–48) 0.001 0.115

≥50 mmHg 26 (19.3) 4 (8.2) 8 (23.5) 18 (17.8) 0.063 0.465

Data are presented as number (percentage), median (interquartile range), or mean ± standard deviation, where
appropriate. EF = ejection fraction; EROA = effective regurgitant orifice area; ESD = end-systolic diameter;
LA = left atrial; LV = left ventricular; MR = mitral regurgitation; PASP = pulmonary arterial systolic pressure;
PISA = proximal isovelocity surface area; PVFP = pulmonary venous flow pattern; RV = right ventricular;
RVol = regurgitant volume.

3.3. Outcomes

After 5 years of follow-up, 11 (8.1%) patients died, 87 (64.4%) underwent mitral
intervention, and 22 (16.3%) developed AF or flutter (Table 3). Intervention types included,
in decreasing frequency, the following: surgical repair (n = 60, 69%); surgical replacement
(n = 19, 21.8%); and transcatheter edge-to-edge repair (TEER) using the MitraClip system
(Abbott Vascular Inc, Santa Clara, CA, USA) (n = 8, 9.2%).

The primary outcome, a composite of all three separate endpoints, was reported in
98 (72.6%) patients and proved significantly more frequent in those with reversed PVFP at
baseline (88.2% compared to 59.2% in the normal PVFP group and 67.3% in the non-reversed
PVFP group, p = 0.004 and p = 0.018, respectively). This was reflected in significantly shorter
event-free survival durations within the reversed PVFP group (16.0 ± 20.1 vs. 38.4 ± 25.9
and 34.9 ± 25.8 months, respectively, all log rank p < 0.001) (Figure 3). Notably, PV
flow reversal was also associated with an increased cumulative incidence of the primary
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outcome when compared to a blunted PVFP (88.2% vs. 75.0%, p = 0.022). By contrast,
patients with PV flow blunting experienced a non-statistically higher rate of the primary
outcome compared to that of patients with a normal PVFP (75.9% vs. 59.2%, p = 0.137)
(Supplemental Figure S1).

Table 3. Outcomes at 5 Years.

p-Value

Total Cohort
(N = 135)

Normal PVFP
(N = 49)

Reversed
PVFP

(N = 34)

Non-Reversed
PVFP

(N = 101)

Normal vs.
Reversed

Non-Reversed
vs. Reversed

All-Cause Mortality,
Mitral Intervention, or

New-Onset Atrial
Fibrillation

98 (72.6) 29 (59.2) 30 (88.2) 68 (67.3) 0.004 0.018

All-Cause Mortality 11 (8.1) 2 (4.1) 2 (5.9) 9 (8.9) 1.000 0.730

Mitral Intervention 87 (64.4) 25 (51.0) 29 (85.3) 58 (57.4) 0.001 0.003

New-Onset Atrial
Fibrillation 22 (16.3) 4 (8.2) 4 (11.8) 18 (17.8) 0.711 0.408

Data are presented as number (percentage). PVFP = pulmonary venous flow pattern.

Figure 3. Cont.
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Figure 3. Five-Year Cumulative Incidence of the Combined Outcome of All-Cause Mortality, Mitral
Intervention, or New-Onset Atrial Fibrillation According to Pulmonary Venous Flow Pattern at Base-
line. PVFP = pulmonary venous flow pattern; TEE = transesophageal echocardiogram. (A) Normal
vs. Reversed Pulmonary Venous Flow Pattern. (B) Non-Reversed vs. Reversed Pulmonary Venous
Flow Pattern.

According to a Cox proportional hazard model, presented in Supplemental Table S1
(univariable analysis) and in Table 4 (multivariable analysis), a reversed PVFP indepen-
dently predicted an increased risk for the primary outcome compared to both normal PVFP
(HR 2.53, 95% CI 1.21–5.31, p = 0.011) and non-reversed PVFP (HR 2.14, 95% CI 1.12–4.10,
p = 0.022).

Table 4. Multivariable Cox Proportional Hazard Model for the Combined Outcomes of All-Cause
Mortality, Mitral Intervention, or New-Onset Atrial Fibrillation at 5 Years.

HR (95% CI) p-Value

NYHA Class (per 1 class rise) 1.43 (1.09–1.87) 0.010

LV ESD ≥40 mm 2.11 (0.94–4.73) 0.069

LA Diameter (continuous) 1.47 (1.07–2.03) 0.018

RV Dysfunction 1.30 (0.17–9.92) 0.800

Severe MR 1.53 (0.85–2.75) 0.161

Posterior Prolapse Site 1.78 (0.98–3.23) 0.056

PVFP
Abnormal (vs. Normal) 1.62 (0.93–2.84) 0.091
Reversed (vs. Normal) 2.53 (1.21–5.31) 0.011

Reversed (vs. Non-Reversed) 2.14 (1.12–4.10) 0.022

CI = confidence interval; EF = ejection fraction; ESD = end-systolic diameter; HR = hazard ratio; LA = left atrial;
LV = left ventricular; MR = mitral regurgitation; NYHA = New York Heart Association; PVFP = pulmonary
venous flow pattern; RV = right ventricular.
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Of the secondary outcomes, mitral interventions (but not deaths and AF or flutter)
occurred earlier and more frequently during 5 years of follow-up in patients with reversed
PVFP compared to patients with normal or non-reversed PVFP (Table 3). After multivari-
able analysis, PV flow reversal at baseline arose as an independent risk factor for mitral
intervention, but not for mortality or new-onset AF (Supplemental Table S2).

4. Discussion

Our study examined the prognostic utility of PV flow reversal, as observed on TEE,
in patients with significant dMR, normal LV systolic function, and normal sinus rhythm.
Based on a retrospective, single-center analysis of 135 consecutive cases, we observed the
following: 1. a reversed PVFP was evident in approximately one-quarter of the cohort and
among almost all patients with severe MR; 2. its presence was associated with a more severe
MR and a higher pulmonary arterial pressure, as well as with a lower functional status
at baseline; 3. patients with PV flow reversal experienced a higher cumulative incidence
of deaths, mitral interventions, or new-onset AF during 5 years of follow-up compared
to those with either normal, non-reversed, or blunted PV flow patterns; and 4. PV flow
reversal independently predicted a higher risk for mitral interventions and the composite
of the three separate endpoints, more than doubling the risk for both compared to normal
and non-reversed PVFP.

As a surrogate of altered LA hemodynamics [10], abnormal flow in PVs has been
previously shown to manifest in disease states characterized by elevated LA filling pres-
sures, such as MV disorders [5], AF [11], diastolic dysfunction [12], and atrioventricular
(AV) dissociation [13]. In MR, a reversed PVFP could also represent a direct effect of the
regurgitant jet which, depending on the exact location of the underlying pathology, may be
situated against the PV ostia [14]. As both filling pressures and the regurgitant jet are not
exclusively determined by the mere severity of the valvular disease, PV flow abnormalities,
while highly specific, are not 100% sensitive to significant MR. This could explain the
less-than 100% prevalence of reversed PVFP in our cohort, particularly among patients
with severe MR.

In line with prior studies that have linked a reversed PV flow with severe MR [15], a
larger proportion of patients in our study exhibiting this finding had severe MR compared
to patients with a normal flow pattern, and vice versa. However, the hazardous association
between reversed PVFP and outcomes remained after controlling for MR grade, suggesting
that PV flow reversal may serve not only as a diagnostic criterion for severe dMR, but
also as a prognostic marker in both moderate-to-severe and severe dMR. Theoretically,
the worse prognosis experienced by patients with dMR and a reversed PVFP may have
been not only the result of the more advanced valvular disease, but also a reflection of an
accompanying atrial myopathy, a condition well-described in the literature [16,17], which
could by itself lead to reduced cardiac output, elevated pulmonary vascular pressure, and
thromboembolism [18]. Furthermore, patients with PV flow reversal may have experienced
a more pronounced diastolic dysfunction, which also could contribute to a less favorable
prognosis. While this last notion could not be fully ascertained by echocardiography due to
the presence of significant MV disease, altered PVFP has previously been correlated with
diastolic dysfunction using right heart catheterization [19], and in our study was indeed as-
sociated with LA dilation and pulmonary hypertension, both of which are mutually related
to LA pathology and LV stiffness [20]. Still, the fact that PV flow reversal demonstrated an
independent prognostic ability according to a comprehensive multivariable analysis that
considered all of the above-mentioned parameters may suggest a dominant role for MR
grade in that regard nonetheless.

On a final note, our findings may have therapeutic implications, particularly among
dMR patients who do not fulfill current practice guideline criteria for intervention [8,21].
As mentioned, the worse 5-year outcomes observed within the reversed PVFP group
encompassed both patients with severe MR and normal LV function, as well as patients
with less than severe (i.e., moderate-to-severe) MR. Although regurgitation severity is also
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a function of loading conditions and may thus fluctuate, and while MR severity, rather
than PVFP, may have been the driving force for the higher event rate in our cohort, a
reversed PVFP was independently associated with the primary outcome and with mitral
interventions. In view of its prognostic impact, PV flow reversal may warrant earlier
intervention in patients with significant dMR. Future research may assess the implication
of integrating this finding in the decision-making process when caring for dMR patients.

5. Limitations

A single-center, retrospective design may undermine the external validity of the
study results. Nevertheless, we employed the largest cohort to date of significant dMR
patients with normal LV function and sinus rhythm that were specifically assessed for
PVFP. Moreover, baseline patient characteristics were apparently comparable to those
presented by previous reports of dMR populations [22] and echocardiographic reports
were blindly assessed. Regarding conceptual matters, death causes and mitral intervention
indications, as well as additional indices of atrial myopathy (such as indexed volume and
serum natriuretic peptides) and of diastolic function (including invasive hemodynamic
parameters), were not explored, thus impairing the ability to identify the exact pathogenic
correlations and consequences of a deranged PVFP. Additionally, AF diagnoses were mostly
based on surface ECGs and not continuous tracings, the use of which could have led to
more accurate estimates of arrhythmic burden. During the protracted timeframe of the
study, practice guidelines changed, potentially affecting the interpretation of baseline
observations and the definition of downstream events. However, all patients were assessed
concomitantly and exposed to similar methodologies, arguably making any interaction
with such an evolution non-significant. Lastly, echocardiographic assessments of MR and
PVFP may be prone to operator-dependent errors and patient-specific features, such as
hemodynamic status. Nevertheless, we noted a significant association between MR severity
and PVFP anomaly and deliberately included both moderate-to-severe and severe MR
cases, keeping in mind the possibility of shifting severity of the valvular disease.

6. Conclusions

In our single-center experience, patients with significant dMR, normal LV systolic
function, and normal sinus rhythm experienced earlier, more frequent composite events of
death, mitral intervention, or new-onset AF at 5 years when faced with a reversed PVFP.
Furthermore, PV flow reversal was independently associated with more than twice the risk
for the composite outcome compared to normal and non-reversed flow patterns, regardless
of MR severity, LA diameter, or pulmonary arterial systolic pressure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcdd10020049/s1, Figure S1: Five-Year Cumulative Incidence of
the Combined Outcome of All-Cause Mortality, Mitral Intervention, or New-Onset Atrial Fibrillation
According to Detailed Pulmonary Venous Flow Pattern at Baseline; Table S1: Univariable Cox
Proportional Hazard Model for the Combined Outcome of All-Cause Mortality, Mitral Intervention,
or New-Onset Atrial Fibrillation at 5 Years; Table S2: Cox Proportional Hazard Model for the Separate
Outcomes at 5 Years.
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Abstract: Background: Understanding and effectively treating dystrophin-deficient cardiomyopathy
is of high importance for Duchenne muscular dystrophy (DMD) patients due to their prolonged
lifespan. We used two-dimensional speckle tracking echocardiography to analyze more deeply the
non-uniformity of myocardial strain within the left ventricle during the progression of cardiomy-
opathy in golden retriever muscular dystrophy (GRMD) dogs. Methods: The circumferential strain
(CS) and longitudinal strain (LS) of left ventricular (LV) endocardial, middle and epicardial layers
were analyzed from three parasternal short-axis views and three apical views, respectively, in GRMD
(n = 22) and healthy control dogs (n = 7) from 2 to 24 months of age. Results: In GRMD dogs, despite
normal global systolic function (normal LV fractional shortening and ejection fraction), a reduction in
systolic CS was detected in the three layers of the LV apex but not in the LV middle-chamber and
base at 2 months of age. This spatial heterogeneity in CS progressed with age, whereas a decrease in
systolic LS could be detected early at 2 months of age in the three layers of the LV wall from three
apical views. Conclusions: Analyzing the evolution of myocardial CS and LS in GRMD dogs reveals
spatial and temporal non-uniform alterations of LV myocardial strain, providing new insights into
the progression of dystrophin-deficient cardiomyopathy in this relevant model of DMD.

Keywords: canine model of duchenne muscular dystrophy; dystrophin-deficient cardiomyopathy;
heterogeneity; myocardial strain; speckle-tracking echocardiography

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked hereditary disease affecting
approximately 1 in 5000 male births worldwide and is caused by mutations in the gene
that encodes the 427-kDa cytoskeletal protein dystrophin. Dystrophin forms a dystrophin
protein complex with dystrophin-associated proteins including dystroglycans, sarcogly-
cans, integrins and caveolin in the sarcolemma, linking the internal cytoskeleton to the
extracellular matrix in striated muscle and playing an important role in stabilizing the cell
membrane and signal transduction during muscle contraction [1]. The vast majority of
DMD patients lack the dystrophin protein, making the membrane susceptible to damage
by mechanical stress which can lead to muscle degeneration. DMD is characterized by
progressive muscle degeneration and weakness. Beginning as early as 2 to 3 years of
age, the principal symptom of DMD is muscle weakness, affecting the proximal muscles
first, then the distal limb muscles and usually the lower external muscles before the upper
external muscles. Generally, DMD patients are wheelchair-bound by 12 years of age and
die of respiratory failure in their late teens or early twenties. Although there is currently
no effective treatment for this disease, patients with DMD live significantly longer thanks
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to improved respiratory ventilation and other supportive care. As a result, deaths from
heart failure rather than respiratory failure have increased [2]. Therefore, understanding
the development of dystrophin-deficient cardiomyopathy and effectively treating it has
become very important for DMD patients.

Similar to DMD, golden retriever muscular dystrophy (GRMD) is also caused by the
dystrophin gene mutation, a single nucleotide change that leads to exon skipping and an
out-of-frame DMD transcript [3]. GRMD dogs develop symptoms and signs like DMD
patients and are used to explore pathological changes and test novel therapeutic strategies
for DMD [4–11].

Using image-processing algorithms for two-dimensional digital echocardiographic
images, two-dimensional speckle tracking echocardiography (2D-STE) identifies small
stable myocardial footprints called speckles generated by ultrasound-myocardial tissue
interactions within a defined region of interest and tracks speckles frame-to-frame over the
cardiac cycle. Distances between speckles or their spatiotemporal displacement provide
information about global and segmental myocardial deformation. Despite some technical
factors influencing strain value [12], 2D-STE has been developed into a reliable method to
objectively quantify left ventricular (LV) regional and global myocardial function [12,13]
since strain information is independent of the Doppler angle of incidence [13]. Studies have
shown that 2D-STE can be used to reveal early pathological changes in the heart of DMD
patients [14–16] and GRMD dogs and cardiac responses in GRMD therapeutic trials [8–10].
Interestingly, recent technological developments have enabled 2D-STE to analyze LV wall
strain in more detail, allowing, for example, the analysis of endocardial, middle and
epicardial strains in different regions of the LV wall. Therefore, the aim of this study
was to evaluate the changes in myocardial circumferential strain (CS) and longitudinal
strain (LS) of LV endocardial, middle and epicardial layers in GRMD dogs aged from 2 to
24 months. These GRMD dogs were compared to healthy control dogs to reveal alterations
in LV myocardial strain during the pathological development of dystrophin-deficient
cardiomyopathy. Our results showed that spatial and temporal non-uniform alterations of
myocardial strain occur within the left ventricle during the progression of the disease. This
finding may provide insight into the progression of cardiomyopathy due to dystrophin
deficiency in this highly relevant canine model of DMD.

2. Materials and Methods

2.1. Animal Model

Twenty-two GRMD and seven healthy control dogs were provided by the Centre
d’Elevage du Domaine des Souches (Mezilles, France) and were cared for by veterinarians
throughout the study. GRMD was diagnosed by DNA analysis at 1 month of age. The
experimental protocol was approved by the animal ethics committee (ComEth ANSES-
ENVA-UPEC agreement #20/12/12–18) and the experimental procedures were performed
in accordance with the European Union Directive 2010/63/EU.

2.2. Echocardiographic Image Acquisition and Analysis

Echocardiographic image acquisition and analysis were performed by the same in-
vestigator in GRMD dogs and their healthy littermates at 2, 6, 9, 12, 18 and 24 months
of age. Using a Vivid 7 ultrasound (General Electric Medical System, Horten, Norway),
echocardiographic images were acquired from conscious (i.e., without the use of sedatives
or anesthetics) 2-month-old puppies in a standing position using a 7S cardiac sector array
probe and from dogs of other ages in a standing position in a sling using a 5S or an M4S
cardiac sector array probe after an adaptive period of 20–30 min. The standing position
allows for the acquisition of images from all commonly used LV views. An ECG was
recorded during the echocardiographic examination to calculate heart rate.

M-mode parasternal short-axis (PSAX) images at the mid-chamber (papillary muscles)
level were recorded to measure LV end-diastolic (EDD) and end-systolic (ESD) diameters,
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end-diastolic and end-systolic posterior and interventricular septal wall dimensions and
fractional shortening (FS).

High-frame-rate videos (ranging from 60 to 119 frames/s) were recorded in apical
2-chamber, 3-chamber and 4-chamber views. In some cases, the apical 5-chamber view was
used when an adequate 3-chamber image could not be obtained. The PSAX-base view was
acquired at the level of mitral valve leaflets. The PSAX-mid-chamber view was recorded
at the level of papillary muscles. The PSAX-apex view was recorded when the LV cavity
was as small as possible without visible papillary muscles. For each view, a cine loop of at
least three consecutive cardiac cycles was stored digitally for offline analysis. To ensure the
image quality for strain analysis, the images of young dogs were generally acquired with
the highest frame rate possible.

Echocardiographic images were analyzed as recommended [17]. FS (%) was calculated
as [(LV EDD − LV ESD)/LV EDD × 100%]. LV end-diastolic volume (EDV, mL), end-systolic
volume (ESV, mL) and ejection fraction (EF, %) were calculated by the biplane Simpson’s
method using the apical 4-chamber and 2-chamber images.

Using dedicated software, 2D-STE was performed offline (EchoPac version 201, GE
Healthcare, Horten, Norway). CS and LS were analyzed in endocardial (inner), middle and
epicardial (outer) layers of GRMD and healthy control dogs of various ages using EchoPac
version 201. The cardiac cycle length was measured from the beginning of systole. After
delineating an area of interest within the LV wall and performing manual adjustments
to include the entire LV wall, the software automatically divided the LV wall into 6 LV
wall segments for each view. Each segment was divided into endocardial and epicardial
parts and averaged to obtain endocardial, middle and epicardial strains. After viewing the
validation results automatically generated by the software and adequately curve fitting
the area of interest within the LV wall, the adequate tracking results were considered for
analysis. It is often necessary to manually adjust the area of interest several times to obtain
an adequate fitting. CS was analyzed in PSAX-apex, PSAX-mid-chamber and PSAX-base
views. LS was analyzed in apical 3-chamber (or 5-chamber), 4-chamber and 2-chamber
views.

2.3. Statistical Analysis

Continuous variables were expressed as mean ± SEM. Statistical analysis was per-
formed with StatView (Version 5.0, Abacus Concepts Inc., Berkeley, CA, USA). The one-way
ANOVA was used to test within-group differences over time (age). The ANOVA for re-
peated measurements over time was performed on echocardiographic data from 8 GRMD
dogs and 4 healthy control dogs aged 2 to 24 months to test between-group differences.
The two-tailed unpaired two-sample t-test was performed on data obtained in all dogs at
each time point to determine the differences between GRMD and healthy control dogs. A
difference was considered statistically significant at p < 0.05.

The assessment of inter-observer variability was not carried out in the study, because
the acquisition and analysis of the echocardiographic images were carried out by a single
investigator. To examine intra-observer variability, a set of images used for the calculation
of EF, CS in the PSAX-apex view and LS in the 4-chamber view were taken from 6 randomly
selected dogs used in the study and analyzed twice by the same sonographer in an interval
of 24 h or more (3 heart beats were analyzed for each image). The interclass correlation
coefficient (ICC) for these parameters was calculated using the Real Statistics Resource Pack.
The coefficient of variation (CoV) for these parameters was calculated by the following
equation: CoV (%) = standard deviation/mean × 100. The two measurements were used
for the calculation of the ICC and the CoV for EF (0.908 and 3.1 ± 2.7%, respectively),
endocardial CS (0.955 and −3.4 ± 2.9%), middle CS (0.941 and −3.8 ± 2.5%), epicardial CS
(0.738 and −7.9 ± 5.7%), endocardial LS (0.958 and −3.1 ± 2.4%), middle LS (0.950 and
−3.3 ± 2.7%) and epicardial LS (0.913 and −4.3 ± 4.2%).
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3. Results

Of the 22 GRMD dogs included in the study, three were euthanized around the age of
6 months due to loss of ambulation; four between 9 and 12 months due to severely reduced
mobility (n = 2), poor general conditions (n = 1) and severe bronchopneumonia (n = 1);
three between 12 and 18 months of age due to reduced mobility (n = 2) and respiratory
failure (n = 1); and two died of heart failure. No death occurred in healthy dogs throughout
the study, and three of the seven healthy control dogs were rehomed after the 6-month
examination.

GRMD dogs had significantly lower body weights than healthy control dogs at differ-
ent ages (Table 1), notably reflecting a loss in muscle mass. In GRMD and healthy control
dogs, the heart rate decreased with age, and the majority of GRMD dogs had slightly higher
heart rates than healthy control dogs at the same age (Table 1).

Table 1. Body weight and LV dimensional and functional parameters measured by echocardiography
in GRMD and healthy control dogs.

Parameter
Group

Control
GRMD

Age, Months
ANOVA
p Value

2
n = 22
n = 7

6
n = 22
n = 7

9
n = 17
n = 4

12
n = 13
n = 4

18
n = 8
n = 4

24
n = 8
n = 4

Within-
Group
Effect

Between-
Group
Effect

body weight
(kg)

Control 4.4 ± 0.4 20.1 ± 1.3 27.5 ± 2.2 29.5 ± 1.6 27.8 ± 1.6 26.2 ± 1.7 <0.0001
0.0003GRMD 3.1 ± 0.2 † 14.8 ± 0.7 † 18.3 ± 0.6 † 20.7 ± 0.9 † 20.5 ± 0.9 † 20.2 ± 0.9 † <0.0001

LV EDD
(cm)

Control 2.3 ± 0.1 4.1 ± 0.2 4.4 ± 0.3 4.6 ± 0.3 4.4 ± 0.1 4.6 ± 0.3 <0.0001
0.0061GRMD 2.1 ± 0.1 * 3.5 ± 0.1 † 3.7 ± 0.1 * 4.2 ± 0.1 4.4 ± 0.1 4.5 ± 0.2 <0.0001

LV ESD
(cm)

Control 1.4 ± 0.1 2.5 ± 0.2 2.8 ± 0.2 3.0 ± 0.3 2.9 ± 0.2 2.9 ± 0.3 <0.0001
0.7718GRMD 1.3 ± 0.1 2.3 ± 0.1 2.5 ± 0.1 2.9 ± 0.1 3.1 ± 0.1 3.4 ± 0.2 <0.0001

FS
(%)

Control 37.4 ± 1.7 38.5 ± 0.9 35.3 ± 1.6 35.2 ± 1.6 35.2 ± 2.9 37.6 ± 2.5 0.5206
0.0015GRMD 38.3 ± 1.3 35.4 ± 1.1 32.8 ± 1.2 30.8 ± 1.1 * 29.6 ± 1.2 * 24.9 ± 1.6 † <0.0001

IVSWEDT
(cm)

Control 0.49 ± 0.05 0.84 ± 0.06 1.00 ± 0.10 1.14 ± 0.10 1.12 ± 0.10 1.19 ± 0.11 <0.0001
0.0005GRMD 0.43 ± 0.01 0.70 ± 0.03 * 0.80 ± 0.03 † 0.71 ± 0.03 † 0.70 ± 0.04 † 0.73 ± 0.06 † <0.0001

IVSWTh
(cm)

Control 0.29 ± 0.02 0.51 ± 0.04 0.64 ± 0.09 0.59 ± 0.08 0.52 ± 0.03 0.54 ± 0.01 <0.0001
0.0003GRMD 0.28 ± 0.02 0.45 ± 0.03 0.37 ± 0.03 † 0.42 ± 0.03 * 0.38 ± 0.04 * 0.28 ± 0.04 † <0.0001

%IVSWTh
(%)

Control 62.5 ± 8.3 62.8 ± 6.3 65.2 ± 10.9 53.2 ± 10.1 48.1 ± 6.2 46.2 ± 4.4 0.3618
0.9705GRMD 67.1 ± 5.5 65.0 ± 4.0 46.4 ± 3.2 * 60.5 ± 4.9 54.7 ± 4.8 39.7 ± 6.4 0.0010

PWEDT
(cm)

Control 0.40 ± 0.02 0.75 ± 0.06 0.76 ± 0.03 0.93 ± 0.08 1.12 ± 0.10 1.08 ± 0.11 <0.0001
0.001GRMD 0.36 ± 0.03 0.59 ± 0.02 0.64 ± 0.03 * 0.73 ± 0.04 * 0.71 ± 0.06 * 0.73 ± 0.06 † <0.0001

PWTh
(cm)

Control 0.30 ± 0.02 0.51 ± 0.04 0.57 ± 0.04 0.54 ± 0.04 0.60 ± 0.08 0.69 ± 0.06 <0.0001
0.0024GRMD 0.28 ± 0.01 0.36 ± 0.02 † 0.39 ± 0.03 * 0.36 ± 0.02 † 0.38 ± 0.05 * 0.28 ± 0.11 † 0.0028

%PWTh
(%)

Control 75.7 ± 8.9 71.0 ± 7.9 74.3 ± 4.9 58.7 ± 9.8 59.0 ± 7.6 65.1 ± 4.6 0.4770
0.0966GRMD 79.8 ± 4.8 61.7 ± 3.2 61.9 ± 6.0 51.3 ± 4.6 52.3 ± 5.4 40.3 ± 6.6 * <0.0001

Heart rate
(beats/min)

Control 153.6 ± 5.5 98.4 ± 5.2 91.7 ± 2.4 81.7 ± 7.8 75.8 ± 5.1 83.1 ± 2.8 <0.0001
0.0751GRMD 161.0 ± 6.1 118.6 ± 3.5 † 108.2 ± 4.2 95.2 ± 3.6 102.1 ± 5.3 † 90.9 ± 6.6 <0.0001

LV EDV
(mL)

Control 10.8 ± 0.8 42.9 ± 5.3 63.4 ± 4.5 68.2 ± 5.8 76.2 ± 4.4 83.0 ± 7.8 <0.0001
0.0020GRMD 6.6 ± 0.4 † 30.8 ± 1.2 † 43.1 ± 2.5 † 49.5 ± 2.9 † 52.5 ± 3.3 † 61.5 ± 4.4 * <0.0001

LV ESV
(mL)

Control 4.5 ± 0.4 15.9 ± 1.5 22.1 ± 1.7 27.2 ± 2.9 28.4 ± 2.8 34.2 ± 3.3 <0.0001
0.1450

GRMD 2.7 ± 0.2 † 13.1 ± 0.5 * 20.1 ± 1.1 23.8 ± 2.0 26.5 ± 2.4 34.8 ± 3.0 <0.0001

EF
(%)

Control 58.8 ± 1.4 61.5 ± 3.0 64.3 ± 2.8 60.2 ± 1.8 63.1 ± 2.4 58.8 ± 0.5 0.4088
<0.0001GRMD 58.3 ± 1.2 57.3 ± 1.0 52.6 ± 1.3 † 52.5 ± 1.4 † 50.0 ± 2.0 † 43.8 ± 1.6 † <0.0001

Data were expressed as mean ± SEM. The one-way ANOVA was performed to test within-group differences. The
ANOVA for repeated measurements over time was performed on echocardiographic data from 8 GRMD (golden
retriever muscular dystrophy) and 4 healthy control dogs aged 2 to 24 months to test between-group differences.
The two-tailed unpaired two-sample t-test was performed on data obtained in all dogs at each time point to
determine the differences between GRMD and healthy control dogs. * p < 0.05 and † p < 0.01 versus healthy
control dogs of the same age. EDD: end-diastolic diameter; EDV: end-diastolic volume; EF: ejection fraction; ESD:
end-systolic diameter; ESV: end-systolic volume; FS: fractional shortening; IVSWEDT: interventricular septal
wall end-diastolic thickness; IVSWTh: interventricular septal wall systolic thickening; % IVSWTh: percentage of
interventricular septal wall systolic thickening; PWEDT: posterior wall end-diastolic thickness; LV: left ventricular;
PWTh: posterior wall systolic thickening; % PWTh: percentage of posterior wall systolic thickening.
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3.1. Changes in LV Dimensional and Functional Parameters Measured by Echocardiography in
GRMD and Healthy Control Dogs at Different Ages

As shown in Table 1, the LV EDD of healthy control dogs increased with age until
9 months old. The LV EDD of GRMD dogs increased with age but was smaller than that
of healthy control dogs until 9 months of age. Thereafter, LV EDD was similar in both
groups. LV ESD increased with age in healthy control and GRMD dogs. As a result,
these changes in LV EDD and ESD of GRMD dogs resulted in a significant reduction in
FS at 12, 18 and 24 months (p < 0.05 or p < 0.01). The decrease in FS in some GRMD
dogs reached a pathological value (i.e., less than 28%) at 18 and 24 months, whereas
healthy control dogs had a stable FS throughout all ages examined. In healthy control
dogs, interventricular septal wall end-diastolic thickness (IVSWEDT) and LV posterior
wall end-diastolic thickness (PWEDT) increased with age and reached a stable thickness
at 12 months. In contrast, IVSWEDT and PWEDT of GRMD dogs were smaller than
those of healthy control dogs starting from 6 and 9 months of age, respectively. However,
interventricular septal wall systolic thickening (% IVSWTh) was not significantly changed
over time in healthy control dogs and decreased, without reaching significance, in GRMD
dogs. Similarly, LV posterior wall systolic thickening (% PWTh) did not significantly change
throughout the protocol in healthy control dogs, whereas it significantly decreased over
time in GRMD dogs.

LV end-diastolic volume (LVEDV) increased with age in both healthy control and
GRMD dogs, but GRMD dogs had smaller LVEDV at each age examined, which is certainly
due to the marked smaller size and body weight of GRMD dogs. LV end-systolic volume
(LVESV) increased with age in healthy control dogs whereas GRMD dogs had a smaller
LVESV at 2 and 6 months of age than healthy control dogs but a similar LVESV from
9 months of age. Consequently, GRMD dogs had smaller EF and, contrasted with healthy
control dogs, EF decreased progressively with age, starting at 9 months whereas healthy
control dogs had stable EF at all ages examined (Table 1). The decrease in EF in some
GRMD dogs reached a pathological value (i.e., less than 50%) at 18 and 24 months old.

These data obtained by conventional echocardiography indicated that significant
alterations in LV global function (FS and EF) can be detected rather tardily (12–18 months
of age) in GRMD dogs.

3.2. Changes in CS in the Three LV Wall Layers Analyzed by 2D-STE from the Three Short-Axis
Views in GRMD and Healthy Control Dogs through Time

Figure 1 shows two typical examples of LV endocardial, middle and epicardial CS
from a 2-month-old healthy control dog (panel A) and a 2-month-old GRMD dog (panel
B) analyzed by 2D-STE from the PSAX-apex view. As shown in Table 2, in the LV apical
region, the peak CS of endocardial, middle and epicardial layers remained rather stable
with age in healthy control dogs. In contrast, GRMD dogs showed significant reduction
in peak CS in the three examined layers of the LV apex (values being less negative) at
2 months, which were mainly caused by the significantly smaller peak CS of LV anterior
and antero-lateral regions than those of healthy control dogs. It is worth noting that this
smaller peak CS of epicardial and middle layers in the LV apical region of GRMD dogs
could be seen at the different ages examined.

At the PSAX-mid-chamber level, GRMD had similar peak CS in the endocardial layer
as healthy control dogs except at 2 and 24 months of age and had smaller peak CS in
epicardial and middle layers at 18 and 24 months of age. In the endocardial layer, this
parameter significantly decreased with age in both groups. However, in the middle and
epicardial layer, peak CS significantly decreased with age in GRMD dogs, whereas no
significant change was detected in healthy control dogs. At the base of the left ventricle,
the peak CS of endocardial, middle and epicardial layers was basically similar for GRMD
and healthy control dogs except for the epicardial layer at 9, 18 and 24 months and the
middle and endocardial layers at 24 months, where GRMD dogs had smaller peak CS than
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healthy control dogs. In the epicardial layer, basal peak CS decreased significantly with age
in GRMD dogs, whereas this parameter remained stable over time in healthy control dogs.

Figure 1. Circumferential strain (CS) of left ventricular (LV) endocardial (ENDO), middle (MID) and
epicardial (EPI) layers analyzed from the parasternal short-axis-apex view. Panels (A,B) show the
values and curves of 6 segments (showed by different colors) analyzed in each LV wall layer obtained
in a 2-month-old healthy control dog and in an age-matched GRMD (golden retriever muscular
dystrophy) dog. The curve in dotted line in each part of the LV wall is the average of the 6 curves.
Panels (C–E) compare the peak systolic circumferential strain values of ENDO, MID and EPI layers of
healthy control and GRMD dogs at different ages. Data were expressed as mean ± SEM. The one-way
ANOVA was performed to test the within-group differences. The two-tailed unpaired two-sample
t-test was performed on data obtained in all dogs at each time point to determine the difference
between GRMD and healthy control dogs. n = 22, 22, 17, 13, 8 and 8 for GRMD dogs, and 7, 7, 4, 4,
4 and 4 for healthy control dogs at 2, 6, 9, 12, 18 and 24 months of age, respectively. * p < 0.05 and
† p < 0.01 versus healthy control dogs of the same age.

These results indicated that GRMD dogs exhibited a non-uniform spatial alteration
over time in CS, characterized by an early and persistent decrease in peak CS in the
epicardial and middle layers of the LV apical region, mainly due to decreased peak CS in
the apical anterior and antero-lateral regions. At the middle and basal levels of the left
ventricle, decreased peak CS in GRMD dogs occurred later (at 18–24 months of age). In
these regions of the left ventricle, the decrease in peak CS occurred earlier in epicardial and
middle layers than in the endocardial layer.

3.3. Changes in LS in the Three LV Wall Layers Analyzed by 2D-STE from the Three Apical Views
in GRMD and Healthy Control Dogs at Different Ages

Figure 2 shows two typical examples of LV endocardial, middle and epicardial LS
from a 2-month-old healthy control dog (panel A) and a 2-month-old GRMD dog (panel
B) analyzed by 2D-STE from the apical four-chamber view. As shown in Table 3, at the
apical three-chamber view, GRMD dogs had significantly smaller peak LS than healthy
control dogs at 2, 6, 9 and 12 months of age in the three layers of the LV wall. In the
apical four-chamber view, peak LS of the three layers of LV wall were slightly but not
significantly decreased with age in healthy control dogs. Contrastingly, GRMD dogs
displayed a reduction with age and significantly smaller peak LS in the three layers of the
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LV wall at 2, 6, 9 and 24 months of age (Figure 2 and Table 3). In the apical two-chamber
view, GRMD had significantly smaller peak LS in the endocardial layer than healthy control
dogs at 2, 6, 9 and 12 months and significantly smaller peak LS in epicardial and middle
layer at 2, 6 and 12 months (Table 3).

Table 2. Circumferential strain in myocardial layers of the left ventricle analyzed by 2-dimensional
speckle tracking echocardiography in healthy control and GRMD dogs at different ages.

Parameter
Group

Control
GRMD

Age, Months
ANOVA
p Value

2
n = 22
n = 7

6
n = 22
n = 7

9
n = 17
n = 4

12
n = 13
n = 4

18
n = 8
n = 4

24
n = 8
n = 4

Within
−Group

Effect

Between
−Group

Effect

Apical
endocardial CS

Control −41.2 ± 2.7 −37.4 ± 2.1 −38.8 ± 4.5 −34.5 ± 0.8 −33.2 ± 1.7 −34.7 ± 2.3 0.2656
0.0031GRMD −35.1 ± 1.4 * −35.5 ± 1.1 −34.4 ± 1.4 −31.1 ± 1.1 −26.5 ± 2.1 −24.8 ± 2.0 * <0.0001

Apical middle
layer CS

Control −27.7 ± 1.2 −25.5 ± 1.2 −25.6 ± 2.2 −22.5 ± 0.7 −23.4 ± 0.8 −22.9 ± 1.1 0.0626
0.0004GRMD −21.9 ± 0.6 † −22.8 ± 0.5 * −22.9 ± 0.9 −20.7 ± 0.6 −17.7 ± 1.3 † −17.4 ± 1.3 † <0.0001

Apical epicardial
CS

Control −18.2 ± 0.9 −17.6 ± 1.1 −18.0 ± 1.5 −15.0 ± 0.1 −16.5 ± 0.6 −14.7 ± 0.7 0.0881
0.0025GRMD −14.8 ± 0.6 † −14.3 ± 0.4 † −14.8 ± 0.6 * −13.3 ± 0.7 −11.7 ± 1.0 * −12.2 ± 0.9 0.0054

Mid−chamber
endocardial CS

Control −37.3 ± 0.8 −31.9 ± 1.1 −30.9 ± 1.1 −32.2 ± 3.0 −29.8 ± 1.3 −31.9 ± 2.6 0.0068
0.1544GRMD −33.2 ± 0.7 † −33.0 ± 0.8 −31.9 ± 1.2 −30.7 ± 1.2 −25.9 ± 1.8 −22.9 ± 1.9 * <0.0001

Mid−chamber
middle layer CS

Control −24.7 ± 0.8 −23.0 ± 0.9 −23.1 ± 0.8 −22.6 ± 1.2 −22.0 ± 0.8 −23.8 ± 1.3 0.2885
0.1028GRMD −23.7 ± 0.5 −22.6 ± 0.5 −22.4 ± 0.9 −21.5 ± 0.7 −18.1 ± 0.7 † −16.5 ± 0.8 † <0.0001

Mid−chamber
epicardial CS

Control −15.7 ± 1.0 −16.7 ± 0.9 −17.3 ± 1.0 −15.5 ± 0.0 −16.4 ± 0.9 −18.2 ± 0.6 0.3164
0.1393GRMD −16.5 ± 0.5 −15.1 ± 0.5 −15.8 ± 0.8 −14.6 ± 0.6 −12.4 ± 0.5 † −11.7 ± 0.5 † <0.0001

Basal endocardial
CS

Control −32.7 ± 1.5 −30.4 ± 1.0 −32.2 ± 1.5 −30.3 ± 2.5 −26.0 ± 1.7 −27.1 ± 1.6 0.0216
0.0406GRMD −32.7 ± 0.9 −31.8 ± 1.1 −31.1 ± 1.5 −27.5 ± 1.4 −25.9 ± 1.5 −21.9 ± 1.3 * <0.0001

Basal middle
layer CS

control −23.1 ± 1.0 −21.8 ± 0.5 −24.2 ± 1.2 −22.6 ± 1.1 −20.6 ± 1.0 −19.8 ± 1.3 0.0383
0.0069GRMD −23.0 ± 0.6 −22.5 ± 0.7 −22.0 ± 1.0 −21.0 ± 1.0 −18.1 ± 1.2 −17.0 ± 1.4 * <0.0001

Basal epicardial
CS

Control −16.7 ± 1.1 −15.6 ± 0.4 −18.4 ± 1.2 −16.7 ± 0.5 −17.0 ± 0.7 −14.6 ± 1.6 0.1231
0.0023GRMD −16.2 ± 0.6 −16.0 ± 0.6 −15.2 ± 0.7 * −16.5 ± 0.9 −13.1 ± 0.8 † −13.6 ± 0.8 * 0.0139

Data were expressed as mean ± SEM. The one-way ANOVA was used to test within-group differences over time
(age). The ANOVA for repeated measurements over time was carried out on echocardiographic data obtained
from 8 GRMD (golden retriever muscular dystrophy) dogs and 4 healthy control dogs aged 2 to 24 months to test
between-group differences. The two-tailed unpaired two-sample t-test was performed on data obtained in all
dogs to determine the differences between GRMD and healthy control dogs at each time point. * p < 0.05 and
† p < 0.01 versus healthy control dogs of the same age. CS: circumferential strain.

Table 3. Longitudinal strain in myocardial layers of the left ventricle analyzed by 2-dimensional
speckle tracking echocardiography in healthy control and GRMD dogs at different ages.

Parameter
Group

Control
GRMD

Age, Months
ANOVA
p Value

2
n = 22
n = 7

6
n = 22
n = 7

9
n = 17
n = 4

12
n = 13
n = 4

18
n = 8
n = 4

24
n = 8
n = 4

Within
−Group

Effect

Between
−Group

Effect

3C endocardial
LS

Control −28.8 ± 1.9 −26.2 ± 1.7 −25.8 ± 0.9 −26.1 ± 0.8 −23.5 ± 2.4 −21.7 ± 1.1 0.0702 0.0010
GRMD −22.6 ± 0.6 † −22.8 ± 0.8 * −22.1 ± 1. 0

* −21.9 ± 0.7 * −22.1 ± 1.2 −19.5 ± 1.7 0.3076

3C middle
layer LS

Control −24.0 ± 1.8 −22.8 ± 1.5 −22.3 ± 0.8 −22.9 ± 1.0 −20.3 ± 2.2 −18.3 ± 0.6 0.1366 0.0007GRMD −18.9 ± 0.5 † −19.2 ± 0.6 * −19.0 ± 0.7 * −18.7 ± 0.8 * −18.9 ± 0.9 −16.7 ± 1.6 0.4422

3C epicardial
LS

Control −19.9 ± 1.7 −19.9 ± 1.5 −19.3 ± 0.7 −20.1 ± 1.3 −17.6 ± 2.1 −15.5 ± 0.4 0.2452 0.0010GRMD −15.9 ± 0.5 † −16.3 ± 0.5 † −16.5 ± 0.7 −16.2 ± 0.6 * −16.2 ± 0.7 −14.4 ± 1.5 0.5367

4C endocardial
LS

Control −26.3 ± 1.3 −25.7 ± 1.2 −27.9 ± 2.1 −25.4 ± 1.5 −24.3 ± 0.6 −21.4 ± 0.4 0.0881 0.0030GRMD −23.5 ± 0.6 * −22.9 ± 0.5 * −22.5 ± 1.0 * −21.7 ± 0.9 −21.7 ± 1.3 −16.8 ± 0.7 † 0.0002

4C middle
layer LS

Control −22.8 ± 1.3 −22.3 ± 0.9 −23.7 ± 1.5 −21.6 ± 1.2 −20.3 ± 0.4 −18.7 ± 0.5 0.0863 0.0034GRMD −20.0 ± 0.5 * −19.6 ± 0.4 † −19.1 ± 0.9 * −18.5 ± 0.8 −18.7 ± 1.0 −14.4 ± 0.7 † 0.0002

4C epicardial
LS

Control −20.8 ± 1.4 −19.6 ± 0.8 −20.1 ± 1.0 −18.4 ± 1.0 −17.0 ± 0.5 −16.3 ± 0.6 0.1023 0.0069GRMD −17.0 ± 0.5 * −16.9 ± 0.4 † −16.2 ± 0.8 * −16.0 ± 0.7 −16.2 ± 0.8 −12.5 ± 0.7 † 0.0006

2C endocardial
LS

Control −26.0 ± 0.6 −25.9 ± 0.9 −25.2 ± 1.2 −25.6 ± 1.0 −22.6 ± 2.0 −22.1 ± 1.2 0.0277 0.0054GRMD −23.2 ± 0.5 † −22.6 ± 0.5 † −21.8 ± 0.7 * −20.0 ± 0.8 † −19.7 ± 1.3 −19.4 ± 1.3 0.0006
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Table 3. Cont.

Parameter
Group

Control
GRMD

Age, Months
ANOVA
p Value

2
n = 22
n = 7

6
n = 22
n = 7

9
n = 17
n = 4

12
n = 13
n = 4

18
n = 8
n = 4

24
n = 8
n = 4

Within
−Group

Effect

Between
−Group

Effect

2C middle
layer LS

Control −22.7 ± 0.6 −22.2 ± 0.9 −21.5 ± 1.2 −21.7 ± 0.7 −19.7 ± 1.4 −19.6 ± 0.9 0.0746 0.0035GRMD −19.5 ± 0.4 † −19.6 ± 0.4 † −19.0 ± 0.7 −17.4 ± 0.7 † −17.6 ± 1.2 −16.7 ± 1.1 0.0088

2C epicardial
LS

Control −20.1 ± 0.5 −19.1 ± 1.0 −18.4 ± 1.5 −18.3 ± 0.8 −17.2 ± 1.1 −17.5 ± 0.7 0.1672 0.0032GRMD −16.4 ± 0.4 † −17.2 ± 0.4 * −16.8 ± 0.7 −15.3 ± 0.6 * −15.8 ± 1.0 −14.4 ± 1.0 0.0398

Data were expressed as mean ± SEM. The one-way ANOVA determined within-group differences over time
(age). The ANOVA for repeated measurements over time was carried out on echocardiographic data obtained
from 8 GRMD (golden retriever muscular dystrophy) dogs and 4 healthy control dogs aged 2 to 24 months to
test between-group differences. The two-tailed unpaired two-sample t-test was performed on data obtained in
all dogs to determine the differences between GRMD and healthy control dogs at each time point. * p < 0.05
and † p < 0.01 versus healthy control dogs of the same age. LS: longitudinal strain; 2C, 3C and 4C: 2-chamber,
3-chamber and 4-chamber.

Figure 2. Longitudinal strain of left ventricular (LV) endocardial (ENDO), middle (MID) and epi-
cardial (EPI) layers analyzed from the apical 4-chamber view. Panels (A,B) show the values and
curves of 6 segments (showed by different colors) analyzed at each layer of the LV wall obtained in a
2-month-old healthy control dog and an age-matched GRMD (golden retriever muscular dystrophy)
dog. The curve in dotted line in each part of the LV wall is the average of the 6 curves. Panels
(C,D) are the bulls-eye presentations of segmental peak LS values obtained in each LV myocardial
layer from 3 apical views of the above dogs. Panels (E–G) compare the longitudinal strain values
of the ENDO, MID and EPI layers of healthy control and GRMD dogs at different ages. Data were
expressed as mean ± SEM. The one-way ANOVA was performed to test within-group differences.
The two-tailed unpaired two-sample t-test was performed on data obtained in all dogs at each time
point to determine the differences between GRMD and healthy control dogs. n = 22, 22, 17, 13, 8 and
8 for GRMD dogs, and 7, 7, 4, 4, 4 and 4 for healthy control dogs at 2, 6, 9, 12, 18 and 24 months of
age, respectively. * p < 0.05 and † p < 0.01 versus healthy control dogs of the same age.
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Thus, from a young age, a significantly smaller peak LS could be detected in the three
layers of the LV wall of GRMD dogs from three apical views. The difference in peak LS
between GRMD and healthy control dogs became less evident at 18 and 24 months of age.

4. Discussion

In this longitudinal study, significant alteration in global LV systolic function (i.e.,
decreased FS and EF) was revealed late by conventional echocardiography in GRMD dogs,
as previously reported [6,8]. The decline in LV systolic function with age reflects the natural
progression of cardiomyopathy in GRMD dogs in the absence of specific treatment targeting
cardiomyopathy.

Myocardial regional mechanics can be assessed by echocardiography in terms of four
principal types of strain or deformation: circumferential, longitudinal, radial and rotational.
A combined analysis of these strains can give a complete description of LV myocardial
strain. At present, simultaneously analyzing myocardial strains of LV endocardial, middle
and epicardial layers by echocardiography is technically available for CS and LS. This
study analyzed myocardial strain in terms of the CS and LS of different LV wall layers
of different regions, with the hope that assessing LV myocardial strain from two aspects
gives a more detailed description of the changes in LV myocardial regional strain during
the development of cardiomyopathy in GRMD dogs. In fact, more detailed analysis of
LV myocardial CS and LS revealed different change trends in LV myocardial strain in
both the circumferential and longitudinal directions, showing earlier alterations consistent
with previous findings [6,8]. More importantly, these alterations in LV function were not
uniform within the LV wall, showing differential progression of cardiomyopathy from the
apex to the base and from the epicardium to the endocardium.

Clinical studies using cardiac magnetic resonance image [18], tissue Doppler imag-
ing (TDI) [19] and 2D-STE [16] showed that DMD boys (less than 10 years old) had a
decreased peak CS which worsened with age. Interestingly, a study in DMD boys (aged
14.8 ± 3.1 years old) showed that peak CS in the posterior wall analyzed by TDI exhibited
smaller values, more frequently, in the outer layer than in the inner layer [20]. In the present
study, an analysis of endocardial, middle and epicardial CS by 2D-STE from PSAX-apex,
PSAX-mid-chamber and PSAX-base views demonstrated a non-uniform change in peak CS
in GRMD dogs, which occurred early (2 months of age) and manifested as a significant and
persistently smaller peak CS in the epicardial and middle layers of the LV apical anterior
and antero-lateral wall (Figure 2 and Table 2). Meanwhile, at the mid-chamber and basal
levels of the left ventricle, a smaller CS was detected relatively later in GRMD dogs (Table 2).
These results suggest that analysis of CS in the LV apical region may be a useful tool to
reveal early manifestations of cardiomyopathy in GRMD dogs, paralleling the pattern
described in DMD patients. This non-uniform distribution of functional alteration between
the apical and basal areas was complemented by differential timing of reduced contractile
function from the epicardial to the endocardial layer.

Previous studies have shown that a reduction in global systolic LS can be detected in
young DMD boys [14,16,19,21] and GRMD dogs [8,10]. Going further, this study analyzed
LS more deeply in the three layers of the LV wall from three apical views and showed
that systolic LS was lower in the three LV wall layers in GRMD dogs than in healthy
control dogs from a young age, which is consistent with previous studies showing a worse
global systolic LS in GRMD dogs [8,10]. These results suggest that analysis of LS remains a
sensitive tool to detect early alterations in LV systolic function in GRMD dogs.

A preferential alteration in subendocardial contractile function has been demonstrated
in many pathological conditions such as exercise under acute increase in afterload [22], LV
hypertrophy [23], coronary heart disease [24], and heart failure [25]. Previous studies have
shown an early alteration of subendocardial systolic velocity analyzed by TDI in GRMD
dogs [4,8]. This non-uniform change in subendocardial-subepicardial function has been
considered to contribute to the progression of the disease. Interestingly, the present study
showed that the left ventricle of GRMD dogs exhibits spatial non-uniform alteration in
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myocardial strain that occurs particularly in the apical region for CS. Because this non-
uniform alteration in myocardial strain occurs early, it is reasonable to speculate that it is
an important factor contributing to the progression of LV global contractile dysfunction.

The study may have some limitations. (1). Due to the obvious physical differences
between GRMD and healthy control dogs, it is impossible for the investigator to be blind
to the study group, which may lead to study bias. (2). This study characterized the
temporal changes of LV myocardial strain in GRMD dogs but did not provide cellular and
molecular mechanisms to explain this early change in myocardial strain. Thus, further
studies of cellular and molecular mechanisms are needed. (3). The LV myocardial wall
is a three-dimensional object and has strain that can occur along three planes. During
contraction, the heart is not only shortening along its long and short axis, but also rotating,
tilting and displacing inside the chest. Thus, in addition to technical factors that may
influence the analysis of strain [12], this may also affect linear strain analyzed by 2D-STE,
which is based on a simplistic sense of lengthening, shortening, thickening or rotating. In
addition, the small thickness of the myocardial wall of young dogs (to be further divided
into different layers by the software) and the high heart rate may increase the difficulty for
accurate analysis of myocardial strain and possibly affect the accuracy of results. Therefore,
caution should be taken when interpreting these results. However, the results obtained in
young and adult dogs regardless of their conditions (healthy or GRMD) provide consistent
myocardial strain information which is consistent with classic notions about LV contractile
function. For example, both CS and LS data showed that the myocardial strain of the
subendocardial layer is stronger than that in the subepicardial layer, which is consistent
with the classic concept that the subendocardial layer contracts more strongly than the
subepicardial layer. Further development of three-dimensional STE may give a more
physiological description of LV myocardial strain reflecting the complexity of the heart’s
three-dimensionality, and a recent study showed early impairment of LV 3-dimensional
global LS in young patients with DMD [26].

5. Conclusions

In young dogs with DMD who have a normal global systolic function, a non-uniform
reduction in systolic CS can be detected, especially in the LV apex, while decreased systolic
LS can be detected in the three LV wall layers from three apical views. Our results suggest
that analysis of myocardial strain by multi-layer 2D-STE may be a useful tool for monitoring
the spatial evolution of alterations in LV systolic function and their progression with age
in GRMD dogs. Given the similarity in pathogenesis, pathological changes, and clinical
signs and symptoms between GRMD and DMD, our results suggest that assessing LV
myocardial strain mechanics may be useful in detecting the early alteration of LV systolic
function in early childhood of DMD patients and monitor its progression. The significance
of these findings may warrant further investigation in DMD patients.
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volume; FS: fractional shortening; GRMD: golden retriever muscular dystrophy; LS: longitudinal
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STE: speckle tracking echocardiography; TDI: tissue Doppler imaging; 2C, 3C and 4C: 2-chamber,
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Abstract: Background: Left atrial (LA) function is crucial for assessing left ventricular filling in
various cardiovascular conditions. Cardiac Amyloidosis (CA) is characterized by atrial myopathy
and LA function impairment, with diastolic dysfunction up to restrictive filling pattern, leading
to progressive heart failure and arrhythmias. This study evaluates LA function and deformation
using speckle tracking echocardiography (STE) in patients with CA compared to a cohort of pa-
tients with sarcomeric Hypertrophic Cardiomyopathy (HCM) and a control group. Methods: We
conducted a retrospective, observational study (from January 2019 to December 2022) including
a total of 100 patients: 33 with ATTR-CA, 34 with HCMs, and 33 controls. Clinical evaluation,
electrocardiograms, and transthoracic echocardiography were performed. Echocardiogram images
were analyzed in post-processing using EchoPac software for LA strain quantification, including
LA-reservoir, LA-conduit, and LA-contraction strain. Results: The CA group exhibited significantly
impaired LA function compared to HCMs and control groups, with LA-reservoir median values
of −9%, LA-conduit −6.7%, and LA-contraction −3%; this impairment was consistent even in the
CA subgroup with preserved ejection fraction. LA strain parameters correlated with LV mass index,
LA volume index, E/e’, and LV-global longitudinal strain and were found to be associated with
atrial fibrillation and exertional dyspnea. Conclusions: LA function assessed by STE is significantly
impaired in CA patients compared to HCMs patients and healthy controls. These findings highlight
the potential supportive role of STE in the early detection and management of the disease.

Keywords: Cardiac Amyloidosis; left-ventricle hypertrophy; diastolic dysfunction; heart failure;
hypertrophic cardiomyopathy; speckle tracking echocardiography; atrial strain; amyloid atrial myopathy

1. Introduction

The assessment of left atrial (LA) morphology and function is paramount in gaug-
ing left ventricular filling amidst a variety of cardiovascular conditions, encompassing
hypertension, heart failure, valvular heart disease, and cardiomyopathies.

The LA carries out three discrete functional phases, each accounting for approximately
50%, 30%, and 20% of left ventricle (LV) filling in healthy subjects, respectively.
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The “reservoir” phase of the LA transpires during the isovolumetric contraction,
ejection, and relaxation phase of the LV, with the mitral valve in a closed state. During this
phase, the LA serves as a storage unit for potential energy.

The “conduit” phase occurs in the initial phase of ventricular diastole, beginning with
the opening of the atrioventricular valves and continuing until the commencement of LA
contraction. Throughout this phase, the LA functions as a pathway for blood from the
pulmonary veins to the LV.

Lastly, during the “contraction” or “pump” phase, the contraction of the LA aids in
augmenting left ventricular filling [1].

LA function is vital in averting heart failure as the LA initiates its inherent compen-
satory mechanisms in the event of left ventricular dysfunction. LA dilatation, as signified
by a volume index (LAVi) exceeding 34 mL/m2, is a crucial indicator of LV filling and
diastolic function [2].

Speckle tracking echocardiography (STE) can be used to investigate LA function, and
LA strain, as quantified via the LA strain curve with two positive peaks corresponding to
LA-reservoir and LA-pump function, serves as a sensitive indicator of LV filling pressure,
superior to LA-volume and utilized for the early detection of preclinical LV dysfunction
and remodeling [3,4]. Recent research suggests that atrial fibrosis precipitates impaired
atrial contractility, preceding atrial remodeling, which forecasts cardiovascular morbidity
and mortality [5].

LA dysfunction is influenced by LV remodeling and diastolic dysfunction amidst
various cardiovascular disorders, including cardiomyopathies. A defining characteristic
of restrictive cardiomyopathies is myocardial rigidity, denoted by diastolic dysfunction,
hindering LV filling and conserving LV systolic function and LA enlargement/remodeling.
Patients diagnosed with Sarcomeric Hypertrophic Cardiomyopathy (HCMs) are especially
susceptible to adverse LA remodeling owing to heterogeneous myocardial hypertrophy,
LV systolic and diastolic dysfunction, impaired LV global longitudinal strain (LV-GLS) and
heightened mechanical dispersion [6], and progressive LA enlargement accompanied by
morpho-functional impairment. This arises as a result of increased LV filling pressure,
mitral insufficiency, outflow tract obstruction, and progressive LA fibrosis, culminating in
what is referred to as “atrial myopathy”. Certain studies have demonstrated that LA strain
values in HCM are inferior to those in healthy subjects and are associated with adverse
outcomes [7].

Cardiac Amyloidosis (CA) is induced by the intramyocardial deposition of abnormally
folded amyloid fibrils, typically monoclonal immunoglobulin light chains in the context
of systemic amyloidosis (AL) or transthyretin (ATTR), either in its hereditary (ATTRv)
or acquired wild type (ATTRwt) form. This results in a steady increase in LV thickness,
diastolic dysfunction, elevated filling pressures, and progressive LA dilatation and dys-
function [8–10]. Escalating LA-size has been correlated with adverse outcomes in patients
with CA [11]. LA strain parameters, incorporating reservoir, conduit, and booster pump
function, were compromised in individuals with CA and correlated well with the degree of
LV dysfunction [12].

The aim of this study is to evaluate LA function and deformation using strain by
STE in patients with CA compared to a cohort of patients with sarcomeric HCM and a
control group and correlate the three LA strain parameters with echo (LV-mass, diastolic
and systolic function, and LV-GLS) and clinical parameters. In addition to previous data
from literature, we conducted this study to deepen the current knowledge by analyzing a
subgroup of CA patients with preserved ejection fraction (pEF) to mitigate any potential
influence on the echocardiographic and clinical parameters of diastolic dysfunction caused
by reduced contractile function (systolic dysfunction), which is characteristic of advanced
staged of Cardiac Amyloidosis. The goal was to make a comparison with HCMs, using a
more similarly selected population in terms of EF.
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2. Materials and Methods

2.1. Study Population

Our retrospective, observational study included patients aged over 18 years, who
were referred to our Cardiology Units from January 2019 to December 2022. Patients were
selected based on the following inclusion criteria and divided into two groups:

1. Patients affected by Transthyretin Cardiac Amyloidosis (ATTR), caused either by
genetic mutation or wild type, diagnosed in accordance with the 2021 European
Society of Cardiology (ESC) position statement [8]—using imaging criteria (transtho-
racic echocardiography [TTE] or cardiac magnetic resonance [CMR]) and total body
99mTc-PYP, DPD, or HMDP bone scintigraphy with SPECT (Perugini 2 or 3), after
ruling out light chains amyloidosis (AL).

2. Patients diagnosed with Sarcomeric Hypertrophic Cardiomyopathies (HCMs), in line
with the ESC 2014 guidelines [13], featuring TTE criteria: maximum wall thickness
≥15 mm (or ≥13 mm for family members), irrespective of the identification of the
genetic mutation. Patients presenting with Obstructive HCM and LVOT gradient
>30 mmHg were excluded from the analysis.

A control group (Co) of similar age range was introduced for comparison. The controls
did not report any cardiac symptoms in their daily life, nor did they have pathological
alterations found during physical examination, electrocardiogram (ECG), or basal echo or
any organ damage. Some of them, consistent with the age range they belong to, were found
during the visit to have office-measured borderline blood pressure values (normal-high) or
to be within the range of grade 1 hypertension.

Upon enrolment, a thorough clinical evaluation was conducted, inclusive of a cardio-
myopathy-oriented medical history and a comprehensive assessment of cardiovascular
risk factors and major comorbidities. We executed ECG, 2D-color Doppler TTE, and
dynamic-ECG (or ICD interrogation).

From the original database, we included all patients with optimal image quality
(owing to an adequate acoustic window and/or patient’s cooperation), suitable for speckle
tracking analysis.

2.2. Echocardiography

Echocardiography was performed using an E95-GE machine equipped with a 1.5- and
3.6-MHz transducer, with a thorough assessment of parameters (chamber dimensions,
systolic and diastolic function, and global longitudinal strain by STE) conforming to
current recommendations [2,3,14]. Post-processing image analysis was performed using
semi-automatic software (EchoPAC, ver. 2.02, GE, Chino, CA, USA) to achieve LV and
LA strain quantification. GLS was analyzed from the apical views, at 60–70 fpm, from the
average of 3 consecutive cardiac cycles.

2.3. LA Strain Assessment

The evaluation of LA strain was performed following the most recent EACVI con-
sensus papers [3,15]. They advocate that it should be executed through dedicated image
acquisition, from an LA-focused view (4 chambers or 2 chambers), with a narrow image
sector, ensuring non-foreshortened images of the LA and acquiring 3–5 consecutive, regular
beats. A high-quality ECG trace with a visible p wave is essential, and the acquisition of
mitral and aortic valve Doppler waves can provide better retrospective definition of time
intervals. Dedicated software should be utilized whenever possible. The region of interest
(ROI) is defined by delineating the endocardial contour and encompassing the LA my-
ocardium while avoiding the strong signal of the pericardium. Common tracking problems
should be rectified by manual adjustment if required. LA strain is measured as GLS of
the entire wall, and segmental strain is not considered. The zero reference is end-diastole,
corresponding to mitral valve closure; following recommendations, we defined it by R
wave at ECG (or simply the nadir of the atrial strain curve).
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Phasic strain calculation involves calculating the deformation of atrial wall during
three phases: reservoir strain (LASr), conduit strain (LAScd), and contraction strain (LASc).
LASr, always positive, is calculated as the difference between the strain value at the curve
peak and the end-diastolic value. LAScd, always negative, is calculated as the difference
between the strain value at the onset of atrial contraction (p-wave) and the peak value (in
atrial fibrillation (AF) patients, LAScd has the same value as LASr but with a negative
sign) [15]. LASc is calculated from the difference between the strain value at end-diastole
(R-wave) and the value at the onset of p-wave. It always exhibits a negative value and only
occurs in sinus rhythm. See Figure 1 for details.

 

Figure 1. Left atrial strain (LAS) assessment. The white dotted line represents the average of the
curves of the six atrial segments. (A): reference points for atrial function phases in relation to ECG
waves and cardiac cycle. (B): here it is shown how to calculate the three LAS values from the
reference points.
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2.4. Clinical Outcomes Assessment

Arrhythmic episodes were reported during the patient’s medical history interview:
they were documented and recorded based on the medical reports provided by the pa-
tient. Arrhythmias were detected through Holter ECG monitoring or device interrogation
in patients with an implanted cardioverter-defibrillator (ICD). We included episodes of
ventricular fibrillation, sustained and non-sustained ventricular tachycardia, and AF.

Exertional dyspnea was assessed during patients’ medical history interview: we
inquired about the patient’s current level of exercise tolerance (ordinary and extra-ordinary
physical activity) and how it has changed over the past six months, asking specifically
to quantify the impact of exertional dyspnea on their daily life based on effort intensity
and whether there have been any alterations in the last six months compared to prior
periods. Therefore, we expressed the reports according to the New York Heart Association
(NYHA) classification.

2.5. Ethical Considerations

This study was conducted in accordance with the principles stated in the Declaration
of Helsinki. Written informed consent was obtained from all participants at the time the
tests were performed, according to the indications of the hospital.

2.6. Statistical Analysis

Data are expressed as median and inter-quartile range (IQR) for continue variables, in
consideration of the relatively small sample size, regardless of distribution, and as number
and percentage for categorical variables. Data were compared using the Mann–Whitney U
test between two groups as appropriate, ANOVA or Kruskal–Wallis tests for comparison
among more than two groups, and chi-square and Fisher’s exact test for non-continuous
variables: statistical significance was defined for p < 0.05, two-tailed test. We also applied
the Pearson correlation and subsequently linear regression and binary logistic regression to
examine the association between the echocardiographic parameters, and the association of
selected clinical outcomes of interest with echocardiographic parameters. Analyses were
performed using IBM SPSS Statistics ver.26 software.

3. Results

100 patients were included in this study, distributed as follows: 33 patients in the Car-
diac Amyloidosis (CA) group, 34 patients in the Sarcomeric Hypertrophic Cardiomyopathy
(HCM) group, and 33 patients in the control group (Co). In the CA group, the median age
was 68 years, with 72.7% of the cohort being male. Most of the patients were categorized
as NYHA class 2 (69.8%), while 21.2% were classified as NYHA class 1, and 9% were in
NYHA class 3. Atrial fibrillation (AF) was reported for six patients (18.2%). Of these,
four had permanent atrial fibrillation (which was also present during the examination, and
therefore the atrial strain assessment was appropriately managed accordingly), while the
other two reported episodes of paroxysmal atrial fibrillation in their medical history. Only
one patient reported episodes of non-sustained ventricular tachycardia (NSVT).

For additional details regarding the general characteristics of the patients, please refer
to Table 1.
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Table 1. General characteristic of the three groups.

CA
N = 33

HCM
N = 34

Co
N = 33

p (All Groups)
CA vs.
HCM

CA vs.
Co

HCM vs.
Co

Age (yo) 68 (62.5–77.5) 58.5 (38.7–63.2) 58 (53–65) <0.001 <0.001 0.001 0.37

M 24 (72.7%) 23 (67.6%) 18 (54.5%) 0.31 0.79 0.20 0.32

F 9 (27.3%) 11 (32.4%) 15 (45.5%) 0.31 0.79 0.20 0.32

NYHA 1 7 (21.2%) 18 (52.9%) <0.001 0.01 <0.001 <0.001

NYHA 2 23 (69.8%) 14 (41.2%) <0.001 0.03 <0.001 <0.001

NYHA 3 3 (9%) 2 (5.9%) 0.28 0.38 0.06 0.49

NYHA 4 0 0 1 1 1 1

BSA 1.8 (1.7–1.9) 1.9 (1.6–2.0) 1.9 (1.7–2) 0.48 0.24 0.30 0.69

BP-sys, mmHg 125 (112.5–135) 130 (120–140) 135 (131–145) 0.001 0.11 <0.001 0.01

BP-dia, mmHg 80 (75–85) 80 (70–85) 85 (80.5–90) 0.03 0.13 0.07 0.004

HR, bpm 71 (65–78) 65 (60–74.7) 68 (60.5–75) 0.33 0.07 0.11 0.67

Fam. history SCD 2 (6.1%) 9 (26.5%) 0 0.001 0.04 0.49 0.002

Exertional dyspnoea 29 (87.9%) 14 (41.2%) 0 <0.001 <0.001 <0.001 <0.001

Syncope 1 (3%) 2 (5.9%) 0 0.65 1 1 0.49

AF 6 (18.2%) 3 (8.8%) 0 0.03 0.30 0.02 0.24

NSVT 1 (3%) 8 (23.5%) 0 0.001 0.031 1 0.005

ICD 1 (3%) 3 (8.8%) 0 0.31 0.61 1 0.23

Values are expressed as number and percentage for categorical ones, and as mean ± SD or median and interquartile
range as appropriate. Abbreviations. AF = atrial fibrillation; BSA= body surface area; BP = blood pressure;
HR = heart rate; ICD = implantable cardioverter defibrillator; NSVT = non sustained ventricular tachycardia;
NYHA = New York Heart Association; SCD = sudden cardiac death.

From an echocardiographic point of view, they were all affected by left ventricular
hypertrophy (median LVMi 150 g/sqm, IQR 123.5–188.5). The mean EF was 50%, and the
median TAPSE was 18 mm [IQR 15–21]. These patients exhibited markers of altered dias-
tolic function, with increased median LAVi (43.3 mL/sqm, IQR 37.4–53) and increased E/e’
ratio (median value 16.3). LV-GLS was markedly reduced (median −12%, IQR [−10, −14.2)
with a typical apical sparing pattern. Atrial strain was compromised, with the following
median values: LAS-reservoir 9%, LAS-conduit −6.7%, and LAS-contraction −3%.

When comparing the results with a group of patients with HCM, in CA patients we
found a significantly lower LV-EF, significantly higher E/e’ ratio, and significantly lower
LV-GLS (p = 0.005), with a different pattern of distribution of both hypertrophy (concentric
vs. asymmetric) and strain alterations. Regarding atrial strain, we found significantly lower
values for LAS-reservoir (p = 0.009), while LAS-conduit and LAS-contraction values were
numerically lower but not significant (p = 0.09 and 0.14, respectively).

When comparing CA patients to the Co group, many of the examined parameters
were significantly altered, both in terms of biventricular contractile function (significantly
reduced LV-EF and tricuspid annular plane systolic excursion [TAPSE], both p < 0.001)
and diastolic function (significantly increased LAVi and E/e’, p < 0.001), as well as LV-GLS
(−12% vs. −19%, p < 0.001) (see Table 2 for further details).

All atrial strain parameters were significantly impaired in CA patients than in Co
(p < 0.001 for all three comparisons) (See Table 2 and Figure 2).
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Table 2. Echocardiographic parameters of all groups.

CA
N = 33

HCM
N = 34

Co
N = 33

p All Groups
CA vs.
HCM

CA vs.
Co

HCM vs.
Co

EF, % 53 (40.5–58.5) 63.5 (58–69) 60 (56.5–63) <0.001 <0.001 <0.001 0.08

LVMi (g/sqm) 150 (123.5–188.5) 130.2 (117.2–153) 79 (68–96.5) <0.001 0.056 <0.001 <0.001

E/e’ 16.3 (11.7–21.4) 10 (7.2–14.2) 6.5 (6–8.1) <0.001 0.001 <0.001 <0.001

LAVi (mL/sqm) 43.3 (37.4–53) 40 (31.5–57.2) 25.6 (20.6–30.5) <0.001 0.46 <0.001 <0.001

TAPSE mm 18 (15–21) 23 (20.5–25) 23 (20–26) <0.001 <0.001 <0.001 0.92

LV-GLS, % −12 (−10, −14.2) −15 (−11.7, −18) −19 (−18, −20.5) <0.001 0.005 <0.001 <0.001

LAS-reservoir, % 9 (5.8–16.6) 14.5 (9.7–25) 32 (25–38) <0.001 0.009 <0.001 <0.001

LAS-conduit, % −6.7 (−4.2, −8.6) −9 (−4.9, −15.3) −15 (−12.1, −18.5) <0.001 0.09 <0.001 0.005

LAS-contract., % −3 (−0.9, −10.5) −6 (−3, −9.7) −14.3 (−10.5, −19.5) <0.001 0.14 <0.001 <0.001

Values are expressed as mean ± SD or median and interquartile range [IQR] as appropriate. Abbreviations.
EF = ejection fraction; LVMi = LV mass index; E/e’ = ratio between E wave of mitral flow and e’ at Tissue Doppler;
LAVi = left atrial volume index; TAPSE: tricuspid annular plane systolic excursion; LV-GLS = left ventricle global
longitudinal strain; LA: left atrium.

 

Figure 2. LA strain curves in comparison between subjects from the four groups. (A)—Co subject;
(B)—HCM patient; (C)—CApEF patient; (D)—CArEF patient.

Applying Pearson’s correlation, we found a significant correlation (r > 0.5) of LAS-
reservoir with LVMi, LAVi, E/e’, GLS, (negative correlation), of LAS-conduit with age and
GLS (positive), and of LAS-contraction with E/e’ and GLS (positive).

Applying binary logistic regression, AF was significantly associated with LAVi
(OR 1.03 95% CI 1.005–1.069, p = 0.025), LA-reservoir (OR 0.77 95% CI 0.641–0.925, p = 0.005),
LA-conduit (OR 1.274, 95% CI 1.034–1.570, p = 0.023), and LA-contraction (OR 1.14,
95% CI 1.003–1.304, p = 0.046).

NSVT were associated with LAVi (OR 1.045, 95% CI 1.010–1.080, p = 0.010), LAS-
reservoir (OR 0.77, 95% CI 0.641–0.925, p = 0.005), LAS-contraction (OR 1.125, 95% CI
1.006–1.259, p = 0.04), and LV-GLS (OR 1.193, 95% CI 1.014–1.404, p = 0.03).
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The presence of reported exertional dyspnea was found associated with LAVi, E/e’,
LAS-reservoir, LAS-conduit, LAS-contraction, TAPSE, and EF (all p significant).

Applying linear regression, LAS-reservoir was found associated with LV-GLS (r 0.4–0.5).
Subanalysis of patients with CA was according to ejection fraction and comparison

with other groups (HCM and control group).
Subsequently, we stratified the patients with Cardiac Amyloidosis based on their

ejection fraction into two groups: preserved (CApEF, N = 20) if >50% or reduced (CArEF,
N = 13) if <50%. We then analyzed the differential echocardiographic characteristics be-
tween these groups. The CApEF patients were significantly younger (median age 65.5 vs. 75,
p = 0.02) and exhibited slightly higher systolic blood pressure values compared to the
CArEF. The median ejection fraction (EF) was 55.5% in the CApEF group compared to
37% in the CArEF; left ventricular global longitudinal strain (LV-GLS) was significantly
lower in patients with reduced EF (p = 0.02). Markers of diastolic function were more
impaired in the CArEF group (both E/e’ ratio and LAVi), although the difference was
not statistically significant. Atrial strain parameters were also numerically reduced in the
CArEF compared to the CApEF group, but except for LAS-conduit, the difference did not
reach statistical significance.

Therefore, to differentiate and exclude patients with reduced EF, who exhibited more
altered parameters potentially linked to heart failure with systolic dysfunction and its
hemodynamic consequences, we decided to compare the CApEF group with the HCM
group. On comparing the CApEF group with the HCM group, we found a significant
difference in EF (p = 0.004), E/e’ ratio, s’ wave, and TAPSE. The LAS-reservoir, LAS-conduit,
and LAS-contraction values were numerically lower in the CApEF group compared to the
HCM group (although without statistical significance) (Table 3 and Figure 3).

Table 3. Echocardiographic parameters in the two Cardiac Amyloidosis subgroups (with preserved
EF and reduced EF) and comparison of CApEF group with HCM.

CArEF
N = 13

CApEF
N = 20

HCM
N = 34

CApEF
vs. CArEF

CApEF
vs. HCM

Age, yo 75 (66.5–82) 65.5 (57–72.5) 58.5 (38.7–63.2) 0.02 0.01
BP-sys, mmHg 115 (110–131.5) 130 (123.5–135) 130 (120–140) 0.03 0.77
BP-dia, mmHg 82 (77.5–85) 80 (75–88.7) 80 (70–85) 0.78 0.28

HR, bpm 69 (63–75) 76.5 (65–78.7) 65 (60–74.7) 0.23 0.06
NYHA 1, n (%) 2 (15) 5 (25) 18 (53) 0.67 0.05

NYHA 2 9 (60) 14 (70) 14 (41) 1 0.15
NYHA 3 2 (15) 1 (5) 2 (6) 0.54 1
AF, n (%) 3 (20) 3 (15) 3 (9) 0.65 0.66

EF, % 37 (34.5–41) 55.5 (54.2–60) 63.5 (58–69) <0.001 0.004
LVMi, g/sqm 165.5 (129.7–206.7) 147.3 (119.8–176.8) 130.2 (117.2–153) 0.25 0.24

E/e’ 16.3 (13.5–22.2) 15.9 (11.4–19.6) 10 (7.2–14.2) 0.43 0.001
S’, cm/s 4 (4–5.7) 5 (5,6) 7 (5–8) 0.06 0.002

LAVi, mL/sqm 47.4 (40.1–60.5) 41.9 (28.5–50.5) 40 (31.5–57.2) 0.08 0.85
TAPSE, mm 19 (11.5–24) 17.5 (15.7–19.2) 23 (20.5–25) 0.82 <0.001
LV-GLS, % −10 (−7, −12) −13 (−10, −15) −15 (−11.7, −18) 0.02 0.07

LAS-reservoir, % 6.4 (3.9−13.5) 9.4 (7–18) 14.5 (9.7–25) 0.10 0.09
LAS-conduit, % −5.2 (−3.3, −7.2) −8 (−5, −9.7) −9 (−4.9, −15.3) 0.04 0.35
LAS-contract. % −3.5 (0.4, −10.2) −3 (−1, −11) −6 (−3, −9.7) 0.80 0.22

Values are expressed as mean ± SD or median and interquartile range (IQR) as appropriate. Abbreviations.
AF = atrial fibrillation; CArEF = Cardiac Amyloidosis with reduced ejection fraction; CApEF = Cardiac Amy-
loidosis with preserved ejection fraction; BP-sys = blood pressure systolic; BP-dia = blood pressure diastolic;
HR = heart rate; EF = ejection fraction; LVMi = LV mass index; E/e’ = ratio between E wave of mitral flow and e’
at Tissue Doppler; LAVi = left atrial volume index; NYHA = New-York Heart Association; TAPSE = tricuspid
annular plane systolic excursion; LV-GLS= left ventricle global longitudinal strain; LA = left atrium.
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Figure 3. Comparison of LA strain values. (A)—Between the three study groups; (B)—between
Cardiac Amyloidosis and HCM (upper panels) and between Cardiac Amyloidosis (CA) and con-
trols (lower); (C)—between CApEF and HCM. Abbreviations. LASr = Left atrial strain reservoir;
LAScd = Left atrial strain conduit; LASc = Left atrial strain contraction; CA = Cardiac Amyloidosis;
HCM = hypertrophic cardiomyopathy; CApEF = Cardiac Amyloidosis with preserved ejection fraction.
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4. Discussion

Our study assessed cardiac function and atrial strain in CA patients, comparing
them to HCM patients and controls, offering valuable insights into atrial function in these
populations.

CA, characterized by LV-hypertrophy, is difficult to distinguish from other LV
hypertrophy-causing diseases, such as HCM and hypertensive cardiopathy. Previous stud-
ies demonstrated reductions in ventricular longitudinal strain parameters in CA patients
and identified specific deformation parameters with discriminative capacity for differential
diagnosis [16–19]. Our study supports these findings and expands on them by providing a
detailed comparison between CA, HCM, and control subjects.

We found that CA patients had altered biventricular contractile and diastolic function,
with reduced LV-GLS, increased LAVi, and elevated E/e’ ratio. Atrial strain was compro-
mised, with lower values for LA-reservoir, LA-conduit, and LA-contraction. Sub-analysis
of CA patients revealed differences in age, systolic-BP, exertion tolerance, and diastolic
function markers between CApEF and CArEF groups.

Our study aimed firstly to compare HCMs patients to the whole CA patient population,
at various stages of the disease. A subgroup of these CA patients had a reduced ejection
fraction, indicative of a more advanced cardiac impairment with contractile dysfunction,
typically seen in older patients. Our intent was to study the differing behaviors of atrial
function in these two conditions, both characterized by myocardial hypertrophy and
diastolic dysfunction, progressing to restrictive patterns in more advanced cases.

We subsequently isolated the subset of CApEF patients and compared them with
HCMs patients, all of whom had preserved EF. This was conducted to compare two groups
with similar ejection fraction, stripping away the possible repercussions on atrial dilation
and dysfunction and symptoms due to compromised contractile function. The focus was
to compare atrial function between these two groups, seeking differences with the aim of
identifying early myocardial involvement and atrial myopathy in CA, while the ejection
fraction is still preserved, to promote early initiation of therapy.

LA strain is an emerging marker of diastolic dysfunction. In Cardiac Amyloidosis, the
left atrium is impaired like the left ventricle due to amyloid infiltration, leading to increased
size, reduced ejection force, and strain. While LA dimension or volume can suggest chronic
elevation of LA pressure, they are insufficient parameters to obtain detailed information
about LA function [20].

Impaired atrial strain parameters in CA patients from our series are consistent with
previous studies reporting reduced atrial function in CA, with peak LA strain correlated
with LV-GLS and worse LA strain values in ATTRwt than AL [12]. A multicenter study
found that LA reservoir and contraction correlated with LV-GLS and invasive LV-filling
pressures, suggesting LA reservoir as an alternative marker of elevated filling pressure and
LA compensation to maintain normal LV-filling pressure [21].

Aimo et al. explored multi-chamber speckle tracking imaging for assessing LA
strain’s diagnostic value in CA, demonstrating altered strain parameters, particularly
in ATTR-CA, and good diagnostic accuracy in differentiating CA from other unexplained
LV-hypertrophies [22]. They also found an association of severe impairment of peak atrial
longitudinal strain (PALS) or LASc with a diagnosis of ATTR-CA.

Another study revealed increased LA volume and reduced LA strain in ATTR-CA
patients, with stronger correlation of LA strain with LA volumes, E/e’, and LV-GLS for
AL-CA than ATTR-CA, possibly due to a more acute disease course and less time for
amyloid deposition in the LA-wall [23]. Our study supports these findings, with lower LA
strain values in CA patients, but we did not include AL-CA patients for comparison.

Studies on HCM patients identified LA strain as a significant predictor of exercise
tolerance, AF risk, appropriate ICD therapy, and HF incidence [24–27]. These findings
emphasize the importance of evaluating LA strain in HCM patients to improve risk stratifi-
cation, early intervention, and treatment outcomes.
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Significant differences in LA strain parameters between CA and HCM patients and
between CA patients and controls align with previous studies aiming to differentiate these
conditions based on atrial function.

Rausch et al. examined LA strain for differentiating CA from hypertensive heart
disease, finding good diagnostic accuracy and a similar reduction in LA strain values
between ATTR and AL groups [28].

Our study also highlighted the diagnostic potential of left atrial strain in Cardiac
Amyloidosis; however, we focused mostly on the comparison with HCM, while our control,
healthy, or affected by mild hypertension groups did not have significant LV hypertrophy.

It has been reported an LA strain and four-chamber (4-CH) GLS significantly reduced
in CA and HCM compared with control subjects, with CA patients showing the lowest
values, and LV-EF significantly reduced in CA patients in association with major adverse
cardiac events (MACE), suggesting that the severity of LV systolic dysfunction could influ-
ence cardiac events and a prognostic influence of LA on MACE and AF incidence [10,29,30].

Lucas et al. demonstrated a significant difference in PALS and contraction-phase strain
between the two groups CA and HCM patients [31]. LA dysfunction in CA has been shown
to be likely caused by amyloid deposition in the LA wall, as confirmed by atrial wall LGE
in CMR study [10,31].

Another study revealed reduced atrial deformation during atrial systole in hyper-
trophic ATTR-CA patients independent of LA size, unlike HCM, with LA strain rate being
the only independent predictor of atrial arrhythmias [32].

4.1. LA Strain: Prognostic Value

Our study’s findings on LA strain parameters’ association with echocardiographic and
clinical markers in CA patients align with previous research, which reported a prognostic
value for LA strain and a relationship between LA strain and arrhythmia susceptibility,
such as AF and NSVT.

Huntjens et al. found that peak LA strain had the strongest association with survival,
and LA strain combined with LV-GLS and RV-free wall strain had the highest prognostic
value in a longitudinal study of CA patients [33].

Oike et al. found reduced LA strain values in patients with cardiovascular death
during follow-up and noted that LASr was independently associated with cardiovascular
death and HF-related hospitalization in patients with ATTRwt [34].

In CA, LASr and LASc are often compromised, regardless of LA size [12], suggesting
both raised LV-filling pressures and direct atrial amyloid infiltration contribute to dysfunc-
tion. Consequently, atrial and left appendage thrombi may develop, increasing embolic
stroke risk and mortality [35,36]. The right ventricle is also commonly impacted, leading to
decreased TAPSE, tissue Doppler systolic velocity, and longitudinal strain [37].

Bandera et al. found that LA infiltration was associated with greater disease sever-
ity, worse prognosis, impaired three-phasic atrial function, and “atrial electromechanical
dissociation”. This phenomenon, with an absence of atrial contraction in 22.1% despite
sinus rhythm, had risks and prognosis like patients with AF, worse than those with sinusal
rythm and effective mechanical contraction [38]. This highlights atrial strain’s utility in
detecting atrial myopathy and preventing thromboembolic complications, independently
and before AF development.

4.2. Insights about Cut-Off Values from Literature

In the study of LA strain, various cut-off points are emerging as potential indica-
tors of LA dysfunction. Rausch et al. proposed an LAS-reservoir cut-off value of 20%,
suggesting it could aid in distinguishing Cardiac Amyloidosis from hypertensive heart
disease, especially in clinically uncertain cases with increased LV wall thickness where
an LAS-reservoir <20% increases the likelihood of Cardiac Amyloidosis as a differential
diagnosis [28]. De Gregorio et al. offered specific cut-offs for LA reservoir and pump func-
tion (≤20.05% and ≤−1.4%, respectively) to differentiate hypertrophic phenotypes [10].
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Aimo et al. suggest the first quartiles of PALS or PACS (<6.65% or <3.62%) as potential
diagnostic cut-offs, particularly beneficial for patients with unexplained hypertrophy, con-
sidering the independent diagnostic value of the combination of both parameters and their
ability to reclassify patient risk of ATTR-CA [22].

Regarding survival prognosis, Kado et al. pointed to a cut-off of 8.05 (peak strain) [30],
while Oike indicated an optimal LAS reservoir cut-off of 6.69% for predicting cardiovascular
death [34].

Cut-off values for LAS reservoir were proposed in relation to LV diastolic function,
that was therefore categorized into four categories: LAS reservoir ≥35% (grade 0), ≥24%
to <35% (grade 1), ≥19% to <24% (grade 2), and <19% (grade 3), with grade 2+ associated
with incident heart failure in the elderly, independent of LAVI [4,39]. Inoue and Nagueh’s
works emphasized an 18% cut-off for LAS reservoir to differentiate between normal and
elevated LV filling pressure (when defining PCWP > 12 mmHg as elevated, and 16% when
using PCWP ≥ 15 mmHg). However, they cautioned that this parameter is most accurate in
estimating high filling pressure in patients with depressed EF (<50%), and less in patients
with preserved EF [21,40].

At the current stage, there’s no single universal cut-off applicable to all scenarios. While
useful, these cut-offs are not without limitations. The fluctuating accuracy of LAS reservoir
in estimating LV filling pressures, especially in relation to ejection fraction, underscores the
need for it not to be a standalone diagnostic tool. Future research should strive to refine these
cut-offs, exploring their applicability across patient populations and conditions.

4.3. Strengths and Clinical—Practical Implications

Our study’s notable strength is the in-depth analysis of atrial strain parameters across
different CA patient subgroups based on LV-EF (preserved vs. reduced), which provides
valuable insights into LV-EF’s potential influence on atrial dysfunction in CA patients, an
aspect previously under-investigated. Our findings have significant clinical implications.
LA strain may help clinicians differentiate CA from other conditions like HCM and hy-
pertension; moreover, understanding LA strain parameters in CA can improve patients’
risk stratification and management and enable more personalized therapeutic approaches,
such as initiating anticoagulation therapy or closer monitoring for AF development. Our
study highlights the need for further research to investigate atrial strain’s prognostic impli-
cations in CA patients. Longitudinal follow-up data can provide insights into atrial strain’s
role in predicting outcomes like HF, stroke, and mortality. Future research could explore
treatment strategies’ impact on LA strain parameters and their potential role in monitoring
treatment response. Additionally, investigating associations between LA strain parameters
and echocardiographic markers, arrhythmias, and symptoms in CA patients could enhance
our understanding of CA pathophysiology, contributing to novel therapeutic approaches
targeting atrial dysfunction and potentially improving patient outcomes and quality of life.

4.4. Study Limitations and Future Perspectives

Our study has limitations, including a relatively small sample size, limiting general-
izability, and a lack of longitudinal follow-up analysis to assess atrial strain parameters’
prognostic value in CA patients. Future studies with larger cohorts and longitudinal follow-
up data are needed to confirm these findings and address these limitations, investigate
atrial strain’s prognostic implications, and explore treatment strategies’ impact on atrial
strain parameters, focusing on understanding pathophysiological mechanisms, refining
diagnostic criteria, and optimizing patient management strategies.

5. Conclusions

In conclusion, our study contributes valuable insights into atrial function in CA
patients, showing significantly LA strain parameters in ATTR-CA patients compared to
HCMs and control groups (this impairment remains consistent even in the subgroup with
preserved EF). These findings highlight the potential role of LA strain in differentiating
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between CA and other conditions, identifying patients at higher risk of arrhythmias and
evaluating cardiac involvement severity and response to therapy.
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