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Abstract
Background Reference values for right ventricular function and pulmonary circulation coupling were recently established 
for the general population. However, normative values for elite athletes are missing, even though exercise-related right ven-
tricular enlargement is frequent in competitive athletes.
Methods We examined 497 healthy male elite athletes (age 26.1 ± 5.2 years) of mixed sports with a standardized transtho-
racic echocardiographic examination. Tricuspid annular plane excursion (TAPSE) and systolic pulmonary artery pressure 
(SPAP) were measured. Pulmonary circulation coupling was calculated as TAPSE/SPAP ratio. Two age groups were defined 
(18–29 years and 30–39 years) and associations of clinical parameters with the TAPSE/SPAP ratio were determined and 
compared for each group.
Results Athletes aged 18–29 (n = 349, 23.8 ± 3.5 years) displayed a significantly lower TAPSE/SPAP ratio (1.23 ± 0.3 vs. 
1.31 ± 0.33 mm/mmHg, p = 0.039), TAPSE/SPAP to body surface area (BSA) ratio (0.56 ± 0.14 vs. 0.6 ± 0.16 mm*m2/
mmHg, p = 0.017), diastolic blood pressure (75.6 ± 7.9 vs. 78.8 ± 10.7 mmHg, p < 0.001), septal wall thickness (10.2 ± 1.1 
vs. 10.7 ± 1.1 mm, p = 0.013) and left atrial volume index (27.5 ± 4.5 vs. 30.8 ± 4.1 ml/m2, p < 0.001), but a higher SPAP 
(24.2 ± 4.5 vs. 23.2 ± 4.4 mmHg, p = 0.035) compared to athletes aged 30–39 (n = 148, 33.1 ± 3.4 years). TAPSE was not 
different between the age groups. The TAPSE/SPAP ratio was positively correlated with left ventricular stroke volume 
(r = 0.133, p = 0.018) and training amount per week (r = 0.154, p = 0.001) and negatively correlated with E/E′ lat. (r = −0.152, 
p = 0.005).
Conclusion The reference values for pulmonary circulation coupling determined in this study could be used to interpret and 
distinguish physiological from pathological cardiac remodeling in male elite athletes.
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Introduction

Functional and structural changes of the right and left ven-
tricle, known as the “athlete´s heart”, have been described in 
elite athletes performing mixed and endurance sports disci-
plines [1–3]. These physiological adaptations are considered 
beneficial to generate high performance levels [4]. However, 
several studies indicated a higher hemodynamic load for the 
right ventricle (RV) and the pulmonary circulation unit dur-
ing exercise compared to the left ventricle and LV-arterial 
coupling [5, 6]. It was even hypothesized that these may lead 
to a disproportioned remodeling of the RV, resulting in an 
increased risk for RV cardiomyopathy and arrhythmias in 
highly trained athletes [7–10].

 * Pascal Bauer 
 pascal.bauer@innere.med.uni-giessen.de

1 Department of Cardiology and Angiology, Justus-Liebig-
University Giessen, 35390 Giessen, Germany

2 Department of Internal Medicine, Member of the German 
Center for Lung Research, Universities of Giessen 
and Marburg Lung Center, Justus-Liebig-University Giessen, 
Giessen, Germany

3 Adiphea GmbH, Werbach, Germany
4 Department of Cardiology, Kerckhoff Clinic GmbH, 

Bad Nauheim, Germany

http://orcid.org/0000-0002-6036-8689
http://crossmark.crossref.org/dialog/?doi=10.1007/s00392-022-02099-8&domain=pdf


1363Clinical Research in Cardiology (2023) 112:1362–1371 

1 3

In this context, the pivotal role that the RV and the pul-
monary circulation coupling play in many different cardio-
pulmonary conditions has been emphasized [11–13]. Fur-
thermore, pulmonary circulation coupling was identified as 
a load-independent indicator of RV function allowing the 
detection of RV dysfunction before the RV ejection fraction 
decreases [14].

Recently, new non-invasive echocardiographic meth-
ods have emerged as surrogates for pulmonary circulation 
coupling and were successfully validated against invasive 
measurements [15, 16]. The ratio of tricuspid annular plane 
systolic excursion (TAPSE) to pulmonary artery systolic 
pressure (SPAP) was hence proposed as a simple echocar-
diographic indicator of pulmonary circulation coupling for 
routine clinical application [16, 17].

In contrast to the age changes in LV-arterial coupling that 
are characterized by a proportionally stiffening of both LV 
and the arterial vascular tree [18, 19], a relatively preserved 
relationship between TAPSE and SPAP was found across 
different age groups among healthy subjects and respective 
reference values have been published [20].

However, these parameters have not been evaluated in 
elite athletes, until now, and reference values for athletes are 
missing. We, therefore, conducted this echocardiographic 
study in two different age groups of male elite athletes per-
forming different mixed sports to deliver first reference val-
ues and to gain more insights into the functional and struc-
tural adaptations of the pulmonary circulation coupling in 
highly trained individuals. Since professional athletes typi-
cally display functional and morphological parameters at 
the high end of the healthy spectrum, we did not expect to 
discover significant differences when compared to healthy 
adults of comparable age. Accordingly, the present study 
aimed to describe the relationship between structural and 
functional adaptations to exercise and compare them to the 
published reference values for the general population [20]. 
Furthermore, we investigated the influence of clinical (age, 
body surface area (BSA)), sports related (training history 
and training amount per week) and echocardiographic fac-
tors (E/A, LV stroke volume, E/E′, heart rate) on pulmonary 
circulation coupling in these athletes. We hence hypothe-
sized that our examined male elite athletes would not show 
significant differences from the proposed reference values 
for healthy male individuals nor between the two examined 
age groups.

Methods

Study design

This was a single-center, cross-sectional study conducted 
at the university hospital Giessen involving professional 

athletes during the routine pre-season medical monitoring 
program of the first German handball and basketball divi-
sions and the second German handball and ice-hockey divi-
sions. Data were collected in July and August of the years 
2017–2021 after a 6-week competition-free interval. Only 
male athletes aged 18–39 were included in the study. Due 
to the overwhelming male athlete population service by our 
center, we did not have enough elite female athletes to inves-
tigate potential gender differences.

All participants provided their written informed consent. 
Subjective health status, medication, nutrition supplemen-
tation, amount of training, and history of training were 
assessed by questionnaire. Only individuals free of under-
lying cardiovascular diseases and medication were included. 
All tests were conducted at least 3 h post-prandially, and 
subjects refrained from exercise for at least 36 h prior to 
the test.

The local ethics committee of the university of Giessen 
approved the study protocol (AZ 15/17). The study was per-
formed in accordance with the ethical standards laid down in 
the Declaration of Helsinki and its later amendments.

Study population

The participants were 497 healthy, injury-free Caucasian 
male professional athletes of different nationalities per-
forming different mixed sports (Handball, Basketball, Ice-
hockey). All participants included were non-smokers and 
none took medication or supplements on a regular basis. 
All individuals were subjected to a physical examination, 
12-lead electrocardiogram (ECG), blood pressure meas-
urements at rest and transthoracic echocardiography. Age, 
height, weight, and body mass index were determined. Body 
surface area was calculated using the formula of DuBois. 
Athletes then were divided into two age groups (18–29 years 
and 30–39 years) and statistical analyses were performed. 
The division in two age groups was made to compare 
the results with the reference population [20] and to gain 
insights into age changes of the evaluated parameters.

Blood pressure measurement at rest

Resting brachial blood pressure was measured using a vali-
dated automatic device based on a standard sphygmoma-
nometer technique (Boso clinicus, Bosch + Sohn GmbH & 
Co. KG, Germany). The cuff used for measurements was 
adjusted to the individual´s arm circumference. Measure-
ments were performed by a trained research associate on 
both arms in a sitting position after a resting period of 
5 min and repeated after 2 min. The average blood pres-
sure (BP) was used for statistical analyses. Athletes with a 
mean BP ≥ 140 mmHg systolic or ≥ 90 mmHg diastolic were 
excluded from the study.
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Echocardiography

All athletes were examined by standard transthoracic echo-
cardiography administered by an experienced cardiologist 
according to the current recommendations [21, 22] using a 
Philips cx50 echocardiography system (Philips, Eindhoven, 
the Netherlands) with the participant placed in a left lateral 
supine position. Standard measurements of cardiac dimen-
sions, contractility and diastolic function were obtained. 
Each parameter was assessed in three to five consecutive 
cardiac cycles, and mean values were used for data record-
ing and analysis.

Left ventricular (LV) wall thicknesses and diameters were 
evaluated in the parasternal long-axis view at the level of 
mitral valve coaptation. Furthermore, volumes and ejection 
fraction were determined using Simpson´s biplane-method. 
LV stroke volume was calculated as the product of LV out-
flow tract area and outflow tract time-velocity integral. RV 
stroke volume was accordingly calculated as the product 
of RV outflow tract area and outflow tract time-velocity 
integral.

LV mass was calculated using the Devereux formula and 
indexed to body surface area to obtain the LV mass index 
(LVMI). LV hypertrophy was defined as a LVMI > 115 g/
m2. Left atrial volume index (LAVI) was obtained by the 
area-length method.

Peak tricuspid regurgitant velocity (TRV) was measured 
from the spectral profile of the tricuspid regurgitation jet 
in the right ventricular inflow projection of the parasternal 
short-axis view or the apical four-chamber view. Pulmonary 
artery systolic pressure (SPAP) was then calculated based 
on the simplified Bernoulli equation applied to TRV by add-
ing a value of right atrial pressure as measured by inferior 
Vena Cava respiratory index to the systolic trans-tricuspid 
gradient. SPAP was assumed to equate the right ventricular 
systolic pressure in the absence of pulmonic stenosis and/or 
right ventricular outflow tract obstruction.

Tricuspid annular plane systolic excursion (TAPSE) 
was measured from the four-chamber views by placing an 
M-mode cursor through the tricuspid annulus, measuring the 
excursion distance between end-diastole and end-systole in 
millimeter (mm).

The TAPSE/SPAP ratio was calculated as TAPSE divided 
by SPAP for each participant. To avoid confounding effects 
of anthropometric differences, and to ensure comparison 
to the published reference values [20], we also indexed the 
TAPSE/SPAP ratio by body surface area.

Statistical analysis

Descriptive analyses were carried out on all study vari-
ables for the total sample and separated by age status 
(18–29 years and ≥ 30–39 years). All data are presented 

as mean ± standard deviation (SD). The Shapiro–Wilk test 
was used to determine normal distribution. If the data were 
determined to have a skewed distribution, all analyses were 
performed on normalized data. Between-group comparisons 
were made using independent sample t tests. Bivariate rela-
tions were analyzed using the Spearman correlation coeffi-
cient. The Pearson partial correlation test was used to assess 
the relationship between clinically relevant variables such as 
age, body mass index (BMI), body surface area (BSA), train-
ing history, amount of training per week, LV stroke volume, 
heart rate, E/A and E/E′.

Then, multiple regression analyses were performed to 
test the weight of these variables within and across two 
age classes. For this, we divided the cohort into two groups 
according to their age class (18–29 years and 30–39 years).

A quantile regression analyses was used to describe quan-
tiles (0.05, 0.95, and all deciles) of SPAP, TAPSE, TAPSE/
SPAP and TAPSE/SPAP/BSA as reference values for these 
parameters in professional male athletes.

Two-tailed significance level was set at p < 0.05 for all 
measurements. All statistical analyses were performed using 
the IBM SPSS Statistics for Macintosh, Version 27.0 (IBM 
Corp., Armonk, NY, USA).

Results

Cohort characteristics

All 497 male elite athletes included in the study were par-
ticipants in mixed team sports disciplines that are char-
acterized by a high-intensity level (handball, ice-hockey, 
and basketball) [4]. The mean age of the participants was 
age 26.1 ± 5.2 years with a mean height of 189.5 ± 7.6 cm 
and a mean weight of 92.8 ± 11 kg, resulting in mean body 
mass index of 25.9 ± 1.9 kg/m2. The probands were experi-
enced athletes who had participated in professional train-
ing for 9.4 ± 4.1 years with a current mean training time of 
18.7 ± 3.2 h per week.

There were no significant differences regarding height, 
weight, body mass index and body surface area or amount 
of training per week between athletes aged 18–29 and 
those aged 30–39 years. As expected, the older group had a 
longer professional training history than the younger group 
(7.15 ± 3.6 vs. 15.8 ± 3.1 years, p < 0.001). The clinical char-
acteristics, anthropometric data, and specific training data 
are displayed in detail in Table 1.

Blood pressure measurements

The mean systolic and diastolic BP values of the entire 
study cohort was 123.8 ± 16.4 mmHg and 76.4 ± 7.7 mmHg, 
respectively. There were no significant differences in systolic 
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BP between athletes aged 18–29 (123.8. ± 10.7 mmHg) 
and those aged 30–39 (123.8 ± 10.3 mmHg). In contrast, 
younger athletes (18–29 years) displayed a significantly 
(p < 0.01) lower diastolic BP (76.6 ± 7.9 mmHg) and mean 
BP (91.7 ± 7 mmHg) compared to their older (30–39 years) 
peers (78.8 ± 6.8 mmHg diastolic BP and 93.8 ± 6.4 mmHg 
mean BP, respectively). None of the included athletes had a 
systolic BP ≥ 140 mmHg or diastolic BP ≥ 90 mmHg.

Echocardiographic characteristics

Echocardiographic characteristics of the two age groups are 
summarized in Table 2. The two age groups differed signifi-
cantly in the left atrial diameter (p = 0.013), left atrial vol-
ume index (p < 0.001) and septal wall thickness (p < 0.001), 
with older athletes (30–39 years) displaying higher values 
for each parameter.

In addition, SPAP was lower (p = 0.035) in older athletes 
compared to the younger group. As TAPSE was not dif-
ferent (p = 0.308) between the two groups, we observed a 
significant difference in the TAPSE/SPAP ratio (p = 0.039) 
and the TAPSE/SPAP/BSA (p = 0.017), with older athletes 
(30–39 years) having higher values.

Clinical and echocardiographic predictors of TAPSE, 
SPAP, TAPSE/SPAP and TAPSE/SPAP/BSA

TAPSE was positively correlated with age (r = 0.104, 
p = 0.028), BMI (r = 0.155, p = 0.001) and the LV stroke 
volume (r = 0.224, p < 0.001) in the whole study cohort. 
There were positive correlations between SPAP and BMI 
(r = 0.140, p = 0.004), BSA (r = 0.124, p = 0.010) and E/E′ 
lat. (r = 0.197, p < 0.001), whereas a negative correlation 
with training per week (r = −0.114, p = 0.018) was apparent.

Table 1  Clinical characteristics 
of the included athletes, divided 
by age groups

Bold values denote statistical significance at the p < 0.05 level

Male elite athletes p value

Age 18–29 Age 30–39

Number 349 148
Age (years) 23.8 ± 3.5 33.1 ± 3.4  < 0.001
Height (cm) 189.7 ± 7.7 188.9 ± 7.2 0.321
Body weight (kg) 93 ± 11.3 92.5 ± 9.9 0.660
Body mass index (kg/m2) 25.8 ± 2.1 25.8 ± 1.3 0.588
Body surface area  (m2) 2.21 ± 0.17 2.20 ± 0.16 0.552
Training history (years) 7.15 ± 3.6 15.8 ± 3.1  < 0.001
Training per week (h) 19 ± 3.2 19 ± 2.9 0.760
Systolic blood pressure (mmHg) 123.8 ± 10.3 123.8 ± 10.7 0.985
Diastolic blood pressure (mmHg) 75.6 ± 7.9 78.8 ± 6.8  < 0.001
Mean arterial blood pressure (mmHg) 91.7 ± 7 93.8 ± 6.4 0.002
Resting heart rate (/min) 58.1 ± 10.9 57.7 ± 9.8 0.739

Table 2  Echocardiographic findings of the included athletes included, 
divided by age groups

Bold values denote statistical significance at the p < 0.05 level
BMI  body mass index; LV  left ventricle; PLAX parasternal long axis 
view; RV right ventricle; RVOT right ventricular outflow tract; SPAP 
systolic pulmonary artery pressure; TAPSE tricuspid annular plane 
systolic excursion

Male elite athletes p value

Age 18–29 Age 30–39

Echocardiographic parameters
LV ejection fraction (%) 66.6 ± 4.6 67.1 ± 4.7 0.320
LV stroke volume (ml) 91.4 ± 18.9 92.6 ± 16 0.567
LV enddiastolic diameter (mm) 53.6 ± 3.9 54.2 ± 3.3 0.123
LV endsystolic diameter (mm) 33.4 ± 3.5 33.7 ± 3.5 0.428
Left atrial diameter (mm) 37.2 ± 3.3 38.1 ± 2.9 0.013
Left atrial volume index (ml/m2) 27.5 ± 4.5 29.3 ± 4.1  < 0.001
Septal wall thickness (mm) 10.2 ± 1.1 10.7 ± 1.1  < 0.001
Inferior wall thickness (mm) 9.8 ± 1 10 ± 0.97 0.134
LV mass index (g/m2) 88.7 ± 24 90.2 ± 33.8 0.490
E/A ratio 1.85 ± 0.45 1.75 ± 0.41 0.067
E/E′ lateral 5.45 ± 1.35 5.34 ± 1.34 0.532
E/E′ medial 6.79 ± 1.28 6.98 ± 1.26 0.169
E/E′ average 6.13 ± 1.08 6.33 ± 1.11 0.231
RV diameter 1 (mm) 38.8 ± 5.2 40.2 ± 4.8 0.094
RVOT PLAX (mm) 30.8 ± 2.2 31.2 ± 1.7 0.138
RV stroke volume (mm) 88.5 ± 15.2 90.2 ± 17.5 0.102
Fractional area change (%) 54.1 ± 8.3 52.8 ± 6.4 0.074
RV s’ (cm/s) 14.4 ± 3.8 13.8 ± 4.4 0.086
TAPSE (mm) 28.9 ± 4.2 29.4 ± 4.8 0.308
SPAP (mmHg) 24.2 ± 4.5 23.2 ± 4.4 0.035
TASPSE/SPAP (mm/mmHg) 1.23 ± 0.3 1.31 ± 0.33 0.039
TAPSE/BSA (mm/m2) 13.1 ± 1.9 13.5 ± 2.4 0.117
TAPSE/SPAP/BSA (mm*m2/

mmHg)
0.56 ± 0.14 0.60 ± 0.16 0.017
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The TAPSE/SPAP ratio as surrogate parameter of right 
ventricular-pulmonary coupling was positively correlated 
with training duration per week (r = 0.154, p = 0.001), LV 
stroke volume (r = 0.133, p = 0.018) and negatively corre-
lated with E/E′ lat. (r = −0.152, p = 0.005). This negative 
correlation remained after adjustment for BSA (r = −0.156, 
p = 0.004) as displayed by the TAPSE/SPAP/BSA.

Pearson´s partial correlation test results for the clinical 
and echocardiographic parameters are presented in Table 3.

Associations of TAPSE, SPAP, TAPSE/SPAP and TAPSE/
SPAP/BSA with clinical and echocardiographic 
predictors by age groups

Multiple regression analyses were performed to identify 
independent determinants for TAPSE, SPAP, TAPSE/
SPAP and TAPSE/SPAP/BSA in the two age groups. We, 
therefore, determined a statistical model for each dependent 
parameter. In the statistic model, we used age, BMI, BSA, 
training history, training duration per week, LV stroke vol-
ume, heart rate, E/A and E/E′ average as independent pre-
dictors of the respective dependent variable. The respective 
results are presented in Table 4.

The model was not able to predict TAPSE, SPAP, 
TAPSE/SPAP and TAPSE/SPAP/BSA in both groups. In 
younger athletes (18–29 years), BSA was positively associ-
ated with TAPSE (β = 0.387, p < 0.001), SPAP (β = 0.186, 
p = 0.039) and negatively associated with TAPSE/SPAP/
BSA (β = −0.262, p = 0.004). In the group of older athletes 
(30–39 years), LV stroke volume was positively associated 
with TAPSE/SPAP (β = 0.361, p = 0.017) and TAPSE/SPAP/
BSA (β = 0.349, p = 0.017).

Reference values for TAPSE, SPAP, TAPSE/SPAP, 
TAPSE/SPAP/BSA according to age group

Age-specific normative values for TAPSE, SPAP, TAPSE/
SPAP and TAPSE/SPAP/BSA were calculated and displayed 
in Table 5 with respective percentiles. We calculated respec-
tive percentiles including 5th and 95th percentiles for each 
parameter and age group. The determination of age groups 
was chosen to ensure comparison to the published reference 
values [20]. For male elite athletes aged 18–29 years, the 
5th percentile for TAPSE/SPAP would be 0.82 mm/mmHg 
and the 95th percentile 1.84 mm/mmHg. The correspond-
ing values for athletes aged 30–39 years would be 0.84 and 
1.94 mm/mmHg, respectively.

Discussion

The present study, to our knowledge, represents the first 
detailed evaluation of the TAPSE/SPAP ratio as a non-inva-
sive surrogate of pulmonary circulation coupling in healthy 
male elite athletes of two different age groups.

Our most important findings are that

(1) the TAPSE/SPAP ratio was significantly higher in ath-
letes aged 30–39 years compared to their younger peers 
aged 18–29 years;

(2) we found higher values of both TAPSE and SPAP in 
male elite athletes compared to the published reference 
values for aged-matched healthy men;

(3) TAPSE/SPAP ratio was positively correlated with the 
training amount per week and LV stroke volume.

Table 3  Pearson correlation 
coefficients for the association 
between clinical characteristics 
and pulmonary circulating 
coupling parameters obtained 
by echocardiography

Bold values denote statistical significance at the p < 0.05 level
BMI body mass index; BSA body surface area; LV left ventricle; SPAP systolic pulmonary artery pressure; 
TAPSE tricuspid annular plane systolic excursion

TAPSE SPAP TAPSE/SPAP TAPSE/SPAP/BSA

r p r p r p r p

Age (y) 0.104 0.028 −0.008 0.874 0.060 0.214 0.061 0.210
BMI (kg/m2) 0.155 0.001 0.140 0.004 −0.023 0.636 −0.192  < 0.001
BSA  (m2) 0.043 0.381 0.124 0.010 0.030 0.541 −0.275  < 0.001
Training history (y) 0.075 0.113 0.077 0.113 −0.022 0.653 −0.034 0.481
Training per week (h) 0.115 0.016 −0.114 0.018 0.154 0.001 0.063 0.192
LV stroke volume (ml) 0.224  < 0.001 0.024 0.664 0.133 0.018 0.023 0.682
Heart rate (/min) −0.012 0.796 0.070 0.146 −0.058 0.231 −0.068 0.160
E/A −0.023 0.679 0.001 0.982 −0.018 0.755 0.007 0.903
E/E′ lat −0.009 0.864 0.197  < 0.001 −0.152 0.005 −0.156 0.004
E/E′med 0.006 0.893 0.001 0.992 0.033 0.492 0.057 0.243
E/E′average 0.007 0.872 0.098 0.462 −0.072 0.102 −0.086 0.098
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Understanding the structural and functional adaptations in 
highly trained athletes is essential for differentiating physi-
ological from pathological remodeling in the context of pre-
participation evaluation [2, 4] and, therefore, constitutes a 
relevant clinical issue. In any individual, cardiac adaptations 
to exercise are influenced by several factors including train-
ing mode, intensity, duration and volume [1, 3, 19, 23–26]. 
Cardiac remodeling of the right ventricle in athletes was 
intensively investigated [6, 10, 26–32] and different echo-
cardiographic approaches were proposed to identify patho-
logical changes [1, 3, 33]. However, so far, accepted ref-
erence values for athletes exist mainly for morphological 
echocardiographic measurements as highlighted in recent 
meta-analyses [28, 32]. Despite the elaborated echocardio-
graphic techniques used [1, 33], right ventricular function 
and pulmonary circulating coupling were rarely investigated 

together in athletes and the proposed reference values were 
mainly derived from small and inhomogeneous study sam-
ples and without invasive validation [3].

Recently, the TASPE/SPAP ratio was identified as a 
powerful and easily applicable echocardiographic surro-
gate of pulmonary circulating coupling [15, 16]. It has been 
validated against invasive conductance measurements [15]. 
Furthermore, its relevance was established for several car-
diovascular diseases [17, 34], highlighting the robust reflec-
tion of pulmonary circulation coupling in various clinical 
settings. Moreover, age-dependent reference values for 
healthy individuals are available [20]. Given the remarkably 
constant SPAP and pulmonary artery wedge pressure during 
prolonged and increasing exercise intensity in middle-aged 
athletes, this indicates a highly compliant pulmonary vas-
culature that accommodates the increasing hemodynamic 

Table 4  Multiple regression analyses with pulmonary circulating coupling parameters as dependent variables, displayed for the two age groups

Bold values denote statistical significance at the p < 0.05 level
BMI  body mass index; LV  left ventricle; SPAP  systolic pulmonary artery pressure; SV  stroke volume; TAPSE  tricuspid annular plane systolic 
excursion

Age 18–29 TAPSE SPAP TAPSE/SPAP TAPSE/SPAP/BSA

R2 0.158, p = 0.001 R2 0.193, p < 0.001 R2 0.081, p = 0.144 R2 0.193, p < 0.001

b p b p b p b p

Age (y) 0.007 0.963 0.024 0.875 −0.101 0.527 −0.068 0.649
BMI (kg/m2) −0.115 0.217 0.019 0.833 −0.118 0.214 −0.126 0.157
BSA  (m2) 0.387  < 0.001 0.186 0.039 0.087 0.361 −0.262 0.004
Training history (y) 0.088 0.576 0.263 0.090 −0.091 0.582 −0.105 0.498
Training per week (h) −0.103 0.227 −0.079 0.337 0.004 0.961 0.007 0.931
LV SV (ml) 0.134 0.089 0.113 0.142 0.008 0.918 0.008 0.913
Heart rate (/min) 0.016 0.831 0.122 0.100 −0.087 0.361 −0.073 0.325
E/A 0.012 0.867 0.093 0.198 −0.085 0.269 −0.090 0.212
E/E′ lat −0.102 0.215 0.073 0.369 −0.145 0.094 −0.133 0.102
E/E′ med 0.014 0.862 0.022 0.781 0.018 0.835 0.029 0.718
E/E′ average 0.034 0.640 0.052 0.562 −0.086 0.367 −0.052 0.517

Age 30–39 TAPSE SPAP TAPSE/SPAP TAPSE/SPAP/BSA

R2 0.291, p = 0.034 R2 0.215, p = 0.184 R2 0.175, p = 0.365 R2 0.226, p = 0.148

b p b p b p b p

Age (y) 0.064 0.717 0.066 0.722 0.062 0.743 0.068 0.712
BMI (kg/m2) 0.120 0.463 0.236 0.174 −0.039 0.825 −0.024 0.889
BSA  (m2) −0.025 0.895 −0.110 0.586 −0.016 0.940 −0.293 0.146
Training history (y) −0.310 0.113 −0.268 0.191 −0.060 0.772 −0.075 0.712
Training per week (h) −0.054 0.670 0.259 0.055 −0.217 0.114 −0.197 0.137
LV SV (ml) 0.255 0.066 −0.265 0.069 0.361 0.017 0.349 0.017
Heart rate (/min) 0.272 0.057 0.001 0.998 0.174 0.253 0.155 0.292
E/A 0.098 0.479 −0.151 0.301 0.210 0.163 0.202 0.163
E/E′ lat 0.351 0.024 0.127 0.427 0.108 0.509 0.116 0.466
E/E′med −0.149 0.347 −0.053 0.749 −0.039 0.818 −0.051 0.759
E/E′average 0.212 0.178 0.023 0.614 0.062 0.782 0.023 0.686
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load and maintains right ventricular function and pulmonary 
circulating coupling throughout exercise conditions [30]. In 
consequence, the assumption of a stable TAPSE/SPAP ratio 
under exercise conditions in healthy athletes is reasonable, 
indicating this simple metric as a powerful surrogate of pul-
monary circulating coupling in athletes.

In our study, the TASPE/SPAP ratio was calculated 
slightly lower in male elite athletes of both age groups com-
pared to the published age-specific reference values [20]. 
Interestingly, we also observed higher values for the TAPSE/
SPAP ratio in the older age group (30–39 years), which was 
mainly attributed to a significantly lower SPAP, as in the 
reference population [20]. Notably, these non-invasively 
derived TAPSE/SPAP ratio corresponded well with the 
invasive measurements reported by Buchan et al. [30], sug-
gesting an augmented cardiovascular functional response in 
highly trained male athletes that ensures an optimal coupling 
of both the pulmonary and systemic circulation. The positive 
correlations of TAPSE/SPAP with training amount per week 
and the LV stroke volume as well as the negative correlation 
with the E/E′ lat. ratio in our examined male elite athletes 
reveal these parameters as relevant indicators of the respec-
tive functional adaptations and are in line with the findings 
of Vriz et al. [20]. Therefore, the training amount per week, 
but not training history, was identified in our study as an 
important additional influencing factor, relevant particularly 
to athletic populations. Unlike the reference population, we 
found no association between TAPSE/SPAP and age, BMI 
or BSA, possibly because populations examined differed. 
Our cohort comprised young adults with narrow age, BMI 
and BSA ranges, whereas the population analyzed by Vriz 
et al. [20] aged 18–74 years and displayed a broader BMI 
and BSA range.

It is important to consider both morphological and func-
tional RV adaptations to differentiate physiological from 
pathological remodeling and to understand the relatively 
constant pulmonary circulation coupling measures that 
ensure an optimal physiological coupling. Enlarged RV 
compared to the normal population has been demonstrated 
in different athletic cohorts and is particularly pronounced in 
endurance athletes [1, 3, 6, 23–25, 28, 31, 32]. In our study, 
all measured RV parameters were comparable to the pub-
lished reference values for healthy male elite athletes [23, 
28, 32] with similar age. Unfortunately, so far, there exist no 
data for athletes regarding the TASPE/SPAP ratio. Hence, 
our study is the first to evaluate this promising marker in 
a large and homogenous group of male elite athletes and 
different age.

Other important factors that must be acknowledged when 
investigating RV morphological and functional changes 
in athletes are sex and examination time. Female sex was 
shown to be related to TAPSE, SPAP and TAPSE/SPAP 
ratio [20], further to RV structure and performance [35]. In 
addition, RV contractility in women was found to be higher 
in women compared to men, especially at younger age [36] 
and in pulmonary arterial hypertension [37].

A wealth of studies confirmed that intense prolonged 
exercise is associated with both an acute RV enlargement 
and a reduction in RV function [7], whereas the LV was 
mainly unaffected [28, 29, 38]. This phenomenon has been 
named “cardiac fatigue” and encouraged discussions about 
detrimental effects of prolonged exercise sessions on RV 
remodeling [9, 10, 29]. In consequence, as shown for healthy 
adults during an exercise test, TAPSE/SPAP ratio decreased 
[27]. Hence, assessment of TAPSE/SPAP should be under-
taken under similar conditions. In the study of Vriz et al. 

Table 5  Normative values of the pulmonary circulating coupling parameters, given in percentiles and displayed for the two age groups

BSA body surface area; SPAP systolic pulmonary artery pressure; TAPSE tricuspid annular plane systolic excursion

Percentile Age 18–29 Age 30–39

TAPSE (mm) SPAP 
(mmHg)

TAPSE/PASP 
(mm/mmHg)

TAPSE/SPAP/
BSA (mm*m2/
mmHg)

TAPSE (mm) SPAP (mmHg) TAPSE/PASP 
(mm/mmHg)

TAPSE/SPAP/BSA 
(mm*m2/mmHg)

5 th 23 16 0.82 0.37 21.8 16 0.84 0.41
10 th 24 18 0.9 0.41 23 18 0.9 0.43
20 th 25 20 1.0 0.45 26 19 1.0 0.47
30 th 26 22 1.08 0.49 26.5 21 1.11 0.51
40 th 28 23 1.1 0.52 28 22 1.19 0.53
50 th 29 24 1.21 0.55 30 22.5 1.28 0.57
60 th 30 25 1.27 0.59 31 24 1.37 0.62
70 th 31 26 1.37 0.63 31.5 25 1.44 0.67
80 th 32.4 28 1.50 0.67 33 27 1.58 0.74
90 th 35 30 1.67 0.77 35.5 29.1 1.73 0.86
95 th 37 30 1.84 0.87 38 33 1.94 0.90
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[20] and our own study, TAPSE/SPAP was determined under 
resting conditions with a normal brachial blood pressure.

Pre-participation screenings are usually scheduled at the 
beginning of the competitive season, offering an opportu-
nity to evaluate the morphology and function of the right 
ventricle and measure the pulmonary circulation coupling at 
rest, without the confounding influences of prior prolonged 
exercise sessions. This very sensitive marker, which was 
already validated against invasive measurements, could be 
useful for differentiating physiological from pathological RV 
remodeling. However, this hypothesis should be investigated 
in future studies.

Limitations and strengths

Our study has several limitations. The number of partici-
pants limited its statistical power to reveal other associations 
or to determine diagnostic thresholds. The focus on male 
elite mixed sports athletes might limit extrapolation of the 
results to other sport disciplines, to an older age group, or to 
women. Furthermore, we did not control for diet and body 
composition. In addition, the TAPSE/SPAP ratio, though 
validated against invasive measurements, still remains a sur-
rogate parameter to assess pulmonary circulation coupling. 
However, we included male elite athletes of a narrow age 
span, free of cardiovascular diseases and medication use, 
and we controlled for confounders like prior prolonged exer-
cise sessions. Furthermore, the homogenous study cohort 
and the rigid design of measuring cardiovascular function 
must be mentioned, which strengthens our analysis.

Conclusion

This study delivered the first reference values for the 
TAPSE/SPAP ratio in highly trained male athletes perform-
ing mixed-exercise sports. Reference values of TAPSE, 
SPAP and TAPSE/SPAP derived from our male athletic 
cohort can be used to interpret changes in athletes and may 
help to distinguish between physiological and pathological 
adaptations.

Acknowledgements The authors would like to thank Elizabeth A. 
Martinson, PhD, of the KHFI Editorial Office for her assistance in 
manuscript preparation and language editing.

Funding Open Access funding enabled and organized by Projekt 
DEAL. None.

Availability of data and materials The manuscript data will not be 
deposited.

Code availability Not applicable.

Declarations 

Conflict of interest All authors declare that they have no conflict of 
interest with this manuscript.

Ethics approval The ethics committee of the University of Giessen 
approved the study protocol. The study has been performed in accord-
ance with the ethical standards laid down in Declaration of Helsinki 
and its later amendments.

Consent to participate All participants received a clear explanation of 
the study and provided their written informed consent.

Consent for publication All authors gave final approval to the manu-
script and agreed to publish the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Fábián A, Ujvári A, Tokodi M, Lakatos BK, Kiss O, Babity M, 
Zámodics M, Sydó N, Csulak E, Vágó H, Szabó L, Kiss AR, 
Szűcs A, Merkely B, Kovács A (2022) Biventricular mechani-
cal pattern of the athlete’s heart: comprehensive characterization 
using 3D echocardiography. Eur J Prev Cardiol. https:// doi. org/ 
10. 1093/ eurjpc/ zwac0 26

 2. Martinez MW, Kim JH, Shah AB, Phelan D, Emery MS, Wasfy 
MM, Fernandez AB, Bunch TJ, Dean P, Danielian A, Krishnan 
S, Baggish AL, Eijsvogels TMH, Chung EH, Levine BD (2021) 
Exercise-induced cardiovascular adaptations and approach to 
exercise and cardiovascular disease: JACC state-of-the-art review. 
J Am Coll Cardiol 78(14):1453–1470. https:// doi. org/ 10. 1016/j. 
jacc. 2021. 08. 003

 3. Albaeni A, Davis JW, Ahmad M (2021) Echocardiographic evalu-
ation of the athlete’s heart. Echocardiography 38(6):1002–1016. 
https:// doi. org/ 10. 1111/ echo. 15066

 4. Pelliccia A, Sharma S, Gati S, Back M, Borjesson M, Caselli S, 
Collet JP, Corrado D, Drezner JA, Halle M, Hansen D, Heidbuchel 
H, Myers J, Niebauer J, Papadakis M, Piepoli MF, Prescott E, 
Roos-Hesselink JW, Graham Stuart A, Taylor RS, Thompson PD, 
Tiberi M, Vanhees L, Wilhelm M, Group ESCSD (2021) 2020 
ESC Guidelines on sports cardiology and exercise in patients with 
cardiovascular disease. Eur Heart J 42(1):17–96. https:// doi. org/ 
10. 1093/ eurhe artj/ ehaa6 05

 5. D’Andrea A, Riegler L, Morra S, Scarafile R, Salerno G, Cocchia 
R, Golia E, Martone F, Di Salvo G, Limongelli G, Pacileo G, 
Bossone E, Calabrò R, Russo MG (2012) Right ventricular mor-
phology and function in top-level athletes: a three-dimensional 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1016/j.jacc.2021.08.003
https://doi.org/10.1016/j.jacc.2021.08.003
https://doi.org/10.1111/echo.15066
https://doi.org/10.1093/eurheartj/ehaa605
https://doi.org/10.1093/eurheartj/ehaa605


1370 Clinical Research in Cardiology (2023) 112:1362–1371

1 3

echocardiographic study. J Am Soc Echocardiogr 25(12):1268–
1276. https:// doi. org/ 10. 1016/j. echo. 2012. 07. 020

 6. D’Andrea A, La Gerche A, Golia E, Teske AJ, Bossone E, Russo 
MG, Calabrò R, Baggish AL (2015) Right heart structural and 
functional remodeling in athletes. Echocardiography 32(Suppl 
1):S11-22. https:// doi. org/ 10. 1111/ echo. 12226

 7. Elliott AD, La Gerche A (2015) The right ventricle following 
prolonged endurance exercise: are we overlooking the more 
important side of the heart? A meta-analysis. Br J Sports Med 
49(11):724–729. https:// doi. org/ 10. 1136/ bjspo rts- 2014- 093895

 8. La Gerche A, Claessen G, Dymarkowski S, Voigt JU, De Buck F, 
Vanhees L, Droogne W, Van Cleemput J, Claus P, Heidbuchel H 
(2015) Exercise-induced right ventricular dysfunction is associ-
ated with ventricular arrhythmias in endurance athletes. Eur Heart 
J 36(30):1998–2010. https:// doi. org/ 10. 1093/ eurhe artj/ ehv202

 9. Prior D, La Gerche A (2020) Exercise and arrhythmogenic right 
ventricular cardiomyopathy. Heart Lung Circ 29(4):547–555. 
https:// doi. org/ 10. 1016/j. hlc. 2019. 12. 007

 10. Leischik R, Dworrak B, Strauss M, Horlitz M, Pareja-Galeano H, 
de la Guía-Galipienso F, Lippi G, Lavie CJ, Perez MV, Sanchis-
Gomar F (2020) Special Article - Exercise-induced right ven-
tricular injury or arrhythmogenic cardiomyopathy (ACM): the 
bright side and the dark side of the moon. Prog Cardiovasc Dis 
63(5):671–681. https:// doi. org/ 10. 1016/j. pcad. 2020. 03. 015

 11. Sanz J, Sánchez-Quintana D, Bossone E, Bogaard HJ, Naeije R 
(2019) Anatomy, function, and dysfunction of the right ventricle: 
JACC state-of-the-art review. J Am Coll Cardiol 73(12):1463–
1482. https:// doi. org/ 10. 1016/j. jacc. 2018. 12. 076

 12. Rieth AJ, Richter MJ, Tello K, Gall H, Ghofrani HA, Guth S, 
Wiedenroth CB, Seeger W, Kriechbaum SD, Mitrovic V, Schulze 
PC, Hamm CW (2021) Exercise hemodynamics in heart failure 
patients with preserved and mid-range ejection fraction: key 
role of the right heart. Clin Res Cardiol. https:// doi. org/ 10. 1007/ 
s00392- 021- 01884-1

 13. Amsallem M, Mercier O, Kobayashi Y, Moneghetti K, Haddad F 
(2018) Forgotten no more: a focused update on the right ventricle 
in cardiovascular disease. JACC Heart Fail 6(11):891–903. https:// 
doi. org/ 10. 1016/j. jchf. 2018. 05. 022

 14. Naeije R, Richter MJ, Rubin LJ (2021) The physiologic basis of 
pulmonary arterial hypertension. Eur Respir J. https:// doi. org/ 10. 
1183/ 13993 003. 02334- 2021

 15. Tello K, Wan J, Dalmer A, Vanderpool R, Ghofrani HA, Naeije 
R, Roller F, Mohajerani E, Seeger W, Herberg U, Sommer N, Gall 
H, Richter MJ (2019) Validation of the tricuspid annular plane 
systolic excursion/systolic pulmonary artery pressure ratio for the 
assessment of right ventricular-arterial coupling in severe pul-
monary hypertension. Circ Cardiovasc Imaging 12(9):e009047. 
https:// doi. org/ 10. 1161/ circi maging. 119. 009047

 16. Tello K, Ghofrani HA, Heinze C, Krueger K, Naeije R, Raubach 
C, Seeger W, Sommer N, Gall H, Richter MJ (2019) A simple 
echocardiographic estimate of right ventricular-arterial coupling 
to assess severity and outcome in pulmonary hypertension on 
chronic lung disease. Eur Respir J 54(3):1802435. https:// doi. org/ 
10. 1183/ 13993 003. 02435- 2018

 17. Keranov S, Haen S, Vietheer J, Rutsatz W, Wolter JS, Kriechbaum 
SD, von Jeinsen B, Bauer P, Tello K, Richter M, Dörr O, Rieth 
AJ, Nef H, Hamm CW, Liebetrau C, Rolf A, Keller T (2021) 
Application and validation of the tricuspid annular plane systolic 
excursion/systolic pulmonary artery pressure ratio in patients with 
ischemic and non-ischemic cardiomyopathy. Diagnostics (Basel) 
11(12):2188. https:// doi. org/ 10. 3390/ diagn ostic s1112 2188

 18. Antonini-Canterin F, Carerj S, Di Bello V, Di Salvo G, La Car-
rubba S, Vriz O, Pavan D, Balbarini A, Nicolosi GL (2009) Arte-
rial stiffness and ventricular stiffness: a couple of diseases or a 
coupling disease? A review from the cardiologist’s point of view. 

Eur J Echocardiogr 10(1):36–43. https:// doi. org/ 10. 1093/ ejech 
ocard/ jen236

 19. Vriz O, Pirisi M, Habib E, Galzerano D, Fadel B, Antonini-Can-
terin F, Veldtman G, Bossone E (2019) Age related structural 
and functional changes in left ventricular performance in healthy 
subjects: a 2D echocardiographic study. Int J Cardiovasc Imaging 
35(11):2037–2047. https:// doi. org/ 10. 1007/ s10554- 019- 01665-y

 20. Vriz O, Veldman G, Gargani L, Ferrara F, Frumento P, D’Alto 
M, D’Andrea A, Radaan SA, Cocchia R, Marra AM, Ranieri B, 
Salzano A, Stanziola AA, Voilliot D, Agoston G, Cademartiri F, 
Cittadini A, Kasprzak JD, Grünig E, Bandera F, Guazzi M, Rudski 
L, Bossone E (2021) Age-changes in right ventricular function-
pulmonary circulation coupling: from pediatric to adult stage in 
1899 healthy subjects. The RIGHT Heart International NETwork 
(RIGHT-NET). Int J Cardiovasc Imaging 37(12):3399–3411. 
https:// doi. org/ 10. 1007/ s10554- 021- 02330-z

 21. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznet-
sova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, 
Rudski L, Spencer KT, Tsang W, Voigt JU (2015) Recommen-
dations for cardiac chamber quantification by echocardiography 
in adults: an update from the American Society of Echocardiog-
raphy and the European Association of Cardiovascular Imaging. 
Eur Heart J Cardiovasc Imaging 16(3):233–270. https:// doi. org/ 
10. 1093/ ehjci/ jev014

 22. Baggish AL, Battle RW, Beaver TA, Border WL, Douglas PS, 
Kramer CM, Martinez MW, Mercandetti JH, Phelan D, Singh 
TK, Weiner RB, Williamson E (2020) Recommendations on 
the use of multimodality cardiovascular imaging in young adult 
competitive athletes: a report from the American Society of 
Echocardiography in collaboration with the society of cardio-
vascular computed tomography and the society for cardiovascu-
lar magnetic resonance. J Am Soc Echocardiogr 33(5):523–549. 
https:// doi. org/ 10. 1016/j. echo. 2020. 02. 009

 23. Kleinnibbelink G, Panhuyzen-Goedkoop N, Hulshof H, van 
Dijk A, George K, Somauroo J, Oxborough D, Thijssen DHJ 
(2022) Exercise training induces left- but not right-sided cardiac 
remodelling in olympic rowers. Int J Sports Med 43(2):151–
160. https:// doi. org/ 10. 1055/a- 1524- 2611

 24. Csecs I, Czimbalmos C, Toth A, Dohy Z, Suhai IF, Szabo L, 
Kovacs A, Lakatos B, Sydo N, Kheirkhahan M, Peritz D, Kiss 
O, Merkely B, Vago H (2020) The impact of sex, age and train-
ing on biventricular cardiac adaptation in healthy adult and ado-
lescent athletes: cardiac magnetic resonance imaging study. Eur 
J Prev Cardiol 27(5):540–549. https:// doi. org/ 10. 1177/ 20474 
87319 866019

 25. Qasem M, George K, Somauroo J, Forsythe L, Brown B, Oxbor-
ough D (2018) Influence of different dynamic sporting disci-
plines on right ventricular structure and function in elite male 
athletes. Int J Cardiovasc Imaging 34(7):1067–1074. https:// doi. 
org/ 10. 1007/ s10554- 018- 1316-2

 26. Dawkins TG, Curry BA, Wright SP, Meah VL, Yousef Z, 
Eves ND, Shave RE, Stembridge M (2021) Right ventricular 
function and region-specific adaptation in athletes engaged in 
high-dynamic sports: a meta-analysis. Circ Cardiovasc Imaging 
14(5):e012315. https:// doi. org/ 10. 1161/ circi maging. 120. 012315

 27. Forton K, Motoji Y, Caravita S, Faoro V, Naeije R (2021) Exer-
cise stress echocardiography of the pulmonary circulation and 
right ventricular-arterial coupling in healthy adolescents. Eur 
Heart J Cardiovasc Imaging 22(6):688–694. https:// doi. org/ 10. 
1093/ ehjci/ jeaa0 85

 28. Conti V, Migliorini F, Pilone M, Barriopedro MI, Ramos-Álva-
rez JJ, Montero FJC, Maffulli N (2021) Right heart exercise-
training-adaptation and remodelling in endurance athletes. Sci 
Rep 11(1):22532. https:// doi. org/ 10. 1038/ s41598- 021- 02028-1

https://doi.org/10.1016/j.echo.2012.07.020
https://doi.org/10.1111/echo.12226
https://doi.org/10.1136/bjsports-2014-093895
https://doi.org/10.1093/eurheartj/ehv202
https://doi.org/10.1016/j.hlc.2019.12.007
https://doi.org/10.1016/j.pcad.2020.03.015
https://doi.org/10.1016/j.jacc.2018.12.076
https://doi.org/10.1007/s00392-021-01884-1
https://doi.org/10.1007/s00392-021-01884-1
https://doi.org/10.1016/j.jchf.2018.05.022
https://doi.org/10.1016/j.jchf.2018.05.022
https://doi.org/10.1183/13993003.02334-2021
https://doi.org/10.1183/13993003.02334-2021
https://doi.org/10.1161/circimaging.119.009047
https://doi.org/10.1183/13993003.02435-2018
https://doi.org/10.1183/13993003.02435-2018
https://doi.org/10.3390/diagnostics11122188
https://doi.org/10.1093/ejechocard/jen236
https://doi.org/10.1093/ejechocard/jen236
https://doi.org/10.1007/s10554-019-01665-y
https://doi.org/10.1007/s10554-021-02330-z
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1016/j.echo.2020.02.009
https://doi.org/10.1055/a-1524-2611
https://doi.org/10.1177/2047487319866019
https://doi.org/10.1177/2047487319866019
https://doi.org/10.1007/s10554-018-1316-2
https://doi.org/10.1007/s10554-018-1316-2
https://doi.org/10.1161/circimaging.120.012315
https://doi.org/10.1093/ehjci/jeaa085
https://doi.org/10.1093/ehjci/jeaa085
https://doi.org/10.1038/s41598-021-02028-1


1371Clinical Research in Cardiology (2023) 112:1362–1371 

1 3

 29. Mascia G, Arbelo E, Porto I, Brugada R, Brugada J (2020) The 
arrhythmogenic right ventricular cardiomyopathy in comparison 
to the athletic heart. J Cardiovasc Electrophysiol 31(7):1836–
1843. https:// doi. org/ 10. 1111/ jce. 14526

 30. Buchan TA, Wright SP, Esfandiari S, Fuchs FC, Gray T, Currie 
KD, Sasson S, Sasson Z, Mak S, Goodman JM (2019) Pulmo-
nary hemodynamic and right ventricular responses to brief and 
prolonged exercise in middle-aged endurance athletes. Am J 
Physiol Heart Circ Physiol 316(2):H326-h334. https:// doi. org/ 
10. 1152/ ajphe art. 00413. 2018

 31. Koshy SKG, George KK, George LK (2018) Changes in right 
ventricular morphology and function in athletes. Echocardiog-
raphy 35(6):767–768. https:// doi. org/ 10. 1111/ echo. 14027

 32. D’Ascenzi F, Pelliccia A, Solari M, Piu P, Loiacono F, Anselmi 
F, Caselli S, Focardi M, Bonifazi M, Mondillo S (2017) Nor-
mative reference values of right heart in competitive athletes: 
a systematic review and meta-analysis. J Am Soc Echocardiogr 
30(9):845-858.e842. https:// doi. org/ 10. 1016/j. echo. 2017. 06. 013

 33. Rossi VA, Niederseer D, Sokolska JM, Kovacs B, Costa S, Gas-
peretti A, Brunckhorst C, Akdis D, Tanner FC, Duru F, Schmied 
CM, Saguner AM (2021) A novel diagnostic score integrating 
atrial dimensions to differentiate between the athlete’s heart and 
arrhythmogenic right ventricular cardiomyopathy. J Clin Med 
10(18):4094. https:// doi. org/ 10. 3390/ jcm10 184094

 34. Schmeisser A, Rauwolf T, Groscheck T, Kropf S, Luani B, Tanev 
I, Hansen M, Meißler S, Steendijk P, Braun-Dullaeus RC (2021) 

Pressure-volume loop validation of TAPSE/PASP for right ven-
tricular arterial coupling in heart failure with pulmonary hyperten-
sion. Eur Heart J Cardiovasc Imaging 22(2):168–176. https:// doi. 
org/ 10. 1093/ ehjci/ jeaa2 85

 35. Kawut SM, Lima JA, Barr RG, Chahal H, Jain A, Tandri H, 
Praestgaard A, Bagiella E, Kizer JR, Johnson WC, Kronmal RA, 
Bluemke DA (2011) Sex and race differences in right ventricular 
structure and function: the multi-ethnic study of atherosclerosis-
right ventricle study. Circulation 123(22):2542–2551. https:// doi. 
org/ 10. 1161/ circu latio naha. 110. 985515

 36. Sun BJ, Park JH, Kim J, Choi JO, Lee JH, Shin MS, Kim MJ, 
Jung HO, Park JR, Sohn IS, Kim H, Kim HK, Cho GY, Park JS, 
Shim CY, Shin SH, Kim KH, Kim WS, Park SW (2018) Normal 
reference values of diastolic strain rate in healthy individuals: 
chronological trends and the comparison according to genders. 
Echocardiography 35(10):1533–1541. https:// doi. org/ 10. 1111/ 
echo. 14053

 37. Tello K, Richter MJ, Yogeswaran A, Ghofrani HA, Naeije R, 
Vanderpool R, Gall H, Tedford RJ, Seeger W, Lahm T (2020) 
Sex differences in right ventricular-pulmonary arterial coupling 
in pulmonary arterial hypertension. Am J Respir Crit Care Med 
202(7):1042–1046. https:// doi. org/ 10. 1164/ rccm. 202003- 0807LE

 38. La Gerche A, Rakhit DJ, Claessen G (2017) Exercise and the 
right ventricle: a potential Achilles’ heel. Cardiovasc Res 
113(12):1499–1508. https:// doi. org/ 10. 1093/ cvr/ cvx156

https://doi.org/10.1111/jce.14526
https://doi.org/10.1152/ajpheart.00413.2018
https://doi.org/10.1152/ajpheart.00413.2018
https://doi.org/10.1111/echo.14027
https://doi.org/10.1016/j.echo.2017.06.013
https://doi.org/10.3390/jcm10184094
https://doi.org/10.1093/ehjci/jeaa285
https://doi.org/10.1093/ehjci/jeaa285
https://doi.org/10.1161/circulationaha.110.985515
https://doi.org/10.1161/circulationaha.110.985515
https://doi.org/10.1111/echo.14053
https://doi.org/10.1111/echo.14053
https://doi.org/10.1164/rccm.202003-0807LE
https://doi.org/10.1093/cvr/cvx156

	Normative values of non-invasively assessed RV function and pulmonary circulation coupling for pre-participation screening derived from 497 male elite athletes
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design
	Study population
	Blood pressure measurement at rest
	Echocardiography
	Statistical analysis

	Results
	Cohort characteristics
	Blood pressure measurements
	Echocardiographic characteristics
	Clinical and echocardiographic predictors of TAPSE, SPAP, TAPSESPAP and TAPSESPAPBSA
	Associations of TAPSE, SPAP, TAPSESPAP and TAPSESPAPBSA with clinical and echocardiographic predictors by age groups
	Reference values for TAPSE, SPAP, TAPSESPAP, TAPSESPAPBSA according to age group

	Discussion
	Limitations and strengths

	Conclusion
	Acknowledgements 
	References




