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BACKGROUND: The ratios of tricuspid annular plane systolic excursion 
(TAPSE)/echocardiographically measured systolic pulmonary artery pressure 
(PASP), fractional area change/invasively measured mean pulmonary artery 
pressure, right ventricular (RV) area change/end-systolic area, TAPSE/
pulmonary artery acceleration time, and stroke volume/end-systolic area have 
been proposed as surrogates of RV-arterial coupling. The relationship of these 
surrogates with the gold standard measure of RV-arterial coupling (invasive 
pressure-volume loop-derived end-systolic/arterial elastance [Ees/Ea] ratio) 
and RV diastolic stiffness (end-diastolic elastance) in pulmonary hypertension 
remains incompletely understood. We evaluated the relationship of these 
surrogates with invasive pressure-volume loop-derived Ees/Ea and end-
diastolic elastance in pulmonary hypertension.

METHODS: We performed right heart echocardiography and cardiac 
magnetic resonance imaging 1 day before invasive measurement of 
pulmonary hemodynamics and single-beat RV pressure-volume loops in 52 
patients with pulmonary arterial hypertension or chronic thromboembolic 
pulmonary hypertension. The relationships of the proposed surrogates with 
Ees/Ea and end-diastolic elastance were evaluated by Spearman correlation, 
multivariate logistic regression, and receiver operating characteristic analyses. 
Associations with prognosis were evaluated by Kaplan-Meier analysis.

RESULTS: TAPSE/PASP, fractional area change/mean pulmonary artery pressure, 
RV area change/end-systolic area, and stroke volume/end-systolic area but not 
TAPSE/pulmonary artery acceleration time were correlated with Ees/Ea and 
end-diastolic elastance. Of the surrogates, only TAPSE/PASP emerged as an 
independent predictor of Ees/Ea (multivariate odds ratio: 18.6; 95% CI, 0.8–
96.1; P=0.08). In receiver operating characteristic analysis, a TAPSE/PASP cutoff 
of 0.31 mm/mm Hg (sensitivity: 87.5% and specificity: 75.9%) discriminated RV-
arterial uncoupling (Ees/Ea <0.805). Patients with TAPSE/PASP <0.31 mm/mm Hg 
had a significantly worse prognosis than those with higher TAPSE/PASP.

CONCLUSIONS: Echocardiographically determined TAPSE/PASP is a 
straightforward noninvasive measure of RV-arterial coupling and is affected 
by RV diastolic stiffness in severe pulmonary hypertension.
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Right ventricular (RV) function is the main determi-
nant of symptomatology and outcome in severe pulmo-
nary hypertension (PH).1,2 The RV adapts to increased 
afterload in PH by increasing contractility to preserve 
RV-arterial coupling and flow output response to 
peripheral demand. When this homeometric (ie, con-
tractility) adaptation is exhausted, the RV relies on a 
heterometric (ie, dimension or Starling law) adaptation, 
resulting in increased filling pressures, dilatation, nega-
tive ventricular interaction, and systemic congestion.3 
The gold standard metric of contractility is pressure-
volume loop-derived end-systolic elastance (Ees), and 
RV-arterial coupling is assessed as a ratio of end-systolic 
to arterial elastances (Ees/Ea).1–3 We recently showed 

that RV-arterial coupling has considerable reserve, as 
the Ees/Ea ratio has to decrease from 1.5 to 2 to 0.8 
before the RV volume increases above normal and right 
heart failure may be diagnosed.4 Thus the Ees/Ea metric 
could help to anticipate and possibly prevent right heart 
failure in severe PH.1,2

However, measuring Ees and Ea via pressure-volume 
loops is invasive, technically demanding, and expen-
sive. Therefore, simpler noninvasive surrogates are 
being sought. One surrogate is the Doppler echocar-
diography measurement of the tricuspid annular plane 
systolic excursion (TAPSE)/systolic pulmonary artery 
pressure (PASP) ratio.5 TAPSE/PASP is a potent indepen-
dent predictor of precapillary PH and prognosis in heart 
failure,5–10 with a prognostic cutoff value of 0.36 mm/
mm Hg.11 TAPSE/PASP is also an independent predictor 
of outcome in pulmonary arterial hypertension (PAH).12 
Initially regarded as an indirect assessment of the ven-
tricular length-tension relationship,5 TAPSE/PASP has 
been considered a surrogate of Ees/Ea based on the 
assumption that TAPSE estimates contractility and PASP 
estimates afterload.6–12 To what extent this assumption 
is correct has not yet been investigated.

We, therefore, assessed the relationship of echocar-
diographic TAPSE/PASP with Ees/Ea in severe PH. We 
also evaluated other suggested surrogates, includ-
ing the ratios of RV fractional area change (FAC) to 
mean pulmonary artery pressure (mPAP, invasively 
measured),13–15 RV area change to RV end-systolic area 
(ESA),16 TAPSE to pulmonary artery acceleration time 
(PAAT),17 and stroke volume (SV) to ESA (derived by 
dividing PASP/ESA as a surrogate of Ees18,19 by PASP/
SV as a surrogate of Ea).9 Because RV diastolic func-
tion may be altered independently of Ees or Ees/Ea 
and is associated with disease severity and outcome in 
PAH,20,21 we also assessed the relationship of the sur-
rogates with end-diastolic elastance (Eed).

METHODS
The raw data that underpin this study are available from the 
corresponding author on reasonable request.

Study Design and Patients
The current analysis included 52 consecutive patients with 
PAH and chronic thromboembolic PH who were prospec-
tively enrolled into the Right Heart I study and the Giessen 
PH Registry22 between January 2016 and June 2018 (study 
cohort; Figure I in the Data Supplement). Forty-two of the 
patients have been reported previously4,23,24 and were rean-
alyzed for the present study. The patients were diagnosed 
according to current guidelines,25 with a multidisciplinary 
board (including pulmonologists and radiologists) assess-
ing each diagnosis before enrollment. All patients under-
went right heart echocardiography and cardiac magnetic 
resonance imaging 1 day before pressure-volume/Swan-Ganz 

CLINICAL PERSPECTIVE

The gold standard for assessment of right ven-
tricular (RV)-arterial coupling is measurement of 
the end-systolic/arterial elastance (Ees/Ea) ratio 
from invasive pressure-volume loops. However, 
this approach is technically demanding, expen-
sive, and unpractical at the bedside, and nonin-
vasive surrogates of Ees/Ea are therefore being 
sought. The ratio of tricuspid annular plane sys-
tolic excursion/systolic pulmonary artery pressure 
(TAPSE/PASP, measured by echocardiography) 
has been used as a surrogate of Ees/Ea but has 
not yet been validated against invasive pressure-
volume loop-derived Ees/Ea. The current study 
is the first to evaluate the relationship of TAPSE/
PASP and other proposed surrogates of Ees/Ea 
with invasive pressure-volume loop-derived Ees/
Ea and RV diastolic stiffness (end-diastolic elas-
tance). In 52 patients with severe pulmonary 
hypertension, TAPSE/PASP and other echocardio-
graphic surrogates were correlated with Ees/Ea 
and end-diastolic elastance but only TAPSE/PASP 
emerged as an independent predictor of Ees/Ea 
in multivariate analysis. TAPSE/PASP <0.31 mm/
mm Hg predicted RV-arterial uncoupling (defined 
as Ees/Ea <0.805) in the study cohort and was 
associated with a poor prognosis in both the 
study cohort and an external validation cohort 
of 193 patients. These results show that TAPSE/
PASP is a clinically relevant, straightforward, non-
invasive measure of RV-arterial coupling that also 
provides information on RV diastolic stiffness in 
severe pulmonary hypertension. Both TAPSE and 
PASP are easily measured by a standard bedside 
echocardiographic examination. Further studies 
are needed to evaluate the possible added value 
of TAPSE/PASP in current risk assessment strate-
gies for severe pulmonary hypertension.
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catheterization and received targeted PAH therapies based on 
clinical evaluation and best standard of care. All participating 
patients gave written informed consent for enrollment into 
the Right Heart I study.

Only for survival analysis, a separate group of 193 patients 
with idiopathic PAH (from a previously reported cohort of 290 
patients with PAH)12 was analyzed retrospectively as an exter-
nal validation cohort.

The investigation conforms with the principles of the 
Declaration of Helsinki and was approved by the ethics com-
mittee of the Faculty of Medicine at the University of Giessen 
(Approval No. 108/15). All authors had full access to all the 
data in the study and take responsibility for its integrity and 
the data analysis.

Imaging
Doppler echocardiography was performed according to cur-
rent guidelines,26 using Vivid E9 and Vivid S5 systems (GE 
Healthcare, Wauwatosa, WI). RV area change/ESA was cal-
culated as (end-diastolic area−ESA)/ESA.16 Cardiac magnetic 
resonance imaging of RV volumes was performed with the 
Avanto 1.5 Tesla scanner system (Siemens Healthineers, 
Erlangen, Germany; gradient strength and slew rate: 
SQ-Engine (45mT/m @ 200 T/m/s).27

Right Heart Catheterization
All patients underwent right heart catheterization by insertion 
of a Swan-Ganz catheter via the internal jugular vein using 
an 8F introducer sheath. Pressure values were continuously 
assessed. Cardiac index was measured using the direct or 
indirect Fick method as available. Pulmonary vascular resis-
tance was calculated as (mPAP−pulmonary artery wedge 
pressure)/cardiac output.

Pressure-Volume Catheterization
We inserted a 4F pressure-volume catheter (CA-Nr 41063, CD 
Leycom, Zoetermeer, the Netherlands) via the same 8F intro-
ducer sheath as above, and positioned the tip of the catheter 
in the RV apex with guidance from transthoracic echocar-
diography and online pressure-volume loops.4 An intracardiac 
analyzer (Inca, CD Leycom, Zoetermeer, the Netherlands) was 
used to display real-time, beat-to-beat pressure-volume loops. 
Ees and Ea were calculated using the RV single-beat method.28 
RV Eed was calculated from a curvilinear adjustment of end-
systolic and end-diastolic pressure/volume ratios to generate a 
β-coefficient of stiffness.20,29 We calibrated volume measure-
ments with cardiac magnetic resonance imaging.

Outcomes
The study cohort was followed prospectively until March 20, 
2019. We evaluated clinical worsening in the study cohort and 
overall survival in the external validation cohort. Clinical wors-
ening was defined as any of the following: (1) a reduction in 
exercise capacity (−15% compared with the baseline 6-min-
ute walk test); (2) worsening in World Health Organization 
functional class; or (3) clinical deterioration requiring hospital 
admission (need for new PAH therapies, intravenous diuretics, 
lung transplantation, or death).

Statistical Analyses
Adherence to a gaussian distribution was determined using the 
Kolmogorov-Smirnov test and visual assessment of histograms. 
Variables with a non-normal distribution were ln-transformed and 
then rechecked with the Kolmogorov-Smirnov test. Differences 
in echocardiographic parameters dichotomized at an Ees/Ea 
cutoff of 0.805 (defined as the threshold at which RV-arterial 
uncoupling begins)4 were evaluated using the independent t test 
or independent Mann-Whitney U test. Interobserver and intrao-
bserver variability of echocardiographic measurements were 
assessed in 10 randomly selected patients using intraclass cor-
relation coefficients. Coefficient of variation was defined as the 
SD of the difference between the 2 measurements (or observers) 
divided by their mean value times 100.30 TAPSE/PASP (measured 
echocardiographically) was compared with TAPSE/invasive sys-
tolic pulmonary arterial pressure (assessed by right heart cath-
eterization) using Bland-Altman analysis.31

Associations of surrogates for RV-arterial coupling (TAPSE/
PASP, FAC/mPAP, RV area change/ESA, TAPSE/PAAT, and SV/
ESA, all measured by echocardiography except mPAP [right 
heart catheterization] and SV [cardiac magnetic resonance]) 
with pressure-volume variables (Ees, Ees/Ea, Eed, and Ea) 
were measured with Spearman rank correlation coefficient; 
trend lines were least-squares fits of straight-line models. The 
relationship of Eed with TAPSE/PASP was also evaluated by 
stratifying data according to TAPSE/PASP tertile, as done pre-
viously9,12; between-group differences were analyzed with the 
Kruskal-Wallis test. For these analyses, P<0.05 was considered 
statistically significant.

To determine which surrogate is most strongly related to 
Ees/Ea, all surrogates were included in a univariate logistic 
binary regression analysis as continuous variables. Surrogates 
that were significant in the univariate analysis were added into 
a multivariate model (P<0.10 was considered statistically sig-
nificant for this analysis). Multicollinearity was assessed using 
the variance inflation factor. Receiver operating characteristic 
curves were used to identify the most powerful surrogate for 
discriminating RV-arterial uncoupling (Ees/Ea <0.805). Area 
under the curves were compared using the methodology of 
Delong and coworkers.32 Cox proportional-hazards regression 
models and Kaplan-Meier analyses with log-rank tests were 
used to assess the prognostic relevance of the TAPSE/PASP 
ratio. For the multivariate prognostic models, variable selec-
tion was based on clinical significance.

MedCalc version 18.11.6 (MedCalc Software, Belgium) 
was used to compare receiver operating characteristic area 
under the curves. SPSS, version 23.0 (IBM, Armonk, NY) was 
used for all other statistical analyses.

RESULTS
Study Cohort
Most of the 52 included patients presented with idio-
pathic PAH (Table  1). Pulmonary hemodynamics were 
impaired, and most of the patients presented in World 
Health Organization functional class III (n=28). Pressure-
volume loop measurements, surrogates for RV-arterial 
coupling, and other echocardiographic and cardiac 
magnetic resonance data are shown in Table 2. Cardiac 
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magnetic resonance measurements revealed substantial 
RV dilatation and hypertrophy, with decreased ejection 
fraction. Echocardiography revealed a preserved TAPSE 
and RV systolic free wall myocardial velocity, substantially 
elevated PASP, impaired FAC, and high right atrial and RV 
dimensions. Patients with Ees/Ea <0.805 showed signifi-
cantly increased right atrial and RV dilatation, impaired 
TAPSE, and lower values for all surrogates of RV-arterial 
coupling except TAPSE/PAAT compared with patients 
with Ees/Ea ≥0.805 (Table I in the Data Supplement).

Intraclass correlation coefficients for interobserver 
and intraobserver comparisons in key echocardiograph-
ic measurements are shown in Table II in the Data Sup-
plement. The overall agreement between TAPSE/PASP 

(echocardiographic) and TAPSE/systolic pulmonary arte-
rial pressure (invasive) was good (mean bias: 0.0176 
mm/mm Hg; 95% CI, −0.0087 to 0.043 mm/mm Hg; 
Figure II in the Data Supplement).

Surrogates of RV-Arterial Coupling and 
Their Association With Pressure-Volume 
Loop Measurements
Ees/Ea, Ea, and Eed were correlated with TAPSE/PASP, 
FAC/mPAP, RV area change/ESA, and SV/ESA (Figures 1 
and 2) but not with TAPSE/PAAT (transformed or not; 
data not shown). None of the surrogates were corre-

Table 1. Clinical Characteristics of the Study Cohort

Patients With PH 
(n=52)

Male/female 26/26

Age, y 54±14

PH subtype

                Idiopathic pulmonary arterial hypertension 34 (65)

                Heritable pulmonary arterial hypertension 2 (4)

                Pulmonary arterial hypertension associated with 9 (17)

                 HIV infection 1

                 Portal hypertension 4

                 Connective tissue disease 3

                 Congenital heart disease 1

                Chronic thromboembolic PH 6 (12)

                Pulmonary veno-occlusive disease 1 (2)

Treatment

                Phosphodiesterase type 5 inhibitor 26 (50)

                Endothelin receptor antagonist 30 (58)

                Soluble guanylate cyclase stimulator 16 (31)

                Prostanoid 14 (27)

                Combination therapy  

                 Dual therapy 16 (31)

                 Triple therapy 13 (25)

World Health Organization functional class*

                I 3 (6)

                II 17 (34)

                III 28 (56)

                IV 2 (4)

Right heart catheterization

                Mean pulmonary artery pressure, mm Hg 47 [35–54]

                Right atrial pressure, mm Hg 8±4

                Pulmonary vascular resistance, Wood Units 6.9 [4.4–10.2]

                Cardiac index, L/min per m2 2.8±0.7

                Pulmonary artery wedge pressure, mm Hg 9±3

Values represent n, n/n, n (%), mean±SD or median [interquartile range]. 
PH indicates pulmonary hypertension.

*n=50.

Table 2. RV Pressure-Volume Loop Measurements and 
Echocardiographic and Cardiac Magnetic Resonance Imaging-Derived 
Parameters in the Study Cohort

Patients With PH 
(n=52)

RV pressure-volume loop measurements

                Ea, mm Hg/mL 0.77 [0.46–1.09]

                Ees, mm Hg/mL 0.49 [0.32–0.73]

                Ees/Ea ratio 0.70 [0.47–1.02]

                Eed, mm Hg/mL 0.14 [0.06–0.24]

Surrogates for RV-arterial coupling and contractility

                TAPSE/PASP, mm/mm Hg* 0.28 [0. 19–0.42]

                FAC/mPAP, %/mm Hg† 0.45 [0.25–0.77]

                RV area change/ESA† 0.26 [0.14–0.41]

                TAPSE/PAAT, mm/ms† 0.27[0.25–0.37]

                PASP/ESA, mm Hg/cm2 3.0 [1.4–5.8]

                SV/ESA, mL/cm2† 3.5 [2.3–4.1]

Cardiac magnetic resonance measurements

                RV end-diastolic volume/body surface area, mL/m2 111 [88–144]

                RV mass diastolic/body surface area, g/m2 38 [28–52]

                RV ejection fraction, % 37±13

                SV, mL 71 [59–95]

Echocardiographic data

                TAPSE, mm 21 [18–25]

                PASP, mm Hg* 75±24

                Right atrial size, cm2† 21 [17–26]

                RV basal diameter, cm† 4.9 [4.3–5.4]

                RV systolic free wall myocardial velocity, cm/s‡ 12 [10–13]

                FAC, %† 21±11

                PAAT, ms† 74 [59–89]

                ESA, cm2† 24 [19–30]

Values represent mean±SD or median [interquartile range]. Ea indicates 
arterial elastance; Eed, end-diastolic elastance; Ees, end-systolic elastance; ESA, 
end-systolic area; FAC, fractional area change; mPAP, mean pulmonary artery 
pressure (assessed by right heart catheterization); PAAT, pulmonary artery 
acceleration time; PASP, systolic pulmonary artery pressure; PH, pulmonary 
hypertension; RV, right ventricular; SV, stroke volume (assessed by cardiac 
magnetic resonance); and TAPSE, tricuspid annular plane systolic excursion.

*n=45.
†n=47.
‡n=50.
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Figure 1. Surrogates for right ventricle (RV)-arterial coupling and their association with single-beat end-systolic elastance (Ees)/arterial elastance 
(Ea) in patients with pulmonary hypertension.  
A, Surrogates were compared with data obtained from invasively measured single-beat pressure-volume loops in the study cohort. B, Tricuspid annular plane sys-
tolic excursion (TAPSE)/systolic pulmonary artery pressure (PASP), fractional area change (FAC)/mean pulmonary artery pressure (mPAP), RV area change/end-systolic 
area (ESA), and stroke volume (SV)/ESA (all measured by echocardiography except mPAP [right heart catheterization] and SV [cardiac magnetic resonance]) showed 
significant associations with invasively measured single-beat Ees/Ea. No association of Ees/Ea with TAPSE/pulmonary artery acceleration time (ρ=−0.016; P=0.926) 
and PASP/ESA (ρ=−0.015; P=0.924) was evident. Pmax indicates maximum pressure of an isovolumic beat.
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lated with Ees. Eed increased substantially from TAPSE/
PASP tertile 3 to tertile 1 (Figure 3).

Relevance of Surrogates for Prediction of 
RV-Arterial Coupling and Prognosis
In univariate logistic regression analysis, TAPSE/PASP, FAC/
mPAP, RV area change/ESA, and SV/ESA were associated  

with Ees/Ea dichotomized at 0.805 (Table 3). Using mul-
tivariate analysis, only TAPSE/PASP (β-coefficient: 2.154) 
remained associated (Table 3). Using receiver operating 
characteristic analyses and the Youden index, we identi-
fied cutoffs of 0.31 mm/mm Hg for TAPSE/PASP, 0.71%/
mm Hg for FAC/mPAP, and 2.93 mL/cm2 for SV/ESA to 
discriminate RV-arterial uncoupling (Ees/Ea <0.805; 
Figure  4). We found no significant differences in area 

Aii

Bii

Cii

Dii

Ai

Bi

Ci

Di

Figure 2. Association of surrogates for right ventricle (RV)-arterial coupling with RV single-beat arterial elastance (Ea) and end-diastolic elastance (Eed) 
in patients with pulmonary hypertension.  
A, Tricuspid annular plane systolic excursion (TAPSE)/systolic pulmonary artery pressure (PASP), (B) Fractional area change (FAC)/mean pulmonary artery pressure 
(mPAP), (C) RV area change/end-systolic area (ESA), and (D) stroke volume (SV)/ESA (all measured by echocardiography except mPAP [right heart catheterization] and 
SV [cardiac magnetic resonance]) showed significant associations with i, Ea and ii, Eed in the study cohort. Ea and Eed showed no significant association with TAPSE/
pulmonary artery acceleration time (ρ=−0.072, P=0.631 and ρ=−0.051, P=0.734, respectively) and PASP/ESA (ρ=0.118, P=0.452 and ρ=0.085, P=0.589, respectively).
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under the curve between the surrogates (TAPSE/PASP 
versus FAC/mPAP, P=0.5334; TAPSE/PASP versus SV/ESA, 
P=0.3405; and FAC/mPAP versus SV/ESA, P=0.7462).

In the study cohort, 26 clinical worsening events 
were observed during a median follow-up time of 13 
(interquartile range: 5.3–24.8) months. Kaplan-Meier 
analysis revealed that patients with PH and TAPSE/PASP 
<0.31 mm/mm Hg had a significantly worse prognosis 
than those with higher TAPSE/PASP (log-rank P=0.019; 
Figure  5A). This was supported by multivariate Cox 
regression analysis including age, sex, and TAPSE/PASP 
dichotomized at 0.31 mm/mm Hg; TAPSE/PASP showed 
a hazard ratio of 2.73 (95% CI, 1.14–6.54) as a predic-
tor of clinical worsening.

In the external validation cohort, patients with idio-
pathic PAH and TAPSE/PASP <0.31 mm/mm Hg showed 

significantly worse overall survival than those with high-
er TAPSE/PASP (log-rank P=0.003; Figure  5B). TAPSE/
PASP also predicted overall mortality (hazard ratio: 
1.85; 95% CI, 1.16–2.95) in multivariate Cox regres-
sion analysis including World Health Organization func-
tional class, age, sex, pulmonary vascular resistance, 
and TAPSE/PASP dichotomized at 0.31 mm/mm Hg.

DISCUSSION
The present results show that the echocardiographic 
TAPSE/PASP ratio is a clinically relevant and valid surro-
gate of invasively measured Ees/Ea to assess RV-arterial 
coupling and provides information on RV diastolic stiff-
ness but not RV contractility.

Several other ratios have been proposed to estimate 
RV-arterial coupling. FAC/mPAP showed relationships 
with pulsatile RV afterload14 and biomarkers of RV dys-
function.13,15 RV area change/ESA was introduced as 
a surrogate for RV-arterial coupling in a small cohort 
of patients with scleroderma-associated PAH.16 In that 
study, neither RV area change/ESA nor TAPSE/PASP had 
prognostic relevance.16 TAPSE/PAAT was introduced 
as a substitute for TAPSE/PASP in children in whom a 
sufficient quality of Doppler velocity signal of tricuspid 
regurgitation could not be obtained,33 and relied on 
the argument that PAAT would be a better measure 
of pulmonary vascular impedance (or afterload) than 
PASP.34 However, none of these surrogates was evalu-
ated against the gold standard Ees/Ea metric for RV-
arterial coupling. Only echocardiographic TAPSE/PASP 
and TAPSE/PAAT were evaluated against simplified cal-
culations of Ees/Ea based on single RV pressure curve 
analysis7,17 or echocardiographic SV/ESA.9 The present 
study shows that only TAPSE/PASP is independently 
related to invasively measured Ees/Ea.

All considered surrogates of RV-arterial coupling 
except TAPSE/PAAT were associated with RV afterload 
(Ea) and diastolic stiffness (Eed) but not RV contrac-
tility (Ees). The observed associations with Ea provide 

Figure 3. Stratification of end-diastolic elastance (Eed) according to 
tricuspid annular plane systolic excursion (TAPSE)/systolic pulmonary 
artery pressure (PASP) tertile in patients with pulmonary hypertension.  
Eed showed significant differences across tertiles of the echocardiographic 
TAPSE/PASP ratio in the study cohort (Kruskal-Wallis test). Boxes show median 
and interquartile range; whiskers show minimum to maximum.

Table 3. Logistic Binary Regression Analysis of the Association of Surrogates for RV-Arterial Coupling and Contractility 
with Ees/Ea Dichotomized at 0.805 in the Study Cohort

Univariate Analysis Multivariate Analysis

Odds Ratio 95% CI P Value
Odds 
Ratio 95% CI P Value

TAPSE/PASP 27.0 3.5–205.9 0.001 8.6 0.8–96.1 0.080

FAC/mPAP 4.2 1.5–11.5 0.005 9.0 0.2–318.0 0.251

RV area change/ESA 2.8 1.1–7.1 0.028 6.9 0.2–250.0 0.292

TAPSE/PAAT 3.4 0.4–33.0 0.288 … … …

PASP/ESA 1.1 0.6–2.0 0.882 … … …

SV/ESA 1.9 1.2–3.1 0.010 1.1 0.7–2.0 0.632

Displayed parameters were measured by echocardiography except mPAP (right heart catheterization) and SV (cardiac magnetic 
resonance). Ea indicates arterial elastance; Ees, end-systolic elastance; ESA, end-systolic area; FAC, fractional area change; mPAP, 
mean pulmonary artery pressure; PAAT, pulmonary artery acceleration time; PASP, systolic pulmonary artery pressure; RV, right 
ventricular; SV, stroke volume; and TAPSE, tricuspid annular plane systolic excursion.
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the missing link between the physiological concept 
of assessing RV load adaptability indirectly via echo-
cardiography and the direct invasive measurement. It 
is unclear whether RV systolic and diastolic dysfunc-
tion can evolve separately in heart failure or severe 
PH because some studies showed tight correlations 
between Ees and Eed35,36 while others found Ees and 
Eed to be dissociated.20,21 The correlation of surrogates 
with Eed but not Ees in our study is compatible with 
dissociated adaptation of inotropic and lusitropic func-
tion in severe PH.

The absence of correlations between surrogates 
of RV-arterial coupling and Ees agrees with the pre-
viously reported association of echocardiographic 
indices of RV function with RV-arterial coupling but 
not contractility in an experimental model of chron-
ic pressure overload.37 The absence of a correlation 
between TAPSE/PAAT and Ees/Ea is more surprising, 
as PAAT is a better measure of afterload than PASP.38 
This is possibly explained by the curvilinearity of the 
relationship between PAAT and PASP, with a smaller 
range of PAAT than PASP covered in the present study 
making PAAT less sensitive to the observed range of 
RV afterload.

Based on our receiver operating characteristic and uni-
variate analyses of TAPSE/PASP, FAC/mPAP, and SV/ESA to 
significantly discriminate RV-arterial uncoupling, all these 
surrogates might be used in the clinic based on local pref-
erences. Nevertheless, the information content of TAPSE/
PASP is superior as this metric was the only independent 
predictor of gold standard Ees/Ea in severe PH.
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Figure 4. Receiver operating characteristic curve analysis of tricuspid 
annular plane systolic excursion (TAPSE)/systolic pulmonary artery 
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pressure (mPAP), and stroke volume (SV)/end-systolic area (ESA) for 
discriminating right ventricle (RV)-arterial uncoupling in patients with 
pulmonary hypertension.  
TAPSE, PASP, FAC, and ESA were assessed by echocardiography in the study 
cohort; mPAP was assessed by right heart catheterization; and SV by cardiac 
magnetic resonance. RV-arterial uncoupling was defined as single-beat end-
systolic elastance (Ees)/arterial elastance (Ea) <0.805. Diagonal segments were 
produced by ties. AUC indicates area under the curve.
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Figure 5. Kaplan-Meier plots of outcomes in patients stratified by 
tricuspid annular plane systolic excursion (TAPSE)/systolic pulmonary 
artery pressure (PASP).  
Stratification by echocardiographic TAPSE/PASP (≥0.31 mm/mm Hg and <0.31 
mm/mm Hg) revealed significant differences in A, clinical worsening in patients 
with pulmonary hypertension (study cohort; estimates of mean and median 
time to clinical worsening are shown in Table III in the Data Supplement), and 
(B) overall survival in patients with idiopathic pulmonary arterial hypertension 
(external validation cohort; subset of a previously published cohort12).
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In the present study, the TAPSE/PASP cutoff value for 
prediction of RV-arterial uncoupling (Ees/Ea <0.805)4 
was 0.31, which is lower than the cutoff value of 0.36 
previously associated with survival in heart failure.11 
This difference may be related to better-preserved 
contractility adaptation to higher levels of afterload 
in severe PH compared with heart failure. In addition, 
our study showed the prognostic and clinical relevance 
of the proposed cutoff in PAH and, therefore, high-
lighted the association between clinical utility and RV 
pathophysiology.

Limitations
We used the single-beat method to estimate Eed, Ees, 
and Ea; it is unclear if the multiple-beat approach would 
yield similar results, although there is a recent report of 
agreement between the 2 approaches.39 Limitations of 
echocardiographic analysis include observer dependen-
cy, reliability, and 2-dimensional plane measurement. In 
general, echocardiographic measurements have shown 
favorable interobserver and intraobserver variability in 
PH,40 but some variability must be considered in clinical 
practice. Moreover, as RV dysfunction progresses, TAPSE 
reaches a minimum and shows no further decrease.41 
Most of the patients in our cohort were already in a 
state of uncoupling (median Ees/Ea: 0.70). Other rea-
sons for the somewhat unexpected absence of cor-
relation between TAPSE and Ees in our study may be 
that TAPSE is afterload-dependent, plane-dependent, 
and falsely increased in the presence of severe tricuspid 
regurgitation. The reliability of TAPSE as a parameter of 
RV function (and therefore the utility of TAPSE/PASP) 
may thus be reduced in the later stages of RV failure or 
after heart surgery. In addition, echocardiographic PASP 
is influenced by the quality of acquisition and signal of 
the peak tricuspid regurgitation velocity.42 An important 
limitation is the partial dependency of the Eed calcula-
tion29 as well as the TAPSE/PASP ratio on volume, which 
might explain the higher correlation of TAPSE/PASP 
with Eed than with Ees/Ea. The comprehensive and 
demanding methodology limited the size of the study 
cohort. The relatively short prospective observational 
period, the study cohort sample size, and the retrospec-
tive analysis of the external validation cohort limit the 
interpretation of the results; the prognostic value of the 
identified TAPSE/PASP cutoff must be confirmed in a 
large prospective study.

Conclusions
The echocardiographic TAPSE/PASP ratio is a straightfor-
ward surrogate of invasively measured Ees/Ea to assess 
RV-arterial coupling. Both TAPSE and PASP are eas-
ily measured by a standard bedside echocardiographic 
examination. Further studies are needed to evaluate 

the possible added value of TAPSE/PASP in current risk 
assessment strategies for severe PH.
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