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Abstract

Aims Failure of right ventricular (RV) function worsens outcome in pulmonary hypertension (PH). The adaptation of RV
contractility to afterload, the RV-pulmonary artery (PA) coupling, is defined by the ratio of RV end-systolic to PA elastances
(Ees/Ea). Using pressure—volume loop (PV-L) technique we aimed to identify an Ees/Ea cut-off predictive for overall survival
and to assess hemodynamic and morphologic conditions for adapted RV function in secondary PH due to heart failure with
reduced ejection fraction (HFREF).

Methods and results This post hoc analysis is based on 112 patients of the prospective Magdeburger Resynchronization
Responder Trial. All patients underwent right and left heart echocardiography and a baseline PV-L and RV catheter measure-
ment. A subgroup of patients (n = 50) without a pre-implanted cardiac device underwent magnetic resonance imaging at base-
line. The analysis revealed that 0.68 is an optimal Ees/Ea cut-off (area under the curve: 0.697, P < 0.001) predictive for overall
survival (median follow up = 4.7 years, Ees/Ea > 0.68 vs. <0.68, log-rank 8.9, P = 0.003). In patients with PH (n = 76, 68%) mul-
tivariate Cox regression demonstrated the independent prognostic value of RV-Ees/Ea in PH patients (hazard ratio 0.2,
P < 0.038). Patients without PH (n = 36, 32%) and those with PH but RV-Ees/Ea > 0.68 showed comparable RV-Ees/Ea ratios
(0.88 vs. 0.9, P = 0.39), RV size/function, and survival. In contrast, secondary PH with RV-PA coupling ratio Ees/Ea < 0.68
corresponded extremely close to cut-off values that define RV dilatation/remodelling (RV end-diastolic volume >160 mL,
RV-mass/volume-ratio <0.37 g/mL) and dysfunction (right ventricular ejection fraction <38%, tricuspid annular plane systolic
excursion <16 mm, fractional area change <42%, and stroke-volume/end-systolic volume ratio <0.59) and is associated with
a dramatically increased short and medium-term all-cause mortality. Independent predictors of prognostically unfavourable
RV-PA coupling (Ees/Ea < 0.68) in secondary PH were a pre-existent dilated RV [end-diastolic volume >171 mL, odds ratio
(OR) 0.96, P = 0.021], high pulsatile load (PA compliance <2.3 mL/mmHg, OR 8.6, P = 0.003), and advanced systolic left heart
failure (left ventricular ejection fraction <30%, OR 1.23, P = 0.028).

Conclusions The RV-PA coupling ratio Ees/Ea predicts overall survival in PH due to HFREF and is mainly affected by pulsatile
load, RV remodelling, and left ventricular dysfunction. Prognostically favourable coupling (RV-Ees/Ea > 0.68) in PH was
associated with preserved RV size/function and mid-term survival, comparable with HFREF without PH.

Keywords Right ventricle-pulmonary arterial coupling; Pressure-volume loops; RVEF, TAPSE, FAC, PA compliance; End-systolic
elastance; Arterial elastance
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Introduction

The functional and hemodynamic sequelae of pulmonary
hypertension (PH) are directly linked to the relationship
between pulmonary vascular load and the adaptive intrinsic
contractility response of the right ventricle (RV) coupled to
the load [right ventricular-pulmonary arterial (RV-PA)
coupling]. The gold standard to quantify RV-PA coupling
in vivo is the conductance catheter technique, which acquires
pressure and volume simultaneously on a beat-to-beat basis.*
The pressure-volume (PV) loop-derived, load-independent in-
dex of RV contractility, the end-systolic elastance (Ees), put
into relation to end-systolic arterial elastance (Ea), an
accepted measure of global RV afterload, determines the cou-
pling of intrinsic RV contractility to afterload (Ees/Ea: RV-PA
coupling).? Theoretically and evaluated mostly within models
of left ventricle (LV) to systemic arterial coupling, optimal me-
chanical coupling occurs when Ees/Ea is equal to 1; the opti-
mal energy transfer from the RV to the pulmonary
circulation occurs at Ees/Ea ratios of 1.5-2.>% However, there
is a broad Ees/Ea range between 0.5 and 2.0 in which stroke
work is still optimal,® at least in the LV. Tello et al.® recently
prospectively examined 42 patients with precapillary PH using
the invasive RV PV-loop single-beat technique and identified
an Ees/Ea cut-off of 0.805 associated with RV failure. Richter
et al.® identified a multi beat-derived Ees/Ea cut-off of 0.7 that
was associated with clinical worsening in 38 mostly PAH
patients. Although there is considerable focus on RV failure
in PAH, the former is also of significant prognostic importance
in patients with systolic left heart failure [heart failure with re-
duced ejection fraction (HFREF)] and secondary PH (Group-2
Nizza classification).” Clinical outcomes after advanced
therapies, including guideline-directed medical/device ther-
apy and LV assist devices, continue to be adversely affected
by secondary postcapillary PH and/or RV dysfunction.®
However, the pathophysiology of RV failure in secondary PH
due to HFREF seems to be more complex than in PAH because
more factors than a pure afterload increase affects RV
contractility adaptation in this situation. Pulmonary vascular
remodelling processes, for example, with a transition from
isolated postcapillary PH to combined postcapillary and
precapillary PH® and accentuation of pulsatile load,® describe
the specific afterload characteristics in these patients. In
addition, the RV may also be involved in the cardiomyopathic
processes or the contractile LV dysfunction compromises the
systolic LV to RV myocardial crosstalk.**

Therefore, the aim of the present study was to assess the
ability of invasive PV loop-derived Ees/Ea ratio to predict
the overall survival in HFREF patients with secondary PH,
identify the best Ees/Ea cut-off for discrimination of progno-
sis, and evaluate possible predictors for RV-PA coupling
efficiency. In addition, the capacity of different non-invasive
parameters to discriminate between adaptive coupling and
uncoupling in secondary PH was assessed.

Methods

The Magdeburger cardiac resynchronization therapy (CRT)
responder trial was a prospective monocentric study of
patients with HF with an indication for CRT (New York Heart
Association Il and Ill), sinus rhythm, left bundle branch
block and HFREF.*? The study was approved by the Institu-
tional Review Board. All patients gave written informed
consent. The investigation conformed with the principles
outlined in the Declaration of Helsinki (Br Med J 1964;
i, p. 177).

This post hoc analysis is based on 112 patients, each with a
baseline RV-PV loop measurement. All patients underwent
right and left heart echocardiography and the PV loop and
Swan-Ganz catheter measurement. In a subgroup of patients
(n = 50) without an implanted device, a magnetic resonance
imaging (MRI) of the heart was carried out. In order to enable
a comparable fluid status of the individual patient, these
examinations were carried out always within 2-3 days after
admission, nothing per oral between 9 am and 11 am. The
CRT (Boston Scientific, Marlborough, USA) was implanted in
a standard manner, according to the study protocol, after
baseline examination in 110 patients. Two patients declined
the CRT implantation after baseline examination but agreed
to the clinical follow-up and data analysis outside the study
protocol. The clinical follow-up was performed every
6 months.

Echocardiography

Echocardiographic analysis was performed by two indepen-
dent specialists using Xcelera and QLAB 8.1 Software
(Phillips, The Netherlands). Mitral regurgitation was quanti-
fied by the criteria of functional mitral valve regurgitation
(MR).2® The forward stroke volume (SV) was quantified by
the velocity time integral method in the aortic outflow
tract. The tricuspid annular plane systolic excursion (TAPSE)
and fractional area change (FAC), including the systolic and
end-diastolic area, were measured according to current
guidelines.™*

Cardiac magnetic resonance (MRI)

A subgroup of patients (n = 50) without a pre-implanted
cardiac device underwent MRI using a 1.5-T cardiac
magnetic resonance scanner (Philips Medical Systems, The
Netherlands) at baseline. Briefly, steady-state free precession
cine images were acquired in multiple short-axis and long-axis
views (electrocardiogram triggering, breath-hold technique).
The analysis of RV volumes was performed by determining
the end-diastolic and end-systolic frames on short-axis cine
views, and semiautomated thresholding was used to
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delineate the endocardial borders. The systolic descent of the
tricuspid valve plane was tracked on long-axis views to cor-
rectly identify the ventricular volume in the basal short-axis
slice.

RV mass

The area of myocardium in the end-diastolic short-axis slice
was calculated by manually tracing the epicardial and endo-
cardial borders of the right ventricular free wall for calcula-
tion of RV mass, using MRI software (Circle cvi42 version
5.12, Calgary, Canada). Papillary muscles were included. The
interventricular septum was taken to be part of the LV. This
process was repeated for each short-axis slice. Reproducibil-
ity of the RV measurements was tested in 10 randomly
selected patients.

According the study by Badagliacca et a the median
of RV mass/volume ratios (RV M/V) was calculated in pa-
tients with secondary PH (0.37) and was used to divide
the study population into patients with more adaptive
(RV M/V ratio >0.37) and maladaptive RV remodelling
(<0.37).

I-,ls

Left and right heart catheterization, RV-PV loop
catheter

The left and right heart catheter measurements were car-
ried out as described previously.*® The forward cardiac out-
put was calculated using the Fick method. Trans-pulmonary
gradient, diastolic pressure gradient, and pulmonary
vascular resistance (PVR) were calculated using standard
formulas. PA compliance was determined as ratio between
forward SV and pulmonary pulse pressure. Secondary PH
Group 2 was defined by a PA mean >25 mmHg and a
pulmonary capillary wedge pressure >15 mmHg at rest.
Isolated postcapillary PH was differentiated from the
combined precapillary and postcapillary PH (CpcPH) by
PVR < vs. > 3 wood units, according to the proposed
haemodynamic definition of the 6th World Symposium on
Pulmonary Hypertension.*’

PV loop measurement

A 7F RV-PV catheter (CD Leycom, The Netherlands) was
positioned via the internal jugular vein for PV loop analysis.
The PV loop was obtained beat-to-beat in real time during
steady state (Inca®, CD Leycom, The Netherlands). The RV
haemodynamics and RV pulmonary coupling were
analysed by the CircLab software (Leiden University, The
Netherlands). The calibration of RV conductance data,
the parallel conductance, and the determination of the
slope factor was performed as previously described.'® RV
end-systolic elastance (Ees = Piso — Pes/SV) was determined
by using the single-beat PV-loop method described
by Brimioulle et al.® Determination of Piso was modified

by the approach of Ten Brinke et al.?° To complete the
end-systolic PV relationship, we determined the volume
intercept of end-systolic PV relationship (V25) at an RV
pressure of 25 mmHg.?° The RV afterload was determined
by effective arterial elastance [single-beat (SB)-Ea, calculated
as RV end-systolic pressure/SV]. Regarding the RV end-sys-
tolic point, we used the maximal RV pressure at minimum
volume, which denotes the point of end-ejection, but not
below RV dp/dt.,;, in the case of true triangular PV loop
curves without a demarked shoulder region. Ventricular
pulmonary coupling was quantified as SB-Ees/Ea (Supporting
information Figure S1). For description of diastolic function
of the RV, we calculated Tau and the SB-end-diastolic elas-
tance (Eed) as previously described.?!

A PV loop area was calculated as the sum of the potential
energy and stroke work, and the mechanical efficiency as the
quotient stroke work/PV loop area.'®??

Statistics

All data and statistics are reported as median and interquar-
tile range [25-75%]. Categorical data were summarized by
percentages. Baseline characteristics were compared using
the Mann-Whitney U test. The receiver operating character-
istic (ROC) analysis was used to derive a precise cut-off of
Ees/Ea that would best discriminate all-cause mortality in
PH patients. The Kaplan—Meier method was used to com-
pare the different strata for estimation of the proportion
of patients experiencing the endpoint of all-cause mortality
compared with the log-rank test. Cox regression analysis
was used for the analyses of independent predictors of
mortality. Variables perceived as clinically important and
those with a P < 0.1 in univariate analyses were included
in the multivariate model. Differences with P < 0.05 were
considered statistically significant. The multicollinearity was
assessed. Parameters representing RV remodelling, LV-RV
interaction and RV afterload were included in a univariate
logistic binary regression analysis to determine the baseline
factors predictive for prognostically relevant RV-PA coupling
(cut-off of 0.68 for Ees/Ea found in ROC analysis). Parame-
ters significant in the univariate analysis were added to a
multivariate model. Multicollinearity was assessed. ROC
analysis was used to identify cut-off values for potential
predictors discriminating Ees/Ea > 0.68 vs. <0.68. We
analysed the relationship of non-invasive parameters of RV
function and size with the haemodynamic PV loop-derived
coupling ratio Ees/Ea and intrinsic RV contractility (Ees)
per se using linear regression and ROC analyses and esti-
mated cut-offs of non-invasive surrogates to discriminate
the PV loop-derived Ees/Ea > 0.68 vs. <0.68. The Statistical
Package for Social Sciences software (SPSS 24, IBM, USA)
was used.
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Results

A total of 76 out of 112 (68%) patients with HFREF presented
with secondary PH (PA mean >25 mmHg). The PV loop SB-de-
rived RV-PA coupling ratio in these patients was 0.59 [0.42—
0.89], determined by a RV intrinsic contractility Ees of
0.35 mmHg/mL [0.26-0.48] and a total afterload Ea of
0.57 mmHg/mL [0.44-0.81]. In patients without PH (n = 36,
32%) the Ees/Ea was 0.88 [0.7-1.1], calculated from an Ees
of 0.25 mmHg/mL [0.2-0.32] and an Ea of 0.32 mmHg/mL
[0.23-0.39], (Table 1).

Table 1 Baseline characteristics

Survival analysis

Thirty-six (47.4%) of the patients with secondary PH and
seven (19%) without PH died during the median follow-up
of 4.7 years [2.4-6.7] (Xz log-rank: 7.27; P = 0.007; Figure
IA). We used the ROC (supporting information) and
Kaplan—Meier analysis (Figure IB) to evaluate whether the
PV loop-derived Ees/Ea may further discriminate overall sur-
vival from all-cause mortality in secondary PH. The area un-
der the receiver operating curve (AUC) for Ees/Ea was
0.697, P < 0.001. We identified a cut-off of 0.68 for Ees/Ea

PH (PAPean > 25 mmHg]

No-PH P P
Ees/Ea > 0.68 Ees/Ea < 0.68 No-PH vs. Ees/Ea < 0.68
(N = 36] (N = 32] (N = 44] Ees/Ea >0.68 vs.>0.68

Age (years] 63 (56-71] 65 (62-73] 71 (64-76] 0.27 0.06
Men [%] 86 84 84 0.84 0.94
ICM [%] 36 56 67 0.1 0.32
Beta-blocker (%) 100 96.9 95.3 0.29 0.74
ACE-I/AT blocker (%) 97.2 96.9 90.7 0.93 0.29
MRA (%) 66.7 50 42 0.166 0.29
CpcPH [%] 0 22 50 na. 0.014
Ea [mmHg/mL] 0.32 [0.23-0.39] 0.44 [0.34-0.53] 0. 79 [0.55-0.99] <0.001 <0.001
Ees [mmHg/mL] 0.25[0.2-0.32] 0.43 [0.30-0.51] 3[0.23-0.44] <0.001 0.001
Ees/Ea 0.88 [0.7-1.1] 0.90 [0.8-1.1] 0. 47 [0.31-0.56] 0.39 <0.001
ESV 25 [mL] 91 [73-110] 69 [53-91] 0 [38-72] 0.002 0.011
PVA [mL * mmHg] 2,862 [2,223-3,681] 3,802 [3,057-5,211] 6, 658 [5,601-8,886] <0.001 <0.001
Mechanical efficiency 0.69 [0.57-0.76] 0.67 [0.62-0.72] 0.43 [0.34-0.51] 0.98 <0.001
SV/ESV (MRI) 0.97 [0.78-1.1] 0.89 [0.77-1.1] 0. 39 [0.25-0.48] 0.8 <0.001.
Tau [ms] 63 [56-75] 63 [55-70] 1 [60-83] 0.84 0.013
RVEDP [mmHg] 6.8 [5-9.4] 7.4 [6-11.6] 10 7 [8.1-13.6] 0.165 0.008
Eed [mmHg/mL] 0.056 [0.04-0.07] 0.068 [0.05-0.085] 0. 077 [0.06-0.12] 0.049 0.041
PASP [mmHg] 30 [28-33 41 [38-53] 0 [52-74] <0.001 <0.001
PA mean [mmHg] 20 [18-22] 28 [26-35] 1 [34-46] <0.001 <0.001
PA compliance [mL/mmHg] 4.3 [3.3-4.8] 2.7 [2.2-3.5] 1.5[1.2-2.1] <0.001 <0.001
PVR [dyn.] 135 [93-191] 181 [121-215] 252 [197-375] 0.07 0.001
diastolic TV annulus 37 [33-45] 37 [33-42] 50 [46-55] 0.68 <0.001
diameter [mm]

RVEDV [PV loop] [mL] 153 [138-169] 165 [150-179] 193 [172-227] 0.08 <0.001
RVEDV [MRI] [mL] 134 [119-161] 127 [108-141] 209 [169-247] 0.27 <0.001
RVESV [MRI] [mL] 71 [57-88] 66 [53-79] 155 [112-181] 0.65 <0.001
RVEF [MRI] [%] 51 [45-54] 50 [47-55] 8 [21-33] 0.84 <0.001
RV mass (MR, g) 51.4 [44-61] 50 [45-57] 3 [56-71] 0.91 0.008
RVmass/BSA (MRI, g/m ) 25.9[23.6-29] 25.8 [24.4-27.3] 29 6[27.6-32.9] 0.77 0.012
RV M/V ratio (MRI, g/mL) 0.39[0.33-0.41] 0.41 [0.36-0.47] 0.28 [0.27-0.32] 0.14 0.001
RV MV ratio cut-off > 0.37 g/mL (%) 62.5 71.4 9.1 0.61 0.002
FAC [%] 53 [45-59] 54 [49-57] 31 [26-35] 0.53 <0.001
TAPSE [mm)] 19 [16-23] 20 [18-22] 13 [10-15] 0.47 <0.001
TAPSE/PASP [mm/mmHg] 0.6 [0.5-0.8] 0.5 [0.35-0.54] 0.2 [0.15-0.30] <0.001 <0.001
TR 2/3 [%] 0 9.7 38.7 0.94 <0.001
MR 2/3 [%] 11.4 16.1 50 0.37 0.004
LV-EF [%] 35 [30-37] 33 [30-35] 27 [24-33] 0.88 <0.001
LVEDV [mL] 214 [175-261] 200 [175-239] 217 [189-287] 0.58 0.11
LA volume [mL] 66 [51-110] 79 [60-96] 99 [85-124] 0.5 0.001

4chv, 4 chamber view; ACE-1, angiotensin converting enzyme inhibitor; AT, angiotension receptor; CpcPH, combined precapillary and
postcapillary PH; Ea, pulmonary arterial elastance; Eed, RV end-diastolic elastance; Ees, right ventricular end-systolic elastance; ESV,
end-systolic volume; ESV,s, right ventricular volume at pressure 25 mmHg; FAC, RV fractional area change; ICM, ischemic cardiomyopa-

thy; M, mass; MRA, mineralocorticoid receptor antagonist; PA-Ca,

pulmonary arterial compliance; PAnean, mean pulmonary arterial

pressure; PAPcan, mean pulmonary arterial pressure; PASP, systolic pulmonary arterial pressure; PH, pulmonary hypertension; PV, pres-
sure-volume; PVR, pulmonary vascular resistance; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction;
SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion; Tau, time constant for isovolumic relaxation; TV, tricuspid valve; V,

volume.
Values are median [25th/75th percentiles].
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Figure 1 Survival analysis. (A) Kaplan—Meier estimates of time to all-cause death stratified by pulmonary hypertension (PH) vs. no-PH in patients with
heart failure with reduced ejection fraction (HFREF) [PH is defined by pulmonary artery (PA) mean >25 mmHg]. (B) Kaplan—Meier estimates of time to
death stratified by HFREF patients without PH (no-PH) and PH patients stratified by the pressure-volume (PV) loop-derived Ees/Ea ratio (>0.68 vs.
<0.68). (C) Boxplot analysis of the PV loop-derived Ees/Ea of HFREF patients without PH (No-PH) and PH patients stratified according to the Ees/Ea
ratio cut-off of 0.68. PH: (PA mean >25 mmHg), No-PH: HFREF patients with PA mean <25 mmHg. AUC, area under the curve; Ees, RV end-systolic

elastance; Eea, pulmonary arterial end-systolic elastance.
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with a sensitivity of 74% and a specificity of 61% for discrim-
ination of medium-term survival from all-cause mortality.
Kaplan—Meier analysis revealed that patients with PH and
PV loop-derived Ees/Ea > 0.68 had a significantly better prog-
nosis than those with a lower Ees/Ea ratio (XZ log-rank: 8.9,
P = 0.003) (Figure 1B). Multivariate Cox regression analysis
could demonstrate the independent predictive value of the
PV loop-derived Ees/Ea for prognosis in patients with second-
ary PH with a hazard ratio of 0.2 (P = 0.038, Table 2). Con-
versely, we found comparable Ees/Ea ratios between HFREF
patients without PH (No-PH) and those with PH and
favourable coupling (Es/Ea > 0.68), 0. 88 [0.7-1.1] vs. 0.9
[0.8-1.1], P = 0.39, respectively, which was accompanied by
a statistically not different median survival time between
these two groups (;(2 log-rank: 0.54, P = 0.46) (Figures 1B
and 2). Determination of the Ees/Ea cut-off and the analysis
of associated survival within the subgroup of patients with

a baseline MRI were shown within figures: supplement MRI
subgroup.

Representative PV loops of the three groups studied are
demonstrated in the supporting information.

Comparison of haemodynamics and RV function
of PH patients stratified by the Ees/Ea cut-off of
0.68

Comparing both PH groups, stratified by the Ees/Ea ratio of
0.68, we found that patients with Ees/Ea < 0.68 were charac-
terized by significantly lower intrinsic RV contractility (Ees)
and higher medians of the different afterload parameter
(total RV afterload Ea, pulsatile load: PA compliance, and
steady state load: PVR) than patients with Ees/Ea > 0.68.
These findings were associated with more dilated [RV
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Table 2 Multivariate Cox regression with baseline data to predict
all-cause mortality in patients with PH (PA pressure mean
>25 mmHg)

Multivariate
Variables HR (95% Cl) P value
Ees/Ea 0.151 (0.037-0.619) 0.003
PA compliance 0.518 (0.335-0.799) 0.003

Cl, confidence interval; DPD, diastolic pressure gradient; Ea, effec-
tive arterial elastance; Eed, end-diastolic elastance; Ees,
end-systolic elastance; EF, ejection fraction; HR, hazard ratio;
LVESDV, left ventricular end-diastolic volume; LVESV, left ventricu-
lar end-systolic volume; MR, mitral valve regurgitation; PA,
pulmonary artery; PCWP, pulmonary capillary wedge pressure.
Additional baseline univariate variables associated with all-cause
mortality (P < 0.1) entered the multivariate model: PVR, PA compli-
ance, PCWP, mitral regurgitation (Degree 0-ll1), tricuspid regurgita-
tion; Eed; Ea and existence of CpcPH. (as categorical and/or
continuous variable).

Age, LVEF, Ees, RC time, DPD, Tau, LVEDV, and LVESV did not enter
the model because univariate analysis showed P > 0.1.

end-diastolic volume (RVEDV)] and remodelled (RV mass/vol-
ume ratio) RVs, worse systolic (RV-EF, TAPSE, and FAC) and di-
astolic (Tau and Eed) function, and a higher proportion of
significant tricuspid regurgitation in the Ees/Ea < 0.68 group.
In addition, this prognostically unfavourable group was asso-
ciated with a significant lower left ventricular function (LV-EF)
and a higher proportion of patients with significant MR 2/3
(Table 1, Figure 2).

Comparison of prognostically favourably coupled
PH patients (Ees/Ea > 0.68) with HFREF patients
without PH

The higher total afterload Ea in PH patients with a Ees/
Ea > 0.68 resulted in an adaptive RV contractility (Ees) in-
crease (Figure 2) and coupling ratios of Ees/Ea in the same
range as in No-PH patients (Table 1, Figure 1). This was asso-
ciated with comparable, nearly normal sized RVs with a pre-
served systolic function and RV relaxation (Tau), in contrast
to a slightly, but significantly higher end-diastolic elastance
(Eed) (Table 1, Figure 2) and comparable parameter of left
heart function (Table 1).

Predictors of prognostically favourable vs.
unfavourable RV-PA coupling (Ees/Ea cut-off of
0.68) in secondary PH

Scatter plot analysis of the relationship of Ees to Ea (Figure
3A) shows that non-adaptive RV contractility (Ees) regulation
increases with increasing afterloads (Ea). Prognostically
favourable coupling could no longer be practically observed
above an Ea of ~ 0.8 mmHg/mL. However, non-adaptive RV
contractility regulation may also exist at only slightly to
moderately increased Ea values. This is indicated by a flatter

increase of the regression line between Ees and Ea in the
unfavourably coupled group (Ees:Ea r = 0.59, P < 0.001,
y = 0.27 * x + 0.12) compared with the favourably coupled
group (Ees/Ea: r = 0.8, P < 0.001, y = 0.7 * x + 0.11) (Figure
3A). Independent determinants of prognostically favourable
contractility adaptation to afterload in the multivariate logis-
tic bivariate regression analysis were higher PA compliances
(OR 8.6), higher LV-EFs (OR 1.23) and a smaller RVEDV (OR
0.96) (Table 3, Figure 3B-D). We identified cut-offs of
2.3 mL/mmHg for PA compliance, 171 mL for RVEDV and
30% for LV-EF using ROC analysis to discriminate the RV-PA
coupling >0.68 vs. <0.68 (Figures S3 and 3B-D). Correlation
analyses between predictors of uncoupling and PV-loop and
Swan-Ganz parameter are demonstrated (Table SI and
Figures S5 and S6).

The capacity of non-invasive parameters to
discriminate between prognostically favourable
and unfavourable RV-PA coupling in secondary
PH

In ROC analysis we identified MRI cut-offs of 38% for RV-EF
and 0.59 for SV/ESV ratio. Echocardiographic cut-offs were
16 mm for TAPSE and 42% for FAC with sensitivities and spec-
ificities above 90% and 85%, respectively, to discriminate a
prognostically favourable and unfavourable RV-PA coupling,
dichotomized at an Ees/Ea cut-off of 0.68 (Table 4). Linear re-
gression analysis of the association of PV-loop-derived Ees/
Ea, and Ees with non-invasive RV function/size in PH patients
is demonstrated in Tables S2 and S3 and Figure 4 and in pa-
tients without PH in Table S4.

Discussion

The results of our study demonstrate that the haemodynamic
coupling of RV contractility (Ees) to increased afterload (Ea)
determines RV size and function and is of independent prog-
nostic value in patients with HFREF and secondary PH. The
best cut-off for PV loop-derived SB Ees/Ea to discriminate
overall survival was 0.68. The corresponding cut-offs for the
non-invasively determined echo parameter right ventricular
ejection fraction (RVEF) (38%), TAPSE (16 mm), FAC (42%),
and MRI parameter RVEDV (160 mL) are very close to known
prognostic cut-offs for RV dysfunction characterized by a de-
crease of RV-EF’ below the critical value of 35%, TAPSE below
16 mm,?® and FAC below 40%.2* Our data also lead to the
conclusion that the coupling of RV contractility to afterload
has a considerable reserve in PH secondary to HFREF, as
Ees/Ea has to decrease from theoretical functional optimal
values of >1 to <0.68 before substantial RV maladaptation
occurs and overall survival worsens. However, our cut-off of
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Figure 2 Box plot analysis of haemodynamically and non-invasively evaluated RV function and morphology according the stratified patient groups (no-
PH, PH and Ees/Ea > vs. <0.68). (A) Pressure—volume (PV) loop-derived intrinsic RV contractility Ees vs. afterload Ea: Showing an adaptive Ees increase
to increased EA in PH-Ees/Ea > 0.68 with the resulting similar Ees/Ea values between no-PH and PH with an Ees/Ea ratio >0.68. A significantly higher
afterload of Ea in PH-Ees/Ea < 0.68 compared to PH-Ees/Ea > 0.68 (P < 0.001) could be observed, accompanied by a non-adaptive significantly lower
Ees (P = 0.001). (B) MRI-derived RV end-systolic and -diastolic volumes, (C,D) RV mass/BSA and RV mass/volume ratio. (E,F) MRI-derived RV-ejection
fraction (RV-EF) in the subgroup of patients without an implanted device and TAPSE in all patients with heart failure with reduced ejection fraction
(HFREF). (G,H) PV-loop derived Tau and Eed. Eed, end-diastolic elastance; Ees, right ventricular end-systolic elastance; Ea, pulmonary arterial
end-systolic elastance; MRI, magnetic resonance imaging; PH, pulmonary hypertension (PA mean >25 mmHg); no-PH, HFREF patients without PH;
RVESV, right ventricular end-systolic volume; RVEDV, right ventricular end-diastolic volume; RV-EF, RV ejection fraction; TAPSE, tricuspid annular plane
systolic excursion; Tau, relaxation time constant.
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Figure 3 Relationship of intrinsic RV contractility of Ees to afterload Ea in patients with PH. A: Stratified by the prognostically relevant cut-off of 0.68
for pressure-volume (PV) loop-derived Ees/Ea. The straight lines denote the regression lines for both differently coupled groups. Patients with a PH-
Ees/Ea > 0.68 demonstrated the tighter correlation between Es and Ea and a steeper regression line than PH patients with an Ees/Ea < 0.68. (B) PA
compliance is an independent predictor of prognostically relevant RV-PA coupling dichotomized at an Ees/Ea of 0.68. The straight line denotes an Ees/
Ea ratio of 0.68. The best cut-off of PA compliance to discriminate an Ees/Ea of 0.68, determined by receiver operating characteristic (ROC) analysis,
was 2.3 mL/mmHg. Patients with a PA compliance >2.3 mL/mmHg were marked by an asterisk (*). Hollow circles denote patients with PA compliance
<2.3 mL/mmHg. Right: Box plot analysis of the median PA compliance in PH patients according to the Ees/Ea ratio > vs. < 0.68. (C) RVEDV is an in-
dependent predictor of prognostically relevant RV-PA coupling dichotomized at an Ees/Ea of 0.68. The straight line denotes an Ees/Ea ratio of 0.68. The
best cut-off of RVEDV to discriminate an Ees/Ea of 0.68, determined by ROC analysis, was 171 mL. Patients with a RVEDV <171 mL were marked with
an asterisk (*) and are more concentrated left of the regression line of Ees/Ea = 0.68. Hollow circles denote patients with RVEDV >171 mL. Right: Box
plot analysis of the median RVEDV in PH patients according the Ees/Ea ratio > vs. < 0.68. (D) LV-EF is an independent predictor of prognostically rel-
evant RV-PA coupling dichotomized at an Ees/Ea of 0.68. The straight line denotes an Ees/Ea ratio of 0.68. The best cut-off of LV-EF to discriminate an
Ees/Ea of 0.68, determined by ROC analysis, was 30%. Patients with an EF > 30% were marked with an asterisk (*) and are more concentrated left of
the regression line of Ees/Ea = 0.68. Hollow circles denote patients with LV-EF < 30%. Right: Box plot analysis of the median LV-EF in PH patients ac-
cording to the Ees/Ea ratio >0.68 vs. <0.68. Eea, pulmonary arterial end-systolic elastance; Ees, RV end-systolic elastance; LV, left ventricle; EF, ejection
fraction; PH, pulmonary hypertension; PA, pulmonary artery; RV, right ventricle; RVEDV, RV end-diastolic volume.
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0.68 in postcapillary PH was lower than the SB-derived cut-off ~ with different PH pathologies (precapillary vs. postcapillary)
of 0.8 found in precapillary PAH/CTEPH patients® to detect and different PV loop analysis methods (different SB
pending RV failure (RV-EF < 35%), but closer to the multi- methods® or using the multi-beat analysis®>>2®) may explain
beat-derived cut-offs of 0.7%2° or 0.65%° predicting clinical this distinction. In addition, it must be noted that the statisti-
worsening in PAH/CTEPH patients. Different patient groups cal power of the Ees/Ea cut-off of 0.68 to discriminate
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Table 3 Multivariate binary logistic analysis for determinants of
prognostically favourable RV-PA coupling (Ees/Ea > 0.68) in
secondary PH

Variables Odds ratio 95% Cl P value
PA compliance 8.6 2.1-35.3 0.003
LV-EF 1.23 1.023-1.482 0.028
RVEDV (PV loop) 0.96 0.926-0.994 0.021

Cl, confidence interval; CpcPH, combined postcapillary and
precapillary PH; IpcPH, isolated postcapillary pulmonary hyperten-
sion; LV-EF, left ventricular ejection fraction; LVESP, LV
end-systolic volume; PA, pulmonary arterial; PV, pressure-volume;
PVR, pulmonary vascular resistance; RVEDV, right ventricular
end-diastolic volume.

Additional baseline univariate variables associated with favourable
RV-PA coupling ratio >0.68 (P < 0.1) entered the multivariate bi-
nary logistic regression model: Left atrial volume, PVR, existence
of CpcPH vs. IpcPH, PA mean, LVESP, mitral regurgitation, tricuspid
regurgitation, arterial pulse pressure.

RC time, DPD, ischemic vs. dilative cardiomyopathy, and LVEDV did
not enter the model because univariate analysis showed P > 0.1.
The main components of RV afterload, the steady state load (PVR)
and the pulsatile load (PA compliance) were used for analysis of the
global afterload measuring parameter Ea.

medium-term all-cause mortality (AUC 0.697, P = 0.005) is
only moderate with a sensitivity and specificity of 74% and
61%, respectively. This appears slightly lower than the PV-
loop-derived cut-off data collected in patients with PAH/
CTEPH (Hsu et al.*®: n = 26, AUC 0.78, Richter et al.®
N = 38, AUC 0.736). However, Hsu et al. discriminated their
patients only regarding clinical worsening, which may be a
softer clinical endpoint than all-cause mortality. In addition,
our cohort of HFREF patients with secondary PH was older
and had multiple reasons to die in medium term. Neverthe-
less, after testing of different left ventricular and
RV-pulmonary vascular parameters, the multivariate Cox re-
gression could show that the Ees/Ea ratio remained indepen-
dently predictive for survival.

We looked for determinants of prognostically favourable
vs. unfavourable RV-PA coupling in HFREF and secondary
PH, as well. The logistic bivariate regression analysis revealed
that the height of pulsatile afterload (PA compliance), the de-
gree of RV remodelling (RVEDV, measured by PV loops) and
the extent of LV dysfunction (LV-EF) with cut-offs of 2.3 mL/
mmHg, 171 mL, and 30%, respectively, were parameters that
independently predicted the RV-PA coupling ratio, dichoto-
mized at 0.68. Prior, date from mostly experimental
precapillary PH models (with normal LV function) had demon-
strate that a progressive increase in afterload, above borders
that are not yet clearly defined, may change the primarily
adapted homeometric contractility regulation to increasingly
heterometric response.?’ In fact, a prognostically favourable
coupling was hardly found above an Ea of ~0.8 mmHg/mL. In-
terestingly, our data imply that the height of pulsatile load
(lower PA compliance), even at only slightly to moderately in-
creased total afterloads (Ea), independently affected the
RV-PA coupling capacity. Several studies in left heart failure
have shown that an elevated left atrial pressure reduces PA
compliance out of proportion to PVR, thereby increasing RV
pulsatile loading and worsening prognosis.’®*® Additionally,
a compromised RV due to an additional intrinsic involvement
for example in left or right heart disease (such as myocarditis
and RV infarction) cloud further increase RV (pulsatile)
afterload sensitivity.?>*° Furthermore, earlier experimental
studies appreciated the significant contribution of LV
contraction itself to RV systolic performance. ** In fact, we
could demonstrate that an advanced LV dysfunction
(LV-EF < 30%) was independently associated with an
unfavourable RV Ees/Ea ratio. Unfortunately, our study does
not differentiate between RV remodelling because of long-
standing PH-associated heterometric maladaptation and/or
RV injury by involvement in the LV disease process.

Table 4 Receiver operating characteristic analysis of non-invasive imaging parameter to discriminate haemodynamic PV loop-derived
favourable from unfavourable RV-PA coupling, stratified by Ees/Ea < 0.68 vs. Ees/Ea > 0.68

AUC P Cut-off Sensitivity Specificity
MRI
MRI-RVEF (%) 0.99 <0.001 38 94 93
MRI-RVESV (mL) 0.99 <0.001 100 91 93
MRI-RVEDV (mL) 0.96 <0.001 160 94 86
MRI-SV/ESV 0.99 <0.001 0.59 93 94
Echo
FAC (%) 0.98 <0.001 42 97 88
TAPSE (mm) 0.94 <0.001 16 90 86
ES area 4chv (cmz) 0.93 <0.001 13 87 86
TAPSE/PASP (mm/mmHg) 0.91 <0.001 0.34 81 86
SV/ESV (PV-loop) 0.86 <0.001 0.69 80 78
ED 4chv area (cm?) 0.81 <0.001 22 70 81
PASP (mmHg) 0.81 <0.001 52 75 67
LVEF (%) 0.72 <0.001 30 64 77

AUC, area under the curve; ED 4chv, echocardiographic 4-chamber view; ED, end-diastolic; EF, ejection fraction; ES, end-systolic; ESV,
end-systolic volume; FAC, fractional area shortening (echo); MRI, magnetic resonance imaging; PASP, pulmonary arterial systolic pressure;
PV, pressure-volume; RV, right ventricle; RVEDV, RV end-diastolic volume; RVEF, right ventricular ejection fraction; RVESV, RV end-systolic
volume; SV, total stroke volume; TAPSE, tricuspid annular plane systolic excursion.
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Figure 4 Linear regression analysis of the relationship between the pressure-volume (PV) loop-derived Ees/Ea ratio and RV size/function, and the SV/
ESV ratio as potential non-invasive surrogates for haemodynamic coupling ratio Ees/Ea. The magnetic resonance imaging analysis within the subgroup
of patients without an implanted device. Eea, pulmonary arterial end-systolic elastance; Ees, RV end-systolic elastance; RVEDV, RV end-diastolic
volume; RVESV, RV end-systolic volume; RV-EF, RV-ejection fraction; SV, stroke volume.
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How might our comprehensive and complex
haemodynamic data translate into meaningful
clinical impact?

HFREF is a progressive disease with high morbidity and re-
duced prognosis, despite modern drug and device therapy.
The development of secondary PH in these patients is fre-
quent and has an important additional impact on disease pro-
gression, morbidity, and mortality, and warrants a particular
close clinical attention.? A very interesting finding in our post
hoc analysis is that patients with secondary PH and an RV-PA
coupling ratio >0.68 have an overall survival that, at least in
the medium term, is as good as HFREF patients without PH.
Despite different afterloads, the comparable survival was
associated with comparable RV-PA coupling ratios and con-
secutively near-normal RV sizes, systolic function, and relaxa-
tion (Tau) in both groups. Only, the end-diastolic elastance
(Eed), as surrogate for diastolic RV stiffness, was significantly
worse in prognostically favourably coupled patients. These
data imply that RV contractility response to PH is closely as-
sociated to preserved RV systolic function/size and can cover
up the prognostic influence of PH, at least in the medium
term. These findings confirm the landmark data from Ghio
et al.,** showing that secondary PH increases mortality in
HFREF patients only in association with systolic RV dysfunc-
tion. In consequence, in HFREF patients with normal sized
and functional RV in echocardiography, a prognostically
favourable RV coupling can be assumed, independently of
the existence of secondary PH. A comprehensive invasive
catheter investigation of an existing secondary PH does not
provide any additional benefit for risk stratification in this
specific situation. In contrast, a PV-loop-derived Ees/Ea ratio
<0.68 corresponded extremely close to cut-off values that
define RV remodelling (RVEDV > 160 mL) and dysfunction
(RVEF < 38%, TAPSE < 16 mm, FAC < 42%, Table 4) and

was associated with a dramatically increased short-term and
medium-term all-cause mortality. Especially, patients with
LV-EF < 30% and high pulsatile load (low PA compliance,
closely associated with high LA/pulmonary capillary wedge
pressure filling pressures, and the existence of moderate to
severe MR) seem at significantly increased risk for a progres-
sive RV-PA uncoupling (Figure S6). Echocardiographic evi-
dence of a remodelled and/or dysfunctional RV in HFREF
with secondary PH almost certainly indicates a prognostic
unfavourable RV-PA coupling, which warrants particular at-
tention regarding the adjustment of drug and device therapy
(including interventional reduction of severe MR) but also for
planning of heart transplantation and/or implantation of left
ventricular assist devices (LVADs). An invasive haemodynamic
investigation of the RV-PA-left atrial axis with the Swan-Ganz
catheter technique, including testing pulmonary vasore-
activity, appears absolutely necessary in this situation.
Nevertheless, acute right heart failure (RHF) remains a fre-
quent complication after LVAD implantation,? yet the defini-
tion of RHF and preimplant variables that predict RHF remain
controversial. The PV-loop-derived analysis of RV intrinsic
contractility response to afterload could be a promising
method to improve the preimplant risk stratification in these
patients. In this setting, the modulation of RV afterload with
PDE-5-inhibitors (PDES5i) in order to improve RV function
prior to LVAD implantation for prevention of early RHF is still
a matter of debate. Several small clinical studies with positive
effects of PDE5i on RV function and outcomes in HFREF pa-
tients after LVAD/heart transplantation®® are contradicted
by a recent analysis of the INTERMACS database,®* which
suggested that patients routinely preoperatively treated with
PDES5i had higher rates of post LVAD-RV failure. A blunted
inotropic response to beta-agonists induced by PDES5i,>®
and/or a pulmonary-left ventricular overflow due to loss of
any ostensible  protective  precapillary  pulmonary
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vasoconstriction are discussed.®® Very recent promising find-
ings challenge this concept.?” Monzo et al.*’could show that
acute PDESi administration did not change contractility but
had profound afterload reducing effects, improved RVEF
and RV volumes and lowered LA filling pressure through relief
of pericardial constraint in patients with advanced HFREF and
secondary PH. Despite comparable LA filling pressures be-
tween both study groups (23.9 vs. 25.1 mmHg, Monzo et al.
37 vs. INTERMACS®?), the patient cohort in the study by
Monzo et al. 3’was characterized by a pronounced ‘out-of-
proportional’ increase of TPG (17.6 vs. 10 mmHg) and PVR
(PVR 4.9 vs. 2.6 WU), which defines their patients as mostly
combined precapillary and postcapillary PH patients in com-
parison with INTERMACS patients with mostly isolated
postcapillary PH. In fact, the afterload reducing effects of
acute PDESi administration in these combined precapillary
and postcapillary PH patients was relatively selective in low-
ering the ‘out-of-proportional’ increased TPG and PVR. How-
ever, more data are needed for definition of a probable
subgroup of HFREF patients where PDES5i prior to LVAD im-
plantation have beneficial effects. Especially, the intensely
debated role of PDE5i for modulation of right ventricular
contractility in HFREF with secondary PH and remodelled RV
needs more clarification with better methods. Using the RV
PV-loop technique in this setting, new and better insights in
this field are expected.

Our study has several limitations. This is a post hoc analysis
of a single-centre, prospective observational study. The cali-
bration of the RVEDV and SV in PV loops outside the MRI sub-
group (n = 50) is based on determination of the parallel
conductance by the hypertonic saline method*® and the slope
factor alpha by combined Fick method and echo velocity time
integral measurement. In comparison to MRI, especially the
determination of SV by the latter methods seems more error
prone. However, in contrast to the individual parameter Ees
(Ees = Piso — Pes/SV) and Ea (Pes/SV), the SV is no longer part
of the Ees/Ea ratio, because the equation will mathematically
result in Ees/Ea = (Piso/Pes) — 1.2°%8 Similar to Tello et al.,”
the SB method of PV-loop analysis was used without valida-
tion against the gold standard of multi-beat measurements.
However, Bland—-Altmann analysis of two different
precapillary PH cohorts showed reasonable agreement be-
tween SB and multi-beat Ees/Ea when the ratio is <1.9%% In
addition, despite the independent prognostic value of base-
line RV-PA coupling in secondary PH, during the follow-up
observation of our specific study population, the LV response
or non-response to CRT therapy may have affected all-cause
mortality’?> and RV-PA coupling efficiency. Furthermore,
long-lasting PH may influence late RV-PA coupling capacity
and survival.3® Longer studies could provide clarification.

In addition, more data are needed to clarify the role of
diastolic RV function in HFREF + secondary PH. Increased
early and end-diastolic filling pressures are not only the result
of decreased RV relaxation and increased stiffness but may

also be highly influenced by the diastolic and systolic
LV-dysfunction (ventricular interaction) and by increasing
pericardial constraint depending on biventricular dilatation
and distensibility of the pericardium.

In conclusion, we demonstrate that RV SB Ees/Ea is closely
associated with RV size and function and predicts overall
survival of a HFREF cohort with secondary PH, even after key
adjustments. The best cut-off for Ees/Ea to discriminate prog-
nosis is 0.68, which corresponds highly significant to the
non-invasive surrogate echo-parameters of RV-PA coupling
such as TAPSE of 16 mm, FAC of 42%, and MRI-derived RVEF
of 38% and SV/ESV of 0.59. Prognostically favourably coupled
PH patients (Ees/Ea > 0.68) were associated with a preserved
RV size and function and a mid-term survival that was compa-
rable to HFREF without PH. In contrast, haemodynamically
uncoupled patients (Ees/Ea < 0.68) were regularly affiliated
with dilated and systolic/diastolic dysfunctional RV, which
were associated with a dramatic increase of short-term and
medium-term all-cause mortality. Independent risk factors
for unfavourable coupling were low LV-EF (<30%) and high
pulsatile load (PA compliance <2.3 mL/mmHg). Haemody-
namic RV-PA coupling closely correlates to non-invasive
parameters of RV size, function, and prognosis. This transmis-
sion into parameters easily determined makes our findings
attractive for a better clinical risk stratification and
decision-making process for the timing of left ventricular as-
sist devices and/or heart transplantation in patients with
HFREF and secondary PH. However, further work is needed
to elucidate the complex interaction of RV with pulmonary
vascular afterload and/or LV/LA dysfunction, including com-
parisons of the different SB methods with multi-beat ap-
proaches for the analysis of intrinsic contractility and
consecutive RV-PA coupling.
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Figure S1: A: Determination of RV end-systolic elastance (EA),
PA-effective EA and RV-PA coupling by single-beat (SB) esti-
mation.
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Left: The maximal RV pressure (Pa.) for an isovolumic
(non-ejecting) beat (Pi,) at the existing end-diastolic
volume (EDV) was estimated by fitting a fifth-order polyno-
mial to the RV pressure curve, excluding all data points be-
tween the moments of maximal and minimal dP/dT and
those after the time point when dP/dT increase above
10% of dP/dTmin.

Right: P, of isovolumic beats is drawn on RV
pressure-volume (PV) curve. The ESPVR line is drawn from
predicted P, = Phax down and the tangent to the actual
ejecting beat end systole (ESP, end-ejecting, however >
dP/dT,i,) and to the V,s. Ees is determined by P;, - ESP/
stroke volume. V,5 is the intercept of the ESPVR at an
end-systolic pressure level of 25 mmHg. The Ea is the abso-
lute slope of the PA EA line joining the RV ESP volume
point to the point on the volume axis at the EDV, where
SV represents the stroke volume. The ESV represents
end-systolic volume. The RV-PA coupling efficiency is deter-
mined by the quotient of SB-Ees/SB-Ea. A PV loop area
(PVA) was calculated as the sum of the potential energy
(PE) and stroke work (SW), and the mechanical efficiency
(ME) as the quotient SW/PVA.

Figure S2: Receiver operating characteristic (ROC) curve
analysis of the pressure volume (PV) loop-derived Ees/Ea
to discriminate survival from all-cause mortality in patients
with secondary PH (PA mean > 25 mmHg). (HFREF: heart
failure with reduced ejection fraction, PH: pulmonary hy-
pertension, PA: pulmonary arterial).

Figure S3: ROC analysis of PA compliance, LV-EF, and
RVEDV for discriminating prognostically relevant RV-PA cou-
pling, dichotomized at an Ees/Ea of 0.68.
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