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ABSTRACT

Aims Ventricular—vascular coupling, the ratio between the
right ventricle’s contractile state (E,) and its afterload (E,), may
be a useful metric in the management of paediatric pulmonary
arterial hypertension (PAH). In this study we assess the
prognostic capacity of the ventricular—vascular coupling ratio
(E,//E,) derived using right ventricular (RV) pressure alone in
children with PAH.

Methods One hundred and thirty paediatric patients who
were diagnosed with PAH via right heart catheterisation were
retrospectively reviewed over a 10-year period. Maximum RV
isovolumic pressure and end-systolic pressure were estimated
using two single-beat methods from Takeuchi et al (E,/
E,_(Takeuchi)) and from Kind et a/ (E,/E,_(Kind)) and used with
an estimate of end-systolic pressure to compute ventricular—
vascular coupling from pressure alone. Patients were identified
as either idiopathic/hereditary PAH or associated PAH (IPAH/
HPAH and APAH, respectively). Haemodynamic data, clinical
functional class and clinical worsening outcomes—separated
into soft (mild) and hard (severe) event categories—were
assessed. Adverse soft events included functional class
worsening, syncopal event, hospitalisation due to a proportional
hazard-related event and haemoptysis. Hard events included
death, transplantation, initiation of prostanoid therapy and
hospitalisation for atrial septostomy and Pott’s shunt. Cox
proportional hazard modelling was used to assess whether E_/
E, was predictive of time-to-event.

Results In patients with IPAH/HPAH, E_/E,_(Kind) and E_/
E,_(Takeuchi) were both independently associated with

time to hard event (p=0.003and p=0.001, respectively) and
when adjusted for indexed pulmonary vascular resistance
(p=0.032and p=0.013, respectively). Neither E_/E._(Kind) nor
E,/E,_(Takeuchi) were associated with time to soft event. In
patients with APAH, neither E,/E,_(Kind) nor E_/E,_(Takeuchi)
were associated with time to hard event or soft event.
Conclusions E_/E, derived from pressure alone is a
strong independent predictor of adverse outcome and
could be a potential powerful prognostic tool for paediatric
PAH.

INTRODUCTION

Paediatric pulmonary arterial hypertension
(PAH) is an incurable disease that, when left
untreated, leads to right ventricular (RV)
failure and eventual death. RV performance

Key questions

What is already known about this subject?

> Ventricular-vascular coupling ratio (E/E) has
shown to be useful metric in management of pul-
monary arterial hypertension in adults.

What does this study add?

> Pressure-derived E /E, estimated by two different
methods (Takeuchi et al and Kind et al) is a strong
independent predictor of severe adverse outcome
in idiopathic and hereditary paediatric pulmonary
arterial hypertension (PAH). Furthermore, pressure-
derived E_/E, is a stronger multivariable predictor of
severe adverse outcome in idiopathic and hereditary
paediatric PAH compared with pulmonary vascular
resistance alone.

How might this impact on clinical practice?
> Pressure-derived E,/E, could potentially serve as a

powerful prognostic tool in management of PAH in
children.

remains the most important determinant
of prognosis in PAH in both children and
adults,' ? and the ability to match its contrac-
tility with pulmonary arterial (PA) load in
order to maintain sufficient cardiac output
(CO) is emerging as a critically important
index in PAH.*” This matching of RV contrac-
tility and PA load may be understood as the
efficiency of energy transfer between two
entities and is referred to as RV-PA coupling.
Progression towards uncoupling is funda-
mental in PAH, where pressure-overloading
of the pulmonary vasculature, commonly
referred to as afterload, eventually exceeds
RV contractility, resulting in RV failure.’
Accordingly, current gold standard metrics
for assessment of PAH include both afterload
(a composite metric of pulmonary vascular
resistance (PVR), arterial compliance and
arterial impedance), and RV contractility.”
RV-PA coupling can be derived from
ventricular pressure-volume (PV) loops that
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are generated by altering preload via increasing end-
diastolic volume. Conventionally, the slope of the linear
relationship between end-systolic points in multiple
PV-loops, known as the end-systolic PV relationship
(ESPVR), is used to derive RV end—systohc elastance (E )
as a measurement of RV contractility.”® Similarly, effec-
tive arterial elastance (E,) is defined as the slope of a line
connecting end-systolic point to the end-diastolic volume
intercept.® The ratio of E, to E_ is known as the ventric-
ular-vascular coupling ratio (E, / E).

However, the use of multlple PVloops is impractical
within a clinical setting, and novel methods using a single
beat with pressure waveforms alone, originally developed
by Sunagawa et al for estimation of left ventricular (LV)
maximum pressure,”? were developed for estimation of
RVESPVR (E ) MO PV analysis is particularly challenging
in children due to size limitations and the number of cath-
eters needed to perform this analysis. In the single beat
method, first described by Takeuchi et al,m a maximum
theoretical pressure, P and end-systolic pressure (P_)
are estimated through fitting of a sinusoidal function
on the corresponding isovolumetric regions of systolic
contraction and diastolic relaxation of the RV pressure
waveform.'*"* Estimating with RV pressure only was first
described by Vanderpool et al and required the estima-
tion of end-systolic pressure. With these two pressures,
the ratio of E  to E_ can then be approximated as the
ratio to P_ to me—PES 121

As approximations, single beat methods are only
surrogates for true PV-loop based acquisition of ventric-
ular elastance. However, the simplicity of pressure-
only (or volume only) estimation cannot be denied.
In 2012, Kind'* undertook a systematic examination of
the errors of approximation in several single-beat tech-
niques and developed another that used both the RV
pressure waveform and its time derivative that overcame
previous limitations. It has not been validated in human
subjects and could potentially improve the prognostic
capacity for RV-PA coupling in PAH. Furthermore, the
RV-PA coupling ratio has shown to be an independent
predictor of survival in adult proportional hazard (PH)
and PAH,"” ' '° however, its prognostic capacity has
not been evaluated in children. Here, we compare the
original single-beat method of RV single-beat-pressure-
derived EES/ E, (denoted Ees/ Ea_(Takeuchi)) versus the
method developed by Kind et al (denoted Ees/Ea_(Kind))
and their ability to predict mild to severe adverse clin-
ical outcome in children with PAH. We hypothesise that
E_/E, derived by pressure alone has a strong prognostic
capacity for both mild and severe adverse events, and that
RV/PA decoupling is associated with higher likelihood of
adverse outcome.

METHODS

Patient and public involvement

No patients were involved in the design, conduct,
reporting, or dissemination of this retrospective study.

Study population

Patient data were acquired retrospectively from medical
records at the Pulmonary Hypertension Clinic at the Chil-
dren’s Hospital Colorado (CHCO) from 2006 to 2014, to
allow for 5 years of follow-up post-right heart catheterisa-
tion (RHC). Patients who were referred for PAH under-
went RHC. The inclusion criteria for this study were any
person age 1-18 years, with mean pulmonary arterial
hypertension (mPAP) >25mm Hg established by RHC
before age 18 years at the time of RHC and with avail-
able RV-pressure curves allowing for derivation of both
E /E_(Takeuchi) and E_/F_(Kind). Furthermore,
patients were subcategorised as idiopathic and hereditary
PAH (IPAH/HPAH),"” and associated pulmonary arterial
hypertension (APAH), which includes PAH associated
with other conditions such as congenital heart disease
(CHD), connective tissue diseases and rare blood diseases
or infections. Exclusion criteria for this study consisted
of diagnostic RHC in which PAH was not confirmed,
patients with high altitude pulmonary oedema and
patients post-heart transplantation. WHO functional clas-
sifications (WHO-FC) were identified at the time of RHC
for patients with PAH.

Right heart catheterisation

All patients were under general anaesthesia during
RHC. A balloon wedge catheter was inserted through
the femoral vein or internal jugular vein and advanced
through the right heart to the pulmonary arteries by
standard methods. Systolic and end-diastolic RV pres-
sures, mean, systolic and diastolic pulmonary artery pres-
sures, and pulmonary capillary wedge pressure (PCWP)
were recorded for haemodynamic data. Fick’s equation
using assumed oxygen consumption were used to calcu-
late systemic and pulmonary flows.'® RV cardiac index
(RVCI), indexed pulmonary vascular resistance (PVRi)
was calculated using standard formulas. Baseline condi-
tion was considered room air (21% FiOQ).19 RV pressure
and dP/dt were recorded from the WITT Series IV cath-
eter system (Philips Medical Systems, Boston, Massachu-
setts, USA) as discrete data over time, with temporal reso-
lution of approximately 4 ms and a pressure resolution of
0.02mm Hg/unit.

E,/E, estimation
E_/E, is the ratio of RV end-systolic elastance (E ) to PA
elastance (E,) and represents RV contractile response to
changes in arterial afterload in order to sustain adequate
cardiac output. E_ is the standard measurement for RV
contractility10 "and E, is an acceptable surrogate of arte-
rial elastance.? E, / E was estimated using the modified
single-beat method first described by Takeuchi et al (E_/
E_ (Takeuchi)) 1011719 and the method developed by Klnd
et al (E,/E_(Kind))." Each methodology will be briefly
described here.

For the method of Takeuchi, maximum pressure (P )
was derived by fitting the rising and falling legs of a positive-
offset sinusoidal function to the RV pressure waveform
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isovolumetric phases. Isovolumetric regions were defined
as the pressure between end-diastole (assumed to occur
when dP/dtexceeds 20% of its peak value) and maximum
dP/dt (dP/dt_ ) and between minimum dP/dt (dP/

t ..) and the correspondmg end-systolic pressure during
dlastole (figure 1A).*' This method optimises estimation
of end-diastole by accounting for variations between indi-
vidual pressure peaks within a single waveform and differs
from the original Takeuchi method, which assumes end
diastole when dP/dt exceeds 200mm Hg/s.

For the method of Kind e ¢/, maximum isovolumic
pressure (P ) was derived by fitting the rising leg of
a six-harmonic periodic waveform to the RV pressure
waveform during isovolumic contraction similar to the
Takeuchi method above, and fitting the time-derivative
of that six-harmonic periodic waveform to dP/dt during
isovolumic relaxation. The isovolumic contraction
region started at end-diastole (defined as above) and
ended when pressure exceeded 10% of the pressure at
maximum dP/dt (see figure 1B) ! The isovolumic relax-
ation region was defined as starting/ending at +20% of
pressure at minimum dP/dt. Figure 1B shows the repre-
sentative reference value of P using traditional vena
cava occlusion PV loops.

For both methods, each cycle was time-normalised
to begin at t=0 prior to fitting using a non-linear least-
squares optimisation procedure (MATLAB Isqnonlin()).
Multiple cycles were evaluated for each patient. End-
systohc pressure (P ) was defined by the moment d*p/
de® (the second time derivative of pressure) decreases
from its average value during ejection.”*** E_/E, was then
computed for both methods as follows:

Pmax —Pes
Ees — SV — Prax—Pes (1 )
Ea Pes Pes
SV

Where SV is stroke volume. Equation (1) was used to
define both Ees/ Ea_(Takeuchi) and Ees/ Ea_(Kind) in the
present study, but other research has reported the inverse
(E,/E_). A custom code was developed in Matlab (Math-
works, Natick, Massachusetts, USA) for streamlined deri-
vation of P and P_, and the analysis was performed
by two independent researchers (MJD and AL). Rejec-
tion criteria for ECS/EB_(Takeuchi) and Ees/Ea_(Kind)
included (1) if the least squares algorithm resulted in
multiple sinusoidal peaks fitted to a singular cycle (22),
(2) if there were fewer than four data points throughout
the isovolumic contraction phase, (3) if end diastole
preceded dP/dtmin and (4) if there was insufficient data
captured during RHC for beginning and end peaks of a
waveform. These criteria ensured high fidelity in deriva-
tion of P and P_ from beat to beat within an individual
patients waveform.

Clinical outcomes

Clinical outcomes were assessed in all patients as described
by current clinical standards.”” ** Medical records were
reviewed after the initial RHC date for each patient, and
adverse outcome was categorised as soft (less severe) or
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Figure 1 The Takeuchi and Kind E_/E, estimation. (A)

The Takeuchi method described by Breeman et al.2' At (1),
theoretical maximum pressure of the right ventricle (P, )

is estimated by fitting a sinusoid from early systolic (end-
diastolic pressure (P, ) to maximum dP/dt) and early diastolic
(minimum dP/dt to pressure equal to P, ) portion of the

RV pressure tracing. This P__ would occur in isovolumic
contraction and is therefore located at end-diastolic volume
(EDV) in the pressure-volume loop. End-systolic pressure

(P, is estimated as the pressure 30 ms before minimum dP/
dt (P J)- At (2), end-systolic elastance (E,) is estimated by
the ratlo of P_.—P.. to stroke volume (SV). Arterial elastance
(E)is estlmated as the ratio of P__ to SV. (B) P, estimation
developed by Kind et al.' lllustration of the single-beat
method used to estimate the isovolumic pressure curve and
its maximum P__ from a single ejecting beat in the RV. At (1),
the normalised isovolumic pressure wave is fitted through
the isovolumic contraction period (open circles) with the
additional condition of approximately equal slopes in the
isovolumic relaxation. In this rat, P__ is reached at 60% of
total contraction time (between maximal and minimal dP/dt).
At (2), the reference value of P__ is estimated by using vena
cava occlusion data and extrapolating the ESPVR to EDV of
the beat used to estimate isovolumic pressure. The dashed
line shows the correspondence of estimated P__ from the
extrapolated ESPVR. The grey line is the last beat before
vena cava occlusion. The figure suggests that the moment of
dP/dt__ is the same for the isovolumic and the ejecting beat,
but that the moment of dP/dt__ differs. Reproduced with
permission from original author EDV, end-diastolic volume;
ESPVR, end-systolic pressure-volume relationship; ESV, end-
systolic volume; RV, right ventricular.

hard (severe), with date of event occurrence. Soft events
were defined as WHO-FC worsening (defined by an
increase in 1 unit of functional class), a syncopal episode,
occurrence of haemoptysis, or hospitalisation due to a
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PAH-related event. Hard events included endpoints of
death, heart or lung transplantation, initiation of intrave-
nous prostanoid therapy and hospitalisation due to atrial
septostomy or Pott’s shunt. Each patient was followed up
from initial RHC date until occurrence of hard event,
or until conclusion of the study period if no hard event
occurred.

Statistical analysis

Statistical analyses were done using R V.8.6.0% with a
significance level set to 0.05. Demographics were summa-
rised with frequencies and percentages or means and
SD. Comparisons of demographics by event status were
performed with % tests or two sample independent t-tests.
Time to hard event was calculated as the time from RHC
date to the first hard event date, if a hard event occurred.
Otherwise, the censoring time was the time from RHC
date to last follow-up. The same logic was used for time
to first soft event.

The Takeuchi and Kind methods of ECS/ E, were plotted
using a scatterplot and a Pearson’s correlation coefficient
and Bland Altman measure of agreement were reported.
Cox PH models were used to model time to hard event
separately for patients with IPAH/HPAH and APAH,
due to differences in clinical/functional characteristics
and prognosis.”* *** Univariate models were fit with the
following covariates of interest: Kind Ees/ E, Takeuchi Ees/
E, and PVRi. Multivariable models were used for time to
hard event, one with Kind E_/E,_ as the primary predictor
and one with Takeuchi ECS/ E. The models were adjusted
for PVRI and also fit separately for patients with IPAH/
HPAH and APAH. Akaike information criterion (AIC)
was used to compare model fits between the final model
with Kind Ees/ E, and the final model with Takeuchi Ees/
E, . This modelling process was repeated for time to soft
events.

RESULTS

Clinical outcome analysis

There were 142 paediatric patients with PAH considered
for this study. Three patients had invalid Takeuchi E_/
E, measurements (due to rejection criteria), 7 patients
did not have adequate follow-up and 2 patients did not
have recorded PVR and so were removed from all anal-
ysis, leaving a total of 130 patients for analysis. Over a
follow-up of over 10 years, 70 soft events and 31 hard
events occurred. Twenty-seven patients experienced
both a soft and hard event, 43 patients experienced a
soft event only and 4 patients experienced a hard event
only. Fifty-nine (45%) patients were diagnosed as IPAH/
HPAH and 71 (55%) were diagnosed as APAH. Of the
patients with APAH, 64 (90%) were associated with CHD
(n=18, repaired, n=46 unrepaired/partial repair), and
the remaining 7 (10%) were PAH associated with connec-
tive tissue diseases. Medication types included calcium
channel blockers, endothelin receptor antagonists,
PDEb-inhibitors and prostacyclin analogues. Composite

Table 1 Patient demographics for patients with IPAH/
HPAH and APAH

Parameter IPAH/HPAH (n=59) APAH (n=71) P value
Female, n (%) 26 (44%) 43 (60%) 0.062
Age, years 10.20+6.34 7.77+6.33 0.033
Weight, kg 33.75+24.27 29.47+21.14 0.286
Height, cm 123.85+37.85 116.88+37.49 0.298
Body surface area, m*  1.04+0.52 0.946+0.49 0.307
Treatment at RHC, n (%)

No treatment 16 (27%) 27 (38%) 0.191
Monotherapy by oral 9 (15%) 15 (13%) 0.394
route

Double therapy by oral 19 (36%) 20 (28%) 0.621
route

Combination therapy 15 (25%) 9 (13%) 0.062
using prostacyclin

analogue

Vasoreactivity, n (%) 15 (25%) 7 (9%) 0.018
mRAP, mm Hg 5.48+2.69 6.71+3.29 0.022
mPAP, mm Hg 68.43+41.27 82.54+44.22 0.087
Systolic RVP, mm Hg 62.56+11.48 58.94+12.20 0.082
PVRi, Pa s/m3 7.21+7.93 8.13+7.01 0.489
PCWP, mm Hg 7.01+3.17 9.08+3.28 0.0004
RVCI, L/min/m? 3.56+0.97 4.12+1.65 0.045
Heart rate, bpm 85+19 98+26 0.0016
E,/E,_(Kind) 1.51+0.49 1.50+0.52 0.993
E_/E._(Takeuchi) 0.92+0.68 095+0.63 0.754

es a—

Data are expressed as mean values (SD), n (%), unless otherwise noted.
Bold p-values indicate significance.
APAH, associated pulmonary arterial hypertension; E_/E__(Kind), vascular-

es’ —a—

ventricular coupling ratio Kind method; E_/E__(Takeuchi), vascular—ventricular

es’ —a—

coupling Takeuchi method; IPAH/HPAH, idiopathic and hereditary pulmonary
arterial hypertension; mPAP, mean pulmonary arterial pressure; mRAP, mean
right atrial pressure; PCWP, pulmonary capillary wedge pressure; PVRIi,
indexed pulmonary vascular resistance; RHC, right heart catheterisation;
RVCI, right ventricular cardiac index; RVP, right ventricular pressure.

patient demographics and haemodynamics are shown in
table 1 and are stratified by aetiology. Of note, IPAH/
HPAH children were mildly older than APAH children
(p=0.033) and mean right atrial pressure, PCWP, RVCI
and heart rate were significantly increased in patients
with APAH (p=0.022, p=0.0004, p=0.045 and p=0.0016,
respectively). There were also more vasoreactive patients
with iPAH/HPAH compared with children with APAH
(p=0.018). Patient demographics and clinical character-
istics are further stratified by hard event status (table 2)
and soft event status (online supplemental table 1).

Patient demographics

Of the 31 hard events that occurred, 7 patients under-
went atrial septostomy, 16 patients initiated intravenous
prostanoid therapy, 3 underwent POTTs shunt surgery,
1 patient received a heart/lung transplant and 4 patients
died. Both Ees/Ea_(Takeuchi) and ECS/EH_(Kind) were
significantly lower in patients who experienced a hard
event (p=0.018and p=0.034, respectively). Sixty-five per
cent of patients experiencing a hard event had IPAH/

4
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Table 2 Hard event demographics
No hard event Hard event
Variable (n=99) (n=31) P value
Sex 0.11
Female 48 (49%) 21 (68%)
Male 50 (51%) 10 (32%)
Age at Cath 8.51+6.36 10.29+6.14 017
Aetiology 0.02
IPAH/HPAH 39 (39%) 20 (65%)
APAH 60 (61%) 11 (35%)
Time to follow-up or 5.36+2.67 2.35+2.22 <0.0001
event
E/E, (Kind) 1.64+0.66 1.41+0.45 0.0345
E,./E,_(Takeuchi) 1.0+0.61 0.73+0.51 0.0182
PVRi, Pa s/m? 6.15+4.5 15.68+10.64 <0.0001

Data are expressed as mean values (SD), n (%), unless otherwise noted.

Bold p-values indicate significance.

APAH, associated pulmonary arterial hypertension; E_/E,_(Kind), vascular—
ventricular coupling ratio Kind method; E_/E,_(Takeuchi), vascular-ventricular
coupling Takeuchi method; IPAH/HPAH, idiopathic and hereditary pulmonary
arterial hypertension; PVRI, indexed pulmonary vascular resistance.

HPAH aetiology, while only 35% of those hard events
were of APAH aetiology (p=0.02). Those who experienced
hard events were mostly female (68%). The average time
to event was 2.35+2.67 years after the RHC date, and the
average time to follow-up for those without events was
approximately 5.36+2.67 years after the RHC date. These
results are summarised in table 2.

Patient demographics

Of the 70 soft events, 7 patients reported haemoptysis,
8 reported a syncopal episode, 42 experienced WHO-FC
worsening and 13 were hospitalised due to a PAH-related

Kind versus Takeuchi Methods

6 :
r=0.59
57 © p  <0.0001
O two-tailed
T 4 1
[S]
3
Q
X
]
= 3+ o) 1
w’ °
[}
w® 26 o O |
1+ ]
O
0 L
0 4 5

(Kind) - E__/E_ (Takeuchi)

E /E

cause. There were no significant differences between
patients who did and not experience a soft event in terms
of age, sex or aetiology; however, there was a significant
difference in PVRi (p=0.0033). The average time-to-
soft event was 4.75+2.84 years, with an average time to
follow-up for those without soft events of 4.52+2.91 years.
These results are summarised in online supplemental
table 1.

Comparison of E_/E_ (Kind) and E_/E__ (Takeuchi)

The scatterplot of E_/E_(Kind) vs E_/E__(Takeuchi)
is shown in figure 2. E_/E__(Takeuchi) was signifi-
cantly correlated with E_/E__(Kind) (figure 2A; r=0.59,
p<0.0001). E_/E_(Kind) estimated higher values
compared with E_/F, _(Takeuchi) through Bland-Altman
analysis (figure 2B; mean difference, 0.5867; 95% CI
-0.1068 to 1.2802). Furthermore, neither E_/E__(Kind)
or E_/E _(Takeuchi) demonstrated a significant correla-
tion with PVRi (online supplemental figure 1).

Hard outcomes

In patients with IPAH/HPAH only, univariate Cox PH
models showed ECS/Ea_(Takeuchi) was associated with
time to hard event (p=0.001): for every one-unit decrease
in Ees/ Ea_(Takeuchi), the hazard of hard event increased
4.34-fold (95% CI 3.6 to 10) (table 3). Similarly, univar-
iate analysis of Ees/ Ea_(Kind) also revealed an association
with time to hard event (p=0.003) in patients with IPAH/
HPAH: for every one-unit decrease in Ees/ Ea_(Kind), the
hazard of event increased 2.17-fold (95% CI 1.3 to 3.6)
(table 3). Furthermore, PVRi, mPAP and P similarly
revealed an association time to hard event (p<0.001 for
all 3, respectively). Multivariable Cox PH models revealed
lower values of ECS/ Ea_(Takeuchi) were associated with

Béand-AItman Agreement between Kind and Takeuchi Methods
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Figure 2 Pearson’s correlation and Bland-Altman comparison of E_/E_(Takeuchi) and E_/E__(Kind). (A) E_/E__(Takeuchi) and
E./E._(Kind) correlate strongly (r=0.59, p<0.0001) with each other and (B) Bland-Altman of measurement agreement (mean

difference, 0.5867; 95% CI —0.1068 to 1.2802).
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Table 3 Time to hard event univariate models, idiopathic and hereditary pulmonary arterial hypertension only

Covariate HR Lower Cl Upper CI P value AIC
E,/E,_(Takeuchi) 434 3.6 10.0 0.001 128
E./E,_(Kind) 217 1.3 3.6 0.003 135
PVRi, Pa s/m3 1.88 1.4 2.5 <0.001 129
mPAP, mm Hg 2.78 1.8 43 <0.001 135
RVCI, L/min/m? 0.77 0.43 1.4 0.385 142
P (mm Hg) 2.57 1.6 4.1 <0.001 128
RVSV 0.63 0.35 1.4 0.12 139
P (Takeuchi) 113 0.77 17 0.529 143
P . (Kind) 1.56 1.002 24 0.049 139

Data are expressed as Cox proportional hazard regression estimate and HR with Cls, unless otherwise noted. Models are compared using Akaike information

criterion (AIC).

E./E,_(Kind), vascular-ventricular coupling ratio Kind method; E_/E__(Takeuchi), vascular-ventricular coupling Takeuchi method.

Bold p-values indicate significance.

E./E, _(Kind), vascular-ventricular coupling ratio Kind method; E_/E, _(Takeuchi), vascular-ventricular coupling Takeuchi method; mPAP, mean pulmonary arterial

hypertension; P_, end-systolic pressure; P
RVSYV, right ventricular stroke volume.

max’

a higher hazard of hard events after adjusting for PVRi
(p=0.013) (table 4). Similarly, for every one-unit decrease
in E_/E __(Kind), the hazard of hard event increased by
2.83-fold (95% CI 1.09 to 7.35; p=0.03), after adjusting
for PVRi. The use of E_/E __(Takeuchi) demonstrated
a lower out of sample prediction error compared with
E /E_(Kind) in the univariate models and the IPAH/
HPAH only models. The use of E_/E_and PVRi in the
same model also had a lower AIC than just E_/F,_alone or
just PVRi alone (AIC in tables 3 and 4). Interestingly, in
patients with APAH, neither E_/E__(Takeuchi) nor E_/
E_(Kind) showed an association with time to hard event
in univariate or multivariable models (adjusted for PVRi).

Figure 3 shows Kaplan-Meier survival curves for (1)
E /E_(Kind) and (2) E_/E_(Takeuchi) by splitting
the groups according to median values. The median
E /E_(Kind) was 1.5, E_/E _(Takeuchi) was 0.85 and
PVRi was 6.1. Both E_/E_(Kind) and PVRi (above/
below median) were significantly associated with time-
to-hard event (p=0.013and p<0.0001, respectively).
When looking together by all four groups (third panel),
there was an overall significant difference by group

Table 4 Time to hard event multivariate models, idiopathic
and hereditary pulmonary arterial hypertension only

Lower Cl Upper Cl P value AlC

Covariate HR

Takeuchi model 124
PVRi, Pa s/m? 2.97 1.26 6.99 0.013
E /E,_(Takeuchi)  0.64 0.46 0.88 0.007

Kind model 127
PVRi, Pa s/m3 1.94 1.06 3.57 0.032
E_/E_(Kind) 0.61 1.06 0.81 0.001

es a—

Data are expressed as Cox proportional hazard regression estimate and
HR with Cls, unless otherwise noted. Models are compared using Akaike
information criterion (AIC).

A difference in 2-4 points of AIC is considered significant.

E./E,_(Kind), vascular-ventricular coupling ratio Kind method; E_/E,_
(Takeuchi), vascular-ventricular coupling Takeuchi method; PVRIi, indexed
pulmonary vascular resistance.

maximum theoretical pressure; PVRIi, indexed pulmonary vascular resistance; RVCI, right ventricular cardiac index;

(p<0.0001). The low E_/E_/high PVR (blue line) showed
a higher risk of event compared with all other groups.
This group of patients, who had both a PVR >6.1and an
E_/E_(Kind) <1.5, has a higher risk of event compared
with those with a high PVR >6.1and an E_/E__(Kind)
>1.5 (purple line). There was also a significant associa-
tion between E_/E _(Takeuchi) (above/below median)
and time to event (figure 3B), with an overall significant
difference by group (p<0.0001). The low E_/E_and high
PVRi (blue line) showed a higher risk of event compared
with all other groups, except for the higher E_/E and
high PVR group (p=0.057). This group of patients, who
had both a PVR >6.1and an E_/E__(Takeuchi) <0.85, has
a slightly, though non—signiﬁéantly, higher risk of event
compared with those with a high PVR >6.1and an E_/
E_(Takeuchi) >0.85 (purple line).

Soft outcomes

Neither ECS/ Ea_(Takeuchi) nor Ees/ Ea_(Kind) were asso-
ciated with time to soft event in univariate models in
patients with IPAH/HPAH or APAH. Similarly, neither
ECS/ Ea_(Takeuchi) nor Ees/ Ea_(Kind) were associated
with time to soft event after adjusting for PVRIi.

DISCUSSION

In this study, we present a comparison of the RV pressure-
derived estimation of the load-matching capacity of RV
contractility with pulmonary afterload using two different
methods (Takeuchi et al and Kind et al) for prediction of
adverse clinical outcome in children with PAH. Further-
more, clinical outcomes were assessed and classified into
two categories of soft adverse events, and hard adverse
events. Data from this study of 130 patients have shown
that both metrics of ventricular—vascular coupling ratio
assessed were (1) an independent predictor of hard
events in patients with IPAH/HPAH and (2) a multivar-
iable predictor of hard events in patients with IPAH/
HPAH. To the best of our knowledge, we are the first to
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Figure 3 Kaplan-Meier survival curves of (A) E,/E,_(Kind) and (B) E, /E,_(Takeuchi), stratified by median values with E_/E, (left
panel), indexed pulmonary vascular resistance (PVRi) (middle panel) and stratified based on both E_/E, and PVRi (right panel).

compare these two methods of ventricular—pulmonary
coupling and are the first to demonstrate the prognostic
strength of single-beat derived E_/E_in children with
PAH.

Recent research on survival and mortality in paediatric
PAH has warranted reevaluation of prognostic definitions
separate from that of adults.? ?**" Registries from major
PH-referral centres have reported WHO-FC worsening,
syncope and haemoptysis to be predictive in children®”;
hence, these relatively minor events were classified as
endpoints for prognostic assessment of RV contractility/
PA afterload matching in the present study. However,
neither estimations of Ees/ E were predictive for these soft
outcomes. This could be due to RV-PA decoupling occur-
ring in later stages of PAH, and thus in these patients with
the presentation of compensated RV function matched
to increased afterload (ie, they remain coupled), E_/E,
does not predict these minor adverse outcomes. Ees/ E,

reflects the efficiency of interaction between increasing
RV contractility to match the increasing impedance of the
vasculature in order to maintain adequate cardiac output.
Eventually, the RV will reach its maximum contractility
capacity and will begin to decline, and decompensation,
or decoupling between the RV and PA will occur. Thus,
it can be argued that in a cohort of mostly compensated
RV function, ECS/ E, will not necessarily be associated with
soft adverse outcome but is rather predictive of late-stage
PAH. Indeed, there was no significant difference for
either Ees/ E_ (Takeuchi) or Ees/ Ea_(Kind) between those
who experienced a soft event and those who did not.
Furthermore, these events are relatively more subjective
than the defined hard outcomes due to patient-reported
observations rather than those discretely observed within
the clinic, though they have been indicated to be prog-
nostic in other studies.”* *’ Interestingly, although there
were no significant differences between aetiology, time
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to follow-up, Ees/ Ea_(Takeuchi) or Ees/ Ea_(Kind) in
patients who experienced a soft event and those who
did not, there was a significant increase in PVRi in those
who experienced an event. PVRi has remained a strong
predictor of survival in children with PAH,**” and thus
is identified as one of the ‘gold standards’ of diagnosis
and prognosis. The finding of new prognostic metrics in
paediatric PAH, such as WHO-FC worsening, reported by
van Loon et al’* has prompted a reevaluation of adverse
clinical event definitions; however, larger studies are
needed to fully discern which soft events defined within
the current study demonstrate high prognostic strength.

In agreement with our hypothesis, both the original
single-beat method, with a P function developed from
LV pressure waveforms in dogs (E_/ Ea_(Takeuchi)w)
and one with a P that better models the isovolumic
RV pressure waveforms of pulmonary hypertensive rats
(E./ Ea_(Kind)M) were associated with hard outcomes
independently in patients with IPAH/HPAH, with higher
coupling associated with lower event hazard. These
data suggest there is merit to the approach postulated
by Kind et al that normalising RV pressure to the stan-
dard isovolumetric wave shape thereby reduces the error
of approximation of maximum theoretical pressure
(me).14 However, E_/E __(Takeuchi) performed better
than Ees/ Ea_(Kind) with a lower out-of-sample prediction
error comparatively (AIC=128 vs AIC=135, respectively).
Furthermore, EES/ Ea_(Kind) on average estimated higher
values of coupling compared with E_/E__(Takeuchi), and
as the mean of the measures increased, the differences
between each measure increased (figure 2B), suggesting
that at higher values of E_/E_ (>2) measurements deviate
greatly. Other methods using the second derivative
of the pressure waveform to define the isovolumetric
contraction, reported by Bellofiore ¢t al,** show reduced
interobserver variability in estimation of P, and a novel
method by Heerdt et al proposes a Weibull distribution
function rather than a sinusoidal fit of the RV pressure
waveform.™ Further research in the measurement agree-
ment between Ees/ Ea_(Kind) and Ees/ Ea_(Takeuchi) and
comparison to these other methods mentioned is needed
to fully elucidate the differences in their variability in
assessment of RV-PA coupling.

Previous studies have shown that separately, pulmo-
nary vascular afterload is only moderately a predictor of
survival in PAH, while RV function remains one of the
strongest survival determinants.”® * Thus, a single metric
combining RV function with afterload would provide a
stronger prognostic metric rather than either afterload
or function alone. It is with this advantage that Ees/ E can
provide further insight by representing both components
of vascular and ventricular function. Indeed, the Kaplan
Meier analysis revealed that both Ees/ Ea_(Kind) and Ees/
E_(Takeuchi) add an extra layer of information to PVRi
regarding risk of event (figure 3, third panel). Further-
more, it was demonstrated that though PVRi was a strong
independent predictor of hard outcome in patients with
IPAH/HPAH (AIC=129), the multivariate Cox PH models

demonstrated higher prognosis with combined covari-
ates of PVRi and EES/ Ea_(Takeuchi) and Ees/Ea_(Kind)
(AIC=124, AIC=127, respectively), suggesting that E_/
E improves prediction in these patients compared with
PVRi alone. Finally, PVRi did not show a significant rela-
tionship with either Ees/ Ea_(Takeuchi) or Ees/ Ea_(Kind)
(online supplemental figure 1), demonstrating that PVRi
and E_/E are indeed non-linear, thus providing further
evidence that EES/ E  offers information beyond PVRi
alone.

Ees/Ea_(Takeuchi) also demonstrated similarly strong
independent prognosis for hard events (AIC=128)
compared with PVRi while E_/E__(Kind) was only mildly
independently predictive (AIC=135). Larger studies are
needed to determine the differences between Ees/Ea_
(Takeuchi), E_/E__(Kind), their prognostic strength in
comparison to PVRi, and whether the methods of error
reduction postulated by Kind et al are indeed stronger
at predicting adverse outcome through the increased
accuracy of RV functional assessment. With only 20
patients with IPAH/HPAH and 11 patients with APAH
experiencing a hard event, we recognise this limitation
and that a larger subject inclusion is necessary to fully
elucidate these differences. Interestingly, neither E_/
Ea_(Takeuchi) nor Ees/ EE‘_(Kind) were predictive of hard
outcomes in patients with APAH. This is perhaps due to
the heterogenous presentation of cardiac function in
patients with APAH that is often confounded by their
comorbidity. The presence of intra-cardiac shunts would
alter PVRi and RV function that would directly affect an
association with patient outcome. With this consideration
combined with the low frequency of events, a longer
follow-up time with a larger subject population in future
studies may fully reveal whether E_/E is prognostic in
patients with APAH. In contrast, higher values of both E_/
E_(Kind) and E_/E__(Takeuchi) were associated with a
decrease in hazard in idiopathic patients. This supports
the mechanism of PA/RV decoupling in progression of
PAH considering our notation of Ees/ E, as the ratio of E,
to E : higher values of E_/E would indicate a higher ratio
of RV contractility to afterload. Patients with lower Ees/ E,
would have inadequate RV contractility to overcome their
PA afterload and would have a higher likelihood of an
event occurrence. Because IPAH/HPAH subjects demon-
strated a higher likelihood occurrence of a hard event,
these patients may be in the progressive decoupled phase
would be associated with a higher event hazard.

Limitations

Our study had several limitations. First, though our
population is relatively large for a paediatric PAH study,
our subpopulations stratified by aetiology are small, and
thus the patients experiencing an adverse event are few.
Furthermore, the APAH population was highly hetero-
geneous and was therefore not sufficient to power anal-
ysis within subpopulations. Thus, a larger sample size is
needed to yield more a more statistically powerful assess-
ment of the prognosis of E_/E_in children, with longer
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retrospective study and follow-up periods. Second, the
effect of anaesthetics are known to alter RV-PA coupling
in a dose-dependent manner, however, given the condi-
tions of RHC and ubiquity across patients, we argue that
these effects are minimal and unavoidable. Third, Ees/ E,
derived through PV loops is invasive and requires cardiac
catheterisation surgery in order to record ventricular
pressures. Current research has focused on derivation
of E_/E and RV contractility through volume estimates
based on non-invasive imaging alone®; in particular,
Heerdt et al have recently postulated an approximation
of E_/E, as RVEF/(1-RVEF) 2* Our group has also previ-
ously demonstrated a strong comparison of RHC-derived
EES/ E to volume-derived Ees/ E in a study of 27 paedi-
atric patients with PAH.?' The present study focused on
interrogation of catheter-derived metrics of coupling,
however, future research with our paediatric patients will
focus on estimating E_/E,_and other metrics of coupling,
such as RVEF, in a non-invasive capacity. Fourth, due to
CHC being a tertiary referral institution for paediatric
PAH, possible selection bias may exist, and thus subjects
of this study may present with a more severe disease pres-
entation; however, given our inclusion criteria and rela-
tively heterogenous population, this potential bias should
not confound our results or conclusions. Finally, though
the correlation between Ees/ Ea_(Kind) and EES/ Ea_(Take-
uchi) was quite strong (p<0.0001), overall E_/E __(Kind)
estimated higher values. We acknowledge that a mean
difference of 0.58 could indicate a physiological differ-
ence between adequate RV-PA coupling and decoupling
states. Given the confidence intervals and the suggested
disparity of coupling effects between the two estimates,
further research of the more accurate method for predic-
tion of event is yet to be determined.

CONCLUSION

This study assessed the prognostic ability of pressure-
derived ventricular—vascular coupling and demonstrated
that both the original modified single beat method
proposed by Takeuchi et al (E_/E __(Takeuchi)), and E_/
E, developed by Kind et al (E_/E__(Kind)), is predictive
of severe adverse outcomes in children with idiopathic or
hereditary aetiology. The data presented show that ECS/ E,
is a powerful tool that provides insight to both ventricular
and vascular function that can be used in management
and treatment of children with PAH.
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