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Abstract

Aims A method for estimating right ventricular ejection fraction (RVEF) from RV pressure waveforms was recently validated
in an experimental model. Currently, cardiac magnetic resonance imaging (MRI) is the clinical reference standard for
measurement of RVEF in pulmonary arterial hypertension (PAH). The present study was designed to test the hypothesis that
the pressure-based method can detect clinically significant reductions in RVEF as determined by cardiac MRI in patients
with PAH.

Methods and results RVEF estimates derived from analysis of RV pressure waveforms recorded during right heart catheter-
ization (RHC) in 25 patients were compared with cardiac MRl measurements of RVEF obtained within 24 h. Three investigators
blinded to cardiac MRI results independently performed pressure-based RVEF estimation with the mean of their results used
for comparison. Linear regression was used to assess correlation, and a receiver operator characteristic (ROC) curve was de-
rived to define ability of the pressure-based method to detect a maladaptive RV response, defined as RVEF <35% on cardiac
MRI. In 23 patients, an automated adaptation of the pressure-based RVEF method was also applied as proof of concept for
beat-to-beat RVEF monitoring. The study cohort was comprised of 16 female and 9 male PAH patients with an average age
of 53 + 13 years. RVEF measured by cardiac MRI ranged from 16% to 57% (mean 37.7 * 11.6%), and estimated RVEF from
15% to 54% (mean 36.2 + 11.2%; P = 0.6). Measured and estimated RVEF were significantly correlated (* = 0.78;
P < 0.0001). ROC curve analysis demonstrated an area under the curve of 0.94 + 0.04 with a sensitivity of 81% and specificity
of 85% for predicting a maladaptive RV response. As a secondary outcome, with the recognized limitation of non-coincident
measures, Bland—Altman analysis was performed and indicated minimal bias for estimated RVEF (—1.5%) with limits of
agreement of + 10.9%. Adaptation of the pressure-based estimation method to provide beat-to-beat RVEF also demonstrated
significant correlation between the median beat-to-beat value over 10 s with cardiac MRI (r? = 0.66; P < 0.001), and an area
under the ROC curve of 0.94 + 0.04 (Cl = 0.86 to 1.00) with sensitivity and specificity of 78% and 86%, respectively, for
predicting a maladaptive RV response.

Conclusions Pressure-based estimation of RVEF correlates with cardiac MRI and detects clinically significant reductions in
RVEF. Study results support potential utility of pressure-based RVEF estimation for assessing the response to diagnostic or
therapeutic interventions during RHC.
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Introduction various aetiologies.® While echocardiography and right

heart catheterization (RHC) remain important diagnostic
Right ventricular (RV) function is an important determinant of modalities in PH, cardiac magnetic resonance imaging (MRI)
clinical outcomes in patients with pulmonary hypertension of  remains the clinical reference standard for measurement of
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RVEF in patients with pulmonary arterial hypertension
(PAH).> However, this approach is not readily applicable
during RHC to quantify acute changes in RVEF in response
to diagnostic or therapeutic interventions. Alternatively, ‘sin-
gle beat’ method using RV pressure waveforms and stroke
volume (SV) can be applied to data recorded during RHC for
quantification of contractility and afterload as independent
entities.*® Within this construct, contractility is measured
as end-systolic ventricular elastance (Ees, in mmHg/mL) and
afterload as arterial elastance (Ea, in mmHg/mL). With both
expressed in a common term, the ratio Ees/Ea can be used
to summarize changes in RV contractility/afterload balance
(RV:PA coupling) over time or in response to acute
interventions.*® While RV-PA coupling has been shown to
confer prognostic value in PH,**®* directly relating Ees/Ea
to RVEF is challenging. In this context, being able to directly
estimate RVEF from data routinely acquired during diagnostic
RHC would be advantageous.

Currently, there are two well-described catheter-based
methods for clinical measurement of RVEF: (i) intermittent
thermodilution and (ii) continuous volume measurement
by conductance catheter. While the latter can provide beat-
to-beat measurements of EF,*? it is expensive, requires
cross-calibration to other metrics of RV volume, and is
technically challenging. In contrast, an automated system
for intermittent RVEF measurement using a specialized
thermodilution PA catheter is readily available and easy to
use. However, prior studies demonstrated that estimation of
RVEF during RHC using the thermodilution technique fre-
quently under-estimated RVEF when compared with the ref-
erence standard cardiac MRI*® and provided invalid data on
RV volumes and RVEF in patients with PH.'* As an alternative,
our group recently described a method based entirely on
analysis of the RV pressure waveform that can effectively
track acute changes in RVEF in animal models.*>*® This
methodology raises the possibility of rapidly gauging func-
tional impairment of the RV during RHC and allowing for
rapid bedside assessment of a diagnostic or therapeutic
intervention.

The current study was therefore designed with two goals:
(i) to test the hypothesis that a pressure-based estimation
method can accurately predict clinically significant reductions
in RVEF as previously determined by cardiac MRI in patients
with PAH and (ii) to assess the potential for continuous,
beat-to-beat application of the pressure-based RVEF estima-
tion concept.

Methods

We examined data from 36 consecutive PAH patients who
had undergone cardiac MRI measurement of RV and left
ventricular (LV) volumes followed by RHC within 24 h

between 2016 and 2019.'' The RHC was performed in the
cardiac catheterization laboratory at the University Hospital
of Giessen, and the study was approved by the University
ethical board (108/2015). During RHC, RV pressure had been
acquired by micro manometry, sampled at 500 Hz, subjected
to a 10 Hz low pass frequency filter, and saved as ~10 s
segments. To limit the potential impact of widely variant
conditions during data acquisition, the dataset was limited
to patients for whom heart rate at the time of RHC varied
from that at cardiac MRI by <25%, yielding a final sample size
of 25.

Pressure-based estimation of right ventricular
ejection fraction

Previous investigation demonstrated that EF can be approxi-
mated from Ees and Ea as follows: EF = Ees/(Ees + Ea).*® This
can then be simplified to EF = 1 — (ESP/Pmax), where ESP is
the RV end-systolic pressure and Pmax the theoretical maxi-
mum pressure generated by the RV during an isovolumic
contraction.'® For the current study, a signal averaged RV
pressure waveform was created from several beats and the
second derivative squared to create event markers for defin-
ing specific points of the RV pressure waveform (Figure I).
From these event markers, the pressure intervals used for de-
riving Pmax from a distribution function (the 4-parameter
Weibull peak fit) applied within the Dynamic Fit Wizard of
SigmaPlot (version 13, Systat Software, Inc., San Jose, CA)
were defined and a curve delineating Pmax calculated. Three
investigators blinded to the cardiac MRI data analysed the
same RV pressure sequences with the mean of their RVEF
predictions regarded as the final value. Because tricuspid
valve insufficiency could potentially affect the initial rise in
RV pressure and influence prediction of Pmax, and therefore
potentially affect estimated RVEF, the tricuspid regurgitant
fraction at cardiac MRI was calculated as follows:
(RVSV — LVSV)/RVSV. Additionally, because single beat
estimation of Ees assumes the volume intercept of the end-
systolic pressure-volume relationship (Vo) is negligible,*” Vo
measured at the time of RHC was noted for each patient.
To determine Vo, RV volume measured by conductance
catheter was cross-calibrated to volume previously deter-
mined by cardiac MRI and acutely altered by transient
balloon occlusion of the inferior vena cava to define the
end-systolic pressure-volume relationship.*

Feasibility of continuous estimation of right
ventricular ejection fraction

To test the concept that pressure-based estimation of RVEF
can be applied to the RV pressure waveform on a beat-
to-beat basis, a simplified version of the method was
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Figure 1 Method derivation for right ventricular ejection fraction (RVEF) estimation from a RV pressure waveform. The signal average for a series of
RV pressure waveforms was created (blue line) and its second derivative squared to produce four upright peaks (black lines). These peaks were then
used to define the "up and down’ pressure segments (open circles) for prediction of Pmax, the maximal pressure achieved if the contraction remained
isovolumic, as the intervals from half of the first peak (end-diastolic pressure or EDP) to the second peak (the first inflection point or Pi), and from the
third peak (end-systolic pressure or ESP) to the fourth (end). The third peak approximates the point of maximal time varying elastance (RV pressure/RV

volume) with RV pressure at this point regarded as an estimate of true ESP.
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developed using the Pmax prediction feature within the PV
module of LabChart (ADInstruments, Australia). Designated
by the module as ‘Piso’, the value for each beat over a stable
~8-10 s segment was determined. For the same beats, mPAP
was estimated using RVSP and RV pressure at peak positive
dP/dt as surrogates for PA systolic and diastolic
pressures, respectively.’® ESP was then derived as follows:
(MPAP x 1.65) — 7.79%° and RVEF calculated for each beat
as 1 — (ESP/Pmax).’® The median RVEF value over the se-
quence of beats was then used for comparison.

Analysis and statistics

Continuous data were compared by t-test with correlation
between paired variables analysed by linear regression. The
intraclass correlation coefficient for RVEF estimation among
the three blinded investigators was calculated as previously
described.?° To determine the ability of pressure-based RVEF
estimation to detect maladaptive RV changes, a receiver op-
erator characteristic (ROC) curve was used. RV maladaptation
was defined as RVEF <35%, as this value was previously
shown to be associated with increased RV end-diastolic and
end-systolic volumes at preserved stroke volume?! and with
increased mortality in patients with PH.?*™*> Bland-Altman
analysis was performed on measured and estimated RVEF

data to define bias and limits of agreement recognizing the
caveat that measurements were not simultaneous. Measure-
ments were considered potentially interchangeable when the
average difference between them (bias) was <10% of the
mean measured RVEF values, and the overall error calculated
as: (bias standard deviation x 1.96)/mean of all MRI data was
<30%.%° Data are presented as mean * SD or 95% confidence
intervals (Cl) and for all tests a P value <0.05 was considered
significant. Statistical analyses were performed using
SigmaPlot (version 13, Systat Software, Inc., San Jose, CA)
and GraphPad Prism (version 9, GraphPad Software, San
Diego, CA).

Results

Patient characteristics and summary RHC data are shown in
Table 1. Across the data set, RVEF measured by cardiac MRI
ranged from 16% to 57% (mean 37.7 + 11.6%) and estimated
RVEF from 15% to 54% (mean 36.2 + 11.2%, P = 0.6). The
intraclass correlation coefficient for RVEF estimation was
0.88, a value consistent with good reliability.?° Individual
RVEF measurements were significantly correlated (r* = 0.78
P < 0.001) (Figure 2A) with 10 patients exhibiting a maladap-
tive RV response, as defined by a cardiac MRI RVEF <35%.%’
As shown inFigure 2B, pressure-based estimation of RVEF was
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able to predict RVEF <35%, with an area under the curve of
0.94 + 0.04 (Cl = 0.85-1.00), sensitivity of 81% and specificity
of 85%. Bland—Altman analysis of non-coincident data indi-
cated minimal bias (—1.5%; Cl = —3.8 to 0.8%) with limits

Table 1 Baseline characteristic of PAH patients including baseline
right heart hemodynamic and cardiac MRI data

Characteristics PAH (n = 25)
Age, years 53+ 13
BMI, kg/m? 27 + 6
Female gender, n (%) 15 (60)
PAH aetiology, n (%)
Idiopathic 20 (80)
Hereditary 1(4)
CTD 1(4)
Porto-pulmonary 3(12)
Medications, n (%)
PDE-5 inhibitor 10 (40)
Riociguat 7 (28)
Endothelin receptor blocker 17 (68)
Oral prostacyclin (Selexipag) 4 (16)
Inhaled prostacyclin 4 (16)
Systemic prostacyclin 2 (8)
Right heart catheterization data
SpO, (%) 91 £ 6
MvO, (%) 64 £ 6
Right atrial pressure (mmHg) 85
Cardiac output (L/min) by TD 477 £1.2
mPAP (mmHg) 43 + 12
PAWP (mmHg) 10 +2
PVR (WU) 73 3.2
Cardiac MRI data
RV stroke volume (mL) 83.9 +24.4
LV stroke volume (mL) 62.6 = 19.4
Tricuspid regurgitant fraction (%) 223 £ 225

BMI, body mass index; CTD, connective tissue disease (CTD); LV, left
ventricle; mPAP, mean pulmonary artery pressure; MRI, magnetic
resonance imaging; MvO,, mixed venous oxygen saturation; PAH,
pulmonary arterial hypertension; PAWP, pulmonary artery wedge
pressure; PDE, phosphodiesterase; PVR, pulmonary vascular resis-
tance; RV, right ventricle; SpO,, peripheral oxygen saturation; TD,
thermodilution; WU, Woods unit.

Data are presented as n (%) or mean = SD unless otherwise stated.

of agreement of —12.5% (Cl = —16.4 to —8.5) to 9.5%
(Cl = 5.4 to 13.4) (Figure 2A) and an overall error of 0.29.
On average, tricuspid regurgitant fraction measured at car-
diac MRI ranged from —17% (suggesting right to left shunt
or measurement artefact) to 57%. There was no correlation
between tricuspid regurgitant fraction at cardiac MRI and
measured (» = 0.05; P = 0.3) or estimated (* = 0.13;
P =0.08) RVEF, or their difference (r* = 0.07; P = 0.2). Vo mea-
sured at RHC ranged from —100 to 188 mL. There was mod-
est but significant correlation between Vo derived at RHC and
both measured (r* = 0.32; P = 0.003) and estimated RVEF
(r* = 0.21; P = 0.02), but not the difference between them
(r*=0.1; P=0.2).

An example of the pressure-based RVEF method adapted
for application on a beat-to-beat basis is shown in Figure
3A. Of the 25 patients in the full data set, Pmax could not
be adequately derived in 2 due to marked respiratory
variation of the RV pressure waveform. Within the remaining
23, median estimated RVEF over the beat-to-beat interval
ranged from 16% to 52% with corresponding cardiac MRI
RVEF of 16-57%. Figure 3B shows significant correlation
between measured and estimated RVEF along with a Bland
Altman plot demonstrating a bias of —3.7% (Cl = —6.7 to
—0.75%) with limits of agreement from 9.7 (Cl = 4.6 to
14.8) to —17.1% (Cl = —22.3 to —12.0) and an overall error
of 0.34. Figure 3C shows the ROC curve for prediction of an
MRI RVEF <35% by the continuous estimation method and
demonstrates an AUC of 0.94 + 0.04 (Cl = 0.86 to 1.00) with
sensitivity of 78% and specificity of 86%.

Discussion

Results from the current study demonstrate a strong correla-
tion over a wide range values between RVEF estimated from
RV pressure recorded during RHC and that measured by car-

Figure 2 (A) Scatter plot demonstrating correlation between estimated RV ejection fraction (RVEF in percent) and that measured by cardiac magnetic
resonance imaging (cardiac MRI). Data are presented with 95% confidence intervals of the linear regression function (hatched line). Bland—Altman plot
showing the mean difference between methods (bias) and limits of agreement (LOA) between estimated and measured RVEF. (B) Receiver operating
characteristic curve for pressure-based estimation of RVEF in patients with cardiac MRI RVEF <35%.
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Figure 3 (A) An example of beat-to-beat right ventricular ejection fraction (RVEF) derived from six intervals of right ventricular pressure (RVP) re-
corded during clinically indicated right heart catheterization. Among the patients, heart rate ranged from ~50 to 125 b.p.m. and RV systolic pressure
from ~25 to 110 mmHg. Bottom row compares the median value for estimated RVEF over the interval to RVEF measured by cardiac magnetic reso-
nance imaging (cardiac MRI). (B, C) Scatter and Bland—Altman plots along with the receiver operating characteristic curve for predicting RVEF

<35% measured by cardiac MRI using beat-to-beat estimation of RVEF.
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diac MRI within the preceding 24 h. Additionally, we show
that pressure-based RVEF estimation can reliably predict a
maladaptive RV response evident on cardiac MRI in PAH
patients.

Despite non-coincidence of RVEF measurements, study
results are generally consistent with a previous proof-of-
concept animal study comparing pressure-based estimation
of RVEF to simultaneous measurement by conductance
catheter.’® In that prior investigation, Bland—Altman compar-
ison of 69 simultaneous measurements acquired from 15
swine demonstrated similar correlation (> = 0.73,
P < 0.0001), bias (3%) and limits of agreement from —9%
to +13%.'® Study results do not, however, suggest that
pressure-based estimation of RVEF represents an alternative

to cardiac MRI. The potential clinical value of the current
study relates to application of the method at the bedside
during a routine RHC when diagnostic or therapeutic
interventions are made, such as administration of an acute
pulmonary vasodilator, systemic vasopressor, inotropic agent,
or fluid challenge. Accordingly, the current investigation also
explored the feasibility of adapting the pressure-based
method to provide continuous, automated estimation of
RVEF when RV pressure is measured. In 23 PAH patients,
the median beat-to-beat RVEF estimation over 8-10 s
segments correlated with cardiac MRI and demonstrated
potential value for predicting a cardiac MRI RVEF <35%.
Although encouraging, these preliminary results require con-
trolled and rigorous validation and method refinement.
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Figure 4 Panel (A) demonstrates that the relationship between maximal time varying elastance (RVP/RVV) and ESP defined using the pressure-based
single beat method remains constant with increased afterload despite a shift in the timing of peak RVP from early to late systole. Panel (B) demon-
strates that that the relationship between maximal time varying elastance and single beat definition of ESP also remains constant when decreasing
preload by caval occlusion. Data were acquired in a swine model"® under protocols approved by Institutional Animal Care and use Committee and
in compliance with the NIH Guide for the Care and Use of Laboratory Animals. Ea, pulmonary arterial elastance; Ees, end systolic elastance; ESP,
end systolic pressure; Pi, first inflection point on RVP; Pmax, maximal pressure attained during isovolumic contraction; RVP, right ventricle pressure;

RVV, right ventricle volume.

(A) baseline vasoconstriction
EDP Pi ESP end EDP Pi ESP end
-3 o..
144 B . ‘
* ; Pmax
= 1.2 .
S o]
RVP ® oed f
N
RVP/RVV = 06l /\‘
£ L \
R R ¥ \:\,
/—j‘,' " R—
0.0 - = H
(B) o Decreasing preload >
RVP 7]
(mmHg) 20
0 T T T T T
08 -
RVP/RVV  *°] \ /\ /\‘ l o‘ /\ /\
(mmHg/mL) ° |
02 I | \ | I '
!/ W/ 4 W\ J| \J/! \ L
Point of ESP Point of ESP
Event marker Event marker \
/]
-— Pi

Pressure-based estimation of RVEF, like single beat
methods for defining RV:PA coupling, relies on the derivation
of Pmax and ESP. The former represents the pressure gener-
ated within the RV if ejection never occurred (i.e. if the con-
traction remained isovolumic).?®?° Importantly, however, for
the current study derivation of these variables was different
from more conventional single beat methods. In contrast to
the common approach of predicting Pmax from a sinusoidal
function®>%?® using customized software and an a priori
estimation of Pmax, the current method applies a
distribution function. This does not require an empiric estima-
tion of Pmax and should theoretically improve reproducibility
among investigators. Similarly, various surrogates for ESP have
been proposed, including peak RV systolic pressure,°
mPAP,*!° a mathematical correction equation for mPAP
[ESP = (mPAP*1.65) — 7.79],*° and more recently one ap-
proximating the point of maximal RV elastance.® Of these
proposed surrogates for ESP, the latter two methods provided

the best accuracy and precision when compared with a refer-
ence standard derived from simultaneous measurement of RV
pressure and volume.3! In the current study, a previously de-
scribed approach for defining ESP as the point of maximal
RV elastance was applied.*>3! This method was developed
using simultaneous RV pressure and volume measurements
over a range of loading conditions in swine and regards the
point of maximal RV pressure/RV volume ratio as end-
systole®? (Figure 4). For the proof-of-concept evaluation of a
simplified continuous beat-to-beat assessment of RVEF, we
estimated ESP using the correction equation for mPAP
[ESP = (MPAP*1.65) — 7.79].*°

Results of the study need to be interpreted in the context
of potential limitations. First, Bland—Altman analysis was per-
formed on RVEF measurements made hours apart and under
what appeared to be different hemodynamic conditions for
some patients. For example, one patient with a heart rate
of 62 and systemic SV of 31 mL during cardiac MRI, had a
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heart rate of 106 and SV of 53 mL during RHC. Data analysis
was therefore focused upon patients in whom heart rate
measured during cardiac MRI and RHC varied by <25%. Im-
portantly, the results of Bland—Altman analysis need to be
considered in light of non-coincident measurement. Similar
to end-diastolic volume, stroke volume, and cardiac output,
RVEF is constantly changing with respiration and beat-to-beat
heart rate oscillation. Therefore, even if measured serially
and simultaneously, inherent variability of both the reference
standard (cardiac MRI) and the pressure-based EF prediction
method will affect precision (limits of agreement).3® As such,
while the modest bias suggests accuracy of the EF prediction
method relative to cardiac MRI, the limits of agreement are
relatively wide. Nonetheless, when the limits of agreement
(calculated as the bias standard deviation x 1.96) are consid-
ered relative to the mean of all the cardiac MRl RVEF mea-
surements, overall error can be calculated as: limits of
agreement (10.9%)/mean (37.7%) = 0.29. While seemingly
high, this value falls within a range commonly regarded as
clinically acceptable for hemodynamic monitors.>3

Second, because the method for predicting Pmax involves
linking the initial rise in RV pressure during isovolumic contrac-
tion and early ejection with the later decline during isovolumic
relaxation, it is possible that alteration in morphology of the
initial pressure rise due to significant tricuspid insufficiency
could affect prediction of Pmax and ultimately estimation of
RVEF. Alternatively, because RVEF measured by cardiac MRI
reflects the total change in RV volume during systole—which
is bidirectional in the setting of significant tricuspid insuffi-
ciency—disparity in measured and estimated RVEF may be en-
hanced by progressively severe tricuspid regurgitation if the
estimated RVEF is primarily reflective of only forward ejection.
Interestingly, there was no demonstrable correlation between
the tricuspid regurgitant fraction at cardiac MRI and either
measured or estimated RVEF, or their difference. Third, a rec-
ognized limitation of single beat methods for defining RV:PA
coupling, and for estimating RVEF, is the assumption that Vo,
the volume intercept of the end-systolic pressure/volume re-
lationship is negligible.r” Recent data have underscored that
this is rarely true especially in the setting of PH.'” Results from
the current study demonstrated that while both measured
and estimated RVEF were correlated with Vo, their difference
was not. Ultimately these data indicate that despite the wide
range of Vo measured at RHC, the resulting impact of Vo on es-
timated RVEF relative to cardiac MRI was not as pronounced
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