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Abstract

Accurate assessment of the left ventricular (LV) systolic function is indispensable in the clinic. However, estimation of a precise
index of cardiac contractility, i.e., the end-systolic elastance (Ees), is invasive and cannot be established as clinical routine. The
aim of this work was to present and validate a methodology that allows for the estimation of Ees from simple and readily avail-
able noninvasive measurements. The method is based on a validated model of the cardiovascular system and noninvasive data
from arm-cuff pressure and routine echocardiography to render the model patient-specific. Briefly, the algorithm first uses the
measured aortic flow as model input and optimizes the properties of the arterial system model to achieve correct prediction of
the patient’s peripheral pressure. In a second step, the personalized arterial system is coupled with the cardiac model (time-vary-
ing elastance model) and the LV systolic properties, including Ees, are tuned to predict accurately the aortic flow waveform. The
algorithm was validated against invasive measurements of Ees (multiple pressure-volume loop analysis) taken from n = 10
patients with heart failure with preserved ejection fraction and n = 9 patients without heart failure. Invasive measurements of Ees
(median = 2.4mmHg/mL, range = [1.0, 5.0] mmHg/mL) agreed well with method predictions (normalized root mean square
error = 9%, r = 0.89, bias = �0.1mmHg/mL, and limits of agreement = [�0.9, 0.6] mmHg/mL). This is a promising first step toward
the development of a valuable tool that can be used by clinicians to assess systolic performance of the LV in the critically ill.

NEW & NOTEWORTHY In this study, we present a novel model-based method to estimate the left ventricular (LV) end-systolic
elastance (Ees) according to measurement of the patient’s arm-cuff pressure and a routine echocardiography examination. The
proposed method was validated in vivo against invasive multiple-loop measurements of Ees, achieving high correlation and low
bias. This tool could be most valuable for clinicians to assess the cardiovascular health of critically ill patients.

cardiovascular modeling; inverse methods; left ventricular contractility; nonivasive monitoring; P-V loop

INTRODUCTION

Left ventricular (LV) contractility is a major determinant
of the performance of the cardiovascular system (1). Its accu-
rate assessment is of vital importance for the hemodynamic
evaluation of the critically ill (2). In clinical practice, LV sys-
tolic function is often appreciated through the echocardio-
graphic evaluation of LV volumes and particularly of the
ejection fraction (EF), defined as the ratio of stroke volume
(SV) over the end-diastolic volume (EDV). Despite its popu-
larity, EF is in fact limited in offering a complete characteri-
zation of the cardiac inotropic state (3); it cannot (and
should not) be interpreted without knowledge of preload

and afterload. In addition, it confounds information on the
cardiac structure (EDV), changes in which do not necessarily
reflect on the level of contractility.

The gold standardmethod for assessing LV systolic function
to date is the invasivemeasurement of LV pressure-volume (P-
V) loops under varying load conditions from which the end-
systolic pressure-volume relation (ESPVR) is extracted (4, 5).
The ESPVR as described by its slope, i.e., the end-systolic ela-
stance (Ees), and its volume axis intercept, i.e., the dead vol-
ume Vd, has been proven to be less load sensitive than other
indices of ventricular contractility (6). For an increased Ees,
the ventricle is able to eject more blood volume against the
same afterload, which is indicative of increased contractility
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(5). The bedside use of Ees in the clinic is not, however,
established due to the invasive and expensive nature of
the P-V loop measurement. There is, therefore, a clear
need of a method that will allow for the derivation of Ees

from simple and readily available noninvasive measure-
ments, such as echocardiography.

Recently, we proposed a noninvasive method to estimate
Ees based on measurements of aortic flow, peripheral pres-
sure, and EF (7). The method leverages a validated, one-
dimensional (1-D) model of the systemic circulation (8) and
works in an inverse problem-solving manner to derive an
accurate description of the patient’s arterial and cardiac
properties. It was previously tested on a database of 50 vir-
tual patients, yielding promising results (7).

Naturally, our next step is the in vivo validation of the
noninvasive method’s accuracy against invasively acquired
Ees measures. To this aim, this paper presents an improved
version of the original methodology. Subsequently, we dem-
onstrate the performance of the updated noninvasive
method against invasive P-V loop measurements acquired
on a registry of patients with and without heart failure (HF).

METHODS

Description of the Model of the Cardiovascular System

The method uses a complete 1-D model of the arterial
tree, comprising 103 arterial segments, whereby the
Navier–Stokes equations are solved at each segment com-
bined with a constitutive law for the wall elasticity (8). For
a complete description of the mathematical model, the
reader is referred to the original publication by Reymond
et al. (8). Each terminal arterial segment is coupled with a
three-element Windkessel model that accounts for the re-
sistance and compliance of the terminal beds. As a proxi-
mal boundary condition, the model can receive two
possible inputs: either we prescribe a measured aortic flow
waveform [typically acquired via echocardiography or car-
diac magnetic resonance imaging (CMR)] or the arterial
tree is coupled with a varying elastance model describing
the pumping function of the left ventricle.

Originally, the cardiac model consisted of a time-varying
elastance function that assumes a linear LV P-V ratio at each
time point. Recently, we updated the instantaneous LV P-V
relation to include the nonlinearity of the end-diastolic pres-
sure-volume relation (EDPVR). The P-V relation is now
described as:

PLVðVLVÞ ¼ e tð Þ � ESPVR þ 1 � e tð Þð Þ � EDPVR

Where e tð Þ is an activation function varying from 0 to 1,
ESPVR is equal to Ees � ðVLV � VdÞ, and EDPVR is equal to
P0 � expðb � VLVÞ, with P0 being the dead pressure and b a dia-
stolic stiffness parameter.

Description of the Noninvasive Method to Derive Ees

The noninvasive method to estimate Ees and Vd uses a
reverse-engineering approach and works in two steps (Fig. 1).
In a first step, it optimizes the properties of the arterial tree
according to the patient’s age, height, heart rate, arm-cuff
brachial systolic (bSBP) and diastolic (bDBP) pressure,

echocardiographic aortic flow (LVOT), and diameter (Fig.
1A). This optimization technique was recently published (9)
and was validated against in vivo data in terms of predicting
the central pulse wave velocity and the central pressure.
Briefly, we first adjust the geometry of the arterial tree by
multiplying the diameter of each segment by a common fac-
tor cgeo (equal to the ratio between the measured and model
default aortic root diameter). Subsequently, we prescribe as
input the echocardiography-derived proximal aortic flow
waveform and tune the remaining model parameters, i.e.,
the compliance of each systemic artery, and the resistance
and compliance of the terminalWindkessel models. The tun-
ing of the arterial compliance curve is done to achieve the
measured brachial pulse pressure. During this process, we
account for the preferential stiffening of the proximal aorta
with aging and, therefore, enforce increased proximal stiff-
ness for older subjects (9). This entails the use of two stiffen-
ing factors, one local (proximal aortic) clocal and one global
cglobal (9). The latter factor is also used for the adjustment of
the compliance of the terminal Windkessel models. The ter-
minal resistance cRt of the Windkessel models is tuned uni-
formly to achieve themeasuredmean pressure. At the end of
each simulation, we compare the model-predicted brachial
SBP and DBP with the measured values and correct the fac-
tors clocal, cglobal; and cRt, accordingly. The optimization
yields an arterial tree that represents the patient’s arterial
load.

The second step uses the tuned arterial tree model and
computes the patient’s ESPVR. Figure 1B contains a sche-
matic representation of this methodological step, which
requires the additional echocardiographic measurement of
the mitral valve inflow (namely, E-wave and A-wave), septal
and lateral mitral annulus velocities (e0), LV end-diastolic
(EDV), and end-systolic (ESV) volumes. The model input this
time is the measured mitral flow waveform, which is cali-
brated to produce the measured stroke volume. To set up the
simulation, we initially need to define the LV diastolic prop-
erties. To this aim, we approximate the end-diastolic pres-
sure (EDP) based on literature expressions relating it with
the echocardiographic average E/e0 ratio (10) and then calcu-
late the parameters of the exponential EDPVR, i.e., P0 and b,
following the single-beat method proposed by Klotz et al. (11)
(the reader is referred to the original publication for meth-
odological details). The only parameters remaining to be
adjusted are the LV systolic properties, i.e., Ees and Vd.
The simulation is launched first with arbitrary Ees and Vd

and yields a prediction of the LV P-V loop and the flow at
the proximal aorta. For a specific Ees, changes in Vd trans-
pose the P-V loop horizontally (Fig. 2). Therefore, if the
computed EDV does not correspond to the measured
value, Vd is adjusted iteratively until convergence to the
correct EDV (Figs. 1B and 2). When the intraventricular
volumes are accurately predicted, the aortic flow wave-
form is compared to the measured LVOT flow curve. Ees is
then changed in an external optimization loop until the
LVOT flow waveform is accurately predicted (Figs. 1B and
2). The accuracy level for the EDV is set at ±1mL com-
pared with the measurement, and for the aortic flow
waveform, the area between the measured and model-
derived curves is minimized until the error becomes
smaller than 4% of the stroke volume.
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In Vivo Data

Study population.
The method was validated against invasive data acquired on
patients at the Heart Center, Leipzig University, Germany, in
the context of a previous study (12, 13). The study conforms to
the principles outlined in the Declaration of Helsinki and
received approval by the local ethics committee, and the par-
ticipants gave informed written consent before inclusion in
the study. The study population included a total of n = 19
patients, among which n = 10 had clinical and echocardio-
graphic evidence for heart failure with preserved EF
(HFpEF group) and n = nine had no HF symptoms (non-HF
group). Patients with HFpEF were identified according to
the guidelines of (14), using the following criteria: 1)
LVEF� 50%, 2) New York Heart Association functional
class �II, and 3) E/e 0 �15 or E/e 0 8–15 combined with ele-
vated N-terminal pro–B-type natriuretic peptide values (NT-
proBNP >220 ng/L). The patient group without HF symptoms
was referred for invasive coronary angiography but was free
of any relevant coronary artery disease (CAD) (LVEF> 50%,

E/e0 <8, as well as normal values of NT-proBNP). Noninvasive
classification according to the HF2PEF score and the HFA-
PEFF score demonstrated higher scores in the HFpEF cohort
[HF2PEF: 5 (interquartile range, IQR = 4–6) vs. 0 (0–1), P< 0.01;
HFA-PEFF: 5 (IQR = 4–6) vs. 0 (0–2), P < 0.01]. According to
the HF2PEF and HFA-PEFF scores, an HFpEF diagnosis could
be excluded in the non-HF group in 80% and 70% of cases,
with a high noninvasive likelihood of an HFpEF diagnosis in
the HF group in 30% and 70% of cases, respectively. However,
the diagnosis was confirmed invasively in all patients with HF,
as evidenced by elevated pulmonary capillary wedge pressure
(PCWP) at rest (�15 mmHg) or during exercise (�25 mmHg),
with non-HF patients demonstrating values below these cut-
offs. Exclusion criteria included more than moderate valvular
diseases or persistent atrial fibrillation. Further details on the
study population can be found in previous articles (12, 13).

Magnetic resonance.
CMRwas performed right before the invasive catheterization
on an Intera 1.5-T scanner (Koninklijke Philips N.V., Amster-

Figure 1. Two-step optimization algorithm to compute the end-systolic pressure-volume relation (ESPVR).
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dam, the Netherlands). Patients were in the supine position
and imaging was gated by ECG. Contiguous short-axis
steady-state free precession sequences (SSFP) were obtained
in two- and four-chamber views as well as a short-axis cine

stack from the mitral valve annulus to the LV apex (TR=3.8
ms, TE= 1.6 ms, 30 phases/cardiac cycle, 10-mm slice thick-
ness). Image analysis was performed offline using commer-
cially available software (CMR42, Circle Cardiovascular

Figure 2. Example of the optimization process of the ESPVR for a specific HFpEF patient. A1: initialization of Ees and Vd. A2: optimization of Vd based on
the measured EDV and update of the Ees based on the discrepancy of the model-derived and measured aortic flow. B1: beginning of 8th iteration with a
new set of Ees and Vd. B2: convergence. EDV, end-diastolic volume; Ees, end-systolic elastance; ESPVR, end-systolic pressure-volume relation; HFpEF,
heart failure with preserved ejection fraction; Vd, dead volume.
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Imaging Inc., Calgary, Alberta, Canada). LV volumes were
computed after manually tracing the endocardial contours
(12, 13). Stroke volume was calculated as the difference
between the CMR-derived EDV and ESV, and EF was the ratio
of the respective SV to EDV.

Cardiac catheterization protocol.
The detailed catheterization protocol is available in the
original publications by Rommel et al. (12, 13). After
exclusion of significant CAD, a 7-F conductance catheter
(CD Leycom, Zoetermeer, the Netherlands) was intro-
duced into the LV via right femoral artery access to record
simultaneous LV P-V data. Subsequently, multiple LV P-
V loops were recorded during reduction of the preload via
transient occlusion of the inferior vena cava (inflation of
an Amplatzer sizing balloon, St. Jude Medical, St. Paul,
MN). Volume calibration was achieved by using the LV
volumetric data from the CMR scan. The LV Es was deter-
mined as the linear slope of the ESPVR and the Vd as its
volume axis intercept. These measurements constitute
the reference values. Similarly, the parameters of the ex-
ponential EDPVR were computed. The computations
were performed by an experienced operator who was
blinded to other test results (K.-P.R.).

Arm-cuff pressure.
Sphygmomanometric arm-cuff pressures were obtained at
the mid brachial artery from a single measurement with
automated BP monitors (Omron M300, Omron Healthcare,
Kyoto, Japan, and Boso medicus uno, Boso, Jungingen,
Germany) with the patient in the sitting position after 5min
of rest. Baseline systolic (bSBP) and diastolic (bDBP) pres-
sures were recorded.

Echocardiography.
Echocardiographic exams were performed on a Vivid 9 sys-
tem (General Electric Healthcare, Chalfont St. Giles, Great
Britain). LVOT flow velocity was recorded with pulsed wave
Doppler in the apical five-chamber view. The LVOT flow
waveforms were then calibrated to produce the stroke vol-
ume measured with CMR (also used for calibration of inva-
sive data). This was done due to lack of high-quality
echocardiographic LV volume data. Aortic root diameter was
captured in the parasternal long-axis view of the heart.
Subsequently, mitral inflow pattern (E-wave and A-wave)
were recorded in an apical four-chamber view along with the
septal and lateral mitral valve annular velocities (e0). The av-
erage E/e 0 ratio was automatically computed. The mitral
flow waveform was calibrated to produce the same meas-
ured stroke volume.

Method Implementation and Validation

The proposed methodology was implemented on the in
vivo data of the n = 19 patients following the algorithm pre-
sented in Fig. 1. The model predictions for Ees and Vd were
compared with the invasively acquired values. Since Vd is a
measure of volume at a theoretical nonphysiological pres-
sure, we also derived a characteristic LV end-systolic volume
(V100) at a given systolic pressure of 100mmHg, as previously
proposed in the literature (15). This volume index incorpo-
rates information on both Ees and Vd and is calculated as

V100 ¼ 100
Ees

þ Vd: Model-predicted V100 values were also com-
pared to themeasurements.

Method Sensitivity

LV diastolic properties.
The methodology requires an approximation of the LV dia-
stolic properties, namely, of the EDP and the parameters of
the EDPVR (P0 and b). As this can be a potential source of
inaccuracy, we performed two analyses to understand how
errors in the approximation of the EDP (and, consequently,
in the LV diastolic properties P0 and b) might undermine
the method precision. In the first analysis, we investigated
how Ees, Vd, and V100 predictions would be altered for a spe-
cific patient if EDP was underestimated and overestimated.
Concretely, for this patient, the original approximation of
EDP was 21mmHg according to the measured E/e0 ratio. We
varied EDP at five levels, i.e., 5, 10, 15, 25, and 30mmHg (16),
and estimated the patient’s systolic properties anew. In the
second analysis, we assessed how Ees, Vd, and V100 predic-
tions would change if we assumed a fixed EDP value of
15mmHg for all study patients and repeated the optimiza-
tion process. In this analysis, the respective P0 and b param-
eters were set at physiological values to achieve the target
EDP value.

Statistics

Statistical analysis was conducted using nonparametric
tests, given the small sample size and the lack of data nor-
mality as visually confirmed. Continuous variables are pre-
sented as median (1st quartile, 3rd quartile) and categorical
parameters as percentage. The correlation, accuracy, and
bias between the model-predicted and invasive measure-
ments of Ees, Vd, and V100 were evaluated by using
Spearman’s correlation coefficient (r), the rootmean squared
error normalized for the range (nRMSE), Bland–Altman
analysis (mean difference d

�
, SD of differences, and limits of

agreement LoA ¼ d
�
62SD), and the intraclass correlation

coefficient (ICC). Statistical differences between the HFpEF
and non-HF patient groups were evaluated via the Mann–
Whitney test. Statistical significance was set for P values
lower than 0.05.

RESULTS

Table 1 summarizes the demographic and clinical charac-
teristics of the 19 patients included in this study, i.e., 10
patients with HFpEF and nine patients without HF symp-
toms. Overall, the study population comprised older individ-
uals (age median = 61 yr, 1st and 3rd quartile = 54 and 69yr,
respectively) as a result of the clinical indication for cardiac
catheterization due to suspected critical cardiovascular dis-
eases. The analysis included an equal number of women and
men in total (9 vs. 10). The majority of patients had arterial
hypertension (aHT) (68%) and normal EF (median = 61%, 1st
and 3rd quartile = 52% and 66%, respectively).

Method Convergence

Figure 2 demonstrates how the second step of the method-
ology (presented in Fig. 1) converges to the Ees and Vd esti-
mates for a specific patient with HFpEF. In the first iteration,

NONINVASIVE ESTIMATION OF THE END-SYSTOLIC ELASTANCE

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00703.2020 � www.ajpheart.org H1547
Downloaded from journals.physiology.org/journal/ajpheart at EPFL Bibliotheque USD (128.179.162.240) on August 30, 2021.

http://www.ajpheart.org


Ees and Vd are initialized and the respective LV P-V loop and
aortic flow waveform are computed (Fig. 2A1). In an internal
optimization loop, Vd is adjusted so that the simulation
yields the measured EDV (Fig. 2A2). After adjusting Vd, the
model-predicted aortic flow wave shape still differs from the
measured one; it has a higher maximal flow value and a
steeper upstroke at early systole (Fig. 2A2). This discrepancy
is due to the erroneous initialization of Ees. Subsequently,
the aortic flow error is assessed and Ees is updated. After
eight iterations, the algorithm converges to a solution for Ees

and Vd, that is, when LV volumes and aortic flow waveform
are accurately predicted (Fig. 2B2). For each case, conver-
gence of the second methodological step was reached within
15 iterations on average.

In Vivo Validation

In Fig. 3, we compare the method predictions for Ees, Vd,
and V100 against the invasive measurements. There was a
high correlation between the estimated values and invasive
measurements; r was 0.89, 0.74, and 0.94 for Ees, Vd; and
V100, respectively. In terms of accuracy, the proposed algo-
rithm was able to predict all Ees; Vd, and V100 well; nRMSE
was 9%, 13%, and 12%, respectively. For these indices, predic-
tion had low bias (d

�
), narrow limits of agreement, and

high ICCs, i.e., for Ees; d
� ¼ �0:13mmHg/mL with SD ¼

0:37mmHg/mL and ICC=0.90; for Vd; d
� ¼ �4 mL with

SD ¼ 15mL and ICC=0.81; and for V100, d
� ¼ �4 mL with

SD ¼ 9mL and ICC=0.91. We did not notice a statistically
significant difference in the performance of the method
between the HFpEF and the non-HF groups (for Ees,
d
� ¼ �0:04mmHg/mL with SD ¼ 0:36mmHg/mL for the
HFpEF group and d

� ¼ �0:23mmHg/mL with SD ¼
0:33mmHg/mL for the non-HF group, P = 0.31).

Sensitivity to LV Diastolic Properties

Figure 4 demonstrates the accuracy of the estimation of
EDP from the echocardiographic E/e0 as previously proposed

(10). Interestingly, we observe that E/e0 is only fairly a reli-
ablemeasure of EDP in this pressure range of [10, 24] mmHg.
The overall correlation was poor, r = 0.5, nRMSE was 32%,
and bias was 2.5mmHg (LoA ¼ ½�6:1; 11:1� mmHg). The ex-
perimental relation between EDP and E/e0 seemed to work
better for the non-HF than the HFpEF group (Fig. 4).

To assess whether this level of accuracy in the EDP predic-
tion is sufficient for the needs of our method, we conducted
two analyses to appreciate its effect on the Ees, Vd; and V100

predictions. Figure 5 and Table 2 contain the results of the
first analysis, in which we demonstrate how for a specific
HFpEF, an overestimation and underestimation of EDP
affect the method predictions. Originally, the EDP was esti-
mated at 21mmHg according to the echocardiographic mea-
surement of E/e0, and the model predicted the patient’s P-V
loop and aortic flow shown in Fig. 5 (with continuous lines).
Then, EDP was varied at five discrete levels in the range of
[5, 30] mmHg. Figure 5B shows the respective changes in the
model-predicted aortic flow (dashed and dotted lines) for the
two extreme EDP values, i.e., for EDP=5mmHg and
EDP=30mmHg. We observe that the aortic flowwaveform is
only minimally affected by these drastic changes in EDP.
Accordingly, the method-derived Ees, Vd, and V100 weremin-
imally altered, as shown in Table 2.

In the second analysis, we supposed that EDP was equal to
15mmHg for all patients and ran the algorithm anew. This
caused only a minor increase in the nRMSE for the Ees pre-
diction, namely, from 9% to 11%. Bias changed from
�0.13mmHg/mL to �0.18mmHg/mL, the respective SD of
differences from 0.37mmHg/mL to 0.41mmHg/mL and ICC
from 0.90 to 0.87. Thismanipulation did not have any signif-
icant effect on the estimation of Vd or V100 either.

DISCUSSION

In this work, we present and validate a noninvasivemethod
to estimate the LV ESPVR based on echocardiographic and

Table 1. Descriptive and clinical characteristics of study population (n = 19 patients)

Parameter Total Sample HFpEF Group Non-HF Group P Value

n 19 10 9
Age, yr 61 (54, 69) 68 (60, 71) 57 (54, 61) 0.22
Sex, men/women 10/9 2/8 8/1 0.006�
Height, cm 170 (159, 179) 161 (158, 171) 178 (170, 183) 0.05�
Weight, kg 80 (76, 92) 80 (76, 88) 86 (79, 92) 0.56
BMI, kg/m2 28.1 (25.8, 31.8) 31.7 (26.3, 33.5) 26.5 (25.7, 28.7) 0.15
BSA, m2 1.98 (1.85, 2.12) 1.89 (1.84, 2.03) 2.10 (1.98, 2.14) 0.16
EF, % 61 (52, 66) 62 (54, 65) 56% (51, 66) 0.62
SBP, mmHg 155 (134, 164) 158 (151, 163) 155 (130, 164) 0.73
MAP, mmHg 108 (99, 110) 109 (100, 110) 100 (90, 110) 0.51
DBP, mmHg 82 (76, 85) 83 (81, 86) 80 (70, 84) 0.39
EDV, mL 126 (115, 148) 122 (111, 152) 143 (117, 145) 0.44
Ees, mL 2.4 (1.8, 2.9) 1.8 (1.6, 2.3) 2.9 (2.5, 3.0) 0.002�
Vd, mL �7 (�28, 1) �28 (�38, �11) 0 (�3, 8) 0.002�
V100, mL 27 (19, 50) 22 (9, 43) 48 (24, 51) 0.16
EDP, mmHg 14 (12, 18) 18 (15, 21) 12 (11, 14) 0.002�
HR, beats/min 71 (67, 80) 70 (67, 76) 76 (68, 81) 0.31
aHT, % 68 80 55 0.35

Values are presented as median (1st, 3rd quartile). �Denotes statistically significant differences between the two groups. P values were
produced using the Mann–Whitney test. aHT, arterial hypertension; BMI, body mass index; BSA, body surface area; DBP, brachial dia-
stolic blood pressure; EDP, end-diastolic pressure; EDV, end-diastolic volume; Ees, end-systolic elastance; EF, ejection fraction; HF, heart
failure; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; MAP, mean arterial pressure; SBP, brachial systolic blood
pressure; Vd, dead volume; V100, end-systolic volume @ 100mmHg.
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Figure 3. Scatterplots (left) and Bland–Altman plots (right) for Ees (top), Vd (middle), and V100 (bottom) as predicted by the method against invasive meas-
urements (n = 19 patients). Ees, end-systolic elastance; Vd, dead volume; V100, end-systolic volume @ 100mmHg. HFpEF group, n = 10 patients; non-HF
group, n = 9 patients.
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sphygmomanometric measurements. The basic concept
relies on the fine-tuning of the properties of a generic,
validated cardiovascular model to patient-specific stand-
ards. An original version of this methodology was previ-
ously described (7), where the proof of concept was
demonstrated in silico. Since its original publication, the
method has been upgraded to 1) incorporate mechanisms
of aging, according to the insights we have acquired from
previous works (9, 17), and 2) allow for the inclusion of

different pathologies, such as diastolic dysfunction and
hypertension.

Accordingly, we validated the presented method for
patients with a critical cardiovascular disease, i.e., HFpEF, as
well as for patients without HF symptoms. Overall, the
method performed well when compared with in vivo
acquired invasive data, achieving low bias and narrow limits
of agreement. The errors were small for all ESPVR metrics,
i.e., Ees, Vd; and V100, and the predictions were equally pre-
cise for HFpEF and non-HF patients.

The success of the proposed method is largely due to the
strong coupling between the measured quantities (brachial
pressure and echocardiographic indices) and the functional
properties of the heart and the arterial tree. In a previous
computational study on the ventricular-arterial coupling
(unpublished findings), we showed that changes in cardiac
contractility have a direct and pronounced effect on central
and peripheral hemodynamics even for an unchanged arte-
rial load and cardiac output. Particularly, we reported that
when LV contractility increases, the aortic flow wave shape
changes, its upstroke becomes steeper, and its peak value
increases, even if the stroke volume might be maintained. It
is exactly this mechanism that we capture with the proposed
algorithm, as shown in Fig. 2. In other words, the method is
able to predict Ees accurately, because this information is
contained in the measured aortic flow waveform that drives
the optimization of the LV systolic properties. Consequently,
accurate measurement of the aortic flow wave shape is vital
to the method’s accuracy.

A potential source of error is the definition of the LV di-
astolic properties in our simulations, which was based on
the echocardiographic measurement of the E/e 0 ratio (10)
and a previously developed methodology (11). Of course,
the experimental relation relating EDP and E/e 0 has cer-
tain limitations (18) (as also highlighted in Fig. 4), and the
overall technique might fail to yield accurate estimates of
the EDPVR parameters. However, we demonstrated that
this is not reflected in the accuracy of the Ees and Vd esti-
mation; the method is not particularly sensitive to either
EDP or parameters P0 and b (Figs. 4 and 5, Table 2). This
finding comes as no surprise if we take into account the

Figure 4. Scatterplot (left) and Bland–Altman plot (right) for the EDP approximated using its experimental correlation with E/e0 (10) against invasive meas-
urements (n = 19 patients). EDP, end-diastolic pressure. HFpEF group, n = 10 patients; non-HF group, n = 9 patients.

Figure 5. Method sensitivity to the estimated diastolic LV properties for a
specific patient with HFpEF. top: LV P-V loops. bottom: aortic flow. HFpEF,
heart failure with preserved ejection fraction; LV, left ventricular; P-V, pres-
sure-volume.
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plethora of works (19–21) demonstrating that Ees is pre-
load insensitive.

An important point is that we chose to change the original
model for the EDPVR from linear to exponential. This was
done to achieve a more comprehensive description of the LV
diastolic properties. In fact, if we had described the EDPVR
with just a constant slope, the method accuracy would not
have been undermined (for Ees, nRMSE ¼ 14% and
d
� ¼ �0:34mmHg/mL). Overall, we decided to integrate an
exponential model here as this could serve as a solid basis
for the additional prediction of the LV diastolic properties in
the future.

Clinical Perspective

There are important implications to the application of this
noninvasive methodology in the clinic. First, this tool can be
implemented for the assessment of critically ill patients and
for the prediction of personalized interventions in the ICU
(13, 22, 23). A number of other clinical scenarios also could
make use of our algorithm to accurately estimate the end-
systolic elastance, such cardiac devices, or even coronary
interventions (24).

An important point to consider is that the presentedmeth-
odology does not characterize systolic function (i.e., Ees)
alone but also offers a detailed representation of the after-
load. This might allow for a more thorough investigation of
the ventricular-arterial coupling (25) that goes beyond the
traditional concept of the ratio of arterial over end-systolic
elastance, Ea/Ees.

Therefore, there might be potential in applying the pre-
sented tool for effectively monitoring treatment effects in
stable patients as well; particularly, in patients who have
altered ventricular-arterial coupling with heightened after-
load sensitivity, e.g., patients with aHT or HFpEF. This is of
essence if we consider recent findings suggesting that hyper-
contractile phenotypes of patients with aHT and HFpEF are
linked with adverse prognosis (26, 27).

Limitations and Future Steps

The reproducibility of the invasive P-V measurements was
demonstrated in the previous work of Rommel et al. (13). A
limitation of this work is that the LV volumes used for vali-
dation were taken from CMR measurements, although the
method has been designed to use only echocardiographic
volumes. This was done due to a lack of high-quality echo-
cardiographic data of EDV and ESV. Previous studies suggest
that EDV and ESV measured with noncontrast and contrast
two-dimensional and three-dimensional echocardiography

tend to be smaller and show greater variability than those
measured with CMR (28). Therefore, there might be a non-
negligible bias when echocardiographic volumes are used
instead. We acknowledge this limitation and plan to validate
the method with echocardiographic data alone in the future.
In addition, method results are likely to be influenced by
errors in themeasurement of the aortic flowwave shape.

It should be noted that the activation function used to
describe the LV P-V relation might vary among different
individuals, which could have an important impact on the
results. In addition, cardiac contractility was described in
the present work by using the time-varying elastance func-
tion. More detailed finite-element models exist (29, 30) that
couple cavity mechanics with sarcomere mechanics. The use
of such models might be relevant for the purposes of our
method. Other model-related limitations are acknowledged
in our previous publication (8).

The proposed algorithm cannot be applied to any patient
without prior knowledge of the condition of his/her aortic
valve. Strategically in this study, we chose to conduct the
validation on patients free from any severe valve diseases. In
the presence of severe aortic valve stenosis, aortic hemody-
namics and particularly aortic flow wave shape are altered,
as we previously demonstrated (31). Therefore, if we do not
integrate an existing valvular pathology into the model, the
method will fail to correctly predict the LV ESPVR.
Accordingly, significant valvular diseases should be intro-
duced into the simulation in advance. Given that during
echocardiographic examination, clinicians usually assess
valve condition, we assume that such information would be
in general available.

In addition, the model was developed and validated for
a healthy young adult (8, 32) and has been adapted to
include the effects of normal aging (17). Consequently,
the method has been developed to adjust the model pa-
rameters according to average trends expected in adults,
without comprising effects of certain diseases, such as
CAD. It would be meaningful to investigate different
pathologies to have a better understanding of their mod-
eling implications and ultimately achieve a more faithful
representation of the cardiovascular properties of each
patient. It would also be beneficial to assess the method’s
ability to capture expected changes in Ees due to inotropic
drugs or differences between patient groups, such as sys-
tolic HF patients, dilated or hypertrophic myocardiopathy
patients, etc.

Finally, we should note that the present methodology
allows for the calculation of additional parameters of systolic

Table 2. Method sensitivity to the approximation of the EDP

End-Systolic Elastance, Ees, mmHg/mL Dead Volume, Vd, mL End-Systolic Volume @ 100 mmHg, V100, mL

Measurement 1.57 �4 59
Original estimation, EDP = 21mmHg 1.56 �8 56
Estimation for different EDP levels
EDP = 30mmHg 1.65 (þ6.0%) �4 57 (þ0.9%)
EDP = 25mmHg 1.59 (þ 1.7%) �8 55 (�2.2%)
EDP = 15mmHg 1.37 (�12.1%) �22 51 (�9.1%)
EDP = 10mmHg 1.29 (�17.2%) �29 49 (�13.5%)
EDP = 5mmHg 1.13 (�27.6%) �45 43 (�22.5%)

Results pertain to a specific HFpEF case. EDP, end-diastolic pressure; HFpEF, heart failure with preserved ejection fraction.
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function, such as the maximal elastance, Emax, and its tim-
ing, tmax. This is an interesting potential, given that abnor-
mal tmax values might be indicative of impaired systolic
function, as highlighted in previous literature (33).

CONCLUSIONS

In this study, we described and validated a method that
allows for the noninvasive estimation of the ESPVR in
patients based on a few measurements that are usually con-
ducted in routine cardiology, i.e., echocardiography and
sphygmomanometry. This was motivated by the obvious
fact that such a method would be a most valuable tool for
clinicians to achieve accurate cardiac monitoring and opti-
mize patient management. The validation of the proposed
algorithm against invasive measurements of P-V loops dem-
onstrated its accuracy and robustness. We concluded that
the method performance depends mostly on the precision of
the echocardiographic flow data. Method accuracy should be
further investigated under different settings and for various
diseases.
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