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Abstract

Objectives

The gold standard to obtain pressure-volume relations (PVR) of the heart, the conductance
technology (PVRcong), is rarely used in children. PVR can also be obtained by 3D-echocar-
diography volume data combined with simultaneously measured pressure data by a mini
pressure-wire (PVRspg). We sought to investigate the feasibility of both methods in patients
with univentricular hearts and to compare them, including hemodynamic changes.

Methods

We studied 19 patients (age 2—29 years). PVR3pe and PVRc,ng Were assessed under base-
line conditions and stimulation with dobutamine.

Results

Obtaining PVR3pe was successful in all patients. Obtaining PVRcong Was possible in 15
patients during baseline (79%) and in 12 patients under dobutamine (63%). Both methods
showed that end-systolic elastance (Ees) and arterial elastance (Ea) increased under dobu-
tamine and that Tau showed a statistically significant decrease. Intraclass correlation (95%
confidence interval) showed moderate to good agreement between methods: Ees: 0.873
(0.711-0.945), Ea: 0.709 (0.336-0.873), Tau: 0.867 (0.697—0.942). Bland-Altman analyses
showed an acceptable bias with wider limits of agreement: Ees: 1.63 mmHg/ml (-3.83-7.08
mmHg/ml), Ea: 0.53 mmHg/ml (-5.23-6.28 mmHg/ml), Tau: -0,76 ms (-10.73-9.21 ms).

Conclusion

Changes of PVR-specific parameters under dobutamine stimulation were reflected in the
same way by both methods. However, the absolute values for these parameters could vary
between methods and, therefore, methods are not interchangeable. Obtaining PVR3pe in a
single ventricle was easier, faster and more successful than PVRcong. PVR3pE provides a
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promising and needed alternative to the conductance technology for the assessment of car-
diac function in univentricular hearts.

Introduction

Congenital heart defects (CHD) occur with a prevalence of 107: 10,000 live births of which
29.4% are severe defects requiring early intervention [1]. Univentricular hearts or CHD which
are functionally univentricular occur in 2.8% of the 107 [1].

Especially in those patients, the neonatal period until early infancy is the crucial time period
for important and far-reaching decisions. Cardiac size and function are especially important fac-
tors in the decision making process that will also determine choice of treatment and the result-
ing clinical outcome. Conventional two-dimensional echocardiography plays an important role
but is limited in the sufficient evaluation of systolic and especially diastolic function [2]. Pres-
sure-volume relations (PVR) of the heart do allow assessment of systolic and diastolic function
and provide important insight into cardiac physiology and pathophysiology of CHD [3-6].

The considered gold standard to acquire PVR is the conductance catheter technology
(Cond). It has been used in basic and clinical research in the left and right heart as well as in
univentricular hearts [3, 5, 7-9]. However, the method is rarely used in children due to the
invasive procedure of placing a stiff catheter in the ventricle and the need for repeated fluoros-
copy to insure correct placement along the axis of the ventricle. Moreover, it is restricted to
older age due to the required catheter size. In most cases, the smallest commercially available
conductance catheter for human use (4F, dependent on manufacturer requiring a 5F long
sheath) is too large for neonates and small infants. Therefore, a less invasive method is needed
for infants and small children.

PVR can also be obtained by 3D-echocardiography (3DE) volume data in combination
with intraventricular pressure data simultaneously measured by a mini pressure-wire
(PVR3pE).

The aim of this study was to investigate the feasibility of obtaining PVR;pg and PVRgng in
young patients with univentricular hearts and to compare both methods, including hemody-
namic changes.

Methods
Patients

19 Patients with univentricular hearts, both single right and left ventricle were included in this
study. Patients were in the stages of Glenn- or Fontan-circulation.

In all patients obtainment of PVR;pg and PVR(,,q was done during a routine and clinically
indicated cardiac catheterization. All catheterizations were performed under general anesthe-
sia. The study was approved by the local ethics institutional review committee "Ethikkommis-
sion Universititsklinikum Bonn" (Registration No. 007/15) and conformed to the principles of
the Declaration of Helsinki as well as German law. Written consent was given by the legal
guardian or in person by the adult subjects.

Obtainment of pressure-volume-relations

Obtainment of PVR by 3DE and pressure data from a mini pressure-wire has been used previ-
ously by our group. We showed that calculation of PVR;pg, is feasible and reproducible [10].
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Moreover, we compared PVR;pg and PRV obtained by conductance technology (PVRcong) in
small healthy left ventricles of piglets (3.6-8 kg). We found that the combination of 3DE and
mini pressure-wire measurements provided a reliable assessment of PVR compared to Cond.
Hemodynamic changes were well detected by both methods [11].

For PVR;pg ventricular volume data was obtained by 3D datasets using a matrix transducer
(Philips ie33, matrix-transducer X5 and CX7, Andover, USA). Depending on the patient s
weight and clinical situation, a transthoracic (5 patients), transesophageal (11 patients) or sub-
sternal approach (3 patients) was used. For data acquisition and data analysis, a standardized
protocol was used [10, 12].

3D datasets of the ventricle were acquired during expiratory breath holding (full volume
acquisition over 4-7 cardiac cycles). Depending on the depth of penetration, the mean 3D-vol-
ume frame rate + SD was 27.2 + 4.1 [range: 37.7-19.7] 3D volumes/s; corresponding to
16.7 £ 5.1 [30 - 10] 3D volumes per cardiac cycle respectively. End-diastolic volume (EDV),
end-systolic volume (ESV), stroke volume (SV), and ejection fraction (EF) were calculated
using TomTec 4D LV-Analysis software 3.1 (Image-Arena version 4.6; Build 4.6.3.9, TomTec,
Unterschleilheim, Germany). The apex and the Av-valve were marked. First, the automated
border detection traced the contours of the ventricle. Second, manual adjustments to these
traced contours were made as needed. A volume-time-curve was then computed by the soft-
ware (Fig 1).

Continuous monitoring of cardiovascular pressures was performed using a 0.014 French
(0.036 mm) mini pressure-wire (PressureWire, Radi, St. Jude Medical, St. Paul, USA). This
high-fidelity guidance wire carries a micromanometer at its tip and is attached to an external
working station (Radi Analyzer, Software Physiomon 2.0), allowing instantaneous online
recording of pressure—time curves. Pressure data were measured with the Radi Analyzer (Soft-
ware Physiomon, St. Jude Medical, St. Paul, USA) with a sampling rate of 200 Hz. This mini
pressure-wire was calibrated and advanced into the ventricle. In general, a microcatheter is

Volume-time curve
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\
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Fig 1. Example of a volume-time curve assessed by three-dimensional echocardiography and the ventricle cast reconstruction. In combination
with the simultaneously acquired pressure-time curve a pressure-volume curve is obtained.

https://doi.org/10.1371/journal.pone.0246031.g001
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suitable for this. Because our study was performed during a routine and clinically indicated
cardiac catheterization we used the 3F or 4F sheath and a 3F or 4F pigtail or multi-purpose
catheter that was needed for the examination, anyway. In patients with Fontan-circulation an
arterial access was necessary. In patients with Glenn-circulation we used a venous access, if
possible. If correct insertion of the catheter was not possible an arterial access was used. Con-
tinuous monitoring of pressure-time curves allowed assessment of the position of the mini
pressure-wire inside the guiding catheter without additional radiation until the pressure-wire
was placed properly in the ventricle. To confirm the proper position of the wire within the ven-
tricle in this study, short radiation was used.

For obtainment of PVR;pg, full volume 3D datasets and pressure measurements were
acquired simultaneously.

Volume time curves, which usually have sampling rates between 330 and 220 Hertz, were
synchronized to the pressure-time curve by up sampling through linear interpolation using a
customized software. PVR;pg were obtained by the same customized software by combination
of the synchronized volume-time curves derived by 3DE and the simultaneously acquired
pressure-time curves (Fig 1) [10].

For obtainment of PVR¢,,q we used a 4F combined pressure/volume conductance catheter
with 12 electrodes, spacing 6 mm (CD Leycom, Hengelo, The Netherlands). For insertion
of this catheter a 5F sheath is necessary. Before insertion, the catheter was placed into 0.9%
saline solution and the pressure sensor was calibrated. Insertion of the catheter into the ventricle
was done using fluoroscopic guidance. Signals were displayed by the CFL-M Inca (CD Leycom,
Hengelo, The Netherlands). Volume calibration was done in baseline measurements using end
diastolic volume (EDV) and end systolic volume (ESV) obtained by 3DE as references [7, 13].

From the PVR;pg and PVR g, systolic function was measured using end-systolic ela-
stance (Ees), which was calculated by single-beat estimation method [14]. The effective arterial
elastance (Ea) was calculated from the ratio of end-systolic pressure (ESP) to stroke volume
(SV) [15]. For the assessment of diastolic function we used a single-beat approach calculating
the EDV at a common end-diastolic pressure (EDP) of 10.0 mmHg (EDV10) by the formula
developed by Klotz in 2006 [16].

The early active relaxation process (decay of the ventricular pressure during isovolumetric
relaxation) is reflected by the isovolumetric relaxation constant Tau. Tau was calculated using
alogistic fit [17, 18]. Maximal and minimal rate of pressure change over time (dp/dt max and
dp/dt min) were determined from continuous pressure measurement. Heart rate (HR), SV,
and cardiac index (CI), ESP and EDP were analyzed.

Study protocol

First, measurements of PVR;p were done under baseline conditions (BL). Then the mini
pressure-wire was removed and the conductance catheter was inserted into the ventricle for
baseline measurements of PVR, 4. If possible, catheterization of the ventricle was done via a
venous access in patiens with a Glenn-circulation. Otherwise an arterial access via the aorta
was used. The conductance catheter was left in place and 10 pg/kg/min of dobutamine were
administered for 10 minutes until a steady state of heart rate and blood pressure was reached
(Dobu). Then measurement of PVR¢,,,q under dobutamine stimulation was performed. The
conductance catheter was removed and the mini pressure-wire was inserted. PVR;pg under
dobutamine stimulation was assessed. This was done because we observed in previous studies
echocardiographic artifacts produced by the conductance catheter, which impaired the semi-
automatic contour analysis during 3DE volume calculation. Also, the mini pressure-wire dis-
turbed conductance measurements [11].
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Statistics

Statistical analyses were performed using Graph Pad Prism 5 (GraphPad Software, San Diego,
CA, USA) and IBM PSS Version 25 (SPSS Inc, Chicago, USA).

The differences between BL and stimulation with dobutamin were analyzed using paired
Student t-tests or Wilcoxon signed-rank tests, as appropriate. Data for Tau, Ees, Ea and
EDV10 were log transformed before analysis. Differences were considered to be significant
when the p-value <0.05.

Comparison between Tau, Ees, Ea and EDV10 derived from PVR3DE and PVRCond were
performed using Bland-Altman analysis and Intraclass correlation (ICC) with one-way ran-
dom effects.

Data are presented as mean * standard deviation or median and range.

Results

We included 19 patients aged 2-29 years in the study. Twelve patients had a single right ventri-
cle and 7 patients a left ventricle.

We were able to acquire PVR;pg, in all patients under baseline as well as dobutamine condi-
tion. We decided to use the same software for all measurements and choose the software
designed for a left ventricle because the single ventricles in our study are systemic ventricles.
Moreover, we found that this software allows for the most individual adjustment needed for
the individual geometry of single ventricles. In one patient 3DE-data sets under dobutamine
could not be analyzed due to a technical defect during acquisition resulting in an insufficient
frame rate. The procedure to assess PVR;pg took 5-10 minutes for each condition.

Acquisitions of PVR¢,,q Were not possible in all patients. Placement and measurement
took 10 to 30 minutes. In four patients (21%) we were not able to place the conductance cathe-
ter correctly so that an adequate measurement was not possible. In another three patients
(15.7%) an adequate positioning of the catheter was only given under baseline conditions but
not under dobutamine stimulation. One patient had to be excluded due to arrhythmia,
although measurements were technically possible.

Therefore, we were able to compare PVR3pg and PVR¢,pq in 14 patients (Tables 1 and 2).
In patients with Glenn-circulation a venous access with satisfactory insertion of the conduc-
tance catheter was only possible in one patient. In all other patients an arterial access was used.
Comparable measurements under baseline as well as dobutamine conditions were possible in
10 patients. In total, 24 measurements were compared.

Fig 2 shows an example of pressure-volume loops of a single right ventricle assessed by 3DE
and Cond under BL conditions and stimulation with dobutamine.

Table 1. Patient characteristics.

Age [years] median and range 7 [2 -29]
Weight [kg] median and range 18.95 [10.4-55]
Gender m =10
Status Glenn n=3

RV =2

Lv=1
Status Fontan n=11

RV=9

Lv=2

RV, right ventricle; LV, left ventricle

https://doi.org/10.1371/journal.pone.0246031.t001
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Table 2. Parameters obtained by 3D-echocardiography combined with mini pressure-wire and conductance technology under baseline and dobutamine

stimulation.
3DE Cond

BL Dobu BL Dobu
SV (ml) 22+ 125 18.6+9 26.8 £15 25.7+19
CI (/min/m?) 2.1+0.8 27+13" 25+1 34+17*
HR (min™) 84.3+21.8 1255+ 19.8* 83.1+20.8 119.2 + 233~
ESV (ml) 35.8+£25.5 30.8 +20.8 28.8 £15.9 26.5+17.9
EDV (ml) 52.3+30.4 45.9 £27.2 52.2 £30.6 47 £32.3
dp/dt max (mmHg/s) 833.4 £224.1 2461 £719.5* 742.6 £217.4 2321 £920.3*
dp/dt min (mmHg/s) -1055 £ 296.5 -1908 + 451.3 * -978.8 +£227.8 -1736 £ 492.2 ¢
ESP (mmHg) 67.9 £12.6 90.2 +30.5* 64.8 £11.2 96.5+27.4*
EDP (mmHg) 45+4 4.6 £4.7 5923 55+28
Ees (mmHg/ml) 3.7+2.1 937" 25+2 6.6+53"
Tau (ms) 25+5.7 16.1+5.1* 24.8 £6.9 18.5+8.2*
Ea (mmHg/ml) 38+2 57+24* 31+1.7 56+48~
EDV10 (ml) 68.5 + 33.8 55.3+31.2 59 £ 31.6 54.8 +32.4

Data are presented as means + SD. SV, stroke volume; CI, cardiac index; HR, heart rate; ESV, end-systolic volume; EDV, end-diastolic volume; ESP, end-systolic

pressure; EDP, end-diastolic pressure; Ees, end-systolic elastance; Ea, arterial elastance; EDV10, EDV at an EDP of 10.0 mmHg; 3DE, 3D-echocardiography combined

with mini pressure-wire; Cond, conductance technology
Baseline vs. stimulation with dobutamine:
P <0.05

https://doi.org/10.1371/journal.pone.0246031.t002

We found that Ees showed a statistically significant increase under stimulation with dobuta-
mine in both measurement techniques. Ea showed an increase under stimulation with dobuta-
mine in both measurement techniques as well. Furthermore, we saw an increasing CI mainly
due to an increased heart rate while SV did not differ significantly under dobutamine stimula-

tion (Table 2).
..... 3D BL
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Fig 2. Example of pressure-volume loops of a single right ventricle assessed by 3D echocardiography (3D) and
conductance under basal conditions (BL) and stimulation with dobutamine (Dobu).

https://doi.org/10.1371/journal.pone.0246031.g002
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The maximal rate of diastolic pressure decay, dp/dtmin, increased under dobutamine. Tau,
showed a statistically significant decrease under stimulation with dobutamine. The mean
EDV10 decreased under stimulation with dobutamine but this decrease was statistically not
significant in either measurement technique. (Fig 3).

Comparing the measurements by 3DE and Cond by Bland-Altman analysis showed a mean
bias and limits of agreement of 1.63 mmHg/ml (-3.83-7.08 mmHg/ml) for Ees, -0.76 ms
(-10.73-9.21 ms) for Tau, 0.53 mmHg/ml (-5.23-6.28 mmHg/ml) for Ea and 5.74 ml (-27.25-

38.73 ml) for EDV10 (S1 Fig).

Ees
30+
—
E 20 —
=)
E
0 _L -
O O
& &
[¢)
AQ' \\Q'o c,o“b
ef’q ¥ &
Q/ @0 (QQ
@0
Ea *
20- —
= 15+
£
D —
£ 10- T
E
(1}
w 54
- 1 1
| — . -
0 T T T
O 2 O
S ¥
QAQ""’ AQ.OOQ q.ooob
<
<&

Tau
50' *
1
40- .
a0d == T
I3
B8 T
1L == T
104
c 1 | | 1
Q> < Q> <
P & \
Q\\ QQ"“’O & Q&o«\
<2 &,bo &2 \J
K2
EDV,o
1501
el T |
o
>
3 50-
L > L I
c ] ] ] 1
Q~"9@ Q/o o°°b bo
QQ\\ \\Q."? Q\\Q' \\Q.oo(\
B N D <
S O o\\ \\,\Q
S <

Fig 3. Boxplot of PVR-specific parameters under baseline conditions (BL) and stimulation with dobutamine (Dobu). PVR;pg = 3D-
echocardiography combined with mini pressure-wire; PVRconq = conductance technology; Ees = end-systolic elastance, Ea = effective arterial elastance,
EDV10 = EDV at an EDP of 10.0 mmHg Baseline (BL) vs. stimulation with dobutamine (Dobu): * P < 0.05.

https://doi.org/10.1371/journal.pone.0246031.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0246031

February 1, 2021

7/12


https://doi.org/10.1371/journal.pone.0246031.g003
https://doi.org/10.1371/journal.pone.0246031

PLOS ONE

Pressure-volume relations in univentricular hearts

ICC and their 95% confidence interval was 0.873 (0.711-0.945) for Ees, 0.867 (0.697-0.942)
for Tau, 0.709 (0.336-0.873) for Ea and 0.916 (0.8-0.965) for EDV10.
S2 Fig shows the absolute values for Ees measured by 3DE and Cond under BL and Dobu.

Discussion

In this study, we assessed PVR in univentricular hearts with two different methods: Volume
data from 3DE combined with pressure data from a mini pressure-wire and the conductance
technology. We compared these two methods in regard to feasibility and parameters obtained
from PVR under hemodynamic changes.

We could show that obtaining PVR;pg was possible in all patients while the measurement
with Cond was less successful, mostly due to the difficulty of placing the relatively stiff catheter
in a correct position in anatomically atypically formed ventricles. In some patients, the ade-
quately positioned conductance catheter under baseline conditions came into an inadequate
position under administration of dobutamine. This observation of about 21% unsuccessful
placement and/or insufficient signal quality is in accordance with previously reported data of a
conductance catheter study in univentricular hearts [3]. It shows that the use of the conduc-
tance technique in univentricular hearts is not always easy to perform. In comparison to the
obtainment of PVR;3pg, PVRcona Was associated with a longer examination time and more
radiation that was needed for the placement of the catheter.

In previous studies we could show that reproducibility of PVR;pg was good with an inter-
observer coefficient of variation below 10% [10, 11].

We found that Ees as a parameter for systolic function and contractility and Ea as a measure
of systemic afterload showed a statistically significant increase under stimulation with dobuta-
mine. Our values for Ees and Ea measured by Cond are comparable to those of Schlangen
et al. in their conductance catheter study in univentricular hearts [3, 19]. We also observed the
same response to stimulation with dobutamine with increased CI and HR and constant or
even reduced SV as did Schlangen et al. [3]. Other studies also showed that dobutamine
affected the heart rate more than the stroke volume, leading to the assumption that there is
a limited ability to augment stroke volume in patients after Fontan palliation [20, 21]. The
relaxation constant Tau, reflecting the early relaxation process, decreased as an expected
expression of a positive lusitropic effect of dobutamine. As another effect of dobutamine we
saw that the maximal rate of diastolic pressure decay, dp/dtmin, which indicates the relaxation
ability of the ventricle, increased. We also saw a trend towards lower values for EDV10 as a
measure of diastolic ventricular function and stiffness. These findings are in accordance with
the study of Schlangen et al. and their results for change in Tau and end-diastolic stiffness
(eed) [3].

Comparison 3DE and Cond

Comparing Ees, Tau, Ea and EDV10 we found that both methods reflected changes between
baseline and stimulation with dobutamine in the same way. When comparing the absolute val-
ues for these parameters, ICC and its 95 confidence interval showed good to moderate agree-
ment [22]. The Bland-Altman analysis revealed acceptable bias, with rather wide limits of
agreement. Absolute values varied partially between the methods. This is also reflected in S2
Fig. Therefore, the two methods cannot be regarded as interchangeable [23]. For the longitudi-
nal follow up of one patient, the same method should be used.

In our previous study in which we compared PVR;pg and PVR¢,pg in small healthy
biventricular porcine hearts we found a better agreement between methods [11]. One rea-
son might be the atypically formed single ventricles. The conductance technique assumes a
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homogenous electrical field throughout the heart chamber and also assumes an elliptically
shaped ventricle. Some studies showed that volume measurements by Cond are adequate in
a normal right ventricle, even though there is a significant difference in geometry and trabe-
culation compared to a left ventricle [24, 25]. The shape of univentricular hearts, both left
and right ones, can highly differ from regular ventricles. While it is possible to capture these
shapes by 3DE, there might occur inaccuracies in the measurements of volume change by
Cond.

Limitations

For technical reasons as explained above, PVR;pg and PVR g4 could not be obtained simulta-
neously. Therefore, slight hemodynamic changes e.g. non-identical pressures between 3DE
and Cond measurements are possible.

To achieve satisfactory temporal and spatial resolution especially in infant hearts, 3D full-
volume datasets are needed. They are recorded over 4 cardiac cycles. In consequence, beat-to-
beat variability cannot be assessed. The existing technique of single-beat acquisition of 3D
datasets does not provide adequate temporal and spatial resolution for the calculation of beat-
to-beat variability in the pediatric heart [26]. The current development of new echo transduc-
ers with high temporal and special resolution will simplify single beat data acquisition in
future.

We calibrated the conductance derived baseline volumes with volumes derived by 3DE.
Our ethical committee did not allow for additional measurements by thermodiluation or car-
diac magnetic resonance. We cannot rule out that this might have led to bias. Basing the cali-
bration of baseline volumetric data on the same reference in the beginning enabled us to study
the tracking of hemodynamic changes of the two methods without an additional bias of a third
volumetric method.

For assessment of load-independent variables, we desired a preload-reduction by an
inflated balloon-catheter in the vena cava inferior or Fontan-tunnel. Unfortunately, our ethical
committee rejected the request for this additional procedure.

Another limitation is the relatively small sample size of this study due to the invasive
procedure

Clinical outlook

Assessment of systolic and diastolic ventricular function in patients with univentricular hearts
is needed and can help with decisions on pharmacological treatment. 3DE is available in most
centers for pediatric cardiology and the placement of the pressure-wire without radiation can
even take place outside of a catheter laboratory. In general, the pressure-wire can be left in
place for a while (under heparinization) to perform testing like volume load or the effect of
drugs like inotropic agents or vasodilators.

Conclusion

We found that hemodynamic changes between baseline and stimulation with dobutamine
were reflected in the same way by PVR-specific parameters measured by both, PVR;pg and
PVRcona.- However, the absolute values for these parameters could vary between methods and,
therefore, methods are not interchangeable. Obtaining PVR;pg in a single ventricle was more
feasible, faster and less invasive regarding size of sheath and radiation than obtaining PVRcopnq.
Consequently, PVR obtained by 3DE and mini pressure-wire provide a promising and needed
alternative to the conductance technology for the assessment of cardiac function in univentri-
cular hearts.
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Supporting information

S1 Fig. Bland Altman-Plots comparing the measurements by 3D echocardiography and
conductance technique. 3DE = 3D echocardiography, Cond = conductance technology,

Ees = end-systolic elastance, Ea = effective arterial elastance, EDV10 = EDV at an EDP of 10.0
mmHg, dotted lines = bias and limits of agreement.

(TIF)

S2 Fig. Example of the absolute values of end-systolic elastance (Ees) measured by 3D-
echocardiography combined with mini pressure-wire (3DE) and conductance technology
(Cond) under baseline and dobutamine stimulation. Points = baseline 3DE; circles = Dobu
3DE; filled squares = baseline Cond; open squares = Dobu Cond.

(TIF)

Acknowledgments

The authors thank Ute Baur for her assistance with data storage and archiving.

Author Contributions

Conceptualization: Katharina Linden, Ulrike Herberg.

Data curation: Katharina Linden, Christian Winkler, Ulrike Herberg.
Formal analysis: Katharina Linden, Christian Winkler.

Funding acquisition: Ulrike Herberg.

Investigation: Katharina Linden, Christian Winkler, Johannes Breuer, Ulrike Herberg.
Methodology: Katharina Linden, Ulrike Herberg.

Project administration: Katharina Linden, Johannes Breuer, Ulrike Herberg.
Software: Christian Winkler.

Supervision: Johannes Breuer, Ulrike Herberg.

Validation: Ulrike Herberg.

Writing - original draft: Katharina Linden.

Writing - review & editing: Katharina Linden, Christian Winkler, Johannes Breuer, Ulrike
Herberg.

References

1. Schwedler G, Lindinger A, Lange PE, Sax U, Olchvary J, Peters B, et al. Frequency and spectrum of
congenital heart defects among live births in Germany: a study of the Competence Network for Congen-
ital Heart Defects. Clin Res Cardiol. 2011; 100: 1111-7. https://doi.org/10.1007/s00392-011-0355-7
PMID: 21909849

2. Yotti R, Bermejo J, Benito Y, Sanz-Ruiz R, Ripoll C, Martinez-Legazpi P, et al. Validation of noninvasive
indices of global systolic function in patients with normal and abnormal loading conditions a simulta-
neous echocardiography pressure-volume catheterization study. Circ Cardiovasc Imaging. 2014; 7:
164-172. https://doi.org/10.1161/CIRCIMAGING.113.000722 PMID: 24173273

3. Schlangen J, Fischer G, Steendijk P, Petko C, Scheewe J, Hart C, et al. Does left ventricular size impact
on intrinsic right ventricular function in hypoplastic left heart syndrome? Int J Cardiol. 2013; 167: 1305—
1310. https://doi.org/10.1016/j.ijcard.2012.03.183 PMID: 22534043

4. Graham TP. Ventricular performance in congenital heart disease. Circulation. 1991; 84: 2259-2274.
https://doi.org/10.1161/01.cir.84.6.2259 PMID: 1959181

PLOS ONE | https://doi.org/10.1371/journal.pone.0246031 February 1, 2021 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246031.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246031.s002
https://doi.org/10.1007/s00392-011-0355-7
http://www.ncbi.nlm.nih.gov/pubmed/21909849
https://doi.org/10.1161/CIRCIMAGING.113.000722
http://www.ncbi.nlm.nih.gov/pubmed/24173273
https://doi.org/10.1016/j.ijcard.2012.03.183
http://www.ncbi.nlm.nih.gov/pubmed/22534043
https://doi.org/10.1161/01.cir.84.6.2259
http://www.ncbi.nlm.nih.gov/pubmed/1959181
https://doi.org/10.1371/journal.pone.0246031

PLOS ONE

Pressure-volume relations in univentricular hearts

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Apitz C, Latus H, Binder W, Uebing A, Seeger A, Bretschneider C, et al. Impact of restrictive physiology
on intrinsic diastolic right ventricular function and lusitropy in children and adolescents after repair of
tetralogy of Fallot. Heart. 2010; 96: 1837—1841. https://doi.org/10.1136/hrt.2010.203190 PMID:
20889987

Burkhoff D, Mirsky I, Suga H. Assessment of systolic and diastolic ventricular properties via pressure-
volume analysis: a guide for clinical, translational, and basic researchers. Am J Physiol Heart Circ Phy-
siol. 2005; 289: H501-H512. https://doi.org/10.1152/ajpheart.00138.2005 PMID: 16014610

Gaemperli O, Biaggi P, Gugelmann R, Osranek M, Schreuder JJ, Biihler |, et al. Real-time left ventricu-
lar pressure-volume loops during percutaneous mitral valve repair with the mitraclip system. Circulation.
2013; 127: 1018—-1027. https://doi.org/10.1161/CIRCULATIONAHA.112.135061 PMID: 23378298

Yerebakan C, Klopsch C, Prietz S, Boltze J, Vollmar B, Liebold A, et al. Pressure-volume loops: feasible
for the evaluation of right ventricular function in an experimental model of acute pulmonary regurgita-
tion? Interact Cardiovasc Thorac Surg. 2009; 9: 163—168. https://doi.org/10.1510/icvts.2008.198275
PMID: 19470501

Logoteta J, Ruppel C, Hansen JH, Fischer G, Becker K, Kramer H-H, et al. Ventricular function and ven-
triculo-arterial coupling after palliation of hypoplastic left heart syndrome: A comparative study with Fon-
tan patients with LV morphology. Int J Cardiol. 2017; 227: 691-697. https://doi.org/10.1016/j.ijcard.
2016.10.076 PMID: 27816303

Herberg U, Gatzweiler E, Breuer T, Breuer J. Ventricular pressure-volume loops obtained by 3D real-
time echocardiography and mini pressure wire—A feasibility study. Clin Res Cardiol. 2013; 102: 427—
438. https://doi.org/10.1007/s00392-013-0548-3 PMID: 23397593

Herberg U, Linden K, Dewald O, Gatzweiler E, Seehase M, Duerr GD, et al. 3D real-time echocardiog-
raphy combined with mini pressure wire generate reliable pressure-volume loops in small hearts. PLoS
One. 2016; 11. https://doi.org/10.1371/journal.pone.0165397 PMID: 27776179

Herberg U, Brand M, Bernhardt C, Trier HG, Breuer J. Variables influencing the accuracy of 2-dimen-
sional and real-time 3-dimensional echocardiography for assessment of small volumes, areas, and dis-
tances: an in vitro study using static tissue-mimicking phantoms. J Ultrasound Med. 2011; 30: 899-908.
https://doi.org/10.7863/jum.2011.30.7.899 PMID: 21705722

Kutty S, Li L, Padiyath A, Gribben P, Gao S, Lof J, et al. Combination of real time three-dimensional
echocardiography with diagnostic catheterization to derive left ventricular pressure-volume relations.
Echocardiography. 2014; 31: 179-187. https://doi.org/10.1111/echo.12326 PMID: 23895571

ten Brinke EA, Klautz RJ, Verwey HF, van der Wall EE, Dion RA, Steendijk P. Single-beat estimation of
the left ventricular end-systolic pressure-volume relationship in patients with heart failure. Acta Physiol
(Oxf). 2010; 198: 37—46. hitps://doi.org/10.1111/j.1748-1716.2009.02040.x PMID: 19735484

Sunagawa K, Maughan WL, Burkhoff D, Sagawa K. Left ventricular interaction with arterial load studied
in isolated canine ventricle. Am J Physiol Circ Physiol. 1983; 245: H773-H780. https://doi.org/10.1152/
ajpheart.1983.245.5.H773 PMID: 6638199

Klotz S, Hay I, Dickstein ML, Yi G-H, Wang J, Maurer MS, et al. Single-beat estimation of end-diastolic
pressure-volume relationship: a novel method with potential for noninvasive application. Am J Physiol
Heart Circ Physiol. 2006; 291: H403—H412. https://doi.org/10.1152/ajpheart.01240.2005 PMID:
16428349

Senzaki H, Kass DA. Analysis of isovolumic relaxation in failing hearts by monoexponential time con-
stants overestimates lusitropic change and load dependence: mechanisms and advantages of alterna-
tive logistic fit. Circ Heart Fail. 2010; 3: 268—76. https://doi.org/10.1161/CIRCHEARTFAILURE.109.
865592 PMID: 20035066

Matsubara H, Takaki M, Yasuhara S, Araki J, Suga H. Logistic Time Constant of Isovolumic Relaxation
Pressure—Time Curve in the Canine Left Ventricle. Circulation. 1995; 92: 2318-2326. https://doi.org/10.
1161/01.cir.92.8.2318 PMID: 7554217

Schlangen J, Fischer G, Petko C, Hansen JH, Voges |, Rickers C, et al. Arterial elastance and its impact
on intrinsic right ventricular function in palliated hypoplastic left heart syndrome. Int J Cardiol. 2013;
168: 5385-9. https://doi.org/10.1016/}.ijcard.2013.08.052 PMID: 24029659

Schlangen J, Petko C, Hansen JH, Michel M, Hart C, Uebing a., et al. Two-Dimensional Global Longitu-
dinal Strain Rate Is a Preload Independent Index of Systemic Right Ventricular Contractility in Hypoplas-
tic Left Heart Syndrome Patients After Fontan Operation. Circ Cardiovasc Imaging. 2014; 7: 880-886.
https://doi.org/10.1161/CIRCIMAGING.114.002110 PMID: 25270741

Méller P, Weitz M, Jensen KO, Dubowy KO, Furck AK, Scheewe J, et al. Exercise capacity of a contem-
porary cohort of children with hypoplastic left heart syndrome after staged palliation. Eur J Cardio-tho-
racic Surg. 2009; 36: 980-985. https://doi.org/10.1016/j.ejcts.2009.06.029 PMID: 19643621

PLOS ONE | https://doi.org/10.1371/journal.pone.0246031 February 1, 2021 11/12


https://doi.org/10.1136/hrt.2010.203190
http://www.ncbi.nlm.nih.gov/pubmed/20889987
https://doi.org/10.1152/ajpheart.00138.2005
http://www.ncbi.nlm.nih.gov/pubmed/16014610
https://doi.org/10.1161/CIRCULATIONAHA.112.135061
http://www.ncbi.nlm.nih.gov/pubmed/23378298
https://doi.org/10.1510/icvts.2008.198275
http://www.ncbi.nlm.nih.gov/pubmed/19470501
https://doi.org/10.1016/j.ijcard.2016.10.076
https://doi.org/10.1016/j.ijcard.2016.10.076
http://www.ncbi.nlm.nih.gov/pubmed/27816303
https://doi.org/10.1007/s00392-013-0548-3
http://www.ncbi.nlm.nih.gov/pubmed/23397593
https://doi.org/10.1371/journal.pone.0165397
http://www.ncbi.nlm.nih.gov/pubmed/27776179
https://doi.org/10.7863/jum.2011.30.7.899
http://www.ncbi.nlm.nih.gov/pubmed/21705722
https://doi.org/10.1111/echo.12326
http://www.ncbi.nlm.nih.gov/pubmed/23895571
https://doi.org/10.1111/j.1748-1716.2009.02040.x
http://www.ncbi.nlm.nih.gov/pubmed/19735484
https://doi.org/10.1152/ajpheart.1983.245.5.H773
https://doi.org/10.1152/ajpheart.1983.245.5.H773
http://www.ncbi.nlm.nih.gov/pubmed/6638199
https://doi.org/10.1152/ajpheart.01240.2005
http://www.ncbi.nlm.nih.gov/pubmed/16428349
https://doi.org/10.1161/CIRCHEARTFAILURE.109.865592
https://doi.org/10.1161/CIRCHEARTFAILURE.109.865592
http://www.ncbi.nlm.nih.gov/pubmed/20035066
https://doi.org/10.1161/01.cir.92.8.2318
https://doi.org/10.1161/01.cir.92.8.2318
http://www.ncbi.nlm.nih.gov/pubmed/7554217
https://doi.org/10.1016/j.ijcard.2013.08.052
http://www.ncbi.nlm.nih.gov/pubmed/24029659
https://doi.org/10.1161/CIRCIMAGING.114.002110
http://www.ncbi.nlm.nih.gov/pubmed/25270741
https://doi.org/10.1016/j.ejcts.2009.06.029
http://www.ncbi.nlm.nih.gov/pubmed/19643621
https://doi.org/10.1371/journal.pone.0246031

PLOS ONE

Pressure-volume relations in univentricular hearts

22,

23.

24,

25.

26.

Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability
Research. J Chiropr Med. 2016; 15: 155-63. https://doi.org/10.1016/j.jcm.2016.02.012 PMID:
27330520

Critchley LA, Critchley JA. A meta-analysis of studies using bias and precision statistics to compare car-
diac output measurement techniques. J Clin Monit Comput. 1999; 15: 85-91. https://doi.org/10.1023/
a:1009982611386 PMID: 12578081

Danton MHD, Greil GF, Byrne JG, Hsin M, Cohn L, Maier SE. Right ventricular volume measurement
by conductance catheter. Am J Physiol Circ Physiol. 2003; 285: H1774-H1785. https://doi.org/10.1152/
ajpheart.00048.2003 PMID: 12763744

White PA, Redington AN. Right ventricular volume measurement: can conductance do it better? Physiol
Meas. 2000; 21: R23—R41. https://doi.org/10.1088/0967-3334/21/3/201 PMID: 10984202

Chang S-A, Lee S-C, Kim E-Y, Hahm S-H, Jang SY, Park S-J, et al. Feasibility of Single-Beat Full-Vol-
ume Capture Real-Time Three-Dimensional Echocardiography and Auto-Contouring Algorithm for
Quantification of Left Ventricular Volume: Validation with Cardiac Magnetic Resonance Imaging. J Am
Soc Echocardiogr. 2011; 24: 853—-859. https://doi.org/10.1016/j.ech0.2011.04.015 PMID: 21645992

PLOS ONE | https://doi.org/10.1371/journal.pone.0246031 February 1, 2021 12/12


https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1023/a%3A1009982611386
https://doi.org/10.1023/a%3A1009982611386
http://www.ncbi.nlm.nih.gov/pubmed/12578081
https://doi.org/10.1152/ajpheart.00048.2003
https://doi.org/10.1152/ajpheart.00048.2003
http://www.ncbi.nlm.nih.gov/pubmed/12763744
https://doi.org/10.1088/0967-3334/21/3/201
http://www.ncbi.nlm.nih.gov/pubmed/10984202
https://doi.org/10.1016/j.echo.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21645992
https://doi.org/10.1371/journal.pone.0246031

