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Background: In pulmonary arterial hypertension (PAH), right ventricular (RV) failure is the main cause of mortal-
ity. Non-invasive estimation of ventricular-vascular coupling ratio (VVCR), describing contractile response to
afterload, could be a valuable tool for monitoring clinical course in children with PAH. This study aimed to test
two hypotheses: VVCR by cardiac magnetic resonance (VVCRcyr) correlates with conventional VVCR by right
heart catheterization (VVCRgyc) and both correlate with disease severity.

Methods and results: Twenty-seven patients diagnosed with idiopathic and associated PAH without post-
tricuspid shunt, who underwent RHC and CMR within 17 days at two specialized centers for pediatric PAH
were retrospectively studied. Clinical functional status and hemodynamic data were collected. Median age at
time of MRI was 14.3 years (IQR: 11.1-16.8), median PVRi 7.6 WU x m? (IQR: 4.1-12.2), median mPAP
40 mm Hg (IQR: 28-55) and median WHO-FC 2 (IQR: 2-3). VVCRcw, defined as stroke volume/end-systolic vol-
ume ratio was compared to VVCRgyc by single-beat pressure method using correlation and Bland-Altman plots.
VVCRcmr and VVCRgyc showed a strong correlation (r = 0.83, p < 0.001). VVCRqvr and VVCRgyc both correlated
with clinical measures of disease severity (pulmonary vascular resistance index [PVRi], mean pulmonary artery
pressure [MPAP], mean right atrial pressure [MRAP], and World Health Organization functional class [WHO-FC]J;
all p<0.02).

Conclusions: Non-invasively measured VVCRcwr is feasible in pediatric PAH and comparable to invasively
assessed VVCRgyc. Both correlate with functional and hemodynamic measures of disease severity. The role of
VVCR assessed by CMR and RHC in clinical decision-making and follow-up in pediatric PAH warrants further clin-
ical investigation.
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1. Introduction adaptation capacity, progressive ventricular failure and eventual death

in PAH will occur [1,2]. Accordingly, parameters describing RV afterload

Pulmonary arterial hypertension (PAH) is a progressive disease with
high morbidity and mortality. PAH is characterized by remodelling of
the pulmonary vasculature, leading to increased pulmonary vascular re-
sistance (PVR) and artery pressure (PAP), and thus the afterload seen by
the right ventricle (RV). When the increased afterload exceeds the RV
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or RV function and structure have been shown to be important indica-
tors of disease severity and prognosis in PAH [3-11].

Heart catheterization (HC) yields prognostic measurements describ-
ing ventricular and pulmonary hemodynamics, including PVR. How-
ever, HC is an invasive procedure, in pediatrics often requires general
anaesthesia and is associated with not negligible risks in this vulnerable
population [12]. Non-invasive echocardiography provides cardiac func-
tion parameters and estimation of several pulmonary hemodynamic
characteristics. Yet, operator dependency and patient body habitus re-
strictions hamper objective quantification, accuracy and reproducibility
and limit its use both in clinical decision making and as end point in clin-
ical trials. Cardiac magnetic resonance imaging (CMR) provides non-
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invasive, reference standard volume- and flow measurements with high
spatial resolution and is less prone to limitations encountered with
echocardiography. Furthermore, CMR has shown promising results in
pediatric PAH in distinguishing disease from controls. However, its
wide accessibility may be limited by the required infrastructure and ex-
pertise [13].

A conceptual limitation of the conventional evaluation in PAH is that
they separately describe cardiac function by echo and pulmonary vascu-
lar characteristics by HC. Since RV performance is directly dependent on
its pulsatile and resistive afterload, there is growing interest in the
ventricular-vascular coupling ratio (VVCR), a variable that incorporates
ventricular contractility and vascular afterload and that quantifies their
interaction as a measure of the efficiency of cardiovascular performance.

A growing body of literature has investigated the role of VVCR in un-
derstanding the pathophysiology of PAH [14-16]. VVCR, however, is dif-
ficult to measure safely in pediatric clinical practice as multiple
pressure-volume loops must be generated with varying preloads [17].
Therefore, estimations of VVCR have been described using the single-
beat method (VVCRgyc) by RHC, and recently non-invasively by volu-
metric data obtained with CMR (VVCRcmRr) [15,18]. VVCRgyc and
VVCRcyvr have been demonstrated to be predictive of RV failure and sur-
vival in adults with pulmonary hypertension [14,15,19]. However, to as-
sess the clinical value of VVCR as a potential marker of disease severity
in pediatric PH, a larger multi-cohort study was required in which both
estimations of VVCR would be correlated with expanded measures of
disease severity. Patients with PAH only, treated at different centers,
would be needed in order to study a population with a spectrum of dis-
ease severities from a homogenous underlying pathophysiology.

Therefore, the aim of this study is to investigate the role of VVCR as a
clinical tool to assess disease severity in PAH children from two major
PAH referral centers. We hypothesize that VVCRcy\r Will correlate with
VVCRRyc and that VVCRepr and VVCRgyyc correlate to conventional pa-
rameters of disease severity.

2. Methods
2.1. Study population

Patient data were collected retrospectively from medical records at
two major referral centers for pediatric PAH: Children's Hospital Colo-
rado (CHC), Denver, Colorado, USA and University Medical Center Gro-
ningen/Beatrix Children's Hospital (UMCG), Groningen, the
Netherlands. We identified consecutive patients referred to the centers
from January 2009 to March 2016, with an established PAH diagnosis
before age 18 years and determined by HC using standard criteria
[20,21]. We included patients who had undergone an RHC and a CMR
study within 30 days of one another. Clinical disease severity was
assessed by World Health Organization functional class (WHO-FC),
PVRi, mPAP and mean right atrial pressure (mRAP) [4,10,22]. Excluded
were patients with anatomical RV obstruction, abnormal RV volume
loading, or with conditions possibly interfering with normal myocardial
responses, namely: 1) pulmonary valve or pulmonary arterial stenosis;
2) previous surgical or catheter-intervention on the pulmonary valve or
pulmonary arteries; 3) previous right ventriculotomy; 4) congenital
heart disease more complex than simple atrial septal defect; 5) more
than mild pulmonary insufficiency; and 6) presence of arrhythmias
and 7) unavailability of a RV pressure tracing. The study was carried
out with the approval of each centers' Institutional Review Board and
in accordance with the principles of the Declaration of Helsinki.

2.2. VVCR estimation

VVCR represents the ratio of contractility to afterload and reflects the
ability of the ventricle to alter contractility in response to changes in
afterload, in order the maintain cardiac output. VVCR has been repre-
sented in the literature as the ratio of Ecs/E, or E./Ees. End-systolic

elastance (E.s) is an index of myocardial contractility and is a generally
accepted measure independent of pre- or afterload [23]. Arterial elas-
tance (E,) is a validated reference measure of afterload encountered
by the right ventricle [24].

2.3. Right heart catheterization and VVCRgyc

By institutional convention, all HC procedures were performed
under general anaesthesia. A balloon wedge catheter was inserted
through the femoral vein or internal jugular vein and advanced through
the right heart to the pulmonary arteries by standard methods. Hemo-
dynamic measures obtained included mean, systolic and diastolic pul-
monary artery pressures, systolic and end-diastolic RV pressures,
mRAP and pulmonary capillary wedge pressure (PCWP). Systemic and
pulmonary flows were calculated by the Fick equation using assumed
oxygen consumption [25]. Cardiac index, PVRi, SVRi and mPAP/mSAP
were calculated using standard formulas. RHC-derived RV pressure
tracings were analysed by one investigator (MD) using Matlab (The
Mathworks, Natick, MA) to calculate VVCRgyc by single-beat method
modified by Truong et al. (Fig. 1a) [16,18,26]. In this method, end-
systolic pressure (Pes) is estimated as the pressure 30 ms before mini-
mum dP/dt (Pzoms) [27].

2.4. Cardiac magnetic resonance and VVCRqyg

All CMR studies were performed using a 1.5 Tesla Siemens Avanto or
Aera (Siemens Medical Solutions, Erlanger, Germany) or a 1.5 Tesla
Philips Achieva (Philips Medical Systems, Best, Netherlands) scanner.
Standard short-axis and horizontal long-axis SSFP cine images were ob-
tained with breath holding during expiration using a retrospectively
gated steady-state free precession sequence. Depending on the size of
a subject, the parameters ranged from slice thickness of 4-10 mm, num-
ber of averages 1-3, TE 1.1-1.5, TR 2.8-3.5, and resolution 1.2-1.4 mm.
The endocardial border was traced at end-systole and end-diastole
using Qmass 7.6 software (Medis, Leiden, The Netherlands), and vol-
umes were determined. Absolute volumetric measurements were
indexed for body surface area (BSA) using the calculation of Haycock
[28]. Sanz's approach was used to calculate VVCRcyr to represent E,/
Ees (Fig. 1b) [15]. In our study, VVCRcwr is defined as SV/ESV [15] to rep-
resent Eq/E,.

2.5. Statistical analysis

Categorical values are presented as absolute numbers and percent-
ages and continuous variables as median and range. Normality was
evaluated by Shapiro-Wilk tests. Relations between demographic data,
age at diagnosis, age at CMR, age at RHC and PAH etiology with VVCRcvr
and VVCRgyc were explored using Spearman correlation coefficients for
continuous variables and the Kruskal-Wallis test for categorical vari-
ables. To compare VVCRcyr to VVCRgyc, Spearman correlation coeffi-
cients were used. A Bland-Altman plot, which allows for comparison
of two methods in the absence of the gold standard, was made to illus-
trate the difference between the two measurement methods. For the re-
lationships between VVCRcpr, VVCRgryc and disease severity, Spearman
correlation coefficients were used. All tests were two-tailed and a p-
value <0.05 was considered statistically significant. Statistical analyses
were performed using SPSS Statistics for Windows (V23; IBM, Armonk,
New York, NY).

3. Results
3.1. Clinical data
A total of 27 consecutive patients with PAH were identified who had

both a RHC and CMR study ranging between 0 and 17 days in between.
Patient characteristics, including hemodynamic and volumetric data,
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Fig. 1. Schematic overview of a) the single-beat method of determining VVCRgyc and b) the volume method of estimating VVCRqyr. a) At 1., theoretical maximum pressure of the right
ventricle (Pp,.x) is estimated by fitting a sinusoid from early systolic (end-diastolic pressure (Peq) to maximum dP/dt) and early diastolic (minimum dP/dt to pressure equal to P.q4) portion
of the RV pressure tracing. This Py,.x would occur in isovolumic contraction and is therefore located at end-diastolic volume in the pressure-volume loop. End-systolic pressure (Pes) is
estimated as the pressure 30 ms before minimum dP/dt (Psops). At 2., end-systolic elastance (Ees) is estimated by the ratio of Py, minus Peg, to stroke volume (SV). Arterial elastance
(E,) is estimated as the ratio of Pes to SV. b) In the volume method, E. is estimated as the ratio of P.s to end-systolic volume (ESV), in which volume at zero pressure (Vy) is neglected.

E, is, similar to the single-beat method, estimated as the ratio of P to SV.

stratified by etiology, are presented in Table 1. PAH etiologies included
idiopathic or heritable PAH (iPAH/hPAH) in 66.7%, PAH associated
with congenital heart disease (PAH-CHD) 18.5% and PAH associated
with other conditions (APAH) 14.8%. The latter conditions included con-
nective tissue disease, drugs- or toxins, schistosomiasis and portal hy-
pertension. Medication types included PDE5-inhibitors, endothelin
antagonists, prostacyclin analogues and calcium channel blockers.
There were no patients with monotherapy of prostacyclin analogues.

3.2. VVCRCMR versus VVCRRHC

As shown in Fig. 2a, VVCRcpyr (median 1.0; IQR 0.5-1.0) and
VVCRgyc (median 1.1; IQR 0.9-1.2) were strongly correlated (r =
0.83, p < 0.001). A mean difference was demonstrated between
VVCRcpr and VVCRgyc of 0.19 (95%-Cl: —0.23-0.61) (Fig. 2b). Neither
VVCRcymr nor VVCRgyc was found associated with gender or etiology
of PAH, or correlated with age at diagnosis, age at CMR, age at catheter-
ization or BSA (data not shown). Of note, there were no significant dif-
ferences in heart rate (p = 0.77) or RV CI (p = 0.24) during RHC and

CMR. Furthermore, both measures of VVCR correlated similarly with
RVEDVi (VVCRcmr 0.65, p < 0.01; VVCRgyc 0.63, p < 0.01).

3.3. VWWCRwr versus VVCRgyc; disease severity

Both coupling measures correlated negatively with the clinical mea-
sures of disease severity PVRi, mPAP, mRAP and WHO-FC (all p < 0.02).
The relationship between VVCRcyr and VVCRgyc and the parameters of
disease severity in quartiles is demonstrated in Fig. 3.

4. Discussion

This early descriptive study demonstrates that, in pediatric PAH,
non-invasively measured VVCRcyr correlates well with the more
established, invasively measured VVCRgyc. Furthermore, both correlate
comparably well with currently used conventional parameters of dis-
ease severity. We describe the values of VVCRcyr and VVCRgyc in the
largest study of pediatric PAH patients, by combining cohorts of two
major referral centers for pediatric PAH. We are the first to correlate
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Table 1

Demographic, clinical, volumetric and hemodynamic data of the patients, stratified by diagnosis.

K.T.N. Breeman et al. / International Journal of Cardiology 293 (2019) 211-217

Characteristics All patients iPAH/hPAH PAH-CHD repaired,n =5  APAH-non-CHD
n=27 n=18 n=4
Demographic/clinical
Age at diagnosis, years 9.3 (3.7-14.0) 11.0 (3.9-14.3) 4,6 (2.2-9.9) 9.9 (2.3-13.8)
Age at CMR study, years 14.3 (11.1-16.8) 14.4 (11.5-15.6) 12.3 (6.3-19.4) 14.7 (2.8-19.8)
Time Dx enrolment, months 46 (0—111) 16 (0-124) 92 (23-141) 34 (6-96)
Incident (Dx-enrolment < 3 m) 10 (37) 8 (44) 1(20) 1(25)
Time Dx enrolment, months 0 (0-0)
Prevalent (Dx-enrolment >3 m) 17 (63) 10 (56) 4 (80) 3(75)
Time Dx enrolment, months 92 (47-139)
Female 16 (59) 13 (72) 2 (40) 1(25)
Weight, kg 50.0 (33.6-62.0) 54.3 (32.5-62.5) 46.0 (24.5-59.5) 51.5 (15.4-64.5)
BSA, m? 1.5 (1.2-1.7) 1.6 (1.1-1.7) 1.4 (0.9-1.6) 1.5 (0.6-1.7)
WHO-FC* [-11 13 (59) 8 (44) 4 (80) 1(25)
1I-1v 9 (41) 6(33) 1(20) 2 (50)
Treatment during CMR/RHC ~ None 3(11) 1(6) 1(20) 1(25)
Monotherapy by oral route 8 (30) 8 (44) 0 0
Double therapy by oral route 9(33) 5(28) 2 (40) 2 (50)
Combination therapy using prostacyclin analogue 7 (26) 4(22) 2 (40) 1(25)
Days between CMR and catheterization 1(1-2) 1(1-3) 1(0-2) 1(0-7)
Hemodynamic data (RHC)
Mean RAP, mm Hg 6 (4-8) 6 (4-8) 6 (6-12) 6 (4-10)
Mean PAP, mm Hg 40 (28-55) 41 (27-57) 35 (26-54) 51 (28-54)
Systolic PAP, mm Hg” 58 (44-78) 67 (42-81) 55 (40-74) 65 (39-78)
Diastolic PAP, mm Hg" 28 (17-37) 30 (19-37) 22 (13-41) 26 (16-38)
Systolic RVP, mm Hg 63 (42-79) 63 (41-80) 57 (41-79) 73 (48-87)
End-diastolic RVP, mm Hg® 7 (6-10) 7 (6-10) 8(8-12) 6(3-6)
PCWP, mm Hg 9 (7-10) 9 (7-10) 9 (9-9) 10 (8-13)
Mean SAP, mm Hg 62 (52-69) 65 (52-73) 59 (52-62) 64 (58-73)
Mean PAP/mean SAP, ratio 0.7 (0.5-0.8) 0.7 (0.4-0.9) 0.6 (0.6-1.1) 0.8 (0.4-0.9)
PVRi, Wood units x m? 7.6 (4.1-12.2) 7.6 (4.0-15.8) 5.8 (3.2-16.4) 10.3 (4.4-11.1)
Heart rate, beats/min 83 (70-91) 81 (67-88) 85 (67-152) 93 (75-98)
RV CI, I/min/m? 4.1 (3.3-4.5) 4.0 (3.3-4.6) 4.4 (2.7-5.6) 4.1 (3.6-4.2)
VVCRgyc 1.1 (0.9-1.2) 1.1 (0.9-1.2) 1.2 (1.0-1.5) 1.0 (0.8-1.3)
VVCR as E,/Emax (RHC) 0.9 (0.8-1.1) 1.0 (0.8-1.2) 0.9 (0.7-1.1) 0.8 (0.7-1.2)
Volumes (CMR)
Heart rate, beats/min 84 (67-99) 85 (69-99) 77 (63-93) 98 (61-146)
RVEDVi, ml/m? 114 (100-148)  107.4 (95.8-139.8) 134.9 (108.1-173.6) 133.6 (89.5-174.6)
RVESVi, ml/m? 58 (45-79) 56.7 (43.1-80.5) 65.4 (46.2-111.7) 68.2 (48.6-108.7)
RVSVi, ml/m? 52 (45-62) 51.3 (45.2-55.4) 62.2 (52.8-74.5) 63.3 (40.9-67.9)
RV EF, % 49 (35-53) 48.8 (34.1-53.1) 51.5 (36.9-57.4) 44,6 (37.2-50.6)
RV CI, I/min/m? 4.1 (3.6-5.5) 4.0 (3.5-5.0) 3.9(3.7-6.8) 5.8 (3.6-6.8)
LVEDVi, ml/m? 85 (67-93) 78.9 (66.2-93.1) 96.1 (66.4-113.7) 85.4 (80.9-85.9)
LVESVi, ml/m? 35 (29-41) 34.4 (25.9-41.1) 40.9 (28.5-47.8) 41.0 (35.2-55.2)
LVSVi, ml/m? 48 (38-56) 47.6 (39.8-54.5) 61.6 (33.1-67.4) 41.5 (28.6-50.7)
LV EF, % 58 (55-61) 58.7 (55.4-62.7) 57.9 (50.4-62.5) 50.0 (34.3-59.0)
LV CI, I/min/m? 3.8 (2.7-4.6) 3.8(2.8-4.7) 3.9 (3.0-4.7) 3.7 (2.6-5.3)
Qp/Qs 1.1 (1.0-1.2) 1.1 (1.0-1.2) 1.0 (1.0-2.2) 1.2 (1.0-1.3)
VVCRemr 1.0 (0.5-1.1) 1.0 (0.5-1.1) 1.1 (0.7-14) 0.8 (0.6-1.0)
VVCR as E./Emax (CMR) 1.0 (0.9-1.8) 1.1 (0.9-1.9) 0.9 (0.7-2.1) 1.2 (1.0-1.7)

Continuous data is shown as median (interquartile range) and categorical data as no. (%).

BSA, body surface area; iPAH, idiopathic pulmonary arterial hypertension; hPAH, hereditary pulmonary arterial hypertension; PAH-CHD, pulmonary arterial hypertension associated with
congenital heart disease; APAH-non-CHD, associated pulmonary arterial hypertension non-congenital heart disease; RAP, right atrial pressure; PAP, pulmonary arterial pressure; RVP,
right ventricular pressure; PCWP, pulmonary capillary wedge pressure; SAP, systemic arterial pressure; PVRi, pulmonary vascular resistance index; SVRi, systemic vascular resistance
index; RV (I, right ventricular cardiac index; VVCRgyc, catheterization-derived ventricular vascular coupling ratio; RVEDV], right ventricular end-diastolic volume index; RVESVi, right ven-
tricular end-systolic volume index; RVSVi, right ventricular stroke volume index; RV EF, right ventricular ejection fraction; LVEDVj, left ventricular end-diastolic volume index; LVESVi, left
ventricular end-systolic volume index; LVSVj, left ventricular stroke volume index; LV EF, left ventricular ejection fraction; LV CI, left ventricular cardiac index; Qp/Qs, ratio of pulmonary

flow to systemic flow; VVCRcur, CMR-determined ventricular-vascular coupling ratio.
2 n=22
b n=24
¢ n=26.

both measures of VVCR with multiple conventional measures of disease
severity.

Currently, in children with PAH, tools for assessing disease severity
and for defining prognosis or treatment targets are critical. The tools
used in adult PAH are often not feasible in young children. Compared
to adults, RHC for monitoring hemodynamics has higher risks in chil-
dren associated with general anaesthesia or sedation. The risk for ad-
verse events including death increases as age decreases [29,30]. Non-
invasive parameters such as the 6-minute walk distance or

cardiopulmonary exercise test are not feasible nor reliable in young chil-
dren due to insufficient compliance. Therefore, it is imperative that new
diagnostic parameters are established and validated as tools to guide
treatment strategies in this population.

Recent insights tend to shift the focus from examination of the right
ventricle and the pulmonary vasculature separately towards the inves-
tigation of its interaction within the integrated cardiovascular system
[31]. As PAH is a typical example of a cardiac load-increasing disease
in which there is a complex interaction between the vasculature and
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Fig. 2. a) Correlation and 95% confidence interval between catheterization-derived (VVCRgyc) and CMR-derived ventricular-vascular coupling ratio (VVCRcyr). b) Bland-Altman plot
demonstrating the differences between VVCRguc and VVCRcvg. Mean ventricular-vascular coupling ratio (VVCR) is calculated as (VWCRevr + VVCRruc) / 2. Mean difference between
VVCRcmr and VVCRgyc (middle black line) is 0.19 with a 95% interval of —0.23 to 0.61 (dashed lines).

the ventricle, quantification of the right ventricular-vascular coupling
ratio may be of additional value in the evaluation and clinical monitor-
ing of PAH.

The findings in this study regarding VVCR are congruent with the
theoretical framework and earlier studies. VVCR (as Ees/E,) is theoreti-
cally optimal at 1.5-2, but in progressive load-increasing diseases asso-
ciated with failing ventricular function such as PAH, VVCR eventually
decreases [32]. As expected, the values of VVCR found in this study, a
median VVCRcyr of 1.0 (IQR 0.5-1.1) and a median VVCRgyc of 1.1
(IQR 0.9-1.2), suggest overall abnormal coupling between the RV and
pulmonary vasculature in our study population. In comparison to earlier
studies in adult PH, the values in our pediatric population suggest a
more energy-efficient coupling. In a study of Vanderpool et al. in
which 50 PH adults were evaluated by CMR and HC, mean VVCR¢yr
(as SV/ESV) was 0.8 and mean VVCRgyc values were 2.3 and 1.4 (de-
pending on variations in method) [14]. These authors found that after
controlling for right atrial pressure, mPAP and SV, VVCRcyr was the
only independent predictor of transplant-free survival. Furthermore,
VVCRcur Was a stronger predictor than RV EF. In a study with 124
adult PH patients, VVCR was acquired as E,/Eqax [15]. A mean VVCRevr
of 1.8 was found and a mean VVCRgyc of 1.3. In our patient population,
VVCR as E./Emax would be respectively 1.0 by CMR and 0.9 by RHC. As
there are no methodological differences in estimating VVCR¢yr in
these studies, the worse VVCRcyr values in both adult PH studies
might be explained by impaired RV function in the subjects of those
studies, indicated by an RV EF of 39% and 37% versus 49% in the pediatric
population in the current study [14,15]. When comparing VVCRgyc
values between studies, methodological differences must be considered
as explanation, as discussed below.

However, it is the relationship of VVCR with progressing disease se-
verity that can eventually be of clinical significance. VVCR is thought to
decrease little in early stages of load-increasing disease such as PAH, as
SV is maintained by augmented RV contractility. In late stages of disease,
the RV fails to adapt and a further decrease in VVCR is expected. In the
current study, both VVCRcyr and VVCRgyc correlated well with conven-
tional functional and hemodynamic parameters of disease severity.
These findings are also congruent with those reported in adults with
PAH [14,15]. Impaired right ventricular-vascular coupling in PAH is
likely to be a gradual and progressive feature and serial imaging could
guide the clinician in this process. The typical decremental pattern of
VVCR was distinct in this study, although more evident in VVCRcyr
than in VVCRgyc. Hence, VVCRcyr may be more consistent with the

theoretical concepts of decoupling in worse disease states and therefore
more accurate in assessing disease severity. Further, during the
timeframe of this study, one patient in this cohort died and one
underwent a lung transplantation. VVCR values in the course of their
disease were in the third and fourth quartile of the cohort. However, a
gap in time of up to three years existed between the VVCR studies and
the adverse events. A prospective study with long-term follow-up and
well-defined outcome end points could describe the prognostic value
of VVCR measured either by CMR or RHC more clearly.

As there is no gold standard to measure VVCR, in this study, two
methods are compared which pertain most to the physiological systolic
function (as Ees) and afterload (as E,), and thus to the most physiologi-
cally sound VVCR. Both methods estimate VVCR as E.s/E, but use partly
different assumptions. Ees is a broad accepted measure of contractility,
but in the single-beat method P is necessary. By using only standard
protocol catheterization data, estimations for Pes are used as end-
systole is not clearly distinguishable. For example, Vanderpool et al., ac-
quired different values of VVCRgyc by estimating Pes as mPAP or sSRVP
[14]. However, mPAP was recently shown to be unfit as a surrogate
for Pes when evaluating RV-arterial coupling in adult patients with
PAH [33]. When using pressure data only, the best estimation of Peg
would be the pressure 30 milliseconds prior to minimum dP/dt [27].
Nevertheless, as there is a constant timeframe in this method, different
heart rates between subjects make this method sensitive to bias. In the
volume method, Es is simplified from Pe/(ESV-Vy) to Pes/ESV. The ne-
glect of Vy is physiologically incorrect as Vy is dependent on RV dilation
in patients with PAH [19]. The implication of this possible bias in this
study is small, as RVEDVi correlated equally with both measures of
VVCR. Furthermore, in both methods, E; as Pes/SV is a limited represen-
tation of afterload. P.s/SV does compare well to the effective arterial
elastance parameter, calculated with the three-element Windkessel
model. Yet, in that model the resistive components of afterload are
still simplified in comparison to the afterload measured by arterial
input impedance spectrum. Moreover, because P.s/SV is used instead
of (Pes — PCWP)/SV, PCWP is assumed to be negligible. It has been
shown that incorporating PCWP in this formula makes E, a physiologi-
cally more accurate surrogate for the actual effective arterial elastance
[24].

An often-noticed point of discussion is the similarity of EF (SV/EDV)
and VVCRcvr (SV/ESV). Indeed, VVCRr is clearly related to EF [15].
Analysing both formulas closely, VVCRcyr can be described in terms of
EF as VVCRemgr = 1/ (|1 / EF] — 1). However, EF is more load-
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Fig. 3. CMR- and RHC-derived ventricular-vascular coupling ratio (VVCRcug, blue; VVCRgyc, orange) to a) pulmonary vascular resistance, indexed (Wood units x m?), b) mean pulmonary
artery pressure (mm Hg), ¢) mean right atrial pressure (mm Hg) and d) WHO functional class; all in quartiles. The boxes represent the middle 50% of the studied population, with the black
line being the median, and the whiskers represent 25% each. The cutoff points for quartiles were 4.1, 7.6, 12.2 Wood units x m? for PVRi; 4, 6 and 8 mm Hg for mRAP and 28, 40 and

55 mm Hg for mPAP.

dependent than VVCRcw, as EDV changes more than ESV per increase
in venous return, as can be seen in the relationship between EDV and
ESV (equal to the relationship of EF and VVCRcyr) Which is positive
but not linear. Therefore, in the regions of the curve with higher values
of EDV and ESV, as in RV failure, ESV increases more than EDV. So, in that
stage, each unit increase in EDV is accompanied by a larger than one unit
increase in ESV. This also means that VVCRcyr changes more than EF in
RV failure where RV dimensions increase. Therefore, VVCRcyr may be a
more sensitive method of detection of RV failure. In addition, in this co-
hort, VVCRcvr was more normally distributed than EF, making it better
suited for statistical analysis. These advantages of VVCRcyvR, together
with the fact that VVCRqwy is a reflection of both vascular and ventricu-
lar function, rather than EF with only reflects ventricular function, make
VVCRcyvr @ more complete measure of disease progression than EF.

4.1. Limitations
This study has some limitations associated with its retrospective na-

ture and the limited number of patients. CMR and RHC were not per-
formed simultaneously. However, with a median time of 1 day (IQR:

1-2) between both investigations, both conditions were assumed to
be representative for a similar disease state in the individual patient.
Differences between VVCRcur and VVCRgyc values could be further af-
fected by methodological differences. During RHC, institutional stan-
dards calls for general anaesthesia, while unsedated CMR is often
attempted in children older than 7 years to avoid anaesthesia. CMR
also requires breath-holding to limit motion artifact, which is not neces-
sary during RHC. The technical determination of VVCRgyc by Matlab
was limited in that three different types of pressure tracings were
analysed; 2 types were image-based and the third was digitized data.
The image-based types required image processing, which may account
for minor differences within Pes and Pp,.x calculations between image
types. We would have liked to demonstrate the prognostic importance
of VVCRcvr and VVCRgyc as the adult PH study showed [14]; however,
the rates of transplant and death are thankfully too low in the pediatric
population to perform survival analysis even with combined data from
two large pediatric pulmonary hypertension centers. Larger studies in-
volving combined data from multiple centers will be necessary to ac-
complish this. Finally, we acknowledge that VVCRcwp is not a direct
measurement of ventricular vascular coupling, rather an estimation.
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That does not, however, mean it cannot be used in clinical care. The non-
invasive nature of CMR and its safety profile make it an important tool
for monitoring disease severity, risk stratification, and therapeutic man-
agement in children.

5. Conclusions

The findings in the current study indicate that in pediatric PAH,
VVCR estimated noninvasively using CMR correlates well with VVCR
measured at RHC, and that VVCR estimated by either method correlates
well with clinical parameters of disease severity in children with PAH
and may be an early predictor of RV failure. Therefore, VVCR may poten-
tially be used for assessment of disease severity, risk stratification,
timing of interventions and treatment decisions. Although both
VVCRcMmr and VVCRgyc are estimates of true physiologic ventricular-
vascular coupling, this does not have to imply an obstacle to clinical im-
plementation as both estimates were shown to correlate well with both
hemodynamic and clinical parameters of disease severity in this study
and thus may be of clinical value in monitoring patients with PAH.
Also, despite the theoretical simplification for estimating VVCRcg,
studies in adult PH have shown VVCRcyr to be of prognostic value
and thus of potential clinical use [14,15].

Future studies in pediatric PAH patients are required to assess the
prognostic value of VVCR and compare this to other currently used
prognostic parameters. Also, the prognostic value of treatment-
induced changes in VVCR should be studied in order to establish VVCR
as a treatment goal in pediatric PAH.
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