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Abstract We sought to compare pulmonary flow hemo-
dynamic indices obtained by Fick and thermodilution
catheterization techniques with phase-contrast MRI (PC-
MRI) in children with diverse etiologies of pulmonary
arterial hypertension (PAH). Calculation of pulmonary
flow (Qp) using the Fick principle in most catheter labo-
ratories relies on an estimate of oxygen consumption which
may limit its reliability. Flow hemodynamic indices
acquired from thirty patients with PAH who underwent
successful same-day PC-MRI and catheterization were
evaluated for absolute and percent bias. Comparison of Qp
between PC-MRI and Fick revealed poor agreement with
an absolute bias of 0.96 + 0.53 L/min/m?* and percent bias
of 27.7 £ 19.6%. Same analysis between PC-MRI and
thermodilution revealed better agreement as demonstrated
by absolute bias 0.64 + 0.47 L/min/m* and percent bias
16.8 £ 12.3%. Retrospectively calculated Voz from PC-
MRI and LaFarge equations revealed poor agreement, with
an absolute bias of 33.4 & 21.6 mL/min/m? and percent
bias of 25.8 + 12.6%. We found that Fick-derived flow
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hemodynamics dramatically differs from PC-MRI com-
puted metrics in children with PAH. The non-invasive
nature of PC-MRI and short acquisition time is ideal for
pediatric flow evaluation and may offer a novel route of
absolute flow and resistance assessment when combined
with cardiac catheterization.

Keywords Phase-contrast MRI - Pulmonary hypertension -
Pulmonary flow - Catheterization

Introduction

Measurement of right ventricular cardiac index (CI) is
required for the calculation of pulmonary vascular resis-
tance (PVR), which is a principal diagnostic and quanti-
tative variable in pediatric pulmonary arterial hypertension
(PAH) [1, 2]. Flow hemodynamics are essential for cate-
gorical evaluation of PAH subtype, determination of dis-
ease severity, acute vasoreactivity testing, and assessment
of therapeutic efficacy [3, 4]. Precise assessment of pul-
monary and systemic flow ratio (QP:QS) is especially crit-
ical for the calculation of the respective resistance ratios in
congenital heart disease (CHD) or in persistent PAH of
newborns with extra-pulmonary shunts [5, 6]. Additionally,
CI has a strong predictive value in both adult and pediatric
PAH populations [7]. Accurate measurement of flow
hemodynamics is clearly very important for diagnostic
evaluation and appropriate management of patients with
PPH but there is clear evidence that there are discrepancies
between directly measured oxygen consumption values and
those estimated by predictive equations [8].
Conventionally, flow hemodynamic indices are directly
derived from the use of the institutional catheterization
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protocol, either by thermodilution or by the Fick principle
[9]. Unfortunately, the thermodilution (TD) technique in
the pediatric PAH population is complicated by lesions
associated with CHD, right-heart valve regurgitation, the
presence of aortopulmonary collateral vessels, low cardiac
output, and developmental comorbidities particularly of the
respiratory system [10]. For these reasons the Fick princi-
ple is the most widely used method for CI calculation.
There is increasing evidence indicating that current
assumptions associated with the estimation of oxygen
consumption (Vo,) necessary for CI calculation using the
Fick principle may not be suitable for the pediatric popu-
lation [10-13]. To estimate Vo2 consumption, catheteri-
zation laboratories frequently apply the LaFarge
tables which were derived for children older than 3 years
of age and do not account for the acute effects of anesthesia
and ventilation on respiratory and metabolic status. Sig-
nificant errors in CI computation have been previously
described in single-ventricle patients and in a heteroge-
neous group of CHD patients [11, 14]. The reliability of
catheterization-derived CI in pediatric PAH population is
uncertain. Methods to directly quantify oxygen consump-
tion are in use in some catheterization laboratories, but are
not yet in routine use. Improved published \'702 estimation
algorithms exist for children less than 3 years of age, but
they also have yet to be widely accepted [10, 11].

Phase-contrast MRI (PC-MRI) is considered the gold-
standard method for the evaluation of flow waveforms and
has been suggested for hemodynamic assessment of the
pulmonary circulation, especially in combination with
catheterization [14-17]. Velocity data generated from PC-
MRI further enables the evaluation of such key factors as
negative regurgitant flow, assessment of regional vascular
stiffness by means of compliance and pulse wave velocity,
quantification of intra- and extracardiac shunts, and com-
putation of hemodynamic shear stress [17-19]. The appeal
of PC-MRI for measuring flow through proximal pul-
monary conduit vessels in children lies in the ability of
internal validation of flow calculation through the main
pulmonary artery and its primary branches with good
reproducibility [18, 20].

In this study we sought to compare pulmonary flow
hemodynamic indices obtained by standard catheterization
techniques with PC-MRI in children with diverse etiologies
of PAH. Additionally, we retrospectively calculated V02
and pulmonary vascular resistance index (PVRi) using CI
derived from PC-MRI and compared these results with
respective LaFarge and thermodilution techniques. We
hypothesized that results of flow calculations would vary
markedly between PC-MRI and catheterization-derived
methods.

Methods

With the approval of the Institutional Review Board at the
Children’s Hospital Colorado, all patients with previously
diagnosed PAH, including PAH associated with congenital
heart disease, who underwent an initial PC-MRI with
same-day hemodynamic evaluation in the cardiac
catheterization laboratory between December 2010 and
August 2016 were identified. The initial diagnosis of PAH
was established after evaluation by our Pulmonary
Hypertension Program, which included echocardiography
and a previous diagnostic cardiac catheterization (not used
for comparative evaluation), according to accepted guide-
lines [1]. Anesthesia was required in patients young-
er <7 years of age during MRI acquisition and
occasionally used in older patients based on anticipated
cooperation in the MRI room.

PC-MRI

The PC-MRI acquisition protocol was performed as pre-
viously described [21, 22]. A gradient echo ECG gated
sequence was applied to obtain tissue intensity and phase
velocity maps using a 1.5 or 3.0 Tesla magnet (Magnetom
Avanto, Siemens Medical Solutions, Erlangen, Germany;
Ingenia, Philips Medical Systems, Best, The Netherlands).
Through-plane flow evaluation in the main artery pul-
monary plane was chosen to be 1 cm above the pulmonary
valve. The ascending aortic plane for systemic flow com-
putation was chosen to be 1 cm above the sinotubular
junction. For purposes of internal validity, flow evaluation
was also performed in the left and right pulmonary arteries.
Acquisition planes for both branches were taken 2 cm from
the bifurcation. A typical sequence for free breathing PC-
MRI with Cartesian encoding and retrospective sorting had
a temporal resolution of 14-28 ms with 30—40 phases, echo
times of 2.2-3.5 ms, matrix: 160 x 256, flip angle of 25°
with 100% of the k-space sampled. Depending on patient
size and field of view (128-225 x 210-360 mm), the
cross-sectional pixel resolution was
0.82 x 0.82-1.56 x 1.56 mm” with a slice thickness of
5 mm. Resulting acquisition time varied upon heart rate
between 1 min 45 s to 3 min. Velocity encoding values
were adjusted according to the maximum velocities
encountered during scout sequences to avoid aliasing arti-
fact (typical values ranged from 100 to 150 cm/s).
Pulmonary and systemic flows were analyzed from time
frame-segmented respective magnitude and phase-contrast
images as previously described (Matlab Program; Math-
works, Inc., Natick, MA, USA) [21, 22]. Specifically, each
temporal phase was segmented using a semi-automatic
level-set method (Segment, Medviso), where a constructed
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algorithm applies an active contour model which tracks the
edges of the vessel wall initialized by a manual delineation
in one time frame [21].

Catheterization

The cardiac catheterization protocol was performed as
recommended by pediatric PAH consensus guidelines
[1, 9]. Hemodynamic and saturation data were collected in
all cases under room air conditions. All patients underwent
flow evaluation using the Fick principle and patients
without evidence of intracardiac shunting also underwent
thermodilution measurement of cardiac output. Estimated
Voz was calculated from LaFarge equations as shown
previously [10, 13]. The oxygen saturations and corre-
sponding oxygen content values were obtained from blood
samples collected in the superior vena cava, pulmonary
artery, aorta, and pulmonary vein as anatomy allowed.
Oxygen content was calculated using the standard formula:

Co, = 13.6 - Hb - Sp, + 0.003 - p,,

where Hb is hemoglobin concentration (gm/dL), So, is
oxygen saturation, and po, is partial oxygen pressure
obtained from collected blood samples. The final CI was
derived from the conventional Fick method as the ratio of
\702 to the difference in oxygen contents for the pulmonary
and systemic circulations. Additional hemodynamics
recorded included mean pulmonary arterial pressure
(mPAP), pulmonary arterial wedge pressure (PAWP), and
computed PVRi. Retrospectively calculated oxygen con-

sumption using the lem was then computed using the
following formula:

“MRI  +MRI

Vo, =Q, - (CPVo, — CPAy,) - 10,

where C-PVq, and C-PAg, are pulmonary venous and
arterial oxygen contents. PVRi was calculated from PC-

MRI as determined from the result of (mPAP — PAWP)/
- MRI

Qp
Statistical Analysis

Statistical analyses were performed in Statistical Analytical
Solutions (SAS) (version 9.4 SAS Institute, Cary, NC).
Variables were checked for the distributional assumption
of normality using histogram plots and Kolmogorov—
Smirnov and Shapiro-Wilk tests. Normally distributed
variables were reported as mean & SD, and skewed vari-
ables as medians with inter-quantile ranges. Flow hemo-
dynamic characteristics collected from different modalities
were compared using student 7 test for normally distributed
continuous  variables. Bland—Altman analysis and
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correlation coefficients were applied to assess the vari-
ability between two methods estimating the same quantity
[23]. Correlation coefficients were obtained from general-
ized linear regression models and were reported as
beta &+ standard error. Variation between two different
methods was computed as the mean of differences reported
as mean + 2SD. Significance was based on an a-level of
0.05.

Results

Demographics of the study population are summarized in
Table 1. Thirty patients with PAH (age: 13.0 & 5.1 years
(mean £ SD; range: [0.75, 20]); 2 children were < 3 -
years; 17 subjects were female) who underwent same-day
PC-MRI and catheterization were identified. Fourteen
patients had idiopathic PAH, 12 children had PAH asso-
ciated with CHD, two patients had PAH associated with
restrictive lung disease, one patient had PAH due to
schistosomiasis, and one patient had hereditary PAH. CHD
included atrial septal defect (8 patients; 3 were studied post
repair), ventricular septal defect (3 patients; 1 post repair),
and patent ductus arteriosus post repair (1 patient).
Catheterization hemodynamic values are summarized in
Table 2. All patients received flow evaluation using the
Fick method and 16 patients were additionally studied by
thermodilution (TD). As reported above 7 PAH patients
had an intracardiac shunt present at the time of evaluation.
Table 3 compares flow hemodynamics between PC-MRI
and catheterization techniques. Comparison of Qp between
PC-MRI and Fick revealed poor agreement with an abso-
lute bias of 0.98 4 0.70 L/min/m* and percent bias of
23.0 & 15.6%. The graphical representation of agreement
analysis is portrayed in Fig. 1. Measurements between PC-

Table 1 Patient characteristics

Age (years) 13.0 £ 5.1
Female 17 (57%)
BSA (m?) 1.37 + 0.38
IPAH 14 (47%)
CHD-PAH 12 (40%)
ASD 8 (27%)
VSD 3 (10%)
PDA 1 (3%)
Others 4 (13%)

Data reported as mean £+ SD
IPAH idiopathic pulmonary arterial hypertension, CHD congenital

heart disease, ASD atrial septal defect, VSD ventricular septal defect,
PDA patent ductus arteriosus
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Table 2 Hemodynamics

mPAP (mmHg) 40 + 17
PAWP (mmHg) 8+3

PVRi (WU/m?) 94 + 8.1
Hemoglobin (gm/dL) 129 £ 1.8
VO, (L/min/m?) 131 £ 13
Heart rate (bpm) 79 £ 17

Data reported as mean £+ SD

mPAP mean pulmonary arterial pressure, PAWP pulmonary arterial
wedge pressure, PVRi pulmonary vascular resistance index, VO,
oxygen consumption

MRI and Fick techniques correlated significantly
(0.46 £+ 0.14, p = 0.0038 and r = 0.512). Analysis of PC-
MRI and TD revealed better agreement as demonstrated by
absolute bias 0.61 + 0.82 L/min/m*> and percent bias
13.8 &+ 15.3%. Stronger correlation existed between both
modalities (0.86 = 0.19, p = 0.0006 and r = 0.760).
Bland—Altman analysis revealed limits of agreement
— 1.85to0 4+ 2.66 L/min/m? between PC-MRI and Fick and
— 1.81 to + 2.18 L/min/m* between PC-MRI and TD.
Evaluation of Q'p:Q'S using PC-MRI and Fick indicated
absolute bias 0.26 & 0.36 and percent bias 11.3 £ 9.5%,
and between PC-MRI and TD absolute bias 0.17 + 0.25
and percent bias 10.7 £ 10.1%.

Additional analysis compared retrospectively calculated
Vo, and PVRi values with standard methods. Comparison
of retrospectively calculated Vo2 from PC-MRI and
LaFarge revealed poor agreement, with an absolute bias of
33.4 + 21.6 mL/min/m> and percent  bias of
25.8 = 12.6%. There was no correlation between these two
methods. Wide range between limits of agreement was —
72 to + 84 mL/min/m? (Fig. 2a). PVRi as calculated by
PC-MRI revealed poor agreement with conventional Fick-
based flow measurements, with an absolute bias of
2.5+ 3.4 WU m? and percent bias of 28.1 & 21.9%.
Corresponding Bland—Altman revealed limits of agreement
between — 9.8 and 8.3 WU m? (Fig. 2b). Smaller yet still

Table 3 Comparison of flow hemodynamic indices

considerable bias existed between PC-MRI and TD-derived
PVRi with absolute bias 2.5 £ 3.4 and percent bias
24.1 + 18.2%.

To investigate the potential association between the
measured differences and basic demographic parameters,
we correlated absolute and percent bias from each com-
parison with age, BSA, and heart rate. We did not find any
correlation between these parameters and bias observed
between the catheter and MRI methods. Lastly, 10 patients
had flow evaluation of PC-MRI in the main, right, and left
pulmonary arteries. Internal validity of PC-MRI was per-
formed by comparing Qp measured in the main pulmonary
artery and combined Qp from right and left pulmonary
arteries. We found excellent agreement with absolute bias
of 0.20 + 0.12 L/min/m* and percent bias 4.9 + 3.0%.
Both methods showed almost identical agreement with
strong correlation (0.980 %+ 0.105, p < 0.0001, r = 0.957)
and limits of agreement — 0.52 to 4 0.52 L/min/m”.

Discussion

This study demonstrates that significant variation exists
between flow hemodynamic metrics using conventional
catheterization methods and PC-MRI derivations in chil-
dren with PAH. Consequently, retrospectively calculated
V02 and PVRIi failed to present agreement with values
estimated from LaFarge equations and Fick Qp, respec-
tively. We found that a 23.0% bias exists between PC-MRI,
flow evaluation method, and the conventionally applied
Fick method, while a smaller bias of 13.8% was identified
when compared with TD. Interestingly, the bias between
PC-MRI and Fick-based hemodynamic values was not
associated with the determinants of LaFarge table: age,
BSA, and heart rate.

Our results are consistent with the conclusions from
previously reported pediatric studies of the error associated
with the Fick method, which supported a combination of
MRI flow and catheterization pressure hemodynamic
assessments [14, 15, 24, 25]. The PVRIi value is critical in

PC-MRI Fick Bias + SD % Bias + SD  TD Bias + SD % Bias + SD
Q, (L/min/m?) 38+ 1.0 38412 096 +0.53  27.7+ 196 37412 0.64 047 168 £ 123
Q,:Q, 1.09 £ 042 1024025 026+036 113+95 099 +0.10  0.17+025  10.7 + 10.1
Vo, (mL/min/m?) 137 + 37 131 + 13 3344+216 258+ 186 - - -
PVRi (WU m?) 8.7 +5.1 9.4 + 8.1 29436 28.1 +21.9 9.6 + 7.7 25434 24.1 + 1822

Data are reported as mean £+ SD

0, pulmonary flow (RV CI), Vo, oxygen consumption, PVRi pulmonary vascular resistance index, 7D thermodilution
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Fig. 1 Bland-Altman and scatter plots indicating the relationship
between catheterization-derived flow methods and PC-MRI. a
Relationship between Fick and PC-MRI measurement indicating
poor agreement with equal distribution of overestimated and under-

estimated Fick Qp measurements. b Better agreement existed between

the evaluation of pediatric PAH and is mainly subjected to
error from Qp calculation. Furthermore, PVRi and CI are
important outcome predictors supported by a high level of
evidence quoted in pediatric PAH outcome studies [7].
Accurate assessment of Qp can be confounded by the
presence of persistent shunts in subjects with PAH and
CHD [6]. PC-MRI is arguably considered to be the state-
of-the-art method for flow evaluation with the capability of
accurate quantification of shunt severity in single-ventricle
patients. Most importantly internal validation is possible
[14, 17, 25, 26]. In addition to comprehensive under-
standing of flow conditions, PC-MRI enables global and
regional investigation of vascular stiffness along with
computation of shear stress metrics, yet the acquisition
requires more specific sequences and post-processing
[22, 27]. Additionally, evaluation of flow prior to
catheterization or in combination using hybrid MRI
catheterization procedures may reduce radiation dose dur-
ing catheterization and time of anesthesia/sedation. Lastly,
the MRI-based vasoreactivity testing may offer novel set of
parameters in addition to standard catheterization and
provide more robust volumetric information crucial for the
determination of ventricular—vascular coupling.
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Cl: PC-MRI (L/min/m?)

thermodilution and PC-MRI flow datasets with tendency for ther-
modilution method to underestimate Qp. In Bland-Altman plot, the
red lines represent mean values and black-dashed lines repre-
sent £+ 2.0 SD indicating limits of agreement

Rutledge et al. previously found significant disagree-
ment between \702 estimated by the LaFarge tables and
respiratory mass spectroscopy indicating a 53% error in
children less than 3 years of age and 11% in children older
than 3 years [11]. In our study which included pediatric
PAH patients with diverse etiology and a wider range of
ages, we found an error of 25.8% between LaFarge and
PC-MRI methods. Additionally, Seckeler et al. modified
the LaFarge equation and defined an accuracy limit of 20%
difference between these 2 methods in 42% of chil-
dren < 3 years and 13% of children > 3 years [10]. Age,
anemia, and critical illness were found to be predictors of
V02 inaccuracy. In our study, the variability between
LaFarge-based Fick measures and PC-MRI-derived Qp
failed to reveal any correlation between standard demo-
graphic metrics and heart rate. However, the strict nature of
our study design limited us to a smaller number of patients,
and therefore, the exact relationship between these vari-
ables could not be more thoroughly investigated. Lastly,
the type of sedation or anesthesia has significant effects on
measured Vo,, and is not factored into the LaFarge equa-
tions [12].

There are several limitations to this study. Our patient
cohort included few children < 3 years of age that would
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Fig. 2 Comparison of retrospectively derived Voz from PC-MRI and
LaFarge-estimated values. Poor agreement exists between the 2
methods, as indicated by scatter plot (a) showing relatively equal
distribution of overestimated and underestimated LaFarge values and
corresponding Bland-Altman plot showing agreement between 2

have allowed for more discrete evaluation of bias in both
Qp and Vop,. The error in LaFarge-estimated Vo, and

consequently Fick Qp has been shown to be much higher in
younger children. Unfortunately, the same-day catheteri-
zation and PC-MRI acquisition is challenging in younger
children due to prolonged anesthesia time. We did not
correct for differences in heart rate between the 2 evalua-
tions and this may have introduced an additional degree of
error between the 2 measurements. As is standard at our
institution, older children were under general anesthesia
during the catheterization but were awake during the MRI
acquisition. Lastly, our study included subjects who
underwent PC-MRI acquisition with two different scanning
systems. However, variable field strength has been shown
previously not to alter flow hemodynamic measurements.
In conclusion, we found that Fick-derived Qp and PVRi
significantly differs from PC-MRI-computed metrics in
children with PAH. The non-invasive nature of PC-MRI
and short acquisition time required for velocity encoding
imaging is ideal for pediatric flow evaluation and may offer
a novel route of comprehensive accurate hemodynamic
assessment when combined with catheterization. Overall,
our results support the ongoing advocacy for hybrid cardiac

PVRi: Fick (WU.m?)

methods. b Retrospectively calculated PVRi vs. Fick-based flow
measures with Corresponding Bland—Altman plot of the difference in
PVRi between 2 methods. In Bland-Altman plot, the red lines
represent mean values and black-dashed lines represent + 2.0 SD
indicating limits of agreement

MRI-guided catheterizations which would provide more
accurate flow hemodynamic information along with precise
anatomical mapping ability. Future investigation will focus
on comparison of prognostic potential of same flow-based
variables using two different methods.

Compliance with Ethical Standards

Conflicts of interest All authors report to have no conflict of interest.

References

1. Abman SH, Hansmann G, Archer SL et al (2015) Pediatric pul-
monary hypertension. Circulation. doi:10.1161/CIR.
0000000000000329

2. Ivy DD, Abman SH, Barst RJ et al (2013) Pediatric pulmonary
hypertension. J Am Coll Cardiol 62:D117-D126

3. Hansmann G, Apitz C, Abdul-Khaliq H et al (2016) Executive
summary. Expert consensus statement on the diagnosis and
treatment of paediatric pulmonary hypertension. The European
Paediatric Pulmonary Vascular Disease Network, endorsed by
ISHLT and DGPK. Heart 102:1i86—-ii100

4. Hoeper MM, Lee SH, Voswinckel R et al (2006) Complications
of right heart catheterization procedures in patients with pul-
monary hypertension in experienced centers. J Am Coll Cardiol
48:2546-2552

@ Springer


http://dx.doi.org/10.1161/CIR.0000000000000329
http://dx.doi.org/10.1161/CIR.0000000000000329

274

Pediatr Cardiol (2018) 39:268-274

5.

10.

11.

12.

13.

14.

15.

16.

Ploegstra M-J, Arjaans S, Zijlstra WMH et al (2015) clinical
worsening as composite study end point in pediatric pulmonary
arterial hypertension. Chest 148:655-666

. Hopper RK, Abman SH, Ivy DD (2016) Persistent challenges in

pediatric pulmonary hypertension. Chest 150:226-236

. Ploegstra M-J, Zijlstra WMH, Douwes JM et al (2015) Prognostic

factors in pediatric pulmonary arterial hypertension: a systematic
review and meta-analysis. Int J Cardiol 184:198-207

. Li J, Bush A, Schulze-Neick I et al (2003) Measured versus

estimated oxygen consumption in ventilated patients with con-
genital heart disease: the validity of predictive equations. Crit
Care Med 31:1235-1240

. Del Cerro MJ, Moledina S, Haworth SG et al (2016) Cardiac

catheterization in children with pulmonary hypertensive vascular
disease: consensus statement from the Pulmonary Vascular
Research Institute, Pediatric and Congenital Heart Disease Task
Forces. Pulm Circ 6:118-125

Seckeler MD, Hirsch R, Beekman RH, Goldstein BH (2015) A
new predictive equation for oxygen consumption in children and
adults with congenital and acquired heart disease. Heart
101:517-524

Rutledge J, Bush A, Shekerdemian L et al (2010) Validity of the
LaFarge equation for estimation of oxygen consumption in ven-
tilated children with congenital heart disease younger than
3 years: a revisit. Am Heart J 160:109-114

Fixler DE, Carrell T, Browne R et al (1974) Oxygen consumption
in infants and children during cardiac catheterization under dif-
ferent sedation regimens. Circulation 50:788-794

LaFarge CG, Miettinen OS (1970) The estimation of oxygen
consumption. Cardiovasc Res 4:23-30

Downing TE, Whitehead KK, Dori Y et al (2013) Accuracy of
conventional oximetry for flow estimation in patients with
superior cavopulmonary connection. Circ Cardiovasc, Imaging,
po6

Rogers T, Ratnayaka K, Lederman RJ (2014) MRI catheterization
in cardiopulmonary disease. Chest 145:30-36

Van Ooij P, Powell AL, Potters WV et al (2016) Reproducibility
and interobserver variability of systolic blood flow velocity and

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

3D wall shear stress derived from 4D flow MRI in the healthy
aorta. ] Magn Reson Imaging 43:236-248

Nayak KS, Nielsen J-F, Bernstein MA et al (2015) Cardiovas-
cular magnetic resonance phase contrast imaging. J Cardiovasc
Magn Reson 17:71

Stalder AF, Russe MF, Frydrychowicz A et al (2008) Quantita-
tive 2D and 3D phase contrast MRI: optimized analysis of blood
flow and vessel wall parameters. Magn Reson Med 60:1218-1231
Harloff A, NuSbaumer A, Bauer S et al (2010) In vivo assessment
of wall shear stress in the atherosclerotic aorta using flow-sen-
sitive 4D MRI. Magn Reson Med 63:1529-1536

Dyverfeldt P, Bissell M, Barker AJ et al (2015) 4D flow car-
diovascular magnetic resonance consensus statement. J Cardio-
vasc Magn Reson 17:72

Truong U, Fonseca B, Dunning J et al (2013) Wall shear stress
measured by phase contrast cardiovascular magnetic resonance in
children and adolescents with pulmonary arterial hypertension.
J Cardiovasc Magn Reson 15:81

Schifer M, Ivy DD, Barker AJ et al (2016) Characterization of
CMR-derived haemodynamic data in children with pulmonary
arterial hypertension. Eur Hear J. doi:10.1093/ehjci/jew152
Martin Bland J, Altman D (1986) Statistical methods for
assessing agreement between two methods of clinical measure-
ment. Lancet 327:307-310

Muthurangu V, Taylor A, Andriantsimiavona R et al (2004)
Novel method of quantifying pulmonary vascular resistance by
use of simultaneous invasive pressure monitoring and phase-
contrast magnetic resonance flow. Circulation 110:826-835
Beerbaum P, Korperich H, Barth P et al (2001) Noninvasive
quantification of left-to-right shunt in pediatric patients: phase-
contrast cine magnetic resonance imaging compared with inva-
sive oximetry. Circulation 103:2476-2483

Beerbaum P, Korperich H, Gieseke J et al (2003) Rapid left-to-
right shunt quantification in children by phase-contrast magnetic
resonance imaging combined with sensitivity encoding. Circula-
tion 108:1355-1361

Wentland AL, Grist TM, Wieben O (2014) Review of MRI-based
measurements of pulse wave velocity: a biomarker of arterial
stiffness. Cardiovasc Diagn Ther 4:193-206


http://dx.doi.org/10.1093/ehjci/jew152

	Measuring Flow Hemodynamic Indices and Oxygen Consumption in Children with Pulmonary Hypertension: A Comparison of Catheterization and Phase-Contrast MRI
	Abstract
	Introduction
	Methods
	PC-MRI
	Catheterization
	Statistical Analysis

	Results
	Discussion
	References




