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Abstract

Lengthy exams and breath-holding limit the use of pediatric cardiac MRI (CMR). 3D time-resolved flow MRI (4DF) is a free-
breathing, single-sequence exam that obtains magnitude (anatomic) and phase contrast (PC) data. We compare the accuracy of
gadobenate dimeglumine-enhanced 4DF on a 1.5 T magnet to 2D CMR in children with repaired tetralogy of Fallot (rTOF) to
measure pulmonary net flow (PNF) as a reflection of pulmonary regurgitation, forward flow (FF) and ventricular volumetry.
Thirty-four consecutive cases were included. 2D PCs were obtained at the valve level. Using 4DF, we measured PNF at the
valve and at the main and branch pulmonary arteries. PNF measured at the valve by 4DF demonstrated the strongest correla-
tion (r=0.87, p<0.001) and lowest mean difference (3.5 +9.4 mL/beat) to aortic net flow (ANF). Semilunar FF and stroke
volume of the respective ventricle demonstrated moderate-strong correlation by 4DF (r=0.66-0.81, p<0.001) and strong
correlation by 2D (r=0.81-0.84, p <0.001) with similar correlations and mean differences between techniques (p > 0.05).
Ventricular volumes correlated strongly between 2D and 4DF (r=0.75-0.96, p <0.001), though 4DF overestimated right
ventricle volumes by 11.8-19.2 mL/beat. Inter-rater reliability was excellent for 2D and 4DF volumetry (ICC=0.91-0.99).
Ejection fraction moderately correlated (r=0.60-0.75, p <0.001) with better reliability by 4DF (ICC: 0.80-0.85) than 2D
(ICC: 0.69-0.89). 4DF exams were shorter than 2D (9 vs. 71 min, p<0.001). 4DF provides highly reproducible and accurate
measurements of flow with slight overestimation of RV volumes compared to 2D in pediatric rTOF. 4DF offers important
advantages in this population with long-term monitoring needs.
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PV Pulmonary valve

PVR Pulmonary valve replacement
RV Right ventricle

rTOF Repaired tetralogy of Fallot
SD Standard deviation

SSFP Steady state free precession
NY Stroke volume

VENC Velocity encoded
Introduction

Estimated prevalence of tetralogy of Fallot is 3.97/10,000
births in the US, or approximately 1700 new cases per year
[1]. After initial repair, many of these patients develop
symptoms of chronic right ventricular overload and are
at high risk for biventricular dysfunction leading to heart
failure, arrhythmias, and sudden death [2—4]. This morbid-
ity and mortality is in part due to pulmonary regurgitation
(PR) [2], which has led to multiple studies investigating the
ideal timing of pulmonary valve replacement (PVR) based
on the degree of PR and ventricular dilation to optimize
post-surgical outcomes [5—-8]. Thus, long-term management,
particularly the timing of interventions, relies on accurate
measurement of pulmonary regurgitation, ventricular vol-
umes, and ventricular function.

Cardiac MRI (CMR) is the gold standard for these meas-
urements in repaired tetralogy of Fallot (tTOF) patients [9].
Longitudinal follow-up with CMR for pediatric patients
is recommended every 3 years in stable patients and up to
yearly in patients with known moderate RV dilation, interim
worsening RV dilation, or evidence of RV dysfunction,
similar to recommendations for adults [10, 11]. However,
traditional 2D CMR has several limitations including pro-
longed breath holding, immobility during scan, and lengthy
scan times of 1-2 h commonly requiring sedation in patients
younger than 6-8 years of age and/or those with develop-
mental delay [9]. Each exam requires a highly trained CMR
technologist familiar with pediatric congenital heart disease
and oversight from a cardiologist or radiologist to determine
scan planes and acquisition parameters [12].

3D time-resolved flow (4DF) MRI is a 5—-10 min, free-
breathing, single acquisition imaging sequence that simul-
taneously acquires magnitude and phase contrast data
without a pre-study protocol. This allows for anatomic,
volumetric, and flow information to be obtained from this
single sequence. Prior work has demonstrated accuracy and
reliability in measurements of flow as well as ventricular
volumes, function, and mass comparable to or better than
2D CMR [13-21]. However, these studies included a het-
erogeneous patient population, use of a 3-T magnet, or use
of uncommon or now unavailable contrast agents, thereby
limiting generalizability. A small focused study of rTOF
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patients showed feasibility of 4DF to measure net flow,
peak velocity, and visualize vortices, but did not determine
accuracy of flow measurements compared to a reference
standard, such as 2D CMR [22]. Other work with 4DF in
rTOF patients are focused primarily on flow patterns and
energetics [23-26].

At our institution, use of 4DF CMR on the 1.5-T mag-
net with commonly available contrast agents such as gado-
benate dimeglumine has become standard practice as the
final acquisition after a comprehensive 2D CMR exam, but
accuracy of 4DF CMR measurements with this magnet and
contrast have not been studied. In pediatric patients with
r'TOF, our objectives were: to assess the accuracy of 4DF
CMR to measure pulmonary net flow (PNF) as a reflection
of PR, to compare ventricular stroke volume to forward flow,
and to compare volumetry measurements obtained by 4DF
CMR to those obtained by the clinical standard, 2D CMR.

Material and methods
Study population

We retrospectively identified consecutive patients with rTOF
referred for CMR at Lucile Packard Children’s Hospital from
10/2014-2/2018. We included patients with TOF and pul-
monary atresia who had undergone an RV to PA conduit and
ventricular septal defect closure and patients with double
outlet RV and normally related great arteries and pulmonary
or sub-pulmonary stenosis who were thought to be physi-
ologically similar to patients with TOF at the time of initial
repair. Patients with pulmonary atresia and major aortopul-
monary collateral arteries (MAPCAs) were included if fully
unifocalized to an RV to PA conduit. We excluded patients
with residual shunt lesions, those who underwent CMR stud-
ies on a 3 T system, and those who received contrast agents
other than gadobenate dimeglumine (Multihance, Bracco
Diagnostics, Monroe, NJ). The Stanford University IRB
approved this study and waived informed consent.

Image acquisition

All studies were performed on a 1.5-T system (GE Health-
care, OPTIMA 450W). Data for 2D CMR volumetric anal-
yses were obtained using short-axis balanced steady state
free precession (bSSFP) acquisitions. Short-axis sequences
were obtained with a breath hold using one signal average,
and included 12-14, 8-10 mm slices spanning the ventri-
cles, minimum matrix 160X 192, flip angle 50°, with ret-
rospective gating to generate 20 phases per cardiac cycle
as is our institutional standard [9]. 2D PC imaging was
performed at the level of the aortic valve (AoV) and pul-
monary valve (PV), with scan parameters including 2-3
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signal average free-breathing, 10 mm slice thickness, mini-
mum matrix 160x 192, velocity encoded range (VENC)
of 150-350 cm/s, and 20-25 phases per cardiac cycle. No
corrections were employed during post-processing, as no
baseline error was noted.

4DF acquisitions were obtained at the end of each CMR
study following administration of 0.15 mmol/kg (0.3 ml/kg)
of gadobenate dimeglumine. Gadobenate offers the benefits
of higher T1 relaxivity and longer half-life with resultant
improved signal to noise ratio for the duration of the study.
As improved gradient systems have allowed for shorter TRs
and higher frequencies of excitations resulting in signal
loss, use of contrast for enhancement of 4DF sequences has
become standard practice at our institution [12].

Each study included performance of an MR angio-
gram prior to acquisition of the 4DF sequence. 4DF scan
parameters included a flip angle of 15°, resolution of
0.8%x0.8x 1.4mm’, acquired matrix 224 X 192 X 76, mini-
mum TE of 1.8-2.1 ms, minimum repetition time (TR) of
3.9-4.3 ms with an additional 5.1 ms for fat-saturation,
retrospective gating creating 20 phases per cardiac cycle,
temporal resolution of 68 ms (range 45-73), sampling reduc-
tion factor of 2.4 x 4.4 before k-space corner cutting, views-
per-segment of 2—-6 depending on heart rate, bandwidth
of +83.33 kHz, and velocity encoding range (VENC) of
250 cm/s. The field of view spanned from above the aor-
tic arch to the diaphragm and laterally to the first order
branching of the pulmonary arteries. To minimize coherent
artifacts from respiratory motion, a pseudo-random view-
ordering and sampling was used for 4DF [27]. More specifi-
cally, a variable-density Poisson disc sampling mask was
first generated. Each (ky, kz)-sample was then grouped into
radial spokes and ordered according to the golden-ratio [28].
Post-processing using cloud-based software (Arterys, San
Francisco, CA) adjusted for phase correction by perform-
ing a polynomial fit to the phase errors estimated from the
static tissue.

Fig.1 4DF CMR stream-

line visualization of the left
ventricular outflow tract (left
image) and right ventricular
outflow tract (right image).
Cross-sectional analysis planes
were manually positioned at
the aortic valve (a), pulmonary
valve (b), main pulmonary
artery (c), and branch pulmo-
nary arteries (d)

Image analysis and comparisons

Subjects were analyzed in a blinded fashion, with at least 10
studies separating corresponding 2D and 4DF CMR images.
KG@GlJ, a pediatrics resident, collected all measurements in
this study after receiving 12 h of one-on-one instruction and
feedback by a cardiologist with expertise in CMR (SAM)
on studies from similar patients not included in this study.
The senior author (SAM) qualitatively reviewed ~ 20% of
the measurements to verify contour selection periodically
during the data analysis period and obtained inter-observer
reliability data on a separate 10 subjects selected through a
random number generator.

2D PC images were analyzed on QFlowMR (MEDIS;
Leiden, NL). A region of interest was traced around the AoV
and PV with the velocity therein integrated to determine
the flow volume [29]. Pulmonary flow by 2D CMR was
measured only at the PV level, as our institutional practice.
4DF visualization and flow analyses were performed using
Arterys. Pulmonary flow was measured at three locations:
PV, main pulmonary artery (MPA, determined as the most
distal portion of the pulmonary trunk proximal to bifurca-
tion), and branch pulmonary arteries (BPAs, the sum of
the respective left and right pulmonary arteries obtained
just distal to bifurcation) (Fig. 1). Cross-sectional planes
were angulated orthogonal to the direction of flow and ves-
sel anatomy, and a region of interest was traced, similar to
2D PC methodology. Valve tracking was not employed and
through plane motion was not accounted for on either 2D or
4DF CMR analyses.

2D volumetric images were analyzed on QMassMR
(MEDIS; Leiden, NL). A series of short-axis images were
manually traced along endocardial borders to calculate end-
diastolic volumes (EDV) and end-systolic volumes (ESV) for
the right ventricle (RV) and left ventricle (LV), respectively.
The 2- and 4-chamber views were used to cross-reference
contours [30]. A slice was considered to contain primarily
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atrium when < 50% of the blood volume was encircled with
myocardium, outflow tracts were included in ventricular vol-
umes up to the semilunar valve cusps, and trabeculations and
papillary muscles were considered part of the blood pool
[31]. For 4DF volumetry, anatomic landmarks (mitral valve,
tricuspid valve, AoV, PV, and LV and RV apices) were iden-
tified to create two- and four-chamber views using artificial
intelligence (Supp Fig. 1). A series of 12 short-axis slices
were generated spanning the ventricles. Each slice was simi-
larly manually traced for endocardial borders without the use
of semi-automated interpolated tracing.

Multiple comparisons were made in this study. Our pri-
mary objective was to measure pulmonary net flow as a
surrogate for pulmonary regurgitation. Pulmonary net flow,
calculated as pulmonary forward flow (FF) minus regurgi-
tant flow, was compared to aortic net flow (ANF) of the
same patient as a reference standard for stroke volume (SV).
With perfect accuracy, there would be no difference between
PNF and ANF since all patients were without shunt lesions.
We compared 2D ANF to 2D PNF measured at the PV, and
4DF ANF to PNF measured at the PV, MPA, and BPAs,
respectively. Accuracy of semilunar FF was compared to
SV of the respective ventricle by volumetry as a measure
of internal consistency. Of note, patients with tricuspid
regurgitation > 5% (n=3, range 10-21%) as measured by
CMR were excluded from the analyses comparing RV SV
to pulmonary FF. Tricuspid regurgitation was calculated
by directly measuring the regurgitant jet by 4DF as per our
institutional standard practice [32]. To further study utility
of 4DF CMR, we directly compared PNF and PR measure-
ments by 4DF and 2D CMR given their clinical importance
in the rTOF population. PR was calculated as ((pulmonary
FF-PNF)/PNF)*100 and considered mild if < 20%, moderate
if 20-40%, and severe if >40% [33].

Our secondary objective was to assess accuracy of 4DF
CMR to measure ventricular size and function compared
to 2D CMR. Volumes were indexed to body surface area,
calculated using the Haycock formula [34]. Stroke volume
(SV) was calculated as EDV-ESV for each respective ven-
tricle. Ejection fraction (EF) was calculated as (EDV-ESV)/
EDV) x 100.

Statistical analysis

Continuous variables were described as mean + standard
deviation (SD) and median [interquartile range (IQR)] as
appropriate based on assessments of normality with Shap-
iro—Wilk tests and histograms. Correlations between meth-
ods were assessed using Pearson (r) or Spearman (p) correla-
tion coefficients, as appropriate, and interpreted as follows:
0.3-0.5 weak, 0.5-0.7 moderate, and > 0.7 strong. Pearson
correlation coefficients were compared using a Fisher’s r
to z transformation. Differences between methods were
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compared using the paired T-test and Wilcoxon signed rank
test, as appropriate. The presence of any systematic bias
was represented by both the mean difference and absolute
mean difference as these represent two types of variance.
For example, in cases of equal variance around zero, the
mean difference is small while the absolute mean difference
represents a better distribution of measurement variance.
Differences were calculated as ANF minus PNF, SV minus
FF, and 2D minus 4DF volumetry measurements. Agree-
ment was assessed via Bland—Altman analysis, plotted as
the difference between measurements against the measure-
ment mean with variance represented by the span of the
limits of agreement (LOA =mean difference + 1.96 X SD of
differences) as previously described [35]. Inter-rater reli-
ability was assessed with intra-class correlation coefficients
(ICC) using a two-way mixed model with absolute agree-
ment. p<0.05 was considered statistically significant. All
statistical analyses were performed using statistical software
(IBM SPSS Statistics for Macintosh, Version 25.0. Armonk,
NY: IBM Corp).

Results

Thirty-seven patients met inclusion criteria during the
study time period. Three (8%) were excluded due to exces-
sive aliasing on 4DF (n=2) and insufficient 2D image
quality (n=1), resulting in a study cohort of thirty-four
patients (Table 1). Heart rates were similar between meth-
ods (2D 72.6+13.7 beats/min, 4DF 72.4 + 13.6 beats/min,
p=0.84). Average time to complete 2D CMR acquisitions
was 71.2+18.8 vs. 9.2+ 1.3 min for 4DF acquisitions

Table 1 Patient demographics (n=34)

Age (years) 15.6+3.6

Sex (F)? 58.8% (n=20)
Height (cm) 154.1+18.9
Weight (kg) 54+14.5
BSA (m?) 1.47+0.3

Congenital heart disease

Tetralogy of Fallot 91.2% (n=31)

PA/VSD 5.9% (n=2)
Double outlet right ventricle 29% (n=1)
Additional cardiac defects

Bicuspid pulmonary valve 2.9% (n=1)

Right aortic arch 5.9% (n=2)

MAPCAs 8.8% (n=3)
Syndromes

DiGeorge syndrome 5.9% (n=2)

BSA body surface area, cm centimeters, kg kilograms, m meters,
MAPCAs major aortopulmonary collateral arteries, PA/VSD pulmo-
nary atresia/ventricular septal defect



The International Journal of Cardiovascular Imaging (2020) 36:657-669

661

(p<0.001), consistent with prior work on the length of 4DF
CMR [12-14, 16].

Assessment of PNF

PNF was underestimated relative to ANF by small, but
statistically significant, differences (5.4-11.7% of mean
flow, p<0.04) across all three 4DF CMR comparisons and
trended towards a significant difference for 2D CMR (9%
of mean flow, p=0.055) (Table 2) (Fig. 2). These mean dif-
ferences were overall similar between methods (p > 0.35).
PNF and ANF correlated stronger by 4DF (PV, MPA, BPA:
r=0.77-0.87, p<0.001) than 2D CMR (r=0.68, p<0.001)
(Table 2). Specifically, measurement of PNF at the level of
the PV by 4DF CMR demonstrated the strongest correla-
tion with ANF (r=0.87, p<0.001) and lowest mean differ-
ence (3.5 +9.4 mL/beat). Measurements of ANF and PNF
at the PV had higher variance by 2D CMR than 4DF CMR;
LOA for 2D CMR were — 33 mL/beat (— 41.8% of mean)
to 47 mL/beat (59.6% of mean) compared to LOA for 4DF
CMR of — 16 mL/beat (— 23% of mean) to 24 mL/beat (34%
of mean). Similarly, the absolute mean difference between
ANF and PNF evaluated at the PV was significantly larger
using 2D CMR than 4DF (p <0.001).

PNF showed good agreement between 2D and 4DF
CMR (mean difference 5.4 +19.0 mL/beat, p=0.11) and
correlated moderately (r=0.67, p<0.001). Inter-rater reli-
ability of PNF was excellent for 2D (ICC =0.80) and 4DF
CMR (ICC=0.87) (Table 5). The degree of PR ranged from
mild to moderate with good agreement between methods
(median (IQR): 2D PC 23.4% (5.4-40.8%); 4DF 25.8%
(10.5-36.6%); p=0.23) and a strong correlation (p=0.78,
p<0.001).

Assessment of FF

Pulmonary FF was accurate compared to RV SV with small
mean differences for all 4DF CMR (1.0-5.9% of mean vol-
ume, p>0.18) and 2D CMR measurements (1.3% of mean
volume, p=0.71) (Table 3) (Fig. 3). Though correlations
between pulmonary FF and RV SV were slightly stronger
with 2D (r=0.81, p<0.001) than 4DF CMR (r=0.66-0.71,
p<0.001), this trend was not significant (2D PV vs. 4DF
PV, p=0.11; 2D PV vs. 4DF MPA, p=0.13; 2D PV vs.
4DF BPA, p=0.18). There was good agreement between
methods for mean differences (p=0.11) and absolute mean
differences (p=0.20). LOA were overall similar between
4DF and 2D CMR measurements.

Aortic FF was accurate compared to LV SV by 4DF CMR
(4.7% of mean volume, p=0.15) and correlated strongly
(r=0.81, p<0.001) but was significantly different to LV
SV by 2D CMR (9.4% of mean volume, p=0.01) despite
similarly strong correlations. LV SV to aortic FF showed
good agreement between methods with similar mean differ-
ences (p=0.24), absolute mean differences (p=0.11), and
Pearson correlation coefficients (p=0.32). LOA were nar-
rower for 4DF than 2D CMR measurements (Fig. 3).

Assessment of ventricular indices

Ventricular indices were moderately-strongly correlated
for LV (EF r=0.60, volumes r=0.75-0.87, all p<0.001)
and strongly correlated for RV (EF r=0.75, volumes
r=0.95-0.96, all p<0.001) between methods (Table 4)
(Fig. 4). Despite strong correlations, 4DF CMR overes-
timated RV volumes (RVEDVi 11.8 mL/beat, 7.5% of
mean volume; RVESVi 19.2 mL/beat, 20.8% of mean vol-
ume; p <0.001 respectively) and function (8% EF, 18.8%

Table 2 Comparison of aortic
and pulmonary net flow (n=34)

ANF PNF

Pearson (r) Paired T-test Mean difference Absolute mean

(p value) (=SD) difference (+ SD)
2D ANFvs.  81.8+26.1 74.6+24.2 0.68 0.06 7.0+20.3* 14.2+15.9°
PV NF
4DF ANF vs. 72.6+16.8 69.1+19.1 0.87 0.04* 3.5+£9.4% 7.2+8.2°
PV NF
4DF ANF vs. 64.7+19.2 0.77 <0.01* 8.0+12.2° 10.5+10.0
MPA NF
4DF ANF vs. 65.5+14.6 0.80 <0.01* 7.3+9.9° 9.2+8.1
BPA NF

Mean difference/absolute mean difference calculated as ANF — PNF, units =mL/beat. All Pearson correla-
tion coefficients are significant, p<0.001

ANF Aortic net flow, BPA branch pulmonary arteries, MPA main pulmonary artery, NF net flow, PNF pul-
monary net flow, PV pulmonary valve, SD standard deviation

*Denotes statistical significance (p <0.05)

#No difference in mean differences between 2D and respective 4D methods (p > 0.35)

®There was a significantly larger absolute mean difference between ANF and PNF with 2D versus 4DF at

the PV (p<0.01)
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2D ANF vs. 2D PV NF A

Difference

-60 Mean = 7.0 mL/beat (9.0%)

40 60 80 100 120 140
Mean

4DF ANF vs. 4DF MPANF  C

Difference
o
L ]

-60 Mean = 8.0 mL/beat (11.7%)

40 60 80 100 120
Mean

2DPVNFvs. 4DFPVNF E

Difference

Mean = 5.4 mL/beat (7.5%)

25 50 75 100 125
Mean

Fig.2 Bland Altman plots comparing ANF and PNF by 2D CMR (a)
and 4DF CMR (b—d, measured at the PV, MPA, and BPA, respec-
tively); differences are calculated as ANF-PNF. e, f directly com-
pare PNF and PR% measured at the PV between 2D and 4DF CMR.
Units=mL/beat (a—e) and % regurgitation (f). The mean difference,

of mean function, p<0.001). Conversely, LV measure-
ments were overall similar between techniques (LVEDVi
p<0.01, LVESVi p=0.33, LVEF p=0.38). Inter-rater
reliability was excellent for RV (ICC 0.98-0.99) and LV
volumetry (ICC 0.91-98) for both methods, and reliability
for RV and LV EF was better for 4DF than 2D (Table 5).
Inter-rater measurement variance, reported as mean dif-
ference (LOA), was similar for 2D and 4DF volumetry
(p>0.3).
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Difference

Difference

4DF ANF vs. 4DF PV NF B

-60 Mean = 3.5 mL/beat (5.4%)

20 40 60 80 100 120
Mean

4DF ANF vs. 4DF BPANF D

Difference
T
i
|

-60 Mean = 7.3 mL/beat (10.6%)

40 60 80 100

Mean
2D PR% vs. 4DF PR% F

=20 Mean = -1.7% (6.9%)

0 10 20 30 40 50 60
Mean

represented as the solid line, is reported as X (% of mean volume or
regurgitation). The limits of agreement are represented with dashed
lines. ANF aortic net flow, BPA branch pulmonary arteries, MPA
mean pulmonary arteries, PNF pulmonary net flow, PR pulmonary
regurgitation, PV pulmonary valve

Discussion

In this study, we assessed the accuracy of 4DF CMR to
measure PNF relative to ANF and to measure pulmo-
nary FF relative to RV stroke volume. We also assessed
the accuracy of ventricular volumetry measured on 4DF
sequences relative to standard 2D CMR sequences. We
found that gadobenate dimeglumine-enhanced 4DF
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Table 3 Comparison of stroke TABLE 3 SV FF Pearson  Paired T-test Mean difference  Absolute
V(?lufne and fqr ward flow (r) (p value) (+=SD) mean differ-
within systemic (n=234) and ence
pulmonary (n=31) circulations (+SD)
2D LVSV vs. 76.1+19.9 83.4+27.0 0.84 0.01°%* —-74+142 12.5+10.1
Ao FF
4DLVSVvs.  703+20.1 735+17.3 0.81 0.15 -33+118° 9.3+7.8"
Ao FF
2DRVSVvs. 101.5+28.8 100.3+31.9 0.81 0.71 1.3+18.7 13.5+12.8
PV FF
4D RVSV vs. 89.7+25.1 9524272 0.66 0.18 —-55+21.5° 17.3+13.5¢
PV FF
4D RVSV vs. 90.6+25.3 0.68 0.80 —0.9+20.3¢ 15.7+12.7°
MPA FF
4D RVSV vs. 86.0+18.6 0.71 0.253 3.7+17.8° 14.3+10.9°
BPA FF

Subjects with>5% tricuspid regurgitation (n=3) excluded from RVSV vs. pulmonary FF analyses. Mean
difference/absolute mean difference calculated as SV-FF, units =mL/beat

Ao aorta, BPA branch pulmonary arteries, FF forward flow, LVSV left ventricular stroke volume, MPA main
pulmonary artery, PV pulmonary valve, RVSV right ventricular stroke volume, SD standard deviation

“Denotes statistical significance (p <0.05)
®No significant difference compared to 2D LVSV vs Ao FF (p>0.31)
“No significant difference compared to 2D RVSV vs PV FF (p>0.14)

sequences acquired on a 1.5-T system demonstrated supe-
rior accuracy to 2D PC for measurements of flow and
were comparable to 2D SSFP for accuracy of volumetry.
Assessment of PNF was the most accurate by 4DF CMR at
the level of the PV, with the strongest correlation (r=0.87,
p <0.001), the smallest mean difference (3.5 +9.4 mL/
beat), and lowest variance (LOA: — 16 to 24 mL/beat;
— 23% to 34%) relative to ANF. FF was accurate by 4DF
CMR with moderate-strong correlations and small mean
differences compared to the respective ventricle’s SV. PR
showed good agreement when measured at the PV with
strong correlation (p=0.78, p<0.001) and a clinically
acceptable median (IQR) difference between 2D and 4DF
CMR of 0.5% (— 4.7 to 1.1%), p=0.23. Measurements of
RV volumetry by 4DF strongly correlated (r=0.95-0.96,
p<0.001) with 2D SSFP but were overestimated by ~7.5%
of mean volume for RVEDVi and ~20% of mean volume
for RVESVi. This is likely a true overestimation as abso-
lute agreements between raters for 2D SSFP and 4DF volu-
metry were excellent (ICC =0.98-0.99) with small mean
differences (0.5-5.4 mL/m?). Despite a strong correlation,
4DF CMR also overestimated RV function by ~8% on
average. On average, complete 2D studies took over one
hour longer than 4DF acquisitions.

Our study is the first to compare 4DF CMR obtained
on a 1.5 T gradient system with gadobenate dimeglumine
contrast to standard 2D CMR in the comprehensive hemo-
dynamic assessment of patients with rTOF. Several works
have previously shown that 4DF measurements have good

agreement to 2D CMR data using gadofosveset on the 1.5 T
MRI, which is likely due to gadofosveset’s improved signal
to noise ratio and hence improved image quality [14, 19].
Similarly, a study using ferumoxytol and 3 T MRI reported
strong correlations in ventricular volumetry, function and
mass between 2D and 4DF CMR [16]. However, these con-
trast agents are not in standard use as gadofosveset (Abla-
var, Lantheus Medical Imaging, MA) was discontinued in
2017 and ferumoxytol (Feraheme; AMAG Pharmaceuti-
cals, Waltham, MA), while used clinically at an increas-
ing number of centers for cardiac imaging, carries a black
box warning in pediatric imaging due to the small risk of
adverse reactions [36, 37]. Further, the majority of pediatric
cardiac imaging is completed using a 1.5 T MRI. Use of a
gadolinium-based contrast agent and a 1.5-T system reflects
resources found in a typical clinical setting and increases
generalizability of the results presented in this study. To
emphasize the effects stronger gradient systems and higher
signal to noise ratio contrast agents can have on image qual-
ity, a typical 2D SSFP short axis image using a 1.5-T system,
short axis view derived from ferumoxytol-enhanced 4DF
acquisitions obtained using a 3-T system, and a short axis
view derived from gadobenate dimeglumine-enhanced 4DF
acquisition using a 1.5-T system are provided in the appen-
dix (Supp Fig. 2).

The primary objective of this study was to assess the
accuracy of 4DF CMR to measure PNF as a surrogate for
PR. Our approach differs from prior works that directly com-
pared measurements by 2D and 4DF CMR [13, 19-21, 38,
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Fig.3 Bland Altman Plots comparing SV and FF for the systemic cir-
culation (a, b) and pulmonary circulation (c—f). Differences are cal-
culated as SV-FF. The mean difference, represented as the solid line,
is reported as X (% of mean flow). The limits of agreement are repre-

39] as this study takes advantage of the internal consistency
within CMR by using reference standards measured by the
study (PNF to ANF, FF to SV). Our measurements of PNF
were accurate compared to ANF, with differences around
10% of mean flow which is considered clinically acceptable
[19]. As all patients had PR and no intracardiac shunt, the
variation between ANF and PNF reflects error in measure-
ment of pulmonary regurgitant flow. Patients with rTOF may
have a combination of pulmonary stenosis and regurgitation,
which can lead to turbulent flow, dephasing within a volume,
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sented with dashed lines. Ao aorta, BPA branch pulmonary arteries,
FF forward flow, LV left ventricle, MPA main pulmonary artery, PV
pulmonary valve, RV right ventricle, SV stroke volume

and resultant signal loss with PC MRI [39-41]. Prior works
have also demonstrated that placement of cross-sectional
planes at the peak flow velocity [39] and use of retrospec-
tive valve-tracking [42, 43] can further increase accuracy of
flow measurements.

The second objective of our study was to compare the
accuracy of volumetry measurements of 4DF compared to
2D CMR. Several studies have previously compared these
methods. On a 1.5-T magnet with a combination of gado-
benate and gadofosveset, LOA of — 42% to 38% of mean
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Table 4 Comparison of

i . 2D 4DF Pearson Paired T-test Mean difference
ventricular volume and function ® (p value) (+SD)
measurements via 2D SSFP and _
4DF (n=34) LVEDVi (mL/m?) 93.7+20.4 882+21.0  0.87 <0.01 5.4+10.6

LVESVi (mL/m?) 42.4+10.8 40.7+134 0.75 0.33* 1.5+8.8
LV SV (mL/m?) 51.5+11.8 47.5+10.8 0.89 <0.01 40+54
LV EF (%) 55.1+£5.0 543+6.3 0.60 0.38%* 0.8+5.2
RVEDVi (mL/m?) 152.2+42.5 164.1+48.0 0.96 <0.01 —11.8+13.4
RVESVi (mL/m?) 82.2+27.1 101.4+324 0.95 <0.01 —-19.2+10.7
RV SV (mL/m?) 62.7+21.8 62.7+21.8 0.89 <0.01 74+9.9
RV EF (%) 46.6+7.6 38.6+7.4 0.75 <0.01 8.0+54
Mean difference =2D—4DF
LV left ventricle, RV right ventricle, EDV end-diastolic volume, ESV end-systolic volume, SV stroke vol-
ume, EF ejection fraction
*Mean values of LVEF and LVESV were not different between methods (p=0.33-0.38), but all other mean
values were significantly different between 2D and 4DF (p <0.01)
RVEDVi RVESVi RVEF
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Fig.4 Bland Altman Plots comparing 2D and 4DF volumetry. The
mean difference (2D-4DF), represented as the solid line, is reported
as X (% of mean volume or ejection fraction). A one-tailed t-test of
the mean difference indicates a significant evidence of bias for all

RV and LV volume were reported [14]. On a 3-T magnet
with ferumoxytol, LOA for RVEDV and RVESV similar
to ours were reported despite better accuracy of their 4DF
volumetry data relative to 2D CMR [16]. The scan-rescan
methodology in our study may have affected our compari-
sons, and several prior works on 2D CMR have attempted to
quantify this measurement error. Mooij et al. showed inter-
observer repeatability coefficients of RVEDVi 24.1 mL/beat,
RVESVi 17.9 mL/beat, and RVEFi 10.7% [44]. In another
study, experienced non-blinded radiologists reported intra-
observer reliability coefficients of 13.4 mL/beat, 10.1 mL/

(p<0.01), except for LVESVi and LVEF (p=0.33-0.37). The limits
of agreement are represented with dashed lines. EDVi end-diastolic
volume indexed, EF ejection fraction, ESVi end-systolic volume
indexed, LV left ventricle, RV right ventricle

beat, and 5.6% respectively [45]. In that study, the radiolo-
gists compared contours between studies which may have
affected their results to increase precision. This was inten-
tionally avoided in our methodology to minimize observer
bias. In comparison to these works, the variability reported
between our 2D and 4DF CMR volumetry measurements are
similar to previously reported data. Measurement variance
was constant irrespective of mean volume, and by exten-
sion the size of the patient, which echoes the findings of
other 2D and 4DF CMR studies [14, 16, 45]. This suggests
that 4DF may be more robust in larger patients which can
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Table 5 Inter-rater reliability D ADF
(n=10)
ICC Mean difference (LOA) ICC Mean difference (LOA)
RVEDVi (mL/m?) 0.98 4.2 (-21.9,30.3) 0.98 5.4(-9.9,20.7)
RVESVi (mL/m?) 0.98 —-0.5(-15.2,14.2) 0.99 1.0 (- 8.6, 10.6)
RVEF (%) 0.89 —14(=17.5,4.7) 0.80 1.8 (- 6.0,9.6)
LVEDVi (mL/m?) 0.98 —-3.3(-129,6.3) 0.95 -1.3(22.4,19.9)
LVESVi (mL/m?) 091 - 6.6 (— 18.7,5.6) 0.91 -29(-21.7,15.9)
LVEF (%) 0.69 5.8 (= 3.0, 14.6) 0.85 2.0(—4.1,8.1)
ANF (mL/beat) 0.94 —-2.6(—16.7,11.5) 0.66 1.6 (— 20.4, 23.6)
PNF (mL/beat) 0.80 —5.3(-31.2,20.6) 0.87 1.6 (— 14.9,18.1)
PV FF (mL/beat) 0.71 —1.4(-382,354) 0.76 7.6 (—23.2,38.4)

Intra-class coefficient (ICC) p<0.001. There are no statistically significant differences between 2D and

4DF mean differences (p > 0.05)

ANF aortic net flow, EDVi end-diastolic volume index, EF ejection fraction, ESVi end-systolic volume
index, LV left ventricle, PNF pulmonary net flow, PV FF pulmonary valve forward flow, RV right ventricle

be potentially explained by the improved spatial resolution
relative to the larger area measured.

4DF has particular advantages in streamlining image
acquisition and analysis with a single and short sequence
exam. Post-processing on a 4DF dataset allows for selec-
tion of an infinite number of orthogonal planes through vas-
culature. In contrast, 2D CMR requires separate sequences
during image acquisition which may require repetition to
optimize the plane, further lengthening 2D CMR scans.
Susceptibility artifacts from stents or prosthetic valves with
metallic rings can be identified and avoided when meas-
uring flow using 4DF post-processing systems. As part of
the Arterys artificial intelligence software, two- and four-
chamber views are generated after identification of several
landmarks. A stack of short-axis volumetric slices is subse-
quently created, in contrast to 2D CMR acquisitions which
require multiple sequences and additional scan time to create
the short-axis stack. In our study, 4DF acquisitions took on
average less than 10 min, potentially saving over an hour
of time relative to traditional 2D CMR. This is of utmost
importance in the pediatric population where sedation is
required for lengthy studies and is noted to be a significant
limitation to CMR.

Based on the findings of this study, we conclude that there
is an important role for 4DF imaging in the clinical assess-
ment of patients with rTOF. We found the most accurate
measurement of PNF was using 4DF at the PV and therefore
recommend 4DF acquisitions over 2D PC acquisitions for
assessment of PR when a contrast-enhanced MR angiogram
is already being performed. It is enticing to use a single 4DF
acquisition as a stand-alone sequence for interval assess-
ment of all patients with rTOF. In our study, ventricular
volumes—particularly for the RV—were strongly correlated
but did show systematic overestimation using 4DF. It was
our impression that 4DF sequences obtained in this study
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had lower image quality compared to 2D CMR sequences.
As a result, more myocardium may have been included in
endocardial tracings, particularly for the RV as the thick
myocardium of the LV is easier to identify. The modest cor-
relation between EF measured on 4DF and 2D CMR is likely
due to propagated error from EDV and ESV measurements.
Inter-observer agreement was excellent for 4DF volumetry,
demonstrating that serial measurements using 4DF are suf-
ficiently reliable. However, as reduced ventricular function
is an indication for intervention, imaging should be per-
formed with 2D SSFP or 4DF CMR on a 3 T magnet with
ferumoxytol contrast to provide the most accurate data in
subjects with concern for low function on echocardiogram.
For these reasons, we recommend considering gadobenate
dimeglumine-enhanced 4DF obtained on a 1.5-T system as
a stand-alone sequence for a comprehensive hemodynamic
assessment in patients with rTOF when RV systolic func-
tion is clearly normal on a recent echocardiogram. This is
particularly attractive in settings in which patients are not
able to tolerate a full 2D CMR without sedation but may be
able to tolerate a 10-min study.

Limitations of our study include our small study popula-
tion of pediatric patients with rTOF, which limits the power
and generalizability of the findings. Our small study size
was in part due to restriction to rTOF patients who received
gadobenate, as use of gadofosveset continued at our institu-
tion until our supply was depleted, and many were imaged
using 3 T and ferumoxytol. The dose of contrast used in this
study is above the recommended dose of 0.1 mmol/kg. At
the time of this study, it was common practice to administer
1.5-2 X the recommended dose of gadolinium contrast for
MR angiography [46]. However, given the growing body of
literature demonstrating long-term retention of gadolinium-
based contrast agents in tissue (particularly CNS) and the
unknown adverse effects thereof [47], the use of contrast
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for 4ADF CMR is a limitation to its use if an MRA is not
already planned. Our practice has since reverted to the rec-
ommended dose of 0.1 mmol/kg. While 4DF sequences can
be performed without contrast administration, this is not the
typical practice at our institution. Prior work on 4DF without
contrast have found accurate flow measurements in small
cohorts of subjects with congenital heart disease and healthy
controls [20, 39], but additional research is necessary prior
to consideration of 4DF CMR use without contrast, particu-
larly for volumetry. Although we used 2D CMR as the ref-
erence standard for volumetry, 2D SSFP is acquired across
a series of breath holds which can vary during the study
and thus affect accuracy of the measurements. Therefore, it
is possible 4DF may be more accurate as a free breathing
acquisition. The temporal resolution chosen in this study is
lower than standard practice (~ 20 to 40 ms for 4DF). While
this allowed for shorter acquisition times, it likely affected
accuracy of our volumetry measurements though we do not
believe it dramatically altered flow data based on our experi-
ence. Lastly, we did not include localizers in the measure-
ment of 4DF study time which would add on average ~60 s
per study. While shorter 2D protocols may exist at other
institutions allowing for scan times of approximately 45 min,
a comprehensive 4DF study would still dramatically reduce
scan time.

Future studies with 4DF CMR should continue to under-
stand the clinical utility of 4DF CMR in pediatric CHD with
the ultimate goal of demonstrating that 4DF CMR can be
performed as a stand-alone sequence in pediatric patients
without the use of general anesthesia or intravenous contrast.
However, multiple studies are necessary to understand the
feasibility and accuracy of 4DF CMR exams in each of these
specific contexts. Future studies should utilize valve-track-
ing techniques and assess peak flow velocity to increase the
accuracy of their flow measurements. Further, the accuracy
of 4DF CMR should be validated against a gold standard
such as clinical outcomes (surgical intervention, remodeling
after intervention, symptoms) or invasive methods of meas-
uring volume and flow.

In conclusion, this study demonstrates that in rTOF, 4DF
acquisitions may replace 2D PC imaging when gadolinium
contrast is already being administered to obtain an MR
angiogram. Using a commonly available contrast agent and
a 1.5-T system, PNF measured at the PV was more accurate
to ANF using 4DF CMR than with 2D CMR. Pulmonary
FF was moderately-strongly correlated to RV SV using 4DF
and overall similar to 2D CMR. 4DF ventricular volume
measurements demonstrated strong correlations and excel-
lent inter-rater reliability, despite a systematic overesti-
mation of volumes compared to 2D CMR. Measurements
of EF were only moderately-strongly correlated between
methods, as this is a calculated value and propagates error
from measured EDV and ESV. A single 4DF acquisition as

a stand-alone comprehensive assessment may be considered
as an alternative to traditional 2D CMR in standard clini-
cal practice when RV systolic function appears normal by
echocardiography, particularly in patients who would require
sedation for a standard 2D CMR. We believe that this may
represent a major step in optimizing efficiency in pediatric
CMR.
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