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Background: Myocardial ischemia occurs in pediatrics, as a result of both congenital
and acquired heart diseases, and can lead to further adverse cardiac events if untreated.
The aim of this work is to assess the feasibility of fully automated, high resolution,
quantitative stress myocardial perfusion cardiac magnetic resonance (CMR) in a cohort
of pediatric patients and to evaluate its agreement with the coronary anatomical status
of the patients.

Methods: Fourteen pediatric patients, with 16 scans, who underwent dual-bolus stress
perfusion CMR were retrospectively analyzed. All patients also had anatomical coronary
assessment with either CMR, CT, or X-ray angiography. The perfusion CMR images were
automatically processed and quantified using an analysis pipeline previously developed
in adults.

Results: Automated perfusion quantification was successful in 15/16 cases. The
coronary perfusion territories supplied by vessels affected by a medium/large aneurysm
or stenosis (according to the AHA guidelines), induced by Kawasaki disease, an
anomalous origin, or interarterial course had significantly reduced myocardial blood flow
(MBF) (median (interquartile range), 1.26 (1.05, 1.67) ml/min/g) as compared to territories
supplied by unaffected coronaries [2.57 (2.02, 2.69) ml/min/g, p < 0.001] and territories
supplied by vessels with a small aneurysm [2.52 (2.45, 2.83) miI/min/g, p = 0.002].

Conclusion: Automatic CMR-derived MBF quantification is feasible in pediatric patients,
and the technology could be potentially used for objective non-invasive assessment of
ischemia in children with congenital and acquired heart diseases.

Keywords: cardiac magnetic resonance, automated quantitative stress perfusion, deep learning, pediatrics,
Kawasaki disease

INTRODUCTION

Cardiac magnetic resonance (CMR) has been gaining in importance as a technique for the
assessment of a wide variety of congenital and acquired heart diseases in children. It provides
both functional and anatomical assessment, with good spatial resolution, without exposing patients
to ionizing radiation. This is of particular importance as children are more likely to develop
radiation-induced cancer than adults (1) and they frequently require multiple follow-up scans
to monitor disease progression or the effects of an intervention. CMR has been applied to the
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assessment of the great vessels using contrast-enhanced CMR
angiography (CMRA) (2-5) and recent technical advances have
made non-contrast CMRA possible (6, 7). CMRA is now
widely used for the diagnosis of vascular diseases in pediatrics,
frequently in place of an invasive coronary catheterization (1, 8).
CMR has been further used for cardiac chamber quantification
(9), flow quantification (10), and the assessment of myocardial
perfusion (11-15).

Stress perfusion CMR has been repeatedly shown to possess
both good sensitivity and good specificity for the non-invasive
assessment of myocardial ischemia (16-19). Although it is
known that myocardial ischemia can occur in pediatric patients,
the aforementioned studies have been conducted in adult
populations and there is still limited data on the efficacy of the
technique in pediatric populations (11). The feasibility of stress
perfusion CMR in pediatrics has been long since reported (11,
20-24) and retrospective studies have reported a high diagnostic
accuracy for the detection of ischemia (13, 25). The limitation of
work in this field is that it has been primarily conducted in highly
specialized centers with significant local expertise, and this high
diagnostic accuracy may not translate to less specialized centers.

The quantification of myocardial blood flow (MBF) from
stress perfusion CMR is possible and has been shown to be
of high diagnostic and prognostic value (26, 27). Recently,
methods for the automated analysis of the images have become
available (28, 29), including robust motion compensation (30),
reducing the need for expert operators with high levels of
training. As such, the fully automated quantification of MBF
may facilitate the adoption of stress perfusion CMR in clinical
routine. In this study, we aimed to assess the feasibility of
automated high-resolution quantitative stress perfusion CMR in
pediatric patients.

METHODS
Study Population

Pediatric cardiac MRI perfusion datasets from a single institution
(Evelina London Children’s Hospital, United Kingdom),
acquired between 2010 and 2018 were retrospectively analyzed.
This study was performed under the ethical approval of the
local ethics committee (Ethics No. RJ109/N112). Patients who
underwent dual-bolus perfusion protocol (31) were included in
this study. These patients had congenital heart disease affecting
the coronary arteries (anomalous origin of the left coronary
artery arising from the pulmonary artery (ALCAPA), malignant
course of left coronary artery arising from the inappropriate
sinus, repaired tetralogy of Fallot with known coronary artery
proximity with main pulmonary artery) or acquired heart
disease such as Kawasaki disease. Due to the available expertise
in pediatric CMR in this institution, coronary artery anatomy
was predominantly imaged using CMR as reference standard.
Computed tomography (CT) angiogram or invasive fluoroscopic
angiogram were carried out if further correlation was needed or
if the MR image quality was deemed inadequate.

Coronary artery aneurysms are assessed according to the
American Heart Association scientific statement 2017 (32), with
a z-score cut off point of >2.5 to define abnormality, based on the

anatomical images by an experienced operator (PD). Aneurysms
were classified on the basis of absolute dimensions. Dilation or
small aneurysms are defined as a localized dilation of the internal
lumen diameter but <4 mm. Medium aneurysms are defined as
an internal lumen diameter >4 mm but <8 mm. Large or giant
aneurysms are defined as those with an internal lumen diameter
>8 mm.

All patients had anatomic coronary artery changes
(stenosis or dilatation) and either symptoms of angina or
electrocardiographic evidence of ischemic changes at rest or
during exercise.

CMR Perfusion Imaging

Perfusion images were acquired in three left ventricular (LV)
short-axis slices (apical, mid-cavity, and basal) at mid-expiration
when possible. Due to the young age of the patients and the
potential side effect of adenosine infusion, younger patients
required general anesthesia during CMR study, with volatile
anesthetics (isoflurane and sevoflurane). Heart rate lowering
medications, such as remifentanil, were not used. Where the
heart rate did not permit the acquisition of three slices in
every heartbeat, the basal and mid-cavity slices were acquired.
Imaging was performed with a saturation-recovery acquisition
sequence on either a 1.5T (Ingenia, Philips Healthcare, Best, The
Netherlands) or 3T system (Achieva, Philips Healthcare, Best,
The Netherlands). The typical imaging parameters were at 1.5T
with a 12-channel cardiac phased array receiver coil: balanced
gradient echo readout, repetition time/echo time 3.0 ms/1.5 ms,
flip angle 50°, saturation-recovery delay 100 ms and at 3.0T with a
32-channel coil: gradient echo readout, repetition time/echo time
2.5 ms/0.9 ms, flip angle 20°, saturation-recovery delay 120 ms.
Five-fold k-t sensitivity encoding (k-t SENSE) acceleration with
11 training profiles was used to achieve a representative spatial
resolution of 1.25 x 1.25 x 10 mm?. Stress images were acquired
during adenosine-induced hyperemia (140 ug/kg/min). 0.075
mmol/kg of bodyweight gadolinium (Gd) extracellular contrast
agent (gadobutrol, Gadovist, Bayer, Germany) was injected at
4 mL/s followed by a 20-mL saline flush for each perfusion
acquisition. Each bolus of gadobutrol was preceded by a diluted
pre-bolus with 10% of the dose to allow quantification of
perfusion, according to published methods (31).

Image Processing

The perfusion images were corrected for respiratory motion (30)
and processed fully-automatically using our deep learning-based
processing pipeline (29). In light of the smaller heart sizes, more
conservative myocardial segmentations are needed, as compared
to in adults. For this reason, test-time data augmentation
was employed. That is that, where multiple segmentations are
computed for different transformed versions of the image and a
pixel is deemed to be in the myocardium if it is predicted to be
in the myocardium 8/10 times. Pixel-wise time signal intensity
curves were extracted from the myocardial mask and signal
intensity curves were subsequently split into the time intervals
corresponding to the pre bolus injection and the main bolus
injection for quantification. Quantitative MBF was estimated on
a pixel-wise level by fitting the observed arterial input function
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and myocardial tissue curves to a two-compartment exchange
model (33), as commonly used for quantitative myocardial
perfusion analysis (34). For the relation of pixel-wise MBF
estimates to coronary artery territories, pixels were assigned to
standard American Heart Association (AHA) segments using
the automatically computed right ventricular insertion points
and AHA segments were assigned to their respective perfusion
territory (35). The MBF value recorded for a specific coronary
perfusion territory was the mean value of the 2 lowest segments
in that territory, as previously validated (26).

Statistical Analysis

The descriptive statistics are presented as mean =+ standard
deviation (SD) or median [inter-quartile range (IQR)] for non-
normally distributed variables. The distributions of quantitative
MBF values are compared using the non-parametric Mann-
Whitney U test. The significance level « = 0.05 was used to
determine statistical significance. This analysis was performed
using SciPy (36).

RESULTS

A total of 42 patients underwent stress perfusion cardiovascular
magnetic resonance scans between 2010 and 2018. Fourteen
patients (with 16 scans) underwent scans being performed with
a dual-bolus acquisition and thus were included in the study.
Fourteen scans were done at 1.5T and 2 scans were done at
3T. Two patients underwent a repeat stress perfusion scan for
follow up. 12/16 scans were performed under general anesthesia.
The patient’s demographic and baseline data are given in Table 1.
In 3/16 cases images were acquired in two rather than three
LV slices as high heart rates prevented the acquisition of three
slices in a single R-R interval. Four scans were visually positive
for perfusion defects (in a total of 14 AHA segments) with a
perfusion abnormality identified in the left anterior descending
(LAD) territory in 2 cases and in the left circumflex (LCx)
territory in the other 2 cases. MBF for 15/16 stress perfusion CMR
scans were assessed quantitatively, one was excluded due to the
presence of severe parallel imaging artifacts in the reconstructed
images The automated image processing was successful in all
these 15 cases. Rest images were not analyzed as they were not
acquired in all cases.

The median pixel-wise MBF estimate across all subjects was
2.34 (1.82, 2.97) ml/min/g. The median pixel-wise MBF in
patients with visual ischemia was 1.84 (1.34, 2.14) ml/min/g,
which was significantly lower than that in patients with no visual
perfusion defect 2.48 (1.97, 3.04) ml/min/g (p < 0.001). The MBF
estimate in patients with Kawasaki disease but with no significant
coronary involvement was 2.57 (2.02, 2.69) ml/min/g. This was
not significantly different to the MBF [2.52 (2.45, 2.83) ml/min/g]
in coronary territories with a small aneurysm p = 0.525. There
was a reduction in MBF in coronary territories perfused by
vessels with a medium/large aneurysm, a stenosis, an anomalous
origin, or an interarterial course to 1.26 (1.05, 1.67) ml/min/g.
This was significantly lower as compared to normal patients (p
< 0.001) and territories with small aneurysm (p = 0.002) with
the distributions of the per-coronary perfusion territory MBF

TABLE 1 | Demographic and baseline data.

N =16
examinations/N = 14
patients
Age (years) [median (IQR)] 8.0 (3.5, 13.75)
Gender 7 male (50%)

Weight (kg) [median (IQR)]
BMI (kg/m?) [median (IQR)]
Systolic function

28.45 (17.2, 58.75)
18.8 (16.1, 22.1)

Normal (LVEF > 55%) 13 (81.3%)
Impaired 3(18.8%)
LVEDI (ml/m?) (mean + SD) 76.3 +25.8
LVEF (%) (mean + SD) 58.4 +8.9
Diagnosis

Kawasaki Disease 11 (68.8%)
Reimplantation of Left Coronary Artery 3(18.8%)
(LCA) (ALCAPA), malignant LCA course

Tetralogy of Fallot with abnormal LAD 1(6.3%)
Neonatal myocardial infarction 1(6.3%)
Heart rate (beats per minute)

Rest (mean + SD) 76.7 £ 14.7
Stress (mean + SD) 99.8 +17.8

Data are reported as N (percentage%), median [Interquartile range (IQR), or mean =+
standard deviation (SD)].

5] | p < 0.001 I
p=0.525
S p=0.002
£
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stenosis, anomalous origin,
or interarterial course

FIGURE 1 | The distributions of quantitative MBF estimates on a per-coronary
perfusion territory level for normal coronary vessels, small aneurysms, and
medium/large aneurysms, stenosis, anomalous origin, or interarterial course,
respectively.

values visualized in Figure 1. Figures 2, 3 show raw perfusion
MR images with the pixel-wise MBF maps and corresponding
anatomical images.

DISCUSSION

Myocardial ischemia in children is known to result from
congenital coronary anomalies (20) as well as from acquired
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artery; LCx, left circumflex artery.

FIGURE 2 | The CMR angiography (top row) and stress perfusion CMR for a patient with a small left main coronary artery aneurysm. The small aneurysm does not
seem to inhibit perfusion as reflected by the uniformly high MBF values. Ao, Aorta; PA, pulmonary artery; MPA, main pulmonary artery; LAD, left anterior descending

4.0
285
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25
2.0
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1.0
0.5
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causes, including inflammatory diseases affecting the coronary
arteries, such as Kawasaki disease (21). Untreated Kawasaki
disease can lead to coronary artery aneurysms in ~25% of cases
(32), predisposing to thrombosis, stenosis and occlusion (37).
As such, the routine clinical adoption of myocardial perfusion
imaging in the pediatric population has a huge potential benefit.
It may allow the early identification of myocardial ischemia
and help to avoid further adverse events, including irreversible
myocardial dysfunction.

Stress perfusion imaging is potentially beneficial in these
patients as it can assess the functional significance of partially
occluded lesions and provide information on segments distal to
the coronary artery aneurysms which may not appear occluded
but are functionally different as compared to unaffected arteries.

Alternative myocardial perfusion imaging modalities include
single photon emission computed tomography (SPECT) and
positron emission tomography (PET) but both subject the patient
to ionizing radiation and are limited in spatial resolution as
compared to CMR. Furthermore, adenosine stress perfusion
CMR is considered to have a good safety profile amongst
pediatrics (14), making it a strong candidate for clinical adoption.

The limitation of stress perfusion CMR is that it requires
expertise to acquire and interpret the images (25, 38). This
problem is likely to be exacerbated in pediatric populations
due to lower image quality, inadequate spatial resolution to
allow the transmural discrimination of perfusion defects, and
higher susceptibility to imaging artifacts, such as dark rim, in
the smaller myocardial wall. Despite the fact that all patients
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0.0
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FIGURE 3 | The anatomical images (top row, CT left, MR center and right) and stress perfusion CMR with quantitative MBF map (bottom row) for a patient with
Kawasaki disease and a giant aneurysm of the LMCA, indicated as *in the anatomical images. There is also calcification of the LMCA seen on the CT image (top left),
indicated by the arrow. There is globally low MBF values, possibly indicating microvascular dysfunction (bottom right). Ao, Aorta; PA, pulmonary artery; MPA, main

pulmonary artery; RVOT, right ventricular outflow tract; LAD, left anterior descending artery.

had anatomically affected coronary arteries, the visual assessment
only reported perfusion defects in 4/16 scans. Based on the
quantitative MBF values, this is likely an underestimation of the
amount of ischemia present which highlights the difficulty of the
interpretation and the need for the integration of quantitative
perfusion CMR in clinical routine.

The results of our retrospective study show that fully
automated quantification of first pass stress perfusion CMR is
feasible in pediatrics and that the CMR measurements of stress
MBF well match the corresponding anatomical images of the
patients. For the example patient shown in Figure 3, with a
giant LMCA aneurysm, global MBF is substantially reduced
to 1.25 ml/min/g, as compared to the patient in Figure 2,
who has a small LMCA aneurysm and global MBF of 2.98
ml/min/g. The widespread reduction in MBF seen in patients
with large aneurysms may also lend support to previous findings
of microvascular dysfunction in these patients (22, 25, 39, 40),
as microvascular dysfunction is known to cause ischemia and
reduced MBF by quantitative perfusion CMR (41). In particular,
this may explain the extensive ischemia and the fact that it is
not restricted to the perfusion territories of the affected coronary
arteries. This theory is supported by previous findings of global
reductions in myocardial perfusion that have been reported by

visual (25) and semi-quantitative (22) stress perfusion CMR and
PET MBEF (39). The benefit of the quantitative perfusion analysis
is also shown by the example in Figure 3 as it was reported
visually as normal. Global MBF reductions are difficult to assess
visually as there is little regional differences but are clear on the
quantitative analysis. In contrast to the large aneurysms, mild
dilatations or small aneurysms yielded MBF values comparable
to cases with no macroscopic coronary artery involvement.

The technical difficulties to be dealt with in order to facilitate
the widespread clinical adoption in pediatric patients include the
need for higher temporal and spatial resolutions to cope with
the higher heart rates and smaller heart size as compared to
adults, patient motion and the inability to breath-hold. However,
solutions to these challenges are becoming available. Accelerated
MR image acquisitions and in particular, spatiotemporal data
under-sampling approaches combined with multi-element coil
spatial encoding have shown that it is feasible to acquire high
resolution images at very high heart rates while reducing dark
rim artifacts (42). Furthermore, advanced image analysis (29, 30)
and robust quantification (33) methods have been developed
which make the analysis fast, automated, and accurate. The
image analysis pipeline required very little adjustment for its
deployment in pediatrics despite the fact that it was developed
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in adults (29). This is likely because, despite the differences in
cohorts, the acquisition protocols were very similar between the
studies. Further work may be required to allow the deployment of
the automated system to data acquired with different acquisition
protocols (43).

LIMITATIONS

The major limitation of this study is that it is a retrospective
study with a small sample size. However, in light of this
proof of feasibility, a larger study is now warranted. The
myocardial blood flow values were not compared to a gold
standard test or a control group, however, this is a frequently
encountered limitation in studies involving pediatrics due to
the ethical considerations of this vulnerable age group and the
need to avoid unnecessary procedures. Furthermore, coronary
anatomical assessment was primarily done via CMRA and not
CT or X-ray angiography, despite the latter being the gold
standard procedure. However, this is justifiable in the light of
the incorporation of CMR as an acceptable modality for coronary
assessment in many published guidelines, as well as the reduced
radiation exposure.

CONCLUSION

Voxel-wise quantification of MBF in pediatric patients is feasible
and correlates with the anatomical status of corresponding
coronary perfusion vascular territory. This makes use of
highly accelerated pulse sequences to achieve sufficient spatial
and temporal resolution. Advanced motion compensation and
automated image processing methods provide a fully objective
interpretation of perfusion, circumventing the need for time-
consuming processing and experienced operators. While further
studies are need, quantitative perfusion CMR represents a
promising tool for the non-invasive management of children with
heart diseases.

REFERENCES

1. Valsangiacomo Buechel ER, Grosse-Wortmann L, Fratz S, Eichhorn J,
Sarikouch S, Greil GFE, et al. Indications for cardiovascular magnetic resonance
in children with congenital and acquired heart disease: an expert consensus
paper of the Imaging Working Group of the AEPC and the Cardiovascular
Magnetic Resonance Section of the EACVI. Eur Heart ] Cardiovasc Imaging.
(2015) 16:281-97. doi: 10.1093/ehjci/jeul 29

2. Greil GE Powell AJ, Gildein HP, Geva T. Gadolinium-enhanced
three-dimensional magnetic resonance angiography of pulmonary
and systemic venous anomalies. J Am Coll Cardiol. (2002)

39:335-41. doi: 10.1016/S0735-1097(01)01730-2

3. Valsangiacomo Buechel ER, DiBernardo S, Bauersfeld U, Berger F.
Contrast-enhanced magnetic resonance angiography of the great arteries
in patients with congenital heart disease: an accurate tool for planning
catheter-guided interventions. Int J Cardiovasc Imaging. (2005) 21:313-
22. doi: 10.1007/s10554-004-4017-y

4. Beerbaum P, Sarikouch S, Laser KT, Greil G, Burchert W, Koérperich
H. Coronary anomalies assessed by whole-heart isotropic 3D magnetic
resonance imaging for cardiac morphology in congenital heart

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available upon request by the authors, without undue
reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Evelina London Children Local Ethics
Committee (Ethics No. RJ109/N112). Written informed consent
to participate in this study was provided by the participant’s legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

CS, HH, PD, and AC designed the study, collected and analyzed
the data, and drafted the initial manuscript. GG and TH collected
and analyzed the data. RR, JL, and KP designed the study,
reviewed, and edited the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the Kings College London &
Imperial College London EPSRC Centre for Doctoral Training
in Medical Imaging [EP/L015226/1]; Philips Healthcare; The
Department of Health via the National Institute for Health
Research (NIHR) comprehensive Biomedical Research Centre
award to Guys & St Thomas' NHS Foundation Trust in
partnership with Kings College London and Kings College
Hospital NHS Foundation Trust; The NIHR Cardiovascular
MedTech Co-operative; The British Heart Foundation
[TG/18/2/33768]; and The Centre of Excellence in Medical
Engineering funded by the Wellcome Trust and EPSRC
[WT 203148/Z/16/Z].

disease. | Magn Reson Imaging. (2009) 29:320-7. doi: 10.1002/jmri.
21655

5. Henningsson M, Zahr RA, Dyer A, Greil GE Burkhardt B, Tandon A,
et al. Feasibility of 3D black-blood variable refocusing angle fast spin echo
cardiovascular magnetic resonance for visualization of the whole heart and
great vessels in congenital heart disease. ] Cardiovasc Magn Reson. (2018)
20:76. doi: 10.1186/s12968-018-0508-1

6. Henningsson M, Hussain T, Vieira MS, Greil GE, Smink J, Ensbergen GV,
et al. Whole-heart coronary MR angiography using image-based navigation
for the detection of coronary anomalies in adult patients with congenital
heart disease. J] Magn Reson Imaging. (2016) 43:947-55. doi: 10.1002/jmri.
25058

7. Velasco Forte MN, Valverde I, Prabhu N, Correia T, Narayan SA, Bell A, et al.
Visualization of coronary arteries in paediatric patients using whole-heart
coronary magnetic resonance angiography: comparison of image-navigation
and the standard approach for respiratory motion compensation.
J Cardiovasc Magn Reson. (2019) 21:13. doi: 10.1186/s12968-019-

0525-8
8. Bonnemains L Raimondi E QOdille F. Specifics of
cardiac  magnetic  resonance  imaging in  children.  Arch

Frontiers in Pediatrics | www.frontiersin.org

September 2021 | Volume 9 | Article 699497


https://doi.org/10.1093/ehjci/jeu129
https://doi.org/10.1016/S0735-1097(01)01730-2
https://doi.org/10.1007/s10554-004-4017-y
https://doi.org/10.1002/jmri.21655
https://doi.org/10.1186/s12968-018-0508-1
https://doi.org/10.1002/jmri.25058
https://doi.org/10.1186/s12968-019-0525-8
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Scannell et al.

Quantitative Perfusion CMR in Pediatrics

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cardiovasc ~ Dis. (2016) 109:143-9. doi:

11.004

10.1016/j.acvd.2015.

. Olivieri LJ, Jiang J, Hamann K, Loke YH, Campbell-Washburn A, Xue H,

et al. Normal right and left ventricular volumes prospectively obtained from
cardiovascular magnetic resonance in awake, healthy, 0- 12 year old children.
J Cardiovasc Magn Reson. (2020) 22:11. doi: 10.1186/512968-020-0602-z
Isorni MA, Martins D, Ben Moussa N, Monnot S, Boddaert N, Bonnet
D, et al. 4D flow MRI versus conventional 2D for measuring pulmonary
flow after Tetralogy of Fallot repair. Int ] Cardiol. (2020) 300:132-
6. doi: 10.1016/j.ijcard.2019.10.030

Valsangiacomo Buechel ER, Balmer C, Bauersfeld U, Kellenberger
C, Schwitter J. Feasibility of perfusion cardiovascular magnetic
resonance in paediatric patients. ] Cardiovasc Magn Reson. (2009)
11:51. doi: 10.1186/1532-429X-11-51

Deva DP, Torres FS, Wald RM, Roche SL, Jimenez-Juan L, Oechslin EN,
et al. The value of stress perfusion cardiovascular magnetic resonance imaging
for patients referred from the adult congenital heart disease clinic: 5-year
experience at the Toronto General Hospital. Cardiol Young. (2013) 24:822—
30. doi: 10.1017/S104795111300111X

Vijarnsorn C, Noga M, Schantz D, Pepelassis D, Tham EB. Stress perfusion
magnetic resonance imaging to detect coronary artery lesions in children. Int
J Cardiovasc Imaging. (2017) 33:699-709. doi: 10.1007/s10554-016-1041-7
Biko DM, Collins RT, Partington SL, Harris M, Whitehead KK, Keller
MS, et al. Magnetic resonance myocardial perfusion imaging: safety and
indications in pediatrics and young adults. Pediatr Cardiol. (2018) 39:275-
82. doi: 10.1007/500246-017-1752-0

Raimondi E Aquaro GD, De Marchi D, Sandrini C, Khraiche D, Festa P,
et al. Cardiac magnetic resonance myocardial perfusion after arterial switch
for transposition of great arteries. JACC Cardiovasc Imaging. (2018) 11:778-
9. doi: 10.1016/j.jemg.2017.07.015

Greenwood JP, Maredia N, Younger JE Brown JM, Nixon J,
Everett CC, et al. Cardiovascular magnetic resonance and single-
photon emission computed tomography for diagnosis of coronary
heart disease (CE-MARC): a prospective (2012)
379:453-60. doi: 10.1016/S0140-6736(11)61335-4

Schwitter ], Wacker CM, Wilke N, Al-Saadi N, Sauer E, Huettle K, et al.
MR-IMPACT II: magnetic resonance imaging for myocardial perfusion
assessment in coronary artery disease trial: perfusion-cardiac magnetic
resonance vs. single-photon emission computed tomography for the detection
of coronary artery disease: a comparative. Eur Heart ]. (2013) 34:775-
81. doi: 10.1093/eurheartj/ehs022

Greenwood JP, Ripley DP, Berry C, McCann GP, Plein S, Bucciarelli-
Ducci C, et al. Effect of care guided by cardiovascular magnetic
resonance, myocardial perfusion scintigraphy, or NICE guidelines on
subsequent unnecessary angiography rates: the CE-MARC 2 randomized
clinical trial. JAMA. (2016) 316:1051-60. doi: 10.1001/jama.2016.
12680

Nagel E, Greenwood JP, McCann GP, Bettencourt N, Shah AM, Hussain
ST, et al. Magnetic resonance perfusion or fractional flow reserve in
coronary disease. N Engl ] Med. (2019) 380:2418-28. doi: 10.1056/NEJMoal7
16734

Secinaro A, Ntsinjana H, Tann O, Schuler PK, Muthurangu V, Hughes M,
et al. Cardiovascular magnetic resonance findings in repaired anomalous left
coronary artery to pulmonary artery connection (ALCAPA). J Cardiovasc
Magn Reson. (2011) 13:27. doi: 10.1186/1532-429X-13-27

Mavrogeni S, Papadopoulos G, Hussain T, Chiribiri A, Botnar R, Greil
GF. The emerging role of cardiovascular magnetic resonance in the
evaluation of Kawasaki disease. Int | Cardiovasc Imaging. (2013) 29:1787-
98. doi: 10.1007/s10554-013-0276-9

Bratis K, Chiribiri A, Hussain T, Krasemann T, Henningsson M, Phinikaridou
A, et al. Abnormal myocardial perfusion in Kawasaki disease convalescence.
JACC Cardiovasc Imaging. (2015) 8:106-8. doi: 10.1016/j.jcmg.2014.
05.017

Noel CV, Krishnamurthy R, Masand P, Moffett B, Schlingmann T, Cheong
BY, et al. Myocardial stress perfusion MRI: experience in pediatric
and young-adult patients following arterial switch operation utilizing
regadenoson. Pediatr Cardiol. (2018) 39:1249-57. doi: 10.1007/500246-018-
1890-z

trial.  Lancet.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Doan TT, Wilkinson JC, Loar RW, Pednekar AS, Masand PM, Noel CV.
Regadenoson stress perfusion cardiac magnetic resonance imaging in children
with kawasaki disease and coronary artery disease. Am ] Cardiol. (2019)
124:1125-32. doi: 10.1016/j.amjcard.2019.06.033

Ntsinjana HN, Tann O, Hughes M, Derrick G, Secinaro A, Schievano
S, et al. Utility of adenosine stress perfusion CMR to assess paediatric
coronary artery disease. Eur Heart ] Cardiovasc Imaging. (2017) 18:898-
905. doi: 10.1093/ehjci/jew151

Lockie T, Ishida M, Perera D, Chiribiri A, De Silva K, Kozerke S,
et al. High-resolution magnetic resonance myocardial perfusion imaging
at 3.0-tesla to detect hemodynamically significant coronary stenoses as
determined by fractional flow reserve. ] Am Coll Cardiol. (2011) 57:70-
5. doi: 10.1016/j.jacc.2010.09.019

Sammut EC, Villa ADM, Di Giovine G, Dancy L, Bosio E, Gibbs T, et al.
Prognostic value of quantitative stress perfusion cardiac magnetic resonance.
JACC Cardiovasc Imaging. (2017) 11:686-94. doi: 10.1016/j.jcmg.2017.
07.022

Xue H, Brown LAE, Nielles-Vallespin S, Plein S, Kellman P.
Automatic  in-line  quantitative ~myocardial  perfusion  mapping:
Processing algorithm and implementation. Magn Reson Med. (2020)
83:712-30. doi: 10.1002/mrm.27954

Scannell CM, Veta M, Villa ADM, Sammut EC, Lee J, Breeuwer M,
Chiribiri A. Deep-learning-based preprocessing for quantitative myocardial
perfusion MRI. ] Magn Reson Imaging. (2020) 51:1689-96. doi: 10.1002/jmri.
26983

Scannell CM, Villa ADM, Lee ], Breeuwer M, Chiribiri A. Robust non-
rigid motion compensation of free-breathing myocardial perfusion MRI
Data. IEEE Trans Med Imaging. (2019) 38:1812-20. doi: 10.1109/TMI.2019.28
97044

Ishida M, Schuster A, Morton G, Chiribiri A, Hussain S, Paul M,
et al. Development of a universal dual-bolus injection scheme for the
quantitative assessment of myocardial perfusion cardiovascular magnetic
resonance. | Cardiovasc Magn Reson. (2011) 13:28. doi: 10.1186/1532-42
9X-13-28

McCrindle BW, Rowley AH, Newburger JW, Burns JC, Bolger AFE
Gewitz M, et al. Diagnosis, treatment, and long-term management
of Kawasaki disease: a scientific statement for health professionals
from the American Heart Association. Circulation. (2017) 135:¢927-
99. doi: 10.1161/CIR.0000000000000484

Scannell CM, Chiribiri A, Villa ADM, Breeuwer M, Lee J. Hierarchical
Bayesian myocardial perfusion quantification. Med Image Anal. (2020)
60:101611. doi: 10.1016/j.media.2019.101611

Jerosch-herold M. Quantification of myocardial perfusion by
cardiovascular magnetic resonance. | Cardiovasc Magn Reson. (2010)
12:1-16. doi: 10.1186/1532-429X-12-57

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey
WK, et al. Standardized myocardial segmentation and nomenclature for
tomographic imaging of the heart. A statement for healthcare professionals
from the Cardiac Imaging Committee of the Council on Clinical
Cardiology of the American Heart Association. Circulation. (2002) 105:539-
42. doi: 10.1081/JCMR-120003946

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D,
et al. SciPy 1.0: fundamental algorithms for scientific computing in Python.
Nat Methods. (2020) 17:261-72. doi: 10.1038/s41592-019-0686-2

Miura M, Kobayashi T, Kaneko T, Ayusawa M, Fukazawa R, Fukushima N,
et al. Association of severity of coronary artery aneurysms in patients with
kawasaki disease and risk of later coronary events. JAMA Pediatr. (2018)
172:180030. doi: 10.1001/jamapediatrics.2018.0030

Villa ADM, Corsinovi L, Ntalas I, Milidonis X, Scannell C, Di Giovine
G, et al. Importance of operator training and rest perfusion on the
diagnostic accuracy of stress perfusion cardiovascular magnetic resonance.
J Cardiovasc Magn Reson. (2018) 20:1-10. doi: 10.1186/s12968-018-
0493-4

Hauser M, Bengel F, Kuehn A, Nekolla S, Kaemmerer H, Schwaiger M,
et al. Myocardial blood flow and coronary flow reserve in children with
“normal” epicardial coronary arteries after the onset of kawasaki disease
assessed by positron emission tomography. Pediatr Cardiol. (2004) 25:108-
12. doi: 10.1007/s00246-003-0472-9

Frontiers in Pediatrics | www.frontiersin.org

September 2021 | Volume 9 | Article 699497


https://doi.org/10.1016/j.acvd.2015.11.004
https://doi.org/10.1186/s12968-020-0602-z
https://doi.org/10.1016/j.ijcard.2019.10.030
https://doi.org/10.1186/1532-429X-11-51
https://doi.org/10.1017/S104795111300111X
https://doi.org/10.1007/s10554-016-1041-7
https://doi.org/10.1007/s00246-017-1752-0
https://doi.org/10.1016/j.jcmg.2017.07.015
https://doi.org/10.1016/S0140-6736(11)61335-4
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1001/jama.2016.12680
https://doi.org/10.1056/NEJMoa1716734
https://doi.org/10.1186/1532-429X-13-27
https://doi.org/10.1007/s10554-013-0276-9
https://doi.org/10.1016/j.jcmg.2014.05.017
https://doi.org/10.1007/s00246-018-1890-z
https://doi.org/10.1016/j.amjcard.2019.06.033
https://doi.org/10.1093/ehjci/jew151
https://doi.org/10.1016/j.jacc.2010.09.019
https://doi.org/10.1016/j.jcmg.2017.07.022
https://doi.org/10.1002/mrm.27954
https://doi.org/10.1002/jmri.26983
https://doi.org/10.1109/TMI.2019.2897044
https://doi.org/10.1186/1532-429X-13-28
https://doi.org/10.1161/CIR.0000000000000484
https://doi.org/10.1016/j.media.2019.101611
https://doi.org/10.1186/1532-429X-12-57
https://doi.org/10.1081/JCMR-120003946
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1001/jamapediatrics.2018.0030
https://doi.org/10.1186/s12968-018-0493-4
https://doi.org/10.1007/s00246-003-0472-9
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Scannell et al.

Quantitative Perfusion CMR in Pediatrics

40.

41.

42.

43.

Muthusami P, Luining W, McCrindle B, van der Geest R, Riesenkampff
E, Yoo §J, et al. Myocardial perfusion, fibrosis, and contractility in
children with kawasaki disease. JACC Cardiovasc Imaging. (2018) 11:1922—
4. doi: 10.1016/.jcmg.2018.06.009

Rahman H, Scannell CM, Demir OM, Ryan M, McConkey H, Ellis H,
et al. High-resolution cardiac magnetic resonance imaging techniques
for the identification of coronary microvascular dysfunction. JACC
Cardiovasc ~ Imaging.  (2021)  14:978-86. doi:  10.1016/j.jcmg.2020.
10.015

Plein S, Ryf S, Schwitter J, Radjenovic A, Boesiger P, Kozerke S. Dynamic
contrast-enhanced myocardial perfusion MRI accelerated with k-t SENSE.
Magn Reson Med. (2007) 58:777-85. doi: 10.1002/mrm.21381

Scannell CM, Chiribiri A, Veta M. Domain-adversarial learning for multi-
centre, multi-vendor, and multi-disease cardiac MR image segmentation.
In: Puyol Anton E, editor. Statistical Atlases and Computational
Models of the Heart. M&Ms and EMIDEC Challenges. STACOM
2020. Lecture Notes in Computer Science (Cham: Springer). p. 228-37.
doi: 10.1007/978-3-030-68107-4_23

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Scannell, Hasaneen, Greil, Hussain, Razavi, Lee, Pushparajah,
Duong and Chiribiri. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

September 2021 | Volume 9 | Article 699497


https://doi.org/10.1016/j.jcmg.2018.06.009
https://doi.org/10.1016/j.jcmg.2020.10.015
https://doi.org/10.1002/mrm.21381
https://doi.org/10.1007/978-3-030-68107-4_23
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Automated Quantitative Stress Perfusion Cardiac Magnetic Resonance in Pediatric Patients
	Introduction
	Methods
	Study Population
	CMR Perfusion Imaging
	Image Processing
	Statistical Analysis

	Results
	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


