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Abstract

Background Dipyridamole and adenosine are traditional
pharmacological stressors for myocardial perfusion.
Regadenoson, a selective adenosine A2A agonist, has a lower
side effect profile with lower incidence of bronchospasm and
bradycardia. There is a growing need for myocardial perfusion
assessment within pediatrics. There is no report on the utility
of regadenoson as a stress agent in children.

Objective To observe the safety and feasibility of
regadenoson as a pharmacologic stressor for perfusion cardiac
MR in a pilot cohort of pediatric patients weighing more than
40 kg who have congenital heart disease and pediatric ac-
quired heart disease.

Materials and methods We reviewed our initial experience
with regadenoson stress cardiac MR in 31 pediatric patients
15.8+1.7 years (range 12-22 years) with congenital heart
disease and acquired heart disease. Mean patient weight was
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60+ 15 kg (range of 40-93 kg). All patients underwent cardiac
MR because of concern for ischemia. The cohort included a
heterogeneous group of patients at a pediatric institution with
potential risk for ischemia. Subjects’ heart rate and blood
pressure were monitored and pharmacologic stress was in-
duced by injection of 400 mcg of regadenoson. We evaluated
their hemodynamic response and adverse effects using chang-
es in vital signs and onset of symptoms. A pediatric cardiolo-
gist and radiologist qualitatively assessed myocardial perfu-
sion and viability images.

Results One child was unable to complete the stress perfusion
portion of the examination, but did complete the remaining por-
tion of the CMR. Resting heart rate was 72 + 14 beats per minute
(bpm) and rose to peak of 124+17 bpm (95+50% increase,
P<0.005) with regadenoson. Image quality was considered
good or diagnostic in all cases. Three patients had irreversible
perfusion defects. Four patients had reversible perfusion defects.
Nine of the patients underwent cardiac catheterization with angi-
ography and the findings showed excellent agreement.
Conclusion Regadenoson might be a safe and feasible phar-
macologic stress agent for use in cardiac MR in older pediatric
patients with congenital heart disease and acquired heart dis-
ease. The ease of use as a bolus and the advantage of a
prolonged hyperemia make its use appealing in pediatrics. In
a limited number of cases, regadenoson stress perfusion
showed excellent agreement with cardiac catheterization.
Regadenoson might be a viable pharmacologic stress agent
in this population.

Keywords Acquired coronary artery disease - Children -
Congenital heart disease - Heart - Magnetic resonance
imaging - Pharmacologic stress - Regadenoson - Stress
perfusion
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Introduction

Myocardial ischemia can occur in a number of clinical settings
within the pediatric population, although its prevalence is
much lower than in the adult population. Coronary artery dis-
ease can develop after surgical repair of congenital heart dis-
ease that involves the coronary arteries, such as arterial switch
for transposition of the great arteries (TGA), anomalous origin
of the left coronary artery from the pulmonary artery
(ALCAPA) and anomalous aortic origin of the coronary artery
(AAOCA) [1-3]. Additionally, acquired pediatric heart dis-
ease such as Kawasaki disease can result in coronary artery
disease [4]. The coronary lesions can cause myocardial ische-
mia, which is a known risk factor for morbidity and mortality
in children [5]. Cardiac stress testing can be performed with
different modalities to assess for signs of impaired myocardial
perfusion. Nuclear medicine studies have commonly been
used within the pediatric population to assess patients with
both congenital and acquired pediatric heart disease who are
at risk for myocardial ischemia [6]. Although this technique
has shown utility in detecting ischemia, nuclear medicine
studies are limited by lower spatial resolution for small de-
fects, suboptimal localization of pathology in the setting of
complex anatomy, attenuation artifacts related to the body
wall and diaphragm, relatively high incidence of false-
positive findings [7], and potentially harmful effects of ioniz-
ing radiation. Likewise, X-ray coronary angiography might
help to identify areas of coronary stenosis or kinking but does
not depict the functional significance of the coronary abnor-
mality and is also invasive and associated with ionizing
radiation.

Cardiac magnetic resonance imaging is a noninvasive tech-
nique that provides high-quality imaging of the cardiac struc-
tures with good spatial resolution, and it is not associated with
ionizing radiation. Cardiac MR perfusion imaging — using
the first-pass perfusion (FPP) kinetics of a gadolinium bolus to
detect myocardial ischemia — has shown excellent sensitivity
and specificity in the adult population [8, 9]. Likewise cardiac
MR perfusion has been performed in pediatrics for a variety of
conditions that carry a risk of myocardial ischemia, with good
results [10, 11]. To achieve pharmacologic stress by coronary
hyperemia, adenosine or dipyridamole has traditionally been
used to augment coronary blood flow [12]. These medications
induce coronary vasodilation in normal coronary circulations
and uncover a myocardial perfusion deficit in territories fed by
a stenosed coronary artery. Adenosine’s mechanism of action
is to act non-selectively upon the multitude of adenosine re-
ceptors, whereas dipyridamole works indirectly by inhibiting
the uptake of adenosine [13]. However adenosine has a very
short half-life and must be administered as a continuous infu-
sion. While the half-life of dipyridamole is considerably lon-
ger than that of adenosine, it must still be given as a continu-
ous infusion. Regadenoson is a newer myocardial stressor that

is the first agent approved by the U.S. Food and Drug
Administration to selectively target the A2A receptor [14].
By being a selective adenosine A2A agonist, regadenoson
does not act upon the A1l receptors associated with negative
chronotropic and dromotropic effects or the A3 receptors as-
sociated with mast cell degranulation and bronchospasm.
Regadenoson is a potent vasodilator that selectively acts upon
the coronary vasculature. It has been shown in adults to be a
safe pharmacologic stress agent and has proved to be an ef-
fective coronary vasodilator [15, 16] with a rapid onset of
action and a longer half-life than adenosine. Additionally it
can be administered as a single intravenous bolus, which al-
lows the cardiac MR examination to be performed with a
single intravenous (IV) access line, unlike other stressors such
as adenosine or dobutamine, which require a dedicated I'V line
for a continuous infusion. All of these features make
regadenoson an attractive candidate as a stressor for perfusion
cardiac MR in adults and children. However no series has
described the use of regadenoson in a pediatric population.

The purpose of our study is to report on our initial experi-
ence with the safety and feasibility of regadenoson as a phar-
macologic stressor in an older pediatric and young adult pop-
ulation with congenital and acquired cardiovascular disease
and weighing more than 40 kg, and to provide comparative
results from other modalities, including nuclear stress testing
and cardiac catheterization when available.

Materials and methods

The research ethics board and institutional review board of
Baylor College of Medicine both approved this retrospective
study.

Study population

We conducted a retrospective evaluation of our experience
using regadenoson for stress perfusion cardiac MR in 31 con-
secutive patients (25 male, 6 female) from April 2014 to
December 2015. We excluded any patient requiring sedation
or weighing less than 40 kg. The mean age of the patient at the
time of the study was 15.8+1.7 years (range 12-22 years).
Twenty-nine of the patients were 18 years or younger. The
mean weight of the patients was 60+ 15 kg (range 40—
93 kg) and the average body surface area was 1.67+0.25 m*
(range of 1.3-2.14 m?). The clinical diagnoses are listed in
Table 1. The cohort included 11 patients with D-
transposition of great arteries after an arterial switch procedure
(D-TGA), 9 with Kawasaki disease and coronary aneurysm, 6
with aortic root replacement, 3 who had repair of AAOCA, 1
with left ventricular hypertrophy and 1 with coarctation. All
but two of the patients had a lesion considered to have an
elevated risk of myocardial ischemia. The other two had a
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Table 1  The clinical diagnosis, adverse outcome from stress perfusion MRI study and clinical findings for all patients in our study

Anatomy Minor adverse  MRI finding Heartrate %  Systolic BP % Diastolic BP % LVEF (%)°
outcomes® change change change

D-TGA post ASO (n=11) 2/11 1 fixed defect; 1 reversible defect 87+46 343 -1£5 58+7

Kawasaki disease (n=9) 0/9 1 fixed defect; 1 reversible defect 59+24 —2+4 —2+6 61+4

Aortic root replacement (n=6) 1/6 1 reversible defect 68+£26 —2+3 —2+5 63+£5

AAOCA post repair (n=3) 0/3 1 fixed defect 53+14 -3+1 —5+£2 57«5

Coarctation (n=1) 11 Normal perfusion 210 -3 -3.7 58

LV hypertrophy (n=1) 0/1 Normal perfusion 95 -6 29 68

AAOCA anomalous aortic origin of coronary artery, ASO arterial switch operation, BP blood pressure, D-TGA D-transposition of the great arteries, LV left

ventricle, LVEF left ventricular ejection fraction

# There were no major adverse outcomes

® Percentage change between rest and stress exams in heart rate, and systolic and diastolic blood pressure. All heart rate changes were statistically

significant (P < 0.001; paired Student’s #-test)

history of coarctation repair and left ventricular hypertrophy,
respectively, and demonstrated nonspecific ST segment
changes during an exercise stress test.

We reviewed patient characteristics including age, diagnosis,
surgical history, and signs or symptoms concerning for myo-
cardial ischemia. Nine of the 31 patients (29%) underwent car-
diac catheterization within 3 months of the cardiac MR, and 4
patients (13%) had fractional flow reserve (FFR) performed
with continuous infusion of adenosine by an experienced inter-
ventional cardiologist, which is the reference standard for the
diagnosis of myocardial perfusion [17]. FFR directly assesses
coronary blood flow, both before and during coronary hyper-
emia, and is a more accurate assessment of functionality than
anatomical imaging alone. Sixteen of the 31 patients (52%) had
undergone nuclear medicine perfusion scan (Sestamibi) within
1 year of the stress cardiac MR (4.3 £3.2 months; range 0.3—
11.9 months, weight 63 +19 kg).

Cardiac magnetic resonance imaging protocol

All patients were instructed to avoid caffeinated products 24 h
prior to the examination. Pre-study counseling was performed
by the cardiologist (C.V.N.) as to the procedure and possible
side effects of the stress agent including chest pain, flushing,
dyspnea, bradycardia, sinus pause and seizure. All patients
received the usual adult dose of 400 mcg of regadenoson
(Lexiscan; Astellas Pharma; Northbrook, IL). Continuous heart
rate and pulse oximetry monitoring was performed as well as
periodic blood pressure assessment before and every 3 min
after regadenoson administration, and at the conclusion of the
study. A 50-mg dose of aminophylline was administered intra-
venously after stress imaging was completed to reverse the
pharmacologic stress agent, regardless of symptoms. The time
difference between stress and resting perfusion sequences, as
well as the time from regadenoson to heart rate recovery, were
recorded. A pediatric nurse, a cardiac MR technologist, a
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cardiologist and a pediatric radiologist were present during
the examination. A cardiac resuscitation cart was placed out-
side the cardiac MR room. All studies were performed on
awake patients without the need for sedation to allow for com-
munication of any adverse effects. Patients were monitored for
an hour following the examination for any adverse effects.
The initial 12 studies were performed on a 1.5-tesla (T) clin-
ical MRI scanner (Achieva; Philips Medical Systems, Best,
The Netherlands), with the remainder being performed on a 3-
T clinical MRI scanner (Philips Achieva). A 16-channel XL
torso coil was used with the 1.5-T scanner. A 32-channel cardiac
coil was used with the 3-T scanner. Cardiac synchronization and
heart rate monitoring were performed with vector electrocardio-
graphic (ECG) gating. The cardiac MR protocol changed slight-
ly over the time period of the study, with the initial three patients
undergoing stress perfusion after the resting perfusion had been
completed. This was the initial order due to concern that phar-
macologic stress could potentially cause the pediatric patient to
abort the remainder of the exam, and thus make a complete
interpretation difficult. A total of three patients were performed
in this manner; however none of the patients had any adverse
events, and all tolerated the entire examination without issue.
Because the initial patients showed no ill effects with pharma-
cologic stress, and due to concerns about the lingering effect of
the prior gadolinium-based contrast injection during the stress
perfusion assessment, the stress perfusion sequence was per-
formed initially and was followed by resting perfusion assess-
ment in the remainder of the patients [18]. The most recent and
commonly used protocol is described later and listed in Fig. 1.
Initial survey imaging was performed. Respiratory and vec-
tor electrocardiograph (ECG)-gated, black-blood T1-W
echoplanar (EPI) imaging in the axial plane was performed
for general overview of the cardiac and mediastinal anatomy.
Breath-hold cine imaging using an ECG-gated, steady-state
free precession (SSFP) pulse sequence in two-chamber, four-
chamber and short-axis planes was performed for
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quantification of biventricular size and ejection fraction.
Stress-myocardial first-pass perfusion was performed
60 s following administration of regadenoson, with
0.1 mmol/kg of gadolinium (Bayer HealthCare, Whippany,
NJ) injected at a rate of 3.5 mL/s. A single-shot (acquisition
of the complete image within the same heartbeat), T1-weighted
saturation recovery gradient echo sequence with a parallel ac-
celeration (SENSE) factor of 2, no shared pre-pulse, repetition
time (TR)/echo time (TE)/flip angle=15/2.5 ms/17°, voxel size
2-2.5%2-2.5* 7 mm® was used for FPP imaging at three
short-axis slices. A saturation delay of about 120 ms was used.
Following first-pass perfusion, while hyperemia was still pres-
ent, myocardial wall motion was assessed using cine SSFP
sequences at three ventricular short-axis levels, with a temporal
resolution of approximately 20 ms, as previously described
[19]. Following stress-first-pass perfusion imaging, 50 mg of
aminophylline was administered intravenously for reversal, re-
gardless of clinical symptoms. Upon the return of heart rate to
baseline, rest-first-pass perfusion was performed using the
same sequence as described, adjusted for heart rate. Coronary
imaging was performed with a vector ECG and respiratory
navigator-gated, fat-suppressed 3-D SSFP sequence covering
the coronary artery origins and course. Approximately 8§ min
following the final administration of gadolinium, myocardial

viability of the entire left ventricle was assessed with phase-
sensitive inversion-recovery sequences in short-axis orienta-
tion and four-chamber orientation.

Patient assessment for hemodynamic response
and adverse effects

The hemodynamic response and presence of adverse effects
was evaluated during the study using changes in vital signs
and onset of new symptoms. Patients were monitored for 1 h
after the study for signs and symptoms and for abnormalities
in vital signs. They were examined by a physician prior to
discharge. While they were monitored, they were instructed
to fill out a follow-up questionnaire (Table 2) to assess for side
effects of the medication. The questionnaire was a short doc-
ument of yes-or-no questions investigating the presence of
side effects during or after the stress cardiac MR.

Image analysis
Myocardial perfusion was assessed from first-pass perfusion
images by both a cardiologist (C.V.N.) with 4 years of experi-

ence and a pediatric radiologist (R.K.) with 14 years of experi-
ence, both in pediatric cardiac MR. Both readers qualitatively
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Table 2 Questionnaire that was filled out by the patients after their
stress perfusion cardiac MRI exam

Symptom Number of patients
responding positively

Chest pain or tightness 0/31

Shortness of breath 0/31

Palpitations or skipped beat 0/31

Warmth or body flushing 1/31%

Headache 0/31

Nausea or vomiting 1/31%

Itching or rash 0/31
Light-headedness or feeling faint 1/31*

Back pain 0/31

Overall discomfort 1/31°

 These patients had body flushing, nausea and light-headedness and dis-
comfort, respectively, during the administration of regadenoson. All three
patients had complete resolution of their symptoms before the conclusion
of the exam and were able to complete the study

° This patient complained of overall discomfort and was not able to com-
plete the stress perfusion assessment, but did complete the remainder of
the study

assessed the image quality of first-pass perfusion images at
stress and rest, and they graded them as good (homogeneity
of the myocardium at all levels, with no significant artifacts
obscuring the ventricle), diagnostic (near homogeneity of the
ventricular myocardium or minimal artifact seen in the ventri-
cle) or non-diagnostic (significant inhomogeneity of the myo-
cardium or significant affect from artifact that obscures a large
portion of the ventricular myocardium). They noted the pres-
ence of any artifacts on the first-pass perfusion and cine SSFP
images. They evaluated the first-pass perfusion sequences for
decreased signal intensity within the myocardium in either a
subendocardial or transmural pattern. In addition, the high-
temporal-resolution cine SSFP sequences performed at three
ventricular short-axis levels were assessed in the same manner
for normal wall motion, hypokinesia, akinesia and dyskinesia.
A perfusion defect seen at stress and not at rest was deemed to
be a reversible perfusion defect. A perfusion defect seen at both
stress and rest with a corresponding area of hyperenhancement
on myocardial viability imaging was classified as an irrevers-
ible perfusion defect. Any other pattern of perfusion abnormal-
ity in the absence of delayed enhancement was characterized as
non-ischemic in origin, or an artifact. Wall motion abnormali-
ties were used as an independent marker of ischemia.

Statistics
Numerical data were reported as mean values and standard
deviations or as median values and ranges where appropriate.

We compared variables using a paired Student’s #-test. A
P-value <0.05 was considered as statistically significant.
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Results
Feasibility, hemodynamic response and adverse effects

There were no significant adverse events in any of the stress
studies. Hemodynamic response to regadenoson is shown in
Table 1. The average resting heart rate was 72+ 14 beats per
minute (bpm) and rose to a peak of 124417 bpm (95+50%
increase, P<0.005) with regadenoson. At 3 min after admin-
istration of regadenoson, the heart rate remained high at an
average of 124+19 bpm. The systolic blood pressure at rest
was 121 +7.3 mmHg and dropped to a peak of 118+ 8 mmHg
(P<0.005), demonstrating a slight significance. The diastolic
blood pressure at rest was 79+6.2 mmHg, and during phar-
macologic stress was 77+6.7 mmHg (P=0.03). The time
until return of the resting heart rate from regadenoson admin-
istration was 1244 min (range 821 min). No serious adverse
events were encountered during or after the examination, in-
cluding second-degree atrioventricular block, significant dys-
pnea, or severe chest pain. One patient complained of “not
feeling well” within 10 s of administration. This was an autis-
tic patient who was unable to complete the stress perfusion
portion of the examination but was able to complete the re-
mainder of the cardiac MR examination including rest perfu-
sion and delayed myocardial enhancement after aminophyl-
line was administered. No abnormal heart rhythm was detect-
ed in this patient. Three other patients had minor adverse
events: one complained of nausea during the examination,
the second had mild dizziness and the third had mild flushing.
All patients had complete resolution shortly after finishing the
examination and sustained no additional effects. The question-
naire administered at the conclusion of the examination
showed that none of the patients experienced chest pain, short-
ness of breath, palpitations or headache. The patients who did
experience minor side effects had those effects at the time of
regadenoson administration, and none of the patients experi-
enced side effects after the examination during the hour-long
monitoring period. Please refer to Table 2 for patient re-
sponses to the questionnaire.

Image analysis

Image quality was good (19/31, 61%) or diagnostic (12/31,
39%) in all studies. Heart rates were elevated during the phar-
macologic stress, with the shortening of the R-R interval in 8/31
(26%) to the degree that image acquisition occurred during ev-
ery other heartbeat. Because of the size of the pediatric patients
versus adults, the authors preserved spatial resolution by main-
taining slice coverage and compromising temporal resolution. A
known feature of stress cardiac MR FPP imaging is the dark rim
artifact, which was present in 8/31 (26%) patients. The timing of
the hypointensity, the symmetry of the lesion, the comparison to
the resting first-pass perfusion and delayed enhancement
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images, and the location in relation to the area of pre-test concern
all aided in the distinguishing a dark rim artifact from a true
perfusion defect. The time from stress to resting perfusion se-
quence averaged 28 +4 min (range 22-38 min).

A total of 7/31 (23%) patients had a perfusion deficit on the
first-pass perfusion images. None of the patients demonstrated an
abnormality on delayed myocardial enhancement imaging with-
out a corresponding perfusion deficit. Five of the seven patients
with abnormal perfusion had a concomitant wall motion abnor-
mality, whereas none of the patients with normal perfusion had a
wall motion abnormality. Three of the seven patients with abnor-
mal perfusion had an irreversible perfusion defect. The first pa-
tient had a diagnosis of D-TGA with a Yacoub type D coronary
pattern, was lost to follow-up for more than 5 years, and subse-
quently presented with ST changes on resting and exercise ECG
testing. The stress perfusion images are seen in Fig. 2. The defect
was thought to be irreversible because of the extent of the de-
layed enhancement that corresponded to the perfusion defect
(Fig. 2). Coronary angiography at cardiac catheterization dem-
onstrated complete occlusion of the circumflex artery. The sec-
ond patient with an irreversible perfusion defect had undergone
unroofing for anomalous origin of the right coronary artery from
the left sinus of Valsalva. The final patient with an irreversible
defect had Kawasaki disease with an aneurysm at the bifurcation
of the left anterior descending and circumflex coronary arteries.
During cardiac catheterization that followed the cardiac MR, he
was found to have near-occlusion of the circumflex coronary
artery and severe stenosis of the proximal left anterior descending
coronary artery. Four additional patients were found to have
inducible myocardial ischemia with stress perfusion. Two of
these patients had Kawasaki disease, one of whom had under-
gone right and left internal mammary bypass grafts (Fig. 3).
Another patient had previously undergone an arterial switch op-
eration for D-TGA and was found to have a reversible defect of
the interventricular septum after complaining of chest pain with

exertion. The final patient had undergone an aortic root replace-
ment from a peri-aortic abscess; she was diagnosed after
complaining of chest pain while hiking.

The remaining patients (24/31) demonstrated normal myo-
cardial perfusion during first-pass perfusion at rest and stress,
without any wall motion abnormalities during hyperemia or
evidence of delayed myocardial hyperenhancement. The
global left ventricular ejection fraction (LVEF) in the patients
with no perfusion defect was 60.5+5.5 vs. 56.8£5.7% in the
patients with the perfusion defect (P=0.1, Student’s two-
tailed equal variance #-test).

Cardiac catheterization and Sestamibi

A portion of the patients, 9/31 (29%), underwent cardiac cath-
eterization in close temporal proximity to the cardiac MR
study (0.6+0.3 months; range 0.2-3.1 months). See Table 3
for indications and results of the cardiac catheterization find-
ings. In summary, 5/7 patients who were found by stress car-
diac MR to have a perfusion deficit underwent cardiac cathe-
terization with coronary angiography. In addition, four pa-
tients who were not found to have perfusion deficits by stress
cardiac MR underwent cardiac catheterization, with three of
them also undergoing FFR testing. Two of these four patients
had an abnormal nuclear myocardial perfusion study — one
had Kawasaki disease with a medium-size aneurysm of the
left anterior descending artery (LAD) and one had coarctation.
The coronary angiography in these four patients did not dem-
onstrate stenosis of the coronary arteries in any patient.
Additionally, FFR testing was performed in three of these four
patients (in all but the one with coarctation) and was normal
(0.96+0.03) in all three patients.

Six of the 13 patients who also had a nuclear medicine
perfusion scan had a discrepant result from the stress cardiac
MR. Four of the six also underwent cardiac catheterization

Fig. 2 Cardiac MR in the left ventricular short-axis plane at the mid-
ventricular level in an 18-year-old man diagnosed with D-transposition of
the great arteries status post arterial switch operation. a Stress perfusion
image demonstrates a pattern of decreased signal at the inferior and

inferolateral walls, consistent with abnormal perfusion. b Delayed
hyperenhancement image demonstrates increased signal in the inferior
and inferolateral walls, corresponding to the area of abnormal perfusion
seen in (a)

@ Springer



286

Pediatr Radiol (2017) 47:280-289

Fig. 3 Cardiac MR imaging in the left ventricular short-axis plane at the
mid-ventricular level in a 10 year-old boy with Kawasaki disease who had
previously undergone a RIMA (right internal mammary artery bypass
graft) and LIMA (left internal mammary artery bypass graft) due to
coronary stenosis. a Stress perfusion image demonstrates a reversible

Table 3

examinations

subendocardial perfusion defect in the anterior and posterior
interventricular septum. b Delayed hyperenhancement image
demonstrates no increased signal intensity, indicating a reversible

perfusion deficit

Stress cardiac MR perfusion vs. nuclear medicine (Sestamibi) and cardiac catheterization findings in patients who had alternative coronary

Patient Pathology Cardiac MRI finding Sestamibi finding Cardiac catheterization finding
Number
1 D-TGA post ASO, Normal perfusion Reversible perfusion deficit: Not performed
RIMA bypass antero-lateral wall
2 D-TGA post ASO, Normal perfusion Normal perfusion Not performed
LIMA to circumflex
3 D-TGA post ASO Normal perfusion Reversible perfusion defect Not performed
4 D-TGA post ASO Normal perfusion Fixed perfusion deficit: Normal perfusion
anterolateral wall
D-TGA post ASO Normal perfusion Not performed Normal perfusion
D-TGA post ASO Fixed perfusion deficit: posterior =~ Normal perfusion Completely occluded circumflex
and postero-lateral wall
7 D-TGA post ASO Reversible perfusion deficit: Reversible perfusion deficit: Moderate LCA stenosis
antero-septal and anterior wall posterior wall
8 Kawasaki disease Normal perfusion Reversible perfusion deficit: Normal perfusion
anterior wall
9 Kawasaki disease status Reversible perfusion deficit: Fixed perfusion deficit: Narrowing of LIMA at LAD site,
post LIMA and RIMA postero-septal wall posterior wall mild narrowing of RIMA at
mid RCA
10 Kawasaki disease Fixed perfusion deficit: posterior =~ Normal perfusion Not performed
and postero-lateral wall
11 Kawasaki disease Reversible perfusion deficit: Not performed FFR decrease to 0.78 with LAD
antero-septal wall narrowing
12 Aortic root replacement Normal perfusion Very limited views due to artifact ~ Not performed
13 Aortic root replacement Normal perfusion Very limited views due to artifact ~ Not performed
14 Aortic root replacement Reversible perfusion deficit: Not performed Narrowing of proximal LCA,
antero-septal wall FFR decrease to 0.7
15 AAOCA right post repair ~ Normal perfusion Reversible perfusion deficit: Not performed
posterior wall
16 AAOCA right post repair ~ Fixed perfusion deficit: Normal perfusion Not performed
posterior septum
17 Coarctation Normal perfusion Not performed Normal coronary angiography

(comment: no FFR)

AAOCA anomalous aortic origin of coronary artery, ASO arterial switch operation, D-TGA D-transposition of the great arteries, FFR fractional flow
reserve, LAD left anterior descending artery, LCA left coronary artery, LIMA left internal mammary artery bypass gratt, RCA right coronary artery, RIMA
right internal mammary artery bypass graft
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(Table 3 shows a comparison among modalities). Five of the
six discrepancies were a result of the nuclear medicine exam-
ination being interpreted as positive for ischemic insult, while
one discrepancy was a result of the nuclear medicine exami-
nation being interpreted as normal in the context of a
completely occluded circumflex coronary artery.

Discussion

The primary outcome of this study is the demonstration of the
feasibility of regadenoson use in children and young adults with
congenital and pediatric acquired coronary artery disease. A
secondary outcome is comparing stress cardiac MR outcomes
with cardiac catheterization and nuclear medicine results in the
studied pediatric cohort. This study is the first to report the
feasibility of using regadenoson for pharmacologic myocardial
stress perfusion cardiac MR in a series of pediatric patients.
Although there is a paucity of studies detailing the use of stress
perfusion in pediatrics, our study complements one that dem-
onstrated adenosine stress in a heterogeneous pediatric popula-
tion [11], as well as a study demonstrating the feasibility of
dobutamine stress cardiac MR in a heterogeneous pediatric
population [19]. Although the study by Buechel et al. [11]
included a higher number of patients, the percentage of patients
found to have a perfusion defect by stress cardiac MR was fairly
similar, 29% compared to 23%. However in their study there
was a much larger percentage of patients who underwent coro-
nary angiography for comparison to the cardiac MR findings.
Like the study using adenosine, our study had no significant
medical complications with the administration of a pharmaco-
logic stress agent. In comparison to the study by Strigl et al.
[19], our study is very similar, with a comparable number of
patients included, although that study demonstrated feasibility
of dobutamine. However in our study all cardiac MR examina-
tions were performed in non-sedated patients who could com-
municate their symptoms and adverse events, whereas in the
study of dobutamine a portion of the patients was sedated, and
thus patient comfort could not be assessed. Additionally, in our
study there were no significant adverse events or arrhythmias
and patient comfort was very high; however the study by Strigl
et al. [19] demonstrated that 3/32 (9%) patients terminated the
examination because of symptoms, with one patient demon-
strating atrial ectopy during dobutamine infusion. Neither study
by Buechel et al. or Strigl et al. was designed to fully assess the
accuracy of stress cardiac MR for the detection of a perfusion
defect. Our study supplements these previous studies by the use
of an alternative pharmacologic stress agent, regadenoson.
There is a growing need for stress perfusion cardiac MR
assessment in pediatrics. The multiparametric nature of cardiac
MR allows not only the analysis of myocardial perfusion but
also morphological and functional analysis, and assessment of
myocardial viability in the same setting. Combined with the

excellent spatial resolution and lack of ionizing radiation, car-
diac MR has been shown to be an excellent choice for assessing
myocardial perfusion, with high specificity and sensitivity in
large adult trials [8, 9]. Additionally the prognostic value of a
negative stress perfusion cardiac MR study is excellent in adults
[20, 21]. However it is difficult to extrapolate the results from
adults with atherosclerotic coronary artery disease and apply
them to pediatrics, where myocardial ischemia has different
etiologies [10—12]. The ability of the myocardium to adapt to
ischemia and the development of collateral blood flow might be
different in a pediatric population. In addition, the safety profile
for different pharmacologic stressors might be different in chil-
dren. Monitoring for ischemic symptoms is limited in children.
They also have a higher risk of symptomatic bronchospasm
because of the smaller size of the airways [22]. An appropriate
choice of pharmacologic stressor in children is critical to ensur-
ing safety as well as high sensitivity and specificity for a given
clinical indication.

All of the patients in this study, with two exceptions (coarc-
tation repair, left ventricular hypertrophy), had a cardiac diag-
nosis that portended an increased risk of myocardial ischemia
from discrete, fixed narrowing of the proximal coronary arterial
course (D-TGA following arterial switch repair, AAOCA re-
pair, and Kawasaki disease with coronary stenosis), with simi-
larity to the discrete narrowing seen in atherosclerotic coronary
artery disease. A coronary hyperemia agent was thought to be
the best choice, and regadenoson was selected because of its
inherent advantages over adenosine and dipyridamole.
Although this study was not designed to assess the accuracy
of regadenoson for the diagnosis of perfusion defects, it is cer-
tainly worth noting that in the nine patients who underwent
coronary angiography by cardiac catheterization, including four
who also had FFR testing, the stress cardiac MR results
corresponded in all nine cases.

Regadenoson has numerous features that make it an ideal
choice to diagnose myocardial ischemia in children. Foremost
among these qualities is the selective adenosine A2A receptor
targeting of regadenoson, which allows maximal vasodilation
effect and rapid termination of action [14]. This has been dem-
onstrated in trials on the safety of regadenoson to result in a lower
likelihood of adverse events, particularly cardiac adverse events,
compared to adenosine [23]. Adenosine is a non-selective ago-
nist for the adenosine Al, A2A, A2B and A3 receptors. While
the A2A receptor activation results in coronary vasodilation,
activation of other receptors is responsible for atrioventricular
block and bronchospasm. The higher affinity of regadenoson
for the adenosine A2A receptor causes a more exaggerated
tachycardic response than adenosine or dipyridamole [16].

In our study population, we witnessed a very brisk heart rate
response. In the study in adults by Vasu et al. [16], the resting
heart rate was similar to that in our population, 63+12 bpm
versus 72+ 14 bpm. However in the Vasu study the heart rate
rose to 95+ 11 bpm while in our study the heart rate response
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was more pronounced, rising to 124 + 19 bpm. Although we did
see a statistically significant change in the systolic blood pres-
sure, no clinical symptom was identified in association with the
slight change, and the diastolic blood pressure did not demon-
strate a significant change. Pharmacokinetic information in pe-
diatric patients is needed to further understand the hemodynam-
ic changes seen within this younger population. Although the
pharmacokinetic data regarding regadenoson is scarce, studies
have shown that the maximum tolerated dose is 20 pg/kg in the
supine position [24]. The authors elected to have a maximum
dose of 50% of that level, in an attempt to avoid significant side
effects that could limit the exams, thus the lower limit of 40 kg
was calculated (40 kg x 10 meg/kg =400 mcg). There were no
serious adverse events in any of the patients, including brady-
cardia, bronchospasm, myocardial infarction, significant chest
pain or arrhythmia. Only four patients demonstrated minor side
effects, all of which resolved shortly after the examination. The
administration of aminophylline in the majority of our patients
might have contributed to the lack of adverse events. Although
we did not have invasive FFR measurements to evaluate the
effectiveness of hyperemia, the heart rate increase was signifi-
cant and an indication of vasoactive response; however coro-
nary artery vasodilation could not be confirmed.

Another aspect of regadenoson that makes it attractive in
pediatric imaging is the ability to administer it as a single intra-
venous bolus. This allows the examination to be completed
with a single IV. Additionally, the peak hyperemic effect of
regadenoson occurs in 60-90 s. Regadenoson has a longer du-
ration of action than adenosine, lasting for 2.4 min after the
peak onset [24]. This characteristic is valuable because it allows
the ability to assess wall motion abnormalities following first-
pass perfusion. This has the potential to improve the sensitivity
of the ischemia assessment without significantly prolonging the
time of the study [25]. We elected to administer a fixed dose of
aminophylline to our patients in an attempt to increase the tol-
erability of regadenoson and decrease its adverse events [23].
Aminophylline has a very minimal side effect profile and has
been shown when given as a fixed dose to decrease the length
and likelihood of adverse events during pharmacologic stress.
The authors, in discussion with our pharmacy department,
elected to administer a fixed dose of 50 mg to our patient pop-
ulation, which is a slightly lower dose than is typically given in
adult studies [26].

There are several limitations to our study, including its retro-
spective design. A primary limitation is the small number of
patients studied. Although our study has demonstrated feasibility
and safety in a subset of pediatric and young adult patients,
diagnostic accuracy requires a larger number of patients to be
evaluated with quantification and a true reference standard.
Additionally, we did not assess inter-observer variability. There
was no gold standard for assessment of ischemia. We did not
perform an invasive assessment of FFR as a reference standard
for hyperemia and flow-limiting lesions in our patient population

@ Springer

to determine the efficacy and effectiveness. Likewise, because
this study was not designed to evaluate the effectiveness in diag-
nosing a perfusion defect, inter- and intraobserver variability was
not evaluated in the assessment of a perfusion defect. We did see
a brisk heart rate response with regadenoson as a sign of its
hemodynamic effects; however this is not a defined marker of
coronary hyperemia. Although regadenoson has been shown in
adults to be a reliable inducer of ischemia, adults have patho-
physiological differences from children so it is a limitation that
regadenoson might not be an equal inducer of ischemia in our
population. Finally, the current method of fixed dosing of
regadenoson is not weight-based. Currently, regadenoson is ad-
ministered as a bolus dose of 400 mcg. Our study was limited by
including only pediatric patients who weighed more than 40 kg
for the reasons stated above. However, to be widely adopted
across all pediatric age groups, a weight-based dosing regimen
needs to be developed. This would allow the use of regadenoson
in younger patients, and early after D-TGA and ALCAPA repair
when there is concern for ischemia. In addition, the accuracy of
regadenoson stress cardiac MR needs to be evaluated against the
gold standard of coronary angiography with FFR testing, and we
plan to accomplish this in a future study.

Conclusion

We have demonstrated for the first time the feasibility of using
regadenoson as a stressor for myocardial perfusion assessment
in a series of pediatric patients weighing more than 40 kg. The
cardiac MR was successfully completed in all patients, with
only four minor adverse events and no serious adverse events.
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