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Abstract

Purpose of Review This review provides the summary of the appropriate use of these modalities when caring for patients
with Kawasaki disease at diagnosis and for long-term management.

Recent Findings Kawasaki disease is an inflammatory syndrome of unknown etiology that can result in coronary artery
dilations or aneurysms if left untreated in 25% of the patients and 3-5% in treated patients. In addition to coronary artery
aneurysms, patients can have ventricular dysfunction, valvular regurgitation, aortic root dilation, and pericardial effusion
due to inflammation of the myocardium. Noninvasive imaging modalities are important to these assessments.

Summary Echocardiography is the first-line noninvasive evaluation of coronaries and function. Cardiac magnetic resonance
imaging is useful for functional assessment in long-term follow-up. Distal coronaries, thromboses, and stenoses are best
evaluated by cardiac computed tomography. Future research should demonstrate the effectiveness of advanced functional
imaging in patients with Kawasaki disease and decreased radiation from cardiac computed tomography.

Keywords Kawasaki disease - Echocardiography - Coronary imaging - Function assessment - Cardiac magnetic resonance

imaging - Computer tomography

Introduction

Kawasaki disease (KD) is an inflammatory syndrome of
unknown etiology that can result in coronary artery dilations
or aneurysms if left untreated in 25% of the patients [1e].
Even with appropriate treatment with intravenous immuno-
globulin and other inflammatory modulatory agents, there
remains 3-5% patients with coronary artery lesions (CAL)
[1e]. In addition to CAL, patients can have ventricular dys-
function, atrioventricular valve regurgitation, and pericardial
effusion. Thus, imaging evaluation in KD remains an impor-
tant tool in the evaluation of these patients in the acute phase
and long-term follow-up. The aim of this paper is to describe
the noninvasive imaging evaluation of KD patients using
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echocardiography, computer tomography (CT), and cardiac
magnetic resonance imaging (MRI) with the appropriate use
of these modalities when accessing KD patients at diagnosis
and long-term management.

Echocardiography

Echocardiography is an important noninvasive tool for the
evaluation of the coronary arteries and ventricular function
in KD patients at diagnosis and follow-up. Pericardial effu-
sion (2%), valvular regurgitation (27%), and aortic root dila-
tion (10%) have been seen in KD echocardiograms as a result
of pancarditis during the acute phase in KD patients [2e].
Stress echocardiography has been used to induce ischemia
in KD patients for long-term follow-up.

Coronary Arteries

Optimal coronary artery settings include lowering the gain
and increasing the compression to achieve a more black and
white image to help define the intima—lumen interface so
that it is easier to measure the coronary arteries [3]. Color
Doppler settings should start at Nyquist limit of 30 cm/s
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and gradually lowered until flow is detected in the coronary
arteries [3]. High-frequency probes may not be sensitive to
demonstrate color Doppler; thus, a lower frequency probe
can be used. The most common sites of coronary artery
aneurysms are proximal left anterior descending artery
(LAD) and right coronary artery (RCA) and then left main
coronary artery (LMCA) followed by the left circumflex
artery [3]. The distal RCA, the junction between RCA and
posterior descending arteries, and the junction of any mar-
ginal branches have been reported to have aneurysms [3].
Brown et al. used the corresponding CT images of the coro-
nary arteries in the parasternal long and short-axis views
and apical images to demonstrate the views that are seen in
echocardiography [3]. Children less than 1 year of age and
greater than 8 years of age are at highest risks of developing
CAL. Patients with persistent fever after immunoglobulin
(IVIG) therapy, male sex, and greater 10 days of fever are at
the highest risk of developing aneurysms [3]. Thus, coronary
imaging in KD patients at diagnosis and during hospitaliza-
tion in addition to follow-up are critical in managing these
patients.

Ventricular Function

Depressed ventricular function is present in 20% of the
KD patients at diagnosis with associated CAL. Ventricular
function evaluation includes systolic and diastolic evalua-
tion such as left ventricular ejection fraction (LVEF), tis-
sue Doppler imaging (TDI), strain imaging, and myocardial
work (MW). Printz et al. evaluated 198 acute KD patients
and found that ventricular dilation are present with higher
Z-scores than normal and recovered at week 5 after acute
diagnosis [2e]. They demonstrated that although left ven-
tricular (LV) dysfunction occurred in 20% of the patients
at baseline, the LV function improved rapidly over time
[2e¢]. Patients with LV dysfunction at baseline were com-
pared with those with normal LV function that had greater
odds of having coronary artery dilation at baseline, 1 week,
and at 5 weeks of follow-up [2e¢]. Tissue Doppler imaging
allows for the assessment of systolic and diastolic dysfunc-
tion. Phadke et al. demonstrated that the tricuspid, septal,
and mitral early diastolic velocities (E’) were predictive of
IVIG resistance in KD patients indicating that this measure
of diastolic measurement is a useful marker to differentiate
KD patients at higher risk of IVIG resistance [4].

Strain imaging measures the percentage change in myo-
cardial deformation, and strain rate defines the rate of
deformation over time. Strain is a load-independent global
measure of ventricular systolic function and closely related
to myocardial contractility. Strain imaging can measure
regional and global systolic function. McCandless et al.
demonstrated that the longitudinal strain, longitudinal
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strain rate, and circumferential strain were decreased in 32
KD patients in the acute phase compared to controls [5].
Their subgroup analysis showed that the longitudinal and
circumferential strain were decreased in KD patients with
CAL and in KD patients with IVIG resistance compared to
controls [5]. However, when they compared KD versus KD
patients with CAL, there were no significant differences in
the strain measurements [5]. They also did not find an sig-
nificant difference in KD patients who were IVIG responders
versus IVIG non-responders [5]. They concluded that the
myocardial strain was more sensitive at detecting myocardial
dysfunction than LVEF since the LVEF were all normal in
their KD patients [5]. Frank et al. demonstrated that myo-
cardial dysfunction in 41 KD patients is related to the initial
inflammation from KD rather than as a result of coronary
artery ischemia using LV strain analysis [6]. In this study,
all patients’ LV strain was normal by 6 weeks of follow-up
[6]. Sanchez et al. also demonstrated that the longitudinal
and circumferential strain rate was all recovered by the con-
valescent phase in 103 KD patients [7].

Atrial strain imaging has been used to evaluate diastolic
dysfunction in KD patients. Kang et al. evaluated the left
atrial (LA) longitudinal strain in acute phase of 95 KD
patients and found that LA reservoir function (filling of
the LA) is depressed in KD patients compared to controls,
but it has poor discriminating sensitivity of acute KD from
controls [8]. They found that LA strain outperformed the
traditional Doppler inflow velocities and TDI in differentiat-
ing KD patients from controls [8]. Their subsequent study
demonstrated that LV reservoir function improved at long-
term follow-up after 5 years [9].

The most recent advance in noninvasive evaluation of
myocardial contractility and efficiency is myocardial work.
Global myocardial work index (MWI) is calculated as the
area of LV pressure—strain loops noninvasively [10]. Sabatino
et al. demonstrated that KD patients with CAL have decreased
MWI compared to controls despite normal LVEF and global
longitudinal strain in KD patients indicating that MWI may a
more sensitive marker of myocardial dysfunction [11]. They
also demonstrated that the depressed MWI was independent
of KD patients with CAL [11].

Stress Echocardiography

Stress echocardiography can be used in the long-term surveil-
lance of KD patients. Exercise stress echocardiography is
more physiologic, and dobutamine stress echocardiography
has been used in KD patients with CAL. Pahl et al. dem-
onstrated the feasibility of exercise stress echocardiography
in 28 KD patient with CAL and found that 2 children had
exercise-induced wall motion abnormalities [12]. These two
patients underwent cardiac catheterization with angiography
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of the coronaries which demonstrated critical LAD stenosis
[12]. Noto et al. used dobutamine stress echocardiography
to evaluate 50 KD patients compared to angiography and
demonstrated that in 19 out 21 patients, > 50% occlusion
of coronaries had positive response to dobutamine stress
echocardiography [13]. In their subsequent study, Noto et al.
demonstrated that dobutamine stress echocardiography had
prognostic value in predicting major adverse cardiac events in
a 15-year follow-up of KD patients with CAL [14e]. The cur-
rent recommendation from the American Heart Association
statement is to perform stress testing for inducible ischemia
in KD patients with coronary risk level of III, IV, and V [1e].

MRI

Coronary Artery Evaluation

Although coronary arteries can be well seen with MRI,
CT has superior spatial resolution as well as improved
visualization of calcifications and thrombus which often
occur in these patients and has been shown to have higher
accuracy in evaluating for coronary artery aneurysms than
MRI [15]. If MRI is being used to evaluate for coronary
artery involvement including aneurysms or stenosis, tech-
nique optimization must be performed including the use
of intravenous contrast, usually gadolinium or a blood
pool agent such as ferumoxytol, as well as ECG gating
and respiratory navigation. Three-dimensional (3D) iso-
tropic acquisition with voxel sizes 1 mm or smaller to
allow for orthogonal and multiplanar reconstructions is
recommended. Ferumoxytol-enhanced coronary MRA
have been performed in adults demonstrating nice cor-
relation with catheter angiogram data [16]. Some centers
do vessel wall imaging of the coronary arteries including
a recent study by Matsumoto et al. where they showed 3D
turbo spin echo (TSE) equivalent to more standard vessel
wall imaging with 2D dual inversion recovery (DIR) TSE
in a small cohort of patients [17]. Other techniques which
may show promise in KD include coronary vessel wall
enhancement on 3D T1 gradient echo inversion recovery
sequence performed 40 min after gadolinium administra-
tion with enhancement indicating active disease, demon-
strated in adults with underlying atherosclerotic coronary
artery disease and systemic lupus erythematosus [18].

Standard MRI

The traditional role of MRI is for the evaluation of ven-
tricular function, wall motion abnormalities, and delayed
myocardial enhancement, all of which can be affected with

moderate to large coronary aneurysms and later with sten-
oses [19]. Studies have also shown areas of delayed enhance-
ment in additional areas besides those supplied by affected
coronary arteries with giant aneurysms suggesting additional
microvascular component to abnormal myocardial perfusion
[19, 20e]. Among patients with asymptomatic coronary
artery occlusion and greater than 50% myocardial thickness
delayed myocardial enhancement, decreases in systolic func-
tion were seen, while function was preserved in those with-
out delayed enhancement or with less than 50% myocardial
wall thickness delayed enhancement [21].

Stress Perfusion MRI

Stress perfusion MRI has been shown to be helpful in con-
valescent KD and demonstrates correlation of hypoperfusion
and delayed myocardial enhancement in areas of moderate-
to-severe stenosis resulting in areas of infarction [22]. Gado-
linium dose is halved, with half given for rest the perfusion
and the other half following administration of stress agent.
Adenosine stress examinations are the most widely used
with some groups using regadenoson in this setting with
promising results [17, 22-24]. Perfusion has mostly been
assessed visually for areas demonstrating hypoperfusion,
but some groups have shown that more quantitative perfu-
sion is feasible using myocardial perfusion reserve index and
even automated quantitative myocardial perfusion [23, 24].
Friesen et al. also saw progression in decreased myocardial
perfusion reserve index in those with coronary thrombus
at onset [23]. Typically, perfusion scanning is performed
on 2 or 3 slices, such as 2 short-axis slices and one slide in
4-chamber slice plane or one short-axis and one 4-chamber
slice. Technical parameters must be optimized in order to
get sufficient signal in this sequence optimized for temporal
resolution and in pediatric patients with fast heart rates. Scan
optimization techniques to improve stress perfusion imag-
ing include 3D acquisition of the entire heart using parallel
imaging technique of compressed sensing in healthy adults
[25].

Other MRI Biomarkers

Other markers have been evaluated in KD patients and shown
to be altered in including strain, particularly longitudinal
strain, while other studies have not found significant differ-
ence in strain [20e, 23, 26, 27]. A subsequent study by Yao
et al. found lower global strain rates and longitudinal strain in
patients with KD with late gadolinium enhancement but not in
those with KD without delayed enhancement [20e]. Increased
stiffness of the aorta and main pulmonary artery by evaluating
pulse wave velocity has also been seen in patients with KD
compared to controls [28].
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Computed Tomography

Coronary CT angiography (CTA) allows for the visualiza-
tion of the entire coronary arterial system, much like cardiac
catheterization angiography, but in a noninvasive manner.
On modern second- and third-generation dual-source CT
scanners, the spatial resolution is excellent at 0.24—0.3 mm,
and the temporal resolution is remarkably fast at 6675 ms
[29¢]. Technologic advances have reduced the radiation
dose significantly compared to the previous era, making car-
diac CT an outstanding choice for detailed coronary artery
assessment in KD.

The main weakness of coronary CTA for KD is that the
young patient population affected by KD may require seda-
tion for optimized acquisition, as discussed below. This
could mean that CTA is most useful in the longitudinal
monitoring of patients with persistent coronary abnormali-
ties once they are able to reliably cooperate with breath-
holding instructions. Another weakness of CTA is the radia-
tion exposure, despite recent advances, especially with serial
examinations.

Protocol Selection for CTA

The determination of CTA protocol for coronary assessment
is driven by the patient’s heart rate and scanner. Given the
typical age range of 6 months to 5 years for those affected
by acute KD, heart rates will typically fall in the range of
80—140 beats per minute (bpm). At the upper end of this
range (> 120 bpm), scans will typically need to follow a
retrospective ECG-gated spiral acquisition protocol, which
requires the patient to be completely still and hold their
breath. For children younger than 5-6 years old, these
requirements nearly always prompt a need for anesthesia.
The retrospective scan requires the greatest amount of radia-
tion exposure of all the protocol types due to oversampling
and acquisition throughout the cardiac cycle over multiple
heart beats. Notably, it is possible to reduce the radiation
dose at a prescribed portion of the cardiac cycle while
maintaining full dose at the portion of the cardiac cycle of
greatest interest. In patients with heart rates high enough
(often infants and young children) that require a retrospec-
tive acquisition for optimal evaluation of subtle coronary
stenoses, the high heart rate makes timing of the cardiac rest
period unpredictable and dose modulation difficult to pre-
scribe without potentially reducing the diagnostic quality of
the scan. For this reason, we recommend using a conserva-
tive z-axis coverage confined to the potential locations of
the coronary arteries when using a retrospective technique
which limits radiation dose without risking scan quality.

@ Springer

. Some centers use a beta blocker for exceptionally high
or widely variable heart rates to ensure a diagnostic scan.
Some have suggested an oral beta blocker 30 min before
scan time, while others favor an esmolol infusion during the
scan due to its short half-life [30]. If using beta blockade, it
would be prudent to ensure normal ventricular systolic func-
tion prior to initiation so as not to inadvertently lower the
cardiac output, especially in heart rate—dependent infants.

For heart rates below 120 bpm, it is reasonable to attempt
a prospective ECG-gated sequential protocol (i.e., “step-
and-shoot”) which lowers the radiation dose somewhat
to an average of 0.3—1 mSv but still requires an immobile
patient and reliable breath-holding and therefore sedation in
young children [29e]. This technique does not utilize over-
sampling/interpolation of data because it is usually an axial
acquisition.

An ECG-triggered prospective high-pitch spiral scan (e.g.,
Flash/TurboFlash on Siemens second-/third-generation scan-
ners) generally does not require complete immobility, breath-
holding, or anesthesia and has the lowest radiation dose of
the three protocols discussed (usually <0.2-0.5 mSv) [29e].
As such, this scan is the typical “bread and butter” protocol
in pediatric cardiac CTA for assessment of vascular anatomy.
However, this type of scan is the most sensitive to motion in
the small coronary arterial vessels. At heart rates greater than
80 bpm, this scan is not expected to achieve the resolution
required for reliable measurements or assessment for distal
aneurysms. Given the clear benefits of eliminating sedation
and significantly reducing the radiation dose, some centers
rely heavily on beta blockade to allow for utilization of this
technique. For instance, Gellis et al. documented a clinical
protocol at Boston Children’s Hospital with a third-generation
dual-source scanner where all children with a resting heart
rate over 70 bpm underwent beta blockade for coronary CTA
[31]. In their study of 18 KD patients (aged 2—6 years) with
known coronary aneurysms, a high-pitch spiral scan was per-
formed on all patients with heart rate < 80 bpm. In total, 33%
underwent a high-pitch spiral scan, 52% prospective step-and-
shoot, and only 14% retrospective gated.

Coronary Arterial Aneurysms

Visualization of coronary arterial aneurysms by CTA is
technically straightforward and provides excellent reso-
lution to perform measurements throughout the coronary
arterial system. To ensure inclusion of the distal coronary
vasculature, the field of view should cover the entire heart,
including the diaphragmatic surface. Although traditional
invasive angiography is considered the “gold standard” for
imaging of coronary arterial vessels in KD, multiple reports
demonstrate that coronary CTA is equivalent at detecting
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and measuring aneurysms [32, 33]. Traditional angiogra-
phy has an average radiation dose of 5—7 mSv [34], greatly
exceeding that of modern coronary CTA. Additionally, car-
diac catheterization carries an increased risk of pseudoa-
neurysm development at the femoral access site during the
acute phase of KD [le, 35]. Assessment by CTA during
this timepoint allows for avoidance of that risk without a
decrease in imaging quality. One benefit that cardiac cath-
eterization holds over CTA is the ability to observe dynamic
flow of contrast within the coronary vessels. In an attempt
to overcome this, one study evaluated the performance of
dynamic flow CTA in KD patients [36], a technique ini-
tially developed for the functional evaluation of stenoses in
atherosclerotic coronary artery disease [37]. Utilizing this
novel technique, Shimomiya et al. was able to quantify rela-
tive flow within the proximal and distal coronary arteries
by observing upstrokes in contrast density in a pilot popula-
tion of 6 adult patients with persistent coronary aneurysms.
Although this technique exists purely in the research sphere
currently, it has the potential to push the CTA evaluation
of coronary aneurysms to a new functional level, although
likely at the expense of increased radiation exposure.

Transthoracic echocardiography and coronary CTA dem-
onstrate excellent agreement in coronary vessel and aneu-
rysm measurements when assessing the proximal coronary
arteries [31, 38]. Measurement discrepancies increase
distally in the coronary vasculature, especially for the left
coronary arterial system, with a bias toward measurements
of distal aneurysms being smaller by CTA than echo [31].
Reliance on echocardiography for grading of distal aneu-
rysms may result in following a more aggressive treatment
plan than is warranted in up to 28% of cases. Further, echo
may miss aneurysms altogether, with multiple reports dem-
onstrating 33-55% of aneurysms detected by CTA missed by
transthoracic echocardiography, with the majority of missed
aneurysms being located in the distal coronary artery seg-
ments or left circumflex coronary artery [39—42].

Z-score regression equations in the literature are derived
from echocardiographic measurements of proximal coro-
nary arteries [43—47]. To date, there is no normative data for
coronary diameters derived from CTA data for a pediatric
population. Thus, the typical practice is application of echo
Z-scores to CTA measurements. Although this practice is
not ideal given possible differences in standard deviations
between the methods, it is reassuring that there is excellent
agreement in the measurements of proximal coronary ves-
sels in small cohorts and that both inter- and intraobserver
reliability is high for CTA measurements of coronary aneu-
rysms in KD [31, 33, 48].

Although cardiac MR angiography is capable of demon-
strating the entire coronary arterial system, the technique
is much more laborious, and the resolution (both spatial
and temporal) is less than with CTA [49]. In a single-center

study evaluating 54 patients with KD who had undergone
both CTA and CMR, half of the aneurysms detected by CTA
were missed by CMR, including both proximal and distal
aneurysms [15].

Coronary Aneurysm Complications (Thrombi,
Calcification, Stenoses)

Coronary CTA is especially well-suited to evaluate for coro-
nary arterial aneurysm complications including thrombus,
calcification, and stenosis. The CTA evaluation for thrombi
and calcification exceeds the capabilities of catheter-based
angiography °, cardiac MR angiography [15], and echocar-
diography [39]. One study describes a complementary role
of echo and coronary CTA in identifying coronary aneu-
rysm thrombi as each technique has different strengths,
and the combined use of both modalities allows for more
reliable thrombus detection: echo is better able to identify
low-density thrombi, and CTA is better suited to detect dis-
tal thrombi [50]. In this study, of the 4 coronary thrombi
missed by CTA, 3 were mural (LAD x 1, RCA X 2), and one
was low-density (LMCA). All 6 of the thrombi missed by
echo were in the distal RCA, 1 of which was completely
occlusive.

Assessment of aneurysm calcification can have implica-
tions for prognostication as one study by Chen et al. dem-
onstrated that calcified aneurysms were unlikely to regress.
In their analysis of 37 coronary artery aneurysms in 18
patients, there were 14 that were calcified, and only one of
these regressed during the study’s follow-up period of sev-
eral years [48]. Typically, coronary aneurysm calcification is
thought of as a late phenomenon and may be more relevant
to the long-term follow-up of aneurysms. Kahn et al. [51]
imaged KD patients an average of 2 decades after their initial
KD course using a low radiation and non-contrast scan to
quantify a coronary arterial calcification score, demonstrat-
ing that only those patients with persistent coronary abnor-
malities had calcified segments. Further, of the 24 patients
in their cohort with persistent coronary aneurysms, only 5
did not have calcification, and 4 of these were imaged within
6 years of their initial KD course. This study raises the pos-
sibility that low radiation, non-contrast CT could be utilized
to screen for persistent coronary aneurysms in patients with
a remote childhood history of a possible KD illness. The
sensitivity of such a screening technique would increase with
time from initial KD illness. Tsuji et al. [52] demonstrated
10% incidence of aneurysm calcification at 10 years, 38%
calcification at 20 years, and 72% calcification at 30 years
post-initial KD illness in patients with persistent aneurysms.

Late stenoses occur in up to 15% of patients with coro-
nary artery aneurysms [34], thus making reliable long-term
imaging an important priority in the lifelong management of
KD. Coronary CTA has equivalent capabilities to diagnose
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coronary artery stenoses compared to cardiac catheteriza-
tion angiography [32] and can detect distal stenoses not seen
by echocardiography [31, 39, 41] or MRI [15, 32]. Further,
echo imaging windows become more difficult with age.
Given the important implications of a new coronary ste-
nosis for patient care, routine monitoring driven by patient
symptoms with serial CTA is reasonable. This is especially
true given adolescent and adult patients are most often able
to cooperate with breath-holding, allowing for avoidance of
anesthesia and minimization of radiation dose with a pro-
spective step-and-shoot or, ideally, a high-pitch spiral scan.

Functional Assessment

Cardiac CT is capable of ventricular systolic function assess-
ment using a retrospective ECG-gated technique and volu-
metric analysis. When utilizing modern CT scanners, there
is excellent agreement between CT and MRI measurements
of left and right ventricular volumes and ejection fraction in
adult cohorts [53]. The main downside for using CT for func-
tional analysis is the radiation exposure and contrast load. In
patients with KD who already require a retrospective gated
scan for assessment of the coronary arteries, adding a function
analysis would simply require additional post-processing. To
ensure accurate end-systolic and end-diastolic phase selection,
it is recommended to reconstruct the CT data at 5% intervals
into 20 phases of the entire cardiac cycle, although the ulti-
mate accuracy of these phases will be dependent on both the
temporal resolution of the CT scanner used and the patient’s
heart rate.

Conclusions

In conclusion, echocardiography is the first line of nonin-
vasive evaluation in KD patients during the acute presenta-
tion and is also important in long-term follow-up. Inducible
ischemia can be performed using stress echocardiography.
Cardiac MRI is useful in evaluating patients at the long-term
follow-up for inducible ischemia and ventricular function
when the acoustic window is poor for echocardiography.
Coronary imaging from CT allows for the evaluation of the
degree of stenosis in long-term follow-up to determine if
the patient will require invasive coronary angiography and
intervention. In instances where aneurysms are in the distal
coronary vasculature or there is suspicion for stenosis or
thrombus, coronary CTA can provide superior visualiza-
tion of the entire coronary arterial tree. These noninvasive
imaging modalities are crucial at diagnosis and long-term
management of KD patients.
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