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Abstract
Kawasaki disease is an acute vasculitis affecting children, which can lead to coronary artery (CA) aneurysms. Optical coherence tomography (OCT) has identified CA wall damage in KD patients, but it is unclear if these findings correlate with any
distensibility changes in the CA and how these changes evolve over time. This paper seeks to establish the link between OCT
findings and vessel distensibility with a novel deep learning coronary artery segmentation system and use the segmentation
framework to automatically analyze the temporal evolution of coronary stiffness over many years. 27 KD patients underwent catheterization with coronary angiography of the left coronary artery (LCA), followed by OCT of proximal and distal
segments of the LCA. Changes in the CA caliber over the cardiac cycle were measured automatically and compared against
OCT findings suggestive of KD-related vascular damage. In addition, 34 KD patients with regressed or persistent CA aneurysms were followed with serial CA angiography over an average of 14.5 years. Distensibility changes were calculated using
a deep learning coronary artery segmentation framework and evaluated longitudinally. Distensibility in the coronary arteries
after KD negatively correlated with increasing severity of OCT findings of KD-related vessel damage. KD patients have a
significant increase in CA wall stiffness at 1 year after diagnosis, which then plateaus subsequently, compared to controls.
Also, patients with persistent CA aneurysms have a statistically significant increase in wall stiffness over time in comparison
to those with regressed CA aneurysms. Distensibility changes in the CA of KD patients calculated using our automated deep
learning approach correlates with the severity of OCT findings of KD-related CA damage. This decreased distensibility
peaks at 1 year in KD patients when following longitudinally and is more severe in those with persistent CA aneurysms.
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Kawasaki disease (KD) is an acute febrile vasculitis of
unknown etiology that affects the medium-sized arteries.
KD especially targets the coronary arteries, and a common
serious complication in untreated cases is the development
of coronary artery aneurysms, which may lead to sudden
death [1]. The involved arteries show an acute inflammatory infiltrate (neutrophils, CD8+ T cells, dendritic cells)
which leads to fragmentation of the internal elastic laminae
and vascular damage [2]. Prompt diagnosis and treatment
of KD is critical for preventing the formation of coronary
artery aneurysms (CAA). Treatment with intravenous immunoglobulin (IVIG) in the acute phase can decrease the risk
of developing CAA from 25% to less than 5% [3]. Echocardiography is used for the diagnosis and follow-up of CAA.
However, patients with coronary artery complications may
require further imaging [3].
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Although current conventional cardiac imaging techniques, which include echocardiography, cardiac computed
tomography (CT), magnetic resonance imaging (MRI) angiography, and invasive x-ray angiography, can provide information on aneurysm size, location, and concomitant stenosis, they are of limited use in providing detailed information
about coronary vessel wall components. Optical coherence
tomography is a light-based imaging modality that generates
high-resolution cross-sectional images of tissue microstructures. It provides nearly 10 times higher axial resolutions
compared to intravascular ultrasound (IVUS) and a spatial
resolution of up to 12–15 µm [4]. Hence, information such
as the presence of intimal hyperplasia, neovascularization,
microcalcifications, and other vessel irregularities can be
seen both in coronary artery aneurysms and nearby adjacent
normal appearing regions [5–7] and has been used to precisely characterize sequalae in KD [8, 9].
Although anatomical changes in coronary arteries occur
as part of the sequelae of KD, it is also known that decreased
vessel wall distensibility correlates with vascular dysfunction. Our group has developed a novel angiography-based
system to assess vascular wall motion with automatic vessel segmentation and spatiotemporal vessel tracking. This
efficient method allows for the analysis of longitudinal data
on the vessel caliber across the cardiac cycle, which permits
calculation of metrics related to coronary artery distensibility. The purpose of this study was (1) to ascertain whether
reduced distensibility (increased stiffness) correlates with
OCT findings, and (2) to evaluate the distensibility changes
longitudinally over time in patients with and without CAA.

Methods
Overview and Subjects
Children diagnosed with KD based on clinical criteria with
or without history of CAA were included in this study. In
the first part of the study, we evaluated CA distensibility in
a series of KD patients and comparatively validated these
changes against OCT findings of KD-related vessel damage
[10]. In the second part of this study, we evaluated and compared CA distensibility evolution longitudinally in 3 subject
groups: normal controls (CTL), KD patients with regressed
CA aneurysms (KDREG), and KD patients with persistent
CA aneurysms (KDPER). CA angiography was obtained for
suspected symptoms in some cases and by standard clinical
practice in others. OCT analysis of both proximal and distal
segments of the left coronary artery (LCA) was performed
at time of cardiac catheterization. Data were collected at a
single time point for all subjects. OCT interpretation was
performed by an operator blinded to CA aneurysmal status. Controls were patients who had undergone selective
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coronary angiography for a reason unrelated to Kawasaki
disease and had intact coronary arteries (i.e., no history of
known inflammatory, congenital, acquired disease or surgery to affect the coronary arteries). This retrospective study
was approved by participating ethics review boards. Parental
consent was obtained for OCT imaging.

Data Definition
Echocardiogram-based Z-scores of aneurysms from serial
follow-up were used to classify KD patients into the KDREG
or KDPER groups. Regressed aneurysm was defined as a
coronary Z-score < 2 on echocardiogram at the time of angiography and OCT. Coronary angiographies were performed
as clinically required, either for routine follow-up or due to
symptoms related to ischemia.

Automatic CA Segmentation and Calculation
of Caliber
Training and Testing Data
The ground truth database of 100 pediatric X-ray angiograms were used as training data. None of these patients
were included in distensibility analysis cohort. For each
series, the peak vessel enhancement image was isolated
and used for manual annotation. To facilitate the annotation
for vessel segmentation, a graphical interface was implemented to allow vector drawing of vessels as well as free
drawing. To reduce annotation time, we used segmentation
maps from a neural network trained to segment retina vessels. The database of 100 series was divided into two sets:
30 series for the test set and 70 series for the training set.
Among these 70 series, ten were kept for validation of the
segmentation system. It is on this set of ten images that the
parameters of the model were optimized. The images were
cropped in a patch around a central pixel labeled as an artery
or as a background. The segmentation performance of the
network evaluated on the test set produced an overlap measure (DICE score) of 94% ± 2.4% compared to manual ground
truth segmentation.
Learning Model
For reproducibility purposes, details of the neural network architecture are given here. The model used was an
encoder–decoder type comprised of five layers of encoding and five layers of decoding. Each encoding layer has
three convolution layers followed by a max-pooling layer.
Each decoding layer has a scaling layer followed by a convolutional layer. Following the U-Net model [11], the characteristic images of the encoding section are concatenated
with the characteristic images of the decoding part, thus

Pediatric Cardiology

multiplying the number of images by two to facilitate the
transfer of high-resolution characteristics. Each encoding
layer reduces the size of the image by a factor of two while
multiplying the number of characteristic images by four. The
decoding layers reduce the number of characteristic images
by a factor of two. Finally, the last convolutional layer transforms the characteristic images into an image of two channels, each channel representing the probability map of being
a vessel or the background.

by distance transform [15], and the related component setting by the Equivalence algorithm [16].
The coronary artery tree for each subject was automatically segmented (see Fig. 1) for each image/time point
t𝜖[0, T] across 1–2 QRS-QRS intervals/cardiac cycles (see
Fig. 2). CA centerlines were then automatically extracted,
and vessel calibers were computed across the arterial tree.

Learning Strategy

For each subject, the Caliber Standard Deviation (CSD) was
computed as the temporal variation of the mean of the coronary artery caliber, C(t), during the time interval, t𝜖[0, T] ∶

The parameters of the model (weight and bias for each neuron) are initialized according to Xavier's method [12]. The
training patches are sent to the input of the model and the
parameters of each neuron were evolved by Adam stochastic gradient descent [13]. Finally, a realistic data augmentation strategy was used. This strategy is a key element for
convolutional neural networks, especially when data are
limited. The goal was to alter the input patches to increase
the variability and thus obtain a model that generalizes to
different patients better. The data increase was carried out
by randomly adding the three main eigenvectors to the patch
intensities. These eigenvectors were obtained after analysis
as the main component of the patch training base.
Optimization
The model inference code was optimized with GPU parallelization techniques to speed up the execution of vascular tree
analysis tools: the skeletonization of segmentation by the
Zhang-Suen algorithm [14], the calculation of the diameter

Calculation of Distensibility Metrics

CSD = SD(C(t)).
Two metrics of coronary artery distensibility (CA relaxation) were calculated using the caliber data: the mean constriction velocity, MCV, and the mean expansion (recoil)
velocity, MEV. The two metrics are defined along the time
interval, t𝜖[0, T], as follows:

MCV =

dC(t)
< 0,
dt

MEV =

dC(t)
> 0.
dt

Two elastic moduli were calculated for each subject from
the above metrics of coronary artery distensibility and the
subject’s trans-myocardial blood pressure gradients, mean
and pulse blood pressure readings. An elastic modulus is
a measure of the stiffness of tissue and is generally defined

Fig. 1  A Conventional angiography image showing the coronary vasculature after dye is injected into the main coronary artery. B Mask image
showing automatic segmentation result of the coronary vasculature from the angiography data

13

Pediatric Cardiology

C(t)

Mean caliber

7
6
5
4
3
2
1
0

ECG

50

100

150

200

250

300

Fig. 2  Schematic demonstrating the automated segmentation and
measurement of coronary artery vessel caliber through the cardiac
cycle (ECG QRS to QRS interval—black line), which is used to com-

pute the mean vessel caliber along the segment at each time point
(green line), giving the temporal profile of vessel caliber, C(t)

as the ratio of stress to strain, where stress is the force that
produces the strain (blood pressure) and the strain is the
ratio of the change in some physical parameter due to the
stress to the original value of that parameter (vessel caliber).
The mean pressure modulus, CSDMPM and the pulse pressure modulus, CSDPPM, are defined, respectively, as follows:

intimal hyperplasia, (2) medial destruction, (3) fibrosis, (4)
calcifications.

−

CSDMPM =

BP −LVEDP
,
CSD
−

CSDPPM

PP −LVEDP
=
,
CSD

where LVEDP left ventricular end diastolic pressure, CSD
−
−
coronary artery caliber, BP mean blood pressure, PP pulse
pressure.

OCT Procedure and Scoring
For each subject in the validation study, OCT was performed
in the proximal and distal left coronary artery (LCA) segments while undergoing cardiac catheterization, in addition
to conventional angiography, as previously described by
our group [5]. A Dragonfly catheter (St-Jude Medical, St
Paul, MN) was advanced through a guiding coronary catheter (6 Fr or 5 Fr) following intracoronary administration of
nitroglycerin. Images were analyzed offline measuring the
thickest intima and thinnest media, as identified throughout
the pullback. When disappearance/destruction of the media
was observed, a value of 10 µm was assumed (maximal
spatial resolution of OCT imaging) to allow calculation of
the intima/media ratio. The images were also qualitatively
analyzed for the presence of fibrosis (homogeneous high
backscattering areas), and calcifications (well-demarcated
borders with heterogeneous signal loss) following the consensus standards for acquisition, measurement, and reporting
of OCT studies [3]. For each study segment, a numerical
OCT score (from 0 to 4) was assigned based on the presence of the following specific findings (one point each): (1)
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Statistics
Kruskal–Wallis non-parametric significance tests were
performed in Matlab (Natick, USA). A P-value < 0.05 was
considered statistically significant. For each plot of the OCT
score against a distensibility metric (represented by x and y,
respectively), the correlation coefficient (r) was calculated,
as follows:
��
�
∑�
x−x y−y
r= �
.
�2 ∑ �
�2
∑�
x−x
y−y

Results
OCT images were collected from 27 pediatric patients
diagnosed with KD based on clinical criteria who had coronary artery segments with or without history of aneurysm
(Table 1). The mean age of the subjects at the time of evaluation was 12.4 ± 5.5 years of age. Patients’ characteristics
of the longitudinal distensibility analysis are summarized
in Table 2, where the mean age of patients at diagnosis was
4.6 ± 4.12 years.

OTC Validation of Angiography‑Based Distensibility
Assessment
For each subject, the calculated distensibility metrics, CSD,
MEV, and MCV, were plotted against increasing severity of
OCT findings (see Fig. 3). Patient with OCT evidence of
more serious KD-related vessel damage had a statistically
significant reduction in distensibility compared to those with
little to no OTC evidence of damage. Similarly, by plotting
 SDPPM, derived
the high-pressure moduli, C
 SDMPM and C
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Table 1  Patients’ characteristics
of cases that underwent OCT
imaging

Mean ± SD
Male/female
Day of fever at diagnosis (day)
Age at diagnosis (year)
Diagnostic criteria
Incomplete/complete criteria
Delay to IVIG
IVIG resistance
WBC
Neutrophil counts (%)
Hemoglobin
Peak platelet count
CRP
Albumin
ALT
AST
Follow-up CA lesions
RCA aneurysm
LCA aneurysm
CX aneurysm
Giant aneurysm
Age at OCT imaging (year)
Weight at OCT (kg)
Height at OCT (cm)
BSA at OCT ( m2)
Intracoronary Nitroglycerin
Into RCA (mcg)
Into LCA (mcg)

from the calculated distensibility and trans-myocardial blood
pressure gradients, against increasing OTC score showed
that patients with more severe evidence of KD-related CA
damage had statistically significant increases in wall stiffness (Fig. 4).

Longitudinal Angiography‑Based Distensibility
Assessment
We analyzed left and right CA segments from 99 angiograms performed in 5 controls (CTL) and 34 KD patients
(18 KDREG, 16 KDPER) over a mean follow-up of
14.5 years. For the control patients (mean age at time of
imaging = 5.7 ± 4.9 years, 4 males), 3 had non-obstructive,
non-fistulous right coronary artery anatomy indicating
normal anatomy and circulation, 1 had a ventricular septal defect and double chamber right-ventricle anatomy, and
one adolescent had undergone an arterial switch operation
at birth but presented with normal CA anatomy as imaged
by angiography. CSD, a metric of vessel distensibility, was
calculated for each subject and was plotted versus time for
each of the 3 groups to show the temporal profile of these

10.0 ± 4.7
3.4 ± 3.4

17.9 ± 5.3
65 ± 20
99.5 ± 12.5
686.4 ± 294.9
162.4 ± 94.8
22.4 ± 5.0
41.8 ± 38.8
38.1 ± 21.8

Median [range] (proportion)
17/10
10 [421]
3 [0.2–13.5]
5 [3–6]
10/17
9/27 (33%)
9/27 (33%)

12.4 ± 5.4
49.9 ± 26.0
148.5 ± 23.0
1.41 ± 0.46

13/18
14/18
12/18
8/18
12.5 [3.5–22.2]
47.6 [17–125]
152 [102–189]
1.42 [0.7–2.4]

117.1 ± 52.4
144.2 ± 60.5

80.2 [31.5–208.0]
150 [25–250]

distensibility changes (Fig. 5). Distensibility showed a sharp
decrease at one-year follow-up in both patient groups, which
then plateaued for subsequent− assessments.
Finally, the mean CSD, CSD, for each group was calculated from the group
subjects across all time points (pre−
sented here as CSD= mean ± SD in normalized pixels (npx))
(Fig. 6). Patients in the KDREG group were associated with
higher
CA distensibility versus patients
in the KDPER group
−
−
( CSD= 0.289 ± 0.0170 npx vs. CSD= 0.240 ± 0.0199 npx,
respectively, P < 0.05), and both groups showed increased
stiffness
compared to patients in the control group, CTL
−
(CSD= 0.380 ± 0.07 npx, P < 0.001).

Discussion
Patient with CAA after KD showed increased vascular
stiffness and more abnormal vascular motion versus those
without coronary involvement. The reduced distensibility
was more marked in segments with persistent CAA than
those with regressed CAA. Moreover, the OCT score, which
was based on the presence of OCT findings suggestive of
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Table 2  Patients’ characteristics
of the longitudinal distensibility
analysis

Mean ± SD
Male/female
Day of fever at diagnosis (days)
Age at diagnosis (years)
Diagnostic criteria
Incomplete/complete criteria
Delay to IVIG
IVIG resistance
WBC
Neutrophil counts (%)
Hemoglobin
Peak platelet count
CRP
Albumin
ALT
AST
Maximum Z-score of persistent CAA
Maximum Z-score of regressed CAA
Age at first angiography (years)
Diagnosis to first angiography (years)
First to last angiography (years)

12.4 ± 13.2
4.5 ± 4.2a

14.1 ± 6.4
11.3 ± 5.6
109.1 ± 19.4
539.3 ± 261.4
80.0 ± 64.1c
30.5 ± 7.5
61.3 ± 78.4
63.9 ± 65.2
34.4 ± 14.0
20.9 ± 6.8
5.87 ± 5.29
2.1 ± 4.1
4.12 ± 3.5

Median [range] (proportion)
28/8
10 [1–78]
3.4 [0.2–13.5]
5 [2–6]
14/21
14/33 (42%)
13/29 (33%)b

33.3 [13.8–68.5]
20.1 [7.9–31.7]d
0.3 [0–15.7]
2.8 [0.9–14.5]

a

Patients with persistent aneurysms were older (5.7 ± 4.3) at diagnosis of KD compared to those with
regressed aneurysms (3.0 ± 3.9) (P = 0.042)

b
c
d

Only 29/36 patients received IVIG at the time of diagnosis
Higher CRP in persistent (122.2 ± 69.2) versus regressed (44.6 ± 36.2) aneurysms (P = 0.01)
P value = 0.002, comparative between persistent and regressed CAA

Fig. 3  Graph of the different vessel distensibility metrics (y-axis) of
the LCA segments against the increasing OTC score (x-axis) (0—
normal findings to 4—signs of severe KD-related LCA damage) A
CSD, temporal variation in the caliber of the LCA; B MEV, the mean
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expansion velocity; C MCV, the mean constriction velocity. Note that
increasing OCT score indicating more severe vessel damage correlates with less vessel distensibility
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Fig. 4  Graph of the two elastic moduli of the LCA segments (y-axis)
plotted against increasing OTC score (x-axis) (0—normal findings to
4—signs of severe KD-related LCA damage) A Pulse pressure modulus, CSDPPM; B Mean pressure modulus, CSDMPM. Note that increas-

ing OCT score, indicating more severe vessel damage, correlates with
markedly increased wall stiffness as reflected by higher pressuredependent moduli

Fig. 5  Graph showing the longitudinal effect of CSD, the temporal
variation of the vessel caliber, from segments of the left and right
CAs obtained from multiple CA angiograms in three different subject groups over a mean follow-up period of 14.5 years. A CTL (blue
line): healthy control subjects (n = 5), showing no change in disten-

sibility over time. B KDREG (blue line): KD patients (n = 18) with
regressed CA aneurysm. C KDPER (red line): KD patients (n = 16)
with persistent CA aneurysms. Note the sharp decrease in distensibility at one-year follow-up followed by a plateau at subsequent assessments

KD-related vessel damage (intimal hyperplasia, calcifications, or media destruction), was positively correlated
with stiffness of the vessel. Specifically, patients with OCT
scores > 2 exhibited markedly increased wall stiffness and
higher pressure-dependent moduli. These findings represent
a bridge of knowledge between coronary parietal changes
based on OCT imaging and angiography-based analysis of
distensibility.

Our findings of reduced distensibility in coronary artery
segments with CAA are consistent with previous reports
using intracoronary acetylcholine challenges of the coronary arteries long after KD patients had sustained aneurysmal changes. Coronary artery sites of aneurysmal changes,
whether regressed or persistent, exhibited reduced dilatation, and even vasoconstriction in some cases as opposed
to the expected dilatation in healthy unaffected segments
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−

Fig. 6  Comparison of mean CSD, CSD, over the follow-up period
between the three subject groups. CTL: normal healthy control
group; KDREG: KD patients with regressed CA aneurysm; KDPER:
KD patients with persistent CA aneurysms. −KDREG was associated
with higher
distensibility versus KDPER (CSD= 0.289 ± 0.0170 npx
−
vs. CSD= 0.240 ± 0.0199 npx, p < 0.05), and
− both groups showed
increased stiffness
compared to CTL (CSD= 0.380 ± 0.07 npx,
−
p < 0.001) [for CSD presented as mean ± SD normalized pixels (npx)]

or non KD patients [16]. Similarly, in another study using
intra-coronary ultrasound, smooth muscle fibers from coronary arteries with regressed aneurysm responded poorly
to nitroglycerin injection [17]. Future studies should
evaluate the impact of distensibility on cardiac outcome
following KD, as abnormal arterial distensibility was associated with increased risk of cardiovascular events and
mortality in adults [18, 19].
The mechanism of altered CA recoil and expansion following KD remains unclear. In a previous work on OCT in
KD patients, we identified a number of abnormal findings
in segments with CAA: intimal hyperplasia, disappearance of the media, fibrosis, calcification, cellular infiltrates, neovascularization, and white thrombi [6, 7]. The
pathological score of scar tissue grading we used in this
study was based on those previously described findings.
Segments with microstructural changes observed on OCT
had increased vascular stiffness. Moreover, the extent of
microstructural anomalies found correlated with the severity of vascular stiffness. Similarly, intra-coronary ultrasound found significantly thickened intima-media complex
at sites of persistent and regressed aneurysm after KD and
abnormal response to nitroglycerine in segments with history of CAA [17]. A better understanding of the underlying microstructural changes and functional impact on
vascular stiffness may help improve the risk stratification
of patients beyond current findings on invasive and noninvasive imaging which includes aneurysm size, stenosis,
and thrombus.
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Selective coronary angiography has largely been replaced
by non-invasive imaging in the care of KD-related coronary
complications. Echocardiography is particularly useful for
the proximal segments of the coronary arteries [3], while
magnetic resonance imaging (MRI) and computed tomography (CT) can assess both proximal and distal coronary segments. Fractional flow reserve is a useful tool to assess the
hemodynamic significant of coronary artery lesions but has
been until recently limited to invasive methods that require
the insertion of a pressure wire into the coronary arteries
[20, 21]. In this series, we described a new semi-automated
method to assess vascular wall motion and calculate distensibility metrics using invasive angiography. An advantage of
this technique is that it can be performed using the coronary
angiography images and does not require the use of a pressure wire, limiting the risk of complication [22]. Moreover,
future studies should validate the use of this method on coronary angiography obtained using cardiac CT [23].
This work should be interpreted in light of its limitations.
The prognostic value of microvascular changes on OCT and
vascular stiffness could not be assessed due to the retrospective design of the study and small patient size. In addition,
OCT was only performed in the left coronary artery of KD
patients, whereas the longitudinal analysis included both left
and right coronary branches. This was performed because,
compared to the right branch, the left coronaries typically
have larger vessel calibers to accommodate the OCT probe.
However, this has limited impact in the obtained results as
all patients in our cohort with RCA aneurysms also had LCA
aneurysms and all non-aneurysmal LCA patients also had
non-aneurysmal RCA segments. The only left/right CAA
imbalances were found in some patients with only LCA
aneurysms, which is inconsequential as these were the OCTimaged segments by design. Lastly, we could not study the
evolution of vessel distensibility in the healthy control group
to compare the known natural changes in stiffness to those
in our longitudinal patient cohort.

Conclusion
In this series, we described a new angiography-based
method to assess vascular wall motion of the coronary arteries and assess metrics of coronary artery distensibility. In
this proof of concept, the coronary artery segments with
CAA after KD had decreased distensibility compared to
segment with regressed aneurysms followed by unaffected
segments. The decrease in distensibility peaked one year
following KD diagnosis and persisted throughout followup. Moreover, distensibility changes in KD patients correlated with the severity of OCT findings in corresponding
CA segments, giving insight into the pathophysiology of
functional changes after KD. Future studies should focus
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on the applicability of automated distensibility analysis to
prospectively stratified patients with KD, and other types
of vascular disease, at risk of major adverse cardiac events.
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