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Abstract

In Kawasaki disease (KD), giant coronary aneurysms in the proximal segments of the coronary arteries have long been among
the serious complications associated with acute myocardial infarction. To treat myocardial ischemia in children, Kitamura
et al. first performed coronary artery bypass grafting in a pediatric patient using an autologous saphenous vein. In the early
1980s, they began to use the internal thoracic artery (ITA) as a bypass graft to the left anterior descending artery, which later
was proven to improve long-term life expectancy with its favorable long-term patency, as well as growth potential. Thus, the
excellent characteristics of the ITA have come to be widely known among pediatric cardiac surgeons, and a growing number
of coronary bypass surgery procedures using the ITA are now being performed worldwide. Although a longer follow-up
with more patients is necessary, downsizing reconstructive procedure may be a treatment of choice for giant aneurysms of
non-LAD territories to improve coronary circulation. The efficacy of surgical treatment for giant coronary aneurysms in
pediatric patients with Kawasaki disease is now well established. Pediatric coronary artery bypass grafting using the ITA,
either single or bilateral, can be safe not only for patients with Kawasaki coronary disease but also for infants with congenital

coronary lesions.

Keywords Kawasaki disease - Giant coronary aneurysm - Pediatric CABG - Autologous vein graft - Internal thoracic

artery - Downsizing reconstruction

Introduction

Since Kawasaki disease (KD) was first described as an
“acute febrile mucocutaneous syndrome with lymphoid
involvement with specific desquamation of the fingers and
toes in children” [1] in 1967, its etiology has remained unde-
termined. At that time, postmortem pathological examina-
tions of the victims of the disease suggested that the cause of
death was acute myocardial infarction resulting from inflam-
matory coronary aneurysms [2]. These findings led quite a
few pediatricians to have great concern about the disease.

With selective coronary angiography and ultrasonic two-
dimensional echocardiography adopted in daily clinical
practice in the 1980s, great efforts were made to investigate
the clinical and histopathological nature of the coronary
aneurysms in KD.
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In this review article, the author presents a historical
overview of the surgical treatment of Kawasaki coronary
aneurysms causing myocardial ischemia, the indications for
treatment, the characteristics of the graft, i.e., internal tho-
racic artery (ITA), and other issues. Furthermore, the author
discusses the “downsizing operation” for a giant coronary
aneurysm of non-left anterior descending artery (LAD) ter-
ritories, which is usually difficult to manage with bypass
surgery.

Histopathological characteristics
of Kawasaki vasculitis

KD is a clinical disorder that belongs to “the systemic
vasculitis syndrome” characterized by systemic vascular
inflammation, in which all clinical manifestations origi-
nate from vasculitis. The main histopathological finding
of KD vasculitis is proliferative inflammation consisting
of marked accumulation of monocytes/macrophages [2—4].
Characteristically, medium-sized muscular arteries outside

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11748-017-0877-7&domain=pdf

122

General Thoracic and Cardiovascular Surgery (2018) 66:121-129

the solid organs (e.g., pancreas, kidney, spleen, etc.) are
most frequently affected. In addition to coronary arteries,
which are almost 100% affected, arteries outside the solid
organs, such as the carotid, subclavian, renal, iliac, hepatic,
and mesenteric arteries, are commonly affected. In contrast,
inflammatory reactions are rarely seen in the arteries inside
solid organs; if there is any, occasional perivascular cellular
infiltration can only be seen [3-5].

The vascular inflammation of KD is also characterized
by a monophasic inflammatory process, in which inflamma-
tory reactions occur synchronously in all affected arteries.
The phases of the inflammatory process, such as the acute
phase, healing phase, and cicatricial phase, are not mixed in
a single patient [2, 4].

Inflammation rapidly worsens and becomes panvasculitis
involving all layers of the vessel wall. If the internal and
external elastic lamina and smooth muscle cells in the media
are damaged by severe inflammation, the artery becomes
unable to withstand the blood pressure and dilates; thus,
aneurysm formation occurs by about the 12th day of illness
[4].

Following the acute phase of inflammation, if the healing
process is delayed or incomplete for some reason, a coronary
aneurysm may enlarge into a gigantic one.

Fig. 1 Giant coronary aneurysm
(GA). a GA of the LAD: The
distal segment of the LAD

is not visualized yet, but is

seen with a marked delay. b
Sausage-like GA of the RCA.

¢ The waveform pattern in the
intact coronary artery and in the
GA: In the GA, the blood flow
waveform changes from pulsa-
tile and laminar flow to vortex
or turbulent flow, facilitating
thrombus formation

Low shear stress due to slowed flow velocity in the aneu-
rysm decreases endothelial function. The larger the size of
the aneurysm, the more decreased is the flow velocity in the
aneurysm. This results in a change of the blood flow wave-
form from laminar pulsatile to turbulent, leading to a further
decrease in the shear stress. Furthermore, the aggregating
function of platelets accelerates, along with an increase in
their number. Thus, endothelial dysfunction due both to the
inflammation and to decreased shear stress can facilitate
thrombus formation [6-8].

Giant coronary aneurysm

A giant coronary aneurysm (GCA) is defined as: (1) an aneu-
rysm with an internal diameter > 8 mm; or, (2) in children
> 5 years of age, the internal diameter of a segment measures
over four times that of an adjacent segment [9, Fig. 1].
Nearly 50% of coronary aneurysms remaining more than
30 days after onset may decrease in size during the convales-
cent phase. In cases of small- or medium-sized aneurysms,
regression of the aneurysms often occurs within a couple
of years after onset. In contrast, GCAs are less likely to
regress and may persist or develop into stenosis [9-13]. The
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proximal segment of bilateral coronary arteries is usually
involved in GCAs. Simultaneous development of GCAs both
in the left and right coronary systems should be regarded
as a serious condition [14, 15]. Patients with GCAs have a
higher risk of fatal myocardial ischemia due to thrombotic
occlusion of the aneurysms [9, 10, 12—14]. Acute myocardial
infarction in most cases occurs within a year after onset of
KD with a high mortality rate or with significant deteriora-
tion of LV function after survival [14].

GCAs located in the proximal RCA may sometimes
develop luminal thrombotic occlusion with partial recanali-
zation or with collateral circulation from the left coronary
system. This pathological feature usually does not show an
ischemic response [12, 14].

Studies using a Doppler flow guidewire and a pres-
sure wire showed that average peak velocity and shear
stress decreased significantly as the size of the aneurysm
increased [6, 7]. Decreased shear stress and retarded blood
flow increase platelet aggregation and coagulation, leading
to thrombus formation. In addition, myocardial fractional
flow reserve was significantly lower in patients with a GCA
with no stenosis than in those without an aneurysm.

Antiplatelet and antithrombotic therapy
for GCAs

Anticoagulant therapy is important to prevent thrombosis in
the aneurysm [9, 15, 16].

There has been no randomized controlled trial comparing
treatment options. Some studies found that treatment with
aspirin plus warfarin was more effective than other regi-
mens [16, 17]. In patients receiving warfarin plus aspirin,
the incidence of coronary occlusion was significantly lower
in those receiving warfarin alone or no medication dur-
ing a mean follow-up of 9 years [17]. In another study, the
incidence of myocardial infarction was significantly lower
in patients receiving warfarin plus aspirin than in those
receiving antiplatelet medications without warfarin (5.2 vs.
32.7%, p <0.05) [16]. A multicenter study of 87 patients
treated with warfarin plus aspirin showed that 91% were
free from cardiac events at 10 years [15]. A meta-analysis
of several observational studies showed that warfarin plus
aspirin reduced the incidence of coronary artery occlusion,
myocardial infarction, and death [18, 19]. Thus, in the guide-
lines, warfarin and antiplatelet therapy is classified as a class
I treatment for GCA [9, 20].

The maintenance dose of warfarin should be
0.05-0.12 mg/kg/day, once daily, to achieve an international
normalized ratio (INR) of 2.0-2.5, and it should be adjusted
carefully to prevent bleeding due to excessive warfarin [6,
9]. Patients should be evaluated for symptoms of bleeding
during warfarin therapy. While it is still investigative, new

drugs such as factor FXa inhibitor may be better to obtain
stable anticoagulant activity and minimize the risk of bleed-
ing complications.

In patients who do not respond to anticoagulation treat-
ment, coronary artery bypass grafting (CABG) using pedi-
cled internal thoracic artery (ITA) grafts should be consid-
ered in a timely manner [9].

Overview of CABG for Kawasaki coronary
aneurysm

Kitamura et al. took the first step in the surgical treatment of
Kawasaki coronary disease by performing coronary revascu-
larization for a 4-year-old boy who had an anteroseptal myo-
cardial infarction after acute KD in 1974, and they published
this case in 1976 [21]. The patient underwent double-bypass
surgery to the left anterior descending artery (LAD) and the
right coronary artery (RCA) using autologous vein grafts.
Postoperative angiograms showed excellent graft patency
with an improved left ventricular ejection fraction of 0.61.
Unfortunately, both grafts occluded within 1 year.

Suma et al. in 1982 [22] and Kitamura et al. in [23] both
reported low early and late postoperative patency rates of
autologous vein grafts. Unfortunately, the long-term patency
of autologous vein grafts proved unsatisfactory, particularly
in small children. Since patients with Kawasaki coronary
disease are often small children, the ideal graft must have
a patency that would last their lifetime. Since the ITA had
been gradually recognized as a quite reliable graft with
excellent long-term patency, Kitamura et al. began to use the
ITA for children and reported two successful cases in 1985
[24]. They subsequently reported 12 LITA-LAD bypass
cases with 100% patency in 1988 [25], and, furthermore,
they reported cases in which bilateral ITAs were used in
1990 [26].

Another important issue was how grafts would respond
to the physical growth of children. Kitamura et al. reported
a very important fact [25]. In their study, graft length was
measured using the 3-dimensional Pythagorean rule applied
to bilateral angiograms. These measurements showed that
the pedicled ITA graft could grow longitudinally and cir-
cumferentially along with a child’s physical growth. The
growth potential of the ITA combined with the excellent
long-term patency clearly indicated the ability of the ITA to
stay as a “live” conduit that works throughout the patients’
life.

On the other hand, another study showed that the autol-
ogous vein graft did not have growth potential, causing
distal flow disturbance by distorting the coronary artery
just like “pitching a tent” at the anastomotic site [27,
28]. Because of the lack of growth potential and worse
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early- and long-term patency rates when compared to ITA,
the autologous vein has proven to be inadequate as a graft.

Takeuchi et al. reported a patient with KD in which
a right gastroepiploic artery (GEA) graft was used to
revascularize the RCA [29]. The GEA is now widely used
in adult CABG as a pedicled arterial graft to revascular-
ize the RCA. Since the GEA is the fourth branch of the
abdominal aorta, it carries a greater risk of flow competi-
tion than the ITA in a small child with an underdeveloped
body. In addition, the size of the artery varies individually.
Therefore, the GEA may be used safely only for limited
patients with a larger body size (Fig. 2). Thus, the ITA
graft became the single gold standard for pediatric coro-
nary bypass surgery.

In regard to the long-term outcome of pediatric CABG
using ITA grafts in KD, a multicenter cooperative study in
1994 showed a survival rate of 98.7% at 90 months [30],
demonstrating the benefit of ITA grafts for the long-term
survival of children with KD. Yoshikawa et al. reported
excellent long-term patency of the ITAs in 2000 [31], add-
ing that 83 of 100 children enjoyed their daily life with
no restriction. In their study group, there was one sudden
death, and another one received heart transplantation, both
of which had severe left ventricular dysfunction due to old
myocardial infarction in the LAD territory [31]. In a 25-year
observational study including 114 surgical patients by Kita-
mura et al. [32], the patency rates of the ITA and the saphen-
ous vein graft (SVG) were 87 and 42%, respectively, while
surgical mortality was 0%, and the overall survival rate
was 95%. Considering that approximately 30% of patients
had a history of myocardial infarction, surgery is likely to

improve the survival of patients with severe Kawasaki coro-
nary disease.

When cardiac events were defined as (1) events related to
the graft of any cause, (2) late progression of coronary dis-
ease, (3) impaired left ventricular function, and (4) ventricu-
lar tachyarrhythmia, the cardiac event-free rate was as low as
70% at 20 years and 62% at 25 years, indicating that various
problems continued as the postoperative period lengthened
[32]. However, among children with well-functioning grafts,
84% could take part in athletic programs at school, although
all of these patients had been strictly excluded from school
programs because of the fear of sudden death [32].

The number of reports of ITA usage in Kawasaki coro-
nary disease in European countries has recently increased
[33-37]. With the prominent nature of the ITA as a graft
being widely recognized, the artery has come to be used not
only in Kawasaki coronary disease but also in congenital
anomalies requiring coronary revascularization [35]. Fur-
thermore, in light of the widely recognized effectiveness
of pediatric coronary bypass surgery, some emphasize that
CABG should be adopted as part of fundamental training in
the field of pediatric cardiac surgery [38].

Indications for surgical revascularization
in pediatric patients with KD
Indications for LITA-LAD grafting

In patients with GCAs involving the left main trunk (LMT)-
LAD who do not respond to anticoagulant treatment and

Fig.2 Angiograms of an LITA-LAD graft of an 18-month-old male patient. a 1 month after the operation. b 1 year after the operation. Note that
the LITA graft has grown longitudinally and circumferentially. For reference, both angiographic catheters are 4 F in size
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are at high risk of myocardial ischemia, LITA-LAD graft-
ing should be considered. Without GCAs in the LMT-LAD
territories, surgical treatment is not indicated. Single vessel
obstruction of the RCA is often accompanied by marked
development of collateral vessels without symptoms [39,
40]. Therefore, a patient with GCAs confined to the RCA
territory is not a surgical candidate.

According to the guideline on adult coronary revascu-
larization, i.e.,“2014ESC/EACTS Guidelines on Myocar-
dial Revascularization” [41], CABG is recommended for a
patient with LMT disease and/or triple-vessel disease with-
out a proximal LAD lesion. When significant stenosis exists
in the proximal LAD, even a patient with single-vessel or
double-vessel disease is a surgical candidate. This decision-
making is supported by the fact that ITA-LAD grafting is
superior to a percutaneous coronary intervention/stent in
long-term outcomes.

In the “Guidelines for Diagnosis and Management of Car-
diovascular Sequelae in Kawasaki Disease (JCS 2014)”, a
similar decision-making process is addressed for pediatric
patients [9]. In addition, these guidelines strongly recom-
mend surgical treatment for children with left ventricular
dysfunction due to myocardial infarction.

Inasmuch as children have a life expectancy of well over
50 years or more, special care should be taken to avoid the
occurrence of myocardial infarction that leads to poor ven-
tricular function. Even in an infant, when there is a threat of
myocardial ischemia, LITA-LAD grafting should be carried
out without delay [9, 10, 13, 14]. According to our surgical
data, there were no cases of myocardial infarction preop-
eratively if the patients were referred to us appropriately
after the signs of myocardial ischemia were recognized.
Consequently, these patients showed excellent long-term
outcomes with a low incidence of cardiac events [42]. Not
a few reports have emphasized the importance of prompt
management of thrombus formation in the aneurysm causing
myocardial ischemia [43, 44].

To avoid flow competition, some argue that the indica-
tion for LITA-LAD grafting should be carefully evaluated
when an apparent stenosis (>75%) is not visualized on the
angiogram [32, 45, 46]. Flow competition can cause a string
phenomenon in ITA grafts. In pediatric coronary bypass sur-
gery, however, the incidence of ITA graft recanalization after
the string phenomenon classified as occluded or nonfunc-
tioning was 20-25% (31). When flow competition between
the graft and the recipient coronary artery diminishes due to
progression of coronary artery obstructive lesions, the ITA
regains its flow and function as a graft unless the lumen is
completely thrombosed [47].

In reality, however, we sometimes encounter a patient
with signs of myocardial ischemia without apparent steno-
sis around the aneurysm on the angiogram. To evaluate the
functional severity of coronary artery lesions, it is useful

to determine average peak flow velocity (APV), coronary
flow reserve (CFR), and myocardial fractional flow reserve
(FFRmyo) using a 0.014-inch guide wire equipped with an
ultrasonic probe and a high-sensitivity pressure sensor (Dop-
pler wires or pressure wires). CFR and FFRmyo are obtained
as follows:

CFR = [stress APV]/[APV at rest], where APV is
the value at peak dilatation after infusion of papaverine
hydrochloride

FFRmyo = [Mean pressure at a site distal to the coronary
lesion of interest]-{[mean right atrial pressure]/[mean pres-
sure at the coronary ostium] }-[mean right atrial pressure]

The reference values in children are 2.0 for CFR and 0.75
for FFRmyo.

These measurements are suitable to evaluate the pres-
ence/absence and severity of myocardial ischemia, and in
selecting appropriate treatment strategies and postoperative
evaluation [9, 48]. Some aneurysms with an internal diam-
eter > 8 mm have normal blood flow waveform, APV, and
CFR. Because giant aneurysms with normal hemodynamics
may be present, functional assessment of aneurysms should
be performed to identify aneurysms at risk.

Indication for RCA revascularization

GCAs often develop at the proximal segment of the LAD
and RCA concomitantly. As mentioned above, a LITA-LAD
graft is the gold standard for obstructive lesions in the LAD
territory. In regard to coexisting aneurysms in the RCA,
some issues have to be noticed.

In teenage or adolescent patients with large body size,
obstructive lesions in association with aneurysms may
be treated in the same manner as in the adult. Right ITA
and GEA, for the proximal and the distal part of the RCA,
respectively are the graft of choice. Although age distribu-
tion is not available, in a reported series by Kitamura et al.,
they used 32 RITA and 13 GEA for revascularization in the
RCA territory with an excellent long-term patency [32].

On the other hand, however, infants and young children
cannot be managed in the same way. Lack of suitable arte-
rial grafts is a major concern. Their body size is so small
that the length of RITA or GEA is limiting. GCAs extend
to the middle segment of RCA (Fig. 1b) in most instances.
On such occasion, RITA cannot be anastomosed beyond the
aneurysm. Underdeveloped GEA may also be unavailable in
small children.

As mentioned previously, however, GCAs in the proxi-
mal RCA may often develop thrombotic occlusion with
recanalization or with collateral circulation from the
left coronary system. This pathological feature usually
is not associated with an ischemic response [12-14, 39,
40], which means collateral circulation may be sufficient
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enough. Therefore, once the LAD is protected by a LITA-
LAD grafting, some GCAs in the RCA may well be man-
aged conservatively.

Coexisting GCAs in the RCA without obstructive
lesions may often be encountered in the clinical setting.
Although bypass grafting is not indicated in such an
instance, fear of distal thrombotic emboli causing myocar-
dial ischemia is a concern. Close observation with admin-
istration of warfarin and aspirin or other antiplatelet agents
is the management of choice [9, 20].

Special issues in pediatric CABG with ITA
grafts

In small body-sized pediatric patients, coronary bypass
surgery using ITA is technically demanding. According to
reports on the long-term outcomes of surgical treatment,
the patency rate of ITA grafts of younger children was
significantly low [45]. A recent report by Kitamura et al.,
however, showed no age difference in graft patency among
their children, indicating possible technical problems [32].

The ITA of small body-sized children is a short and
thin-walled artery with a diameter of 1 mm or less. Pedi-
atric CABG requires meticulous and precise dissection
and anastomosis under high-magnification (4-6 power)
surgical glasses with fine and small needles and sutures.
A microscope may be useful in pediatric CABG [32, 38].
Use of cardiopulmonary bypass with cardioplegic arrest
is recommended as the best approach.

As mentioned previously, Kitamura et al. showed that
the ITA graft in children could grow in accordance with
somatic growth [25]. In contrast, the autologous SVG
had poor long-axis growth potential in children [27]. The
author would like to emphasize again that the growth
potential of the ITA graft in children is a great advantage
(Fig. 3).

Medium-sized muscular arteries located outside solid
organs are most frequently affected by the inflammatory
reaction in KD. The ITA is not in the same histological cat-
egory; its wall has a well-developed internal elastic lamina
with a scanty smooth muscle layer, and an inflammatory
reaction has rarely been seen in it. Therefore, the ITA can
almost always be used as a bypass graft.

Generally, the ITA graft has such flow capacity as to
be able to respond to the flow demand of the anastomosed
coronary artery depending on the severity of the stenosis. In
small children, however, an underdeveloped ITA sometimes
falls short of our expectations. Thus, great care should be
taken to avoid flow competition or possible technical errors

@ Springer

Fig.3 A GEA-RCA graft of a 17-year-old male patient. His height
was 172 cm. He had undergone LITA-LAD grafting at the age of
10 years. 7 years later, the RCA became totally occluded. After con-
firming the size of the GEA on angiogram, GEA-RCA grafting was
performed off-pump via the subxiphoid approach. This is only a sin-
gle case of our series in which a GEA graft was used

Fig.4 Sequential LITA-diagonal-LAD graft. Note that the ITA graft
is widely patent. Both the LAD and the diagonal branch are clearly
visualized through the graft, indicating that there is no flow compe-
tition between the ITA and coronary arteries. In carefully selected
patients, sequential grafting of the LITA is technically feasible
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when considering sequential grafting (Fig. 4) or making a
composite graft (Y-graft) in children.

Reconstructive downsizing for aneurysms
of non-LAD territories

As mentioned above, coexisting GCAs of non-LAD terri-
tories without obstructive lesions are managed by adminis-
tration of warfarin and antiplatelet agents to prevent distal
thromboembolism. However, anticoagulant therapy must

Giant aneurysm

Cylinder-shaped

Fig.5 Schematic drawing of downsizing reconstruction. A giant
aneurysm is reconstructed into a cylinder-shaped vessel to restore a
laminar pulsatile blood flow waveform in the aneurysm

Fig.6 Preoperative and postoperative angiograms of a patient under-
going downsizing reconstruction of the RCA. In this patient, the pro-
cedure was performed concomitantly with LITA-LAD grafting for a

be carefully monitored because warfarin can cause serious
hemorrhagic complications. In addition, thrombogenesis
often cannot be controlled despite adequate anticoagulation
[6].

Since the size of the aneurysm correlates ***well with
the extent of flow disturbance, we have adopted a procedure
as a concomitant one with LITA-LAD grafting by which the
aneurysm is reconstructed to make a cylinder-shaped form
(Fig. 5). By doing so, the waveform of the blood flow inside
the aneurysm changes from turbulent to pulsatile. Conse-
quently, the APV is expected to increase significantly to pre-
vent thrombus formation. Details of the operative procedure
have been described elsewhere [49].

The “new” internal diameter of the aneurysm should be
no smaller than 5 mm because of the possibility of further
postoperative-negative remodeling. Care should be taken to
avoid stenosis around the transition between the aneurysm
and the intact RCA. A small pericardial patch may be pref-
erable at the transitional site. To obtain a smooth, round-
shaped lumen, the wall of the aneurysm should preserve
elasticity without calcification.

When postoperative measurement by a Doppler flow wire
confirms the improved values of APV (> 15 cm/sec) and
CFR (>2.0) along with a change in the waveform pattern
(turbulent to pulsatile), anticoagulation therapy can be dis-
continued [48].

Nine patients underwent this downsizing reconstruction
for giant aneurysms of non-LAD territories concomitant
with LITA-LAD grafting at our center (Nippon Medical
School Hospital). The size of the GCAs was reduced suf-
ficiently in five patients to discontinue warfarin (Fig. 6).

GA in the LAD. a Sausage-like GA of the proximal RCA. b One year
after operation, the patient could discontinue anticoagulants
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Occlusion of the RCA occurred in 2 patients following the
procedure because endothelial function within the aneu-
rysm might have remained impaired. In 2 patients, the pro-
cedure could not be completed sufficiently due to severe
calcification.

Since we do not think that this procedure is the alterna-
tive to LITA-LAD grafting, we have never elected to per-
form the downsizing procedure on the GCA of LAD. Our
patients were referred to us for surgery with clearly docu-
mented signs of myocardial ischemia due to GCA in the
LMT-LAD territories, a LITA-LAD grafting was indicated
in all patients. At present, our surgical approach to KD is
that without indication of LITA-LAD grafting, there is no
indication for surgery.

Although a longer follow-up with more patients is nec-
essary, if appropriate indications for this procedure can be
established, downsizing reconstruction may be a treatment
of choice for GCAs of non-LAD territories to improve coro-
nary circulation and allow warfarin discontinuation [9].

The development of surgical treatment of Kawasaki coro-
nary disease using pedicled ITAs established by Kitamura
etal. [21, 23-26, 30, 32] has contributed to the standardiza-
tion of pediatric coronary surgery. The procedure using a
single ITA or bilateral ITAs has been accepted as the treat-
ment of choice for infants and small children with coronary
artery lesions due to not only KD but also other congenital
heart diseases. Pediatric coronary artery bypass surgery car-
ries a low risk of mortality and provides long-term benefits
for small children.
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