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Abstract:

Kawasaki disease (KD) affects primarily
younger children and can lead to coronary artery
aneurysms. The flow phenomena inside the left
coronary artery and its branches with aneurysms
located at wvarious locations were studied
computationally under steady flow conditions.
Reynolds numbers representing the steady flow were
108, and 200 for average, and diastolic peak flow,
respectively. Local arterial flow dynamics were
analyzed inside the aneurysms with two different
sizes (4 and 8 mm) located at the left main coronary
artery (LCA) and at the left anterior descending
(LAD) artery. The critical flow regions such as flow
separation, flow recirculation inside the LCA and its
branches were observed with changing magnitudes.
These regions with disturbed laminar flow pattern
may cause intimal hyperplasia inside the aneurysms
and the bifurcation of the LCA. Disruption of the
normal flow pattern may eventually lead to the
formation of stenosis in the coronary artery. The
rigidity due to the arterial thickening of the arteries
may cause ischemia and even myocardial infarction
in the end. Therefore, simulation of the flow patterns
may provide us important information regarding the
possible long-term implications of Kawasaki disease
in children.

Introduction

Coronary aneurysm formation may occur in the
acute stage of KD and this can lead to myocardial
infarction and death [1, 2, 3], (Figure 1-A, B).
Histopathologic and intravascular ultrasound studies
have demonstrated marked thickening of the intimal
layers of coronary arteries after KD [4, 5]. There is now
evidence that flow-mediated endothelium-dependent
vasodilatation is abnormal after KD [6-7]. KD was
initially thought to be a benign self-limited childhood
illness. However, soon after Kawasaki’s original report
[8], it became apparent that a few children diagnosed
with KD died suddenly and unexpectedly, usually
during the third or fourth week of illness and at a time
when their clinical condition appeared to have
improved. Death was wusually due to massive

myocardial  infarction secondary to  coronary
thrombosis in areas of coronary artery aneurysm
formation. About 20% of untreated KD patients develop
coronary artery abnormalities, including diffuse peak
frequency of coronary dilatation or dilatation and
aneurysm formation. Hirose et al. demonstrated that
coronary dilatation in patients with KD is first detected

(B)
Figure 1: Coronary arteries with aneurysm located at
the LCA artery (A) and at the LAD artery (B)

at a mean of 10 days of illness and that the peak
frequency of coronary dilatation or aneurysms occurs
within 4 weeks of onset [9]. Thus, KD is an acute
vasculitis; there is no evidence of chronic, ongoing
vasculitic changes in the arterial wall of the KD patient
whose acute illness has resolved. Saccular and fusiform
aneurysms usually develop between 18 and 25 days
after the onset of illness. The fatality rate in KD is
dependent upon prompt recognition of cases and
institution of appropriate therapy. Initial reports from
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Japan in the 1970s indicated a 1 to 2% fatality rate; this
has dropped to 0.08% [10] due to improved recognition
and therapy of the disorder. Recently, fatality rates of
6% from Auckland [11], 2% from Sweden [12], and
3.7% from the British Isles [13] were reported. Death in
these series was due either to myocardial infarction
secondary to thrombosis of a coronary artery aneurysm
or to rupture of a large coronary artery aneurysm. Death
is most common 2 to 12 weeks after the onset of illness.
The fate of coronary aneurysms over time was well
described by Kato et al. [14]. At 1 to 3 months after the
onset of KD, 15% of KD patients in this study had
angiographic evidence of coronary artery aneurysms.
Repeat angiography 5 to 18 months later in those with
abnormalities showed that the aneurysms had resolved
in about 50% of the patients. Of those with persistent
aneurysms, one-half had smaller aneurysms than
previously, with or without stenosis, one-third had
resolution of the aneurysms but had developed
obstruction or stenosis of the coronary arteries, and the
remainder had fine irregularities of the vessel walls
without stenosis. Stenosis, which occurs as a result of
the healing process of the vessel wall, often leads to
significant coronary obstruction and myocardial
ischemia. A recent longer-term follow-up study by Kato
et al. indicated that 10 to 21 years after acute KD,
additional patients with persistent aneurysms had
developed stenosis of the vessel [14]. Myocardial
infarction occurred in 39% of patients with persistent
aneurysms with stenosis, or 1.9% of all the KD patients
in this series. Bypass surgery was performed in 1.2% of
all KD patients, or 25% of patients with persistent
aneurysms with stenosis. The overall mortality in this
group of 594 patients was 0.8% [15]. The most severe
form of coronary artery aneurysm is the giant aneurysm
(internal luminal diameter of the coronary artery lumen,
>8 mm). These lesions are less likely to resolve and
more likely to thrombose, rupture, or eventually develop
stenosis than other, smaller aneurysms [16]. In the long-
term follow-up study by Kato et al. 26 of 594 patients
(4.4%) developed giant coronary aneurysms [17]; in 12
of the 26 patients (46%), stenosis or complete
obstruction occurred over time, and 8 of the 12 (67%)
experienced a myocardial infarction, with a 50%
mortality rate. The other 14 patients showed persistent
coronary aneurysms without stenosis over the 10 to 21-
year follow-up period. KD results in vasculitis of the
large to medium-sized arteries; weakening of the arterial
wall leads to dilatation and aneurysm formation. Some
patients experience mild vasculitis, which is insufficient
to cause weakening of the wall of the coronary artery;
the long-term consequences of this less severe vasculitis
is unknown. The vasculitis of KD also may affect other
noncoronary medium-sized arteries throughout the
body. Systemic artery aneurysms occur in about 2% of
patients, generally in those who also have coronary
artery aneurysms [18]. The most commonly affected
arteries are the renal, paraovarian or paratesticular,
mesenteric, pancreatic, iliac, hepatic, splenic, and
axillary arteries [19, 20]. Since arteritis in these vessels

is less likely to be the cause of death in KD than is
coronary arteritis, this complication has received less
attention. It is likely that vasculitis without aneurysm
formation occurs in many vessels in KD patients with
coronary disease; the true extent of the vasculitis is
probably apparent only at autopsy [21]. Flow-mediated
dilatation in experimental models depends on the ability
of the endothelium to release nitric oxide in response to
shear stresses. The flow field analysis was done inside
the arterivenous graft to vein connections, bypass
connections and aneursmys to understand the effect of
critical flow regions on the endothelial cells, [22, 23, 24,
25, 26]. In this study the critical flow regions such as
flow separation regions, stagnation regions and flow
recirculations regions inside the LCA, circumflex artery,
and LAD artery with aneursym located at the left main
coronary artery and LAD artery was investigated to
understand if the abnormal flow behaviour can cause the
formation of stenosis and the rupture of the aneursyms
located on the local arteries.

Methods

Aneuryms were created on the basis of images
supplied by the cardiac surgeons representing the
typical alternative designs, Figure 1-A, B, [3]. 3-D
models of typical coronery arteries with the aneurysm
located at the LCA and LAD artery shown in Figure 2
were utilized using ACIS-based solid modeller Gambit
(Fluent Inc., Lebanon, NH, USA) where the 3-D model
and mesh were also created. The diameters of the
aneurysms were changed to investigate the effects of
the geometry on the local flow dynamics inside the
models. Two different geometries with the diameters
changing from four to eight millimeters in diameters
from each configuration were used. Two geometries are
made with an entrance artery and two branching arteries
connected to the entrance artery. The diameter of the
entrance artery and branching arteries were taken as
three millimeters in diameters. All models were meshed
with an automatic meshing algorithm using tetrahedral
elements.

(A)
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significant secondary motion prevails in the large size
aneursyms. The intensities of the secondary
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Figure 2: Aneursyms models located at the LCA artery
and LAD artery used for the computational calculations

Boundary Conditions and Simulations

The commercial finite volume code Fluent, Fluent
Inc., Lebanon, NH, USA was used in this study. A
segregated solver was selected and convergence criteria
was selected as 10, All models were meshed with an
automatic meshing algorithm wusing tetrahedral
elements. Vessel walls were assumed to be rigid and
impermeable. Blood was assumed to behave like a
Newtonian fluid with a constant density p=1050 kg/m’
and dynamic viscosity p=0.0035 kg/m.s. The models
were submitted to steady flows. Since the LCA is quite
short leading to entrance type flow, the inlet velocity
profile was selected as flat velocity profile at the
entrance and developed to the parabolic velocity profile.
The entrance velocities were selected as 0.14 m/s at
average, and 0.25 m/s at diastolic flow, respectively.
The Reynolds numbers based on the inlet diameter (Re
= pUD/ p, where p: fluid density, U: Inlet velocity, D:
Inlet diameter, p: dynamic viscosity) at the diastolic
peak and mean flow were 200 and 108, respectively.
The flow distribution rates were assumed to be 70 %
leaving from the left anterior descending and 30 %
leaving from left circumflex artery, [26]. The flow
distribution rate was defined as FR= (Qoutet / Qinter)
X 100% where Qguue; 1S the mean flow in one of the
outlet coroner arteries either left circumflex artery
(LCX), or LAD artery and Qj,; is inlet mean flow rate.
Simulations were performed on a Pentium (R) 4 CPU
2.800 GHz with 1,024 MB of RAM.

Results and Discussion

The detailed investigation of the flow patterns
inside the LCA, LCX and the LAD arteries with
aneursyms were investigated. Two different models
were: (1) aneursym located at the LCA and (2)
aneursym located at the LAD artery. The flow velocity
profiles for two different diameters of aneursyms
located at the LCA were given in Figure 3, A-B at
Reynolds nummber of 108 and Figure 4, A-B, at
Reynolds number of 200. We can readily observe that
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Figure 3: A and B, Velocity profiles inside the
aneursym located at the LCA artery, D = 4mm and
8mm, Re = 108

the flow increased from mean phase to the diastolic
peak. The inflow-outflow patterns observed.

(A)
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Figure 4. A and B, Velocity profiles inside the
aneursym located at the LCA artery, D = 4mm and
8mm, Re =200

Aneurysm located at the LCA

Average Flow(Re=108) and Diastolic Phase (Re=200)
The flow velocity profiles for two different aneursyms
were shown in Figure 3, 4. Velocity profile was flat at
the inlet of the main coronary artery and developed to
the parabolic velocity profile through the main coronary
artery which is similar to the flow inside the straight
pipe flow, Poiseuille flow. When the diameter of the
aneursysm was four millimeters, the flow was smooth
inside the aneursym located at the main trunck, Figure
3, A-B.  There was a weak sudden expansion at the
entrance of the aneursym. Then the flow was divided
into two branches, LCX and LAD arteries. Separation
region formed after the flow exiting the aneursym at the
entrance of the LCX artery. The size of the separation
region was approximately one diameter of the inlet
diameter, Figure 3, A. While the diameter of the
aneursym increases the flow pattern inside them
becomes more complex. Separation bubbles were
formed which will cause the lower wall shear stresses
inside the aneursyms, Figure 3-B and 4-B. Strong
separation region also found at the outlet of the
aneursym. These separation regions were combined
with the separation formed at the entrance of the LCX
artery. No separation region were formed at the inlet of
the LAD arteries. Figure 3 illustrates the velocity
profiles that illustrate a strong reverse wall shear stress
(WSS) at the corners opposite to the flow divider. A
complex set of interacting vortices is produced in each
branch from the compound curvatures. The secondary
flows do not become pronounced until several diameters
of the bifurcation. The low momentum of fluid at the
outer walls of the bifurcation causes fluid to oscillate in
direction during cardiac cycle. When the diameter of
aneursym was increased to the eight millimeters, the
results are characterized by a jet of fluid passing directly
through the aneursym surrounded by an annular
recirculating vortex, Figure 3-B and 4-B. Separation
occurred inside the aneursym. The flow was rotational
inside the aneursym. Velocities of the fluid particles
near the wall were slow causing the low WSS, Figure 3-
B and 4-B. Flow was compressed through the exit of

the aneursym. Then the flow was exited after the
aneursym and divided into two branches, LCX and
LAD arteries. = There was separation region on
circumflex artery . The size of the separation region
was one diameters of the inlet diameter. The stagnation
point was detected at the location of one and a half
length of inlet diameter after the the flow division on the
side of circumflex artery. The flow then continued
similar to the flow seen in the diameter of four
millimeters. At the diameter of eight millimeter, strong
double vortex was seen inside the aneursym and this
vortex was transported to the arterial bifurcation
through the LCX artery, Figure 3-B and 4-B. During
the diastolic phase the flow structure inside the
aneursym and the LAD artery and LCX artery stayed
same. However the velocity magnitude became higher,
Figure 3-B and 4-B..

Aneurysm located at the LAD artery

Average Flow(Re=108) and Diastolic Phase (Re=200)
The flow entered the LCA artery with a flat velocity
profile and developed to the parabolic velocity profile
until it reaches to the bifurcating point. The flow was
divided to two branches as the LCX and LAD arteries.
The velocity profiles are strongly skewed at the flow
divider. Figure 5-A illustrates the velocity profiles that
illustrate a strong reverse wall shear stress at the corners
opposite the flow divider. A complex set of interacting
vortices is produced in each branch from the compound
curvatures. Then the flow entered to the aneursym at
the location of twenty inlet diameter downstream of the
flow after bifurcation point located at the LAD artery
illustrated in Figure 5-B. For the current study, no
aneursyms were assumed to locate along the LCX
artery. Two aneursyms with diameters of four
millimeters and eight millimeters were considered to
investigate the effect of the geometry on the flow rates
and the flow structure. There was a weak secondary
flow inside the aneursym at diameter of four
millimeters. The flow was similar to the flow inside the
straight pipe flow after exiting from aneursym. When
the diameter of the aneursym became eight millimeters,
the flow in the bifurcation region was similar to the one
mentioned before, four millimeter. The flow was
rotational inside the aneursym. Double vortexes were
formed inside aneursym, Figure 6-B.
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Figure 5: Velocity profiles at the branch of LCX and
LDA and inside the aneursym located at LAD artery, D
=4mm Re = 108
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Figure 6: Velocity profiles at the branch of LCX and
LDA and inside the aneursym located at LAD artery, D
= 8mm Re = 108
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Figure 7: Velocity profiles at the branch of LCX and
LDA and inside the aneursym located at LAD artery, D
= 8mm Re =200

Conclusions

Hemodynamics inside the aneurysms located at the
LCA followed by the LCX artery and LAD artery was
investigated computationaly. The principal findings of
this study is that both of the aneurysms are parallel to
the main flow and behave like a driven cavity. The
recirculation fluid region was formed inside the
aneursyms at the diameter of eight millimeter but four
millimeter. The strong secondary flow was detected
inside both aneursysms with the changing diameters of
four to eight millimeters. There are also secondary
flows occurring at the inlet of LCX and LAD arteries.
The effect of the size of aneursyms on the exit flow
ratios was also studied and the flow reduction on the
branch which has the aneursym was located. This study
is driven by the need to establish a technique that can
identify the optimum regions for coil embolization. We
conclude that this identification can benefit greatly from
simulations of the nature performed herewith based on
the observations made. Such optimum embolization
regions seem to be strongly connected not only with
patient-specific but also with aneursym-specific
hemodynamics and thus insight on this kind of
individual-based blood flow data can prove valuable for
advanced intervention techniques. Future studies will
focus on the clinical studies and also the experimental
modeling studies to understand the flow field better with
the higher spatial resolution.
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