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Significance of Hemodvnamic Effects on the Generation of Atherosclerosis

The signification of the curved area is that at-
herosclerotic lesions frequently occurred along
the inner wall of the curved segment. From the
clinical data, arteriosclerosis occurred al very
specific sites in the arterial system. As shown in
Fig. 4 the results of the pressure distributions in
the region of curved and bilurcated arterial seg-
ments showed a similar distribution when com-
pared with the adjacent areas of the curved and
bifurcated regions. No negative values ol the
transmutable pressure appeared in the regions of
the vessel walls. From the above results we found
it very difficult to predict the cause ol atheros-
clerosis by the pressure related hypothesis.

4.2 Review of Flow separation related hy-

pothesis

In this section, the computer simulations and
in vivo experiments were conducted to evaluate
the relation between the origin of atherosclerosis
and the fMow separation related hypothesis. The
velocity vectors during the acceleration and dec-
eleration phases in the left coronary artery are
presented in Fig, 5.

In considering the pulsatile waveform of phasic
coronary blood flow, the velocity profiles of the
accelerution and deceleration phases were re-
presented. In the acceleration phase, there was
no flow reversal on the curved area of the left

841

COTOnuary artery.

Flow velocities along the inner wall were
higher than those along the outer wall in the
curved area of the left coronary artery. In serial
cross-sectional velocity analysis, abrupi changes
of the flow velocity and Mow reversal showed
mainly in the outer curved region of the left
coronary artery above the bifurcation area. How-
ever, this flow reversal and formation of a re-
circulation arca disappeared as the low reached
the bifurcation region. where the entrance flow
was skewed toward the inner walls ol the LAD
(Lelt Anterior Descending) artery and the dia-
gonal branch,

Because the blood flows varied significantly
during a cardiac cycle, it was difficult to define
the sites where atherosclerosis occurred using the
streamlines at the acceleration and deceleration
phases. The negative implication of eddy currents
is the increased resistance to blood flow due to a
tremendous increase in the friction of ow. This
friction translates into fatigue injury to the en-
dothelium.

The numerical results were presented for the
flow velocities in the carotd artery bifurcation,
The velocity profiles during the peak velocity
(t=0.1s) and deceleration phase (1=0.24s) are
presented in Fig. 6. The velocity profiles in the
CCA (Common Carotid Artery) were parabolic

(a) Acceleration phase

(b) Deceleration phase

Fig. 5 Velocity vectors and secondary flows of the physiologic blood tflow in the left coronary ariery model
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The recirculation zone was observed in the
sinus of the ICA and the zone varied during the
systole/diastole phase. The wall shear stress var-
ied from the negative value to the positive value
during a cycle. It was speculated that the abrupt
change ol the wall shear stress in the sinus might
be responsible for the initial formation of at-

herosclerosis.

4.3 Review of wall shear stress dependent

hypothesis

The development of atherosclerosis strongly
suggests the importance of fuid mechanics in
atherosclerosis. The flow patterns in the complex
geometrical sites such as the carotid and coronary
arteries exhibit non-uniform wall shear stress.
Two types of shear stress regions are of interest
high shear stress and low shear stress.

The distributions of wall shear stress in the
pulsatile flow were dillerent between the acceler-
ation and deceleration phases as shown in Fig. 9.
The highest value of the inner wall shear stress
and the lowest value ol the outer wall in the LAD
artery were more prominent in the deceleration
phase. It wus noted that the wall shear stress of
the outer wall varied, initially. Then, it decreas-
ed approaching bifurcation, and represented its
lowest value at the bifurcation site, prominent in
the deceleration phase of the outer wall of the
LAD artery. In acceleration phase. there were no
definitive abrupt changes in the outer wall. from
inlet to both branching arteries.

The high shear stress region was that at a [low
divider of the bifurcation. At the dividers of
bilurcations und branches the shear stress becume
much greater than 100 dyne/em® The intima in
high sheuar stress regions was exposed to higher
shear stress. Thus, the endothelial cells at the flow
divider were damaged.

As discussed in the previous section the recir-
culating flows resulted in low shear stress regions,
Mechanical injury was also caused by low shear
stress. Low-shear areas included the wall op-
posite to a branch, the proximal wall of a branch
vessel, and the inner of the curved area. The effect
of these flows on the endothelial cells was fa-
tigue injury, which resulted in endothelial dy-

Copyright (C) 2005 NuriMedia Co., Ltd.

100 -
outer wall
‘L B0 —_—  along the ¥,
S === ' along the ¥g
‘T B0 4 inner wall
= « = | dlong the X
A0 4 =s++= | 3lang the

.
L —— -

0 4

o0 d

Vall shear stress (dyn
r
=
A

W

L A | ] I

-40 = | Y ¥ = T
0.0 ns 1.0 1.6 20 25
Distance along the #g and ‘Dtcrn)
(a) Acceleration phase
it
outer wall
o7 B0 —  along the Z"._}-J‘
E === lalong the Xp
L i
o B0 ner wall
= 5
> =« = . dlong the X,
2 40 l'\ =4+= _ gzlong the v
i - alongiine &
o
¢ 20 - L
(1]
{‘ 0 -
!
—_ Sl
E Fala .
> A Boocpcn
-A0 i A i Rl "
T L] T T L)
0o s 1.0 1.5 20 25
Distance along the ¥, and Anlcm)
- L
(b) Deceleration phase
Fig. 9 Distributions of wall shear stresses on the

tnner and outer walls in the coronary artery

sfunction. Specifically, the oscillating wall shear
stress causes a series of biological events leading
to atherosclerotic lesions and well developed
plaque.

The recirculation zone is observed in the sinus
ol the ICA, and this zone varies during the
systole/diastole phase. The wall shear stress
varies from the negative value to the positive
value during a cycle. It is speculated that the
abrupt change of wall shear stress in the sinus
may be responsible for the initial formation of
atherosclerosis.

5. Summary

In this study, computer simulations and in vivo
experiments were conducted to investigate the


file:///alue

844 Sang-Ho Suh. Hyung- Woon Roh, Dong-Joo Kim, Hyuck-Moon Kwon and Byoung-Kwon Lee

generation of atherosclerosis n the carotid and
coronary arteries The abrupt changes of the flow
velocity and flow reversal (formation of recir-
culation) showed in the outer curved 1egion of
the left coronary artery around the bifurcation
area In approachung the bifurcation site, the wall
shear stress in the outer wall of the left coronary
artery decreased due 10 the directional change of
flow, and finally it showed s Jowest value at the
branchimg site of the outer wall The wall shear
siress at both branching apexes was highest m
the mner wall, and then it decrcased gradually
However, the highest value of the inner wall and
the lowest value of the outer wall in the LAD
artery were more prominent mn the deceleration
phase than i the steady flow This study suggests
that temporal and/or spatial flucruations of the
shearing force and flow velocity variation in the
same coronary arferial tree may have some 1n-
terplay with bromechanical and humoral stimul
in the atherogenesis and progression pf atheros-
clerosts The lesion-prone areas, arterial bifurca-
tions and curvatures usually have temporal and/
or spatial fluctuations of the shearing force and
flow velocity variation i the same 1n vivo system

In this study, 1t was noted that the velocity pro-
files were skewed toward the inner wall, showing
higher velocity along the inner wall region, while
spatial fluctuation and variafion of flow velocity
between the axial flow and the outer wall of a
stagnant flow region were noted distinctively at
the curved area of the left coronary aitery and on
the outer wall of the proximal part of the anterior
descending artery around the branching site In
apptoaching the bifurcation site, the wall shear
stress in the outer wall of the left coronay artery
decreased due to the directional change of flow,
and eventually showed its lowest value at the
branching site of the outer wall Conversely, the
wall shear stress of the inner wall was highest 1n
the branching apex Unde1 the physiologic condi-
tion, 1t was reported that the recirculation zone
formed by the abrupt change of blood flow might
have an important 10le 1a early atherosclerosis
and that the turbulent transformation of flow
occurred more readily 1n the deceleration phase
of pulsaule flow We also showed that the flow
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reversal and the recirculanon region were more
prominent in the deceleration phase of pulsatile
flow and that the portion of low wall shear stress
oceurred at the same stte as the recirculation area
shown n the result taken from wvelocity calcula-
tion

Finally, theses results can be used to under-
stand the pathogenesis of atherosclerosis, and to
predict 1ts progression or restenosis 1 Coronary
mtervention Moreover, 11 18 expected that these
effort can be used n coronary interventions with
site~specific delivery of the genetic therapy on
intimal proliferation to prevent restenosis of co-
ronary arterial disease, and 1t can be applied to
vascular surgical designs in coronary artery by-
pass graft The emergmg paradigm of biomec-
hanical activation of endothelial cells promises
to be a conceptually rich and pathophysiclogic-
ally relevant area for future ivestigation How-
ever, there existed some limitations 1n practically
applying these results to clinical settings. And
there are marked (ndividual vanations in vascular
structure and hemodynamics It will be necessary
that further experiments be undertaken under
various conditions including m vitro and 1n vivo
biologic study This will be reported 1n our next
study on the role of hemodynamics 1n advanced
stages of atherosclerosis and conditions after in-
terventions such as coronary artery bypass graf-
ting and percutaneous angioplasty,
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