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Collapse in High-Grade Stenosis
during Pulsatile Flow Experiments*

Shunichi KOBAYASHI*, Dalin TANG*** and David N. KU"***

It has been hypothesized that blood flow through high grade stenotic arteries may pro-
duce conditions in which elastic flow choking may occur. The development of atherosclerotic
plaque fracture may be exacerbated by the compressive stresses during collapse. This study
explored the effects of pulsatile flow on stenotic flow collapse. Pulsatile flow was produced
using a gear pump controlled by a digitized physiologic waveform. Upstream and down-
stream mean pressures and pulsatile flow rates were measured and digitized. An improved
model of arterial stenosis was created using an elastomer with an incremental modulus of
elasticity matched to a bovine carotid artery in the relevant range of collapse. Addition-
ally, the model retained a very thick wall in the stenotic region similar to arterial disease.
Flow choking was observed for pulsatile pressure drops close to those previously feported
for steady flow. The phase difference between flow rate and pressure between upstream and
downstream of the stenosis occurred by the compliance of tube and stenosis resistance. For
80% nominal stenosis by diameter and 100 +/—30mmHg upstream pressure, collapse oc-
curred for average pulsatile pressure drops of 93 mmHg. Pulsatile flow experiments in this
model revealed the range of conditions for the flow choking and the paradoxical collapse of
the stenosis during systole with expansion during diastole. The stenosis severity was dynamic
through the pulse cycle and was significantly greater under flow than the nominal severity.
The results indicate that flow choking and stenotic compression may be significant in thick-
walled arterial stenoses subjected to pulsatile flow.
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stenosis forms. Stenoses which have advanced to 75% to
90% of the lumen diameter can produce clinical symptoms

Atherosclerosis of the human arterial system pro-  Of transient ischemic attacks® ) and angina pectoris‘.
duces localized high grade stenoses which often lead to As the stenosis progresses, flow is limited by losses
morbid symptoms of stroke and heart attack. As the dis-  produced by flow separation and turbulence downstream
ease progresses, the plaque will encroach on the lumen of the stenosis. In elastic arteries, the stenosis can be dy-
and produce a stenosis. In the early stages of the disease, namic and increase in severity with higher flows®. Flow
the arteries appear to compensate for intimal thickening  through elastic vessels is further complicated by the pos-
by dilating the arterial wall. As the plaque increases in  sibility of supercritical flow. The concept of a tube law
size and encircles the lumen, the artery is no longer ableto ~ Where the elastic wall wave speed falls dramatically at

expand sufficiently to maintain a normal diameter, and the transmural pressures just below zero was described by
Shapiro®. A speed index can be defined as the ratio of the

" Received 24th May, 2004 (No. 04-4127) local flow velocity to the tube wave speed. The flow can
™ Department of Functional Machinery and Mechanics, Fac-  jnduce the tube to collapse when the speed index reaches 1
ulty of Textile Science and Technology, Shinshu Univer- 414 flow can transition to a supercritical state. This transi-
sity, 3-15-1 Tokida, Ueda, Nagano 386-8367, Japan. tion imposes a flow limitation or “choking” which is anal-
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Mathematical Sciences Department, Worcester Polytech- ogous to the choked flow of a compressible fluid through

1. Introduction

nic Institute. Worcester. MA 01609. USA a Laval nozzle. Ku et al.”” developed an inviscid model

** School of Mechanical Engineering, Georgia Institute of to predict the possibility of flow choking through an arte-
Technology, Atlanta, GA 303320363, USA rial stenosis, and Binns and Ku® have demonstrated the
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collapse phenomenon in a latex tube with a rigid orifice.
Thus, a compliant arterial stenosis may collapse causing
a phenomenon called flow choking. Each of these hemo-
dynamic factors will limit the flow reserve to major vital
vascular beds such as the brain, the lower limbs, and heart.
It is important to identify the important factors leading to
this phenomenon under physiologic conditions.

The dynamic stenosis and possibility of wall com-
pression may also lead to new stresses within the plaque it-
self. A likely cause of occlusive thrombosis and emboliza-
tion is rupture of the collagenous plaque cap that overlies
the atheroma. While the intimal cap would be typically
under circumferential hoop tension for an artery with an
average transmural pressure of 100 mmHg, the hemody-
namic pressures in the throat of a high grade stenosis may
cause the local lumenal pressure to be lower than the exter-
nal tissue pressure. Thus, a negative transmural pressure
would be created and the wall would be subject to dam-
aging compression and stress concentrations®. Measure-
ments of critical flow conditions would also help identify
those mechanical factors that may precipitate plaque cap
failure leading to strokes and heart attack.

Since the experimental models such as latex tube with
rigid orifice were simple, authors have developed an ex-
perimental model that more closely approximated the arte-
rial disease situation where the entire stenosis is compliant
and the stenosis wall was not rigidly constrained!® (D).,
We used hydrogel as the elastic thick-wall material for the
new model. The model quantified conditions in which
pressure drops were predominately due to separation or
due to flow choking from collapse for steady flow condi-
tion.

The goals of this study were to examine flow rate,
pressure and stenosis severity characteristics for the pul-
satile flow condition, and clarify the influence on pulsatil-
ity of flow for elastic high grade stenosis.

2. Methods

2.1 Model

The diseased carotid artery was modeled using hydro-
gel shaped in the form of a stenosis. This model allowed
variations in stenosis severity. The stenosis was made ax-
isymmetric. The shape of the stenosis was approximately
that of a sinusoidal curve. Considering real stenosis ge-
ometry, the thickness of stenosis should be greater than
the native vessel. The hydrogel models are a more realis-
tic stenosis model that has thick stenosis and more com-
pliant stiffness than the model used by silicone and latex.
Figure 1 illustrates the stenosis shape. Stenosis severity
was expressed as the nominal percent diameter reduction
of the lumen, calculated as

Nominal stenosis severity = (1 - Ds/D)x100% (1)

where Ds is the minimum diameter at the throat and D
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Fig. 2 Pressure —area relationship of the hydrogel tube (with-
out stenosis) and normal bovine carotid artery. @ =A/Ag
where A is cross sectional area of the tube pressure and

, Ag is cross sectional area at zero pressure. Axial stretch:
36.5% (Hydrogel tube), 34% (Normal bovine carotid
artery)

is the upstream diameter of 8.0mm. The ratio of steno-
sis length to diameter Ls/D in the hydrogel model was 2,
which is in the physiologic range. During the experiment,
the stenosis model was stretched 36.5% from the initial
length.

Figure 2 shows the pressure-area relationship of the
hydrogel tube (without stenosis) compared to a fresh nor-
mal bovine carotid artery measured by Powell'?. The
pressure-area properties of the models were determined
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by digital image analysis using NIH image software. For
the case of the bovine carotid was photographed from
the front and top to yield two orthogonal views. The
technique was fairly accurate for circular and elliptical
cross-sections, but less accurate for the dumbbell shapes.
While the shape changes are dependent on a whole host
of factors, our goal was to gain a simple approximation of
the pressure-area relationship that might be included in a
mathematical description of the tube law!¥. For the case
of hydrogel model, cross section area (within outer sur-
face) was recorded by duplex ultrasound scanning (Acu-
son 128). Duplex ultrasound scanning is more accurate
for elliptical and dumbbell cross sections. From Fig. 2 (a),
the hydrogel tube is softer than normal bovine carotid over
40 mmHg of transmural pressure. However, near O trans-
mural pressure (Fig. 2 (b)), the behavior of hydrogel tube
is very close to bovine carotid. Thus, the hydrogel tube
is very good simulation model for experiments focusing
on the initial collapse of an artery. Since hydrogel has
visco-elastic property, hydrogel tube has a little hystere-
sis behavior while increasing and decreasing of transmu-
ral pressure. In this experiment, transmural pressure was
reduced progressively by decreasing internal pressure or
increasing outer pressure. To eliminate for creep effect,
the experiment was started several minutes later after the
stretching and pressurizing.
2.2 Pulsatile flow experiments

Figure 3 shows an experimental setup. Pulsatile flow
was perfused through the hydrogel stenosis model. The
stenosis was mounted on rigid pipes and placed inside a
water tank. The water level was 2.5cm from the cen-
ter of the stenosis model (external pressure is approx.
1.8 mmHg). Upstream constant head reservoir was pres-
surized as the direct current component of pulsatile flow.

The computer controlled gear pump (MCP-Z, Ismatec
SA Zurich) which works as alternative current compo-
nent, was connected to upstream tube. The valve and
the downstream constant head reservoir were set as dis-
tal resistance of the stenosis. Pressures at the upstream
and downstream were measured continuously by pressure
transducers (Harvard Apparatus 60-3002). The working
fluid used was water at room temperature with a kine-
matic viscosity v of 0.01 cm?/s. Flow rate was measured
using an ultrasound transit-time flow meter (Transonics
T101). with an 8 mm in-line probe. The pressure trans-
ducers were placed on junctions the rigid tube and hy-
drogel, 111 mm upstream and downstream of the stenosis.
The flow meter was located outside the box 163 mm up-
stream and downstream of the stenosis. Saggital section
image of stenosis was made a video signal by Duplex ul-
trasound scanning (Acuson 128). For the control of gear
pump, data acquisition and image grabbing of ultrasound
image, we used a workstation (Gateway2000-P6, Win-
dowsNT4.0) with A/D - D/A conversion board and video
acquisition card. Control and data acquisition were oper-
ated at the same time using Labview with Imaq Software
(National Instruments). As the input signal for controlling
of gear pump, we digitized blood velocity in ascending
aorta!¥. From the ultrasound image, lumenal diameters
at upstream straight portion and throat of the stenosis, and
the length of minor axis on lumenal section of end-stenosis
were measured by NIH image software.

Upstream pressure and frequency, stenosis models
were changed during the experiment. We defined the stan-
dard condition shown in Table 1.
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Fig. 3 Experimental setup for pulsatile flow conditions in the collapsible stenosis
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Table 1 Standard condition of experiment

80% nominal stenosis severity
upstream pressure P, 100+/-30 mmHg

frequency 1.0Hz

frequency parameter R(w/v)'/?|12.5-17.6

(w: angular velocity) (lumenal radius R=5—7 mm)

stenosis model

3. Results

3.1 Comparison between pulsatile flow and steady
flow
Figure 4 shows the downstream flow rate vetsus av-
erage downstream pressure in comparison with steady
flow condition for 80% nominal severity stenosis. Max-
imum, minimum and average flow rate in pulsatile flow
reach a maximum around average downstream pressure of
15 mmHg. This shows the flow choking occurs in pulsatile
flow condition. For further reductions of average down-
stream pressure, the flow rates decrease. The average flow
rate in pulsatile flow is almost the same as the flow rate
in steady flow. This figure also shows that the amplitude
of downstream flow rate increases with reduction of the
average downstream pressure.
3.2 Straight hydrogel tube
As the basic experiment of the pulsatile flow, we mea-
sured upstream and downstream pressure for straight hy-
drogel tube. The results are shown in Fig. 5. The diameter
of the straight tube was the same as the straight portion
of the stenosis model. The tube was stretched 36.5% from
75 mm initial length. Average of downstream pressure was
set to 90 mmHg. The pressure drop of 10 mmHg is caused
by the area expansion and reduction at the junctions be-
tween rigid inlet and outlet tubes and the hydrogel tube.
Upstream pressure and downstream pressure show quali-
tative agreement, and there is no significant phase differ-
ence between upstream and downstream pressures. The
pressure waveform is not completely physiologic because
it lacks the dicrotic notch, but it is more physiologic than
a sinusoidal wave. The downstream flow wave form is
similar to pressure wave form.
3.3 Pressure and flow rate
Figure 6 shows measured upstream and downstream
pressure and flow rate for 80% nominal severity stenosis.
The stenosis model causes a phase difference of flow rate
and pressure between upstream and downstream. For the
70 mmHg average downstream pressure (Fig.6(a)), the
phase of the maximum upstream pressure was delayed
50 degrees from the maximum upstream flow rate. - The
maximum of downstream pressure was delayed 70 degrees
from the phase of the maximum of upstream pressure. For
OmmHg average downstream pressure (Fig. 6 (b)), peak
value of P, is not clear but the phase of the peak value
of P, is the same phase as that of peak value of P, thus
the phase difference between upstream and downstream
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Fig.4 Downstream flow rate versus average downstream
pressure in comparison with steady flow condition for
80% nominal severity stenosis model
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Fig.5 Measured upstream and downstream pressure for
straight hydrogel tube. Average of downstream pressure
Piye = 90mmHg. P;: upstream pressure, P,: down-
stream pressure, Q,: downstream flow rate

maximum pressure is reduced. The phase difference in
the stenosis model is accounted by the compliance of the
straight portion (tube) of the stenosis model and the re-
sistance of stenosis. The phase delay between pressure
and flow rate upstream would be explained by a period to
charging of fluid in upstream portion, using a Windkessel
mode which consists of flow resistance of stenosis and
compliance of hydrogel tube.

Downstream flow rate pulsatility is more attenuated
for the 70 mmHg average downstream pressure, than for
the OmmHg average downstream pressure. With the
higher downstream pressure, both straight portions (up-
stream and downstream) absorb the change of flow rate.

3.4 Phase difference ;

The influence of average downstream pressure on
phase differences for 80% nominal stenosis model is
shown in Fig.7. The phase difference between the max-
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imum upstream pressure and the maximum upstream
flow rate (@pimax — Poimax) is constant 50 degrees for all
downstream pressures. The upstream pressure was fixed
100 +/-30mmHg for all measurements. It appears that
phase difference between upstream flow and upstream
pressure is only a weak function of downstream pres-
sure, and depends mostly on compliance of upstream por-
tion and resistance of stenosis. The phase difference be-
tween the maximum downstream pressure and the maxi-
mum upstream pressure (Qpomax — PPimax) 18 strong func-
tion of downstream pressure at low pressure, increasing
from near zero degree at Py, = O to almost 70 degrees
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for Pyaye > 40mmHg. The delay of downstream pressure
reduces as the expansion by the compliance of the down-
stream tube reduces. The phase difference between the
maximum downstream flow rate and the maximum up-
stream flow rate (@oomex — Poimax) is reduced by lower
downstream pressure Py, <40 mmHg. The decrease in
downstream expansion appears to decrease phase differ-
ence, because downstream flow rate is delayed by com-
pliance of downstream tube and resistance of the down-
stream valve. However, for the 0 mmHg average down-
stream pressure, phase difference increase immediately. It
is considered that the downstream flow rate behavior is
changed by the paradoxical collapse motion which is ex-
plained in the next section.
3.5 Collapse phenomenon

Two ultrasound images of cross section while collaps-
ing are shown in Fig. 8. For the phase of 66 degrees (di-
astole), relatively mild ellipse cross-sectional collapse oc-
curs downstream of the stenosis. High frequency wall mo-
tion was visible optically, but not by ultrasound. For the
phase of 259 degrees (systole), the upstream side is ex-
panded and dumbbell shape cross-sectional full collapse
occurs downstream of stenosis. For 80% nominal steno-
sis by diameter and 100 +/—30 mmHg upstream pressure,
collapse occurred for average pulsatile pressure drops of
93 mmHg. The throat of the stenosis does not collapse
easily because of its thick wall. Downstream of the steno-
sis, the full collapses easily due to the thin wall. There-
fore, the artheriosclerosis plaque in the downstream end
of stenosis would be more deformed.

In Fig. 8, we defined the length along minor axis on
lumenal section of end-stenosis D,;. Figure 9 indicates
changes in D, during a period. At the normal distal pres-
sure of Py, = 70mmHg, D, follows the expansion by
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Fig. 8 Ultrasound image of Cross section while collapsing.
Sagittal cross section is minor axis on lumenal section.
Flow is from left to right. Upper image: ellipse cross-
sectional collapse condition. Bottom image: dumbbell
shape cross-sectional collapse condition. D, is defined
as the length of minor axis on lumenal section of
end-stenosis. D,, and D, are measured diameters of
upstream straight portion and throat at the same phase.
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Fig. 9 Length along minor axis on lumenal section of end-
stenosis D, for 80% nominal stenosis severity model.
D,; is defined in Fig. 8.

the downstream pressure. For lower pressure of Poaye =
10mmHg, D.; becomes almost constant and no collapse.
At P,y =5 mmHg, ellipse cross-sectional collapse occurs
during diastole condition. For Py, =0 mmHg (zero trans-
mural pressure of downstream), ellipse cross-sectional
collapse occurs during diastole condition, and dumbbell
shape cross-sectional collapse occurs during systole con-
dition. This phenomenon is paradoxical collapse motion
of the stenosis during systole with expansion during di-
astole. From Fig. 6 (b), the downstream flow rate during
systole is increased in spite of the large dumbbell shape
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cross-sectional collapse which increases distal resistance
to flow.
3.6 Influence of stenosis severity and frequency

Figure 10 shows the influence of stenosis severity on
downstream pressure and flow rate for 50 mmHg average
downstream pressure. As the stenosis severity increases,
the average flow rate is reduced. The tendency is the same
as in steady flow.

Figure 11 shows the influence of stenosis severity on
the phase difference between the maximum upstream pres-
sure and the maximum downstream pressure. The phase
difference increases linearly with stenosis severity. Since
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Fig. 12 Influence of frequency shifts on downstream pressure
and flow rates for 50 mmHg average downstream
pressure

the average downstream pressure was fixed to 50 mmHg,
resistance of downstream valve increases with decrease in
stenosis severity. It is considered that higher resistance
downstream valve causes the delay of downstream pres-
sure, and the decrease in stenosis severity decreases the
delay of downstream pressure.

Figure 12 shows the influence of frequency shifts on
downstream pressure and flow rates for 50 mmHg average
downstream pressure. The downstream flow rate is not
influence by variations in state range of frequency.

3.7 Dynamic stenosis severity

Figure 13 shows dynamic stenosis severity by diame-
ter for 80% nominal stenosis severity model. The dynamic
stenosis severity is defined as

Dynamic stenosis severity
= [(Dm_Dsm)/Dm] X 100(%) (2)

where D,, and Dy, are measured diameters of upstream
straight portion and throat at the same phase. The dy-
namic stenosis severity is significantly greater than nom-
inal severity, and increases with reduction of the average
downstream pressure. These tendencies are the same as in
steady flow. The change in the dynamic stenosis severity
during one period is similar to that in upstream pressure.
The measured throat diameter changed very little com-
pared to the upstream tube diameter, especially for high
severity stenosis. Therefore, the main factor of change in
dynamic stenosis severity during one period is the compli-
ance of the straight portion.
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Fig. 13 Dynamic stenosis severity by diameter for 80%

nominal stenosis severity model. Dynamic stenosis
severity = [(Dy — Dgn)/ D] % 100 (%). D,, and Dy, are
measured diameters of upstream straight portion and
throat at the same phase.

4. Discussion

The stenosis model shows the phase difference, this
phenomenon is caused by compliance of hydrogel tube
and stenosis resistance. This stenosis model would be
modeled by Windkessel models of upstream and down-
stream, and are consists of compliance of upstream por-
tion and resistance of stenosis, compliance of downstream
portion and distal resistance, respectively. Phase differ-
ence between upstream pressure and flow rate depends on
compliance of upstream straight portion and stenosis resis-
tance. Phase difference between downstream pressure and
flow rate depends on compliance of downstream straight
portion and the downstream valve. However, for 0 mmHg
average downstream pressure as the condition of paradoxi-
cal collapse motion, the phase of downstream flow rate has
changed: During the systole, the downstream flow rate is
on increasing in spite of the large dumbbell shape cross-
sectional collapse which increases distal resistance to flow.
After the dumbbell shape cross-sectional collapse, the re-
sistance reduces and the downstream flow rate increases
and peaks at 310 degrees.

Since the hydrogel tube is softer than carotid artery
in positive transmural pressure (Fig.2) and the diameter
of hydrogel is greater than artery, the capacitance of the
stenosis model is greater than artery. Bisides, the flow rate
was greater by the greater diameter and low viscosity us-
ing water. For the future study, Reynolds number and fre-
quency parameter of the experiment should be closer to
those of the human carotid artery. For the greater capacity
of the stenosis model, the phase difference of the stenosis
model should be greater than artery. However, small phase
difference of flow and pressure, attenuation of downstream
pressure by the stenosis in vivo are predicted from this re-
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sult. The length of the compliant tube is also significant
parameter for the capacitance of artery. The length of the
straight tube of this experiment is about 70 mm, shorter
straight portion of the stenosis leads low capacitance. For
the stenosis near the bifurcation, the phase difference is
smaller because of shorter upstream length from the steno-
sis. On the contrary, for the stenosis which has longer
upstream artery is likely to change difference and attenu-
ated. Siebes et al.1> were measured upstream and down-
stream flow rate and pressure of eccentric rigid stenoses
plugged in silicone tube for pulsatile flow condition. The
phase difference was not appeared because of high stiff-
ness (approx. 2.3 times greater than artery) and low fre-
quency (0.24 Hz). High stiffness causes low capacitance,
low frequency leads low AP;(t)/At.

From the result of downstream flow rate, the average
flow rate is close to steady flow condition. Our study for
the steady flow showed stenosis severity is the most dom-
inant factor for flow choking!?-(D_ The flow rate was
reduced larger by high severity of stenosis for the pul-
satile flow condition. Previous theoretical and experimen-
tal studies showed that the collapse phenomenon does not
depend strongly on upstream pulsatility!?-(1®). The aver-
age downstream pressure to collapse was almost same as
downstream pressure for steady flow condition. There-
fore, simple steady flow model is sufficient to examine
flow choking and collapse condition.

However, discussion of the phase to collapse is also
important. Binns and Ku® made experimental observa-
tions of tube collapse induced by rigid stenosis. Their ex-
periments used a pressure pulse 80+/—20 mmHg. Para-
doxical collapse motion just distal to the stenosis oc-
curred during the high flow systolic phase of the pul-
satile cycle. This motion is also appeared in theoretical
study by Downing and Ku'®. For the phase and de-
gree of collapse of this pulsatile flow experiment, there
were two behaviors: (a) For SmmHg average down-
stream pressure, ellipse cross-sectional collapse occurs in
diastole. (b) For 0 mmHg average downstream pressure
(around zero transmural pressure), ellipse cross-sectional
collapse occurs during diastole condition, and dumbbell
shape cross-sectional collapse occurs during systole con-
dition as the paradoxical collapse motions. Collapse is
likely occurs in lower transmural pressure of distal side
of stenosis. In this experiment, average downstream pres-
sure of collapse was less than 7mmHg. As for the dis-
tal pressure, the stump pressure of carotid artery was re-
ported that 0 to 25 mmHg from 18% of patients!”). Thus,
the low downstream pressures in these experiments were
in physiological range. Tissue pressure was reported be-
tween —7 and 13 mmHg'®. High external condition may
occur with coughing or a Valsalsa’s maneuver that raise
the external pressure around a carotid or coronary artery
to over S0 mmHg®.
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Collapse was located near the downstream end of
stenosis and in the straight tube further downstream of
stenosis. This location is the same as in steady flow. The
plaque may be subject to cyclic compression even if the
location of collapse is end of the stenosis. Since concen-
tric stenosis is more stable than eccentric stenosis, it is
likely considered that the location of collapse for eccen-
tric stenosis will be closer to the throat than in a concentric
stenosis, and the paradoxical collapse motion is also likely
to occur.

We have not changed the total length of the steno-
sis model. The influence of the total stenosis model is
needed for the detailed experiment. To evaluate the influ-
ence of elasticity of the stenosis model, the rigid steno-
sis model with the same dimension is required. Since the
phase difference is not independent of the frequency pa-
rameter respect to the pressure gradient, the comparison
with the rigid stenosis model with change in the frequency
parameter is required in the future.

In conclusion, we have shown that the flow choking
and collapse phenomenon in thick-walled arterial stenosis
model on pulsatile flow condition. The phase difference of
flow rate and pressure between upstream and downstream,
dynamic stenosis severity and the phase to collapse and its
degree were clarified. It is suggested that plaque com-
pression and rupture by cyclic collapse are likely undergo
at downstream end of stenosis. This mechanical environ-
ment should be included in studies of end-stage arterial
disease.
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