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Abstract—Intimal thickening in the coronary artery bypass

graft (CABG) distal anastomosis has been implicated as the
major cause of restenosis and long-term graft failure. Several
studies point to the interplay between nonuniform hemodynam-
ics including disturbed flows and recirculation zones, wall

shear stress, and long particle residence time as possible eti
ologies. The hemodynamic features of two anatomic models of

accepted 8 June 2002)

INTRODUCTION

A significant number of coronary artery bypass grafts
fail postoperatively due to intimal hyperplasiiH) and
restenosis within months or yedr$?2 Studies on the

mechanism underlying IH of grafts have shown a con-

saphenous-vein CABGs were studied and compared. One simu-Sistent correlation between its pathogenesis and hemody-

lated an anastomosis with both diameter and compliance mis-

namic factors and graft/artery compliance

match and a curvature at the connection, analogous to themismatch1.‘3'6'7'12'17*19'25*2F|emodynamic factors such as

geometry observed in a conventional cardiothoracic procedure.
The other, simulated an anastomosis with a flow stabilizing
anastomotic implant connector which improves current cardio-
thoracic procedures by eliminating the distal vein bulging and
curvature. Physiologic flow conditions were imposed on both
models and qualitative analysis of the flow was performed with
dye injection and a digital camera. Quantitative analysis was
performed with laser Doppler velocimetry. Results showed that
the presence of the bulge at the veno-arterial junction, contrib-
uted to the formation of accentuated secondary structiimes
lices), which progress into the flow divider and significantly
affect radial velocity components at the host vessel up to four
diameters downstream of the junction. The model with the
implant, achieved more hemodynamically efficient conditions
on the host vessel with higher mean and maximum axial ve-
locities and lower radial velocities than the conventional model.

low wall shear stres@/NSS), high oscillatory shear stress
in connection with a moving stagnation point, and large
spatial gradients of wall shear stress have been impli-
cated as causes of IH. Studies done by Gghal? and
Keynton et al® using end-to-side anastomoses revealed
low WSS predominantly distal to the toe on the wall
opposite the floor, inside the proximal outflow segment
(POS and near a floor stagnation point. Lo#t al?!
studied steady flow velocity and WSS distribution in a
polytetrafluoroethyleng PTFE end-to-side anastomosis
model representative of femoro-popliteal bypass in hu-
mans and ilio-femoral in canines. It incorporated typical
realistic geometric parameters of anastomosis constructed

The presence of the sinus may also affect the magnitude andby vascular surgeons. The model was scaled up in size,

shape of the shear stress at locations where intimal thickening

physiologic Reynolds number, and flow divisions were

occurs. Thus, the presence of the implant creates a moreysed including graft to artery diameter ratio and other

streamlined environment with more primary and less secondary
flow components which may then inhibit the development of
intimal thickening, restenosis, and ultimate failure of the saphe-
nous vein graft. ©2002 Biomedical Engineering Society.
[DOI: 10.1114/1.15004Q7

Keywords—Coronary artery bypass graft, Hemodynamics,
Flow visualization, Vascular flow modeling.

Address correspondence to Andreas Anayiotos, Associate Professor
Department of Biomedical Engineering, University of Alabama at Bir-
mingham, Birmingham, AL 35294-4440. Electronic mail: aanayiot@
eng.uab.edu

917

important features. Their study characterized wall shear
stress gradient&VSSQ at several locations with patent
proximal outlet segment. WSSG was found low on the
circumference of the hood, the floor, and sidewalls near
the floor stagnation point. Flow separation was observed
along the hood near the inside POS distal to the toe,
inside POS proximal to heel, and sidewalls as flow enters
anastomosis.

The anastomotic bed wall shear stress patterns are
also influenced by the anastomotic geometry and the
local blood flow wave form, as reported by Ethiral 13
'The vascular geometry, surgical technique, and type of
vascular prosthesis may influence graft—artery compli-
ance mismatch. The vascular geometry can vary in many
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ways such as ratio of graft—artery diameter, graft angle, The coronary artery saphenous vein gi&vG) pro-
and hood lengti! cedure consists of harvesting the vein and making an

Since intimal thickenings occur at suture lings, incision in the shape of a crescent on the host vessel to
vitro graft models vary in terms of graft geometry, flow attach the anastomosis by the surgeon’s own judgment
conditions, flow divisions, and graft angles. Ojagal 2 and standards. These criteria are not consistent and vary
used a 45° graft model under steady and pulsatile flow from patient to patient. In collaboration with the Depart-
conditions with proximal outflow segment occluded, ment of Cardiothoracic Surgery we inspected several
which demonstrated the type of flow structures inside end-to-side SVG anastomotic procedures. Each proce-
end-to-side vascular grafts with equal diameters and dure and anastomotic location varied significantly de-
hood length ratio of 1.4. L&t studied the effect of re-  pending on the condition of the coronary vasculature,
ducing the local WSSG by altering the junction geometry location of stenosis, and location of collateral vessels. In
via computer aided design improvements and incorporat- addition, the anastomotic angle between the host vessel
ing a Taylor model. Keyntoet al® studied the effect of and the anastomosis varied from approximately
graft angle on the local velocity field inside graft model 20° to 70° and the anastomotic graft contained a curve
under steady flow and POS occluded. Crawsteal® close to the host vessel to facilitate and accommodate
studied flow disturbances at the distal end-to-side anas-attachment. In addition, the anastomosis was not usually
tomosis and the effect of outlet flow conditions and Rey- planar in geometry.
nolds number on the floor phenomena using flow visu- A unique feature of the saphenous vein anastomosis
alization. Whiteet al?® studied flow behavior in models graft geometry is a bulge that forms at the veno-arterial
under steady and pulsatile conditions, different flow di- junction when the saphenous vein section is exposed to
visions, Reynolds number, and hood length to identify the arterial pressure conditions of the coronary artery.
regions of low wall shear, oscillatory shear, and long This is usually first observed a few weeks after the op-
partial residence time, to suggest a relation to localiza- eration. The resultant sinus and the surrounding geom-
tion of vascular intimal thickening. They observed the etry contribute to a complicated region of highly dis-
presence of a three-dimensionf@D) separation region, turbed flow at the flow divider and may have a primary
which originated from the heel and moved to the sinus role in restenosis and the ultimate failure of the graft.
region.

Several devices are presently utilized in the area of Coronary Artery Anastomosis with Implant
interventional cardiology including stents and grafts. An anticipated improvement in the anastomotic pro-

Stents are minimally invasive wire mesh tubes, which act . . . o
y cess may be achieved by the implantation of a fitting,

as scaffolds to keep narrowed or diseased vessels Open\'/vhich serves as a scaffolding device in the anastomosis
Vascular grafts, on the other hand, serve to replace or 9

repair diseased vessels and can be from autologous partélnd Incorporates the saphenous vein to the host coronary

of the body or synthetically made. Both stents and grafts messeoll Wilt?]mét sz'{tjurmg.n -I]:het f'rtt'ggbuszgvmn th:js ;tudy
have been used in coronary arteries as adjunct to angio- as designed a anutactured by ancec bypass

plasty 10 keep the vessel ffom narrowing or as a patch (°*HIO0Y%S, 1. Pieasanion, G4, as the et atemptin
material in end-to-side anastomosis to reduce suturing at g y y 9. b

the junction and to streamline the flow. The performance It is made of Ni—Ti and has the shape of a cylindrical

of such devices under hemodynamic conditions has notgngggfl'wmea#p::;ag} cl:gozs m;:facrt]gr:tsc’f dct)r\:\?ns??e\/:r:: IS
been extensively studied. Peacoekal?* investigated '

the effect of coronary artery stents on the flow charac- slgcﬂc:n ha; adcros§ sect;}on of ql;a5|ell|pt|cal ghap(la with a
teristics. They and reported mild downstream flow insta- 19 tn):z pomtg endas s own..T € cross-sectiona area is
bilities, which may be important in the process of rest- 35m . I §I|m|nate§ the. bulging O.f .the sapheqous ven
enosis. Berry etal® reported flow disturbances at the junction and aims in streamlining the flgkig. 2).

associated with the compliance mismatch in stented Vas";tatt;ﬁtdl;'ctiLZeﬁg(sT{/ézzélm\?\:ﬁiT; g?sthséru:z;%:;tgg:ﬂ
cular segments. Berrgt al® reported that wire spacing Y ' P

in stented vascular segment models influenced dye wash-It has some smaller prongs to connect to the saphenous

out times in flow visualization studies with dye injection. vein. The company 1S cu_rrently p.erforr.mng biocorrosion/
biocompatibility testsan vitro and in animals before ob-

taining FDA permission to begin clinical trials.
Coronary Artery Anastomosis

The coronary artery in adults varies between 2 and 6 Purpose of Study

mm depending on gender, age, and condition. The size of The purpose of our study was to evaluate the possible
the saphenous vein graft is usually larger than the coro- improvement in the flow characteristics of an anastomo-
nary artery by sometimes as much as 30% in diantéter. sis in the presence of a flow stabilizing implant. To do
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Struts Prongs
Top lumen area Bottom lumen area
Area: 19.6 mm’ Area: 35 mm’

FIGURE 1. Anastomotic streamlining connector

Bypass Technologies ).

(Advanced

METHODS
Model Construction

The two models were fabricated with the geometries
shown in Figs. 2a) and 2Zb). The various parts and
segments of each model are labeled, e.g., sinus, toe, heel,
distal outflow segment{DOS), and proximal outflow
segment.

Both models were designed in a planar fashion to
simplify the construction procedure and the fluid dynam-
ics. The anastomosis was at an angle of 30° with the
host vessel for both models, since the design of the
implant required a 30° anastomotic angle. We designed
the vessel diameter to be 4.75 mm to maximize laser
Doppler velocity (LDV) resolution even though the av-
eraged coronary diameter is smaller. The anastomotic
side was designed at 6.75 mm in diameter to simulate
extreme diameter mismatch with the anticipated bulging
of the graft. This combined effect accounted for the

so, the flow was evaluated in a conventional anatomic anastomotic diameter to be about 40% larger than the
model of a coronary artery anastomosis, which exhibited host diameter. In addition, the anastomotic side was de-
some representative geometric features of the graft suchsigned with a curvature towards the host vessel, which
as hood, curvature, and bulging at the junction.

This model was compared to an equivalent model of 60°, as shown in Fig. ).

similar geometric features with a Ni—Ti graft implant

started at 30° and connected with the host at an angle of

The implanted model was designed with the same

designed to stabilize and streamline the flow by remov- diameters of 4.75 and 6.75 mm for the host and graft,
ing the curvature and bulging at the connection.

FIGURE 2. (a) Outline of the conventional anastomosis

model with indication of measurement locations. A at the
anastomotic flow divider, B one diameter downstream, C two
diameters downstream, and D four diameters down-

stream.

(b) Outline of the anastomosis with the implant.

respectively. The implant in the simulated model was
deployed and fastened using the same procedure as the
one used during bypass surgery.

Therefore, the conventional model simulates a model
of an anastomosis, representative of the cardiothoracic
procedure, where the curvature at the hood is present
where the anastomosis meets the host vessel, and the
bulging is present following the exposure of the vein to
the arterial pressure conditions. The implanted model
simulates a more streamlined connection without a cur-
vature or a bulge to elucidate the hemodynamic benefits
of such a connection as designed by the manufacturer.

Solids and rapid prototype models of the interior vol-
ume of these vessels were created using I-DEAS solids
modeling software and stereolithography. The rapid pro-
totypes were polished and electroplated to prevent adhe-
sion during the molding process. The models were then
constructed of a silicone elastomer Sylard 1&Jow
Corning Midland, M), which satisfied the requirements
of a clear optical path. The flow area at the intersection
of the conventional anastomosis model had an oval shape
of an area of 33 mmand the implant flow area had a
quasielliptical shape with a total flow area of 35 fyras
shown in Fig. 1. The diameter of the coronary artery
section was 4.75 mm and the saphenous section 6.75
mm. The thickness of both models varied between 0.9
and 1.1 mm and the thickness to diameter ratio was 0.24
for the host and 0.13 for the bypass and were within
physiologic values? The compliance of the model was
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of the model. This compares favorably with the coronary 400
artery compliance of 0.59%, but less favorably with the
saphenous vein compliance of 0.44%. 350 A\
300 \
Flow System 250 !4
A schematic diagram of the flow setup is shown in g 200 ;

Fig. 3. The blood mimicking fluid used was an aqueous é 150
solution of glycerin(36% glycerin by weight which had % 100 ;
a dynamic viscosity of 3.0 cP and density of 1086 k§j/m w }
The anastomosis model was placed in a test fluid-filled 50
tank to eliminate gravity-driven distortion and facilitate 0 ; ‘ ‘
flow visualization. The proximal side of the graft was 50 0.2 0.4 0.6 %
connected to an in-house constructed pulse duplication
device. Compliance chambers, which served to control (b "% Time (s)

wave reflections and create a physiologic signal, were _

placed proximal to the graft inlet and distal to the exit of FIGURE 4. (a) Pressure wave form comparison between
the host artery. The pump operated at 75 beats(s physiologic and experimental. (b) Flow wave form.

Hz) and the total flow rate was 75 ml/min. Flow was

monitored upstream and downstream of the test section

by electromagnetic flowmeter probes to continuously Reynolds number was 580 and the mean Reynolds was
monitor flow through the test sectid®M 501, Carolina 200 based on the diameter of the coronary artery section
Medical Electronics, King, NC Pressure was monitored (4.75 mnj. The flow was 1 ml/stroke. The Womersley
upstream and downstream of the test section using Lin- number was 1.5. Under these flow conditions, the con-
ear Variable Differential TransformefLVDT) pressure  ventional anastomosis model exhibited a diameter exten-
transducergValidyne, model DP15TL Northridge, OA  sjon of about 3% at the coronary artery section and about
The transducers were calibrated in cm of water with a 3.5% at the sinus section of the anastomosis. A 3% wall
static water column. The upstream pressure wave form motion was also observed at the coronary and anasto-
was taken from a subject who had received a saphenousmotic sections of the implanted model.

vein graft and underwent diagnostic catheterizafibiy.

4(a)]. A comparison of the experimental and physiologic

pressure wave forms are shown in Figa4and the Flow Visualization Setup
resulting flow wave form in Fig. @).
A flow division of 100:0 distal to proximal outlet Food dye was dissolved in the mixture injected

segment(DOS:POS$ was maintained in the setup to through a 20 gage needle through the proximal outflow
simulate conditions of 100% stenosis in the proximal section. The qualitative flow events were recorded on a
part of the host vessel with no flow upstream to possible digital camera, Nikon Coolpix 990, Nikon, Japan, with a
collaterals. This simulated the extreme case. resolution of 3.34 Mpixels, from lateral and top views.

All hemodynamic parametef®eynolds number, flow  The camera was synchronized with the pulse duplication
rate, pressujewere within physiologic range. The peak device to match flow images with cycle phase.
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Conventional Anastomosis Model

Top View Lateral View

(©) Near zero flow (decelerating phase) (d)

3 o ’,";«,;

@) Maximum negative flow ®
FIGURE 5. (a)-(f) Qualitative flow features visualized in the conventional anastomosis model (top and lateral views ).
Laser Doppler Velocimetry Setup package used in the operation of the Dantec LDV sys-

Dantec ElectronicsMahwah, NJ provided the one- tem, gcquired and processed the velocity data. Ave.rage
dimensional LDV system. This system utilized a Uni- Sam!o"”g rates ranged from 100 to 200 Hz af‘o_' .remamed
phase 20 mW He—Ne laser tube as the coherent light relatively constant throughout the data acquisition. Four
source. The LDV sample volume dimensions were 1.5 critical points were selected as the measurement loca-
X0.2X0.2mm. A Computer-contro”ed traverse table tions within the coronary vessel. Point A at the center of
provided the means for positioning the laser optical the connection, point B right below the toe, point C two
transducer. The axial and radial velocity components diameters from the center of the connection, and point D
were measured at each site. FLOWARE, a software four diameters from the center of the connection. The
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Anastomosis Model with Implant

Top View Lateral View

(a) Maximum positive flow (b)

(©) Near zero flow (decelerating phase) (d)

(e) Maximum negative flow ®

FIGURE 6. (a)—(f) Qualitative flow features visualized in the implanted anastomosis model (top and lateral views ).

interrogation process utilized the small dimensions of the out the cardiac cycle were evidenced by significant sec-
laser sample volume, thus accessing the centerline ofondary structures throughout the cycle. This included
each measurement point from the top wall to the bottom two antisymetric helices covering the whole cross section
wall. The sample volume was first focused on the top with strongest radial velocity components at end diastole.
wall, which served as the reference point in locating each Flow separation seemed predominant at the heel as well
of the measurement points. The calculation of the exact as the toe. The secondary flow structures propagated into
location of the sample volume considered the beam anglethe main branch and showed shedding into the proximal
and optical refraction. part of the coronary artery brandROS on the side of
the stenosis, indicating regions of flow stasis and low
RESULTS and oscillating shear stress. Their significance down-
stream of the flow divider could not be qualitatively
assessed due to the small scale of the model. A stagna-
The dye trajectories indicated a region of highly dis- tion point was qualitatively located directly below the
turbed flow at the connection. At the bulge, exchanges in flow divider. The qualitative flow features are shown in
momentum from axial to radial and vice versa through- Figs. 5a)—5(f).

Flow Visualization
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FIGURE 7. (a) Axial velocity component at A [at the anasto-
motic flow divider as shown in Fig. 2 (a)] for each mod-
el. (b) Radial velocity component at A for each model.

Anastomosis Model with the Implant

For the model with the implant, the general features .

of anastomotic flow such as flow separation and dis-
turbed multidirectional flow, were still present; however,

the features appear more streamlined than those in the

conventional mode|Figs. §a)—6(f)]. A disturbance up-
stream of the connection at the rigid compliant interface
was observed, which may be a result of the geometric
discontinuity and compliance mismatch Figgb)6and
6(c).

Laser Doppler Velocimetry

The quantitative flow features in the form of velocity
time histories at points A, B, C, and [Fig. 2(a)] be-
tween the conventional anastomosis mo@@AM) and
the implanted anastomosis modéAM ) are compared
below.

Point A. This is a location right at the center of the
flow divider. Axial velocities varied between 0.14 and
0.2 m/s in the CAM and between 0.2 and 0.12 m/s for
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Axial Component at Point B
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FIGURE 8. (a) Axial velocity component at B
from the anastomotic flow divider ) for each model.
dial velocity component at B for each model.

(one diameter
(b) Ra-

the IAM [Fig. 7(@)]. The two wave forms were disturbed
and showed sudden temporal and spatial velocity gradi-
ents and reversal of direction. The radial velocities also
indicated a high level of local disturbances. The magni-
tudes varied from-0.09 m/s to 0.11 s for the CAM and
—0.06 to 0.25 m/s for the IAMFig. 7(b)].

Point B. Right below the toe, it is seen that the 1AM
exhibited significantly higher axial velocity magnitude
and variations than the CANIFig. 8@a)]. The character
of the IAM wave form also showed fewer local distur-
bances than the CAM. The IAM wave form varied be-
tween —0.27 and 0.65 m/s and the CAM wave form
between—0.18 and 0.39 m/s. The increase in momen-
tum in the axial direction in the IAM case coincided with
a lowering effect on the radial velocity magnitude and its
variation, as shown in Fig.(B). Radial velocity variation
for the IAM was between-0.07 and 0.18 m/s, while for
the CAM it was higher, and varied between0.10 and
0.25 m/s.

Point C. Two diameters from the center of the connec-
tor, the 1AM showed an even higher tendency towards
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Axial Component at Point C
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FIGURE 9. (a) Axial velocity component at C  (two diameters
from the anastomotic flow divider ) for each model. (b) Radial
velocity component at C for each model.

alignment in the axial direction with an axial velocity
magnitude variation fromt-0.26 to 0.71 m/s in contrast
to —0.13 and 0.46 m/s for the CANFig. 9a)]. In the
radial direction, the velocity component of the IAM was
reduced to the range of 0.03 to 0.07 m/s. The CAM
maintained a much higher radial velocity magnitude and
ranged between-0.09 and 0.011 m/gFig. 9b)].

Point D. Finally, four diameters from the center of the
flow divider, the axial velocity wave forms show similar
features between the two mod¢Eg. 10a)]. The mag-
nitudes varied between 0.027 and 0.6 m/s for the 1AM
and —0.19 and 0.46 m/s for the CAM. In the radial
direction the CAM preserves the radial component of the
velocity more than the 1AM, as shown in Fig. ). The
IAM radial velocity varies from—0.05 to 0.06 m/s while
the CAM oscillates between-0.1 and 0.1 m/gFig.
10(b)].

The maximum, minimum, and mean values of veloci-
ties at each point and direction are shown in Figgajd
11(f).
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FIGURE 10. (a) Axial velocity component at D
eters from the anastomotic flow divider ) for each model.
Radial velocity component at D for each model.

(four diam-

(b)

DISCUSSION

This study compared the qualitative and quantitative
differences of the general flow characteristics of two
models which simulated a conventional anastomosis
(CAM) and one with an implaniAM ). The anastomotic
model without the implant showed that three-
dimensional helical patterns were present in the anasto-
motic junction and were accentuated in the presence of
the sinus and point of curvature. Regions of disturbed,
separated, stagnant, and oscillatory flow were identified
from the flow visualization and LDV experiments and
confirm earlier studies with scaled up mod&$l%

The flow visualization data indicated a flow distur-
bance observed at the upstream interface between the
rigid implant and the compliant wall of the anastomosis
[Figs. b) and 6c)] can be explained by geometric con-
siderations. The thickness of the implant is about 0.5 mm
and the diameter is 5 mm. This rigid end connects to a
compliant 7 mm diam vessel, which creates a diameter
mismatch and also a compliance mismatch. Redesigning
the implant to avoid this mismatch would be necessary
in an improved design prior to clinical implementation.

The purpose of the implant was first to minimize
suturing and trauma and then to streamline the flow.
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FIGURE 11. Statistical comparison of maximum, minimum, and mean axial and radial velocity for each measurement location.

Inevitably, the implant cannot avoid the inherent charac- Comparison of the maximum, minimum, and mean val-
teristics of anastomotic flow such as separation at the toeues of the velocity at each point shows that for points B,
and heel, formation of a stagnation point at the bed of C, and D, the maximum, minimum, and mean axial ve-
the host vessel, and vortex shedding into the proximal |ocities are higher in the IAM while the maximum, mini-
outflow track(POS. However, the cylindrical, rigid NiTi  mum, and mean radial velocities are higher in the CAM,
implant did provide streamlining of the flow at the junc-  thus confirming the presence of higher axial momentum
tion, and reduced the disturbances at the sinus and down+p the host vessel section of the IAM.

stream, as evidence by the laser Doppler velocity data  pyriher near-wall quantitative information with LDV
along the centerline of each model. The effect is most 504 \with CFD studies are necessary to provide precise
profound at locations B and C where the axial COMPO- i ¢ormation on the details of the near-wall flow phenom-

?hentstr? t tg:,\zent_ter:h?e Werle mlu(cj:h tgrgater n _trhhe lAM ena and to further assess the hemodynamic performance
an the with Tewer local disturbances. The in- ¢ 4,0 implant. Such information will be available in the

crease in the axial component was accompanied by a . o .
. near future and will be vital in the future improvement of
decrease of the radial component. Hence, at the same

locations B and C, the IAM radial velocity components the implant d_e5|gn. o i :
were lower than the corresponding of CAMigs. 8 and In conclusion, the quahtgtl_ve and quantitative stl_Jd|es
9). This shows that the presence of the streamliner pre- Performed showed streamlining of the flow at the junc-
serves the momentum in the axial direction and reducestion and the reduction of secondary structures in the
the conversion of momentum to secondary directions. In model with the implant. This alone is a positive factor
the CAM the helices created due to the curvature and Since the axial component of the velocities has been
sinus geometry at the connection influenced the down- increased at the expense of the radial components, there-
stream features of the flow in the host vessel, causing thefore, more energy is used to drive blood flow forward
momentum to be reduced in the axial direction and in- and less energy is wasted in creating secondary flow
creased in the radial direction. The increased radial ve- structures and recirculation, which contribute to flow sta-
locity magnitude is preserved in the CAM even four sis. The reduction of disturbances alone may be a favor-
diameters from the connection at point [Big. 10b)]. able factor against the formation of intimal hyperplasia.
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Limitations

Our study used only one flow division ratio, namely,
no flow through the proximal outflow section. This rep-
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end-to-side anastomosigrch. Surg. (Chicago)115:1280—
1284, 1980.

0pavid, G., and C. Andreas. Review of Physiology, Appleton
and Langes’, 1997.

resents the hemodynam|ca||y worst-case situation of a DaVIES P. F. Flow mediated endothelial mechanotransduction.

completely occluded coronary vessel and no flow to col-
lateral vessels. Different flow division ratios through the
POS could provide more information regarding the func-
tion and efficiency of the model. Guet al,** however

Physiol. Rev.75:519-560, 1995.

2Echave, V., and A. Koornick. Intimal hyperplasia as a com-
plication of the use of PTFE graft for femoral popliteal.
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support the idea that anastomoses should be connected M. Ojha. Flow wave-form effects on end-to-side anastomotic

close to the stenosis to avoid a flowfield to the collater- ,
als, which deteriorates the hemodynamic conditions at

the anastomotic junction.

In addition, even though the models were compliant
and exhibited realistic wall motion, their compliance
characteristics are different than the physiologic compli-
ance of a coronary artery bypass graft, which may affect |
the compliance mismatch characteristisee, also, Refs.

1, 2, 6,7, 12, 14, 15, and 17
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