Clinical Investigation

The Geometry and Mechanics of Saphenous Vein
Patch Angioplasty after Carotid Endarterectomy

FTER ENDARTERECTOMY of the
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1 elucidate some of the mechanisms that may account for the potential
advantages and disadvantages of saphenous vein patch angioplasty (VPA) after
endarterectomy of the carotid artery, the author evaluated 50 VPAs with respect
to geometry, blood-flow velocities, and wall mechanics. The mean internal carotid
artery (ICA) diameter cephalad to the vein patch was 4.5 mm, whereas the mean
diameter of the patched segment was 74 mm. The mean ratio between the
cross-sectional area of the patched ICA and the cross-sectional area calculated
as if the artery were nonpatched was 2.9. In the presence of restenosis sufficient
to occlude the nonpatched artery, this ratio was decreased to 1.9 when the artery
alone was stenosed and to 0.49 when both the artery and the vein patch were
stenosed. The mean ratio between the peak blood-flow velocity distal to the patch
and the blood-flow velocity in the patched segment was 3.4. These area and
velocity ratios indicate that the wall shear stress in the patched segment was
three to five times lower than that in the distal ICA.The normal stress in the
circumferential vein patch wall was two to three times greater than that in veins
used as bypass grafis at the same intraluminal pressure. In comparison to
primary arteriotomy closure after carotid endarterectonty VPA provides a par-
tially endothelialized flow surface, a significantly greater cross-sectional area,
and a relatively mild wall shear stress; all three of these factors may protect
the artery against both hemodynamically significant restenosis and early post-
operative thrombosis. (Texas Heart Institute Journal 1987; 14:395-400)
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and saphenous vein

internal carotid artery (ICA), restenosis
and early postoperative thrombosis are a com-
mon source of mortality and morbidity. This
complication has been estimated to occur after
5% to 19% of carotid endarterectomies, but
only 20% to 30% of the patients become symp-
tomatic.'® Because of advances in operative
techniques and perioperative care, the inci-
dence of postoperative neurologic deficits
tends to be low; nevertheless, restenosis and
early postoperative thrombosis remains a major
problem. Patch angioplasty reconstruction with

segments,'""!? as well as carotid bifurcation
advancement,'> has been advocated as a
means of decreasing the risk of this complica-
tion. Recent evidence has revealed that the
incidence of early postoperative thrombosis
and restenosis after endarterectomy is signifi-
cantly lower when reconstruction is achieved
with a saphenous vein patch angioplasty
(VPA) than when a primary arteriotomy clo-
sure is used.'

Whereas some of the mechanisms that
account for the possible advantages of VPA

From Wake Medical Center, Raleigh, North Carolina.

Address for reprints: Joseph P. Archie, Jr., M.D., 3417 Williamsborough Court, Raleigh, NC 27609.

Texas Heart Institute Journal

‘_yandM hani ofcrl.

Vein Patch Angioplasty 395



are obvious (such as a partially endothelialized
flow surface and an increased cross-sectional
area in the endarterectomized segment), others
are not. Of particular importance is the recon-
struction of small ICAs, as well as of long
arteriotomy incisions and endarterectomies
that extend cephalad to the bulbous segment
of the ICA. To elucidate some of the mech-
anisms that may account for the potential advan-
tages and disadvantages of VPA, the author
evaluated 50 VPAs with respect to geometric
characteristics, blood-flow velocities, and
wall mechanics.

METHODS

This study was based on 50 carotid endarte-
rectomies in which the arteriotomy and endar-
terectomy extended cephalad to the bulbous
segment of the ICA. In each operation, the
endarterectomy was completed, without tack-
ing sutures, and the endarterectomy end point
extended distal to what was judged to be the
terminal point of the ICA bulb. The arteriot-
omy incision extended 4 to 6 mm distal to the
end point of the endarterectomy; therefore,
placement of the vein patch resulted in a tapered,
completely endothelialized end point. In all
cases, a segment of the greater saphenous vein
was obtained from just above the patient’s ankle.
The segment was tailored to provide a 5- to
8-mm-wide patch that did not balloon out and
that was not excessively large. Figure 1 shows
the sites of the geometric measurements, which
were made with a sterile caliper in the operating
room after the vein had been reconstructed and
the blood flow reinstituted. These measurements
included the diameter of the ICA cephalad to
the endartarectomy and the vein patch, the
diameter of the patched segment 1 cm from
its cephalad end, and the major and minor
axes of the elliptical cross-section of the caro-
tid bulb. The diameter of the patched segment
of the common carotid artery below the bulb
was also measured.

Cross-sectional areas were calculated according
to the formula A = wd?%4, in whichd = diameter.
Figure 2 is a schematic view that shows the basis
for calculating the surface area occupied by the
vein patch and the cross-sectional areas, if resteno-
sis is postulated to be sufficient to occlude the
nonpatched artery. Restenosis of the endarterec-
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tomized artery alone, as well as of both the artery
and the vein patch, is considered. The relationship
between the cord of the vein patch, the patched
ICA diameter (d) shown in Figure 1, and the angle
(0) of Figure 2 was: cord = d sin 6/2. This
equation allowed calculation of the angle 6 in
order to determine the percentage of surface area
occupied by the vein patch.

Intraoperative continuous-wave Doppler
velocity wave forms were recorded with a
sterile probe, held at an approximately 45°
angle to the blood-flow axis over the midseg-
ment of the patched ICA and over the portion
of the artery distal to the vein patch. Normali-
zation of mean and peak blood-flow velocities
for comparison between patients was accom-
plished by using the ratio between the flow
velocity in the ICA cephalad to the vein patch
and the flow velocity in the patched ICA seg-
ment. Estimates of wall shear stress are based
on the formula T =pdV/dr, in which p=
viscosity, V = velocity, and r = the radial
coordinate.'> The velocity gradient at the wall
can be approximated with the formula dV/dr=
Ad/Ar, in which AV = the mean velocity gra-
dient from the wall (zero velocity) to mean
main-stream velocity V, ..., and Ar = the
distance from the wall to mean main-stream
velocity. Thus, the ratio of wall shear stress
in the patched ICA segment to the wall shear
stress in the cephalad ICA is AV o/ AV gigials
when Ar,,, = Argg,; this is a reasonable
assumption based on known velocity profiles
of pulsatile flow in round conduits.'® Since
AV = V_ ..., the wall shear stress ratio of
two segments can be estimated from the ratio
of the mean velocity ratios, or T cn/Tyistal =
Vpatch/ Vdistal- Maximum values occur at peak
systolic flow. A second way of estimating the
shear stress ratio in these two arterial segments
can be derived from simple principles of fluid
mechanics: For incompressible fluids, such as
blood, flowing in a conduit with a circular
cross-section of area A and diameter D, the
continuity equation'> would be Q = VA for
each segment where Q = flow rate and V =
mean velocity. Because flow in the patched
ICA segment Qpuchn = Quistair then (VA)och,
= (VA)distah orV atch/Vdistal = Adistal/ Apatch
= (Dygista/Dpatcn),” since A = wD?%4. Thus, the
ratio between the wall shear stress in the patched
segment and the wall shear stress in the distal
segment can be estimated from the reciprocal of
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the diameter ratios squared, or Tpucn/Tyis™
(Ddislal/Dpatch)z'

Normal stresses affecting the vein patch wall
were calculated according to the standard formulas

for estimating circumferential (Tc) and longitudi-
nal (T) stress in a thin-walled cylinder'”:

Te = Pr/tand Tl = Pr/2t
where P = hydrostatic transmural pressure,

Fig. 1 Schematic diagram of saphenous vein patch
reconstruction of an endarterectomized carotid artery.
The arrows indicate the sites where the three arterial
diameters and the vein patch cord diameter were mea-
sured. The diameters of the major and minor axes of
the elliptical cross-section of the common carotid bulb
were also evaluated.
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Fig. 2 Cross-sectional schematic views of an endar-
terectomized internal carotid artery after reconstruc-
tion with a vein patch segment (left) and after primary
closure (right): (A) at completion of reconstruction;
(B) after restenosis of the endarterectomized segment
sufficient to occlude the nonpatched artery; and (C)
after restenosis of the endarterectomized and vein
patch segments sufficient to occlude the nonpatched
artery.

r = radius, and t = wall thickness. Calcula-
tion of the maximum wall circumferential nor-
mal stress in the common carotid bulb was
based on the maximum radius of curvature of
an ellipse, r = A%/2B, where A = the major
axis diameter and B = the minor axis diam-
eter. Wall stress calculations for the vein used
as a tube graft were made according to the
standard geometric formulas for determining
the relationship between the measured cord
and the circumference of the vein. In calcu-
lating the areas, wall thickness was not con-
sidered; therefore, the outside and inside
diameters were considered identical (a minor
source of error).
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RESULTS

Table I presents the geometric measurements
associated with VPA, as well as the area calcu-
lations, velocity ratios, and wall stresses (both
shear and normal). In comparison to primary
arterial closure above the ICA bulb, VPA yielded
a significantly greater cross-sectional area in the
distal patched ICA segment. The values for the
residual luminal cross-sectional areas presented in
Table I are shown in Figure 2. The similarity between
the mean blood-flow velocity ratios and the cross-
sectional area ratios is consistent with the principle
of the conservation of mass.'> The longitudinal
wall stress equalled only half of the circumferential
stress; accordingly, only the latter variable was of
clinical importance. The maximum circumferen-
tial stress occurred in the elliptical segment of the
common carotid bulb, where the radius of curva-
ture is maximum.

Postoperative follow-up consisted of clinical
and noninvasive laboratory testing with Gee
OPG and direct continuous-wave Doppler tech-
niques. Over the 6- to 18-month follow-up
period, no vein patch rupture or aneurysm for-
mation was encountered, and there was no
instance of ICA thrombosis or hemodynamically
significant restenosis.

DISCUSSION

The use of saphenous VPA to reconstruct caro-
tid endarterectomies that extend distal to the
ICA bulb may be advantageous to primary closure
of the distal segment, which may lead to early
thrombosis or significant restenosis. Because VPA
results in a threefold increase in the artery’s cross-
sectional area, this technique may provide a mar-
gin of safety against the development of restenosis
in the endarterectomized segment. Even if both

TABLE I. Geometry, Calculated Areas, Velocity Ratios, and Stresses Associated with
Saphenous Vein Patch Angioplasty after Endarterectomy of the Internal Carotid

Artery (ICA)
Mean + 1SD
Variable (n=50)
Diameter of the ICA cephalad to the vein patch 4.5+0.98 mm
Diameter of the patched ICA segment 1 cm fromits cephalad end 7.4+1.03 mm
Diameter of the common carotid bulb (circular cross-section) 78=+1.11 mm
Diameter of the common carotid bulb (elliptical cross-section):
Major axis, A 9.7+1.57 mm
Minor axis, B 79+1.21 mm
Percentage of the ICA surface composed of vein 37.6+6.05
Ratio of the cross-sectional area of the patched segment to the 29+0.86
cross-sectional area of the distal ICA (see Fig. 2A)
Ratio of the cross-sectional area of the patched segment to the 1.9+0.86
cross-sectional area of the distal ICA with restenosis sufficient to
occlude the nonpatched artery (restenosis of the artery only)
(see Fig. 2B)
Same as above, but with restenosis of both the artery and the 0.49+0.245
vein patch (see Fig. 2C)
Ratio of the mean blood-flow velocity in the distal ICA to thatin the 3.4+1.31
patched segment
Ratio of the wall shear stress in the patched segment to that in the
distal ICA:
From velocity ratio 0.19+0.056
From diameter ratio 0.34+0.119
Ratio of the wall circumferential stress in a patch at the carotid bulb
tothatin a vein used as atube bypass:
Circular cross-section 2.1+0.33
Elliptical cross-section 3.1+0.36
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the artery and the vein were to develop myointimal
hyperplasia sufficient to occlude the nonpatched
artery, there would be only a 50% area stenosis
in the patched scgment.

Blood-flow characteristics are believed to play
a major role in the development of atherosclerosis,
myointimal proliferation, and platelet activation.
Because of the increase in cross-sectional flow
area provided by VPA, this technique has the
theoretical advantage of reducing wall shear
stress as much as fivefold compared to primary
arteriotomy closure. Thus, the maintenance of
predominantly laminar flow through the patched
segment, including the boundary layer, is more
likely after VPA. Boundary layer separation,
with local turbulence, has been shown to occur
at high flow velocities, particularly on rough
surfaces such as those present in nonendothe-
lialized endarterectomized carotid arteries.'”
Boundary layer separation has also been impli-
cated as a stimulator of platelet agglutination
and fibroblast activity.'® Although these issues
are not yet well understood and the calculated
shear stresses reported herein are only simplified
estimates, their importance makes them worthy
of discussion.

Fry'® demonstrated that severe wall shear
stress, at high flows, can cause endothelial dam-
age, but this finding has subsequently been
disputed.16 Such stress, however, could be an
etiologic factor in both early postoperative
thrombosis and restenosis. Because the ICA has
a relatively high normal blood-flow rate, pri-
mary closure of a small ICA or an endarterec-
tomized ICA above the bulb may result in high
wall shear stress. Furthermore, high shear stresses
may cause platelet activation, which in theory
could lead to atherosclerosis and, more important
in this setting, thrombosis. Interestingly, approxi-
mately 50% of the endarterectomies subjected to
primary closure show early evidence of significant
flow disturbance, consistent with boundary layer
separation and local turbulence, on Doppler ultra-
sound examination.?® In contrast, low wall shear
stress in the carotid bulb has also been shown to
produce boundary layer separation and perhaps
to play a role in atherogenesis at this site.?'

The author’s method of estimating the mag-
nitude of wall shear stress on the basis of
continuous-wave Doppler velocity tracings is
subject to criticism. The peak flow velocity
during the cardiac cycle is not directly known,
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but, with the Doppler probe held at an approx-
imately 45° angle to the flow axis over both
the distal ICA and the patched segment, the
ratio of the two maximum velocities should
represent a reasonably accurate generalized
estimate of the wall shear stress ratio. The
assumption that the velocity profile at peak
flow is blunted or “slug flow,” thereby allow-
ing an estimate of wall shear stress, is based
on known in vivo velocity profile measure-
ments of pulsatile blood flow.'*:1%2! The role
of wall shear stress in the development of
hyperplasia and atherosclerosis is complex,
poorly understood, and probably dependent
on the analysis of local boundary layer charac-
teristics. The simplistic approach used in this
study suggests that VPA is associated with a
three- to fivefold reduction in maximum
global ICA wall shear stress.

An interesting correlation can be made
between the geometric findings in this study
and the geometric characteristics of a normal
ICA bulb. On the basis of radiographic mea-
surements of an average carotid bulb diameter
of 7.2 mm and an ICA diameter of 4.3 mm,
the ratio between the cross-sectional area of
the normal carotid bulb and that of the ICA
is calculated to be 2.8. This value is similar
to the mean ratio between the area of the
patched segment and that of the ICA, which
was determined to be 2.9. The blood-flow
velocity ratios are identical. Because only
25% to 30% of the common carotid artery
flow normally enters the external carotid
artery, the blood-flow velocity must be signif-
icantly lower in the normal ICA bulb than in
the more distal ICA. Saphenous VPA, as
described herein, extends the normal-sized
carotid bulb up the ICA above the endarterec-
tomized segment, thus converting the hemo-
dynamics of this segment into those of the
normal bulb rather than those of the smaller
distal segment.

The calculated circumferential wall normal
stress in a saphenous vein segment used as a
carotid patch is approximately twice what it
would be in the same segment if it were used
for a bypass graft at the same arterial pressure.
The circumferential wall stress is maximal in
the bulb segment at the caudad end of the
patch, where the radius of curvature is great-
est. This site of maximal stress is probably

of Saph

Vein Patch Angioplasty 399



just caudad to the external carotid orifice,
where the cross-section is slightly elliptical.
Compared to the circumferential wall stress
in a segment of greater saphenous vein used
as a tube graft, the stress in a carotid vein
patch may be three times as high. There are,
however, other surgical procedures in which
a vein graft may have a segment with a com-
parable or larger radius of curvature and
therefore be subjected to a similar high cir-
cumferential wall stress. For example, the
hood of a vein bypass placed on the ascending
aorta or on a large common femoral artery
has a large radius of curvature and hence incurs
severe wall stress (probably more severe than
that in a carotid patch). The elevated normal
wall stress in the vein patch, however, may be
a problem. Aneurysm formation has been
reported after saphenous VPA in the carotid
position,'> but the incidence of this complica-
tion is unknown and is probably quite low.
Patch rupture has also been reported; because
of enhanced wall stress, such rupture may be
a potential problem, particularly in thin or
damaged veins.
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