






Harnessing Haemodynamic Forces: Rationale for Precuffed Grafts 

Fig. 2. Flow visualisation within a precuffed graft model. (a) acceleration, (b) peak systole, (c) deceleration, (d) diastole. 

distance along the superior wall of the artery and 
persisted from deceleration until the onset of diastole 
(approximately 0.1 s), whereupon the retrograde flow 
eliminated it. 

Onset of diastole was characterised by reverse flow 
within the run-off vessels. Fluid from the distal outflow 
passed along the artery floor, inferior to the vortex, 
and ascended up the proximal cuff wall, where it was 
joined by flow from the proximal vessel. The direction 
of diastolic flow within the cuff perpetuated the anti- 
clockwise rotation of the vortex, and created a short- 
lived flow division point along the roof, where graft 
becomes cuff. 

There was little net outflow in the latter stages of 
diastole, however the vortex persisted, behaving in a 
characteristic manner, expanding as it rotated. The 
arrival of the next cardiac cycle completely removed 
all the flow particles from the cuff. 

A monophasic waveform, with continuous low ve- 
locity forward flow throughout diastole, produced sim- 
ilar flow patterns, with a stable vortex developing in the 
deceleration phase and persisting throughout the cycle. 

Outflow distribution imparted some minor changes, 
with purely distal outflow reducing the size of the vor- 
tex; otherwise flow remained similar (Fig. 3). 

Doppler studies (Fig. 4) 
The acceleration phase of the cardiac cycle was char- 
acterised by purely antegrade (red) flow within the 
graft and cuff in a longitudinal plane. As the cycle 
moved from peak systole into the deceleration phase, 
an area of retrograde flow, s i g h e d  by blue, was seen 
to develop within the proximal aspect of the cuff. This 
expanded to occupy the proximal half of the cuff. This 
flow structure persisted for the rest of the cardiac 
cycle. A view through the transverse axis of the graft 
and cuff verified the position, direction of motion, and 
relationship to the cardiac cycle of this flow structure 
(Fig. 5a). 

A velocity profile of flow through the cuff, from 
top to bottom, clearly indicated an antegrade flow 
component within the superior cuff, changing to a 
retrograde component within the inferior cuff (Fig. 6a) 
representing the rotational flow of a vortex. 
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Fig. 3. Flow violalisation within precuffed graft model. A vortex demonstrated with (a) purely distal flow and (b) monophasic waveform. 

Fig. 4. Do@r &W flew mapping of in pmwfkl models de 
cycle. (a) accelmtion, @) peak systole, (c) deceleration, (d) late diastole. 
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within the body and proximal aspect of the cuff (Fig. 
7). The location of this flow structure was reiterated 
when viewed in the transverse plane (Fig. 5b). The bi- 
directional features of this flow were confirmed by 
assessment of velocity distribution in the longitudinal 3 plane (Fig. 6b). 

~ardiaF gating identified unidirectional flow 
through the cuff during the acceleration phase, de- 
veloping into a bi-directional flow structure at peak 
systole and during deceleration, characterised by the 
red and blue colour mapping (Fig. 7). This structure, 

I I with antegrade and retrograde flow components, per- 

/ 
sisted throughout the remainder of diastole. 

This characteristic flow structure typified the vortex 
described in the in vitro experiments, and was iden- 

I tified within the body and proximal aspect of the cuff 
in 17 of the 22 grafti (77%)- assessed b; Duplex scan. 

Discussion 

The hypothesis behind the precuffed graft is that of 
suppression of intimal hyperplasia through op- 
timisation of haemodynamic forces, and is based upon 

Fig. 5. Colour flow mapping in the transverse plane. (a) in vitro, strong experimental evidence of an inverse re- 
@) in vivo. 

lationshiv between mean wall shear stress (WSS) and 
myoint&al h y p e r p l a ~ i a . ~ ~ ~ ~  The predilection f o r ' ~ 1 .  
deposition at the heel, toe and recipient artery floor 
of an end-to-side anastomosis correlates with regions 
of flow separation and low wall shear stress in bench 
studies.13 This concurs with work reported by Bassi- 
ouny et a1.,2' which in addition identified the presence 
of suture line intirnal hyperplasia in both PTFE and 
venous grafts. Such findings imply that different types 
of juxta-anastomotic hyperplasia may exist, indicating 
a multifactorial aetiology. MIH occurring in the suture 
line may be in response to surgical trauma,2l although 
its greater prominence in prosthetic material may add 
credence to theories relating to compliance mismatch. 
Bassiouny speculated that such differences in the 
mechanical properties of the artery and graft may 
create an anastomotic sinus that induces secondary 
flow patterns in the vicinity of the suture line, in- 
teracting with biomechanical and humoral factors to 
modulate suture line intirnal thickening. In contrast 
however, Sottiurai described a series of animal ex- 
periments in which end-to-side anastomoses to canine 

I femoral artery were created using PTFE with and - I without a venous collar, autogenous vein and auto- 
genous artery. Histological examination identified the 

Fig. 6. Velocity profiles at the distal anastomoses of (a) in vitro and of intimal hyperplasia at the heel, toe and 
@) in vivo precuffed grafts. Different scanners are used, however 
anteerade and retrograde com~onents of vortical flow are dem- the artery in 
ons&ted in both (aGoows). those where no compliance mismatch existed." 
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Fig. 7. Duplex of in vivo precuffed graft. Cardiac gating identifies the vortex forming at peak systole, and persisting through diastole. 
The vertical line indicates the point in the cardiac cycle. 

Whether the easier handling of either vein or the 
precuffed graft over standard PTFE diminishes the 
extent of vascular injury is a subjective quantity. The 
suture h e  hyperplasia identified by Bassiouny may 
be anticipated to be more prominent in the precuffed 
graft than vein, due to the physico-chemical boundary 
that exists between the artery and the non-autologous 
PTFE. This, however, may be self-limiting and abate 
once intimal remodelling has resolved the surface 
irregularity. 

Myointimal hyperplasia not directly related to the 
suture line, but occurring along the artery floor, has 
been shown to appear in equal volumes in both venous 
and PTFE grafts, which suggests that it accrues pre- 
dominantly in response to haemodynamic forces ex- 
perienced within the a n a s t o m o ~ i s . ~ ~ , ~ ~ , ~  The relatively 
static flow division point reported by How et al.13 in 
end-to-side models was shown to create a region of 
low wall shear stress, and corresponds to the location 
of this MIH. The primary intention of anastomotic 
engineering therefore, is inhibition of this type of MIH 
through harnessing of haemodynamic forces, namely 
wall shear stress. Our experiments have identified 
that the precuffed graft accurately reproduces the 
anticipated flow patterns, particularly a vortex, within 
the anastomoses of both in vitro and in vivo grafts. It 
has been shown that the presence of a similar vortex 
within the Miller cuff leads to the redistribution of 
mean WSS at critical points in the recipient artery13 

and we believe that such benefits can be extrapolated 
to apply to the precuffed graft. We also observed that 
the flow division point in our model was dynamic, 
moving distally as the vortex forms during systole, a 
flow characteristic also described in the Miller cuff.l4 
This potentially removes the region of very low wall 
shear stress associated with a static flow division point 
along the artery floor. 

Further benefit may be imparted by a vortex in the 
form of improved mixing of blood products. The 
rotational motion persists throughout diastole, en- 
couraging mixing during a period of the cycle when 
stasis may be expected. Platelets undergoing stasis 
and with prolonged periods of exposure to injured 
endothelial surfaces, are activated and mediate the 
release of mitogenic and chemotactic factors which 
play an important role in the development of MIH." 

The shape of the precuffed graft may also have 
additional advantages besides that of generating a 
vortex. The redistribution of MIH in the Miller cuff 
up to the graft/cuff junction may be a function of 
compliance mismatch, but flow visualisation has also 
identified a region of flow separation at the toe of this 
junction, which may be anticipated to demonstrate 
low shear stress. Our earlier studies on cuff geometry 
suggest that the degree of flow separation is dependant 
upon the dimensions, with particularly prominent 
areas observed in long cuff models. We have attributed 
this flow phenomenon to the creation of a "shoulder" 
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