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Abstract

Coronary artery disease is one of the leading causes of death worldwide.
The stenotic coronary vessels are generally treated with coronary artery
bypass grafts (CABG), which can be either arterial (internal mammary
artery, radial artery) or venous (saphenous vein). However, the different
mechanical properties of the graft can influence the outcome of the pro-
cedure in terms of risk of restenosis and subsequent graft failure. In this
paper, we perform a computational fluid-structure interaction (FSI) anal-
ysis of patient-specific multiple CABGs (Y-grafts) with the aim of better
understanding the influence of the choice of bypass (arterial vs venous) on
the risk of graft failure. Our results show that the use of a venous bypass
results in a more disturbed flow field at the anastomosis and in higher
stresses in the vessel wall with respect to the arterial one. This could
explain the better long-term patency of the arterial bypasses experienced
in the clinical practice.

Keywords: CABG; intimal hyperplasia; restenosis; FSI; non-Newtonian
rheology

1 Introduction

Coronary artery bypass graft (CABG) surgery, the standard procedure to treat
advanced coronary artery disease, consists in bypassing a blocked portion of a
coronary artery in order to restore the proper blood flow to the heart. The
bypass used for the procedure is typically autologous, i.e., harvested from the
patient’s own body. In case of patients with isolated left anterior descending
(LAD) coronary artery disease, the recommended treatment is the use of the left
internal mammary artery (LIMA) bypass, due to its excellent long-term patency
rate [22]. For patients with multivessel coronary disease, together with LIMA,
other types of grafts are used to bypass the remaining coronary occlusions [36].
In particular, arterial or venous grafts may be used either as a conventional
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free (i.e., connected proximally to the aorta and distally to the diseased coro-
nary vessel) or composite (i.e., connected proximally to the first graft, usually
the LIMA, and distally to the diseased coronary artery) bypasses. In the lat-
ter case, two of the most common choices for the second graft are the radial
artery (RA) and the saphenous vein (SV), which are typically attached with a
Y anastomosis to the LIMA graft to form a composite Y-graft [9, 42]. RA and
SV grafts have both advantages and disadvantages (see [42] for a review) and
today there is still controversial evidence regarding the best choice. As a matter
of fact, several clinical trials have demonstrated better long-term patency rates
for arterial conduits (see e.g. [3, 11, 14]), however SV remains one of the most
widely used graft because of its accessibility, sufficient length, ease of use, and
in those cases where the radial artery cannot be used (e.g. when the Allen’s
test shows inadequate collateral hand perfusion or in presence of a non-severe
coronary artery stenosis) [2, 5, 58].

The main factor affecting graft patency is the development of intimal hyper-
plasia (IH) at the anastomosis between the graft and the coronary artery. IH
is the progressive intimal thickening due to abnormal proliferation of smooth
muscle cells in the tunica intima of the vessel wall, which results in the reduction
of the lumen of the graft and may eventually lead to restenosis and graft failure
[35, 38, 40]. Although the underlying mechanisms of IH development have not
been completely elucidated yet, suggested hypotheses are the presence of hemo-
dynamic disturbances (e.g., stagnation and recirculation regions) and localized
stress concentrations in the graft wall, especially in the region of the anastomo-
sis [7, 32, 48, 53]. In particular, extensive IH formation typically occurs when a
compliance mismatch between the graft and the host coronary artery is present.

Many computational studies have addressed the problem of finding a possi-
ble correlation between hemodynamics in CABGs and IH development, see [46]
for a review of recent numerical investigations. Most of them focused on the
quantification of hemodynamic parameters to explore the theory of IH develop-
ment due to the disturbed fluid-dynamics (see e.g. [17, 60]). Only a few authors
have attempted to study the influence of mechanical factors like internal wall
stresses on HI. In these studies, accurate models of the vessel wall mechanics
were considered. For instance, some authors prescribed a given internal pressure
to surrogate the blood dynamics [6].

Within this context, the fluid-structure interaction (FSI) between blood and
the vessel walls should provide a better quantification of the internal wall stresses
and at the same time would allow to assess also the fluid-dynamic factors. How-
ever, no numerical FSI simulations in patient-specific CABG geometries have
been made so far. Furthermore, despite the ever-increasing clinical interest in
the use of composite Y-grafts and the search for the best graft to be used (RA
vs SV), no numerical investigations have been made to compare the effects of
the graft choice on the resulting fluid-dynamic and mechanical factors that may
contribute to the failure of the graft.

The purpose of this work is to investigate the possible causes of graft failure
in patient-specific multiple Y-CABGs, with particular attention to the fluid-
dynamics and wall mechanics resulting from different choices (arterial vs ve-
nous). With this aim, we perform a computational FSI analysis in three patients
with multivessel coronary disease and treated with a Y-graft. In particular, we
characterize different grafts by changing their mechanical properties (Young’s
modulus) and geometric characteristics (diameter). Since the risk of graft fail-
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Coronary arteries Stenoses Bypass grafts

P1
LMCA

LAD LIMA-to-LAD
LAD

LCx RA Y-graft on LIMA-LCx
LCx

P2
LMCA

LAD LIMA-to-LAD
LAD

OM RA Y-graft on LIMA-OM
LCx-OM

P3
LMCA

LAD LIMA-to-LAD
LAD-diag

diag SV Y-graft on LIMA-diag
LCx

Table 1: Recontructed coronary vessels and bypass grafts for each patient.
LMCA = left main coronary artery; LCx = left circumflex artery; OM = obtuse
marginal artery; diag = diagonal branch of LAD.

ure is related to the degree of coronary stenosis [8, 37], for each case we consider
three possible degrees (50%, 70%, 90%) to assess the fluid-mechanic and me-
chanical factors in relation to the severity of the stenosis.

2 Materials and Methods

2.1 Patients dataset

In this study, we consider three patients (P1, P2 and P3 in the following) with se-
vere multivessel coronary artery disease who underwent off-pump CABG surgery
with a composite Y-graft. In particular, these patients featured two stenoses,
one in LAD and another one in a second coronary vessel, see Table 1 for de-
tails. In what follows, we refer to these as LAD stenosis and second stenosis.
The patients were treated with a LIMA bypass to restore LAD perfusion and
with a second graft (radial artery for P1 and P2 and saphenous vein for P3),
proximally attached to LIMA, to bypass the second stenosis, see Figure 1, top.

The follow-up study, based on three-dimensional Contrast Enhanced Com-
puted Tomography (3D-CE-CT), was performed with a Philips Brilliance CT
64-slice system with the following main acquisition parameters: slice thickness
0.67mm, slice spacing 0.33mm, reconstruction matrix 512 × 512 pixels, final
resolution 0.45mm× 0.45mm× 0.33mm.

2.2 Computational domains and mesh generation

The reconstruction of the 3D surface models representing the interface between
blood and the vessel walls was performed with a level-set segmentation tech-
nique developed in the software VMTK (http://www.vmtk.org) starting from
the CT images of the three patients. We report in Table 1 the details of the
reconstructed coronary vessels and bypasses and in Figure 1, top, the result-
ing reconstructed 3D geometries (in what follows, we refer to these as original
geometries).
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Figure 1: Top: Reconstructed 3D original geometries for patients P1 (left), P2
(middle) and P3 (right). Bottom: Corresponding modified geometries where
RA was substituted by SV in P1 and P2, whereas SV was substituted by RA
in P3. Young’s modulus E = EA = 1 × 105 Pa for the arteries (in blue) and
E = EV = 1× 106 Pa for the venous graft (in red).

The main aim of this work is to compare the mechanical answers of two
different Y-grafts commonly implanted to bypass the second stenosis. In par-
ticular, we consider the radial artery (RA) and the saphenous vein (SV), ideally
implanted in the same patient in order to discard other possible sources of dif-
ference. To this aim, we characterized the two grafts as follows:

1) by using different Y-grafts diameters (SV is bigger than RA);

2) by using different values of Young’s modulus (SV graft is stiffer than RA
graft, see Discussion).

In view of the first point, for each patient we created a second modified
geometry obtained by virtually changing the Y-graft diameter. In particular,
both for P1 and P2, the SV Y-graft modified geometry was characterized by
a diameter of 3.5mm [12] (original RA bypass diameters of about 2.4mm and
2.7mm, respectively), whereas for P3 the RA Y-graft modified geometry was
characterized by a diameter of 2.5mm [12] (original SV bypass diameter of
about 3.2mm).

As for point 2 above, in the numerical simulations we used E = EA = 1 ×
105 Pa for RA [30] and E = EV = 1× 106 Pa [57]. For the remaining (arterial)
part of the geometries (both original and modified), we set E = 1×105 Pa. See
Figure 1.

For each of the six considered cases (RA and SV Y-grafts for each of the three
patients), we virtually varied the degree of the second stenosis (located in LCx,
OM and diag for patients P1, P2 and P3, respectively, see Table 1), maintaining
the LAD stenosis degree to its original value of 90%. In particular, we considered
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three virtual scenarios characterized by 50%, 70%, and 90% stenosis degree.
This was obtained by means of the technique proposed and reported in [20].

In view of the numerical simulations, for each of the eighteen geometries
(three second stenosis degrees for each of the six cases), we created the volu-
metric meshes of tetrahedra for the fluid domain. Local mesh refinements were
performed at the level of the stenoses, proportional to the degree of the stenosis.
The resulting number of tetrahedra were about 350k, 650k, and 660k for P1, P2
and P3, respectively, for both the original and modified geometries. Then, we
created the meshes for the solid domain by extruding outward the fluid mesh
and selecting a total wall thickness of 0.5mm, which is a reasonable value for
both the coronary arteries [61] and the grafts [10]. The resulting number of
tetrahedra for the solid meshes were about 250k, 460k and 500k for P1, P2 and
P3, respectively, for both the original and modified geometries. We report in
Figure 2 some details of the fluid and solid meshes of P1.

Figure 2: Details of the fluid and solid meshes of P1. Left: different coronary
stenosis degrees (LCx) of the fluid domain for the RA case. Middle: different
fluid meshes for the RA and SV Y-graft cases. Right: solid mesh at the LMCA
bifurcation for the RA case.

2.3 Governing equations and boundary conditions

Referring to Figure 3, let Ωf and Ωs be the current fluid and structure domains,
respectively. In the first one, the Navier-Stokes equations for an incompress-
ible, homogeneous, non-Newtonian fluid, written in the Arbitrary Lagrangian-
Eulerian (ALE) configuration [25, 15], are solved to model the blood flow,
whereas in the second one we consider the linear infinitesimal elasticity (Hooke’s
law) to model the wall mechanics.

For any function w defined in the current fluid (solid) configuration, we de-

note by ŵ its counterpart in the reference domain Ω̂f (Ω̂s). The common FS
interface is denoted by Σ. Then, the FSI problem reads as follows:

Find, at each time t ∈ (0, T ], fluid velocity vf , pressure pf , structure displace-
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Figure 3: Computational domains. Fluid domain on the left, structure domain
on the right.

ment ds, and fluid domain displacement dm, such that

ρf
δvf

dt
+ ρf ((vf − vm) · ∇)vf −∇ · (2µ(vf )D(vf )) +∇p = 0 in Ωf , (1a)

∇ · vf = 0 in Ωf , (1b)

µ(x, t) = µ∞ + (µ0 − µ∞) (1 + (λγ̇(x, t)a)
n−1
a in Ωf , (1c)

vf = g at Γin
f , (1d)

1

|Γout
f |

∫
Γout
f

(T f n) · n dσ −Re

∫
Γout
f

vf · n dσ = 0 at Γout
f , (1e)

vf =
∂ds

∂t
at Σ, (1f)

T s(ds)n− T f (vf , pf )n = 0 at Σ, (1g)

ρs
∂2d̂s

∂t2
−∇ · T̂ s(d̂s) = 0 in Ω̂s, (1h)

d̂s = 0 at Γ̂s, (1i)

αed̂s + T̂ s(d̂s) n̂ = 0, at Γ̂ext, (1j)

−4d̂m = 0 in Ω̂f , (1k)

d̂m = d̂s at Σ̂, (1l)

where v̂m = ∂d̂m

∂t is the fluid mesh velocity.
In the previous coupled problem, (1a)-(1b) represent the fluid problem, (1h)

the structure problem, and (1k) the harmonic extension for the computation
of the fluid domain. Moreover, ρf = 1.06 g/cm3 and ρs = 1.1 g/cm3 are the
fluid and structure densities; n is the unit normal exiting from the fluid domain,
δ
dt = ∂

∂t + (vf · ∇) the ALE derivative, D(w) = 1
2

(
∇w + (∇w)T

)
, T̂ s(d̂s) =

2λ1D(d̂s) + λ2I∇ · d̂s the first Piola-Kirchhoff tensor, and T s(ds) the Cauchy
stress tensor of the solid; λ1 = E

2(1+ν) and λ2 = Eν
(1+ν)(1−2ν) are the two Lamé

constants, with E Young’s modulus (see Sect. 2.2) and ν = 0.49 Poisson’s
ratio. For the non-Newtonian rheology of blood, we choose the Carreau-Yasuda
model (1c) [13, 55], with λ = 1.902s, n = 0.22, a = 1.25, µ0 = 0.56P , µ∞ =
0.0345P (µ∞ represents blood viscosity at “infinite” shear rate, i.e., the viscosity
value generally used in case of Newtonian assumption) and the shear rate given
by γ̇(vf ) = 2

√
DII , where DII denotes the second invariant of the rate of

deformation tensor D(vf ). Function g is a parabolic profile used to enforce the
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Dirichlet conditions (1d) at the fluid inlets, where the corresponding flow rate
waveforms Q(t) =

∫
Γin
f
g(t) · n, obtained by the procedure reported in [20] and

based on an extended Murray’s law for stenotic vessels, are reported in Figure
4. We notice that at LMCA the flow rate is assumed to be independent of
the degree of stenosis, as suggested by physiological evidences [28], whereas at
LIMA it adapts in order to compensate for the change of flow corresponding to
the different stenosis degrees considered at the coronary vessel bypassed by the
Y-graft. Re is the resistance used to enforce the absorbing boundary conditions
(1e) at the fluid outlets, see [45, 44] for its computation. For the structure, at
the artificial section Γs we impose null displacements (1i), whereas at the lateral
surface Γext we prescribe the Robin condition (1j) assuming an elastic behavior
of the surrounding tissue, represented by the myocardium on the side where the
coronaries lie and by the pericardium on the opposite side. Here, we consider
a unique value of the elastic parameter αe = 3 · 107 Pa/m as representative of
the whole surrounding tissue [39].
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Figure 4: Flow rate waveforms prescribed at the fluid inlets.

At the FS interface, we enforce the matching conditions, which state the
continuity of velocities (1f), tractions (1g), and displacements (1l).

Finally, we observe that problem (1) has to be endowed with suitable initial
conditions and that T = 0.8 s is the period of a heartbeat.

For the time discretization of problem (1), we consider a backward Euler
method with a semi-implicit treatment of the convective [49] and diffusive [20]
terms (the latter one being non-linear because of the non-Newtonian assump-
tion) for the fluid problem and the midpoint/Newmark scheme for the structure
one [44]. For the numerical solution of the corresponding linearized FSI problem,
we use at each time step the Robin-Robin (RR) partitioned scheme [4, 18, 19],
with an explicit treatment of the geometric coupling condition (1l) [16]. At each
iteration, for the fluid problem we consider P1-bubble/P1 Finite Elements (FE),
whereas for the structure P1 FE.

The numerical simulations are obtained using the FE library LifeV (www.lifev.org).
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2.4 Quantities of interest

As indicator of disturbed fluid-dynamics (e.g., presence of recirculation and
stagnation regions), we analyze the Relative Residence Time (RRT), which is
considered as a robust and single metric of low and/or oscillatory Wall Shear
Stress (WSS) [33]. RRT is a function of space defined as

RRT (x) =
1

(1− 2OSI(x))TAWSS(x)
, (2)

where OSI is the oscillatory shear index

OSI(x) =
1

2

1−

∥∥∥∫ T0 τw(x, t)dt
∥∥∥∫ T

0
‖τw(x, t)‖ dt


and TAWSS is the time-averaged WSS

TAWSS(x) =
1

T

∫ T

0

‖τw(x, t)‖ dt,

with τw = t− (t · n)n the wall shear stress vector and t = 2µ(vf )D(vf )n the
fluid traction vector acting on the lumen boundary.

As for the analysis of the wall mechanics, we consider the Von Mises (VM)
stresses as representative of the complex internal stress state in the vessel wall
[31]. VM stresses are defined as

TVM (x, t) =

√
(T11 − T22)2 + (T22 − T33)2 + (T33 − T11)2 + 6(T 2

12 + T 2
23 + T 2

32)

2
,

(3)
where Tij are the components of the Cauchy stress tensor T s.

3 Results

For each patient and for each stenosis degree, we report in Figure 5 the peak
diastolic (t = 0.56s) velocity field for the RA graft case. In particular, we plot
the streamlines color-coded with the velocity magnitude in a portion of the fluid
domain comprising the anastomosis related to the second stenosis and the two
stenoses. We do not report here the results corresponding to the SV graft cases
because they are very similar. From this figure, we observe a more disturbed
fluid-dynamics at the anastomosis of interest for the 50% and 70% degree cases,
characterized by swirling patterns typical of recirculation and stagnation re-
gions. We also notice that, for P1 and P2, retrograde flow is present in the RA
graft for the 50% and 70% cases.

In order to investigate more in detail the presence of recirculation and stag-
nation regions at the anastomosis, which is the region where the development
of intimal hyperplasia may occur, we report in Figure 6 the RRT distribution
(computed with (2)) for each patient and for each stenosis degree, both for RA
and SV grafts, in a region of interest around the anastomosis. We notice that
RRT values are higher in the cases with lower stenosis degrees for all the three
patients and both grafts. Furthermore, RRT values are slightly higher in the
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Figure 5: Peak diastolic velocity streamlines (color-coded with velocity magni-
tude) for P1, P2, and P3 for different second stenosis degrees; in each figure,
LAD stenosis is at the left, whereas the second stenosis is at the right; the
anastomosis of interest is at the bottom-right. RA graft cases are shown.

Table 2: Averaged-in-space RRT values (in Pa−1) for each patient and stenosis
degree, both for RA and SV grafts.

50% 70% 90%

P1
RA 18.2 4.6 2.9
SV 26.5 5.9 3.5

P2
RA 22.3 11.9 2.4
SV 27.5 13.4 4.1

P3
RA 17.1 3.9 3.6
SV 20.1 5.8 5.7

SV grafts. This general trend is also confirmed by the averaged-in-space RRT
values computed in the same regions of interest of Figure 6 and reported in
Table 2.

In order to analyze the stress concentrations inside the vessel wall, we report
in Figure 7 the VM stresses distribution (computed with (3)) at the diastolic
peak for each patient and for each stenosis degree, both for RA and SV grafts.
Similarly to RRT, we observe that VM stresses are higher for the SV cases. This
is confirmed by the averaged-in-space VM values computed in the same regions
of interest of Figure 7 and reported in Table 3. Although VM stresses decrease
for increasing stenosis degree, we observe that this trend is less pronounced than
for RRT.
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Figure 6: RRT distribution for each patient and stenosis degree, both for RA
and SV grafts.
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Figure 7: VM stresses distribution at the diastolic peak for each patient and
stenosis degree, both for RA and SV grafts.

Table 3: Averaged-in-space VM stresses (in kPa) at the diastolic peak for each
patient and stenosis degree, both for RA and SV grafts.

50% 70% 90%

P1
RA 5.4 5.1 5.1
SV 9.2 8.9 8.7

P2
RA 1.1 0.9 0.6
SV 2.8 1.8 1.7

P3
RA 3.6 3.1 1.9
SV 7.3 6.1 3.8
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4 Discussion

4.1 State of the art and choice of the computational model

Most of the computational studies that have analyzed Intimal Hyperplasia for-
mation in Coronary Artery Bypass Graft anastomoses focused on hemodynamics
(see e.g. [60, 50, 51]). The first attempts to include also mechanical analyses
in the vessel wall were done in [6], which performed in idealized anastomoses
a structural analysis with different Young’s moduli for the native arteries and
the graft by prescribing a given constant-in-space internal pressure to surro-
gate the interaction with blood, and in [23], where the authors considered a
Fluid-Structure Interaction problem in idealized geometries using a linear elas-
tic thin shell model. More recently, other authors considered FSI studies to
analize the influence of the vessel compliance on the fluid-dynamics in idealized
CABG models [56, 26, 29, 21, 47]. Among these, only [47] addressed the case
of multiple bypasses.

No FSI numerical simulations have been published so far in patient-specific
CABG geometries. At the best of the authors’ knowledge, this is the first
attempt to analyze, by means of a FSI modeling, both the fluid-dynamic and
wall mechanic influence on IH in patient-specific CABG geometries. Moreover,
in the previous FSI studies, no comparisons between venous and arterial grafts
were performed. The characterization of these two different types of grafts (by
means of different dimensions and Young’s modulus) and the related comparison
in terms of risk of graft failure due to IH development, represent therefore
another contribution of the present work.

Regarding the choice of the mechanical model for the vessel wall, we assumed
a linear elastic and isotropic behavior described by Hooke’s law, a well accepted
hypothesis for CABG [56, 26, 21, 47], even if some authors used a non-linear
finite elasticity model [29]. Although we are aware that more complex relations
may be used to predict the realistic behavior of the vessel elasticity (see e.g.
[24]), in this first analysis we used Hooke’s law. This choice is justified by
the small displacements of the coronary wall (peak of about 0.05mm, that is
about 3% of the diameter [26, 59]), due to the small blood velocities inside
(peak of about 20 cm/s) and to the presence of mocardium and pericardium
that surround the coronaries of interest. As for the choice of Young’s modulus
for the arterial and venous grafts, we observe that we used a higher value for the
saphenous vein. This is justified by the fact that, even though veins have a lower
stiffness than arteries at the venous pressure, they exhibit increased values as a
consequence of the higher strains they are subjected under the arterial pressure
[57].

Concerning blood rheology, the non-Newtonian behavior of blood should be
taken into account for an accurate quantification of WSS-based indices (such as
RRT) in CABGs [20], in particular for FSI simulations as highlighted in [26].
Thus, in our study we adopted the Carreau-Yasuda model, which is able to
correctly describe the physiological shear-thinning behavior of blood.

We finally observe that the use of absorbing resistance boundary conditions
at the fluid outlets allows avoiding the generation of spurious pressure reflections
(see e.g. [43]). In fact, more sophisticated strategies for the prescription of
realistic boundary conditions may be used, such as those based on lumped
parameters models (see e.g. [50, 27]). However, these models need an accurate
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tuning of several parameters and for this reason we prefer here to use absorbing
conditions.

4.2 On the risk of graft failure due to IH development

Although the precise stimuli underlying the development of IH have not been
fully defined, the abnormal proliferation of smooth muscle cells (SMC) in the
intima of the vessel walls, which is at the basis of IH, is believed to be related to
a combination of physical, cellular and humoral factors, see [38, 40, 34]. In fact,
several studies have found convincing evidence that particular fluid-dynamic and
wall mechanical conditions in the region of the anastomosis between the graft
and the coronary artery may trigger a series of cellular and biological responses
that can lead to IH develpment [7, 32, 48, 53, 23]. On the one hand, the presence
of low and/or oscillating WSS is believed to increase the shear-regulated produc-
tion of mitogens such as transforming growth factor-β (TGF-β), platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF), and endothelin-
1 (ET-1), and to attenuate the production of growth inhibitors such as Nitric
Oxide (NO). On the other hand, an increase in intramural stresses upregulates
intimal receptors for bFGF and stimulates SMC proliferation. As a result, SMC
proliferation and consequent IH development could be analyzed by means of
RRT (which is a marker of low and/or oscillating WSS) and Von Mises stresses
distributions.

Previous studies showed that the presence of a non-severe LAD stenosis (i.e.,
less than 70%) in single LIMA bypasses results in competitive flow between
LIMA and LAD (i.e., a dominant native coronary flow with respect to graft
flow), leading to a disturbed fluid-dynamics at the anastomosis possibly related
to the development of IH and subsequent graft failure (see [8, 37] for clinical
studies and our previous work [20] for a computational study based on RRT
quantification).

The same relationship between stenosis degree and disturbed flow at the
anastomosis is observed in the case of a multiple bypass in presence of a second
stenosis, see Figure 6 and Table 2. Specifically, the 50% (second) stenosis degree
case results in elevated RRT values at the anastomosis for both RA and SV grafts
(at least twice as much with respect to the 70% case). These results suggest that
graft patency may be affected by the severity of the native coronary stenosis even
in the case of composite Y-grafts, as competitive flow arising in the anastomosis
related to the second stenosis may create a fluid-dynamic environment which is
more prone to the development of IH. Instead, Von Mises stresses do not seem
to be influenced so much by the severity of the stenosis, see Figure 7 and Table
3.

Regarding the influence of the graft choice, we notice that RRT values are
higher in the SV cases independently of the degree of stenosis, with averaged-
in-space values that are 12% to 71% higher than in the RA cases. In particular,
for P1 the worst scenario for the SV graft is found for the 50% degree case,
whereas for P2 and P3 in the 90% degree case. Our results suggest that the use
of the RA graft is a better choice to avoid IH formation, since it should favour
the development of an undisturbed fluid-dynamics at the anastomosis. This is
supported also by our mechanical analysis in the vessel walls. Indeed, there
is considerable evidence that increased wall tension leads to wall hyperplasia.
In particular, clinical and in vivo observations showed that the occurrence of
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anastomotic IH is caused by tissue remodeling as a response to high intramural
stress concentrations brought about by the artery-graft compliance mismatch
[7, 1, 52, 54]. Accordingly, it was shown that anastomotic IH may be inhibited
by using a graft that does not cause increased wall stress [48]. By inspecting
Figure 7 and Table 3, we observe higher VM stresses in the SV graft cases, with
averaged-in-space values reaching values up to 183% higher than for the RA
cases. As a result of the exposure to the arterial pressure, SV grafts feature
a stiffer behavior than RA grafts, resulting in a higher compliance mismatch
between the graft and the coronary artery and in higher stress concentrations
in the graft.

The presence of higher VM stresses and RRT in presence of a SV graft may
thus explain, at least partly, its worse long-term patency with respect to the RA
grafts. Also, wall mechanics can be expected to act in concert with hemody-
namics producing its effect on graft patency, since the growth factors released
as a consequence of high wall stresses are likely to promote IH development
more easily in the regions characterized by blood stagnation and recirculation,
namely in the regions of higher RRT.

Finally, we observe that for P1 and P2 a retrograde flow occurs in the graft
(both for RA and SV) for 50% and 70% stenosis degrees. This is a well-known
clinical issue, since bypasses with two (or more) distal anastomoses, as in the
case of composite Y-grafts, may feature dominant reverse flow that do not con-
tribute to the coronary perfusion in the grafted territory [41].
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