
Original Article

Acute Mechanical Consequences of Vessel-Specific Coronary Bypass

Combinations

COLTON J. KOSTELNIK,1 MARY K. GALE,2 KIERSTEN J. CROUSE,3 TAREK SHAZLY,1,3 and
JOHN F. EBERTH

1,4

1Biomedical Engineering Program, University of South Carolina, Columbia, SC, USA; 2Biomedical Engineering Department,
Georgia Institute of Technology, Atlanta, GA, USA; 3Mechanical Engineering Department, University of South Carolina,
Columbia, SC, USA; and 4Biomedical Engineering, Science and Health Systems, Drexel University, Philadelphia, PA, USA

(Received 2 September 2022; accepted 6 February 2023; published online 24 February 2023)

Associate Editor James E. Moore oversaw the review of this article.

Abstract
Purpose—Premature coronary artery bypass graft (CABG)
failure has been linked to geometric, mechanical, and
compositional discrepancies between host and graft tissues.
Acute hemodynamic disturbances and the introduction of
wall stress gradients trigger a myriad of mechanobiological
processes at the anastomosis that can be associated with
restenosis and graft failure. Although the origins of coronary
artery disease dictate the anastomotic target, an opportunity
exists for graft-vessel optimization through rationale graft
selection.
Methods—Here we explored the four distinct regions of the
left (L) and right (R) ITA (1 = proximal, 2 = submuscular,
3 = middle, 4 = distal), and four common target vessels in
the coronary circulation including the proximal and distal
left anterior descending (PLAD & DLAD), right coronary
(RCA), and left circumflex (LCX) arteries. Benchtop biaxial
mechanical data was used to acquire constitutive model
parameters of these tissues and enable vessel-specific com-
putational models to elucidate the mechanical consequences
of 32 unique graft-target combinations.
Results—Simulations revealed the maximum principal wall
stresses for the PLAD, RCA, and LCX occurred when
anastomosed with LITA1, and the maximum flow-induced
shear stress occurred with LITA4. The DLAD, on the other
hand, reached stress maximums when anastomosed to
LITA4. Using a normalized objective function of simulation
output variables, we found LITA2 to be the best graft choice
for both LADs, RITA3 for the RCA, and LITA3 for the
LCX.
Conclusion—Although mechanical compatibility is just one
of many factors determining bypass graft outcomes, our data

suggests improvements can be made to the grafting process
through vessel-specific regional optimization.

Keywords—Vascular biomechanics, Histomechanics, Finite

element analysis (FEA), Computational fluid dynamics

(CFD).

INTRODUCTION

Advanced coronary artery disease often requires
surgical bypass using autologous vessels to reestablish
adequate blood flow to the heart. Despite new surgical
techniques, materials, and interventional criteria that
have improved overall patency, the 1st-year failure
rates for coronary artery bypass grafting (CABG) re-
main between 5 and 15% and are strongly dependent
upon the source tissue.16, 17, 34 Vein grafts, for exam-
ple, suffer from progressive intimal-medial hyperplasia
with only a 65% 5-year patency rate.30 Although the
etiology of vein-graft disease is multifactorial, due
partly to their mechanical composition and
microstructure, it has been hypothesized that veins
exposed to altered hemodynamic loading induce
endothelial cell damage, thrombosis, and fibrosis.10, 11

Concurrent with this is the concept of structural
mechanical mismatching (compliance mismatching) at
the anastomotic junction—a location of vulnerability
in the grafting process5, 17, 22, 46—which is a conse-
quence of both geometrical and mechanical differences
between the host and graft tissues.6, 16, 22, 44 The sud-
den change in deformed vessel geometry across the
anastomotic junction can also cause atherogenic flow
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disturbances around contraction and expansion
points12, 13, 18 triggering endothelial conformational
and functional changes.1, 8 Likewise, mechanosensitive
mural cells that guide regulatory, remodeling, and
migratory pathways, may experience altered wall
stresses near the anastomotic junction and exhibit an
unfavorable cellular response.19, 24, 33 Overall, graft-
host mechanical and geometric mismatching present a
major risk of graft failure and restenosis.7, 9

Arteries, especially the internal thoracic artery
(ITA), have been used successfully in bypass grafting;
thus, the pathology of artery graft failure has received
less attention than veins. The left (LITA) and right
(RITA), for example, possess abundant histomechan-
ical similarities to the left anterior descending artery
(LAD), supporting its continued use as the superior
autograft option.15, 17, 20, 34 Moreover, the single
anastomotic junction and native hemodynamic simi-
larity improve overall patency. Our recent investiga-
tion revealed that the ITA exhibits multiple
histological patterns depending on the distance from
the heart (i.e., elastic, hybrid, muscular), and can be
divided into four distinct anatomical grafting regions
(1 = proximal, 2 = submuscular, 3 = middle,
4 = distal).15, 26, 29, 42 Likewise, coronary arteries and
their branches possess distinct regional variations in
geometry and microstructure that can change with sex,
age, species, and disease conditions.25, 43

In this study, we quantified the properties of four
different coronary artery targets, namely the proximal
and distal left anterior descending (PLAD & DLAD),
right coronary artery (RCA), and left circumflex artery
(LCX), using the American Yorkshire pig as a surro-
gate for the human central vasculature. Histome-
chanical results were directly compared to those of the
middle LITA segment (LITA3) to serve as a repre-
sentative sample of ITA architecture.21, 38 Biaxial
mechanical data was used to estimate constitutive
modeling parameters using a nonlinear, hyperplastic,
structurally motivated material model within a con-
tinuum mechanics framework. Leveraging these data,
idealized computational models of end-to-end anasto-
moses with 32 different graft-target (ITA-coronary)
combinations were constructed.26 Finite Element
Analyses (FEA) were first used to simulate and per-
form a ‘‘virtual anastomosis’’ through alignment of the
vessel’s lumens and attachment of the two tissues. Fi-
nally, the resultant deformed geometry was fed into a
Computational Fluid Dynamics (CFD) simulation to
model fluid-flow behavior. Although end-to-end
anastomosis is not the preferred surgical configuration,
computational models were designed to mimic ongoing
mechanobiological laboratory experiments and pro-
vide an initial indication of source tissue performance.
Given that the bypass region (e.g., PLAD, DLAD,

RCA, LCX) is dictated by the clinically determined
stenosis location, a normalized objective function,
based on mechanical deviation from homeostatic
stresses, was found for each graft-coronary combina-
tion so that the preferred ITA region could be selected
for each coronary target.

MATERIALS AND METHODS

Tissue Acquisition

Porcine coronary arteries and ITAs were acquired
from 2-year-old American Yorkshire sows from a local
abattoir weighing approximately 200 kg. All arteries
were dissected under sterile conditions within 1 h of
slaughter and transported in 1% phosphate-buffered
saline (PBS) with heparin sodium (20 units/mL),
cleaned, and separated into different groups for his-
tological and mechanical characterization (Fig. 1). The
four coronary arteries included the proximal and distal
left anterior descending artery (PLAD & DLAD), right
coronary artery (RCA), and left circumflex artery
(LCX). Where applicable, and for simplicity purposes,
the discrete histological (n = 5, each) and mechanical
data (n = 4, each) were averaged for each group of
coronary arteries. These averaged values were com-
pared to the average histological (n = 4) and
mechanical (n = 5) values of the third segment of the
left ITA (LITA) excised from the same pigs. Our pre-
vious work revealed this segment had the fewest
notable differences from other segments of the left or
right ITA.26

Biaxial Mechanical Testing

All testing was performed on fresh arteries and
completed within 48 h of animal sacrifice. Before per-
forming acute biaxial mechanical testing on our Bose
BioDynamic biaxial mechanical testing device, the re-
gion of each coronary artery to be tested underwent a
rigorous selection process to ensure accurate and
reproducible results. The region that exhibited the least
amount of twisting or bending was selected for biaxial
testing with an average undeformed length of ~ 9.88
mm and an angle of ‡ 164� (straight = 180�) for all
coronary arteries. These vessels were mounted onto
two Luer fittings and fixed in place by tying several 3–0
braided sutures around the ends. An initial measure-
ment of the unloaded length was recorded as the dis-
tance between sutures, which aided in calculating
experimental axial stretch ratios. The tissue samples
were submerged in the testing bath and perfused with
1% PBS and sodium nitroprusside (10–5 M) to elicit a
fully passivated state. Vessels were inflated to pre-de-
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fined pressures by increasing the volumetric flow rate
and the downstream resistance, per the design of the
testing device. Every sample underwent five cycles of
axial extension and inflation preconditioning to mini-
mize viscous dissipation and ensure reproducible re-
sults. Inflation-extension testing was then conducted at
0–200 mmHg and at three axial stretch ratios, the
in vivo stretch, and ± 10%. The in vivo axial stretch
ratio was the axial extension which yielded a constant
force measurement during changes in pressure. The
luminal pressure and axial displacement were
both controlled while the deformed outer radius and
axial force were recorded.

Following biaxial mechanical testing, a 1 mm thick
ring segment was cut from the middle of the vessel, and
a cross-sectional image was captured. The residual
strain in the vessel was removed by making a radial cut
and allowing the tissue to equilibrate for 30 min in 1%
PBS. An image of this zero-stress state was captured
using a Canon EOS 60d DSLR camera mounted to a
dissecting microscope using an adapter lens (Micro
Tech Lab). ImageJ image analysis software (NIH) was
used to measure the geometries of both images. The
unloaded thickness and opening angle were calculated
from

H ¼ 2A

Li þ Lo
ð1Þ

and

U ¼ p� Lo � Li

2H
; ð2Þ

where Li and Lo are the inner and outer arc lengths,
respectively, and A the cross-sectional area. Under the
assumption of incompressibility, the inner radius at
any deformed state could be calculated as

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2o �
A

pkz

r

; ð3Þ

where kz is the axial stretch ratio. The mid-wall cir-
cumferential and axial stretches can be calculated from

kh ¼
2p ri þ roð Þ
Li þ Lo

; ð4Þ

kz ¼
l

L
; ð5Þ

where l and L are the deformed and undeformed
lengths, respectively. Then the mean circumferential
stress, mean axial stress, and area compliance are cal-
culated from

rh ¼
Pri
h

; ð6Þ

FIGURE 1. Porcine heart from the anterior and superior view with distinct structures labeled to discern relative sizes and
locations of the four coronary arteries of interest. PLAD proximal left anterior descending artery; DLAD distal left anterior
descending artery; LCX left circumflex artery; RCA right coronary artery; RA right atrium; LA left atrium; PV pulmonary vein.
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rz ¼
F

p r2o � r2i
� � ; ð7Þ

CA ¼ p
Dr2i
DP

; ð8Þ

where F is the axial force, P the transmural pressure,

and h the wall thickness. For area compliance, Dr2i is

the change in inner radius squared (area) per change in
pressure DP calculated around a 100 ± 20 mmHg
operating point.

Constitutive Modeling of Experimental Data

The constitutive modeling framework was identical
to our previous investigation with extended details and
procedures found therein.26 Briefly, we used a modified
version of the structurally-motivated constitutive
model proposed by Holzapfel, Gasser, and Ogden to
include the four families of collagen fibers4, 23 to rep-
resent each coronary artery uniquely, so that

W C;Mk
� �

¼ c

2
IC � 3ð Þ

þ
X

4

k¼1

ck1
4ck2

exp ck2 IVk
C � 1

� �2
h i

� 1
n o

;

ð9Þ

where IC ¼ trðCÞ and IVk
C ¼ Mk � CMk are the first

and fourth principal invariants, respectively of the

right Cauchy–Green deformation tensor, C. Mk ¼
½0; sinðakÞ; cosðakÞ� is a unit vector oriented in the

direction of the kth fiber at an angle ak relative to the

axial direction with a1 ¼ 0, a2 ¼ p=2, and a3 ¼ �a4.
Assuming relatively small radial stresses, the problem
is reduced to plane stress and the theoretical pressure
and force calculated from

P0 ¼ h

ri
kh

@W

@kh
� kr

@W

@kr

� �

; ð10Þ

F0 ¼ ph 2ri þ hð Þ 2kz
@W

@kz
� kr

@W

@kr

� �

: ð11Þ

The eight-independent positive modeling parame-
ters were then found by least-squares minimization of
an objective function between the experimentally
measured [Eqs. (6)–(8)] and theoretically modeled
[Eqs. (10)–(11)] values of pressure and force using
MATLAB’s optimization toolbox (MathWorks; Nat-
ick, MA).

Computational Modeling

To simulate outputs from both the solid and fluid
domains, computational models of each possible
grafting configuration were generated for all 32 coro-
nary-ITA combinations in FEBio.27 The experimen-
tally determined material properties were represented
using the available constitutive model for a solid
mixture of anisotropic four fiber families embedded in
an isotropic ground matrix. In all cases, the ITA’s
unloaded inner diameter was greater than the coronary
artery so the lumens were first matched by applying an
equal but opposite direction pressure to the inner
surface elements at the ends of the respective vessels
until a continuous lumen was formed. Then a tied fa-
cet-on-facet contact was enforced between the two
arteries to serve as a ‘‘virtual anastomosis’’ with
approximated geometry. A fixed displacement bound-
ary condition for the z-direction was applied to the
non-anastomosed ends of both the graft and coronary
arteries. For simplicity, the virtually anastomosed tis-
sues were studied under a single quasi-static inflation
pressure of 100 mmHg. Thus, the previous step’s stress
history was not carried to the final simulation. The
magnitude of the first principal stress (r1—maximum
normal stress in a plane oriented to be absent of shear)
for each anastomosis was found and plotted vs. loca-
tion along the graft-coronary axis. The displacement
tolerance, energy tolerance, and line search tolerance
for this solid mechanical FEA model were set to 0.001,
0.01, and 0.9, respectively. The simulation results were
deemed mesh-independent if mesh refinement led to
less than a 0.5% change in the average first principal
stress.2 A total of 7680 hexahedral (hex8) elements
were required for mesh independence.

The inflated lumen mesh at 100 mmHg was ex-
tracted to build a computational fluid dynamics (CFD)
model to simulate steady and fully developed blood
flow through the anastomosis consisting of a 10 mm
long segment of the ITA graft on the proximal side
and a 10 mm segment of the coronary artery on the
distal side. Blood was modeled as an incompressible
non-Newtonian Carreau fluid (g0 = 0.25 Pa s;
g¥ = 0.0035 Pa s; kb = 25; n = 0.25) with a fluid
density of 1060 kg/m3 and zero-slip fluid boundary
conditions applied to the outer surface of the extracted
geometry representing the interface between the blood
and the arterial wall.3, 28 Additionally, a zero fluid
dilation boundary condition was applied to the inlet
and outlet surfaces. Because direct blood flow mea-
surements were not feasible with abattoir-sourced pigs,
published coronary blood flow data from young,
healthy domestic swine were used to calculate the
volumetric flow of each coronary artery using allo-
metric scaling laws.32 For simplicity, analyses were
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performed under steady flow conditions, so the effects
of the fluid–solid interface and vessel wall motion were
not analyzed. The tissues were then used to predict
regional maximum fluid shear stress (sw—wall stress
due to fluid friction acting opposite to the direction of
blood flow) across the anastomoses in the in vivo-like
loaded condition. The fluid velocity tolerance, fluid
dilatation tolerance, and energy tolerance within the
CFD model were set to 0.001, 0.001, and 0.01,
respectively. CFD simulation outputs were deemed
mesh-independent if additional mesh refinement led to
less than a 0.5% change in the average fluid shear
stress.2 A total of 155,159 tetrahedral (tet4) elements
were required to reach mesh independence.

Since blood vessels have a preferred homeostatic or
‘‘basal’’ state of stress,24, 33 the maximum r1 values
from the solid mechanical model were normalized to
basal coronary r1 values taken from biaxial mechani-
cal data captured at the force-invariant axial stretch
and 100 mmHg. Likewise, the maximum sw values
from the fluid dynamic model were normalized to basal
sw values. The basal coronary stresses were given a
value of 0, and the maximum stresses from each model
were given a value of 1 to scale the anastomosis con-
figurations in terms of the most significant deviation
from basal coronary stresses (GraphPad Prism).

Histological Analysis

Fresh arteries were fixed in 4% paraformaldehyde
and embedded in paraffin wax. Sections were cut at
5 lm and stained with Movat’s Pentachrome or
Picrosirius Red (PSR). Tissue segments from the same
heart were processed together to facilitate a uniform
histological comparison. Brightfield images were then
obtained using a Nikon E600 microscope and com-
puter interface with Q Capture (QImaging). The PSR
stained sections were imaged through brightfield mi-
croscopy and cross-polarized light using a Zeiss Ax-
ioCam MCr5. Each arterial cross-section was imaged
around the vessel’s circumference at five different
locations.

Constituent area fractions were obtained using Im-
ageJ software with the ‘‘Threshold_Colour’’ plugin.
Movat’s Pentachrome stained sections were used to
estimate area fractions of elastin and smooth muscle
cells (SMCs). On the other hand, the area fraction of
collagen was found as the ratio of PSR cross-polar-
ization birefringence to the total tissue measured in
the brightfield. The standard threshold values were
fixed at specified brightness, saturation, and hue ranges
to ensure experimental consistency. Elastin was stained
deep red/brown and was quantified using a bandpass
filter from brightness 34–155 and saturation 60–255,
and a band stop filter from hue 4–130. SMCs were

stained red/pink and were quantified using a bandpass
filter from brightness 135–220, saturation 90–185, and
hue 0–11. The sums of these areas were normalized to 1
for each sample. Cross-polarized light analysis of col-
lagen birefringence was quantified separately for the
medial and total cross-sectional areas. The medial re-
gion of interest (ROI) was confined to the inner and
outer elastic lamellae area. The total birefringence
signal was measured using a bandpass filter from
brightness 30–255, saturation 0–255, and hue 0–255.

Statistical Analyses

Experimental data were analyzed using GraphPad
Prism to identify the statistical significance of discrete
metrics of LITA and the coronary vasculature. Com-
parisons of the mechanical properties were conducted
through a one-way ANOVA with a two-tailed paired t-
test of unequal variances. The histological data were
analyzed through a two-way ANOVA in conjunction
with two-tailed paired t-tests of unequal variances to
determine statistical differences between the amounts
of load-bearing constituents found within the arterial
samples. Statistically significant differences were taken
at confidence levels of p < 0.05, p < 0.01, and
p < 0.001.

RESULTS

Plots are displayed for all coronary arteries at their
respective force-invariant stretch (middle) as well
as ± 10% stretch (low, high) (Fig. 2). The axial force-
pressure profiles revealed that the force-invariant
stretch for the DLAD was the only artery that main-
tained a force reading above 0.5 N for the entire
experimental pressure range. The pressure-outer
diameter profiles exhibited some of the expected vari-
ability commonly observed when using abattoir tissue
samples. However, the circumferential stress and
stretch measurements had comparatively smaller error
bars due to their calculation’s dependency on each
specimen’s cross-sectional area or unloaded radius,
respectively. From this data, the structurally-moti-
vated constitutive model revealed a set of best-fit
parameters that demonstrated an excellent fit to
grouped experimental data (Table 1) with an average
root mean square error (RMSE) of 0.2405 across all
coronary arteries. Since the reported parameters are
fitted for the grouped data, rather than fitted for an
individual sample and then averaged, values are
reported without standard deviation and no statistical
comparisons are made. Nevertheless, we note that the
isotropic parameter c was highest for the PLAD and
lowest for the RCA making up 48.9 and 10.2%,
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respectively, of the total elastic energy when assessed at
in vivo-like stretch conditions. Likewise, the paired
contribution of the anisotropic parameters, c1 and c2,
to the total strain energy for the DLAD is much higher
in the axial (superscript 1, 41.6% of the total) than in
the circumferential direction (superscript 2, 10.8% of
the total) when assessed at in vivo conditions. By
comparison, the axial and circumferential contribu-

tions to the total strain energy of the LCX were 17.9
and 16.9%, respectively.

Data captured from the stress-free configurations
revealed that LITA has significant geometric differ-
ences from the coronary arteries (Table 2). The LITA
outer arc length was significantly larger than the
PLAD (p = 0.039), DLAD (p < 0.001), RCA
(p = 0.001), and LCX (p < 0.001), while the LITA

FIGURE 2. Biaxial mechanical data of the four porcine coronary arteries (n = 4, each). The leftmost plots are pressure–outer
diameter data, the center plots are axial force–pressure data, and the rightmost plots are mean circumferential stress–mid-wall
circumferential stretch data. Data was collected at three distinct stretch ratios, the force-invariant stretch (middle) as well as 6 10%
strain (low, high). Mean 6 SEM.
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opening angle was significantly smaller than the PLAD
(p = 0.003), DLAD (p = 0.021), RCA (p = 0.005),
and LCX (p = 0.004). Comparing mechanical data at
common loading conditions (i.e., 100 mmHg, force-
invariant axial stretch) revealed that LITA has a sig-

nificantly larger loaded inner radius than DLAD
(p = 0.010), RCA (p = 0.029), and LCX (p = 0.014)
(Fig. 3a). Similarly, LITA exhibited significantly larger
area compliance (p < 0.001) and circumferential stress

FIGURE 3. Biaxial mechanical data of the porcine coronary arteries and the third LITA segment plotted at common loading
conditions of 100 mmHg and the force-invariant stretch (n = 4, each). (a) Inner radius; (b) area compliance; (c) circumferential
stress; (d) axial stress. Statistical significance between different coronary arteries is indicated by (**) and (***) at p < 0.01 and
p < 0.001, respectively. Statistical significance between a coronary artery and LITA is indicated by (#) at p < 0.05. Mean 6 SD.

TABLE 2. Averaged unloaded geometries for each group of (n = 4) arteries.

Blood vessel Unloaded thickness [H] (mm) Inner arc length [Li] (mm) Outer arc length [Lo] (mm) Opening angle [U] (�)

PLAD 0.595 ± 0.080 13.03 ± 1.209 12.36± 1.112* 218.8 ± 14.06*

DLAD 0.502 ± 0.097 9.750 ± 1.208* 9.599 ± 1.024* 183.8 ± 44.09*

RCA 0.636 ± 0.123 10.87± 2.944 10.257 ± 2.365* 204.2 ± 51.17*

LCX 0.504 ± 0.022 9.731 ± 1.141* 9.210 ± 1.192* 216.9 ± 12.13*

LITA 0.512 ± 0.091 14.34 ± 1.385 16.20 ± 2.213 78.93 ± 59.35

Mean ± SD.

*Signifies statistical significance between coronary arteries and LITA3 using one-way ANOVA at p < 0.05.

TABLE 1. Fitted material parameters for grouped coronary artery datasets used in this study.

Coronary artery c (kPa) c1
1 (kPa) c1

2 c2
1 (kPa) c2

2 c3;4
1 (kPa) c3;4

2 / (rad) RMSE

PLAD 14.70 8.122 1.696 1.564 1.955 1.451 3.025 0.707 0.280

DLAD 10.80 47.87 1.197 1.215 2.231 3.395 2.850 0.666 0.099

RCA 1.278 5.372 1.883 2.905 1.675 4.177 2.310 0.644 0.276

LCX 4.966 4.762 2.605 1.306 2.067 5.493 2.315 0.653 0.307
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(p £ 0.005) than all coronary arteries (Figs. 3b and 3c,
respectively).

Image thresholding using Movat’s Pentachrome
stain revealed that the amount of elastin found within
the LITA segment was significantly greater than that
of all coronary arteries; PLAD (p < 0.001), DLAD
(p < 0.001), RCA (0.28 ± 0.04, p < 0.001), and LCX
(p < 0.001) (Fig. 4f). Inversely, the area fraction of
smooth muscle cells within LITA was significantly less
than that of all coronary arteries; PLAD (p < 0.001),
DLAD (p < 0.001), RCA (p < 0.001), and LCX
(p < 0.001) (Fig. 4F). The adventitial collagen area
fraction of the LITA was significantly less than that of
all coronary arteries (p < 0.001) (Fig. 5f).

Interestingly, comparisons of the mechanical prop-
erties between the coronary vessels revealed few dif-
ferences. Notably, the circumferential stress of the
PLAD was significantly greater than that of RCA
(p < 0.005), while the DLAD experienced a signifi-
cantly higher axial stress than the PLAD (p = 0.001),
RCA (p = 0.003), and LCX (p < 0.001) (Figs. 3c and
3d). There were no significant histological differences
found between any of the coronary vessels.

All tapering simulations converged except the RCA-
RITA1, which was omitted from the results. As a
representative example, colorimetric FEA model
illustrations of r1 and sw for the PLAD-LITA3 com-
bination are shown in Figs. 6a and 6b, respectively.
The spatial plots of r1 across the anastomotic junction

FIGURE 4. Qualitative and quantitative comparison of arterial wall composition using Movat’s Pentachrome stained cross-
sections. (a) PLAD; (b) DLAD; (c) RCA; (d) LCX; and (e) the third LITA segment. (f) Quantified area fractions of elastin and smooth
muscle cell dyes for all arterial sections (n = 5, each). Statistical significance between a coronary vessel and LITA is denoted as (#)
at p < 0.05. Mean 6 SD.

BIOMEDICAL
ENGINEERING 
SOCIETY

Acute Mechanical Consequences of Vessel-Specific 411



for all configurations are shown in Fig. 7; likewise, sw
is displayed in Fig. 8. Maximum stresses for each
simulation (i.e., the peak values of each curve in Figs. 7
and 8) are collated and reported in Table 3. The ITA
graft segment that yielded the maximum and minimum
stress values for each coronary vessel are highlighted in
red and blue, respectively. Notably, for the PLAD,
RCA, and LCX, the maximum r1 occurred when
anastomosed with the LITA1, while the DLAD, on the
other hand, was highest when anastomosed to the
LITA4. Likewise, for PLAD, DLAD, and LCX, the

maximum sw occurred when anastomosed with LITA4,
while RCA maximum occurred when connected with
RITA4. Finally, the solid and fluid simulation outputs
were normalized and averaged to create an objective
function relative to the basal coronary stress values.
Table 4 shows normalized values for each coronary
artery in red and blue, respectively, inferring the
greatest and smallest degree of deviation from the
basal coronary stresses. This table reveals that the
poorest overall grafting options largely follow the
trends set by the first principal stress in Table 3 (LITA1

FIGURE 5. Picrosirius red-stained cross-sections imaged through polarized light microscopy. (a) PLAD; (b) DLAD; (c) RCA; (d)
LCX; and (e) the third LITA segment. (f) Quantified area fractions of medial and adventitial collagen birefringence (n = 5, each).
Statistical significance between the adventitial collagen of a coronary vessel and LITA is denoted as (#) at p < 0.05. Mean 6 SD.
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for all except for the DLAD). The best grafting options
for the LADs are LITA2 while the best grafting op-
tions for the RCA and LCX are RITA3 and LITA4.

DISCUSSION

Anisodiametric and anisocompliant graft-target
tissue combinations have been correlated to increased
restenosis rates and premature graft failure.7, 17, 46

Since the joining of distinctly different anisotropic

tissues creates nonlinearities at the interface with
resultant geometries that are not easily solved using
standard analytical approaches, we present a his-
tomechanical and computationally-driven objective
function to assess the biomechanical responses of the
different ITA grafting regions for a given coronary
target. Our study provides insight into the inherent
differences between these tissues and illustrates the
solid mechanical and fluid dynamic consequences that
arise in an end-to-end CABG anastomosis configura-
tion.

FIGURE 7. Plots of the first principal stress (r1) along the anastomosis for all ITA-coronary combinations. (a) ITAx-PLAD, (b) ITAx-
DLAD, (c) ITAx-RCA, and (d) ITAx-LCX where x represents the respective ITA region. The vertical line represents the anastomotic
junction between the two vessels.

FIGURE 6. Computational analysis of PLAD-LITA3 end-to-end anastomosis. (a) Colorimetric illustration of first principal stress
(r1) after inflation from 0 to 100 mmHg. (b) Colorimetric illustration of fluid shear stress (sw) at the inflated configuration. Red
arrows depict the contact region representing the anastomosis.

BIOMEDICAL
ENGINEERING 
SOCIETY

Acute Mechanical Consequences of Vessel-Specific 413



Not surprisingly, our computational analyses re-
vealed the mechanical response across the anastomotic
junction was unique for each ITA-coronary graft
combination. Even though our simplified approach

uses sutureless and idealized end-to-end anastomoses,
the interface still experiences high-stress concentrations
due to the abrupt change in geometry and material
properties. Moreover, our simulations show the peak

FIGURE 8. Plots of the maximum fluid shear stress (sw) along the anastomosis for all ITA-coronary combinations. (a) ITAx-PLAD,
(b) ITAx-DLAD, (c) ITAx-RCA, and (d) ITAx-LCX where x represents the respective ITA region. The vertical line represents the
anastomotic junction between the two vessels.

TABLE 3. Summary of peak simulation outputs from the solid–fluid models of all anastomosis configurations.

Maximum first principal stress [σ
1
] (kPa)

LITA1 LITA2 LITA3 LITA4 RITA1 RITA2 RITA3 RITA4

PLAD 355.40 185.37 230.64 231.71 181.02 181.45 220.07 293.52

DLAD 403.61 277.01 350.98 441.10 297.39 329.83 340.39 399.78

RCA 1041.24 774.71 714.83 746.61 753.51 655.09 725.84

LCX 892.61 864.45 541.99 632.61 758.23 864.45 507.53 539.10

Maximum wall shear stress [τ
w
] (Pa)

LITA1 LITA2 LITA3 LITA4 RITA1 RITA2 RITA3 RITA4

PLAD 1.79 1.50 1.58 1.93 1.69 1.63 1.50 1.69

DLAD 2.34 2.31 2.34 2.74 2.45 2.33 2.59 2.59

RCA 10.63 9.71 9.24 10.54 10.84 9.43 11.40

LCX 8.44 8.10 8.07 8.89 8.27 7.76 8.41 7.74

Maximum values in each group are highlighted in red and minimum values for each group are highlighted in blue. The gray box indicates a

computational model that did not converge..
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stress values occur predominantly on the coronary side
of the anastomotic junction, a finding supported by the
literature that depicts the suture line as a vulnerable
site for the development of intimal hyperplasia in
response to mechanical mismatch with the graft.6, 31

This evidence supports normalizing our solid
mechanical simulation outputs to the basal levels of
coronary stresses rather than those of the graft tissue.
For vein grafts, intimal-medial thickening occurs
within the graft tissue itself.10, 30 However, when these
vein grafts were analyzed spatially, 67% developed fi-
bro-intimal thickening, and 33% had an atheroscle-
rotic plaque on the proximal (aortic) side, while 96%
showed fibro-intimal thickening and only 4% had an
atherosclerotic plaque on the distal (coronary) side.47

Indeed, several factors play a role in the etiology of
regional graft failure, but compatibility with the
anastomosing tissue is likely paramount to this pro-
cess. Still, more attention needs to be given to the
spatial pathology of arterio-graft disease.

Our finite element results provide a framework for
optimal graft selection based on the minimization of an
objective function for all graft vessels. Most of the
coronary arteries matched poorest with the LITA1

except for the DLAD. Interestingly, the DLAD
exhibited the greatest axially-biased anisotropy as
indicated by the pairwise contribution of axial

parameters c11 and c12 to the total strain energy. In

contrast, the PLAD had the greatest isotropic contri-
butions to the total strain energy (parameter c, Ta-
ble 1) and most potential ITA graft vessels matched
extremely well with this coronary artery. Although
experimental and computational tools of biomechani-
cal analyses (i.e., how biological bodies respond to
applied forces or displacements) were used in this study
to predict localized stress gradients, the underlying
motivation for our work was one of mechanobiology
(i.e., how physical loads affect the biological output of

cells). That said, the vascular wall cells are accustomed
to basal levels or ‘‘homeostatic’’ stresses with chronic
perturbations in loading, leading to a restoration of
long-term stress.19, 24, 33, 45 Cellular and tissue level
stresses are not zero with resident vascular cells ex-
posed to healthy multi-directional periodic loading
in vivo. Moreover, emerging evidence supports the idea
that the cells of the graft tissue are gradually replaced
by the host.36 For these reasons, basal values of
homeostatic coronary vessel stresses were chosen as a
baseline for normalization rather than values of the
graft tissue. Likewise, regions of low-shear are known
for atherosclerotic plaque localization and progression,
but high-shear regions have also been linked to plaque
progression/transformation, necrotic core progression,
and increased apoptosis rates.14, 17, 39 Interestingly, the
fluid and solid stress levels found from our computa-
tional analysis were an order of magnitude lower in the
LAD than the RCA and LCX anastomoses and may
be responsible, in part, for the enhanced pathological
outcomes in this region.37 Still, further study into re-
gional pathologies is needed to draw a more robust
conclusion.

Our approach towards estimating constitutive
parameters are based on the axisymmetric deformation
of anisotropic cylindrical specimens experiencing elas-
tic deformations under pressurization and longitudinal
extension thus subjecting all specimens (ITA and
coronary) to the same set of conditions. Although we
chose the straightest regions of the coronary vascula-
ture possible, Saravanan et al. showed that the porcine
circumflex artery actually undergoes bending and
twisting and that omission of these deformations adds
uncertainty to the analysis.40 This observation may
play a role in the disparate axial stress values displayed
in Fig. 3d, but further analysis beyond the scope of the
current work would be required. Overall, our analyti-
cal and computational approaches were indeed ideal-

TABLE 4. Results of the normalized objective function for all anastomosis combinations.

LITA1 LITA2 LITA3 LITA4 RITA1 RITA2 RITA3 RITA4

PLAD 0.926 0.387 0.529 0.723 0.477 0.447 0.463 0.732

DLAD 0.738 0.460 0.628 1 0.568 0.581 0.719 0.844

RCA 0.952 0.755 0.694 0.792 0.814 0.675 0.834

LCX 0.954 0.862 0.692 0.833 0.869 0.867 0.705 0.657

Solid–fluid simulation outputs were normalized to basal coronary mechanical and fluid dynamic values and averaged. For each coronary

artery, the anastomosis configuration that resulted in the most significant deviation is shown in red, while the smallest is shown in blue.
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ized. Likewise, end-to-end anastomoses are rarely
implemented clinically. This configuration, however,
demonstrates an axisymmetric stress field, permits
clear comparisons of compliance mismatching, and
enables direct interpretation of ongoing mechanobio-
logically-driven experimental assessments such as
immunohistochemistry, ELISAs, qPCR, and Western
blot analyses. An unfortunate disadvantage is that
significant size discrepancies between the graft and
host tissues limit potential configurations experimen-
tally and computationally. For example, our tapered
computational geometries and tied facet-on-facet
contact restrictions could not be implemented for the
RCA-RITA1 combination. End-to-side, spatulated, or
even fish-mouth surgical techniques could be per-
formed to circumvent such limitations.7, 35 These are
important for translating the current work into clinical
investigations and are part of our ongoing studies.
Another notable limitation was the idealized nature of
the virtual anastomotic junction. In addition, there was
no stress history carried over from the virtual anasto-
mosing process to elucidate local stress gradients that
arise solely from intraluminal pressurization. As a
common site for surgically-induced vascular injury, the
exclusion of sutures or other surgical materials (e.g.,
vascular clips) from our models allowed for quantifi-
cation of the solid mechanical and hemodynamic stress
gradients that arise solely from the gross biomechani-
cal differences between the graft and target tissues ra-
ther than the stress concentrations around sutures.6, 41,
44 In fact, suture compliance matching may be as
important as tissue compliance matching.44

CONCLUSION

Using a porcine surrogate for the human central
vasculature our experimental and computational
analyses helped provide insight into the importance of
graft tissue selection by quantifying the mechanical
consequences of an idealized virtual coronary-grafting
anastomosis. Based on an objective function used to
stratify these tissue combinations for all converged
solutions, we found the best ITA graft region for the
RCA and LCX was RITA3, and LITA3, respectively,
while the best grafting region for both PLAD and
DLAD was the LITA2. Vice-versa, the worst ITA
grafting region for the PLAD, RCA, and LCX was
LITA1, while the worst region for the DLAD was
LITA4. This information provides the foundational
knowledge necessary for the ongoing investigations of
matched and mismatched tissue combinations that will
be used to establish a link between mechanobiologi-

cally-driven inflammation and thrombosis within mis-
matched graft-target tissues.
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