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Changes in Internal Thoracic Artery Blood Flow
According to the Degree of Stenosis of the Anterior
Descending Branch of the Left Coronary Artery
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Purpose: Computational fluid dynamics has enabled the evaluation of coronary flow
reserve. The purpose of this study was to clarify the hemodynamic variation and reserve
potential of the left internal thoracic artery (LITA).

Methods: Four patients were selected on the basis of various native coronary stenosis
patterns and graft design. The wall shear stress and oscillatory shear index were mea-
sured, and one patient was selected. Next, we created three hypothetical lesions with 75 %,
90%, and 99% stenosis in front of the graft anastomosis, and compared the changes in
LITA blood flow and coronary flow distribution.

Results: In the 75% to 90% stenosis model, blood flow was significantly higher in the
native coronary flow proximal to the coronary artery bypass anastomosis regardless of
time phase. In the 99% stenosis model, blood flow from the LITA was significantly domi-
nant compared to native coronary flow at the proximal site of anastomosis. The range of
LITA flow variability was the largest at 99 % stenosis, with a difference of 70 ml/min.
Conclusion: The 99% stenosis model showed the highest LITA flow. The range of LITA
flow variability is large, suggesting that it may vary according to the rate of native

coronary stenosis.
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Abbreviations and Acronyms

LITA = left internal thoracic artery
LAD = left anterior descending artery
WSS = wall shear stress

OSI = oscillatory shear index

CFD = computational fluid dynamics
CABG = coronary artery bypass grafting
CT = computed tomography

PI = pulsatility index

TTFM = transit-time flow measurement
RITA = right internal thoracic artery

Introduction

The use of the left internal thoracic artery (LITA) for left
anterior descending artery (LAD) is the golden standard,
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based on large registries in the United States.? Blood flow
in the LITA is affected by various factors, and changes in
blood flow after coronary artery bypass grafting (CABG)
vary depending on the timing of measurement.” There are
many factors that regulate internal thoracic artery (ITA)
flow, including spasm, anastomotic technical problems,
and graft problems, but ITA flow can also change through
regulating the native proximal LAD during surgery.” This
is because of competition between the bypass graft flow
and the native coronary artery flow, and it has been reported
that competitive flow may be the cause of future stenosis in
ITA grafts.® Competition for blood flow appears in the
form of wall shear stress (WSS) and oscillatory shear index
(OSI), which has been reported to affect graft patency.”®

In recent years, computer flow simulation modeling
based on computational fluid dynamics (CFD) has enabled
the evaluation of coronary artery blood flow reserve based
on fluid dynamics, and many blood flow analyses have
been reported.” CFD uses numerical computation to solve
and analyze fluid flows. CFD provides flow velocity and
pressure distribution at an arbitrary time.” Cardiovascular
surgery is a good application for CFD modeling simula-
tion of the change in hemodynamics after surgery.>'?

In this study, we applied this technology during CABG
to create a hypothetical coronary artery stenosis lesion
model and investigated the hemodynamic behavior of
LITA blood flow anastomosed to the LAD according to the
degree of stenosis of the native LAD using computer anal-
ysis. The purposes of this study were to clarify the hemo-
dynamic variation and reserve potential of LITA according
to the native coronary artery stenosis rate and to enable the
preoperative simulation of future bypass models.

Patients and Methods

This study was approved by the institutional review
board (IRB) of the Saitama Cardiovascular and Respira-
tory Center (No. 2021009).

Operation and patient characteristics

Patients who underwent CABG performed at our
institution between January 2018 and December 2019 by
the same surgeon (K.N.) and who consented to this clin-
ical study were included. For LITA-LAD anastomosis,
side-to-side anastomosis was performed.

Patients with impaired cardiac function (left ventricle
ejection fraction <40%), frequent arrhythmias, and
impaired renal function, and patients for whom coronary
computed tomography (CT) angiography is not feasible
were excluded. Emergency and reoperation cases were
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also excluded. All other patients had a coronary angiog-
raphy CT scan before and after CABG surgery.

In this study, different stenosis models of LAD and
graft design models were prepared in order to investigate
various coronary blood flow patterns using CFD.

To begin, we selected patients who had good results in the
CABG flow measurement of the LITA-LLAD as graft design.
Patients with a pulsatility index (PI) of less than 3.0 and a
blood flow rate of at least 15 ml/min were considered to
have good blood flow'? by transit-time flow measurement
(TTEM) (Medistim, Oslo, Norway). Four patients were
selected from various native coronary stenosis patterns and
graft design patterns based on the following criteria.

The conditions were as follows:

1) How WSS and OSI work on the native coronary ves-
sel after native coronary stenosis

2) Patients with stable OSI proximal to the CABG
anastomosis

3) ITA blood flow less than PI 3.0 after bypass surgery

4) ITA blood flow of 15 ml/min or more

The characteristics of four patients are shown in Table 1.
The WSS and OSI were measured in these four patients,
and one patient with better LITA blood flow and steady
WSS and OSI was selected.

Results of patient selection

Case 1 had the second highest ITA blood flow but had a
high OSI proximal to the CABG anastomosis. Case 2 had
the best ITA blood flow of the four cases. In addition, the
OSI after CABG was stable. Case 3 was a right internal
thoracic artery (RITA) graft design model, but the WSS of
the LAD was high preoperatively, and the OSI after bypass
was not as stable as in Cases 1 and 2. Case 4 was also a
RITA graft design, but the high native stenosis rate made
it unsuitable for case selection. The results of the WSS and
OSI of the four patients are shown in Figs. 1a-1d.

Based on these results, Case 2 was selected as a model
case for virtual stenosis.

Next, we created three hypothetical lesions with 75%,
90%, and 99% stenosis proximal to the graft anastomosis of
the LAD in the selected patients, and compared the changes
in ITA blood flow and coronary flow distribution in the left
coronary artery (LCA) region under each condition (Fig. 1e).

CFD

CFD was calculated as the spatiotemporal field of
velocity and pressure in the target domain by solving the
continuity equations and the Navier—Stokes equations.
These equations were solved in a computational mesh,
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Table 1 Cases 1 and 2 were LITA models. Case 2 had the best ITA blood flow of the four cases

Graft design Graft flow Graft flow Amount
LMT No. 6 No. 7 t0 LCA to LAD PI to Cx PI LAD + Cx
(ml/min) (ml/min) (ml/min)
Case 1 0% 75% 75% LITA-LAD 37 1.7 19 1.8 56
SVG-HL-PL
Case 2 0% 75% 90% LITA-LAD 46 2 28 3.9 74
SVG-D1-PL
Case 3 90% 50% 0% RITA-LAD 26 2.5 14 1.8 40
LITA-OM
Case 4 0% 0% 100% RITA-LAD 27 1.7 25 2.6 52
LITA-PL

LITA: left internal thoracic artery; ITA: internal thoracic artery; PI: pulsatility index; SVG: saphenous vein graft; LCA: left coronary
artery; LAD: left anterior descending artery; LMT: left main coronary trunk; OM: obtuse marginal branch; PL: posterolateral branch; D1:
diagnosis 1; RITA: right internal thoracic artery; HL: high lateral branch

which divided the volume of the segmented heart and ves-
sel structures into spatially discrete small cells called the
computational mesh or grid.” Detailed calculation and
analysis were carried out by Cardio Flow Design Inc.,
Japan. The CFD method was based on prior validation
studies. The vessel geometry was created from an enhanced
multidetector-row CT using Ziostation (Ziosoft, Tokyo,
Japan) and Blender (Blender Foundation, Amsterdam,
The Netherlands). Computational meshes were created
with ANSYS-ICEM CFD 16.0 (ANSYS Japan, Tokyo,
Japan). The inlet boundary condition at the aortic root was
5.0 L/min. The outlet boundary conditions at the neck ves-
sel branches and descending aorta were set as the pressure
boundary conditions representing the external forces out-
side the analysis domain. The physiological external
forces in the cervical vessels and the descending aorta
were composed of the wave reflection from peripheral tis-
sues, vascular inactivation, and autonomic regulation.

Time-varying impedance boundary conditions were
used for the coronary artery outlet boundary conditions to
represent ventricular muscle contraction and relaxation.
The impedance of coronary branches was estimated from
the amount of myocardial perfusion volume of each
branch. Blood was assumed to be an incompressible New-
tonian fluid with a density of 1060 kg/m? and a viscosity
of 0.004 Pa-s. The Navier—Stokes equations were solved
using the fine volume method with the convergence crite-
ria of 1.0 E- for all parameters on the open-source CFD
software OpenFOAM (OpenFOAM Foundation: free,
open source software; England).”

WSS and OSI™™

CFD was used to measure the WSS and the OSI (the
degree to which the direction of WSS changes within a
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single beat) of each of the four previously selected
patients.

WSS is defined based on the flow velocity profile
inside the cardiovascular lumen.

The WSS vector 7 is calculated by using the velocity
profile around the vessel wall.

How to measure WSS
WSS vector T = ud(u — (u-n,)n,)/dy

where u is the flow rate, y is the coordinate system perpen-
dicular to the wall, n, is normal to the wall in the y direction,
W is the coefficient of viscosity, and WSS is equal to ||t|.

How to measure OSI
OSI = 1/2(1 — TVM/gMN)

where NM is norm of the mean and MN is mean of the norm.

If the WSS was within the normal range after CABG
anastomosis, it indicated that there was a low likelihood
of future anastomotic stenosis.”

In this study, we have estimated the stability of the
WSS and OSI with a small spatial variation in WSS and
a small OSI.

It is often said that too low WSS and high OSI lead to
increased plaque, while moderate WSS and low OSI are
good for the coronary arteries. In coronary arteries, flow is
often disrupted by bifurcation and stenosis. When bypass is
used, it is further disrupted by the collision of bypass and
native blood flow. In addition, changes in the balance
between native and bypass blood flow within a heartbeat
can alter the direction of blood flow, leading to a decrease in
WSS and an increase in OSI. CFD is useful for analyzing
complex phenomena that combine these various factors.
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Fig. 1 (Continued)

Results

For Case 2, we created a virtual stenosis at the orig-

[m/s]

0.0

LITA-LAD
SVG-HL-PL

CASE 1

[m/s]

0.0

LITA-LAD
SVG-D1-PL

CASE 2

ITA flow rate and streamline are shown in Figs. 3a-3c¢
and Video 1 (the video is available online). A compar-
ison of the average flow rate of each section and the

inal No. 6 lesion site and evaluated coronary blood  range of variability in LITA blood flow is listed in
flow. The WSS and OSI are presented in Fig. 2. The  Table 2.
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Fig.1 (Continued)

75% stenosis model (Fig. 3a) LITA had a minimum blood flow of —5 ml/min at

The LITA average flow was 18.9 ml/min, and there was an 0.2 s and a maximum flow rate of 28 ml/min at 0.7 s
inverse flow phase at 0.2 s systole. The LAD average flow was with a difference of 33 ml/min. The WSS at the LAD
66.9 ml/min and the diagnosis 1 (D1) and diagnosis 2 (D2) anastomosis was the lowest of the other models. The
average flow were 38.8 ml/min and 12.5 ml/min, respectively. OSI at the LAD anastomosis was the highest of the
The septal branch (SEP) average flow was 29.6 ml/min. other models.
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e create a hypothetical coronary artery stenosis lesion model

LITA

CASE 2

LAD

Fig. 1

4

(a) Case 1: LITA-LAD and SVG-HL-PL. (b) Case 2: LITA-LAD and SVG-D1-PL. (¢) Case 3: RITA-LAD and LITA-OM. (d)

RITA-LAD and LITA-PL. (e) Creation of a hypothetical coronary artery stenosis lesion model. Case 2 had the best ITA blood flow
of the four cases. In addition, the WSS and OSI after CABG were stable. Three hypothetical lesions with 75%, 90%, and 99%
stenosis in front of the graft anastomosis of the LAD were created in Case 2. LAD: left anterior descending artery; SVG: saphe-
nous vein graft; HL: high lateral branch; PL: posterolateral branch; OM: obtuse marginal branch; D1: diagnosis 1; LITA: left
internal thoracic artery; RITA: right internal thoracic artery; WSS: wall shear stress; OSI: oscillatory shear index; CABG: coro-

nary artery bypass grafting

90% stenosis model (Fig. 3b)

The LITA average flow was 40.4 ml/min and there
was no inverse flow in the concurrent phase. The LAD
average flow was 62.6 ml/min and the D1 and D2 aver-
age flow were 38.9 ml/min and 11.2 ml/min, respec-
tively. The SEP average flow was 26.6 ml/min. LITA had
a minimum blood flow of 18 ml/min at 0.15 s and a max-
imum flow rate of 59 ml/min at 0.7 s with a difference of
41 ml/min. The WSS and OSI at the LAD anastomosis
were in the middle of the three models.

99% stenosis model (Fig. 3c)

The LITA average flow rate was 72.9 mL/min and
there was no inverse flow in the concurrent phase. The
LITA blood flow was reversed immediately before the D1
branch of the native coronary blood flow. The LAD aver-
age flow rate was the lowest at 54.4 mL/min, and the D1
and D2 average flow were 39.1 ml/min and 9.1 ml/min,
respectively. The SEP average flow was 22.1 ml/min.
LITA had a minimum blood flow of 28 ml/min at 0.12 s
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and a maximum flow rate of 98 ml/min at 0.7 s with a
difference of 70 ml/min.

The WSS at the LAD anastomosis was the highest of
the other models. The OSI at the LAD anastomosis was
the lowest of the three models.

In the 75% to 90% stenosis model, blood flow was sig-
nificantly higher in the native coronary flow proximal to the
CABG anastomosis regardless of time phase. In the 99%
stenosis model, blood flow from the LITA graft was signifi-
cantly dominant compared to the native coronary flow at
the proximal site of anastomosis. D1, D2, and SEP flow
were constant regardless of time phase, resulting in a low
OSI in all models. The range of LITA flow variability was
the largest at 99% stenosis, with a difference of 70 ml/min.

Discussion

The superiority of the ITA for CABG over catheter
interventions and over any other graft has been established
by the evidence of long-term patency.'>'> CFD has been

Ann Thorac Cardiovasc Surg Vol. 29, No. 1 (2023)
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Fig. 2 The WSS at the LAD anastomosis was the highest of the other models and the OSI at the LAD anastomosis was the lowest of the
three in the 99% stenosis model. WSS: wall shear stress; LAD: left anterior descending artery; OSI: oscillatory shear index

used to analyze the blood flow to CABG from many
angles, and the evaluation of blood flow at the anastomosis
and its relationship to WSS and OSI has become clearer.
Ding et al.'” concluded that, based on the compari-
sons of time-averaged WSS and OSI, CABG is prefera-
ble when the LAD stenosis is higher than 75%. In this
study, the stenosis of the native coronary artery was
modelled as 0%, 30%, 50%, 75%, and 100%. However,
in practice, CABG is not performed below 75%. The
study therefore proposed a boundary limit of 75% or
more stenosis for bypass, but this is not realistic. Fur-
thermore, this study did not assess the potential of the
LITA only by evaluating the anastomosis. The evalua-
tion of the potential of LITA has to take the characteris-
tics of the graft into account. One of the reasons for this
is that the LITA has an elastic artery, which is not a char-
acteristic of other grafts.!> To the best of our knowledge,
this study is the first to assess the potential of LITA.
Shimizu et al.'® investigated the stenosis rate of native
vessels with a 75% boundary, and showed that ITAs have
higher shear stress than saphenous vein grafts and gas-
troepiploic artery grafts and may have the adaptive
capacity to regulate the vasculature to maintain flow.
The present study also supports this result. The 99%
stenosis model showed the greatest variability in ITA
flow velocity, suggesting autoregulation to maintain cor-
onary blood flow and suggesting a large ITA reserve.
There is no doubt that this reserve capacity may

Ann Thorac Cardiovasc Surg Vol. 29, No. 1 (2023)
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contribute to the high patency of ITA. It has been reported
that the other reason for the higher patency of ITA is a
high production of nitric oxide in ITA compared to other
grafts. A high nitric oxide production capacity means a
high vasodilatory capacity and a high resistance to ath-
erosclerosis. Future studies are expected to investigate
the relationship between these CFD-based studies and
endothelium-protective substances such as nitric oxide.

In order to reduce the influence of the anastomosis in
ITA graft evaluation, we selected the case that CFD
showed to have the least influence on the anastomosis
from four cases in this study. The bypass anastomosis
method was side-to-side anastomosis in all cases, but the
anastomosis method is a factor that can never be ignored
as it affects the ITA blood flow velocity. Kanzaki et al.
reported that there was no significant difference in
bypass blood flow between end-to-side anastomosis and
side-to-side anastomosis using CFD.!”

In this study, all anastomoses were performed by side-
to-side anastomosis, and Case 2 was selected because of
its favorable OSI and TTFM values. By selecting the
case with the most stable anastomotic conditions, it was
possible to remove the bias due to anastomotic factors.
In addition, an in vitro model case was designed based
on this case to establish the virtual stenosis in the native
coronary artery under the same anastomosis conditions,
which may have increased the accuracy of this study.
Ding et al.'¥ mentioned that CABG is preferable for
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a Flowrate (LITA anastomosis)

Flowrate [mL/min]

b Flowrate (LITA anastomosis)

PL

Fig. 3 (Continued)

75% stenosis or more of the target coronary artery. At
75% stenosis, there was a reverse flow from the native
coronary artery to the LITA at 0.2 s systole. This regur-
gitation is commonly referred to as a to-and-fro pattern'®
or a swinging pattern,'” and is one of the reasons why
graft patency can be maintained even at 75% native
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coronary artery stenosis, which should cause stenosis
due to the strong anastomotic flow competition com-
pared to 90% or 99% native coronary artery stenosis.'®
In the future, it is expected that further simulation
models will be designed and that various findings will be
obtained through CFD analysis, such as the evaluation of
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Fig. 3 (a) Post CABG native 75% stenosis. (b) Post CABG native 90% stenosis. (¢) Post CABG native 99% stenosis. LITA flow rate. In
the 99% stenosis model, blood flow from the LITA graft was significantly dominant compared to native coronary flow at the
proximal site of anastomosis. LAD: left anterior descending artery; PL: posterolateral branch; OM: obtuse marginal branch; D1:
diagnosis 1; D2: diagnosis 2; LITA: left internal thoracic artery; CABG: coronary artery bypass grafting; SEP: septal branch

Table 2 Blood flow in LITA showed a significant increase to
72.9 ml in the 99 % model

Area 75% 90% 99% Stenosis
LAD 66.9 62.6 54.4
D1 38.8 38.9 39.1
D2 12.5 11.2 9.14
SEP 29.6 26.6 22.1
LITA
Average 18.9 40.4 72.9
Min -5(0.2s) 18(0.15s) 28(0.12s)
Max 28 (0.7 s) 59 (0.7s) 98(0.7s)
Range of 33 41 70
variability
(ml/min)

The range of LITA flow variability was the largest at 99% stenosis,
with a difference of 70 ml/min. LAD: left anterior descending
artery; D1: diagnosis 1; D2: diagnosis 2; SEP: septal branch;
LITA: left internal thoracic artery

not only the ITA but also other grafts and variations in
anastomotic patterns.

Limitations

First, as mentioned by Kanzaki et al.,'” the simulation
geometry is based on coronary artery CT, so the patient’s

Ann Thorac Cardiovasc Surg Vol. 29, No. 1 (2023)

condition and CT scan data may affect the shape of the
simulation geometry. In CFD blood flow analysis, geom-
etry and boundary conditions have a very large influence
on the results. The difference in the quality of the CT
results reflects a difference in the shape of the vessel
geometry. We believe that this limitation of the CT
images may also be responsible for the error between the
TTFM values measured intraoperatively and the CFD.

We used 0.625-mm slices during CT to create the
geometry and mesh as accurately as possible. The small
vessel diameter in a stenotic region cannot always be
fully detected on CT images.

Second, simulations using virtual geometry were per-
formed only in one case with the best LITA-LLAD anas-
tomosis. The advantage of this virtual geometry
simulation based on real patient geometry is that all of
the conditions, including vessel geometry shape, aortic
pressure, and peripheral resistance, are the same, which
enables control experiments using realistic patient geom-
etry. In this way, we can observe the effect of LITA
bypass and stenosis severity on blood flow free from
other factors. However, the cost of the calculation for
each virtual geometry is too high to perform in a large
cohort. We would like to find a more cost-effective
method in the future to overcome this limitation.
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Conclusion

OSI showed no significant change from 75% to 99%.
Coronary blood flow was highest at 75% stenosis when
LAD, D1, D2, and SEP blood flow were considered. The
99% stenosis model showed the highest LITA flow and
compensated for the native coronary artery blood flow.
The range of LITA flow variability is large, suggesting
that it may vary according to the rate of stenosis of the
native coronary artery.
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