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ABSTRACT

Objective(s): The complexity of aortic arch reconstruction due to diverse 3-
dimensional geometrical abnormalities is a major challenge. This study introduces
3-dimensional printed tissue-engineered vascular grafts, which can fit patient-
specific dimensions, optimize hemodynamics, exhibit antithrombotic and anti-
infective properties, and accommodate growth.

Methods: We procured cardiac magnetic resonance imaging with 4-dimensional
flow for native porcine anatomy (n = 10), from which we designed tissue-
engineered vascular grafts for the distal aortic arch, 4 weeks before surgery. An
optimal shape of the curved vascular graft was designed using computer-aided
design informed by computational fluid dynamics analysis. Grafts were manufac-
tured and implanted into the distal aortic arch of porcine models, and postopera-
tive cardiac magnetic resonance imaging data were collected. Pre- and postimplant
hemodynamic data and histology were analyzed.

Results: Postoperative magnetic resonance imaging of all pigs with 1:1 ratio of poly-
caprolactone and poly-L-lactide-co-e-caprolactone demonstrated no specific dilata-
tion or stenosis of the graft, revealing a positive growth trend in the graft area
from the day after surgery to 3 months later, with maintaining a similar shape. The
peak wall shear stress of the polycaprolactone/poly-L-lactide-co-e-caprolactone graft
portion did not change significantly between the day after surgery and 3 months later.
Immunohistochemistry showed endothelization and smooth muscle layer formation
without calcification of the polycaprolactone/poly-L-lactide-co-g-caprolactone graft.

Conclusions: Our patient-specific polycaprolactone/poly-L-lactide-co-e-caprolac-
tone tissue-engineered vascular grafts demonstrated optimal anatomical fit main-
taining ideal hemodynamics and neotissue formation in a porcine model. This
study provides a proof of concept of patient-specific tissue-engineered vascular
grafts for aortic arch reconstruction. (JTCVS Open 2024;18:209-20)

Patient-specific aortic tissue engineered vascular
grafts implanted in porcine.

CENTRAL MESSAGE

Our patient-specific 3-dimensional
tissue-engineered vascular grafts
accommodated growth while
maintaining ideal flow dynamics
and morphology when implanted
into the aortic arch of porcine
subjects.

PERSPECTIVE

Patient-specific 3-dimensional tissue-engineered
vascular grafts were successfully implanted in
the aortic arch. In aortic surgery for patients
with congenital heart disease, the use of
patient-specific, growth-enabling, tissue-
engineered vascular grafts have the potential to
improve surgical outcomes and reduce the num-

ber of procedures required in a patient’s lifetime.
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Abbreviations and Acronyms

3D = 3-dimensional

4D = 4-dimensional

CAD = computer aided design

CFD = computational fluid dynamics
CHD = congenital heart disease

MRI = magnetic resonance imaging

PCL = polycaprolactone

PGA = polyglycolic acid

PLCL = poly-L-lactide-co-g-caprolactone
TEVG = tissue engineered vascular graft
vWF = von Willebrand factor

WSS = wall shear stress

Congenital heart disease (CHD) affects approximately 1%
of live births worldwide and often requires complex
vascular reconstruction.' Although surgical techniques
and survival rates have improved, the overall risk of prema-
ture death for patients with complex heart disease remains
elevated.”” Therefore, innovative solutions are urgently
needed to improve the long-term survival and quality of
life for patients with CHD, including those with complex
vascular anomalies.

Traditional surgical methods using homografts and syn-
thetic patches have limitations, including material failure
and lack of growth accommodation.” As a result, children
with congenital heart defects often undergo multiple high-
risk heart surgeries to replace grafts, posing greater risk of
infection, longer hospital stays, and even death.” Undergo-
ing multiple cardiothoracic operations and exposure to mul-
tiple episodes of cardiopulmonary bypass has also been
associated with neurologic deficits.’

In recent years, patient-specific, 3-dimensional (3D)-
printed, tissue-engineered vascular grafts (TEVGs) have
emerged as a promising alternative. Studies have demon-
strated the feasibility and potential efficacy of using 3D
TEVGs for complex vascular reconstruction in CHD."
Whereas long-term results of using homografts and syn-
thetic patches for Norwood procedures have shown risk of
thrombosis and aneurysm formation, 3D TEVGs have
shown to maintain excellent hemodynamic performance
and accommodate growth over time.” In addition, in dis-
eases that require aortic arch repair like aortic coarctation,
interrupted aortic arch, and hypoplastic aortic arch, the im-
plantation of TEVG may be an ideal alternative.

Our team has developed patient-specific, 3D TEVGs
through magnetic resonance imaging (MRI), image seg-
mentation, computer aided design (CAD) guided by
computational fluid dynamics (CFD), and 3D-printed
mold-based electrospinning (Figure 1).'*!" CFD simula-
tion explores multiple surgical solutions while predicting

210  JTCVS Open - April 2024

postoperative hemodynamics like wall shear stress (WSS),
flow splits, and energy loss.'”'* Our previous work in silico
reveals that customized grafts, optimized using CFD,
outperform standard grafts in terms of hemodynamic pa-
rameters,'’ demonstrating the potential to improve surgical
CHD outcomes.

In vivo studies also validate the feasibility of patient-
specific 3D TEVGs to promote cellular proliferation and
maturation with potential for growth and anatomic recon-
struction. For example, customized 3D TEVGs in preclini-
cal studies of sheep models demonstrated decreased
thrombogenicity and pressure gradients, as well as similar
mechanical and histological properties as native tissue.'*
We also revealed similar outcomes of patient-specific 3D
TEVGs in a porcine model, including comparable WSS,
pressure drops, and pulmonary blood flow balance to the
native vessel.'” Lastly, ideal hemodynamics have been
shown to be maintained after 10 weeks as the TEVG
grows.'?

Although many 3D TEVGs have shown good biocompat-
ibility, the graft must also have the mechanical strength to
withstand the harsh environment of the aorta. There have
been no previous studies that have designed ideal hemody-
namic shapes for 3D TEVGs using CFD and studied the
changes over time when implanted into the aortic arch of
a large animal. In this study, we hypothesized that maintain-
ing the ideal shape is crucial for high-pressure systems and
assessed the effectiveness of 3D TEVGs when implanted
into the aortic arch.

MATERIALS AND METHODS
MRI Acquisition, 3D Model Design, and Scaffold

Fabrication

The Institutional Animal Care and Use Committee (#72605; approved
October 24, 2019) approved all procedures conducted at the University
of Chicago Medical Center. The animals received humane care in accor-
dance with the Guide for the Care and Use of Laboratory Animals (Facility
RRID:SCR_021806). At approximately 1 month before implantation sur-
gery, 14-week-old porcine subjects weighing roughly 30 kg underwent
MRI using a 32-channel torso array on a 3.0 T magnet (Philips Ingenia).
The MRI acquisition involved a 4-dimensional (4D) time-resolved mag-
netic resonance angiography with keyhole sampling scheme over the
cardiothoracic region using a sagittal view, with acquisition parameters
stated in previous work.'” Magnetic resonance angiography image segmen-
tation, stereolithography file export methods, CFD simulation and optimi-
zation (Figure 2), and graft design methods using CAD have been
described in previous work."”

The porcine subjects were separated into 2 groups based on the type of
material used for scaffold fabrication and compared. One group (n = 8)
received grafts made of a biodegradable nanofiber material made of poly-
caprolactone (PCL) and poly-L-lactide-co-e-caprolactone (PLCL) in a 1:1
ratio, and the other group (n = 2) received grafts made of a biodegradable
nanofiber material made of polyglycolic acid (PGA) and PLCL in a 1:1 ra-
tio. Both grafts were fabricated by wrapping them around a steel mandrel
(Nanofiber Solutions). The detailed preparation and sterilization of the
grafts are described in detail in previous work."”
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FIGURE 1. The workflow for this study. First, each porcine underwent preoperative (preop) magnetic resonance imaging (MRI). Then, customized grafts
designed by computational fluid dynamics (CFD) optimization are 3-dimensional (3D) printed by electrospinning. The grafts were inserted via thoracotomy.
After each follow-up period, each porcine subject underwent postoperative (postop) MRI, and the grafts were explanted. TEVG, Tissue-engineered vascular

graft.
In Vivo Graft Implantation Data Analysis

One month after preoperative 4D flow MRI imaging, each porcine Each pig model underwent postoperative 4D flow MRI imaging before
model was implanted with a 3D TEVG of its own shape and size using graft removal on the last day of the follow-up period to confirm implanta-
the TEVG manufacturing workflow detailed in Figure 1. Two animals tion of the graft, assess hemodynamics within the vessel, and analyze graft
received PGA/PLCL grafts, and 8 animals received PCL/PLCL grafts. growth. In addition, the shape of the aorta with expected growth was
Among the 8 animals that received PCL/PLCL grafts, 4 were assigned to compared with the actual graft. Hemodynamic factors of WSS, energy
the 1-day follow-up group, 2 to the 1-month follow-up group, and 2 to loss, right-handed helicity, and vorticity were measured as detailed in pre-
the 3-month follow-up group. vious studies.'®

Grafts were implanted via left thoracotomy under general anesthesia To analyze the geometric differences between each time course, we
and partial bypass of the ascending and descending aorta after the determined the shape index of each 3D mesh utilizing MATLAB (Math-
removal of one rib to increase exposure. Specifically, 3D TEVGs were ‘Works). Shape index is a continuous descriptor of shape between —1 and
implanted following the removal of the distal aortic arch to the proximal 1 that characterizes concave (—1), spherical (1), flat (0), ideal cylinder
descending aorta, including the bifurcation of the left subclavian artery (0.5), and any in-between geometries through the calculation of curvature
(Figure E1). All pigs survived surgery and were extubated in the oper- tensor values.'? Shape index values were then overlaid as a heatmap on top
ating room. Grafts were explanted on the last day of the follow-up of the 3D mesh for each subject at each time point to qualitatively assess
period. geometrical change in the aortic wall over time. Finally, the mean and
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FIGURE 2. Three-dimensional (3D) tissue-engineered vascular graft optimization using computer-aided design and computational fluid dynamics. A, The
3D model of the surrounding heart and vasculature anatomy overlaid with the new graft design to test anatomical fit. B, The design with the best performance
was determined based on the optimization of blood flow velocity and reduction of wall shear stress (WSS). Blue indicates the minimum value and red in-
dicates the maximum value.
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FIGURE 3. Graft growth assessment. A, Overlay of pre- and postoperative (postop) magnetic resonance imaging (MRI) images. Red shows expected aorta
growth after the follow-up period and green shows actual graft shape after the follow-up period. B, Comparison of mean graft inner diameter of each group

using MRI images.

variance of the shape index for each mesh was calculated, allowing for
quantitative intra-subject comparisons using percent difference.

The same histological, mechanical, and statistical analysis methods
were used from previous work; however, CD 68 (Abcam, ab955) and CD
206 (Novus Biologicals, NBP1-90020) were added for immunofluores-
cence testing.'®"”

RESULTS
Porcine Growth

All 10 pigs survived surgical implantation; however,
those with PGA/PLCL grafts died due to graft rupture on
postoperative days 2 and 5, respectively. All 8 pigs with
PCL/PLCL grafts survived their respective scheduled
follow-up periods.

The surviving porcine models, which belong to the White
Yorkshire crossed with Landrace breed, underwent
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preoperative MRI at age 10 weeks, surgery at 14 weeks,
and postoperative MRI on the day after surgery (n = 4),
at 18 weeks postoperative (n = 2), or 26 weeks postopera-
tive (n = 2). The average weight of the pigs was
30,04 =+ 095 kg at the preoperative MRI,
39.09 & 3.07 kg at the time of surgery, 47.2 &+ 2.83 kg at
18 weeks, and 78.5 £ 0 kg at 26 weeks (Figure E2).
Thus, this weight trend was consistent with the general
pig growth curve we used for estimation.'”

Graft Shape Over Time

Postoperative MRI demonstrated no specific dilatation or
stenosis of the graft. Graft inner diameter growth was
measured as the difference between the inner diameter at
the end of follow-up and the inner diameter at surgery.

Shape index
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FIGURE 4. Shape index. A, Heatmap showing preoperative (preop) and postoperative (postop) shape index of porcine followed-up for 3 months. B, Preop
and postop shape index distribution of porcine subjects after 3 months of follow-up. Preop and postop distributions are generally consistent.
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FIGURE 5. Compilation of all histological analyses performed on the native tissue, the explanted 1-day 3-dimensional tissue-engineered vascular graft (3D
TEVG), 1-month 3D TEVG, and 3-month 3D TEVG. Histological staining included hematoxylin and eosin (H&E), Masson’s trichrome, a-smooth muscle
actin (SMA), Von Kossa, picrosirius red, and von Willebrand factor (vWF). These data support that 3D TEVG shows a single layer of endothelial cells, an
organized smooth muscle cell layer, progressive extracellular matrix formation, and no ectopic calcification over time.

The mean change in 3D TEVG inner diameter was
2.02 + 0.70 mm in the 1-day group, 2.79 + 0 mm in the
1-month group, and 2.97 &+ 2.52 mm in the 3-month group
(P = .7215) (Figure 3).

Pre- and postoperative shape index data were quite
similar; even 3 months after surgery, the TEVG exhibited
symmetrical growth that was proportional to the growth
of the native aorta (Figure 4).

4D Flow Analysis

CFD simulations helped design 3D TEVG with more
optimal hemodynamics, with an emphasis on WSS and
flow splits. During follow-up periods, only surviving ani-
mals (n = 8, PCL/PLCL only) underwent postoperative
4D flow MRI imaging. One subject who was followed-up
at 1 month was excluded due to technical difficulties with
postoperative MRI imaging.

The peak WSS of 3D TEVG was 24.50 + 12.39 Pa at
1 day, 14.55 + 0 Pa at 1 month, and 27.41 4+ 21.52 Pa
at 3 months, with no obvious deterioration of peak WSS
over time (P = .7933). The peak energy loss of 3D
TEVG was 1.19 £ 0.95 mW for 1 day, 0.87 = 0 mW
for 1 month, and 2.41 £ 1.15 mW for 3 months, with
no apparent worsening of average energy loss over time
(P = .2571). The right-handed helicity of 3D TEVG

was 2.10 X 107* 4+ 139 X 107* Pa at 1 day,
1.32 X 107* + 0 Pa at 1 month, and 9.55 X 10~* +
7.60 X 107* Pa at 3 months (P = .1873). The peak
vorticity of the 3D TEVG was 123.93 + 68.76 Pa at
1 day, 9029 £ O Pa at 1 month, and
248.36 4+ 157.60 Pa at 3 months (P = .3660) (Figure E3).

Histological Analysis

Biocompatibility of the graft, including patency and tis-
sue degradation, was evaluated after the follow-up period.
3D TEVG histology showed a single layer of endothelial
cells by hematoxylin and eosin, Masson’s trichrome, picro-
sirius red, a-smooth muscle actin, and von Willebrand fac-
tor (vWF) antibody staining, an organized smooth muscle
cell layer, and collagen deposition (Figure 5). Masson’s tri-
chrome staining and picrosirius red staining showed pro-
gressive extracellular matrix formation in the artificial
vessels compared with native tissue; Von Kossa staining
showed no ectopic calcification.

One day after graft implantation, strong positive VWF
antibody staining indicated collagen and platelet adhesion
to the graft during the acute phase. However, after 1 month,
positive VWF staining confirmed the completion of endo-
thelialization on the graft’s internal surface. There was no
graft-related stenosis, dilation, or rupture during the study

JTCVS Open ¢ Volume 18, Number C 213
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FIGURE 6. Macrophage analysis. A, CD68 antibody immunofluorescence stained images (40X) of tissue-engineered vascular graft (TEVG) at 1-day,
1-month, and 3-month follow-up. B, CD206 antibody immunofluorescence stained images (40X) of TEVG at 1-day, 1-month, and 3-month follow-up.
C, Comparison of the number of CD68 antibody-positive macrophages in high-power field of TEVG at 1-day, 1-month, and 3-month follow-up. D, Com-
parison of the number of CD206 antibody-positive macrophages in high-power field of TEVG at 1-day, 1-month, and 3-month follow-up. Both CD68 and

CD206 antibody-positive macrophages increased over time.

period, and no thrombus formation was observed either
macroscopically or microscopically.

Other parameters investigated during histological analysis
included vessel wall thickness and neointima thickness. The
mean vessel wall thickness was 1569.73 + 488.50 um for
native aorta, but increased between 1 and 3 months, with
1063.95 + 221.71 um at 1 day, 1467.57 £+ 97.56 um at
1 month, and 3448.09 4+ 1275.17 um at 3 months
(P < .0001). On the other hand, the average neointima
thickness was 26.48 + 15.57 um for native aorta, but increased
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from relatively early on, with 27.4 4+ 17.32 um at 1 day,
914.55 + 311.06 um at 1 month, and 1050.95 £ 582.80 um
at 3 months for 3D TEVG (P <.0001) (Figure E4).

Graft degradation was detected by the presence of resid-
ual scaffold area by polarized light microscopy. The
average value of residual scaffold in the 3D TEVG was
100% =+ 0% for 1 day, 62.87% = 5.72% for 1 month,
and 40.46% = 11.47% for 3 months, indicating that graft
degradation was gradual (P = .0010) (Figure E4). The num-
ber of CD 68+ and CD 206+ macrophages around the 3D

Ultimate Tensile Strength
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FIGURE 7. Mechanical analysis for native tissue, tissue-engineered vascular graft (TEVG) at 1-month, and TEVG at 3-month follow-up. A, compliance
data. B, Circumferential tensile strength. C, Ultimate tensile strength data. After 3 months, the trend of tolerance remained the same as after 1 month.
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FIGURE 8. Graphical abstract. Patient-specific tissue-engineered vascular graft for aortic arch reconstruction. Assessment of Graft Growth. A, Overlay of
pre- and post-operative MRI images. B, Comparison of mean graft inner diameter of each group using MRI images. The internal diameter increased, indi-
cating graft growth. Assessment of Shape Index. A, Heatmap showing pre-operative and post-operative shape index of porcine followed up for 3 months. B,
Pre- and post-operative distributions of shape index are generally consistent. MRI, Magnetic resonance imaging; 3D, 3-dimensional; CFD, computational

fluid dynamics.

TEVG continued to increase for three months (P <.0001)
(Figure 6), inferring that the inflammatory process of
vascular remodeling was sustained at the 3-month time
point.

Mechanical Analysis

Finally, mechanical testing was performed to compare
the compliance and strength of native tissue versus the
PCL/PLCL 3D TEVG harvested grafts. Native tissue
compliance was the highest at 20.61% =+ 7.23%/mm Hg,
whereas 3D TEVG compliance was lower at
6.46% =+ 5.08%/mm Hg and 6.86% =+ 4.02%/mm Hg at
1 month and 3 months, respectively (P = .0497) (Figure 7).

A similar trend was observed for tensile strength, with the
highest circumferential and ultimate tensile strengths of
3.31 4+ 0.85 MPa and 3.10 + 1.30 MPa, respectively, for
the native tissue. On the other hand, the circumferential
and ultimate tensile strengths of 1-month 3D TEVGs

were 0.74 + 0.59 MPa and 0.94 + 0.85 MPa, respectively.
The circumferential and ultimate tensile strengths of the 3-
month 3D TEVGs were 1.85 + 2.39 MPa (P = .0999) and
0.86 4= 1.06 MPa (P = .0874) (Figure 7). Overall, the me-
chanical properties of the 3D TEVGs are somewhat
different when compared with the native tissue results, but
this is presumably due to the remodeling process.

DISCUSSION

The results of this study provide proof of concept of
patient-specific 3D TEVG implantation in vivo in a porcine
model and suggest which graft materials should be used.
The 2 animals with PGA/PLCL implanted grafts died due
to graft rupture, whereas all 8 pigs with PCL/PLCL grafts
survived their respective scheduled follow-up periods
without signs of graft rupture, dilation, or stenosis.

Among the unique features of a 3D TEVG is its ability to
accommodate growth, which is not possible with

JTCVS Open ¢ Volume 18, Number C 215
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conventional grafts that are currently used in pediatric pa-
tients. The animal models exhibited growth in accordance
with the general growth curve of their breed, gaining an
average of 8.2 kg and 35.05 kg in weight at 1 and 3 months
after surgery, respectively. During this time, the vasculature
grew naturally in size, as evidenced by an increase in the in-
ner diameter of the native aortic tissue. The internal diam-
eter of the 3D TEVG also increased, indicating graft
growth. The graft maintained a good shape index and did
not experience abnormal WSS, energy loss, helicity, or
vorticity over time, evidence that it adapted to the natural
curvature of the aorta and maintained appropriate
hemodynamics.

Only the animals with 1:1 PCL/PLCL aortic grafts were
able to survive the 3-month follow-up period. The average
value of residual scaffold in the PCL/PLCL graft was
40.46% =+ 11.47% after the 3-month period. In a previous
study of 1:1 PGA/PLCL TEVGs implanted in porcine pul-
monary arteries, degradation progressed rapidly with an
average residual scaffold area of 21.37% = 20.46% after
10 weeks.'® Thus, premature degradation may be a risk
for rupture and mass formation.

The histological analysis conducted in this study
confirmed that the 3D TEVG was biocompatible and func-
tioned similarly to native aortic vessels. Previous studies
have reported limited cellular infiltration and integration
of PCL/PLCL grafts implanted in arteries, with high rates
of thrombosis and neointimal hyperplasia.”’*' Intimal
thickening and subsequent vascular remodeling over time
can lead to stenosis and occlusion, which are associated
with various health risks such as hypertension, myocardial
infarction, and stroke.?? However, this study showed that
large-diameter grafts may not cause graft stenosis compared
with small-diameter grafts, although there may be some
intimal thickening. Qualitatively, the histological data
showed a monolayer of endothelial cells, an organized
smooth muscle cell layer, and collagen deposition. These
findings are promising because endothelial or smooth mus-
cle cell dysfunction is a characteristic feature of human dis-
eases such as atherosclerosis” and sporadic venous
vascular malformations.”* The presence of collagen indi-
cates an initial processing of neointimal tissue formation
and remodeling, which may have contributed to the
adequate resistance seen in mechanical testing.

Our previous research has shown that a scaffold seeded
with bone marrow mononuclear cells can transform into a
living vascular conduit capable of growing, repairing, and
remodeling via an inflammation-mediated process.”” In
this study, the number of CD 68+ and CD 206+ macro-
phages around the 3D TEVGs continued to increase over
a 3-month period, inferring that inflammation due to
vascular remodeling was underway. However, excessive
macrophage infiltration can contribute to occlusive vascular
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neotissue hyperplasia, as suggested by our previous
studies.”®”’ Therefore, further long-term follow-up is
needed to determine how the inflammatory process
proceeds.

The result of compliance discrepancy between the native
tissue versus TEVG could also be explained by the remod-
eling process of TEVG. We envision that TEVG will be im-
planted in children in the future, but there are no studies that
directly compare the compliance of a 27-week-old porcine
subject’s aorta used in this study with that of children. It has
been reported that porcine aortas are more flexible than
those of older humans,” but young human aortas may be
more compliant because of their greater tissue elasticity.
Thus, it is critical to investigate the mechanical properties
of TEVGs in longer-term studies to evaluate its remodeling
process.

Among the goals of 3D TEVGs is to improve hemody-
namic performance in addition to growth accommodation.
WSS can be influenced by various factors, but elevated
WSS levels can change the behavior of endothelial cells,
leading to inflammation” and potentially causing throm-
bosis formation.”” Abnormal WSS has also been linked to
high-risk plaque development and rupture, which can result
in atherosclerosis and myocardial infarction.”' To optimize
the hemodynamic performance of the 3D TEVGs, mini-
mizing WSS was a key goal of our CFD simulations
when designing the graft shape. We found that the average
WSS remained generally stable, and there were no anoma-
lies in other hemodynamic parameters such as energy loss,
helicity, or vorticity. This suggests that grafts created using
CFD analysis could maintain ideal hemodynamics even af-
ter 3 months due to graft growth.

Although 3D TEVGs showed promising results in replac-
ing the aorta and preserving its morphology in 3 months,
this proof of concept study has several limitations. First,
the small sample size consists of only 2 pig models with
PGA/PLCL and 8 pig models with PCL/PLCL, which re-
duces statistical power and restricts the ability to generalize
the results to a broader population. Another challenge is
achieving proper integration of the TEVG with the sur-
rounding tissue, which may be critical to the long-term suc-
cess of the graft and future growth. The 3D TEVG
component at the 3-month follow-up of this study was
generally still in place; however, longer-term data on its
safety and efficacy are still needed. In particular, the
morphology and hemodynamics after proper integration
with autologous tissue should be evaluated in the future to
understand graft patency, resistance to wear and tear, and
the body’s long-term biological response.

Precise implantation location is a critical factor in
achieving optimal 3D TEVGs. Obtaining accurate 3D
orientation during surgery is challenging, leading to devia-
tions from surgical CFD simulations. Our previous research



Hayashi et al

Congenital: Aorta: Basic Science

in porcine models found that greater displacement during
surgical implantation resulted in higher WSS levels despite
efforts to optimize WSS.'® Another study found that devia-
tions in predicted flow distributions in Fontan conduits also
occurred due to offset errors during implantation.’” To
ensure accuracy during cardiac implantation procedures,
future work must focus on mitigating this confounding var-
iable. Creating a tool that ensures precision could be a solu-
tion, such as augmented reality and holograms as surgical
planning tools for CHD to improve the understanding of
complex morphology.”**

CONCLUSIONS

Overall, our patient-specific 3D TEVGs made by a 1:1
PCL/PLCL blend were successfully implanted into the de-
scending aorta from the aortic arch in 8 porcine models
(Figure 8). The grafts did not present stenosis or aortic aneu-
rysm formation and were able to accommodate porcine
growth, illustrate optimal anatomic conformity, and main-
tain ideal flow dynamics over 3 months. This proof of
concept study demonstrates the potential of patient-
specific 3D TEVGs in the aortic arch for descending aorta
reconstruction, warranting further longer-term studies.
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FIGURE E1. After partial bypass of the ascending and descending aorta,
the distal aortic arch to the proximal descending aorta, including the left
subclavian artery bifurcation, was resected and a 3-dimensional tissue-
engineered vascular graft was implanted. The red arrows indicate that
the partial bypass preserves circulation in the lower body.
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FIGURE E2. Differences in body weight over the porcine life span. Body
weight data were collected 4 weeks before surgery (preop), at the time of
surgery, and on the last day of follow-up (postop). preop, Preoperative;
postop, postoperative.
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FIGURE E3. Magnetic resonance imaging (MRI) 4-dimensional flow data of the 3-dimensional tissue-engineered vascular graft at 1 day, 1 month, and
3 months after surgery. A, Peak wall shear stress (WSS). B, Peak energy loss. C, Helicity. D, Peak vorticity. There were no anomalies in the peak WSS,
peak energy loss, helicity, or peak vorticity. E, Heat map of WSS, energy loss, helicity, or vorticity.
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FIGURE E4. A, Histological analysis of wall thickness for 3-dimensional tissue-engineered vascular graft (3D TEVG) at 1 day, 1 month, and 3 months, and
the native tissue at 3 months after surgery. B, Histological analysis of intima thickness for 3D TEVG at 1 day, 1 month, and 3 months, and the native tissue at
3 months after surgery. After 3 months, both wall thickness and intima thickness show thickening. C, Percentage of remaining scaffold area over time. A

gradual decrease in graft components is observed.
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