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ABSTRACT

he first genetically modified pig-to-human
cardiac xenotransplantation was performed
on January 7, 2022, from a 14-month-old
110-kg genetically altered source animal.' To reduce
the potential of a possible disparate size growth after
transplantation, growth hormone receptor was
knocked out (GHRKO).” These source animals have
been well characterized at 6 months of age. GHRKO
source animals are healthy, and their hearts are

LEARNING OBJECTIVES

e To understand the differences in pig and
human heart anatomy as it related to the
surgical technique for cardiac
xenotransplantation.

Cardiac xenotransplantation has been proposed to bridge the gap between supply and demand for patients with
end-stage heart failure requiring transplantation. However, differences in pig anatomy compared with human anatomy
require modification of the surgical approach. In addition, careful consideration should be given to size matching
before transplantation. (Level of Difficulty: Advanced.) (J Am Coll Cardiol Case Rep 2022;4:1049-1052)

© 2022 Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

physiologically and metabolically normal. However,
experience with ages and weights beyond this age
is lacking.?

ANATOMICAL DIFFERENCES BETWEEN THE
PIG AND HUMAN HEARTS

Although pig hearts are markedly similar to human
hearts, there are subtle differences in the anatomy.
We have found the diameter of the great vessels to be
proportionally smaller in pigs than in humans,
particularly for the ascending aorta and main
pulmonary artery (PA). In addition, the length of the
great vessels proximal to major branches is propor-
tionally shorter in pigs than in humans. For the
superior vena cava (SVC), this places the takeoff of
the azygous vein closer to the superior cavoatrial
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ABBREVIATIONS

AND ACRONYMS

CT = computed tomography

GHRKO = growth hormone

receptor knockout

IVC = inferior vena cava
PA = pulmonary artery
RA =right atrium

SVC = superior vena cava

junction. For the aorta, there are generally
only 2 cerebral branches: the right and the
left innominate arteries.

By contrast, the suprahepatic inferior vena
cava (IVC) is longer in pigs than in humans.
As opposed to humans, where the SVC and
IVC enter the right atrium (RA) 180° relative
to one another (in a straight line), in pigs the
SVC and IVC enter at nearly 90° relative to
one another.* Pigs have a prominent hemi-
azygous vein that enters directly into the coronary
sinus anterior to the left pulmonary veins. Pigs also
have smaller atria relative to cardiac mass.

The right and left coronary ostia in pigs arise from
the aortic root at 90° relative to one another, as
opposed to humans, where it is typically 120 to 140°.
In addition, the left anterior descending artery is
rightward of the left ventricular apex in pigs instead
of overlying it, as in humans. Differences in coronary
anatomy become important for cardiac catheteriza-
tion after cardiac xenotransplantation.

Our team’s approach to cardiac procurement from
pigs is similar to standard procurement in humans.> A
midline sternotomy is directed toward the sterno-
costal joints superiorly on the right. This is done to
avoid the keel of the pig sternum superiorly, which
courses ventrally at 90° and is thicker than a standard
blade for our sternal saw.

Several anatomical differences need to be consid-
ered when procuring a pig heart. The length of the
ascending aorta is particularly short in pigs; there-
fore, the cardioplegia catheter is placed just proximal
to the origin of the right innominate artery. Once the
cardioplegia catheter has been inserted, blood is
drawn to prepare the 30 cc/kg, 1:4 blood:XVIVO heart
solution (XVIVO Perfusion) for induction of arrest.

The entrance of the azygous vein into the SVC is
often closer to the superior cavoatrial junction than in
humans and is important to identify before encircling
the SVC. Ties placed inferior to the azygous vein are
avoided because of the proximity to the superior
cavoatrial junction and the sinoatrial node. The aortic
cross-clamp is placed across the aortic arch to
accommodate a short ascending aorta. Dissection of
the arch between the right and left innominate ar-
teries is performed, and an umbilical tape is placed
around the ascending aorta to aid in cross-clamping.

The suprahepatic cava is clamped external to the
pericardium for right-sided decompression. The IVC
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is only partially transected to prevent outflow
obstruction from the atrium because the IVC can
retract posterior to the heart, given the angle of
entrance to the RA. The left side is decompressed by
transection of the right superior pulmonary vein.
During procurement, careful attention to the hemi-
zygous vein coming from the coronary sinus near the
left pulmonary veins should be noted.

We use the XVIVO system for nonischemic perfu-
sion of the donor heart. A dual-lumen cannula is
placed into the transected aorta at the level of the left
innominate artery. The mitral valve is stented open
with a silicon semilunar tube fastened to the left
atrial cuff to prevent left ventricular distention. The
heart is maintained at 8°C, 20 mm Hg at a physiologic
pH, and oxygenated until implantation with a blood
mix of XVIVO perfusate.

A biatrial implantation allowed accommodation for
significant atrial size discrepancies resulting from
this patient’s long-standing dilated cardiomyopathy
and mitral regurgitation. It reduced the risk of caval
kinking caused by malalignment from anatomical
variations. Before implantation, final backbench
preparation for biatrial implantation includes over-
sewing the entry site of the azygous vein, the SVC,
and hemiazygous vein from the coronary sinus. The
RA is opened from the posterior IVC superior toward
the right atrial appendage.

In this recipient, the left atrium was nearly 3 times
larger than in the donor heart. To accommodate for
this mismatch, a wedge of recipient left atrial tissue
was excised between the right and left superior pul-
monary veins. The rest of the size mismatch was
made up for by asymmetric suturing traveling less
distance on the donor tissue than on the recipient. To
aid in proper left atrial alignment on implantation,
the previous suture line from the closure of the
hemiazygous vein on the donor heart should align
with the confluence of the left superior and inferior
pulmonary veins in the recipient.

The recipient RA was similarly large in comparison
with the donor RA. To accommodate for this
mismatch, the donor right atriotomy was extended to
the superior aspect of the right atrial appendage, and
an asymmetric suturing technique was used. In
addition to the circumferential mismatch, once the
left atrium was anastomosed, the midpoints of the
donor and recipient right atria were not aligned with
significant right lateral position of the native atrium.
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To accommodate this, the recipient lateral wall and
cavae were freed to reach the more medially fixed
donor RA.

The PA mismatch was accommodated for with
asymmetric suturing as well. Another option would
be to use the donor PA beyond the bifurcation to have
a larger rim of donor tissue to anastomose to the
recipient main PA instead of sewing the donor main
PA to the recipient main PA. The short PA in the pig
would allow for this without a significant concern of
having a long main PA after implantation in the
recipient that could be prone to kinking.

The aortic mismatch was also significant. The
opening in the aortic arch through the origin of the
left innominate artery extended into the origin of the
right innominate artery. This allowed for a larger
circumference of donor aortic tissue to anastomose to
the larger recipient aorta.

The GHRKO cardiac xenograft in the 90-kg recipient
(Video 1) is demonstrated by a CT 3-dimensional
reconstruction imaging 7 days after
transplantation (Figure 1). Despite the notable size
mismatch at all 4 anastomotic sites, no significant
postoperative

xeno-

gradients were observed on
echocardiography.

The cardiac xenograft for human transplantation
weighed 328 g at procurement from a 110-kg 14-
month adult GRKO pig. Xenograft measurements
were obtained from a postimplantation CT scan
because the graft could not be manipulated or
measured between procurement and implantation.
By our estimates, total ventricular mass was 232 gm,
ascending aortic diameter was 16.6 mm, and pulmo-
nary artery diameter was 19.3 mm.

By comparison, our evaluation of 7 adult wild-type
Landrace pigs, averaging 100 kg, had a heart mass of
454 + 32 g. Ventricular mass by weight was 3214+ 28 g.
Ascending aortic diameter was 23 + 1.5 mm, and
pulmonary artery diameter was 24 + 0.84 mm. Met-
rics are summarized between wild type, the GHRKO
xenograft, and predicted recipient values in Table 1.

Anatomical differences between pig and human
hearts necessitate modifications of the surgical
approach for successful procurement and implanta-
tion of a pig heart xenograft into a human. One of the
bigger challenges is appropriately sizing the donor pig
heart to the recipient.® Inasmuch as the ventricular
mass data for the xenograft were not obtainable
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FIGURE 1 3-Dimensional Reconstruction

The cardiac xenograft is shown in the 90-kg recipient from CT 7 days after xeno-
transplantation. Ventricles shown in pink. Donor aorta and left atrium shown in purple.
Recipient aorta and left atrium shown in red. Donor right atrium and pulmonary artery
shown in dark blue. Recipient right atrium and pulmonary artery shown in light blue.

before transplantation, and that this was the first
GHRKO pig xenograft with recognized limitations of
use in this setting, we performed transesophageal
echocardiography on the pig to assess the stroke
volume and cardiac output.

TABLE 1 Heart Weight and Vessel Sizes

WT Pigs GHRKO Pig  Recipient
Body weight (kg) 100 10 85
Heart weight (g) 454 (397-492) 328 -
HW:BW ratio (g/kg) 4.6 (4.0-4.9) 2.98 -
Total ventricular mass (g) 321 (280-349) 232° 196.81°
VM:BW ratio (g/kg) 3.2 (2.8-3.5) 2.1 23
LV mass (g) 244° 177163°  171.84°
RV mass (g) 76° 55¢ 24.97°
Ao diameter (mm) 23 (20-24) 16.6 38.2
PA diameter (mm) 24 (23-25) 19.3 344
Ao:VM ratio (mm/g) 0.072 0.072 -
PA:VM ratio (mm/g) 0.075 0.083 -

2Calculated on the basis of WT pig heart ratios. PPredicted on the basis of Reed
et al.'”” “Predicted on the basis of Booth et al."" “Estimated on the basis of
3-dimensional volumetric reconstruction on CT.

Ao = ascending aorta; BW = body weight; GHRKO = growth hormone receptor
knockout; HW = heart weight; LV = left ventricle; PA = pulmonary artery;
RV = right ventricle; VM = ventricular mass; WT = wild-type.
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Another consideration is the size of the great ves-
sels relative to the size of the heart. From autopsy
studies on healthy humans without pathological ab-
normalities, the average heart weight for men was
found to be 331 + 56.7 g (range, 188 to 575 g) and for
women was 245 =+ 51.8 g (range, 156 to 422 g).”"® From
CT studies of >4,000 adult humans, the average
ascending aortic diameter is 33.2 + 4.1 mm, with even
the smallest subgroups (women <45 years of age with
a body surface area <1.70 m? averaging 28.4 +
2.7 mm (range, 22.6 to 39.8 mm).° Despite having an
ascending aortic diameter of 16.5 mm, the implanted
heart had no significant gradients across any of the
valves or anastomoses in our recipient, and it gener-
ated adequate cardiac output.

Evidence on pig heart size in adult GHRKO pigs
beyond 6 months of age is scarce. In published
studies, their average weight at 6 months is 33.0 &
1.5 kg. Their phenotype is noted to have increased
adiposity, with markedly increased body fat (21.5% +
0.7%, compared with age-matched wild-type pigs,
which have 11.4% + 0.5%).'° However, these data
suggest that the body weight of GHRKO pigs may
overestimate the heart size of the source animal for
matching potential recipients for transplantation.

As these animals grow, transthoracic echocardiog-
raphy becomes increasingly difficult because of the
anatomy of the thoracic cavity, lungs overlying
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midline, thick sternum, and increasing adiposity of
the GHRKO phenotype. It may be necessary to use
screening transesophageal echocardiography for size
matching before transplantation to overcome this
limitation.

CONCLUSIONS

Successful cardiac xenotransplantation from porcine
source animals is possible with careful consider-
ation of the anatomical differences between porcine
and human hearts, a modified approach to pro-
curement and implantation, and careful consider-
ation of the relative overestimation of ventricular
mass when source animals are weight matched to
recipients.
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