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Abstract

Aim: To see if: (i) a large vessel aortocaval vascular patch technique may bring about long-term graft survival
after allogeneic uterine transplantation (UTn) in a rabbit model; and (ii) fertility can be achieved following
natural mating post-allogeneic UTn.
Methods: Allogeneic uterine cross transplantations were performed in New Zealand white rabbits using an
aortocaval macrovascular patch harvested as part of the uterine allograft. Five rabbit recipients received a
uterine graft from five unrelated donor rabbits. All female rabbits were unrelated and were of proven fertility
with at least one previous litter each. Tacrolimus was administrated for immunosuppression post-transplant.
Natural mating was attempted if long-term survival had been achieved. The main outcome measures were:
(i) long-term recipient survival; (ii) long-term adequate uterine perfusion; and (iii) successful pregnancy
post-UTn.
Results: All five recipient animals survived the surgery with satisfactory immediate postoperative recovery.
Recipients 1, 2 and 4 died within the first 4 postoperative days. Both long-term survivors failed to conceive
following introduction of a proven male breeder despite evidence of mating. Necropsy at 9 and 11 months
showed a lack of patency of uterine cornua at the point of anastomosis, albeit a small uterus in recipient 3 and
a reddish brown amorphous material at the site of the transplanted uterus in recipient 5.
Conclusion: We have demonstrated the feasibility of uterine allotransplantation using a macrovascular patch
technique, but could not demonstrate conception because of blocked cornua. To address this, we propose using
embryo transfer techniques in order to achieve conception.
Key words: allogeneic uterine transplantation, fertility, graft survival, rabbit model.

Introduction

Uterine transplantation (UTn) has been proposed as a
treatment option for women diagnosed with absolute

uterine factor infertility (AUFI) and who are willing
to bear their own child.1 AUFI renders a woman
‘unconditionally infertile’. Causes are congenital, such
as Müllerian duct anomalies, or acquired (e.g. a
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hysterectomy performed secondary to obstetric hem-
orrhage, myoma, endometrial or cervical malignancy).
Since the first human UTn attempt in 2000, in which
the donor graft failed after 99 days because of throm-
bosis of the uterine vasculature leading to subsequent
necrosis of the transplanted uterus, important
advances have been made into several fields which
define UTn. These include donor graft retrieval, mini-
mization of ischemic–reperfusion and allorejection-
related injury, optimization of surgical techniques to
allow for an adequate uterine blood supply, and finally
achieving the ‘Holy Grail’ of UTn: pregnancy.2 Preg-
nancy has indeed been achieved following both synge-
neic3,4 and allogeneic5,6 UTn in three animal models:
murine, rat and sheep. However, only the sheep model
led to the birth of a healthy, term lamb.

Achieving an adequate blood supply for the trans-
planted uterus still presents the biggest challenge in
UTn. A number of animal models have been tried,
including non-human primate,7,8 sheep,9,10 rat11–13 and
mouse.14 Our previous experience (UK Team) regard-
ing this question assessed the feasibility of uterine
autotransplantation (auto-UTn) in a porcine model
using microvascular anastomoses.15 A supracervical
hysterectomy was performed on eight sows of proven
fertility. Postoperatively, one survived up to 3 months
with no signs of estrus, and three sows were killed on
days 6, 33 and 54, respectively, for pelvic infection.
Histopathology of the uterine grafts revealed gradual
vessel thromboses suggesting that microvascular
re-anastomosis was unsuccessful in auto-UTn (and
most likely in allo-UTn) because of gradual vessel
thromboses. In addition, the porcine model proved
complex as it is highly susceptible to postoperative
infection.

To overcome this problem and following consulta-
tion with the intestinal transplant surgeons at our insti-
tution,16 we chose to test a large vessel technique
whereby an aortocaval macrovascular patch is har-
vested as part of the uterine allograft. We previously
proved the feasibility of this technique both in anatomi-
cal terms and surgical vascular dissection in a pre-
served human cadaver and freshly killed porcine and
rabbit cadaveric models. The infrarenal aorta, inferior
vena cava (IVC), common and internal iliac vessels, and
the uterine arterial and venous tree together with the
uterus en bloc were successfully harvested intact as
the large vessel patch and graft. We concluded that the
large vessel patch harvest may be used in uterine
allograft transplants with an end-to-side anastomosis
to the recipient’s aorta/IVC.17

The macrovascular patch technique was used in our
next set of experiments, a case series of six uterine
allotransplantations on live rabbits.18 The operation
involved harvesting the uterine allograft with an
aortocaval vascular patch en bloc in the donor. After 1 h
of cold ischemic storage, the uterine allograft was
transplanted to the recipient using an aortic–aortal
cavo–caval end-to-side anastomosis. Tacrolimus was
administrated for immunosuppressive therapy. All six
rabbit recipients survived the immediate postoperative
period but death occurred on days 1–4 post-transplant
as a result of the following postoperative complica-
tions: limb paraplegia (n = 3), pulmonary emboli (n = 2)
and intraperitoneal hemorrhage (n = 1). After post-
mortem and histological analyses in the short term, all
of the uteri appeared viable with no evidence of graft
vessel thromboses suggesting that the macrovascular
patch technique was technically successful.

This study enlarges on previous work with the aim
to achieve long-term graft survival after applying the
large vessel aortocaval vascular patch technique and to
attempt fertility following natural mating. The animal
model is the same: rabbit allo-UTn.

Methods
Rabbit model

Ten outbred New Zealand white rabbits were used as
both donor and recipient animals (five donors, five
recipients). They were all unrelated female rabbits,
with the suppliers ensuring a complete major histo-
compatibility complex mismatch but a blood group
match. Furthermore, they were of proven fertility with
at least one previous litter each, weighing between
3.5 kg and 4.5 kg. Animals were acclimatized to their
surroundings for at least 1 week before surgery to
reduce stress.

Ethics approval

All work was conducted in accordance with the UK
Animals (Scientific Procedures) Act (1986). It was
also approved by The Royal Veterinary College Ethics
Committee.

Surgical protocol

After fasting overnight, the donor rabbit was anesthe-
tized using a combination of i.m. ketamine (35 mg/kg)
and xylazine (7 mg/kg). After intubation, anesthesia
was maintained with 1.5–2.0% isoflurane. The anterior
abdominal wall was shaved and cleaned, and the
abdomen was opened through a midline incision. The
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UTn procedure was performed as previously
described18 but with a number of alterations. Namely,
the rabbits’ hind legs were supported with the use of
mini-bean bags, heparin was administrated more fre-
quently and the perfusion solution was run through
under low flow pressure produced by gravitational
effect.

The end result of the donor graft harvest was a
simple hysterectomy transecting across the vagina and
the most lateral aspects of the uterine horns together
with an aortocaval macrovascular patch. The uterine
allograft along with the aorta, inferior vena cava,
common and internal iliacs, and uterine arterial and
venous tree, all intact, were harvested en bloc. Follow-
ing graft harvesting, the aorta was cannulated and the
uterine specimen with its vascular patch was gener-
ously flushed ex vivo with heparinized normal saline
(500 mL) and transplant storage solution, Celsior
(500 mL). The total volume used was therefore 1 L.

The uterus was stored for a maximum of 2 h in the
Celsior solution, between 2°C and 8°C, while the
recipient female rabbit was being prepared. After
fasting overnight, the recipient animal was anesthe-
tized and prepared in a similar manner as the organ
donor. A midline laparotomy was performed, and the
loose connective tissue overlying the infrarenal aorta
and vena cava were removed to expose this area of the
major vessels. The vagina was anastomosed first to
ensure proper orientation and positioning of the speci-
men followed by the aortocaval patch end-to-side vas-
cular re-anastomosis to the recipient’s aorta/inferior
vena cava, ensuring vascular integrity, hemostasis and
patency. The aortocaval patch anastomosis was carried
out as follows. Soft tissue vascular clamps were first
placed around the recipient’s aorta. A longitudinal cut
was made in the anterior wall of the aorta to create an
opening. An end-to-side anastomosis was performed
to the aorta of the graft using three to five interrupted
6–8 sutures (7-0 Prolene). A similar procedure was
carried out for the cava–cava end-to-side anastomosis.

The uterine horns were finally rejoined. Successful
reperfusion of the graft was judged to have occurred
when the color of the uterus changed during
reperfusion from its blanched appearance after flush-
ing to a pink color. Blood flow past the venous and
arterial anastomosis sites revealed no leakage.

Medication

Heparin (250 IU, s.c.) was administrated to the donor
before organ procurement and to the recipient preop-
eratively to prevent thrombosis. Empirical immuno-

suppression was achieved using tacrolimus, initially
with an i.v. intraoperative dose of 7 μg/h starting
during the vascular patch anastomosis, followed by a
p.o. dose of 500 μg twice daily postoperatively. These
doses were based on work by Giessler et al.19 Blood
tacrolimus levels were not measured. Quinolone
enrofloxacin (Baytril) was used as antibiotic prophy-
laxis intraoperatively at a dose of 5 mg/kg through a
slow i.v. infusion.

Postoperative course

The rabbits were closely monitored by veterinary spe-
cialists for the first 24 h postoperatively within a spe-
cialist recovery enclosure at The Royal Veterinary
College, London, with regular hemodynamic measure-
ments taken. Heart rate and oxygen saturation (SaO2)
were then recorded daily in the first 2 weeks with twice
weekly measurements taken subsequently. Rabbits
were allowed to eat freely and were fed with auto-
claved hay as well as with a proprietary pellet called
GD99 that contains a coccidiostat.

The room temperature varied between 19°C and
21°C, with a relative humidity of 47–62% and a lighting
schedule of 12 h on and 12 h off.

Pulse oximetry and perfusion index
(PI) measurements

The use of pulse oximetry and PI measurements to
assess uterine perfusion post-UTn was first developed
during a series of trachelectomy operations to establish
the exact number of vessels required to maintain
uterine viability post-trachelectomy and has been
described previously.20,21 The oximeter (Datex-Ohmeda
3600P) measured the systemic arterial SaO2 and PI
through a modified finger probe22,23 that allowed the
jaws to fit around the uterine right and left cornua. As
a result of the relatively short width of the rabbit
cornua, the infrared light used in oximetry can easily
pass through the structure. The finger probe was placed
in a sterile endoscope bag which did not interfere with
the measurements. To minimize interference, the
theatre lights were also switched off. The probe was
applied on four specific points: the proximal and distal
aspects of the right and left cornua. Measurements
(SaO2 and PI) were taken just prior to harvesting of the
graft and 5 min after commencement of uterine
reperfusion post-UTn. The heart rate recorded on the
uterine oximeter was compared to that of the anesthetic
oximeter to ensure accuracy. Three attempts were
made to obtain a reading from each site. An average
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was taken of the measurements and that average was
the final result reported in the table. If the oximeter
failed to register a reading, this was recorded as ‘zero’.
All five recipients underwent the above procedure.

Mating process

Those rabbits that survived UTn surgery were intro-
duced to males of proven fertility at 8 weeks post-
transplant and, if there was no evidence of pregnancy,
every 4 weeks subsequently until necropsy. Examina-
tions were performed routinely for the first three morn-
ings following the introduction of a male rabbit in order
to visualize a vaginal semen plug and/or the presence of
sperm in the vaginal lavage suggesting that mating had
occurred. At 2–4-weekly intervals after mating, the
recipient rabbits underwent an ultrasound examination
to examine the uterus for pregnancy (Acuson 128 XP10
ultrasound scanner and a 10 MHz transducer).

Statistical analysis

Data on SaO2 and PI was analyzed by Mann–Whitney
U-test for non-parametric data.

Results

The mean weight of the donor rabbits was 3.9 kg (3.6–
4.2 kg) and of the recipient rabbits 4.2 kg (3.5–4.5 kg).
Operative data is shown in Table 1. The actual trans-
plantations were completed with the donor graft,
together with the macrovascular patch harvested and
grafted en bloc. All anastomoses were completed
successfully.

Pulse oximetry

Adequate uterine allograft reperfusion after UTn was
confirmed both by visual clinical appearance and the

assessment of SaO2 and PI. The restoration of the graft
color during reperfusion from white (as a result of ex
vivo flushing with Celsior solution) to pink/red was
confirmed for all five recipients. SaO2 and PI were mea-
sured in the recipient, pre- and post-UTn. The averages
and standard deviations for SaO2 and PI are provided
in Table 2. Comparison of SaO2 values between pre-
UTn recipient and post-UTn recipient revealed a
statistically significant decrease in saturation levels
post-UTn in the left and right medial cornua but not in
the left or right distal cornua. Despite this, overall
post-UTn SaO2 measured between 83.6 ± 6.3% and
88.8 ± 5.2% (left and right cornua, respectively). Prom-
isingly, a similar comparison of PI values demonstrated
a statistically significant fall in PI level post-UTn in the
right medial cornua only. This variation in SaO2 and PI
values is depicted in Figure 1.

Intra- and postoperative course

All five recipient models survived the surgery with
satisfactory immediate postoperative recovery. Recipi-
ents 1, 2 and 4 died within the first 4 postoperative
days. Necropsy of the first two recipients showed a
substantial amount of fresh blood and clots in the peri-
toneal cavity, paracolic gutters and the pelvis. There
was no evidence of any bleeding or leakage in the area
of the macrovascular patch anastomosis and the find-
ings therefore suggested death secondary to intra-
abdominal hemorrhage most likely originating from
the cornua. Recipient 4 was found to have a thrombus
in the thoracic IVC, with cause of death therefore being
a pulmonary embolus.

Necropsy revealed a healthy looking, well-perfused
and clinically viable uterine graft in four recipients. No
significant adhesions between the pelvic organs and

Table 1 Operative details from the five transplant procedures in the rabbit model

UTn Graft
retrieval
(min)

1st warm
ischemia
(min)

Cold
ischemia
(min)

2nd warm
ischemia
(min)

Clamp on
(IVC/AA)
(min)

Reperfusion
(min)

Recipient
hysterectomy
(min)

Grafting
(min)

EBL
(mL)

1 120 8 105 140 45/27 20 50 140 20
2 130 8 110 145 65/29 23 65 145 40
3 185 7 110 150 50/35 15 60 135 10
4 108 6 120 140 37/31 28 55 140 50
5 120 6 135 165 35/30 27 52 130 15
Mean 133 7 116 148 46/30 23 56 138 27

1st warm ischemia: a period of time during organ retrieval defined as the time between vascular clamping and the start of graft flushing with
cold preservation solution. 2nd warm ischemia: a period of time occurring after cold ischemia, when the vascular anastomoses are
established. It commences at the point at which the graft is removed from the preservation solution and ends when vascular anastomoses are
established and perfusion is therefore recommenced. Cold ischemia: the time commencing at the start of graft flushing and ending at the
point at which the graft is removed from the preservation solution to commence the grafting process. AA, abdominal aorta; EBL, estimated
blood loss; IVC, inferior vena cava.
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the bowel were detected. The aortocaval vascular patch
anastomoses were intact. The two long-term survivors
showed a lack of patency of the uterine cornua at the
point of anastomosis, a reddish brown amorphous
material at the site of the transplanted uterus in recipi-
ent 5 and a healthy, albeit small, uterus in recipient 3.

Two rabbits (3 and 5) survived long term (>1 month).
They were eating and drinking normally and mobiliz-
ing 2 weeks after surgery. The laparotomy wound had
healed by this time, and their weight had returned to
preoperative level by 3 weeks after surgery. Normal
patterns of behavior such as self-grooming had been
established around the same time. There was no evi-
dence of conception on ultrasound examination or in
rabbit behavior despite numerous attempts at mating
(as well as evidence) from the eighth postoperative
week onwards. Recipient 3 underwent a planned nec-
ropsy in the ninth month, even though she was fit and
healthy at the time, in order to ascertain the cause of
failed conception. Recipient 5 developed diarrhea in
the 11th postoperative month which worsened her
condition and had to be euthanized as a result.

Histopathology

Histological analyses showed a viable transplanted
uterine graft in recipients 1, 2 and 4, with no micro-
scopic signs of necrosis or acute rejection. Graft vessels
were patent throughout in all transplanted uteri as well
as proximally and distally to the aortocaval vascular
patch anastomosis. No macroscopic suggestion of any
thrombosis of the anastomotic site of graft or other
graft vessels in general was seen.

Discussion
Study findings

The macrovascular patch technique in this study as in
our previous six allotransplants proved successful in
enabling a feasible allo-UTn with respect to anatomy
and vascular viability in the immediate postoperative
period. In all five transplants, oxygen saturations and
PI measurements taken after graft perfusion had been
reestablished were not statistically different to the
pre-transplant values. Prior to abdominal closure, the
uterine graft appeared well perfused each time. Long-
term rabbit survival was 40% (n = 2; recipients 3 and 5).
Clearly, operating on a rabbit model continues to
present us with a steep learning curve for the surgical
vascular technique, which can only be surmounted
with further attempts in the future. Furthermore, a
reddish brown amorphous material was witnessed at
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Figure 1 (a) Oxygen saturation values measured with a pulse oximeter. (b) Perfusion index values measured with a pulse
oximeter.
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the site of the transplanted uterus in recipient 3. Recipi-
ent 5 revealed a healthy, albeit small, uterus with a
normal endometrium and myometrium. These appear-
ances are most likely because of inadequate immuno-
suppression rather than hypoperfusion.

The two long-term surviving rabbits were mated
every 4 weeks from the eighth postoperative week
onwards. Pregnancy was not achieved despite evi-
dence of mating, suggesting that the reason for infer-
tility was secondary to an anatomical issue. This was
most likely because of blocked cornua as a result of the
native and donor cornua–cornua anastomoses. It is
extremely unlikely that pregnancy would have been
successful in recipient 3 even if the cornua were not
blocked. Such an action would not allow the ova to
reach the rabbit sperm in the cornua. in vitro fertiliza-
tion techniques would help in solving this issue. By
applying this method, one could be completely assured
that the embryo has been formed and implanted in the
correct place. There currently exists only one report of
a pregnancy following a natural mating process in an
animal model. The authors developed a rat model for
orthotopic syngeneic UTn with the pregnancy rate,
number of pups and growth trajectory of pups being
similar to controls. Eleven rats out of 19 became preg-
nant, and from that group one rat delivered two
healthy male pups.24

With respect to graft perfusion, the pulse oximeter
was sensitive enough to detect a significant 8% reduc-
tion in SaO2 when comparing the cornua pre- and post-
UTn. Encouragingly, however, the absolute SaO2

values were still 83–88%. This is a level perfectly
adequate to maintain a viable uterus. Previous work by
Moxey et al. has demonstrated that uterine perfusion
when the ovarian, uterine and vaginal arteries are
ligated together or individually is approximately
50–60%.21 During an abdominal trachelectomy, only the
ovarian arteries are spared. Therefore, a uterine perfu-
sion of only 50% of the normal level is still capable of
maintaining a healthy uterus, which can undergo men-
strual cycles and subsequent pregnancies.

Furthermore, this also suggests that the surgical
expertise necessary for adequate vessel anastomosis
has improved in comparison to the previous cohort.
The latter view is also supported by the fact that only
the right medial cornua showed a significant change in
PI level pre- and post-UTn. The difference in the
pattern of SaO2 and PI values pre- and post-UTn can be
explained by two factors. First, the anastomosis
appears to be patent in the immediate postoperative
period which would explain the consistency in PI

value. PI is an indicator of blood volume as explained
previously. However, the delay in vessel vasodilatation
secondary to both cold and warm ischemia as well as a
minimal reperfusion time between re-anastomosis and
pulse oximetry would have contributed to a reduction
in SaO2.

Published work review

This study focused on surgical techniques necessary to
bring about long-term uterine graft survival. ‘Long
term’ was defined as more than 1 month. Survival for
this length of time can only be ensured with adequate
vascular anastomotic technique and uterine structural
support. Only by adhering to this can one bring about
the correct uterine blood supply, in both pregnant and
non-pregnant animals. Since the first human case in
2000,8 a number of different animals have been used in
attempts to characterize the optimal surgical method
which would provide the uterine graft with a satisfac-
tory blood supply. Auto- and/or syngeneic-UTn
animal models are commonly used as they rather help-
fully separate the damage caused by surgical trauma,
ischemic–reperfusion injury and thrombosis, from
immunological rejection by excluding the latter. We
described our attempts to use a microvascular anasto-
motic method in a porcine model in the introduction.
Wranning et al. used the same anastomotic technique
(end-to-end anastomosis of the uterine artery and
veins distal to their branching from the internal iliac
vessels) to evaluate the early reperfusion events after
short-term cold ischemia in an auto-UTn porcine
model.25 The authors demonstrated that acceptable
reperfusion can be achieved with seven out of 19 auto-
transplanted pigs considered well flushed. Of these
seven, four showed satisfactory reperfusion judged by
change in gross appearance and presence of appropri-
ate venous blood flow. Avison et al. performed 10 het-
erotopic and allogeneic UTn in genetically defined
mini-pigs.26 Tacrolimus was administrated i.v. for the
first 12 days post-UTn followed by oral cyclosporin
maintenance immunosuppression. At the end of the
follow-up period, five animals were alive and healthy
at 0.5–12 months post-transplantation. The anastomotic
technique was the same macrovascular patch technique
used by our team in both the previous18 and present
studies. The infrarenal donor aorta and IVC of the graft
were anastomosed end-to-side with the recipient aorta
and IVC.

A sheep model is another large animal model which
can be used to ‘mimic’ a human pelvis. Ramirez et al.
transplanted a uterus into 10 sexually matured sheep,
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with bilateral end-to-end anastomosis of the uterine
vessels. At 6 months post-UTn, hysterectomies were
performed to reveal viable uterine tissue and uterine
vessel re-anastomosis as well as vascular patency in six
out of the 10 grafts.9 An alternative method involved
the anastomosis of the anterior division of the internal
iliac artery and the utero-ovarian vein end-to-side to
the external iliacs. In one study, reperfusion of blood
was observed in five out of seven auto-transplanted
uteri.27 Wranning et al. studied the effects of cold isch-
emia and reperfusion after auto-UTn in a sheep
model.13 Uterine grafts were immediately re-perfused
in 70% of all cases. The same team achieved pregnancy
following auto-UTn in three of out of four mated
animals.4

Study strengths and limitations

Although this case series of allo-UTn described only
five cases, it highlighted a few challenges with the
choice of animal model and the complexity of
the surgical procedure involved. The macrovascular
patch technique involves aorto–aorta and veno–vena
anastomoses. This technique would not be attempted
in a human because of its highly risky strategy involv-
ing the most important blood vessels. Damage to them
could lead to catastrophic outcomes. Anastomosis at a
lower level (common iliac, internal iliac or uterine
arteries) would not be possible in a small animal model
such as a rabbit as the diameter of these vessels is too
small to allow for satisfactory anastomosis. Therefore,
the macrovascular patch technique allows us to bypass
this problem, and thus provide an adequate blood
supply to the womb: the most important prerequisite
to long-term graft survival and subsequent pregnancy.
In a human, both live and brain-stem dead heart-
beating donation, internal iliac or even uterine artery
anastomosis would be possible, however, as the diam-
eter of these vessels is large enough for precise micro-
surgery. In particular, anastomosis would be either
internal iliac to internal iliac or internal iliac to external
iliac vessels. Uterine artery anastomosis may indeed be
feasible but our porcine data as well as the first human
UTn attempt make this approach less desirable.

Tacrolimus was the only immunosuppressant used.
It was administrated i.v. intraoperatively and as a daily
p.o. dose postoperatively. This study did not endeavor
to characterize the allorejection response of the recipi-
ent rabbit by assessing any of the uterine grafts for
signs of tissue rejection or blood samples for markers
of rejection. There was no gross or microscopic evi-
dence of tissue rejection observed on analysis of allo-

grafts 1–4, which was a reassuring feature. However,
allograft 5 was of an amorphic and disintegrated
appearance, which could have been brought about by
inadequate immunosuppression. It is difficult to make
this judgment as there was only one other long-term
survivor. In addition, using an i.v. infusion pump may
be a more efficient way of administrating tacrolimus in
preference to the p.o. route, especially for the first few
postoperative weeks.

Our methodology uses a macrovascular patch tech-
nique to bring about adequate blood supply to the
donor uterine graft. We have applied it with our pre-
vious six allotransplantations18 and with a further five
allotransplants described in this study. This technique
has proved satisfactory in the immediate, early and
late postoperative periods with respect to attaining
adequate graft perfusion. However, as only two
rabbits survived long term, it has highlighted a steep
learning curve in both anatomical terms and surgical
vascular anastomotic achievability. We propose that
embryo transfer techniques are applied to the
next set of rabbit allo-UTn in order to bring about
pregnancy.
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