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background: Uterus transplantation (UTx) is developed in animal models as a future method to treat uterine factor infertility.

methods: All published studies in the area of UTx research were identified. Aspects relating to surgery, cold-ischemia/reperfusion, rejec-
tion, immunosuppression, pregnancy, ethics and institutional requirements were examined.

results: Uterus retrieval surgery has been solved in animals, including primates. Studies on cold-ischemia/reperfusion indicate an
ischemic tolerance of .24 h. The transplantation procedure, with vascular anastomosis, has not been fully developed in animal models, indi-
cated by frequent thrombosis formation. Pregnancies have only been reported in syngenic/auto-UTx animal models. Several ethical issues in
relation to UTx, and requirements for a team that would be suitable to undertake human UTx, exist.

conclusion: Much research on UTx has been performed in appropriate animal models. Several aspects of the procedure have been
optimized but some remain to be solved. It is predicted that the research will soon reach a stage that could merit introduction of human UTx
as an experimental procedure.
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Introduction
Medical science and clinical medicine have made tremendous advance-
ments during the last decades. Two milestones were the first reports
of successful transplantation of a solid organ, the kidney (Merril et al.,
1956; Murray et al., 1960), and live birth after IVF (Steptoe and
Edwards, 1978). These achievements opened up the new clinical
fields of transplantation surgery and reproductive medicine.

New techniques in reproductive medicine have led to bypassing
most categories of infertility. Transplantation surgery has come to
include types of organ/tissue transplantation that will enhance the
quality-of-life as exemplified by transplantation of the hand

(Dubernard et al., 1999), the abdominal wall (Levi et al., 2003), the
larynx (Birchall et al., 2006) and the face (Devauchelle et al., 2006).
For many women, experiencing a pregnancy, giving birth and bringing
up a child are very important aspects of quality-of-life and uterus trans-
plantation (UTx), to fulfil this need, may be justified.

Women that either lack or have a non-functional uterus are today
unconditionally infertile. Gestational surrogacy is a way to achieve
genetic parenthood (Goldfarb et al., 2000), but is associated with
ethical/legal problems in terms of autonomy, payment, informed
consent, gestational carrier health and welfare of the future child
(Shenfield et al., 2005; Nakash and Herdiman, 2007). UTx, to cure
permanent uterine factor infertility (Altchek, 2003; Brännström
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et al., 2003), may become a procedure that markedly enhances the
quality-of-life for couples that today are irreversibly infertile.

To date one human UTx attempt has been performed. In year 2000
a 26-year-old women received a uterus from a 46-year-old woman
(Fageeh et al., 2002). The uterus survived for 3 months and the trial
was criticized because of uncertainties concerning informed consent
(Kandela, 2000) and the minimal research experience.

During the 1970s research on tubal/uterotubal transplantation, to
treat tubal factor infertility, was conducted. Transplantation of the
oviduct in animal models resulted in pregnancies (Winston and
Browne, 1974; Scott et al., 1987), but human tubal allo-transplantation
was unsuccessful (Sillo-Seidl, 1975; Cohen, 1976; Wood et al., 1978).
Transplantation of the oviducts together with the uterus was
suggested as a better method since anastomosing the larger uterine
blood vessels would ensure high tubal blood flow with the uterotubal
junction surgically undisturbed (Eraslan et al., 1966; Barzilai et al.,
1973), but introduction of IVF during the 1980s caused a cessation
of this research.

Methods
A systemic search of PubMed using the terms uterus/uterine and trans-
plantation was done. All relevant articles and additional articles cited in
primary references are included.

Potential patient groups for UTx
Several groups of patients can be classified as involuntarily infertile due
to absence/dysfunction of the uterus (Fig. 1).

Congenital uterine malformations
Congenital uterine infertility constitutes forms of uterine malfor-
mations which lead to infertility, pregnancy loss, preterm delivery or
other obstetric complications (Heinonen et al., 1982). The prevalence
of uterine malformations is 6.7% in the general female population,
7.3% among infertile women and 16.7% in women with recurrent mis-
carriage (Saravelos et al., 2008). The majority of these patients are

fertile, despite their uterine malformation, but many are irreversibly
infertile.

The most common type of uterine anomaly among infertile women
is septate uterus (Saravelos et al., 2008) comprising 35% of uterine
malformations (Grimbizis et al., 2001). Spontaneous miscarriage
occurs in about 80% of pregnancies in surgically untreated septate
uteri (Homer et al., 2000) and hysteroscopic metroplasty decreases
the rate substantially (Homer et al., 2000) but some remain infertile
(Pabuccu and Gomel, 2004). The second most common type of
uterine malformation is the bicornuate uterus, accounting for 25% of
uterine malformations (Grimbizis et al., 2001). Spontaneous miscar-
riage occurs in around 35% of the pregnancies (Buttram, 1983) and
metroplasty may cure some (Papp et al., 2006), but many cannot
carry a pregnancy to second/third trimester. Unicornuate and
didelphic uteri comprise around 20% of uterine malformations (Grim-
bizis et al., 2001). About one-third of pregnancies in these groups end
in spontaneous miscarriage and the live birth rate is just above 50%
(Grimbizis et al., 2001). There is no demonstrated benefit of surgical
removal of rudimentary horn or unification of horns (Taylor and
Gomel, 2008). Taken together, although the majority of patients
with uterine malformations are fertile, a modest estimation is that
around 20% of the patients with these partial Müllerian anomalies
remain infertile.

The least common uterine anomaly is uterine agenesis, constituting
3% of all Müllerian anomalies (Grimbizis et al., 2001) and seen in
1:4000 of females (Griffin et al., 1976; Folch et al., 2000). This syn-
drome of a rudimentary solid bipartite uterus with absence of
vagina was described in 1829 by the anatomist Mayer (1829) and
later by Rokitansky (1838). The syndrome is today named the
Mayer–Rokitansky–Küster–Hauser (MRKH) syndrome, based on
the two observations from the 19th century and later case-series
(Küster, 1910; Hauser and Schreiner, 1961). The majority of MRKH
are sporadic (Guerrier et al., 2006) and typically diagnosed due to
primary amenorrhea (Carson et al., 1983) but familial aggregates
exist (Jones and Mermut, 1972). The syndrome seems to be inherited
as a polygenic, multifactorial trait as suggested by the outcome of
gestational surrogate pregnancies with MRKH-patients as the genetic
mothers (Petrozza et al., 1997). Embryos from 58 MRKH women

Figure 1 Overview over potential patient groups for uterus transplantation. Uterine factor infertile patients may be born without a uterus (MRKH:
Mayer–Rokitansky–Küster–Hauser syndrome) or may hysterectomized for various benign/malignant diseases (A). Potential patients may also have a
non-functional uterus (B).
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resulted in 34 live births (17 female) and no genital malformation was
seen. Girls with MRKH syndrome have normal karyotype and develop
into female adults, with functioning sexual life after creation of a neo-
vagina (Davies and Creighton, 2007; Brucker et al., 2008).

Three distinct MRKH-subtypes exist, with a typical subtype in
around 50% of cases. The atypical subtype, with associated malfor-
mations in the renal system, is seen in �20% of patients, and the
severe MURCS (Müllerian duct aplasia, Renal aplasia and Cervicothor-
acic Somite dysplasia) accounts for the remaining 30% (Oppelt et al.,
2006). Existence of a MURCS-like syndrome in males with azoosper-
mia may exist (Wellesley and Slaney, 1995).

Women with the typical MRKH syndrome would be suitable
patients for initial UTx attempts since they would be relatively
young and with excellent IVF outcome (Goldfarb et al., 2000).

Hysterectomy
The largest group of women with absolute uterine factor infertility is
hysterectomized patients of younger age (Farquhar and Steiner,
2002) as illustrated by that 50% of women enrolled in an IVF surrogate
program were hysterectomized (Goldfarb et al., 2000). The reasons to
perform a hysterectomy at young age are described below.

Gynaecologic cancer
Cervical cancer is the most common gynecologic malignancy world-
wide (Quinn et al., 2006), but with low incidence in developed
countries (Andrae et al., 2008). More than 30% of women with cervi-
cal cancer are below 40 years (Sonoda et al., 2004; Quinn et al., 2006)
and many are nulliparous. The 5-year survival rate of early-stage cer-
vical cancer is above 75% (Quinn et al., 2006). In patients with squa-
mous cell carcinoma of ,2 cm and invasion depth of ,10 mm
fertility-preserving vaginal (D’Argent et al., 2000) or abdominal
(Ungar et al., 2005) trachelectomy is used. Larger tumours, occurring
in about 50% of younger patients (Sonoda et al., 2004), are treated
with radical hysterectomy and this group of patients could be UTx-
candidates after exclusion of persistent genital human papillomavirus
infection (Bosch et al., 2008). Early-stage endometrial cancer and
uterine sarcoma are uncommon during fertile age with only around
2.5% in women below 40 years of age (You et al., 2005; Creasman
et al., 2006).

Other malignancies
Non-gynecological cancer during childhood/early adult life affects
around 1:400 females with survival now .70% (Mertens et al.,
2001). Chemotherapy during childhood does not affect adult uterine
size (Larsen et al., 2004) but may be gonadotoxic (Donnez et al.,
2006). Radiotherapy over the pelvis causes irreversible reduction of
uterine size (Bath et al., 1999; Larsen et al., 2004) with around 60%
decrease in size (Holm et al., 1999). A small proportion of these
women will achieve pregnancies but with increased miscarriage rate
(Critchley and Wallace, 2005). External radiation is gonadotoxic and
doses of 5–20 Gy over the ovaries impairs gonadal function
(Wallace et al., 2005) with immediate menopause in .90% of post-
pubertal females and less toxicity before puberty (Sanders et al.,
1996). In the light of recent reports of a total of six live births after
ovarian cryopreservation (Donnez et al., 2004; Meirow et al., 2005;
Demeestere et al., 2007; Andersen et al., 2008; Silber et al., 2008)

and further developments in the area (Donnez et al., 2006; Bränn-
ström and Milenkovic, 2008) ovarian fertility preservation will probably
in the near future become readily available and may be combined
with UTx.

Leiomyoma
The incidence of uterine leiomyoma increases with age (Marino et al.,
2004), with a prevalence of around 8% in Swedish women between 33
and 40 years (Borgfeldt and Andolf, 2000). A similar incidence was
seen in Caucasian women in the USA, with an almost double inci-
dence in Afro-Americans (Chen et al., 2001). Around 1% of all
women 30–34 years and 2.5% of those 35–39 years will undergo hys-
terectomy because of myoma (Marshall et al., 1997). Submucosal
(Farhi et al., 1995) and large intramural (Oliveira et al., 2004)
myoma can cause infertility and hysteroscopic resection (Fernandez
et al., 2001) or myomectomy (Connolly et al., 2000) may improve
pregnancy chance. Those that remain infertile or have been hysterec-
tomized may be candidates for UTx.

Intrauterine adhesions
Intrauterine adhesions (IUAs), also named Asherman’s syndrome
(Asherman, 1948), may cause uterine factor infertility. The prevalence
of IUA among females is around 1.5% (Al-Inany, 2001) but higher
prevalence rates exist in the developing world due high prevalence
of genital tuberculosis (Lönnroth and Raviglione, 2008), which
causes obliteration of the uterine cavity in .50% of cases
(Bukulmez et al., 1999). Other causes of IUA are endometritis due
to other pathogens and surgical trauma, particularly after uterine cur-
ettage to a vulnerable gravid uterus (Friedler et al., 1993). Untreated
IUA (of any severity) results in infertility in around 50% of women
and 40% of pregnancies end in spontaneous miscarriage (Schenker
and Margalioth, 1982). Hysteroscopic adhesiolysis cure infertility in
mild, moderate and severe IUA in around 90, 70 and 30%, respect-
ively (Fernandez et al., 2006). Hysterectomy, followed by UTx,
remains an alternative for the patients with IUA that stay infertile.

Emergency peripartum hysterectomy
Emergency peripartum hysterectomy (EPH) is life-saving in situations
of severe bleeding due to uterus atony, uterine rupture, invasive mal-
placentation or Caesarean section. Although new effective uterus
compression sutures have been introduced (El-Hamamy and
B-Lynch C, 2005; Sciller et al., 2007), the EPH-rate (1:2000) increases
due to common use of Caesarean section (Kwee et al., 2006; Habek
and Becarevic, 2007).

Summary: potential patient groups for UTx
Several patient categories may become candidates for UTx (Fig.1).
There are no population-based studies to exactly determine the size
of this group but in the UK it may include 12 000–15 000 women
(Sieunarine et al., 2005a).

Uterus retrieval
Uterus retrieval surgery in animals models vary depending on size/
anatomy of the uterus and vasculature. The small animal UTx-models
use donors that are sacrificed, since the vascular segments of the graft
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contain the aorta and vena cava. The large animal models mainly use
techniques that allow donor survival. The uterus retrieval procedure is
technically demanding and should be developed in animal models to
ensure a safe procedure for a human living donor.

Human
In the human UTx attempt (Fageeh et al., 2002) a 46-year-old woman,
with bilateral multilocular ovarian cysts, donated her uterus. There
existed some controversy regarding informed consent (Kandela,
2000), but in a later apology in the same journal this was clarified.
Through a midline incision the ovaries were removed and frozen sec-
tions indicated benign cysts. It should be emphasized that surgery for
supposedly benign ovarian cysts generally is performed by laparoscopy
(Hilger et al., 2006) without hysterectomy. The round ligaments were
transected and the paracervical/pararectal spaces were opened to
facilitate separation of uterine vessels from ureters. A small ureteric
laceration was sutured. Heparin was given after vaginal transection
and the uterine arteries were divided 25 mm away from the uterus.
The division-level of the uterine veins and their anatomy are not men-
tioned. The location of uterine veins vary with typically one or two
major veins following the uterine artery but also some crossing the
ureter posteriorly with all merging with the vaginal veins into a utero-
vaginal venous plexus that drains into the internal iliac (Cicinelli et al.,
2004). The duration of uterus retrieval surgery is not given but since
frozen section and dissections of ureters/blood vessels were per-
formed, the duration was most likely at least 2–3 h. The oviducts
were included in the human UTx-case (Fageeh et al., 2002). It is ques-
tionable whether natural ovarian-tubal function will form between a
transplanted oviduct and the native ovary. The chance for natural con-
ception would be minimal and in that case ectopic pregnancy-risk is
high. Furthermore, low grade inflammation is often temporarily
present in transplanted tissue and any inflammation in a transplanted
oviduct would most likely negatively influence implantation after
IVF (Aboulghar et al., 1998), a procedure we would recommend
before UTx.

Experiments on uterus retrieval from multi-organ donors (Del
Priore et al., 2007) were performed in seven females. After develop-
ment of paravesical/pararectal spaces, sharp dissection freed the
cervix from the bladder/rectum with the ureters transected at the
bladder and retracted with the kidney. All branches from the internal
iliac artery, except the uterine artery, were ligated. The uterine veins
were not freed and instead a large part of the parametrium was pre-
served up to the internal iliac vein. Heparin was given before aortic/
caval cross-clamping. Vascular pedicles, including the uterine and
internal iliac vessels up to the divisions from the common iliacs,
were only obtained in two of the seven donors. Thus, the technique
for uterus retrieval in multi-organ donors should be further developed.

Medical criteria for uterus donor would include excellent health,
previous successful pregnancy, normal cervical cytology/endometrial
histology and no myomas/polyps. The selection of donors that
meet these criteria is possible with living-donors but difficult with
multi-organ donors. Possible living-donors would be mothers or
older sisters, after their childbearing, who could even be haploidenti-
cal. Pregnancy capacity seems to be unaffected by uterine age (Navot
et al., 1994).

Non-human primate
In the rhesus monkey the uterus was auto- and allo-transplanted
(Scott et al., 1971) with blood flow re-established by neoangiogenesis
from the omentum. Uterus retrieval did not involve dissection of vas-
cular pedicles and lasted ,20 min. In preparation for human UTx,
baboons were used for auto-UTx (Fageeh et al., 2002). It is only
stated that the hysterectomy preserved tissue and vascular integrity,
with no further details given. In our baboon auto-UTx experiments,
retrieval of the uterus with long vascular pedicles, took about 3 h
(unpublished observations). The baboon was chosen as a suitable
model because of the relatively large body size and since uterine
anatomy is similar to the human with a straight cervical canal enabling
endometrial sampling, embryo-transfer and hysteroscopy (Nyachieo
et al., 2007).

Dog
A technique for isolation of the bicornuate dog uterus and adnexae
with blood vessels for re-anastomosis was described several
decades ago (Eraslan et al., 1966). The common part of the internal
iliac artery was dissected from its origin and freed caudally with liga-
tions of all branches except the uterine and superior vesicle arteries.
The uterine veins were dissected cranially from the uterus to the
fusion of the internal and external iliacs. The ovarian vessels were
divided, followed by clamping of the vagina. The blood flow to the
specimen was then interrupted by division of the common internal
iliac artery. Noteworthy is that the vaginal connection, although
clamped, was intact during flushing and re-anastomosis and the
uterus was never disconnected from the body. A similar dissection
method was later used by another group (Truta et al., 1969) but
with the difference that the vagina was at no time transected. Later
experiments were proper auto-transplantations (Barzilai et al., 1973;
Paldi et al., 1975) since the vagina was divided at an early stage.
None of these reports describe dissection of the ureters, most
likely since the arteries were dissected in a caudal direction from
the common iliacs and freed only to a level before crossing the
ureters. The utero-tubal-ovarian specimen could then not be
removed from the body. Later, allogenic transplantations, with vascu-
lar connections were reported. The donor animals were sacrificed
since the vascular pedicles included the common iliacs (Yonemoto
et al., 1969; Paldi et al., 1975) or lower aorta/vena cava (Mattingly
et al., 1970; Wingate et al., 1970).

One remark is the lack of data concerning durations of
utero-tubal-ovarian retrieval in all these studies. It is likely that it
extended over several hours. A much shorter time for graft harvesting
was probably present in studies aimed to transplant the dog uterus by
omental wrapping (O’Leary et al., 1969; Scott et al., 1970) since blood
vessels were not dissected. However, the survival rate of these grafts
was low (Barzilai et al., 1973).

Pig
In efforts to develop a suitable large animal model for UTx research
we (Wranning et al., 2006) and others (Sieunarine et al., 2005a)
tested the pig for auto-UTx. A supracervical hysterectomy was per-
formed and the uterine vessels were divided above the ureters,
since the deeper pelvis was inaccessible for vascular dissection.
Because of poor surgical access to the pelvis and since the pig
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uterus is very large, this animal was found unsuitable for uterus retrie-
val training. Dissection of the uterine arteries and veins, up to the level
of aorta/vena cava, has been performed in pig cadavers (Sieunarine
et al., 2005b) and more recently in miniature breed pigs as part of allo-
genic UTx (Avison et al., 2009).

Sheep
The advantage of the sheep in UTx research, compared with the pig, is
that the body size is more equivalent to that of a young woman, the
wider pelvis and that the size/anatomy of pelvic vasculature resembles
the human. Previously, a technique for heterotopic auto-UTx to the
neck, with vascular anastomosis to the carotid artery and jugular
vein, was presented (McCracken et al., 1971; Baird et al. 1976).
Our techniques for retrieval of the uterus (with one horn removed)
only (Dahm-Kähler et al., 2008) or together with the ipsilateral
adnexae (Wranning et al., 2009) included midline incision with dissec-
tions of the uterine arteries from the anterior branch of the internal
iliac artery, the utero-ovarian vein and ureters. In short-term
studies, excluding the ovary, the ovarian vein was divided close to
the point of fusion with the uterine vein (Dahm-Kähler et al., 2008).
In tests to study pregnancy after auto-UTx (Wranning et al., 2009),
the adnexae and ovarian artery were preserved. After vaginal division
the remaining procurement steps were divisions of the anterior branch
of the internal iliac artery, the utero-ovarian vein caudally of their
branching from the internal iliac vessels, and in animals for long-term
studies, acquisition of an aortic patch including the origin of the
ovarian artery. The duration of procurement surgery was around
3 h when only the uterus was retrieved and 4 h when also the
ovary was harvested.

Another less complicated method for uterus retrieval in the sheep,
with uterine artery end-to-end anastomosis, did not involve ureter dis-
section (Ramirez et al., 2008). A similar method could only be used in
the small number of human cases where simultaneous recipient hys-
terectomy is performed.

Rabbit
Surgical isolation of the rabbit uterus for non-vascular transplantation
to the surface of the broad ligament has been described (Confino
et al., 1986) and rabbit cadavers were used to study the feasibility
to use a large vessel patch including the aorta and vena cava for
UTx (Sieunarine et al., 2005b).

Rat
Methods to harvest a rat utero-tubal-ovarian graft for vascular anasto-
mosis of the aorta and vena cava of the specimen with exclusion (Jiga
et al., 2003) or inclusion (Lee et al., 1995) of ovarian vessels were
reported. Our rat model for isolation of only the uterus and vascular
transplantation (Wranning et al., 2008a) included a xiphopubic incision
in the donor; which would not survive the surgery. The specimen
included the right uterine horn, the common uterine part, the cervix
and a vaginal rim. The right uterine artery and vein were dissected cra-
nially to the common iliac vessel, with ligations of all other branches.
The duration of uterus retrieval decreased from 90 to 60 min after 30
operations (Wranning et al., 2008a).

Mouse
Our initial rodent model for UTx research was the mouse (Racho
El-Akouri et al., 2002). The retrieval included excision of one
uterine horn and both adnexae, with unilateral dissection of vascula-
ture including the uterine vessels up to the mid-abdominal part of
the aorta/vena cava (Fig. 2). The duration of uterus retrieval
decreased from 60 to 45 min with increased experience (Racho
El-Akouri et al., 2002).

Summary: surgical technique for uterus
retrieval
Techniques for uterus retrieval have been developed in several animal
species and in the human UTx attempt. The procedure involves com-
plicated retroperitoneal dissection of the pelvic vasculature and
ureters. Gynaecologists, with experience in retroperitoneal surgery,
should perform future human uterus retrievals, preferably together
with transplant surgeons.

Ischemia-reperfusion injury
The injury of a transplant, during ischemia and reperfusion, represents
a major problem. There is an initial warm ischemic period during organ
retrieval, from the time of vascular clamping until cold flushing. The
second warm ischemic period occurs after cold ischemia, when the

Figure 2 A mouse uterus ex vivo at backtable preparation. VC,
vena cava; A, aorta; Vag, vaginal rim.
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vascular anastomoses are established. The first warm ischemic period,
occurring at body temperature, is more harmful than the second warm
ischemic period, with a gradual increase in temperature and protection
by preservation solution (Feuillu et al., 2003). The terms ‘first warm
ischemia (donor)’ and ‘second warm ischemia (recipient)’ should be
used for clarification (Halazun et al., 2007).

The ischemic damage to the parenchyma and the microcirculatory
dysfunction (Menger et al., 1997) during reperfusion are collectively
named ischemia-reperfusion injury. It is related to post-transplantation
perfusion (Schramm et al. 2007), graft function (Quiroga et al., 2006)
and acute (Howard et al., 1990; Totsuka et al., 2004) plus chronic
(Schwarz et al., 2005) rejection. The pathophysiological mechanisms
involve energy depletion (Wedenberg et al., 1995; Stoica et al.,
2003), vasoconstriction (Menger and Vollmar, 2000), oxidative
stress (Kayyali et al., 2001; Zhang et al., 2007), complement
(Schmidt et al., 2004), cytokines (Gu et al., 2004), leukocytes
(Vollmar et al., 1995) and cell death (Jaeschke and Lemasters, 2003,
Kim et al., 2003). The post-ischemic inflammation induces dendritic
cell maturation in the graft to initiate an adaptive immune response
in the recipient (Land, 2005; Münz et al., 2005) which influences rejec-
tion progression.

Cold ischemic storage, after flushing with a cold protective buffer
(Mühlbacher et al., 1999), reduces tissue-damage since metabolism
declines by around 50% for every 108C of temperature lowering
(Biberthaler et al., 2001). Maximum recommended cold ischemic
times are around 6 h for the heart and 36 h for the kidney.

Human
In the human trial (Fageeh et al., 2002) heparin (20 000 IU) and pre-
dnisolone were given intravenous (iv) to the uterus donor just
before vascular clamping to prevent clotting and inflammation. The
vagina was divided and the first warm ischemia (donor) probably
extended over several minutes, until the organ was immersed ex
vivo in cold saline and flushed with Euro-Collins solution. Experiments
to minimize ischemia-reperfusion injury at human uterus retrieval from
multi-organ donors (Del Priore et al., 2007) used heparin (30 000 IU)
just before retrieval with flushing in situ with cold University of Wis-
consin (UW) solution through the femoral arteries and ice slush in
the pelvis. The duration of first warm ischemia (donor) was minimal.
The uterus was stored in cold ischemic conditions for 12 h and mor-
phological alterations could not be detected by light microscopy.
However, sub-cellular damage of ischemia in cold-preserved human
uterine tissue may only be detectable by electron microscopy (Wran-
ning et al., 2005).

Non-human primate
The group that performed the human UTx attempt practiced on
auto-UTx in baboons (Fageeh et al., 2002). The uteri were flushed
with cold Euro-Collins solution with ischemic times not mentioned.
Inspection of tissue texture and colour at exploration 6–12 weeks
later indicated viability.

Dog
In the first publication on uterus isolation (Eraslan et al., 1966) flushing
with heparinised saline through the common iliac artery of the speci-
men was performed with 30 min of warm ischemia. Another report

used normothermal heparinised saline until all traces of blood had
washed away (Truta et al., 1969), with 45 min of warm ischemia.
The early reports of allogenic utero-tubal-ovarian transplantation
(Mattingly et al., 1970; Wingate et al., 1970; Paldi et al., 1975) used
20–50 ml of saline with heparin (500–1000 IU) for flushing ex vivo
with warm ischemia around 30 min. None of the studies in the dog
used cold ischemia to minimize injury.

Pig
The reports on auto-UTx in the pig assessed ischemia-reperfusion
injury after cold storage ex vivo for 1 h in UW/Celsior (Sieunarine
et al., 2005a) or Ringer Acetate (Wranning et al., 2006). Doppler
and oxygen saturation measurements suggested satisfactory perfusion
in one study (Sieunarine et al., 2005a). The use of Ringer Acetate for
cold preservation, together with the long duration (2–3 h) of second
warm ischemia during re-anastomosis may be explanations for the fact
that only ,20% of the uteri were adequately reperfused in our study
(Wranning et al., 2006). Analysis of the venous effluents of the prop-
erly reperfused uteri showed that blood gasses and lactate normalized
after 60 min and that levels of thiobarbituric acid-reactive species (indi-
cators of oxidative stress) were normal (Wranning et al., 2006), but
with histology demonstrating inflammation. At heterotopic UTx in
minature breed pigs the aorta of the donor was cannulated above
the level of the renal arteries for infusion of 5 l of cold UW with
the uterus preserved in UW until vascular anastomosis in the recipient
(Avison et al., 2009).

Sheep
In sheep auto-UTx experiments (Wranning et al., 2008b) flushing in
situ with either Ringer Acetate or Perfadex preservation solution
was followed by cold storage. The cold ischemic time was about
70 min and the second warm ischemia period, during vascular anasto-
mosis, was about 60 min. During reperfusion (3 h), uterine vein blood
samples showed minor and reversible changes in parameters related
to glucose metabolism and oxidative stress. An increase in uterine
neutrophil density was found and use of Perfadex was beneficial.

Rabbit
Non-vascular UTx in the rabbit involved washing ex vivo in 378C lac-
tated Ringers solution (Confino et al., 1986). Around 75% of the auto-
transplanted organs were preserved.

Rat
In allogenic rat utero-tubal-ovarian transplantation flushing was done in
situ with cold Ringer until all visible blood was flushed away, resulting in
30 min cold ischemia (Jiga et al., 2003). The second warm ischemia
period lasted .60 min. Uterine blood flow was intact at 24 h but
venous thromboses had formed at 72 h (Jiga et al., 2003), probably
due to rejection. In syngenic utero-tubal-ovarian transplantation no
details are given on ischemic conditions but all grafts showed revascu-
larization for at least 3 months (Lee et al., 1995). In syngenic UTx
(Wranning et al., 2008a) the uterus was flushed in situ with 2 ml of
cold heparinised Ringer Acetate supplemented with xylocaine and
then 1 ml of Perfadex. Cold ischemia and second warm ischemia
lasted 60 and 90 min, respectively. The graft survival was 80% and
only mild oedema and neutrophil influx were noted.
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Mouse
In syngenic mouse UTx (Racho El-Akouri et al., 2002), the uterus was
flushed in situ with cold saline supplemented with heparin and xylo-
caine. The cold ischemic time was about 35 min and the second
warm ischemia lasted for about 50 min. The graft survival was about
90%. To test the limits for cold ischemic preservation the uterus
was later cold-stored in UW solution for 24–72 h (Racho El-Akouri
et al., 2003b). Uteri that had been stored ex vivo for 24 h regained
their functionality with normal pregnancies and offspring.

Summary: ischemia-reperfusion injury in
UTx
Studies of ischemia-reperfusion injury in UTx indicate that the uterus is
quite resistant to ischemia. However, since there is significant impact
of ischemia-reperfusion injury on transplantation outcome, any avail-
able steps to reduce the severity of this injury, should be taken.

Surgical technique for UTx
There are great changes in uterine size and blood flow during preg-
nancy (Mäkikallio et al., 2004) and in UTx it would be important to
ensure that the vascular anastomosis sites and uterine structural
support are adequate. A fundamental problem in evaluating results
of experimental transplantation is to separate the potentially harmful
effects of ischemia-reperfusion and surgical trauma from the degenera-
tive process of rejection. Auto- or syngenic-UTx exclude rejection
effects and are commonly used, as described below.

Human
The human UTx trial (Fageeh et al., 2002) ended after 99 days, when a
necrotic uterus was removed because ‘acute vascular occlusion
appeared to be due to inadequate uterine structure support, which
led to probable tension, torsion, or kinking of connected vascular
grafts’. Thus, insufficiencies in both vascular anastomosis and uterine
fixation may be reasons for the failure. The recipient surgery was per-
formed through a midline incision with initial removal of the remnant
cervix. The uterine arteries and veins were extended bilaterally by 6–
8 cm long segments of the saphenous vein, presumably from the reci-
pient. The cervix of the graft was sutured to the vaginal vault and the
only other structural support was two sutures for ‘uterosacral short-
ening’. The vascular anastomoses were performed bilaterally with
the grafts of the three uterine veins on each side and the uterine
arteries anastomosed to the external iliacs. Doppler indicated
uterine perfusion for 2 months. Exogenous cyclic estrogen/gestagen
induced withdrawal bleedings. It is unclear why hormonal treatment
was needed since the recipient had preserved ovaries. The uterus
was removed when the cervix was ‘dusky-coloured’ and prolapsing.
The uterine arteries/veins plus vein grafts were thrombosed. It was
concluded that in future attempts it would be advisable to obtain
longer vascular pedicles during uterus retrieval and to increase the
uterine fixation. The saphenous grafts and flushing of the vascular
grafts with Euro-Collins, with its tendency to induce endothelial cell
injury (Alamanni et al., 2002), may be contributing factors to the
thrombosis. In cases of uterus retrieval from multi-organ donors it
may be possible to retrieve a vascular pedicle, including the internal

iliacs (Del Priore et al., 2007) to enable direct vascular anastomosis
to the external or internal iliacs.

In a future human attempt, uterine displacement would be avoided
by multiple attachments such as the round ligaments to the pelvic side-
walls, and reconstructions of the uterosacral ligaments and cardinal
ligaments, with use of recipient tissue.

Non-human primate
The experience of UTx in non-human primates is primarily derived
from auto-transplantation experiments. In preparation for the
human UTx, auto-UTx in the baboon (Fageeh et al., 2002) using
end-to-end uterine vessel anastomosis and end-to-side anastomosis
to the internal iliac vessels resulted in 75 and 10% occlusion, respect-
ively. In our auto-UTx experiments in the baboon (unpublished obser-
vations) vascular connections were established between the anterior
portion of the internal iliac artery and the ovarian veins unilaterally
to the external iliac vessels (Fig. 3). The ends of the two arteries
and veins of the specimen were bisected and sutured to create
larger vessels for anastomosis (Fig. 4). Satisfactory reperfusion was
initially seen but long-term survival of the grafts was unsatisfactory.
In a human UTx situation the ovarian veins would not be used since
the human uterine veins are of large diameter.

Avascular auto-UTx in the rhesus monkey by omental wrapping
(Scott et al., 1971) resulted in a normal-sized uterus, resumed men-
struation but without pregnancy. Avascular transplantation would
not be recommendable in a species with a larger uterus.

Dog
Vascular anastomosis at dog utero-tubal-ovarian transplantation
mostly involved end-to-end anastomosis of the common iliac artery
and end-to-side anastomosis of the internal iliac veins to the
common iliacs (Eraslan et al., 1966; Truta et al., 1969; Yonemoto
et al., 1969; Mattingly et al., 1970; Paldi et al., 1975). In one study
involving allogenic transplantation, end-to-side anastomosis of the
vena cava and aorta of the graft to the same vessels of the recipient
was accomplished (Wingate et al., 1970). In most of these studies,
the viability of the uterus after transplantation was not evaluated
and the outcome cannot be determined. Some studies (O’Leary
et al., 1969; Scott et al., 1970) examined omentopexy for vasculariza-
tion with demonstration of viable uterine tissue. However, in a

Figure 3 Schematic outline of end-to-side vascular anastomoses of
the vessels of a baboon utero-tubal-ovarian graft to the external iliac
vessels.
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comparative study all uteri in the omentopexy group were degener-
ated at 3 months but those transplanted by vascular anastomosis
were viable (Barzilai et al., 1973).

Pig
The technique used for vascular anastomosis at auto-UTx in the pig
were end-to-end anastomosis of the uterine artery and veins, well
distal to their branching from the internal iliac vessels (Sieunarine
et al., 2005a; Wranning et al., 2006), a technique that in human
UTx only is applicable when hysterectomy is performed in the recipi-
ent so that the proximal ends of the uterine vessels are spared. Short-
term function with appropriate pinkish colour of the uterus and spon-
taneous contractions were only seen in 20% (Wranning et al., 2006)
and later thrombosis developed at the anastomosis sites (Sieunarine
et al., 2005a). In a procedure of heterotopic, allogenic UTx in minia-
ture breed pigs the lower donor aorta and vena cava of the graft
were anastomosed end-to-side with the aorta and vena cava of the
recipient (Avison et al., 2009).

Sheep
In sheep UTx, the anterior division of the internal iliac artery and the
utero-ovarian vein were anastomosed end-to-side to the external
iliacs (Dahm-Kähler et al., 2008; Fig.5). The uterus was fixed by ana-
stomosing the vagina and suturing the uterine body to the round liga-
ments. The success rate, in terms of immediate reperfusion, was
around 70% (Wranning et al., 2008b). In animals auto-transplanted
by a similar approach, with a specimen including also the ipsilateral
adnexae, pregnancies were achieved after natural mating (Wranning
et al., 2009). In one pregnant ewe Caesarean section after initiation of
labour revealed fetal death in a uterus which had rotated 3608. This
finding further calls attention to the importance of uterine fixation
and that Caesarean section should be the delivery-mode after UTx. A
modified UTx procedure in the sheep with bilateral end-to-end anasto-
mosis of the uterine vessels, showed normal uteri in 6/10 of animals 6
months later (Ramirez et al., 2008).

Rabbit
In the rabbit UTx report the supracervically removed uterus was fixed
with sutures to the cervix and the broad ligament (Confino et al.,
1986) with a 75% success rate.

Rat
The rat uterus was either isolated en-bloc together with the ovaries
and oviducts (Lee et al., 1995; Jiga et al., 2003) or as a uterine graft
(Wranning et al., 2008a). In utero-tubal-ovarian transplantation, the
aortic and caval stumps of the graft were anastomosed either
end-to-side to the aorta and vena cava (Lee et al., 1995) or
end-to-end to the femoral vessels (Jiga et al., 2003), with an obvious
risk of hind limb ischemia. The only other fixation was the vaginal ana-
stomosis. The surgical outcome can only be properly evaluated in syn-
genic transplantations, where all animals and grafts were reported to
survive (Lee et al., 1995). In our syngenic UTx experiments the right
uterine horn, the common uterine cavity and the cervix was trans-
planted by anastomosing the right common iliac artery and vein of
the graft end-to-side (Fig. 6) to the aorta and the vena cava (Wranning
et al., 2008a). The native uterus was left in situ and the transplanted
uterus was placed in a heterotopic position with the vaginal rim of
the graft connected to a cutaneous stoma (Fig. 7). There was a 30%
loss of transplants among the surviving animals (.95% in the last
series) and the graft loss was exclusively because of thrombosis.

Mouse
In the mouse UTx-model, the graft contained one uterine horn, the
common uterine cavity, the cervix and a vaginal rim (Racho El-Akouri
et al., 2002). The vascular pedicles, including all vessels up to the
caudal parts of the aorta and vena cava, were attached end-to-side
to the aorta and vena cava although the diameters of the vessels
were only 0.7 and 1.5 mm, respectively. The difficulty in these micro-
surgical procedures is illustrated by the fact that the survival rate was
only 38% for the first 21 animals but increased to 71% (Racho

Figure 5 Schematic outline of end-to-side vascular anastomosis
between the anterior branch of the left internal iliac artery of a
sheep uterine graft and the external iliac vessel.

Figure 4 Baboon uterus ex vivo after the two ovarian arteries have
been joined to create one larger vessel (A) and two ovarian veins
have been joined to create a large vein (V).
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El-Akouri et al., 2002) with 90% of the grafts exhibiting normal blood
flow on post-operative Days 15–30.

Summary: surgical technique for UTx
There are several collective lessons learned regarding the surgical
technique at UTx. Thus, neovascularization by omental wrapping
does not provide the conditions needed for normal function. The
surgery by itself does not seem to interfere with normal uterine func-
tion as demonstrated by achieved pregnancies in small and large
animals after non-rejecting transplantation. Techniques and sites for
vascular anastomosis have to be improved because of high rates of
vascular thrombosis. There are still issues to be solved before a safe
methodology for human use can be presented.

Rejection and
immunosuppression in UTx
Rejection of a transplanted organ occurs because of orchestrated
immune responses to foreign histocompatibility antigens of the graft.
The rejection response to an allogenic transplanted organ varies
depending on the specific organ and its setup of tissue-bound
immune cells. Thus, at transplantation of tissues with high immuno-
genicity such as the hand (Dubernard et al., 1999) and small bowel
(Vianna et al., 2008), there is a need for combinations of immunosup-
pressants including steroids but at liver transplantation steroid-free
immunosuppression is used (Pirenne et al., 2003; Jain et al., 2005)
with some patients developing tolerance (Takatsuki et al., 2001).

The uterus shows variation in population/activity of immune cells
during the ovarian cycle (Robertson, 2000) and pregnancy (Chaouat
et al., 2007) as well as tolerance of an allogenic fetus/placenta. The

fetus is protected from assaults by the maternal immune system by
effector T-cells, regulatory T-cells (Trowsdale and Betz, 2006) and
uterine natural killer-cells (Croy et al., 2003). This inherent capacity
of localized tolerance during pregnancy may render an allogenic trans-
planted uterus to be less prone to rejection during pregnancy. Consid-
ering that human UTx would be performed in an otherwise healthy
woman it is of uttermost importance that extensive research on
uterine rejection, anti-rejection medication and effects of these
drugs on the pregnancy/fetus is carried out before another human
UTx.

According to the US Food and Drug Administration (FDA) the
current pregnancy risk-categories for immunosuppressants are; cat-
egory B (no evidence of risk) for corticosteroids; category C (risk
cannot be ruled out) for cyclosporine A (CsA), mycophenolate
mofetil, tacrolimus, rapamycin; category D (positive evidence for
risk) for azathioprine. These categories cannot directly be applied to
the human since they are partly based on animal data. Thus, azathiopr-
ine increases rates of fetal malformations in rodents (Githens et al.,
1965) but registry studies in the human do not indicate any risk
(Armenti et al., 1998). In most transplant programs it is recommended
to avoid pregnancy during the first year since this period is needed for
establishment of allograft function and for reduction of maintenance
immunosuppression to moderate doses (McKay and Josephson,
2005).

The first post-transplantation pregnancy with live birth 50 years ago
(Murray et al., 1963) has been followed by .14 000 births (McKay
and Josephson, 2006). Registry-data indicates increased risk for mild
prematurity, low birthweight and hypertension/pre-eclampsia but no
increased rate of structural malformations (Armenti et al., 2004;
McKay and Josephson, 2006). The only complete population-based
study on pregnancy outcome after maternal organ transplantation
(Källen et al., 2005) compared pregnancies in transplanted women
before and after transplantation with adjustments for age and
smoking. The miscarriage-risk was increased equally before and after
transplantation. There was an increased risk for preterm birth, pre-

Figure 7 Schematic outline of end-to-side vascular anastomosis
between the common iliac artery of a rat uterine transplant and the
aorta of the recipient rat. The native uterus is left in situ and the
cervix of heterotopically transplanted uterus is connected to a
cutaneous stoma.

Figure 6 Close up view of end-to-side vascular anastomoses
between the common iliac artery and vein of a rat uterus transplant
to the vena cava (VC) and the aorta (A) of the recipient rat.
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eclampsia and small for gestational age but similar odd ratios were
found in pregnancies before and after transplantation. These results
strongly suggest that the major cause of pregnancy complications in
transplant-patients is the underlying disease-morbidity of the mother
and not the immunosuppressants, however, long-term consequences
on the immune system of the offspring may exist (Scott et al., 2002).

Transplant recipients under immunosuppression are more likely to
acquire some viral diseases and neoplasms with risks related to type
and duration of immunosuppressants (Opelz and Döhler, 2004). A
transplanted uterus would be surgically removed after the woman
has given birth once or twice, and immunosuppressants are only
needed during a restricted time. Moreover, strategies to induce allo-
tolerance may be developed in the future (Golshayan et al., 2007).

Human
The immunosuppressants used in the human UTx case (Fageeh et al.,
2002) were CsA (6 h prior to surgery) and prednisolone (at
surgery-start and uterine perfusion) followed by conventional CsA,
azathioprine and prednisolone. Possible rejection was monitored by
CD4/CD8-ratio in blood and Doppler of uterine blood flow, but
for some reason cervical/endometrial biopsies were not used. The
uterus was removed at Day 99 when the uterus was ‘infracted’ and
the uterine vessels were thrombosed. Since necrosis and thrombosis
are signs of full rejection, this could be the reason for the demise of
the organ rather than ‘torsion and kinking of the vessels secondary
to inadequate structural support’, as suggested. The oviducts were
of normal histology, which is difficult to comprehend since these
were also supplied via the uterine arteries.

In future human UTx a modern protocol for immunosuppressant
medication, including tacrolimus, should be used and it may well be
that the doses of immunosuppressants could be lowered during preg-
nancy because of induced local immunological tolerance (Trowsdale
and Betz, 2006).

Non-human primate
Non-human primates have been extensively used for studies of
various immunosuppressants after allotransplantation (Todo et al.,
1988) but these results cannot directly be extrapolated to the
human, as illustrated by that triple regimen of immunosuppressants
is subtherapeutic in composite tissue allotransplantation in monkeys
(Cendales et al., 2005) but therapeutic in human hand transplantation
(Siemionow, 2005). Only one study (Scott et al., 1971) has examined
rejection after allo-UTx in a non-human primate. Subtotal
hysterectomy-grafts, with neovascularization by omental wrapping,
showed presence of endometrium 1 week post-transplantation. Rejec-
tion signs then appeared initially in the endometrium and after 14 days
full rejection was present.

Dog
Rejection of allogenic transplanted uterus plus adnexae was first
described in the dog (Truta et al., 1969). Azathioprine and cortisone
were later used (Yonemoto et al., 1969) and some therapeutic effects
were indicated by variable degrees of rejection up to 49 days after
surgery. Perivascular accumulation of inflammatory cells was followed
by loss of endometrium. In a more detailed study of azathioprine and
cortisone after utero-tubal-ovarian transplantation, oedema and

hyperemia were seen on Day 4 (Wingate et al., 1970), followed by
haemorrhage, patchy necrosis and intravascular thrombosis. Similar
results, with identical immunosuppressant combination, were seen
after avascular UTx (Scott et al., 1970).

Pig
In heterotopic, allogenic UTx in miniature breed pigs, iv tacrolimus
was administered for 12 days post-transplantation and then oral
CsA was given (Avison et al., 2009) since it was difficult to achieve sat-
isfactory blood levels of tacrolimus with oral administration. In
addition, methylprednisolone was used for 3 months. The acute rejec-
tion episodes, detected by endoscopy through the stoma and endo-
metrial biopsy, were successfully treated with increased maintenance
immunosuppression and steroids. The survival of the six allogenic
transplanted animals were between 0.2 and 6.7 months, but details
on the grades of uterine rejection in these cases were not given.

Sheep
Sheep to be allogenic transplanted with uterine grafts were treated
with CsA plus prednisone starting 2 days before surgery (Ramirez
et al., 2008) and with prednisone discontinued after 2 weeks. Lapar-
otomy 6 months after surgery showed pronounced abdominal adhe-
sions in 7/10 animals and blood-perfused uteri in 6/10 animals.
Histology revealed patchy lymphocytic infiltration. Our allo-UTx
sheep experiments with CsA/tacrolimus and prednisone showed fluc-
tuating CsA levels and stable tacrolimus levels (Wranning et al.,
2008c). In both groups mild inflammation was seen.

Rabbit
In the only study of allo-UTx in the rabbit, single therapy with CsA
preserved the endometrium and myometrium 1 month after avascular
transplantation (Confino et al., 1986).

Rat
Allogenic rat utero-tubal-ovarian grafts were used to study the time
course of uterus rejection (Jiga et al., 2003). After 72 h, the anastomo-
sis sites were thrombosed and the uteri were necrotic. In our ongoing
experiments on semiallogenic UTx in the rat we use a protocol with
moderate doses of CsA/tacrolimus, which has been shown to effec-
tively suppresses rejection after rat composite tissue transplantation
(Siemionow et al., 2005).

Mouse
In a fully allogenic mouse UTx model major inflammation and
reduction of blood flow was seen from Day 10 to 15 with massive
necrosis Day 28 (El-Akouri et al., 2006). In a follow-up study, we
found early (Day 2–5) invasion of neutrophils and macrophages fol-
lowed by influx of cytotoxic T-cells (Groth et al., 2009). In semiallo-
genic UTx CsA delayed, but not fully suppressed, rejection
(Wranning et al., 2007).

Summary: rejection and immunosuppression
in UTx
A handful of studies on immunosuppression to prevent rejection after
UTx have been published. However, no treatment protocol,
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successful in terms of long-term survival and functionality of the graft,
has been presented. It is obvious that detailed studies addressing this
issue and with a high success rates are needed before another human
UTx attempt.

Pregnancy and offspring in UTx
Apart from the ability to establish pregnancy after UTx, it is also
important to determine that pregnancy and offspring are not nega-
tively affected. The negative effects may not only relate to immunosup-
pressants but also to altered uterine blood/lymphatic flow,
denervation or changed uterine fixation.

Human
In the human UTx there was no pregnancy attempt (Fageeh et al.,
2002). Among organ-transplanted patients pregnancy is regarded as
safe after the first post-transplant year if rejection episodes have not
occurred and then generally the nadir immunosuppressant doses are
reached (McKay and Josephson, 2006). A prospective UTx patient
should undergo IVF treatment prior to transplantation since it is essen-
tial to ensure fertilization-potential within the couple and since embryo
cryopreservation would decrease embryo exposure to immunosup-
pressants. An IVF procedure after transplantation would be more
unsafe because of altered vascular anatomy and risk of pelvic infection
due to the immunosuppressed state. It would be essential to avoid
severe ovarian hyperstimulation syndrome, with associated hypercoa-
gulability (Rogolino et al., 2003), and risk of thrombosis at the anasto-
mosis sites.

Non-human primate
There is no reported pregnancy in non-human primates either after
auto- or allo-UTx. After avascular auto-UTx in rhesus monkeys
three animals were placed with males for 10 months but no pregnancy
occurred (Scott et al., 1971). It was speculated that the infertility was
due to non-preserved tubal patency during the post-transplantation
ischemic period of several days (Scott et al., 1971). In future exper-
iments involving UTx in non-human primates the use of IVF would
be advantageous to mimic the human situation and to achieve preg-
nancies after non-oviductal UTx.

Dog
After auto-transplantation of utero-tubal-ovarian grafts in dogs, five
pregnancies (11% pregnancy rate) with live births were seen, in the
studies where pregnancy was one end-point (Eraslan et al., 1966;
Truta et al., 1969; Barzilai et al., 1973). However, these experiments
involved only short ischemic periods and the uterus was never outside
the abdomen.

Pig and sheep
There are no reported pregnancies after UTx in the pig. In a small
series of sheep that had undergone utero-tubal-ovarian auto-
transplantation by vascular anastomosis to the external iliac vessels
pregnancies were achieved in three out of five animals (Wranning
et al., 2009). Deliveries were through Caesarean section.

Rabbit and rat
There are no reported pregnancies after UTx in the rabbit or the rat.

Mouse
Pregnancy in a strictly transplanted uterus of any species was first
reported in the mouse (Racho El-Akouri et al., 2002). These were syn-
genic transplants and pregnancies were achieved after embryo trans-
fer. In a modified mouse UTx model, with the cervix of the
transplanted uterus brought to a cutaneous stoma, the implantation
and pregnancy rates of the transplanted uteri were similar to that of
the native uteri (Racho El-Akouri et al., 2003a). Moreover, birth-
weight, growth trajectory and offspring fertility were normal.

Summary: pregnancy and offspring in UTx
Although no pregnancies have been achieved after allo-UTx, a few
studies in non-rejecting settings have shown that surgery and novel
vascular connections are not likely to interfere with pregnancy. It is
clear that more research is needed in animal models before a new
human attempt. Our opinion is that safe pregnancies and healthy off-
spring have to be demonstrated in allo-UTx in one animal species and
that there has to be a proof of concept of surgery in a non-human
primate species. This latter experiment could involve auto-UTx to a
new vascular supply after cold storage.

Ethics and institutional
requirements
It is important that UTx is thoroughly discussed from an ethical per-
spective. This discussion should be brought forward in parallel with
animal research. Moreover, certain requirements should apply to a
group/institution that would pursue human UTx. A surgical inno-
vation, such as UTx, should appear in the operating theatre only
after extensive laboratory work on all aspects of the procedure, in
order to maximize success rate. Ethical considerations regarding
UTx were recently brought forward by the FIGO Committee for
the Ethical Aspects of Human Reproduction and Womens’s Health
(Milliez, 2009). Concerning surgical innovations, laboratory back-
ground, field strength and institutional stability should be considered
from ethical standpoints (Moore, 1970, 2000).

The laboratory background of UTx should involve extensive experi-
ence of the procedure in several species and with excellent success
rate, taking into account the learning curve of UTx surgery (Wranning
et al., 2008a). The animal models should involve non-human primates,
to include experimental circumstances which would be similar to
human UTx. Studies of human pelvic vascular anatomy could also
be considered, if these could be carried out at elective surgery or
by radiological examinations for clinical reasons.

Satisfactory field strength implies expertise and long tradition of the
institution in all clinical fields that may be involved. Experienced psy-
chologists should be involved in the screening process of potential
uterus recipients and living donors. Specialists in reproductive medi-
cine should assess the patient and her partner before transplantation
to assure excellent fertility potential and to carry out IVF. Gynaecolo-
gists, trained in retroperitoneal pelvic surgery, should perform surgery
in collaboration with transplant surgeons to optimize organ retrieval,
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cold-ischemia preservation, backtable preparation and vascular ana-
stomosis. Specially trained pathologists and transplant surgeons
would be highly needed after transplantation for assessment of rejec-
tion and guidance of immunosuppressant therapy. It is also central that
obstetricians with experiences in antenatal care of transplant patients
and high-risk obstetrics are involved.

Institutional stability implies that an innovative surgical procedure,
such as UTx, should only be carried out in a hospital where there is
sufficient support for the experimental procedure and with team-
members that have worked together for a long time. Evaluation of
stability of the institution and the team should include assessment of
resources and commitment to care for a living donor, the recipient
and her partner as well as for the future child for many years.

The important ethical principle of a dominance of benefits over risks
should thoroughly be analyzed also for UTx, where four subjects may
be involved; the donor (living or deceased) with immediate family, the
recipient, the partner of the recipient who is also the prospective
father, and the future child.

Concerning the donor and its family, a uterus from a multi-organ
donor does not involve any risks for the donor. However, the relatives
may be unfamiliar with a situation where the donor have consented to
donation of an organ that previously may have harboured a fetus, that
today may be a family member.

We consider that the most suitable living donor would be a mother
or an older sister who has decided that she has completed her child-
bearing period. The likelihood of a reasonable tissue type match
would be increased. The risks taken by the donor would be similar
to the risks related to hysterectomy (Spilsbury et al., 2008), the
most common major surgical procedure in women today. We
acknowledge that the surgical procedure of uterus retrieval from a
living donor is more extensive than a total abdominal hysterectomy,
but balancing this is that uterus retrieval would be carried out by
extremely well-trained surgeons with vast experience of the pro-
cedure in experimental animals. It is important that the donor is
informed about the risk panorama and that her understanding of
potential risks is evaluated during consultations before donation.
Medical consultations, before and after donation, should be offered
and performed by physicians/psychologists with previous experience
from other living donor cases. These practitioners should be separate
from those caring for the recipient in order to protect donor auton-
omy. The most common living organ donation is the kidney with
excellent outcome after donations from close relatives (Terasaki
et al., 1995). In a large transplantation unit expertise for living
kidney donor care exists on all levels and this should be useful in
living uterus donation.

The uterus recipient and her partner do, prior to becoming a can-
didate couple, have to be well informed about other alternatives than
UTx to form a family. These alternatives are to accept the infertility,
adoption of a child or gestational surrogacy. Genetic parenthood
can be acquired through gestational surrogacy and this procedure
has the benefits over UTx to exclude risks related to surgery and
immunosuppressants. However, at gestational surrogacy you put the
pregnancy-morbidity risk on another person, you cannot control for
lifestyle factors including smoking/alcohol, and legal conflicts about
the motherhood of the newborn may emerge. Psychological counsel-
ling of the future uterus recipient at many occasions before surgery
should be mandatory, including evaluation of her understanding of

the procedure, risks and need for monitoring possible episodes of
rejection. Also, evaluation of risk of non-adherence to immunosup-
pressive medication is needed since around 30% of organ transplant
recipients are non-adherent during some period (Nevins and Matas,
2004). The surgical risks of the uterus recipient would be equal to
any open pelvic surgery with the addition of risks related to vascular
anastomosis surgery. The uterus recipient should also be informed
about the risks connected to use of immunosuppressants in general
with increased risks for certain viral infections and malignancies
(Opelz and Döhler, 2004). These risks are connected to the type of
immunosuppressants used and the duration of treatment. In human
UTx, we anticipate that the transplanted organ would be removed
within 3 years, thus considerably reducing these risks.

The risks for the fetus/prospective child should be assessed. There
does not seem to be increased perinatal risk due maternal immuno-
suppression (Källen et al., 2005) but long-term effects of fetal
exposure to immunosuppressants may exist (Padgett and Seelig,
2002; Scott et al., 2002). The risk assessment for the fetus has to con-
sider that the new vascular supply or altered uterine fixation may affect
the pregnancy. Many planned pregnancies today are associated with
increased risks for fetal complications, such as congenital malfor-
mations in pregnancies of diabetics (Plagemann et al., 2008) but
these risks are balanced against the wish of parents. In situations
where unanticipated maternal health problems occur during pregnancy
after UTx, the life of the mother should be the priority.

It is important that all anticipated risks of UTx are identified and
defined prior to human UTx. Established exit strategies for each of
the identified risks should be included in a research protocol for
human UTx.

Ethical questions regarding UTx touch on fundamental issues con-
cerning perception of procreation and parenthood as well as of
medical advancements. These perceptions are not globally hom-
ogenous and the diversity in moral, religious and philosophical
values in different societies will most likely render human UTx accep-
table in some societies and unacceptable in others.

Conclusions
In this review on UTx research, we summarize the results of exper-
imental studies and the first human UTx attempt. We also discuss
points of concern regarding requirements that need to be fulfilled by

........................................................................................

Table I Experimental animal studies which should be
performed and show favourable outcome before the
next human UTx is performed

Type of study Species

Allogenic UTx under immunosuppression and
fertility/offspring

Rat/mouse

Fetal immunosuppression exposure and longterm
effects

Rat/mouse

Autologous UTx and fertility Non-human
primate

Long-term graft survival after allogenic UTx Non-human
primate
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the institution and team pursuing future human UTx. Several appropri-
ate animal models for experimental UTx have been developed and the
surgical techniques can be modified for use in a future human case.
The results indicate that the uterus is resistant to ischemia-reperfusion
injury and after transplantation exhibits normal function and ability to
carry pregnancies, at least in non-rejecting situations. There are some
key studies which should be performed and show successful outcome
before the next human UTx is performed (Table I). Considering the
current state and activity of research we predict that the next
human UTx will be performed within 5 years.

Funding
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Küster–Hauser syndrome (congenital absence of uterus and vagina)—
phenotypic manifestations and genetic approaches. J Neg Results
Biomed 2006;5:1–8.

Habek D, Becarevic R. Emergency peripartum hysterectomy in a tertiary
obstetric center: 8-year evaluation. Fetal Diagn Ther 2007;22:139–142.

Halazun KJ, Al-Mukhtar A, Aldouri A, Willis S, Ahmad N. Warm ischemia
in transplantation: search for a consensus definition. Transplant Proc
2007;39:1329–1331.

Hauser GA, Schreiner WE. Das Mayer–Rokitansky–Küster syndrome.
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Mayer CA. Über verdoppelungen des uterus und ihre arten, nebst
bemerkungen über hasenscharte und wolfsrachen. J Chir Augen 1829;
13:525–564.

McCracken JA, Baird DT, Goding JR. Factors affecting the secretion of
steroids from the transplanted ovary in the sheep. Recent Progr Horm
Res 1971;27:537–582.

McKay DB, Josephson MA. Reproduction and transplantation: report on
the AST consensus conference on reproductive issues and
transplantation. Am J Transplant 2005;5:1592–1599.

McKay DB, Josephson MA. Pregnancy in recipients of solid organs—effects
on mother and child. N Engl J Med 2006;354:1281–1293.

Meirow D, Levron J, Eldar-Geva T, Hardan I, Fridman E, Zalel Y, Schiff E,
Dor J. Pregnancy after transplantation of cryopreserved ovarian tissue in
a patient with ovarian failure after chemotherapy. N Engl J Med 2005;
353:318–321.
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Wedenberg K, Rönnquist G, Ulmsten U, Waldenström A. Energy
economy of human uterine muscle strips under different in vitro
conditions and its dependence on tissue redox potential. Eur J Obstet
Gynecol Reprod Biol 1995;62:115–119.

Wellesley DG, Slaney SF. MURCS in a male? J Med Genet 1995;
32:314–315.

Wingate MB, Karasewich E, Wingate L, Lauchian S, Ray M. Experimental
uterotubovarian homotransplantation in the dog. Am J Obstet Gynecol
1970;106:1171–1176.

Winston RM, Browne JC. Pregnancy following autograft transplantation of
Fallopian tube and ovary in the rabbit. Lancet 1974;2:494–495.

Wood C, Downing B, McKenzie I, O’Brien BM, Paterson P. Microvascular
transplantation of the human fallopian tube. Fertil Steril 1978;
29:607–613.

Wranning CA, Mölne J, Racho El-Akouri R, Kurlberg G, Brännström M.
Short-term ischaemic storage of human uterine myometrium—basic
studies towards uterine transplantation. Hum Reprod 2005;
20:2736–2744.

Wranning CA, El-Akouri R, Lundmark C, Dahm-Kähler P, Mölne J,
Enskog A, Brännström M. Autotransplantation of the uterus in the
domestic pig (sus scrofa): surgical technique and early reperfusion
events. J Obstet Gynaecol Res 2006;32:358–367.

Wranning CA, El-Akouri RR, Groth K, Mölne J, Parra AK, Brännström M.
Rejection of the transplanted uterus is suppressed by cyclosporine
A in a semi-allogeneic mouse model. Hum Reprod 2007;22:
372–379.

Wranning CA, Akhi SN, Kurlberg G, Brännström M. UTx in the rat: model
development, surgical learning and morphological evaluation of healing.
Acta Obstet Gynecol Scand 2008a;87:1239–1247.

Wranning CA, Dahm-Kähler P, Mölne J, Nilsson UA, Enskog A,
Brännström M. Transplantation of the uterus in the sheep: oxidative
stress and reperfusion injury after short-time cold storage. Fertil Steril
2008b;90:817–826.

Wranning CA, Enskog A, Brännström M. Uterus transplantation:
allo-transplantation with cyclosporin A/FK506 and pregnancies after
auto-transplantation in the ewe. 1st American Conference on
Reconstructive Transplant Surgery. Prospects and future of Composite
Tissue Allotransplantation, Philadelphia, PA, USA, 2008c; abstract.

Wranning CA, Marcickiewicz J, Enskog A, Dahm-Kähler P, Brännström M.
Fertility after autologous ovine-tubal-ovarian transplantation by
vascular anastomosis to the external iliac vessels. Hum Reprod 2009;
(submitted).

Yonemoto RH, Du Sold WD, Deliman RM. Homotransplantation of
uterus and ovaries in dogs. A preliminary report. Am J Obstet Gynecol
1969;104:1143–1151.

You W, Dainty LA, Rose GS, Krivak T, McHale MT, Olsen CH, Elkas JC.
Gynecologic malignancies in women aged less than 25 years. Obstet
Gynecol 2005;105:1405–1409.

Zhang W, Wang M, Xie HY, Zhou L, Meng XQ, Shi J, Zheng S. Role of
reactive oxygen species in mediating hepatic ischemia-reperfusion
injury and its therapeutic applications in liver transplantation.
Transplant Proc 2007;39:1332–1337.

Submitted on January 30, 2009; resubmitted on October 1, 2009; accepted on
October 7, 2009

Experimental uterus transplantation 17

 at U
niversity of O

ttaw
a on M

arch 19, 2010 
http://hum

upd.oxfordjournals.org
D

ow
nloaded from

 

http://humupd.oxfordjournals.org

