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Objective: To develop electron paramagnetic resonance (EPR) oximetry as a tool to characterize the oxygen
environment in human ovarian xenografts in the early postgrafting period.
Design: Prospective experimental study.
Setting: Gynecology research unit in a university hospital.
Patient(s): Biopsies were obtained from 6 women aged 22–35 years.
Intervention(s): Frozen–thawed human ovarian tissue fragments were grafted to an intraperitoneal site in nude
mice. Before grafting, lithium phthalocyanine, an oxygen reporter, was implanted inside the fragments.
Main Outcome Measure(s): To monitor partial pressure of oxygen (pO2) by EPR on postgrafting days 3, 5, 7, 10,
14, 17, and 21 and validate the technique by histologic assessment.
Result(s): A period of hypoxia was identified before day 5, followed by gradual but significant oxygenation over
the next 5 days, suggesting an active process of graft revascularization. Reoxygenation kinetics in human ovarian
xenotransplants were quantified.
Conclusion(s): Our data validated the EPR oximetry technique as a tool to monitor pO2 in ovarian grafting. The
critical early period of hypoxia was identified, and the first steps of reoxygenation were characterized. In the future,
our model may be used to evaluate new freezing and grafting protocols with the aim of reducing potential cry-
oinjury and initial ischemia–reperfusion damage. (Fertil Steril� 2009;92:374–81. �2009 by American Society
for Reproductive Medicine.)
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In recent years improvements in oncologic treatment regi-
mens have led to an increase in life expectancy for young
female cancer patients. Unfortunately, aggressive chemother-
apy, ionizing radiotherapy, and bone marrow transplantation
can severely affect the ovarian follicular reserve and subse-
quently lead to loss of fertility and premature menopause.
Ovarian tissue cryopreservation before the initiation of gona-
dotoxic treatment, with the aim of reimplanting the frozen–
thawed ovarian tissue once the patient has recovered, is an op-
tion to restore endocrine and reproductive function (1). Since
the first report of a live birth after autografting of frozen–
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thawed ovarian tissue was published by our team (2), three
more live births have been achieved by this approach (3–5).

Although these results are very encouraging, this tech-
nique remains experimental, and further research is required.
Indeed, experimental studies have demonstrated considerable
loss of primordial follicles in cryopreserved ovarian tissue af-
ter transplantation, estimated to be 50%–65% by some inves-
tigators (6, 7) and >90% by others (8, 9). This phenomenon
could be explained by the fact that ovarian cortical pieces are
grafted without vascular anastomosis. Implants are thus ex-
posed to ischemic damage and oxidative stress during the
early posttransplantation period until they become revascu-
larized. Lipid peroxidation and oxygen-deprived free radicals
seem to be involved in this ischemia–reperfusion injury, as
suggested by the improvement in follicular survival rates
from 45% to 72% in case of antioxidant administration to
the host (10).

In rodents, Israely et al. (11) showed that the avascular pe-
riod was associated with follicular damage, as illustrated by
the apoptotic death of primordial follicles and perivascular
endothelial cells. When partially perfused, ischemic areas
were found to co-localize with degenerated/necrotic follicles,
whereas perfused areas contained intact follicles. They also
demonstrated that shortening the hypoxic period resulted in
0015-0282/09/$36.00
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improved survival of primordial follicles and restoration of
follicular growth.

Because the duration of ischemia and the rate of apoptosis
of follicles seem to be correlated (12), a better understanding
of the initial ischemic processes leading to revascularization
of human ovarian grafted tissue is crucial, but effective
methods to analyze these first steps are lacking.

The aim of our study was to set up an electron paramagnetic
resonance (EPR) protocol to characterize the oxygen environ-
ment after ovarian tissue xenotransplantation and identify the
initial hypoxic and reoxygenation periods after human ovar-
ian transplantation in the early postgrafting phase.

MATERIALS AND METHODS

EPR Oximetry

The EPR oximetry technique enables sensitive, noninvasive
and repeated measurement of partial pressure of oxygen
(pO2) in vivo, notably in tumoral models, to characterize
the tumor microenvironment (13). Based on the paramag-
netic properties of molecular oxygen, which modifies the
EPR spectra by altering the relaxation rates of paramagnetic
species, the technique allows continuous monitoring of oxy-
genation in tissues with an accuracy of <1 mm Hg (14).

The magnitude of the effect is related to the amount of ox-
ygen that is present in the environment of the paramagnetic
materials (14). Lithium phthalocyanine (LiPc) was used as
an oxygen-sensitive paramagnetic probe, which was inserted
into the ovarian fragments before grafting. The line width of
LiPc is a linear function of pO2 and is independent of local
metabolic processes, other paramagnetic species, and pH.

Experimental Design

A total of 24 mice were intraperitoneally grafted with frozen–
thawed human ovarian fragments obtained from 6 different
patients. Eighteen nude mice were grafted with ovarian frag-
ments into which LiPc had been implanted as an oxygen re-
porter. Six control mice were grafted without LiPc. These 6
control mice were included for histologic comparison with
the lithium-grafted mice on day 21.

Levels of pO2 were monitored in vivo by EPR on postgraft-
ing days 3, 5, 7, 10, 14, 17, and 21 (n ¼ 18). As described by
Gallez and Mader (15), the stability of LiPc responsiveness to
pO2 was confirmed by modification of the line width, follow-
ing a clear change in pO2 values (15). Carbogen breathing
challenges (positive controls) were applied on days 3 and
21, and hypoxic conditions (negative controls) were obtained
by pO2 measurement after the mice were killed on day 21.

Collection of Ovarian Tissue

The use of human tissue for this study was approved by the
Institutional Review Board of the Universit�e catholique de
Louvain. Ovarian biopsies were taken from 6 women (aged
22–35 years) after written informed consent was obtained.
Fertility and Sterility�
They were all undergoing laparoscopic surgery for non-ovar-
ian benign gynecologic disorders, such as tubal ligation, peri-
toneal endometriosis, or myomas. One biopsy of 8–10 mm�
4 mm was taken per patient, from which four fragments of
2–4 mm were obtained.

Freezing and Thawing Procedure

Freezing of ovarian tissue was undertaken according to the
protocol described by Gosden et al. (16). Biopsy samples
were immediately transferred from the operating room to
the research laboratory in N-2-hydroxyethylpiperazine-N0-2-
ethanesulfonic acid (HEPES)-buffered modified Eagle’s me-
dium (HEPES-MEM) (GIBCO, Glasgow, Scotland) on ice.
The medullar part was removed from the ovarian biopsies us-
ing surgical scissors. Ovarian tissue was dissected into strips
of 2� 4 mm. These fragments were suspended in cryoprotec-
tive medium (HEPES-MEM supplemented with 4 mg/mL of
human serum albumin [Red Cross, Brussels, Belgium] and 1.5
mmol dimethyl sulfoxide [DMSO; Sigma, St. Louis, MO]) in
cryogenic vials (Simport, Quebec, QC, Canada). The cryo-
tubes were cooled in a programmable freezer (Kryo 10,
Series III; Planer, Sunbury-on-Thames, United Kingdom)
using the following program: [1] cooled from 0�C to �8�C
at �2�C/min, [2] seeded manually, [3] cooled to �40�C at
�0.3�C/min, [4] cooled to �150�C at �30�C/min, and [5]
transferred to liquid nitrogen (�196�C) for storage. The
time interval between biopsy and the start of freezing was ap-
proximately 20 minutes in all cases. The cryogenic vials con-
taining the fragments were thawed at room temperature for
2 minutes and immersed in a water bath at 37�C for another
2 minutes. The ovarian tissue was washed three times with
fresh HEPES-MEM medium to remove the cryoprotectant.
The interval between thawing and transplantation was
approximately 30 minutes.

Implantation of LiPc into Ovarian Tissue and
Transplantation

Twenty-four nude (NMRI nu/nu) 7–10-week-old female
mice (Janvier, Le Genest St. Isle, France) were operated on.
The mice were bred as previously described (7).

Intraperitoneal injection of ketamine (75 mg/kg Aneske-
tin; Eurovet, Heusden-Zolder, Belgium) and medetomidine
(1 mg/kg Domitor; Pfizer, Cambridge, MA) was adminis-
tered for anesthesia, and buprenorphine (0.1 mg/kg Temge-
sic; Schering Plough, Kenilworth, NJ) for analgesia. After
surgery, anesthesia was reversed by injection of atipamezole
(1 mg/kg Antisedan; Pfizer).

Eighteen mice were each grafted with one ovarian frag-
ment containing LiPc (three fragments obtained from each
of the 6 patients) for pO2 monitoring by EPR.

Before implantation, the LiPc crystals were sterilized by
dry heating, as described by Dinguizli et al. (17). The LiPc
was then implanted inside the ovarian fragments using
a 22-gauge injection needle. Regarding the high spin density
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of LiPc, the signal-to-noise ratio of the spectra was previ-
ously shown to be adequate with small amounts of crystals
(18). The needle tip was thus filled with four LiPc crystals
with a maximum width of 400 mm.

The cortical fragments were placed into fresh HEPES-
MEM at 4�C until transplantation.

A horizontal incision was made to fix the ovarian frag-
ments to the lower third of the parietal peritoneum with Pro-
lene 7/0. The abdominal wall and skin were then closed with
7/0 Prolene.

In the same manner, 6 control mice were grafted with frag-
ments without lithium (one fragment from each patient) for
histologic comparison on day 21.

EPR Measurements

The EPR spectra were recorded using an EPR spectrometer
(Magnettech, Berlin, Germany) with a low-frequency micro-
wave bridge operating at 1.2 GHz and an extended loop res-
onator. Typical spectrometer parameters were modulation
amplitude less than one third of the peak-to-peak line width,
incident microwave power of 50 mW, and 10 kHz modulation
frequency.

For pO2 measurements, the mice were anesthetized using
isoflurane (3% for induction, 2% for maintenance) with
strictly controlled air-breathing movements. Body tempera-
ture was maintained by use of a heated water blanket. The
mice were positioned in the magnet so that the graft site
was directly under the extended loop resonator.

The EPR line widths were converted to pO2 by means of
a calibration curve determined for the LiPc crystals used in
this study. The pO2 was calculated from the following equa-
tion: pO2 (mm Hg) ¼ DB (mT) � 0.0031/0.0005.

The recorded spectrum revealed the mean pO2 value over
the surface of the crystals.

The pO2 measurements could not be taken on the day of
surgery because a certain amount of time is required for
LiPc crystals to equilibrate with tissue before pO2 measure-
ments can be started (19). The presence of residual air in
the abdominal cavity due to surgery, or air around the crystals
due to the injection procedure, could falsely increase pO2

levels. Indeed, Liu et al. (18) demonstrated that calibrations
of line widths of the EPR spectra of LiPc to pO2 under various
conditions, including the gas phase and tissue, were similar,
showing a broadening effect of oxygen independent of the
surrounding medium. Preliminary experiments (n ¼ 3) per-
formed from days 1 to 3 revealed stable values (day 1: 9.1
mm Hg � 4.2 mm Hg; day 2: 7.8 mm Hg � 3.5; day 3:
10.5 mm Hg � 4.6 mm Hg), suggesting an absence of re-
oxygenation during this period. Monitoring of pO2 values
was therefore initiated on day 3.

After ambient air measurements, positive and negative
controls were applied to confirm oxygen sensitivity of the
paramagnetic probes for each mouse. Carbogen breathing
376 Van Eyck et al. EPR to assess ovarian graft oxygenati
challenges (95% O2, 5% CO2) were applied as positive con-
trols. As negative controls, pO2 levels were measured repro-
ducibly 5 minutes after the mice were killed by cervical
dislocation. In the absence of oxygenated blood circulation,
postmortem values were considered to be indicative of a hyp-
oxic state.

Validation by Histologic Analysis

In both groups (ovarian tissue grafted with or without LiPc),
recovered tissue was fixed in 4% formaldehyde, embedded in
paraffin, and serially sectioned (5-mm-thick sections). Slides
were stained with hematoxylin-eosin (Merck, Darmstadt,
Germany) for histologic evaluation. Twenty serial sections
were examined under a light microscope at �200 magnifica-
tion to evaluate follicular density. Only follicles with a visible
nucleus were counted to avoid counting follicles twice. The
percentage of atretic follicles was assessed; pyknotic granu-
losa cells, eosinophilia of the ooplasm, and contraction and
clumping of chromatin were all considered to be signs of
atresia (20). On the basis of classic histologic criteria, fibrotic
and necrotic areas in grafts were evaluated on two slides.
Fields were digitized using a Leica DFC320 camera and
IM50 program (Leica, Wetzlar, Germany). ImageJ, an im-
age-processing and analysis program developed at the Na-
tional Institutes of Health (http://rsb.info.nih.gov/ij/) was
used to delimit surfaces.

The vascular network of mouse and human origin was
evaluated by CD-34 immunolabeling, staining endothelial
cell membranes. First, primary CD-34 rat monoclonal anti-
mouse antibody (1:100 dilution, clone MEC 14.7, HM
1015; Hycult Biotechnology, Uden, The Netherlands) was
used, followed by biotinylated rabbit anti-rat IgG (1:100 di-
lution, BA 4001; Vector Laboratories, Burlingame, CA)
and streptavidin–horseradish peroxidase (1:1000 dilution,
P0397; DakoCytomation, Carpinteria, CA). Thereafter, CD-
34 mouse monoclonal anti-human antibody (1:8000 dilution,
clone QBEnd/10, CM084B; Biocare Medical, Concord, CA)
and EnVisionþ System anti-mouse horseradish peroxidase–
labeled polymer (K 4001; DakoCytomation) were applied.
Diaminobenzidine (Dako) was used as a chromogen, and nu-
clei were counterstained with hematoxylin. Positive and neg-
ative controls were included in the series. Vessel sections
were considered positive when at least one endothelial cell
was stained. The results were reported as vascular density
and vascular surface area evaluated by morphometry, as
described above.

Statistical Analysis

Commercial software (SAS/STAT 8; SAS Institute, Cary,
NC) was used for statistical analyses. Comparisons between
pO2 monitoring times and graft conditions (with or without
LiPc, n¼ 6 patients) were performed by the paired Student’s
t-test or Fisher’s exact test, as appropriate.

Reoxygenation speed (individual slope of linear regression
from day 3 to 10) was determined with Prism (GraphPad
on Vol. 92, No. 1, July 2009

http://rsb.info.nih.gov/ij/


Software, San Diego, CA). Comparison of mean reoxygena-
tion slope to null hypothesis (reoxygenation slope: 0 mm Hg/
d) was performed using Student’s t-test. A P value of < .05
was considered statistically significant.

RESULTS

Oxygen Sensitivity of LiPc

Lithium phthalocyanine crystals may lose their responsive-
ness to pO2 over time, depending on the implantation site,
and no information is available on LiPc stability in ovarian
tissue. For this reason, positive and negative controls were in-
cluded to confirm the responsiveness of the paramagnetic
probes to pO2 during the experiment (15).

The pO2 was monitored in all grafted mice (n ¼ 18) but
only analyzed in 14 mice. Indeed, 3 mice were excluded be-
cause negative controls on day 21 after killing were not hyp-
oxic, suggesting progressive loss of responsiveness of LiPc to
pO2. One mouse presented with postoperative complications,
which led to exclusion due to modification of the postgrafting
environment.

The results of the positive and negative controls confirmed
the responsiveness of LiPc to pO2, following clear changes in
pO2 conditions (Fig. 1).

On day 3 the pO2 level obtained after the carbogen breath-
ing challenge was significantly higher than under ambient air
conditions (mean � SD: 13.3 � 7.4 mm Hg and 17.3 � 7.7

FIGURE 1

Responsiveness of LiPc to pO2: positive controls
(n ¼ 14 mice). Positive controls (carbogen-breathing
challenges) carried out on days 3 and 21 showed
significantly higher levels than ambient air conditions
on the same days, which confirmed the
responsiveness of LiPc to pO2, following clear
changes in pO2 conditions (mean � SD, paired
Student’s t-test).

Van Eyck. EPR to assess ovarian graft oxygenation. Fertil Steril 2009.
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mm Hg [P<.001] for day-3 room conditions and carbogen
breathing, respectively).

On day 21 the pO2 level increased after the carbogen
breathing challenge (26.2 � 7.3 mm Hg and 30.2 � 11.1
mm Hg [P<.001] for day-21 room conditions and carbogen
breathing, respectively). After killing, the pO2 level signifi-
cantly decreased (26.2 � 7.3 mm Hg and 10.5 � 1.9 mm
Hg [P<.001] for day-21 room conditions and postmortem
measurements, respectively).

pO2 Monitoring

Values obtained on day 3 were hypoxic, similar to postmor-
tem measurements (13.3 � 7.4 mm Hg and 10.5 � 1.9 mm
Hg on day 3 and day 21 postmortem, respectively). From
day 5, significant reoxygenation was observed (day 3: 13.3
� 7.4 mm Hg; day 5: 22.3 � 11.6 mm Hg; P<.0001).

Reoxygenation speed from day 3 to day 10 was identified
for each patient graft and was reproducible between patients.
The pO2 level significantly increased from day 5 to day 10
(slope ¼ 2.4� 0.4 mm Hg/d; P<.001). The highest level ob-
tained on day 10 was still maintained on day 14 (31.9� 11.05
mm Hg and 31.1 � 7.02 mm Hg on day 10 and day 14,
respectively) (Fig. 2).

From day 17, pO2 values stabilized (day 17: 24.8� 7.2 mm
Hg; day 21: 26.2� 7.3 mm Hg) and remained higher than the
initial hypoxic value observed on day 3 (day 3: 13.3 � 7.4
mm Hg; day 21: 26.2 � 7.3 mm Hg; P<.001).

Histologic Analysis: Inertness of LiPc on Ovarian Structure

In all cases, histologic examination demonstrated the pres-
ence of LiPc crystals inside the ovarian grafts (Fig. 3).

Lithium phthalocyanine did not interfere with ovarian
structure, as evidenced by histologic comparison between
the lithium-grafted group and the grafted control group, sum-
marized in Table 1. No statistical difference was observed be-
tween the two groups with respect to follicular density, atretic
follicle percentages, or fibrotic areas. Vascular networks
(area and density) revealed by CD-34 double immunolabel-
ing were similar in both groups, suggesting that LiPc
implanted inside the ovarian fragments did not alter the
revascularization process.

Regarding necrosis, no necrotic areas were observed in the
control group. In the lithium-grafted group, a low rate of ne-
crosis was observed near the LiPc crystals (percentage of ne-
crotic surface area � SE: 1.005% � 1.465%), which could
have been due to injury caused by the insertion of the LiPc
into the fragments.

DISCUSSION

Cryopreservation and transplantation of ovarian fragments is
a promising approach to preserve fertility after gonadotoxic
treatments (1). Loss of primordial follicles and follicular
activation, illustrated by the increase in the proportion of
377



growing follicles observed in experimental models, could be
due to the period of hypoxia following avascular grafting pro-
cedures (9, 21, 22). Indeed, grafts are exposed to ischemic tis-
sue damage during the early posttransplantation period until
the fragments become revascularized.

To our knowledge, no information is available on the
hypoxic period and the first steps of revascularization in
human ovarian xenografts. Electron paramagnetic reso-
nance oximetry is the only technique designed for contin-
uous in vivo measurement of local pO2 levels, without
altering local oxygen concentrations. Electron paramag-
netic resonance allows repeated pO2 measurements from
the same site over long periods (14). In our study, EPR
oximetry was applied for the first time to evaluate human
ovarian tissue reoxygenation after xenografting. This tech-
nique enabled us to identify the critical early period of
hypoxia, to quantify its extent, and to gather essential in-
formation on the first steps of reoxygenation after avascu-
lar ovarian fragment grafting.

FIGURE 2

Monitoring of pO2 values (mean � SEM, n ¼ 6
patients). The pO2 levels significantly increased from
day 5 to day 10. Reoxygenation kinetics were
characterized by reoxygenation speed (slope ¼ 2.4
� 0.4 mm Hg/d; P< .001), specific to our graft model.
The highest level obtained on day 10 was still
maintained on day 14. From day 17, pO2 values were
stable until day 21 and remained higher than the
value observed on day 3.

Van Eyck. EPR to assess ovarian graft oxygenation. Fertil Steril 2009.
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Technical Aspects

Several technical aspects needed to be considered to apply
the technique to our human ovarian xenografting model.

The intraperitoneal site, used by our team in both xeno-
transplantation models (7) and clinical application (2), was
chosen. Emitted signals could be detected by the EPR loop
resonator, whose detection is limited to a depth of 10 mm.

To reduce the physiologic movements of the animals (e.g.,
breathing movements and intestinal peristalsis) that could de-
crease the spectrum signal/noise ratio, the tissue fragments
were fixed to the lower third of the parietal peritoneum.
The graft was thus relatively isolated from intestinal struc-
tures. Moreover, the anesthesia was strictly controlled to
maintain regular and superficial breathing movements.

As routinely practiced, investigation of the stability of the
response to pO2 in experiments (positive and negative con-
trols) and histologic analysis after killing were performed.

No information is currently available on LiPc stability
when implanted inside ovarian tissue. According to some in-
vestigators, LiPc crystals may lose their response to pO2 over
time depending on implantation site, as described in skeletal
muscle and oral mucosa (18–23). The time span of LiPc
usefulness in vivo therefore depends on the type of tissue
environment (18). With ovarian fragments grafted to an intra-
peritoneal site, LiPc responsiveness to pO2 was maintained
for 21 days.

However, 3 mice lost responsiveness to O2 during pO2

monitoring, as proved by the absence of hypoxic values after
killing on day 21. Histologic analysis of these 3 ovarian grafts
(data not shown) revealed multinucleated giant cells accumu-
lated around the LiPc crystals. Even with the use of immuno-
deficient mice, partial rejection of human grafts can occur, as
evidenced by signs of an inflammatory response. In normal
conditions, O2 access occurs through small opening channels
in the crystals (18). Loss of responsiveness could be due to
deposition of material in and around the LiPc crystals, which
impedes oxygen access to the paramagnetic center. Erjavec
et al. (23) suggested that a prolonged inflammatory response
could shorten the period of sensitivity of paramagnetic
probes to pO2.

Liu et al. (18) described the physicochemical stability of
LiPc, including resistance to oxidation, reduction, and pH ex-
tremes. Histologic studies of tissues containing implanted
LiPc, such as muscle, brain, and heart, confirmed these find-
ings (24). In ovarian grafts, LiPc crystals did not seem to in-
terfere with the histologic parameters analyzed, as previously
observed in other tissues.

Contribution of the Technique

Using this new EPR protocol, we were able to identify
a state of improved oxygenation from day 5 onward, with
higher pO2 levels than the initial hypoxic state observed
before day 5.
ion Vol. 92, No. 1, July 2009



FIGURE 3

(A) Ovarian fragment grafted with LiPc (hematoxylin-eosin stain, original magnification �12.5). (A’) Healthy
follicles near the LiPc in normal stroma (hematoxylin-eosin stain, original magnification �200). (B) Ovarian
fragment grafted without LiPc (hematoxylin-eosin stain, original magnification �12.5). (B’) Healthy follicles in
partially fibrotic stroma (original magnification �200).

Van Eyck. EPR to assess ovarian graft oxygenation. Fertil Steril 2009.
During this initial phase, follicles are exposed to pO2 levels
similar to those observed after death in the absence of blood
oxygenation, leading to ischemic injury. Tatone et al. (25) re-
cently highlighted the role of the microenvironment in oocyte
aging and suggested that an environment compromised by
reactive oxygen species and a reduced oxygen supply may
be involved in oocyte senescence.
Fertility and Sterility�
Lack of O2 may alter ovarian tissue morphophysiology on
different levels. First, hypoxia may induce necrosis or activa-
tion of apoptotic pathways, which could explain ovarian
tissue impairments, such as massive follicular loss (6–9).
Furthermore, premature follicular cell activation, contribut-
ing to premature follicular depletion of the graft, may be
due to granulosa cell hypoxia-induced proliferation through
TABLE 1
Histological parameters comparing ovarian fragments grafted with and without LiPc.

Parameter Without LiPc With LiPc P value

Follicular density (no. of follicles/mm3), mean � SD 44.5 � 24.6 36.7 � 24.3 .22a

Atretic follicles (atretic/total no. of follicles) 6/112 4/100 .75b

Fibrotic area (%), mean � SD 56.1 � 22.1 57.1 � 12.0 .91a

Vascular areac (%), mean � SD 3.3 � 4.6 4.1 � 4.7 .63a

No. of capillaries per mm2c 153.1 � 171.9 165.3 � 132.1 .77a

Note: No statistical difference was observed between the groups for the parameters analyzed.
a Paired t-test.
b Fischer’s exact test.
c Vascular area and density revealed by CD-34 double immunolabeling.

Van Eyck. EPR to assess ovarian graft oxygenation. Fertil Steril 2009.
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hypoxia-inducible factor-1 (HIF-1) transduction pathways
(26, 27). Such events have been observed in rodent ovarian
tissue within this time frame (9, 11, 21, 22, 28). Activated
at low oxygen tension, HIF-1 seems to control transcriptional
upregulation of vascular endothelial growth factor, allowing
cellular adaptation to hypoxia (29). Yang et al. (28) recently
identified an initial increase in mRNA and protein expression
of vascular endothelial growth factor 2 to 7 days after trans-
plantation.

The process of reoxygenation in ovarian fragments seems
to be faster than that observed in other tissues. Indeed, fol-
low-up of tissue oxygenation in ischemia–reperfusion or
wound angiogenesis models reveals that hypoxic values per-
sist more than 7 days after femoral artery occlusion in the ab-
sence of initial collateral vascularization and more than 10
days in case of wound-healing processes (14–30). The
increase in pO2 observed on day 5 in our model strongly sug-
gests an intense and active process of graft revascularization
in ovarian tissue, leading to subsequently improved graft ox-
ygenation. These results are supported by observations made
after transplantation of cryopreserved human ovarian tissue
in the chorio-allantoid membrane model, showing invasion
of the ovarian stroma by avian blood vessel from day 3, be-
coming more apparent on days 4 and 5 (31). In rodents, a short
avascular period followed by prompt and massive revascular-
ization within 48 hours was reported by Dissen et al. (32),
whereas Israely et al. (33) showed that grafts remained avas-
cular on days 1–3 after transplantation but showed functional
vessels on day 7.

Thanks to the unique characteristics of the EPR technique,
allowing repeated measurements to be taken from the same
site over time, the reoxygenation kinetics could be quantified
in our grafting model. Reoxygenation speed was reproduc-
ible between patients. The maximum pO2 level obtained on
day 10 was consistent with other observations made in our
laboratory showing a progressive increase in the perfusion
area of the fragment, initially peripheral, leading to complete
fragment perfusion by day 10 (unpublished data).

Furthermore, pO2 values were stable from day 17 to 21,
suggesting stabilization of the graft revascularization pro-
cess. Indeed, pO2 levels observed after 21 days suggest that
the graft was just as vascularized as other intra-abdominal
structures, such as the liver, showing a median value of
23.4 mm Hg (34).

Damage observed after ovarian xenotransplantation sug-
gests that further research is needed to improve graft condi-
tions. The EPR technique may be used to assess whether
new grafting protocols could shorten the period of hypoxia
and increase reoxygenation speed to reduce exposure time
of the graft to ischemia–reperfusion damage. Indeed, a num-
ber of investigators have tried to improve angiogenesis and
minimize hypoxic tissue damage by adding antioxidant
agents in animal ovarian tissue transplantation models
(10–12). Moreover, it was recently suggested that cryopre-
servation procedures could be implicated in ovarian tissue
380 Van Eyck et al. EPR to assess ovarian graft oxygenat
damage, underestimated by simple histologic and ultrastruc-
tural analyses immediately after cryopreservation (9). Elec-
tron paramagnetic resonance oximetry could therefore be
an interesting technique to evaluate the effect of new freezing
protocols on the survival of ovarian tissue by evaluation of
graft recovery.

In conclusion, we investigated and illustrated the effective-
ness of a new methodology using EPR oximetry to evaluate
the oxygen environment in human ovarian xenotransplanta-
tion. A period of hypoxia was identified before day 5, fol-
lowed by gradual reoxygenation.

Further studies are required to evaluate the biological im-
pact of oxygenation levels on various markers, including ap-
optosis and angiogenesis, at the main time points studied.

In the future our model may be used to assess new freezing
and grafting protocols with the aim of reducing potential cry-
oinjury and initial ischemia–reperfusion damage.
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