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Abstract Composite tissue allotransplantation holds great
promise for upper extremity reconstruction but is limited by
donor part availability. Cryopreservation may increase the
availability of donor parts and even reduce antigenicity. The
purpose of the study was to evaluate the viability of
cryopreserved composite tissues and to demonstrate the
feasibility of microvascular isotransplantation of cryopre-
served composite flaps. Twenty epigastric flaps were
harvested from Lewis rats. Ten flaps were analyzed fresh.
Ten flaps were perfused with dimethyl sulfoxide (DMSO)/
trehelose cryoprotectant agent (CPA), frozen by controlled
cooling to −140°C, and stored for 2 weeks. Flaps were
evaluated by factor VIII endothelial staining and MTT
tetrazolium salt assay. For the in vivo phase, 30 flaps were
harvested. Ten were transplanted fresh to isogenetic recipient
animals, ten were perfused with CPA and transplanted, and

ten were cryopreserved for 2 weeks, thawed, and trans-
planted. All cryopreserved samples displayed intact vascular
endothelia on factor VIII staining. On MTT analysis, the
epithelial viability index for the cryopreserved samples was
not significantly different from fresh controls (p=0.12). All
freshly transplanted flaps (10/10) were viable at 60 days.
Nine of ten flaps in the perfused/transplanted group were
viable at 60 days. Survival of cryopreserved/transplanted
flaps ranged from 5 to 60 days. The skin and vascular
endothelial components of composite tissue flaps appear to
retain their viability after cryopreservation. The in vivo
studies demonstrate that the long-term survival of cryopre-
served composite tissue transplants is feasible and support
an indirect injury, rather than direct injury from freezing or
cryoprotectant agents, as the mechanism of flap loss.
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Introduction

Composite tissue allotransplantation is a technique which
holds great promise for the restoration of severe upper
extremity defects, but is limited by the scarcity of suitable
donor parts. To date, more than 20 successful hand transplan-
tation procedures have been performed [7, 9, 16, 19], as well
as allotransplantation of the larynx [3, 24, 31], knee and
femur joint [13, 14, 24], abdominal wall [20, 27], and face
[6]. Strategies are being developed to induce donor-specific
tolerance to allotransplanted tissues, thus, reducing or
eliminating the need for long-term immunosuppression [1,
8, 23, 28–30]. This is expected to greatly broaden the
indications for composite tissue allotransplantation. Today’s
indications for free composite flaps may be tomorrow’s
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indications for composite tissue allotransplantation, placing
an enormous demand on the already-limited donor pool.

One way to improve the availability of donor composite
parts would be to devise successful strategies for the long-
term preservation of these tissues. Clinicians could harvest
composite tissues when a donor is available, preserve these
parts in “tissue banks”, and transplant them at a later date
when there is a need. Recent advances in solid organ
cryopreservation suggest that this goal is achievable. The
past decade has seen the successful cryopreservation of
blood vessels, knee joints, and skin in animal models [11,
12, 18, 21]. In 2003, the successful allotransplantation of a
cryopreserved trachea was reported in the rabbit model
[32], as well as the first successful microvascular transfer of
cryopreserved testes and ovaries in the rat model [34].

The experience with blood vessels and solid organs
suggests that the cryopreservation process reduces the
antigenicity of parts [11, 18, 32]. If this observation holds
true for composite tissues, then cryopreservation may
actually improve the survival rate of allotransplanted
composite parts and increase their availability. However,
to date, no reliable protocols for the cryopreservation of
composite tissues have been developed. The purpose of this
study is to evaluate the viability of composite tissues after
cryopreservation, storage, and thawing, and to demonstrate
the feasibility of the microvascular isotransplantation of
cryopreserved composite tissue flaps.

Materials and Methods

Experimental Design

Phase 1 The purpose of this phase was to evaluate the
viability of the component tissues of composite tissue flaps
after cryopreservation. Twenty epigastric flaps were har-
vested from Lewis rats. Ten flaps were perfused with
dimethyl sulfoxide (DMSO)/trehelose cryoprotectant agent
(CPA), frozen by controlled cooling to −140°C, and placed
in liquid nitrogen for 2 weeks. Ten flaps were analyzed fresh,
immediately after surgical harvest. Skin samples from each
flap were analyzed with the MTT tetrazolium salt assay [2,
4] and an epithelial viability index was calculated. The
epithelial viability index of the cryopreserved flap skin was
compared to that of fresh specimens. All flaps were
sectioned and examined by light microscopy with H/E
and factor VIII staining, to determine vascular endothelial
architecture and viability.

Phase 2 The purpose of this phase was to determine the
optimal technical parameters for the cryopreservation of
composite flaps. The parameters addressed included the
cooling rate, seeding time, CPA perfusing system and

perfusion time, choice of CPA, concentration of CPA, and
warming rate. With each change in the protocol, four to six
samples were cryopreserved, thawed, and analyzed for cell
viability and histological features. To determine the optimal
CPA choice, 18 flaps were divided into three groups (six
recipient rats each), with each group receiving a different
CPA protocol. The final concentrations of CPA in the three
groups were: 1.5 M glycerol, 2.0 M DMSO, and a mixture
of both 1.0 M glycerol and 1.0 M DMSO, respectively. The
flaps were cryopreserved for 2 weeks and transplanted to
recipient isogenetic animals. Due to superior viability in the
2.0-M DMSO group, this cryoprotective agent was adopted
for subsequent studies.

Phase 3 The purpose of this phase was to demonstrate the
feasibility of the microvascular isotransplantation of cryo-
preserved composite tissue flaps. Thirty flaps were harvested
from male Lewis rats. Ten flaps were transplanted immedi-
ately using microvascular technique to the corresponding
anatomic site of isogenetic recipient animals (fresh group).
Ten flaps were perfused with CPA and transplanted to
recipient animals (perfused group). Ten flaps were perfused
with CPA, cryopreserved for 2 weeks, thawed, and trans-
planted to recipient animals (cryopreserved/thawed group).
The animals were examined daily for evidence of partial or
total flap loss. Animals displaying evidence of rejection or
flap loss were euthanized. At 24 h and 7 days after surgery,
the vascular anastomotic patency was assessed by a
noninvasive surface Doppler probe. At 60 days postopera-
tively, any surviving animals were euthanized. The flaps
were removed and studied histologically with hematoxylin–
eosin (H&E) and factor VIII staining for signs of inflamma-
tion or vascular endothelial damage.

Animal Care

Adult male Lewis rats weighing between 300 and 400 g
were used as flap donors and recipients. Two epigastric
flaps were harvested from each donor animal. Animals
were housed in the Animal Care Facility and were
inspected daily by study personnel before the surgical
procedure. After surgery, rats were placed on a heating pad
and observed carefully until fully recovered and mobile.
Rats were individually housed after surgery to minimize
interference with surgical sites. They were monitored daily
by study personnel for signs of pain, lethargy, weight loss,
dehydration, or wound complications. Animals displaying
evidence of rejection or flap loss, such as softening of the
surface of the skin such that it could be wiped away with a
light touch, dry gangrene of the flap, or total flap hair loss,
were euthanized. At 60 days postoperatively, any surviving
animals were euthanized. The experimental protocol was
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approved by the Institutional Animal Care and Use
Committee, and institutional guidelines were followed.

Surgery

For all animals, induction of anesthesia was accomplished
using isofluorane gas (5% in O2) in an induction chamber.
The animals were placed on the operating platform and
maintained throughout the procedure with 2–3% isoflurane
gas via nose cone.

For the donor procedure, the animal was placed in dorsal
recumbency, and two epigastric flaps, each measuring 4-cm
wide by 6-cm long, were marked as previously described
[10, 25, 33]. The flap was raised in a distal to proximal
direction, exposing the vascular pedicle. The pedicle was
dissected back to its origin from the femoral vessels.
Proximal and distal control was obtained. The flap was
harvested with its vascular pedicle and a cuff of femoral
artery and vein (Fig. 1). The second flap was harvested in
an identical fashion and the animal euthanized. Flaps
designated for cryopreservation were cannulated with a
24-g angiocatheter and flushed sequentially with heparin-
ized Ringer’s lactate solution and Wisconsin fluid, in which
they were immersed at 4°C until cryopreserved.

For the transplant surgery, the recipient animal was
anesthetized as above. A 4×6 cm defect was created by
excising the skin and subcutaneous tissue corresponding to
one epigastric flap. The femoral vessels were exposed
under the operating microscope and proximal and distal
control obtained with microsurgical clamps. The femoral
vessels were divided, and the femoral vessel cuff on the
composite tissue transplant was anastomosed to the
recipient artery and vein in an interpositional fashion using
10-0 nylon microsuture (Fig. 2). Once arterial and venous

flow in the flap had been established, the borders of the flap
were sutured to the recipient site using 5-0 chromic catgut
suture. Animals were closely monitored during emergence
from anesthesia and given postoperative analgesia.

Cryopreservation

The initial cryopreservation protocol chosen was one which
had previously been used in our laboratory for rat ovary and
testis preservation. Flaps were prepared for cryopreserva-
tion by slow perfusion with ice-cold M2 medium (Sigma,
USA) containing 0.1 M trehalose and a gradient of DMSO
rising from 0 to 2.0 mol/l at a rate of 0.35 ml/min over
30 min. The controlled rise in DMSO gradient was
achieved with a two-pump system (Fig. 3). The flaps were
prepared in cryobags and placed in the chamber of a
controlled rate freezer programmed to cool from 0 to −7°C
at 2°C/min. The flaps were held at this temperature for
5 min, cooled at 0.3°C/min to −40°C, and then cooled
further at 10°C/min to −140°C. They were then immersed
in liquid nitrogen and stored for 2 weeks. They were
thawed rapidly by swirling in a water bath at 40°C. The

Figure 1 (Left) Schematic of donor surgical procedure, showing flap
design. (Right) Showing method of epigastric flap harvest, including a
cuff of the femoral vessels.

Figure 2 (Above, Left) Isotransplantation recipient animal under
anesthesia with outline of defect marked. (Above, Right) After creation
of abdominal defect and preparation of recipient vessels. (Below, Left)
Microscopic view of vascular anastomosis. (Below, Right) Immediately
after isotransplantation of a cryopreserved and thawed epigastric flap.
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cryoprotectant was washed out by reversing the concentra-
tion gradient by perfusion using the two-pump system.

Histological Evaluation

For the histological evaluation, each flap was mounted in
paraffin, sectioned, and stained with H&E. Preservation of
the cellular architecture of the epithelial and adipose
components was assessed qualitatively, as was the presence
or absence of thrombosis, inflammation, or necrosis. The
epigastric artery and vein were fixed, sectioned, and stained
with factor VIII, whereby intact endothelial cells stain
brown [35]. Under light microscopy, ten sequential sections
of the vessels were examined, and an assessment of
endothelial integrity was made by a blinded pathologist.

MTT Quantitative Assay

Using a 6-mm biopsy punch (Owens & Minor, Richmond,
VA), three uniform skin samples were taken from each flap
[2, 4]. One skin biopsy was taken from the proximal edge
(closest to the vascular pedicle), one from the center, and
one from the distal edge. Skin specimens were weighed and
placed dermis side down in a 24-well culture plate. Two
negative controls were prepared by harvesting five fresh
skin specimens of similar weight to those being tested and
placing them in a microwave for 20 min at maximum
temperature. These were placed in the culture plate as well.
MTT salts (0.5 mg/ml) were added to the transport medium,
and the samples were incubated at 37°C in an atmosphere of
5% CO2/air. After 3 h of incubation, the precipitated salts
were solubilized for 3 h with 2-methoxyethanol. The
solution was read on a spectrophotometer at 570 nm. The
mean optical density of the negative controls was subtracted
from each sample. The epithelial viability index (V.I.) was
defined as the optical density at 570 nm of the skin sample
divided by its weight in grams. Epithelial viability in the
cryopreserved/thawed specimens was compared to fresh
specimens using the two tailed t test. The data were
expressed as mean±SD, and statistical significance was
defined as p≤0.05. A percentage viability index (PVI) was
calculated for the cryopreserved/thawed samples. The PVI
was defined as the ratio of the viability of the specimen after
cryopreservation to the value recorded in fresh samples [4].

Figure 3 Schematic of the two-pump system for providing graded
perfusion of cryoprotective agent.

Figure 4 (Above, Left) Histo-
logic section of a cryopreserved/
thawed flap vessel and sur-
rounding connective tissue with
H&E staining, showing preser-
vation of cellular architecture.
(Above, Right) High-power view
of the perivascular region of a
cryopreserved/thawed flap with
H&E staining. (Below, Left)
Histologic section of cryopre-
served epigastric artery with
factor VIII staining, showing
intact vascular endothelium.
(Below, Right) High-power view
of the cryopreserved epigastric
artery, with factor VII endothe-
lial staining.
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Results

Phase 1 On light microscopy with H&E staining, the
cellular architecture in the cryopreserved/thawed specimens
was well preserved, both in the epithelial and adipose
components (Fig. 4). In addition, the blood vessels showed
no histological evidence of thrombosis, inflammation, or
necrosis. All cryopreserved/thawed and fresh specimens
displayed a high degree of vascular endothelial preservation
upon factor VIII staining, and a blinded pathologist was
unable to distinguish ten cryopreserved/thawed specimens
from equivalent fresh samples.

On MTT analysis, the mean optical density of the heat-
denatured negative controls (n=5) was 0.371±0.01. The
mean epithelial viability index of the fresh skin samples
(n=10) was 12.15±1.32, whereas that of the cryopre-
served/thawed samples (n=10) was 10.80±2.00. This
difference did not reach statistical significance by the
two-tailed Student’s t test (p=0.21). The calculated
percentage of viability index (PVI) of the cryopreserved/
thawed specimens was 91.9%. This value compares
favorably to published values of PVI for cryopreserved
skin in skin banks (54 to 60%) [2, 4].

Phase 2 The result of varying the parameters of cooling
and warming were assessed in three ways: MTT tetrazoli-
um salt assay, histology, and transplanting to recipient
animals. Five rates of cooling and warming were assessed:
0.5, 1, 1.5, 2, and 2.5°C/min. Of these, 2°C/min was found

to be the optimal cooling rate. No significant difference was
observed upon varying warming rate.

Three cryoprotective agent protocols were assessed:
1.5 M glycerol, 2.0 M DMSO, and a mixture of both
1.0 M glycerol and 1.0 M DMSO. There were six flaps in
each group. None of the transplanted flaps in the 1.5-M
glycerol group or mixed glycerol and DMSO group
displayed flap survival beyond the seventh postoperative
day. The mean flap survival time in the 1.5-M glycerol
group was 3.5±1.0 days. The mean flap survival time in
the mixed glycerol and DMSO group was 4.0±1.8 days. In
the 2.0-M DMSO group, three flaps survived beyond the
seventh day, and the mean flap survival time was 17±
21.6 days. The 2.0 M DMSO CPA protocol was adopted
for all subsequent studies.

Phase 3 All of the freshly transplanted flaps (10/10) were
viable at 60 days, with normal color and hair growth
(Table 1). Nine of the ten flaps in the perfused/transplanted
group were fully viable at 60 days; one flap exhibited partial
loss. Survival of the ten flaps in the cryopreserved group
ranged from 5 to 60 days (mean survival 15.4±16.3 days).
One flap survived the full length of the study period, and
the animal was euthanized on day 60 (Fig. 5). Histologic
analysis of this flap revealed pristine cellular architecture
and no evidence of inflammation, thrombosis, or necrosis.
Upon evaluation of the nine flaps, which failed before the
60-day study end-point, vascular thrombosis was observed.

Discussion

The successful cryopreservation of human embryos was
reported by Wilmut and Whittingham in 1972 [1, 23, 30],
and since that time, there has been steady progress in the
field of cryopreservation. Over the past decade, improved

Table 1 Survival following isotransplantation of flaps (Phase 3).

Group Treatment n Flap Survival (days)

1 Fresh 10 60,60,60,60,60,60,60,60,60,60
2 Perfused 10 60,60,60,7,60,60,60,60,60,60
3 Cryopreserved/

Thawed
10 8,15,5,19,7,7,9,14,60,10

Figure 5 (Left) Recipient ani-
mal on postoperative day 1 after
isotransplantation of a cryopre-
served and thawed epigastric
flap. (Center) Appearance of
transplant on postoperative
day 7, with a small area of
peripheral necrosis. (Right) Ap-
pearance of transplant on post-
operative day 60, with normal
color and hair growth.
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programmed cooling devices have allowed more precise
control of intracellular crystal formation. In addition,
refinements in the composition and application of cryopro-
tectant solutions have allowed more reliable survival of
single cell lines and tissues. Improved techniques in the
cryopreservation of human hepatocytes may soon help
hepatocyte transplant to become a viable alternative to liver
allotransplantation for many patients with chronic hepatic
failure [17, 22]. Ovarian tissue cryopreservation has already
become a clinical reality for women undergoing aggressive
regimens of chemical or radiological therapy. The first live
human birth after ovarian tissue autotransplantation was
reported in 2002 [15]. In recent years, whole organs have
been successfully cryopreserved and transplanted in animal
models [32, 34].

If the cryopreservation of composite tissues becomes a
clinical reality, it has the potential to revolutionize organ
and composite tissue transplantation. One may envision
“tissue banks” where organs, limbs, and other composite
parts could be stored from the time they are harvested to
when a need arises. This raises the possibility of an
immediate hand transplantation, performed immediately
following a devastating injury to replace the lost part. This
would help avoid the problems of incomplete nerve
regeneration and musculotendinous atrophy and fibrosis,
which complicate delayed hand transplantations.

The cryopreservation of composite tissues poses technical
challenges beyond those seen in the preservation of single
tissue types or organs. The parameters of cryopreservation,
such as freezing and thawing rates, concentration of
cryoprotective agent (CPA), or type of CPA which are ideal
for one component tissue of a composite flap may not be
suitable for another component. Before the cryopreservation
of composite tissue transplants can become a clinical reality,
protocols must be developed, which are capable of maintain-
ing viability in all of the component tissues. In the present
study, the protocols used successfully in our laboratory for
the cryopreservation of ovaries and testes were selected as
initial parameters for composite tissue preservation. The rat
epigastric flap was selected as the model of composite tissue,
as it is well-described in the literature [10, 25, 33],
technically easy to harvest, and small enough for uniform
cryopreservation. The epigastric flap consists of three tissue
types: vascular, adipose, and epithelial, and the viability of
each tissue type can be individually assessed.

The in vitro studies (phase 1) demonstrated the viability
of the epithelial, adipose, and vascular endothelial compo-
nents of the flaps following cryopreservation and thawing.
In the in vivo studies, however, these flaps exhibited
variable survival once transplanted to recipient animals.
Whereas long-term survival was observed, this result was
not reliably achieved. Excellent viability was observed in
the flaps which were transplanted fresh or perfused with

CPA and transplanted. Therefore, the flap losses were not
likely the result of technical factors during surgery or direct
osmotic injury from the CPA.

Intact cellular architecture was seen upon histological
examination in all three tissue types after cryopreservation
and thawing. This suggests that one of the primary goals of
the cryoprotective regimen, namely, the prevention of cell
lysis secondary to intracellular ice formation, was achieved.
However, damage may be occurring on a subcellular level
during cryopreservation, which may not be apparent upon
light microscopy, but may lead to cell death upon reperfu-
sion. For example, during periods of ischemia, irreversible
membrane depolarization and an extended period of anaer-
obic metabolism may occur, leading to fatally low intracel-
lular pH. Depolarization during ischemia also causes the
entry into cells of calcium ions, which activate phospholi-
pase enzymes which attack cell membrane phospholipids,
causing the release of arachidonic acid. Calcium-activated
nuclear endonucleases have been shown to cleave chromatin
and begin the process of apoptosis [26]. Cryopreserved
tissues are particularly vulnerable to this type of injury
during cooling and thawing [18].

Upon reperfusion, accumulated NADH within the
mitochondria reacts with newly introduced oxygen to
produce superoxide radicals, which mediate injury to
cellular membranes. Superoxide radicals and eicosanoids
generated by arachidonic acid have been shown to increase
the adhesion of leucocytes to vessel walls. They also
mediate increased capillary permeability leading to peri-
vascular edema and capillary narrowing. These effects
quickly become pronounced enough in reperfusion to block
capillaries entirely, the no reflow phenomenon [5]. Vascular
endothelium seems to be particularly sensitive to this type
of injury [35], and reperfusion injury was likely the
mechanism of flap failure in the cryopreserved/thawed
flaps in the present study.

Based on these observations, future studies will focus on
further refining the techniques of cryopreservation to
reduce the injury to vascular endothelium. These techniques
could then be applied to the allotransplantation of cryopre-
served flaps and limbs, to examine whether cryopreserved
flaps display decreased antigenicity. In animal models,
cryopreservation has been shown to decrease antigenicity in
a variety of tissues. This may confer a survival benefit to
cryopreserved allotransplants over their fresh counterparts
[11, 18, 32]. As the present study involved isotransplana-
tion alone, the effects of cryopreservation upon antigenicity
could not be examined.

Composite tissue allotransplantation is being performed
today in multiple centers around the world and will
continue in increasing numbers. However, its applicability
is limited by the need for long-term immunosuppression
and scarcity of donor parts. New strategies for donor-
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specific tolerance are being developed which may well
eliminate the former problem. Cryopreservation is a
technique with great potential to help solve the latter.
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