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ABSTRACT

The use of grafts and flaps serves as an integral tool in
the armamentarium of the reconstructive surgeon. Proper
planning and surgical judgment are critical in the ultimate
success of these procedures.

However, there are situations when grafts and/or flaps can
become compromised and require urgent intervention for
salvage. These instances can include irradiated or otherwise
hypoxic wound beds, excessively large harvested grafts,
random flap ischemia, venous or arterial insufficiency, and
ischemia-reperfusion injury. Alternatively, compromised grafts
and flaps can be inadvertently created secondary to trauma.
It is in these types of cases, hyperbaric oxygen (HBO,) therapy
can serve as a useful adjunct in the salvage of compromised
flaps and grafts.

This review outlines the extensive basic science and
clinical evidence available in support of the use of HBO,
therapy for compromised grafts and flaps. The literature
demonstrates the benefit of adjunctive HBO, therapy for
multiple types of grafts and flaps with various etiologies
of compromise. HBO, therapy can enhance graft and flap
survival by several methods including decreasing the hypoxic
insult, enhancing fibroblast function and collagen synthesis,
stimulating angiogenesis and inhibiting ischemia-reperfusion
injury. The expedient initiation of hyperbaric oxygen therapy
as soon as flap or graft compromise is identified maximizes
tissue viability and ultimately graft/flap salvage.

RATIONALE

Hyperbaric oxygen (HBO,) therapy is neither necessary
nor recommended for the support of normal, uncompro-
mised grafts or flaps. However, in tissue compromised
by irradiation or in other cases where there is decreased
perfusion or hypoxia, as in traumatic amputations and
degloving injuries, HBO, therapy has been shown to be
extremely useful in flap salvage. Hyperbaric oxygen can

help maximize the viability of the compromised tissue,
thereby reducing the need for regrafting or repeat flap
procedures.

The criteria for selecting the proper patients who are
likely to benefit from adjunctive hyperbaric oxygen for
graft or flap compromise are crucial for a successful
outcome. Identification of the underlying cause for graft
or flap compromise can assist in determining the proper
clinical management and use of HBO, therapy. A number
of studies have shown the efficacy of HBO, therapy on
enhancement of flap and graft survival in a variety of

experimental and clinical situations.

PATIENT SELECTION CRITERIA

As hyperbaric oxygen therapy is indicated only in certain
pathologic disorders, proper patient selection criteria
begins by recognizing the underlying cause of the com-
promise of the flap or graft. While compromised skin
grafts and composite grafts are often classified with com-
promised flaps, these two entities are distinctly different
from a physiologic standpoint. All flaps, by definition,
have an inherent blood supply, whereas grafts are avas-
cular tissues that rely on the quality of the recipient bed
for survival and revascularization. Because of this de-
pendence, the diagnosis of a compromised graft begins
with proper assessment of the recipient wound bed.

The most effective solution for the compromised graft
is prevention. By ensuring an appropriate recipient bed
for a given graft size, a compromised graft can be avoided
altogether. There are instances, however, when a question-
able recipient bed goes unrecognized or when the size of
the harvested graft exceeds the dimensions that can be
sustained by the recipient bed. Traumatic avulsions of the
soft tissues of the nose, ear and fingertips or poor surgical
planning/judgment can lead to excessively large composite
grafts. These compromised grafts become hypoxic and
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may be salvaged with prompt institution of HBO, therapy.
Hyperbaric oxygen can help maximize the viability of the
compromised graft while revascularization takes place,
thereby reducing the need for repeat grafting procedures,
which incur further operations and increased donor site
morbidity.

There are many etiologies of flap compromise. These can
range from random ischemia, to venous congestion/occlu-
sion, to arterial occlusion - even after meticulous harvest
and inset. Similarly, traumatic accidents can result in sig-
nificant avulsion of soft tissues, extensive degloving inju-
ries, and open fractures with poorly perfused skin flaps.

In addition, free tissue transfers, flaps in which the arte-
rial and venous blood supply is divided and reattached to
another location by microsurgical anastomosis, can have
their own special problems. Free flaps can be exposed to
both ischemia-reperfusion injury and secondary ischemic
insults, which can compromise the viability of the flap.

In many cases, surgical re-exploration will identify and
treat the etiology of flap compromise. However, in some
instances there is no correctable mechanical cause of
decreased flap perfusion. Moreover, in skin flaps created
by trauma, the compromised perfusion is typically the re-
sult of crush injury or the development of exceptionally
large random flaps that do not follow the classic 3:1
length-to-width ratio, resulting in poor perfusion to the
distal flap. In these cases, HBO, therapy can play an im-
portant role in flap salvage. The key to successful salvage
is the prompt institution of HBO, therapy, which can
help maximize tissue viability while perfusion is re-
stored. Similar to its use in compromised grafts, HBO,
therapy can reduce the need for repeat flap procedures,
thus decreasing overall patient morbidity.

EVIDENCE-BASED REVIEW

An evidence-based review of the benefits of hyperbaric
oxygen therapy on compromised grafts and flaps en-
compasses a variety of experimental trials. These studies
can be classified into animal studies and clinical studies.
A recent review of these topics was conducted by
Francis and Baynosa [1]. Here we provide a more in-depth
review of the current literature.

ANIMAL STUDIES

Although basic science and animal studies are classified
by the Oxford Centre for Evidence-Based Medicine
(CEBM) as Level 5 evidence and are no longer valued
as highly as they once were, they still present one of the
best scientific methods to maintain complete control of
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the experimental study population. The main benefit
in examining these studies that evaluate the use of HBO,
therapy for compromised flaps and grafts is not only the
sheer volume of controlled experiments that have been
conducted, but also the overwhelmingly positive results
of HBO, therapy in these studies. A recent review of
the cellular mechanisms of hyperbaric oxygen pathways
and ischemia reperfusion injury provides a summary of
the basic science to support the use of HBO, therapy in
compromised flaps and grafts [2].

The role of HBO, therapy in compromised wound beds
vs. non-compromised wound beds has been examined ex-
perimentally in animal models. Kivisaari and Niinikoski
[3] showed that HBO, therapy in rats at 2 atmospheres
absolute (ATA) had no effect on the healing rate of
non-compromised open wounds in which the circulation
was left intact. However, when the wound edges were
devascularized, HBO, therapy significantly enhanced
wound closure rates over control groups.

Shulman and Krohn [4], in a study of full-thickness
and partial-thickness wounds in rats, found that HBO,
therapy shortened healing time significantly. Further, the
combination of repeated skin grafting and HBO, therapy
reduced the healing time of partial-thickness wounds
to one-half that of non-treated controls. No attempt at
wound sterilization was made in performing these
surgeries. Superficial contamination did occur in all
animals, but infection was entirely absent in the groups
treated with HBO, therapy.

There are a number of experimental studies describing
the effect of HBO, therapy on compromised skin grafts
and composite grafts. Erdmann et al. [5-6] evaluated the
effect of HBO, therapy as treatment for skin allograft
rejection. Using a mouse skin allograft rejection model,
these authors demonstrated that treatment with HBO,
therapy alone [5] or in combination with cyclosporine [6]
lengthened the time to allograft rejection. This effect was
more profound in animals receiving more frequent HBO,
therapy compared to animals receiving less frequent
HBO, therapy.

Renner et al. [7] investigated the efficacy of HBO,
therapy in improving survival of reattached auricular
composite grafts. A prospective randomized double-
blind study used 20 New Zealand albino rabbits random-
ized to a treatment or control group. Their study was a
continuation of a pilot study suggesting some en-
hancement of composite graft survival with the use
of HBO, therapy in the rabbit ear. Both experiments
have demonstrated a slight survival benefit using HBO,
therapy in auricular composite grafts in the rabbit model.
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Rubin et al. [8] studied the hyperoxic effects of com-
posite skin grafts in rabbit ears. Experimental animals
received 100% oxygen at 2 ATA twice daily for 21 treat-
ments. Grafts in HBO, therapy-treated animals demon-
strated significantly greater survival than grafts in control
animals. Similarly, Zhang et al. [9] examined the effects
of HBO, therapy on composite skin grafts in the rabbit
ear model. Experimental animals received HBO, therapy
at 2 ATA daily for five days and demonstrated a
significantly increased survival area compared to the
control group, 82% versus 26.5%.

Li et al. [10] investigated the efficacy of HBO, therapy
on rabbit auricular composite graft survival of different
sizes. Circular chondrocutaneous composite grafts of 0.5,
1.0 or 2.0 cm in diameter were harvested and reattached
to the rabbit ears. Experimental animals received HBO,
therapy for 90 minutes at 2.4 ATA for five days. Three
weeks post-operatively, the 2.0-cm composite grafts treated
with HBO, therapy had a mean graft survival rate of
85.8% compared to the control groups 51.3% survival
rate. There was no benefit seen in the smaller grafts. This
suggests a benefit of HBO, therapy for the larger-size
composite grafts, which could be considered compro-
mised and hypoxic.

More recently, Fodor et al. [11] looked at the effect
of HBO, therapy on the survival of relatively large 3.0 x
3.0cm composite grafts including skin, subcutaneous
tissue and fascia harvested from the upper back of rats.
The experimental group was treated with HBO, therapy
for 90 minutes at 2.0 ATA daily for two weeks. After this
time, they examined both the internal and external sur-
faces of the grafts, comparing the experimental group
and controls. After two weeks of HBO, therapy, the
internal surface of the experimental composite grafts had
a mean survival rate of 62% compared to 41% survival
rate in controls (p=0.001). The external surface of the
HBO, therapy-treated grafts had a 31% survival rate com-
pared to 25% survival in the control group, but this was
not statistically significant. Although complete survival
was not achieved, this study suggests that composite grafts
that are harvested or traumatically created and much
larger than the classically recommended size of 1.5cm can
benefit from HBO, therapy, even if only to preserve the
deep layer as a suitable bed for subsequent skin grafting.

Several early studies have demonstrated the benefits
of HBO, therapy on experimental skin flaps [12-14]. The
effects of HBO, therapy on compromised and ischemic
random flaps have been studied experimentally as well.
Niinikoski [15] found a 51% improvement in the length
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of the viable portion of tubed random skin flaps in rats
treated with HBO2 therapy (2.5 ATA for two hours twice
daily for two days) compared to air-breathing controls
(p<0.001). The author suggested that enhanced diffusion
of oxygen into the area of disturbed circulation was
the mechanism for improvement of tissue viability.
Gruber et al. [16] showed that in skin flaps in rats,
HBO, therapy at 3 ATA raised mean tissue oxygen
tensions to 600 mmHg, whereas 100% oxygen at sea level
did not raise mean flap oxygen tension.

Pellitteri et al. [17] demonstrated the effect of HBO,
therapy in a pig model of random skin flap survival
Random skin flaps in swine were designed to result in a
predictable length of necrosis, and the experimental ani-
mals were treated with HBO, therapy for 90 minutes at
2.0 ATA over six days. The compromised flaps in the
treatment animals demonstrated a mean survival of 77%,
which correlated to 35% less necrosis when compared
to the control animals.

Arturson and Khanna [18], in an experimental study
on standard dorsal random skin flaps in rats designed to
give a predictable and a constant degree of necrosis, re-
vealed that HBO, therapy had a significant improvement
in flap survival over untreated controls (p<0.05). Other
flap-enhancing agents were studied, and in some cases
these agents enhanced flap survival. However, the best
results were found in rats treated with HBO, therapy.

Similarly, Esclamado et al. [19] studied the effect of
HBO, therapy on survival of dorsal random skin flaps in
rats in comparison to another adjunctive therapy - steroids.
The random skin flaps were divided into four groups:
control, steroids only, HBO, therapy only, and combined
steroids plus HBO, therapy. HBO, therapy consisted of
90-minute treatments at 2.4 ATA twice daily for three days.
Each of the experimental groups showed a statistically sig-
nificant (p<0.01) improvement in flap survival. However,
the best results were seen in the HBO, therapy-only group,
which showed a 36% improvement compared to controls.

Stewart et al. [20] demonstrated the positive effect of
HBO, therapy in combination with free-radical scavengers
in increased random skin flap survival. HBO, therapy for
90 minutes at 2.5 ATA daily was combined with one of
several different free-radical scavengers, including super-
oxide dismutase, catalase and alpha-tocopherol acetate,
and each combination demonstrated significantly greater
flap survival (p<0.05) compared to controls.

Conversely, da Rocha et al. [21-22] suggested that the
addition of the antioxidant N-acetylcysteine (NAC), a pre-
cursor to the potent free radical scavenger glutathione,
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to HBO, therapy does not improve flap survival above
HBO, therapy alone. Dorsal random skin flaps in rats were
divided into four groups including sham, NAC, HBO,
therapy, and HBO, therapy plus NAC. The group treated
with HBO, therapy demonstrated significantly increased
survival and decreased molecular markers for apoptosis
in comparison to the NAC group and sham. However,
the combination of HBO, plus NAC did not significantly
improve on the results of the NAC group alone and the
best results were seen in the HBO, therapy-only group.

Greenwood and Gilchrist [23] demonstrated the ef-
fectiveness of HBO, therapy in reducing the extent of
ischemic necrosis of skin flaps created in previously
irradiated rats. Mean flap necrosis was significantly
greater (p<0.05) in the control (air) group versus the
HBO, therapy group.

A controlled, randomized study on the effects of HBO,
therapy and irradiation on experimental random skin
flaps has been performed by Nemiroff et al. [24-25]. One
hundred eighty-five rats were randomly assigned to one
of 15 conditions, including possible sequencing effects
of HBO, therapy, irradiation and flap creation, as well
as controls that included flap creation only, irradiation
only and HBO, therapy groups. Results showed that all
groups receiving HBO, therapy within four hours after
flap elevation had significantly greater flap survival time
(p<0.05), with as much as a 22% increase in flap survival.

Other studies have also looked at the benefit of HBO,
therapy in improving survival of random pattern skin
flaps complicated by other factors known to compromise
wound healing. Zhang et al. [26] demonstrated the ben-
eficial effects of HBO, therapy in improving dorsal
random skin flap survival in diabetic rats. They demon-
strated a significant (p<0.01) reduction in necrosis in
the diabetic rats treated with HBO, therapy for 90
minutes at 2.5 ATA daily for seven days compared to
the untreated diabetic rats (50.5% vs. 38.5%).

Selcuk et al. [27] revealed a positive effect of HBO,
therapy on random dorsal skin flap survival in nicotine-
treated rats. While the HBO, therapy group demonstrated
significantly better survival than the control group
(63.80% vs. 56.98%, p=0.007) and the control group
had significantly better survival than the nicotine group
(56.98% vs. 36.15%, p<0.01), there was no significant dif-
ference between the control group and the nicotine group
treated with HBO, therapy (56.98% vs. 54.08%). Similarly,
Demirtas et al. [28] used a degloving injury model in the
tails of nicotine-treated rats to demonstrate that HBO,
therapy treatment could not only significantly improve the
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survival rate compared to controls and nicotine-treated
rats, but also mitigate the detrimental effects in the nico-
tine-treated rats and increase survival rate to the level of
controls. These studies suggest that HBO2 therapy may
have a role in increasing random flap survival even in
cases where there are multiple etiologies of flap compro-
mise.

Further work by Nemiroff and Lungu [29] elucidated
some of the mechanisms whereby HBO, therapy enhanced
random flap survival. Skin flaps from animals treated
with HBO, therapy versus controls were analyzed in a
controlled, standardized method. The number and size
of blood vessels in the microvasculature was significantly
greater for all of the HBO, therapy groups when com-
pared with that in controls (p<0.01). The mean surface
area of vessels of the flap-HBO, therapy groups was also
significantly greater than in controls in all but one group
(p<0.01). The authors concluded that HBO, therapy sig-
nificantly enhanced flap survival by increasing and/
or maintaining the number - and possibly the size — of
vessels within the microvasculature. The authors stated
that to be most efficacious, HBO, therapy must be admin-
istered as soon as possible after surgery. Other investiga-
tors have shown that HBO, therapy can enhance healing
and flap survival by promoting angiogenesis [30-33].

Manson and associates [30], in studies using histochem-
ical staining with ATPase to visualize small blood vessels,
demonstrated that capillaries grew distally almost three
times further in pedicle flaps of pigs that were treated
with HBO, therapy, compared with age-matched controls.

Further studies using pedicle flap models have also
demonstrated a beneficial effect of HBO, therapy. Cham-
pion and colleagues [34], using a pedicle flap model in
rabbits, were able to obtain 100% survival of HBO, ther-
apy-treated flaps (2 ATA for two hours twice a day for
five days), whereas all control flaps had significant areas
of necrosis to greater than 40%. Similarly, work by
McFarlane and Wermuth [35] concluded that HBO,
therapy was of definite value in preventing necrosis in
a pedicle flap in the rat and also had limited the extent
of necrosis in a free-composite graft. The authors
noted that their particular experimental design was a
severe test of treatment and attests to the value of
HBO, therapy in preventing necrosis [35].

Using a cranially based pedicle flap in a rat Jurell and
Kaijser [36] showed that rats treated with HBO, therapy
had a significantly greater flap survival compared with
controls (p<0.001). The surviving area of the HBO, therapy
group was approximately twice that of the control group.
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Even when the start of HBO, therapy was delayed for
24 hours after surgery, there was still a significantly greater
survival area of HBO, therapy-treated flaps when com-
pared with controls (p<0.01). However, the increase in
surviving area was greater if the HBO, therapy was begun
immediately after surgery. This emphasizes the importance
of initiating HBO, therapy as soon as a flap problem
is suspected.

Tan et al. [37] studied the effect of HBO, therapy and
air under pressure on skin survival in acute neurovascular
island flaps in rats. Skin flaps treated with hyperbar-
ic 8% oxygen (equivalent to room air at standard HBO,
therapy treatment pressure) exhibited no improvement
in skin survival. Skin flaps treated with 100% hyperbaric
oxygen exhibited significant increases in survival.

Similarly, Ramon et al. [38] studied the effects of
HBO, therapy in a rat transverse rectus abdominis myocu-
taneous (TRAM) pedicle flap skin paddles in comparison
to a control group, a normobaric 100% oxygen group and
a hyperbaric air-equivalent mixture in prevention of
TRAM flap necrosis. The areas of surviving skin paddles
in the rat TRAM flaps treated with HBO, therapy showed
a significant improvement compared to the control
group (p<0.05).

Prada et al. [39] compared the effect of allopurinol,
superoxide-dismutase, and 100% therapy on axial pattern
skin flap survival after eight hours of warm ischemia. All
treatments demonstrated significantly improved survival
compared to controls, with mean survival percentages of
63.53%, 83.03% and 55.98% respectively for allopurinol,
superoxide-dismutase and 100% therapy (2.8 ATA for 45
minutes every 12 hours for three days). Unfortunately,
this study did not examine the potential benefit of com-
bination therapy using these beneficial interventions.

Nemiroff and colleagues, in controlled animal studies
using random and axial flap models, have clearly shown
that HBO, therapy can significantly enhance flap survival
[24-25,40]. Nemiroft’s [40] study investigated the effects
of pentoxifylline and HBO, therapy on skin flaps in rats
under four conditions. Pentoxifylline is a rheologic agent
that enhances capillary circulation by increasing the
flexibility of red blood cells. Sixty animals were randomly
divided into one of four groups:

1. a control group

2. pentoxifylline

3. HBO, therapy-treated group

4. a pentoxifylline plus HBO, therapy-treated group

Rats that were treated with HBO, therapy received
a total of 14 two-hour treatments at 2.5 ATA in divided
doses. Results indicated that the surviving length of flaps
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in the pentoxifylline or HBO, therapy-treated groups
were significantly greater than those in the control group.
However, animals treated with both pentoxifylline and
HBO, therapy had significantly greater flap survival than
animals in any of the other three groups (p<0.001). This
reflected a 30-39% improvement over animals treated
with pentoxifylline alone or HBO, therapy alone and an
86% improvement over control animals.

Other experiments combining HBO, therapy with
other therapies in pedicle flap models have had positive
results. Collins et al. [41] examined the effects of HBO,
therapy and nicotinamide on 7 x 7cm inferior epigastric
pedicle skin flaps in rats. The HBO, therapy groups had
a mean survival of 76.7% in comparison to the control
group survival of 45.7%. However, the combination of
HBO, therapy and nicotinamide demonstrated a mean
survival of 90.9% with a statistical significance of p<0.01.

Total venous occlusion can occur in axial flaps sec-
ondary to mechanical obstruction or in free flaps sec-
ondary to venous anastomotic thrombosis. Lozano et al.
[42] evaluated the effect of HBO, therapy and medici-
nal leeching on axial skin flaps subjected to total venous
occlusion. Hyperbaric oxygen protocol consisted of 90-
minute treatments, twice daily, with 100% oxygen at 2.5
ATA for four days. The leeching protocol consisted of
placing medicinal leeches on the congested flaps for 15
minutes, once daily, for four days. Laser Doppler measure-
ments of flap perfusion and the percentage of flap necrosis
were evaluated. The flaps in the sham group (elevation
of the flap only) demonstrated 99% survival, whereas the
flaps in the venous occlusion-only group demonstrated
100% necrosis. The flaps in the occlusion with HBO,
therapy, the occlusion with leeching, and the occlusion
with HBO, therapy and leeching groups demonstrated 1%,
25% and 67% survival, respectively. This study demon-
strated that HBO, therapy alone was not an effective treat-
ment for skin flaps compromised by total venous occlu-
sion. The combination of leeching and HBO, therapy treat-
ment of total venous occlusion resulted in a significant
increase in flap survival above that found with leeching
alone.

Yucel and Bayramicli [43] investigated the effects of
HBO, therapy and heparin on the survival of the rat in-
ferior epigastric venous flap. They concluded that the rat
inferior epigastric venous flap may be an ischemic flap
with capillary circulation through a single venous pedicle,
but it needs HBO, therapy to survive, especially during the
acute period. Heparin treatment, reducing the flap size,
and the presence of a vascular wound bed also improve

survival rates.
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In addition to total venous occlusion, compromised
pedicle flaps may suffer from partial venous congestion
or arterial insufficiency. Ulkur et al. [44] evaluated the
effect of HBO, therapy on pedicle flaps with arterial,
venous and combined arteriovenous insufficiency. Their
findings indicated that HBO, therapy increased the per-
centage of survival length and mean laser Doppler flows
of axial pattern skin flaps with all types of vascular
insufficiency. This effect, however, was greatest in the
arterial insufficiency flaps.

Ischemia-reperfusion injury can be a significant cause
of compromise for free flaps or pedicle flaps subjected
to prolonged ischemia either intraoperatively or postop-
eratively. Several experimental studies have demonstrated
the beneficial effects of HBO, therapy in ischemia-reper-
fusion injury of both skin and muscle flaps. Zamboni et
al. [45] examined the effect of HBO, therapy administered
during prolonged total ischemia and immediately follow-
ingischemia during reperfusion in axial pattern skin flaps
in a rat model. The animals were divided into four
experimental groups:

1. Control Group: exposed to eight-hour flap ischemia
without HBO, therapy.

2. Group 1: treated with HBO, therapy during the
ischemia.

3. Group 2: treated with HBO, therapy following the
ischemia.

4. Group 3: treated with HBO, therapy during ischemia
but with the flap contained in a metal-coated Mylar®
bag to prevent oxygen diffusion.

Mean flap necrosis for controls was 28%, while HBO,
therapy during ischemia or during reperfusion signifi-
cantly reduced this necrosis to 9% and 12%, respectively
(p<0.01). The percentage of necrosis for Group 3, with
any local effect of HBO, therapy on the flap being blocked
by the diffusion barrier was 5%. This was also significantly
better than the controls (p<0.0005) but no different from
the other two HBO, therapy groups. Thus, HBO, therapy
significantly increased the percentage of axial pattern skin
flap survival when administered during or immediately
after total flap ischemia. This beneficial effect was oppo-
site to the author’s original hypothesis that HBO, therapy
would exacerbate reperfusion injury. In a follow-up study,
the same skin flap model was used to show that HBO,
therapy increased microvascular blood flow during reper-
fusion compared to untreated ischemic controls [46].
Kaelin et al. [47] have shown that HBO, therapy during
reperfusion significantly improved the survival of free
skin flaps following microvascular reattachment and

640

ischemia times of up to 24 hours. The skin flap studies
have been corroborated by skeletal muscle experiments,
which are more important from a clinical standpoint
since muscle is more sensitive to ischemia and reper-
fusion injury.

An observation of a skeletal muscle microcirculatory
flap model of ischemia-reperfusion injury has given some
insight into potential mechanisms for this beneficial re-
sponse [48]. HBO, therapy administered during and up
to one hour following a four-hour global ischemia sig-
nificantly reduced neutrophil endothelial adherence in
venules and also blocked the progressive arteriolar vaso-
constriction associated with reperfusion injury. The fact
that neutrophil endothelial adherence is dependent on
CD18 function in this model provides indirect evidence
that HBO, therapy is affecting the neutrophil CD18
adhesion molecule. Subsequent studies by Jones et al.
[49] have suggested that effects of HBO, therapy on CD18
neutrophil adherence are dependent on nitric oxide via
a nitric oxide synthase (NOS) pathway. More recently,
Baynosa et al. [50] have used this skeletal muscle model
of ischemia-reperfusion injury to demonstrate that the
benefits of HBO, therapy may result from an early
increase in NOS activity followed by a delayed increase
in NOS expression. In addition, the effects of HBO,
therapy on CD18 polarization and neutrophil adhesion
were found to be mediated by a vascular endothelial
growth factor (VEGF) pathway involving the extra-
cellular matrix plasminogen system [51].

Hong et al. [52] demonstrated the effects of HBO,
therapy on ischemia-reperfusion injury of a superior epi-
gastric-based TRAM flap in a rat model. These studies
demonstrated a significant increase in survival in the
groups treated with HBO, therapy (p<0.05), which was
similar whether the HBO, therapy was initiated before
or after reperfusion. The results of this study suggest a
possible decreased expression of the adhesion molecule
ICAM-1 on endothelial cells secondary to HBO, therapy.

Focusing on the role of free oxygen radicals on isch-
emia-reperfusion injury, Tomur et al. [53] studied the
effects of HBO, therapy and/or an antioxidant vitamin
combination (Vitamins E and C) in a rat epigastric
island skin-flap model of ischemia-reperfusion injury.
These authors demonstrated a significant increase in
flap survival in the HBO, therapy, the antioxidant, and
the combined therapy groups (p<0.05) after eight hours
of ischemia and subsequent reperfusion.

A Dbeneficial effect of HBO, therapy in situations of
secondary flap ischemia has been demonstrated in
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FIGURE 1. The Levels of Clinical Evidence Based on Study Design
Adapted from the Oxford Centre for Evidence-Based Medicine (CEBM)

experimental studies. Using a rat axial skin flap model
Stevens et al. induced a primary ischemia of six hours
followed by two hours of reperfusion and then a second-
ary ischemia time of six, 10 and 14 hours [54]. The sec-
ondary ischemic time at which 50% of the flaps survived
(D50) in both air and 100% oxygen groups was six hours.
The secondary ischemic time to D50 in the using a rat
axial skin flap model, group was significantly increased
to 10 hours.

In a separate experiment Wong et al. used an axial
skeletal muscle flap model in rats. Percent necrosis fol-
lowing a two-hour primary ischemia was significantly re-
duced from 40% to 24% by HBO, therapy [ 55]. Adding
a secondary two-hour ischemia time significantly in-
creased necrosis in controls to 85%, which was signifi-
cantly reduced in the HBO, therapy group to 58%.

These studies have important implications in free tissue
transfer complicated by postoperative thrombosis, with
the thrombosis effectively acting as a secondary ischemia.

Gampper et al. [56] studied the beneficial effect of HBO,
therapy on island flaps subjected to secondary venous
ischemia in the rat superficial epigastric flap model.
They concluded that HBO, therapy significantly increased
the survival of flaps subjected to a secondary ischemia,
even if administered before primary ischemia. The effect
of administering HBO, therapy prior to secondary venous
ischemia was marginal, which may be due to the effect
of HBO, therapy not lasting longer than five hours.
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CLINICAL STUDIES
With the current emphasis on evidence-based medicine
and practice, the clinical data available in the literature
plays a tremendous role in the decision to recommend
or institute a treatment. The levels of evidence according
to the Oxford CEBM are outlined in Figure 1. A review
of the literature examining the clinical evidence available
for the use of HBO, therapy for compromised flaps and/
or grafts reveals no less than 23 studies involving over
2,200 different flaps or grafts, with the available clinical
evidence ranging from Level 1- to Level 4-type studies.
Perrins and colleagues were among the first clinicians
to examine the benefit of HBO, therapy in compromised
flaps and grafts. Their initial work [57] was first pub-
lished in 1966 and demonstrated preliminary results of
the value of HBO, therapy in ischemic skin flaps. Later,
this group demonstrated the value of adjunctive HBO,
therapy for compromised skin grafts in a controlled
clinical study. In this blinded prospective, randomized
controlled trial [58] involving 48 patients, half of the
patients were treated with HBO, therapy and half served
as controls. Experimental patients received HBO, therapy
at 2.0 ATA for 120 minutes twice a day for three days.
Complete graft take was defined as >95% total surface
area survival. A significant 29% improvement in graft
survival was seen in the HBO, therapy group compared to
controls. Complete survival of grafts occurred in 64% of
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the treated group as opposed to only 17% of the controls
(p<0.01). 100% of the HBO2 therapy patients achieved
>60% graft survival while only 64% of controls achieved
at least 60% graft survival. Although the etiology of
graft compromise in this study is not defined, the pa-
tients clearly manifest an etiology for graft compromise
given the low success rates in the control population.
Results of this study suggested that whole-body exposure
of HBO, therapy significantly enhanced compromised
graft healing. This remains the single Level I prospective,
randomized controlled trial evaluating the use of HBO,
therapy for compromised grafts to date.

Level II evidence is available in a study published by
Roje et al. [59] in 2008. This retrospective, controlled
cohort study evaluated the effect of adjunctive HBO,
therapy on short-term complications for war injury re-
constructions. They studied a total of 388 patients, with
289 patients in the control group and 99 patients in the
HBO, therapy group. The HBO, group received treat-
ments ranging from 2.2-2.8 ATA, with the frequency and
number of sessions based on the clinical scenario. Out-
come measures for this study included skin graft lyses
and flap necrosis as well as soft tissue infection and osteo-
myelitis. The study revealed a significantly higher incidence
of skin graft lyses in the control group (52%) compared
to the HBO, therapy group (23%) (p<0.001). Similarly,
flap necrosis was also significantly higher in the control
group (51%) compared to the HBO, therapy group
(15%) (p<0.001).

In order to determine if the beneficial effects seen in
this study were related to injury severity, the authors
scrutinized their data and further stratified the patients
into four subgroups based on severity, with Group I
patients having the most severe and complex injuries
and Group IV patients having the least severe injuries.
Compromising factors for injuries in Group IV included
ischemia, compartment syndrome, complex soft tissue
injury or open fracture while Group I injuries were fur-
ther complicated by blood vessel injury, nerve injury,
crush syndrome, and guillotine amputation of an extrem-
ity. Groups II and III injuries were further characterized
by initial soft tissue infection, with Group II injuries
having a neurovascular injury present while Group III
injuries did not. This further substratification of the pa-
tients based on injury severity continued to demonstrate
a statistically significant beneficial effect of HBO, therapy
across each of the injury groups, which held true in the
preservation and salvage of both compromised grafts
and flaps.
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Other favorable case series have been reported in the
literature involving both compromised flaps and grafts.
Gonnering et al. [60] used adjunctive HBO, therapy
(2.0 ATA for 120 minutes twice a day for five days) in
six patients undergoing periorbital reconstruction. This
study demonstrated complete survival of two ischemic
random flaps and four composite grafts ranging in size
from 1.7-2.2cm. Similarly, Bowersox et al. [61] demon-
strated a benefit to adjunctive HBO, therapy in their
series of 105 patients with compromised grafts or
ischemic skin flaps where 90% of patients had risk factors
considered to be poor prognostic indicators of flap/graft
survival. Adjunctive HBO, therapy was performed at
2.0 ATA for 90 minutes twice a day for five to seven days
followed by 120 minutes daily once sustained clinical
improvement was noted. Patients received an average of
16 + 4 treatments overall. Eighty-nine percent of com-
promised flaps and 91% of threatened skin grafts were
salvaged using this protocol. Failed flaps and grafts were
associated with two or more risk factors for poor wound
healing. In addition, compromised flap failure was asso-
ciated with a delay in the initiation of HBO, therapy
of more than two weeks (19.8 days post-op for failed
flaps vs. 4.6 days post-op for salvaged flaps, p<0.01).

Several other case series [62-65] have suggested a bene-
fit of HBO, therapy for compromised grafts. These studies
involved both skin grafts as well as composite grafts used
in a wide variety of reconstructive scenarios including
nasal reconstructions, chronic non-healing leg ulcers
and periorbital reconstruction. Likewise, there have been
several case series [66-68] that have demonstrated the ben-
efit of HBO, therapy in the treatment and salvage of com-
promised flaps. Ueda et al. [66] studied 26 compromised
flaps (23 axial and three random flaps) treated with HBO,
therapy and noted an average improvement of 92.1%.
Mathieu et al. [67] examined the use of HBO, therapy
in 15 pedicle flaps where seven flaps survived and eight
flaps failed. They noted a positive correlation between
transcutaneous PO, (TCOM) readings and defined a val-
ue of 50mmHg at pressure as the critical cutoff for suc-
cess when deciding whether to treat with HBO, therapy
for compromised flaps. Waterhouse et al. [68] studied the
value of HBO, therapy in 14 free flaps and two replanta-
tions compromised by prolonged ischemia, a secondary
ischemia, or radiation history. This study demonstrated
that the benefit of HBO, therapy was related to the time
to initiation of treatment, with 89% of patients (eight
of nine) treated within 24 hours having complete salvage,
with partial necrosis (< 25%) occurring in one patient.
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Of those treated between one to three days post-op, 25%
(one of four) were salvaged, with the remaining three un-
dergoing partial necrosis. All three patients treated after
three days post-op resulted in complete loss. Necrosis
of a free tissue transfer is a significant loss because the
defect, which the free flap was used to close, is recreated
along with the donor site morbidity. This study also un-
derscored the rationale of initiating HBO, therapy
as soon as signs of flap compromise appear, particularly
in free flaps and replantations where the time to restor-
ation of perfusion is even more critical, as the cutoff
for salvage was much shorter in this study compared to
the Bowersox et al. study evaluating skin flaps.

A more recent case series by Larson et al. [69] retro-
spectively reviewed 15 patients being treated with HBO,
therapy for failing or threatened post-reconstructive
flaps. Eleven of the 15 (73.3%) flaps survived, with four
healing completely, and seven with substantial improve-
ment. Average area of improvement was 68.3% of flap
area. The authors noted that successful outcomes were
associated with patient compliance with the treatment
regimen and high pretreatment transcutaneous oxygen
levels. Another case series from 2015 noted a 75.7%
success rate when treating compromised free flaps with
HBO, therapy for a median of 30 days [70].

There have been several favorable case reports [71-74]
on the use of HBO, therapy in compromised composite
grafts consisting of skin, subcutaneous tissue, and carti-
lage for nasal reconstruction after traumatic injuries. In
addition, there have been reported cases [75-76] of suc-
cessful salvage of compromised flaps following trauma,
including a compromised facial flap avulsion from a
severe dog bite and a complete scalp degloving injury
both treated with adjunctive HBO, therapy. Several case
reports have demonstrated the successful salvage of com-
promised mastectomy skin flaps [77-79]. Most recently,
a 2016 case report by Copeland-Halperin et al. [79] de-
scribed a patient with a history of breast irradiation who
suffered mastectomy skin flap ischemia after nipple-
sparing mastectomies and immediate reconstruction with
tissue expanders. The patient received 15 treatments of
HBO, therapy which resulted in complete mastectomy
flap salvage and completion of her reconstruction.

Zhou et al. [80] performed the largest review of ran-
domized controlled studies on the use of HBO, therapy
in flaps and grafts to date. Twenty years of data from
China were reviewed, including cases of 957 HBO,
therapy patients, with 583 control patients from a total
of 23 clinical trials. A survival rate of 62.5-100% was
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reported for HBO, therapy patients compared to a
35.0-86.5% rate reported in controls. There was hetero-
geneity in treatment time and regimen, and most studies
had small sample sizes.

SUMMARY

It can be noted that a variety of types of grafts and flaps has
been investigated in animal and human studies. Baynosa
and Zamboni provide a critical review of HBO, therapy
and its applications to different types of compromised flaps
and grafts in a recent book chapter [ 81]. Friedman et al.
[82] have also presented an evidence-based appraisal of
the use of HBO, therapy on compromised flaps and
grafts. Results of the preponderance of work in the lit-
erature clearly show the efficacy of HBO, therapy with
respect to enhancement of skin graft and flap survival.
Of importance is that different types of flaps have been
analyzed in these studies, including free skin grafts,
pedicle flaps, random flaps, irradiated wounds and flaps,
composite grafts, as well as free flaps. Although each flap
problem is unique, a key factor to flap necrosis is tissue
hypoxia. The results indicate that viability of flaps can
be enhanced by HBO, therapy through a reduction of
the hypoxic insult. Other mechanisms of action whereby
HBO, therapy enhances flap survival include the en-
hancement of fibroblasts and collagen synthesis, creation
of neovascularity [40,83], the possibility of closing off ar-
teriovenous shunts [84-85], and the favorable effects on
the microcirculation [48].

A summary of the available clinical evidence is provided
in Figure 2. The prospective randomized controlled trial
evaluating 48 patients with compromised grafts by
Perrins et al. [58] provides the best Level I evidence.
Level II evidence is provided by Roje et al. [59] in a
retrospective, controlled cohort evaluating 388 patients
with compromised grafts and flaps used in the recon-
struction of traumatic extremity war injuries. A second
Level II study by Zhou et al. [80] reviewed 23 random-
ized controlled and controlled trials on HBO, therapy
in grafts and flaps, encompassing a total of 957 HBO,
therapy patients and 583 controls. A total of 1,928
patients provide Level II evidence to support the use of
HBO, therapy for compromised grafts and flaps. Level IV
evidence is represented by 11 case series [60-70] encom-
passing 109 skin grafts, 53 composite grafts, and 139 flaps
as well as nine case studies [71-79] involving four compos-
ite grafts and five flaps. Given this available data, the use of
HBO, therapy for the salvage of compromised grafts and
flaps should be considered as a Class IB intervention

643



UHM 2020,VOL. 47 NO. 4 - HBO, FOR COMPROMISED GRAFTS AND FLAPS

FIGURE 2. Summary of the available clinical evidence
evaluating HBO, therapy for compromised grafts and flaps

SUMMARY OF THE EVIDENCE

Level I Evidence One Study - 48 patients
Level IT Evidence Two Studies — 1,928 patients
Level IV Evidence

(Compromised grafts)
(Compromised grafts and flaps)

11 Case Series — 109 skin grafts,
53 composite grafts, 139 flaps
9 Case Studies - 4 composite grafts, 5 flaps

according to the American Heart Association (AHA)
Evidence Based Guidelines, as it is both useful and
effective based on evidence from a single, randomized
trial and non-randomized studies with the potential
benefit far outweighing the risks.

CLINICAL MANAGEMENT

The hyperbaric oxygen treatments are given at a pressure
of 2.0-2.5 ATA and range from 90 to 120 minutes (de-
pending on the type of HBO, therapy facility available,
patient status, and other factors). Mechanical causes of
flap compromise that can be treated surgically should
be addressed prior to initiation of HBO, therapy. Cur-
rently there is no consensus as to the optimal HBO,
therapy treatment regimen for compromised flaps and
grafts. Weber et al. [86] used the rat random flap model
to compare the efficacy of daily to twice-daily (BID)
HBO, therapy. Results of this study suggest no additional
benefit when performing BID HBO, therapy. Should
the compromised graft of flap fail, daily HBO, therapy
treatments may be continued to prepare the compromised
wound bed for a salvage graft or flap reconstruction.

To be maximally effective, HBO, therapy should be
started as soon as signs of flap or graft compromise ap-
pear. Flap viability can be assessed by clinical judgment
as well as by a variety of non-invasive and invasive tech-
niques, including transcutaneous oximetry and laser
Doppler studies. The diagnosis of graft/flap compromise
and evaluation of the subsequent response to HBO,
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therapy treatment should be a multidisciplinary effort
between the hyperbaric physician and plastic surgeon.
Objective measures should be used to assess and monitor
the compromised flap or graft whenever possible.

UTILIZATION REVIEW

Utilization review is required after 20 treatments when
preparing a recipient site (such as a radiated tissue bed)
for a flap or graft, although the indication for HBO,
therapy may be better classified by the underlying cause
of wound healing compromise (i.e., soft tissue radione-
crosis, osteoradionecrosis, chronic osteomyelitis, diabetic
foot ulcer) unless treatments are continued immediately
following compromised graft or flap failure. Utilization
review should also be employed following 20 treatments
after a flap or graft has been placed into its recipient site.

COST IMPACT

Failed flaps are extremely expensive and result in signif-
icant morbidity and distress for both the patient and the
surgeon. Adjunctive HBO, therapy can help reduce these
financial, physical and mental costs by salvaging skin
grafts, pedicle flaps, random flaps, composite grafts, as
well as free flaps and thus eliminating or minimizing the
need for secondary surgeries and alternate donor sites.
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FIGURE 3. Flowchart for compromised grafts and flaps
Details of management are described in the text.
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