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SUMMARY

Purpose: The treatment of severe wounds of the extremities characterized by large post traumatic tissue loss repre-
sents a clinical problem difficult to resolve. Materials and method: The authors present their experience based on a
combined treatment by medical support methods like Hyperbaric Oxygen (HBO) and Vacuum Assisted Closure
Therapy (VAC) and microsurgical reconstruction of the limbs, within a precise therapeutical protocol. Result: The
use of this protocol in the appropriate times and ways has allowed to successfully treat severe post-traumatic sequelae
of the upper limb. Conclusion: Avoiding delayed healing typical of these pathologies, both on the donor site of the
flap and on the repaired area, or an unsuitable microsurgical reconstruction for the limbs, allowing a satisfactory
morpho-functional restoration and a reduction of the hospitalization period. Riv Chir Mano 2006; 3: 271-279
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Introduction

In the treatment of severe lesions of the upper
limbs due to crush injuries microsurgical repair
methods can be supported by therapies that lead to a
quick ad complete resolution of the clinical situation.

There is no doubt that the free tissue transfer by
the use microsurgical techniques is now routine for
the salvage of traumatized extremities while the
transplant of well-vascularized tissue on the site of
lesion, after the excision “en bloc” with the ulcer, of
all the distrophic tissue around it which prevents
healing (1-3).

As a matter of fact this method represents the
best treatment in acute and severe traumas of the

upper limbs where large exposition of vascular and
nervous structures and bone fractures are involved.

In these cases, but with wounds uncontaminated
by exogenous material, exists the indication of large
debridment of devitalized areas around the lesion
and coverage by free flap within 72 hours from
trauma (4, 5).

On the contrary, in severe traumas of the upper
limbs contaminated by mineral oils, ground and
vegetable cleis or material from the asphalt someti-
me coming from road traumas it is compulsory to
clean the site of trauma before the microsurgical
coverage avoiding the risk of serious infection or
septic pseudoartrosis that could undermined the
success of the reconstruction procedure.
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In these cases it seems to be opportune to differ
the reconstructive time employing during this pe-
riod all the medical support at the disposal of the
therapy (HBO, VAC therapy, specific antibiotic
therapy) and any further repeated debridment to
clean the site of the lesion (5-8).

However, it sometimes happens that the “Zone
of Injury”, caused by the inflammatory response of
the soft tissue around the ulcer, isn’t so evident
making difficult the radical treatment that should
include debridement of all devitalized, distrophic
and contaminated tissue around the ulcer (5, 9).

So the radical exeresis could involves excessive
demolition which is difficult to repair, especially in
the limbs, even with microsurgery procedures be-
cause the real extension of the zone of injury is lar-
ger than the visible one.

As a matter of fact, whenever the transfer of the
free flap does not allow to entirely replace the di-
strophic tissue around the ulcer, either because of its
size or because the presence of areas of devitalized
tissue around and below the ulcer makes it  difficult
to mark the boundaries macroscopically, some ine-
vitable sequelae are foreseable like local infections,
wound diastasis, fistolae, and, at a later stage, omo-
logous ulcerative lesions in the anatomical areas
adjacent to those which have been repaired, which
usually require multiple surgical procedures (10).

In our experience we have observed that in seve-
re and wide lesions of the upper limbs, microsur-
gery procedures can be successfully combined, after
debridement, with Hyperbaric Oxygen Therapy
(HBO), Vacuum Assisted Closure Therapy (VAC)
and selective antibiotic therapy whose effect is to
limit the extension of the area to be repaired, im-
prove the trophism of the chronically inflammed
tissue around the ulcer and create the conditions
most suitable for the implant of the free flaps.

MATERIALS AND METHODS

Patient Database

From 2001 to 2005, 5 patients were treated, suf-
fering from severe large lesions of the skin and the

soft tissue of the limbs, with exposure of bone and
joint structures in consequence of serious crush
injury.

Whatever the origin the treatment consisted of a
combination, at different pre-fixed stages, of debri-
dement surgical procedures, medical support
methods and definitive surgery by microsurgical
free-tissue transfer.

The patients were selected for the combined
Medical Support Methods and Microsurgery pro-
tocol according to the following criteria:

1. severe crush injury of the limbs with large tis-
sue loss;

2. massive necrosis areas 2-3 days after injury;
3. deep post-traumatic ulcers with exposure of

joint, bone and tendon structures;
4. wide and deep wounds, contamined by exoge-

neous material, with severe bacterial infections;
5. large distrophic tissue around the ulcer ten-

ding to become necrotic and ulcerous;
6. no chance of spontaneous repairing;
7. repeated unsuccessful attempts to repair the

ulcer with traditional surgical procedures;
8 possibility to maintain or recover ambulation

with the repairing treatment.
The group treated includes 5 patients who pre-

sented ulcers due to crush injury in all cases with
tissue loss and exposure of bones and tendons.

All of them were considered for a three-phase
protocol: debridement, Medical Support Methods
and microsurgical procedures.

MEDICAL SUPPORT METHODS

HBO Treatment

In all the cases in which HBO was chosen, a mi-
nimum of 10 sessions at 2.5 ATA was necessary; in
each of them, once the treatment pressure level was
reached with air, 100% oxygen was administered
through a hermetic mask for 30 and 20 minutes
with an interval of 5 minutes’ air breathing and
then returning to normal atmospheric pressure at
the speed of 1 meter per minute oxygen breathing.
(11, 12)
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In this protocol HBO treatment was always pre-
ceded by a radical debridement of the ulcer and the
distrophic tissue around it and came before the de-
finitive repairing procedure usually consisting of
the transplant of a free flap.

Vacum Assisted Closure (VAC) Therapy

Vacuum assisted closure terapy is designed to
promote the formation of granulation tissue for fa-
ster healing in the wound beds of patients with
acute and chronic wounds and we have used this
device both in devitelized and infected tissue.

VAC device consists of a non-collapsible, open-
cell, polyurethane sponge with embedded vacuum
tubing, a vacuum pump, and transparent adhesive
dressing and the wound management technique
exposes the wound bed to negative pressure by way
of a closed system.

Theoretically, the method acts by removal of ex-
cess tissue fluid from the extravascular space, which
lowers capillary after-load and thereby promotes
the microcirculation and the proliferation of exube-
rant granulation tissue during the early stages of
inflammation (13, 14).

Microsurgical Procedures

In all the patients in whom the definitive repai-
ring of the ulcer was obtained through microsurgi-
cal procedures, the transfer of the free flap was pre-
ceded by a routine vascular scan of the limbs  in-
volved in the pathology.

Limb perfusion was always assessed clinically,
while the site of the potential microvascular ana-
stomosis needs a meticulous evaluation with Dop-
pler mapping that can give reliable information
without the need for routine angiography of the re-
cipient site (15).

Particularly the “Directional Doppler-flow” al-
lows to check the quality of the blood flow, while
eco-doppler visualizes the atherosclerotic areas re-
sponsible for hemodynamic problems.

Such an accurate study allows the choice of the
best recipient site for anastomoses, drastically redu-
cing the risk of failure.

In our opinion an arteriogram should be consi-
dered if the zone of injury is wide and in the region
of potential anastomoses (5).

The timing of microsurgical tissue transplanta-
tion was delayed of 10-15 days in accordance with
our “Combined Protocol Therapy”.

4 free flaps were transplanted for the treatment
of the ulcers, of which 2 fasciocutaneous flaps and
2 muscular flaps and 1 island flap .

We used:
1 radial fasciocutaneous flaps from contralateral

forearm;
1 Latissimus Dorsi muscular flap combined with

Serratus Anterior muscular;
1 Serratus Anterior muscular flaps;
1 Becker’s ulna flap;
1 Antero-lateral Tight perforator flap

CASE REPORT

C.D., 8, was treated for a severe avulsion and
crush injury of the left arm and forearm following
a car accident.

This lesion caused also the fracture-dislocation
of the elbow whith the rupture of biceps tendon,
the interruption of the brachial artery, and the loss
of median nerve for 10 cm (Fig. 1, 2) 
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Figure 1. Severe avulsion and crush injury of the left arm
and forearm with fracture-dislocation of the elbow, the rup-
ture of biceps tendon and the interruption of the brachial ar-
tery.
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Angiography showed the interruption of the
brachial artery but the clinical evaluation and the
Doppler assesment showed a good radial pulse at
the wrist and an  optime peripheral flow.

So we did’t repaire the continuity of the brachial
artery toward the artery of the forearm for the
growing of an effective collateral circulation for the
forearm and the hand.

After the immediate first debridement she was
subjected to 25 HBO sessions and further debrid-
ments for the extreme contamination by ground
and vegetable cleis and for a progressive enlarge-
ment of the necrotic area (Fig. 3).

The repairing was undertaken through the tran-
splant of an Antero Lateral Tight perforator flap
after 27 days when no signs of infection were
found. The arterial anastomoses was performed

end-to-end between brachial artery and the pedicle
artery of the ALT perforator flap, as well as the ve-
nous anastomoses was performed between the co-
mitantes veins (Fig. 5).

In the same operative section the repairing of
the elbow fracture was performed as well as the ar-
troplasty of the elbow joint using a graft of Fascia
Lata and the reconstruction of the median nerve
using a bilateral graft of  sural nerve (Fig. 4).

The resurfacing of the forearm was completed
by Engineered Tissue by colture of autologus fibro-
blasts and keratinocites in order to limit the exten-
sion of scar debit (16) (Fig. 6).
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Figure 2. Severe avulsion and crush injury of the left arm
and forearm with fracture-dislocation of the elbow, the rup-
ture of biceps tendon and the interruption of the brachial ar-
tery.

Figure 3. After immediate debridement and an exeresis of
contaminated teguments the patient was subjected to 25
HBO sessions.

Figure 4. Repairing and reconstruction of the elbow joint
using a graft of fascia lata and the median nerve by means
of a graft of 10 cm of autologous bilateral sural nerve.

Figure 5. Harvesting the Antero Lateral Tight flap tran-
sferred by microsurgical anastomoses on the brachial artery.



Six months’ follow-up shows no sign of tissue
distrophy and the covering tissue appears trophic
and well vascularized.

The functional ability of the upper limb is im-
proving (Fig. 7-10). The patient is waiting the last
operative procedure to gain the active flexion of the

elbow by the transposition of functional Latissimus
Dorsi myocutaneous flap (17, 18).

RESULTS

All the patients treated with medical support
methods and microsurgery have well tolerated the
therapy without developing any problem in any of
its phases.

Particularly, no form of immediate intolerance to
HBO has been registered, nor have sistemic seque-
lae appeared during the follow-up period.

The combined protocol (medical support
methods and microsurgery) has allowed the com-
plete and quick resolution of the clinical problem
in the case of large lesions difficult to treat by tra-
ditional non-microsurgical procedures, creating the
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Figure 6. Post-operative result. Engineered Tissue used for
skin resurfation around the free-flap in order to reduce the
scar debit.

Figure 7. Active extension but passive flexion of the elbow.

Figure 8. Active extension but passive flexion of the elbow.

Figure 9. Active flexion and extension of the fingers.

Figure 10. Active flexion and extension of the fingers.
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anatomic conditions most suitable for the flap
transplant and therefore reducing the incidence of
sequelae.

HBO, accelerating the healing process, makes it
possible to transplant the flaps on recipient well va-
scularized trophic beds and favours the taking of
the free skin grafts on the donor sites.

In particular, in our experience any time we used
HBO treatment in accordance with the combined
protocol after the debridement and before the defi-
nitive wound management by free-tissue transfer,
no complication has occurred at the recipient site
and a considerable reduction of the chronic phlo-
gosis  around the lesion has been observed. A well
vascularized tissue bed received the free-flap.

DISCUSSION

The treatment of the mangled extremities still
presents a reconstruction challenge difficult to re-
solve and sometimes an emotional problem, whose
sequelae demanded, in a recent past, the frequent
amputation of the limb when an insufficient blood
inflow determined the progressive deterioration of
the ulcers (10).

The massive extremities injury following crush
high energy traumas characterized by massive ne-
crosis of wide soft tissue areas and infections with
large exposure of bone fractures and joint structu-
res was a main indication for the limb amputation
(19).

There is no doubt that in all these cases micro-
surgery procedures allowing the transfer of viable
autologous tissue and, where necessary, restabli-
shing continuity between the main vessels, enable
the en bloc reconstruction of the morpho-functio-
nal unit without size limits and an aesthetic and
functional recovery of the limb (9, 20), sometimes
aclowing surgeons to salvage extremities in pa-
tients who would formerly have required amputa-
tion (1-3).

Also in less wide lesions microsurgery procedu-
res are preferred to traditional ones because of a
smaller number of sequelae and deficits at a local
level.

The most important factors influencing the mi-
crosurgical reconstruction of the limbs are:

- the selection of free-flap;
- the timing for the microsurgical reconstruction

of the extremities.
Primarly, the choice of the flap depends to the

recipient site requirements or the type of tissue de-
ficency (isolate or composite replacement) and its
volume.

The lengh of vascular pedicle should allow ana-
stomoses in a “safe zone” far from the “zone of
injury”, where the inflammatory response of the
soft tissue around the wound increases the vascular
friability and the perivascular scar tissue, causing an
higher rate of microvascular thromboses expecially
localized in the veins (21).

But a greater factor, in prognostic sense, is the
timing for the microsurgical reconstruction of the
limbs that emphasizes the importance of radical
debridment and early tissue coverage within the
first 72 hours in the treatment of high energy trau-
mas (4).

But frequently the massive soft tissue necrosis
and the contaminated surrounding tissue require
several debridments to obtain a good prognosis in
terms of decreased risk of in fection and flap survi-
val (22).

In these severe traumatic ulcers of the limbs, the
key factor considered in the timing of the micro-
surgical reconstruction is the “risk of infection” in
presence of exposed “vital structures” .

So on the base of the ideal “reconstructive lad-
der” the surgeon should decide to perform the “pri-
mary coverage” by a free flap only when the bacte-
rial status of the wound allowes the microsurgical
reconstruction without risk of infection, within 7-
15 days after the initial debridment using that pe-
riod to prepare the recipient-site by medical sup-
port such as HBO or VAC therapy (5).

Besides, also the use of free muscular flaps,
although it is  theoretically the best repairing pro-
cedure for infected and ischemic wounds (23, 24),
also with chronic osteomielitis because provides
coverage for the debrided bone and soft tissue,
obliterate dead space, as well as improve vascularity
and enhance leukocyte function (24-26), frequently
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are complicated with high number of local seque-
lae, as the difficult taking of skin grafts on the
transplanted muscle .

The consequence of all this is often an unsati-
sfactory recovery of the limb function. From this
point of view medical support methods tretment
has considerably improved prognosis in the above
cases.

The effect of HBO therapy seems to be particu-
larly dramatic in reducing the phyisiopathologic
problems responsible for cutaneous distrophic di-
seases which rarely heal spontaneously.

The healing process of a wound is oxygen-de-
pendent, as shown by the fact that all the wounds
that do not heal are hypoxic and more prone to in-
fections (27-29).

Wound healing takes place thanks to macrofagi,
fibroblasts and collagen synthesis.

Hypoxia slows down the synthesis and metaboli-
sm of collagen proteins through the inhibition of
proline and lisine hidroxilation.

In this condition the collagen produced appears
to be less stable and less resistant to tension, the
lack of idroxiproline and hidroxilisine being an ob-
stacle to the formation of intermolecular cross-
links (30).

Moreover, although the healing process is trig-
gered by hypoxia, the migration and intervention
of the macrofagi and fibroblasts is inhibited by pO2

values less than 10 mmHg at wound level.
In this microenvironment the production of new

angiogenesis factors by the macrofagi is inhibited,
in consequence of scarce granulation tissue (31, 32).

This effect can be reversed reaching optimal le-
vels of neoangiogenesis and growth factors by the
macrofagi at a pO2 of 15-20 mmHg (33).

Another serious problem is the bacterial infec-
tion of these ulcers which can not only interrupt
the healing process but also cause a worsening of
the distrophy and the widening of the ulcer.

With HBO treatment  an adequate partial pres-
sure of O2 on the distrophic  ulcer is reached, al-
lowing the oxidative killing responsible for the re-
spiratory bust by polimorphonucleates, as well as
an indirect bactericidal action through the macro-
fagi. All these events are oxygen-dependent.

HBO treatment at 2.8 ATA increases  10-13
fold the quantity of oxygen transported per blood
unit versus a condition of normal atmospheric
pressure and this because the oxygen can be physi-
cally diluted in the plasma and more easily carried
to the sites of tissue distrophy and ischemy around
the ulcer or to the sites with blood flow obstruc-
tions (11). In this physiopathological condition
HBO at 2.5 ATA interrupts the strong relationship
between ischemia and edema on the distrophic tis-
sue around the lesion, which in turn aggravate tis-
sue distrophy owing to the progressive increase of
intercapillary distance (34).

The mechanism through which HBO works is
based on a 20% reduction of the blood flow in the
limb which is however balanced by an increase in
the content of oxygen per blood unit. This means a
progressive improvement of the microcirculation
through the decrease of the pressure in the capil-
lary interstice (35, 36).

This effect proves particularly useful in correc-
ting the iperflow sindrome following the anoma-
lous opening of arterio-venous shunts of a neuro-
patic origin, as happens in patients with diabetes
(37, 38).

In conclusion, HBO main action manifests itself
in the injured tissue maintaining viability in the
hypoxic phase, preventing infections and enhan-
cing healing and the recovery of the function th-
rough a greater diffusion of pO2 in the stasis areas
of the microcirculation.

As regards the necrotic tissues, HBO, through
the activation of specific and aspecific cellular clea-
ning mechanisms, which are more effective at tis-
sue levels of 30 mmHg of pO2, hastens the demar-
cation of the necrotic area and prevents infection
from passing to ischemic tissues.

In our experience the HBO has been the most
widely used medical support method while our
experience with VAC therapy is much less which
was only employed as complementary method or
whenever it was not possible to use HBO due to
patient’s problems linked to chamber compres-
sion.

We used VAC device only in two cases of crush
injury of the upper limb. Suction (75-125 mmHg)
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was continous for the first 48 hours, then intermit-
tent (2 min on, 5 min off ) (13).

This initial wound management technique has
exposed the contaminated wound bed and its deep
bone structures to negative pressure by way of clo-
sed system.

This system permits the removal of edema fluid
from the extravascular space, thus eliminating an
extrinsic cause of microcirculatory stasis and im-
proving blood supply during this phase of inflam-
mation (14).

After the formation of granulation tissue and
when systemic signs of infection and quantitative
cultures  indicated the resolution of local infection,
microsurgical procedure for wound colsure  were
performed.

CONCLUSIONS

As far as our experience is concerned, it seems
that the combination of medical support methods
treatment and microsurgery procedures represents
the right solution for the difficult treatment of lar-
ge serious wounds of the extremities due to acute
injury in which the risk of infection is high either
for contamination of exogenous materials or for the
amount of non-viable tissue around it.

Therefore in these cases and in the cases which
have come under our observation with an ulcera-
tion already post-traumatic it is necessary to delay
the treatment from 7 to 14 days to permit the clea-
ning of the “zone of injury”.

That’s when we propose a protocol in 3 phases:
1. radical surgical debridment, multiple if neces-

sary;
2. 10 seats of HBO or alternatively VAC the-

rapy;
3. microsurgical reconstruction with well vascu-

larized tissue.
From this point of view the combination of me-

dical support methods before the definitive micro-
surgery tretament of severe and infected wounds
allows to hit the following targets:

1. Limitation of the exeresis area of the di-
strophic tissue around the ulcer through HBO

therapy, after the debridement, which makes
the ischemic border line tissue viable again,
interrupting the progressive development of
necrosis on the boundaries of the debride-
ment. On a clinical plan, this allows a precise
macroscopic  demarcation  of non-viable tis-
sues.

2. Enhancement of wound detertion and repara-
tive granulation tissue formation of the reci-
pient bed of severe and infected wound throu-
gh HBO or VAC therapy 

3. Radical exeresis of non-viable tissues, which
are now well demarcated, and functional and
aesthetic reintegration, no matter the size, of
the tissue loss through microsurgical tran-
splant of a free flap.

4. Elimination of local sequelae both on the re-
cipient and the donor site of the flap, through
adequate HBO therapy.

The use of HBO and VAC therapy combined
with a delayed microsurgical reconstruction, in a
precise protocol, for the treatment of severe
wounds of the limbs, allows to save injuried limbs
improving the functional outcome.
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