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aric oxygen therapy and piracetam decrease 
e early extension of deep partial-thickness burns 
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During the first 24 h, a progression of the burn wound in histo- 
logical depth or extension is often noted. This can only partially 
be prevented by the routhzely used protocols of f2uid resuscitation 
and buvn wound dressing. In a rat model of 5% TBSA burn, 
hyperbaric oxygen theramj (HBOT) and piracetam were evaluated 
for their ability to further prevent this early deepening of the 
burn wound. After infliction of the burn wound, the animals were 
treated with an accepted basic burn wound treatment consisting 
of mafenide 10% solution humid dressings. They were then 
randomized into three groups: a control group (n = lo), receiving 
no other treatment, a HBOT group (n=17), receiving 60 min of 
HBOT (203 kPa) twice daily, and a piracetam group (n=19), 
receiving piracetam (200 mglkg 1M) twice daily. On the third day 
of treatment, the entire burn wound was exised and examined 
histologically. B was found that both HBOT and piracetam had 
statistically signif’cant effects on the preservation of epidermal 
basal membrane (P < 0.001 and P <: 0.01, respectively). HBOT, 
but not piracetam, further had significant effects on the destruc- 
tion of skin appendages (P < 0.05 and P > 0.05, respectively) and 
on the degree of subepidermal inflammation, as measured by 
leucocyte infiltration (P < 0.001 and P > 0.05, respectively). 
Furthermore, the HBOT group showed signif?cantly less leucocyte 
inj?ltration than the piracefam group (P (0.01). lt was concluded 
that, although the clinical importance of the small efjects on skin 
appendage and basal membrane preservation may be questionable, 
the effect on subepidermal leucocyte infiltration is striking and 
warrants further i,zvestigation of the anti-inflammatoy effects of 
HBOT and possibly piracetam. Copyright 0 1996 Elsevier 
Science Ltd JOY ISEX 
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Introduction 
Since the original description by Jackson in 1953l, it is 
generally accepted that a cutaneous burn wound 
consists of three distinct zones, each with its own 
histophysiological characteristics: a central zone of 
coagulation necrosis, surrounded by a zone of estab- 
lished oedema and capillary stasis, which is in turn 
surrounded by a zone of active oedema formation. 
Another related concept, that of a progressive capil- 
lary stasis, reversible if dehydration of the burn 
wound is prevented, was described by Zawacki in 
19742. 

It is, however, a very common observation in 
serious burn patients that areas that seemed to be 
‘partial-thickness’ burns have to be regraded the next 
day as ‘full-thickness’, despite optimal fluid resuscita- 
tion and burn wound coverage3. This progressive 
necrosis of tissue cells is closely linked to the degree 
of oedema formation. Oedema precedes capillary 
stasis, which in turn provokes capillary sludge by 
‘rouleaux’ formation of the red blood cells and finally 
capillary thrombosis. The end-point is tissue hypoxia, 
ischaemia and cell death. Several therapeutic 
measures have been proposed to prevent this 
cascade. Some are widely accepted, such as early 
wound coverage and optimal osmotic vascular filling. 
Other drugs and physical measures have not gained 
wide acceptance. 

The purpose of this study was to investigate 
whether hyperbaric oxygen therapy (HBOT) or 
piracetam, associated with a classically accepted burn 
wound treatment regime, are able to limit the extent 
of this ongoing tissue damage during the early phase 
of burn injury. 

HBOT is an effective means of augmenting the 
oxygen content of arterial blood. During HBOT 
administration at 203 kPa, Puo, values as high as 189 
kPa can be obtained, resulting in the physical disso- 
lution of considerable quantities of oxygen in the 
plasma (Henry’s Law). This hyperoxia induces a 
generalized arteriolar vasoconstriction, without 
impairing the oxygen delivery to the tissues. Trans- 
cutaneous and intratissue measurements of PO, in 
the limbs of patients undergoing HBOT, reveals that 
the peripheral oxygen delivery can be more than 
ten-fold higher than in normobaric 100% oxygen 
breathing. 

Pirecetam is a pharmacological substance, widely 
used in the treatment of cerebral vascular insuffi- 
ciency, but also, because of its rheological properties, 
in the early phase after free tissue grafts with 
vascular microanastomosis, and in the treatment of 
frostbite. 

Materials and methods 
The experimental model developed by Kaufman 
et a1.5 has been used. It has been shown to repro- 
ducibly create a partial-thickness burn wound of 
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approx. 5 per cent TBSA, progressing to a full-thick- 
ness wound if desiccation of the wound is not 
prevented. Xt also has a very low intrinsic mortality 
rate. A few adaptations have been made, resulting in 
the following experimental protocol described below. 

Experimental animal 
Female Wistar rats of body weight 200 g (120 g) are 
used. The animals are housed in standard cages, 
submitted to a 12 h light/dark cycle and fed with 
standard rat chow and water ad libitum. Twenty-four 
hours before the test, the animals are shaved circum- 
ferentially on the abdomen and back, and carefully 
depilated with anti-allergic thioglycolate cream. 

Burn .wound 
Three aluminium cylinders, of exact dimensions 
(diamieter 3.76 cm, height 3.78 cm; total weight 500 g) 
are placed in a hot water-bath (75°C) for at least 1 h 
before the beginning of the tests. The animal is 
anaesthetized with Hypnorm (fentanyl citrate 0.315 
mg/mli + fluanisole 10 mg/ml) 0.15 ml/l00 mg body 
weight IM. This dosage provides good anaesthesia 
for approx. 3.5 h. 

The rat is then taken in the left hand, with the 
right flank exposed. One of the cylinders is taken out 
of the water-bath, and is placed immediately on the 
exposed skin for 10 s. No supplemental pressure is 
applied. The application time is measured with a 
chronometer. However, neither extra pressure nor a 
prolongation of the application time would have had 
a significant influence on the thermal energy transfer 
to the skin5. Isurface temperature measurements are 
performed at the surface of the cylinder (Therm 
2285-2, Enginel, Brussels), before and after each 
application, and show temperatures of 74+1”C 
before, and 69 f2”C after the application. The three 
cylinders are used alternatively, so that each cylinder 
is allowed a rewarming time of about 10 min. 

In a series of preliminary experiments, biopsies 
have shown that this method results in a uniform 
deep partial-thickness burn wound, progressing, over 
a 24-36 h period, to full thickness even when moist 
dressings are applied. 

urn wound care and resuscitation 
Immediately after burn injury, the wound is covered 
with a dry sterile gauze and the animal is left for 4 h 
without any treatment. 

Then, two punch biopsies (2 mm3) are taken from 
standardized parts of the burn wound, and a wound 
dressing is applied, consisting of a sterile gauze, 
impregnated with 10 per cent mafenide solution. The 
dressing is covered with an impermeable membrane 
(Opsite), and with two layers of adhesive elastic 
circular bandage (Tensoplast). No fluid resuscitation 
is given. 

Ancillary treatment 
The burn wound dressing is changed daily, under 
light anaesthesia (Hypnorm 0.05 ml/l00 g IM). 

The animals are randomized into three groups, by 
an independent person, not present at the time of 
burn wound infliction, The control group receives no 
ancillary treatment. The ‘piracetam group’ is given 
200 mg/kg piracetam IM (Nootropil, UCB Pharma, 

Belgium), twice daily (12 h interval), the first injection 
being given 4 h after the burn. 

The ‘HBOT’ group is submitted to hyperbaric 
oxygen for 60 min, every 8 h the first day, then every 
12 h the following 2 days. The first treatment is given 
4 h after the burn. 

HIyperbaric oxygen therapy 
H:BOT is performed in a small experimental hyper- 
baric chamber of 60 litres. The animals are placed 
with their cage inside the chamber, which is, after 
hermetic closure of the door, flushed with 100 per 
cent oxygen for 5 min. 

Then, over a 5-min period, the chamber is pressur- 
ized with 100 per cent oxygen to 203 kPa (absolute 
pressure). After a plateau phase of 1 h at this 
pressure, ensuring a constant ventilation with 100 
per cent oxygen (to prevent CO2 build-up), the 
chamber is depressurized over a 5-min period. 

This HBOT protocol is similar to the generally 
accepted protocols in the treatment of burns in the 
human patient. 

Morphological assessment 
Each animal is weighed daily, before treatment. 

The punch biopsies, taken on day 1, are immedia- 
tely fixed in Bouin’s solution for 1 h, then in a 15 per 
cent formaldehyde solution. 

At the end of the study period, the animals are 
killed by ether inhalation and the burn wound is 
excised entirely, to the fascia. A small (1 cm2) flap of 
unburned skin is included in the excision at the 
proximal end of the wound, to serve as an intra- 
individual control. The excised wound is fixed in 
Bouin’s solution for 1 h, then in a 15 per cent formal- 
dehyde solution. 

After fixation, three histological preparations are 
made. The first one is a horizontal cut through the 
middle of the entire specimen and the flap of 
unburned skin. The other two are horizontal cuts 
through each of the remaining parts. 

Standard haematoxylin-eosin staining is per- 
formed, and the specimens are assessed by an 
independent pathologist, experienced in the examin- 
ation of burn wound specimens, in the following 
way: 

1. Punch biopsies: a global histological appreciation 
is made, classifying the specimens as first, second 
or third degree burn, according to the standard 
histological criteria of epidermal necrosis, subepi- 
dermal dehiscence and skin appendage necrosis. 

2. Excised burn wound: 
-Reference skin flap: the number of skin append- 

ages per microscopic field ( x 100) is counted 
and is considered an indicator of the general 
type of skin. 

- Btlrn wound: four microscopic fields ( x 100) are 
analysed in the central horizontal preparation, 
and two more in the upper and lower part of 
the burn wound (six fields in total). In each 
microscopic field, the following parameters are 
evaluated: 
a. Degree of destroyed skin appendages, 

criteria for destruction being: presence of 
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round or pyknotic cells, disappearance of 
hair follicle roots, abnormal coloration of the 
cytoplasm. 

b. Degree of destruction of the epidermal 
cover, with estimation (in n/4) of the 
integrity of the basal epidermal cell layer. 

c. Degree of inflammation: per microscopic 
field, assignment of a score: 0 (no dermal nor 
hypodermal inflammation), 1 (moderate 
inflammation, leucocyte presence concen- 
trating around hair follicles) or 2 (severe 
inflammation, abundant leucocytes present 
in all skin layers). 

Statistical analysis 
For each animal, a global score for all six microscopic 
fields is calculated for each of the three histological 
parameters, by adding the scores for each micro- 
scopic field. After dividing by 6, a ‘mean’ score is 
obtained for each animal. The number of destroyed 
skin appendCages is further converted to a ‘per- 
centage of destruction’, by dividing this score by the 
number of appendages in normal adjacent skin (the 
‘reference skin flap’), and multiplying by 100. 

The means of per group are then calculated, and 
the groups are compared using a one-way analysis of 
variance (ANOVA) with Bonferroni correction for the 
presence of three groups; the null hypothesis being 
the similarity of all groups. 

ResulZts 

Fifty rats have entered the study. Early mortality was 
4/50 (8 per cent). No exact cause of the deaths could 
be given; however, anaphylaxis due to the Hypnorm 
injection could not be excluded, since one of the 
animals died even before the depilation could be 
performed. The 46 remaining animals were random- 
ized, after the burn wound, into three groups: 
control group (M = lo), piracetam group (n=19) and 
HBOT group (n = 17). 

The evolution of body weight is given in Table 1. 
No statistical differences are observed between the 
three groups. 

Analysis of the excised normnl skin flaps does not 
show any significant difference between the three 
groups (Table 11). 

All punch biopsies on day 1 have been classified as 
‘superficial partial thickness wound, with oedema 
formation, subepidermal dehiscence, and preserva- 
tion of appendages to the superficial third of the 
dermis. 

Percentage qf destroyed skin appendages on day 3: in 
both experimental treatment groups, markedly less 
skin appendages are destroyed (Table III). 

Table I. Weight loss 

Day I Day 3 Difference s. d. 
lul Id 1%) (%/ P 

Control 193.8 200.3 +3.35 5.443 
Piracetam 201.2 204.0 f1.42 3.681 >0.05 
HBOT 198.0 201.8 +1.92 4.198 > 0.05 
-- 

Piracetam vs. MOT: P > 0.05. 

Table II. Normal skin analysis 

n=5 n=6 n=7 Total Mean s.d. P 

Control 1 6 3 10 6.20 0.632 
Piracetam 4 7 8 19 6.21 0.787 > 0.05 
HBOT 6 5 6 17 6.00 0.866 >0.05 

Piracetam vs. HBOT: P > 0.05. 

For the HBOT group, the difference is statistically 
significant (0.61 vs. 0.73, P <0.05), but not for the 
piracetam group (0.64 vs. 0.73, P >0.05). The differ- 
ence between the piracetam group and the HBOT 
group does not attain statistical significance (P >0.05). 

Destruction of the epidermal basal layer (Table IV): in 
both treatment groups significantly less destruction 
has taken place. The HBOT group yields the highest 
level of significance (control 0.87; HBOT group 0.73, 
P ~0.001; piracetam group 0.78, P <O.Ol). The differ- 
ence between the piracetam and HBOT groups is not 
significant (P > 0.05). 

Degree of dermal and subepidermal leucocyte infiltration 
(Table V): the difference in leucocyte infiltration is not 
significant for the piracetam group (0.60 vs. 0.69, 

Table III. Destruction of skin appendages 

Fraction s. d. P 

Control 0.73 0.171 
Piracetam 0.64 0.098 >0.05 
HBOT 0.61 0.068 <0.05 

Piracetam vs. HBOT: Pr0.05. 

Table IV. Destruction of epidermal basal layer 

Fraction s. d. P 

Control 0.87 0.081 
Piracetam 0.78 0.068 10.01 
HBOT 0.73 0.059 <O.OOl 

Piracetam vs. HBOT: P 20.05. 

Table V. (Epi)dermal neutrophil infiltration 

Fraction s. d. P 

Control 0.69 0.104 
Piracetam 0.60 0.127 >0.05 
HBOT 0.47 0.082 <O.OOl 

Piracetam vs. HBOT: P>O.Ol 
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P >0.105). Fo:: the HBOT group, this difference is 
highly significant (0.47 vs. 0.69, P <O.OOl), and the 
difference is also highly significant between the 
experimental groups themselves (P < 0.01). 

Discussion 
Burn depth 
Depth and extension of the burn wound surface are 
two of the most important determinants of both 
mortality and morbidity of the burn injury. 
Although, in recent years, immediate mortality - due 
to ‘burn wound shock’ - has decreased significantly, 
owing to the more efficient fluid resuscitation proto- 
cols and the more aggressive surgical approach (early 
tangential excision), a considerable portion of the 
burn-related deaths now occurs during the weeks 
after the insult. These deaths are mostly due to 
multiorgan failure, respiratory insufficiency and/or 
systemic infectior?. 

As for morbidity, the risk of delayed burn wound 
healing and hypertrophic scar formation is directly 
dependent on the depth of the burn wound and 
hence its chances of re-epithelializing spontaneously. 

The longer the duration of the healing process, the 
higher the risk of wound infection, further compro- 
mising proper burn wound healing7-9. 

Apart from the direct cellular death by heat- 
induced denaturatron of proteins, a delayed and 
progressive necrosis is observed in the zones around 
the primary burn injury. A number of factors have 
been associated with this progression of cellular 
necrosis. 

Zawack? has described a progressive capillary 
stasis in second degree burn wounds, and was able 
to distinguish two phases: 

O-4. h: period of oedema formation, progressive 
capillary stasis. 
4-24 h: stabilization of oedema and capillary stasis. 

By preventing desiccation of the burn in this 
model, a reversal of capillary stasis could be observed 
after 2,4 h, up to the epidermal layers. 

In more severe burn wound models, however, as 
often observed in the clinical situation, these preven- 
tive measures, even when associated with ‘state of 
the art’ vascular filling and haemodynamic resuscita- 
tion, do not succeed in reversing this capillary stasis 
sufficiently to permit the survival of dermal cells?‘. 

One of the reasons for this may be found in the 
sequence of events causing this capillary stasis. 
During the first hours, the slowing of the capillary 
blood stream is essentially due to a mechanical 
compression of the capillaries by oedema formation 
in the tissues. There, the direct thermal energy 
overload causes cell lysis and liberation of oncotic 
substances in the intercellular space, with attraction 
of fluilds from the capillary vascular bed, and eleva- 
tion of the capillary blood viscosity**. This corre- 
sponds to the first phase observed by Zawacki’. 

At a certain point, this will induce rouleaux forma- 
tion of the red blood cells, progressive desaturation 
of their haemoglobin and progressive hypoxia in the 
capillaries adjacent to the initial burn injury. The 
consequences of this hypoxia, such as endothelial cell 
swelling and initiation/propagation of inflammatory 

reactions, will increase the permeability of the capil- 
lary wall and augment the oedema formation in 
these zones’213. 

The causes of oedema formation will thus be 
progressively shifting from initial extracapillary 
(increased oncotic pressure and hence increased 
afterload) to local structural defects (augmented 
capillary permeability and endothelial cel1 damage). 

A key factor in both the endothelial cell damage 
and the initiation of the various inflammatory 
cascades (complement activation, activation of arachi- 
donic acid cycle, coagulation cascade, activation of 
polymorphonuclear leucocytes) seems to be hypoxia- 
induced oxygen free radical (OFR) formation1”-‘7. In 
fact, the OFR mediated reactions taking place in the 
vicinity of the burn wound show striking similarities 
with those observed in most ischaemia-reperfusion 
models18. 

In these models, hypoxia induces OFR formation 
by means of at least two mechanisms: the conver- 
sion of xanthine-reductase (X-R) to xanthine-oxidase 
(X-O)~5~‘9, and the increase in the natural superoxide 
radical spill by the reduction of t:he enzymes of the 
electron transfer chain in the mitochondria of the 
endothelial cellzo. The increased production of super- 
oxide radical initiates an auto-aggravating process, 
with the leucocytes playing a key role in continuing 
OFR production21,Z2. This leads to increasing local 
tissue damage (by the deleterious action of the 
various OFR species on all cellular membranes), but 
may also induce distant pathological changes related 
to (pulmonary, hepatic, renal) migration and subse- 
quent translocation of neutrophils, or to increased 
production of humoral factors (TNFa, IL6 ~. ~)14*16. 

Any reduction in the hypoxic capillary and tissue 
damage is likely to reduce not only the final extent of 
th.e local insult, but also the risks of subsequent 
systemic complications in a burned patient. 

Hyperbaric oxygen therapy and piracetam in the 
treatment of burns 
Since 1965, the possible beneficial influence of HBOT 
on burn wound healing has been suggested23. 
Because of a lack of randomized prospective clinical 
trials and financial and/or practical constraints, the 
therapeutic use of oxygen under pressure has not 
gained widespread acceptance. There have been, 
however, a considerable number of experimental 
reports that document the effects of HBOT when 
used in the acute phase after the burn injury: 

l A decrease in the amount of plasma extravasation 
(25% vs. 41%) in dogs, submitted to a 40 per cent 
TBSA third degree burnz4. 

l An acceleration and more complete restoration of 
the capillary permeability (measured by the 
Chinese Ink infusion technique) in a rat model of 
5 per cent TBSA partial-thickness burn25. 

l A preservation of the tissue ATP levels in zones 
adjacent to the burn wound26. 

l A decrease in oedema formation and exudation 
rate in and around an (5-mm diameter) experi- 
mental partial-thickness burn wound in a human 
modelz7. 
These possible effects would be related to: 
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A generalized precapillary vasoconstriction, hyper- 
oxia-induced, diminishing the blood flow through 
the damaged capillarieP. 
An increase in the quantity of oxygen transported 
per unit of blood, by physical dissolution of 
oxygen in :olasma (up to 5 ml/l00 ml plasma)Z9. 
An increase in the intracapillary pressure of 
oxygen, resulting in an increase of the pericapil- 
lary diffusion distance of oxygerP. 
A possible increase in the plasticity of the red 
blood cells, diminishing the capillary sludge31. 

A number of clinical reports of the use of HBOT 
exist that seem to confirm these experimental 
findings. Notably, a reduction in resuscitation fluid 
requirements, in the needs for surgical interventions, 
in duration of hospital stay and in total hospital- 
ization costs, has been noted in patient groups, 
comparable in age, type of burn and TBSA burned3’. 
These ongoing studies, which are more economical, 
seem to gain importance. They are, however, subject 
to criticism because of their retrospective nature and 
a lack of formal randomization. 

For piracetam, no animal or human studies are 
available regarding its use in burns treatment, some 
being ‘en route’. However, the rheological properties 
of this widely used drug, together with the complete 
absence of noticeable side-effects, even at extremely 
high dosages, warranted its formal evaluation for this 
field of application. 

Experimental set-up 
Although the influence of HBOT as a therapeutic 
measure ‘on its own’ has been demonstrated in the 
experimental setting, few animal studies have been 
performed to evaluate the supplemental benefit of 
HBOT to a classical burn wound treatment protocol, 
in preventing the extension of the burn injury. 

Therefore, our protocol was designed to resemble a 
‘realistic’ burn patient treatment scenario: 

A delay of 3-4 h before initiation of advanced 
burn wound management. 
Daily wound dressing changes, with application of 
an antimicrobial agent. 
Utilization of a HBOT protocol that is currently 
accepted and employed in the ancillary treatment 
of burned patients33. 
Utilization of a currently recommended high 
dosage of piracetam (200 mgkg b.i.d. IM). 

As an antimicrobial agent for this study we have 
chosen mafenide hydrochloride. Although silver 
sulfadiazine l per cent cream is more commonly 
used in burn centres throughout the world, its greasy 
component is likely to be incompatible with external 
high pressure oxygen exposure (risk of explosion), 
and may represent a serious fire risk when treating 
these patients in a monoplace hyperbaric chamber. 

Mafenide, although not commercially available as 
an aqueous solution, can be obtained in powder 
form, and in our burn centre it is commonly used in 
a 10 per cent solution, as in the commercially avail- 
able cream. This unusual pharmacological presenta- 
tion does not,. to our view, affect the validity of the 
results of our study. 

For this study, no haematological or serological 

parameters have been studied, for the burn wound 
inflicted was small (5 per cent TBSA) and would not 
routinely need important intravenous fluid resuscita- 
tion. Also, the risk of distant complications is, in this 
type of injury, virtually non-existent. 

Lung tissue biopsies, taken from animals of 
preliminary groups after completi.on of the study 
period, showed no gross pathological alterations 
(data not shown) in either group. Any serological 
alterations would be likely to be either unmeasurable 
or of no clinical significance in this burn wound 
model. 

Results 
HBOT and piracetam were both able to decrease the 
amount of (epi)dermal cellular destruction, as well as 
the degree of inflammatory reaction (dermal leuco- 
cyte infiltration), when applied early after the burn 
infliction. This could represent an added benefit 
when compared to a ‘classical’ burn wound treat- 
ment only. 

Some reservations have to be made, however, as to 
th.e interpretation of these results: 

1. It is not known how big a fraction of skin append- 
ages needs to be preserved to ensure spontaneous 
burn wound healing. The difference in appendage 
destruction is small but (for the HBOT group) 
statistically significant. Whether this will result in 
faster healing of the burn wound is impossible to 
appreciate from this study. 

2. The same remark can be made for the percentage 
of destruction of the surface epithelium. This 
destruction is, obviously, mainly induced by the 
direct thermal energy directed to these cells. The 
fact that HBOT or piracetam, either via an 
increased availability of oxygen or by some other 
mechanism, can preserve a bigger portion of these 
cells, is interesting, but here again, the difference 
is very small, and the clinical importance is 
questionable. 

The decrease in polymorphonuclear leucocyte 
infiltration in the HBOT group is the most striking 
observation. Being admittedly only an imprecise 
indicator of the extent of the inflammatory reactions 
that are taking place, neutrophil adherence to the 
capillary wall, followed by rolling and translocation, 
is one of the earliest and most easily observable signs 
of their activation17,22,34,35. It seems that HBOT is able 
to significantly reduce this leucocyte migration. 

Conclusions 
This study addressed, from a morphological, descrip- 
tive point of view, the possible benefits of HBOT and 
piracetam when used in conjunction with conven- 
tional burn wound treatment. No information was 
obtained as to the final clinical consequences of these 
ancillary treatments, because animals were killed 
before wound healing. However, the effects of 
HBOT, notably on the degree of inflammatory leuco- 
cyte response, are important, and warrant further 
investigation. 

A biochemical study, producing a more significant 
burn injury, and subsequent serological measure- 
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men&, as well of their effects on OFR production, 
will therefore be undertaken. 

This study suggests that HBOT may have a place 
in the co&ineudu early 
injury. 
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