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Introduction

Research on burn wound pathophysiology has
evolved fast in the last decade, especially as regards
the early post-burn period.1,2 Knowledge of the bio-
chemical response,3 fluid resuscitation, and infection
control4,5 has definitively helped to increase the ac-
curacy of the clinical intervention, reducing recog-
nized complications and decreasing mortality rates.

Scarce information has been produced regarding
the burn-healing pathophysiological mechanisms in-
volved in the different stages of this long-term pro-
cess, and this is particularly relevant to the preven-
tion of healing abnormalities such as excessive scar-
ring.1,6

The application of non-invasive diagnostic meth-
ods to this field, such as laser Doppler flowmetry
(LDF), high-resolution sonography, and tissue
oxymetry, has brought new possibilities. LDF 7-9 and,
more recently, laser Doppler imaging10,11 have helped
to evaluate burn depth and have been regarded as
powerful predictive tools for wound outcome.11 High-
resolution sonography has helped not only to assess
the efficacy of therapeutic interventions during the
scarring process12-14 but also to approach the clinical
severity of the wounds.15,16 tissue monitoring
was made possible by the local measurement of O2

and CO2, sometimes combined with local flow mea-
surements.17-19 The continuous search for more prac-
tical and precise assessment tools has motivated many
other research strategies20,21 but wound-healing quan-
titative description still faces many difficulties in the
selection, definition, and assessment of the most use-
ful descriptors for comparative purposes and docu-
mentation. This information is however critical, not
only as a decision factor regarding excision and graft-
ing but, simultaneously, in the post-trauma period,
for a better understanding of the mechanisms con-
tributing to a fast and effective healing process.

The present study helps to follow the time course
of the wound-healing process, through several tran-
scutaneous indicators obtained non-invasively, from
the post-graft period until full recovery of such pa-
tients. By helping to identify the evolution of the
wound’s functional profile during the scarring pro-
cess, both in the burn graft lesion and in the donor
lesion areas, the study also aims to contribute to a
better understanding of wound maintenance and re-
habilitation.

Materials and methods

Experimental data were obtained from nine Cau-
casian patients (8 male, 1 female), aged between 19
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and 68 yr (mean, 44.0 ± 14.8), all presenting full-
thickness wounds as a consequence of a thermal
burn trauma ( ), with a specic indication for
autograft surgery. The patients were selected in the
hospital burns unit, according to previously dened
inclusion criteria and after obtaining informed writ-
ten consent. Depending on the clinical stabilization
of each patient, the rst experimental assessments
occurred 2 to 4 weeks after the graft procedure.

Measurements were made in an environment with
controlled temperature and humidity, in accordance
with the usual recommendations involved in this type
of technology.22-24 Each patient was allowed to rest
for at least 20 minutes in order to ensure full skin
adaptation to room conditions (temperature, 21 ± 1
°C; humidity, 40-60%), remaining in the same pos-
tural position (seated) during the experiments, thus
avoiding any haemodynamic modication inuencing
measurements.23

Anatomical areas were marked and mapped to
ensure a consistent evolution analysis of results. Graft-
ed lesions (GL) and donor lesions (DL) and the re-
spective contralateral intact zones (cGL and cDL, re-
spectively) were quantitatively described at weeks
(W) 2, 4, 6, 8, 12, and 26, thus resulting in a reg-

ular follow-up in each patient. Results were always
compared with the normal (contralateral) control ar-
eas in each individual. A normalization procedure was
followed to better visualize the evolution of variables,
also reducing inter- and intravariability, a well-known
complication of studies. This was analysed as
the ratio obtained after baseline results, meaning that
the control reference should be close to one.

The transcutaneous (tc) variables considered ad-
equate for the purposes of the present study were:

* local microcirculation assessed using LDF, ex-
pressed in arbitrary blood perfusion units or
BPUs) with the Oxford Array system (Oxford
Optronics, UK);

* tc PO2 (in mm Hg) assessed using a TINA TCM3
system (Radiometer, Denmark); the probe con-
sists of a sole combined electrode, which al-
lows simultaneous recordings of tc PO2 and tc
PO2;

* transepidermal water loss (TEWL, expressed in
g/h/m2) assessed using a Tewameter
TM210/TM215 system (CK Electronics, Ger-
many).

Photographic records were also made at each
time of experiment. Descriptive statistics and com-

Fig. 1 - Illustrative view (digital photo) of the graft lesion area (GL in the right lateral dorsum) and donor lesion area (DL in the
anterointernal face of the left thigh) evolution during the study time course (vol. #9). 
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parative non-parametric analysis (Wilcoxon paired
test) were applied. The Spearman non-parametric test
was used to study the correlation of variables. A 95%
confidence level was adopted ( < 0.05). 

Results

illustrates a typical evolution of one pa-
tient’s lesions during the study.

Individual data and global results obtained for
the different variables are summarized in 
and respectively. Only four patients were clinical-
ly able to be included from W2, for safety reasons,
but these results are nevertheless also presented
since they basically illustrate the same functional sit-
uation detected in W4, considering their clinical sta-
tus.

The evolution of the different variables after “nor-
malization” is shown in . This procedure, re-

lating each absolute value to the respective con-
tralateral control, helps to reduce variability and fa-
cilitates readings; 1 is taken as the reference (nor-
mal) level of function.

Local flow changes ( and ) were es-
pecially pronounced in the GL area, although higher
readings were consistently present in the first weeks
after intervention. For GL, significant differences ( <
0.05) between the lesion and the normal contralater-
al area were detected only at W4 and W6. For the
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Table II - Descriptive statistics (mean ± standard deviation)
of trans cutaneous variables, laser-Doppler flow (LDF), tran-
scutaneous oxygen partial pressure (tcPO2) and transepider-
mal water loss (TEWL), obtained during the study time cour-
se in both lesion areas (GL-graft lesion; DL-donor lesion) and
respective intact contralateral equivalents (cGL and cDL). Sta-
tistical significance of the differences found between the le-
sion and the respective control, in each evaluation 

Fig. 2 - Graphic representation of the evolution of local mi-
crocirculation assessed by laser Doppler flowmetry in both graft
lesion (GL) and donor lesion (DL) areas. Values were pre-
viously normalized (see text) so that “1” corresponds to the
baseline reference value. Statistical significance of the diffe-

(ns: non significant differences found; * : < 0.05)

Fig. 3 - Graphic representation of the evolution of local tc
p O 2
in both graft lesion (GL) and donor lesion (DL) areas. Values
were previously normalized (see text) so that “1” corresponds
to the baseline reference value. Statistical significance of the

(ns: non significant differences found; * : < 0.05)

tc pO2
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DL area, significant differences ( < 0.05) were pre-
sent until W8. However, differences between these ar-
eas could not be demonstrated statistically.  

Regarding transcutaneous gas measurements,
and show that tc PO2 was consis-

tently reduced in both lesion areas with regard to
the reference value, progressively increasing during
these experimental periods. Regarding the respective
control, significant differences were detected from
W4 to W26 for GL, while for DL full functional re-
covery was present at W26, with no significant dif-
ferences between the lesion and the respective con-
tralateral control. Comparison between both lesions
confirmed the absence of statistically significant dif-
ferences. 

TEWL ( and ) show a consistent
evolution in both areas, with significant differences
detected between lesion areas and the respective
controls from W4 on. A particularity was detected for
graft comparison at W12, when a shift in the vari-
able tendency was noted. Up to this point, GL val-
ues were always higher than cGL, while from W12
on cGL values were significantly higher than GL. This
trend was not present in the donor lesion, where DL
values were significantly higher than the respective
control from W2 to W26. Statistically significant dif-
ferences between both lesions were seen from W8
on ( < 0.05).

Discussion

Wound management is a critical aspect of the
full-thickness burn lesion healing process, especially
after the shock phase and wound closure.1,24 Abnor-
mal evolution of this multifactorial process compro-
mises the barrier recovery, and may alter the scar-
ring mechanisms, affecting wound cosmesis and the
patient’s quality of life.21,26

The scarring process and wound outcome are
normally assessed by conventional clinical evaluation,
although a few attempts have been made to estab-
lish correlations with objective parameters obtained
by non-invasive biophysical methods.9-11,14-16,21 Burn
healing outcome was frequently considered to be a
function of local blood flow, and the potential use of
the laser Doppler technique was explored as a pow-
erful predictive tool.8,9,27 Some limitations are howev-
er recognized. It is known that the LDF signal de-
pends on light scattering by the tissue, which is par-
ticularly complex at the skin surface owing to the
general variability and structural specificity of the cu-
taneous vascular architecture, from the superficial to
the deeper structures. LDF signals always include

specific artefacts such as the pulsatile nature of the
signal, which is mostly related to the heart-syn-
chronous rhythm determined at the capillaries, and
to some degree of laser instability, eventually im-
pairing analysis.27,28 Nevertheless, LDF has been ex-
tensively studied, including its use in the assessment
of skin burns, skin flaps, and skin grafts8,9,29 and a
variable degree of LDF correlation with clinical as-
sessment has been found, depending on the depth
of wounds and the (high) value of variation obtained
in each measurement site. This high variability was
also present in our results, being more marked in
the first follow-up weeks ( ). The LDF profile
( ) exhibited a coherent evolution in both le-
sions that might be compatible with progressive reg-
ularization of the local vascular status. However, this
process seemed to happen earlier in GL, where the
absence of functional differences between the lesion
area and the respective control was seen until W6,
probably reflecting different revascularization mech-
anisms in these different lesion approaches. The ex-
traordinary variation of readings during W2 and W4,
particularly considering the grafted region, was prob-
ably emphasized by the intense oedema affecting
these areas, also explaining the absence of statisti-
cally significant differences between both lesions.

As we knowing that blood flow alone is not an
absolute indicator of the healing process,8,27 the evo-
lution of other potentially related transcutaneous
variables was also analysed. Transcutaneous PO2
measurements is accepted as representing local ar-
terial blood flow and oxygenation.24,30 However, few
studies explore this parameter, probably reflecting
the known theoretical and experimental complexi-
ties affecting the method.17,19,30 Gas diffusion through
the skin critically depends on the cardiorespiratory
function and requires previous pre-heating of the
skin (43-45 °C), since at 37 °C recorded values are
near zero.24 The PO2 in the capillary bed is higher
than in the arterial blood owing to the temperature
effect that contributes to increase the local flow and
oxygen dissociation from haemoglobin (Hb), dis-
placing the Hb-dissociation curve to the right.24,30

Stratum corneum thickness and cohesion affect tc
PO2, offering a considerable resistance to oxygen
diffusion; epidermal consumption should also be con-
sidered since it contributes to decrease the oxygen
partial pressure detected at the skin surface.19,24 As
shown ( and ), tc PO2 readings were
consistently reduced in both lesion areas, compared
with the respective normal contralateral controls.
This reduction, which occurred with similar magni-
tudes until W6, may have been primarily related to
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the physical barrier created by the maturation pro-
cess in both areas. From W8 on, a clear trend to
higher values seems to have been established in
the donor area, although no significant differences
between GL and DL could be found. This may have
resulted from differences in the maturation pro-

cesses occurring, rather than from local revascular-
ization processes. Maturation probably involved high-
er levels of collagen and extracellular matrix accu-
mulation in the grafted area, providing a thicker and
more resistant barrier to local oxygen diffusion. 

Finally, measurement of TEWL, a principal indi-
cator of the cutaneous “barrier” function,21,31,32 clear-
ly suggested that grafting and skin harvesting dra-
matically changed this basic property of skin
( and ). Progressive recovery of this vari-
able was observed from W2 on, the GL values be-
ing higher than DL values until W4 (although not
statistically different). From W6 on, however, TEWL
in GL was progressively reduced, while DL values
were more sustained, meaning that DL readings were
significantly higher than GL values from that period
on. It should be stressed that TEWL registered in
both lesions in W26 still showed higher values than
expected, when compared with the normal reference
( ). GL values were however nearer to the ex-
pected “normality”. Although these differences may
have been affected by the variability determined by
different anatomical sites (the donor site was the an-
terior face of the thigh in all the volunteers), these
may also have been related to the different nature

Fig. 4 - Graphic representation of the local evolution of tran-
sepidermal water loss (TEWL) in both graft lesion (GL) and
donor lesion (DL) areas. Values were previously normalized
(see text) so that “1” corresponds to the baseline reference
value. Statistical significance of the differences found between

(ns: non significant differences found; * : <

RÉSUMÉ. L’évaluation non-invasive de la guérison des brûlures permet des nouvelles intuitions sur la pathophysiolo-
gie de la guérison des lésions. Dans cette étude pilote, les Auteurs ont inclus neuf patients atteints de lésions ther-
miques soumis à l’autogreffe des lésions. Les zones de la lésion greffée (LG) et de la lésion donatrice (LD) ont été
suivies pendant 6 mois moyennant l’évaluation non-invasive de la microcirculation locale, le PO2 transcutané et la per-
te hydrique transepidermique (PHTE); les zones contralatérales intactes ont été employées comme témoins. Les ré-
sultats démontrent que les variations de flux local dans la LG étaient significativement différentes ( < 0,05) de la
condition normale jusqu’à la 6ème semaine, tandis que dans la LD les différences continuent jusqu’à la 8ème semai-
ne. Les Auteurs n’ont pas observé aucune différence entre la LG et la LD pour ce qui concerne l’évaluation du PO2

transcutané. Cependant, la guérison fonctionnelle complète a été obtenue plus tôt dans la LD, tandis que dans la LG
des différences statistiquement significatives ( < 0,05) entre la lésion et la zone témoin étaient encore présentes à
la 26ème semaine. L’évolution da PHTE démontrait que des différences significatives ( < 0.05) entre les lésions, par
rapport aux témoins respectifs, persistaient dans la 26ème semaine, probablement à cause de mécanismes différents
de guérison. Globalement, cette étude aide à définir le profil fonctionnel de la guérison des lésions, soulignant l’intérêt
de l’évaluation non-invasive de la pathophysiologie des lésions dans les soins des brûlures et pendant la réhabilita-
tion.
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