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Introduction and 
outline of this thesis 

The skin is the largest organ of the human body. It protects the 
body against fluid loss and defends against invasion of micro
organisms. Moreover, it is pliable and able to resist enormous 
physical stress. 

A severe burn injury may interfere with all functions of the 
skin. In addition, the burn injury frequently has a profound 
effect on other organ systems such as the circulation, the lungs 
and the kidneys. Then, a life-threatening situation may develop 
due to fluid loss, severe bacterial infections, and eventual 
septic shock. Many patients survive extensive burn wounds 
nowadays due to advances in resuscitation and antimicrobial 
therapy. The remarkable reduction of the mortality and mor
bidity of burned patients increased the necessity and challenge 
to treat extensive and complicated wounds. 
In man, the healed partial or full-thickness wound normally 
becomes a scar with a poor functional and cosmetic outcome. 
This is a consequence of the wound healing process that gives 
a higher priority to the speed of wound healing than to the 



quality of the scar. In this way, the occurrence of potentially lethal 
complications may be prevented. Fast wound closure is obtained 
by tissue proliferation and wound contraction. Those mechanisms 
may render the scar hypertrofie and contracted. Although scars 
start to mature after a few months, functional and cosmetic distur
bances frequently remain in the long term. 
The most dramatic results of scar formation are seen in extensively 
burned patients. As burn patients with a burned body surface area 
over eighty percent may survive the burn trauma, scars remain 
over almost the entire body. Thermal energy may also destroy 
deeper tissues such as muscles, fat and tendon. The impact of such 
wounds and scars can be enormous for the patient, especially m 
regions like the face and hands. 
The split thickness autograft has become the mainstay of the treat
ment of large sized burn wounds'. This treatment offers the possi
bility to resurface large-sized wounds but still leads to scar tissue 
with poor functional and cosmetic qualities. Moreover, the need 
for donor sites sometimes exceeds the available unburned skin in 
extensive burn wounds. The development of artificial skin may 
circumvent problems that are faced by current burn surgery. 
The application of artificial skin reduces the need for large donor 
sites and is hypothesised to serve as a template for wound healing 
process, allowing a better control of the repair mechanism The 
success of culturing keratinocytes to confluent sheets by Rhemwald 
and Green' and the development of an artificial dermis by Yannas 
and Burke3 were the first steps towards the development of a tissue 
engineered skin. , 

The study that led to this thesis initially concentrated on the clinical 
evaluation of an artificial dermis in acute burn wounds and recon-
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structive surgery at the Burns Centre and the Department of Plastic 
Reconstructive and Hand Surgery of the Red Cross Hospital This ' 
dermal substitute was selected after extensive in vitro and in vivo 
studies at the Department of Dermatology from the Academic 
Medical Centre, Amsterdam". A scar evaluation protocol was set 
up to evaluate the clinical effectiveness of the dermal substitute 
I his protocol employed an objective and subjective evaluation of 
the most prominent features of scar formation: colour mismatch 
contraction, poor elasticity, and hypertrophy. Biopsies were 
obtained for evaluation of relevant histologic parameters such as 
the collagen network architecture. When the protocol was set up 
we noticed that studies on the reliability and especially the accura
cy of scar evaluation tools were sparsely published. How could we 
rely on these tools when it is unclear what they measure? We there
fore reviewed all types of scar assessment tools in the first section 
of this dissertation and performed two studies to establish the reli
ability and accuracy of techniques to evaluate vital characteristics 
of scar evaluation: the contraction of the scar and architecture of 
the collagen network. The review and both studies are given in 
chapter 1, 2 and 3 respectively. 

Also we noted that long-term outcome of conventional split skin 
grafting has been sparsely evaluated, maybe simply because the 
adequate tools for scar evaluation were lacking. Three studies are 
described in the second section of this dissertation that evaluate 
the long-term outcome of different aspects of scar formation after 
conventional split skin grafting. In chapter 4, a long-term function
al evaluation is described by objective test criteria, focused on the 
burned hand. Prognostic factors are identified with respect to the 
functional outcome. The next chapter, chapter 5, deals with prog-
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nostic factors for contraction of the scar, whereas chapter 6 is 
devoted to a study that quantifies different aspects of collagen 
structure in scar tissue and in normal tissue. 
The last section of this dissertation describes different aspects 
of the clinical application and development of artificial skin. 
It starts with a review, chapter 7, on the current status of epi
dermal, dermal and complete skin substitutes. The clinical 
effectiveness and microscopic evaluation of a dermal substi
tute which is based on collagen and elastin-hydrolysate, is 
discussed in chapter 8 and 9. This section ends with chapter 10, 
where an experimental study is described that explores possi
ble fibroblast sources of autologous origin that allow prepara
tion of 'living' dermal substitutes. The application of autolo
gous fibroblasts to our acellular dermal substitute has been 
shown to improve the quality of scar formation in the animal 
model5 At present, a clinical trial is being performed to study 
the clinical effectiveness of cell seeded dermal substitutes for 
burn wounds and reconstructive surgery. 
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Abstract S c a r r i n g i s considered a major medical problem that 
leads to cosmetic and functional sequelae. Scar tissue is clinical
ly distinguished from normal skin by an aberrant colour, rough 
surface texture, increased thickness (hypertrophy), occurrence 
of contraction, and firmness. Marked histologic differences are 
the change in dermal architecture and the presence of cells like 
the myofibroblast. Many assessment tools are available for 
analysis of pathologic conditions of the skin. However, there is 
no general agreement as to the most appropriate tools for eval
uation of scar tissue in specific. This review critically discusses 
currently available objective measurement tools and subjective 
assessment tools as well as potential devices that may be avail
able in the future that make up the scar assessment. 
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Introduction 

The skin acts as a shield to the outer world and has several impor
tant functions. It defends the body against invasion of microorgan
isms, fluid loss, and it must withstand shear and tractive forces 
Only decades ago, even small wounds were potentially lethal It is 
understandable that, then as well as now, wound healing was 
aimed at rapid wound closure. The quality of the repaired tissue was 
therefore of secondary importance. Today however, patients may 
survive large wounds due to advances in shock therapy and infec
tion prevention. The quality of the product of wound healing is 
therefore becoming increasingly more important with emphasis on 
functional and cosmetic outcomes. 

The derailment of the wound healing process often results in a 
raised, firm scar with a poor colour match to its surrounding tissue It 
is widely known that scars may lead to an array of cosmetic func
tional and psychological consequences for the injured patient wheth-

AHU y I " 1 1 " f r ° m m i n ° r l n S U l t S ° r S e v e r e i n J ' u r i e s s u c h a s bums 
Although an increasing number of subjective and objective tools are 
becoming available, there is no general agreement as to the most 
appropriate tool(s) for scar evaluation1. In this review, we outline 
problems with scar evaluation and discuss the currently available 
literature as it pertains to scar assessment tools. Subjective and ob
jective scar assessment techniques are discussed including several 
types of devices that may be used during clinical evaluation as well 
as techniques for histologic analysis. The appropriateness of assess
ment scales and measuring devices are critically reviewed with re
spect to the concepts of reliability and accuracy2. Reliability refers to 
the reproducibility of measurements or ratings by observers3 where
as the accuracy, also termed 'validity', refers to the exactness of the 
measurements or ratings4, in other words, do we measure what we 
want to measure? Clearly, the use of reliable and accurate tools to 
measure features of scars is of paramount importance if we are to 
establish empiric evidence, leading to a better understanding of the 
natural history of scar formation and therapeutic options 

14 



Scar assessment tools: 
implications for current research 

Scar features with 
relevance for research purposes 
The characteristics of a scar depend on its aetiology, depth, size, loca
tion, type of treatment, and the individual's genetic predisposition5. 
Frequently scars lead to disturbances in skin function and changes 
in both macroscopic and microscopic skin architecture. As a conse
quence, a number of undesired signs generally occur such as colour 
mismatch, surface texture, increased thickness, firmness, contrac
tion, and contracture. 
Colour mismatch and coarse texture of the scar surface pertain to 
cosmetic outcome. For example, the perception of the mesh pattern 
after split thickness autografting is a well-known long-term sequel 
of scar formation and is considered a disturbing feature by both 
patients and physicians. A clinical example of the 'patchwork quilt' 
in a matured scar is displayed in Figure ia. 
Contraction of the injured area occurs frequently during the wound 
healing process and can interfere with the range of motion of joints, 
as illustrated by Figure lb. The contraction mechanism is hypothe
sised to result from granulation tissue fibroblasts, the so-called 
myofibroblast (which exhibits features of smooth muscle cells)6'8. 
In addition, other non-cellular features have been shown to play a 
role in scar contraction such as age9;'°, anatomical location" and the 
influence of tension and mobility of the skin". Despite an extensive 
number of in vitro and animal studies, there is no definite proof pro
vided by clinical studies that the myofibroblast actually is responsi
ble for scar contraction in humans. The absence of such studies is, in 
part, a consequence of the lack of well-established tools to measure 
scar surface areas. As shown in Figure ie, hypertrophy can be a stig
matising feature of scar formation and may reduce the elastic quali
ties of the skin. Hypertrophy or sometimes atrophy of the scar is 
quantified by measuring scar thickness or volume. This can be done 
clinically by assessing its height or by measuring its thickness with 
devices like ultrasound'2. Scar thickness can also be assessed 
through histological analysis of biopsied tissue, the current 'gold 
standard', however, less invasive techniques which have a compa
rable or greater reliability and accuracy are sought. 

15 
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Collagen structure is one of the many areas of interest in wound 
healing research as scar tissue and normal tissue display different 
collagen architecture. Histopathological studies of mature scar tis
sue show a collagen bundle orientation parallel to the epidermis 
(Figure 2a) rather than a more randomly organised pattern found in 
normal dermis'3 (Figure 2b). Typically, histopathological studies are 
performed by one or two observers using conventional light micro
scopy in combination with polarised light'4. The optimal assess
ment technique of collagen orientation, however, has not been 
established. Recently, sophisticated computerised image analysis 
methods and other non-invasive methods have become available 
for collagen orientation assessment, which will be discussed below. 
Mechanical qualities of the skin and scar are well appreciated. Firm
ness and elasticity result from a collagen-elastin network which is 
impregnated in a ground substance of extracellular matrix mole
cules (proteoglycans)'51'6. Mechanical devices and subjective scales 
are available for the evaluation of elastic qualities of the scar. In 
addition, clinical tests have been developed to assess joint range of 
motion or the performance of daily activities in order to establish 
the consequences of scar formation on functional impairment. 
Having reviewed the most crucial scar features we will give an 
outline of the currently available scar assessment tools for the eval
uation of scar features. 

Clinical (non-invasive) evaluation of scars 
Scar colour - colorimetry 

A colour mismatch can be a stigmatising feature of a scar. Aberrant 
skin colour changes are related to disturbances in vascularisation 
and pigmentation. Colour analysis is part of a burn scar assessment 
tool also known as the Vancouver Scar Scale'71'8, which subjectively 
measures pigmentation and vascularity (as well as pliability and 
scar height that are discussed below). Pigmentation initially is 
scored as normal, hypo- and hyperpigmentated. The vascularity 
score is ranked as follows: normal, pink, red and purple. Because 
only a moderate inter-rater agreement was documented for each 
parameter (Cohen's K of approximately 0.5), the authors of the origi-

16 
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Figure J Features of scar formation 

Figure ia This figure shows a fully 
matured 8-year old burn scar with 
a disturbed surface texture and with 
a reduced mobility of the shoulder. 

Figure ib A contracted 6-months old 
burn scar in the elbow region, leading 
to impaired range-of-motion of this joint 
(contracture). Note the visibility of the 
mesh pattern. 

• 

Figure ic A hypertrofie 7-month old burn 
scar on the right forearm. 

| ^ ^ 

^ PS 
f 
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nal paper'7 noted that the scale needed improvement especially 
with dark, vascular scars and mixed pigmented scars. Others ad
dressed this criticism by adding the term mixed pigmentation to the 
list'8. Their agreement was however only moderate for pigmenta
tion (K=O.6I). 

18 
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implications for current research 

Beausang et al.'9 proposed not to rate vascularisation and pigmenta
tion separately but to only use one scale for colour mismatching 
with the ranking: none, slight, obvious and gross mismatch. In this 
study no data were given for separate parameters however, a good 
correlation (1=0.87) was obtained for the reliability often observers 
for the complete scale concerning photographic assessment. 
Although the observer may distinguish thousands of colours, the 
human brain can not reliably and accurately quantify the colour or 
its intensity. Moreover, it is difficult to accurately memorise colours, 
which interferes with the quality of scar colour ratings if they have 
to be evaluated during different time periods20. Therefore, a colour 
model based on human perception was developed by the CIE 
(Commission Internationale de 1'Eclairage) and has proven useful 
for research in the dermatological field2'. Different devices have 
been developed that have integrated the CIE tri-stimulus colour val
ues into their systems. These include the Minolta chromameter™ 
CR-200 and 300 (Minolta Camera Co., Osaka, Japan), the Labscan 
6000® (Hunter Associates Inc., USA), and Dr Lange Micro Color (Dr 
Bruno Lange GmbH, Dusseldorf, Germany). 

Spectrophotometric colour measurement is a different method that 
calculates an erythema and melanin index. The erythema index (EI) 
is defined as: EI = 100 x Log (intensity of reflected red light/intensity 
of reflected green light) and the melanin index (MI) is defined as: 
MI = 100 x Log (i/intensity of reflected red light). The erythema 
index of this device is therefore related to the melanin index. The 
DermaSpectometer® (Cortex Technology, Hadsund, Denmark) is a 
handheld instrument based on this principle22. 
The Minolta Chromameter has been applied for scar evaluation23 

and was shown to be equal to the Micro Color24 for the assessment 
of quantification of erythema and was found to correlate well with 
the Dermaspectrometer regarding erythema assessment2"6. The me
lanin index of the DermaSpectrometer correlated only moderately 
well with the Chromameter, which measures pigmentation by as
sessing brightness. The melanin index seems to correlate more 
specifically with pigmentation itself instead of scoring brightness20. 
The question that is yet unanswered, is which colour measurement 
tool has superior accuracy. 

19 
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If we are interested in scar colour because we want to measure the 
extent of vascularisation, we might consider the laser Doppler flow 
meter as this tool is well suited for the evaluation of cutaneous 
blood flow. The laser Doppler flow meter correlates positively with 
different colorimeters (Minolta Chromameter and Dr Lange Micro 
Meter)24 but is less sensitive than simple visual assessment of ery
thema27. With respect to erythema, it has been concluded that blood 
volume under a given area, and not the velocity of erythrocytes, 
determines skin redness26. Therefore laser Doppler flow meter should 
not be the first choice in measuring skin redness. 
A major drawback of the reliability studies on colour measurement 
that are found in the literature is that these studies were performed 
on pathological conditions of the skin like erythema and not on scar 
tissue. It remains questionable whether these techniques can also 
be applied with the same accuracy to the evaluation of scar tissue. 
For example, it has been stated that the surface texture of the test 
area influences the measurements by the DermaSpectrometer22. This 
might interfere with measurements on bumpy scar surface areas 
such as hypertrophic areas or keloids. Further studies are warranted 
to substantiate the accuracy and reliability of assessment tools for 
scar colour. 

Surface texture - profilometry 

The surface of scars often becomes irregular. This bumpiness is fre
quently seen with mesh patterns of burn autograft treatments as 
the areas between the mesh become raised, forming a 'patchwork 
quilt'28. As shown in Figure ia such irregularities may remain at least 
for many years. The degree of irregularity has been evaluated sub
jectively with good reliability by the Hamilton scale29 and a scale 
developed by Smith and colleagues30, however data regarding the 
accuracy of these tools are lacking. 
Devices are available that objectively establish the contour of skin 
surfaces, directly, or indirectly by creating a negative replica of the 
skin3'. The contours are analysed with an optical32133 or mechanical34 

profilometer. These devices were designed for applications in the 
cosmetic industry and have not been studied in the evaluation of 
scars. 
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Surface area - planimetry 

Measuring surface areas is referred to as planimetry. Planimetry is 
useful for calculating the extent of contraction over time. Although 
contraction is considered beneficial to obtain fast wound closure"'35, 
the process of contraction frequently continues after the epithelium 
is restored35, which may lead to a disturbed function of skin and 
joints. The importance of this complication is well appreciated by 
numerous animal studies36 40. Several human studies have utilised 
tracing techniques to evaluate contraction at the acute period after 
wounding41"45, but there is a lack of studies employing this tech
nique for scar analysis over the long term. This paucity of studies 
most likely stems from the fact that it is difficult to perform plani
metry reliably on scars in clinical situations. For example, scar mar
gins become more difficult to delineate as they mature, or the mar
gins are obscured by blood and the like during operative procedures. 
Tracing of scar margins on clear plastic film or planimetry by pho
tography46 are the most common methods of planimetry. More 
sophisticated methods make use of structured light that allow 
scanning of body areas, which is followed by a three-dimensional 
computer reconstruction47. Even full body scanners have become 
available48. Although the latter might become a 'gold standard' in 
time, we advocate the development of inexpensive and uncompli
cated methods that can be clinically validated and which can be 
applied without limitation. We have found (unpublished data) that 
planimetry by photography is more accurate and reliable than 
planimetry by tracing for measurements on flat surfaces like the 
back and moderately curved surfaces like the thigh. Planimetry by 
photography is less accurate than planimetry by tracing primarily 
for extremely curved body parts. This result is probably due to dis
tortion of the highly curved areas. Overall however, we recommend 
the photographic technique as a standard evaluation method. 

Thickness 

Measuring scar thickness is relevant for the clinical evaluation of 
hypertrophy, which can be a frequent and cosmetically disfiguring 
sequel of scarring. The question is whether we are interested in the 
total thickness of the scar or only in the protruding part of the scar. 
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The latter is, in general, a subjective tool as observers can only visu
ally assess scars. The parameter 'scar height' has been fitted into dif
ferent scales'7"'9'2930. The scale of Yeong49 and the Hamilton scale29 

showed to have a good reliability (weighted K>O.8I), however other 
scales, like the Vancouver Scar Scale, reported only moderate out
come'71'8 or no specific outcome to this parameter'9. It should be noted 
that the reliability of the scoring improved with the number of raters 
as Smith demonstrated a moderate reliability for one observer 
(r=o.48), and good reliability for four (r=o.7g) and eight observers 
(r=o.88)3°. It is therefore inappropriate to compare the results of dif
ferent groups without considering the number of raters. 
The application of ultrasound for thickness determination of normal 
skin has been shown to be reproducible and accurate50'5'. Ultrasound 
has been applied for scar analysis after breast reduction23 and burn 
wound treatment'2152 that provided quantitative information of scar 
thickness. Others measured skin thickness with high resolution 
magnetic resonance imaging"154, which was found to be reliable and 
accurate for normal skin54. This technique has not been employed 
for scar analysis. We recommend using ultrasound as a tool to mea
sure scar thickness because it has been tested specifically with scar 
evaluation and found to be accurate, reproducible, and convenient. 

Tissue Organisation 

Until recently, tissue organisation could only be evaluated by inva
sive techniques, like analysing biopsies with polarised light micro
scopy. Such techniques are discussed below. However, a non-inva
sive clinical approach to tissue organisation has been developed 
utilising sound waves. The velocity of propagation of ultrasonic 
vibrations can supply information concerning the mechanical prop
erties of bony tissue55 and soft tissues56. A higher velocity of wave 
propagation indicates a higher degree of stiffness of the investigat
ed material. Potts et al57 were the first to apply this technique to skin 
measurements and more recently it has become available for clini
cal purposes58'60. The maximum depth of sound wave propagation 
through the skin is approximately one millimeter59. The method has 
been applied to hypertrophic scar tissue, which appears to have a 
markedly higher stiffness compared to normal skin58. 
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This technique enables the detection of anisotropy of tissue58'59. 
Anisotropy is deduced from the velocity of propagation in several 
directions. If only one direction is measured it does not tell us 
whether it is predominantly parallel or perpendicular to the axis 
of the anisotropy. This implies that points of interest have to be 
measured always in all directions. Further studies are encouraged to 
better elucidate the histologic findings which correlate with these 
sound waves. 

Scar performance: function at skin level 

The mechanical qualities of the skin are well appreciated and stud
ied. Experimental models in in vivo animal models and studies 
in cadaveric skin have been developed to measure a variety of 
mechanical skin characteristics. By this means, parameters such as 
the tensile strength, ultimate extension and stress-strain curves are 
obtained. An extensive overview of these experiments is published 
by Vogel6'. Evaluation of mechanical parameters is also part of some 
scar assessment tools17"'9. We outline these methods following four 
subcategories based on the type of load on the skin: suction; pres
sure; torsion; and tension. 

a) Suction Methods 
At present, some methods have been published in the effort to 
objectively evaluate elastic measurements by means of suction 
principles during clinical trials. The most frequently described tech
nique is the Cutometer® SEM 474 and the latest 575 version (Courage 
and Khazaka Electronic GmbH, Cologne, Germany). It exerts a con
trolled negative pressure over a small area of the skin. Data regard
ing skin deformation are uploaded to a computer. The Cutometer 
is typically used in the deformation-versus-time mode. This means 
that a constant negative pressure is used for a short period alternat
ed with periods of normal pressure. A schematic drawing of the 
Cutometer is given in Figure 3a. In a study on sclerodermal lesions, 
measurements with this device were found to be highly reliable and 
have good intra-observer and inter-observer agreement62. The Cuto
meter measurements correlated well with the most widely accepted 
and utilised scoring scale for skin thickness - the modified skin 
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Figure 3 Methods for the 
evaluation of mechanical 
qualities of the scar 

Figure 3a-e shows schematic 
drawings of the mechanisms 
based on the type of load 
on the skin: suction by the 
Cutometer (Figure 3a); pres
sure by a pneumatonometer 
(Figure 3b); pressure by the 
Durometer (Figure 3c); 
torsion (Figure 3d); and 
tension (Figure 3e). 
The working mechanism 
of the pneumatonometer 
(Figure 3b) is based on air 
that flows normally through 
the system (drawing on the 
left) which is blocked at a 
certain pressure (drawing 
on the right). 
The pressure at which the 
system blocks indicates the 
suppleness of the scar. 
See text for a more detailed 
description of the working 
mechanisms of the other 
devices. 

score63. When the Cutometer was tested on normal skin64 repro
ducible results were obtained. The handheld probes have different 
aperture diameters ranging from 2 to 8 mm. The 2 mm probe mea
sures qualities of the epidermis and the superficial dermis whereas 
the 8 mm probes measures the dermis itself together with the slid-
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ing mobility of the junction between dermis and the layer of the 
subcutaneous fat6". The 6 mm probe provides the most accurate 
measurements of dermal elasticity65. The Cutometer has been used 
to study healthy and diseased skin. Its application yielded objective 
information concerning the influence of aging, sex, and anatomical 
location on elasticity of healthy skin66'67. Cutometer measurements 
on the forearm were only minimally influenced by limb position". 
Of note is the fact that there was a very short-term effect of hydra
tion on the elasticity and retraction parameters already after one 
minute68. It confirms the generally accepted assumption that all 
elasticity measurements should be taken under comparable circum
stances to avert confounding through the influence of humidity 
and local temperature. More recently, the Cutometer has played a 
role in the evaluation protocol of burn scars52*9"7' and after recon
structive surgery70. 

The Dermaflex (Cortex technology, Hadsund, Denmark)7273 has a 
comparable working mechanism compared to the Cutometer. The 
main difference is the larger diameter of the suction chamber (10 
mm) of the Dermaflex. A good accuracy and reproducibility for this 
device has been established for elasticity measurements in sclero
derma72. We choose to use the Cutometer to evaluate scars but the 
Dermaflex should also suffice although no trials on scar assessment 
with this instrument are published. 

b) Pressure Methods 

Katz and colleagues first introduced tonometry for burn scar rating 
in 1985. In a small group of patients a specially designed tono
meter, the cicatrometer, was tested74. The tonometer was originally 
designed for ophthalmologists to measure intra-ocular pressure. 
It is composed of an air flow system, a build-in sensor and a mem
brane that makes contact with the skin surface74175. Its principle is 
shown in Figure 3b. When applied to the skin, the amount of pres
sure is measured that is needed to lock the system. The utility for 
scar assessment by this technique remains unclear as its reliability 
and reproducibility have not been sufficiently investigated. 
The Durometer (model 1700 Type o Rex Gauge Company Inc., Glen-
view, 111., USA) was developed for hardness measurements of metals 
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and plastics. It provides an indentation load in the vertical direction 
on the specimen and thereby calculates the hardness of the materi
al, as shown in Figure 3c. It was first introduced for skin elasticity 
measurements by Falanga et al76. He and his group tested the device 
for the assessment of skin hardness in scleroderma76, lipodermatos-
clerosis77, and skin induration in venous diseases78. The primary dis
advantage of the device is that it is not applicable to anatomical 
locations where bony structures are situated directly under the skin 
(i.e. the hand, fingers or face). In such cases the hardness of the bone 
influences measurements76. We question whether the type of un
derlying tissue, other than bony tissue, may also cause confounding 
of the measurements. Theoretically, the Durometer is applicable for 
scar assessment. A good correlation with the skin severity score was 
noted and the Durometer appeared to be a useful device to measure 
skin hardness but no rigorous testing of its reproducibility, accuracy 
or inter-observer variability has been conducted. Due to the lack 
of studies specifically involving scar evaluation and the several pos
sible confounding variables, we do not feel that this device has a 
place in the scar assessment armamentarium at present. 

c) Torsion Methods 

The mechanical behavior of the skin can be assessed via torsional 
force onto the skin79"8'. In contrast to the devices that assess elastici
ty or firmness, torsional force causes a load in the horizontal plane 
instead of the plane perpendicular to the skin. Although different 
devices have been developed, they have all been constructed using 
the same principle that is represented in Figure 3d. Each device has a 
rotating flat disk which is placed in contact with the skin surface. 
The disk applies a rotational force along the plain of the skin sur
face. The rotational load is applied by a motor with controllable 
voltage, and allows adjustment of the torque. A ring guard was 
constructed circumferential to the disk leaving a strip of skin in 
between. Different groups have studied the effect of a constant 
load82 or increasing load followed by relaxation83. The Dermal Tor
que Meter (Dia-stron Ltd. Andover, UK) is a commercially available 
device that has been applied for the evaluation of burn scars84. It 
gives a time-deformation curve that shows a remarkable resem-
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blance with Cutometer readings when a constant torsional load is 
applied. Nevertheless, corresponding parameters of both techniques 
correlate poorly to one another85. Conclusions regarding the suit
ability of suction techniques are therefore not transferable to 
measurements by torsional devices. Their appropriateness for scar 
assessment has yet to be determined. 

d) Tension methods 

The term skin extension predominantly refers to skin deformation 
in the horizontal plane8687. Initially, when tension is applied in a 
linear direction, collagen bundle convolutions straighten out. Over 
time, more fibers become aligned in the direction of tension, and 
finally, the parallelly aligned bundles further extend under in
creased load86. The directional variation depends on the woven pat
tern of the bundles and the main direction of the fibers, as skin 
extends maximally in the direction perpendicular to the main direc
tion86. Uniaxial tension on the in vivo skin shows the anisotropy of 
the skin if applied in different directions. Langer demonstrated this 
effect by making circular wounds in cadavers that became oval due 
to directional variations in the skin88;89. He developed a map of the 
human body containing the 'Langer lines'. Since then many surgical 
incisions are made in the direction of these lines, which are in gener
al, perpendicular to the direction of maximal skin extension86, as the 
wounds gap less in this way and produce a less conspicuous scar87. 
Devices have been developed for extension evaluation by distract
ing two loci of skin, as shown in Figure 3e, that concerned ex vzvo9°:9' 
and in vivo measurements86187 on skin specimen. The 'elastometer' is 
a hand-held version of the latter device for measurements of skin in 
vivo skin and has been used to measure hypertrophic burn scars92. 
Unfortunately, the reliability and accuracy of all these devices are 
sparsely examined92. 

Larrabee93 and Tsap94 propose a different approach to skin and scar 
assessment: the finite element model. This model attempts to bridge 
the gap between simplified clinical models and sophisticated but 
impractical equations that biomechanists use to describe tissue prop
erties. The object of interest is represented as a grid consisting of 
many small triangular elements. Analysing the deformation of the 
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framework of each element under tension allows a calculation of 
deformation. It provides an objective way to calculate elastic proper
ties of burn scars relative to its surrounding areas. As more experience 
is gained with both these techniques, more information will become 
available with respect to their suitability for burn scar assessment. 

Scai performance: function at joint level 

The location and size of scars may have considerable effects on the 
function of skin and joints, together with the irreparable damage to 
the joint that is caused by the injury itself. Scars over joints tend to 
produce mechanical impairment whereas scars on areas such as the 
back, cause little or no mechanical effects. Impairment is assessed 
by measuring the range of motion of a joint; it reflects the conse
quence of a disease or trauma at the organ level95. The use of a 
goniometer has improved the accuracy of measurements compared 
to observers' estimation96. Goniometry is a convenient, accurate and 
reliable technique97. A computer assisted impairment evaluation sys
tem to automate and standardise measurements of upper-extremity 
function has been developed and found to correlate well with, and 
require less time than, conventional goniometry98. 
Nevertheless, we feel that measurement of disability, which reflects 
the consequences of the disease on performance of daily functions95, 
may be more valuable for scar evaluation than measuring impair
ment. If the aim of the study is to improve scar function we should 
not only measure the range-of-motion but the function itself. The 
function implies less well-defined parameters such as coordination, 
strength, skin sensibility and pliability of the scar which may be 
overlooked by examining only impairment. 

Measurement of disability concerning activities in daily life is wide
ly used. These assessment tools might be applicable for evaluating 
the daily activities in extensively burned patients but are too coarse 
a tool for testing specific areas. Some tests have been developed to 
study the disability of hand function like the Jebsen test99 and SODA 
(sequential occupational dexterity assessment)'00. The test developed 
by Jebsen involves seven daily activities of the hand that are per
formed under standardised conditions: writing, turning over cards, 
picking up small objects, simulated feeding, stacking checkers, pick-
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ing up large light objects and picking up large heavy objects. In the 
original publication, good test-retest reliability was obtained for all 
parameters. Bimanual functional abilities were included in the self-
care-related tests of SODA'00. SODA was shown to have good reliabil
ity and accuracy in a sample of patients with rheumatoid arthritis. 
We feel that these more general examinations would be useful in 
the global assessment of dysfunction secondary to burn scars. 

General scar evaluation tools 

Subjective scales have been developed to give an overall impression 
of the quality of scars. A review of the literature regarding the appli
cation of scar assessment tools reveals that there are no generally 
accepted scales available. The most commonly utilised scale to burn 
scar evaluation is the Vancouver Scar Scale, which was first described 
by Sullivan et al. in 1990'7. This scale allows assessment of pigmenta
tion, vascularity, pliability, and scar height. During this study and a 
comparable study with a slightly adapted scale'8, a statistically signif
icant inter-observer reliability was demonstrated. The scale has 
already been applied for burn studies101''02. Although this scale covers 
many relevant items of scar formation, still some practical problems 
are encountered. The outcome of the Vancouver Scar Scale is some
times expressed numerically by adding up the scores of four parame
ters. However, the parameter 'pigmentation' is not an ordinal vari
able and thus cannot be used in a scale. Pigmentation values thus 
cannot be added to the three other parameters (vascularity, pliability, 
and scar height) that are ordinal variables. 

The Vancouver Scar Scale measures pliability by testing folding of 
the scar with a six-step scale: normal, supple, yielding, firm, band
ing and contracture. The functional mobility of the scar, as relates to 
scar contraction and pliability, is reflected in this parameter. Since 
both parameters are considered important for scar evaluation, it 
would have been useful to separate this item into a parameter on 
scar contraction and a parameter on elasticity. With the current 
scale it is possible that significant differences between treatments 
for elasticity or mobility are lost in the pooled data. The other prob
lem encountered with this scale is that it is sometimes impossible to 
separate the contribution of the two colour parameters: pigmenta-
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tion and vascularity. To overcome this issue Beausang et al.'9 pro
posed to use only one scale for colour mismatching. They presented 
a newly devised scale that is appropriate for a wide variety of scars. 
Their scale included the parameters of scar contour, texture and dis
tortion besides colour assessment. In addition, a visual analogue 
scale was scored with the overall aspect of the scar together with its 
matte, or shiny quality. A good correlation was found between the 
clinical assessment, a panel assessment of the same scar by pho
tographs and histologic findings. Smith et al3° performed a study to 
establish the reliability of burn scar assessment by viewers of colour 
slide photographs. The ratings included surface regularity, scar 
thickness and colour as well as the overall cosmetic disfigurement. 
Again, the assessment of burn scars appeared reliable, however 
some other interesting conclusions merit highlighting. The inter-
rater agreement of one rater was low but increased considerably 
when several raters were utilised resulting in a good reliability with 
four or more raters. This finding implies that for clinical studies 
such scales cannot be performed reliably by less then three raters. 
Another remarkable finding was that the rater's profession and 
years of experience with burn treatment did not influence the inter-
rater agreement. We feel that the Vancouver Scar Scale and compar
ative scales are important tools in the assessment of burn scars but 
the requirement for more than two observers to participate in order 
to obtain any meaningful data is a drawback in a clinical situation. 

Microscopic evaluation 
What is the role of microscopic research in clinical studies on scar 
formation? We are convinced that microscopic parameters will gain 
even more interest and importance. Although the macroscopic eval
uation by patients and physicians determines the success rate of the 
experimental treatment, microscopic evaluations provide answers 
to the question why a therapy is effective or why it fails. Future ther
apeutic developments will rely heavily on microscopic evaluations 
of previous therapies. 
We confine this section to microscopic evaluation for studies on scar 
formation. These techniques mainly concern the evaluation of struc-
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ture and molecular composition of the extracellular matrix as well as 
the presence of different cell types. Molecular structures of interest 
are collagen, proteinases, growth factors, and proteoglycans35. 
The strength and elasticity of dermis is predominantly derived from 
the dermal collagen network, and to a lesser extent from its elastin 
and extracellular matrix substances'0*104. Histopathological studies 
of mature scar tissue show collagen bundle orientation parallel to 
the epidermis rather than a more randomly organised pattern 
found in normal dermis'3. Since collagen is the most prevalent pro
tein of the dermis, evaluation of its structure is considered an im
portant parameter of wound healing research. Conventional light 
microscopy in combination with polarised light is the most prevail
ing method for the evaluation of collagen structure7;4°;,c '"'°9. One or 
two observers usually perform analysis of collagen orientation. 
Observer scores are currently the 'gold standard' for the assessment 
of collagen orientation. In a yet unpublished study we show that at 
least three experienced raters are required to obtain good inter-
observer reliability, which might be considered as an important 
drawback of this technique. Besides polarised light evaluation, 
other techniques are available, such as X-ray diffraction"0 '2 and 
laser scattering"3'"5. For these applications, X-rays and laser light 
were used to obtain a diffraction pattern caused by the orientation 
of dermal architecture. In a pilot study, we tested a laser scattering 
technique and Fourier analysis and compared the results with 
observer assessment"6. Fourier analysis is a computerised image 
analysis technique that employs a mathematical calculation of the 
structure in the image"7. We established a poor correlation between 
the laser scattering results with the observer assessment and the 
Fourier analysis"6. In contrast to observer ratings and laser scatter
ing, Fourier analysis has a perfect reliability, as the calculation of 
the same images will continuously reproduce the same outcome. 
Fourier analysis is superior to multi-observer assessment with re
spect to accurateness of the assessment (submitted data). 
The presence of growth factors and extracellular matrix molecules 
during scar formation is mainly evaluated by in vitro studies"8"0 or 
animal studies'2'"'26. Current and past efforts are helping us to shape 
our understanding of scar formation at the molecular level. 



; 

Most studies on cell types concern inflammatory cells, fibroblasts 
and a specialised type of the latter: the myofibroblast™'27"'30. Many 
studies are devoted to solve the 'mystery' of the myofibroblast and 
its role in wound contraction. In 1956 it was hypothesised that a 
connective tissue cell should be able to induce wound contraction'3'. 
The myofibroblast was discovered in the seventies'32''33 and recog
nised as a specialised type of fibroblast that expresses cytoskeletal 
proteins such a-smooth-muscle-actin, sometimes in combination 
with desmin and smooth muscle myosin heavy chains'34. The 
expression of these cytoskeletal proteins does not prove that these 
cells become highly contractile but at least give the impression that 
they may be responsible for contraction. Although many papers 
implied an important role for the myofibroblast in contraction6'2*'34' 
,37, no definite proof is provided by clinical studies. Also, the role of 
the fibroblast in relation to scar contraction has been chal
lenged'06^'39 instead of the myofibroblast. In most studies myofi
broblasts are evaluated by a-smooth-muscle-actin and scored quali
tatively*'40 or by image analysis, that calculates the percentage of 
positive staining40. It appears that the techniques to identify fibro
blasts and myofibroblasts are well established but the role of these 
cells with regard to scar contraction remains less clear. 

Conclusions 
In the new century, the role of accurate and reproducible scar as
sessment tools will become more prevalent. This review describes 
several kinds of measurements that may be considered for scar 
evaluation. Surprisingly, few scar assessment tools have been 
studied sufficiently. The best scar measuring devices are yet to be 
determined for many of the parameters that bear importance for 
research goals. 
In general, objective scar measurements are preferred over subjec
tive scar assessment scales. However, subjective scar assessment 
scales performed by observers have some important advantages. 
They are convenient, cheap, and give semi-quantitative informa
tion along several clinical parameters. Moreover, they can be per-
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formed in outpatient clinics, as they require little time to complete. 
On the other hand, semi-quantitative observer scores require more 
than one rater to obtain good reliability and to reduce the measur
ing error of a single observer. 
Measuring devices provide objective parameters and make errors 
that are usually consistent and predictable. Whether the objective 
and subjective measuring tools are accurate, meaning that they 
measure what we want to measure, needs to be established for 
many tools that evaluate scar colour, surface texture, and functional 
qualities. Also we contemplate the development of an improved 
subjective scar assessment scale that shows a good inter-observer 
reliability for less than 4 raters. Whether such a scale is suitable for 
clinical application needs to be determined yet. 
In this review, we systematically discussed methods to access scar 
formation that are considered relevant to research involving scars. 
Of course there is no need to perform the entire array of clinical and 
microscopic analyses in a single study. The aim of a study must dic
tate the methodology and the preferred method of evaluation. 
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Practical planimetrie methods to measure the size 
of wounds and scars have been studied with respect to the reli
ability of their measurements. Nevertheless, the accuracy of 
these measurements are poorly studied. In this study, two prac
tical methods of planimetry are evaluated for their reliability 
and accuracy with respect to different body areas. 
In 20 volunteers, drawings were created that mimicked a skin 
lesion with a surface area of 25, 50 and 75 square cm. These 
drawings were applied on three locations with increasing cur
vature: back, thigh and forearm. The inter-observer reliability 
and accuracy (validity) of three investigators was established 
for planimetry by photography and planimetry by tracing on a 
transparent sheet. 

Both techniques showed a good reliability (r>o.82, Intraclass Cor
relation) for 25 square cm areas. Planimetry by photography was 
more reliable than planimetry by tracings for the 50 square cm 
areas (r=o.82 versus r=o.72) and for the 75 square cm areas (r=o.78 
versus r=o.48). Statistically significant differences were found 
between the accuracy of planimetry by photography and by trac
ing. Overall, planimetry by photography was more accurate than 
planimetry by tracing for flat and moderately curved areas (back 
and thigh). All differences were statistically significant (p<o.oi3) 
except for the 25 square cm area of the thigh (p=o.236). For the 
extremely curved surface area (the forearm) planimetry by trac
ing was more accurate than planimetry by photography. These 
differences were statistically significant (p<o.oi4). 
Planimetry by photography is more suitable for surface area 
measurements than planimetry by tracing except for extremely 
curved body parts, which must be due to distortion. 
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Introduction 
Planimetry deals with objective quantification of skin lesion surface 
areas and their changes over time. Planimetry is applicable in 
wound healing research, where the size of a wound or a scar, as well 
as the wound epithelialisation rate and the contraction of the scar 
can be quantified. Practical planimetrie methods to measure the 
size of wounds and scars have been studied with respect to the relia
bility of the measurements1'6. In essence, nevertheless, the accuracy 
of planimetry techniques are poorly studied516. The effect of the cur
vature of different body surface areas on the reliability and accura
cy of planimetrie techniques has not been studied to date. 
In this study, two practical methods, planimetry by means of trac
ing on a transparent plastic sheet and planimetry by constant focal 
length photography, are evaluated for the reliability and accuacy of 
measurements with respect to different body regions. Both methods 
are easy to perform and the surface area, which is traced or pho
tographed, is calculated by means of a scanner and personal com
puter. Planimetry by means of photography seems advantageous, 
as it renders an image with colour. Its use becomes questionable in 
curved regions such as the forearm and leg where the body's natural 
curvature causes distortion of the image. 

We established both the reliability and accuracy of each technique 
for three different body sites that were selected to represent an 
almost flat, a moderately curved and extremely curved body part. 
Instead of evaluating actual wounds and scars, drawings with a 
fixed size were made on the locations of interest that mimicked a 
lesion. Because of this, the accuracy, also termed validity7, can be 
calculated by comparing the outcome of planimetry to the true size 
of the drawings (25, 50 or 75 square cm). The reliability, meaning the 
reproducibility of the measurements8, was assessed by establishing 
the interobserver agreement of three investigators. 

4 2 
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Patients and Methods 
We concentrated on three locations with increasing curvature: a flat 
surfaces area, a thick extremity and a thin extremity, which were 
represented in this study by the back, the thigh and the forearm, 
respectively. The interobserver reliability of three investigators was 
tested for these areas on twenty adult volunteers. These volunteers 
gave written informed consent before enrolment into the study. A 
rectangle was drawn on the middle of the back, thigh and forearm 
with a fixed surface area of 15x5 cm. Within this 'lesion', the central
ly located areas of 5x5 and 10x5 cm were marked to allow analysis of 
smaller 'lesions' within the same drawing. 

The following parameters of the volunteer were recorded at the 
time of measurements: age, weight, length and the circumference 
of the body part at the locations of measurement. 

The drawing of the 'lesions' 

A drawing of a rectangle (15x5 cm) was made on the skin together with 
lines that run widthwise each 2.5 cm (except for the centre, which was 
unnecessary for the tracings). This design allowed delineation of the 
middle square of 5x5 cm and a rectangle of 10x5 cm, as shown in fig
ure 1. The drawing was made by using a pliable but non-stretchable 
template composed of Duoderm (Convatec, Princeton, NJ, USA). 
The drawings were applied on the right forearm and the left thigh 
with the volunteer in a recumbent posture lying on the back. On the 
right forearm, the template was made with the elbow fully extend
ed and the hand supinated. The middle of the volar site of the fore
arm was established by measuring the distance between the anti-
cubital fossa and the first carpal-metacarpal joint. The centre of the 
template was placed in the middle of the volar site of forearm. An
other template was made on the anterior site of the left upper thigh, 
with its centre at two third of the distance between the anterior 
superior iliac spine and the superior margin of the patella. The tem
plate on the back was constructed while the volunteer was lying on 
the belly. The drawing was made 10 centimetres superior to the 
pelvic rim with the centre at the vertebral column. 
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Figure i Drawing of 'lesions' on thigh and forearm 

Figure ia and ib clearly show the effect of image distortion 
in case of planimetry by photography on thigh and forearm, 
respectively. Because of the distortion, not one but three 
photographs were taken (at different angles) for photo
graphic measurement of the surface area during this study. 
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Reliability and accuracy of practical techniques 
for surface area measurements of wounds and scars 

Planimetry by tracing 

The tracing and photography of study areas were performed in the 
same position in which each drawing was made. Each observer 
traced the margins of the 'lesion' directly onto a transparent plastic 
sheet that was applied on the skin. The sheet was pliable but not 
stretchable. 

Planimetry by photography 

With a Polaroid Macro 5 SLR photocamera (Polaroid UK Ltd., Vale of 
Leven, United Kingdom) three pictures were taken of the 15x5 cm 
drawing from both lateral and middle 5x5 squares. Photos were 
taken perpendicular to the surface at a fixed distance resulting in 
full-size images (i:i enlargement). The margins of the drawings 
were then traced on a plastic sheet, scanned and exported to com
puter-software (Adobe Photoshop, Adobe Systems Inc., San Jose, 
California, USA). The margins of the lesion were digitally traced. The 
surface area of a lesion was calculated from the number of pixels. 

Statistical Analysis 

The data were analysed by the statistical program SPSS for 
Windows 8.0 (SPSS Inc. Chicago IL USA). The Intraclass Correlation 
Coefficient (ICC)9 with its 95% confidence interval was calculated to 
assess the inter-observer reliability. For the calculations of the ICC, 
the two-way-random effect model was selected and calculated for 
absolute agreement of the scores. A paired sample t test was per
formed for the measured surface areas in comparison with the true 
surface areas. Both the 95% confidence interval of the difference (CI) 
and p-value are given. The level of significance was set at 0.05. 

Results 
Five male and fifteen female volunteers with an average age of 42.9 
years (standard deviation, SD:io.6) were enrolled in the study proto
col. The average weight was 69.4 kg (SD:g.o) and the height 172.8 cm 
(SD:8.g). The circumferences of the thigh and forearm were mea
sured to give an impression of their curvature, which was on aver
age 50.4 cm (SD:33) and 21.3 cm (SD:i.3) respectively. 
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Both techniques showed a good reliability (r>o.82, Intraclass Cor
relation) for the 25 square cm areas. All data on inter-observer relia
bility together with confidence intervals are given per area and 
location in Table 1. Planimetry by photography was superior to 
planimetry by tracings with respect to inter-observer reliability for 
all 50 and 75 square cm areas. The reliability of the tracing technique 
appeared to correlate negatively with the surface areas as it showed 
only moderate reliability for larger surface areas, especially in the 
curved forearm (r=o.48). 

Planimetry 

by tracing 

Planimetry 

by photography 

True size ICC (95% CI') ICC (95% CI') 

Back 25 cm' 

50 crrT 

75 cm' 

0.88 (0.70-0.95) 

0.78 (0.49 - 0.91) 

0.68 (0.31 - 0.87) 

0.89 (0.76 - 0.95) 

0.93 (0.86 - 0.97) 

0.86 (0.68 - 0.94) 

Thigh 25 cm' 

50 cm' 

75 cm' 

0.88 (0.77 - 0.95) 

0.80 (0.58 - 0.91) 

0.71 (0.40 - 0.88) 

0.87 (0.72 - 0.94) 

0.84 (0.63 - 0.94) 

0.83 (0.55 - 0.93) 

Forearm 25 cm' 

50 cm' 

75 cm' 

0.84 (0.64 - 0.93) 

0.62(0.19-0.83) 

0.48 (-0.04 - 0.77) 

0.82 (0.62 - 0.93) 

0.72 (0.22 - o.c 
0.78 (0.38 - 0.92) 

Table i Inter-observer reliabil ity of three raters by Intraclass Correlation (ICC) 
for planimetry by tracing and photography. 

JCI = Confidence interval 

The accuracy of both planimetry techniques was evaluated by com
paring the true surface area (25, 50 or 75 square cm) with the mea
sured surface area. All surface areas were converted to a percentage 
of the true surface area. The average together with the 95% confi-
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dence interval are given in Table 2. In addition, the measurements 
of planimetry by tracing and photography were compared with the 
paired sample t test to detect if statistically significant differences 
occurred between the measurements of both methods. Statistically 
significant differences were found between the true size (100 %) and 
measured surface areas as indicated in Table 2. Almost all measure
ments differed significantly between planimetry by tracing and 
photography. Planimetry by photography resulted in measure
ments that were significant larger than those of the tracing method, 
except for the 25 square cm areas of the thigh, and approached the 
true size better, with the exception of 'lesions' on the forearm. 

Back 

Thigh 

Planimetry 

by tracing 

True 

size 

Percentage 

of true size 

(95% CI') 

25 cm' 

50 cm' 

75 cm' 

90.2(88.3-92/1)' 

90.0 (88.5 -_9J4)'' 

91.4 (90.3 - 92.6)" 

25 cm* 

50 cm 

75 cm' 

98.2 (96.3 -100.1] 

95-7(94-6 - 96-8)b 

9 6 0 (95.1 -97-0)' 

Forearm 25 cm' 

50 cm' 

75 cm1 

92.8 (90.9 - 94-7)r 

91.4 (90.2 - 92.5)" 

Planimetry 

by photography 

Percentage 

of true size 

(95% CI') 

96JJ (94.2 - 9^8) 

95-1 (93-1 - 97-2)" 

95-8 (94-i - 97-5)" 

L9J97.0 -100. 

1.4(96.9-998 

97-2 (95-9 - 98.5)" 

90.8 (89.0 - 92.6)1 

86.8 (85.1 - 88.5)' 

92.6(91.7-93-5)' 85.0 (83.7-86.3)c 

Photo - tracing 

6 3 J 5 0 - ll)_ 

j . 2 (4.0 - 63) 

4-3 (3-2 - 5-4) 

1.1 (0.3-2.0) 

Paired 

samplet test 

Difference 

in percentage 

(95% CI") p-value' 

<0.OO1 

<o.ooi 

<o.ooi 

0.7 (-0.5-1.9) o.236_ 

"2.7 (2.0 - 3.3) <o.ooi 

0.013 

-2.0 (-3.6 - -0.5) 0.014 

•4-5 (-5-8 " -3-3L <o.ooi^ 

-7.6 (-8.8 - -6.4) <o.ooi 

Table 2 Accuracy of planimetry by tracing and photography 

• CI = Confidence Interval; ' statistically significant difference between true size (100%) and 

average measured surface area; paired sample t test for the difference between planimetry 

by tracing and photography 



Perspectives on burn scar evaluation and artificial skin 
Section i; Tools for scar evaluation 

Discussion 

Effective simple methods of recording and measuring the size of 
burn wounds or scars are essential for accurate evaluation clinical 
follow-up and for research. In this respect it is unclear why common 
techniques are seldomly studied for their accuracy5* The influence 
of the body curvature on the reliability and accuracy has not been 
studied sufficiently to date. In contrast to planimetry by tracing 
where inaccuracy of the tracing technique is the only plausible 
cause of error, the accuracy of planimetry by photography is also 
influenced by the error due to projecting a three dimensional object 
onto a two dimensional image. 

This study was designed specifically to evaluate inter-observer reli
ability and accuracy for body regions of varying curvature. For prac
tical reasons, we analysed skin 'lesions' of a fixed size. This was the 
only study design by which the outcome of both methods could be 
compared to the true size of the lesion. Moreover, the design al
lowed a fair comparison of the outcome of measurements between 
different locations. 

In general, both techniques seem suitable for clinical application 
with respect to reliability. Both techniques showed a good inter-
observer reliability for relatively small (25 square cm) lesions 
Nevertheless, planimetry by tracing results in decreasing inter-
observer reliability as the size of lesions increases. This effect is 
clearly illustrated for the forearm, where the 25, 50 and 75 square cm 
drawings resulted in an inter-observer reliability of 0.84 o 62 and 
0.48 respectively. We conclude therefore that planimetry by photo
graphy was superior, in general, to the tracing technique with re
spect to inter-observer reliability. In addition, we can safely assume 
that the mtra-observer reliability must be acceptable as intra-
observer reliability contains less sources of error than inter-observer 
reliability . 

In concordance with our hypothesis, we found the accuracy of both 
techniques to be good for the small 5x5 cm squares, even in extreme
ly curved areas. We also hypothesised that planimetry by photogra
phy should become inaccurate compared to planimetry by tracing 
for larger and more curved areas due to distortion. This was only 
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partially the case because all measurements on back and thigh, 
except for the 25 square cm area on the thigh, were significantly 
larger when examined by photography compared to planimetry by 
tracing, and therefore closer to the true size of the 'lesion'. Never
theless, planimetry by tracing was more accurate on the curved 
forearm. Here, significantly less reduction of the surface was ob
tained compared to planimetry by photography. For the latter, 
reduction increases proportionally with increasing surface area at 
the level of the forearm: 9.2,13.2 and 15.0 percent for the 25,50 and 75 
square cm surface areas respectively. If we look at the 75 square cm 
areas of the forearm, a significant correlation of 0.662 (Pearson cor-
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relation, p=o.ooi) between circumference and reduction for plani
metry by photography was found that indicated the proposed effect 
of distortion on planimetry by photography. A scatter-plot (Figure 2) 
shows the relationship between the measured surface area and the 
circumference. Linear regression with the circumference of the fore
arm as an independent variable and the measured surface area as a 
dependent variable showed that 43.7 % (residual mean square, R2) of 
the total variation is explained by this model10. The distortion there
fore was a major source of inaccuracy for measurements on the 
forearm. 

No such significant correlation was found between circumference 
and error of measurements for planimetry by tracing. Whereas plani
metry by photography was assumed to be confounded by distortion, 
planimetry by tracing was expected to give accurate measurements! 
Tracings of the back were especially disappointing for both the 10x5 
cm and 15x5 cm areas compared to planimetry by photography, 
which is shown by the statistically significant differences between 
the photographic and tracings methods. Evidently the irregularly 
contoured regions formed by the paraspinous muscles parallel to the 
vertebral column influenced the accuracy of the tracings. 

This study shows that planimetry by tracing and photography are 
simple, easily accessible techniques and can be considered as reli
able (reproducible) and accurate (valid) tools for measuring small 
(5x5 cm) surface areas of skin lesions. Planimetry by photography is 
superior with respect to inter-observer reliability and accuracy for 
larger surface areas than planimetry by tracing except for the 
extremely curved body parts such as the forearm. Although plani
metry by photography was more reliable for these regions, a higher 
accuracy was obtained for planimetry by tracing, which is due to 
image distortion in case of photography. 
Both techniques, but especially planimetry by photography, may be 
considered for larger magnifications. In large areas, e.g. involve
ment of skin in case of burn wounds, planimetry by photography 
will be more practical and convenient than planimetry by tracing. 
The choice of technique for recording and measuring of the size of 
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pathologic skin lesions is guided by the aims of such studies and 
may be dependent on the curvature of the body part. At present we 
consider planimetry by photography as 'gold standard'. 
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Abstract I n h u m a n dermis, collagen bundle architecture is 
randomly organised, whereas in pathological conditions, such 
as scar tissue and connective tissue disorders, collagen bundle 
architecture is arranged in a more parallel fashion. Histological 
examination by one or two observers using polarised light is 
the most common method to determine collagen orientation, 
and is therefore considered the 'gold standard'. 
We hypothesised that an image analysis technique, Fourier 
analysis, would be more accurate than observer ratings. Fourier 
analysis was applied to 271 images of scar tissue and normal 
skin that were acquired by confocal laser-scanning microscopy. 
Observers rated the same areas using polarised light and they 
also rated the confocal microscopy images. Computer images 
consisting of different types of ellipses were generated with a 
fixed 'true' orientation. Observers and Fourier analysis evaluat
ed the orientation of these images to establish their accuracy. 
The inter-observer reliability was acceptable when at least 
three observers rated polarised light images (r>o.6g) whereas 
already two observers were sufficient for rating confocal micro
scopy images (r>o.7i). Fourier analysis correlated better with 
the observer ratings of confocal microscopy images (r=o.6g) 
than with the observer ratings of polarised light microscopy 
images (r=o.42). Fourier analysis was more accurate than four 
observers for the evaluation of the 'true' orientation for almost 
all types of computer generated images. 

For the first time it is shown that Fourier image analysis is suit
able for morphometry of the dermal collagen orientation and 
leads to a superior measurement of collagen orientation com
pared to subjective histologic evaluation by several experts. 
However, if observers perform an evaluation by conventional 
light microscopy, at least three observers are required to attain 
an acceptable inter-observer reliability. 
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Morphometry of dermal collagen orientation by Fourier 
analysis is superior to multi-observer assessment 

Introduction 
The mechanical qualities of skin provide a unique combination of 
elasticity and strength. Its pliability is not hampered by the strength 
that is required to resist physical stress to which the human integu
ment is exposed. These functional qualities of the dermis are pre
dominantly due to the dermal collagen network and, to a lesser 
extent, to elastin and extracellular matrix substances'12. Microscopic 
views of normal skin reveal that collagen bundles show a basket 
weave like pattern and appear randomly organised3. 
The importance of the dermal architecture is illustrated by patho
logical disorders of connective tissue, such as Ehlers-Danlos 
Syndrome, Marfan Syndrome and cutis laxa. These disorders are 
typically associated with changes in mechanical qualities of the 
integument214. 
A different collagen architecture is also present in scar tissue, as 
human skin lacks the ability to regenerate after wounding. Tissue 
restoration takes place by a repair mechanism that often results in a 
tough scar which is less pliable and less resistant to sheer forces 
than native skin even when matured. Histopathological studies of 
mature scar tissue show collagen bundle orientation parallel to the 
epidermis rather than a more randomly organised pattern found in 
normal dermis3. 
Collagen structure is an integral part of wound healing research. 
Analysis of collagen orientation is usually performed by one or two 
observers using conventional light microscopy in combination with 
polarised light. This technique of light polarisation makes use of the 
birefringence characteristics of collagen. Non-birefringent structures 
become almost invisible and the collagen structure is easily identi-

Figure i Aspect of dermal architecture of normal skin and scar tissue by conventional 
light microscopy, light microscopy and polarised light and confocal microscopy images 

Figure i shows a sample of normal skin (a, b, c) and scar tissue (d, e, f) by means of con-
ventional light microscopy (a, d). light microscopy and polarised light (b, e) and confocal 
microscopy images (c, f). In the right upper quadrant of the confocal microscopy images, 
the power spectrum of the Fourier analysis is given. In Figure ie, cross-stnations are shown 
that run perpendicular to the true orientation of collagen bundles. Scale bar = 100 urn 
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fied5. The optimal assessment technique of collagen orientation, 
however, has not been established. Observer scores are currently the 
'gold standard' for the assessment of collagen orientation. We evalu
ated a technique that is available in a number of image analysis soft
ware programs for application on personal computers and may 
potentially replace the observers' judgement: Fourier analysis. 
This mathematical algorithm is designed to quantify the spectrum 
over the whole range of frequencies in data. This frequency based 
method in itself is not new and has already offered benefits in many 
scientific fields such as one-dimensional time varying signals in 
electric engineering. It has also been introduced in the biomedical 
research in combination with infrared spectrometry to study the 
intermolecular structure of human tissues6;7. 

The Fourier transformation is suited for analysis of two-dimension
al images8. In this way, structure organisation within an image is 
calculated. The technique has been performed for histologic images 
of ligaments9 and sclerodermal lesions'0. 
The suitability of Fourier image analysis for the morphometry of the 
collagen structure in comparison to histologic assessment by ex
perts has not been studied to date. We therefore conducted a study 
to evaluate the reliability and accuracy of Fourier analysis and 
observer ratings. We hypothesised that Fourier analysis is applica
ble for measurement of the collagen structure in normal dermis and 
scar tissue and that it is more accurate and reliable than results 
obtained by experts. 

Firstly, the inter-observer reliability was established of collagen ori
entation assessment that was performed by one, two, three or four 
observers to study the minimal number of observers that are re
quired for a reliable analysis of collagen orientation. All observers 
rated collagen orientation with conventional light microscopy and 
also with confocal microscopy images. This circumvented possible 
confounding influences by type of imaging (conventional light 
microscopy and confocal microscopy). The observer ratings of light 
and confocal microscopy images were then correlated with the 
Fourier analysis results. However, as there is no 'gold standard' we 
could not establish the accuracy of the different techniques, as we 
did not know the 'true' collagen orientation of the image. The accu
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racy, or validity", was accomplished using computer generated model 
images with a fixed 'true' orientation, which were also evaluated by 
observers and Fourier image analysis. 

Material and methods 
Histological evaluation of the slides was performed on mature scar 
tissue and normal dermis. The biopsies were harvested from burn 
scars after split skin grafting. The ethics committee from the Red 
Cross Hospital approved the protocol before the study started. 
Biopsies were harvested of 65 patients, who gave a signed informed 
consent before enrolment into the study (36 males and 29 females). 
The mean age of the population was 32.3 years with a standard devi
ation (SD) of 18.6 years. 

Harvesting of biopsies and histopathological staining 

We analysed 144 sections taken from scar tissue approximately one 
year after surgery. Eight sections of normal skin within the same 
group of patients were obtained and added to the analysis. After 
disinfecting the area and local infiltration with lidocaine (1% solu
tion with epinephrine), a three millimetre punch biopsy was ob
tained. The biopsy was placed in formalin and processed into histo
logical slides of approximately 5 urn. Sections were then stained 
with hematoxylin-eosin (HE). 

Confocal laser-scanning microscopy 

Images of HE sections were scanned with a confocal laser-scanning 
microscope (Leica Micro Optics, Heidelberg, Germany) with a 6.3 x 
0.2 objective and a 501.1m pinhole making use of the fluorescent 
properties of eosin (excitation: 488nm, detection: LP 6ionm). In this 
way the interference of the hematoxylin stained nuclei in standard 
brightfield image was avoided. Images were adapted to the full dy
namic range of the system (8 bit) to standardise the contrast/bright
ness ratio. The epidermis was always orientated parallel to the X-axis 
of the image. Images of 79411m x 794um were created of the superfi
cial dermal layer and the layer just underneath the superficial layer 
(also a 79411m x 79411m image), the so-called deeper dermis. 
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Fourier analysis 

Image analysis was done with the Fast Fourier Transform module of 
the Owin Pro image analysis software (version 2.2, Leica Imaging 
Systems LTD, Cambridge, UK). The collagen bundle orientation was 
estimated by calculating the width/height ratio of the zeroth-order 
maximum in the generated power plot of the image. This was ter
med the collagen orientation index, which may range between zero 
and one. Parallel collagen orientation results in an elongated power 
spectrum that leads to a small orientation index. Perfectly random 
tissue results in an orientation index that approximates one. 

Observer ratings using polarised light and confocal microscope images 

Four trained observers assessed the collagen orientation of the 
superficial and deep dermal layer in two ways. Firstly, the superfi
cial and deeper dermal layers of all sections were analysed under a 
light microscope using polarised light. Secondly, scanned confocal 
microscope images of the superficial and deeper dermal layers, 
which were also used for the Fourier analysis, were rated. Examples 
of the appearance of the evaluated areas for normal skin and scar 
tissue are shown in Figure 1. In this figure the histological view of 
the section is displayed together with the same area after applying 
polarised light, and after scanning the section by confocal micro
scopy. The sections and images were blinded to prevent bias 
through prescience. A five-step scale was used for the scoring: ex
tremely parallel, predominantly parallel, mixed organisation, pre
dominantly random, extremely random. The ratings were averaged 
for both polarised light and confocal microscopy. 

Computer generated images with established orientation 

Images were composed which mimicked the eosin fluorescent im
ages of skin tissue. The shape of an ellipse was used as a base ele
ment, which follows a two dimensional Gaussian distribution with a 
fixed length often pixels. By varying the width to one, two, five or ten 
pixels, four types of ellipses were created and put into the computer 
model. Small elliptic shapes with a i:io width/length ratio appeared 
as small lines that resembled small collagen bundles of scar tissue. 
The less elongated, and thicker, ellipses mimicked normal skin with 
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thicker collagen bundles that were frequently cut in a perpendicular 
fashion. The circle (the length and width being ten pixels) was put 
into the model as an extreme, merely theoretical example. 
In the 512 x 512 pixels sized image, 2000 ellipses were used to get com
parable filling of the images. The image was made transparent be
cause overlapping parts of the ellipses were added. The final image 
was normalised to get a maximum intensity of 255, comparable to the 
fluorescent images scanned by confocal laser-scanning microscopy. 
Before ellipses were added to the image they were rotated over an 
angle. The variance of the angle was based on an orientation vector 
that was composed of a normally distributed random number in the 
horizontal and vertical plane. An example of an image with an ori
entation index of one is shown in Figure 2. 

The computer designed twenty-one images with an orientation 
ranging from zero (perfect parallel) to one (perfectly random) with 
intervals of 0.05 for all three different types of ellipses and the cir
cle. The 84 images were randomised, blinded and evaluated by the 
observers and Fourier analysis as mentioned above. 

Statistical analysis 

The data were analysed by the statistical program SPSS for Win
dows 8.0 (SPSS Inc. Chicago, IL., USA). The intraclass correlation coef-
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ficient (ICC),2;'3 with its 95% confidence interval (CI) was calculated 
to assess the inter-observer reliability for the group and the reliabil
ity of one observer, also known as the average measure ICC and the 
single measure ICC, respectively. For the calculations of the ICC, the 
two-way-random effect model was selected and calculated for abso
lute agreement of the scores. It is not possible to calculate the ICC 
between the different pairs of two and three observers in the same 
way, therefore these ICC's were calculated for each combination of 
two and three observers. The range of ICC's for all combinations of 
two and three observers is given. 

Scatter plots were made for the combinations of average scores for 
both observer categories and the results of the Fourier analysis. The 
Spearman's Rho correlation coefficient was used for the correlation 
between Fourier analysis and observer ratings. 
Fourier calculations of images are based on a mathematical model 
and consequently give the same outcome. Therefore, no ICC mea
surements were required for this method. 

Results 
We analysed 144 sections taken from scar tissue approximately one 
year after surgery together with eight sections of normal skin that 
were obtained of the same patient population. Both the superficial and 
deeper dermis were considered for evaluations allowing 271 test areas. 

Inter-observer reliability for confocal and light microscopy images 

The single measurement reliability and the inter-observer relia
bility for combinations of two, three and four observers were 
established with the ICC and listed in Table 1. Overall, a higher inter-
observer reliability was found for the ratings by confocal micro
scopy images compared to the ratings by means of conventional 
light microscopy. Table 1 also shows that conventional light micro
scopic evaluation by one or two observers has only a questionable 
reliability (r<o.7o). The rating of collagen orientation by two obser
vers of confocal microscopy images is good (r>o.7i). For both cate
gories a good reliability was found using four observers: 0.80 for 
conventional light microscopy and 0.88 for confocal microscopy. 
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Correlation of Fourier analysis and observer's ratings 

Fourier analysis correlated better with average ratings for confocal 
microscopy images (Spearman's Rho=o.687) compared to conven
tional light microscopy (1=0.423)- Figure 3a and 3b show the scatter 
plots of these data. An unexpected finding was the poor correlation 
between the average ratings of the four observers for light and con-
focal microscopy (r=o.472), which is illustrated by the wide scatter
ing of the data in Figure 3c. 

Accuracy of Fourier analysis and observer's ratings 

Accuracy was evaluated by means of computer generated images 
with an established orientation of elliptic shapes, which is consid
ered the 'true' orientation. Both the Fourier analysis and the ob
servers evaluated the different types of shapes per category. The 
correlations are listed in Table 2. Overall, it is noted that both the 
average observer rating, which was an average rating of four obser
vers, and the Fourier analysis showed a good to excellent correlation 
with the 'true' orientation of the different types of ellipses, except for 
the images that consisted of circles. The orientation assessment by 
Fourier analysis showed a higher correlation with the 'true' orien
tation compared to the average rating of 4 observers in general. 
The reliability increased when the ellipses were more elongated, 

Number of 

Observers 

Mean (95%CI) 

Range 

Range 
Mean (95%CI) 

Light 

Microscopy 

0.49 (0.43- 0.56) 

0.58 - 0.74 
0.69 - 0.77 

0.80 (0.75 - 0.83) 

Microscopy 

0.64 (0.58 - 0.70) 

0.71 - O.i 

0.82 - 0.89 

0.88(0.85-0.90) 

Table 1 Inter-observer reliability for collagen orientation assessment 
by observers using light microscopy and confocal microscopy images 

a The Intraclass Correlation (ICC) together with the 95% confidence interval (CI) is given for 
the single measurement and four observers, however, for two and three observers separate 
ICC calculations were required for each combination, then the range of the ICC is given. 
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approaching a nearly perfect assessment for the most elongated 
ellipses with a width/length ratio of 1:10 (r=o.g96 for Fourier analy
sis). Figure 4a and b clearly illustrate the relation between the 'true' 
orientation and the average observer rating (Figure 4a) as well as 
Fourier analysis (Figure 4b) for the types of ellipses and the circle. 

Discussion 
Although the importance of collagen for the strength and pliability 
of skin is widely acknowledged, still no uniform evaluation method 
is available for collagen orientation. For research that focuses on 
wound healing and scar formation, polarised light is the most pre
vailing method for the evaluation of collagen structure'*15. It is also 
frequently applied to the analysis of fibrotic lesions in other special
ties, for example after myocardial infarction'6'17. The rating of colla
gen orientation by one or several observers has been widely used 
and accepted in the field. We therefore considered utilising this 
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method and comparing it with Fourier analysis to evaluate the 
accurateness of the measurements. 
In the present study we first established the Intraclass correlation 
for inter-observer reliability of conventional light microscopy rat
ings. We clearly demonstrated that polarised light assessment 
should be performed by at least three observers in order to have 
considerable level of reliability (r>o.7o). We found that scoring by 
one or two observers' results in unacceptably low reliability. 
The observers had to rate collagen orientation from the same areas 
after the sections were scanned by confocal laser-scanning micro
scopy. A higher Intraclass correlation coefficient was established for 
the confocal microscope image assessment by four observers com
pared to the polarised light assessment (0.88 and 0.80, respectively). 
This might be explained by the higher resolution of confocal micro
scope images, where out-of-focus information is rejected, compared 
to conventional light microscopy'8. No inter-observer reliability was 
needed for the Fourier analysis since this method is based on math
ematical algorithms with no variability. The Fourier analysis has 
therefore a perfect reproducibility. 

How does the collagen orientation assessment of the Fourier analy
sis relate to the observer ratings? The collagen orientation index cor
related reasonably well with average confocal microscopy image 
ratings and poorly with the average polarised light microscopy rat
ings. The lower correlation between the Fourier analysis and the 
average observer ratings of polarised light is related to the differ
ences in image processing between conventional light microscopy 

Correlation Coefficient Fourier analysis Average rating of four observers 

(Spearman's Rho) versus 'true' orientation versus 'true' orientation 

Ellipse 1:10 

Ellipse 1:5 

Ellipse 1:2 

Perfect circle 

Table 2 Accuracy of Fourie 

0.996 

0.988 

0.885 

-0.103 

analysis and fou observers with 

0.961 

0.816 

0.831 

0.398 

respect t o or ientat ion assessment 
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and confocal microscopy. Interestingly, there was a poor correlation 
between observer ratings of the conventional light microscopy 
images and of the confocal microscopy images (r=o.47). This poor 
correlation, together with the superior inter-observer reliability for 
collagen orientation assessment by confocal microscopy images 
compared to polarised light images, may be explained by two fac
tors: 1) the quality of the image; 2) the variance of the measured 
areas for polarised light evaluation. 
The structure of the dermis is reproduced in a different and more dis
tinct manner compared to polarised light by using confocal micro
scopy. This is mainly due to the fluorescent properties of eosin, 
which was used to display collagen. In this way the interference of 
other structures was avoided. The normal fluorescent microscope, 
like confocal microscopy, might therefore also give more reliable 
results than conventional light microscopy with polarised light. 
In light microscopy images using polarised light, the interpretation 
of collagen orientation is frequently complicated by stripes perpen
dicular to the long axis of the fibres, also described as cross-stria-
tions'7, which is illustrated in Figure ie. Cross-striation of the colla
gen fibres are due to periodic changes in the orientation of the fibres 
and are seen as stripes perpendicular to the true orientation'5. 
Alternatively, immature collagen may be omitted from the analysis 
as it is hardly birefringent'9. In contrast, confocal microscopy shows 
immature and mature collagen fibres thus explaining the differ
ence in representation of the collagen. We feel that both mature and 
immature fibres should be analysed for assessment of dermal archi
tecture. The lack of moderate representation of immature fibres by 
polarised light might therefore cause confounding in the interpreta
tion of the results. 

Another explanation for the different ratings between images of 
confocal microscopy and conventional light microscopy is the con
sequent rating of exactly the same area for the images scanned by 
confocal microscopy compared to conventional light microscopy. 
We kept the image size constant through the study. In contrast, the 
polarised light evaluation was done with a conventional light 
microscope where the observers had to select the area of interest. 
The ability of both methods to assess the 'true' orientation was eval-
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uated by computer designed images because no samples of scar tis
sue or normal skin are available with a known 'true' orientation. 
Therefore, computer images were developed that roughly mimic 
dermal architecture. The simplicity of this model made it possible to 
show that assessment of the orientation present in the images is 
not only related to the orientation itself but also depends on the 
width/length ratio of the structures that are present. Some images 
contain perfect circles. In that case both Fourier analysis and 
observers will always identify a random orientation, despite the 
'true' orientation assigned by the computer model. This phe
nomenon is illustrated in Figure 4a and b. On the other hand, the 
assessment of the orientation of elongated ellipses (i:io width/ 
length ratio) was nearly perfect: r^o.ggó for Fourier analysis and 
0.961 for the average observer rating. Overall, the Fourier analysis 
showed a superior correlation with the 'true' orientation compared 
to observers' ratings and is therefore more accurate. 
Besides the Fourier analysis other technical methods, such as X-ray 
diffraction2012' and laser scattering2"3 have been applied to analyse 
histopathological sections. For these applications, X-rays and laser 
light were used to obtain a diffraction pattern caused by the orien
tation of dermal architecture. In correspondence with Fourier analy
sis, a predominant parallel orientation of dermal collagen resulted 
in an elliptical scatter pattern, whereas a more circular scattering 
was caused by randomly organised tissue. An orientation index for 
tissue organisation was calculated from the scatter pattern by 
dividing its length and width23. If all parameters are well controlled 
it is our belief that the results of both techniques correspond to the 
collagen orientation index obtained by the Fourier analysis. In a 
pilot study, we tested laser scattering technique and Fourier analy
sis and compared the results with observer assessment24. We then 
established a poor correlation between the laser scattering results 
with the observer assessment and the Fourier analysis, which we 
related to the inability to control the direction of laser beam through 
the same field of interest. Others25:26 seem to have overcome this pro
blem by creating fine vector plots for histological slides, which may 
increase the reliability of this technique. 
Image analysis and morphometry of histopathologic sections gain 
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increasing popularity in the biomedical research. It allows (some
times full automatic) analysis of biopsies in a short time. It remains 
nevertheless crucial to establish the reliability and accuracy of such 
image analysis techniques before they can be integrated into rou
tine histopathologic applications. 
Although Fourier image analysis is not a new technique, we showed 
for the first time that this method is more suitable (i.e. in terms of 
reliability and accuracy) for morphometry of the dermal collagen 
orientation than multi-observer assessment. Collagen orientation 
assessment by observers who use conventional light microscopic 
methods therefore can not be considered as a 'gold standard' any
more. We advocate the use of Fourier analysis, which has become 
easily accessible by image analysis software that can run on person
al computers, as it objectively quantifies the collagen orientation 
reliably and accurately. 
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The treatment of the burned hand has been a sub
ject of special interest during the last decades. In order to 
obtain a better understanding of the parameters involved in 
the long-term functional outcome of hand burns, a retrospec
tive study was performed on 88 consecutive patients with 
hand burns (143 hands), treated according to a standardised 
protocol. Patients were followed for at least 12 months post-
burn. Hand function was assessed by the seven objective test 
criteria (7-OTC) described by Jebsen. Logistic regression analy
sis produced five parameters that were found to have a signif
icant predictive value for long-term hand function. In order of 
predictive value, these were finger amputations, age on ad
mission, impaired autograft take, the full-thickness hand 
burn surface area and the full-thickness total body burn sur
face area. By fitting these five variables into an equation, a 
probability model was obtained. This could be applied to esti
mate a prognosis concerning the final hand function of an 
individual patient with a hand burn. 

No relationship was found between the post-burn day of oper
ation and the long-term hand function. This finding is incon
sistent with the current consensus that functional outcome is 
improved by early excision and grafting. In practice, it sug
gests that hand function is well preserved when burns of 
uncertain depth are treated expectantly, followed by selective 
debridement and grafting. Advantages include reduced blood 
loss, no loss of vital tissue and a reduction of the need for 
donor sites. 
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Introduction 
The impact of a thermal injury to such a refined anatomical and 
functional system as the hand can have enormous consequences for 
its function and cosmetic appearance. It will have consequences 
concerning the patient's independence for activities of the daily liv
ing and quality of life. 
The approach to treatment is guided by the depth of burn. With ade
quate topical therapy, partial thickness wounds will heal with min
imal tendency of scarring and loss of function. However, conserva
tive treatment of a full-thickness injury is associated with poor 
functional and cosmetic outcomes and excision of the burn eschar 
and skin grafting are therefore indicated. 
The treatment of hands with burns of uncertain depth is less well 
defined. Since 1984 in this hospital, all patients with hand burns 
were treated following a protocol that included daily dressing 
changes and the application of local antimicrobial agents (silver sul-
phadiazine cream or cerium nitrate-silver sulphadiazine cream). 
Hands, which had sustained superficial injuries, were allowed to 
heal spontaneously, while hands that had clearly sustained full-
thickness injury were treated by early excision and grafting. Hands 
with injuries of uncertain depth were treated expectantly, followed 
by selective debridement and grafting as soon as demarcation 
became apparent. 

A retrospective study has been carried out to assess the results of 
this protocol, with the aim of identifying predictive parameters and 
their influence on hand function. Special interest was focused on 
the timing of operative interventions, as this parameter might have 
practical consequences for the future treatment of the burned hand. 
Reliable and validated tests for measuring the disability of the hand 
during daily activities after a thermal injury are lacking. Most stud
ies involving hand function assess the impairment of separate 
joints by estimating the range of motion of each finger joint. In this 
study the function of the hand was scored by means of tests resem
bling activities of the daily routine: the seven objective test criteria 
(7-OTC) first described by Jebsen'. Firstly, the internal consistency 
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of the 7-OTC for hand disability was determined. Secondly, by using 
the 7-OTC's the disability of the hand could be assessed and the fac
tors that influenced the final hand function were identified. 

Patients and Methods 
During the period 1985-1991, 267 patients were admitted to the burn 
centre of our hospital with burn injuries involving one or both 
hands. 133 Patients required skin grafts to one or both hands result
ing in 215 operated hands. All patients who sustained a thermal 
injury of the hand were treated according to the following protocol. 
On admission, the depth and surface area of the burned hand were 
determined, as well as the depth and extent of the total body surface 
area burn. Circular burns of the hand or digits were treated by 
escharotomy. Silver sulphadiazine cream or cerium nitrate-silver 
sulphadiazine cream was applied as local antimicrobial treatment 
and dressings were changed daily. The hands were nursed in splints 
in a functional position and physical therapy was started as soon as 
possible. Burns diagnosed on admission as full-thickness were gen
erally treated by excision and grafting in the primary period, defined 
for this paper as less than eight days post-burn. Removal of the 
eschar was performed by sequential excision or avulsion. Spht-skm 
graft was harvested from a non-burned area, perforated by means of 
the mesh-technique2, applied on the wound bed, and secured with 
SurfaSoft® (Mediprof, Bleiswijk, The Netherlands) and staples3. 
Surgery was delayed beyond the eighth post-burn day if the diagno
sis full-thickness depth of the burn was uncertain, to allow time for 
the wound to demarcate. Hand surgery was also occasionally 
delayed in patients with extensive full thickness burns, when the 
first goal was to reduce size of the total surface area wound. 
Parameters recorded for each patient included age on admission, 
total burn surface area (TBSA) burn, full thickness TBSA burn (TBSA3), 
total burned hand surface area (HSA), full thickness HSA burn (HSA3), 
post burn day of operation, survival of the grafted skin (graft take, 
estimated five to seven days post-surgery), number of amputations of 
(parts of) fingers and the need for reconstructive surgery. 
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Figurei Two objective test criteria 

The performance of two Objective Test 
Criteria six years postoperative of a thirty-
nineyear old male patient who sustained 
a flame injury including his hands due to 
a car accident, total body surface area 
involved was 64%: ia) stacking checkers; 
ib) lifting up a large heavy object. 

The long term functional outcome was determined at a maximum of 
seven years post-burn by means of the 7-OTC. The test criteria were: 
1 writing: the patient is asked to write words as quickly and clear

ly as possible (with dominant and with non-dominant hand); 
2 turning over five 3 x 5 inch index cards (simulated page turning),' 
3 picking up small common objects: the patient was asked to pick 

up a coin and a paperclip, placed on a desk; 
4 simulated feeding: the patient had to pick up peas from a plate 

with a teaspoon and bring it to his/her mouth; 
5 stacking checkers: a stack had to be made with five small wood

en checkers, placed in front of the patient; 
6 picking up large light objects: the patient was asked to pick up 

an empty can with a diameter of 10 centimetre; 
7 picking up large heavy objects: the patient was asked to pick up 

a full can (600 grams) with a diameter of 10 centimetre. 
Figure ia and ib demonstrate the performance of two of the OTC's of 
a burned hand six years post-burn. 

The function for each test was scored following a four-step scale from 
normal through total disablement. The internal consistency of the 7-
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OTC was calculated by means of the Kuder-Richardson coefficient 
(SPSS for Windows 7.5, SPSS Inc., Chicago IL USA). This analysis com
pares the correlation of each separate OTC with the other six tests. 
To evaluate the long term result of hand function after skin graft
ing, a logistic regression analysis (SPSS for Windows 7-5) was per
formed on the data, comparing the group with an impaired func
tion for one or more OTC and the group with no disability for any 
OTC. The logistic regression model is an appropriate procedure for 
analysing the influence of all separate parameters in a non-experi
mental model4. Thus parameters with a significant relation regard
ing the variable of interest, like hand function in this study, can be 
identified. The regression coefficient of the parameters that were 
related to final hand function were used to create a probability 
model4: probability = l/{l+e-^^*^-^% where 'e' = 2.718, and 
stands for the base of the natural logarithm. For each patient the 
values of the variables that significantly influence the dependent 
variable hand function (Xi through Xp), the regression coefficients 
of these variables (Bi through Bp), and the constant allow calcula
tion of the probability of a good hand function (scored by 7-OTC) in 

this model. 
The regression analysis was performed by means of a stepwise back
ward elimination procedure. The backward elimination is superior 
to other forms of logistic regression analysis because it is allows the 
identification of relationships that might otherwise be masked. 
As suggested in the literature4, the usual 0.05 criterion for statistical 
significance was relaxed to 0.10 for inclusion and 0.20 for removal of 
parameters to prevent the exclusion of important relationships. 

Results 
Of the 133 patients who had undergone operations for 215 hand burns, 
88 patients (143 burned hands) were available for the long-term 
evaluation of the hand function. The mean age and standard devia
tion (SD) was 30.6 years (SD:i7.i), TBSA was 3i-3 percent (SD:22.2), 
TBSA3 was 16.8 percent (SDtr/.i), HSA was 78.9 percent (SD:26.7), and 
HSA3 was 40.0 percent (SD:32.6). 
Most hands sustained a flame burn injury (11=133). Other causes were 
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chemical burns (hydrogen fluoride, n=4), scalds (n=3), contact injuries 
(n=2) and electricity injury (n=i). 
The 7-OTC were found to be highly consistent according to the 
Kuder-Richardson coefficient (0.95). 
The 7-OTC test identified two groups of hands: one group (n=29) 
consisted of those hands with an impaired function for one or more 
OTC; the other group (11=114) consisted of the hands without im
paired function for any OTC. This dichotomous variable, impaired or 
normal hand function, was applied as the dependent variable for 
logistic regression analysis. The covariates were the variables which 
might have an influence in the long term function of the hand- age 
TBSA, TBSA3, HSA, HSA3, the day of operation, take-rate, amputa
tion of (parts of) fingers and the necessity of reconstructive surgery. 
The means and standard deviations of these parameters for the 
group with a normal and impaired function are listed in Table 1. The 
results of the logistic regression method before the exclusion of 
non-significant parameters are listed in Table 2a. Table 2b shows 
the outcome after a backward stepwise exclusion of all parameters 
that did not reach the significance criterion. The results identify five 
covariates that have a significant influence on the final outcome of 
the 7-OTC. In descending order these were: amputation, age, take, 
HSA3 and TBSA3. Interestingly, no significant influence was 'found 
for the day of operation. 

The goodness of fit of this model was assessed by SPSS for Windows 
7-5, which compared the predictions of the model to the observed 
outcomes. The applied model classified 93.7% of the final hand func
tions correctly; this stands for a more than acceptable goodness of fit 
The regression coefficients of these five parameters and the con
stant listed in Table 2b enabled us to create a probability model 
regarding hand function for an individual patient of a comparable 
population treated following a similar protocol. The equation to 
assess the probability of good hand function was-1/(1+ e "(4-3°3 + ("2982 in 

case of amputation» + (-0.057 « age) + (,.387 (in case of take higher than „ % ) , * (-0.020 x HSA3) • (-0.028 x TBSAjh 

The following two case reports will clarify the interpretation of the 
probability model. As first clinical example serves a 47 year old male 
patient who sustained severe burn injuries resulting in 40% full 
thickness skin defects of the total body surface area. Only his left 
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hand was involved and 85% of the total hand surface area sustained 
a full-thickness burn. One finger finally had to be amputated. The 
take of the split-thickness graft one week post-operative was poor. 
The probability for a normal^function ^ ^ ^ ^ S S S ^ m 

probability model is 1/(1+ e ' 
i/(i+ e*"8) - 1/(1+65-235) = 1/66.235 = 0.015. This means that this hand 
has a poor prognosis, less than 2%, to obtain a normal hand function. 

Normal function 

(114 hands) 

Impaired function 

(29 hands) 

Continuous data 

Age 

TBSA 

TBSA3 

HSA 

HSA3 

average (SD) 

267J16J) 

28.7 (22.5) 

137 054) 

75-5 (274) 

Day of operation 

Categorical data 

Take > 75% 

Amputat ions 

Reconstructive surgery 

32.9J28.3) 

15.0 (11.6) 

number (%) 

107 (93-8%) 

3(2-6%) 

34 (29-8%) 

average (SD) 

43-1 (15-V . 

41.6 (i6.8)_ 

29.1 (i8x>) 

9 2 4 (17-7) 

67.6 (340) 

17.2 (18.2) 

number (%) 

20 (68.9%) 

16(55-2%) 

24 (82.7%) 

Table 1 Characteristics of the population according to the seven Objective Test Criteria 

amputated (parts of) f ingers; Reconstructive surgery = number of hands that requ.red 

surgical reconstruction. 
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Regression 

Coefficient (B) 

Table 2a 

Table 2b 

Amputat ion 

Age 

Take>75% 

HSA3 

TBSA3 

Reconstructive surgery 

TBSA 

HSA 

Day of operat ion 

Constant 

Amputat ion 

Age 

Take>75% 

HSA3 

TBSA3 

Constant 

Table 2 Logistic regression analysis 

-2.702 

•0.056 

1.330 

-0.027 

-0.039 
-0.882 

0.026 

0.006 

-0.011 

3703 

-2.' 

-O.057 

1.387 

-0.020 

-O.O28 

4303 

O.946 

O.725 

0.015 

O.O28 

O.742 

O.025 

O.O18 

O.035 

I.472 

O.801 

O.Oig 

O.716 

O.Oig 

1.175 

tef CriteTlfn a n a ' y
t
S i S : ? e d e p e n d e n t V 3 r i a b l e i s t h e r e 5 u l t o f the 7 Objective Test Criteria. All parameters have one degree of freedom J 

Explanation of the table: Regression Coefficient = the logistic regression coefficient 
(B) p-value of W = statistical significance of the Wald statistic; Part a Co relation 
partial correlation between the dependent and the independent va fable (R " 
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Statistic (W) 

Partial 

Correlation (R) 

8.158 

6.908 

3365 

3-154 

2.038 

1.414 

1.085 

0.129 

0.100 

0.004 

0.009 

0.067 

0.076 

0.153 

0.234 

0.298 

0.720 

0.752 

-0.207 

-0.185 

0.097 

-0.090 

-0.016 

0.000 

0.000 

0.000 

0.000 

0.067 

0.946 

3.782 

0973 

0.962 

0.414 

1.026 

1.006 

0.989 

6.327 

13.852 

8.465 

3-747 
3.464 
2.282 

13.42 

<o.ooi 

0.004 

0.053 

0.063 

0.131 

-0.101 

-0.044 

0.051 

0.945 

4.001 

0.980 

0.972 

Table 2a The result of the Enter method: all covariates are ranked following an 
increased significance criterion. 

Table 2b The equation after a backward stepwise regression: the parameters with 
significant relationships remained after a stepwise exclusion based on a statistical 
significant criterion of p<o.20. Amputation, age, take, HSA3 and TBSA3 were found 
to have a significant influence on the test result. 
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A ten year old girl who has a small burn represents the second clini
cal case. Only the right hand was injured by flames and resulted in a 
full-thickness defect of 20% of the hand surface area, which is a 0.5 
% TBSA3. The take of the autograft was good and no amputations of 
parts of fingers had to be performed. For prognosis of a normal hand 
function of this girl, the following calculation is made: 1/(1+ e -(43°3+<-

°'s)) = 0.991. The probability model demon
strates that hands in such cases have a good prognosis concerning 
their function. 

Discussion 

In this study, the evaluation of the functional outcome was done by 
means of seven objective tests, simulating activities of the hand 
during the daily living. In most comparable studies, hand function 
has been measured by means of goniometry of the finger joints5"9. 
However, goniometry reflects the functional outcome of single joints 
and does not measure the integral function of the hand. The authors 
believe that the success of treatment and its impact on the patient 
preferably has to be represented by tests simulating activities of the 
daily living. Although the functional outcome of a burned hand 
measured by the 7-OTC's is strongly related to joint mobility, it also 
depends on less well-defined parameters such as co-ordination, 
strength, skin sensibility and pliability. The internal consistency of 
the seven tests was found to have a very high coefficient, indicating 
that the 7-OTC's are suitable tests for the assessment of hand func
tion regarding activities of the daily living. 

Almost eighty percent of the hands regained a normal function in 
the long term for the seven daily activities tested with the 7-OTC. 
The test results were negatively influenced by amputations, ad
vanced age, poor autograft take, extensive HSA3 and TBSA3. Because 
of the dominating influence of amputations, the regression analysis 
was repeated after exclusion of the hands with finger amputations. 
However, this did not influence the significance of the remaining 
parameters on hand function (data not shown). 
The majority of these findings are self-evident. For example: a nega
tive correlation between the percentage of third degree hand sur-
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face area and the final hand function both expected and unremark
able. However, no relationship was found between the timing of 
operation and long-term hand function. This finding is inconsistent 
with the current consensus that early excision and grafting is the 
method of choice for treating hand burns'0''2. In our experience, topi
cal wound therapy, particularly the use of cerium nitrate-silver 
sulphadiazine cream'*1'4, prevents deterioration of the wound bed, 
allowing surgical treatment to be delayed without compromising 
the long-term outcome. Three other reports6'71'2 on burn injuries of 
the hand support our findings. In all studies a protocol was used 
involving topical antimicrobial treatment of the hand. However, 
these studies comprised small populations71'5 or a short-term follow-
up only61'5. The functional outcome was evaluated by means of 
goniometry6 or not specified at all'5. The present paper provides fur
ther evidence that a 'wait and see' approach to hand burns of uncer
tain depth is valid. 

Poor hand function was the principle indication for reconstructive 
surgery. Although a correlation between the necessity for reconstruc
tive surgery and an impaired function of the hand was expected, it 
was not observed in this study. This finding suggests that reconstruc
tive surgery probably was effective in restoring hand function. 
However, the actual progress of function was not measurable since 
the OTC's were only performed after reconstructive surgery. 
The study has justified the approach to hand burns in our centre: if 
the diagnosis is a clear-cut full thickness burn of the hand, a prima
ry excision and transplantation is advocated. Rehabilitation is com
menced as early as possible and the length of hospital stay is 
reduced resulting in improvements in cost-effectiveness for those 
patients with a small TBSA'6. If the assessment of the burn depth is 
difficult the operation can be postponed to prevent excision of vital 
tissue, allowing those areas with partial thickness burns to heal 
spontaneously. Moreover, our data suggest that the function of the 
hand is not adversely affected by delayed surgical treatment in 
those patients with extensive burns in whom early large area 
wound closure takes priority. 

The application of logistic regression analysis not only resulted in 
subdivision of the variables that influenced the final hand function 
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and those that did not, also the extent of their influence could been 
calculated. With these variables a probability equation was formu
lated to allow assessment of the functional outcome after surgery 
for individual cases of full-thickness hand burns. It should be men
tioned that this model is only applicable for cases of a correspond
ing population that receive a treatment comparable to the protocol 
that is described in this manuscript. 
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The autologous split skin graft is still considered the 
mainstay for the treatment of large burn wounds and for skin 
defects that are created during scar reconstructions. Scar con
traction occurs as part of the wound healing process after the 
application of a split skin graft and frequently impairs the func
tion of the skin and underlying joints. Knowledge of the aetiol
ogy and pathophysiology of scar contraction may be of great 
help for the reconstruction of such deformities. 
In a prospective clinical study, we established the course of con
traction of split skin grafts in time. In addition, potential prog
nostic factors for scar contraction on the long term were studied, 
such as age, location of treatment, the presence of myofibro
blasts and the short term contraction. 

We analysed the outcome of 48 split thickness autografts ap
plied to cover wounds that were created to release a burn scar 
for reconstructive procedures. The surface area was assessed by 
planimetry at different time points for at least one year and was 
expressed as percentage of the surface area at surgery. Biopsies, 
obtained after three months (n=3o), were evaluated for the pres
ence of myofibroblasts (anti-a-smooth-muscle-actin staining). 
A statistically significant reduction of the surface area was 
found three months after surgery to a remaining surface area of 
62.8 percent with a standard deviation (SD) of 28.2 percent 
(p<o.ooi). The contraction period was followed by a statistically 
significant increase of the surface area to 75.4 percent (SD:36.8, 
p=o.oo4) after one year. Four parameters that were presumed to 
influence contraction on the long term were fitted into a multi
ple linear regression model. Age of the patient, the presence of 
myofibroblasts, and location of the split skin graft (flexion ver
sus non-flexion surfaces) were not found to be prognostic fac
tors for the extent of contraction after one year. The contraction 
on the short term was found to be the only predictor. 
In a 'human scar model', scars show a contraction phase during 
the first months that convert to scar relaxation. There was no 
explanatory relation between the extent of scar contraction and 
the presence of myofibroblasts, age or location. 
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Introduction 
Wound healing and scar formation are issues that almost every sur
gical speciality has to deal with. Especially in extensive full-thick
ness wounds, it is essential to consider the consequences of scar for
mation that occur on the long term, as it may render a disfiguring 
and poor functional outcome. One of the most severe and clinically 
relevant consequences of scar formation is contraction of the scar'. 
Studies on contraction are predominantly based on in vitro evalua
tion with short-term follow up. No studies are available of a long 
term clinical evaluation of this item to date. Therefore, we initiated 
a prospective clinical study with a follow-up of one year to evaluate 
the contraction process in a group of patients that have been treated 
with a split skin graft. 

In this communication, 'scar contraction' is defined as the diminu
tion of the originally injured surface area. We advocate the use of 
the term 'scar contraction' instead of 'wound contraction' as this 
study predominantly concentrates on contraction that occurs after 
the wound has been closed. Scar contraction should not be confused 
with 'contracture', a term that indicates the deformity that remains 
as end result of scar contraction13. 
What mechanism causes contraction? In 1956, Abercrombie was the 
first to propose that connective tissue cells of the repair tissue 
induce wound contraction4. In the beginning of the nineteen-seven-
ties, much attention was focused on granulation tissue fibroblasts, 
the so-called myofibroblasts, which developed features of smooth 
muscle cells. These cells were considered to play a crucial role in 
contraction5 7. However, despite an extensive number of in vitro and 
animal studies, there is no definite proof provided by clinical stud
ies. Other factors for the occurrence of contraction have been consid
ered. Age was supposed to have a relation with contraction8'9. 
Peacock highlights the relation to the anatomical locations and the 
influence of tension and mobility of the skin'. These factors should 
explain contraction at joints in the direction of flexion, which final
ly results in the so-called 'flexion contracture'. 
We have evaluated a substantial number of split skin graft treat
ments prospectively by means of a standardised scar evaluation 
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protocol. The data enabled us to evaluate contraction in time in a 
'human scar model', and the relation between the extent of contrac
tion and parameters of interest. 
Firstly, the surface area of scars was assessed at surgery, after three 
months and after one year to measure and plot the course of contrac
tion in time. Secondly, potential prognostic parameters for the contrac
tion rate after one year such as age, location, presence of myofibrob
lasts and short term contraction results were fitted into a regression 
model that weighted the influence of the separated parameters. 

Patients and methods 
Patients were eligible who required a split thickness skin autograft 
during a reconstruction of a burn scar between August 1996 and 
March 1998. The protocol was approved by the ethics committee of our 
hospital. All patients gave informed consent before surgery. Forty-
four consecutive patients (65 reconstructions) enrolled the study pro
tocol. After one year, seventeen scars were considered ineligible for 
planimetry, as the margins became difficult to delineate accurately 
during the follow-up. These patients (study areas) were withdrawn 
from the analysis. In the remaining group of 33 patients (17 male and 
16 females) with 48 reconstructed scars were included. Split skin graft 
treatments were performed within a range of 77 days to 39 years after 
the burn injury (average: 5.7 years). The mean age was 34.2 years with 
a standard deviation (SD) of 17.7 years. The initial total body surface 
area (TBSA) burned was 28.3 percent (SD:i7_3) of which 19.8 (SD:i4.8) 
was a third dergree burn. No statistically significant differences were 
found regarding these characteristics between the group of included 
and excluded patients. Locations for interventions were: neck (n= 17), 
thorax (n= 6), axilla (n= 8), arm (n= 4), elbow (n= 1), wrist (n= 3), hand 
(n= 4), groin (n= 1), leg (n= 1), knee (n= 2) and foot (n= 1). 

Operation procedure 

The contracted burn scar tissue was released by a double-Y incision 
resulting in a clean full-thickness wound with clear edges and a 
wound bed of fat and muscle tissue. The split-thickness grafts were 
always obtained from unburned skin of an upper leg with a Zimmer 
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dermatome (Zimmer Inc., Dover, Ohio, USA). The dermatome was 
adjusted to obtain grafts with a thickness of the 0.12 - 0.14 inch (the 
thickness was indicated by the scale of the dermatome). 
After hemostasis was obtained, the graft was applied and fixed with 
staples. Forty-three grafts were meshed to a ratio of 1:1.5, a n d applied 
without spreading onto the wound bed. Five grafts were not meshed. 
Paraffin gauze and absorbent cotton, soaked in a solution of 30 % 
polyethyleneglycol, 20% sorbitol and 1% Povidoniodine, were applied 
on top of the graft. The gauze and cotton were removed after five to 
seven days. 

Planimetry 

The scar surface areas were measured during the operation, after 
three and twelve months. Besides these time points, scars were 
measured during every other outpatient visit. With a Polaroid 
Macro 5 SLR photocamera (Polaroid UK Ltd., Vale of Leven, United 
Kingdom), photos were taken at a fixed distance perpendicular to 
the surface resulting in full-size images (1:1 enlargement). The mar
gins of the drawings were then traced on a plastic sheet, scanned 
and exported to computer-software (Adobe Photoshop, Adobe 
Systems Inc., San Jose, California, USA). The margins of the lesion 
were digitally traced. The surface area of a lesion was calculated 
from the number of pixels. In this paper the surface areas are 
expressed as percentage of the surface area at surgery. 

Histopathology 

Biopsies were taken three months after surgery from the centre of 
the study area. After disinfecting the area, and local infiltration 
with lidocaine (1% solution with epinephrine), a punch biopsy was 
obtained with a diameter of three millimetres. Finally, 30 biopsies 
were obtained three months after surgery. The biopsy was trans
ported in formalin and processed into histological slides of approxi
mately 5 um. The slides were stained for a-smooth-muscle-actin by 
routine immunohistocherrtical procedures. Biopsies were analysed 
by light microscopy for the presence of myofibroblasts. The myofi
broblasts were scored following a four step semi-quantitative scale 
from 'absent' to 'abundant'. 
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Statistical analysis 

Statistical analysis was performed by SPSS for Windows 8.0 (SPSS Inc. 
Chicago IL USA). After being tested for normality by means of the 
Kolmogorov-Smirnov test, a paired sample t test could be applied for 
the planimetry data. Both a 95% confidence interval (CI) and a p-
value are given. The two tailed significance criterion was set at 0.05. 
Multiple linear regression was performed to study the outcome of 
the remaining scar surface area after one year and the parameters 
that hypothetically influenced the extent of contraction at this 
time. Before the regression analysis, all independent parameters 
were tested for a linear relation with the parameter 'remaining scar 
surface area after one year'. The following parameters were consid
ered as independent variables to study their potential influence on 
the remaining scar surface area after one year: age, location of treat
ment, the extent of contraction after three months, and the pres
ence of myofibroblasts after three months. 

The continuous variable 'age' was not linearly related to the contrac
tion after one year. As suggested by literature10, a binary variable was 
created that could fit into the regression. Two groups 'old' and 
'young' were determined as being older or younger than the median 
of 37.4 years. Also, the location of treatment was converted into a 
binary variable. Two groups were formed: 'treatment at flexion 
areas', which are prone to develop a flexion contracture' and 'remain
ing locations'. As flexion areas were considered: neck, axilla, elbow, 
wrist, groin, and knee (n=32). The treatments not directly located at 
'flexion areas' of a joint were performed on the thorax, arm, hand, leg, 
and foot (n=i6). A dummy variable was created for myofibroblasts: 
absent or present, the latter being the combination of the categories 
few, frequent and abundant. Backward stepwise elimination was 
performed to refine the model. For the backward elimination the 
inclusion criterion was set at p<o.05 and for exclusion at p>o.io. 

Results 
The planimetry results indicate a statistically significant reduction of 
the original wound area to a remaining 62.8 percent (SD:28.2, p<o.ooi, 
CI: 25.8 - 48.6) after three months. After one year, the average scar sur-



Figure i The relation between scar contraction after three and twelve months 

The remaining scar surface area after three versus twelve months is given 
in percentages. The correlation is presented by the equation line and 95% 
prediction interval for new observations. Equation for regression line: 
'remaining scar surface area after one year' = 23.7 + (0.935 x 'remaining scar 
surface area after three months'), the adjusted R' =0.736 and the residual 
standard deviation= 20.0. 
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Figure 2 Scar contraction 
and relaxation 

A clinical example of scar 
contraction and relaxation 
of the same surface area 
at the day of surgery (a), 
after three weeks (b) 
and after approximately 
eighteen months (c) of a 
scar reconstruction of the 
presternal region. 
Figure 2d shows the 
contraction-time curve. 
The day of measurement 
(after surgery) is displayed 
on the horizontal axis and 
remaining surface area in 
percentage (compared to 
the surface area at surgery) 
is shown on the vertical 

Figures Scar contraction by myofibroblasts category 

Remaining scar surface area after one year versus presence 
of myofibroblasts. The line indicates the average remaining 
scar surface area for all scars that were analysed for the 
presence of myofibroblasts. These data show no correlation 
between the presence of myofibroblasts and contraction. 

; c . 

category: presence of myofibroblasts 
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face area was increased to 75.4 percent (SD:36.8) of the original area. 
Although this area was still significantly smaller in comparison with 
the original wound area (p<o.ooi, CI: 12.3 - 36.9), the average scar area 
at one year was significantly increased compared to the planimetry at 
three months of follow-up (p=o.oo4, CI: -25.2 - -5.4). 
The multiple linear regression was performed with the parameter 
'remaining scar surface area after one year' as dependent variable. 
The independent variables of this model were: 'age', 'location of 
treatment', 'remaining surface area after three months', and 'pres
ence of myofibroblasts after three months'. The outcome of the 
regression analysis is given in Table 1. 
The analysis demonstrates that only one predicting factor remains 

Regression models 

& variables 

Regression model: 

Age at surgery 

Location 

Myofibroblasts - 3 months after surgery 

0= < 37.4years, 1= > 37.4years 

0= not at jo ints, 1= at joints 

0= absent, 1= present 

Remaining surface area - 3 months after surgery 

(Constant) 

Percentage 

Model after Backward elimination: 

Remaining surface area - 3 months after surgery 

(Constant) 

Table 1 Regression model for parameters effecting the remaining surface 
area one year after surgery 

Regression model for parameters effecting the remaining surface area 
one year after surgery. The regression before and after backward stepwise 
el iminat ion is given. The surface area after three months was established 
as the only predictor for the surface area after one year. 
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after backward removal of not statistically significant variables: 
'remaining surface area after three months' (Standardised Coefficient 
Beta = 0.870, p<o.ooi). The relation between the remaining scar sur
face area after three and after twelve months is demonstrated in 
Figure 1 and can be expressed as the following equation; 'remaining 
scar surface area after one year' = 23.7 + (0.935 x 'remaining scar sur
face area after three months'). 
The linear regression analysis was repeated in the same way for 
'remaining surface area after three months'. The following parame
ters were selected for this analysis: 'age', 'location of treatment', and 
'presence of myofibroblasts after three months'. In this model no 
significant parameters were established. 

Unstandardised 

Coefficients 

B 

-18.666 

1.496 

7.184 

0.899 

30-573 

0.935 

23723 

Standard 
Error 

11.811 

13.516 

'4-175 

0.162 

21.083 

0.153 

11.119 

Standardised 

Coefficient 

Beta 

-0.246 

0.019 

0.087 

0.836 

0.870 

Significance 

p-value 

0.149 

0.914 

0.624 

<0.001 

0.181 

<0.001 

0.054 

95% Confidence 

Interval for B 

Lower 
Bound 

-45-378 

-29.079 

74.883 

«•533 

-17-119 

0.602 

-0.504 

Upper 
Bound 

8.058 

32.072 

39.250 

1.266 

78.266 

1.269 

47-950 
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Discussion 
Scar contraction is common practice after many surgical interven
tions. Nevertheless, literature on long term follow-up of scars in a 
'human scar model' is lacking. This study provides scientific evi
dence for the clinical experience that scar contraction within the 
first three to four months is followed by expansion of the surface 
area. The average remaining surface area was reduced to 62.8 per
cent during the first period and followed by a relaxation to 75.4 per
cent. The differences between the surface area at both time points 
(three and twelve months after surgery) were significant despite 
the large standard deviations of the data. An example of these phas
es is illustrated by the photographs in Figure 2 that were taken of 
one wound at different time points and the contraction-time curve 
of this scar surface area. 

The regression analysis enabled us to describe the relation between 
the single outcome value 'remaining scar surface area after one 
year' and several variables that were hypothesised to predict the 
remaining scar surface area after one year. Ideally, our regression 
model should explain why we encountered the large differences 
(standard deviations) in-between different scars. Apparently, only 
one significant prognostic factor could be identified for the remain
ing scar surface area over a long term, namely the remaining scar 
surface area in the short term (three months). This means that the 
extent of contraction on the short term predicts the long-term out
come and shows that a severely contracted scar is unlikely to 
become widely stretched after one year and vice versa. 
Other parameters that were hypothesised to be related to the 
remaining scar surface area after one year such as the presence of 
myofibroblasts5, age8, and location" showed no statistically signifi
cant correlation with remaining scar surface area. 
After the discovery of the myofibroblast in the beginning of the sev
enties'2'3, many papers implied an important role for the myofibrob
last in contraction5114'8. Since then, the role of the myofibroblast in 
relation to scar contraction has also come under debate'9 2'. For exam
ple, when rats received a substance that blocked the expression of 
u-smooth-muscle-actin in myofibroblasts (Vanadate, an inhibitor 
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of tyrosine phosphate phosphatases), a normal contraction rate oc
curred in the absence of myofibroblasts21. 
The immunohistochemical findings of our clinical study could also 
not provide substantial evidence for the effect of myofibroblasts on 
scar contraction in humans. Although some of the myofibroblast 
positive scars could have been missed as the myofibroblast may 
have disappeared before biopsies were taken, we also established 
that non-contracting scars were positive for myofibroblasts. For 
example, of three scars that showed no contraction after three 
months, two were positive for myofibroblasts. After one year, six 
scars were larger than the surface area at surgery of which three 
had been positive for myofibroblasts, as illustrated in Figure 3. This 
implies that scars that are positive for myofibroblasts do not neces
sarily contract. This human scar model therefore could not give a 
scientific basis for a prognostic value and causative role of the 
myofibroblast in contraction. 

Others'9'22 emphasised the role of the fibroblast in contraction, 
instead of the myofibroblasts. Fibroblasts have been shown to exert 
forces much larger than needed for locomotion23, which may be 
used for contraction forces. The role of the fibroblast in contraction 
during our study was established as we repeated exactly the same 
regression model as shown in Table 1 with the inclusion of the num
ber of fibroblasts (data not shown). The fibroblasts were scored fol
lowing a four step semi-quantitative scale from 'absent' to 'abun
dant'. The concentration of fibroblasts in scars was not correlated to 
the extent of contraction. On the other hand, this finding cannot 
exclude that fibroblasts are involved in contraction as all sections at 
least demonstrated the presence of some fibroblasts, so no compari
son could be made between scars with and without fibroblasts. 
Another issue of studies on contraction has been the influence of 
the anatomic region. An enormous range of the extent of contrac
tion for separate wounds has been found during this clinical study. 
Are these differences the result of the application in different 
anatomic regions? By the regression analysis we compared the scars 
on flexion surfaces of joints with reconstructions performed in 
other regions (thorax, arm, hand, leg, and foot). Flexion surfaces are 
clinically defined problematic areas as contraction in those areas 
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may result in function disability of the joint (contracture). It 
explains the high incidence of burn scars in our population that 
required surgical reconstruction on flexion areas of joints (32 of 48 
included scars), whereas no reconstructions were performed on the 
extensor surface of a joint. 
We could not establish a different extent of contraction for scars at 
flexion surfaces compared to scars at other areas. This, however, 
does not directly show that contraction is not site dependent since 
we were not able to study scars at every body region. By evaluating 
the largest subcategory of this study, consisting of neck reconstruc
tions (n=i7), we found an enormous range from 6.5 to 144.6 percent 
(SD: 42.2) of the initial surface area one year after surgery. It signi
fies that parameters other than the location of the graft have a 
major influence in contraction. It has been hypothesised that muco
polysaccharides function as glue that binds the collagen bundles 
when the joint is in flexion. In this model mucopolysaccharides ex
plain the contraction on flexion surfaces24. Contraction has been 
believed to increase with age8, however no significant influence 
was found for age on contraction in this study9''4. 
Also parameters which could not be evaluated in this study model 
should be considered as prognostic factors in future studies so that 
finally causative factors might be discriminated. Mainly experi
mental studies indicated a role for systemic factors that were relat
ed to scar formation such as immunological and genetic factors3'2*26. 
These studies are not concerned with scar contraction but evaluate 
the pathology of hypertrophic scarring and keloid. Although these 
factors seem to be relevant from a clinical perspective (not only 
wounds but also patients appear to have a 'contraction habit') it is 
yet unclear whether these factors contribute in the same extent to 
contraction as they do to hypertrophy. Local factors, in contrast to 
systemic factors, are studied more specifically towards contraction. 
Mainly in vitro studies revealed influence of TGF (Ji27!28

( interferon a-
2b29, tension30'36, free fatty acids37, serum factors37, mast cells38 and 
photolysis39 on contraction. Despite the clear study design and the 
accurateness of the data of an in vitro study, the clinical relevance of 
such studies remains questionable40. 
A mathematical model has been developed to predict the extent of 
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contraction4'. Although the authors appeared unacquainted with 
scar relaxation, their numerical simulations nevertheless predicted 
that the scar is not in a permanently contracted state. This impres
sive work gives interesting new perspectives on contraction, and 
these findings proclaim innovative future developments of comput
er models. On the other hand, it remains a mathematical and not a 
biological model. Another mathematical model was developed to 
calculate the amount of additional tissue needed to regain full 
range of motion of joints42. This model does not, and can not, correct 
for the extent of scar contraction if a split skin graft should be the 
treatment of choice. As long as all relevant parameters are not fully 
understood the outcome for practical purposes of both models 
remains questionable. 

Knowledge of the aetiology and pathophysiology involved in scar 
formation is of great help for the plastic surgeon who uses split skin 
grafts. We established a general trend that scars contract during the 
first months, which is followed by expansion of the surface area as 
the scars mature. The range of the contraction rate was enormous 
for different scars. Contraction on the short term appeared to be the 
only predictive parameter for the long-term outcome of contraction. 
No evidence was obtained of a explanatory relation between age, 
location of treatment, and presence of myofibroblasts with the long 
term outcome. Essential data continue to remain elusive. 
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Although collagen is the most prevalent protein of 
the skin and is considered to have a major role in strength and 
function of the human integument, many details concerning 
the collagen structure remain elusive. During wound healing, 
the random orientation of the destroyed collagen network is 
lost and replaced by smaller collagen bundles that are predom
inately of parallel orientation. It is hypothesised that polarisa
tion of collagen bundles is caused by the direction of mechani
cal tension, especially at joints. 

For this study, collagen orientation and bundle packing were 
quantified by means of Fourier analysis in both scar tissue and 
normal skin. We hypothesised that collagen organisation at 
joint areas differs from adjacent areas due to mechanical ten
sion. Biopsies of scar tissue and normal skin were taken from 
nine patients at joints and at locations adjacent to the joint, 
which served as control. Biopsies were processed in sections 
parallel and perpendicular to the epidermis to observe the der
mal architecture from different perspectives. 
Collagen bundles of scar tissue were orientated in a more paral
lel fashion and more densely packed than bundles of normal 
skin (p<o.ooi). Collagen seemed more randomly orientated in 
deep dermis compared to superficial dermis, especially in nor
mal skin (p=o.o6). Also, normal skin had a more random organ
isation in those sections that were cut parallel compared to 
those that were cut perpendicular to the epidermis (p=o.02). In 
contrast to our hypothesis, we could not show significant dif
ferences in collagen morphology between joints and control 
areas of scar tissue (p=o.g8) or of normal skin (p=o.3o). 
This study gives new quantitative insights in the structure of the 
human skin as it shows that collagen morphology differs with 
respect to superficial and deep dermal layers and parallel and 
perpendicular planes, but not in response to mechanical tension. 
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Introduction 
The importance of the collagen structure for the strength and func
tion of the skin is widely recognised. The changes in collagen organ
isation during connective tissue disorders, such as Systemic 
Sclerosis'12 and Ehlers-Danlos Syndrome3'4, are extensively studied 
by light and electron microscopy. Similar studies have been per
formed to evaluate the collagen structure in scar tissue. Scars often 
become hypertrofie, firm and initially show reduced tensile strength. 
These consequences have been related to the poor quality of the 
restored collagen network5*. Most studies on wound healing and scar 
formation address attention to qualitative aspects of the structure 
of this protein7 9. Microscopic analysis reveals that in normal skin, 
collagen bundles show a basket-weave-like pattern with a random 
orientation, whereas scar tissue consists of smaller bundles aligned 
in a parallel fashion to the epidermis5. Mechanical tension has been 
proposed to play a major role in the orientation of the bundles in 
scar tissue*'0. Nevertheless, clinical studies that provide evidence 
for or against the influence of mechanical tension on bundle orien
tation are absent except for one study", which was published al
ready in 1961. In that study, Holmstrand and colleagues used X-ray 
diffraction to objectify anisotropy of the tissue, nevertheless they 
were not able to show 'a clear-cut correlation between the orienta
tion of the fibrils and the direction of tension on the scars'. 
For the present study we use a convenient and objective technique 
for the evaluation of collagen orientation and collagen bundle pack
ing: Fourier analysis*'*13. This mathematical technique was shown 
to be reliable, accurate, and superior to conventional ratings by 
observers using light microscopy'*'3. 

A study was initiated to quantify collagen orientation and bundle 
packing of scar tissue and normal skin by means of the Fourier anal
ysis. Our hypothesis was that mechanical tension causes polarisa
tion of the collagen bundles in the direction of the stress. Further
more, we studied orientation and packing of collagen bundles of 
scar tissue and normal skin (from tension and control areas) for 
changes in depth and differences in morphology in the plane paral
lel and perpendicular to the epidermis. 
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During clinical studies it is difficult to record accurately to what 
extent scars have endured mechanical stress for the long period 
(months to years). This is in contrast with experimental studies. 
Here, devices can be used for a long period of time that allow con
trolled traction on a wound or a scar1*'5. Despite these controllable 
practical experimental studies, there is definitely a need for clinical 
studies on this subject because wound healing and scar formation 
in humans show considerable differences with tissue restoration in 
animals'6. For practical purposes we selected flexion surface areas of 
joints as 'tension-areas' since they endure much mechanical stress 
due to joint mobility, and furthermore they are notorious locations 
with respect to scar formation17''8. Locations adjacent to the joint 
served as control areas. 

Materials and methods 
The ethics committee from the Red Cross Hospital approved the pro
tocol before the start of the study. Two inclusion criteria were 
employed. Firstly, location of the bum scars had to allow biopsies of 
normal skin and scar tissue at an area of mechanical tension (flex
ion area of joint) and at an area adjacent to this joint that served as 
control. Control biopsies were taken between this joint and the 
proximal or distal joint. If not all biopsies could be harvested from 
the same extremity, locations at the contra-lateral side were also 
used for the evaluation. If it was impossible to harvest four biopsies, 
at least two biopsies were obtained that allowed paired analysis of 
tension or control areas. Due to the number of biopsies and their size, 
we only included patients who required general anaesthesia for a 
reconstructive procedure of a burn scar. General anaesthesia was 
therefore the second inclusion criteria. Nine patients enrolled this 
study (5 males and 4 females) after giving written informed con
sent. The mean age of the population was 40.7 with a standard devi
ation (SD) of 14.1 years. The scars were biopsied at an average of 2.5 
years after the burn injury (range: 4 months - 8 years). 
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Harvesting and processing of the biopsies 

Biopsies were obtained with an elliptical form of approximately 1 by 
2 cm. The longitudinal axis of the biopsy paralleled the longitudinal 
axis of the extremity that is the direction of most muscular strength 
and activity and thus mechanical tension. The wounds that re
mained after removal of the biopsy were sutured. 
By cutting the biopsies in the longitudinal axis, two symmetric parts 
were created. The tissue was fixed in buffered 4% formalin. The first 
half of each biopsy was processed into histological slides 
(5 nm) in a routine fashion with the section perpendicular to the epi
dermis of the biopsy. The second halfwas cut with the section paral
lel to the epidermis. The counting of sections started at the epider
mal/dermal border. From there, the complete dermis was processed. 
Each forty-fifth section was preserved and processed like the slides 
of the first half (the number of slides was chosen because of practi
cal considerations). Sections were processed parallel to the epider
mal plane and allowed collagen morphometry at different depths of 
the scar and skin. Levels 1 to 6 were approximately at 225, 450, 675, 
900,1125 and 1350 urn distance from the epidermal/dermal border. 
Sections were stained with hematoxylin-eosin. Figure 1 illustrates 
how both halves of the biopsy were processed, as well as the levels 
of measurements. 
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Conf ocal laser-scanning microscopy 

The sections were scanned with a confocal laser-scanning microscope 
(Leica Micro Optics, Heidelberg, Germany) with a 6.3 x 0.2 objective 
and a 50pm pinhole making use of the fluorescent properties of eosin 
(excitation: 488nm, detection: LP 6ionm). In this way the interference 
of the hematoxylin stained nuclei in standard brightfield image was 
avoided. Images were adapted to the full dynamic range of the sys
tem (8 bit) to standardise the contrast/brightness ratio. 
Images of 794pm x 794um were created from the sections of the 
superficial dermal layer and the deep dermis that were processed 
perpendicular to the epidermis. These sections were scanned with 
the epidermis orientated in a horizontal plane. The centre of the sec
tions that were processed parallel to the epidermis were scanned in 
a similar manner. 

Fourier analysis 

Image analysis was done with the Fast Fourier Transform module of 
the O win Pro image analysis software (version 2.2, Leica Imaging 
Systems LTD, Cambridge, UK). The width/height ratio of the zeroth-
order maximum in the generated power plot of the image was an esti
mate of the orientation: the collagen orientation index. Fourier analy
sis of an image with parallel collagen orientation yields an elongated 
power spectrum that leads to a small orientation index. Perfectly ran
dom tissue results in an orientation index that approximates one. 
The distance between the centres of gravity (d) of the first-order 
maxima was used to calculate the distance between the centres of 
the collagen bundles (X) by using the formula >.= 794H™ x (i/(o.5xd)). 
The distance X was regarded as indicator of averaged collagen bun
dle packing. Figure 2 shows the superficial and deep dermal layer of 
normal skin and scar tissue together with the zeroth and first-order 
maxima of Fourier analysis. 

Statistical analysis 

Data were analysed by the statistical program SPSS for Windows 8.0 
(SPSS Inc. Chicago IL USA). A paired sample t test was applied for all 
paired data of the Fourier analysis (collagen orientation and bundle 
packing). The independent sample t test was used for the compari-
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son of the data from the perpendicular and parallel sections. Analy
sis was done on separate groups containing only sections of a cer
tain level of the biopsy, and also after pooling the sections per biop
sy. As suggested by literature'9, both the 95% confidence interval of 
the difference (CI) and p-value are given. The significance criterion 
was set at 0.05. 

Results 

Tension and control areas were analysed in a paired design for 
normal skin and scar tissue. The organisation of scar tissue differed 
considerably from normal skin. We calculated the 'overall' colla
gen orientation index and collagen bundle packing by evaluating 
all perpendicular and parallel orientated sections pairs (n=7o) of 
the group of normal skin and scar tissue. Normal skin was found to 
have a significantly higher collagen orientation index (0.74, SD: 
0.11) than scar tissue (0.56, SD: 0.16), which shows that normal tis
sue is organised in a more random fashion. The difference was 
highly significant (CI: 0.13 - 0.22, p<o.ooi). In addition, a statistical
ly significant difference (CI: 3.1 - 8.2, p<o.ooi) was found for bundle 
packing, as the distance between the centre of collagen bundles of 
normal skin (X=237. SD: 8.2) was larger compared to those found in 
scar tissue p,=i8.i, SD: 6.4). The aspect of normal skin and scar tis
sue by confocal laser-scanning microscopy is shown in Figure 2. 
A paired sample r test was performed to indicate differences 
between tension and control areas with respect to collagen orienta
tion index and collagen bundle packing. These data, given in Table 1, 
show that the orientation index and bundle packing do not differ 
significantly between tension and control areas. 
Further analysis was directed at the differences in collagen organi
sation between: 1) superficial and deeper layers of the skin and scar; 
and 2) the parallel and perpendicular planes of the skin. From here, 
data of tension and control areas were pooled as we demonstrated 
no differences concerning collagen orientation index and collagen 
bundle packing between biopsies taken at joints or their control 
areas. Mechanical tension is therefore not a confounder for this 
analysis. Table 2 shows detailed information on the collagen orien-
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Normal Skin 

Scar Tissue 

Collagen or ientat ion index 

Collagen bundle packing 

Collagen or ientat ion index 

Collagen bundle packing 

of sections 

Pairs 

26 

26 

3i 

30 

area 

Mean 

0.71 

23.0 

0.58 

17.4 

Table 7 Collagen orientation index and collagen bundle packing: tension versus control 

SD 

0.12 

6.3 

0.18 

5-0 

areas 

tation index, collagen bundle packing, and number of available sec
tions per level, for normal skin and scar tissue. 
The data of the superficial and deep dermal layers of the perpendic
ular sections, which are given in Table 2, were compared. The differ
ence between collagen orientation index of the superficial and deep 
dermal layers of normal skin approached statistical significance 
(CI: -0.13 - 0.00, p=o.o62). The difference was smaller between the 
superficial and deep dermal layers of scar tissue (CI: -0.15 - 0.06 
p-0.348). For collagen bundle packing no statistically significant 
differences were found between superficial and deep dermal layers 
for scar tissue (CI: -3.9 -1.4, p=o.336) and normal skin (CI: -4.9 - 3.6, 
P-o.735)- The confocal laser-scanning microscopy images of Figure 2 
show that the superficial layers of both normal skin and scar tissue 
are aligned in a more parallel fashion compared to the deeper lay
ers. Note that the zeroth order spectra of Fourier analysis are less 
elongated for the deeper layers compared to the superficial layers 
which also indicates a more random orientation of deeper layers' 
The average collagen orientation index and collagen bundle packing 
of each level of the parallel orientated sections, which is given in 
Table 2, is plotted in Figure 3a and 3b. Figure 3a shows that the aver
age collagen orientation index for normal skin and scar tissue was 
relatively low in the superficial layers and increased gradually in 
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Mean 

0.74 

23.0 

0.57 

18.1 

Control 

area 

SD 

O.08 

4-7 

0.14 

3-9 

95% Confidence 

Interval of the Difference 

Lower 

-0.09 

-0.07 

-33 
-3.0 

Upper 

0.03 

0.08 

3-2 

1.6 

Paired samples t 

test 

P value (2-tailed) 

0.303 

0.876 

0.983 

0.534 

depth, which means that collagen shows a more random organisa
tion in deeper parallel layers. Despite the few sections at the deep
est level 6 (n=6), a statistically significant difference was found for 
the orientation index of normal skin between the most superficial 
layer at approximately 225 urn and the deepest layer at approxi
mately 1350 urn (Wilcoxon signed ranks test, p=o.o28). 
A similar phenomenon occurs for collagen bundle packing in normal 
skin as the average /, increased gradually (Figure 3b). In contrast, colla
gen bundle packing in scar tissue seemed constant at all depths. 
Our data indicated differences in collagen characteristics between 
the plane perpendicular and parallel to the epidermis. In general, 
the collagen orientation index of normal skin was larger for the 
averaged data of the parallel sections (0.76, SD: 0.11) in comparison 
to the averaged data of the perpendicular sections (0.70, SD: 0.10), 
this difference was statistically significant in an independent-sam
ples f test (CI: -0.11 - -0.01, p=o.oi7). Collagen bundle packing 
approached a statistically significant difference between perpendic
ular sections (22.0, SD: 5.6) and parallel sections (24.9. SD: 8.7) of nor
mal skin (CI: -6.5 - 0.7, p-0.108). For scar tissue smaller differences 
were found that were not statistically significant different for colla
gen orientation index (CI: -0.11 - 0.04, p=o.392) and collagen bundle 
packing (CI: -3.7 - 0.7, p=o.i73). 
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Normal skin 

Scar tissue 

5 

D 

S 

D 

uperficial layer 

eep layer 

jperficial layer 

eep layer 

n 

15 

14 

15 

'4 

Collagen 

orientation index 

average 

0.67 

0.73 

0.52 

0-57 

SD 

0.10 

0.10 

0.19 

0.16 

ut 

bundle packing 

average 

21.5 

22.5 

16.1 

17-3 

SD 

5-8 
5.8 

34 

4-3 j 

Table 2a Sections cut perpendicular to epidermis 

Normal skin 

Scar tissue 

I 

L 

L 

L 

L 

L 

L 

evel 1 (225 urn) 

evel 2 (450 urn) 

evel 3 (675 urn) 

evel 4 (900 urn) 

evel 5 (1125 urn) 

evel 6 (1300 urn) 

evel i (225 urn) 

evel 2 (450 urn) 

Level 3 (675 urn) 

L 

L 

L 

evel 4 (900 urn) 

evel 5 (1125 urn) 

ïvel 6 (1300 urn) 

n 

12 

10 

13 

5 

7 

6 

14 

10 

10 

10 

8 

7 

Collagen 

orientation index 

average 

0.72 

0.72 

0.76 

0.78 

0.79 

0.86 

0.54 

0.54 

0.51 

0.65 

0.60 

0.62 

SD 

0.13 

0.13 

0.09 

0.05 

0.07 

0.07 

0.12 

0.23 

0.10 

0.16 

0.19 

0.15 

Collagen 

bundle packing 

average 

21.5 

235 

25.0 

26.4 

27-5 

31.6 

18.0 

16.5 

18.5 

19.2 

177 

19.6 

SD 

5-2 

6.4 1 

4-9 

6.8 

12-5 

18.8 

3-9 

57 

4-1 

5-5 

44 
8.1 

Table 2b Sections cut parallel to epidermis 
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normal skin 

scar tissue 

3 4 6 

Surface level under epidermis 

Figure3a Collagen orientation index at different surface levels 

2 3 4 5 

Surface level under epidermis 

Figure 3b Collagen bundle packing at different surface levels 
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Discussion 

Although considerable attention has been focussed on collagen and 
its structure by subjective evaluations like conventional light 
microscopy, quantitative analyses on dermal collagen structure is 
required to gain a better understanding of the normal and patholog
ical conditions. This study provides statistical evidence for a gener
ally accepted idea postulated in descriptive studies that collagen 
bundles are orientated in a more parallel fashion in scar tissue com
pared to normal skin. 

It has been hypothesised that collagen bundles are aligned in the 
direction of mechanical tension during scar formation*20. In more 
recent studies on the relation between mechanical tension and col
lagen organisation, attention shifted from collagen bundles to fibro
blasts and myofibroblast, which are the cells that produce collagen. 
These cells were found to respond to mechanical tension with respect 
to their organisation2'1", and by apoptosis23. Our data, however, do 
not support the hypothesis that mechanical tension over joints 
polarises collagen bundle orientation in the direction of stress, as no 
difference could be found between collagen orientation index for 
joints and control areas for scar tissue (orientation index 0.58 and 
0.57 respectively, p=o.98) and normal skin (0.74 and 0.71 respective
ly, p=o.3o). Laufer and colleagues came to the same conclusion in an 
animal model where incisions were made in different directions on 
the back of a pig24. Their data suggested that mechanical tension 
was not likely to be a major factor in determining the orientation of 
fibroblasts and collagen fibres. Table 1 shows that if mechanical ten
sion at joints would cause polarisation of collagen at all it would be 
found in normal skin as biopsies from normal skin showed a small
er collagen orientation index at joints (0.71) compared to control 
areas (0.74). This difference was not statistically significant (p=o.3o). 
The absence of a statistically significant difference could be related 
to the relatively small sample size of this study. A power-analysis 
calculation25 (cx=o.os, Power=8o%) showed that a study of 200 pairs 
of sections may detect a statistically significant difference for the 
collagen orientation index of normal skin. After an interim evalua
tion we did not consider further inclusion of patients, as we believed 
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that the results so far sufficiently answered the aims and hypothe
ses of this study. 
All sections of scar tissue, cut parallel and perpendicular to the epi
dermal plane, showed predominantly small collagen bundles run
ning in the same horizontal direction (Figure 2). Parts of biopsies of 
two patients were additionally cut in the plane perpendicular to the 
direction of the mechanical tension. Therefore sections were avail
able in three dimensions. If all bundles run in the direction of 
mechanical tension, collagen bundles would have appeared as 
small dots in these sections. Since this was not the case, we postu
lated that these bundles may be part of 'collagen planes'. 
In contrast to collagen bundle orientation, few published studies 
exist regarding collagen bundle packing. Collagen bundle packing 
differed significantly between scar tissue and normal skin as dis
tances between centres of the bundles were much smaller in scar 
tissue compared to normal skin. The electron microscopy images of 
normal skin and scar tissue of Figure 4 show that the collagen bun
dles of scar tissue are more packed than the collagen bundles of nor
mal skin. In agreement with results for the collagen orientation, no 
influence could be established for mechanical tension on bundle 
packing during this study. 

We concluded that mechanical tension caused by joint mobility does 
not affect collagen structure. We question therefore whether ten-
sional load is a causative factor for complications which occur typi
cally at flexion areas of joints, such as contracture26127. Others pro
posed a theory that mucopolysaccharides function as glue that bind 
the buckled collagen bundles when the joint is in flexed position28'29. 
This theory requires a more scientific basis by experimental and 
clinical studies yet. 
In normal skin, the collagen orientation index of the superficial ver
sus deeper dermal layer (cut perpendicular to the epidermis) ap
proached a statistically significant difference (p=o.o62). Others men
tioned this finding without a quantitative analysis9. Sections cut in a 
plane parallel to the epidermis also showed an increase of the colla
gen orientation index for deeper layers, as shown in Figure 3a. 
Our data showed differences between collagen structure of normal 
skin in the plane perpendicular and parallel to the epidermis. Orien-
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figure 4 Electron microscopy images of collagen bundle packing in normal 
skin and scar tissue. 

Figure 4 shows collagen fibres by means of transmission electron microscopy. 
Collagen of scar tissue, as shown in Figure 4a, is more densely packed than 
collagen of normal skin (C) of Figure 4b (F=Fibroblast). Scale bar = 10 urn 
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tation indexes were generally larger for collagen in parallel planes 
in comparison with perpendicular planes. This suggested that 
bundles run in a more random fashion in the plane that parallels 
the epidermis. We confirmed this impression by comparing the sec
tions of both cutting directions with an independent-samples t test, 
where a significant difference was established for the collagen ori
entation index in normal skin between both planes but not for 
scar tissue. 
Why does normal skin have a predominantly random organisation, 
especially at the deeper levels? The nature of this organisation must 
be related to the functions of the skin as integument. The skin 
endures considerable shearing and pulling forces. It seems therefore 
evident that the structure of collagen, which is considered to be the 
most important functional component, is organised to resist these 
forces. It is plausible to assume that superficial tissue has to endure 
most of the forces that are orientated predominantly parallel to the 
surface, whereas collagen in the deeper layers requires the capacity 
of intercepting forces both parallel and perpendicular to the surface 
area. This proposition is tenable from a morphological point of 
view, because deeper layers transfer forces by bundles that run per
pendicularly to the underlying tissues. 

Collagen morphology of scar tissue differed significantly from that 
of normal skin, as collagen bundles of scar tissue were more parallel 
orientated and more densely packed. We established that collagen 
has a more random organisation in the plane parallel to the epider
mis compsared to the perpendicular plane. This organisation be
comes gradually more random for deeper layers. In contrast to gene
rally accepted ideas, mechanical tension on joints did not influence 
collagen morphology of scar tissue, nor that of normal skin. 
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At present, much attention is focused on the devel
opment of artificial organs that replace destroyed or malfunc
tioning organs in human. The skin is no exception. Much effort 
has been undertaken, and costs been made, to develop skin 
substitutes that replace injured skin. Main areas of interest are 
the extensively burned patients who lack autologous donor 
skin and the venous or diabetic leg ulcers. Skin substitutes are 
not only claimed to replace lost tissue but they should improve 
the outcome of the current treatment modality for the full 
thickness wound: the autologous split skin graft. In this paper 
an outline is given of ongoing research and the results of clini
cal applied skin substitutes in acute burn wounds. 
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Introduction 
Rheinwald and Green opened the way for epidermal substitutes in 
1975 by developing a technique to culture keratinocytes that allowed 
clinical application'3. Some years later, Yannas and Burke reported 
fundamental studies on the development of a biological dermal 
substitute derived from bovine collagen"8. It has been hypothesised 
that the application of an artificial dermis results in the formation 
of a neodermis that has a structure comparable to normal dermis. 
These studies proclaimed the start of a new area in wound healing 
research, the area of tissue engineering as well as epidermal, dermal 
and full skin substitutes. In this paper an overview is given on the 
progress made by experimental and clinical studies on the different 
types of skin substitutes. 

Epidermal substitutes 
In 1975, a method became available for the use of enzymatic tech
niques to harvest cultured keratinocytes as intact sheets1;2. This 
technique allowed preparation of keratinocyte sheets for clinical 
use. Cultured epidermal autografts were considered beneficial for 
grafting of large burn wounds when donor sites were limited. 
Clinical studies demonstrated variable successes with the use of cul
tured epidermal autografts in burns. A major concern was the poor 
survival of the keratinocyte sheets9"'2. A meta-analysis on the graft 
survival showed that the average survival was about sixty percent 
of the applied sheets'3. The main causes of graft failure were wound 
infection and haemorrhage91". Other relative contraindications were 
grafting on granulation tissue and friction areas9. On the other 
hand, grafting on freshly excised wounds in an early stage showed 
improvement of the sheet survival'3. 

On the long-term, skin fragility and easy blistering were frequently 
encountered as result of a paucity of anchoring fibrils'4 '6, probably 
because the anchoring fibrils take more than one year to be regener
ated at a normal level'7. 
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Although keratinocytes may be multiplied a 500-fold before the 
cells lose their proliferation potential2, the time that is required for 
achieving a keratinocyte sheet for clinical application is disappoint
ing. The critical delay of time is partially due to the necessity to 
form a multi-layered keratinocyte sheet and counteracts the wide
spread clinical use of cultured epidermal autografts. The develop
ment of biocompatible carriers for single-layered keratinocytes 
allowed grafting at earlier culturing stages'8 2°. So far only prelimi
nary clinical data have been published on this concept2'. 
The chimeric epidermal substitutes, which are confluent sheets 
composed of allogeneic and autologous keratinocytes, may be con
sidered for fast preparation of a cultured epithelium22123. Experi
mental studies suggested that the allogeneic/autologous cells can 
be applied in ratios like 20:1. Histopathological follow-up showed 
that only autologous epidermal cells remain in the regenerated epi
dermis after one to two months"122. At this moment no clinical trials 
have been published on the clinical application of the chimeric epi
dermal substitute. 

Another solution to overcome the critical time period for culturing 
is to use lysates of cultured keratinocytes. Lysates seem to contain 
mitogenic activity for keratinocytes, endothelial cells, and fibro
blasts and inhibited contraction by fibroblasts in collagen gels24. In 
burn wounds, a gel with lysated keratinocytes appeared to have a 
stimulatory effect for epidermal repair comparable to that of cul
tured allogeneic keratinocytes24. 
Recently, Langerhans cells and melanocytes have been added to cre
ate a more complete epidermal substitute25126, but the clinical signi
ficance of adding these cells to the substitute remains to be deter
mined. 
We concluded that the clinical application of cultured keratinocytes 
for epidermal skin replacement seems beneficial in cases when con
ventional methods fail to supply sufficient skin covering. Moderate 
take results'4, wound covering delay9, high costs2728, and skin insta
bility on the long term9 are disadvantages of this technique that 
have important practical consequences. 
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Dermal substitutes 
Basic physical requirements for dermal substitutes, were given by 
Yannas and Burke based on fundamental studies4*'8*9, and concern 
clinical features such as tear strength, elasticity, peel strength, han
dling and suturing characteristics. The ideal pore size between the 
fibres of the lattice to allow migration of the fibroblasts from the 
wound bed into the lattice was shown to be between 20 and 125 um. 
Smaller pore sizes might limit cell migration, whereas larger pore 
sizes will not provide sufficient attachment area for the migrating 
cells4'6. The biodegradation of the product should take place in about 
three to four weeks4. 
Different materials have been used as base component of a dermal 
substitute such as collagen, synthetic materials30;3' and human ca
daveric donor dermis32133. 
The seeding of autologous or allogeneic fibroblasts on an acellular 
lattice has been performed to create a living dermal substitute. Both 
allogeneic and autologous fibroblasts have been beneficial with 
respect to macroscopic and histological results in different in vitro 
and animal studies34'40. In the case of allogeneic cells, rejection might 
be expected due to immune reactivity of the recipient. Although 
allogeneic fibroblasts induced no immunogenic reactions in the 
host, they may accelerate second-set rejection4'. The major draw
back of autologous fibroblasts is the delay in grafting that is caused 
by the time required to culture sufficient cells. 
Also endothelial cells have been used for the preparation of a skin 
equivalent with a capillary network42 to improve graft revascular
ization. The clinical significance of such promising adjustments is 
yet unclear. 

Collagen lattice 

Collagen is the most prevalent protein of normal human dermis, 
and provides a unique combination of strength and flexibility to the 
dermis. The choice for collagen seems therefore logical, also because 
of its abundance in nature and its low antigenicity43. Products have 
been added for further improvement of wound healing parameters 
like glycosaminoglycans (GAG) chondroitin-ó-sulphate44'45, hyaluronic 
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acid46 and elastin-hydrolysate47. Based on their inventory studies, 
Yannas and Burke created a highly porous acellular lattice of bovine 
collagen combined with GAG derived from shark cartilage. The addi
tion of this GAG, chondroitin 6-sulfate, was based on a study in which 
chondroitin 6-sulfate provided more elasticity, delay of biodegrada-
tion, a more open pore structure, and no inflammation during fibrob
last'ingrowth6. In vitro studies4748 could not confirm the positive 
effect of chondroitin 6-sulfate, dermatan sulphate, and hyaluronic 
acid. In animal studies, the addition of elastin components to the col
lagen lattice resulted in a reduced cellular influx, a decreased number 
of myofibroblasts and more randomly orientated collagen bundles 
resembling normal skin47i49;5°. Native collagen seemed to be superior 
to reconstituted collagen, since native collagen degraded less rapidly 
than reconstituted collagen4*47149. Reconstituted collagen was degrad
ed within seven days47, whereas a native collagen matrix was totally 
absorbed within six weeks5143. 

Integra (Lifesciences Corp., Plainsboro, NJ) is the bilayered membrane 
based on the concept of Yannas and Burke. The dermal layer consists 
of a combination of bovine collagen and chondroitin 6-sulfate covered 
by a disposable 'epidermal' silicone layer4i7;8. The silicone sheet acts as 
a barrier against bacteria, controls water evaporation, and provides 
mechanical support. The bilayered membrane is applied during the 
first operation after preparation of the wound bed. The silicone layer 
is removed after an average period of two to three weeks and replaced 
by a split skin graft. In the first clinical study7, a good neodermis was 
provided resembling the normal dermis. The bovine collagen was not 
detectable after seven weeks, indicating an effective biodegradation. 
In a multicenter trial5' Integra was applied in 139 wounds of 106 
patients. Twenty-six patients were evaluated for more than one year 
and showed less hypertrophic scarring with comparable appearance 
and function compared to the control site. Histopathological studies 
on biopsies taken from 131 patients treated with Integra demonstrated 
good wound repair with a minimum of scarring52. No significant 
immunological problems were found after the application of Integra 
in patients with extensive thermal injuries53. 

Suzuki54155 published comparable data with an Integra-like skin substi
tute in small clinical settings. According to the authors, the skin sub-
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stitute resulted in good take results, showed low antigenicity, and the 
silicone layer was easily removed during the second operation be
cause of a high biodegradation rate of the lattice. 
Experimental studies on full-thickness wounds in pigs showed good 
dermal regeneration and a reduction of wound contraction for a bovine 
collagen/ elastin dermal substitute seeded with fibroblasts3"6*6. The 
quality of dermal regeneration was significantly improved for wounds 
treated with dermal substitutes with high numbers of autologous 
fibroblasts (500.000 versus 100.000 cell per square cm). 

Synthetic lattice 

Synthetic materials are used in surgery for a long time. The most 
commonly used materials are degradable sutures. More recently, 
different synthetic materials have been developed as dermal substi
tutes and tested in different in vitro and in vivo studies as skin 
replacements, such as Vicryl (polyglactin acid mesh)3°, Dexon (poly-
glycolic acid mesh)3°, and Polyactive3'. Polyactive (IsoTis BV, Bilt-
hoven, the Netherlands) is an example of a biodegradable synthetic 
bilayered polymeric matrix made of a polyether/polyester co-poly
mer. The top layer is dense, whereas the under layer is porous". The 
material was biocompatible, showing only mild cellular reaction in 
a histological study in goats58. Another animal study showed posi
tive effects of the fibroblasts with respect to a higher collagen depo
sition and a slower degradation time for the cell seeded versus the 
acellular substitute38. 

Dermagraft (Advanced Tissue Sciences, La Jolla, CA, USA) is a Vicryl 
mesh impregnated with viable, allogeneic human neonatal foreskin 
fibroblasts. A clinical study showed no immunologic reaction against 
the allogeneic fibroblasts59. New elastin was not detected after one 
year. In a mouse model with controlled bacterial contamination 
Dermagraft did not increase the occurrence of graft loss compared to 
the control site60. Dermagraft treatment6' was assessed to be cost-
effective compared to standard treatments for diabetic foot ulcers. 

Allogeneic cadaveric donor skin 

Human donor skin is theoretically the perfect dermal substitute as 
it provides a natural three dimensional collagen structure and a 
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natural basement membrane complex that is known to play an 
important role in the process of normal wound healing32. The anti
genicity of the cryopreserved donor skin has been attenuated by 
cryopreservation62. Moreover, noncellular components of the cadav
eric dermis have been shown to be relatively nonimmunogenic32. In 
addition, decellularised allogeneic donor skin gave better results 
compared to the cellular allogeneic donor skin63. In a human and 
porcine wound model, the allograft supported fibroblast ingrowth, 
neovascularization, and epithelialisation and resulted in good wound 
healing without evidence of inflammatory reaction and immuno
genic response32,64. The potential danger of transmittance of human 
immunodeficiency virus, other contagious diseases, and immuno
logical rejection, however, limits the possibilities for using cadaver
ic donor skin. 

AlloDerm (LifeCell Corp., Branchbum, NI) is an acellular dermal sub
stitute processed from cryopreserved human cadaver skin. Cells of 
the epidermis and dermis are removed, leaving the remaining tis
sue intact. In a multicenter trial (43 patients) equal take rates were 
found comparing the AlloDerm split-skin graft application versus 
the standard split-skin graft application33. Thinner mesh grafts 
applied on AlloDerm resulted in better take rates, probably because 
of a lower metabolic demand and shorter nutrient distance32. In the 
long term, less scarring and contracture was demonstrated. In an 
animal model, a poor survival of thick split skin grafts was shown 
and thin split skin graft were necessary to obtain acceptable take-
rates in one stage grafting together with the acellular allogeneic 
dermal substitute underneath the split skin graft65. 

In conclusion, acellular collagenous, synthetic or allograft dermal 
substitutes can be easily stored and used as an off-the-shelf product. 
Although experimental work shows promising results, more clinical 
research is mandatory to establish clinical effectiveness. Some pro
cedures still require an autologous split skin graft for epidermal cov
erage. However, if the epidermal layer has to be provided by means 
of cell culturing, the costs will increase considerably. 
A cellular dermal substitute can be created by impregnating autolo
gous or allogeneic fibroblasts into the dermal substitute. Fibroblasts 
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have shown to improve dermal repair in animal models 3°,38;66i67 but 
the clinical effectiveness needs to be determined to date. 

Complete skin substitutes 
When replacements of both epidermis and dermis were developed, 
both techniques were combined to design a complete skin substi
tute. A full skin equivalent may be the answer for the lack of donor 
sites in the extensively burned patient. Moreover, the dermal com
ponent overcomes the technical problem of the delivery of cultured 
keratinocyte alone, as they are difficult to handle. Different dermal 
substitutes have been tested that served as a carrier for ker-
atinocytes. Keratinocytes adhered better to Dermagraft than to 
AlloDerm68, however allogeneic dermal substitutes gave a more nat
ural formation of rete ridges compared to a collagen based dermal 
substitute69. Others70 used two collagen layers, the lower layer con
tained large pore sizes and was seeded with fibroblasts whereas the 
upper collagen contained smaller pore sizes for keratinocytes. The 
application of fibroblasts in the dermal layer was found to promote 
epidermal growth by remodelling collagen fibres and by secreting 
growth factors39™2. Vice versa, keratinocytes have been shown to 
stimulate elastin formation in the dermal layer within 2 months73. 

Apligraf® (Organogenesis Inc., Canton, MA, USA), formerly known 
as Graftskin, is a commercially available bilayered cultured full-skin 
replacement of a bovine type I collagen lattice with cultured human 
dermal fibroblasts seeded with allogeneic human keratinocytes 
obtained from human neonatal foreskin. Studies on immunodefi-
cient athymic nude mice demonstrated a continuous basement 
membrane in two weeks and tightly packed collagen fibres thirty 
days post-wounding4,;74. Apligraf® was tested on fifteen patients 
with small acute surgical wounds after removal of skin cancer75. A 
good cosmetic appearance was obtained, although the authors 
noticed marked wound contraction. No clinical symptoms of rejec
tion were seen, and studies for toxicity were negative. Treatment 
with Apligraf in combination with compression therapy was bene
ficial for venous ulcers in comparison to compression therapy alone 
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in a large multicentre trail, moreover, no rejection or sensitisation 
was noticed76. In a publication of a large study on acute non compli
cated excisional wounds (11=107), the authors state that tissue thera
py may be safe and useful. However, the survival of Apligraf after 
one month was poor77. In a multicenter-randomised trial, a combi
nation of Apligraf and split skin graft was tested versus a split skin 
graft treatment alone in forty burn patients78. Sixteen patients com
pleted the follow up of two years. The sites treated with Apligraf 
over the split skin graft showed a significant increase of Vancouver 
Scar Scale score suggesting an improvement of functional and cos
metic outcome. 

Compton et al. gave an extensive outline of the temporal sequences 
of the formation of a new epidermis and dermis after the applica
tion of a collagen-GAG based (Integra-like) dermal layer seeded with 
autologous keratinocytes in an animal study79. The epidermis 
reached confluence within nineteen days post-grafting and formed 
a fully differentiated, normally oriented epidermis with rete ridges. 
Simultaneously, a neodermal connective tissue matrix was formed 
beneath the newly formed epidermis. The skin substitute was com
pletely dissolved mainly as result of a foreign-body giant cell reac
tion that peaked ten days after grafting. Nevertheless, no acute 
inflammation or evidence of immune stimulation was observed. 
Clinical application of the skin substitute with a collagen-GAG 
based dermal layer showed no difference in the qualitative outcome 
after one year compared to the split skin graft in a study with seven
teen patients80. Less scarring was noted at the test site, and pigmen
tation was better; however, more regrafting was needed. Antibodies 
against the bovine collagen were not found. 

In three extensively burned patients a cultured autologous epider
mal substitute was combined in a two step procedure with Integra 
that was applied during the first operation8'. The combination of the 
skin substitute and Integra lead to a functionally stable and cosmet
ically acceptable wound closure. Further studies are required to 
know whether such approaches reduce time to definitive closure of 
burn wounds and whether they improve long term functional and 
cosmetic outcome. 
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Allograft cadaveric donor skin was shown to be a good dermal sub
stitute with natural collagen, elastin, and basement membrane 
structures. Cuono et al. reported clinical cases on successful skin 
resurfacing with an allogeneic cryopreserved dermis engrafted with 
cultured epidermal autografts62182. The antigenicity of the allograft 
was attenuated by cryopreservation and by removing the allogene
ic epidermis. 
A skin substitute consisting of xenogeneic dermal substitute from 
porcine origin together with autologous keratinocytes was applied 
in an experimental rat model83. The three dimensional collagen 
scaffold of the original xenogeneic dermal layer was mostly re
placed after six weeks, without inducing a severe inflammatory 
response. In contrast to collagen fibres, original elastic fibres were 
still observed after twenty weeks. This finding corresponded to 
another histopathological study where elastin could still be detect
ed after two years in the area treated with allograft but not in the 
control area84. 

Conclusion 
Tissue engineering and skin substitutes might be the future solu
tion for complicated wound healing, especially in complicated cases 
like burns when donor sites are lacking. At present, many practical 
problems are encountered that have to be dealt with, such as the 
survival of full skin substitutes even in uncomplicated wounds like 
acute excisional wounds. 
Much research has been done on different types of skin substitutes, 
with not seldomly promising results. On the other hand, it has been 
stated that 'no studies have convincingly demonstrated savings of 
total hospitalisation costs by use of cultured skin substitutes of any 
kind'28, nevertheless we feel that it is much to early to come to 
definitive conclusions. The lack of statistical evidence may be due to 
the absence of clinical effectiveness of skin substitutes. However we 
criticise the approach of most studies that have been performed to 
show clinical effectiveness of skin substitutes as most studies have 
small sample sizes and lack an objective evaluation of the study 
outcome by reliable and valid scar assessment tools. Large sized con-
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trolled clinical trials with objective scar evaluation are mandatory 
to show whether skin substitutes are the treatment modalities of 
future wound healing. 
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Abstract T i s s u e engineering and dermal substitution are current

ly prominent topics of wound healing research. However, no ex

tensive clinical trails with objective evaluation criteria have been 
published to date that support long-term clinical effectiveness of 

dermal substitution. 
A clinical trial on acute burn wounds and reconstructive wounds 
was conducted with a dermal substitute composed of bovine type I 
collagen and elastin-hydrolysate. The substitute was applied in a 
one-step procedure with a split-thickness autograft on top. This 
experimental treatment was compared to the conventional treat
ment, the split-thickness autograft only. After one week, the per
centage of the autograft survival was assessed. Objective measure
ments of skin elasticity parameters were obtained three and 
twelve months after surgery with the Cutometer SEM 474. After 
one year, scars were also evaluated by planimetry to establish scar 
contraction and by a generally accepted clinical scar assessment 
tool: Vancouver Scar Scale. In addition, the patients gave their 
impression concerning the outcome. Thirty-one patients with 
acute burn wounds (42 paired treatments) and 31 patients with 
scar reconstructions (44 paired treatments) were included. 
Autograft survival was not altered by the substitute for recon
structive wounds whereas a significant reduction of nine percent 
(p=o.oi5) was established in the burn category for substituted 
compared to control wounds. The reduction in autograft survival 
for substituted acute burn wounds was acceptable because the 
necessity for regrafting was not increased. 

Cutometer measurements showed no improvement of different 
elasticity parameters after dermal substitution in burn surgery. 
For the group with scar reconstructions, dermal substituted wounds 
demonstrated a statistically significant improvement of elasticity 
compared to control wounds after three months. However, the 
evaluation after one year indicated no statistically significant dif
ferences between both treatments for Cutometer data, planimetry 
data, the Vancouver Scar Scale and the impression of the patient 
for both categories. 

The clinical trial shows that the dermal substitute can be applied 
in an one-stage grafting model. The dermal substitute was proven 
effective on a short-term basis in reconstructive wounds, however 
the data did not support a long-term clinical effectiveness of der
mal substitution. 
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Introduction 

The autologous, split-thickness meshed skin graft is generally regard
ed as the standard treatment for extensive full-thickness wounds, 
such as acute burn wounds. This conventional treatment requires 
the creation of additional skin defects for harvesting autografts. 
Moreover, it leads to a poor functional and cosmetic outcome of the 
wound site as result of the scar formation, which becomes clinically 
apparent as hypertrophy, poor skin elasticity, malfunction of joints 
and undesirable cosmetic appearance. 
Research of the past decade has been focused on artificial replace
ments of epidermis and dermis to improve the functional and cos
metic outcome as well as to reduce the need for autologous skin 
transplantation. Equivalents of the dermis have been developed to 
serve as a template for dermal repair and to improve the quality of 
scar tissue'. With different materials for dermal replacement, prom
ising results were obtained in in vivo studies2"4 and in small clinical 
trials5"7 with respect to functional and cosmetic outcome. Never
theless, it has been reported that the substitute might affect the sur
vival of the overlaying epidermal replacement in one-stage grafting 
models7;8. It was postulated that interpostitioning of the substitute 
may affect the survival of the graft due to an increased diffusion 
distance for nutrients and oxygen to the autograft8. Thinner mesh 
grafts have been applied to overcome this potential problem and 
apparently improved the survival of the autograft7*. Another option 
to prevent graft loss is the two-stage grafting model as employed 
with Integra. This is a commercially available collagen-based der
mal substitute combined with a silicone top layer that functions as 
a temporary epidermal replacement5. The top layer is removed 
when the artificial dermis appears to be vascularised, which is gen
erally after two to three weeks. The delay in grafting is considered 
acceptable for patients with life-threatening burns who underwent 
primary excision and lack available donor-sites for immediate graft
ing9. However, for smaller burns and other wounds where split-skin 
grafting is indicated and supposed feasible in one operation, one-
stage grafting should be advocated to avoid unnecessary operations 
and prevent delay of wound closure. 



Dermal substitution in burns and reconstructive surgery: 
a clinical evaluation 

We conducted a clinical trial to study the effect of a dermal substi
tute in a one-step procedure. This substitute was selected after in 
v)'fro,0and in vivo"1" tests and after limited tests in a human wound 
model6 It was found to be superior to other collagen sponges con
cerning the wound healing parameters and histopathology. The 
substitute was applied in combination with a split-thickness auto
graft and compared with a conventional treatment using only a 
split-thickness autograft. The autograft was of similar thickness for 
both treatments. The effectiveness of the substitute itself could there
fore be established, because the presence of the substitute was the 
only altered variable in this paired design. We focused on two cate
gories that are frequently treated with split thickness autografts: 
acute burns and reconstructive wounds. The reconstructive wounds 
were created to release a scar contracture that remained after a burn 
injury. 

This communication is concentrated on the feasibility of dermal 
substitution as one-stage grafting model and on its clinical effec
tiveness evaluated by means of objective and subjective criteria. 
The scar evaluation protocol involved devices suitable for objectify
ing skin elasticity (the Cutometer) and planimetry for surface area 
calculations. In addition, scars were subjected to the Vancouver Scar 
Scale, for a clinical scar assessment, and patients were asked for their 
impression. 

Patients and methods 
Material 

The dermal substitute (Dr. Otto Suwelack Skin & Health Care AG, 
Billerbeck, Germany) is a highly porous i-mm-thick membrane and 
consisting of a native bovine type I non-crosslinked collagen fibre 
template coated with u-elastin hydrolysate derived from bovine 
ligamentum nuchae (GfN-Herstellung von Naturextracten GmbH, 
Michelbach, Germany) in a concentration of three weight-to-weight 
percent ratio. The matrices were treated with -/-irradiation (1000 Gy) 
and stored at room temperature. Figure 1 shows scanning electron 
microscopy images of the collagen/elastin dermal substitute. 
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Figure 1 Scanning electron microscopy pictures 
of the collagen/elastin dermal substitute 

Original magnification is 75X (a) and 1500X (b). 



Dermal substitution in burns and reconstructive surgery: 
a clinical evaluation 

Study design 

The protocol was approved by the ethics committee from our hospi
tal. Patients were eligible if they were admitted to our hospital and 
needed surgical treatment for acute burn wounds or a reconstruc
tion of scar tissue that remained after a burn injury. Patients were 
enrolled in the period of August 1996 to July of 1997. All patients or 
their legal representative gave informed consent before surgery. 
During the operation, the experimental and conventional treatments 
were confined to anatomically related areas to allow a paired, 
intraindividual comparison. Preferably, a right/left comparison was 
made; if not feasible, a superior/inferior or medial/lateral compari
son within a wound surface area was performed. To exclude any bias 
due to selection of the surgeon or researcher, the experimental treat
ment was confined to the right, superior or medial site, respectively. 

Operation procedure 

Burn wounds were treated with silver sulphadiazine or cerium-
silver sulphadiazine cream before surgery. Large, full-thickness 
wounds without vital dermal and epidermal remnants were excised 
and grafted within the first week of admittance if the condition 
of the patient was good or acceptable. Other wounds that did not 
demonstrate a healing tendency despite adequate local treatment 
and wounds of patients with an initial poor condition were operat
ed between two or three weeks postburn. The burned tissue was 
scrubbed with chlorhexidine and cleaned with saline. Debridement 
of the necrotic tissue was either performed by avulsion'3, tangential 
excision'4 or scrubbing. For information about bacterial contamina
tion of the surface area of the burn wounds, bacterial swabs were 
taken from both sites during surgery. The substitute was soaked 
into Dulbecco's Modified Eagle's Medium (Gibco, Paisley, UK) and, 
after hemostasis had been reached, applied to the wound bed of the 
experimental site. Split-thickness grafts obtained from unburned 
skin with a Zimmer dermatome (Zimmer Inc., Dover, Ohio, USA) 
were applied on both the experimental and control treatment areas. 
If possible, parts of the same graft were used to allow a proper eval
uation of both sites. The mesh technique'5 or micrografting accord
ing to Meek-Wall'6 was used to expand the autograft to cover the 
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burn area. The expansion rate of the graft was adjusted depending 
on the extent of the burned total body surface area and the anatom
ical location. The type of graft was always the same for the paired 
treatments because both experimental and control treatments were 
confined to comparable wounds and locations. The split-thickness 
graft was fixated with Surfasoft (Mediprof, Bleijswijk, The Nether
lands), a monofilament polyamide woven sheet, and staples'7. Gauzes 
soaked in a solution of 30 % polyethyleneglycol, 20% sorbitol and 1% 
Povidoniodine in water, were applied daily on top of the Surfasoft 
and fixated with bandages. The Surfasoft and staples were removed 
after five to seven days. To prevent desiccation of the autograft, the 
sandwich graft technique could be applied in case of a 1:4 or 1:6 
expansion rate by placing glycerolised human cadaver donor skin 
(Euro Skin Bank, Beverwijk, The Netherlands) on top of the auto
graft'8. Figure 2 includes the clinical application of the substitute and 
split skin graft for a full thickness chest burn. 

For reconstructive wounds, the following protocol was applied. Du
ring the operation, a clean full-thickness wound was created with a 
wound bed of fat and muscle tissue by means of double-Y incision to 
release the contracted scar tissue. After creation of an adequate 
wound bed and hemostasis, the dermal substitute was applied after 
soaking into Dulbecco's Modified Eagle's Medium. The split-thickness 
graft was meshed (ratio, 1:1.5) and applied without spreading on the 
experimental and control site. Paraffin gauze and absorbent cotton 
soaked in the polyethyleneglycol/sorbitol/Povidon-iodine solution 
were placed on top of the graft and fixated with staples. The gauze 
and cotton were removed after five to seven days. In all cases, experi
mental and control site were treated identically for both categories. 

Patients 

The burn group included 84 wound areas of 31 consecutive patients 
(42 pairs of wound areas). The mean age of the patient at admittance 
was 32.9 years with a standard deviation (SD) of 13.3 years. The per
centage of second and third degree burned total body surface area 
(TBSA) was 19.8 (SD: 14.5) percent, which included 9.0 (SD: 11.2) per
cent third degree burns. An overview of the patient characteristics is 
listed in Table 1. On average, the wounds were operated after 18.9 
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Figure 2 Clinical 
application of the 
dermal substitute 
for burns 

Figure 2 shows a case 
report of a eighteen 
year old patient who 
sustained a flame burn 
injury involving his 
chest. Total burned 
surface area was 
34 percent, including 
27 percent third degree 
burns. Primary excision 
was performed after 
four days by means of 
avulsion. The dermal 
substitute was applied 
to the right side of the 
chest (figure 2a) and 
covered with an auto
graft meshed to a 1:3 
ratio (figure 2b). 
After ten months 
the surface area of 
the substituted area 
appeared smoother 
in comparison to the 
control treatment 
(figure 2c). 
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Figure 3 The parameters of the skin elasticity 
measured by the Cutometer SEM 474 

The figure demonstrates the deformation-time 
curve of the Cutometer during and after a controlled 
vacuum of 500 mbar. The Cutometer measures the 
deformation of the skin in millimetres. For this study, 
a measuring probe with a diameter of six millimetres 
was used to exert the vacuum for three times on the 
skin surface for a period of one second, every time 
followed by one second of normal pressure. 
The following definitions for the different parameters 
were applied: 
• Maximal skin extension: deformation at the 

end of the vacuum period, which is time point t,; 
• Pliability: difference between the maximal 

deformation and the deformation after one 
second of normal pressure (deformation at t, 
minus deformation at t2); 

• Elasticity: extent of skin stretching within the first 
o.i second of the vacuum period (time point t01); 

• Retraction: relaxation of the skin within the 
first 0.1 second after the ending of vacuum (mea
sured at time point t,,) 

• Visco-elasticity: extent of skin stretching after the 
first 0.1 second of the vacuum period (deformation 
at t, minus deformation at t01). 
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Figure4 Dermal substitution in reconstructive surgery: cosmetic and functional outcome 

Figure 4 shows a case report of a scar reconstruction of the left upper arm. Figure 4a demonstrates 
the full-thickness wound that was created to release a scar contracture. The dermal 
substitute had been applied in the medial part of the wound (the left side of the illustration). 
On the lateral side of the wound, the fat tissue was covered directly with a split-skin graft only. 
The take of the split-thickness autograft on top of the substituted and non-substituted site was 
good, as illustrated in Figure 4b. The cosmetic outcome after three months is shown in Figure 4c, 
whereas the functional outcome at this time point is illustrated by the plots of the Cutometer 
measurements in Figure 4d. Figure 4e shows the cutometer readings after twelve months. 

Figures Retardation of epithelialisation rate due to the interposition of the dermal substitute 

A full-thickness skin defect of the neck region 
for scar reconstruction, providing a marked 
example with respect to delay of revascularisa
tion and epithelialisation rate of the autograft, 
which was sometimes encountered after the 
interpositioning of a dermal substitute. 
The standard split-skin graft treatment was 
applied on the lateral side (in the illustration: 
right) whereas the experimental treatment 
with the dermal substitute was applied to the 
medial side. Figure 5a illustrates the difference 
between both treatment areas, six days 
post-surgery. Figure 5b illustrates the same 
areas three months post-surgery. Skin elasticity 
measurements are given in Figure 5c. 
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days post-burn. The category of burn wounds varied with respect to 
depth, type of debridement, and the method of graft expansion as 
well as the rate of expansion. In two cases with large expansion rates 
(1:4 and 1:6), the sandwich graft technique was performed. Charac
teristics of the wound type, debridement, as well as the type and 
location of treatment is given in Table 2. Bacterial swabs were rou
tinely taken for the burn wounds to establish the contamination 
rate at surgery. Wounds treated with the dermal substitute as well 
as the control wounds were contaminated in 22 cases at surgery. 
Staphylococcus aureus was present in 13 substituted and in 14 con
trol wound areas. Pseudomonas aeruginosa was cultured 4 times 
from substituted and conventionally treated areas. Other bacteria 
present at the time of surgery that were infrequently found were 
Escheria coli, Enterobacter, Flavobacterium, Streptococcus pneumoni
ae and faecalis. All types of bacteria were equally distributed over 
the experimental and reference wounds. 

Reconstructive surgery was performed on 44 scars of 31 consecutive 
patients, resulting in 88 wound areas that allowed the evaluation of 
44 pairs of substitute and conventionally treated sites. Seven patients 

Reconstructive 

Number of paired wound areas 

Number of patients 

Average age at surgery (SD) 

Average tota l burned body surface area (SD) 

Average third degree burned body surface area (SD) 

Acute burns 

42 

31 

32-9 (19-3) 

19.8(14.5) 

9.0(11.2) 

wounds 

44 

31 

33-9 (175) 

27.6 (17.5) 

20.3 (15.2) 

Number of male/female patients 18/13 20/11 

Number of inhalation injuries after burn injury 

Number of f lame burn 25 30 

Number of scald 5 1 

Number of steam injuries 1 o 

Table 1 Patient characteristics in both categories 
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(42 pairs) 

Location of treatment 

Neck 

Trunk 

Upper extremity 

Lower extremity 

Type of debridement 

Full-thickness wounds 

Type of expansion 

No expansion 

Mesh technique 

Meek-Wail technique 

1:4 2 (1 sandwich graft) 

1:6 

1:4 

1 (1 sandwich graft) 

(44 pairs) 

Axilla 

Arm 

Elbow 

Wrist 

Hand 

Groin 

Leg 

Knee 

Foot 

11 

-
10 

2 

2 

4 

2 

6 

3 

-

6 

5 

3 

2 

1 

5 

1 

-
5 

1 

Avulsion 

Tangential excision 

Scrubbing only 

Tangential excision 

Scrubbing only 

3 

14 

2 

17 

6 

-
-
-
-
-

1:1 

1:1.5 

1:2 

1:3 

16 

12 

7 

4 

40 

-
-

Table 2 Wound and treatment characteristics in both categories 
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that previously enrolled the study with acute burn wounds were 
subsequently included into the category of reconstructive surgery. 
The shortest period after the initial burn treatment was 49 days post-
burn, and the longest period was 39 years (average 4.7 years). The 
mean age of the patients was 33.9 (SD: 17.5) years at the time of 
reconstructive surgery. Patient, wound and treatment characteris
tics of the are given in Table 1 and 2. 

Wound site evaluation 

The take of the split-thickness autograft was defined as the per
centage of the graft that appeared to be vital and showed a good 
adherence to the wound bed five to seven days post-surgery. The 
take was assessed for both treatments at the same time point to 
allow paired statistical analysis. After the graft was revascularised, 
epithelialisation of the interstices of the graft was necessary to pro
vide complete wound closure. The wound was considered closed 
when more than ninety-five percent of the grafted surface area 
was epithelialised. The necessity of regrafting during the period of 
admittance was registered, which is regarded as being indicative 
for the final success of the initial transplantation. In two patients, 
the autograft became ineligible for early wound healing analysis 
because of the cadaver donor skin of the sandwich graft treatment 
that was placed on top of the graft. 

Scar elasticity parameteis: the Cutometer 

The Cutometer Skin Elasticity Meter 474 (Courage & Khazaka Elec
tronic GmbH, Cologne, Germany) was used for the evaluation of dif
ferent skin elasticity parameters since it was established as a reliable 
and valid instrument creating reproducible data'9. The Cutometer 
measures the deformation of the skin in millimetres during a con
trolled vacuum. The measurements were performed during outpa
tient visits three and twelve months after surgery. For this study, a 
measuring probe of six millimetres in diameter was used to exert a 
controlled vacuum of 500 mbar on the skin surface for a period of 
one second, followed by one second of normal pressure. Each mea
surement was repeated for three times. The same definitions were 
applied for the Cutometer parameters as stated previously in other 
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publications'9120. Figure 3 illustrates a deformation-time curve of the 
Cutometer and the derived parameters that are described below. 
The maximal skin extension is the deformation at the end of the 
vacuum period. Pliability is defined as the difference between the 
maximal deformation and the deformation after one second of 
normal pressure. Elasticity stands for the extent of skin stretching 
within the first 0.1 second of the vacuum period. Retraction is 
defined as relaxation of the skin within the first 0.1 second after the 
ending of vacuum. The difference between the deformation after 0.1 
second and the maximal deformation is defined as visco-elasticity. 

Scar contraction: Planimetry 

Scar contraction was evaluated through planimetry by photogra
phy, which was shown to be a reliable and accurate technique to 
objectify surface areas of skin lesions (this thesis, chapter 2). With a 
Polaroid Macro 5 SLR photocamera (Polaroid UK Ltd., Vale of Leven, 
United Kingdom), photos were taken at fixed distance resulting in 
full-size images (1:1 enlargement). Due to size of the scar generally 
three or four photos were required to register the entire surface 
area. The margins of the drawings were then traced on a plastic 
transparent sheet, scanned and transported to computer-software 
(Adobe Photoshop, Adobe Systems Inc., San Jose, California, USA). 
The surface area of the scar was calculated from the number of pix
els. The scar surface areas were measured during the operation and 
one year after surgery. A pilot-study demonstrated that margins of 
the operated acute burn wounds, which were clear at surgery, 
became indistinguishable to surrounding scar tissue. The category 
of burn scars was therefore not considered for planimetry analysis 
since the scar margins became elusive. Because margin blurring 
was also observed for reconstructive wounds, some study areas of 
this category had to be omitted from the contraction analysis as 
well. This decision regarding the accurateness of the measurements 
was based on clinical judgement. 

Clinical evaluation of scar tissue: the Vancouver Scar Scale 

A trained independent research nurse subjected all scars to the 
Vancouver Scar Scale during outpatient visits twelve months post-
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surgery through blinded evaluation. The Vancouver Scar Scale is 
generally utilised as a burn scar assessment tool2,i" and is a clinical 
evaluation of four parameters of scar tissue: vascularisation, pliabili
ty, height, and pigmentation. Pigmentation and vascularisation are 
visually determined. The height of a scar is measured with a simple 
measuring rod", whereas scar firmness is assessed by wrinkling a 
skin fold. The complete adapted Vancouver Scar Scale is listed below: 
• vascularisation: normal colour, pink, red or purple; 
• pliability: normal, supple, yielding, firm, ropes or contracture; 
• scar height: flat, less than 2 mm, between 2 and 5 mm, or more 

than 5 mm; 
• pigmentation: normal, hypo-, mixed or hyperpigmentation. 

Patient's impression 

The research nurse asked patients to give an overall impression of 
scars in both treatment groups. The impression was expressed on a 
numerical rating scale between zero and ten. Zero represents the 
worst imaginable scar whereas a ten stood for a scar not different 
from normal skin. 

Statistical analysis 

The data were analysed by the statistical program SPSS for Win
dows 8.0 (SPSS Inc. Chicago IL, USA). After being tested for normality 
by means of the Kolmogorov-Smirnov test, a paired sample t test 
could be applied for all parameters of the take-rate, the Cutometer, 
scar contraction and treatment preference. The McNemar test was 
performed on the dichotomous paired data of wound closure and 
regrafting. The Wilcoxon-signed-rank-test was performed on the 
semi-quantitative data of the Vancouver Scar Scale. The two-tailed 
significance criterion for these tests was set at 0.05, both the 95% 
confidence interval of the difference (CI) and p-value are given when 
appropriate. 
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Results 
Wound Site Evaluation 

In the category of burns, 40 of the 42 paired treatments of burn 
wounds were evaluated 6.5 days (SDa.5) after surgery. Two paired 
treatments became ineligible for assessment because the cadaveric 
skin of the sandwich graft made the autograft invisible. The dermal 
substitute caused a significant 9.1 percent take reduction in acute 
burn wounds (73.4% for substituted vs. 82.5% for non-substituted 
wounds, p=o.oi5). 
The group of reconstructive surgery was measured at 6.1 days (SD:o.8) 
after surgery. All reconstructive wounds were included for the wound 
evaluation and graft survival one week post-surgery. Although a sig
nificantly lower number of wounds were completely epithelialised 
after one week for substituted reconstructive wounds compared to the 
control wounds, no significant take reduction was established for this 
group. Figure 4 represents a case report of the category with scar recon
structions that includes the clinical application of the dermal substi
tute and the survival of the autograft after one week. 

Substitute Control p-value 

Average Take (SD) 

Number of wounds >95% closed 

Number of regrafted wounds 

Reconstructive wounds (n=44 of 44) 

Average Take (SD) 

Number of wounds >95% closed 

Number of regrafted wounds 

734 (21.0) 

9 

4 

80.8 (19.9) 

4 

0 

82.5(15.6) 

13 

2 

83.2 (20.6) 

15 

0 

0.015 

N.S.' 

N.S-

N.S. 

O.OOl ' 

N.S."' 

Table 3 Wound evaluation parameters one week after grafting 

paired sample t test, ' McNemar test 
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The impeded epithelialisation of substituted areas seemed related to 
the delay of revascularisation caused by the barrier function of the 
substitute. Figure 5 illustrates a marked difference in epithelialisa
tion between both treatment areas without hampering the effective
ness of the dermal substitute treatment after three months. Data of 
wound evaluation parameters of both categories are listed in Table 3. 

Cutometer 

Eighty-six percent of the burn scars (11=36) were analysed after three 
and twelve months. 
After burn surgery, no improvement was found of elasticity parame
ters in the substitute-treated wounds compared to the conventional 
treatment. An overview of the Cutometer results is listed in Table 4. 
Cutometer measurements were performed on 70% of the recon
structive wounds after 3 months and on 75% of the paired treatment 
areas after 12 months. Substituted reconstructive wounds demon
strated a significant improvement of pliability (the mean being 
increased with 50%, p<o.ooi), elasticity (33% increase, p=o.04), max
imal skin extension (33% increase, p=o.oo2) and the immediate re
traction (31% increase, p=o.oi) compared to nonsubstituted wounds. 
After one year, comparable (absolute) differences were measured 
between substituted areas and control areas, however at this time 
no statistical significance was reached. The relative effect of the der
mal substitute on skin elasticity parameters was decreased, as both 
sites became suppler (see Table 4). 

Planimetry 

Planimetry was performed only on scars in the reconstructive cate
gory. Burn scars were not considered for planimetry analysis because 
the margins consequently became elusive. Twenty-seven pairs of 
reconstructive scars (61% of 44 paired wounds) were measured with 
good accuracy with a mean follow-up of 393 (SD:io3) days. The re
maining scar area of the substituted area was not significantly dif
ferent from that of the control group: 70.7 (SD:34.3)% of the original 
wound area versus 76.3 (SD:394)%. This difference was not signifi
cant following the paired student t test (CI: -17.3 - 6.1, p=o.34). 
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Substitute Control 95% CI' 

Increase by Increase by 

p-value' substitute substitute 

Burn wounds 

3 months1 

Extension 

Pliability 

Elasticity 

Retraction 

Visco-elasticity 

72 months' 

Extension 

Pliabil ity 

Elasticity 

Retraction 

Visco-elasticity 

0.1S 

0.14 

0.13 

0.12 

0.05 

0.22 

0.17 

0.15 

0.14 

0.07 

0.18 

0.14 

0.13 

0.12 

0.05 

0.22 

0.18 

0.16 

0.15 

O.06 

-0.04 - O.05 

-0.03 - O.03 

-0.03 - 0.03 

-0.02 -0.02 

-0.01 -0.03 

-0.06 - 0.03 

-0.05 - 0.02 

-O.04 - O.02 

-0.04 - 0.01 

-0.02-0.01 

0.763 

0.985 

0.914 

0.915 

0.369 

0.470 

0.348 

0.374 

0.276 

0.742 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-0.01 

-0.01 

-0.01 

0.01 

0 

0 

0 

0 

0 

0 

-6 

-6 

-7 

17 

Reconstructive wounds 

3 months' 

Extension 

Pliability 

Elasticity 

Retraction 

Visco-elasticity 

;2 months' 

Extension 

Pliability 

Elasticity 

Retraction 

Visco-elasticity 

0.24 

0.21 

0.16 

0.17 

0.08 

0.40 

0.35 

0.28 

0.29 

0.12 

0.18 

0.14 

0.12 

0.13 

0.06 

0-34 

0.30 

0.24 

0.23 

0.10 

0.02 - 0.10 

0.03 - 0.10 

O.OO - 0.06 

0.01 - 0.08 

0.00 - 0.05 

-0.04-0.14 

-0.03 - 0.13 

-0.03-O.10 

-O.OI - 0.12 

-0.01 - O.05 

0.002 

0.000 

O.041 

0.011 

0.079 

0.229 

0 245 

0.250 

0.074 

0.185 

0.06 

0.07 

O.04 

0.04 

0.02 

O.06 

0.05 

O.04 

0.06 

0.02 

33 

50 

33 

31 

33 

18 

17 

17 

26 

2 0 

Table 4 Cutometer results in both categories after three and twelve months 

1 Cl= Confidence Interval of the di f ference,2 paired sample t test; the days of fo l low-up (5D) 
were respectively3110 (29) days,4 350 (83) days,5102 (26) days, and 350 (95) days. 
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The Vancouver Scar Scale and patient 's opinion 

An independent observer subjected all areas to the Vancouver Scar 
Scale after one year and asked the patient to give his or her impres
sion (a score between o and 10). This evaluation was obtained for 37 
burn scar pairs (follow-up: 322 days, SD: 89) and 30 reconstructive 
scar pairs (follow-up: 322 days, SD:8g). The non-parametric data of 
the Vancouver Scar Scale showed no statistically significant differ
ence with the Wilcoxon signed rank test. Although more patients 
gave higher ratings for the substituted site compared to the control 
area for the burn category (6.0 versus 5.8) and scar reconstructions 
(6.6 versus 6.2) again no statistically significant difference could be 
established for this parameter. 

Discussion 
Dermal substitution is one of the main topics of current wound 
healing research. In this communication, an extensive objective and 
subjective evaluation is presented on the application of a dermal 
substitute in burns and reconstructive surgery. The dermal substi
tute, composed of bovine type I collagen and coated with a-elastin-
hydrolysate was selected for this trial after extensive laboratory10 

and animal4;";12 studies. 
Substitutes may act as a barrier for vascular ingrowth and may 
hamper diffusion of nutrients by increasing the distance between 
wound bed and the graft. Therefore, the survival of the overlaying 
graft can be at risk after dermal substitution. As others718 we indeed 
found a reduction of graft take for substituted wound areas of burn 
wounds. However, no significant influence was established on the 
number of regrafting procedures. This implied that the reduced 
graft take did not give rise to clinical consequences. 
For reconstructive wounds, no differences related to dermal substitu
tion were found between the experimental and control groups 
regarding graft take and regrafting. However, the rate of epitheliali-
sation seemed to be reduced in this group, since a significantly lower 
number was found to have a surface area that was more than 95% 
closed after five to seven days. Clinical observation of the autografts 
learned that these grafts sometimes required one or two days more to 
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obtain the same degree of revascularisation in substituted wounds 
compared to the non-substituted sites. This phenomenon is clearly 
illustrated by Figure 5. After six days, the autograft on the substituted 
area still appears oedematous without re-epithelialisation of the 
mesh-interstices, whereas the nonsubstituted area appears com
pletely epithelialised. Nevertheless, the survival of the autograft was 
comparable for both sites. The cosmetic result after three months is 
shown in Figure 5b, whereas the Cutometer measurements at the 
same time point (Figure 5c) indicates superior functional results for 
the substituted area compared to split skin grafting only. Others 
described the same phenomenon of the delay of revascularisation 
after the clinical application of an acellular freeze-dried human 
cadaveric dermal matrix8. These observations imply that the auto
graft required some days more to achieve complete revascularisation, 
probably as result of the increased distance for capillaries to reach the 
autograft. Our findings regarding graft take and graft colour indicat
ed that the collagen/elastin substitute served as a good template for 
vascular ingrowth, as was already established in the animal model23. 

The elasticity of the scar was objectified by means of the Cutometer. 
No differences were found for the burn wound category with respect 
to elasticity parameters after three and twelve months. For recon
structions, all skin elasticity parameters demonstrated an improve
ment of the substituted site compared to the control areas. In the 
short term, a statistically significant difference was found between 
both treatments in favour of the dermal substituted areas. The 
increase of maximal extension, elasticity, and retraction was more 
than thirty percent. For the pliability, the average of the measure
ments was even improved with fifty percent after dermal substitu
tion. These results demonstrated unequivocally, by means of objec
tive evaluation criteria, that this dermal substitute has the capacity 
to influence scar formation. Nevertheless, the relative effect of the 
dermal substitute was diminished in the long term, as the difference 
was not statistically different after one year. Notably, elasticity 
parameters of substitute and control areas were considerably 
improved in the period between three and twelve months because of 
scar maturation. The effect of maturation on skin elasticity is clearly 
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Control treatment Substitute treatment 

Figure 6. Scar maturation indicated by change in skin extension 

The increase of cutometer measurements in time (represented by skin 
extension) is illustrated as percentage of the measurements on normal 
skin. The results of the substitute and control treatment have increased 
in the same extent between three and twelve months, however the 
relative effect of the substitute was reduced. 

shown by the cutometer parameter 'maximal skin extension' for sub
stituted and control areas in Figure 6. As elastic qualities vary within 
an extensive range for different anatomical regions, we expressed 
this parameter as percentage of the measurements on healthy 
unburned skin. Figure 6 shows therefore exclusively skin extension 
measurements of those scar reconstructions that also allowed cuto
meter measurements of healthy unburned skin on a similar anatomi
cal location. 

Also, we were not able to establish a favourable effect of the substi
tute over conventional split skin grafting with respect to scar con
traction. Although scar contraction is generally regarded as a dis
turbing and severe complication of burn wound healing2*25, it has 
seldomly been studied in clinical trials. The lack of clinical studies 
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involving planimetry contrasts a high numbers of publications on 
this subject in animal wound models"'2126127. The encountered prob
lems therefore appear to be related to the clinical application of plani
metry This is in accordance with problems that we encountered for 
planimetry of burn scars as margins of the treatment areas became 
difficult to delineate. Figure 2 demonstrates that margins of the sub
stitute which were clear at surgery (Figure 2b) were hardly visible 
after one year (Figure 2c). Even for the group of scar reconstructions, 
pairs had to be excluded from the analysis as we encountered prob
lems with respect to the accurateness of the measurements. Appar
ently scars with a good healing tendency became comparable to the 
surrounding older scar tissue, which made them less accurately 
traceable. The scars that showed some degree of redness and hyper
trophy were traced more easily. 

After one year, no significant differences were observed between 
substitute and control areas by means of the Vancouver Scar Scale 
of both categories for vascularisation, pliability, pigmentation and 
scar height. This scale is the most generally accepted and evaluated 
burn scar assessment tool, nevertheless its application is not indis
putable with regard to the requirements for an acceptable measure
ment scale such as the reliability, internal consistency and validity . 
The reliability of the scale was discussed in the original publication 
on this scar assessment tool. A Cohen's K of approximately 0.5 was 
reported which has to be considered as moderate29. By the analysis 
of our data, a moderate internal consistency28 was established for 
this scale (Cronbach's «=0.51). We concluded that the Vancouver 
Scar Scale at present is not a 'scale' and needs adaptations (and 
retesting) before application as clinical scar assessment tool. This is 
in agreement with the conclusions of the original publication2'. We 
contemplate a different approach to the parameter 'pigmentation' 
that can not be considered as an ordinal variable. Therefore it can 
not be part of a scale. In accordance with other objective parameters 
and the Vancouver Scar Scale, no statistically significant differences 
could be established for the patient's impression between dermal 
substituted and control areas, despite higher ratings for the substi
tuted sites. 
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The presented data show that acute bums and reconstructive 
wounds have different outcome with respect to take and elasticity 
parameters when a dermal substitute is applied. Burn wounds are 
characterised by unfavourable wound conditions compared to the 
clear-cut reconstructive wounds. The dead burned tissue offers an 
environment for microbes to survive and to proliferate, moreover 
eschar is difficult to infiltrate for neutrophils and macrophages In
flammation processes during wound healing and the presence of 
potentially toxic products from bacteria as well as lysosomal en
zymes from dead autologous cells are able to induce degradation of 
the collagen compound of the dermal substitute30. In burn wounds 
the collagen scaffold of the substitute might therefore have been 
degraded in part due to higher levels of factors like metallopro-
teinases and attenuate its clinical effectiveness like elasticity 
When a dermal substitute is applied, capillary buds have to cover a 
longer distance to establish revascularisation with the autograft 
The supply of nutrients and leukocytes via blood will be retarded 
until revascularisation has occurred and the survival of the auto
graft is easily affected depending on the wound conditions We hy
pothesised that local conditions might hamper autograft survival in 
substituted areas of burn wounds. Like others7*, we found a signifi
cant decrease in autograft survival for burn wounds without an in
crease m the necessity of regrafting. 

These results emphasise the importance of wound conditions on 
the effectiveness of a delicate system such as a dermal substitute It 
seems appropriate that the improvement of the control over wound 
conditions will increase the clinical effectiveness of the dermal sub
stitute in burn wounds. 

Our data do not support a long-term clinical effectiveness of the 
dermal substitute in acute burns and scar reconstructions in gen
eral. Nevertheless, some results merit highlighting for the discus
sion on dermal substitution and future wound healing research. 
Firstly, it has been shown incontrovertibly by the Cutometer data 
that the dermal substitute actively interferes with tissue repair' 
Nevertheless, the beneficial effect of the substitute diminished in 
the long term as both the control and substituted areas regain elas-
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tic qualities. We also concluded that long-term outcome of split 
skin grafting in general was better than we expected. It is there
fore remarkable that, to our knowledge, this manuscript presents 
one of the first studies that objectifies long-term outcome of scar 
formation after split skin graft transplantation. 
Secondly, the effectiveness of the dermal substitute appeared to 
correlate to the expansion rate of autografts. The substituted site 
seemed smoother and suppler compared to the control sites, espe
cially for areas where large expansion rates of the graft were 
applied (see Figure 2c). We compared the effect for small expan
sion rates (1:1.5 and 1:2) and larger expansions (1:3 or larger) for 
burn wounds separately. In concordance with the clinical impres
sion, the substitute performed better in the group with large 
expansion rates (11=13) as Cutometer measurements were higher in 
this subcategory for substituted compared to control areas. For 
example, the parameter 'skin extension' was approaching statisti
cal significance (p=o.o86, CI -0.008 to 0.108), despite the small 
number of burn scar pairs of this subcategory. In addition, the 
parameter 'pliability' of the Vancouver Scar Scale showed a statis
tically significant difference in favour of the substituted areas 
(p=o.025) whereas the patient's impression was higher in this sub
category for the substituted site versus the control area (6.1 versus 
5.6, CI= -0.2 to 1.3, p=o.i03). We hypothesise that this effect is 
caused by the artificial dermis that bridges the interstices of the 
autograft. This could also explain the smoother aspect of the scars 
that was mentioned by the patients. Hypertrophy occurs most fre
quently and severely in these interstices of the meshed autograft 
and gives the scar a cosmetically disturbed texture. The artificial 
dermis 'replaces' the dermis of the graft, which is otherwise lack
ing in these gaps. This finding has clinical relevance, as the neces
sity for dermal substitutes will increase for larger wound areas. 
These wounds are normally treated with autografts with larger 
expansion rates. We consider these differences between smaller 
and larger expansions as promising findings that have to be con
firmed in a study design that concentrates on the application of 
dermal substitutes with larger expansions of autografts. It also 
indicates that the substitute is not completely degraded by toxins 
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and inflammatory products in burn wounds and it is able to inter
fere with wound healing. 
Scar evaluation after one year provided no statistical evidence that 
supports the application of the dermal substitute in acute burns 
and reconstructive surgery. Despite highly statistically significant 
differences in the reconstructive category in favour of substituted 
wounds over the short term, both substituted and control areas 
become suppler and approach the appearance and function of nor
mal skin in the long term. The clinical effectiveness of the colla-
gen/elastin dermal substitute in terms of improving skin elasticity 
seemed to be diminished in time. Wound conditions, i.e. the type 
of wound, and the expansion of the split skin graft that is applied 
on top of the dermal substitute are considered to play a crucial role 
on the effectiveness of the substitute. Further improvements, like 
the application of a dermal substitute that is seeded with autolo
gous fibroblasts, may render a more effective dermal substitute31. 
Experimental and clinical studies of this 'living' dermal substitute 
are in progress. 
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ADSiraci ^ ^ 0 ^ dermal substitution is a main topic of cur
rent wound healing research, there is a paucity on clinical tri
als with a long term clinical and histopathological evaluation. 
We conducted a clinical trial to perform an intra-individual 
comparison of the conventional treatment (the split-thickness 
autograft) to a collagen/elastin dermal substitute in combina
tion with an autograft. Already promising results with this sub
stitute were obtained with respect to dermal organisation and 
scar elasticity by animal studies and clinical trials with a short-
term follow-up. 
Twenty-nine of the 42 pairs of the burn wounds and 28 of the 44 
pairs of the scar reconstructions that enrolled the study were 
biopsied after one year. 
Sometimes promising but not statistically significant differen
ces were found between substituted groups and control groups 
for epidermal thickness, basement membrane maturation, rete 
ridges (p=o.055), fibroblasts, myofibroblasts, inflammatory cells, 
vessels and extracellular matrix maturation. 
An objective and accurate technique, Fourier analysis, was used 
to evaluate collagen bundle orientation and packing, however 
no statistically significant differences were obtained for these 
parameters. 
This microscopic evaluation provided no convincing evidence 
for a long-term effectiveness of a dermal substitute despite pro
mising data over a short-term in in vitro and in vivo studies with 
the same material. 
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Introduction 
The past decade has seen the emergence of tissue engineering as an 
increasingly more viable alternative for skin replacement. Artificial 
skin is considered beneficial for 'difficult-to-heal' chronic venousul-
cers, as well as for acute wounds such as burns and reconstructive 
wounds. Although a considerable number of papers have been pub
lished during the last decades regarding clinical trials using dermal 
and epidermal substitutes for acute wounds, only few manuscripts 
with long-term follow-up and histopathological evaluations can be 
found'12. 
This paper describes the microscopic results of a clinical trial con
cerning a dermal substitute that is composed of collagen type I and 
elastin-hydrolysate. Previously, this dermal substitute was shown 
to have a beneficial effect on wound healing in animal studies314 

and in a clinical study concerning small punch biopsy wounds5, 
demonstrating faster dermal maturation*4, improved restoration 
of dermal organisation5 and reduced contraction". 
More recently, a clinical trial was conducted to evaluate the colla-
gen/elastin substitute by means of clinical and microscopic para
meters for burns and reconstructive wounds. The clinical evalua
tion of the study showed that the elasticity of the reconstructive 
wounds was significantly improved by the dermal substitute after 
three months6. The elasticity was measured with an objective skin 
elasticity device measuring: the Cutometer. Despite the promising 
short-term results, no statistically significant beneficial effect was 
shown after one year for reconstructive wounds7. For burn wounds, 
no statistically significant differences were shown for skin elastic
ity parameters in the short and long term. The microscopic evalua
tion of this clinical trial one year after surgery is presented in this 
paper. Histopathological and immunohistochemical evaluation of 
the structure of epidermis, basement membrane and, most impor
tantly, the dermal architecture was utilised. We focused our atten
tion on collagen as it is the most prevalent protein in the dermis 
that plays a crucial role in its function and strength8. In normal 
skin, collagen is arranged in a 'basket weave' pattern9 in contrast 
to scar tissue which has collagen bundles orientated parallel to the 
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epidermis210. Morphometry was performed on collagen bundle ori
entation and packing by means of Fourier analysis. Previously, we 
established that this technique was convenient and more accurate 
than the 'gold standard' of multi-observer evaluation permitting 
quantification of collagen bundle orientation". 

Patients and methods 
A clinical trial was performed based on intra-individual comparison 
of subjects. Patients were eligible if they were admitted to our hos
pital and needed excision and skin grafting for acute burn wounds 
or scar reconstruction after a burn injury. The patients, or their legal 
representatives, gave informed consent before surgery. The ethics 
committee from the Red Cross Hospital approved the protocol before 
the start of the trial. 

Material 

The dermal substitute (Dr. Suwelack Skin & Healthcare AG, Biller-
beck, Germany) is a one millimetre thick highly porous membrane, 
composed of a native bovine type I collagen fibre template. The col
lagen fibres are coated with a-elastin hydrolysate derived from 
bovine ligamentum nuchae 3 w/w% (GfN-Herstellung von Natur-
extracten GmbH, Michelbach, Germany). The matrices were treated 
with y-irradiation (approximately 1000 Gy) and stored at room tem
perature. 

Suigical procedure 

Burn wounds were treated with silversulphadiazine or cerium-sil-
versulphadiazine cream before surgery. During surgery, the necrotic 
tissue was debrided to obtain a viable wound bed. The dermal sub
stitute was soaked into Dulbecco's Modified Eagle's Medium (Gibco, 
Paisley, UK) and, after hemostasis was achieved, applied to the 
wound bed. The split-thickness graft was obtained from unburned 
healthy skin and expanded by means of the Mesh technique'2 or the 
micrograft technique according to Meek-Wall13. The dermatome was 
adjusted to obtain grafts with a thickness of the 0.08 - 0.10 inch (the 
thickness was indicated by the scale of the dermatome). 
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Although the expansion ratio of the graft was adjusted depending 
on the surface area and location of the burn, the experimental and 
control treatment where always comparable for each case. 
For scar reconstructions, a full-thickness wound was created with a 
wound bed of fat, fascia and muscle tissue by means of double-Y 
incision to release contracted scar tissue. The dermal substitute was 
applied to the prepared wound bed after soaking in Dulbecco's 
Modified Eagle's Medium. The thickness of the split skin graft was 
set at 0.12 - 0.14 inch on the scale of the dermatome. The graft was 
meshed (ratio 1:1.5) anc* applied without spreading. In five cases an 
unmeshed (full sheet) graft was used. A more detailed description of 
the surgical procedure has been published previously6 (see also 
chapter 8). The conventional treatment of the split skin graft and the 
experimental treatment group (the combination of the dermal sub
stitute and a split skin graft) were confined to anatomically sym
metric areas to allow a paired intra-individual comparison. 

Patients 

Thirty-one consecutive patients enrolled the study with acute 
burns. In this burn category, 42 pairs of substitute and control treat
ments were applied. The mean age at admittance of these patients 
was 32.9 years with a standard deviation (SD) of 13.3 years. The sec
ond and third degree burned total body surface area (TBSA) was 
19.8% (SD: 14.5), which included 9.0% (SD: 11.2) percent TBSA third de
gree burns. On average, the wounds were operated at 18.9 (SD: 9.5) 
days post-burn. Within the burn wound category 18 paired wounds 
were full-thickness and 24 pairs were partial thickness. 
Reconstructive surgery was performed on 31 patients with a mean 
age of 33.9 years (SD: 17.5) at the time of reconstructive surgery. 
Seven patients that previously enrolled the study with acute burn 
wounds were included into the reconstructive surgery group at a 
later date when burn scar revision was necessary. Forty-four scars 
were reconstructed and treated with both the dermal substitute and 
the control treatment in a symmetric fashion. 
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Harvesting of biopsies and staining of the sections 

Biopsies were taken approximately twelve months after surgery. 
After disinfecting the area, and local infiltration with lidocaine (1% 
solution with epinephrine), a three millimetre punch biopsy was ob
tained from the middle of each study area. The biopsy was fixed in 4% 
buffered formalin, dehydrated and embedded in paraffin. Sections 
(5 um) were stained with hematoxylin-eosin (HE), or antibodies against 
elastin, chondroitin sulphate or alpha-smooth muscle actin. 
For immunohistochemical antigen detection, sections were incu
bated for 30 min in a o.02%H202/methanol solution, after deparaffi-
nation. Subsequently, sections were incubated with the following 
solutions: (1) PBS solution/10% AB serum for 15 min; (2) anti-elastin 
monoclonal antibody (Sigma Aldrichem Co., St.Louise, MO, USA) 
diluted (1:500) in PBS or anti-smooth muscle actin monoclonal anti
body (Dako, Copenhagen, Denmark) diluted (1:200) in PBS, or anti-
chondroitin sulphate glycosaminoglycans monoclonal antibody 
(Sigma) diluted (1:200) in PBS for 60 min; (3) with biotinylated rabbit 
anti-mouse IgGs antibodies (1:400, Dako) for 30 min; (4) and with 
the streptavidin-AB-complex/peroxidase conjungated (1:100, Dako) 
for 30 min. With the first antibody against chondroitin sulphate, 
steps 3 and 4 were replaced by incubation with Hrp-conjugated 
GAM immunoglobulins (DAKO, 1:100) for 60 min. Between incuba
tions, sections were washed three times with PBS. Color reaction 
was performed with diaminobenzidine substrate (0.05%) in a 0.03% 
H A 50 mM Tris-HCl buffer (pH 7.8) for 10 min. Sections were rinsed 
in water, counterstained with hematoxylin, and mounted. Sections 
of normal human skin served as positive controls. Adjacent sections 
stained with nonimmune IgG from the same species and the same 
dilution as the primary antibody served as negative controls. 

Evaluation by light microscopy: general epidermal and dermal aspects 

Two trained observers (EM and PvZ) performed the histopathological 
evaluation of the sections that were blinded to both type of treat
ment and patient. Most parameters (except when it was indicated 
that another method was used) were assessed following a semi
quantitative four-step scale: o) absent; 1) sparse; 2) frequent and 3) 
abundant. These scores where compared to the situation in normal 
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skin. For example, in normal skin fibroblasts are sparsely present, a 
score of '1' therefore indicates the normal value. All parameters were 
analysed making use of this ordinal scale, except when it is indicated 
in the text that another scoring system was applied. 

Different epidermis and basement membrane parameters were 
evaluated: number of epidermal cell layers, appearance of the rete 
ridges and maturation of the basement membrane. The thickness of 
the epidermis was established by counting the layers with cells con
taining nuclei, namely the stratum germinativum, spinosum and 
granulosum. Cell layers were counted at three locations between the 
rete ridges, i.e. at the narrowest areas. Observers used the appear
ance of rete ridge formation as an indication of the maturation of the 
junction between dermis and epidermis. The extent of the rete ridge 
formation was also quantified by computer analysis: the length of 
the dermal/epidermal border was divided by the length of the super
ficial border of the epidermis between the stratum granulosum and 
the horny layer, as illustrated by Figure ia. The superficial border of 
the epidermis was included in our measurements in order to correct 
for the curvature seen in many of the epidermal biopsies. We refer to 
these calculations as the 'rete ridge ratio'. 

A high concentration of chondroitin sulphate in the basement mem
brane of the epidermis is related to maturation'4- '5. Staining for chon
droitin sulphate has been found to be equivalent to laminin staining4. 
Eleven parameters were used to evaluate the quality of the neoder-
mis. Measurement of collagen orientation and collagen bundle pack
ing was performed using confocal microscopy followed by Fourier 
image analysis (see below). The maturation of collagen bundles in 
the superficial and deeper dermal layer was evaluated by polarised 
light microscopy'6. With immunohistochemical staining of elastin 
we delineated 'scar dermis' from the remaining remnant unburned 
dermis in partial thickness burn wounds, as elastin is poorly restored 
in scar tissue2. By excluding the remnant unburned dermis we pre
vented a considerable bias in the analysis of dermal architecture. 
Presence of granulocytes was considered an indication of inflamma
tion. Presence and distribution of myofibroblasts and endothelial 
cells were detected and scored by anti-a-smooth-muscle-actin stain-
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ing. The extent of extracellular matrix maturation was obtained by 
labelling of dermal chondroitin-sulphate and has shown to be 
diminished or absent in the dermal tissue during the remodelling 
phase of tissue repair*'718. 

Evaluation by confocal laser-scanning microscopy: Fourier Analysis 

For Fourier analysis, images of HE sections were scanned with a con-
focal laser-scanning microscope (Leica Micro Optics, Heidelberg, 
Germany) with a 6.3 x 0.2 objective and a 50mm pinhole making use 
of the fluorescent properties of eosin (excitation: 488nm, detection: 
LP 6ionm). In this way the interference of the hematoxylin stained 
nuclei in standard brightfield image was avoided. Images were 
adapted to the full dynamic range of the system (8 bit) to standard
ise the contrast/brightness ratio. Images of 794"™ x 794*1111 were 
created of the superficial dermal layer and the layer just under
neath the superficial layer (a 794"™ x 794*<m image), or the 'deep 
dermis'. 
Image analysis was done with the Fast Fourier Transform Module of 
the Owin Pro image analysis software (version 2.2, Leica Imaging 
Systems LTD, Cambridge, UK). Fourier analysis has been shown to 
correlate well with the opinion of individual observers"'9. Moreover, 
it allows quantification of the extent of collagen orientation, which 
was done by calculation of the breadth/length ratio concerning the 
zeroth-order maximum in the generated power plot of the scanned 
dermis. This ratio is the collagen orientation index. Parallel collagen 
orientation results in an elongated power spectrum whereas ran
domly organised tissue results in a nearly circular spectrum. 
The distance between the centres of gravity (d) of the first-order 
maxima was used to calculate the distance between the centres of 
collagen bundles (1) by using the formula 1= 794M™ x (1/(0.5*d)). 
This distance (1) is an indicator of average collagen bundle packing. 
Evaluation by Fourier analysis required a complete superficial and 
deep layer of which an area of 794"™ x 794»™ could be scanned. If 
the neodermis had a thickness between approximately 0.8 and 
1.6 mm, only the superficial dermal layer was analysed. 
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Statistical analysis 

The data were analysed with the statistical program SPSS for Win
dows 8.0 (SPSS Inc. Chicago, IL, USA). A paired sample t test was 
applied for all continuous and normally distributed data.- number of 
epidermal cell layers, Rete Ridge Ratio, and Fourier analysis (colla
gen orientation and bundle packing). As suggested by literature20, 
both the 95% confidence interval of the difference (CI) and p-value 
are given when appropriate. The Wilcoxon-signed-rank-test was 
performed on the semi-quantitative data. The level of significance 
was set at 0.05. 

Results 
Twenty-nine of the 42 paired treatments for burn wounds (69%) 
were biopsied after 328 (SD: 73) days post-surgery. Biopsies of 28 of 
the 44 paired treatments (64%) in the scar reconstruction category 
were harvested 302 (SD: 74) days post-surgery. 
Overviews of the results of both categories are listed in Table 1 and 2. 
In both tables a column was added that indicated the reference 
value of normal skin. Of those patients who underwent scar recon
struction with the dermal substitute, the rete ridges appeared more 
like 'frequently present' as in normal skin in comparison to control 
scar (mean score 1.84 vs. 1.60, Wilcoxon signed rank test, p=o.055). 
Figure ie and id show the rete ridge presence of a substituted and a 
non-substituted area in the scar reconstruction category. 
No statistically significant differences were found between dermal-
ly substituted and control wounds of both the burn and scar recon
struction category for epidermal thickness, basement membrane 
maturation, rete ridge ratio, fibroblasts, myofibroblasts, inflamma
tory cells, vessels, extracellular matrix maturation. 
Superficial and deep dermal layer architecture was evaluated by 
Fourier image analysis and confocal laser-scanning microscopy. 
Biopsies of burn scars were analysed with an anti-elastin staining 
for the presence of unburned remnant-dermis that remained after 
treatment of partial thickness burns. After exclusion of these sec
tions, 27 superficial and 11 deep dermal layers were eligible for 
scanning by confocal laser-scanning microscopy of the burn 
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wound category. The category with reconstructive wounds con
tained 27 eligible section pairs with a superficial layer and 17 pairs 
with a deep dermal layer. 
Fourier analysis established no significant differences between the 
collagen orientation index of substituted and conventionally treat
ed areas, although a reasonable difference was found for the colla
gen orientation index between substituted areas (0.63, SD: 0.11) en 
the control wounds (0.57, SD: 0.09). This difference was not statisti
cally significant (CI= -0.02 - 0.15, p=o.i4i), which could be related to 
the small number of sections (11 pairs) that were eligible for this 
analysis. Additionally, we observed differences in collagen orienta
tion and bundle packing between superficial and deeper dermal 
layers within sections. Bundle packing was found to be significantly 
different between superficial (17.3, SD: 4.1) and deeper layers (21.0, 
SD: 5.0) for substituted sites of reconstruction scars (CI= 2.0 - 6.3, 
p=o.ooi). Bundle packing was also found to be significantly differ
ent between superficial (18.1, SD: 4.9) and deeper layers (22.1, SD: 6.1) 
for conventionally treated sites of reconstruction scars (CI= 0.5 - 5.6, 
p=o.o23) as well as between superficial (16.8, SD: 3.6) and deeper lay
ers (19.3, SD: 4.9) of the conventionally treated burn wounds (CI= 0.3 
- 7.6, p=o.036). Furthermore, collagen orientation seemed to change 
with depth as most categories showed a higher orientation index 
for the deeper dermis compared to the superficial dermis. In con
trast to collagen bundle packing, the orientation index was not sta
tistically different between the superficial and deeper layers. Figure 
2a through 2d shows the differences in appearance of the superficial 
and deep dermis of substituted and non-substituted areas. 

Discussion 
Dermal substitution is one of the main topics of acute and chronic 
wound healing research. Remarkably, clinical trials with large sized 
populations are lacking with respect to histopathological, immuno-
histochemical and objective clinical long-term evaluation. We have 
used both subjective and objective methods to compare a dermal 
substitute with autograft to the conventional treatment (split skin 
autograft) in patients with burns and scar reconstructions. 
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biopsies Substitute 

Epidermis 

Epidermal thickness 

Rete Ridges 

Basement membrane 

Cell layers 

Presence" 

Ratio 

Matured' 

28 

28 

28 

25 

6.16 +1.45 

1.36 

1.3410.34 

1.72 

Dermis 

Collagen -Superficial 

Collagen - deep 

Extracellular matrix 

Fibroblasts 

Matured' 

Presence' 
Myofibroblasts 

Inflammatory cells 

Vessels 

Presence' 

Presence' 

Presence' 

26 

29 

2 6 

28 

?9 

Orientation index 

Bundle packing 

Ma tu red ' 

Orientation index 

Bundle Packing 

Ma tu red ' 

27 

^5 

29 

11 

11 

22 

0.55 ± 0.12 

16.7 + 3.6 

1-57 

0.63 + 0.11 

18.1 + 5.5 

1-54 

1.03 

1.90 

0.41 

1.27 

1-97 

Table 1 burn wound category 

J These parameters were evaluated by two trained observers following a four step scale: o) 
virtually absent, 1) sparse, 2) frequent and 3) abundant; "significant difference between 
bundle packing of superficial and deeper dermal layer of control scar (Cl= 0.3 - 7.6, p=o.036) 
' the reference value is given for normal skin where possible;d reference value based on yet 
unpublished results (P.P.M. van Zuijlen et al.)j eCI= Confidence Interval. 
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Control Reference' 95% C I ' 

P-value 

Paired student 

t t e s t 

p-vaiue 

Wilcoxon signed 

rank test 

5.86 + 1.16 

1.34 ± 0.42 

2 

1.2; 

2 

-0.16-O.77 

-0.16 - 0.16 

0.191 

0.985 

0.776 

0.488 

i6.8 + 3-6b 

19.3 ±4-9" 

i-57 

1.87 

0.56 

2.00 

0.70° 

23.O 

2 

O.70 

23.0s 

2 

0-1 

1 

O 

0-1 

2 

-0.09 - 0.06 

-1.9-1.8 

-O.02 - 0.15 

-5.0 - 2.5 

0.580 

0.948 

0.141 

0478 

0.235 

0.531 

0.469 

0.685 

0.205 

0.710 

0.564 
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Diopsies Substitute 

Epidermis 

Epidermal thickness 

Rete Ridges 

Basement membrane 

Cell layers 

Presencea 

Ratio 

Matured' 

23 

24 

28 

23 

5-43 ± 0.96 

1.84 

1.29 1-0.35 

1.66 

Dermis 

Collagen - Superficial 

Collagen - deep 

Extracellular matrix 

Fibroblasts 

Myofibroblasts 

Inflammatory cells 

Vessels 

Orientation 

Bundle pack 

Matured ' 

ndex 

n g 

Orientation index 

Bundle Pack 

Matured * 

Matured' 

Presence" 

Presence' 

Presence' 

Presence' 

"g 

27 

27 

24 

17 

17 

14 

22 

23 

23 

24 

23 

0.57 + 0.16 

17-3 ± 4-1 * 

171 

0.66 + 0.09 

21.0 + 5.0" 

1.64 

0.98 

2.11 

O.35 

1-35 

2.04 

Table 2. Scar reconstruction category 

JThese parameters were evaluated by two trained observers following a four step scale- o) 
virtually absent, 1) sparse. 2) frequent and 3) abundant; "significant difference between 
bundle packing of superficial and deeper dermal layer of substituted scar (Cl= 2 0 - 6 3 
p=o.ooi);c significantdifference between bundle packing of superficial and deeper dermal 
layer of control scar (Cl= 0.5 - 5.6, p=o.023);

athe reference value is given for normal skin 
where possible; «reference value based on yet unpublished results (P.P.M. van Zuiilen et al ' 
Cl= Confidence Interval. 
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Control 

Reference' 

(normal skin) 95% CI' 

P-value 
Paired student 

ttest 

P-value 
Wilcoxon signed 

rank test 

1.2° 

-o.6i - 0.29 0.462 

0.654 

0.055 

0.223 

0.70° 

23.0' 

0.70c 

23.0-

-0.08-0.09 

-3.0-1.4 

-0.05 - 0.14 

-3.9-1. 

0.890 

0.463 

0-423 

0.439 

0.599 

0587 

0.083 

0.409 

0.684 

0.327 

0.655 
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In both acute burn and reconstructive wound categories, a compara
ble outcome for the number of epidermal cell layers, rete ridges 
ratio and basement membrane maturation was observed in both 
groups. Nevertheless, the observers noticed differences in the ap
pearance of the rete ridges in the reconstruction category. This dif
ference approached the level of statistical significance (p=o.o55). 
The rete ridges were more frequently scored as 'normal' compared 
to control scars in areas receiving the dermal substitute. Rete ridges 
are associated with the firmness of the attachment between the epi
dermis and dermis. The probable beneficial effect of the dermal sub
stitute on rete ridge formation suggests that the scar probably has 
an increased resistance against shearing forces, thus the common 
clinical symptom of blister formation might be reduced. 
Collagen orientation and maturation have been recognised as im
portant components of function and strength in the skin8. In this 
study, the collagen orientation was quantified by Fourier analysis, 
which was previously used to study the organisation of bone tis
sue2', spreading of cells", and sclerodermal lesions23. This technique 
was found to be highly reliable and accurate for the quantification 
of collagen orientation in scar tissue. We demonstrated previously 
that differences in dermal maturation had been noticed predomi
nantly in the deep dermis4 and consequently chose to analyse the 
superficial dermis and the deep dermis separately. Promising but no 
statistically significant differences were observed when the colla
gen orientation of the experimental and control areas were com
pared in deep dermal layers of burn scars. Our findings are consis
tent with the results of a previous study from our group5. In that 
study, six millimetres punch biopsy wounds treated with the colla-
gen/elastin dermal substitute showed a statistically significant im
provement of the collagen orientation after three months in com
parison with the non-dermally substituted controls. The absence of 
a statistically significant difference in our trial may be attributed, in 
part, to the small number of pairs that were available for the analy
sis of the deep dermal structures especially for burn wounds (n=n), 
because many sample pairs were not adequate for analysis of the 
deep dermal layer. 
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Although it was not part of our study goals we found significant dif
ferences between the superficial and deeper dermal layers within 
categories collagen of bundle orientation packing as shown in Table 
l and 2. The differences in collagen bundle packing were found be
tween the superficial and deeper dermal layers of substituted and 
control reconstruction scars as well as between substituted and 
control burn scars. This demonstrates that collagen bundles of the 
deeper layer are less packed and more randomly organised than 
that of the superficial dermis. This phenomenon has been described 
previously, but without quantitative analysis2. The difference in 
organisation is most likely related to functional demands placed on 
the skin as integument. We believe that collagen bundles of the deep 
dermal layer are more randomly orientated, instead of parallel to 
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Figure 2 Confocal laser scanning microscopy images of the superficial 
and deeper dermis of dermal substitute and control wounds 

Figure 2a through d show the images scanned by confocal laser-scanning 
microscopy of the superficial and deep dermal layer of the substituted (2a and 
2b respectively) and conventionally treated area (2c and 2d). In the right upper 
corner of each image the zeroth (upper image) and first order maxima (lower 
image) of Fourier analysis is shown. Scale bar=iooum. 
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the epidermis, because they transfer forces from the skin to underly
ing tissues. We have initiated a separate study to evaluate these 
novel findings (see chapter 6). 
Elastin repair is a topic that has come under increased attention. 
Previous studies have shown that after wounding, elastin repair 
either remains absent8, or was only slowly regenerated over years 
after wounding2, while others24 have shown elastogenesis after only 
one week in the rat and mouse, and after six weeks in pigs4. We 
applied anti-elastin staining mainly to delineate scar dermis from 
unburned dermis. We therefore did not include semi-quantitative 
analysis in our immunohistochemical evaluation for elastin repair. 
Nevertheless, we did observe a paucity of elastic fibres in the neo-
dermis. This paucity is in agreement with a previous study where 
no elastin fibres were detected up to six months in human punch 
biopsy wounds5. Evidently, elastin repair is much slower in humans 
than in mice, rats or pigs. 

Although our study was focused on the quality of the restored der
mal collagen, other parameters of dermal repair were also included 
in the evaluation. No differences were established between control 
and dermally substituted treatments for extracellular matrix matu
ration, densities of vessels, fibroblasts and myofibroblasts. 
As the biopsies were obtained one year after surgery, we could not 
confirm short-term results obtained by in vivo studies that dermal 
substitutes promote maturation4 and improve dermal architecture314. 
In a clinical study we evaluated a dermal substitute for acute burn 
wound surgery and reconstructive surgery. The clinical evaluation 
of the experimental and control wounds after one year, which has 
been published, showed no statistically significant differences be
tween both types of treatment. In this manuscript the histo-
pathological analysis is described of the same population. Both con
ventional light microscopy and confocal laser-scanning microscopy 
was employed to evaluate biopsies that were obtained one year 
after dermal substitute treatment and a control split skin graft 
treatment. We conclude that no statistically significant beneficial 
effect of the dermal substitute could be demonstrated for acute burn 
wounds and reconstructions with respect to clinical and histopatho-
logical parameters one year after surgery. Some promising findings 
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of the dermal substitute were found with respect to architecture of 
the deep dermal layer and rete ridge formation. However, despite 
the fact that our clinical study is one of the largest on this topic, no 
convincing statistically significant differences were found with' re
spect to clinical and histopathological criteria. The study therefore 
elicits further research on this substitute but it does not warrant 
clinical usage at present. 

Fourier analysis was used for the first time in a clinical study on scar 
formation to quantify collagen orientation and bundle packing. The 
technique was found to be convenient and indicates that collagen is 
more randomly organised and thicker in the deep dermis in com
parison with the superficial dermis of scars. 
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ADSiraci T i s s u e engineered skin substitutes may be the future 
remedy for acute burn wounds and chronic wounds. The aim of 
this study was to identify readily available sources for isolating 
and culturing of autologous fibroblasts that are suitable for the 
preparation of a fibroblast-seeded dermal substitute. Three dif
ferent tissues were considered: healthy dermis, healthy subcu
taneous fat tissue and burn eschar obtained through debride
ment of burn wounds. We determined the cellular profile and 
the cell numbers immediately after isolation and after two and 
fourteen days of fibroblast culture, using flow cytometry and 
cell counting with a cytometer. In addition, part of the isolated 
cell suspensions was seeded directly into a porous collagen der
mal substitute to investigate contraction and the presence of 
contractile cells in time. Various cell types were isolated from 
the three different tissues but after fourteen days of culturing 
predominantly fibroblasts (>go%) were detected. Keratinocytes, 
granulocytes and macrophages, if present, disappeared within 
fourteen days. In the cell populations derived from dermal tis
sue the percentage of myofibroblasts had decreased significant
ly at day 14 (from 8% to 3%, p=o.028). In contrast, this percentage 
had increased in the cell populations derived from fat and burn 
eschar (from 23% to 40% and from 20% to 38%, respectively). The 
fibroblast yield from dermal tissue after two weeks of culturing 
(50 x 106 cells/gram of tissue) was significantly higher than the 
yield from fat and burn eschar (2 x 106 cells/gram of each tissue, 
p=o.02g). Immunohistochemistry of seeded and cultured colla
gen matrices revealed high prevalence of myofibroblasts in the 
matrices seeded with fat and burn eschar derived cells and 
hardly any myofibroblasts in the matrices seeded with dermal 
cells. The contraction of the burn eschar matrices was highest 
(74±6% remaining surface area), whereas dermal matrices con
tracted significantly less (9217% remaining surface area, 
p=o.029) with intermediate contraction for fat matrices. We 
concluded that fibroblast cultures can be established from der
mal tissue, fat tissue, and burn eschar. Dermis is considered the 
best fibroblast source as it yields the highest numbers of fibrob
lasts with the lowest number of myofibroblasts. 
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Introduction 
Autologous split skin grafting is still the most frequently used treat
ment for extensive and deep skin defects, such as full thickness 
burn wounds. The functional and cosmetic outcome of the conven
tional treatment modalities is often poor. Dermal substitutes (and 
complete skin substitites) seeded with dermal fiboblasts have been 
shown to function as a supplementary dermal template that im
proves the quality of the neodermis and reduces wound contraction'"3. 
Dermal substitutes that are seeded with allogeneic fibroblasts are 
yet available for clinical applications. Nevertheless, allogeneic cells 
may induce inflammatory responses and interfere with dermal tis
sue regeneration4. The suitability of autologous fibroblasts, on the 
other hand, is limited as consequence of the delay in treatment due 
to the time that is required for culturing fibroblasts. Moreover, 
healthy unwounded skin is required for the isolation of cells. In 
extensively burned patients, it may be undesirable, or even impossi
ble, to harvest unwounded dermis for the isolation and culturing of 
fibroblasts. Then, it would be advantageous if other fibroblast con
taining tissues would be suitable as cell source for autologous fibro
blasts. Ideally, such sources should be easy accessible and yield a 
high number of fibroblasts. 

Therefore, two types of tissue were evaluated as source for fibro
blasts besides dermis: subcutaneous (unwounded) fat tissue, and 
burn eschar5. Subcutaneous fat tissue is sufficiently present in the 
majority of people and easily accessible. Nowadays it is possible to 
harvest this tissue via liposuction techniques that allow the isola
tion of high cell numbers with good viability6. Burn eschar is the 
necrotic tissue that remains after a thermal injury. It is excised at 
surgery to obtain a vital wound bed, and it is normally discarded 
after the operation. During a pilot-study we noticed that burn eschar 
contained viable fibroblasts which can be isolated and cultured5. 
These viable cells may have infiltrated the necrotic tissue itself or 
they may be present in the remnant vital tissue that was excised 
together with the burn eschar. 

Functional and morphological heterogeneity exists in fibroblast 
populations originating from different tissues7'2. Besides fibroblasts, 
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other cell types are present in the isolated population that may 
interfere with wound healing once transplanted onto the wound, 
such as keratinocytes, macrophages, or myofibroblasts. 
Especially the myofibroblast forming potency of the different fibro
blast populations is relevant, because high numbers of myofibro
blasts correlate with increased wound contraction1,13"'8. Since alpha 
smooth muscle actin (a-SMA) is a marker for myofibroblasts, we 
studied the expression of this marker in the cell populations derived 
from dermis, fat and burn eschar in relation to the contraction of 
porous collagen matrices. 

Materials and methods 
Isolation of cells from tissue 

Unwounded dermis and subcutaneous fat was harvested from tis
sue, which was obtained during plastic surgery for a mamma reduc
tion or an abdominal dermo-lipectomy. 
The dermis was obtained as a split skin graft (0.2 mm thick), which 
was harvested with the Zimmer dermatome (Zimmer Inc., Dover, 
Ohio, USA). The tissue was washed in phosphate buffered saline 
(PBS) and incubated in a PBS solution containing 0.25% (w/v) dis-
pase II (Boehringer, Mannheim, Germany) for 25 min at 370 C. The 
epidermis was separated from the dermis using two forceps. The 
remaining dermis was weighed, cut with sterile scissors and incu
bated with a collagenase A/dispase II (Boehringer) solution (both 
0.25% (w/v) in PBS) during two hours at 370 C under agitation (1/2.5 
for the tissue/enzyme ratio). The cells were separated from tissue 
debris in a filter chamber (NPBI, Emmer-Compascuum, The Nether
lands), washed in PBS containing 1% foetal calf serum (FCS) and cen-
trifuged (400 g, 10 min) and finally dispersed in fibroblast culture 
medium (DMEM supplemented with 10% FCS (v/v), imM L-glu-
tamine, 100 pg/ml streptomycin, and penicillin (100 IU/ml)) and 
seeded at a density of 20,000 cells/cm2. 

Subcutaneous fat tissue was harvested from the same specimen as 
the split skin graft. Large blood vessels, glandular tissue, or fascia 
were removed. The fat was washed, weighed, cut and incubated in a 
collagenase A/dispase solution during 1.5 hours under agitation (1/1 
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tissue/enzyme ratio). The cells were separated, washed and seeded 
with the same protocol as for the split skin graft. 
Burn eschar was excised during surgery, 5 to 35 days post-burn 
(average 16 days). The tissue was cleared from blood vessels and tis
sue that appeared to be completely avital. Hereafter, the protocol 
was the same as for isolating dermal cells. 

Cell culturing 

One day after isolation, the flasks were washed with PBS to remove 
all dead cells and tissue debris. Then, new culture medium was 
added. The medium was changed twice weekly. When cells reached 
confluence, culture medium was removed and cells were dispersed 
in a PBS solution containing 0.1% trypsin (w/v) and 0.05% EDTA 
(w/v) (GibcoBRL, Life Technologies BV, Breda, The Netherlands), 
washed and seeded in new flasks. Cells were passaged one or two 
times, just before reaching confluence, during the two weeks of cell 
expansion. 

Flow cytometry 

Dermal and fat derived cell populations were obtained from the 
same patient (n=6) after surgery (mamma reduction procedure or 
abdominal dermo-lipectomy), in addition burn eschar from 7 pa
tients was used for this analysis. 
Freshly isolated cells were filtered over a 70 um cell strainer (Falcon, 
Becton-Dickinson, Franklin Lake, NJ, USA) to remove any tissue 
debris still present. 
Cultured cells were harvested with trypsin on day two or day four
teen. The freshly isolated or cultured cells were counted and 500,000 
cells were fixed in 0.5% paraformaldehyde in PBS (10 min at +4°C), 
washed two times in PBS with 1% human serum (PHS), washed once 
in PHS with 0.1% saponin (SAP) and divided in portions of 100,000 
cells. 
Another 500,000 cells were not fixed; these cells were washed once 
in PHS and divided in portions of 100,000 cells. The cell portions were 
centrifuged (5 min, 400 g, 4°C) and dispersed in 100 ml PHS (unfixed 
cells) or SAP (formalin fixed cells). The monoclonal antibodies that 
were used were all raised in mouse and are listed in table 1. 
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Cells were labelled for 45 min, and washed and centrifuged two 
times with 3 ml of PHS or SAP. Cells were then incubated with the 
second antibody (FITC conjugated goat-anti-mouse Fab fragments, 
1:100 in 100 ml of PHS or SAP for 45 min, and washed and centri
fuged 3 times with 3 ml of PHS or SAP. After the last wash all cell por
tions were dispersed in 200 ml of PHS with 2 mg/ml of propidium 
iodide and analysed in a FACS (fluorescence activated cell sorting) 
calibur flowcytometer (Becton-Dickinson, Mountain View, Ca). For
ward scattering, sideward scattering, FITC fluorescence (channel 1) 
and propidium fluorescence (channel 3) were recorded of 10,000 to 
50,000 cells per labelling. The data were analysed with WinMDI 
software (by Joseph Trotter, La Jolla CA, USA, version 2.7). 

Cell proliferation 

Four separate cell isolations procedures were carried per tissue out 
to determine proliferation characteristics. At isolation and after 
each passage cells were counted with a haemocytometer (Bürker, 
Omnilabo, The Netherlands) and seeded in the following passage at 

Cell type 

Mesenchymal cell 

Fibroblast 

Myofibroblast 

Keratinocyte 

Monocyte/macrophage 

Granulocyte 

Negative control 

Cell marker 

Vimentin 

CD-90 

a-SMA 

Cytokeratin 

CD-14 

CD-16 

non- immune 

Monoclonal 

V9 (Dako) 

AS02 (Dianova) 

iA4(Dako) 

MNFn6(Dako) 

TUK4 (Dako) 

DJ130C (Dako) 

lgC2a (Dako) 

Dilution 

1:100 

1:50 

1:50 

1:100 

1:lOO 

1:100 

1:100 

Cells fixed 

yes 

no 

yes 

yes 

no 

no 

yes/no 

Table 1 The cell types and antibodies against their markers 

The AS02 antibody recognises a cell marker that is homologous to CD90. 
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a known seeding density. By recording the weight of the tissue, the 
cell yields per gram of tissue could be calculated at isolation and 
after fourteen days in culture. 

Cell culture in collagen matrices 

To investigate the contractile properties of the various cell popula
tions in a three-dimensional extracellular matrix environment, cells 
were seeded two days after isolation in a non-crosslinked native col
lagen matrix (type I collagen, from bovine skin) coated with 3% w/w 
a-elastin hydrolysate (80% MW 60 kDa and 20% MW 2ookDa, from 
bovine ligamentum nuchae). This matrix was provided by Dr. 
Suwelack Skin and Health Care AG (Billerbeck, Germany). The seed
ing density was 100,000 cells/cm2. Contraction of the seeded matri
ces was measured during 12 days by planimetry. The initial area was 
compared to the remaining area at day 4, 7 and 12. At the endpoint 
matrices were fixed in a 4% formalin solution in PBS, embedded in 
paraffin and sectioned. The sections of dermal substitutes were 
evaluated for the presence of a-SMA positive cells according to stan
dard immunohistochemical methods'9. 

Statistics 

The data were analysed using SPSS for Windows 10.0 (SPSS Inc., 
Chicago, II, USA). The Wilcoxon signed rank test was used for paired 
data whereas the Mann-Whitney test was used for unpaired data. 
The significance criterion was set at 0.05. 

Results 
Cellular composition of isolated cell populations 

Isolated and cultured cells were labelled with antibodies to various 
cell markers identifying mesenchymal cells, fibroblasts, myofibrob
lasts, keratinocytes, monocytes/macrophages and granulocytes. The 
results are displayed in figure 1 and table 2. 
Directly after isolation, 95±4% of the cells isolated from dermal tis
sue were from mesenchymal origin (vimentin positive). However, 
37±i4% of the isolated cells where labelled by the fibroblast marker 
whereas 813% of these cells was positive for u-SMA. Furthermore, in 
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Cell types [Mean (SD) % positive] 

Cell source (days) Fibroblast Myofibroblast 

Split skin graft 

Dermal tissue (n = 6) 

Subcutaneous 

Fat tissue (n=6) 

Burn eschar 

Tissue (n=7) 

Table 2 Fibroblast and 

') Wilcoxon signed rar 

0 

2 

14 

0 

2 

H 

0 

2 

14 

37 (14) 

42 (21) 

90(6 ) 

50 (17) 

74(8) 

92(1 ) 

20(13) 

79 ('9) 

95(3) 

myofibroblast percentages 

k test;"") Mann-Whitney test 

8(3)« 
6(2) 

3 ( * ) • • * 

23(17 ) " 

14(8) 

4 0 (26) • • 

10 (11) + 

19(9) 

38 (18) • + 

• p=o.028* 

• p=o .oo i " ' 

A p=o.028" 

• p=o.n6* 

+ p=o.oi8* 

this freshly isolated cell population, keratinocytes (cytokeratin) and 
granulocytes were almost absent (< 1%), and macrophages were 
sparsely present (514%). After a fourteen day culture period, 9613% 
of the dermal cell population was positive for the mesenchymal cell 
marker vimentin and the percentage of cells that labelled positive 
for the fibroblast marker had increased to 90±6%. The percentage of 
cells positive for a-SMA decreased significantly (p=o.028, Wilcoxon 
signed ranks test) to 312%. In addition, a few macrophages could 
still be detected (2±i%), whereas keratinocytes and granulocytes 
remained nearly absent (< 1%). 
In cell populations isolated from subcutaneous fat, 50117% of the 
cells were positive for the fibroblast marker directly after isolation, 
which increased to 9211% after fourteen days. Also, the fraction of a-
SMA positive cells increased from 23117% at isolation to 40126% 
after fourteen days, this increase however was not significant 
(p=o.ii6). Other cell types were present at low levels (< 3%) after iso-
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lation and after two weeks in culture. The fat tissue derived popula
tions showed similar labelling characteristics compared to the der
mal tissue derived populations. However, the a-SMA percentages 
immediately after isolation (23% versus 8%) and at day 14 (40% ver
sus 3%) were significantly higher in fat derived cell populations 
compared to cells from healthy dermis (p=o.046 and p=o.028, respec
tively). 
Of the cells isolated from burn eschar, 80119% were positive for 
vimentin, whereas the percentage of cells that were labelled by the 
fibroblast marker was low (20113%). Of these cells, 74±9% labelled 
positive for CD16, the granulocyte marker, and 10111% was positive 
for a-SMA. The percentage of cells positive for the macrophage mar
ker was also higher in comparison to the other isolations (1012%). 
There were varying percentages of cytokeratin positive cells (4+5%)-
After two weeks of culturing, the percentages of cells that labelled 
positive for vimentin and the fibroblast marker were 97±3% and 
9513% respectively, whereas the percentage of cells positive for 
CD16 (granulocyte marker) had decreased to 0.510.4%. The percent
age of cells that labelled positive for a-SMA increased significantly 
to 38118% (p=o.oi8). At this timepoint the percentage u-SMA was 
also significantly higher than the percentage a-SMA in the cell pop
ulations derived from the dermis (p=o.ooi). The percentages of cells 
positive for cytokeratin and CD14 decreased in time but did not com
pletely disappear after fourteen days in culture. 
Analysis of cell types at day two after isolation shows what types of 
cells were able to attach in culture. After two days, higher percent
ages of cells positive for the fibroblast marker were present in fat 
and burn eschar derived populations (7418% and 79±i9%. respec
tively) whereas the percentage of cells positive for the fibroblast 
marker in dermis derived populations did not increase (42121%). 
Also some macrophages and keratinocytes were able to attach, 
whereas the high percentage of granulocytes present in the burn 
eschar derived populations disappeared completely showing that 
granulocytes did not attach in culture. The percentages of myofi
broblasts at day two were increased for the burn eschar derived 
populations and decreased for the fat and dermal tissue derived 
populations compared to day o (table 2). 
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Cell proliferation 

Table 3 shows that after two weeks of culturing the number of cells 
per gram of tissue was significantly higher for the dermis than for 
the other tissues (in both cases p=o.029, Mann-Whitney test). This 
yield of 50.4 (±10.8) x 106 cells per gram of tissue is the result of both 
a high isolation yield (5.3 (±1.7) x 106 cells per gram of tissue) and a 
high proliferation rate; 10.2 (±4.5). The morphology of the majority 
of the cells remained spindle shape in culture (see figure 2a). 
The subcutaneous fat had a low isolation yield, 0.7 (±0.1) x 106 cells 
per gram of tissue and also proliferated slowly. After the first pas
sage the cells adopted a stellate shape morphology (see figure 2b) 
and no longer proliferated in log phase, as is shown by the low pro
liferation rate: 2.7 (±0.7). The yield after fourteen days in culture 
therefore resulted in 2.0 (±0.7) x 106 cells per gram of tissue. 
Although the isolation yield per gram of burn eschar was compara
ble to the yield from dermal tissue (4.9 (±1.4) x 106 cells per gram of 
tissue), the yield of per gram of tissue after fourteen days of culture 
was low (2.2 (±1.7) x 106 cells per gram of tissue). The low proliferation 

Cell source 

Split skin graft - dermal tissue" 

Subcutaneous fat t issue" 

Burn eschar tissue" 

Cell yield 

at isolation 

Mean 

[xw6/gram tissue] 

5-3 (17) 

0.7 (0.1) 

4 9 (1-4) 

Proliferation 

rate ' 

Mean 

10.2 (4.2) 

2.7 (0.7) 

0.4(0.3)' 

Cell yield 

after culture 

Mean 

[xio'/gram tissue] 

50.4 (10.8) • • 

2.0 (0.7) • 

2.2 (1.7) • 

Tables Cell proliferation 

a The proliferation rate of the various cell populations is calculated 
by dividing the cell yield at day 14 by the cell yield at isolation, 

b n=4 
c When taking into account that approximately 20% of the cell 

yield was able to attach, the proliferation rate theoretically is 2.0. 
Calculated by Mann-Whitney test. 

>p=o.o2g 
p=0.02Q* 
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rate of 0.4 (±0.3) was predominantly due to the fact that only 20% of 
the cell yield was able to attach. Morphology of fibroblasts derived 
from burn eschar resembled that of fat fibroblasts after the first pas
sage (see figure 2c). 

Contraction of cultured collagen matrices 

The contraction of collagen matrices seeded with different cell pop
ulations is depicted in figure 3. This figure shows that matrices seed
ed with burn eschar derived cell populations contracted significant
ly more than matrices seeded with populations derived from 
dermal tissue (p=o.029 at day 12, Mann-Whitney test). The contrac
tion of the matrices seeded with fat derived cells was intermediate. 
Almost no a-SMA positive cells were present in the matrices seeded 
with the dermal cells (figure 4a). In the matrices seeded with the fat 
and burn eschar derived cells there was a high prevalence of «-SMA 
positive cells indicating that in these populations more myofibrob
lasts had developed and remained present during culture of the 
matrices (figure 4b and 4c). 

Discussion 
Modern tissue engineering techniques such as the use of cell seeded 
dermal substitutes may provide the ultimate possibility to prevent 
scarring and other problems associated with the healing of compli
cated wounds like chronic wounds and burns. To avoid immunolog
ical problems, the use of autologous cells is advocated4. Therefore, 
we studied three different tissues that could serve as a source for 
autologous fibroblasts, to be used in dermal substitutes. The suit
ability of a cell population for use in a cell-seeded dermal substitute 
depends largely on the phenotype of the isolated fibroblasts, the 
presence of contaminating other cell types, and the expansion rate 
of the fibroblasts. 

Normal dermis is a logical choice as a source of fibroblasts when 
these cells will be used to construct a dermal (or skin) substitute. 
However, the availability of dermal tissue is limited and relatively 
large areas of donor site may be needed, depending on the wound 
area to be treated and the time available for culturing. For one gram 
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(wet weight) of dermis a split skin graft (0.2 mm thickness) with an 
area of about 25 cm2 is needed (data not shown). Therefore, we con
sidered other tissues as sources for autologous fibroblasts. The two 
other types of tissue in this study were chosen because they are 
commonly sufficiently available and easily accessible (fat tissue) or 
to be discarded after surgical debridement (burn eschar)5. 
It is important to note that viable fibroblasts could be isolated from 
all three tissues. Depending on the source of the tissue, different 
fractions of the cells were able to attach in culture conditions. From 
the subcutaneous fat and from the dermis about 50-60% of the cells 
attached. Apart from the presence of non-adherent cell types, non
viable cells are probably the remaining fraction of non-adherent 
cells. From burn eschar only 20-25% attached to the culture flasks 
(data not shown). The latter is mainly caused by the fact that in 
burn eschar a substantial number (approximately 75%) of the cells 
were granulocytes, which will not attach in culture. 
The FACS results showed that 74% of the fat derived cells, 42% of 
dermal cells and 80% of burn eschar derived cells labelled positive 
by the fibroblast (AS02) antibody after two days of culturing. At this 
time point, all cells had been attached for two days in culture and 
should ideally be fibroblasts. This indicates that our analysis did not 
account for all attaching cells, especially in the case of dermal cells. 
One possibility could be that contaminating cells were present 
among the attached cells, which were labelled by the vimentin anti
body, but not by the AS02 antibody. These may have been melano
cytes, pericytes, smooth muscle cells and precursors of adipocytes as 
well as glandular cells. It is however unlikely that large fractions of 
these cells would be present. Another explanation might be that 
some fibroblasts, especially from the dermis, bore the fibroblast 
marker at very low levels during these first few days after isolation. 
As a consequence, the fluorescence level may have been very low 
and these fibroblasts were analysed as negative for this marker. 
This results in a negative and positive peak in the FACS histogram of 
dermal cells labelled with the AS02 antibody at day 2 (see figure 5a). 
The cells isolated from fat and burn eschar showed a small negative 
peak at day 2, indicating that the majority of cells in these popula
tions were positive for the fibroblast marker at day 2 (see figure 5b 
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Figure 2 
Morphology of the 
three different cell 
populations grown 
on tissue culture 
plastic. 

(a) dermal cells, 
(b) subcutaneous 
fat cells, (c) burn 
eschar cells. 
Bar = 200 um. 
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and c). The fibroblast marker, which is recognised by the AS02 anti
body, is homologous to CD90 and has a functional role in attach
ment20'2'. During culture this marker could be upregulated, thereby 
increasing fluorescence levels. 
After two weeks of culturing almost all cells were recognised by the 
AS02 antibody which indicated that mostly fibroblasts were left in 
culture. However, different a-SMA expression levels were detected 
in cells originating from different tissues. This expression relates to 
the presence of myofibroblasts in the cell cultures. Because myofi
broblasts have high contractile properties and are involved in 
wound contraction7'2, these cells should preferably not be intro
duced into a wound via a cell-seeded skin substitute. Our FACS anal
ysis shows increasing percentages of u-SMA containing cells for fat 
and burn eschar derived populations indicating prolonged presence 
as well as development of myofibroblasts in these cultures. The per
centage of a-SMA in dermal cells decreased showing that myofi
broblasts disappeared in these cultures. Similar results were ob
tained when fibroblasts were cultured on plastic for two days after 
isolation, then seeded into collagen matrices and cultured for 12 
days. Burn eschar and fat derived populations showed high expres
sion of a-SMA at day 12 (figure 4b and 4c), whereas dermal popula
tions showed almost no presence of u-SMA positive cells in the 
matrices (figure 4a). This difference in expression coincides with a 
higher contraction of the matrices seeded with burn eschar and fat 
cells and a significantly lower contraction of the matrices seeded 
with dermal cells (figure 3). 

Fibroblasts derived from dermal tissue also showed the best growth 
characteristics, resulting in the highest number of fibroblasts 
acquired per gram of tissue after two weeks of culturing. Dermal 
fibroblasts adopted the spindle shape morphology (figure 2a) and 
were able to grow to confluence in culture, whereas fat and burn 
eschar fibroblasts adopted a more stellate shape morphology (figure 
2b and c) and remained subconfluent. The low proliferation rate (<i) 
for the burn eschar fibroblasts was most likely caused by the fact 
that a high number of granulocytes was present at isolation and 
only about 20% of the isolated cells was able to attach. Theoretical 
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Figure 5 Fluorescence and percentage of 
cells labelled positive by the AS02 antibody 
in FACS analysis of the three different cell 
populations at day 2. 

Mi = marked region for the fluorescence 
level of positive cells, the percentage of 
positive cells is indicated in the header. 
Gm = mean fluorescence level of the 
marked region (Mi), (a) dermal cells, (b) 
subcutaneous fat cells, (c) burn eschar cells. 

recalculation of fibroblast numbers revealed a proliferation rate com
parable to that of the fat derived fibroblast populations (2.0 versus 2.7, 
respectively). 
Despite excellent growth and phenotype characteristics of dermal 
fibroblasts the use of dermis as tissue source limits its practical use
fulness in clinical applications. In case of severe wounds with in
volvement of large surface areas it is possible that dermal tissue can 
not be harvested for the purpose of isolating cells. In such a case an 
appropriate alternative could be to use fibroblasts derived from sub-
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cutaneous fat. Despite a higher expression of cx-SMA positive cells 
the benefits of using a seeded dermal substitute may still be higher 
than using a non-seeded dermal substitute'. In severe third degree 
burns, burn eschar may be chosen as a source for fibroblasts. In such 
a case this tissue is available in relatively large quantities and other 
tissues such as fat or dermis are difficult to harvest due to the burn 
injury. It should be taken into account that, because of the burn 
injury, the tissue may be rather heterogeneous with varying quality 
and is therefore poorly defined. It would be worth while to investi
gate whether granulocytes and other contaminating cells could be 
removed from the freshly isolated cell populations. Furthermore, 
pre-treatment of the cells with e.g. cytokines before using them in 
the dermal substitute could be another way to obtain more favour
able fibroblast characteristics. The fact that stable fibroblast cultures 
were established from fat and burn eschar allows speculation on 
their future usefulness. 

It is hypothesised that wound healing of deep dermal defects in
volves the migration of fibroblasts derived from subcutaneous fat 
tissue. It is interesting to note that the phenotypic characteristics of 
subcutaneous fat fibroblasts may contribute to scar formation and 
sub-optimal healing. In this respect, cells isolated from burn eschar 
could originate from the subcutaneous fat layers under the wound 
area. By inhibiting migration of fibroblasts from these subcuta
neous fat layers into the wound area during the initial healing pro
cess, in combination with the use of dermal fibroblasts in skin sub
stitutes, scar formation and contraction could be reduced. 
In conclusion, our study shows that fibroblasts from dermal origin 
have a different phenotype than those derived from subcutaneous 
fat or burn eschar. We have shown that fibroblast populations iso
lated from the subcutaneous fat and burn eschar exhibit a more 
contractile phenotype in vitro with elevated myofibroblast numbers 
and higher contraction of collagenous matrices. Dermal fibroblasts 
have the best characteristics, in terms of phenotype and cell prolif
eration, for application in a dermal substitute. However, selective 
treatment of fat or burn eschar derived cell populations could pro
vide fibroblasts with phenotypic characteristics that are specifically 
suitable for tissue engineered products. 
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General discussion 
and future perspectives 

Research on wound healing and scar formation has changed 
considerably during the last decades. Not only were therapeu
tic interventions influenced by recent developments such as 
tissue engineering, but also the approach to the evaluation 
of therapeutic and experimental interventions have become 
more critical. The necessity for further research is reflected by 
the major complications that still result from conventional 
treatments in functional, cosmetic and psychological areas. 
Nevertheless, many basic concepts of current burn and recon
structive surgery seem to rely on dogmas without substantial 
scientific evidence. 

This dissertation attempts to identify optimal tools that are 
of interest for a clinical and microscopic scar evaluation and 
apply these tools for an accurate evaluation of the outcome 
of standard and experimental therapies. 
The first section of this dissertation starts with a review that 
states the relevance of different scar features for scar evalua
tion together with the most appropriate scar assessment tools. 
Some parameters, like scar contraction and collagen structure, 
are generally regarded as crucial parameters of scar evaluation, 
nevertheless, few suitability studies on scar evaluation tools 
are available to date. We therefore substantiated the suitability 
of two practical tools for the clinical evaluation of scar contrac
tion and showed that planimetry by photography is generally 
more appropriate for scar contraction analysis than planimetry 



by tracing. We also made considerable progress on the microscopic 
analysis of collagen structure by showing that observer ratings can 
be replaced by a mathematical computer analysis: Fourier analysis. 
This analysis technique runs on personal computers and allows 
automated analysis of a large number of images in a short time. 
Fourier analysis enables a standardised scar evaluation because 
results of different research groups can be compared objectively. 
Both photographic planimetry and Fourier analysis together with 
other appropriate tools selected from literature, such as the Cuto-
meter and the 7 Objective Test Criteria by Jebsen made up our scar 
evaluation protocol. 
The second section of this dissertation discusses objective long 
term evaluation of scar formation and brings prevailing dogmas 
concerning current burn surgery and scar formation up for discus
sion, making use of suitable objective criteria that are discussed in 
the first section of this dissertation. Interestingly, no scientific basis 
could be provided for generally accepted ideas on scar formation 
that are discussed in chapter 4,5, and 6 respectively, that: a) skin 
transplantations on burned hands need to be performed in an early 
stage to achieve the best long term functional outcome; b) scar 
contraction is related to anatomical circumstances, patients' age 
and the presence of myofibroblasts; and c) tension over joints pola
rises collagen bundles of scar tissue in the direction of the load. 
For the study of contraction in chapter 5, and collagen orientation 
in chapter 6, clinical studies are sparse. This means that these 
prevailing ideas stem from clinical observations or experimental 
studies only. 

The last section of this thesis is dedicated to perspectives of the 
development of artificial skin and a clinical trial on a dermal substi
tute. The review, at the beginning of this section, shows that only 
few clinical studies are based on an objective evaluation of the 
outcome. In our clinical study we concentrate on the dermal layer 
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of an artificial skin, the dermal substitute, as studies on epidermal 
substitutes elucidated the importance the dermis with respect 
to the outcome over the long term'. A clinical trial was conducted 
to evaluate the effectiveness of the dermal substitute in burns and 
scar reconstructive wounds. Despite a relatively large number 
of paired wounds and the objective evaluation criteria, only a sig
nificant beneficial effect of the dermal substitute was shown for 
the short term (three months after surgery) in the reconstructive 
wound category with respect to skin elasticity. 
Below, main conclusions of this dissertation will be elaborated, 
discussed and placed into future perspectives. 

Aiming at optimal scar evaluation 
There is no general agreement as to the most suitable tools for scar 
evaluation. By reviewing literature on scar formation we outlined 
clinical scar features that are appropriate for most clinical and re
search applications: scar colour, surface texture, surface area (con
traction), scar thickness, tissue organisation, functional qualities 
of the scar (elasticity) as well as the resulting impairment and dis
ability caused by scar formation. Crucial microscopic parameters of 
scar formation include the collagen structure and the evaluation 
of different cell types such as myofibroblasts. Most features may be 
evaluated both by subjective and objective assessment tools. 
The choice for the most reliable and accurate method seems logical, 
but is that method always the most practical? All subjective 
observer evaluations and measurements performed by objective 
devices have their disadvantages. Studies have shown that subjec
tive scales were reliable only after evaluation with more than three 
raters. Such scales can not be of use for clinical application. Also, 
some 'scales' appear to be no scale but a list of ordinal variables.' 
Then, adding the outcome of separate parameters will give a mis-
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leading 'overall score'. In such cases, the data will be misinterpret
ed. Now that an increasing number of objective scar assessment 
tools have become available, scar evaluation should become more 
reliable and more accurate. Nevertheless subjective scar assessment 
tools are of paramount importance as they describe the impression 
of experts. Subjective scar assessment tool will become even more 
valuable if the opinion of the patient is evaluated. It is our opinion 
that objective measuring tools have improved the quality of scar 
evaluation. Nevertheless, conclusions based on these measure
ments always have to be placed in the context of the final judge
ment of experts and patients. We therefore disagree with the 
content of most scar evaluation scales when the patient's judge
ment is omitted. At present, we are conducting a study to develop 
a reliable and accurate scar scale that includes both expert and 
patient judgements. 

Based on literature and studies presented in this thesis we would 
make the following suggestions with respect to scar evaluation by 
means of currently available tools. Scar contraction is adequately 
evaluated through planimetry by photography. In extremely 
curved body parts, planimetry by tracing should be considered. 
Scar elasticity parameters are well examined by the Cutometer, 
nevertheless, the application of this technique is based on evalua
tions of sclerodermal lesions2. Although sclerodermal skin shows 
many characteristics of scar tissue3 we recommend that a suitabili
ty study be conducted for the application of the Cutometer with 
respect to scar measurements. Scar thickness may be evaluated 
by ultrasound, which is the most practical and validated technique 
for this purpose. In this thesis it has been shown that Fourier analy
sis may be considered the standard for collagen orientation assess
ment at present instead of the microscopic evaluation by observers. 
For scar colour, surface texture and other parameters, no tools have 
been studied sufficiently to date to designate a 'gold standard'. The 
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Vancouver Scar Scale is considered the standard for subjective scar 
evaluation, however further adaptations are warranted to improve 
its suitability for scar evaluation in a research and clinical setting. 
Some methods for scar assessment like profilometry and collagen 
structure analysis by shear wave propagation, are promising as a 
supplement for a standard scar evaluation protocol but their suit
ability needs to be investigated to date. 

Scar formation: 
current and future perspectives 
Many chapters of this dissertation discussed different aspects of 
scar formation, such as scar quality, cosmetic outcome, functional 
disturbances and explanatory as well as prognostic factors. The use 
of validated measuring tools has improved the quality of analysis 
and therefore the accuracy of the conclusions. Nevertheless, most of 
the complex sequences of events that finally produce a scar need to 
be elucidated. Findings of this thesis are contemplated below with 
respect to prevailing knowledge on scar formation. 

Long term functional outcome of split skin grafting in relation to 
t iming of surgery 

It is generally assumed that transplantation in an early stage of 
wound healing should serve optimal functional result in the long 
term. The relationship between timing of surgery and functional 
outcome is addressed in chapter 4 where the long term functional 
results of hand burns are discussed. We concentrated our study on 
hands as this body part is frequently involved in burn injuries; 
moreover, the functional outcome of hand burns has considerable 
influence on the performance of patients during daily activities. 
As we focussed on the performance of patients during activities 
of daily living we subjected all operated burned hands to the seven 
objective test criteria of Jebsen. These tests concern simulations such 
as writing, eating and picking up objects. Jebsen originally scored 
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hand function by measuring the time that patients required per
forming each test. In our study, the performance was evaluated by 
means of a 4-step scale ranging from 'normal' to 'totally disabled'. 
This design allowed the application of logistic regression so that 
factors were addressed that had prognostic value for hands to 
regain normal function (for all 7 tests) or disablement for one or 
more tests. Impaired function was related to advanced age, the 
necessity for amputations, poor graft take, and the surface area of 
the third degree hand burn as well as the third degree burned total 
body surface area. In contrast to the prevailing idea, we could not 
establish an effect of time between the burn injury and the place
ment of the split thickness skin graft on the functional outcome 
of hand burns. We therefore advocate the following approach to 
hand burns which might be applicable for burn wounds in general: 
if the diagnosis is a full thickness burn of the hand, a primary 
excision and transplantation is advocated. Rehabilitation is then 
commenced as early as possible and the length of hospital stay is 
reduced resulting in improvements in cost-effectiveness for those 
patients with a small total burned body surface area. If the burn 
depth is difficult to ascertain, the operation can be postponed to 
prevent excision of vital tissue, allowing those areas with partial 
thickness burns to heal spontaneously. We consider that timing 
of surgery is not related to functional outcome in general, however, 
this hypothesis needs to be confirmed by randomised controlled 
trials. We feel, however, that the feasibility of such studies will be 
poor, as it will take many years, especially in case of one-centre 
studies, to attain a large sample size. 

Scar contraction and relaxation 

Contraction is a continuing process that starts within days after 
wounding and proceeds often for months after wound closure. 
The beneficial effect of this process, accelerated wound closure 



Perspectives on burn scar evaluation and artificial skin 

and reducing the size of an unsightly scar can also be detrimental 
for skin and joint function, depending on anatomical circumstances. 
It would be helpful for operative procedures, like scar releases, if 
the rate of contraction after split skin grafting could be predicted. 
The size of the release wound could then be adjusted. The only 
prognostic factor that we identified for the extent of contraction 
after one year was the contraction after three months. This finding 
is of no use at the time of surgery, but it may help clinical decision 
making wether to operate when a joint becomes dysfunctional a 
few months after grafting. 
No consensus exists on the mechanisms that cause contraction in the 
burn scar. Over the past several decades, multiple theories have been 
proposed to explain which cell type or structure is responsible for 
contraction and its location in wounds. Two theories survived to 
date: the 'picture frame theory' by Grillo and Watts4;S and the 'pull 
theory' by Abercrombie and co-workers6. The 'picture frame theory' 
hypothesises that cells located at the wound margin grow into the 
wound and generate forces that cause contraction whereas the 'pull 
theory' hypothesises that cells throughout the granulation tissue 
generate the forces to pull the wound margins together. The clinical 
experience that contraction continues after wound closure, as dis
cussed in chapter 5, is inconsistent with the 'picture frame theory' 
and supports the 'pull theory' because the granulation tissue, 
the new dermal tissue, still may contract underneath a complete 
epithelium. 

There is no consensus on the type of cell that is responsible for 
contraction. Generally two cell types are considered candidates: 
fibroblasts or myofibroblasts. The concept of the myofibroblast 
as contracting element has been proposed by Gabbiani and Majno, 
who found the presence of fibroblasts-like cells with morphologic 
attributes of smooth muscle cells7'8. Although it seems natural that 
such cells generate forces that cause contraction, Ehrlich and co-
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workers reported studies that suggest that fibroblasts are capable 
of generating enough forces to obtain wound closure and that 
myofibroblasts are not required for contraction9^. Our study on 
scar contraction could not support the key role of myofibroblasts 
with respect to contraction, as we showed no relationship between 
the presence of myofibroblasts at the end of the proliferation phase 
and the extent of wound contraction. At this time, approximately 
three months after surgery, contraction is believed to come to an 
end. Future studies however are warranted that investigate the 
concentration of myofibroblasts in relation to contraction at an 
earlier stage of scar formation. 
In vitro models posed other predominantly single local factors to 
cause contraction, such as transforming growth factor pi, interferon 
«-2b, platelet derived growth factor, tensional forces, free fatty 
acids, serum factors, mast cells and photolysis. However, their 
value for the clinical situation is unclear. 
More recently, mathematical computer models have been challenged 
on contraction mechanisms". Data of in vitro studies were applied to 
the mathematical model and so many models could be analysed. 
We feel that such mathematical approaches have their place under 
certain circumstances, but oversimplification of the in vivo situation 
may lead to inaccurate conclusions. Once the model is validated, 
infinite simulations can be undertaken to investigate all sort of 
effects that might be of interest. Then computer-models will be cost 
saving, fast and might even replace in vitro and animal studies. 
In chapter 5, we addressed the phenomenon 'scar relaxation', 
meaning that the surface area of the contracted scar finally relaxes, 
which may have a beneficial effect on the functional outcome 
especially at joints. Clinical experience shows that scar relaxation 
commences a few months after wounding and parallels the tissue-
remodelling phase of wound healing. In our study it was shown 
that the contracted state of scars (63 percent of the original wound 
area on average) increased significantly to 75 percent of the original 
surface area after one year. Literature regarding scar relaxation 
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exists, however, these publications sparsely mention this topic'*13 

We fail to comprehend the paucity of studies on this clinically 
relevant issue. Also we noticed that studies generally have a 
follow-up of a few months. Most studies therefore missed the 
relaxation phase. 

The potential value of computer models for future studies on 
wound healing and scar formation becomes evident when we 
consider the study by Olsen et al." who developed a mathematical 
model to study contraction. In this manuscript they stated-
'The model predicts that the contracted state is a transient (albeit 
long) phenomenon, in contrast to real wound healing, in which a 
permanently contracted state is normally observed'. Their numeri
cal simulations confirmed that the repaired tissue finally relaxes. 
The authors were puzzled about the outcome of this model. 
Apparently, they were unacquainted with scar relaxation. 
Although the validity of such computer models remains to be 
established, this model was able to predict scar relaxation that 
was not accounted for. Moreover, scar relaxation has not been 
described properly in vitro and in vivo studies to date. These find
ings proclaim innovative future developments of computer models 
Together with inevitable experimental and clinical studies, com
puter models may increase the knowledge and understanding of 
scar contraction and relaxation, thus influencing clinical decision 
making significantly. 

Collagen structure 

Many authors have hypothesised that collagen bundles become 
aligned in the direction of mechanical tension during scar forma
tion'4'5. Tensional load seems to be of significance at joints were 
contractures and 'ropes' develop. Ropes have an orientation in the 
direction of tension at the macroscopic level (see Figure ib, chapter 
i). The evaluation of the relationship between tensional load and 
collagen orientation is complicated by the lack of suitable tools in 
clinical studies to record the total amount of load on an anatomical 
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location over time. Furthermore, data from animal models are not 
applicable to humans as most animals have a well-developed layer 
of cutaneous muscle which is loosely connected to underlying 
tissues", which is known as the panniculus carnosus. This layer 
permits contraction without interfering with mechanical function 
of the skin'2. It is therefore not ideal for one to use an animal model 
to investigate the influence of mechanical tension on collagen 
structure. We restricted our study to comparing collagen orienta
tion at joints and compared these findings to the collagen structure 
of adjacent areas where tensional load is considered to be lower; 
moreover, ropes and contracture generally do appear less frequent
ly in the area in-between joints. Our findings do not support the 
hypothesis that mechanical tension polarises collagen bundle 
orientation in the direction of stress. For the first time, an objective 
validated method was employed (Fourier analysis) to study the 
collagen structure of human scar tissue and also of normal skin, 
which was analysed as control. Novel findings of this quantitative 
analysis mainly concerned normal skin: the organisation in deeper 
layers of normal skin showed a more random collagen organisation 
compared to superficial layers and collagen appeared to have a 
more random organisation in the plane parallel to the epidermis 
compared to the perpendicular plane. 

Scar tissue apparently lacks the characteristics of normal skin at 
an overall microscopic level (parallel versus random orientation) 
and at a more refined level, because normal skin shows consider
able variation within its dermal architecture. We propose that 
scar tissue collagen may be composed of 'collagen planes' instead 
of single fibres. This 'collagen plane theory' may account for the 
aspect of images taken from different angles, which shows that 
'fibres' always run parallel to the epidermis. If the fibres had a 
predominant direction, we would have found transected fibres 
that appear as small dots. 
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A computer model was developed by Dallon to study collagen 
alignment that showed that cell flux, cell density and initial matrix 
orientation can have a significant impact on the overall alignment 
of the collagen'6. They concluded that cell flux is the most signifi
cant alignment mechanism. Unfortunately fractional forces were 
not considered in this model. Additional experimental and clinical 
studies are necessary to gain a full understanding of the processes 
that determine collagen alignment. Biopsies obtained by clinical 
studies might be evaluated for parameters other than collagen 
structure such as the presence of fibroblasts, myofibroblasts, 
inflammatory cells, growth factors and many other components 
that may play a role in scar formation. In addition, these clinical 
data may be utilised to make up more appropriate computer models. 

Skin substitutes: 
current status and future research 
Much research has been conducted on different types of skin 
substitutes, frequently with promising results. Statistical evidence 
for clinical effectiveness of skin substitutes has, however, not been 
established through clinical trials due to insufficient number of 
patients. We criticise the approach of most reported studies that 
have been to show clinical effectiveness of skin substitutes as 
small study sizes are used and frequently a control treatment 
group is absent. It is therefore much too early to come to definitive 
conclusions on the clinical effectiveness of dermal substitution. 
Moreover, clinical trials are mandatory that utilise both objective 
and subjective scar assessment tools. 

Initially, most studies, which employed skin substitutes, focused 
on epidermal replacement. These studies indicate that cultured 
keratinocytes may be applied in burn patients who have limited 
donor-sites available for split thickness skin grafts due to the large 
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extent of their burned surface area. Cultured keratinocytes, 
survive poorly during the grafting procedure and are susceptible 
to contamination by micro-organisms. The long term functional 
and cosmetic outcome also remained poor, which is related to the 
absence of a dermal substitute'. 
We studied a dermal substitute for the application in a one-stage 
grafting model in acute burn wounds and in reconstructive 
surgery. This dermal substitute was selected after it had been 
subjected to a number of experimental studies'7"9 and in punch 
biopsy wounds in humans20. 
For the short-term clinical follow-up, a promising and highly 
significant increase of skin elasticity was measured in the category 
of reconstructive wounds for dermally substituted wounds com
pared to control wounds. We provided evidence that the dermal 
substitute has features which improve the quality of tissue repair. 
However, in its current composition, it is not considered to have cli
nical effectiveness over the long term, as no statistical significance 
could be established for both the burn wound and reconstructive 
category with respect to skin elasticity. The same conclusion was 
drawn from the array of other clinical and microscopic parameters 
as no statistically significant differences were found. 
The circumstances in which the dermal substitution is applied are 
of eminent importance. Firstly, the dermal substitute gives better 
result in the reconstructive category compared to acute burn 
wounds. We considered that bacterial contamination and poten
tially toxic products, present in acute burn wounds, would acceler
ate the degradation of the dermal substitute. Nevertheless we were 
not able to demonstrate differences between contaminated 
wounds and wounds that were clean at surgery (unpublished data). 
The collagen/elastin dermal substitute seemed to be effective in a 
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subcategory of burn wounds when it was applied in combination 
with a large expansion of the overlying graft. This finding bears 
clinical relevance as the need for dermal substitution increases in 
case of extensive wounds, when large expansion rates of the auto
graft are used. From this perspective it would be interesting to 
evaluate the dermal substitute in combination with large graft 
expansions for reconstructive wounds. 
The findings of our clinical trial bring new, more specific premises 
that may lead to a dermal substitute with long term clinical effec
tiveness. Studies in animal models indicate that significant im
provement in outcome is obtained when autologous cultured 
fibroblasts are added to the dermal substitute2'*2. The beneficial 
effect of these cells is explained by their production of wound 
repair-stimulating factors that promote proliferation and migra
tion of resident cells23. We are therefore conducting a clinical trial 
following the same protocol as described in Chapter 8, making use 
of the collagen/elastin dermal substitute seeded with autologous 
fibroblasts. We concentrate on cells of autologous origin, as allo
geneic cells seemed capable of arousing unwanted immune 
responses24. We showed that different cell sources might be con
sidered for the isolation and cultivation of fibroblasts: fat tissue, 
burn eschar and dermal tissue. Fat tissue, which is easy accessible, 
and burn eschar, which is normally discarded after burn surgery, ' 
have shown in our study to be optional sources for culturing auto
logous fibroblasts. The best source however, remains dermal tissue 
as it results in the highest yield per gram of tissue. 
Allogeneic keratinocytes should not be dismissed completely. 
They may serve as a temporary cover, thus overcoming a serious 
disadvantage in the application of autologous cells: the time delay 
required for culturing a sufficient number of cells. Moreover, alio-
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geneic keratinocytes provide a good environment for the growth 
of autologous keratinocytes25126. 
Based on our current knowledge we propose the development 
of an 'optimal' skin substitute for the extensively burned patient 
that allows fast wound covering together with improved long term 
functional and cosmetic outcome. At the time of surgery, an 'off-
the-shelf skin substitute is applied on the wound, consisting of 
allogeneic keratinocytes together with a dermal substitute. During 
the same operation, a skin biopsy, or split thickness skin graft, is 
harvested for isolation and cultivation of autologous keratinocytes 
that can be applied to the wound after one or two weeks. 
Essential information remains elusive to date and needs to be 
elucidated in order to establish a definitive skin replacement. 
We have to integrate our present knowledge of wound healing, 
scar formation, computer models, skin substitutes, and tissue 
engineering to improve the overall outcome from the patient's 
perspective. 
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Summary 

Conventional split skin graft treatment for full thickness 
wounds, such as burns and reconstructive wounds lead to 
functional, cosmetic and psychological disorders due to scar 
formation. Although the severity of consequences like con
tracture and hypertrophy is well recognized, much of the 
underlying mechanisms remain elusive. A paucity of suitable 
scar evaluation tools counteracts adequate evaluation of nor
mal wound healing and experimental treatments. 
This dissertation concerns the evaluation of different tech
niques for their suitability in burn scar assessment (chapter 
1-3), which is followed by an objective evaluation of different 
aspects of scar formation after current split skin graft treat
ment (chapter 4-6) and after an experimental treatment in
volving a dermal substitute (chapter 7-9). Chapter 10 considers 
the suitability of different sources of autologous fibroblasts for 
tissue engineered skin substitution. 

Perspectives on scar evaluation 
chapter 1-3 

Although many devices and reliable assessment tools are 
available for scar analysis, there is no general agreement as 
to the most appropriate tools for scar evaluation, because few 
methods have been studied sufficiently with respect to their 
suitability. Chapter 1 reviews the aspects of scar formation 
that are essential for scar evaluation and critically discusses 



currently available measurement tools as well as potential devices 
that maybe available in the future that make up the scar assess
ment. 
Chapter 2 employs a suitability study on two practical techniques 
for planimetry by means photography or by tracings. Planimetry 
means surface area measurement, and is useful for the recording 
and documentation of different types of pathologic conditions of the 
skin, like the quantification of scar contraction over time. Although 
some studies already have evaluated the inter-observer reliability, 
the accuracy of planimetrie methods for clinical application has 
been studied poorly. Our study shows that the inter-observer 
reliability of planimetry by photography is equal or superior to 
planimetry by tracing and has a better accuracy than tracings 
except for extremely curved body parts such as the forearm, which 
is probably due to distortion. 
The analysis of collagen structure is a crucial histologic parameter 
of scar evaluation, because collagen is the most prevalent protein 
of the dermis. It provides a structural template for strength and 
pliability of the skin. Nevertheless, still no uniform evaluation 
method is available for measurement of collagen orientation. In 
Chapter 3, we compare conventional polarised light microscopic 
ratings by observers with an image analysis based technique, 
Fourier analysis, for their suitability. Therefore the reproducibility 
(reliability) and the accuracy (validity) was evaluated by both 
methods with respect to collagen orientation assessment. 
The Fourier analysis was performed on images of scar tissue and 
normal skin acquired by confocal laser-scanning microscopy. Four 
trained observers rated both the polarised light images of sections 
stained with hematoxylin-eosin and the confocal microscopy 
images. The inter-observer reliability of the conventional light 
microscopy was acceptable when at least 3 observers rated pola-
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rised light images whereas already two observers were sufficient 
for rating confocal microscopy images. The reproducibility of the 
Fourier/analysis is perfect when the same image is used because it 
employs a mathematical calculation of exactly the same data 
(image). The accuracy of both methods was established by means 
rating computer-generated images with a fixed orientation. Fourier 
analysis was more accurate than 4 observers for the evaluation of 
the 'true' collagen orientation for different types of computer gen
erated images. We advocate the use of Fourier analysis for collagen 
orientation evaluation, as it is convenient, objective and more 
accurate than observer ratings. However, if observers perform an 
evaluation by conventional light microscopy, at least 3 observers 
are required to attain an acceptable inter-observer reliability. 

Perspectives on scar formation 
chapter 4-6 

It is generally assumed that burn wounds should be grafted with 
a split skin graft within one to two weeks post-burn to obtain the 
best functional result in the long-term. In chapter 4, the long-term 
functional result of 143 burned hands are discussed together with 
factors that were considered prognostic variables for the functional 
outcome, such as timing of surgery. We concentrated on the hand 
because the burned hand has a crucial effect on the performance 
of patients during daily activities. Twenty percent of the hands did 
not regain a normal function for daily activities in the long term 
when tested with the objective test criteria following Jebsen. 
Impaired function was related to advanced age, the necessity for 
amputations, poor graft take, and the severity of the third degree 
hand burn as well as the percentage for third degree burned total 
body surface area. The time to skin transplantation did not influ-
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ence the functional outcome of hand burns, therefore we advocate 
the following approach to hand burns: if a full thickness burn of the 
hand exist, a primary excision and transplantation is advocated. 
Rehabilitation is commenced as early as possible and the length of 
hospital stay is reduced resulting in improvements in cost-effec-
tiveness for those patients with a small TBSA. If the assessment of 
the burn depth is difficult to ascertain, the operation can be post
poned to prevent excision of vital tissue, allowing those areas with 
partial thickness burns to heal spontaneously within a time limit 

of 2 to 3 weeks. 
In the next chapter, chapter 5, a closer look is taken at the pheno
menon of scar contraction after split skin grafting. Contraction of 
the wounded area is a beneficial process which allows fast wound 
closure Unfortunately, the contraction process continues beyond 
the point that complete epithelialization is reached, which then 
leads to the development of unwanted sequels such as joint con
tractures and other morbidities. Although contraction of a scar is 
easy to perceive, it is difficult to quantify the extent of contraction 
in clinical situations. The study that is discussed in chapter 5 
describes the course of scar contraction over time in a 'human scar 
model' and potential prognostic factors for the outcome of scar con
traction were put into a regression model. 
We established a general trend that scars contract during the first 
months, which is followed by expansion of the surface area as the 
scars mature. The range of the contraction rate was enormous for 
different scars. Contraction in the short term appeared to be the 
only predictive parameter for the long-term outcome of contrac
tion No other independent variables (age, location, and presence 
of myofibroblasts) could be correlated with long-term outcome. 
A quantitative analysis on collagen structure was performed 
by means of Fourier analysis, to gain a better understanding of 
the 3-dimensional organisation of scar and normal dermis. It is 
generally hypothesised that collagen bundles become aligned 
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in the direction of mechanical tension during scar formation These 
conclusions were based on simple observations instead of experi
mental or clinical studies. Our data, which are discussed in chapter 
6, do not support the dogma that mechanical tension over joints 
polarises collagen bundle orientation in the direction of stress 
Novel findings of this quantitative analysis include that there was 
more random collagen organisation in deeper layers compared to 
superficial layers and that there was more random organisation in 
the plane parallel to the epidermis when compared to the perpen
dicular plane. r 

Perspectives on the development 
and application of artificial skin 
chapter 7-10 

Skin substitutes might be the solution for complicated wound heal
ing problems in order to improve the outcome of current traditional 
treatments and to substitute the patient's own skin when donor sites 
are lacking. However, the status of skin substitutes remains unclear 
As reviewed in chapter 7 still no general agreement exist on the 
effectiveness of full thickness skin replacements, epidermal substi
tutes or dermal substitutes. We believe that there are mainly two 
reasons for the lack of clarity. Firstly, studies so far seldomly 
employed adequate evaluation tools, and secondly, there is paucity 
of large clinical trials that might provide the evidence for clinical 
effectiveness. 

We initiated a clinical trial to evaluate an acellular collagen/elastin 
dermal substitute for burn wounds and scar reconstructions by 
means of objective and subjective clinical and microscopic parame
ters, as discussed in chapter 8 and 9. This substitute was selected 
after extensive animal studies and a clinical study on uncompli
cated, small acute wounds at the Department of Dermatology 
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of the Academic Medical Centre, Amsterdam, the Netherlands. 
The dermal substitute was combined with a split skin graft and 
compared to the conventional split skin autograft. We showed that 
the dermal substitute could be applied in a one step procedure, as it 
did not impair survival of the autograft on top of the substitute for 
reconstructive wounds and only gave a small reduction of the take 
in burn wounds. In the short term (i.e. three months after surgery) 
a statistically significant increase of skin elasticity parameters was 
found in the reconstructive wounds category. The clinical effective
ness of the collagen/elastin dermal substitute in terms of improv
ing skin elasticity is diminished in time as both substituted and 
control areas become suppler and approached elastic qualities of 
normal skin over the long term. We could not establish statistical 
evidence for long-term clinical effectiveness in neither acute burns 
nor scar reconstructions with respect to elasticity measurements 
scar contraction, the Vancouver Scar Scale, and for the opinion of 
the patient. Several findings of this clinical trial merit highlighting 
for the discussion on dermal substitution and future wound heal
ing research. Firstly, it has been shown that the substitute has the 
qualities to interfere with tissue repair as statistically significant 
differences were found in the short term for reconstructive wounds 
in favor of the substituted area. Further adaptations might increase 
its effectiveness in the long-term. The second detail worth men
tioning is the clinical impression that the dermal substitute was 
more effective in combination with a larger expansion of the over
lying graft compared to a graft with a small expansion. The need 
for dermal substitution increases in case of extensive wounds, 
when large expansion ratios are used. The dermal substitute 
'replaces' the dermis of the graft, which is otherwise lacking in 
these gaps. Further studies are required to focus on the application 
of the dermal substitute together with widely expanded autografts. 
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Chapter 9 concerns the microscopic evaluation of the study on der
mal substitution that is described in chapter 8. Biopsies were taken 
of the control and substituted site approximately one year after 
surgery and were analysed by conventional light microscopy and 
confocal laser-scanning microscopy in combination with Fourier 
analysis. Parameters evaluated by conventional light microscopy 
(thickness of epidermis, rete ridge formation, maturation of base
ment membrane, (myo-)fibroblasts, and maturation of the extra
cellular matrix) did not show a statistically significant beneficial 
effect of the acellular dermal substitute for acute burn wounds 
and burn scar reconstructions. Fourier analysis was employed for 
structural analysis of collagen. The dermal substitute seemed to 
be beneficial with respect to collagen structure of the deep dermis 
however, despite the fact that our study is one of the largest on this 
topic (44 pairs of reconstructive wounds and 42 pairs of burn 
wounds) we did not reach statistical significance in these areas 
Extensive evaluation on the effectiveness of the collagen/elastin 
dermal substitute in the animal model indicated a beneficial effect 
of adding cultured fibroblasts to the substitute. Preferably the 
fibroblasts have to be of autologous origin for the preparation of 
a living dermal substitute' as allogenous fibroblasts might evoke 
immunogenic rejection. Chapter 10 discusses different sources 
for autologous fibroblasts with respect to isolation, growth and 
contraction characteristics. Obviously, dermal tissue is the logical 
choice as source for fibroblast harvesting, but then a donor site is 
needed which may leave a scar. Extensively burned patients who 
require large donor sites to prepare a living dermal substitute para
doxically have the fewest sites available. Fat tissue, which is easy 
accessible, and burn eschar, which is normally discarded after burn 
surgery, have shown to be optional sources for culturing autologous 
fibroblasts. The best source however remains dermal tissue as it 



Summary 

results in the highest yield per gram tissue. This type of tissue 
contained the lowest number of myofibroblasts and gave the 
lowest contraction of the collagen/elastin dermal substitute in 
an in vitro model. At present, a clinical trial is being conducted 
to test the fibroblast seeded dermal substitute for acute burns 
and reconstructive surgery. 
In the general discussion, conclusions of this thesis are 
reviewed and integrated into future perspectives. The impor
tance of both objective scar evaluation tools and subjective 
scores by experts and patients is stressed. Generally accepted 
ideas on scar formation are discussed with respect to the 
conclusions of this thesis such as functional outcome and 
timing of surgery, scar contraction and relaxation, and the 
relationship between collagen orientation and mechanical 
forces. Mathematical computer models are discussed which 
allow the study of contraction and tissue organisation. Lastly, 
our clinical experience with the collagen/elastin dermal sub
stitute is reviewed and recommendations for future research 
are made. 
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De overtuiging dat wetenschappelijk 
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en niet op gevoel, berust niet op louter 
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Samenvatting 

De laatste decennia is er een aanzienlijke progressie geboekt 
ten aanzien van de behandeling van brandwonden. Met name 
de vooruitgang in de shockbehandeling en infectiebestrijding 
resulteerden in een reductie van de mortaliteit en morbiditeit 
na een verbranding van de huid. Steeds meer patiënten kon
den overleven met uitgebreide brandwonden. Ontwikkelingen 
op het gebied van de wondgenezing hebben ertoe geleid dat er 
steeds grotere wondoppervlakten behandeld konden worden. 
Tot op heden zijn er echter geen adequate methoden beschik
baar om littekenvorming te voorkomen zoals die optreedt na 
de genezing van een diepe tweedegraads of derdegraads 
brandwond. Littekens zijn niet alleen ontsierend maar kunnen 
vaak ook leiden tot functionele klachten van de huid en de 
onderliggende gewrichten. 

Momenteel wordt er veel onderzoek gedaan naar het voor
kómen van littekenvorming alsook het verbeteren van het resul
taat van littekenreconstructies. Desalniettemin zijn er nog vele 
processen onopgehelderd die bij littekenvorming een rol spelen. 
Het onderzoek naar littekenvorming wordt bemoeilijkt doordat 
er tot op heden weinig goede technieken beschikbaar zijn om 
parameters van littekenvorming nauwkeurig te evalueren. 
Met behulp van het onderzoek dat in dit proefschrift wordt 
gepubliceerd wordt getracht om meer inzicht te krijgen in de 
processen die leiden tot littekenvorming en met welke metho
den deze processen het beste geëvalueerd kunnen worden. 
Daarnaast wordt in dit proefschrift een potentiële nieuwe 



therapie geëvalueerd voor de behandeling van brandwonden 
en reconstructieve wonden: een kunstmatig vervaardigde dermis. 
Van dit zogenaamde dermale substituut wordt niet alleen ver
wacht dat het de littekenvorming vermindert na een huidtrans
plantatie maar daarnaast wordt verondersteld dat er dankzij het 
dermale substituut minder huidtransplantaties van de patiënt 
zelf noodzakelijk zijn voor de wondbehandeling. 
In de eerste drie hoofdstukken van dit proefschrift worden ver
schillenden technieken beschreven en bestudeerd die van belang 
zijn voor de klinische en microscopische evaluatie van littekens. 
In hoofdstuk 4 tot en met 6 worden microscopische en macrosco
pische aspecten van littekenvorming geanalyseerd mede aan de 
hand van technieken die in de eerste drie hoofdstukken besproken 
zijn. Hoofdstuk 7 tot en met 10 zijn gewijd aan de beschrijving, 
ontwikkeling en de klinische evaluatie van huidvervangende 
materialen. In het bijzonder wordt hierbij aandacht besteed aan 
een klinische trial waarbij de toepassing van een dermaal substi
tuut geëvalueerd wordt. 

Littekenevaluatie 
hoofdstuk 1-3 

Diverse methoden zijn ontwikkeld voor de analyse van huidaan
doeningen. Desondanks bestaat er nog geen 'gouden standaard' 
voor de evaluatie van littekens. In Hoofdstuk 1 wordt daarom een 
overzicht gegeven van belangrijke macro- en microscopische ken
merken van littekenvorming en worden methoden om deze para
meters te analyseren kritisch geëvalueerd. Belangrijke kenmerken 
van de littekens zijn de verminderde plooibaarheid, een afwijkende 
kleur, contractie en hypertrofie. Op microscopisch niveau zijn er 
ook wezenlijke verschillen tussen normale huid en littekenweefsel 
te vinden. Littekenweefsel vertoont in het algemeen een afwijk-
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ende bouw en dikte van de epidermis, een andere collageenstruc
tuur van de dermis en een verhoogde aanwezigheid van ontstek
ingscellen. 
Methoden voor het evalueren van littekens worden beoordeeld op 
hun betrouwbaarheid en nauwkeurigheid. Met betrouwbaarheid 
wordt bedoeld de mate van overeenstemming tussen metingen 
danwei waarnemingen met behulp van een evaluatiemethode. 
De nauwkeurigheid, ook wel validiteit genoemd, geeft aan in welke 
mate het apparaat daadwerkelijk meet wat het beoogt te meten. 
In Hoofdstuk 2 wordt een analyse beschreven van de betrouwbaar
heid en nauwkeurigheid van twee praktische methoden voor 
planimetrie van wonden en littekens: planimetrie met plooibare 
plastic sheets en planimetrie met behulp van een daarvoor speciaal 
ontwikkelde fotocamera. Planimetrie betekent letterlijk oppervlak
temeting. Voor deze studie werden door de onderzoekers 'wonden' 
getekend op de rug, het bovenbeen en de onderarm. De afmetingen 
die bepaald werden met behulp van plastic sheets van deze ge
tekende 'wonden' werden vergeleken met de afmetingen van de 
fotografische afbeeldingen die gemaakt werden met de fotocamera. 
Er werd verondersteld dat planimetrie door middel van plastic 
sheets betrouwbaarder en nauwkeuriger zou zijn dan planimetrie 
met behulp van de fototechniek omdat de natuurlijke kromming 
van lichaamsoppervlakten wel door plastic sheets maar niet door 
foto's vastgelegd kan worden. Planimetrie met de fotocamera was 
echter betrouwbaarder dan planimetrie met behulp van plastic 
sheets. Ook de nauwkeurigheid van deze methode bleek beter te 
zijn dan de meer conventionele planimetrie met behulp van plastic 
sheets. Een uitzondering hierop waren de metingen van extreem 
gebogen lichaamsoppervlakten zoals de onderarm. In dergelijke 
situaties was er sprake van een hoge mate van vertekening op 
de foto's door de kromming van het oppervlak waardoor de nauw
keurigheid van de meting afnam. 



Samenvatting 

Hoofdstuk 3 handelt over de evaluatie van de collageenstructuur. 
Collageen is het meest voorkomende eiwit van de dermis en is 
essentieel voor de sterkte en souplesse van de huid. De structuur 
van de collageenbundels is daarom een belangrijke histologische 
parameter. Voor de beoordeling van de collageenstructuur wordt 
overwegend gebruik gemaakt van de microscopische beoordeling 
door één of twee beoordelaars. Deze beoordelaars maken dan 
gebruik van een conventionele lichtmicroscoop in combinatie met 
gepolariseerd licht. In dit hoofdstuk wordt aangetoond dat de 
betrouwbaarheid van de conventionele methode pas acceptabel is 
wanneer drie beoordelaars de metingen verrichten. Met behulp van 
de confocaal microscoop kunnen duidelijkere afbeeldingen verkre
gen worden van het collageen waardoor twee beoordelaars al tot 
een betrouwbare waarneming kunnen komen. Ook wordt een 
mathematische techniek geïntroduceerd, de Fourier analyse, die 
automatisch de collageenstructuur kan meten. Deze techniek blijkt 
betrouwbaarder te zijn en een hogere nauwkeurigheid te hebben 
dan het oordeel van de onderzoekers na microscopisch onderzoek. 

Littekenvorming 
hoofdstuk 4-6 

Vele wondgenezingsprocessen die van belang zijn voor litteken
vorming zijn nog onopgehelderd. Dit maakt het zelfs voor de meest 
ervaren clinici lastig om nauwkeurig in te schatten in welke mate 
littekenhypertrofie, contractie en andere verschijnselen die passen 
bij littekenvorming, zullen optreden. Deze sectie van het proef
schrift bevat een drietal hoofdstukken waarbij verschillende facet
ten van de littekenvorming geanalyseerd worden. 
Hoofdstuk 4 is gewijd aan een retrospectieve studie naar het func
tionele resultaat van geopereerde verbrande handen. De functie van 
de hand werd op een lange termijn (één tot zeven jaar) na de trans-
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plantatie vastgelegd met behulp van zeven 'objectieve test criteria' 
zoals die beschreven zijn door Jebsen. Deze gegevens werden benut 
om factoren te identificeren die een voorspellende waarde hebben 
met betrekking tot het resultaat van de operatieve behandeling 
van de verbrande hand, waaronder het tijdstip van opereren. 
Twintig procent van de in het totaal 143 geopereerde handen bleek 
één of meerdere 'objectieve test criteria' niet goed uit te kunnen 
voeren. De beperking van de handfunctie was gerelateerd aan een 
hoge leeftijd, de noodzaak tot het amputeren van vingers, slecht 
aanslaan van het huidtransplantaat, de uitgebreidheid van de 
derdegraads verbranding aan de hand en het totale verbrand 
lichaamsoppervlak. De meest opvallende bevinding was dat het 
tijdstip van opereren niet van invloed was op de uiteindelijke 
handfunctie, terwijl algemeen wordt aangenomen dat diep 
tweedegraads en derdegraads brandwonden in een vroeg stadium, 
dat wil zeggen binnen één tot twee weken, geopereerd dienen te 
worden om een goed functioneel resultaat te verkrijgen. Op grond 
van deze studie kan worden gesteld dat de operatie uitgesteld kan 
worden indien er sprake is van onzekerheid omtrent de noodzaak 
tot opereren, of indien er complicerende factoren bestaan die 
uitstel van operatieve behandeling noodzakelijk maken, zonder 
dat dit nadelige functionele gevolgen heeft voor de handfunctie. 
Hoofdstuk 5 handelt over het proces van littekencontractie. Litte
kencontractie komt zeer frequent voor na de behandeling van diep 
tweedegraads en derdegraads brandwonden ondanks de toepass
ing van de standaardtherapie: het gespleten autoloog huidtrans
plantaat. Bewegingsbeperking van een onderliggend gewricht kan 
optreden door ernstige contractie van de huid waardoor de patiënt 
ernstig geïnvalideerd kan raken. In een dergelijk geval spreekt men 
van een contractuur. Er blijkt nauwelijks literatuur beschikbaar te 
zijn met betrekking tot een nauwkeurige beschrijving van het 
beloop van contractie na een huidtransplantatie. In dit hoofdstuk 
vindt een follow-up plaats van wonden die gecreëerd werden om 
een contractuur van een brandwondenlitteken op te heffen. 
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Al deze wonden werden behandeld met een gespleten autoloog 
huidtransplantaat. De resultaten van deze studie toonden aan dat 
littekens de eerste drie maanden contraheren. Na deze fase volgde 
een fase van relaxatie. Verder kon met behulp van regressie-anal
yse geen relatie aangetoond worden tussen de mate van contractie 
in combinatie met de leeftijd van de patiënt, de littekenlocatie 
alsook de aanwezigheid van myofibroblasten in het litteken. 
Hoofdstuk 6 is gewijd aan een analyse van de collageenstructuur 
van gezonde huid ten opzichte van littekenweefsel. Er wordt nog 
immer verondersteld dat de collageenbundels van littekenweefsel 
overwegend lopen in de richting van de meeste mechanische 
krachten. De collageenstructuur van littekens bij gewrichten, 
waarvan verondersteld werd dat zij aan veel mechanische 
krachten blootstaan, werd daarom vergeleken met de collageen
structuur van gebieden waarvan verondersteld was dat zij minder 
aan mechanische krachten onderhevig waren, zoals bijvoorbeeld 
van een gebied dat gelegen is tussen twee gewrichten. Daarnaast 
werden op vergelijkbare plekken van gezonde huid ook biopten 
genomen die beschikbaar waren als controlegroep. De Fourier 
analyse, die reeds uitvoerig in Hoofdstuk 3 beschreven is, werd 
toegepast op biopten van littekens en gezonde huid. Het collageen 
van littekenweefsel was minder 'random' georiënteerd dan col
lageenvezels van normale huid. In tegenstelling tot onze hypothese 
bleek er geen verschil in oriëntatie tussen collageen van litteken
weefsel met betrekking tot gewrichten en controlegebieden. Het 
collageen van littekenweefsel vertoonde bovendien weinig variatie 
in structuur voor de oppervlakkige en diepere lagen van de dermis. 
Ook ten aanzien van normale huid konden een aantal belangrijke 
conclusies getrokken worden. Collageen van normale huid was 
meer 'at random' georiënteerd in de diepere lagen van de dermis 
dan in de meer oppervlakkige lagen. Daarnaast bleek het collageen 
van normale huid meer 'at random' georiënteerd te zijn in het vlak 
parallel aan de epidermis dan in het vlak loodrecht op de epidermis. 
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De ontwikkeling en de 
klinische toepassing van kunsthuid 
hoofdstuk 7-10 

De laatste jaren is er een toenemende belangstelling vanuit klin
isch en wetenschappelijk oogpunt voor de toepassing van kunst
matig vervaardigde huidsubstituten. Met een huidsubstituut zou 
het functionele en cosmetische resultaat van de huidtransplantatie 
mogelijk verbeterd kunnen worden. Daarnaast zou de toepassing 
ervan ook een oplossing kunnen betekenen voor situaties waarbij 
donorplaatsen voor huidtransplantaties schaars zijn, bijvoorbeeld 
bij patiënten met uitgebreide verbrandingen. 
In hoofdstuk 7 wordt een overzicht gegeven van de diverse typen 
van huidvervangende materialen, hieronder worden verstaan: 
'complete' huidvervanging met zowel epidermis als dermis dan 
wel substitutie van alleen de epidermale of de dermale component. 
Blijkens de literatuur bestaat er nog geen consensus over klinische 
effectiviteit van de verschillende toepassingsvormen van kunst
huid. Wij denken dat er twee belangrijke redenen bestaan voor 
het uitblijven van deze consensus. Allereerst is er een gebrek aan 
klinische trials met grote patiëntenpopulaties. Daarnaast wordt 
er te weinig gebruikt gemaakt van adequate evaluatiemethoden 
waardoor de conclusies van studies niet afdoende onderbouwd 
kunnen worden. 

In het Rode Kruis Ziekenhuis te Beverwijk werd een klinische studie 
gestart naar de toepasbaarheid van een dermaal substituut bij 
brandwonden en reconstructieve wonden. Het betrof een acellulair 
substituut gebaseerd op type I rundercollageen in combinatie met 
elastine-hydrolysaat. Het dermale substituut was geselecteerd op 
grond van uitgebreide dierproefstudies en een klinische studie met 
betrekking tot ongecompliceerde kleine acute wonden die verricht 
zijn door de vakgroep Dermatologie van het Academisch Medisch 
Centrum te Amsterdam. De resultaten van onze studie naar de toe-
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passing het dermale substituut voor brandwonden en reconstruc
tieve wonden zijn respectievelijk beschreven in hoofdstuk 8 en 9. 
Voor deze klinische studie werd het substituut aangebracht in 
combinatie met een autoloog gespleten huidtransplantaat. Deze 
experimentele therapie werd vergeleken de standaardbehandeling 
voor dergelijke wonden: het autoloog gespleten huidtransplantaat 

alleen. 
In de categorie acute brandwonden werd een significante reductie 
van overleving gevonden voor het autoloog gespleten transplan-
taat bij wonden die behandeld zijn met het dermale substituut ten 
opzichte van wonden van de controle behandeling. Deze vermin
dering van de overleving van het transplantaat met ongeveer 
negen procent leidde niet tot een toename van de noodzaak tot 
een nieuwe transplantatie. Een statistisch significante toename 
van de huidelasticiteit werd gemeten met behulp van de Cuto-
meter drie maanden postoperatief in de groep van reconstructieve 
behandelingen wanneer de experimenteel behandelde gebieden 
vergeleken werden met de controle gebieden. De klinische effec
tiviteit bleek relatief gezien op de langere termijn af te nemen 
omdat zowel de experimenteel behandelde wonden alsook de 
conventioneel behandelde wonden soepeler werden. Tijdens elas-
ticiteitsmetingen na twaalf maanden werden weliswaar nog posi
tieve verschillen aangetroffen in de reconstructieve groep maar 
deze verschillen bleken niet meer statistisch significant te zijn. 
Met betrekking tot de littekencontractie, de Vancouver Scar Scale 
(een algemeen geaccepteerde subjectieve litteken scorelijst voor 
roodheid, dikte, pigmentatie en soepelheid) en het patiëntoordeel 
werden na twaalf maanden vergelijkbare uitkomsten verkregen 
voor de experimentele en controle behandeling voor zowel de 
groep met acute brandwonden alsook reconstructieve wonden. 
Hoofdstuk 9 heeft betrekking op de histologische evaluatie van 
de klinische studie die beschreven is in hoofdstuk 8. Hierbij werd 
gebruik gemaakt van biopten die één jaar na de operatie afge
nomen waren. Er werd geen statistisch significant effect gevonden 
tussen de behandelingen met het dermale substituut voor acute 
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brandwonden en reconstructieve wonden voor parameters als de 
epidermale dikte, de mate van rete ridge vorming, de uitrijping van 
de basaal membraan, het aantal (myo-)fïbroblasten en de uitrijping 
van de extracellulaire matrix. Fourier analyse werd toegepast voor 
de analyse van de collageenstructuur. Ondanks dat het dermale 
substituut een positief effect leek te hebben op de collageen struc
tuur van de diepe dermis was echter in beide categorieën geen 
statistisch significant verschil te vinden tussen de gesubstitueerde 
wonden en de conventioneel behandelde wonden. 
Op basis van het onderzoek dat beschreven is in Hoofdstuk 8 en 9 
kon daarom geconcludeerd worden dat er geen wezenlijke ver
schillen werden gevonden tussen de experimentele en controle 
behandeling die de klinische toepassing van het dermale substituut 
in de huidige vorm rechtvaardigen. 

Desalniettemin leverde het onderzoek enkele positieve bevindingen 
op die verder onderzoek naar de toepassing van het dermale substi
tuut wenselijk maken. Zo is tijdens het onderzoek aangetoond dat 
het substituut de capaciteit heeft om littekenvorming gunstig te 
beïnvloeden daar bijvoorbeeld de elasticiteitsparameters van de 
groep met reconstructieve wonden drie maanden na de operatie 
significant waren verbeterd. Voor de nabije toekomst zal het onder
zoek zich dus dienen te concentreren op technieken waarmee effec
tiviteit van het substituut verbeterd kan worden en waarmee de 
wondcondities verbeteren. 
Een andere relevante bevinding van het klinische onderzoek was 
dat er relatief goede resultaten verkregen werden van het dermale 
substituut bij brandwonden in combinatie met wijd gespreide 
huidtransplantaties (expansie ratio 1:3 en groter). In deze kleine 
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groep (n=i3) waren de verschillen tussen de experimentele 
behandeling en de controle behandelingen nagenoeg statis
tisch significant ten gunste van het dermale substituut. De 
wond die behandeld was met het dermale substituut was daar
naast klinisch vlakker en soepeler. Dit fenomeen zou verklaard 
kunnen worden doordat het dermale substituut de 
tussenruimten in het uitgerekte transplantaat met kunstmatig 
dermaal weefsel overbrugt. 
In hoofdstuk 10 wordt beschreven welke typen weefsels kunnen 
functioneren als bron voor fibroblasten. Door het combineren 
van fibroblasten met het dermale substituut wordt een 'levend' 
huidvervangend materiaal verkregen. Eerder uitgevoerde dier
proeven toonden aan dat de combinatie van het dermale substi
tuut met fibroblasten de kwaliteit van de wondgenezing gunstig 
beïnvloedt. Bij voorkeur dienen de gekweekte fibroblasten van 
de patiënt zelf afkomstig te zijn aangezien allogene fibroblasten 
een immunologische afstotingsreactie op kunnen wekken. 
Naast fibroblasten die geïsoleerd waren uit het dermale weefsel, 
werden subcutaan vet en eschar van brandwonden onderzocht 
als mogelijke isolatiebron voor het kweken van fibroblasten. 
Zowel het subcutane vet alsook eschar bleken optionele bronnen 
voor het kweken van autologe fibroblasten. Zoals vooraf veron
dersteld was bleken de dermale fibroblasten de beste bron voor 
de gekweekte autologe fibroblast gelet op de efficiëntie van de 
isolatie, proliferatieve eigenschappen en de mate van contractie. 

Om de wonderlike schijn van het onwonderlike weten 
Immer nog met de schijnwonderlikheid zweven 
Immer voor de zijnde onwonderlikheid 

Daarover weten 

Daarvoor zweven 
Paul van Ostaijen 
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Wanneer iemand brandwonden oploopt kan dit ernstige ge
volgen hebben, met name wanneer een groot deel van de huid 
aangetast is. Doorgaans zijn de wonden erg pijnlijk. Daarnaast 
kan de patiënt ernstig ziek worden omdat het functioneren 
van andere organen dan de huid, zoals de longen, de luchtwe
gen, de nieren en de bloedsomloop ook beïnvloed worden door 
de verbranding. In dergelijke omstandigheden kan een levens
bedreigende situatie ontstaan. 
De laatste decennia is de acute opvang van ernstig verbrande 
patiënten aanzienlijk verbeterd. Daardoor overleven steeds 
meer mensen en dienen dus ook steeds grotere brandwonden 
operatief behandeld te worden. Dergelijke wonden kunnen tot 
op heden alleen maar genezen door gebruik te maken van 
eigen, gezonde huid van de patiënt, omdat de getransplanteer
de huid anders wordt afgestoten. Maar als bijvoorbeeld meer 
dan tachtig procent van de huid verbrand is, dan is er slechts 
weinig gezonde huid beschikbaar voor huidtransplantatie. 
Door het transplantaat met speciale technieken te bewerken 
is het mogelijk geworden om met één transplantaat van de 
patiënt zelf een groot oppervlak behandelen. Helaas leidt deze 
behandeling tot ontsierende en vaak invaliderende littekens. 
Littekens vallen vaak op omdat ze qua kleur en structuur af
wijken van normale huid. De kleur wordt in belangrijke mate 
bepaald door de aanwezigheid van bloedvaten en pigment
cellen. De eerste maanden is er in het algemeen een overmaat 
aan bloedvaten waardoor littekens een rode kleur hebben. 



Daarnaast zijn de pigmentcellen onder- of oververtegenwoordigd 
waardoor de littekenkleur juist lichter of donkerder wordt dan de 
omringende huid. 
Net zoals gewone huid bestaat een litteken voornamelijk uit eiwit
ten, cellen, en diverse 'tussenstoffen'. Het meest voorkomende 
eiwit is het collageen, hetgeen de huid in belangrijke mate stevig
heid geeft terwijl het, wanneer het in de juiste structuur aangelegd 
is, de souplesse van de huid niet beperkt. Tijdens de littekenvorm
ing wordt een afwijkende collageenstructuur aangelegd waardoor 
de souplesse van het litteken verminderd. Daarnaast is het litteken 
meestal dikker dan normale huid doordat cellen teveel collageen 
en 'tussenstoffen' aanmaken. Een verdikt litteken wordt ook wel 
een hypertrofisch litteken genoemd. Het hobbelige aspect van het 
litteken, een ernstig ontsierende eigenschap, ontstaat doordat er 
niet overal evenveel weefsel aangemaakt wordt. 
Littekens krimpen na de verwonding. Dit krimpproces wordt ook 
wel contractie genoemd. Wanneer het krimpen van het litteken 
plaatsvindt bij een gewricht kan de beweeglijkheid van het ge
wricht verstoord worden hetgeen voor de patiënt invaliderend 
kan zijn. Het krimpen begint tijdens de fase wanneer er nog sprake 
is van een open wond. Het krimpproces van de wond is een logisch 
reactie -voor zover je van logisch mag spreken- wanneer dit be
schouwd wordt vanuit de evolutieleer. In de tijd dat er nog geen 
goede hygiëne was en er ook nog geen antibiotica beschikbaar 
waren, konden zelfs kleine brandwonden dodelijk zijn door het 
optreden van infecties. Des te sneller de wond dicht was, des te 
beter de overlevingskans. Immers, bacteriën hadden zo minder 
tijd om de wond, en zo ook het lichaam, binnen te dringen. 
De snelheid van de wondgenezing was daarom veel belangrijker 
dan het uiteindelijke cosmetische resultaat. 
In de huidige tijd kunnen zelfs mensen met zeer uitgebreide 
verbrandingen in leven gehouden worden wat als consequentie 
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heeft dat er dus ook veel grotere wonden geopereerd dienen te wor
den. Dat patiënten uitgebreide stugge, verdikte (hypertrofische) en 
gekrompen (gecontraheerde) littekens ontwikkelen komt mede 
daarom steeds vaker voor. Het belang van onderzoek naar de oor
zaken en het voorkómen en behandelen van littekenvorming is 
daarom evident. 

In dit proefschrift komen verschillende aspecten van brandwonden 
littekenbehandeling alsook littekenvorming aan bod. Om goed 
onderzoek te kunnen doen naar mogelijk betere behandelingen 
zijn betrouwbare methoden nodig om het eindresultaat te kunnen 
meten. Daarom zijn allereerst enkele methoden onderzocht om 
littekens beter te kunnen analyseren. Deze methoden zijn 
beschreven in de eerste drie hoofdstukken. In de tweede sectie, 
hoofdstuk 4 tot en met 6, worden verschillende facetten van 'nor
male' littekenvorming bestudeerd en beschreven. De laatste sectie 
van het proefschrift handelt over een veelbelovende experimentele 
behandeling met een kunsthuid. Hieronder zullen de drie secties 
van het proefschrift apart besproken worden. 

Littekenevaluatie 
hoofdstuk 1-3 

In de eerste drie hoofdstukken van het proefschrift worden metho
den beschreven waarmee verschillende aspecten van littekenvor
ming gemeten kunnen worden. In het eerste hoofdstuk wordt een 
overzicht gegeven van typische kenmerken van littekens zoals die 
reeds hierboven besproken zijn: een afwijkende kleur, toegenomen 
stugheid, toegenomen dikte en het krimpen. 
Vervolgens worden de methoden besproken waarmee deze ken
merken gemeten en geanalyseerd kunnen worden. Daarnaast wor
den aspecten bekeken zoals de collageenstructuur van de lederhuid. 
Het tweede hoofdstuk handelt over twee methoden die gebruikt 
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worden om het littekenoppervlak te meten. Deze metingen zijn 
van belang om de mate van krimp te kunnen bepalen. In de kliniek 
wordt zelden gebruikt gemaakt van dergelijke methoden voor litte
kenevaluatie. Dit komt waarschijnlijk omdat het lastig is om op 
onregelmatige en sterke gekromde vlakken metingen te verrichten. 
Het onderzoek dat beschreven is in hoofdstuk 2 laat echter zien dat 
het goed mogelijk is om met behulp van plastic sheets, waarop de 
littekencontouren worden overgetrokken, betrouwbare metingen 
te doen. Voor de meeste lichaamsoppervlakten blijkt de andere 
methode, een fotografische techniek, een hogere nauwkeurigheid 
te hebben en nog betrouwbaarder te zijn dan de metingen met 
behulp van plastic sheets. 

Een geheel ander aspect van metingen met betrekking tot litteken
vorming komt aan de orde in hoofdstuk 3. Het betreft hier een 
microscopische beoordeling van de structuur van het meest voor
komende eiwit in de huid: collageen. Er zijn grote verschillen 
tussen de collageenstructuur van normale huid en littekenweefsel. 
De collageenbundels van normale huid lopen in alle richtingen 
terwijl deze bundels in littekenweefsel overwegend in één richting 
lopen. In hoofdstuk 3 wordt aangetoond dat de beoordeling van 
deze structuur makkelijker en beter door een computerprogramma 
gedaan kan worden met behulp van een wiskundige techniek, de 
Fourier analyse, dan door vier getrainde beoordelaars. 

Littekenvorming 
hoofdstuk 4-6 
Hoofdstuk 4 tot en met 6 behandelen studies naar klinische en 
microscopische kenmerken van littekenvorming. In hoofdstuk 4 
wordt specifiek aandacht besteed aan de functie van een verbrande 
hand na een huidtransplantatie. Voorheen werd gesuggereerd dat 
een handverbranding snel, dat wil zeggen binnen een week, geope-
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reerd diende te worden om de handfunctie zo goed mogelijk te 
behouden. Tijdens de in hoofdstuk 4 beschreven studie kon geen 
relatie aangetoond worden tussen het moment van opereren en de 
handfunctie. Dit betekent dat het niet bezwaarlijk is om de operatie 
uit te stellen wanneer bijvoorbeeld de patiënt in een te slechte con
ditie is om geopereerd te worden. 
In hoofdstuk 5 wordt een studie beschreven over het krimpproces 
van een litteken. Ondanks dat het algemeen bekend is dat littekens 
krimpen, is er weinig bekend over de mate waarin dit gebeurt en 
de factoren waarvan dit afhankelijk is. Met behulp van de fotografi
sche oppervlakte meting methode, zoals beschreven in hoofdstuk 2, 
werden vele littekens bestudeerd. Er werd aangetoond dat littekens 
gedurende de eerste drie maanden een krimpproces vertonen. Na 
deze periode blijken littekens weer te gaan ontspannen zodat het 
oppervlak toeneemt. Deze studie, maar ook de klinische praktijk, 
laat echter zien dat littekens niet voldoende kunnen ontspannen. 
Mede daarom dient de plastisch chirurg vaak een operatie uit te 
voeren zodat de spanning van de littekens afneemt waardoor de 
huid en gewrichten beter kunnen functioneren. 
Hoofdstuk 6 geeft meer inzicht in de microscopische opbouw van 
littekens en normale huid. Het onderzoek concentreert zich op de 
collageenstructuur. Zo bleken collageenbundels in littekens veel 
dunner te zijn dan in normale huid en vertoonden de bundels veel 
minder variatie in hun beloop. Dit kan een belangrijke verklaring 
zijn voor de afname van de elasticiteit van littekens. Tevens werd 
aangetoond dat in de verschillende dieptelagen van normale huid 
meer variatie bestaat in dikte en de oriëntatie van de collageenbun
dels. Collageenbundels in littekenweefsel blijken over de gehele 
diepte even dun te zijn en eenzelfde richting aan te houden. Er werd 
voor littekens geen verschil gevonden tussen collageenbundels 
van gebieden met relatief weinig spanning over het litteken en 
gebieden die onderhevig zijn aan frequente spanning, bijvoorbeeld 
zoals die veroorzaakt wordt door spierkrachten die ontstaan bij ge
wrichten. Dit is opmerkelijk omdat doorgaans verondersteld wordt 
dat collageenbundels zich richten in dezelfde richting als de mecha
nische spanning. 
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De kunsthuid 
hoofdstuk 7-10 
Hoofdstuk 7 tot en met 10 zijn gewijd aan diverse aspecten van 
kunsthuid. Kunstmatig vervaardigde huid wordt gezien als een 
nieuwe oplossing voor de genezing van brandwonden waardoor 
littekenvorming beperkt zou kunnen blijven. Tot op heden zijn er 
vele, voornamelijk kleine, studies verschenen die pleiten voor het 
toepassen van een kunstmatige vervanger van de opperhuid, de 
lederhuid of zelfs de complete huid (de opperhuid en lederhuid 
samen). Deze studies worden in hoofdstuk 7 uiteengezet. 
In het Rode Kruis Ziekenhuis te Beverwijk werd een studie gestart 
waarbij de invloed van een kunstlederhuid op littekenvorming 
werd geëvalueerd. De kunstlederhuid werd tijdens een operatie 
samen met een huidtransplantaat aangebracht. Deze experimentele 
behandeling werd vergeleken met de huidige standaard behandel
ing, dat wil zeggen een huidtransplantaat zonder de kunstleder
huid. Zowel patiënten met acute brandwonden waarbij een huid
transplantatie nodig was alsook patiënten die een plastisch 
chirurgische correctie ondergingen van een brandwondenlitteken 
werden geïncludeerd. In hoofdstuk 8 wordt de klinische evaluatie 
beschreven van deze patiëntengroepen. 

Met betrekking tot de groep met plastisch chirurgische correcties 
zorgde de kunstlederhuid voor soepelere littekens drie maanden 
na de operatie. Bij metingen na één jaar was er nog steeds een 
positief effect meetbaar van de kunstlederhuid op de elasticiteit, 
alhoewel dit niet meer statistisch significant was. Er waren geen 
meetbare positieve resultaten ten gunste van de kunstlederhuid 
met betrekking tot de roodheid, pigmentatie, de dikte en het 
krimpen van het litteken. Voor de andere groep (acute brandwon
den) werd noch na drie maanden noch na eenjaar verschillen in 
de resultaten van de kunstlederhuid en gewone behandeling aan
getroffen. 
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De verschillen tussen de resultaten van beide groepen, de litteken
correcties versus de acute brandwonden, wordt waarschijnlijk 
verklaard doordat het andere typen wonden betreft. Acute brand
wonden zijn vaak kwalitatief 'slechtere' wonden dan de wonden 
van de groep met plastisch chirurgische correcties. Brandwonden 
zijn vaak verontreinigd met bacteriën die het huidtransplantaat 
en de kunsthuid aan kunnen tasten. Bovendien is het wondbed 
van een brandwond niet altijd goed doorbloed. 
Hoofdstuk 9 beschrijft de microscopische analyse van dezelfde 
twee patiëntengroepen en behandelingen zoals die in hoofdstuk 8 
beschreven zijn. Voor de analyse werden kleine biopten genomen 
van de behandelde gebieden eenjaar na de operatie. Er bleken geen 
verschillen te zijn tussen de behandeling met de kunstlederhuid en 
de standaardbehandeling. 

In hoofdstuk 10 wordt beschreven welke typen weefsels van de pa
tiënt geschikt zijn voor het afnemen van fibroblasten. Fibroblasten 
zijn de meest voorkomende cellen van de lederhuid. Nadat er grote 
aantallen fibroblasten gekweekt zijn kunnen ze gecombineerd wor
den met de kunstlederhuid waardoor een 'levende' kunstlederhuid 
wordt verkregen. Tijdens dierproeven bleek dat de toevoeging van 
fibroblasten aan de kunstlederhuid kan leiden tot een betere 
kwaliteit van het litteken. In hoofdstuk 10 wordt aangetoond dat de 
gezonde, onverbrande lederhuid de beste bron is voor fibroblasten. 
Ook bleek het mogelijk om fibroblasten te kweken uit vetweefsel 
en uit operatief verwijderde verbrande huid. De kwaliteit en 
kwantiteit van de gekweekte fibroblasten die verkregen waren 
uit vetweefsel en verbrande huid was beduidend minder dan de 
kwaliteit en kwantiteit van fibroblasten die gekweekt waren uit 
normale huid. 



Daar meta-analyses zich alleen 
kunnen baseren op gepubliceerde 
studies dient getwijfeld te worden 
aan de juistheid van die conclusies 
zolang studies met een negatieve 
resultaat onderhevig blijven aan 
'publicatiebias'. 
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De verwarring omtrent de opvatting 
dat huidincisies dienen te geschieden 
in de 'huidlijnen' levert mogelijkheden 
op die letterlijk en figuurlijk haaks op 
elkaar staan. 
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smooth muscle myosin heavy chains, 32 
SODA, 28 
sound waves, 22; 23 
splints, 73 
split thickness autograft, 87; 137; 140 
Split-skin. See Split thickness autograft 
Staphylococcus aureus, 144 
stress-strain curves, 23 
suction chamber, 25 
surface texture, 15; 20; 33; 204; 206 
SurfaSoft, 73 
survival. See graft take, 
synthetic materials, 122; 124 
Systemic Sclerosis, 102 

take. See graft take 
tangential excision, 139 
TBSA. See total body surface area. 
tear strength, 122 
temperature, 25 
template, 9; 136; 137; 153 
tensile strength, 23; 102 
tension, 15; 23; 27; 28; 102; 103; 104; 106; 112; 
113; 115; 203; 211 
third degree burns, 140; 166; 197 
t iming of operation, 76 

- in relation to hand funct ion, 81 
tissue engineering, 120; 128; 164; 193; 202; 215 
tonometry, 25 
torque, 26 

torsional force, 26; 27 
total body surface area, 73; 140; 207 
toxins, 158 
tractive forces, 14 
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De vraag waartoe het 
onderzoeksresultaat zal 
leiden dient de belangrijke 
vraagstelling te zijn voordat 
met een onderzoek wordt 
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transforming growth factor pi, 209 
trypsin, 186 
two-stage grafting, 136 

U 
ultrasound, 22; 205 

vacuum, 146; 147 
validity. See accuracy 
Vancouver Scar Scale, 16; 29; 127; 137; 147; 
148; 152; 155; 157; 206 

- Cohen's K, 16 
- internal consistency, 155 
-scarthickness, 22 

vascularisation, 16; 19; 20; 148; 155 
vascularity, 16; 29 
vessels, 170; 179; 185; 186 
Vicryl, 124 
vimentin, 188; 191; 194 
visual analogue scale, 30 

W 
wound closure, 9; 14; 81; 127; 136; 146; 148; 
208; 209 
wound conditions, 156 
wound contraction, 9; 861124; 184; 209 

X 
xenogeneic dermal substitute, 128 
X-ray diffraction, 31; 66; 102 

yield of cell isolation techniques, 192 

a 
a-smooth-muscle-actin. See alpha-smooth-
muscle-actin. 
a-SMA. See alpha-smooth-muscle-actin. 

Nu dat de toepassing 
van Evidence Based 
Medicine een grote 
vooruitgang heeft 
betekend voor de 
medische wetenschap 
schuilt het gevaar 
voor over waardering 
van Randomised 
controlled trials. 







Stellingen 

• • • • 
> • • • 

• • 
• • • • 

i De overtuiging dat wetenschappelijk bewijs op louter getallen 
moet berusten en niet op gevoel, berust niet op louter getallen 
maar op gevoel. 

2 De uitslag van pathologisch onderzoek wordt vaak ten on
terechte als een zekerheidsdiagnose beschouwd; pathologische 
uitslagen dienen een differentiaal diagnose te bevatten, 

3 Het fileprobleem op een verkeerstraject is goed op te heffen 
door dat traject op te heffen. 

4 Daar meta-analyses zich alleen kunnen baseren op gepubliceer
de studies dient getwijfeld te worden aan de juistheid van die 
conclusies zolang studies met een negatieve resultaat onder
hevig blijven aan 'publicatiebias'. 

5 Genetische manipulatie is een revolutie binnen de evolutie. 
6 Gelet op de huidige politieke besluitvorming is er reeds een 

wachttijd voor het oplossen van wachtlijsten. 
7 Statistisch niet significante resultaten kunnen uitermate 

significant zijn. 
8 De verwarring omtrent de opvatting dat huidincisies dienen 

te geschieden in de 'huidlijnen' levert mogelijkheden op die 
letterlijk en figuurlijk haaks op elkaar staan. 

9 Dat koeien soms angstig wegrennen voor veel kleinere 
dieren laat zien dat ze hooguit over een minuscuul zelfbeeld 
beschikken. 

i o Nu dat de toepassing van Evidence Based Medicine een grote 
vooruitgang heeft betekend voor de medische wetenschap 
schuilt het gevaar voor overwaardering van Randomised 
controlled trials. 

11 Problemen dienen begrepen en opgelost te worden in de 
context waarin ze ontstaan. 

12 De vraag waartoe het onderzoeksresultaat zal leiden dient 
de belangrijke vraagstelling te zijn voordat met een onderzoek 
wordt begonnen. 

13 Computervirussen maken computers menselijker. 
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uitnodiging 
voor het bijwonen van de openbare 
verdediging van het proefschrift van 

Paul van Zuijlen 
op vrijdag 12 april 2002 om 12.00 uur 
in de Oude Lutherse Kerk, 
Singel 411 (hoek Spui) te Amsterdam. 
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De receptie is ter plaatse na afloop van de promotie. 
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