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Introduction and outline of this thesis

Introduction and outline of this thesis
In burn care, during the past decades survival of patients with severe burns has improved
significantly. Since more patients survive with a large percentage of total body surface
area burned, many more patients now have to deal with the sequelae of scarring: burn
scars frequently remain with a poor cosmetic and functional outcome. These burn scar
related problems represent a challenge and often require (multiple) reconstructions. To
improve the currently available treatment options, research in the field of burn care
and burn scar reconstruction is necessary and relevant. Cosmetic problems related
to burn scarring can be treated by techniques that focus on improvement of the
scar appearance, such as laser treatment, and dermabrasion. Other possible surgical
reconstructions include replacement of a disturbing scar by excision in combination
with split- or full-thickness skin grafting, dermal substitution1-4, or all sorts of flaps5.
However, disadvantages of these techniques are that they leave donor sites and have
considerable complication rates6. Functional problems related to burn scarring are often
caused by scar contractures. The treatment of choice for small linear scar contractures
remains a Z-plasty7, but for broad scar contractures skin grafting (in combination with
dermal substitution) is most often applied. The effectiveness of skin grafting is, however,
limited by contraction of these split- or full-thickness skin grafts in time8-12, which often
necessitates additional reconstructions.
Unfortunately, the above mentioned reconstructive techniques for cosmetically and
functionally disturbing burn scars often provide mediocre results and only temporary
improvements. This may be explained because replacing burn scars with new scar tissue
or releasing scar contractures using skin grafting renders (scar) tissue with suboptimal
functional and cosmetic qualities. In this dissertation we therefore focus on sustainable
reconstructive techniques for burn scars with a novel approach of optimally using the
properties of the adjacent healthy skin. Using this adjacent healthy skin could improve
the results after burn scar reconstructions. Obviously substitution of (part of) the scar
tissue or releasing contractures using the adjacent healthy skin, provides a superior
functional and cosmetic outcome compared to scar tissue13. Moreover, using adjacent
healthy skin is often a reconstructive option with low complication rates and which is
not technically demanding. Further exploration and quantification of the basic qualities
and mechanical properties of healthy skin in comparison with scar tissue and applying
this knowledge in the clinical practice of burn scar reconstruction plays a central role in
this dissertation.
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To quantify basic qualities of healthy skin and scar tissue, suitable measurement tools are
necessary. In addition, for the evaluation of scar outcome in clinical trials, using suitable
measurement tools is a prerequisite. A subdivision can be made into subjective scar
assessment scales and objective measurement tools. Before these tools can be properly
used, certain clinimetric requirements should be met: these instruments should have a
good reliability (do repeated measurements provide similar results?)14, a good validity
(does the instrument measure what it intends to measure?)15, and they should be
practical in their use (a good feasibility). In a review article, we present and evaluate
the currently available and relevant subjective scar assessment scales (chapter 2). Their
general advantages and disadvantages are discussed and the clinimetric requirements
are evaluated separately for every scar assessment scale. For objective measurement
tools, which can quantify aspects of both healthy skin and scar tissue, a similar clinimetric
overview is provided in chapter 3. A broad range of objective measurement tools has
become available, however, in this chapter only the clinimetrically tested measurement
tools are presented. Based on the relevant scar parameters (i.e. scar vascularization,
pigmentation, thickness, relief, pliability, and surface area), the measurement tools
are discussed and their clinimetric testing results are summarized and interpreted. In
both review articles, recommendations are made as to the most suitable subjective and
objective measurement tools currently available.
Although many different objective measurement instruments for healthy skin and scar
characteristics have become available in recent years, research into measurement
tools for collagen orientation and collagen morphometry has been scarcely performed.
Since collagen takes account of 85% of the dermis16, objective quantification of the
collagen organization and collagen morphology is highly relevant to further understand
the basic qualities and mechanical properties of healthy skin in comparison with scar
tissue. Collagen bundle orientation can be objectively quantified by the Fourier zerothorder maximum analysis17, which was found to be a reliable and valid measurement
method18. However, for collagen bundle thickness and bundle spacing there are
currently no objective tools available that have been clinimetrically tested and that meet
basic clinimetric requirements. Therefore, the reliability and validity (responsiveness)
of two measurements techniques for collagen bundle morphometry, the Fourier firstorder maximum and Distance Mapping, are tested in chapter 4. The Fourier first-order
maximum was previously described in literature, but has never been clinimetrically
tested17, and Distance Mapping is a new semi-automated measurement method
developed by our team. Both methods provide objective measurements of the collagen
bundle thickness and collagen bundle spacing in tissue biopsies. To circumvent the need
for a biopsy we also explored possibilities for non-invasive collagen measurements.
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The Reviscometer19 and the Viscoelasticity Skin Analyzer (VESA)20 are two noninvasive measurement methods which were proposed to quantify the degree of tissue
anisotropy. Since these tools have a similar working mechanism and the Reviscometer,
as opposed to the VESA, is a more sophisticated device which allows for multidirectional
measurements, the clinimetric properties of the Reviscometer are further assessed. The
Reviscometer could be a feasible non-invasive alternative for the measurement of tissue
organization. Therefore, in chapter 5 the reliability of this non-invasive tool is tested as
well as its discriminative capacity between healthy skin and scar tissue.
Using the objective collagen measurement instruments that are presented in chapter 4, in
chapter 6 and chapter 7 basic data are provided on the collagen orientation and collagen
structure in healthy skin compared to scar tissue. In chapter 6, a large number of biopsies
is investigated, which may provide not only optimal comparison of collagen characteristics
between healthy skin and scar tissue, but also comparison between different types of
scars. This study may explain basic structural differences between healthy skin and scar
tissue, but also provides objective data on the differences in collagen organization and
structure between normal (normotrophic scars) and aberrant scarring (hypertrophic scars
or keloids). This knowledge may contribute to a further understanding of the pathogenesis
of (aberrant) scar formation. In chapter 7, the collagen orientation and structure of
healthy skin and scar tissue are further interpreted in a dynamic experimental setting.
In these ex vivo experiments, different types of stretch are applied on healthy skin and
scar tissue. Subsequent quantification of the collagen orientation and structure may
contribute to a further understanding of the adaptational mechanisms of healthy skin
versus scar tissue. Moreover, by applying stretching forces similar to those used in a
clinical setting21, results of these experiments may be translated and applied in our
clinical studies into burn scar reconstructions which focus on the optimal use of the
qualities (extensibility) of healthy skin.
In the last chapters of this dissertation the superior qualities of adjacent healthy skin are
applied in two clinical trials that investigate reconstructive techniques for problematic
burn scars. In a prospective study, the adjacent healthy skin is used to improve the current
state of the art for burn scar contracture release: local perforator-based interposition flaps
are created based on the adjacent healthy skin and inset into the release (chapter 8). The
short-term and long-term results are measured using reliable and valid tools and these
results focus on the sustainability and versatility of these flaps for contracture release.
Using this technique, we aim to improve the mostly temporary effect of release with
skin grafting that is currently observed. Lastly, in chapter 9 and chapter 10, a multicenter
randomized controlled trial is performed to investigate whether stretching the adjacent
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healthy skin results in excision of a larger burn scar than with conventional treatment.
On the short-term, we investigate the safety and efficacy of this intraoperative stretching
procedure (chapter 9). Subsequently, in chapter 10 the sustainability of stretching the
adjacent healthy skin is investigated on the long-term. Extensive evaluation of the shortterm results and the long-term scar outcome is performed using a large array of reliable
and valid measurement tools.
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Chapter 2

Abstract
Standardized validated evaluation instruments are mandatory to increase the level of
evidence in scar management. Scar assessment scales are potentially suitable for this
purpose but the most appropriate scale still needs to be determined. This review will
elaborate on several clinically relevant scar features and critically discusses the currently
available scar scales in terms of basic clinimetric requirements. Many current scales can
produce reliable measurements but require more than two observers to obtain these
results reliably which limits their feasibility in clinical practice. The validation process
of scar scales is hindered by the lack of a “gold standard” in subjective scar assessment
or other reliable objective instruments which are necessary for a good comparison.
We conclude that there are scar scales available that can reliably measure scar quality.
However, further research may lead to improvement of their clinimetric properties and
enhance the level of evidence in scar research worldwide.
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Introduction

2

Scar assessment tools are of paramount importance for the evaluation of different
treatment strategies1-4. An ideal scar evaluation should consist of both subjective and
objective measurements5 and many efforts have been taken to identify and validate
potential instruments6-8. To date, objective scar assessment tools have only been
sparsely used in medical research. They are usually expensive and normally are capable
of measuring only one of many scar features. Scar assessment scales, on the other hand,
are becoming increasingly popular. They possess several advantages over objective tools
such as being freely accessible and easy to use. Moreover, they can easily be applied
in outpatient clinics and require little time to complete. Some criticize their subjective
nature: they are filled out by the observer or sometimes by the patient which makes
them susceptible to confounding factors. These factors may include (in)experience or
coping skills of the observer5 and psychological problems, related to scarring9,10 which
highly influence the judgment of the patient. On the other hand, in daily practice, the
patients’ opinion on the scar is what guides the clinician in his or her decision to follow
a certain treatment strategy.
A number of scales have been developed over the last decades but there is no consensus
on which scale is the best. In this review we will first outline several scar features with
relevance for research purposes. Secondly, we will discuss the basic clinimetric principles
that should be taken into consideration when judging scar assessment scales. Finally, the
currently available scales will be critically reviewed with regard to the included items and
clinimetric properties.

1. Scar features
Scars are known to cause a wide range of functional, esthetical, and psychological
problems10-14.
The impact on the “quality of life” of patients is highly dependent on size, location and
the quality of the scar. Scar quality can be characterized by the presence or absence
of several visual, tactile (palpable), and sensational features. The most commonly used
scar features that are studied in research and clinical trials are color, texture, thickness,
pliability, surface area, pain, and pruritus.
Color: The amount of erythema and pigmentation contributes considerably to the color
of a scar. Erythema i.e. vascularization is caused by an increase of blood flow in the
capillaries of the newly formed vascular network and is a good indicator for scar activity
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in the early maturation phase (Figure 1). Typical for young and active scars is redness
and a fast capillary refill after compression, whereas older scars frequently become pale
and their capillary refill is normalized. Pigmentation disorders result from differences in
melanocytes concentration and melanin production. While erythema usually diminishes
after several months or sometimes years, pigmentation mismatching often remains to
some extent (Figure 2 and Figure 3).

Figure 1. A red and raised scar four months
after a burn injury of the shoulder.
Also a disturbed texture can be noted.

		
		

Figure 2. Hypopigmentation after a sevenmonth-old burn injury of the hand.

Figure 3. Hyperpigmentation three months
after a burn injury of the foot.

Texture: Irregularities of the scar surface (surface roughness or relief) are especially
seen after burn treatment, when a skin transplantation is needed and a meshed splitthickness skin graft is applied on the burned area. Often scars that result from secondary
healing of the interstices of the meshed split-thickness skin graft become raised15. As
shown in Figure 4 such irregularities can remain in the long term.
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Thickness: Scar thickness e.g. hypertrophy or sometimes atrophy is a frequent and
cosmetically disfiguring sequela of scarring (Figure 1 and Figure 4). In daily clinical
practice, normally the protruding part of the scar, compared to the surrounding skin, is
judged, while histologically, scar thickness also includes the entire dermal layer.
Pliability: Scars often become stiff and hardened due to an increase of collagen synthesis
in the dermal layer. This may cause functional impairment, especially when scars are
located on or around joints (Figure 5).

Figure 4. Surface irregularities of a one- year-old
burn scar. 				
					

Figure 5. A three-month-old burn scar
contraction in the axillary fold with
decreased range of motion.

Surface area: The scar surface area may change because scars can either contract or
expand in the horizontal plane. Scar contraction is mostly seen in burn scars, while scar
expansion or widening is often observed in linear scarring (Figure 6). In assessing the
item surface area in burn scars the practical problem arises that the observer cannot
compare the current area of the scar to the original surface area of the wound. In linear
scars, expansion of the surface area is easier to recognize because the original wound
size is known, being a thin line.
Pain: Scar pain or neuropathic-like pain is mostly described as a sensation of “pins
and needles” and to a lesser extent as “shooting” or “burning”. The pathophysiology
is still not well understood, but a strong relation with scar hypertrophy, itching, and a
psychiatric diagnoses has been reported16.
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Itching / pruritus: As burn scars can cover a large area of the body, itchy scars can have
tremendous consequences for the patient. Itching is often associated with hypertrophic
scarring17-19. Some predictors are a high percentage total body surface area burned,
female gender, having undergone a surgical procedure or experiencing early posttraumatic distress20.

Figure 6. A widened linear scar three months after surgical excision.

2. Clinimetric requirements
Assessment scales can consist of either nominal or ordinal items. Nominal items use
descriptive variables that are mostly used for categorizing (sex, race, etc.). These
variables are often labeled but the assigned numbers do not represent a rank ordering
and are usually added for data processing purposes. Therefore, nominal items provide
qualitative rather than quantitative information. In ordinal items, the numbers assigned
to objects do represent a rank order. However, the interval between the numbers is not
necessarily equal, thus ordinal scales can determine which scar is better or worse but do
not provide quantitative information.
Basic clinimetric requirements of assessment scales are reliability, validity,
responsiveness, and feasibility21-24. Reliability refers to the reproducibility and internal
consistency of ratings. It assesses the extent to which the ratings of a scale are free from
a measurement error. Relevant outcomes are the intra- and inter-observer reliability25.
Intra-observer (test-retest) reliability refers to whether the same result is obtained when
an observer uses the instrument for the second time on the same subject. Inter-observer
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reliability illustrates the degree to which multiple observers obtain the same result with
the instrument when measuring the same subject. To establish reliability, the Intraclass
Correlation Coefficient (ICC) is the most suitable and commonly used parameter (Table 1).
For ordinal items, the weighted Cohen’s Kappa coefficient should be used to measure the
agreement between two observers25. Finally, the internal consistency of a scale is a good
indicator for the reliability of a single measurement. It indicates whether the included
items in a questionnaire are correlated. The Cronbach’s alpha is the preferred parameter
to measure internal consistency. Validity can be divided into the “three C’s”: content
validity, criterion validity, or construct validity and they all come down to the same
question: “does the instrument measure what it is intended to measure?”26 (Table 2). To
determine whether or to what extent a scale or a specific item correlates with another
instrument, a Spearman’s or Pearson’s correlation coefficient is calculated (Table 1). The
preferred test depends on the distribution of the data; Pearson’s correlation assumes
equal interval data that are normally distributed. Spearman’s Rho is used on the ranks of
the data. It is a non-parametric estimation of the correlation and thereby less sensitive
to outliers compared to the Pearson’s correlation coefficient. Besides being reliable and
valid, an instrument should be able to identify any degree of change of a scar (sensitivity
to change) and detect a clinically minimal important change (responsiveness). These
aspects are often considered as a part of validity and not as separate attributes27, 28.
Because sensitivity to change and responsiveness are sparsely tested for scar assessment
scales, we will not discuss them in this review. A final requirement that needs mentioning
is that an instrument should be user friendly, i.e. feasible. A long list of questions and
the necessity of multiple observers to obtain reliable outcomes, limit its convenience
and user friendliness. The costs of an instrument also needs to be taken into account,
although this never seems to be a problem in scar scales, for they are usually freely
accessible.
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Parameter

Values

Strength

Intraclass Correlation Coefficient29

< 0.40
0.40-0.75
≥ 0.75
< 0.70
0.70-0.80
≥ 0.80
0
0.00-0.20
0.21-0.40
0.41-0.60
0.61-0.80
0.81-1.00
< 0.30
0.30-0.60
≥ 0.60

Poor
Moderate to good
Excellent
Low or inadequate
Adequate
Excellent
Poor
Slight
Fair
Moderate
Substantial
Almost perfect
Weak
Moderate
Strong

Cronbach’s alpha30

Cohen’s Kappa coefficient31

Pearson’s / Spearman’s Rho correlation coefficient21

Table 1. Values and strength for reliability and validity measurements

Validity22, 24, 26

Description

Content

Investigates whether the included items are representative for the content
or domain of the outcome measure. If the outcome measure is difficult to
define, experts can judge which items should be included
Studies how the new scale correlates with some other measure or outcome
of success (the criterion), ideally a “gold standard”
- Correlation of the new scale with the criterion measure, both of which are
measured at the same time
- Correlation of the new scale with a criterion measure that will not be
available until some time in the future
Demonstrates if there is a relation between the new scale and an empirical
or theoretical supported outcome
- The new scale correlates with other variables or measures which
empirically or theoretically measure the same attribute
- The new scale does not correlate with other variables or measures that
empirically or theoretically measure a different attribute

Criterion
-

Concurrent

-

Predictive

Construct
-

Convergent

-

Divergent

Table 2. Different types of validity

3. Scale overview
In the past decades, several scar assessment scales have been proposed, mostly for burn
scars (Table 3). Specific pain and itching scales have been developed20, 32 but since these
scales consist of single features they were considered beyond the scope of this review.
In 1988, Smith et al. were the first to show that cosmetic disfigurement after burns
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could be measured reliably33. At least four raters were necessary to assess photographic
images reliably, which makes it less useful for clinical practice, however, it encouraged
other authors to create a more suitable questionnaire for scars.
Sullivan et al. introduced a new scar scale in 1990, which later became known as the
Vancouver Scar Scale (VSS)34. Again, this scale was designed to measure burn scars and
included the parameters pigmentation, vascularity, pliability, and scar height. As already
stated by the authors themselves, scar characteristics such as pain and itching were
not included, since they concentrated on clinicians judgment rather than the patients’
opinion. Moreover, the scale was not designed to indicate the burn scar severity but
rather to show the presence or absence of a pathological condition. The best example is
the parameter pigmentation which scores 0 for normal skin, 1 for hypopigmentation, and
2 for hyperpigmentation. In most cases the opinion on pigmentation will be guided by
the patients’ normal skin appearance: e.g. a hypopigmented scarred area is considered
worse in dark skin compared to pale skin. Also, not all items add the same number to
the score. The number of each item appears to be a reflection of the clinical variation of
that specific scar feature. These aspects of the scale suggest a nominal scoring system
which should not be used numerically. Nevertheless, the total score is often used to
indicate the quality of a burn scar, with a high score indicating a worse scar. Reliability
tests showed a moderate agreement of Cohen’s Kappa value of 0.5, indicating that at
least three observers were required to obtain substantial reliable data. A few years
later Baryza et al.35 proposed a modification of the variables in the items height and
pigmentation and suggested the use of a transparent Plexiglass plate to improve the
appropriateness and inter-observer reliability of the scale. Although the Cohen’s Kappa
values of the items improved (with the exception of the item height), the nominal
nature of the scale remained. A later study on linear scars by Truong et al. reported an
adequate internal consistency (Cronbach’s alpha = 0.71) and an excellent inter-observer
reliability (ICC = 0.78) of the total score. Nedelec et al. addressed the value of training
of the observers which increased the reliability of the measurements and suggested
several modifications such as rescaling of the items pigmentation and height and the
inclusion of a separate Visual Analogue Scale (VAS)36 for the newly included items pain
and itching. They also performed a validation attempt by determining the correlation
between standardized volume measurements, obtained with Elastomer Putty, and the
individual items of the scale. No correlation with volume could be found except with the
item height which was described as “minimally” correlated37.
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Texture
(roughness)

Pliability

Border height

0.78

0.5

0.5

0.79

Thickness, height,
contour

0.72

Color

CK

0.5

SB

Statistical test used

-

0.5

-

Internal
consistency*

Burn

Pigmentation

Burn

Type of scars

-

-
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0.53

0.90

0.78

-

-

0.93

0.94

POSAS

-

-

MAPS

0.62-0.77

SBES

0.96

0.84

0.96

0.84

0.60

-

0.73-0.85**

Table 3. Scar assessment scale overview. Intraclass Correlation Coefficients are expressed in average inter-observer measures because frequently single measures are
not mentioned. *= Cronbach’s alpha, **= Spearman’s Rho correlation coefficient used. ¤ = Not Reported, own analysis of the original data.
Abbreviations: CDS, Cosmetic Disfigurement Scale; VSS, Vancouver Scar Scale; MSS, Manchester Scar Scale; POSAS, Patient and Observer Scar Assessment Scale; MAPS,
Matching Assessment of Scars and Photographs; SBES, Stony Brook Evaluation Scale; SB, Spearman Brown; CK, Cohen’s Kappa; ICC, Intraclass Correlation Coefficient;
SCC, Spearman’s Rho Correlation coefficient.

0.92

-

Itching

-

-

Total Score

-

Pain

0.86

Non-clothed area

Patient’s opinion

0.94

Clothed area

-

Hamilton
Scale

0.41-0.79

0.83-0.99

0.83-0.99

MSS

Overall appearance

-

0.94

Seattle
Scale

0.79-0.87

-

VSS

Hatch or suture
marks

Matte or shiny
aspect

Width

Distortion

Surface area

CDS

A clinimetric overview of scar assessment scales

2

31

Chapter 2

In 1997, another photographic assessment scale was introduced, named the Seattle
Scale38. A drawback of this scale was that the parameter pigmentation was given a
negative value when a scar was hypopigmentated, suggesting that less pigmentation
could improve the appearance of the scar. Although an excellent reliability was reported,
the average scores of eight raters were used to come to these results.
A year later, Beausang et al. proposed a new quantitative scale which is often referred to
as the Manchester Scar Scale (MSS)39. It was considered to be more complete compared
to the VSS and better suited for linear scars. Because the authors felt that it was difficult
for observers to distinguish vascularization from pigmentation, they combined these
two components by referring to “color mismatching” with the ranking of none, slight,
obvious, and gross mismatch. Additionally, an overall global assessment was made
using the VAS. Still, the patients’ component was lacking and multiple observers were
necessary for the scale to reach an acceptable reliability. The total score and the item
texture (representing scar stiffness in this scale) correlated well with overall histological
findings (0.87 and 0.83, respectively). Although this would suggest that the total score
and height could reflect histological abnormalities, it should be noted that the histological
assessment mainly consisted of collagen fiber characteristics in terms of orientation,
density, and maturity.
The Hamilton Scale was presented in 1998 by Crowe et al., which was specially designed
to evaluate photographic images of scars. It was shown to have a “substantial” to “almost
perfect” reliability and novice therapists were as reliable as scar experts in the use of this
scale40.
The Patient and Observer Scar Assessment Scale (POSAS) consists of both an observer
(O-SAS) and a patient (P-SAS) component and contains the most frequently used scar
features from previously published scales. On a 10-point rating scale, the observer scores
vascularization, pigmentation, pliability, thickness, and relief, while the patient scores
color, pliability, thickness, relief, itching, and pain. Additionally, an overall opinion on
the scar quality is given. The original version focused on the clinical assessment of burn
scars41, but the scale also became useful for the assessment of linear scars after reliability
analyses by Truong et al.42. Van de Kar et al. slightly modified the POSAS in 2005 by adding
the item surface area for clinical relevance of linear scar assessment43. Reliability tests
showed that one observer could reliably determine the total score and the separate
items on linear scars, except relief and pliability which required two observers to obtain
reliable results. In terms of validity, Truong et al. compared the POSAS with the VSS and
demonstrated moderate (Spearman’s Rho = 0.52) and weak (Spearman’s Rho = 0.25)
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correlations between the VSS total score and the total score of the observer and patient
scale, respectively42. On burns scars, however, a good correlation (Spearman’s Rho =
0.89) was reported between the VSS and the observer scale of the POSAS suggesting
that these scales are more appropriate for the purpose of burn scar evaluation41.
The Matching Assessment of Scars and Photographs Scale (MAPS) used reference
photographs for several items and also stressed the importance of accurately scoring the
same part of the scar to improve the observers reliability44. This scale was a modification
of the previously mentioned Seattle Scale that included the negative scoring system,
making it impossible to add the different components and obtain an overall score.
Nevertheless, a good reliability was found (except for surface texture) and it was also
shown that extensive training of the observers was not necessary.
In 2007, the Stony Brook Evaluation Scale (SBES) was developed as a dichotomous
scar scale45. Digital photographic images of linear scars could reliably be scored for
the presence or absence of five different scar features. A good correlation was found
between the total score of the SBES and the visual analogue cosmetic scale (Spearman’s
Rho = 0.75-0.92), indicating that the total score is able to distinguish between better and
poorer scars. We believe, that it has to be taken into account that a small scaling system
(total score of maximum five points) reduces the sensitivity and responsiveness to a
minimal clinically important change, making the scale less useful for the comparison of
different treatments.

Discussion
In this review, we have summarized the currently available scar assessment scales. These
scales were critically appraised for their included items and basic clinimetric properties.
It remains debatable which scar features should be included to come to a complete
evaluation. Linear regression analysis revealed that the observers’ general opinion
on scars is highly influenced by vascularization, pigmentation, thickness, relief, and
contraction or expansion of the surface area. The patients’ opinion was predominantly
influenced by pruritus and thickness41, 43. Table 3 shows that none of the existing scales
include the entire array of the above mentioned clinically relevant scar features. Color
(mostly divided into vascularization and pigmentation) and thickness are always included
in scales while texture, pliability, and surface area are used to a lesser extent. Experts
agree that a patient reported outcome measure is mandatory to come to a complete
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scar evaluation46. Thus, including items such as pruritus, pain, and a general opinion
on scar quality seems necessary. We believe that the relevance of items can only be
established after many years of experience with a certain scale on different scar types
and in different patient groups.
A comparison of scales is complicated because of the large variety of statistical tests
that was used to study their clinimetric properties. Often in these studies, reliability
results are presented as the average measure ICCs and no single measure ICC is
provided. Nevertheless, most scales apparently require more than two observers
to obtain reliable results and this obviously limits their feasibility in clinical practice.
Photographic assessment scales can be useful to evaluate scars from a distance but
must always be considered inferior to clinical assessment, because relevant threedimensional information is missing. In only few cases, observers were able to produce
reliable measurements of palpable features such as scar pliability and roughness from
two-dimensional images.
Only few scar assessment scales have been subjected to validity tests with varying
results. The lack of a gold standard for subjective scar assessment clearly complicates
the validation process of new scales and forces one to focus on the “content” and
“construct” validity of new scales. For content validity, experts should judge the
relevance of frequently used or new items which subsequently can be tested for their
appropriateness. For construct validity, several useful instruments that theoretically
measure the same construct are available but some still need to be found.

Conclusion
None of the mentioned scales meet the entire array of basic clinimetric requirements.
The most examined and used scar scales are the VSS and the POSAS. The VSS’s framework
strongly suggests a nominal nature. However, adding up the separate parameters will
give a misleading total score. Still, it is widely used to numerically indicate scar severity.
To date, many authors consider the POSAS most suitable for scar assessment as it
includes a comprehensive list of frequently used scar features, incorporates a patients’
opinion, and has a superior internal consistency and reliability compared to the VSS4648
. Nevertheless, further adaptations may be considered to improve its suitability for
different scar types in a research and clinical setting.
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The currently available scar scales all have been constructed and tested using the
fundamental principles of the classical test theory (CTT)49. A relatively new approach is
emerging which is the use of the item response theory (IRT)50. The IRT in the form of a
Rasch analysis50, 51 is nowadays frequently applied on several health quality measurement
instruments and recently has been applied for scar assessment scales52. Rasch is able to
expose weak structures or items in scar scales that are sometimes not noticed using
classical test statistics53. We therefore suggest to collect large databases from potentially
suitable scales and perform Rasch analyses to further improve the clinimetric properties
of these scales and thereby expand the level of evidence of scar assessment.
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Abstract
Background: Scars may lead to an array of cosmetic, psychological and functional
problems. Different scar features can be distinguished, i.e. color, thickness, relief,
pliability, and surface area, which are clinically relevant and contribute to the quality and
judgment of a scar. Objective evaluation of these scar features is nowadays indispensable
to practice evidence-based medicine (e.g. evaluate outcome of clinical trials). In this
review an overview and update is given on the most relevant non-invasive objective
measurement tools for scar evaluation.

Methods: A PubMed literature search was performed. Articles evaluating the
clinimetric properties of non-invasive scar assessment tools were included. The selected
objective measurement tools were then critically reviewed with respect to the clinimetric
properties of reliability, validity, and feasibility.

Results: In total 75 articles were selected and 23 different non-invasive measurement
methods were evaluated.

Conclusions: Based on the scar features color, thickness, relief, pliability, and surface
area, the best measurement tools which are currently available were recommended.
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Introduction
Scars may lead to an array of cosmetical, psychological and functional problems. Scar
tissue is usually distinguished from normal skin by an aberrant color, increased thickness,
irregular surface area, and poor functional quality, caused by loss of pliability and
contraction. All separate scar features are clinically relevant and relate to the quality and
judgment of a scar. For the evaluation of the outcome of clinical trials, both subjective
and objective measurements of scar features are indispensable. For subjective evaluation
of scars, different scar assessment scales are available, such as the Vancouver Scar Scale
(VSS)1, 2 and the Patient and Observer Scar Assessment Scale (POSAS)3, 4. These include
systematic judgment by clinicians on color, thickness, relief, pliability, and the surface
area of a scar. In addition to the opinion of clinicians, the patients’ judgment provides
additional information such as pruritus and pain. For objective assessment of scars,
different types of measurement devices are available. Based on published literature on
scar assessment scales and our own expertise, we have concluded that from the current
scar features, five can be considered most significant for the assessment of all types of
scars (Table 1). For burn scars specifically, an overview of measurement tools has been
provided by Brusselaers et al.5, however, without considering the clinimetric properties
of these tools. In this review the most relevant objective measurement tools will be
described, which are currently available for scar evaluation. Additionally, these tools will
be critically reviewed with respect to the clinimetric properties reliability, validity, and
feasibility (Table 2).
Scar feature

Explanation

Color

Vascularization (redness) and pigmentation

Thickness

Height of the scar, which can be subdivided in clinical and histological thickness

Relief

Surface irregularities (e.g. mesh pattern after burn scars)

Pliability

Elasticity of the tissue

Surface area

Extent of scar contraction (e.g. in burn scars) or expansion (e.g. in linear scars)

Table 1. Explanation of the different scar features which are most frequently used in clinical trials
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Criterion Concurrent*
Predictive
Construct

Content

Internal consistency

Inter-observer reliability

Intra-observer reliability

Variation within
one observer

Statistical tests

Intraclass Correlation Coefficient
(ICC) ≥ 0.77 = good à continuous
data
Variation between Kappa Coefficient ≥ 0.67 =
different observers substantial à categorical data
Is each item in the scale measuring a distinct but related
Cronbach’s alpha à
aspect of the scar attribute being assessed?
measurement scales
<0.3 = weak9
Pearson’s or
- Three types of validity are distinguished: content validity,
criterion validity, and construct validity. For scar assessment Spearman’s
0.3-0.6 =
Rho Correlation moderate9
tools the validity is often determined by calculating the
Coefficient
concurrent validity.
≥0.6 = strong9
- Does the measurement tool measure what it intends to
measure?
Ability of an instrument to measure a meaningful or
Effect size and standardized
clinically important change in a clinical state
response mean
Convenience, effectiveness, price, and ease of use
-

Do repeated measurements provide
similar outcome values?

Explanation

Table 2. Overview of the clinimetric properties as applied to scar assessment tools. * = It should be noted that for objective scar assessment
tools determination of the validity may be difficult: since there is no gold standard available, the concurrent validity is calculated by correlating the
measurements to a scar assessment scale. Scar assessment scales which are most frequently used for establishing the concurrent validity are the
Vancouver Scar Scale1, 2 and the Patient and Observer Scar Assessment Scale3, 4.

4 Feasibility

3 Responsiveness8

2 Validity8

6

1 Reliability

Clinimetric property
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Materials and methods
A PubMed literature search was performed. Articles evaluating the clinimetric properties
of non-invasive scar assessment tools were included. In total 75 articles were selected
and 23 different non-invasive measurement methods were evaluated. In Table 3 the
most important scar assessment tools for each scar feature are summarized with respect
to their clinimetric properties.

Objective Scar Assessment Tools
3.1 Color
At present, the most commonly used principle for measuring color is reflectance
spectroscopy, which can be subdivided in tristimulus reflectance colorimetry and narrowband spectrophotometry.
Tristimulus reflectance colorimetry objectively represents color in a manner the human
eye perceives it. The level of light reflected through three broad wavelength filters is
determined and subsequently the color is described by three values: L*, the lightness
(brightness); a*, the amount of green or red (redness); and b*, the amount of yellow or
blue (pigmentation).
Examples of tristimulus devices are the Minolta Chromameter CR-200 and CR-300
(Minolta Camera Co., Osaka, Japan) and the Labscan XE (Hunter Associates Inc., Texas,
USA). On normal skin, the Minolta Chromameter showed an excellent intra-observer
and inter-observer reliability10. Also, the inter-observer reliability was good on scars11.
For the validity, redness (a*) correlated moderately with the vascularization score of
the POSASa11. Pigmentation (b*) showed a weak correlation with the pigmentation
category of the VSS2b11. This difference in validity could be explained by the problem that
the pigmentation of a scar is often masked when a scar is highly vascularized (Figure 1),
which was demonstrated by Draaijers et al11. A good correlation between the Minolta
Chromameter and the pigmentation score of the POSAS could not be established.
This is due to the fact that the POSAS could score a hypopigmentated scar as high as a
The POSAS consists of an observer and patient component and contains for the observers the
parameters vascularization, pigmentation, pliability, thickness, and relief, while the patients score
the color, pliability, thickness, relief, itching, and pain. All parameters are scored in a 10-step scale.

a

The VSS was designed to measure burn scars and includes the parameters pigmentation,
vascularity, pliability, and scar height (thickness).

b
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hyperpigmentated scar since both are deviations from normal skin. Although the Minolta
Chromameter is linked to a computer, it is convenient for clinical application. At this
moment, the device is not commercially available anymore. The Labscan XE showed an
excellent test-retest reliability for normal skin and scars. Additionally, the inter-observer
reliability was good for normal skin and scars, with the exception of a moderate reliability
for redness (a*) on scars. The validity of scar measurements was good for redness (high
correlation with the vascularization score of the VSS) and moderate for pigmentation
(moderate correlation with the pigmentation category of the VSS)12. The feasibility of
this device is restricted because of its cumbersome nature12.

Figure 1. Example of a highly vascularized burn scar with aspects of
hypo- and hyperpigmentation. The very prominent vascularization
component is masking the pigmentation of the scar.
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Narrow-band spectrophotometry devices measure the vascularization and pigmentation,
which is called “erythema” and “melanin”. This method is based on the differences in
light absorption of red and green by haemoglobin and melanin, respectively34-36. Blood
is colored red because haemoglobin reflects red light (and absorbs green light), while
melanin is colored brown and absorbs light of all wavelengths. The DermaSpectrometer
(Cortex Technology, Hadsund, Denmark) and the Mexameter (Courage and Khazaka,
Cologne, Germany) are examples of narrow-band reflectometers. The DermaSpectrometer
showed a good inter-observer reliability for normal skin and scars11, 37. For the validity,
a good correlation was found between erythema and the vascularization score of the
POSAS11. For melanin, a moderate correlation with the pigmentation score of the POSAS
was found11. This moderate correlation again underlines the problem that pigmentation
is often masked when a scar is highly vascularized11. The DermaSpectrometer is a
handheld tool, which makes it very feasible in clinical practice. The Mexameter showed
a good intra- and inter-observer reliability on normal skin and scars13, 38. Concerning the
validity, a moderate correlation was found between erythema and the vascularization
score of the modified VSS (mVSS)39, and a weak correlation between melanin and the
pigmentation score of the mVSS13. The weak correlation with the mVSS pigmentation
score could be explained by a change in the VSS which resulted in the mVSS: in the mVSS
only the severity of the pigmentation was scored irrespective of whether the scar was
hypopigmented or hyperpigmented. The Mexameter has to be linked to a computer,
which makes it less suitable for daily clinical practice, however, for research purposes no
problems were encountered.
Subjective assessment of the vascularization and pigmentation of a scar remains
difficult, especially when a scar is highly vascularized. On the other hand, one could
argue whether an objective measurement device would not be susceptible to the same
problem of “masked pigmentation”. Therefore determination of the concurrent validity
for objective color measurement devices may remain difficult.
Concluding, both tristimulus reflectance colorimeters and narrow-band
spectrophotometers measure redness and pigmentation reliably. The validity ranged
from moderate to good for redness and ranged from weak to moderate for pigmentation.
From a clinimetric point of view the Labscan and the DermaSpectrometer were the best
devices to measure scar redness and pigmentation. However, the DermaSpectrometer
has been withdrawn from the market and the Labscan is relatively expensive and has a
low feasibility. Therefore, the Mexameter, although not perfectly valid, seems the best
available device for measuring scar redness and pigmentation at present.
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Vascularization: 0.97
Pigmentation: 0.9913

Vascularization: 1 obs: 0.92
Pigmentation: 1 obs: 0.97-0.9914

Mexameter

Minolta Chromameter CR200 or CR-300

18

Vascularization: 0.92
Pigmentation: 0.95-0.9612

Labscan XE

Transparency Profilometry

Laser Profilometry

17

Optical Profilometry

Mechanical Profilometry16

Inter-observer reliability
scars (ICC)
Vascularization: 0.50a
Pigmentation: 0.32a11

Validity scars (correlation
coefficient)

-

-

-

-

-

-

0.8415

0.89-0.9113

-

-

-

-

0.41-0.50a with height
score VSS13
0.34b with height score
VSS15
0.42b with total score VSS15

Vascularization: 0.72a with
VSS
Pigmentation: 0.50-0.83a
with VSS12
Vascularization: 0.82-0.97
Vascularization: 0.52-0.65a
13
Pigmentation: 0.95-0.98
with VSS13
Pigmentation: 0.37-0.50a
with VSS13
Vascularization: 0.42a with
Vascularization: 1 obs: 0.75
4 obs: 0.92
POSAS11
Pigmentation: 1 obs: 0.73-0.89 Pigmentation: 0.23-0.24a
4 obs: 0.91-0.97 with POSAS11

Vascularization: 1 obs: 0.72
4 obs: 0.91
Pigmentation: 1 obs: 0.94
4 obs: 0.98
Vascularization: 0.50
Pigmentation: 0.88-0.9912

-

-

TUPS

RELIEF

0.8513

Dermascan C

THICKNESS

-

DermaSpectrometer

COLOR

Inter-observer reliability
normal skin (ICC)

Visiometer:
$ 16,480

Unknown

Unknown

Unknown

$ 16,480

> $ 41,775

Not commercially
available anymore

$ 14,205

$ 26,455

Not commercially
available anymore

Price*
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0.7420

PRIMOS

Reviscometer

-

Visitrak: 0.99

0.72-0.9328

-

Weighing method

Computer-assisted
Planimetry

Photogrammetry

Stereophotogrammetry

$ 111,435

0.98b32 (wounds)

-

-

-

-

-

c

Goodc with artificial
drawings28
MAVIS: 0.94c with acetate
tracing33

Visitrak: 0.99 with digital
planimetry30
Videometry: 4 obs: 0.94d
with acetate tracing31

-

Goodc28

-

1 obs: 0.75-0.94
2 obs: 0.86-0.9627

MAVIS: $ 19,735

Visitrak: not
commercially
available anymore
Videometry:
± $ 14,000
Unknown

$ 1,680 – 6,800

<$5

$ 8,730

$ 14,690

$ 405-820

0.44-0.46b with pliability
score VSS25
Poorc with Cutometer26

Sclerodermal skin: 0.9524

-

0.29-0.53a with pliability
$ 5,575
score POSAS21
0.38-0.44b with DermaLab22 Not commercially
available anymore
0.38-0.44b with Dermaflex22 $ 6,440

$ 42,320

1 obs: 0.35-0.76
4 obs: 0.68-0.9321
-

0.53-0.70b with relief score
POSAS20

0.8220

a

Table 3. Clinimetric overview of objective measurement tools per scar feature. * = Prices based on the exchange rate of May 2010. Obs = Observer.
= Spearman’s Rho Correlation Coefficient, b = Pearson’s Correlation Coefficient, c = Correlation Coefficient unknown, d = Average measure Intraclass
Correlation Coefficient.

0.48-0.8828

Tracing technique

SURFACE AREA

(wounds)

-

1 obs: 0.66-0.86
2 obs: 0.79-0.9327

Dermal Torque meter

29, 30

0.82-0.91

Tonometry
23

-

DermaLab

Dermaflex

1 obs: 0.75-0.85
4 obs: 0.93-0.9621
-

Cutometer

PLIABILITY

-

Interferometry19

Objective scar assessment tools: a clinimetrical appraisal

49

3

Chapter 3

3.2 Thickness
Thickness is a scar feature which is prominent in hypertrophy (Figure 2). Clinically,
scarthickness is usually measured by comparing the height of the scar with the normal
surrounding skin, while histological evaluation allows measurement of the complete
dermal layer. A biopsy remains the gold standard to measure scar thickness to date,
but it is infrequently applied in a clinical setting. Besides the invasive character, a
second drawback of the biopsy is that the results may be influenced by deformation
(e.g. shrinkage) and manipulation of the tissue after it is taken out and processed into a
histological slide. The Tissue Ultrasound Palpation System (TUPS) (Biomedical Ultrasonic
Solutions, Hong Kong, China) and the Dermascan C (Cortex Technology, Hadsund,
Denmark) are non-invasive devices that measure histological thickness based on
ultrasound (Figure 3). The TUPS showed a good inter-observer and test-retest reliability,
but for the validity, it correlated moderately with the height score of the VSS15. The TUPS
is a portable ultrasound device which is feasible in clinical practice. The Dermascan C
showed an excellent intra-observer reliability and a good inter-observer reliability on
scars38. For the validity, a moderate correlation with the height score of the mVSS was
found13. However, for establishing the concurrent validity two different types of thickness
were correlated: the VSS and mVSS height score concern the clinical thickness, whereas
the TUPS and Dermascan C measure the histological thickness.
In conclusion, both the TUPS and Dermascan C are suitable devices for measuring scar
thickness, which practically showed a similar clinimetric appraisal. Measurement devices
for volume assessment of scar tissue have been introduced on the market, but up to now
clinimetric principles are not evaluated.

Figure 2. Hypertrophic burn scars after 		
scald injury in a young child.
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Figure 3. Ultrasound picture of
normal skin.
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3.3 Relief
Most objective relief assessment tools measure the skin topography in a two-step
procedure: first a negative replica of the skin40-44 is made and subsequently this replica
is analyzed. For this purpose, SILFLO® silicon polymer (Flexico Developments Ltd.,
Hertfordshire, UK) is most widely used. This procedure was shown to be reliable45. When
the replica is hardened (which takes one minute to 24 hours) further analysis can be
performed by Mechanical, Optical, Laser, Transparency or Interference Fringe Projection
Profilometry16-19, 46. These techniques of indirect profilometry will not be described in
detail since they have not been clinimetrically evaluated. Besides indirect profilometry,
skin topography can be measured directly with the PRIMOS (Phaseshift Rapid In vivo
Measurement Of the Skin, GFMesstechnik GmbH, Teltow, Germany, Figure 4)47. The
PRIMOS was found to have an excellent intra- and inter-observer reliability on normal
skin and scars. Concerning the validity, the PRIMOS showed a high correlation with the
relief score of the POSAS on scars20. Although the device is relatively large and expensive,
generating the image and processing the data is an easy and short procedure compared
to indirect profilometry methods. At present, the PRIMOS, seems to be the best choice
for measuring relief.

3.4 Pliability
The Cutometer® Skin Elasticity Meter (Courage and Khazaka Electronic GmbH, Cologne,
Germany) measures the extension of the skin, whereby negative pressure is applied. It
was found to have a good reliability for measurements on normal skin49 and scars21, 50. For
the validity of the Cutometer, a weak to moderate correlation with the pliability score
of the POSAS was found21. The DermaLab® (Cortex Technology, Hadsund, Denmark)22,
which has replaced the Dermaflex®51-54, measures the stress that is needed to achieve
an elevation of the skin of 1.5 mm. For the validity, a moderate correlation between the
Dermaflex and DermaLab was found22. Before applying the DermaLab for scar evaluation,
more clinimetric research into the reliability of this device is necessary.
Tonometry works by exerting pressure on the skin and can be used to quantify firmness
and flexibility of normal skin and scars55. There are two types of tonometers: one type
which is based on air that flows through the system that is blocked at a certain pressure
(e.g. the Cicatrometer55, Pneumatonometer56, and Tissue Tonometer25) and the other
type provides an indentational load in the vertical direction (Durometer). For the Tissue
Tonometer (Flinders University Biomedical Engineering Department, Adelaide, Australia)
an excellent intra-observer reliability was demonstrated on scars and concerning the
validity, a moderate correlation with the pliability score of the VSS was found25. The
Durometer (Rex Gauge Company Inc., Glenview, USA) was used in the assessment of
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skin hardness of various pathological conditions57-59. It showed an excellent reliability
and a good validity on sclerodermal skin23, 60, 61. Tonometry is influenced by the hardness
of the underlying tissue. Therefore, measurements on locations where bony structures
are situated directly under the skin (i.e. hands, fingers, or face) could be less reliable57.

Figure 4. Images of the PRIMOS48. The PRIMOS projects a parallel digital stripe pattern onto the
skin. Subsequently, the reflected light is absorbed by a CCD-chip of a high-resolution camera and
a digital three-dimensional image is achieved which is evaluated with specialized software. Left
column: normal skin and the right column: burn scar. (Above) Live pictures,(center) color images,
and (below) images after filtering corrections for hairs and body contour are shown.
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Pliability measurements via torsional force onto the skin (Dermal Torque Meter26, 62, 63
(Dia-stron, Andover, UK)) and via exerting tension in the horizontal plane of the skin
have not been extensively used lately. Moreover, clinimetric appraisal has not been
sufficiently performed. The Reviscometer® RVM 600 (Courage and Khazaka Electronic,
Cologne, Germany) is a measurement tool for tissue anisotropy, which is considered
to measure the elastic and viscoelastic features of skin and scars by transmission of
an acoustic shock wave64. In our previous work, we have found the Reviscometer to
be reliable for measurements on normal skin and scars27. More research is required to
establish its validity.
In conclusion, for now the Cutometer is the best available device for pliability
measurements, because of its high feasibility, good reliability, and reasonable
validity. Another possibility could include tonometry, which is both reliable and valid
for measurements on scars, but probably less suitable for locations with (hard) bony
structures underneath the skin.

3.5 Surface area
Planimetry is useful for calculating the wound size, but also for calculating the percentage
of a scar that becomes hypertrophic, hypopigmented, or the extent of scar contraction
or expansion over time.
The most simple and most commonly used method of planimetry is tracing the scar
or wound. The wound is traced on a transparent grid paper, the number of squares
within the tracing are counted, and subsequently the area is calculated65, 66. This tracing
technique was found to be reliable, valid, and feasible for wound assessment67-69. A cutout of this trace can be used in the Weighing Method (Transparency Film, Scotch 3M, St
Paul, USA, and Gram-atic® Balance, Metler Instrument Corporation, Highstown, USA)66.
However, this method has not been clinimetrically assessed and is more cumbersome.
More sophisticated area measurements can be performed by Computer-assisted
Planimetry: after tracing on a transparent sheet, the sheet is scanned and analyzed by
a digital analysis program70-73. Computer-assisted planimetry could also be performed
by tracing on a digital computerized tablet, such as the Visitrak (Smiths and Nephew,
London, UK) or tracing digitally using the VERG Videometer (Vista Medical, Winnipeg,
Canada)31. Visitrak is a reliable and valid way of area determination29, 30, but it is not
commercially available anymore. Videometry was shown to be valid, however, reliability
analysis was not performed31. Computer-assisted planimetry can be considered a
feasible method.
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The use of photography has been applied in photogrammetry and stereophotogrammetry.
In photogrammetry, the camera is held on a standard distance from the area of interest
and a calibrated grid is projected on the film image. This technique was found to have
an excellent reliability74. Later, planimetry by photography with a Polaroid photo camera
(Polaroid UK Ltd., Vale of Leven, UK) was found to be valid and reliable, even more
reliable than tracing on transparent sheets, except for extremely curved body parts28.
Because difficulties remained in converting a three-dimensional into a two-dimensional
image, stereophotogrammetry was developed. Basically, stereophotogrammetry is
photogrammetry, which is extended by two cameras. Stereophotogrammetry was
found to be reliable and more accurate than tracing or photography32. In addition,
the “Measurement of Area and Volume Instrument System” (MAVIS, Medical Imaging
Research Group, Glamorgan, UK), a type of stereophotogrammetry, was found to be a
valid measurement technique33. The use of stereophotogrammetry in clinical practice is
limited because it is expensive, time-consuming, and requires specialistic skills33, 73.
Two problems must be taken into account: determining the boundary of a wound or scar
is often difficult, which may introduce more variation in the measurement. Secondly,
extremely curved body parts and areas with skin folds may considerably influence the
measurements by photography: for extremely curved body parts photogrammetry
was found to be less reliable than the tracing method28. Planimetry of circumferential
wounds or scars may cause similar problems.
In summary, we recommend photogrammetry as a standard evaluation method for
planimetry of scars or wounds which are not subjected to curved body parts and skin
folds: digitized measurements show better results than manual tracing, because the
greatest measurement errors lie in the manual tracing66, 75. However, for extremely
curved body parts, large surface areas, and locations which are difficult to measure, the
most feasible method remains manual tracing.

Conclusion
In this review we provided an overview and clinimetric appraisal of objective scar
assessment tools. Based on the scar features, the best measurement tools which are
currently available were recommended. Objective scar assessment tools are usually
preferred over subjective scar assessment scales, because these objective tools are not
subjected to observer bias. However, we advocate a scar assessment which includes
both subjective and objective measurements. For research purposes, objective
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quantitative data are generally considered most useful, but for clinical and practical
purposes subjective scar assessment scales are often more convenient and frequently
used. Furthermore, subjective scar assessment scales provide the possibility to include
the patients’ opinion.
In the past decades reliable, valid, and feasible scar assessment has become more
prevalent. Especially for the scar parameters color, thickness, and relief clinimetric analysis
of measurement tools has been performed more extensively and new measurement
tools have become available. Nevertheless, the best measurement devices are yet to
be determined. Hardly any new measurement tools for pliability and, to a lesser extent,
for surface area have been developed recently. For pliability, the Cutometer seems to
be the most widely used measurement device. For scar surface area, extensive research
has already been performed on wounds, thereby providing many suitable measurement
methods, ranging from simple transparent acetate measurement to sophisticated
camera systems. The ultimate measurement tool of choice for surface area remains
dependent on the measurement location and the costs.
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Abstract
Background: Histopathological evaluations of fibrotic processes require the
characterization of collagen morphology in terms of features such as bundle orientation,
bundle thickness, and bundle spacing. There are currently no reliable and valid techniques
for measuring bundle thickness and bundle spacing.
Methods and results: Hence two objective methods quantifying aspects of collagen
bundle thickness and bundle spacing were tested for their reliability and validity: Fourier
first-order maximum analysis and Distance Mapping, of which Distance Mapping is
presented as a newly developed morphometric technique. Histological slides were
constructed and imaged from 50 scar and 50 healthy skin biopsies with a subsequent
analysis by two observers allowing the inter-observer reliability to be determined
via the Intraclass Correlation Coefficient (ICC). An ICC larger than 0.7 is considered as
constituting good reliability. The inter-observer reliability for the Fourier first-order
maximum and for Distance Mapping showed an ICC above 0.72 and 0.89, respectively.
Assessment of the responsiveness, which is part of the validation process, was performed
by calculating the effect size: the effect size of both measurement methods was medium
to large. Moreover, a clinically important change was demonstrated by the ability of both
methods to discriminate between healthy skin and scars.

Conclusion: Concluding, for the first time two reliable and valid measurement
methods were demonstrated for collagen bundle morphometry. In terms of reliability
and usefulness of the outcome parameters, Distance Mapping appears to be the better
and more practical technique. In the future, both methods can be used for reliable and
valid collagen morphometry of skin and scars, but also for quantitative microscopic
evaluation of other fibrotic processes.
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Introduction
Repair of the collagen structure plays a central role in wound healing, pathological
fibrotic disorders, and scar formation. Histopathological analysis of collagen structure is
clinically relevant for the diagnosis of dermatological diseases of connective tissue1, for
the distinction between different types of scars2, and for evaluation of fibrotic processes
of other viscera, such as heart, lung, kidney, and liver3, 4. For dermatological diseases such
as scleroderma and lichen sclerosis the collagen bundle architecture and morphology
aids in the discrimination between healthy skin and sclerotic dermal tissue. The collagen
bundles in sclerotic dermal tissue show an orientation parallel to the epidermis, whereas
collagen bundles in healthy skin are considered to be organized in a three-dimensional
basket-weave pattern1. The histological analysis of the collagen bundle architecture and
morphology in scars provides further insights into the distinction between hypertrophic
scars and keloids. We showed that the collagen bundles in keloids are significantly thicker
compared to hypertrophic scars, which is relevant because hypertrophic scars and keloids
require distinct therapeutic strategies and are often difficult to discriminate2, 5, 6.
The most common criteria for the analysis of collagen structure are the orientation
and the thickness of the collagen bundles. In previous literature, Baak stressed the
importance of reproducible and accurate measurement methods for pathological
analyses7. Nowadays, performing reproducible and accurate measurements has become
a key focus in pathological practice as well as in clinical and experimental research. In this
paper we will focus on both the reliability and the validity (in the form of responsiveness)
of two objective measurement methods for the analysis of collagen morphology.
Reliability refers to “if repeated measurements provide similar results?”8 and the
responsiveness refers to “if a measurement technique is able to identify a meaningful or
clinically important change (sensitivity to change)?”9.
Collagen bundle orientation can be quantified by Fourier analysis. The Fourier zerothorder maximum calculates information about spatial organization in images by
generating a power spectrum of all the structures present1. The collagen orientation
can be calculated using the width-length ratio of this power spectrum: the equation [1
– width/length of the zeroth-order power spectrum] is used. Zero then corresponds to
perfectly random orientated collagen bundles and one corresponds to perfectly parallel
orientated collagen bundles. Van Zuijlen et al. showed that the zeroth-order maximum
of Fourier analysis can be reliably used for determining the orientation of the collagen
bundles10. Fourier analysis has been widely applied to determine the orientation of
structures and, besides using it for objective assessment of the collagen orientation in
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diseased skin and scars11-16, it has been used to quantify the orientation of structures in
other types of tissue, such as ligaments17, the annulus fibrosus18 and vascular endothelial
cells19.
The morphometry of collagen bundle thickness and spacing has been investigated by De
Vries et al.1 and Ferdman et al.20, with the latter study estimating the average collagen
bundle diameter by the scattering of laser light through histological sections20, albeit
with a self-confessed simplistic model and no test of reliability. De Vries et al. described
a second application of Fourier analysis via the first-order maximum1. Measurements
using this method were nevertheless partially observer-dependent because manual
thresholding was necessary. The Fourier first-order maximum allowed estimation
of the “bundle packing”, which is the average center-to-center distance between the
collagen bundles, and this has been applied in clinical studies11, 13. Because up to now this
measurement method was not tested for reliability and validity, in the present study the
reliability and responsiveness of the Fourier first-order maximum analysis was assessed.
Unfortunately, the Fourier first-order maximum is only capable of measuring the
distance between the centers of the collagen bundles, whereas objective evaluation of
the thickness and spacing of the bundles would provide more practical information. We
therefore developed a new (semi-)automated method for measuring collagen bundle
thickness and spacing: Distance Mapping. This method only requires the (optional)
selection of measurement area without additional observer intervention. In Distance
Mapping, a distance map is generated after segmentation of an image. Subsequently,
the grey values of the pixels in this distance map are measured with a skeleton mask. In
summary the objective of the present study is, for the first time, to assess the reliability
and validity of measurement methods for collagen bundle morphology, in particular by
exploring the newly developed method of Distance Mapping and the Fourier first-order
maximum algorithm in detail.

Materials and methods
2.1 Tissue specimen
The reliability of Distance Mapping and Fourier first-order maximum analysis was tested
on 50 consecutive sections from healthy skin and 50 sections from scar tissue. The
biopsies consisted of residual patient material from healthy and scarred skin that was
collected during plastic surgical corrections, such as breast reductions, abdominoplasties,
and scar excisions. Scar tissue that was used consisted of normotrophic and hypertrophic
scars. The protocols set by the Federation of Dutch Medical Scientific Societies, which
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are adapted by the coordinating ethics committee in the Netherlands, permit the use of
anonymized residual tissue. This study was conducted in accordance with the Helsinki
Declaration guidelines. The mean age of patients was 40.9 (SD 12.6) years for the healthy
skin biopsies and 30.0 (17.7) years for the scar biopsies.
After harvesting, the biopsies were fixed in 4% formalin for at least 24 hours, dehydrated
by standard histological procedures and embedded in paraffin. Sections of 5 μm were
cut perpendicular to the skin surface, mounted on glass slides and stained with H&E.

2.2 Confocal Laser Scanning Microscopy
We used the fluorescent properties of eosin to avoid dominance of the haematoxylin
stained nuclei in a classic bright field image. The slides were imaged with a Leica SP2AOBS confocal microscope (Leica-Microsystems, Mannheim, Germany). The excitation
and detection of eosin was 561 nm and 580-640 nm, respectively. A 10×/NA 0.4 objective
was used with an additional zoom of 1.89. This resulted in a scanned area of 794×794
μm in a 1024×1024 pixel format, which led to a pixel size of 0.78 μm. A pinhole setting
of 1 Airy was used, resulting in an optical section with an approximate thickness of 5μm.
All images acquired were adapted to the full dynamic range of the system (8 bit). The
images were scanned with the epidermis in the horizontal plane of the microscope axis.
From each specimen one section was imaged. For all imaging the following protocol
was used: the image was taken in the middle of the section, directly underneath the
epidermis. To minimize the subjective bias associated with the selection of a region
of interest, no tissue boundaries were present in the images although the occasional
presence of confounding factors such as large blood vessels required user selection.

2.3 Distance Mapping (Figure 1)
Distance Mapping is a newly developed application for morphometry of collagen
structures. This measurement method is easily reproducible and can be implemented
in existing analysis suites. The average thickness of the collagen bundles and the
average distance between the collagen bundles were measured using Qwin Pro. First,
segmentation in the grey image was performed, which took place by a delineate
correction, in order to isolate the relevant structures (either the bundles or the spaces
between the bundles). Then, a binary image was created, containing only the structures
of interest (Figure 1B). The area of interest was selected by both observers, independently
from each other. This selection step, however, is not strictly necessary. From the binary
image a distance map (Figure 1C) as well as a skeleton (Figure 1D) was created. The
distance map is a grey image created from a binary image where for each point the grey
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value is set equal to its distance to the nearest edge. A skeleton reduces a structure to
a pixel-wide line by successive erosion steps lying in the center of the original structure.
The skeleton was used as a mask to measure the distance map (Figure 1E). The grey value
was measured by calculating the distance from the center of the structure to its edge.
Duplication of this grey value generates the thickness of the structures representing the
bundle thickness, in this manuscript referred to as bundle thicknessDM and the distance
between (the edges of) the bundles, also referred to as bundle spacingDM.
Figure 1. Distance Mapping. A. Fluorescent image of
collagen bundles. This flow chart represents the steps
necessary to calculate the bundle thickness. B. Binary image
after segmentation of “A”. From B a distance map (C) as well
as a skeleton is generated (D). The skeleton (D) is used as
mask to measure the grey intensities in “C”, which are
visualized together in “E”. The measured grey values
represent half the distance of the structures in “B”. Therefore,
duplication of these grey values is necessary to generate the
thickness of the structures.
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2.4 Fourier analysis – first-order maximum (Figure 2)
Images were analyzed with the Fast Fourier Transform module of the Qwin Pro image
analysis software (version 2.8 Leica Imaging Systems, Cambridge, UK). From each image, a
first-order maximum power spectrum was generated. Manual thresholding was performed
to visualize two clear centers of gravity in the power spectrum. Figure 2 displays the
power spectrum of the first-order maximum, where “A” (Figure 2D) corresponds to the
distance in pixels between the center of the first-order power spectrum and the centers
of gravity of this power spectrum. This distance is used as a measure of the averaged
distance between the centers of the collagen bundles, in this manuscript referred to as
the Bundle Centerline Distance (BCDFFT). To determine this distance in micrometers, the
following formula was used: [794/A], which is specifically applicable for a scanned area
of 794×794 μm.
The outcome parameters of both Distance Mapping and Fourier first-order maximum
are visualized in Figure 3. This figure demonstrates that in terms of interpretation of
data, the bundle thicknessDM and the bundle spacingDM could be considered as potentially
more practical outcome parameters than the BCDFFT.

2.5 Statistical analysis
The data were analyzed using SPSS 17.0 for Windows (SPSS Inc., Chicago, USA).
Measurement of the inter-observer reliability was based on the measurements of two
observers. The Intraclass Correlation Coefficient (ICC), with its 95% Confidence Interval
(CI), was calculated to assess the inter-observer reliability for two observers and the
reliability of one observer, also known as the average measure ICC and the single measure
ICC, respectively21. The two-way-random effect model was selected and calculated for
absolute agreement of the scores. An ICC value of 0.7 was a minimum requirement for
reliable results22. We used the single measure ICC for interpretation of our results. The
standard error of measurement (SEmeas = √mean square residual) was used for calculating
the amount of error between measurements. Subsequently, the coefficient of variation
(CV) could be calculated using the following formula: CV (%) = [(SEmeas/mean)×100]
, whereby a low coefficient of variation represents a better agreement between the
observers and a lower measurement error than a high coefficient of variation. It is
important to calculate both the reliability (ICC) and the agreement (CV) of a measurement
method23. For normally distributed independent data, statistical testing was performed
using the independent t-test. This test was used to determine the responsiveness of
both measurement methods9. In addition, the responsiveness was calculated by the
effect size calculated by [(mean valuenormal skin – mean value scar tissue) / SDnormal skin]. An effect
size of 0.2 was considered as small, 0.5 as medium, and 0.8 or higher as large24, 25. A large
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effect size reflects an excellent responsiveness. Responsiveness can be considered as a
part of the validation process of a measurement method. The two-tailed significance
criterion was set at 0.05.

Figure 2. Fourier first-order maximum. A. Image of size 794×794 µm representing collagen
bundles in healthy skin. B. Power spectrum of the image presenting the two maxima of the
Fourier first-order maximum after manual thresholding. C. Result after conversion of the power
spectrum into a binary image. D. Explanation of the calculation of the real distance between the
centers of the collagen bundles.“A” = the distance between the center of the power spectrum and
the center of gravity: BCDFFT (µm) = [794/A].
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Fourier first-order
maximum

Distance Mapping
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BCDFFT
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Figure 3. Visualization of the outcome parameters of the collagen morphometry as measured
by Fourier first-order analysis and Distance Mapping. Reconstructed and enlarged confocal
microscopy image of collagen bundles. The fluorescent structures represent the collagen
bundles and the black background between these fluorescent structures represents the space
between the collagen bundles. This image displays the outcome parameters of the Fourier firstorder maximum (BCDFFT) on the left and of Distance Mapping (bundle thicknessDM and bundle
spacingDM) on the right side.
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Results
The inter-observer reliability of Distance Mapping and the Fourier first-order maximum is
represented in Table 1. The ICC for measurements of the bundle thicknessDM, the bundle
spacingDM and the BCDFFT in healthy skin and scar tissue was consistently higher than 0.7:
the single measure inter-observer reliability for Distance Mapping were above 0.91 for
healthy skin and above 0.89 for scar tissue. The single measure inter-observer reliability
for the Fourier first-order maximum were above 0.88 for healthy skin and above 0.72 for
scar tissue. In this study, only the inter-observer reliability was calculated. Because the
inter-observer reliability was good, separate calculation of the intra-observer reliability
(two repeated measurements of the same observer), which is less susceptible to
variation and bias, was therefore not necessary: the ICCs for the intra-observer reliability
would have been even higher.
Distance Mapping
Bundle thicknessDM

Bundle spacingDM

Fourier first-order
maximum
BCDFFT

Single measure ICC (95% CI)

0.90 (0.83-0.94)

0.91 (0.84-0.95)

0.88 (0.80-0.93)

Average measure ICC (95% CI)

0.95 (0.91-0.97)

0.95 (0.92-0.97)

0.94 (0.89-0.97)

5.5 (0.26)

6.0 (0.49)

10.7 (1.53)

Single measure ICC (95% CI)

0.99 (0.98-0.99)

0.89 (0.80-0.94)

0.72 (0.49-0.85)

Average measure ICC (95% CI)

0.99 (0.99-1.00)

0.94 (0.89-0.97)

0.84 (0.65-0.92)

2.1 (0.09)

6.0 (0.43)

23.7 (2.54)

Healthy skin

% CV (SEmeas)
Scar tissue

% CV (SEmeas)

Table 1 Inter-observer reliability of Distance Mapping and the Fourier first-order maximum.
ICC = Intraclass Correlation Coefficient. For all ICCs the p-value was lower than 0.001.
CV = coefficient of variation, SEmeas = standard error of measurement and CI = confidence interval.

Table 1 shows that for healthy skin measurements a lower coefficient of variation of
5.5% and 6.0% for bundle thicknessDM and bundle spacingDM, respectively, was calculated
for the Distance Mapping method as opposed to the higher coefficient of variation of
10.7% for the Fourier first-order maximum. Similar low coefficients of variation were
calculated for scar tissue measurements in Distance Mapping (2.1% and 6.0% for bundle
thicknessDM and bundle spacingDM, respectively) as opposed to the higher coefficient of
variation of 23.7% calculated for the BCDFFT measurements by the Fourier first-order
maximum.
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0.022

0.481

Effect size

4.28 (0.87)

50 4.24 (0.86)

4.26 (0.86)

4.65 (0.79)

Average

7.30 (1.47)

8.26 (1.70)

Obs. 1

7.06 (1.34)

8.07 (1.64)

Obs. 2

7.18 (1.37)

8.17 (1.63)

Average

Bundle spacingDM

BCDFFT
Obs. 2

Average

11.64 (6.15) 9.76 (4.16)

10.70 (4.93)

14.54 (4.27) 13.91 (4.92) 14.22 (4.48)

Obs. 1

Fourier first-order maximum

0.500

0.019
0.565

0.003
0.619

0.001

0.603

0.001

<0.001
0.843

0.007
0.680

0.787

<0.001

Table 2. General characteristics of the measured sections of healthy skin and scar tissue. Mean values of the bundle thicknessDM, bundle spacingDM
and BCDFFT of the collagen structures in the sections, calculated in micrometers. Statistical testing was performed using the independent t-test. CI =
Confidence Interval. Effect size (ES) = [(mean valuenormal skin – mean value scar tissue) / SDnormal skin]. An ES of 0.2 was considered as small, 0.5 as medium and
0.8 or greater as large.

0.494

0.019

0.06 to 0.72 0.07 to 0.74 0.07 to 0.73 0.33 to 1.59 0.42 to 1.61 0.39 to 1.58 0.80 to 5.00 2.34 to 5.96 1.66 to 5.40

4.68 (0.81)

Obs. 2

Bundle thicknessDM

50 4.63 (0.81)

Healthy skin
mean (SD) in µm
Scar tissue
mean (SD) in µm
95% CI of the
difference
P-value

N Obs. 1

Distance Mapping
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Table 2 displays an overview of the mean values of the different outcome parameters for
healthy skin and scar tissue. Significantly different values for bundle thicknessDM, bundle
spacingDM, and BCDFFT were found between healthy skin and scar tissue for observer 1,
observer 2 and the average of both observers. As the bundle thicknessDM, the bundle
spacingDM and the BCDFFT values in healthy skin biopsies differed significantly from these
values in scar tissue biopsies, it can be postulated that both measurement methods are
able to measure a clinically important change. To determine the responsiveness of both
measurement methods, the effect size was calculated, which ranged between 0.481 and
0.619 for Distance Mapping and between 0.680 and 0.843 for the Fourier first-order
maximum analysis.

Discussion
In the present study, we have critically evaluated two objective measurement methods
for collagen bundle morphometry in healthy skin and scars. We introduced a new
measurement method: Distance Mapping, which was applied for the first time to
measure collagen structures. Distance Mapping proved to be a highly reliable method
for measuring bundle thickness and bundle spacing in healthy skin and scar tissue.
The average measure ICC approximated 1 (i.e. perfect reliability) which means that
only one measurement of one observer is required to obtain highly reliable results.
Next, for the Fourier first-order maximum analysis, a good reliability for measuring the
average distance between the centers of the collagen bundles (BCDFFT) in healthy skin
and scars was demonstrated: only one measurement of one observer is necessary to
obtain reliable results. In addition to a good reliability, a good responsiveness of both
measurement methods was demonstrated by a medium to large effect size. It was shown
that Distance Mapping and the Fourier first-order maximum analysis were able to detect
a clinical important change (i.e. the difference in bundle thicknessDM, bundle spacingDM
and BCDFFT outcomes between healthy skin and scar tissue), suggesting a good validity of
both measurement methods.
Preferably measurement methods should be automated, without necessitating observer
interventions. Fourier analysis requires an observer for determining a threshold step in
the image analysis. However, despite this observer-dependent step the inter-observer
reliability was good. Distance Mapping on the other hand, does not strictly necessitate an
observer intervention. This difference between these methods concerning the observer
dependency may be reflected in a difference in the ICC and CV outcomes. Firstly, a better
reliability was seen for Distance Mapping compared to Fourier analysis: the ICCs for both
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healthy and scarred skin, as calculated by Distance Mapping, were higher than the ICCs,
as calculated by Fourier analysis. Secondly, the relatively low coefficients of variation of
Distance Mapping reflected a better agreement between the two observers and a lower
measurement error as opposed to the Fourier analysis, that presented relatively high
coefficients of variation (Table 1).
Besides analysis of the reliability of these measurement methods, results in Table 2
demonstrated that both Distance Mapping and the Fourier first-order maximum
are methods which are able to discriminate healthy skin and scar tissue: significantly
thinner collagen bundles and significantly less spacing between the bundles were found
in scar tissue compared to healthy skin. This discriminative capacity reflects a good
responsiveness of both measurement methods. This is further supported by a medium
to large effect size for Distance Mapping and a large effect size for the Fourier first-order
maximum. As previously stated, responsiveness is part of the validation process of a
measurement method, which in this case suggests validity of both Distance Mapping
and the Fourier first-order maximum. In the future, further (criterion) validation of these
methods is recommended. However, this remains a problem, since at this moment a
“gold standard”, which would allow comparison of the outcomes with “true values” of
bundle thicknessDM, bundle spacingDM and BCDFFT, is lacking.
In conclusion, in this manuscript we introduced Distance Mapping and the Fourier
first-order maximum as reliable and valid measurement methods to objectively assess
collagen bundle morphology. Both measurement methods were able to detect a clinically
important change and a good validity was suggested. In terms of reliability and usefulness
of the outcome parameters, Distance Mapping appears to be a better and more practical
technique. Results of the present study could contribute to the implementation of these
promising measurement techniques into the objective histopathological analyses of
healthy skin and scar tissue. Moreover, these techniques could also be applicable for
morphometry of fibrosis of other viscera, such as the heart or the lung.
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Abstract
Background: Anisotropy of the skin varies depending on different locations and
pathological conditions. Currently, no reliable non-invasive measurement tool is
available for tissue anisotropy. The Reviscometer is an anisotropy measurement tool
which measures the Resonance Running Time (RRT) of an acoustic shock wave. This
study was initiated to establish the reliability of the Reviscometer on normal skin and
scars, and to provide basic information on tissue alignment in normal skin and scars.

Methods: Fifty volunteers and 50 patients underwent measurements on normal skin
and scars, respectively. All measurements were performed by the same two observers.
Measurements on normal skin were performed on the forearm, upper arm, and
abdomen.

Results: Results showed that the Intraclass Correlation Coefficient of the inter-observer
reliability was ≥0.79 on normal skin and ≥0.86 on scars. In normal skin the highest mean
RRT was found on the abdomen (156.4 (SD 48.8)), followed by the upper arm (123.2
(33.6)), and forearm (112.5 (24.3)). A significant lower mean RRT was found in scars
(52.3 (21.9)) compared to normal skin (91.6 (37.7)).

Conclusion: Reviscometer measurements were reliable for normal skin and scars.
In addition, clear differences between scars and normal skin, but also within different
locations on normal skin were identified. The Reviscometer can be considered for the
evaluation of the efficacy of different treatments.
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Introduction
In the evaluation of the outcome of different therapies in clinical trials there is an
increasing need for objective measurements of normal skin, diseased skin, and scars.
Different aspects of skin and scar tissue can be evaluated, such as tissue anisotropy (i.e.
directional variations in tissue organization). It has been investigated that the tissue
organization is different in scars compared to normal skin: scars show more alignment,
whereas in normal skin a more random organization is seen1. Therefore, it is relevant to
be able to measure the degree of tissue organization (i.e. anisotropy) when therapies for
different pathological conditions are evaluated. Quantitative evaluation of anisotropy
can be performed invasively, by means of a biopsy2-5. An advantage of this evaluation
is that many additional microscopical data can be distilled. A disadvantage is that a
biopsy from the patient is necessary. For non-invasive evaluation of tissue anisotropy,
two measurement tools have become available: the Shear Wave Velocity Analyzer
(SWVA) and the Viscoelasticity Skin Analyzer (VESA). In 1990, the SWVA was developed
by Sarvazyan et al. which measures the anisotropy, which is deduced from the speed
of propagation of the surface shear wave6. A disadvantage is that the SWVA does not
take into account the direction of the wave, which is relevant when information on the
direction of the tissue organization needs to be extracted. In 1998, the VESA, which is
based on the SWVA, was introduced by Vexler et al.7. They concluded that the VESA could
be used to measure the skin anisotropy and that the shear wave propagation velocity is
inversely proportional to the stiffness and density of tissue8. The measurements of the
VESA, however, were subjected to large intra-individual variations, which depended on
the direction of the measurement9. The reliability of both the SWVA and the VESA has
not been tested.
The Reviscometer® RVM 600 (Courage and Khazaka Electronic, Cologne, Germany) is a
recently developed non-invasive anisotropy measurement tool. The working mechanism
is similar to the VESA10. However, as opposed to the VESA, the Reviscometer is able
to perform multidirectional measurements with an interval of at least 10 degrees. In
addition, the direction of the tissue organization is preserved and the device can work
on a stand-alone basis or linked to a computer, which is more practical for research.
The Reviscometer has been used in several clinical studies for measurements on normal
skin, diseased skin, and scars10-19. Surprisingly, so far no analysis was performed to test
the reliability. For this reason, this study was initiated to assess the intra- and interobserver reliability of the Reviscometer for normal skin and scars. In addition, we
focused on differences between normal skin and scars and on differences between three
measurement locations (forearm, upper arm, and abdomen) on normal skin.
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Materials and methods
2.1 Patients and volunteers
Our patients and volunteers were included from August 2008 until March 2009.
Measurements were performed on 50 healthy volunteers and 50 patients with scars. The
group of patients consisted of outpatients and patients who underwent reconstructive
surgery in the Red Cross Hospital. The Declaration of Helsinki Protocols was followed and
before enrollment, all patients or their legal representatives gave informed consent. Our
study protocol was approved by the coordinating ethics committee.

2.2 The Reviscometer
The experimental set up of this non-invasive measurement tool is shown in Figure 1. The
measurement probe contains two stylus sensors, which are two millimeter apart. When
placed onto the skin, one sensor transmits an acoustic shock wave of 1.77 micro Joule
to the recipient sensor. The time this wave travels from one sensor to the other is the
Resonance Running Time (RRT). A positioning top, which is marked every 10 degrees,
facilitates measurements in 36 different directions.

Figure 1. The experimental setup of the Reviscometer. The setup consists of a measurement
device (a), which is connected to a laptop (b) that contains appropriate software. The ambient
condition sensor (c), which measures the air temperature and humidity, and the measurement
probe (d) are connected to this device. Before the measurement, the positioning top (e) is fixed
onto the skin by a double-sided sticker ring (f).
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In our previous unpublished work we determined that the wave penetration depth was
between 0.5 and 0.7 mm. Ideal measurement conditions would include an environmental
temperature of 20 oC and a humidity between 40% and 60%a. In the present study these
environmental conditions were kept constant.
1

2.3 Procedure
During the measurements, our patients and volunteers sat down in a relaxed position,
generating the least possible muscle activity. The skin was disinfected before the
positioning top was fixed onto the skin. The volunteers underwent three measurements
on normal skin: 1. the volar lower arm, three centimeter above crease running over
the wrist joint, 2. the upper arm, on the deltoid muscle, and 3. the abdomen. These
locations were chosen, because we assumed that the mechanical properties of the skin
varied between these different locations. In the group of consecutive patients with scars
it was randomly determined which scar was measured: if a scar was planned for surgical
excision this scar was measured, and if no surgical excision was planned and the patient
had multiple scars, the location
of measurement was randomly determined.
Fig 2
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Figure 2. Example of an ideal Reviscometer graph. The X-axis displays the 1st to the 36th
measurement. The Y-axis displays the resonance running time (RRT) in arbitrary units. The mean
Amplitude = (Amplitude 1 + Amplitude 2) / 2, and the mean Ratio = (Ratio 1 + Ratio 2) / 2.

a

Operation advice for the Reviscometer® RVM 600. Manual Courage and Khazaka Electronic.
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In every patient, the central part of the scar was measured. Patients with scars underwent
an additional measurement on normal skin. All measurements were performed by the
same two observers, who performed two consecutive measurements on each location.
The positioning top remained in the same position for both observers. Measurements
were performed in 36 directions, every 10 degrees. Three outcome parameters were
selected: the mean Amplitude, the mean Ratio, and the mean RRT, which was the
average of the 36 measurements (Figure 2).

2.4 Statistical analysis
The data were analyzed using SPSS 17.0 (SPSS Inc., Chicago, USA). General patient
descriptives were tested using the Chi-Square and Mann-Whitney U test. The intraand inter-observer reliability of the Reviscometer were based on the measurements
of two observers. The Intraclass Correlation Coefficient (ICC) with its 95% Confidence
Interval (CI) was calculated to assess the inter-observer reliability for two observers
and the reliability of one observer, also known as the average measure ICC and the
single measure ICC, respectively20. The two-way-random effect model was selected and
calculated for absolute agreement of the scores. The average measure ICC was used to
interpret our results. An ICC value of 0.7 was a minimum requirement for reliable results21.
The standard error of measurement (SEmeas = √mean square residual) was used for the
calculation of the amount of errors between measurements. The coefficients of variation
(CV) was calculated using the following formula: CV (%) = SEmeas / mean×100, whereby a
low CV represented a better measurement than a high CV. Correlation coefficients were
calculated by means of the Pearson’s correlation coefficient. A correlation coefficient
higher than 0.6 was considered as good, ranging from 0.3 to 0.6 as moderate, and lower
than 0.3 as weak22. For paired and independent data which were normally distributed,
the paired t-test and the independent t-test were used, respectively. The two-tailed
significance criterion was set at 0.05.

Results
3.1 Patients characteristics
A total of 50 adult healthy volunteers and 50 patients with scars were enrolled in this
study. In the volunteer group, 20 male and 30 female volunteers were included. The
mean age was 39.5 (SD 11.9) years and the mean Body Mass Index (BMI = weight/length2
(kg/m2)) was 24.6 (4.8). Forty-eight volunteers of Caucasian, one of Asian, and one of
Negroid race, were included. Seventeen of the female volunteers (56.7%) had a history
of pregnancy. The average environmental temperature was 22.4 (1.1) ˚C and the average
humidity was 46.3 (3.5)%.
82
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The group of 50 patients with scars consisted of 37 female and 13 male patients. The
mean age was 35.1 (14.6) years and the mean age of their scar was 12.7 (12.4) years.
Significantly more female than male patients participated in this study (Chi-Square test:
p<0.001), but no significant differences between male and female patients were found
in age and age of the scar (Mann-Whitney U test: p = 0.96 and p = 0.67, respectively).
Forty-one patients of Caucasian, six of Asian, one of Negroid race, and two of unknown
race were included. Twenty-nine scars were measured on extremities, 18 on the trunk,
and 3 in the head-neck region. The average environmental temperature was 23.0 (0.7)
˚C and the average humidity was 46.3 (2.5)%.

3.2 Reliability
Table 1 shows the ICC of the inter-observer reliability on normal skin. The average
measure ICC for the forearm, upper arm, and abdomen was higher than 0.79. For the
forearm, the single measure ICC for all three measurement parameters was higher
than 0.84. The corresponding CV was the lowest for the mean RRT (8.8%), followed
by the mean Amplitude (16.9%), and the mean Ratio (22.8%). For the upper arm, the
single measure ICC for all three measurement parameters was higher than 0.67. The
corresponding CV was the lowest for the mean RRT (14.3%), followed by the mean Ratio
(20.7%), and the mean Amplitude (23.3%). For the abdomen, the single measure ICC
was higher than 0.66. The corresponding CV was the lowest for the mean RRT (16.6%),
followed by the mean Ratio (23.7%), and the mean Amplitude (25.9%).

Mean RRT

Mean Amplitude

Mean Ratio

Average measure ICC (95% CI)

0.92 (0.86-0.96)

0.91 (0.85-0.95)

0.93 (0.87-0.96)

Single measure ICC (95% CI)

0.85 (0.75-0.91)

0.84 (0.73-0.91)

0.86 (0.77-0.92)

% CV (SEmeas)

8.8 (6.6)

16.9 (18.2)

22.8 (0.7)

Average measure ICC (95% CI)

0.87 (0.78-0.93)

0.85 (0.74-0.92)

0.80 (0.66-0.89)

Single measure ICC (95% CI)

0.77 (0.63-0.87)

0.75 (0.59-0.85)

0.67 (0.49-0.80)

% CV (SEmeas)

14.3 (11.6)

23.3 (30.7)

20.7 (0.6)

0.85 (0.74-0.92)

0.79 (0.64-0.89)

0.83 (0.69-0.90)

Forearm

Upper arm

Abdomen
Average measure ICC (95% CI)
Single measure ICC (95% CI)

0.74 (0.59-0.85)

0.66 (0.48-0.80)

0.70 (0.53-0.82)

% CV (SEmeas)

16.6 (17.3)

25.9 (48.2)

23.7 (0.9)

Table 1. Inter-observer reliability normal skin. Intraclass Correlation Coefficients (ICCs) are shown
for the inter-observer reliability of measurements on the forearm, upper arm, and abdomen.

83

5

Chapter 5

Table 2 shows the ICC of the inter-observer reliability on scar tissue. For all three
measurement parameters the average measure ICC was higher than 0.86. The single
measure ICC for all three parameters was higher than 0.75. The corresponding CV was
the lowest for the mean RRT (10.8%), followed by the mean Amplitude (24.9%), and the
mean Ratio (38.1%).
Mean RRT

Mean Amplitude

Mean Ratio

Average measure ICC (95% CI) 0.96 (0.94-0.98)

0.95 (0.91-0.97)

0.86 (0.75-0.92)

Single measure ICC (95% CI)

0.94 (0.89-0.96)

0.90 (0.84-0.95)

0.75 (0.60-0.85)

% CV (SEmeas)

10.8 (5.6)

24.9 (25.4)

38.1 (2.2)

Table 2. Inter-observer reliability scar tissue. Intraclass Correlation Coefficients (ICCs) are shown
for the inter-observer reliability of measurements on scar tissue.

In the present study, the ICC of the intra-observer reliability was at least higher than
0.83 and the CV was lower than 28.0%. Because in general the intra-observer reliability
is considered to be higher than the inter-observer reliability the results of the intraobserver reliability are not further displayed for both normal skin and scars23.

3.3 Differences between different locations on normal skin (Figure 3a,
3b, and 3c) and differences between normal skin and scars (Figure 4 and
Figure 5)
Comparison of the Reviscometer measurements on different locations on normal skin
showed the highest mean RRT, mean Amplitude, and mean Ratio on the abdomen,
followed by the upper arm, and the forearm.
Figure 3A
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Figure 3. Comparison of the Reviscometer measurements on different anatomical locations.
Error bars = mean ± 1 SD. Statistical testing was performed using the independent t-test. A.
Differences in the mean RRT on three measurement locations on normal skin. *: p<0.001. B.
Differences in the mean Amplitude on three measurement locations on normal skin. *: p = 0.031,
**: p<0.001. C. Differences in the mean Ratio on three measurement locations on normal skin. *:
p = 0.031, **: p = 0.024.

85

Chapter 5

Figure 4 shows an example of a typical curve for scar tissue and normal skin. Figure 5
shows that paired measurements of both the mean RRT and the mean Amplitude
were significantly lower on scars compared to normal skin. The mean Ratio was not
Fig 4
significantly different when comparing
scars to normal skin.
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Figure 4. Example of two typical curves of the Reviscometer. The curves demonstrate the
difference between normal skin and scar tissue.The X-axis displays the 1st to the 36th measurement.
The Y-axis displays the resonance running time (RRT) in arbitrary units.		
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Figure 5. Paired differences between scar tissue and normal skin. Error bars = mean ± 1SD.*:
p = 0.003, **: p<0.001, ns = not significant (paired t-test).
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3.4 Correlation coefficients between different measurement parameters
in normal skin and scars
The Pearson’s correlation coefficient between the mean RRT and the mean Amplitude
was on normal skin 0.30 (p = 0.032) for the forearm, 0.64 (p<0.001) for the upper arm, and
0.65 (p<0.001) for the abdomen and was on scar tissue 0.71 (p<0.001). The correlation
coefficient between the mean Amplitude and the mean Ratio was on normal skin 0.81
(p<0.001) for the forearm, 0.79 (p<0.001) for the upper arm, and 0.59 (p<0.001) for the
abdomen and was on scar tissue 0.78 (p<0.001). There was no significant correlation
between the mean RRT and the mean Ratio for normal skin. For scars, the correlation
coefficient between the mean RRT and the mean Ratio was 0.39 (p = 0.006). This means
not all outcome parameters are completely independent, as they show a variable degree
of correlation.

3.5 Post-hoc power analysis
Because suitable data of measurements of the Reviscometer were lacking, it was not
possible to calculate the sample size that was needed prior to the start of this study.
Therefore, a post-hoc power analysis was performed, using the PASS 2008 program. This
analysis showed that a sample size of 50 subjects with two observations per subject
achieves 99.8% power to detect an ICC of 0.70 under the alternative hypothesis when
the ICC is 0.20 using an F-test with a significance level of 0.05.

Discussion
The Reviscometer was found to be a reliable measurement tool for normal skin and
scars. For measurements on scars both the average measure intra- and inter-observer
reliability were good, as well as the single measure intra- and inter-observer reliability.
This means that for measurements on scars, only one measurement of one observer
is required to obtain reliable results. Similarly, for measurements on normal skin the
average measure intra-observer and inter-observer reliability were good on all three
measurement locations when normal skin was measured by two observers. Because the
single measure inter-observer reliability on normal skin was occasionally lower than 0.7,
we would advise to use two observers for the measurements on normal skin.
Before the start of this study, the mean RRT, the mean Amplitude, and the mean
Ratio were considered as relevant outcome parameters. The mean RRT measures the
speed of propagation of an acoustic wave, which may be indicative of the degree of
alignment (i.e. tissue organization parallel to the epidermis). In the majority of the cases,
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measurements of the mean RRT showed the highest ICC and the lowest CV of the three
outcome parameters, which means that the mean RRT is the most reliable outcome
parameter of the Reviscometer. The mean Amplitude provides additional information
by displaying the mean difference between the RRTmax and the RRTmin and thereby
indicates the fluctuations in the graph. The mean Amplitude appears to be indicative
of the directional variation of the anisotropy. The mean Amplitude showed ICC values
that were in general lower than those for the mean RRT, but substantially higher than
those for the mean Ratio. The same trend was seen for the CV. Besides the mean RRT,
the mean Amplitude is not only a reliable, but also a useful outcome parameter. The
last outcome parameter was the mean Ratio, which was referred to as “Anisotropy”
in a previous report12. Our results showed that the values of this mean Ratio may vary
considerably. If the minimal RRT is very low and approximates zero, the mean Ratio may
rise substantially and display extremely high values and if the minimal RRT equals zero,
the calculation is not possible. As opposed to the mean RRT and mean Amplitude, the
measurements of the mean Ratio showed a relatively low ICC and a relatively high CV.
In addition, in measurements of normal skin and scars a moderate to strong correlation
between the mean Amplitude and the mean Ratio was found. This suggests that the
mean Amplitude and the mean Ratio measure the same entity and indicates that
the mean Amplitude should be preferred. Concluding, we would recommend to use
the mean RRT and the mean Amplitude as outcome parameters for this non-invasive
anisotropy measurement tool.
As expected, clear differences within normal skin were demonstrated between
measurements on the forearm, upper arm, and abdomen. The lowest mean RRT was
found on the forearm, followed by the upper arm, and the abdomen. A low mean RRT
should correspond to a more parallel alignment. In our data, this may imply that of the
three selected locations the most parallel alignment can be found on the forearm. In
addition, the mean Amplitude was the highest on the abdomen, followed by the upper
arm, and forearm. Similarly, the mean Ratio was the highest on the abdomen compared
to the upper arm and forearm. Besides measurable differences on different locations
on the body, we demonstrated that the Reviscometer is able to measure differences
between normal skin and scars. The mean RRT and the mean Amplitude were significantly
lower in scars compared to normal skin. This corresponds to the more parallel alignment
that is found in scars compared to normal skin.
The results of this study on a large population suggested that the mean RRT may correlate
well with the degree of alignment of the tissue that is measured. In previously published
reports different theories have been described on the exact meaning of the RRT. Some
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authors explained the RRT as an indicator of skin firmness, skin stiffness, and skin density10,
, whereas others suggested that the RRT correlates with the direction of the skin
tension lines (Langer’s Lines)12, 14. Dang et al. suggested that the Reviscometer measures
the elastic properties and the direction of the fibers15. However, they published that
the longer the time the waves need to propagate through the material, the higher the
measuring value and the less elastic the material15: a high RRT would hereby correspond
to scar tissue, which can be considered as less elastic compared to normal skin, and
a low RRT would correspond to normal skin. This is in contrast with the data that we
have found: our measurements of 50 scars and 50 normal skin sites clearly showed a
significant lower RRT in scars compared to normal skin. Nevertheless, since in literature
controversies remain on the meaning of the RRT, further research by validating this noninvasive measurement tool is warranted.
12, 16, 24

Previous literature reported possible internal and external influences on the Reviscometer
measurements. Individuals’ age and BMI could be possible internal factors of influence14,
19
. Hermanns-Lê et al. investigated the influence of age and BMI on the RRT and showed
that with increasing age beyond 60 years (if the patients’ BMI ranged between 18 and
25) the RRTmax, the mean RRT, and the CV showed a broader range of values19. We could
not find a substantial and significant correlation between the individuals’ age and the
mean RRT, the mean Amplitude, and the mean Ratio (data not shown). We were not
able to assess the influence of an age above 60 because only three individuals older than
60 years participated in this study. Hermanns-Lê et al. reported that the Reviscometer
outcome parameters were almost unaffected by differences in BMI. Analysis of our data
confirms that no substantial and significant correlation could be demonstrated between
the individuals’ BMI and, on the other hand, the mean RRT, the mean Amplitude,
and the mean Ratio. Possible external influences could include the environmental
temperature and the humidity. Although ideal measurement circumstances would
include a room temperature of 20˚Cb, we accepted a mean room temperature of 22.7˚C:
this temperature was representative for the environmental conditions in the hospital,
where future measurements will also take place. On normal skin, a significant positive
correlation was found between the temperature and on the other hand the mean RRT
and mean Amplitude. There was a moderate correlation that ranged between 0.33 and
0.59 (data not shown). Similarly, a significant negative correlation was found between the
humidity and on the other hand the mean RRT and the mean Amplitude. This correlation
was moderate and ranged between -0.31 and -0.54 (data not shown). Concluding, a high
environmental temperature and a low humidity are associated with a high mean RRT
and a high mean Amplitude. Although the Reviscometer measurements correlate with
2

b

Operation advice for the Reviscometer® RVM 600. Manual Courage and Khazaka Electronic.
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the environmental temperature and humidity, no bias could have been introduced, since
the measurements were performed under similar environmental conditions.
Now that we have found the Reviscometer to be a reliable measurement tool on normal
skin and scars, this non-invasive anisotropy measurement tool has become more eligible
to be used in the evaluation of the efficacy of different treatments that aim to improve
the quality of scars, diseased skin and normal skin. Future studies should focus on the
validation of the Reviscometer and its applicability in the evaluation of healthy skin, skin
diseases, and scars.
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Abstract
Introduction: Normotrophic, hypertrophic, and keloidal scars are different types
of scar formation, which all need a different approach in treatment. Therefore, it
is important to differentiate between these types of scar, not only clinically but also
histopathologically.

Methods: Differences were explored for collagen orientation and bundle thickness
in 25 normal skin, 57 normotrophic scar, 56 hypertrophic scar, and 56 keloid biopsies,
which were selected on clinical diagnosis. Image analysis was done by Fast Fourier
Transformation. The calculated Collagen Orientation Index ranged from 0 (random
orientation) to 1 (parallel orientation). The Bundle Distance was calculated by the
average distance between the centers of the collagen bundles.

Results and Conclusions: The results showed that compared to all three types
of scar the Collagen Orientation Index was significantly lower in normal skin, which
indicates that scars are organized in a more parallel manner. No differences were found
between the different scars. Secondly, compared to normal skin, normotrophic scar, and
hypertrophic scar, the Bundle Distance was significantly larger in keloidal scar, which
suggests that thicker collagen bundles are present in keloidal scar. This first extensive
histological study showed objective differences between normal skin, normotrophic,
hypertrophic, and keloidal scar.
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Introduction
Scars frequently cause both functional and esthetical problems. Especially patients
with extensive burn wounds are faced with limited mobility by scar contraction and
stiffness. In addition, scars frequently cause complaints of pruritus and pain1. Cosmetic
disfigurement caused by scars may lead patients to suffer from psychosocial problems,
which in turn may result in a decreased quality of life2. Scars are normally classified
according to their clinical behaviour and appearance. They are frequently categorized
as normotrophic, hypertrophic, and keloidal. A clinical distinction especially between
hypertrophic and keloidal scar is important, but sometimes remains difficult (Table 1).
Even though these different scars require distinct therapeutic strategies, the terms are
still used inconsistently and interchangeably3, 4. In addition, the histological distinction
between normotrophic, hypertrophic, and keloidal scar is still controversial. Previous
histological studies showed contradictory results, especially the collagen orientation and
the thickness of the collagen bundles in different scars remained unclear5-18 (Table 2).
Moreover, most conclusions of these histological studies were based only on expert
descriptions and their analyses were not performed according to a standard protocol.
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Normotrophic scar Hypertrophic Scar

Keloidal scar

Incidence rate in
general population

-

- After surgery: 39-68%
- After burns: 33-91%19

Age of preference

-

- General: highest
incidence in second
decade20, 21
- After burns: higher
incidence in children22
Chest, back, shoulders,
and buttocks22

- In the Asian, Negroid,
and Spanish people:
4.5-16%4
- 0.2-1% in other races
Highest incidence in
second decade20, 21

Anatomical preference -

Family predisposition

-

Present25

Earlobes, shoulder,
anterior chest, upper
arms, and cheeks4, 23, 24
- Present25
- Autosomal dominant
and recessive patterns
have been described20
Sometimes no
antecedent trauma16, 17
No, extending beyond
boundaries of wound4,

Association with
Always
cutaneous trauma
Scar limited to
Yes
boundaries of wound?

Always

Period between
trauma and clinical
diagnosis
Regression of scar
thickness in time
Recurrence rate after
surgical excision
Association with
contracture

-

Within 4 weeks

-

Yes

On the average
after 3 months until
approximately 1 year21
No4, 17

-

10%27

45-100%27

Yes

Yes

No24

Yes

17, 26
23

Table 1. Literature overview of clinical differences between normotrophic, hypertrophic, and
keloidal scar

Collagen is the main component of the extracellular matrix and plays an essential role,
both for strength and elasticity of healthy skin and scar tissue. Eighty-five percent of
the dermis consists of collagen28. Extensive studies on the evaluation of the collagen
architecture are scarce and most of them were published decades ago8, 12, 15, 29, 30 (Table
2). Nevertheless Holmstrand et al.31, Ferdman et al.32 and Bowes et al.33 attempted to
come to an objective evaluation of the collagen orientation by making use of X-ray and
the scattering of light. Unfortunately, at that time methods were not evaluated for their
reliability and validity before the start of a study. In 2002, Van Zuijlen et al. showed the
possibility of performing accurate and reliable objective measurements of the collagen
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orientation in burn scars, by using the Fast Fourier Transform analysis34. By means of this
technique, the collagen orientation of burn scars and the influence of mechanical load
at joints was further elucidated35, as well as the effect of a dermal substitute on collagen
orientation36 and the effect of cryotherapy on hypertrophic and keloidal scars37, 38. We
are the first to use this objective Fast Fourier Transform analysis in the evaluation of the
collagen architecture in three different scar types and in normal skin.

Collagen orientation

Collagen bundle
thickness
Packing of collagen
bundles
Collagen synthesis

Collagenous-cellular
nodules

Normotrophic scar

Hypertrophic Scar

Keloidal scar

Parallel

Parallel

Parallel8

12, 16

12

- Random orientation10
- Haphazard
organization11, 17
Abnormally thick
collagen bundles8, 29
Loose16

Unknown

Fine collagen bundles8

Close10, 16
Loose12
Increased compared
to normal skin15

Close12, 16
Loose10
Twice as much as
Predominantly
normotrophic scar5-7, 12 increased, varying
from normal to very
high5-7
Present12, 13, 17
- Present9, 13, 14, 17, 18, 29
- Present but
dependent on way of
sectioning11
Absent8
- Within the nodules: Unknown
random orientation8
- Outside the nodules:
parallel orientation8

Absent8

Orientation within and Absence of nodules
outside of the collagen
nodules

6

Table 2. Literature overview of histological differences in collagen structure between
normotrophic, hypertrophic, and keloidal scar

Since there is lack of objective information on the collagen morphology, the aim of this
study is to provide objective histological and morphometrical data on collagen orientation
and collagen bundle thickness in normal skin, normotrophic scar, hypertrophic scar, and
keloidal scar at different depths in the dermis. This could enable us, by using objective
data, to confirm that these scars are histologically different. This knowledge may provide
more insight into basic wound healing mechanisms and may help to develop therapies
preventing aberrant scarring. Additionally, this is important to come to an improved
diagnosis of different scar types and therefore a better assessment of recurrence rate,
choice of therapy, and success of treatment.
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Materials and Methods
2.1 Patients
One hundred and eight different patients participated and underwent biopsies. Forty
patients underwent multiple biopsies. They were treated at the department of Plastic,
Reconstructive, and Hand Surgery of the Academic Medical Centre Amsterdam, the
Red Cross Hospital Beverwijk and the University Medical Centre Groningen. Before
enrolment, all patients or their legal representatives gave oral or written consent. The
use of material of human subjects was reviewed and approved by the coordinating
ethics committee. Patient characteristics are listed in Table 3.
A total of 194 biopsies, consisting of 25 normal skin, 57 normotrophic scar, 56 hypertrophic
scar, and 56 keloid specimen were harvested during standard surgical procedures
or specifically for histological evaluation of the scar. These biopsies were clinically
subdivided into the diagnoses normal skin, normotrophic, hypertrophic, and keloidal
scar. The clinical diagnosis of normotrophic scar was established if the elevation of the
scar was less than 2 mm above the normal surrounding skin. Diagnosis of hypertrophic
scar was established if the elevation of the scar was more than 2 mm above the normal
surrounding skin. This cut-off point relates to the parameter “height”, which is part of
the Vancouver Scar Scale, a scale that is commonly used for burn scar assessment39.
The clinical diagnosis of keloidal scar was based on the criterion that the scar had to be
elevated and extended beyond the dimensions of the original injury site or lesion. All
normotrophic and hypertrophic scars were caused by burn trauma. The keloidal scars
were caused by (burn) trauma, surgery, infection, vaccination, ear piercing, shaving and
part of these scars appeared without preceding skin trauma.
Total biopsies

Normal skin

25

Number of
biopsies of male/
female patients
16/9

Normotrophic
scar
Hypertrophic
scar
Keloidal scar

57

38/19

34.6 (12.8-74.9)

5.3 (0.6-40.3)

56

33/23

34.1 (15.0-62.3)

2.9 (0.3-21.1)

56

19/37

31.2 (15.4-62.9)

4.7 (0.2-31.0)

Total

194

106/88

34.0 (12.8-74.9)

4.3 (0.2-40.3)

Table 3. Patient characteristics
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Mean age of
patient in years
(range)
36.1 (15.7-62.3)

Mean age of
scar in years
(range)
-
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2.2 Harvesting and processing of biopsies
Biopsies were harvested after disinfection of the area of interest and local infiltration
with lidocaine as a 1% solution with epinephrine. They were fixed in 4% formalin for
24 hours and dehydrated by standard histological procedures. Finally, biopsies were
embedded in paraffin, cut on a microtome (5 μm sections) and mounted on glass slides.
The slides were cut perpendicular to the skin surface and stained with haematoxylineosin. One slide of each biopsy of normal skin or scar tissue was obtained and analyzed.

2.3 Confocal Laser Scanning Microscopy
The slides were imaged with a Leica SP2-AOBS confocal microscope (Leica-Microsystems,
Mannheim, Germany). The excitation of eosin was 488 nm and the detection of eosin was
580-640 nm. Slides were scanned in a 512 × 512 format. The scanned area corresponded
with 794 μm × 794 μm. Images were adapted to the full dynamic range of the system (8
bit). A pinhole setting of 1 Airy was used. We used the fluorescent properties of eosin to
avoid dominance of the haematoxylin stained nuclei in a classic bright field image.
From each slide, two images were taken at different levels of depth in the dermis
(Figure 1). These images were scanned with the epidermis in a horizontal plane. Because
of the thickness of keloidal scars, two extra images were obtained from deeper dermal
layers, when available. The first image was taken in the most superficial dermal layer,
directly underneath the epidermis (abbreviated as “sup”). The second image was
selected directly underneath the first image (abbreviated as “deep”). Two additional
images were taken for keloidal scar: one image was taken in the middle of the dermis,
between the epidermal-dermal border and the dermal-fatty tissue border (abbreviated
as “mid”), and the other image was taken at the border of the dermis and fatty tissue,
in the deepest level of the dermis (abbreviated as “bottom”). All images were scanned
according to a fixed protocol: the first image was selected in the middle of the slide,
directly underneath the epidermis. The next images were scanned in the same line
deeper into the dermis. Our measurements could therefore not be subject to selection
bias. This is relevant because previous studies described that the collagen morphology
could be influenced by the presence of collagen nodules8, 9, 14, 17, 18, 29. Collagen nodules
are seen in hypertrophic and keloidal scars, and are characterized by a high density of
cells and collagen. However, due to our fixed scanning protocol we could not influence
the presence or absence of these nodules and therefore the collagen morphology that
we registered was established in an unbiased way.
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Figure 1. The areas of the
scanned images for the Fast
Fourier Transform analysis.
The measurement frame is
794 μm x 794 μm. (a) Levels of
measurement in normal skin,
normotrophic, and hypertrophic
scar: “sup” = superficial dermis
and “deep” = deep dermis.
(b) Levels of measurement in
keloidal scar: “sup” = superficial
dermis, “deep” = directly under
the superficial dermis, “mid” =
in the middle of the dermis, and
“bottom” = on the dermis - fatty
tissue border.

2.4 Fast Fourier Transform analysis
All images were analyzed with the Fast Fourier Transform module of the Qwin Pro image
analysis software (version 2.2 Leica Imaging Systems LTD, Cambridge, United Kingdom).
From each image, a zeroth-order maximum and a first-order maximum power plot
was generated. Figure 2 displays the power plot of the zeroth order maximum. The
[1-(width/length)] ratio which is generated from this power plot, stands for the Collagen
Orientation Index (COI) of the image.
In the original publication by de Vries et al. and Van Zuijlen et al., the COI was
calculated as the width/length ratio of the zeroth-order maximum34, 40. Later, after full
consideration, this was changed into [1-(width/length)], as this appeared to be a more
natural representation of randomness by zero and a perfectly parallel alignment by
one35. Figure 2 displays the power plot of the first-order maxima, where “d” corresponds
with the distance between the centres of gravity. This distance is used as a measure of
the averaged distance between the middle of collagen bundles (λ). To determine the
real distance, the following formula is used: λ = 794 μm x [1/(0.5 × d)]. In this article,
the distance λ is called the Bundle Distance (BD). It is important to realize that BD and
collagen bundle thickness cannot be fully used interchangeable, since BD also depends
on the collagen bundle density and thus on the space between the adjacent collagen
bundles.
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Figure 2. Fourier analysis. (a) Aspect of the collagen architecture of normotrophic scar by
confocal microscopy. (b) Zeroth order power plot of the Fourier analysis. (c) Calculation of the
Collagen Orientation Index (COI): [1-(width/length)] (d) First order power plot of the Fourier
analysis. (e) Calculation of the Bundle Distance (BD): λ = 794 μm x [1/(0.5 × d)].

2.5 Statistical analysis
Statistical analysis was performed using SPSS for Windows version 16.0. Normal
distribution was tested by applying the Kolmogorov-Smirnov test and by calculating
the Skewness and Kurtosis. If the population was normally distributed, the Oneway
ANOVA was applied to test if any significant differences were expected to be found. The
independent t-test or, in case of paired data, the Paired samples t-test was used to take
out these significant differences. The Standard Deviation, 95% Confidence Interval, and
the P-value were given where appropriate. The significance criterion was set at 0.05.
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Results
Figure 3 displays characteristic images of the collagen architecture in normal skin and
different types of scars.

Figure 3. Aspect of the collagen architecture in normal skin and different scars by confocal
microscopy. (a) Normal skin, (b) Normotrophic scar, (c) Hypertrophic scar, and (d) Keloidal scar.
The scale bar in figure 3a represents 100 µm and is applicable to figure 3b, 3c, and 3d as well.

3.1 Differences between normal skin, normotrophic, hypertrophic, and
keloidal scar
A. Collagen Orientation Index
Figure 4a and Figure 4b show that compared to normotrophic, hypertrophic, and
keloidal scar, the COI in normal skin was significantly lower. These differences were
found for both superficial (COIsup) and deep dermis (COIdeep). In superficial dermis the
lowest COI was found in normal skin (0.31±0.10), followed by normotrophic (0.41±0.13),
keloidal (0.44±0.15), and hypertrophic scar (0.46±0.16), respectively. Similarly, in deep
dermis the lowest COI was found in normal skin (0.27±0.11), followed by normotrophic
(0.35±0.14), keloidal (0.36±0.13), and hypertrophic scar (0.38±0.14), respectively.
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Fig.4A	
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Figure 4a. The Collagen Orientation Index in superficial dermis. Independent t-test: * = p< 0.005,
** = p< 0.001. Standard Deviation (SD) of the COIsup: normal skin = 0.10, normotrophic scar =
0.13, hypertrophic scar = 0.16, and keloidal scar = 0.15. Error bars ± 1 SD.
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Collagen Orientation Index in deep dermis
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Figure 4b. The Collagen Orientation Index in deep dermis. Independent t-test: * = p<0.05,
** = p<0.01, *** = p<0.001. Standard Deviation (SD) of the COIdeep: normal skin = 0.11,
normotrophic scar = 0.14. , hypertrophic scar = 0.14, and keloidal scar = 0.13. Error bars ± 1 SD.
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Bundle Distance in superficial dermis
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Figure 5a. The Bundle Distance in superficial dermis. Independent t-test: * = p< 0.05, ** = p<
0.005, *** = p<0.001. Standard Deviation (SD) of the BDsup: normal skin = 5.58, normotrophic
scar = 4.77, hypertrophic scar = 4.10, and keloidal scar = 22.65. Error bars ± 1 SD.
Fig.5B	
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Figure 5b. The Bundle Distance in deep
dermis. Independent t-test: * = p<0.05, ** = p<0.001.
Standard Deviation (SD) of the BDdeep: normal skin = 4.79, normotrophic scar = 4.70, hypertrophic
scar = 6.41, and keloidal scar = 26.36. Error bars ± 1 SD.
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B. Bundle distance
Figure 5a and Figure 5b show that compared to normal skin, normotrophic scar, and
hypertrophic scar, the BD in keloidal scar was significantly larger. These differences were
found for both superficial (BDsup) and deep dermis (BDdeep). In superficial dermis the
largest BD was found in keloidal scar (27.30±22.65), followed by normal skin (19.17±5.58),
normotrophic scar (16.80±4.77) and hypertrophic scar (14.87±4.10), respectively.
Similarly, in deep dermis the largest BD was found in keloidal scar (42.50±26.36), followed
by normal skin (21.62±4.79), normotrophic scar (19.24±4.70) and hypertrophic scar
(18.59±6.41), respectively. Additionally, Figure 5a and Figure 5b show that compared to
normal skin, the BD in normotrophic and hypertrophic scar is smaller. These differences
were found for both superficial (BDsup) and deep dermis (BDdeep).

3.2 Paired differences between superficial and deep dermis
A. Collagen Orientation Index (Table 4)
For all three types of scar, the COI in superficial dermis was significantly higher than in
deep dermis (paired samples t-test).
B. Bundle Distance (Table 4)
For all three types of scar, the BD in superficial dermis was significantly smaller than in
deep dermis (paired samples t-test).

6
Paired differences

95% CI of the Difference

COIsup – COIdeep

Mean Difference

Lower

Upper

P - value

Normal skin
Normotrophic scar
Hypertrophic scar
Keloidal scar
BDsup – BDdeep
Normal skin
Normotrophic scar
Hypertrophic scar
Keloidal scar

0.046
0.060
0.076
0.079

-0.006
0.009
0.027
0.037

0.099
0.111
0.125
0.121

0.079
0.05
0.005
0.001

-2.266
-2.142
-3.450
- 14.595

-5.077
-3.507
-5.121
-21.902

0.545
-0.778
-1.780
-7.288

0.109
0.005
0.001
0.001

Table 4.Paired differences between superficial and deep dermis. Paired samples t-test: Differences
in COI and BD between superficial and deep dermis. The “Mean Difference”, which is calculated
in the second column displays the COIsup minus the COIdeep and the BDsup minus the BDdeep,
respectively.

3.3 Keloidal scar: differences in four different depths
A. Collagen Orientation Index (Figure 6a)
In keloidal scar the lowest COI was found in level “deep” (0.36±0.13), followed by level
“bottom” (0.40±0.14, nearly significant), and “sup” (0.44±0.15), respectively.

107

Chapter 6

B. Bundle Distance (Figure 6b)
In keloidal scar the largest BD was found in level “deep” (42.50±26.36), followed by level
“sup” (27.39±22,65), “mid” (31.60±22.49), and “bottom” (29.76±19.32), respectively.
Fig.6A	
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Figure 6a. Collagen Orientation Index in keloidal scar. Paired samples t-test: * = p<0.001.
Standard Deviation (SD) of the difference “sup-deep” = 0.16, and “deep-bottom” = 0.17. Error
bars ± 1 SD.		
Fig.6B	
  

Bundle Distance in keloidal scar
	
  	
  	
  *	
  

80

Bundle Distance (µm)

	
  	
  	
  	
  	
  **	
  

	
  *	
  

60

40

42.50

20

31.60

27.39

0

BDsup

BDdeep

BDmid

29.76

BDbottom

Figure 6b. Bundle Distance in keloidal scar. Paired samples t-test: * = p<0.05 and ** = p<0.001.
Standard Deviation (SD) of the difference “sup-deep” = 24.88, “deep-mid” = 27.42, “deep-bottom”
= 29.53. Error bars ± 1 SD.
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Discussion
In our study we objectively analyzed a large study population of 194 biopsies in the
same fashion, using a reliable and validated measurement tool. Our aim was to provide
objective histological and morphometrical data on collagen architecture concerning its
orientation and bundle thickness. Clear differences in collagen morphology between
normal skin, normotrophic, hypertrophic, and keloidal scar were demonstrated. In the
first place we concluded that, compared to normal skin, the collagen bundles were
more parallel organized in all three types of scars. Secondly, compared to normal skin,
normotrophic scar, and hypertrophic scar, our data strongly suggest that the collagen
bundles were significantly thicker in keloidal scar. Thirdly, compared to superficial
dermis, the distance between collagen bundles was higher and the collagen bundles
were more randomly organized in deep dermis. Finally, analysis of the keloidal collagen
structure in four different dermal layers showed that the largest Bundle Distance and
the most randomly organized collagen bundles were found in the dermal layer, located
approximately 0.8 to 1.6 mm under the epidermis. These results provide new insights
into and objective data on collagen morphology, and extend previously published
descriptive studies8, 11, 12, 17, 29.
Concerning the collagen organization, many previous studies showed that a collagen
bundle orientation parallel to the epithelial surface was characteristic for normotrophic,
mature hypertrophic, and keloidal scar, whereas in normal skin a more three-dimensional
basket-weave like network was seen8, 12, 13, 17. However, other reports described random
and haphazardly orientated collagen bundles in keloidal scar10, 11, 16, 17. Our objective
data show that, compared to normal skin, collagen bundles in all types of scar tissue
are organized in a more parallel manner. Concerning the Bundle Distance, studies by
Blackburn et al. and Ehrlich et al. described the presence of abnormally thick collagen
bundles in keloidal scar and the absence of these thick collagen bundles in hypertrophic
scar8, 29. We confirmed and extended these findings by providing objective data which
showed a higher Bundle Distance in keloidal scar compared to hypertrophic scar. In
addition, we extended their findings by showing a higher Bundle Distance in keloidal
scar compared to normotrophic scar. Linares et al. found that collagen bundles in
hypertrophic scar compared to normal skin were relatively thin12. Complementary, we
found a smaller Bundle Distance in normal skin compared to both normotrophic and
hypertrophic scar.
Collagen morphology probably will change during scar maturation. Therefore we
investigated mature scars, which were already in a steady-state. In some cases, we did
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not know the exact age of the keloidal scar, since these patients had difficulties recalling
the exact date of onset of the keloidal scar. However, the majority of the keloidal scars
were more than a few years in age (average: 4.7 years). A erroneous estimation with a
difference of months was therefore not considered to be of relevant clinical importance.
Furthermore, in our study sample we did not find a correlation between the age of a scar
and the collagen orientation or the collagen bundle thickness (data not shown).
In conclusion, we performed the first extensive study in which differences in collagen
structure between normal skin, normotrophic scar, hypertrophic scar, and keloidal scar
in varying depth levels of the dermis were objectified. For the first time, by means of
an objective measurement method, scars were proven to be different from normal
skin and additionally, keloidal scar was proven to be different from other scar types.
This knowledge may provide a basis for elucidating the pathogenesis of aberrant scar
formation. In fact, it can be of great importance in the development of new preventive
therapies concerning aberrant scarring. Finally, these histological differences in collagen
structure can provide useful additional information for the distinction between different
scars, which in clinical practice is of great importance to select appropriate scar
treatment3, 4. Since we have demonstrated that wound repair processes do not result
in a restoration of the original collagen architecture, we advocate that the regeneration
of the collagen network, which accounts for 85% of the dermis, becomes a key focus of
future research into tissue engineering and aberrant scar formation.
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Abstract
Background: Plastic surgeons are often faced with large defects that are difficult to
close. Primary wound closure may be facilitated by intraoperative stretching of adjacent
skin. In clinical practice, intraoperative stretching is performed in a cyclical or continuous
fashion. Up to now, mechanisms of tissue adaptation to stretch have not been fully
elucidated. Therefore, we investigated collagen orientation and morphology of healthy
skin after cyclical and continuous stretch and compared this with stretched and nonstretched scarred tissue.

Methods: Human healthy skin and scar tissue were stretched, fixed in stretchedout position, and processed for histology. Eosin fluorescence was imaged by confocal
microscopy and analyzed using Fourier analysis and Distance Mapping to objectively
quantify the collagen orientation index (COI), collagen bundle thickness, and collagen
bundle spacing.
Results: Stretching of healthy skin resulted in significantly more extension (+53%, 3664%) than scar tissue (+23%, 12-36%). A significantly higher COI was found after cyclical
(0.57, 0.33-0.82) and continuous stretch (0.57, 0.25-0.78) compared to non-stretched
skin (0.40, 0.17-0.56). Similarly, significantly thicker collagen bundles and more space
between the bundles were found after stretch. For stretched scar, a significantly higher
COI was found (0.61, 0.38-0.86) compared to non-stretched scar (0.49, 0.17-0.81).

Conclusions: This quantitative study objectively showed that stretching of healthy
skin and scar tissue induces adaptation in collagen orientation and morphology. Collagen
bundles realign in a parallel fashion in the direction of stretch. For healthy skin, thicker
bundles and more space between the bundles were found. Rapid changes in extension,
alignment, and collagen morphology appear to be the underlying mechanism of
adaptation to stretching.
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Introduction
In clinical practice, plastic surgeons are often faced with large skin defects that are difficult
to close primarily. Techniques with poor cosmetic outcome, such as split-skin grafting of
the defect can be performed as well as complex reconstructions, such as (free) flaps, to
close these wounds. However, the need for these (complex) techniques can sometimes
be circumvented by stretching adjacent healthy skin, followed by primary closure. The
skin can be relatively simply stretched by exerting tension along the wound margins using
a skin-stretching device, which was introduced by Hirshowitz et al.1. This device allows
intraoperative stretching by exerting stretch onto the skin for four minutes, alternated
by one minute of rest, which is performed in approximately 30 minutes1. This way of
cyclical skin-stretching is feasible due to the property of the skin known as mechanical
creep (i.e. elongation of skin with a constant load over time)2. Although this property has
been frequently described, the underlying mechanisms have not been fully elucidated.
Besides cyclical stretch, in clinical practice, other stretching systems are used that apply
continuous stretching force onto the skin3. To elucidate the adaptation mechanisms of
either cyclically or continuously stretched healthy skin, comparison with stretched scar
tissue may provide valuable additional data. Moreover, further knowledge on adaptation
of scar tissue in response to stretch is clinically relevant: scar tissue is stretched when
splinting is performed to correct burn scar contraction, but also in tissue expansion or
in skin-stretching adjacent scar tissue is stretched. Up to now, collagen morphology of
stretched scar tissue has not been investigated.
The larger part of the skin is the dermis and 85 percent of this dermal layer consists
of collagen4. Collagen is a major component of the extracellular matrix and plays a key
role in the strength and elasticity of skin. Therefore, for investigating the adaptation
of healthy skin and scar tissue in response to stretch, collagen morphology is of major
importance. In this study, we focus on the adaptation in collagen morphology after
stretch in terms of collagen orientation, collagen bundle thickness, and collagen bundle
spacing. We already demonstrated differences in collagen morphology between healthy
skin and different types of scars5. Besides collagen, the viscoelastic properties of healthy
skin and scar tissue may be affected by the quantity and direction of elastic fibers6-8.
Therefore, also the percentage and orientation of elastic fibers were analyzed.
Various studies on porcine skin described histological changes after stretch: qualitative
histological analysis showed no alignment of the collagen bundles after tissue expansion9.
In this study, 4 mm Ø punch biopsies were taken and fixed in non-stretched position.
On the other hand, collagen orientation after tissue expansion was described as being
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parallel aligned to the skin surface10. In other studies, the collagen orientation after
cyclical stretch was quantitatively assessed, which showed alignment of the collagen
bundles in the stretch direction2, 11. However, both studies at that time did not fix the
porcine skin in stretched-out position, which may have had influence on alignment of
the collagen bundles. Therefore, based on this previously published literature, alignment
of collagen in response to stretch remains a controversial concept. This study is an
attempt to solve this controversy. We applied cyclical and continuous stretch on human
healthy skin and continuous stretch on scar tissue and compared this with non-stretched
skin and scar tissue, respectively. Cyclical stretch was applied, since it was previously
shown that more extension was reached through repeating skin stretch several times12,
13
. This was compared to a continuously exerted high amount of stretch, which is another
stretch mechanism used for wound closure3. Unique for this study is the combination of
three factors: healthy skin and scar tissue were stretched and compared to each other,
all samples were fixated in stretched-out position, and objective quantitative analyses
were performed using Fourier analysis and Distance Mapping. These methods were
shown to be reliable and valid for the quantification of the collagen orientation14 and
collagen morphology15. Further knowledge on adaptation of healthy skin and scar tissue
in response to stretch may contribute to improvement of current therapies: this study
may further elucidate which method of stretching may prove best for closure of large
wounds. Moreover, our experiments which exert stretch on scar tissue may explain
potential adaptation of scar tissue when splinting is performed to correct burn scar
contractures.

Materials and methods
2.1 Patients
Patient material was collected from July 2009 until February 2010. Healthy skin was
obtained from 20 patients (19 female) undergoing surgery where healthy skin with a
minimum size of 7×10.5 cm became available. Patients were excluded when stretch
marks were present on the area of interest. The mean patient age was 38 years (23-51
years) and the mean body mass index at the time of surgery was 26.4 (19.8-32.8).
Scar tissue was obtained from 10 patients (five female) undergoing reconstructive
surgery. Those patients were included when the scar was at least one year old and had
a minimum size of 7×7 cm. The mean patient age was 35 years (6-54 years) with a mean
age of the scar of 11 years (1-32 years). Nine out of 10 scars were burn scars and one scar
remained after split skin grafting of a wound.
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All patients were healthy with an insignificant medical history. The stretch procedure was
performed within 24 hours postoperatively. All patient material used was residual tissue,
which is normally discarded after surgery. The protocols of the Federation of Dutch
Medical Scientific Societies, which are adapted by the coordinating Ethics Committee
in the Netherlands, permit the use of anonymized residual tissue. All patients or legal
representatives gave written informed consent.

2.2 Stretch procedure
For healthy skin a preoperative design was made to allow for determination of the
skin sample dimensions in vivo. After harvesting, three strips of 3.5×7.0 cm were cut.
Subsequently, strips were fixed on a workbench with a skin-stretching device that
allowed controlled regulation of mechanical load (Figure 1). During the stretch sessions,
extension of the skin strip was monitored using a calliper. The strips were clamped in
situ in stretched-out position at the end of each procedure by specially designed clips.
Different stretch procedures were performed: the first strip being a control strip, where
no stretching was performed (Ctrl). The second strip was cyclically stretched: six times
stretching for four minutes using 30 Newton, alternated by one minute of relaxation
between every cycle (Str.6×30N). This stretch regimen was used because it was proven
to be effective in both experimental4, 13 and clinical experiments16, 17. The third strip
was continuously stretched for 30 minutes using 55 Newton (Str.55N). 55 Newton can
be considered as a very high load onto the skin. Exerting more stretch onto the tissue
became impracticable in this experimental setup. This stretch regimen, which is also
used in clinical practice3, was chosen for comparison with cyclical stretching and for
further investigation of a possible role of a high stretching force on permanent tissue
damage (e.g. stretch marks).
For scar tissue, two strips of 3.5×7.0 cm were harvested: a control strip (Ctrl-Scar) and
a strip undergoing continuous stretch of 55 Newton during 30 minutes (Str.55N-Scar).
Fixing the strips was similar to the strips of healthy skin.

2.3 Histology
Once the strips were fixed in the clips, the tissue was immediately fixed in 4% freshlyprepared formaldehyde for at least 24 hours. Subsequently, biopsies were dehydrated
and embedded in paraffin. Sections (5 μm) were mounted on glass slides and sections
were cut parallel with the direction of the stretch. All sections were stained using
haematoxylin-eosin and elastin was stained according to von Giesson.
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Figure 1. Experimental setup. A strip of human skin was stretched with a skin-stretching device
fixed onto a work bench. The gold-colored “turning knob” (right) allows for controlled regulation
of the tension on the strip.

2.4 Confocal laser scanning microscopy
We used the fluorescent properties of eosin to avoid dominance of haematoxylinstained nuclei in a classical bright-field image. Sections were imaged using a Leica SP2AOBS confocal microscope (Leica-Microsystems, Mannheim, Germany). Excitation and
emission of eosin were performed at 561 nm and 580-640 nm, respectively. A 10×/NA
0.4 objective was used with an additional zoom of 1.89, resulting in a scanned area of
794×794 μm and a pixel size of 0.78 μm. Images had a 1024×1024 format. A pinhole
setting of 1 Airy was used, resulting in an optical section with an approximate thickness
of 5 μm. All acquired images were adapted to the full dynamic range of the system (8
bit). The same protocol was used for all images and each image was taken in the middle
of the section, directly underneath the epidermis.

2.5 Fourier analysis
All images were analyzed with the Fourier analysis using Qwin Pro software (Leica
Imaging Systems, Cambridge, UK). A zeroth-order maximum power plot was generated.
The [1-(width/length)] ratio which is generated from this zeroth-order maximum power
plot, stands for the collagen orientation index (COI) of the image: zero corresponds to a
perfectly random orientation and one to a perfectly parallel alignment of the collagen
bundles14, 18. The Fourier analysis for these purposes is reliable and has been validated14.
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2.6 Distance Mapping
The thickness of collagen bundles and the distance between collagen bundles were
measured with Qwin Pro software. After segmentation of either the collagen bundles
or the space between bundles, the thickness of the bundles and the bundle spacing,
respectively, were determined using the combination of a distance function and a
skeleton function. A distance function creates a grey image from a binary image by
setting the grey level at each point to a value that represents its distance to the nearest
edge. A skeleton function reduces a binary image to pixel-wide lines by subsequent
erosion steps. Using the skeleton as a mask to measure the densities in the distance plot
gives an average value of the width of the structures involved. Two outcome values were
generated: the average thickness of the collagen bundles or bundle thickness (BTh) and
the average distance between the collagen bundles or bundle spacing (BSp)15.

2.7 Elastic fibers
The quantity and orientation of the elastic fibers were analyzed by two experienced
observers who scored all von Giesson-stained sections independently from each other.
The sections were blinded to prevent bias. A five-step scale was used for scoring the
orientation: 0 = extremely random, 1 = predominantly random, 3 = mixed organization,
4 = predominantly parallel, and 5 = extremely parallel. This five-step scale has been
previously used to score the collagen orientation and was found to be reliable and
valid14. A five-step scale was used for scoring the quantity of elastic fibers: 1 = none (0%),
2 = lower than average (0-4%), 3 = average (4%-6%), 4 = above average (6-10%), and 5
= excessive (>10%). These percentages were based on studies demonstrating that the
average amount of elastin in the dermis ranges between four19 and six percent20.

2.8 Statistical analysis
Data were analyzed using PASW 18.0 (SPSS Inc., Chicago, USA). Normal distribution was
tested by applying the Kolmogorov-Smirnov test, by analysis of the histograms, and by
calculating the skewness and kurtosis. If the population was normally distributed, paired
data were tested using the paired t-test and independent data were tested using the
independent t-test. If the population was not normally distributed, the Mann-Whitney
U (MWU) test or, in case of paired data, the Wilcoxon signed ranks test was used to
identify significant differences. The range and P-value are given where appropriate. The
two-tailed significance criterion was set at 0.05.
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Results
3.1 Stretching of healthy skin and scar tissue
Stretching the healthy skin resulted in an average augmentation in length from 2.5 cm
to 3.8 cm (+53%, 36-64%) for both the Str.6×30N group and the Str.55N group (n = 18).
For stretched scar tissue, length of the strips increased from 2.5 cm to 3.1 cm (+23%, 1236%, n = 10). Significant differences were found between the extensibility of healthy skin
and scar tissue (+53% vs +23%, MWU test, p<0.001).

					

Figure 2A-2C. Representative confocal microscopy pictures of healthy skin biopsies in the Ctrl
(A), Str.6×30N (B), and Str.55N (C) groups. Scale bar = 200 µm.
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3.2 Collagen orientation index
Representative images of healthy skin in the Ctrl, Str.6×30N, and Str.55N groups are
shown in Figure 2A-2C. For non-stretched and stretched scar tissue representative
images are shown in Figure 3A and Figure 3B, respectively.

Figure 3A and B. Representative confocal microscopy pictures of scar biopsies in the Ctrl-Scar
(A), and Str.55N-Scar (B) groups. Scale bar = 200 µm.

The results for the COI of healthy skin that was subjected to different stretch regimens
are displayed in Figure 4: a significantly higher COI was found for the Str.55N and
Str.6×30N compared to the Ctrl group (Table 1). No differences were found between the
Str.55N and Str.6×30N groups. In Figure 5 the results are displayed for the COI of nonstretched and stretched scar tissue. A significantly higher COI was found for the Str.55NScar compared to the Ctrl-Scar group (Table 1).
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Collagen orientation index in healthy skin

collagen orientation index
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Figure 4. Boxplot representing the collagen orientation index of non-stretched,
cyclically, and
continuously stretched healthy skin. The box displays the interquartile range (IQR), with the line in
the box indicating the, median value. The mean values are indicated at the left side of the box. Error
bars indicate the range (minimum and maximum value). When the values exceed 1.5×IQR, they
are indicated as an outlier. Statistical testing was performed using the Wilcoxon signed ranks test.
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Figure 5. Boxplot representing the collagen orientation index in 5stretched and non-stretched
scar tissue. The box displays the IQR, with the line in the box indicating the median value. The
mean values are indicated at the left side of the box. Error bars indicate the range (minimum and
maximum value). Statistical testing was performed using the Wilcoxon signed ranks test.
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Str.55N

0.57 (0.33-0.82)

Str.6×30N

8.53 (7.47-10.06)

5.77 (4.87-6.97)

0.49 (0.17-0.81)

Ctrl-Scar

8.92 (7.67-10.29)

5.75 (4.31-7.53)

0.61 (0.38-0.86)

Str.55N-Scar

SCAR TISSUE

0.285

0.767

0.047

P-value

Table 1. Collagen orientation and morphology of healthy skin and scar tissue. Mean values and range of the collagen orientation index, bundle
thickness and bundle spacing of healthy skin and scar tissue. Statistical testing for healthy skin is represented in Figure 4, Figure 6A and Figure 6B.
Statistical testing of scar tissue was performed using the Wilcoxon signed ranks test.
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3.3 Collagen bundle thickness and bundle spacing
The BTh and BSp of healthy skin biopsies were significantly higher in the Str.6×30N and the
Str.55N than the Ctrl group (Figure 6A and Figure 6B), whereas for scar tissue no significant
differences between the Ctrl-Scar and the Str.55N-Scar group were found (Table 1).
Bundle thickness in healthy skin
p≤0.005

bundle thickness in µm

8

p≤0.01

6.0

6

5.4

Fig 6A

4

2

0

Ctrl

Str.6×30N

Str.55N

Bundle spacing in healthy skin
6a

25

p≤0.05
p≤0.001

20
bundle spacing in µm
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15
Fig 6B

10

13
13
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12
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Str.6×30N
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6b

Figure 6A and 6B. Boxplots representing the bundle thickness (A) and bundle spacing (B) of
non-stretched, cyclically, and continuously stretched healthy skin. The box displays the IQR,
with the line in the box indicating the median value. The mean values are indicated at the left
side of the box. Error bars indicate the range (minimum and maximum value). When the values
exceed 1.5×IQR, they are indicated as an outlier. Statistical testing was performed using the
Wilcoxon signed ranks test.
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3.4 Elastic fibers
The scores of both observers for quantity and orientation of the elastic fibers were
averaged. Analysis showed significantly more parallel orientated elastic fibers in the
Str.6×30N (score: 3.47, SD 0.66) and the Str.55N (score: 3.47 (0.56)) groups compared to
the Ctrl group (score: 2.58 (0.69), paired samples t-test, p≤0.001). Concerning the elastic
fiber percentage in healthy skin, in none of the samples more than 10% was scored and
only three times (out of 20) the elastic fibers percentage were scored as being higher
than 6%. The average quantity of elastic fibers ranged between “lower than average (04%)” and “average (4-6%)” corresponding to a score of 2.70 (0.77). A significantly lower
percentage of elastic fibers was scored for scar tissue (score: 2.08 (0.75)) compared to
healthy skin (score: 2.70 (0.77), p = 0.003).

Discussion
In the present study it is objectively shown that when human healthy skin and scar tissue
are stretched, the collagen morphology adapts rapidly and significantly. For the first
time, stretched human tissue was instantly fixed chemically in stretched-out position
and analyzed using objective, reliable, and valid techniques. It was found that when
healthy skin is stretched, collagen bundles realign in a parallel fashion in the direction of
stretch. Moreover, the collagen bundles are thicker and there is more space between the
collagen bundles in the stretched versus the non-stretched healthy skin. No differences
in collagen orientation and collagen bundle morphology were found when comparing
cyclically and continuously stretched healthy skin. In scar tissue, stretch resulted in more
parallel orientated collagen bundles, whereas the bundle thickness and bundle spacing
was not affected.
It was demonstrated that scar tissue had significantly less potential to increase in length
compared to healthy skin (+23% compared to +53%). We were able to correlate these
ex vivo extensibility results to objectively measured histological changes in collagen
structure: before stretch, scar tissue already shows a more parallel alignment of the
collagen bundles than healthy skin (COIscar tissue = 0.49 versus COIhealthy skin = 0.40, p = 0.109).
Thus, in scar tissue collagen bundles may have less potential to extend in response to
stretch. Also, collagen bundles in scar tissue were more densely packed than in healthy
skin (BSpscar tissue = 8.92 versus BSphealthy skin = 11.20, p<0.001). When relatively more
collagen bundles are present, which is the case in scar tissue, extension is limited.
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Extension of healthy skin after stretch was similar after cyclical and continuous stretch.
This similar amount of stretching, which includes 153% of the original length, means in
our opinion that stretching has occurred to the limits in both cases. We may conclude
that a continuous high tension (55N), and thus a higher degree of force on skin does
not necessarily lead to more skin extension as compared with cyclical stretch with
lower tension applied. In clinical practice, this implicates that there is no need to exert a
mechanical load onto the skin above 30N: stretch with lower tension applied should be
preferred to prevent unnecessary tissue damage and to reduce the potential chance on
stretch marks. It is concluded that these ex vivo experiments further support the use of
cyclical intraoperative skin stretch for closure of large defects in clinical practice.
Our findings showed thicker collagen bundles and more space between the bundles
after stretch on healthy skin. Up to now, it was assumed that stretching resulted in
displacement of fluid that was shifted outside the extracellular matrix12, 21, 22. We like to
suggest that the extracellular fluid is shifted outside the bundles into the space between
the bundles. Furthermore, one would expect that stretch on healthy skin would result in
thinner collagen bundles instead of thicker bundles. A possible explanation for our results
may be that the thicker bundles found after stretch are in fact (optically misleading)
closely-packed smaller collagen bundles.
The effect of stretching on elastic fibers in the present study is largely in agreement with
descriptive data of Gibson et al.12: our semi-quantitative data showed that when healthy
skin was stretched, either cyclically or continuously, alignment of the elastic fibers in
the stretch direction was noted. On the other hand, our analysis of the concentration
of elastic fibers showed that the percentage of elastic fibers in healthy skin in the
majority of the samples ranged between 0% and 4% and was only in 15% (3/20) of the
cases scored above 4%. This relatively low concentration of elastic fibers in the dermis
together with the large percentage of collagen bundles (85%), which very clearly align in
response to stretch, seems in our opinion in contrast with the generally accepted idea
that viscoelastic properties of the skin highly rely on the elastic fibers6-8. We therefore
feel that, as previously suggested by Silver et al.23, the viscoelastic behaviour of skin in
response to stretch is probably for the greater part explained by the capacity of the
collagen network instead of the elastic fibers. This implicates that most of the stretch
that is applied to skin must be supported by collagen bundles instead of elastic fibers.
In conclusion, we have shown that stretch on healthy skin and scar tissue results in
significant differences in collagen orientation and morphology. For the first time, this was
demonstrated for human tissue which was processed and fixed in stretched-out position
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and which was analyzed using objective, reliable, and valid images analysis techniques.
Our observed morphological changes after stretch may explain the differences in
viscoelasticity that are clinically observed between healthy skin and scar tissue.
Moreover, these results implicate that for closure of large defects in clinical practice,
cyclical stretching of the adjacent healthy skin should be preferred to continuous stretch.
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Abstract
Background: Problematic scar contractures are frequently observed following
extensive (burn) wounds. In this study we investigated the applicability of islanded and
non-islanded perforator-based interposition flaps as a technique for release of scar
contracture.

Methods: Patients requiring surgery for scar contracture release were included.
Preoperatively, a suitable perforator was identified by color Doppler sonography. The flap
design was tailored according to the localization of this perforator and the anticipated
defect. Flap measurements were performed intraoperatively and at follow-up. Supple
scar tissue was included in the flap design when necessary, to increase the applicability
of this concept in extensively burned patients. Flaps were converted into island flaps
on indication to circumvent significant kinking of the flap base and compromized tissue
perfusion.

Results: Twenty-two flaps were performed of which four were converted into island
flaps. All flaps survived, but in four cases necrosis of the tip was observed. After a mean
follow-up of 7.8 months, the width and surface area of the flaps had expanded to 123%
(40-311%) and 116% (60-246%), respectively. One flap was converted into a full-thickness
skin graft during the initial operation.

Conclusions: This concept of perforator-based interposition flaps was found to be a
reliable and versatile technique for releasing broad scar contractures. Moreover, it allows
intraoperative tailoring as the flap base can be islanded when indicated. Nevertheless,
additional venous outflow is warranted and operation time is saved if the flap base
remains intact.
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Introduction
Patients with burn scars are frequently faced with disfigurement and functional
impairment because of scar contractures. Linear scar contractures can be released with
local random flaps such as Z-plasties. For the release of broad scar contractures, fullthickness skin grafts (FTG) or split-thickness skin grafts (SSG) frequently remain the
treatment of choice. Unfortunately, the effectiveness of skin grafts is limited by scar
contraction, which often necessitates additional reconstructions1-5. Recent advances in
the field of tissue engineering and dermal substitution may create unique opportunities
for burn scar reconstruction in the nearby future but still render a scar with suboptimal
functional and cosmetic qualities6.
Local flaps of preferably uninjured skin and subcutaneous tissue provide, in theory, a
superior and long-lasting effect of contracture release. Many local flaps were developed
on trial-and-error basis, as surgeons were unaware of the underlying vascularization.
Random flaps are considered to have a restricted length-to-width ratio that ranges
between 1:17, 8 and 2:19, 10 dependent on the body region. They have limited possibilities
for transposition, also because they cannot be converted into island flaps. When
the length-to-width ratio is exceeded, these random flaps could encounter vascular
limitations10.
To provide sustainable contracture release for broad scar contractures, longer flaps
are necessary. Longer flaps can be designed if the fascia is included and if adequate
tissue perfusion is ascertained11. Similarly, longer flaps such as axial pattern flaps can
be created. However, this flap design needs to be made exactly within the territory of
these axial arteries7. The degrees of freedom for tissue transfer can be considerably
increased by islanding the flap, which provides an enormous increase in possibilities for
transposition.
The discovery and utilization of perforators was a breakthrough in the battle between
blood supply and survival of flaps12. This means that a flap could be potentially based at
any anatomical site as long as it incorporated a perforator artery with concomitant veins.
Previous studies have demonstrated that these perforators can be easily and reliably
detected by using (color) Doppler sonography13-15. Taylor et al. performed basic research
on these vessels and their role in vascularization of the skin and showed that the body
contains a few hundred of such perforating vessels with a diameter larger than 0.5 mm13.
Nowadays, free flaps and island flaps are the types of perforator flaps that are most
commonly used in plastic surgical practice. Wei et al. described “free style” perforator
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flaps, which are free flaps based on innominate perforator vessels16, 17. In addition,
Waterston et al. presented a flap design, called the “ad hoc” perforator flap, whereby
island flaps were created18. However, the most convenient, simplest and safest technique,
a perforator-based local flap, is seldom described. Mehrotra et al. presented case studies
on perforator-based flaps which they named “perforator-plus” flaps19, 20. This flap is
based on a perforator leaving the skin base intact, providing additional vascular supply
and venous outflow. It therefore resembles a random flap but has increased reliability
and the potential to create a larger flap. This technique is safe and does not require extra
operation time. Drawbacks of leaving the skin base intact are that this may limit flap
rotation, leave dog-ears and result in kinking of the flap base and thereby compromising
the blood supply.
We have experienced the advantages of islanded as well as non-islanded perforator
flaps. This enabled us to come to a versatile flap design for reconstruction of broad
scar contractures: the skin base is left intact when possible, while the option remains
to convert this flap into an island flap (or even a FTG), if necessary. We applied and
evaluated our treatment algorithm for the reconstruction of broad scar contractures by
non-islanded and islanded perforator-based interposition flaps. We studied flap survival
and complication rates. In addition, a quantitative analysis was performed of changes
in the surface area to critically evaluate the sustainability of the contracture release
over time. Although sustainability of contracture release is considered an essential
component, follow-up measurements of the surface area for perforator flaps have never
been performed to date.

Materials and Methods
2.1. Patients
All patients undergoing surgery at the department of Plastic, Reconstructive, and
Hand Surgery in the Red Cross Hospital from November 2008 to November 2009, were
considered. Patients older than 12 years and suffering from broad scar contractures after
burns or necrotizing fasciitis were included. The perforator-based interposition flap was
utilized in all patients who required flaps with a length-to-width ratio higher than 2:1.
This ratio was chosen based on previously published studies which revealed problems
with effective tissue perfusion for random flaps with a length-to-width ratio exceeding
2:17, 9, 10. From all patients verbal consent was obtained. The principles outlined in the
Declaration of Helsinki were followed. According to the clinical research legislation
ethical approval was not necessary.
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Figure 1. Abstract explanation of the
design of the perforator-based flaps.
The red circle indicates the perforator.
A. Random flap, the marked part
representing the expected necrosis. B.
Non-islanded perforator flap with the
perforator situated within the flap
design. C. Non-islanded perforator flap
with the perforator situated outwith the
flap design. D. Islanded perforator flap,
which is often indicated when the angle
of rotation is exceeding 120˚.

2.2 Surgical technique (Figure 1)
The flap was designed on healthy skin in the vicinity of the planned release. When
sufficient healthy skin was lacking for the flap design, supple scar tissue, that remained
from spontaneously healed epidermal or superficial dermal burns, was included. The
concept of including supple scar tissue in flaps was shown to be safe and efficient21-23.
Moreover, considering supple scar tissue in the flap design increased the applicability of
this concept. “Ad hoc” perforators were identified preoperatively in this area by color
Doppler sonography (Figure 2). A more convenient and simpler option, a hand-held
unidirectional Doppler, could have been used for preoperative localization14, but has the
drawback of providing less detailed information15. Color Doppler sonography provides
additional data on the flow, calibre, and course of the perforator24. The flap design was
tailored to a local transposition flap and possible islanding of the flap was anticipated.
The flap surface area, area of scar tissue, and the angle of rotation were traced on a
pliable transparent plastic sheet, which is a reliable and valid planimetry method25. The
sheets were scanned and measured using digital image analysis software (NIS-Elements,
Nikon, Amstelveen, The Netherlands). The width, length, and area of the flaps were
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measured prior to incision. It should be noted that measurement of island flaps was
performed differently from non-islanded flaps: the width was not measured at the base
of the flap, but at the location of the perforator and the length was measured from the
edge of the flap at one side to the edge at the opposite side (Figure 3).
In the first six cases the flap design included the perforator, which was located at the
base of the flap (Figure 1B). For these cases the perforator was identified during surgery.
Subsequently, the flap design was slightly adjusted: the perforator was located outwith
the flap base, thus circumventing the need to identify the perforator (Figure 1C). The flap
was thinned to the subdermal plexus. Then a release of the contracture was performed.
The flap was easily and safely converted into an island flap when an unacceptable
mechanical tension or kinking of the flap pedicle occurred due to the transposition. If the
flap remained congested after islanding, without other causes that could be anticipated,
the flap could be safely turned into a FTG, which will result in a less optimal but still
acceptable result. This treatment algorithm is represented in Figure 4. For closure of the
donor site and for securing the flap in place, absorbable sutures were used. When the
donor site had to be closed under significant mechanical tension, transcutaneous nonabsorbable polyester fiber sutures were used.

Figure 2. Example of a perforator vessel using
color Doppler sonography.			
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Figure 3. Geometry of local flaps (A) and island
flaps (B). The red circle indicates the perforator.
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Broad scar contracture?

No, linear or narrow scar
contracture

Local random flaps
such as Z-plasty, jumping man

Yes
Clinical Judgment
Sufficient normal adjacent skin and/
or supple scar tissue for
interposition plasty?

No

FTG, SSG, dermal
substitute, free flap

Yes
“Ad hoc” perforator based
interposition flap
Clinical Judgment
Vascular compromised flap because
of kinking of the flap?

No
Non-islanded flap*

Yes
Island flap*

* If the flap becomes and/or remains vascular
compromised, consider conversion to FTG

Figure 4. Treatment algorithm for broad scar contractures using “ad hoc” perforator-based
interposition flaps.

2.3 Follow-up
Postoperative complications were registered. Necrosis was subdivided in superficial
and full thickness necrosis. Superficial necrosis was defined as epidermiolysis, where
re-epithelialisation occurred within two weeks. Full thickness necrosis was defined
as necrosis resulting in an unhealed wound after two weeks with possible long-term
consequences. Surface area measurements were performed at a minimum follow-up of
three months. This follow-up period was chosen because split- and full-thickness skin
grafts show the most scar contraction during the first three months postoperatively1, 26.
The percentage of necrosis, if any, was determined retrospectively by planimetry of the
pictures. All measurements were performed by the same investigator.

2.4 Statistical analysis
Statistical analysis was performed using SPSS for Windows version 17.0 (SPSS Inc.,
Chicago, USA). Normal distribution was tested by applying the Kolmogorov-Smirnov
test and by calculating the skewness and kurtosis. If the population was not normally
distributed, the Mann-Whitney U test (MWU test) or, in case of paired data, the Wilcoxon
signed ranks test was used. To compare categories the Fisher’s exact test was used when
less than five cases were observed in one category and the Chi-Square test was used
when more than five cases were observed27. The range and P-values were given where
appropriate. The significance criterion was set at 0.05.
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Results
Twenty-two flaps were performed on eighteen patients (3 male and 15 female), with a
mean age of 33 years (14-58 years). Twenty patients had burn scar contractures and two
patients had contractures after necrotizing fasciitis. None of the patients had a significant
medical history of vascular diseases or wound healing disorders, such as diabetes. Of the
22 flaps, ten were located in the head-neck region, six on the upper extremities, four on
the lower extremities, and two on the trunk. Three patients smoked. In Table 1 the flap
characteristics are listed. Seventeen of the 22 flaps were inset into the release with their
base left attached (Figure 5). These flaps had a mean rotation angle of 102˚ (57-163˚).
Four of the 22 flaps were intraoperatively converted into island flaps (Figure 6). The
decision to island a flap was partially based on the rotation angle. However, in all cases
this remained a clinical decision which was primarily based on adequate perfusion of
the flap. All donor sites could be closed primarily. One case was categorized separately:
this flap was immediately converted into a FTG. The reason being that when the flap was
raised, prior to rotation, it was acutely congested and cyanosed and therefore a flap was
a non-viable option.

Figure 5. Example of a non-islanded perforator flap after scar contracture of the neck of a
23-year-old female patient (three weeks postoperative). This flap measured a length-to-width
ratio of 5.9:1 and was performed after the inclusion period of this study.
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4.1 (2.8-6.0)
4.9 (2.4-11.8)
126 (40-311)
17.6% (3/17)
4.7 (0-51.4)
47.1% (8/17)
12.5 (0-49.4)

36.1 (18.3-62.2)
39.2 (16.3-60.8)
116 (60-246)
4.1 (2.8-6.0)
4.8 (2.4-11.8)
123 (40-311)
19.0% (4/21)
3.8 (0-51.4)
52.4% (11/21)
13.1 (0-49.4)

Mean surface area at time of surgery, cm (range)

Mean surface area at follow-up, cm2 (range)

Mean expansion of surface area, % (range)

Mean width at time of surgery, cm (range)

Incidence of full thickness necrosis

Mean % of full thickness necrosis (range)

15.8 (0-32.8)

75% (3/4)

1.3 (0-5.2)

25.0% (1/4)

109 (80-157)

4.4 (3.6-5.5)

4.2 (3.5-5.0)

129 (86-208)

47.1 (30.9-58.6)

39.6 (28.1-60.0)

3.3:1 (2.5:1-3.9:1)

4

Islanded flaps

p = 0.521

p = 0.592

p = 0.901

p = 1.002

p = 0.901

p = 0.791

p = 0.751

p = 0.461

p = 0.181

p = 0.531

p = 0.321

Statistical tests
(non-islanded versus
islanded)

Table 1. Overview of the characteristics of all flaps and of the non-islanded and islanded flaps separately. The statistical tests column displays the
statistical comparison of outcomes of the islanded versus the non-islanded flaps.1 = MWU test, 2 = Fisher’s exact test.

Mean % of scar tissue in flap (range)

Incidence of scar tissue in flap

Mean expansion of width, % (range)

Mean width at follow-up, cm (range)

113 (60-246)

37.3 (16.3-60.8)

35.3 (18.3-62.2)

2.9:1 (2.0:1-4.5:1)

3.0:1 (2.0:1-4.5:1)

Mean length-to-width ratio (range)
2

17

21

No.

Non-islanded flaps

All flaps
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Figure 6. A scar contracture in a 31-year-old female patient. The scar contracture causes
complaints of impaired elevation and rotation in the head-neck region (left). Contracture release
was performed using an islanded perforator flap. Result 2.5 months postoperatively (right).

Figure 7. An example of flap necrosis. (Above, left) Preoperative design of a perforator-based
interposition flap for release in the infra-mammary region of a 17-year-old female patient. The red
dot indicates the perforator. (Above, right) Direct postoperative result: although intraoperative
testing of the flaps vascularization showed a good viability, in this picture a slightly cyanosed
apex of the flap can be seen. (Below, left) Necrosis of the apex 9 days postoperatively (23.1% of
the surface area of the flap). (Below, center) Necrosis of the flap 1 month postoperatively. (Below,
right) Scar tissue at the apex, which is partially contracted 2 months postoperatively.
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All flaps survived, however, two flaps showed epidermiolysis and four showed full
thickness necrosis of the apex (Figure 7). The mean percentage of necrosis for these 21
flaps was 3.8% (0-51.4%). The patient with 51.4% necrosis of the total flap area underwent
a release in the head-neck region whereby an unexpected amount of subcutaneous scar
tissue complicated a safe conversion to an island flap. This was the only patient in our
study group who required a secondary procedure after a perforator-based flap.
Comparing the non-islanded flaps with the perforator within the flap design to the
non-islanded flaps with the perforator outwith the flap design, showed no significant
difference in the incidence of necrosis (Fisher’s exact test, p = 0.52) or percentage of
necrosis (MWU test, p = 0.18). For the non-islanded perforator flaps, the mean angle of
rotation of the flaps without necrosis was 97˚ (57-157˚) and of the flaps with necrosis
was 120˚ (73-163˚). This difference was not statistically significant (MWU test, p = 0.21).
The case where the flap was converted into a FTG had a complete take rate of the graft
seven days postoperatively.
In 11 of the 21 flaps (52.4%) supple scar tissue was included with a mean percentage
of 13.1% (n = 21, 0-49.4%) of the total flap area. No significant correlation could be
demonstrated between the percentage of scar tissue and the percentage of necrosis
(n = 21, Spearman’s Rho correlation coefficient = -0.26, p = 0.25). Furthermore no
significant difference was found between flaps with and without scar tissue concerning
the incidence of necrosis (Fisher’s exact test, p = 0.64). The mean width of the flaps
was 4.1 cm (2.8-6.0 cm) and the mean surface area, measured before incision, was 36.1
cm2 (18.3-62.2 cm2). After a mean follow-up of 7.8 months (3.0-13.8 months) the mean
width of the flaps increased to 4.8 cm (2.4-11.8 cm) and the mean area increased to
39.2 cm2 (16.3-60.8 cm2). The width of the flaps at follow-up was 123% (40-311%) of
the original width and the area of the flaps was 116% (60-246%) of the original area. No
significant decrease of the width and area was registered at follow-up compared to the
original width and area at the time of surgery (Wilcoxon signed ranks test, p = 0.42 and p
= 0.59, respectively). Figure 8 shows an example of an expanded perforator-based flap.
The flap that was converted into a FTG measured 48% of the original width and 35% of
the original area 2.5 months postoperatively.
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Figure 8. A scar contracture in a 27-year-old female patient. (Above, left) Evident burn scar
contracture of the elbow, leading to functional impairment. (Above, right) A release of the scar
contracture was performed and, after identifying the perforator, the flap was designed and raised
(width: 3.8 cm, length: 10.2 cm, and surface area: 24.8 cm2). (Below, left) The postoperative
result after two weeks already showed expansion of the flap. The width of the flap had expanded
from 3.8 to 5.8 cm (+53%) and the surface area from 24.8 to 28.6 cm2 (+15%). (Below, right) After
7 months the flap had further expanded: the width of the flap has increased from 3.8 to 11.8 cm
(+211%) and the surface area from 24.8 to 60.8 cm2 (+145%). Meanwhile this patient underwent
serial excision of the upper arm scar tissue.

Discussion
So far studies on the application of perforator-based interposition flaps for scar
contracture release are lacking in breadth and depth. Mehrotra et al. introduced the
“perforator-plus flap”19. They presented ten patients, of whom one case concerned a
post-burn scar contracture. Even though these perforator-plus flaps were successfully
used, no systematic data on flap geometry were collected. Waterston et al. reported on
“ad hoc” perforator flaps for burn scar contracture release18. These “ad hoc” perforator
flaps all concerned island flaps, although probably in some cases a local transposition
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perforator flap, without islanding, would have been sufficient. They performed a
retrospective study and structural data on the flap geometry and follow-up were lacking.
We merged the principles of perforator-plus flaps and “ad hoc” perforator flaps into
a treatment algorithm (Figure 4). Initially, flaps were raised with their base intact.
However, a flap can be safely and easily islanded intraoperatively, if the need arises,
and we consider this flexibility a major advantage of our flap design. Our algorithm
for perforator-based flaps provides a safe and versatile tool to ensure sustainable scar
contracture release. Firstly, the vascularization of these flaps is secured by the presence
of a perforator, which can be found practically everywhere28-31. During this study we
confirmed that reliable flaps could be raised based on perforators at all anatomical
sites. This reliability was confirmed with a low flap necrosis of 3.8%. Harvesting a flap
adjacent to a scarred area may also have contributed to final flap survival. We propose
that following the initial burn injury the subdermal plexus of healthy adjacent skin may
have been adapted due to changes in microcirculation. Therefore, the vascularization of
this adjacent skin is suited to a situation of inferior blood supply. Practically, it may be
compared to a “flap delay procedure”, which was shown to promote flap survival32.
Secondly, the best tissue is being used: adjacent healthy skin with subcutaneous tissue,
which showed no contraction. In our study we evaluated the changes in flap geometry
using reliable, valid and standardized measurement techniques. We objectively showed
that these flaps provide sustainable contracture release. This clinically significant finding
demonstrates the adaptation (expansion/stretching) of the perforator-based flaps as
opposed to contraction that normally occurs for SSGs and FTGs1-5. After a mean followup of 7.8 months both the width and surface area of the flaps had expanded with an
increase of 123% and 116% of the original size, respectively. This flap expansion could
not be contributed to a possible difference between the flap size prior to incision and the
size after suturing the flap. This is quantitatively supported by analysis of these flaps at
an average of 2.9 months postoperatively: the width and the surface area of these flap
when comparing this to flap dimensions before the incision measured 103% and 100%
of the original width and flap surface area, respectively (data not shown).
Thirdly, the applied algorithm proved to be versatile and practical. It was shown
clinically that supple scar tissue could be included in the flap design, probably because
the subdermal plexus appeared to be preserved in this tissue. Supple scar tissue may
therefore be considered as a second choice and safe alternative when sufficient healthy
skin is lacking, such as in extensively burned patients.
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Initially, the flap was designed with the perforator located at the base of the flap. Later,
the perforator was placed outwith the local flap design (Figure 1B and Figure 1C). This
small but practical modification circumvented the necessity to explore for the perforator
and therefore reduced the risk of damaging these vessels. This adaptation reduced
operation time for the majority of the cases where no kinking of the flap base occurred
and no conversion to an island flap was necessary. Consequently, the operation time
required for raising these safe perforator-based flaps is comparable to the operation
time for random flaps. On the other hand, no significant differences between nonislanded and islanded flaps regarding the incidence and percentage of necrosis could be
demonstrated which means that flaps could be safely islanded when indicated.
Lastly, the perforator-based interposition flap results in a cosmetically superior outcome
compared to the standard treatment. All donor sites were closed primarily. The scar of
the donor site was situated along the present burn scar and is therefore less notable.
These perforator-based flaps can be applied to many other reconstructive scenarios,
such as coverage of trauma wound with exposed bone, chronic wounds or coverage of
third or fourth degree acute burn wounds.

Conclusions
The algorithm for perforator-based interposition flaps was found to be practical, safe and
feasible. We demonstrated that perforator-based flaps provide sustainable contracture
release. For the first time surface area measurements of (perforator-based) flaps for
contracture release were objectified. Interestingly, our data even indicated an expansion
of the width and surface area of these flap in time. In this study we confirmed that
reliable flaps could be raised based on perforators on all evaluated sites. We believe this
algorithm and flap method is easily reproducible and can be incorporated into clinical
practice of any surgeon routinely performing burn contracture release.
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Abstract
Background: Burn survivors are frequently faced with disfiguring scars. Various
techniques exist to improve scar appearance, such as laser treatment and dermabrasion.
Next to that, surgical reconstruction, such as scar excision is an option. This randomized
controlled trial investigates if a larger burn scar can be excised using a skin-stretching
device for wound closure, thereby optimizing the use of adjacent healthy skin. This
technique may allow scar excision in a one-step procedure instead of two or more steps,
which is necessary for serial excision and tissue expansion.

Methods: Two arms were compared: scar excision and closure by skin stretch
(SS) and scar excision without additional techniques (SE). The primary outcome
measure was scar surface area reduction. Additionally, complications were registered.
Results: Fifteen patients were randomized for SS and 15 for SE. In the SS group 10 of
15 scars were completely excised versus three of 15 in the SE group (p = 0.025). In the SS
group a significantly larger reduction in scar area was achieved: 95% (SD 11) of the scar
was excised versus 78% (17) in the SE group (p = 0.003). One patient in the SS group and
three patients in the SE group experienced partial wound dehiscence (p = 0.598).

Conclusions: In burn scar reconstructions, a significantly larger reduction in scar
area can be achieved using a skin-stretching device compared to scar excision with no
additional techniques, without an increased risk of complications. It was shown that skin
stretching is of added value for scars that cannot be excised in a one-step procedure.
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Introduction
Burn survivors are frequently faced with disfiguring scars. These scars can be treated
by techniques that aim to improve scar appearance, such as laser treatment and
dermabrasion. Other possible surgical reconstructions include scar excision in
combination with split- or full-thickness skin grafting, dermal substitution or all sorts
of flaps. However, most of these techniques leave donor sites and have considerable
complication rates such as donor site morbidity, problematic scarring, and flap failure1.
In this study, we focus on a simple and reproducible concept: scar excision and closure
of the wound by optimally using the extensibility of healthy adjacent skin. The current
available options for scar excision are complete scar excision with primary closure of the
wound, serial excision2, or tissue expansion3. Especially when large scars are excised, the
last two techniques have disadvantages: both serial excision and tissue expansion require
at least two surgical procedures. To circumvent the need of a multiple-step procedure
for excision of large burn scars, the technique of stretching the adjacent healthy skin may
prove clinically useful.
The past decades, various skin stretching techniques and devices have become
available. Stretching healthy skin can be performed in a preoperative4, 5 or postoperative
bedside setting6-12. Also, stretching systems have been used only intraoperatively13,
14
or intra- and postoperatively15, 16. We used a commercially available intraoperative
skin-stretching device (Figure 1 (Humeca, Enschede, The Netherlands)), originally
developed by Hirshowitz et al., which is based on the disposable Sure-Closure skinstretching system (previously produced by Life Medical Sciences Inc. Princeton, USA)17.
By applying intermittent and controlled stretch on the wound edges, healthy skin could
be gained without compromising blood supply and quality of the stretched skin. This
skin-stretching device has been described as a useful tool for the primary closure of
wounds17-24. Melis et al. showed that large defects can be closed using this device20. In
a clinical study they demonstrated in 30 patients that, even though the wounds were
closed under a significant amount of tension, a relatively thin scar was achieved as well
as a low incidence of hypertrophic scarring (7.1%)22. However, so far, no randomized
controlled trial (RCT) has been performed, which proves that primary closure with
intraoperative skin stretching allows closure of significantly larger wounds than primary
closure of a wound without additional techniques. For this reason we initiated this
RCT in which we evaluated the efficacy of the skin-stretching device for burn scar
excision. We hypothesize that a larger scar area reduction can be reached using a skinstretching device, compared to scar excision without additional techniques for wound
closure. Moreover, fewer procedures may be necessary to excise a scarred area. This
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skin-stretching device may be clinically useful for scar excisions because a multiple-step
procedure, which is necessary for serial excision of scars and reconstruction with tissue
expansion, could be reduced to a one-step procedure.

Figure 1. Skin-stretching device with two 8 cm dermal needles.

Materials and methods
2.1 Study design, randomization, and masking
A multicenter RCT was performed. This was a parallel group trial with a randomization
ratio of one-to-one to ensure balance of the numbers in each treatment group. The
study protocol was approved by the medical ethics committee (M07-047) and registered
at Clinical Trials (NCT00609908).
This RCT had two arms. One being the experimental arm, which included scar excision
and wound closure with the skin-stretching device (SS): after scar excision, the healthy
adjacent skin was stretched and extra scar tissue was excised, if possible. The active
comparator included scar excision without additional aiding techniques for wound
closure (SE).
Patients were randomly assigned to receive treatment with either SS or SE. Informed
consent was obtained, in ignorance of the next assignment. To this end, the allocation
was concealed from the clinician enrolling patients by using non-transparent envelopes.
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The envelope was opened intraoperatively, after scar excision was performed. Both
clinicians and patients could not be blinded to the treatment assignment, because of the
different number of biopsies that needed to be taken for the different treatment groups
(two for SS and one for SE).

2.2 Patients
Patients were recruited in all three burn centers in the Netherlands (Red Cross Hospital,
Beverwijk, Maasstad Hospital, Rotterdam, and Martini Hospital, Groningen). These
patients were seen in the outpatient clinic. Patients eligibility was based on the inclusion
and exclusion criteria as shown in Table 1. Basically, the patients scar was eligible when
the scar was too large to be excised in a one-step procedure, but small enough to allow
complete scar excision with the aid of skin stretching. Before enrollment in the study, all
patients gave written informed consent.
Inclusion criteria

Exclusion criteria

1.

Burn scar which can be surgically excised

1.

Language barrier

2.

The defect is considered too large
for direct closure by advancement of
the adjacent skin in one operation by
standard techniques
Sufficient healthy skin at least at one
edge of the scar is available for the
stretching procedure

2.

Psychiatric diseases leading to study bias
(e.g. auto mutilation)

3.

Systemic diseases such as diabetes
mellitus, immunodeficiency, arterial
insufficiency
Local or systemic application of
corticosteroids
Known history of keloid formation

3.

4.
5.
6.
7.
8.

Skin diseases that lead to collagen and/or
elastin abnormalities (e.g. Ehlers Danlos)
Radiated skin
Scars requiring reconstructive surgery that
are not suitable for serial excision

Table 1. Inclusion and exclusion criteria.

2.3 Surgical procedure
First, one side of the scar was incised. After undermining a clinical assessment was made
of the scar surface area that could be excised. This assessment was made by a plastic
surgeon or plastic surgery registrar, who was not involved in this study. After excision
of the scar and adequate haemostasis, the wound surface area was measured and
randomization was performed. If SE was allocated, the wound was closed directly. If SS
was allocated two straight needles of 8 cm were inserted in the dermis of the opposite
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wound margins (Figure 1). The arms of the skin-stretching device were anchored behind
the intradermal needles and likewise distributed the stretching force equally along
the wound margins. The healthy skin was stretched for four minutes, followed by one
minute of relaxation, which was shown to be most effective in previous research20, 25. The
maximum stretching force measured 30 Newton. This was repeated up to a maximum of
six episodes, dependent on the mechanical tension on the wound edges. If the skin was
sufficiently stretched extra scar tissue was excised, if possible, and the wound surface
area was measured again. The wound was closed using subcutaneous absorbable
synthetic sutures and subcuticular absorbable monofilament sutures or percutaneous
nylon sutures. Occasionally, transcutaneous non-absorbable polyester fiber sutures
were used. The wound was covered with suture strips, non-adhering dressings, and
gauzes. Neither systemic antibiotics, nor local antiseptics were used postoperatively.

2.4 Planimetry
The primary outcome parameter was the scar surface area reduction. Planimetry was
performed by tracing the area of the scar and wound directly onto non-stretchable
transparent sterile sheets. These sheets were digitized and digital image analysis
was performed (NIS-Elements AR 2.6, Nikon, Amstelveen, The Netherlands). This
technique was found to be reliable and valid by Van Zuijlen et al.26. The percentage of
surface area reduction of the scar was calculated as [area total scar excised / area scar
preoperatively×100].

2.5 Pain, length of stay, and complications
The secondary outcome parameters included postoperative pain scores, length of stay
(LOS), and complications. Postoperative pain scores were measured twice a day during
hospital admittance by using the Visual Analogue Thermometer (VAT), which is a reliable
and valid measurement method for pain assessment27. The LOS in the hospital was
registered as well as the occurrence of complications, such as re-operation, incomplete
closure of the wound, wound dehiscence, skin necrosis, and infection. The scoring of
these complications was performed or confirmed by a plastic surgeon who was not
involved in this study. The minimum follow-up period was set at 6 weeks, since the
majority of the complications was expected to occur within this time frame.

2.6 Histological evaluation
In both the SE and SS group, before scar excision one 3 mm ø punch biopsy was obtained
of the adjacent healthy skin at 1 cm from the wound margin at the place that was
clinically expected to experience the highest tension. Subsequently, in the SS group,
after stretching and complete closure of the wound, a second biopsy was obtained
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1 cm next to the first biopsy to investigate if skin stretching resulted in histological
changes or damage of the collagen structure. A minimum number of biopsies was
pursued. These biopsies were fixed (4% formalin), dehydrated, embedded in paraffin,
cut on a microtome (5 μm sections), and mounted on glass slides. The slides were cut
perpendicular to the skin surface, stained with eosin, and imaged with a Leica SP2AOBS confocal microscope (Leica-Microsystems, Mannheim, Germany). The scanned
area was 794×794 μm in a 1024×1024 pixel format. The images were scanned with the
epidermis in the horizontal plane. Histological analysis took place directly under the
epidermis. Collagen morphometry was performed with Distance Mapping28 and Fourier
analysis29, 30 using Qwin Pro image software (Leica Imaging Systems, Cambridge, UK).
From each image, a Fourier zeroth-order maximum power plot was generated, from
which the collagen orientation index (COI) of the image could be calculated as [1-(width/
length ratio of the power plot)]29, 30. Thereby total randomness corresponded with a
COI of zero and a perfectly parallel orientation corresponded with a COI of one31. In
addition, in Distance Mapping a distance map was generated after segmentation of an
image. Subsequently, grey values of the pixels in this distance map were measured with
a skeleton mask. When these grey values were multiplied by two the collagen bundle
thickness and collagen bundle spacing could be calculated28.

2.7 Power analysis and statistics
For the power calculation, results of the study of Melis et al. were used22. In this study, the
mean width of the wound was 56.4 mm (SD 19.2) and the mean reduction of the surface
area was 72.9% (25.5). The clinical intended effect for this RCT was a scar reduction of
at least 50%. Alfa was set at 0.05 and beta at 0.10 (power = 0.90). A sample size of 13
patients per group was calculated, however, to compensate for drop-outs we estimated
a sample size of 15 patients per group.
Statistical analysis was performed using PASW Statistics version 18.0 (SPSS Inc., Chicago,
USA). To compare categories the Fisher’s exact test was used when less than five expected
frequencies were observed in one category32 and the Chi-Square test was used in the
other cases. Normal distribution was tested by applying the Kolmogorov-Smirnov test
and by calculating skewness and kurtosis. To test significant differences for independent
data, the independent t-test (normal distribution) or the Mann-Whitney U test (nonnormal distribution) were performed. Similarly, for paired data the paired t-test was used
for normally distributed data and the Wilcoxon signed ranks test was used when data
were not normally distributed. The Standard Deviation, range, 95% Confidence Interval,
and the P-value were given where appropriate. The two-tailed significance criterion was
set at 0.05.
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Results
Patients were recruited from February 2008 until March 2010. In Figure 2 an example of a
scar excision and closure of the wound with skin stretch is shown. Baseline demographics
as well as the location and clinical characteristics of the scars for both treatment groups
are represented in Table 2. In the SS group 10 out of 15 scars were completely excised,
whereas in the SE group this was the case for only three out of 15 scars (p = 0.025).
Additionally, a significantly larger scar surface area reduction of could be reached in
the SS group (95% (11)) compared to the SE group (78% (17), p = 0.003). Moreover, a
significantly smaller residual scar was left in the SS group (7 cm2 (16)) compared to the SE
group (28 cm2 (24), p = 0.016). Finally, a larger total scar surface area was excised in the
SS group (118 cm2 (72)) than in the SE group (74 cm2 (40), p = 0.061). Both the VAT-scores
and the LOS did not differ significantly between the treatment groups (p = 0.928 and
p = 0.704, respectively). A complete overview on the data on planimetry, VAT-scores, and
the LOS is represented in Table 3.

SE

SS

P-value

No.

15

15

-

Sex (Male/female)

4/11

5/10

>0.9991

Age of patient, years

31 (8.9)

28 (8.9)

0.4162

Age scar, years

9 (8.9)

12 (10.3)

0.4332

Incidence of smoking (%)

2 (13%)

4 (27%)

0.6511

Location

Arms

7

83

-

Abdomen

3

5

-

Legs

3

2

-

Thorax

1

0

-

Head Neck

1

0

-

4

Table 2. Baseline demographic and clinical characteristics of both treatment groups. 1 refers to
the Fisher’s exact test, 2 refers to the independent t-test. 3 and 4 in these cases the location of the
scar involved the joints of the elbow and knee, respectively.
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Figure 2. A burn scar in a fifty-year-old female patient (Above, left) Burn scar on the right elbow.
(Above, right) Scar excision was performed. (Below, left) After randomization the wound was
closed using a skin-stretching device. (Below, right) Direct postoperative result.

For the SS group, a mean of 3.9 (range 2-6) stretch episodes of four minutes were
performed. The frequency of stretch episodes depended on the intraoperative
assessment of the tension on the wound edges. The operation time for the SE group
(n = 13) was 68 minutes (23) and for the SS group (n = 14) 93 minutes (15) (p = 0.003,
independent t-test, 95% CI = 40 to -9). Three cases were excluded from analysis, because
these patients underwent multiple procedures in one operation and the operation time
for the scar reconstruction procedure was not measured separately.
In total 26 of the 30 patients (87%) healed uneventful. Three patients (20%) in the
SE group and one patient (6.7%) in the SS group experienced wound dehiscence (p
= 0.598). In one case in the SE group the wound dehiscence measured 1×1.5 cm and
healed spontaneously within two weeks. One case in the SS group experienced partial
dehiscence of the wound and required two surgical procedures under local anaesthesia
to approximate the wound edges.
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162
3/15
105 (60)
105 (60)

Complete removal of scar, n

Area wound before randomization, cm2 (SD)

Area wound before closure, cm (SD)

§

154 (80)

-0.8 to 0.6

-1.3 to 1.2

-101 to 5

-62 to 33

0.704

0.928

0.074

0.531

0.0251*

0.003*

0.016*

0.061

0.513

0.595

0.669

P-value

Table 3. Results of the primary and secondary outcome parameters. The independent t-test was used for statistical comparison, except for 1, which
refers to the Fisher’s exact test. † refers to n = 14: intraoperative planimetry of one patient was lacking. §: it should be noted that 27 out of the 30
patients were admitted one day prior to surgery because of participation in this study. Normally, this would not have been necessary and the LOS
could have been reduced with one day. Significant results are marked with an asterisk.

LOS, nights (SD)

VAT (SD)

Secondary outcome parameters

120 (66)

Not applicable

-28 to -6

10/15

4 to 36

95% (11)†

2.5 (1.1)

78% (17)†

Percentage of scar area reduction (SD)

-66 to 34
-90 to 2

7 (16)†

2.4 (0.8)

28 (24)†

Residual scar area, cm2 (SD)

118 (72)†

122 (74)

-8 to 5

3.4 (1.5)

74 (40)†

Total scar area excised, cm2 (SD)

-2 to 1

22.5 (9.0)

95% Confidence
Interval of the
Difference

7.8 (2.6)

SS
(n = 15)

3.3 (1.9)

106 (58)

Scar area preoperatively, cm (SD)

2

20.8 (8.1)†

Scar length preoperatively, cm (SD)

2

7.4 (2.6)†

Scar width preoperatively, cm (SD)

Primary outcome parameters

SE
(n = 15)
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Histological evaluation (Table 4)
No significant difference was found for the COI, bundle thickness and bundle spacing
of the collagen in the biopsies before stretching compared to those after stretching.
Moreover, no damage to the collagen structure in terms of fiber fragmentation was
observed after stretch. Figure 3 shows two representative pictures of the collagen
morphology before and after stretch.
Before stretch

After stretch

P-value

Collagen orientation index

0.32 (0.09-0.57)

0.35 (0.13-0.54)

0.638

Bundle Thickness in µm

4.07 (3.31-5.14)

3.91 (3.00-4.80)

0.272

Bundle Spacing in µm

8.72 (6.06-16.23)

7.64 (5.73-9.92)

0.331

Table 4. Results of 14 patients for collagen morphometry of the biopsies taken before and after
stretch. The Wilcoxon signed ranks test was used for statistical comparison.

Figure 3. Example of two confocal microscopy pictures of the collagen structure before and
after stretch of the same patient. Scale bar = 200 µm. (Left) Picture before skin stretch with a
collagen orientation index of 0.57, a bundle thickness of 4.61 µm and a bundle spacing of 7.02
µm. (Right) Picture after skin stretch with a collagen orientation index of 0.54, a bundle thickness
of 4.27 µm and a bundle spacing of 7.03 µm. No clear differences in collagen structure can be
demonstrated and no damage to the collagen bundles was registered.
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Discussion
In this RCT we investigated the clinical application and efficacy of skin stretching for burn
scar reconstructions. We demonstrated the added value of scar excision and closure with
a skin-stretching device compared to scar excision only. We found that a significantly
larger percentage of scar could be excised with skin stretch (95%) than by scar excision
only (78%). Additionally, in 10 out of 15 patients the complete scar could be removed
in a one-step procedure using the skin-stretching device, whereas this was the case for
only three out of 15 patients for scar excision without additional techniques. Thus, skin
stretching for burn scars may considerably reduce the necessity to perform a second
procedure of (residual) scar excision. Additionally, a significantly smaller area of residual
scar tissue remained after skin stretch (7 cm2) than after scar excision only (28 cm2).
No evidence was found that skin stretching resulted in a different complication rate:
no increased risk of wound dehiscence or other complications was found. Moreover,
VAT-scores and LOS were similar for both treatment groups. No significant differences
in the collagen morphology were found between the biopsies before and after stretch.
Additionally, stretching the skin did not result in damage to the collagen bundles.
The findings of this RCT support the clinical use of a skin-stretching device for closure
of wounds after large scar excisions. For burn scar excisions, the skin-stretching device
may be of added value for decreasing tension on the wound, thereby allowing relatively
easy closure of large wounds. But, more importantly, the use of a skin-stretching
device may save an additional operation: serial excision of a large scar usually needs
to be performed in a two-step procedure at least. By using a skin-stretching device to
decrease the tension on the wound and thereby allowing a larger scar excision, a onestep procedure can be pursued. Except for the prospective research of Daya et al. on
traction-assisted dermatogenesis for large scar excisions, which works by biological
creep, no other techniques are available that showed to be beneficial for reducing a
multiple-step procedure to a one-step procedure33.
In previously published literature by Melis et al. the wounds closed with a skin-stretching
device measured 5.6×9.6 cm (n = 28)22, whereas the wounds in our skin stretch study
group measured 8.8×23.5 cm. Although the mean size of our wounds was considerably
larger, one should note that different selection criteria were applied. Moreover, Melis
et al. performed more reconstructions on the lower leg, face, and scalp (n = 16), where
skin stretching may have a smaller effect than on locations such as the abdomen, upper
arms, and upper legs. Lastly, the percentage of dehiscence of 10.7% (3/28) was higher in
the study of Melis et al. versus 6.7% (1/15) in our skin stretch group. Again, this may be
explained by different selection criteria.
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Concerning the collagen morphology, an earlier porcine study showed that collagen
bundles in the dermis realign in the direction of the mechanical force21, whereas in our
study no realignment (difference in COI) was found. This difference could be explained by
different measurement methods (NIH image analysis software versus Fourier analysis),
differences between humans and piglets, and by different processing of the material:
in the study of Melis et al. biopsies were directly frozen in liquid nitrogen and a larger
biopsy was harvested which allowed fixation of the tissue in stretched-out position. In
our study biopsies were fixated in formalin, but due to the small size (3 mm) fixation in
stretched-out position was not feasible.
Even though the in- and exclusion criteria were defined and followed as strict as possible,
it remained inevitable that patient eligibility was partially based on clinical judgment of a
plastic surgeon (expert in burn reconstruction): the scar should not be too small, which
would allow complete excision of the scar by excision without additional techniques.
On the other hand, the scar should not be too large either, whereby despite of skin
stretching it would not be possible to excise the complete scar. Since this remained a
clinical decision, an objective assessment of the eligibility of a patients scar for this RCT
was impossible. Therefore we cannot ignore that the result that 10 out of 15 scars in the
SS group were completely excised compared to three out of 15 in the SE group could
have been partially influenced by this clinical judgment.
When comparing the time of surgery in the SS versus the SE group, we found a significantly
longer operation time in the SS group. This can be explained by the additional skinstretching episodes. The average 3.9 stretching episodes, which were performed in the
SS group explain the extra operation time that was needed. However, if an additional
surgical procedure can be spared, the disadvantage of a prolonged operation time is
cancelled out. In our opinion the benefit of saving an additional operation compensates
for the prolonged mean operation time of 25 minutes.

Conclusions
Up to date, no comparative studies have been published that quantitatively supported
the added value of a skin-stretching device in burn scar reconstructions. In this RCT we
were able to demonstrate that a significant larger percentage of burn scar could be
excised when a skin-stretching device is used intraoperatively. In the future, the longterm outcome of the scars will be evaluated. We advocate the clinical application of a
skin-stretching device: it is a safe and easily reproducible technique and we believe it
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can be incorporated into clinical practice of any (plastic) surgeon performing large scar
excisions or routinely facing the problem of closing large defects.
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Abstract
Background: Primary wound closure of large defects after burn scar excision may be
facilitated by intraoperative stretching of the adjacent skin. In a randomized controlled
trial (RCT), the effect of skin stretching for wound closure after scar excision (SS) was
compared to scar excision without additional techniques for wound closure (SE). Shortterm results already showed that in the SS group larger scars could be excised in a
one-step procedure. In this paper, the long-term scar outcome using reliable and valid
measurement tools was evaluated.

Methods: Subjective and objective scar evaluation was performed 3 and 12 months
postoperatively. The percentage of total remaining scar area (i.e. remaining scar
compared to the preoperative scar) was measured and to investigate scar widening, the
percentage of linear scarring (i.e. surface area of the linear scar compared to the excised
scar) was calculated. In addition, scar color, hypertrophy, and the patients and clinicians
opinion were measured.

Results: At 12 months postoperatively, the percentage of total remaining scar area
was significantly lower in the SS group (26%) compared to the SE group (43%). The
percentage of linear scarring (SS: 21%, SE: 25%) and the incidence of hypertrophy (SS:
29%, SE: 40%) were not significantly different between the treatment groups.

Conclusions: This RCT demonstrates the long-term beneficial and sustainable effect
of intraoperative skin stretching for wound closure after scar excision without leading to
wider linear scars or more scar hypertrophy.
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Introduction
Despite many developments and improvements in burn wound treatment, burn
scars frequently remain with a poor functional and cosmetic outcome. This, but also
complaints such as pruritus and pain can be very disturbing for the patient. Although
many reconstructive techniques have been described to improve burn scars, scar
excision followed by direct wound closure probably gives the best outcome, because
it results in a smaller scar. Closing a large defect after burn scar excision can be difficult
and therefore large burn scar excision is often performed in a multiple-step procedure.
To excise larger burn scars in a one-step procedure, the skin stretching technique can be
considered. For skin stretching, different devices can be used that exert stretch onto the
adjacent healthy skin, allowing the skin to stretch beyond its inherent extensibility via
different working mechanisms and methodologies1-11. In a randomized controlled trial
(RCT)12, we demonstrated the efficacy of intraoperative stretching of the adjacent skin
after burn scar excision as compared to scar excision without additional techniques: it
was shown that directly postoperatively, skin-stretching led to a significantly larger scar
area reduction (95%) compared to scar excision with no additional techniques for wound
closure (78%). Moreover, in significantly more cases the burn scar could be excised in a
one-step procedure when skin stretching was performed.
Up to now, a RCT including a long-term subjective and objective evaluation of the scar
outcome after scar excision (followed by wound closure with a skin-stretching device)
has never been performed. One prospective study documented the seven years
follow-up results of scar width and patient satisfaction after closure of various types
of large defects using a skin-stretching device13. This study showed promising results,
but no comparison was made to the standard technique of wound closure without skin
stretching. Moreover, new reliable and valid subjective and objective measurement
tools have become available to assess the functional and cosmetic scar outcome: the
Patient and Observer Scar Assessment Scale (POSAS) was developed14 and objective
measurement tools such as the DermaSpectrometer for color evaluation and computerassisted planimetry15. Using this new array of measurement tools, we have investigated
the long-term results on scar outcome of our previously conducted RCT, comparing scar
excision followed by wound closure with a skin-stretching device to scar excision only.
Three and 12 months postoperatively, an elaborate subjective and objective assessment
of the scar outcome was performed. This RCT provides the first long-term results of
subjectively and objectively measured scar outcome after scar excision and wound
closure using skin stretching compared with scar excision without additional wound
closing techniques.
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Materials and methods
From February 2008 until March 2010 thirty patients with burn scars were included
in this multicenter RCT investigating the efficacy of skin stretching for wound closure
after scar excision. The study protocol was approved by the medical ethics committee
(M07-047) and registered at Clinical Trials (NCT00609908). Two treatment groups were
investigated of which the experimental arm included scar excision and wound closure
with a skin-stretching device (SS): after scar excision, the healthy adjacent skin was
stretched and extra scar tissue was excised, if possible. An intraoperative skin-stretching
device (Humeca, Enschede, The Netherlands), originally developed by Hirshowitz et al.
was used16. The active comparator included scar excision without additional techniques
for wound closure (SE): after scar excision the wound was immediately closed. The shortterm results of this RCT were presented in our previously published paper12. In the current
paper, the long-term follow-up at 3 and 12 months is presented using various subjective
and objective measurement methods, which are described below. Complications were
registered up to 12 months postoperatively.

2.1 Objective scar assessment
Scar surface area measurements
Planimetry was performed by tracing the scar area onto non-stretchable transparent
sterile sheets. These sheets were digitized and digital image analysis was performed
using NIS-Elements (Nikon, Amstelveen, Netherlands). This technique was found to be
reliable and valid15. After (partial) excision of the preoperatively selected scar, at 3 and 12
months postoperatively, the total remaining scar and the newly formed linear scar were
measured (Figure 1). The percentage of total remaining scar area (which consists of the
remaining scar and the linear scar) at 3 and 12 months postoperatively was calculated
to investigate whether the scar excision performed in both treatment groups resulted
in a sustainable scar surface area reduction. The percentage of linear scarring was
calculated to quantify widening of the linear scars and to investigate whether there was
a difference in widening of linear scars between the treatment groups. To this end, the
following formulas were used:
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PRE-OPERATIVE

DIRECTLY
POSTOPERATIVE
remaining scar

3 OR 12 MONTHS
POSTOPERATIVE
remaining scar
linear scar

pre-operative scar

Pre-operative scar

excised scar

Remaining scar

Total remaining scar =
remaining scar + linear scar

Figure 1. Schematic presentation of the scar area measurements. Preoperatively the scar
that was planned for excision was determined (“preoperative scar”). Then, intraoperatively it
is determined how much scar tissue is excised. If not the entire scar could be excised (which was
often the case in the SE group), scar tissue remained (“remaining scar”). At 3 and 12 months
postoperatively, the remaining scar and the linear scar, that resulted from the scar excision, were
measured. The total remaining scar included the remaining scar together with the linear scar.

Scar color
Vascularization and pigmentation were objectively measured using the
DermaSpectrometer (Cortex Technology, Hadsund, Denmark). This is a reliable and
valid narrow-band spectrometer, which quantifies the “erythema” and “melanin” by
measuring the differences in light absorption of red and green by haemoglobin and
melanin, respectively17-19. The measurements were performed on five prestratified
locations on the scar to prevent selection bias (Figure 2). One measurement of the
healthy skin was performed on the contralateral side or when this was not possible
on an adjacent location. For all measurement locations, season-related influence of
sun exposure on the erythema and melanin scores was eliminated by calculating the
absolute difference between the average score of the five scar measurements and the
healthy skin.
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Figure 2. Example of a scar that was planned for excision on the upper arm. The scar was
divided by drawing a line through the horizontal and the vertical axis of the scar. Point 1 was
measured on the intersection of both lines. Points 2 to 5 were measured halfway of the lines from
the intersection to the edges of the scar. If at 3 or 12 months postoperatively the scar was too
small to allow five measurements, the maximum number of measurements that was possible
was performed and averaged for statistical analysis.

2.2 Subjective scar assessment
Patient and Observer Scar Assessment Scale
The POSAS is a reliable and valid scar assessment scale, consisting of a patient and clinician
component14. The patient component includes the items color, pliability, thickness,
relief, pruritus, and pain, which are scored on a 10-point rating scale. In this scoring
system, 10 reflects the worst imaginable scar (or sensation). Similarly, a clinician, who
was not involved in this study, scored the items vascularization, pigmentation, pliability,
thickness, relief, and surface area. A mean total score for the patient and clinician was
calculated by averaging the six separate item scores that are mentioned above.
Scar hypertrophy
Hypertrophic scar formation was monitored during follow-up. Scar hypertrophy was
defined as a scar raised above the skin level that stays within the confines of the original
lesion20. Also when only a part of the scar showed hypertrophy, the scar was scored as
being hypertrophic. The presence or absence of hypertrophy was scored from pictures,
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which were taken in an oblique angle to the scar. Scores were obtained from a plastic
surgeon experienced in burn reconstructions, who was not involved in this study. For this
judgment, the patient material was blinded to prevent bias.

2.3 Statistical analysis
Statistical analysis was performed using PASW Statistics version 18.0 (SPSS Inc., Chicago,
USA). To compare categories, the Chi-Square test was used. Normal distribution was
tested by applying the Kolmogorov-Smirnov test and by calculating skewness and
kurtosis. To test significant differences for independent data, the independent t-test (in
case of normally distributed data) or the Mann-Whitney U (MWU) test (for data that
were not normally distributed) were performed. Similarly, for paired data the paired
t-test was used for normally distributed data and the Wilcoxon signed ranks test was
used when data were not normally distributed. The Standard Deviation, range, 95%
Confidence Interval (CI), and p-values were given where appropriate. The two-tailed
significance criterion was set at 0.05.

Results
Twenty-nine out of 30 patients completed the 12 months follow-up period. One patient
refused follow-up measurements at 12 months. An example of a successful reconstruction
is shown in Figure 3. Measurements were performed at 3 and 12 months: on the average
3.8 months (SD 1.5) and 12.4 months (1.9) postoperatively, respectively. The average age
of our patients was 28.9 years (8.9) in the SS group and 31.6 years (8.9) in the SE group
(p = 0.416, independent t-test), with an average scar age of 12.4 years (10.3) in the SS
group and 9.3 years (8.9) in the SE group (p = 0.433, independent t-test).

3.1 Objective scar assessment
Scar surface area measurements
I. Total remaining scar area
Short-term results of this study showed that a significantly larger scar area reduction
was reached in the SS group compared to the SE group (95% (11) versus 78% (17),
95% CI: -28 to -6, p = 0.003, independent t-test, respectively), which corresponds with
a percentage of total remaining scar area of 5% (11) in the SS group versus 22% (17)
in the SE group12. Table 1 shows the results on the percentage of total remaining scar
area, which demonstrate that a significantly lower percentage of scar tissue remained
in the SS group compared to the SE group, at 3 months and 12 months postoperatively.
Similarly, a smaller total remaining scar area was found in the SS group compared to

177

10

Chapter 10

the SE group at 3 months (SS: 22 cm2 (19) versus SE: 40 cm2 (26), 95% CI: 0.4 to 36.4,
p = 0.046, independent t-test) and at 12 months postoperatively (SS: 26 cm2 (18) versus
SE: 42 cm2 (26), 95% CI: -3 to 33, p = 0.089, independent t-test).

Figure 3. Scar reconstruction on the abdomen of a 32-year-old female patient. (Above, left) Burn
scar measuring 8.2×30.9 cm. (Above, right) Result after scar excision 3 months postoperatively.
(Below, center) Result 12 months postoperatively. The inframammary fold was unaffected.

SCAR SURFACE AREA
Total remaining scar area (%)

Linear scarring (%)

Surgery

3 months

12 months

SS

5% (11)

19% (12)

SE

22% (17)

40% (18)§

†

Surgery

3 months

12 months
21% (18)§

§

26% (18)

SS

-

14% (8)

43% (19)†

SE

-

23% (17)§

†

25% (21)†

95% CI

6 to 28

10 to 33

2 to 31

95% CI

-

-2 to 20

-12 to 20

P-value

0.003*

0.001*

0.026*

P-value

-

0.096

0.607

Table 1. Results on the percentage of total remaining scar area and linear scarring at 3 and 12
months postoperatively. Explanation and formulas for these calculations are found in the methods
section and in Figure 1. Statistical testing was performed using the independent t-test. † refers to
n = 14 and § refers to n = 13. The asterisk marks significant results.
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II. Linear scarring
To investigate potential differences in widening of the linear scars, the percentage of
linear scarring (compared to the surface area of the excised scar) and the surface area
of the linear scars were quantified and compared between the treatment groups. No
significant difference for the percentage of linear scarring was found between the SS
group and SE group at 3 and 12 months postoperatively (Table 1). Similarly, no significant
difference was found for the surface area of the linear scars between the SS group and
the SE group at 3 months (SS: 14 cm2 (9) versus SE: 13 cm2 (6), 95% CI: -7 to 5, p = 0.813,
independent t-test) and at 12 months (SS: 18 cm2 (14) versus SE: 13 cm2 (8), 95% CI: -13
to 4, p = 0.293, independent t-test).
Scar color
The DermaSpectrometer values on the vascularization and pigmentation measurements
of the linear scars are presented in Table 2. During follow-up, no significant differences
between the SS and SE groups were found for the erythema and melanin values.
SCAR COLOR - LINEAR SCARS
Erythema |Escar – Econtrol|
3 months

Melanin |Mscar – Mcontrol|

12 months

3 months

12 months

SS

†

5.72 (2.43-11.17) 5.70 (0.50-10.13)

SS

6.79 (0.27-21.10) 4.93 (0.20-23.20)†

SE

6.93 (2.17-12.00) 6.68 (1.03-12.17)

SE

5.85 (0.33-16.00) 4.56 (0.10-15.10)

P-value

0.229

0.513

P-value

0.663

0.727

Table 2. Comparison of the vascularization (erythema) and pigmentation (melanin) of the linear
scars between the treatment groups at 3 and 12 months postoperatively. Erythema and Melanin
was calculated as the absolute difference between the scar and control measurement. Statistical
testing was performed using the MWU test. † refers to n = 14.

3.2 Subjective scar assessment
Patient and observer scar assessment scale
In Table 3 the mean total POSAS scores of the linear scar, scored by the patient and the
clinician are presented. For the patients- and the clinicians-reported mean total score
on the linear scar, no significant difference between the treatment groups was reported.
Scar hypertrophy
Photographic assessment of the linear scars showed that 3 months postoperatively 40%
(6/15) of the patients in the SS group and 36% (5/14) of the patients in the SE group had
developed scar hypertrophy (p = 0.812, Chi-Square test). Twelve months postoperatively
29% (4/14) of the patients in the SS group compared to 40% (6/15) in the SE group had
hypertrophic scarring (p = 0.518, Chi-Square test).
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MEAN TOTAL POSAS SCORE - LINEAR SCARS
Patient

Clinician

3 months

12 months

3 months

12 months

SS

3.9 (1.7-5.0)

3.9 (1.5-6.5)†

SS

3.5 (2.7-4.6)†

3.6 (2.4-7.0)†

SE

4.9 (1.3-8.5)

3.9 (1.5-7.7)

SE

3.5 (2.0-5.5)†

3.5 (1.8-5.5)†

P-value

0.101

0.760

P-value

0.884

0.462

Table 3. Mean total POSAS score, provided by the patient and the clinician. The mean total score
is calculated by averaging the scores of the six separate items of the POSAS. Statistical testing was
performed using the MWU test. † refers to n = 14.

Figure 4. Scar reconstruction on the upper arm of a 20-year-old female patient. (Left, above)
Burn scar measuring 9.0×27.5 cm. (Right, above) Excision of the scar, using skin stretch for
closure of the wound. (Left, below) Presence of red colored striae on the upper arm at 3 months
postoperatively. (Right, below) At 10 months postoperatively the striae have become less visible
and were not disturbing to the patient anymore.

Complications
Two patients required a re-operation in the vicinity of the original study location: one
patient in the SE group underwent a release under local anesthesia four months after
reconstruction for a newly formed scar contracture after scar excision of the upper
arm. One patient in the SS group desired a dog-ear correction, which was performed
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10 months after reconstruction. This same patient developed striae at approximately 3
months postoperatively (Figure 4). Minor complications included the presence of four
inert non-absorbable sutures 3 months postoperatively in one patient in the SS group
and serous fluid leakage of one partially dehiscent wound up to 3 months postoperatively
in the SE group.

Discussion
In this RCT, the long-term outcomes after scar excision followed by wound closure using
skin stretching (SS) as well as scar excision only (SE) were evaluated. We were able to
draw conclusions based on the large array of reliable and valid scar evaluation methods
that were used, including surface area measurements, vascularization and pigmentation
quantification, complication registration, evaluation of scar hypertrophy, and scoring of
the patients and clinicians opinion. Most importantly, we found that scar excision with
intraoperative skin stretching resulted in a significantly smaller percentage of remaining
scar tissue compared to scar excision without additional techniques for wound
closure. This difference was found directly postoperatively, but also 3 and 12 months
postoperatively (Table 1). Thus, these follow-up data show that wound closure using skin
stretching compared to no skin stretching, results in a sustainable smaller percentage of
remaining scar tissue. Secondly, we found that concerning linear scar formation there
was no difference between the treatment groups for the surface are of the linear scar,
the scar color and the incidence of scar hypertrophy. This implicates that even when
larger scars are excised and wounds are closed using skin stretching, no significant
widening of these linear scars and no increased risk on hypertrophy is observed. Lastly,
the patients and clinicians reported outcome of the POSAS for these linear scars was
comparable in both treatment groups. This demonstrated that the cosmetic outcome
of the linear scar in the SS group was similar to the SE group, despite of additional skin
stretching and excision of a larger scar surface area.
In addition to non-invasive measurement of the scar outcome, the effect of stretch on
skin adaptation and scar quality was analyzed by objective histological assessment of
the collagen structure on biopsies taken at 12 months postoperatively. Comparison of
the biopsies of adjacent healthy skin obtained (intraoperatively) before stretch, directly
after stretch, and at 12 months postoperatively showed a temporary, but not significant
effect of stretch in the SS group: alignment of the collagen bundles as well as smaller
collagen bundles and less bundle spacing were measured directly after stretch, with
a return to the original collagen orientation and structure at 12 months (results not
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shown). These results implicate that intraoperative skin stretching may lead to a small
temporary adaptation of collagen of the adjacent skin, but on the long term does not
render differences in the collagen network. Analysis of the linear scars did not show
significant differences between the treatment groups concerning collagen orientation
and collagen structure. This suggests that intraoperative stretching did not significantly
influence collagen quality of the newly formed linear scars.
Widening of linear scars, also referred to as the stretch back phenomenon, is often
considered as a cosmetically disturbing problem. This stretch back phenomenon has
been reported in previously published papers that evaluated the scar width after scar
excision or after closure of other types of wounds21-23. For excisions on the scalp, it
was reported that one-third to one-half the effect of the excision was lost 12 weeks
postoperatively22. Others found an average expansion of 13.2% after tissue expansion
three years postoperatively21 and Melis et al. found an expansion of 53% on the scalp,
back, and shoulder region and 10% on the extremities in wounds that were closed under
a significant amount of tension13. Analysis of our results allows comparison of wounds
closed with skin stretching (SS) to wounds closed without additional skin stretching (SE).
After a 12 months follow-up, we found a similar widening of the linear scar of 21% in
the SS group versus 25% in the SE group. These results demonstrate that even though a
wound is closed using skin stretching, this has no significant influence on scar widening
on the long term. Moreover, our results suggest, as opposed to the generally proposed
idea that hypertrophic scarring is more common in wounds closed under tension24, 25, that
wound closure using skin stretching does not lead to an increased rate of hypertrophic
scarring.
In literature, the phenomenon of stress relaxation has been described as the decrease
in retractive force exhibited by a material when it is held at a given stretch over time26.
In the present RCT, stress relaxation was apparent in patients of both treatment groups
already at the two weeks postoperative visit. Even though at that time patients could still
experience tightness of the adjacent skin, the tension on the adjacent skin was already
reduced. This stress relaxation process continued throughout the 12 months follow-up
period. Some authors argue the clinical relevance of stress relaxation27, however, we
feel stress relaxation certainly serves a purpose: relaxation of the adjacent healthy skin
allows for further scar excision, if necessary.
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Conclusions
In conclusion, this is the first study presenting the long-term results of subjectively
and objectively measured scar outcome after scar excision. Our results show the longterm beneficial effect of the intraoperative use of a skin-stretching device for wound
closure after scar excision. It can also be concluded that skin stretching is a sustainable
technique that allows excision of a significantly larger scar area without a deterioration
of scar quality or an increase in complications (indicated by no difference in width
of the linear scars, scar hypertrophy or scar appearance reported by the patient and
clinician). Now that we have demonstrated the short-term efficacy and the long-term
beneficial and sustainable effects of skin-stretching, we can safely recommend the use
of intraoperative skin stretching for wound closure after large scar excisions and closure
of other large defects.
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Discussion and future perspectives
This dissertation concerns reconstructive techniques for burn scars that focus on the use
of adjacent healthy skin. Because this adjacent healthy skin has unique functional and
cosmetic qualities, considering its use instead of other, more sophisticated treatment
options can improve the long term outcome after burn scar reconstructions. We reviewed
the clinimetric requirements of the available subjective and objective instruments for
measurements of healthy skin and scar tissue. Using clinimetrically tested measurement
tools, we explored and quantified the basic qualities and mechanical properties of
healthy skin in comparison with scar tissue. This acquired knowledge on basic collagen
morphology and the mechanical behavior of healthy skin and scar tissue was translated
and applied in the two clinical studies on burn scar reconstruction.
The first section of this dissertation focused on clinimetry. An elaborate overview of the
current state of the art of subjective and objective measurement tools for assessment
of the healthy skin and scar tissue was provided. Especially the reliability and validity
of scar assessment scales and objective measurement tools were emphasized. By the
increased amount of clinimetric data that has become available, we can conclude that
the level of evidence for scar assessment is expanding and that authors recognize the
relevance of reliable and valid assessment of healthy skin and scar characteristics. Part of
this assessment includes the measurement of collagen morphometry. Since no suitable
measurement tools for collagen morphometry were available, we tested measurement
tools for invasive and non-invasive collagen assessment. For invasive assessment of
collagen bundle thickness and collagen bundle spacing, the Fourier first-order maximum
and Distance Mapping were found to be reliable and valid objective measurement tools.
In addition, the Reviscometer, a non-invasive measurement tool for tissue anisotropy,
was tested to be reliable and able to make a distinction between healthy skin and scar
tissue. Yet, its validity should be further investigated.
The second section discussed experimental studies on the basic structural aspects and
the mechanical properties of healthy skin and scar tissue. With the use of suitable,
reliable, and valid tools for collagen measurements, that were tested in the first section
of this dissertation, basic differences between healthy skin and scar tissue were revealed.
A clearly more random collagen orientation was found in healthy skin compared to
different types of scars. Additionally, for the first time differences in collagen bundle
thickness in keloidal scar compared to other types of scars were objectified. In a second
study, collagen measurements were performed in a dynamic experimental setting. By
exerting mechanical stretch onto healthy skin and scar tissue, differences in mechanical
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properties between healthy skin and scar tissue were objectified: collagen bundles in
healthy skin and scar tissue were found to realign in a parallel fashion. For healthy skin,
thicker bundles and more space between the bundles were found. By correlating these
changes in extension, alignment, and collagen morphology, the underlying mechanism
of adaptation to stretch of healthy skin and scar tissue were further elucidated.
The last part of this dissertation involved the integration of our data, acquired in the
experimental studies, into two clinical trials in burn scar reconstruction. We presented
two reconstructive techniques for improvement of the functional and cosmetic problems
related to burn scarring. The main focus of these reconstructive techniques is the optimal
use of the healthy adjacent skin in an easy and reproducible fashion. We presented a
prospective study on perforator-based interposition plasties for burn scar contractures.
Using the adjacent healthy or superficially scarred skin, a perforator flap was transposed
into the defect of the contracture release. The long-term results showed a sustainable
effect of the release and even expansion of these perforator flaps was objectified for the
first time. The simplicity of the technique and the sustainability of the effect of these
perforator-based flaps warrants further research into the implementation of these flaps
as a preferred method for burn scar contracture release. Next to this trial on perforator
flaps, the short and long-term results of a randomized controlled trial into the effect of
skin stretching for burn scar excision were presented. Both the short- and long-term
results of this trial showed that for scar excision, by stretching the adjacent healthy skin,
a significantly larger reduction in scar area can be achieved compared to scar excision
with no additional stretching techniques. After one year follow-up, we noted a long-term
beneficial effect of intraoperative skin stretching for wound closure after scar excision.
In addition, it may be concluded that wounds closed using skin stretching do not lead to
wider linear scars or more scar hypertrophy .

Perspectives on measurement tools
Practicing evidence-based medicine has become inevitable. Regarding this trend towards
evidence-based practice, lately many more randomized controlled trials have been
conducted. In randomized controlled trials, the most important outcome measure is the
primary endpoint. Reliable and valid measurement of the primary endpoint is therefore
of paramount importance in order to be able to draw reliable and valid conclusions. This
could be an explanation why recently clinimetry and clinimetric research is becoming
increasingly popular. In fact, a reliable and valid measurement technique for the primary
endpoint is mandatory for a well-funded answer on a research question. For the
evaluation of primary endpoints in clinical trials, and more specific, for the evaluation
of scar outcome in clinical studies, we strongly recommend the use of reliable and valid
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measurement tools. For this reason, in chapter 2 and chapter 3 an up-to-date overview
is provided on the currently available subjective and objective scar evaluation tools with
respect to their clinimetric assessment.
In clinical trials that evaluate scar outcome, subjective scar assessment scales are
more frequently used than objective measurement tools. The reason for this is simple:
subjective scar assessment scales are freely accessible and easy to use. Moreover, they
can be easily applied in a clinical setting, require little time to complete, and they can
provide a useful general impression on the scar appearance. Objective scar assessment
tools quantify only one specific scar parameter. On the other hand, subjective assessment
may be susceptible to various confounding factors. These factors include (in)experience
or coping skills of the patient or clinician1 and psychological problems, related to
scarring which highly influence the judgment of the patient2, 3. Even though subjective
assessment may suffer from above mentioned confounders, we still feel that inclusion
of the patient opinion is indispensable for a complete scar assessment. However, for
this same reason (confounders) subjective scar assessment only, cannot always be
considered as sufficient. We advocate a combination of both subjective and objective
measurement tools for a complete scar assessment, but most importantly the primary
endpoint of the clinical trial should dictate the measurement tools that are being used.
Selection of a reliable and valid measurement tool should be carefully considered before
the start of a clinical trial.
The most frequently used subjective scar assessment scales are the Vancouver Scar
Scale (VSS) and the Patient and Observer Scar Assessment Scale (POSAS). The past
years, especially the POSAS is frequently advocated in the literature and has become
more popular, probably because it has a superior clinimetric assessment and structure
compared to the VSS4-6. Also the patients’ opinion is incorporated in the POSAS
questionnaire4, 5, 7 as opposed to the other scar evaluation tools. Even though nowadays
most of the scar assessment scales as discussed in chapter 2 have been clinimetrically
examined, still none of these scales meet the complete array of basic clinimetric
requirements. This can be partially explained by the currently increasing attention for
clinimetry: this is accompanied by new clinimetric developments and it demands that
other clinimetric entities, such as responsiveness, are tested as well. Another reason,
which also becomes evident from the overview as supplied in chapter 2, is that even
though clinimetric testing has been performed, a proper presentation of the data is
lacking to allow for a good interpretation of the testing results. Currently, a relatively
new approach to assess scar assessment scales is emerging which is the use of the item
response theory8. The item response theory in the form of a Rasch analysis8, 9 has already
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been applied on several health quality measurement instruments. It potentially exposes
weak structures or items in these scales which are not noticed by performing classical
clinimetric tests10. In the future, when sufficient experience is gained and sufficient data
are collected with a specific scar assessment scale, we recommend to perform Rasch
analysis in addition to classical clinimetric testing, to further improve the clinimetric
properties and thereby the clinical use of these scales.
In chapter 3 the most frequently used objective measurement tools are reviewed based
on the different scar parameters color (vascularization and pigmentation), thickness,
pliability, relief, and surface area. New measurement tools have been developed
and new clinimetric assessments have taken place especially for objective tools that
measure color, thickness, and relief. For the scar parameter color, the validation process
remains difficult because in highly vascularized scars, the vascularization can mask the
pigmentation. Vice versa, a highly hyperpigmented scar may mask the vascularization.
This may disturb both subjective and objective measurements of the vascularization
and pigmentation as separate items. In future research, validation of objective color
measurement tools could be better performed by testing the construct validity in the
form of the convergent validity (= determining whether different color measurement
tools are capable of measuring the same attribute)11. In addition, in young and active
scars, it should not be attempted to measure the separate items vascularization and
pigmentation. Instead, for these type of scars we suggest quantification of the deviation
from healthy skin. Probably these measurements could be best performed using
tristimulus reflectance colorimetry, since via this mechanism the color can be measured
in a way the human eye perceives: the outcome measures of tristimulus reflectance
colorimetry do not separately quantify the items vascularization and pigmentation. For
the scar parameter thickness, objective quantification with ultrasound is usually used1214
. The reason that the best measurement tools for thickness have not been determined
yet, can again be explained by difficulties in the validation process. Scar thickness is
clinically scored by comparison with the surrounding healthy skin, whereas objective
ultrasound devices quantify the histological scar thickness, which includes the complete
dermal layer. Since clinical and histological thickness cannot be compared to each other,
future validation should either be performed by construct validation or by correlating
the histological thickness (measured by ultrasound) to the histological thickness from
biopsies. Objective systems for relief measurements were recently only available as
indirect profilometry measurement methods, which required measurements in a twostep procedure. A recent publication demonstrated good reliability and validity of the
PRIMOS (Phaseshift Rapid In vivo Measurement Of the Skin), which is a measurement
tool that allows quantification of relief in a one-step procedure. Notwithstanding its high
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price, the PRIMOS could eventually become the relief measurement tool of choice15. For
measurement of pliability and surface area, hardly any new clinimetric developments
have taken place in recent years. For pliability, the Cutometer measures reliably and
valid and is feasible in its use in (clinical) practice16. The Cutometer seems to be the
most suitable and widely used pliability measurement tool. For scar surface area
measurements, the clinical relevance has been recognized already many years ago in
the treatment of chronic wounds, ulcera, and pressure sores. Therefore, a broad variety
of techniques, ranging from simple transparent acetate measurement to sophisticated
camera systems were already clinimetrically tested and found to be reliable and valid at
that time17-22.
For both subjective and objective measurement methods, the reliability can be
easily tested by asking multiple observers to fill out a questionnaire or to perform a
measurement with a measurement device, respectively. This seldom leads to an
unsatisfactory reliability. However, the reliability of subjective scar assessment scales is
almost consistently scored lower than the reliability of objective scar assessment tools.
Most scales require more than two observers, whereas for scar assessment tools usually
one measurement of one observer is sufficient to obtain reliable results. As opposed to
reliability, the validity of subjective and objective measurement tools remains difficult
to determine. This also becomes clear in the paragraph above: still no ideal tool for
measurements of the scar color and thickness is determined. Ideally, criterion validation
is performed, which implicates calculation of the correlation between the outcome of
the measurement tool and the “gold standard”. The separate scar parameters which are
scored by filling out a scar assessment scale are often attempted to validate by correlating
them to the outcome of an objective measurement tool. On the other hand, validation
of an objective measurement tool is often performed by correlating its outcome to a
subjectively scored scar parameter. This can be considered as circular argument, which
often does not lead to conclusive reports and, more importantly, may be of doubtful
scientific value. Therefore, in future research we advocate a different approach to
the validation of measurement tools: in our opinion the focus should be shifted from
criterion validity to convergent validity. Convergent validity refers to whether a new
measurement tools correlates with other variables or measures which empirically or
theoretically measure the same attribute. This could provide more valuable data on the
validation of measurement tools. Furthermore, we would like to stress the importance
of assessing the responsiveness, which refers to whether a measurement tool is able to
detect a meaningful or clinically important change (sensitivity to change)23. Up to now,
responsiveness is seldom tested whereas it can be considered as part of the validation
process of measurement tools. We expect that testing responsiveness will yield more
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substantial data on the validity of a measurement tool than currently provided by testing
the criterion validity. In addition, responsiveness could provide more clinically useful
data on the validity, because it answers the question whether a measurement tools is
able to detect a meaningful or clinically important change.

Perspectives on collagen
Measurement techniques
Reviewing the literature, it became apparent that even though many books and papers
are published on the histological aspects of healthy skin and scar tissue, objective
morphometry of collagen in healthy skin and scar tissue has been sparsely performed.
Further research is relevant because objective quantification of the collagen organization
and the collagen structure provides useful baseline data and can significantly contribute
to an understanding of the physical and mechanical properties of healthy skin and scar
tissue. Up to now, data on the organization and morphometry of collagen, which takes
account of 85% of the dermis24, are only provided in a few studies. For quantification of
the collagen organization, a reliable and valid objective method has become available25,
but reliable and valid quantification of the collagen morphometry (collagen bundle
thickness and collagen bundle spacing) has never been performed. Because further
elucidation of the physical and mechanical properties of healthy skin and scar tissue is
required, in this dissertation we focused on basic objective measurement and differences
in the collagen organization and the collagen structure between healthy skin and scar
tissue (chapter 6). In addition, we explored both non-invasive techniques (chapter 5)
and invasive techniques including morphological analysis of biopsies (chapter 4) for
collagen structure measurements. In chapter 5, measurements of the collagen structure
were performed non-invasively, using the Reviscometer. The Reviscometer was found
to be a reliable measurement tool. Moreover, this device was able to discriminate
between healthy skin and scar tissue. The Reviscometer was proposed to measure
tissue anisotropy in literature26, therefore we investigated the validity by correlating the
Reviscometer values to objectively measured collagen orientation of tissue biopsies,
which were harvested at the same place of the measurement. Unpublished results
demonstrated a low correlation, which suggests that the Reviscometer measures a
different aspect than the collagen organization. Ongoing research should elucidate how
the outcome parameters of the Reviscometer should be interpreted exactly.
In chapter 4, reliable and valid analysis of the collagen structure was further explored for
healthy skin and scar tissue. We presented the Fourier first-order maximum analysis and
a new measurement application, Distance Mapping, for collagen measurement. These
image analysis techniques were shown to measure the collagen bundle thickness and
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the collagen bundle spacing in a reliable and valid way. Even though these morphometric
techniques required acquisition of patient material and subsequent processing of this
tissue, up to now, only these invasive measurement techniques were proven to be
reliable and valid for collagen morphometry. We therefore still consider these image
analysis techniques of collagen organization and morphology as the “gold standard”
for measurements of healthy skin and scar tissue biopsies. Application of the Fourier
first-order maximum analysis and Distance Mapping may be limited in clinical practice,
because taking a biopsy is usually not part of a treatment, but for research purposes
these collagen measurement techniques may prove very valuable: in animal studies the
treated tissue is usually processed for histological analysis after sacrifice. For example,
objective quantification of collagen is very useful for studies that measure scar outcome
after investigating an anti-scarring agent. Histological analysis using these techniques
may demonstrate which anti-scarring therapy generates a scar that resembles healthy
skin the most. Also, in pathological practice, reproducibility and predictive accuracy of
measurement methods are major themes27: our reliable and valid quantitative collagen
measurement methods may eventually be used as a predictive or diagnostic tools in
pathology. We have shown that quantification of the collagen bundle thickness facilitates
the pathological analysis: hypertrophic scars and keloids can be distinguished more easily
by measuring the bundle thickness (chapter 6). In addition, implementation of these
measurement techniques for pathological analysis of other viscera than skin should
be pursued: the collagen bundle dimensions, organization, and the interstitial space
in myocardial tissue are important outcome parameters for measuring the structural
integrity of the cardiac tissue after myocardial infarction28.
Future research into collagen measurement should be concerned with non-invasive
reliable and valid measurement techniques that have the potential to become clinically
applicable. To this end, next to further testing of the validity of the Reviscometer, we
pursued non-invasive visualization of the collagen structures by Optical Coherence
Tomography (OCT) in a pilot study (data not shown). The advantage of OCT visualization
was that the tissue could be imaged directly, without introduction of possible artifacts
through histological processing. A considerable disadvantage included the low resolution
of the generated images, which made subsequent objective image analysis impossible.
More suitable OCT devices that can provide better images of the healthy skin and
scar tissue are available, but they require custom-made adaptations. At this moment,
even though OCT may be a viable option for non-invasive collagen measurements, the
potential benefits of imaging with a custom-made OCT device do not outweigh the high
costs and efforts that have to be put in adapting this measurement tool. Moreover, the
reliability and validity of OCT has not been demonstrated up to now. Next to OCT, other
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visualization techniques such as ultrasonography should be considered. Possibilities
could be explored by using high resolution ultrasound with a specific penetration depth
to generate very detailed images of the dermal structures. Subsequent analysis of these
images could be performed by using the previously presented digital image analysis
techniques (such as Fourier analysis and Distance Mapping).
Function
Still controversies exist on the role of the collagen and elastin components in the dermal
layer. The function of collagen is usually defined as being responsible for the (tensile)
strength and elasticity of the skin. After the age of 40, the collagen production gradually
decreases29. For elastic fibers, it is proposed that these fibers provide elasticity (the
quality of being adaptable)30 and resiliency (the capability to recover its size and shape
after deformation by compressive stress) to the skin and act as storers of the energy
that is required to return the skin to its resting state31. In chapter 7, we attempted to
further elucidate the function of the collagen and elastin network in a dynamic model:
by exerting stretching forces onto healthy skin and scar tissue, the response of the
collagen and the elastic fibers in terms of realignment was investigated. Results of these
experiments helped to clarify the role of collagen and elastic fibers in the viscoelastic
behavior of healthy skin and scar tissue. We propose that the viscoelastic behavior of
skin in response to stretch is probably for the greater part explained by the properties of
the collagen network instead of the elastic fibers. We thereby question whether the role
of the elastic fibers is indeed as important as often stated in literature32-34. Decreased
elasticity and shear strength of aging skin is often attributed to dysfunction of the elastic
fibers. However, in agreement with our findings in chapter 7, we hypothesize that
changes in the collagen network may play a larger role in this aging process. Previous
studies already showed that the density and quantity of the collagen network decreases
with age29. This process may also take account for the decrease in strength of aging skin:
already by low shear forces, the older skin can be injured.
Planes of collagen
Besides standard visualization of interesting structures in healthy skin and scar tissue,
additional information may be provided by imaging these structures in a new perspective
by application of stretch onto the skin. Visualization of stretched tissue has been
performed in literature, however, direct fixation, while tissue is still in stretched-out
position has never been done before. In chapter 7, the biopsies of healthy and scarred
tissue were fixated while the tissue remained under stretch. Subsequently, sections were
cut perpendicular to the direction of the stretch. In addition, we imaged the collagen
structures in a different way: besides cutting the sections perpendicular to the epidermis,
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these sections were also cut parallel to the stretch direction and parallel with the surface of
the epidermis (explained in Figure 1 and Figure 2, unpublished data). Cutting the sections
in these three different directions, provides a more three-dimensional visualization.
Using this approach, we found strong indications that the collagen structure in the skin,
which was always considered to consist of many small separate collagen bundles, in
fact seems to be more similar to large planes of collagen (Figure 4). Visualization of
these collagen planes in healthy skin parallel to the stretch direction makes them appear
as separated small collagen bundles (Figure 3). Our experiments in chapter 5 showed
that in healthy skin, their thickness ranged from 3.2 to 6.2 µm35. However, when these
sections are cut parallel to the surface of the epidermis, the collagen structures are not
identifiable as bundles anymore, but resemble more to large planes (Figure 4). These
planes were estimated to be approximately 1 mm in length (measured using OCT). Thus,
in fact, collagen bundles, should probably be named planes of collagen. These planes of
collagen impose as bundles, because they are perpendicularly transected in the sections
parallel to the stretch direction (Figure 3). Their predominant direction, when stretch is
applied on healthy skin is parallel to the epidermal surface. Future research should focus
on better visualization and quantification of the dimensions of these planes of collagen.
We recommend direct visualization of these structures without chemical processing of
the tissue for histological analyses. Direct in vivo visualization may prevent deformation
of these collagen structures by manipulation throughout the process and by fixation
artifacts. Moreover, to further understand dynamic processes in the skin, visualization
of the relevant structures should be performed in a status that optimally resembles the
in vivo situation. Especially with respect to collagen we consider this important, since
the orientation of the collagen structure adapts dependent on the amount of tension
on the skin: immediate tissue shrinkage is seen when a skin biopsy is harvested and, as
demonstrated in chapter 7, immediate realignment of the collagen is registered when
tissue is stretched. In vivo visualization of this relatively new concept of collagen planes
could be performed by OCT. Our preliminary investigations with the use of OCT allowed
in vivo imaging of the skin (after removal of the epidermis). Differences in reflective
index between collagen and on the other hand fluid between the collagen structures
allowed to make a rough estimation of the dimensions of these planes. However, this
pilot study did not enable optimal visualization of these collagen planes yet. For optimal
visualization, a custom-made OCT device (with an optimal balance between resolution
of the image and penetration depth) that is especially suitable for imaging the skin
should be used. In addition to OCT, the possibilities of “live imaging of the skin” using a
confocal laser scanning microscope could be further explored. For confocal microscopy,
however, in vivo imaging is not a practicable option: harvesting a biopsy is indispensable,
which limits these experiments to ex vivo visualization.
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epidermis
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Figure 1. Transection of the section perpendicular to the epidermis and parallel to the stretch
direction.		

epidermis

dermis

Figure 2. Transection of the section parallel to the epidermal surface.
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Figure 3. Stretched collagen in a section that was transected perpendicular
to the epidermis and parallel to the stretch direction (Figure 1). From
this perspective, the planes of collagen are all transected perpendicularly,
which makes them appear as collagen bundles. The imaging depth was
approximately 300 µm deep into the skin.

Figure 4. Visualization of stretched collagen structure in a section
that was transected parallel to the epidermal surface (Figure 2).
No clear collagen bundles are visualized. It seems as though we look
directly perpendicular to a plane of collagen. The imaging depth was
approximately 300 µm deep into the skin.
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Perspectives on tissue adaptation
In the experimental part of this dissertation, more detailed objective data on the
collagen structure in healthy skin and in scar tissue were provided. With a specific
focus on collagen, the adaptation of healthy skin and scar tissue was monitored in
response to (cyclical and continuous) stretch. In the next part of the discussion, a further
interpretation of these experimental data in relation to the clinical studies that were
conducted in chapter 8, chapter 9, and chapter 10 is made. For clarity purposes we still
refer to the term “collagen bundles” instead of “planes of collagen”.
In the clinical study that was presented in chapter 9 and chapter 10, we demonstrated
a beneficial effect of stretching the adjacent healthy skin for burn scar excisions. Even
though we were able to prove that stretching the adjacent healthy skin worked from a
clinical point-of-view, the underlying adaptation mechanisms of healthy skin in response
to stretch remained unclear. In chapter 7, experimental research was conducted to provide
a better understanding of these underlying adaptation mechanisms of healthy skin and
scar tissue in response to stretch. The basic histological findings on collagen organization
and morphology were correlated to ex vivo registered extensibility of healthy skin and
scar tissue. Most importantly, we found that differences in the mechanical properties
between healthy skin and scar tissue can be reduced to two important differences in the
characteristics of collagen: the orientation and the morphology of the collagen bundles.
Concerning the collagen orientation, we objectively demonstrated in chapter 6 that the
collagen bundles in scar tissue are organized in a parallel fashion, whereas the collagen
bundles in healthy skin are randomly organized. We demonstrated that these already
parallel aligned collagen bundles in scar tissue have less potential to extend in response
to stretch. Concerning the morphology of the collagen bundles, we found that objective
assessment of the “collagen bundle packing” and the collagen bundle spacing (chapter
6 and chapter 7) showed more densely packed collagen bundles in scar tissue compared
to healthy skin. It can be concluded that these more closely packed collagen bundles
in scar tissue may be more difficult to displace. This explains the limited extension and
the decreased pliability of scar tissue as well. A third collagen characteristic which may
further contribute to the observed differences in extensibility between healthy skin and
scar tissue includes collagen cross-linking. We propose that the increased number of
pyridinium cross-links per collagen molecule that was found in scar tissue compared to
healthy skin36, further supports the decreased capacity of the collagen bundles to extend
in scar tissue: this increased number of cross-links eventually keeps the collagen bundles
more tightly packed in scar tissue and therefore more difficult to displace in response to
mechanical stretch. These experimental studies provide the underlying basis why scar
tissue only has a limited potential to stretch, whereas healthy skin can stretch beyond
the limits of intrinsic extensibility. The models in Figure 5 and Figure 6 summarize these
findings in an abstract representation.
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Figure 5. Abstract model on the adaptation of collagen in healthy skin in response to stretch.
When mild stretch (A) (which can be caused by bending of the knee) is exerted, skin extension is
reached by little alignment of the collagen planes. When large stretching forces are applied (B),
which is the case in intraoperative skin stretching, the healthy skin is stretched beyond its intrinsic
extensibility. Besides evident alignment of the collagen planes, more space between collagen
planes results in additional extension of the healthy skin (B). Designed by Maartje Kunen.

Figure 6. Abstract model of the adaptation of collagen in scar tissue in response to stretch.
When mild stretch is exerted onto scar tissue, no extension of the scar tissue is reached. The
extension of the scar tissue that is necessary to bend the knee, is often reached by stretching the
adjacent healthy skin next to the scar tissue or when no adjacent healthy skin is present, simply no
extension is possible (scar contracture). When large stretching forces are exerted (C), scar tissue
does have the ability to stretch: further alignment of the collagen planes takes place. However,
this extension is minimal in comparison with healthy skin (C). Also, because more cross-linking
was found in scar tissue, less spacing between the collagen planes is possible, and no further
stretching of scar tissue is possible beyond its intrinsic extensibility. Designed by Maartje Kunen.
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Next to intraoperative stretching with a skin-stretching device, other stretching
mechanisms are regularly used for burn scar reconstruction. Tissue expansion followed
by excision of a scar, is still often considered as gold standard for excision of large burn
scars that would normally result in a wound that cannot be closed primarily. In tissue
expansion, the adjacent healthy skin is stretched over a longer period of time and new
tissue is generated due to a chronic stretching force. This concept is also referred to
as biological creep37, 38. Biological creep is histologically characterized by epidermal
thickening and angiogenesis, together with dermal thinning37. As opposed to biological
creep, mechanical creep is described as a concept which is applicable over a shorter
time period when tissue is stretched beyond its intrinsic extensibility39. Mechanical
creep was described to predominantly occur because of displacement of water from
the collagen network37, 39. Intraoperative skin stretching using a device as presented in
chapter 9 and chapter 10 of this dissertation, works by mechanical creep. Even though
differences have been described between biological and mechanical creep in terms of
fluid displacement and new tissue generation, we propose that a distinction between
biological and mechanical creep can also be made based on a difference in collagen
alignment. Our experimental study in chapter 7 showed rapid parallel alignment of the
collagen bundles when the skin is instantly stretched beyond its intrinsic extensibility
(mechanical creep). On the other hand, studies that investigated the collagen alignment
after tissue expansion (biological creep), although not completely conclusive, reported
no realignment of the collagen bundles40. We hypothesize that when skin is stretched
over a longer period (biological creep), alignment of the collagen structure hardly occurs:
through generation of new tissue and through collagen synthesis, the collagen bundles
in the healthy skin can preserve its random organization. A third concept related to
stretch is the phenomenon of stress relaxation. Stress relaxation has been described as
the decrease in retractive force exhibited by a material when it is held at a given stretch
over time38. In other words, stress relaxation refers to the phenomenon that a wound
that appeared under tension intraoperatively, already relaxes by follow-up visit. A clinical
confirmation of this stress relaxation phenomenon was provided in chapter 10: at the
two weeks follow-up visit in the outpatient clinic, relaxation of the adjacent healthy skin
after primary closure of a large wound had already taken place. We hypothesize that this
stress relaxation process could be considered as comparable to tissue expansion. In this
case the stretch is not gradually increased in time by filling the tissue expander, but the
force onto the skin gradually decreases: as a result of the large postoperative stretching
force onto the skin, the collagen bundles in healthy skin realign in a parallel fashion and
more spacing between the collagen bundles is allowed (Figure 5). Subsequently, through
rapid generation of new tissue (especially collagen), stress relaxation could occur in a
similar way as in tissue expansion. Moreover, enzymes such as collagenases (MMP1
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and MMP8) may play a role in facilitating rapid connective tissue remodeling after large
stretching forces are exerted onto the skin.
In our ex vivo experiments, stretch could be exerted up to a state when further extension
was not possible anymore. However, in vivo it remains unknown what is the maximum
tolerable force that may be exerted on healthy skin. Investigations to explore these limits
in clinical practice cannot be considered ethically responsible, because such research
may implicate an increased risk on (permanent) tissue damage and striae for the patient.
Experiments that could be ethically responsible to conduct, include the standard
determination of the usual tension that is exerted on healthy skin upon wound closure.
Providing these baseline values and their range could be useful for the interpretation
of what can be considered as a “normal” force that can be exerted onto the adjacent
skin and the maximum tolerable force that skin may sustain upon wound closure. In
the future, we recommend further research into registration of this force necessary for
wound closure. Adaptations that were made to the skin-stretching device that was used
for the RCT as presented in chapter 9 and chapter 10, allow exact measurement of the
force onto the skin in Newton. Measurements in many types of wounds on different
locations will be necessary to draw reliable conclusions, since the tension that can be
exerted on a wound located in the pretibial region can be different from the tension
exerted on an abdominal wound.

Perspectives on burn scar reconstruction
Since patient survival after extensive burns has improved significantly, more burn scar
reconstructions are necessary. Reconstructions may be performed from a functional (scar
contractures, pain, itch, and hygiene problems) and a cosmetic point of view (disfiguring
scars) or a combination of both. Many sophisticated techniques are available, however,
in our opinion the principle of using the most simple option of the reconstructive ladder
should be applied. We therefore advocate the use of simple and easily reproducible
techniques for burn scar reconstructions. In this dissertation we presented two easily
reproducible reconstructive techniques which both make optimal use of the adjacent
healthy skin. We considered that using this adjacent healthy skin bears several
advantages: firstly, it does not lead to an unnecessary complicated reconstruction.
In fact, the techniques as described in chapter 8, chapter 9, and chapter 10 are not
technically demanding, result in no additional donor sites, and have a relatively low risk
of complications. Secondly, it is obvious that the healthy adjacent skin gives a superior
cosmetic result. Thirdly, the adjacent healthy skin has a great adaptive capacity and is
therefore able to sustain considerable stretching forces. Lastly, the adjacent healthy skin
has an extensive vascular network, which can be optimally used when transposition
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flaps need to be created. This vascular supply through a.o. axial and perforator vessels
likewise increases the chance on a successful reconstruction with a sustainable effect
(chapter 8). Moreover, this extensive vascular network provides for low rates of necrosis
(of both flaps and wound edges). In this last part of the discussion we further elaborate
on the optimal use of this adjacent healthy skin. Future recommendations are made with
respect to the reconstructive techniques that have been presented in this dissertation.
In literature, it is often discouraged to close wounds under tension. The idea is that
this may increase the risk on hypertrophic scarring, complications40, 41, that it may result
in widening of the scars (stretch back phenomenon)41-43, and more generally, that it
deteriorates the scar outcome. Therefore, stretching the adjacent healthy skin for wound
closure is still considered as a controversial concept. In this dissertation, we aimed to
elucidate these controversies on closing wounds under tension. More specifically,
we investigated the effects of stretching healthy skin in an experimental setting and
applied this tested concept clinically in a randomized controlled trial into the efficacy
of intraoperative skin stretching. Our experimental study did not show tissue damage
on the stretched tissue samples. Moreover, long-term results of the randomized clinical
trial showed that wound closure with additional intraoperative skin stretching did not
lead to more hypertrophic scarring. Secondly, additional intraoperative skin stretching
did not negatively influence widening of the scar and scar outcome on the long term.
Concluding, the long term results as demonstrated in our study prove that this technique
can be safely used without an additional risk on complications or a deteriorated scar
outcome. Now that we have demonstrated the safety of skin stretching as well as the
sustainability of the scar surface area reduction that can be reached with skin stretching,
we suggest addition of this skin-stretching device to the armamentarium of plastic
surgeons. Especially for humanitarian reconstructive missions in developing countries
skin stretching can be of considerable use, not only because it can result in a reduction
of a two-step procedure to a single-step procedure, but also because the technique is
simple with low complication rates.
When intraoperative stretching of the adjacent healthy skin is considered, we recommend
stretching of the skin in a cyclical fashion (as opposed to continuous stretch). Results that
were presented in chapter 7 showed that the same extension of the healthy skin was
reached, when it was stretched in a cyclical fashion with a low stretching force applied
compared to stretching in a continuous fashion with a higher stretching force applied.
We prefer lower forces, because this reduces the potential chance on tissue damage
(and striae). In literature, it was often recommended to repeat this cyclical stretching
up to six times44, 45. However, in clinical practice, we found that usually three stretch
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sessions sufficed to reach the desired skin elongation. This was also supported by
objective measurements of the skin-stretching device: the force onto the adjacent skin
that was necessary to approximate the wound edges decreased gradually, depending
on how often cyclical stretching was repeated. However, especially from the first to the
third stretching session a decrease in stretching force that was necessary to approximate
these wound edges was registered. This decrease became less apparent after the third
to the sixth stretching session (unpublished data). Moreover, in the majority of the
cases, the desired skin extension was already reached after the third stretching session.
In order to pursue an optimal balance between operation time and the gain in extension
of the skin, we recommend the standard application of three intraoperative stretching
sessions. Only if wounds remain very difficult to close, more than three stretching
episodes can be necessary.
The concept of stretching the healthy skin was not only applied in the randomized
controlled trial that was presented in chapter 9 and chapter 10. This same concept was
found to be responsible for the sustainable effect of perforator-based interposition flaps
for scar contracture release, investigated in our second prospective study (chapter 8).
This sustainable effect for scar contracture release can be explained by the ability of these
perforator flaps to stretch in time. This could be entirely attributed to the properties of
the adjacent healthy skin (or in some cases the superficially scarred skin), which was
inserted into the defect created by the contracture release. When scar contracture
release is performed, often a large defect is created due to the force that was exerted
through the contractile properties of the burn scar. This burn scar contraction causes
scar contractures and therefore functional impairment. After release is performed and
skin grafts or a flap are inserted in the created defect, in the postoperative situation
still contractile forces can play a significant role. This probably explains for the high
recurrence rate of scar contractures when a release with skin grafting is performed46-50:
these split-thickness skin grafts (SSGs) and full thickness skin graft (FTGs) have a very
limited ability to stretch in time. In chapter 8, results showed that no re-releases were
necessary after a follow-up of almost eight months. On the contrary, the flaps’ width
and surface area had expanded. Through insertion of tissue of superior quality, the
persistent contractile force that plays a role after the contracture release is performed,
can be easily sustained by adaptation of this healthy skin. We propose that stretch that
is exerted on these interposition flaps after contracture release, may be similar to the
concept of tissue expansion. By biological creep, in time, new healthy skin is generated
and a sustainable contracture release is provided.
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In the future, we advocate further research into these perforator-based interposition
flaps for contracture release. Since our prospective study reported a sustainable
effect and a high adaptational capacity of these perforator flaps, these flaps should
be considered the gold standard for burn scar contracture release. Before this could
be implemented as a standard treatment, clear proof should be provided that these
perforator flaps provide better results compared to the current state of the art: release
with FTGs (and to a lesser extent SSGs). A randomized controlled trial will be initiated
comparing this easy concept of perforator-based interposition plasties with the current
gold standard of skin grafting. In addition, we recommend further research into the
adaptational properties in response to stretch of these flaps consisting of healthy skin,
flaps with superficially scarred tissue, and FTGs. It is known that FTGs have the tendency
to contract in time after they are inset into the defect of a contracture release49. Because
FTGs consist of healthy skin, theoretically no reduction of the surface area of these FTGs
would occur in time. However, literature and our experience in clinical practice do not
conform to this theoretical assumption. On the other hand, when flaps with superficially
scarred tissue are inserted into the defect of the contracture release, we registered no
contraction over time. On the contrary, results presented in chapter 8 showed a similar
expansion of the healthy skin perforator flaps and the perforator flaps with superficially
scarred tissue. This strongly suggests that the presence of subdermal tissue (and
sometimes deep dermal tissue), which is absent in FTGs and present in flaps, is essential
for the sustainability of the release. Future research should further clarify the role of this
subdermal (and deep dermal) tissue specifically for its ability to adapt in response to
mechanical stretch. In this perspective, it may be especially interesting whether there is
a difference in contractile properties between FTGs that only include part of the dermis
compared to FTGs that include the entire dermal layer. More specifically, this research
should investigate the quantity and the properties of fibroblasts and myofibroblasts in
various depths of the dermal layer and in the subdermal tissue.
A last recommendation with respect to future research on perforator-based interposition
flaps includes the instant measurement of these flaps tissue perfusion. In chapter 8,
the vascularization of the flaps was secured through preoperative perforator vessel
imaging using color Doppler sonography. The flap design was subsequently based on
the identified perforators. In addition to color Doppler sonography, other sophisticated
imaging techniques have become available for instant monitoring of flap vascularization
in a preoperative, intraoperative and postoperative setting51-56. In the future, these type
of devices should be implemented in research and in clinical practice of flap surgery. For
research purposes, these type of devices provide additional information on flap perfusion
and flap survival. Nowadays, outcome measures in research only include complication
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registration and sometimes quantification of the area and percentage of necrosis
postoperatively. In clinical practice, these devices could allow for early intervention when
flap perfusion does not appear to be adequate. Since these measurement instruments
for mapping tissue vascularization may be of additional value for flap surgery, we first
advocate further research into these imaging techniques in terms of reliability, validity,
and predictive value (for either flap survival or flap necrosis). Secondly, the standard use
of the best imaging technique should be seriously considered for optimal pre-, intraand/or postoperative management of tissue perfusion of the flaps. The standard use
of this techniques may result in early intervention, when inadequate tissue perfusion is
detected. This may improve flap survival on the short term and result in a better outcome
of burn scar reconstructions with flaps on the long term. At last, this technique may
also provide further insights in the investigation of the properties of FTGs as compared
to healthy skin flaps and flaps consisting of superficially scarred tissue (as discussed in
the previous paragraph). Moreover, by mapping of the vascularization of scar tissue,
we may even create reliable flaps that consist entirely of scar tissue. It remains obvious
that healthy skin is preferred over scar tissue, but this may provide a feasible option for
patients with a lack of donor sites.
In this dissertation, we focused on improving burn scars in the reconstructive phase.
However, ideally therapies and surgical intervention for improving burn scars should
already start directly after the burn trauma. Because deep burn wounds nowadays
still require skin transplantation, it remains inevitable that these wounds will render
scar tissue. Instead of skin grafting, an ideal replacement that resembles healthy skin,
for covering these deep burn wounds still remains to be discovered. Although tissue
engineering has become a key focus of research into burns, up to now the application
of tissue engineered skin constructs still results in scar tissue. By conducting an RCT
into the efficacy of skin stretching for the primary closure of acute burn wounds, we
have attempted to circumvent the need for skin grafting in small acute burn wounds
(preliminary results). This technique of stretching the adjacent healthy skin for primary
closure of burn wounds showed promising results and resulted in a smaller linear scar
instead of a scar that measured the original size of the burn wound. This skin-stretching
technique for acute burn wounds could be added to the burn surgeons armamentarium.
Its drawback is that it seems to be applicable for only a small selection of burn wounds.
Nevertheless, a step towards replacement of burned tissue with healthy skin is made,
which in our opinion should be further pursued in the future.
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Summary
During the past decades survival of patients with severe burns has improved significantly.
Since more patients survive with a large percentage of total body surface area burned,
many more patients now have to deal with the sequelae of scarring: burn scars frequently
remain with a poor cosmetic and functional outcome. These burn scar related problems
represent a challenge and often require (multiple) reconstructions. To improve the
currently available treatment options, research in the field of burn care and burn scar
reconstruction is necessary.
This dissertation concerns new developments in reconstructive techniques for
problematic burn scars. These presented reconstructive techniques focus on the use
of adjacent healthy skin. Because this adjacent healthy skin has unique functional and
cosmetic qualities, considering its use instead of other, more technically challenging
treatment options can improve the long term outcome after burn scar reconstructions.
In the first part of this dissertation we focused on clinimetric research in the field of burn
care and burn scar reconstruction. We reviewed the clinimetric requirements of the
currently available subjective and objective instruments for measurements of healthy
skin and scar tissue (chapter 2 and chapter 3). In addition, two clinimetric studies into
the invasive and non-invasive measurements of collagen morphology are presented
(chapter 4 and chapter 5). In the second part of this dissertation, we explored and
quantified the basic qualities and mechanical properties of healthy skin in comparison
with scar tissue, using these clinimetrically tested measurement tools (chapter 6 and
chapter 7). The acquired knowledge on basic collagen morphology and the mechanical
behavior of healthy skin and scar tissue was translated and applied in the third part of
this dissertation where the results of two clinical studies on burn scar reconstruction are
presented (chapter 8, chapter 9, and chapter 10).

I. Clinimetric studies
Scars may lead to an array of cosmetic, psychological and functional problems. Different
scar features can be distinguished, i.e. color, thickness, relief, pliability, and surface
area, which are clinically relevant and contribute to the quality and judgment of a
scar. Reliable and valid measurement of these scar features is nowadays indispensable
to practice evidence-based medicine (e.g. evaluate outcome of clinical trials). For
measurement of these scar features, subjective and objective scar assessment tools are
available. In chapter 2 the currently available literature on subjective scar assessment
scales was reviewed and the currently available scar scales in terms of basic clinimetric
requirements were critically discussed. Many scar assessment scales provide reliable
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measurements. However, often more than two observers are required to obtain high
enough reliability of the results, which limits their feasibility in clinical practice. The
validation process of scar assessment scales remains difficult because a “gold standard”
is lacking for comparison. Although none of the currently available scar assessment
scales met the complete array of basic clinimetric requirements, the most frequently
examined and feasible scar assessment scales seemed to be the Vancouver Scar Scale
and the Patient and Observer Scar Assessment Scale. Chapter 3 provided an overview
and update on the most relevant non-invasive objective measurement tools for scar
evaluation. Based on the scar features color, thickness, relief, pliability, and surface area,
the best measurement tools that are currently available were recommended: especially
for the scar parameters color, thickness, and relief clinimetric analysis of measurement
tools has been performed more extensively and new measurement tools have become
available. Nevertheless, the best measurement devices are yet to be determined. Hardly
any new measurement tools for pliability and, to a lesser extent, for surface area have
been developed recently. For pliability, the Cutometer seems to be the preferred and
the most widely used measurement device. For scar surface area, extensive research
has already been performed on wounds, thereby providing many suitable measurement
methods, ranging from simple transparent acetate measurement to sophisticated
camera systems. The ultimate measurement tool of choice for surface area remains
dependent on the measurement location and the available budget.
Although in recent years many different objective measurement instruments for healthy
skin and scar characteristics have become available, research into measurement tools
for collagen orientation and collagen morphometry has been scarcely performed.
Since collagen constitutes 85% of the dermis, objective quantification of the collagen
organization and collagen morphology is highly relevant to further understand the basic
qualities and mechanical properties of healthy skin in comparison with scar tissue.
In chapter 4, two measurement methods on objective quantification of the collagen
morphology were analyzed.
These objective methods, quantifying the collagen bundle thickness and collagen bundle
spacing, were tested for their reliability and validity: the Fourier first-order maximum
analysis and Distance Mapping, of which Distance Mapping is presented as a newly
developed morphometric technique. Both measurement methods were found to be
reliable: already one measurement of one observer is sufficient to acquire reliable
results. Besides a good reliability of these measurement methods, both Distance
Mapping and the Fourier first order maximum had the ability to discriminate between
healthy skin and scar tissue, which means that both measurement methods were
able to detect a clinically important change. Despite good clinimetric testing of both
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measurement methods, Distance Mapping was found to be the preferred and most
practical measurement method in terms of reliability and usefulness of the outcome
parameters. In the future, both methods can be used for reliable and valid collagen
morphometry of healthy skin and scar tissue, but also for quantitative microscopic
evaluation of other fibrotic processes.
To circumvent the need for a biopsy, which is necessary in the two previously presented
measurement methods in chapter 4, also possibilities for non-invasive collagen
measurements were explored. Therefore, in chapter 5 clinimetric assessment of a noninvasive measurement tool for anisotropy in healthy skin and scar tissue was presented.
Results showed that this measurement tool, the Reviscometer, was a reliable device for
anisotropy measurements on healthy skin (on the different locations of the upper arm,
forearm and abdomen) and on scar tissue. In addition, clear differences between healthy
skin and scar tissue, but also within different locations on healthy skin were identified.
Since the Reviscometer was found to be a reliable measurement tool on healthy skin and
scar tissue, this non-invasive anisotropy measurement tool has become more eligible to
be used in the evaluation of the efficacy of different treatments that aim to improve the
quality of scars, diseased skin, and healthy skin. The validity of the Reviscometer should
be further investigated.

II. Experimental studies
Using the objective collagen measurement instruments that are presented in chapter 4, in
the second part of this dissertation basic data were provided on the collagen orientation
and collagen structure in healthy skin compared to scar tissue (chapter 6 and chapter 7).
In chapter 6, a large number of biopsies of healthy skin, normotrophic scar, hypertrophic
scar, and keloidal scar tissue was investigated. Objective quantification of the collagen
orientation and the collagen structure between healthy skin and scar tissue, but also
comparison between different types of scars was performed. It was demonstrated that
collagen in scar tissue is organized in a more parallel fashion compared to healthy skin.
In addition, it was found that keloidal scar tissue consists of thicker collagen bundles
compared to normotrophic and hypertrophic scar tissue. These data further explain
basic structural differences between healthy skin and scar tissue and contribute to a
further understanding of the pathogenesis of (aberrant) scar formation. In chapter 7, the
collagen orientation and structure of healthy skin and scar tissue are further interpreted
in a dynamic experimental setting. In these ex vivo experiments, cyclical and continuous
stretch was applied on strips of healthy skin and scar tissue, thereby mimicking intraoperative skin stretching procedures and splinting therapy for burn scars as applied in
clinical practice. Up to now, mechanisms of tissue adaptation in response to stretch were
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not fully elucidated. Results of this quantitative study objectively showed that stretching
of healthy skin and scar tissue induced adaptation in collagen orientation and collagen
morphology. Collagen bundles in both healthy skin and scar tissue realigned in a parallel
fashion in the direction of stretch and for healthy skin, thicker bundles and more space
between the bundles were found. Rapid changes in extension, collagen alignment, and
collagen morphology appear to be the underlying mechanism of tissue adaptation in
response to stretching. Moreover, it can be concluded that cyclical stretch with lower
tension applied should be preferred over continuous stretch with high tension in order
to prevent unnecessary tissue damage and to reduce the potential chance on stretch
marks. These results can be translated and applied in our clinical studies into burn scar
reconstructions which focus on optimal use of the qualities (extensibility) of healthy skin.

III. Clinical studies
In the last chapters of this dissertation, the superior qualities of the adjacent healthy
skin were applied in two clinical trials that investigated reconstructive techniques for
problematic burn scars. The first prospective study is presented in chapter 8, where
the adjacent healthy skin was used to improve the current state of the art for burn
scar contractures. The applicability of islanded and non-islanded perforator-based
interposition flaps as a technique for release of scar contracture was investigated.
Patients with burn scar contractures underwent a release using a perforator-based
interposition flap. By monitoring the short-term and long-term results, it was found
that this concept of perforator-based interposition flaps was a reliable and versatile
technique for releasing broad scar contractures. Moreover, it allowed intra-operative
tailoring as the flap base can be islanded when indicated. Last, the long-term flap width
and surface area measurements demonstrated the superiority of inserting healthy skin
into the defect created by the scar contracture release: both the width and the surface
area of the flaps had expanded in time, which underlines the sustainability of these
perforator-based interposition flaps for scar contracture release.
The results of the second clinical trial are presented in chapter 9 and chapter 10. A
multicenter randomized controlled trial was performed to investigate whether
stretching the adjacent healthy skin results in excision of a larger burn scar than with
conventional treatment. The short-term results as presented in chapter 9 demonstrated
that a significantly larger reduction in burn scar area can be achieved using a skinstretching device compared to scar excision with no additional techniques. Additionally,
no increased risk of complications was reported. It was shown that skin stretching is
of added value for large burn scars that cannot be excised in a one-step procedure.
Subsequently, in chapter 10 the sustainability of stretching the adjacent healthy skin
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was investigated on the long-term. The scar quality up to one year postoperatively was
measured, using a large array of reliable and valid measurement tools. Most importantly,
these measurements showed the long-term beneficial and sustainable effect of intraoperative skin stretching for wound closure after scar excision: even after one year a
significantly smaller scar remained when scars were excised and these wounds were
closed with skin stretching. Moreover, it was demonstrated that wounds closed using
skin stretching did not lead to wider linear scars or more scar hypertrophy.
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In de brandwondenzorg is de overleving van patiënten de laatste decennia aanzienlijk
verbeterd. Omdat er meer patiënten met een hoog percentage totaal verbrand
lichaamsoppervlak overleven, zijn er derhalve ook meer patiënten die de nadelige
gevolgen van littekenvorming ervaren: brandwondenlittekens geven vaak, ook op
de lange termijn, een zeer matig cosmetisch en functionele resultaat. Het verhelpen
van deze littekengerelateerde problematiek is een uitdaging en vereist vaak meerdere
(plastisch chirurgische) reconstructies. Om de huidige beschikbare behandelingsopties
te kunnen verbeteren, is onderzoek in de brandwondenzorg en meer specifiek naar
brandwondenlittekenreconstructies noodzakelijk.
Dit proefschrift behandelt nieuwe ontwikkelingen op het gebied van
brandwondenlittekenreconstructies. De reconstructieve technieken die behandeld
worden hebben als focus het optimaal gebruiken van de (eigenschappen van) gezonde
aanliggende huid. Omdat deze gezonde huid unieke functionele en cosmetisch
kwaliteiten bezit, kunnen reconstructies met gebruik van deze aanliggende gezonde
huid in plaats van ingewikkeldere behandelingsopties, de lange termijn uitkomst na
brandwondenlittekenreconstructies aanzienlijk verbeteren. Het eerste deel van dit
proefschrift is toegespitst op klinimetrisch onderzoek naar meetmethoden die relevant
zijn voor het evalueren van het litteken na brandwondenlittekenreconstructies. Een
overzicht van de klinimetrische beoordeling van de huidige beschikbare subjectieve en
objectieve meetinstrumenten, die aspecten van de gezonde huid en littekenweefsel
kunnen meten is in hoofdstuk 2 en hoofdstuk 3 gegeven. Daarnaast zijn er twee
klinimetrische studies naar invasieve en niet-invasieve metingen van de collageen
morfologie gepresenteerd (hoofdstuk 4 en hoofdstuk 5).
In het tweede deel van dit proefschrift zijn er, met gebruik van de voorgaande
klinimetrisch geteste meettechnieken, de basale kwaliteiten en mechanische
eigenschappen van gezonde huid vergeleken met die van littekenweefsel (hoofdstuk 6
en hoofdstuk 7). Deze kennis van de collageenmorfologie en het mechanische gedrag
van de gezonde huid en littekenweefsel is vervolgens toegepast in het derde deel van
dit proefschrift, waarin de resultaten van twee klinische studies naar nieuwe technieken
voor brandwondenlittekenreconstructies zijn gepresenteerd (hoofdstuk 8, hoofdstuk 9
en hoofdstuk 10).
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I. Klinimetrische studies
Littekens kunnen tot een arsenaal aan problemen leiden, zowel op cosmetisch als op
psychologisch en functioneel gebied. Verschillende littekeneigenschappen kunnen
onderscheiden worden, namelijk kleur, dikte, reliëf, plooibaarheid en littekenoppervlak,
die allen klinisch relevant zijn en bijdragen aan de kwaliteit van een litteken en de
beoordeling daarvan. Betrouwbare en valide metingen van deze littekeneigenschappen
is vereist om “evidence-based medicine” te kunnen praktiseren (bijvoorbeeld bij het
evalueren van de uitkomstmaat van een klinisch onderzoek). Er zijn zowel subjectieve
als objectieve meetinstrumenten beschikbaar die deze littekeneigenschappen kunnen
beoordelen. In hoofdstuk 2 is een overzicht gegeven van de klinimetrische eigenschappen
van subjectieve littekenevaluatieschalen en in hoofdstuk 3 zijn de klinimetrische
eigenschappen van niet invasieve objectieve meetinstrumenten kritisch geëvalueerd.
Met behulp van literatuuronderzoek dat is verricht in hoofdstuk 2, konden de huidige
beschikbare littekenevaluatieschalen kritisch bekeken worden op het gebied van basale
klinimetrische vereisten. Metingen van het merendeel van deze littekenevaluatieschalen
bleken betrouwbaar. Echter, regelmatig waren meer dan twee beoordelaars nodig om
deze scores op een betrouwbare manier te verkrijgen, wat in de kliniek de praktische
hanteerbaarheid van deze littekenevaluatieschalen kan beperken. Het validatieproces
van littekenevaluatieschalen blijft vaak moeilijk, vanwege het gebrek aan een gouden
standaard, waardoor een goede vergelijking tussen de uitkomstmaten belemmerd wordt.
Alhoewel geen enkele beschikbare littekenevaluatieschaal voldoet aan het complete
arsenaal van basale klinimetrische vereisten, lijken de meest frequent onderzochte en
meest praktische en geschikte littekenvaluatieschalen op dit moment de “Vancouver
Scar Scale” en de “Patient and Observer Scar Assessment Scale” te zijn.
In hoofdstuk 3 is een overzicht en update gegeven van de meest relevante niet
invasieve objectieve meetinstrumenten voor littekenevaluatie. De meest geschikte
meetinstrumenten werden geadviseerd, gebaseerd op de littekeneigenschappen
kleur, dikte, reliëf, plooibaarheid en littekenoppervlakte. Met name voor de
littekeneigenschappen kleur, dikte en reliëf is er uitgebreid klinimetrisch onderzoek
verricht en zijn er nieuwe geschikte meetinstrumenten beschikbaar gekomen.
Desalniettemin moeten de meest geschikte meetinstrumenten voor bovengenoemde
littekeneigenschappen nog bepaald worden. Voor plooibaarheid en in mindere mate
voor littekenoppervlak, zijn er recentelijk nauwelijks nieuwe meetinstrumenten
ontwikkeld. De Cutometer lijkt nog steeds het meest gebruikte instrumenten voor
metingen van de plooibaarheid. Wat betreft de littekeneigenschap oppervlakte, is er al
uitgebreid onderzoek verricht op het gebied van het meten van het wondoppervlak. Er
zijn meerdere geschikte technieken om het oppervlak van een wond of litteken te meten,
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die variëren van het overtrekken op een transparant acetaat papier tot ingewikkelde
camerasystemen. Het meest geschikte oppervlakte meetinstrument blijft afhankelijk van
de te meten locatie en het beschikbare budget.
Ondanks dat er de laatste jaren veel verschillende objectieve meetinstrumenten
beschikbaar zijn gekomen om de eigenschappen van gezonde huid en litteken te
meten, is er weinig bekend over meetinstrumenten die de collageenoriëntatie en de
collageenmorfologie kwantificeren. Omdat 85% van de dermis uit collageen bestaat, is
objectieve kwantificering van de collageenoriëntatie en morfologie zeer relevant om de
verschillen in basale eigenschappen tussen gezonde huid en litteken beter te begrijpen.
In hoofdstuk 4 zijn er twee meetmethoden die objectief de collageenmorfologie
kwantificeren gepresenteerd en klinimetrisch onderzocht. Deze meetmethoden die de
collageenbundeldikte en de ruimte tussen de collageenbundels kwantificeren, worden
hierin getest op de betrouwbaarheid en de validiteit: het eerste orde maximum van
de Fourier analysis en “Distance Mapping”, waarvan de laatstgenoemde een nieuw
ontwikkelde meetmethode is. Beide meetmethoden werden betrouwbaar bevonden:
slechts één meting van één beoordelaar blijkt voldoende om betrouwbare resultaten
te verkrijgen. Naast een goede betrouwbaarheid van beide meetmethoden, hadden
zowel het eerste orde maximum van de Fourier analysis als “Distance Mapping” het
vermogen om de collageeneigenschappen van de gezonde huid van deze van litteken
te onderscheiden. Dit betekent dat beide meetmethoden een klinisch relevant verschil
(“clinically important change”) kunnen detecteren. Ondanks dat beide meetmethode
klinimetrisch goed scoorden, heeft “Distance Mapping” de voorkeur vanwege een
superieure betrouwbaarheid en meer praktische uitkomstmaten ten opzichte van
het Fourier eerste orde maximum. In de toekomst kunnen beide meetmethoden
gebruikt worden voor betrouwbare en valide collageenmorfometrie van gezonde huid
en littekens, maar ook voor kwantitatieve microscopische evaluatie van fibrotische
processen in andere organen.
In de meetmethoden zoals beschreven in hoofdstuk 4 is een biopt nodig. Niet invasieve
meetmethoden genieten echter de voorkeur. Daarom is er in hoofdstuk 5 gekeken
naar mogelijkheden voor niet invasieve metingen van de collageenstructuren. In dit
hoofdstuk is er een klinimetrische beoordeling van een niet invasief meetinstrument
gepresenteerd, dat de anisotropie van gezonde huid en littekenweefsel meet. De
resultaten toonden dat dit meetinstrument, de Reviscometer, de anisotropie van de
gezonde huid (op verschillende meetlocaties: onderarm, bovenarm en buik) en van
littekens betrouwbaar kan meten. Daarnaast werden duidelijke verschillen aangetoond
tussen gezonde huid en litteken, maar ook tussen de verschillende meetlocaties van
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de gezonde huid. Nu de betrouwbaarheid van de Reviscometer is aangetoond, kan dit
meetinstrumenten overwogen worden voor de beoordeling van de effectiviteit van
verschillende therapieën die als doel hebben de littekenkwaliteit, het aspect van zieke
huid (bij dermatologische ziekten) en het aspect van gezonde huid te verbeteren.

II. Experimentele studies
Met gebruik van de objectieve meetinstrumenten, zoals gepresenteerd in hoofdstuk
4, is er in het tweede deel van dit proefschrift specifiek gekeken naar basale data
over de collageenoriëntatie en de collageenstructuur in gezonde huid vergeleken met
littekenweefsel (hoofdstuk 6 en hoofdstuk 7). In hoofdstuk 6 is er een groot aantal
biopten van gezonde huid, normotroof litteken, hypertroof litteken en keloïdaal
litteken onderzocht. De collageenoriëntatie en de collageenstructuur werd objectief
gekwantificeerd en vergeleken tussen gezonde huid en littekenweefsel, maar ook tussen
verschillende type littekens. Resultaten toonden dat de collageenbundels in littekenweefsel
meer parallel gerangschikt liggen vergeleken met gezonde huid. Daarnaast werd er
gevonden dat keloïdaal litteken uit veel dikkere collageenbundels bestaat vergeleken
met normotroof en hypertroof littekenweefsel. Deze data tonen basale structurele
verschillen aan tussen gezonde huid en littekenweefsel, maar dragen daarnaast ook
bij aan een beter begrip van de pathogenese van (afwijkende) littekenvorming. In
hoofdstuk 7 zijn de verschillen in collageenoriëntatie en collageenstructuur tussen
gezonde huid en littekenweefsel verder onderzocht in een dynamische experimentele
setting. In ex vivo experimenten werd er cyclische en continue rek aangebracht op
gezonde huid en littekenweefsel. Middels deze experimenten werd de peroperatieve
rekprocedure gesimuleerd (voor de gezonde huid) en kon er tevens voor littekens een
vertaling gemaakt worden naar spalktherapie, zoals deze in de klinische praktijk wordt
toegepast voor brandwondenlittekens. Tot nu toe waren de aanpassingsmechanismen
van weefsel ten gevolge van rek nog niet geheel duidelijk. In dit hoofdstuk werd middels
objectieve kwantitatieve meetmethoden aangetoond dat bij het oprekken van gezonde
huid en littekenweefsel een verandering en aanpassing van de collageenoriëntatie
en collageenmorfologie plaatsvindt. De collageenbundels in zowel gezonde huid als
in littekenweefsel herschikten zich op een parallelle manier in de richting van de rek.
Tevens werd er in gerekte gezonde huid dikkere collageenbundels en meer ruimte
tussen de collageenbundels gezien. Snelle uitrekking van weefsel en veranderingen in
de collageenoriëntatie en de collageenmorfologie lijken het onderliggende mechanisme
te zijn van de aanpassing van het weefsel ten gevolge van rek. Daarbij kan geconcludeerd
worden dat cyclische rek met lagere krachten de voorkeur heeft boven continue rek met
hogere krachten, omdat hierdoor onnodige weefselschade voorkomen wordt en de kans
op striae zo klein mogelijk is. Deze resultaten kunnen vertaald en toegepast worden
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in klinische studies, die zich richten op het optimaal gebruik van de kwaliteiten en het
vermogen tot uitrekking van de gezonde huid (derde deel van dit proefschrift).

III. Klinische studies
In de laatste hoofdstukken van dit proefschrift zijn de superieure kwaliteiten van de
aanliggende gezonde huid toegepast in twee klinische studies. In deze studies werden
reconstructieve technieken onderzocht voor het verbeteren van problematische
brandwondenlittekens. De eerste prospectieve studie is gepresenteerd in hoofdstuk 8:
de toepasbaarheid van perforator gebaseerde interpositieplastieken als techniek voor
de release van brandwondenlittekencontracturen werd in dit hoofdstuk onderzocht. De
korte en lange termijn resultaten werden geëvalueerd, welke toonden dat het concept
van perforator gebaseerde interpositieplastieken een betrouwbare en veelzijdige
techniek was om het defect na een release van een brandwondenlittekencontractuur op
te vullen. Daarnaast is het met deze techniek goed mogelijk om de lap peroperatief aan
te passen aan het defect en er een eilandlap van te maken, indien dit nodig is. Tevens
toonden de lange termijn resultaten dat de breedte en oppervlakte van de lappen in de
tijd geëxpandeerd waren. Dit toont niet alleen de superioriteit van de gezonde huid (met
de capaciteit om mee te rekken in de tijd), maar demonstreert ook de duurzaamheid van
deze perforator gebaseerde interpositieplastieken voor littekencontracturen.
De resultaten van de tweede klinische studie zijn gepresenteerd in hoofdstuk 9 en
hoofdstuk 10. Een multicentrische gerandomiseerde gecontroleerde studie werd
uitgevoerd, waarin onderzocht werd of het oprekken van de omliggende huid
resulteert in excisie van een groter brandwondenlitteken dan zonder oprekken van deze
omliggende huid. De korte termijn resultaten zoals beschreven in hoofdstuk 9 toonden
een significant grotere reductie in brandwondenlittekenoppervlakte wanneer de huid
(rondom de wond) peroperatief opgerekt werd met een huidoprekapparaat vergeleken
met een littekenexcisie zonder extra hulpmiddelen. Er werd geen verhoogd risico op
complicaties gevonden. In dit hoofdstuk werd aangetoond dat de huidoprektechniek
van toegevoegde waarde is voor de excisie van grote brandwondenlittekens, die
normaliter niet in een éénstapsprocedure geëxcideerd kunnen worden. Vervolgens is
in hoofdstuk 10 ook het lange termijn effect van het oprekken van de gezonde huid
voor excisies van brandwondenlittekens onderzocht. De littekenuitkomst werd gemeten
tot een jaar postoperatief, waarbij een groot arsenaal aan betrouwbare en valide
meetmethoden werd gebruikt. Er werd op de lange termijn een gunstig en duurzaam
effect gezien van peroperatief oprekken van de huid om wonden te sluiten na excisie
van een brandwondenlitteken: zelfs na een jaar werd een significant kleiner litteken
in de huidoprekgroep gevonden vergeleken met de controlegroep. De wonden die
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gesloten werden met behulp van huidoprekking leidden niet tot bredere littekens
of meer littekenhypertrofie. Gezien zowel het korte als lange termijn effect van deze
huidoprektechniek, kan deze in de toekomst veilig en effectief gebruikt worden bij het
sluiten van wonden na excisie van grote brandwondenlittekens.
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