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Bijj  een goede indicatiestelling kan 'skin stretching' als een belangrijke bijdrage in de 
reconstructievee chirurgie worden beschouwd. 

(ditt proefschrift) 

Inn tegenstelling tot wat in de literatuur wordt gesuggereerd is wijd ondermijnen om 
eenn groot huiddefect te sluiten niet alleen veel minder efficiënt dan huid oprekken 
mett het 'skin-stretching' systeem, maar heeft wijd ondermijnen inherent meer 
nadelenn op de genezing van de wond doordat voedende vaten worden doorgenomen. 

(ditt proefschrift) 

Intraoperatieff  gebruik van het Sure-Closure skin-stretching systeem tast de 
onmiddellijkee en lange termijn levensvatbaarheid van de huid niet aan. 

(ditt proefschrift) 

Dee verklaring voor de significante afname van de spanning die nodig is om de wond 
tee sluiten bij 'skin stretching' kan gevonden worden in de significante histo-
morphologischee veranderingen van de collageen vezels in de dermis. 

(ditt proefschrift) 

Zoalss vele sceptici ten onrechte beweerden betekent huidlengte winst door oprekken 
niett direct brede littekens op lange termijn. 

(ditt proefschrift) 

Vann tijd tot tijd relaxen zorgt voor een langer bestaan van zowel de chirurg als de 
huid. . 

(ditt proefschrift) 

Garantiee is een luxe voor mensen aan de zijlijn . 

Mensenn die niet oud willen worden, moeten jong sterven. 

Alss vrouwen één borst zouden hebben, werkten veel plastisch chirurgen part-time. 

Refererenn is een deftige, wetenschappelijke manier van plagiaat. 

Jee moet jong zijn wanneer je ouder wordt. 

Thoughh the wound be healed yet the scar remains. 
(Englishh proverb) 

"Anyy fool can cut off a finger - it takes a plastic surgeon to save one." 
(Georgee G. Ross, 1843-1892) 

"Boy,, plastic surgery is not easy," Gillies said without looking up from the patient. 
(Gilli ss HD, Millard DR: The principles and art of plastic surgery. Boston, Little, 

Brownn & Company, 1957) 

Autt nunquam tentes aut perfice. 
(Beginn er nooit aan of breng het tot een goed einde: Ovidius, Ars amatoria 1, 389) 
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INTRODUCTION N 

Plasticc and Reconstructive surgeons are on a regular basis confronted with skin 
defectss that cannot be closed primarily. Many techniques have been developed for 
closuree of large defects, varying from split skin grafts to free revascularised flaps. 
Freee skin grafts often provide an aesthetically unacceptable color and texture match 
andd can even lead to functional impairment. Besides, the cosmetic appearance of 
uonorr sites is not aiways satisfactory. Flaps can be unreliable and wound closure 
withh flaps is time consuming and technically demanding. 

Tissuee expanders turned out to be an important help in plastic and reconstructive 
surgery1100 to create optimal matching and to avoid unacceptable donor sites. With 
thee help of this artificially-created skin surplus, adjacent defects can be closed. 
Thee use of tissue expanders has many advantages over conventional methods of 
closingg large defects, but unfortunately there are also some disadvantages. The 
majorr disadvantages of tissue expanders are the need for multiple-staged surgical 
interventionss and frequent visits to the out-patients department in-between 
operations.. Furthermore, every implantation followed by inflations carries the risk 
off  infection and leakage of the expander. 

Inn 1993, a new technique was introduced based on the use of the Sure-Closure™ 
skin-stretchingg system (Life Medical Sciences, Princeton, NJ, USA).11 This skin-
stretchingg device was designed to harness the viscoelastic properties of skin by 
applyingg controlled and evenly-distributed tension along the wound margins. The 
biomechanicall  properties of skin, known as mechanical creep and stress 
relaxation,12-133 allow skin to stretch beyond its inherent extensibility in a short 
periodd of time. As a result of skin stretching, wound closing tension decreases 
allowingg primary closure of large defects. 

Immediatee attempts to apply these principles to wounds were frustrated in the 
pastt by the inability to grasp wound edges without damaging the skin. Application 
off  towel clips or large clamps results in either tearing or crushing the wound edges 
thatt have to be approximated.14 Using the Sure-Closure skin-stretching system the 
stretchingg force is distributed evenly over approximately 8-cm long pins that are 
insertedd in the dermis. With this method, substantial forces can be applied to the 
entiree wound edge without undermining, tearing or crushing the skin. Tissue damage 
iss also prevented because the device has a safety clutch which disengages the 
tensionn should the force applied to the wound become too high (more than 2.5 kg). 

11 1 
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Whenn this technique is used, donor defects and associated morbidity could be 
avoided.. Sensate reconstructions with maintenance of cosmetic appearance of the 
skinn without disadvantages of the use of tissue expanders could be within reach. 
Afterr the first application of the Sure-Closure skin-stretch ing system by Hirshowitz 
ett al. in 1993 many clinical studies were performed that gave more insight in the 
potentialss of the system.'4:4 A series of indications was formulated for its use such 
ass wound closure after excision of tumors, tattoos, broad scars, open fasciotomies 
andd amputations and closure of traumatic cutaneous defects with or without exposed 
bone,, joint or tendon. However, solid experimental studies on the application of 
thee system are still lacking. Furthermore, prospective clinical studies with long-
termm results are essential to determine the functional and aesthetic outcome of 
woundd closure with the use of the skin-stretching system. Finally, benefits and 
consequencess of undermining or not undermining of stretched skin have to be 
establishedd because there is a controversy, whether undermining of wound margins 
iss a useful strategy in closing large defects.272'' 

Besides,, many fundamental histological and cell biological questions remain 
too be answered. What histological changes occur when skin is stretched using the 
Sure-Closuree skin-stretching system? So far, only a few studies have been published 
onn the histological changes in rapidly-expanded skin but only after immediate 
intraoperativee tissue expansion and not after skin stretching.10'1 The results of 
thesee studies are controversial as well. Another issue is how the microcirculation 
off  skin is behaving during stretching and howr viability of the skin margins is 
effected. . 

Too address these questions, animal experiments are justified to provide a 
scientificc base and an objective insight in the potentials of the skin-stretching system. 
Thee studies described in the present thesis were designed to elucidate the above 
mentionedd fundamental and clinical issues related to the use of the Sure-Closure 
skin-stretchingg device in experimental and clinical settings. 

12 2 
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AIM SS OF THE STUDY 

Developmentss in plastic and reconstructive surgery usually have an empirical 
background.. The development of the Sure-Closure skin-stretching technique is no 
exception.. However, issues have been raised that justify animal experiments to 
providee a scientific base for the use of the skin-stretching system. An analysis of 
thee histological backgrounds of the effects of skin stretching, tension measurements 
aimm a siuuy ui me cuccis on vascularization anu oxygenation will provide Detter 
andd more objective insights in the potentials of skin stretching in general and the 
skin-stretchingg device in particular. Therefore, the aim of the present study was to 
addresss the following questions about skin stretching. 

1.. Is undermining of wound margins a more useful strategy in closing large skin 
defectss as compared with skin stretching with a skin-stretching device? 

2.. What is the tension decrease during skin stretching using a skin-stretching 
devicee in undermined and not undermined wounds? 

3.. Does the use of a skin-stretching device impair the immediate or long-term 
viabilityy of skin? 

4.. When a large defect is closed using the technique of skin stretching, is it wise 
too undermine the surrounding skin? 

5.. Is there a quantitative method to determine changes in the orientation of 
collagenn fibers in the dermis due to mechanical stress? 

6.. What are the histomorphological changes in the dermis in undermined and 
nott undermined skin under influence of 30 minutes of skin stretching? 

7.. What happens to the skin-microcirculation and oxygenation of undermined 
andd not undermined wound edges that are, cyclic loaded, closed by means of 
aa skin-stretching device? Is it possible to give an objective advise what the 
safestt way is to perform skin stretching? 

8.. Howr are the short-term and long-term clinical results of closure of large skin 
defectss using a skin-stretching device? These questions are divided in the 
subquestions:: how long does it take to achieve successful closure, what is the 
frequencyy of complications, how is the residual scar at different locations of the 
bodyy and what is the patient's impression? 

13 3 
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OUTLIN EE OF THE THESIS 

Inn Chapter 1, the Sure-Closure skin-stretching system is introduced. Background 
onn treatment options of large skin defects are given. 

Inn Chapter 2, the different methods of wound closure by means of skin stretching 

aree reviewed. 

Inn Chapter 3, the principles of the Sure-Closure skin-stretching system and its use 

aree explained. 

Inn Chapter 4, the efficacy of skin stretching with the skin-stretching device is 
testedd by quantifying the tension decrease during stretching of undermined and 
nott undermined wounds. The viability of skin margins is examined in both 
situations.. The tension decrease as a result of skin stretching is compared with the 
tensionn decrease after undermining of the skin margins. 

Inn Chapter 5, the development of a quantitative microscopical method is described 
too determine objectively changes in the extracellular matrix of the dermis as a 
resultt of skin stretching. 

Inn Chapter 6, the histomorphological changes in stretched skin are described that 
explainn the decreased wound-closing tension during stretching and explain how 
skinn can stretch beyond its inherent extensibility. 

Inn Chapter 7, the microcirculation in undermined and not undermined skin is 
assessedd using laser Doppler flowmetry (LDF) and transcutaneous oximetry (tc/?0:) 
simultaneouslyy during the application of the skin-stretching device. 

Inn Chapter 8, the use of the skin-stretching device for closure of a large groin 
defectt after inguinal lymphadenectotny for penile cancer is discussed. 

Inn Chapter 9, applications of the skin-stretching device on a series of patients are 
describedd and long-term functional and aesthetic results of wound closure with 
thee device are evaluated. 

AA  summary in English and Dutch concludes this thesis. 
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REVIEWW OF THE LITERATURE 

Onee of the earliest reports of wound closure was the use of large soldier ants by 
Southh American Indians long before the first Portuguese and Spanish explorers 
discoveredd the great Amazon basin.' Eciton Buehelli ants were placed on margins 
off  open wounds and dug their claws promptly into the wound. The edges of the 
woundd were then drawn together and the rear claws of the ants dug in the other 

M U CC Ul II1C VV U U I I U 3 . 1 IIV . ti l 113 V\ t i l . IIIV . 11 U t l I C d U CU ell II I IIIV . S i l l 1 V t i l l i g U Ü U ) l \v_| ;i 11IV. 

woundd closed because the ants did not release their grip, even when dead (Fig. 1). 

Figuu re 1. The jaws of the Eciton buehelli holding together the edges of a wound (left) in an experiment 
onn a dead rat. In the second step of the clamping process (right), the body of the ant is twisted off. 
Scalee in mm. 

Graduall  tension may induce expansion of the skin and subcutaneous tissue as is 
demonstratedd physiologically during pregnancy, obesity and growth. Among the 
firstfirst applications of non-physiological skin stretching have been neck-stretching 
customss of Padaung women in Burma2 (Fig. 2) and stretching of the lips and earlobes 
byy means of wooden disks or rings by women in the village of Madecongo in the 
Territoryy of Chad in French Equatorial Africa,3 as has been described in the National 
Geographicc Magazine (Fig. 3). 

Inn 1920, sir Harold Gillies described closure of a war injury of the left cheek by 
meanss of skin stretching. Approximation of the skin edges was performed with dress 

21 1 
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hookss sewn to pieces of blanket flannel fixed 
withh collodium to each edge of the wound and 
thenn united by rubber bands.4 

Inn 1957, Neumann"1 described the principle 
off  tissue expansion by gradual application of 
pressuree with a subcutaneous rubber balloon. An 
areaa of skin was expanded for ear reconstruction. 
Itt was not until the 1980s that Radovan''" 
reintroducedd the technique of skin expansion in 
reconstructivee surgery to overcome shortage of 
skinn tissue and this study was followed by the 
studiess of Austad and Rose,s Argenta,9 and 
Manderss et al.10 Since then, skin expansion has 
becomee a well-accepted technique for closing 
largee defects. 

Itt was the pioneering contribution of Gibson 
andd Kennedi""13 to the understanding of bio-
mechanicall  properties of skin that made plastic 
surgeonss increasingly familiar with the 
applicationn of engineering principles in their 
reconstructivee work. Exploitation of the 
viscoelasticc properties of skin, known as 
mechanicall  creep and stress relaxation, enables 
largerr delects to be closed primarily. Mechanical 
creepp occurs when a constant stretching force is 
appliedd to skin. The skin will gradually extend 

beyondd the limits of its inherent extensibility. Stress relaxation, the corollary of creep, 
occurss when skin is stretched over a given distance and that distance is held constant, 
whereass the force required to keep the skin stretched gradually decreases. 

Hirshowitzz et al. were the first to describe a method to gain skin tissue for 
woundd closure by stretching.14 It became possible to gain skin tissue without disrupting 
edgess of skin flaps by hooks. It appeared that the most efficient way to stretch skin 
withh the use of skin hooks was cycle loading, intermittent stretching of skin followed 
byy short periods of relaxation.'' '4 

Besidess undermining the skin edges of wounds, other techniques were developed 
onn the basis of mechanical creep to close larger skin defects. In 1986, Liang et al.1' 

Figuree 2. A Padaung woman with 
multiplee rings to stretch her neck. 

22 2 



Rll  VIEW Ol Til l I ITERATURE 

describedd a techniquee ofpresuturing the skin with nylon sutures one day before 
excision.. As a result, a significantly lower force was required to close 8 x8 cm 
largee standard-size wounds in pigs without undermining surrounding skin. To gain 
tissuee by expansion in a shorter period of time, Sasaki161, reported an intra-
operatively-sustainedd limited expansion to exploit the biomechanical properties 
off  skin. When expanding skin Haps adjacent to defects to facilitate wound closure, 
aa surface increase up to 30 percent was obtained. However, it was questioned 
whetherr skin stretching with this technique was merely the result of undermining 
woundd edges.1*'9 MacKay et al.1S demonstrated a significantly decreased wound 
closuree tension in undermined wounds as compared with not undermined wounds 
butt differences were not observed in undermined wounds versus intraoperative 
tissuee expansion. Tension decrease depends primarily on the extent of skin 
mobilizationn and not on short-term expansion. Therefore, it was not considered to 
bee a result of "creep**  behavior.11' 

23 3 



CHAPTERR 2 

Thee use of skin traction beyond a 'normal' degree of tension for the treatment 
off  acute military wounds has been reported by Bashir20 who inserted 4 Kirschner 
pinss in the edges of a wound and looped silver wires around their points of crossing. 
Thee wires were twisted on a daily basis. Furthermore, staples were applied to the 
skinn edges to which rubber bands were attached.21 

Inn 1993, Hirshowitz et al.22 introduced a skin-stretching device for wound 
closure,, the Sure-Closure system. This new device was designed to harness 
viscoelasticc properties of skin by incremental traction and can be employed 
preoperatively,, intraoperatively and postoperatively. After the first application of 
thee Sure-Closure skin-stretching system, many clinical studies followed, that gave 
moree insight in the possibilities of this technique.2, :>1 A series of indications were 
formulatedd to apply the Sure-Closure skin-stretching system after excision of 
tumors22"266 and tattoos,22 for scar revisions,22-24-25-27 for closure of traumatic injuries 
involvingg skin loss,22-24-26-2*-29 open fasciotornies,2224293') amputations'1 and for 
intraoperativee closure of free-flap donor sites.-12-" 

Besidess the Sure-Closure system, which is the most popular skin-stretching 
device,, various other intradermally-used skin-stretching devices have been designed 
andd used for skin stretching such as the Frechet Extender,'4 the External Tissue 
Extender"-^^ and the Proxiderm.^41 These systems have been applied successfully 
forr wound closure in clinical settings but animal studies have not been reported 
yett to objectively determine the usefulness of these skin-stretching devices. The 
Sure-Closuree system is in comparison with the other devices the only device that 
cann be used intraoperatively in a time span of 30 minutes to close a large defect. 
Thee other skin-stretching devices are applied for at least several days up to many 
weekss postoperatively. Therefore we have selected the Sure-Closure system to 
establishh what the effects are of intraoperative skin stretching for the closure of 
largee defects. 
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INTRODUCTION N 

Thee Sure-Closure™ 75 mm skin-stretching system (Life Medical Sciences, 
Princeton,, NJ. USA) is a device that functions as an aid in closing wounds where 
thee presence of a skin deficit excludes safe and effective use of primary closure 
techniques.. As a wound-closing aid, the Sure-Closure skin-stretching system is 
designedd to join skin margins of wounds so that they may be safely sutured. By 
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viscoelasticc properties of skin cause the skin to rapidly stretch which is known as 
"mechanical"mechanical creep'1.' The force of the tension applied by the device is controlled 
byy the surgeon. As the skin is expanding and tension is reduced, additional tension 
cann be applied incrementally in repeated cycles until the skin margins are brought 
intoo close apposition for suturing. The device is then removed. 

OPERATIVEE TECHNIQUE 

Twoo straight needles (length, 8 cm) of thee skin-stretching device are passed through 
thee dermis opposite each other at 0.5 cm distance from the wound margins (Fig. 1). 
Thenn the locking mechanism of the device is unlocked allowing the release of two 
U-shapedd arms from the threaded tension bar, exposing 2 curved tissue hooks 
attachedd to each of the U-arms (Fig. 2). Each of the U-arms is than placed above 
andd perpendicular to one of the intradermal needles. The skin on both sides of the 
woundd is punctured with the hooks and the hooks are inserted in the tissue behind 
thee intradermal needles. This allows the 2 U-arms, when engaged, to pull the 
intradermall  needles towards each other. Then, the 2 U-arms on the tension rod are 
manuallyy approximated until significant tissue resistance is encountered. The system 
iss then locked to approximate the wound edges (Fig. 3). The tension gauge on the 
devicee is not engaged when less than 1 kg of tension is applied to the skin. As the 
skinn stretches over time, tension on the bar reduces, which is reflected by the 
referencee tension indicator moving backwards to a value of*'] " or less (Fig. 4). 
Tensionn can then be increased. The Sure-Closure device has a safety clutch which 
disengagesdisengages the tension should the force applied to the wound become too high 
(moree than 2.5 kg). Tension is re-engaged as the skin expands and the device 
tensionn is reduced. The procedure is repeated until the wound margins are 
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approximated,, or until progress in expansion of the skin becomes too slow. Most 
woundss can be closed within 30 minutes but some skin deficits cannot depending 
onn skin properties and width of the wound or may require longer periods of 
stretching.. When the wound margins have been brought into approximation, the 

Figuree 1. 
Insertionn of the needles of the skin-stretching device intradermally opposite each other along the 
marainss of the wound. 

Figuree 2. 
Unlockingg the device to release the U-arms on the treated tension bar. 
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Figuree 3. 
Afterr the device is placed into position and locked, the needles are pulled together. 

Figuree 4. 
Stresss relaxation is visualized by the reference tension indicator moving backwards 
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Figuree 5. 
Closuree of the wound is possible as a result of stretched skin with the skin-stretching device. 

woundd can be sutured between, and on both sides, of the U-arms of the device 
(Figuree 5). The locking device is unlocked and the U-arms are disengaged. The 
devicee can also be removed before suturing the wound. When suturing is completed, 
thee intradermal needles can be pulled out. 

INDICATIONSS AND CONTRA-INDICANONS 

Thee Sure-Closure™ 75 mm skin-stretching system is indicated for wounds that 
cann be spanned by the device. Wounds wider than 7 cm can be stretched with the 
device,, although this is the maximum distance between the hooks of the device. 
Thiss is done by first manually bringing together the 2 U-arms which are inserted 
inn the skin before they are placed on the threaded tension bar of the device. When 
thee center of the wound is to wide, skin stretching with the device can be initiated 
onn a more narrow part of the wound. More than one device may be used 
simultaneouslyy for wound closure, especially when the wound is larger than 12 
cmm in length. 

32 2 



T i l ll  Si R i -C l .OSl Rl SKIN' STRI -TCHINCi SYS1Ï.M 

Thee device is an aid in closure of large wounds by approximation and skin 
stretching.. Such wounds include wounds resulting from excision of tumors at various 
locations,2^^ scar revisions,7 traumatic injuries involving skin loss/9 open 
fasciotomies,'00 amputations11 and harvesting of free-flaps.12-13 

Thee skin-stretching device is contra-indicated by the manufacturer when active 
infectionn is evident at the wound site. The infection must be treated before closure 
off  the wound. Skin stretching with the device is also contra-indicated when the 
pauenii  has icccivcu locai rauiatiön treatment at tne wounu site or is receiving 
chemotherapyy because of disturbed wound-healing. Another contra-indication is 
thee presence of "non-viable" or atrophic tissue present at or near the wound margins. 
Finally,, the device should not be used when it is not possible to maintain at least 7 
mmm distance between the device and underlying vital structures because the skin 
hookss may damage these structures when skin margins approximate. 

LIMITATION SS AND ADVERSE EFFECTS 

Thee amount of skin gain is contingent to skin mobility, which in turn is dependent 
onn location of the wound and the condition of surrounding skin.2 It is important 
thatt enough surrounding skin is present to allow skin stretching. When surrounding 
skinn is healthy, a short time span of 20 to 40 minutes of skin stretching is usually 
adequatee to gain sufficient extra skin for wound closure. However, the time required 
forr skin stretching in chronic wounds or delayed primary closure is prolonged as a 
resultt of edema and fibrosis along the skin margins. It is difficult to predict whether 
stretchingg of surrounding skin with the device will be sufficient for closure of that 
particularr skin defect, or whether the application of another technique is necessary. 
Itt is a matter of experience, whether skin that is available on either side of the 
woundd is sufficient for closure and whether mobility of the skin will allow the skin 
edgess to be brought together.2 

Potentiall  adverse effects or complications that are described in the literature213 

ass a result from using this device are skin necrosis, hypertrophic scarring, local 
infection,, wound dehiscence and incomplete closure of the wound. However, 
complicationss are rare, if the indications are well-considered and the operation is 
well-performed,, which seems to be the case in the clinical studies mentioned above. 
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INTRODUCTION N 

Skinn defects that can not be closed primarily present a common situation for a 
plasticc and reconstructive surgeon. All kinds of techniques are developed for closure 
off  large defects, varying from split skin grafts to free revascularised flaps. 

Inn 1993, a new technique using the Sure-Closure™ skin stretching system 
(Lif ee Medical Sciences, Inc., Princeton, N.J.) was introduced.' This skin stretching 
uevicee is uessgneu to namcss tuC viscociastjc properties of the skin by applying a 
controlledd amount of tension evenly along the wound margins using incremental 
traction.. The biomechanica! properties of skin, known as mechanical creep and 
stresss relaxation, allow skin to stretch intraoperatively beyond its inherent 
extensibilityy in a time span of 30 minutes. The technique eliminates a donor defect 
andd its associated morbidity and achieves sensate reconstructions with good 
cosmeticc appearance of the skin.2 A lot of important questions remain about the 
benefitss and consequences of undermining of the stretched skin and the viability 
off  the skin margins after skin stretching. 

Inn this controlled study using piglets, we quantify the tension decrease as a 
resultt of undermining the skin and during skin stretching in the undermined and 
nott undermined situation and compare the results. The viability of the skin margins 
upp to 1 week after skin stretching was examined in both situations. 

MATERIAL SS AND METHODS 

Fifteenn Yorkshire piglets, each weighing between 20 and 25 kg, were used in this 
study.. The animals were anaesthetized with a mixture of sufenta forte and ketamine 
inn a dose of 50ng/25mg/kg. After intubation, anesthesia was maintained by 
spontaneouss inhalation of a mixture of halothane (0.8%), air, and oxygen (FiÔ  47 
percent).. During the operation the piglets were positioned on their sides. Their 
skinn was shaved and the hair removed. On each flank at a standard position, a 9 x 
99 cm square was marked surrounded by a 10-cm area to indicate the area of possible 
underminingg (Fig. 1). Wounds were created by excising the skin and subcutaneous 
tissuee of the indicated square down to the muscular fascia. All the wounds were 
createdd at exactly the same location on each animal. This approach was essential 
becausee the tension required to close a wound is greater high on the piglet's back 
thann near the belly and likewise near the shoulder as opposed to the hip.3 
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Figuree 1. 
Skinn markings of wound location (9 X 9 cm square) and size of area to be undermined (10 cm ) on 
thee Hanks of the piglets. 

Twoo straight needles of the skin stretching device were placed through the 
dermiss opposite each other and 0.5 cm along the wound margin in such a way that 
thee skin would be stretched in a longitudinal direction. Then a no.1 nylon suture 
wass passed through the skin in the center of the wound around the pins and tied in 
aa loop on opposite sides of the wound. A Hounsfield tensiometer was used to 
measuree the tension required to close the wound (Fig. 2). Each measurement was 
donee three times. On one flank, of each animal the surrounding area previously 
outlinedd was undermined over the muscular fascia. Once again, the tension required 
too approximate the wound margins was measured. On the opposite Hank, the 
surroundingg skin was not undermined. Which flank was operated on first and 
whetherr this flank was undermined or not, were both determined randomly. 

Whenn undermining the surrounding skin, we came across multiple 
musculocutaneouss perforators. Some of them had to be coagulated and cut to move 
thee undermined skin freely. 

Onn each wound, the skin stretching system was placed in a way that the U-
shapedd arms were inserted through the skin and anchored behind the intradermal 
needless (Fig. 3, above). In this way, the hooks on the undersurfacc of the U-arms 
off  the device abut against the intradermal needles, which in turn distribute the 
stretchingg force along most of the length of the wound margin. After appropriate 
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Figuree 2. 
Thee force required lo approximate the wound margins being measured with a Hounsfield tensiometer. 
Alll  measurements were done by pulling on a suture through the skin edge around the needles in the 
centerr of the standardized 9 X 9 cm wound. 

tensionn was applied, the device was locked. By turning the tension screw of the 
device,, approximation of the skin and subcutaneous tissue occurred (Fig. 3, below). 
Thee device incorporates in its design a safety clutch, which disengages the tension 
gaugee should the tension on the wound margins increases beyond 2.5 kg. The 
woundss were closed using the principle of cycle loading. This involves 4 minutes 
stretchingg of the skin followed by 1 minute of relaxation by unlocking the system. 
Thiss was repeated six times over a total period of 30 minutes. As the skin stretched 
overr time, the tension reduced because of stress relaxation. After 30 minutes of 
skinn stretching a final tension measurement was done in the manner described 
earlierr using the same no. I nylon suture which was placed through the skin in the 
centerr of the wound around the pins. The device was removed and the wound was 
thenn sutured. 

Thee animals were kept alive for 1 week to evaluate wound healing. The data 
wass analyzed with paired / tests. All experiments were approved by the Medical 
andd Ethical Research Committee for animal experiments. 
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Figuree 3. 
{above){above) The Sure-Closure skin-stretching system was placed in a way that the U-shaped arms were 
insertedd through the skin and anchored behind the two intradermal needles. The pressure gauge 
readingg is zero, (below) Approximation of the skin edges has occurred by stretching the skin. By 
turningg the tension screw of the device, the I'-arms abut against the needles, which in turn distribute 
thee stretching force along most of the length of the wound margin. The pressure gauge is rotated 
almostt maximal I v. 
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RESULTS S 

TensionTension measurements 
Inn this study on 15 piglets, we created 30 standardized defects. In 15 of the detects, 
thee surrounding skin was undermined, and for the other 15 it was not. The results 
off  the experimental study are represented graphically in Figure 4. 

DD Undermining & Skin stretching D Underming and skin stretching 

Figuree 4. 
Thesee graphics clearly illustrate the additional advantage of skin stretching over that of undermining 
alonee and the relatively smaller difference in tension decrease after skin stretching in undermined 
versuss not undermined wounds. 

Thee mean tension that was required to close all 30 wounds initially was 22.66 
N.. After undermining the surrounding skin of 15 wounds, a tension decrease of 
3.022 N (13.6 percent reduction of the total force that is required to close the wound) 
wass seen. When the undermined skin of the wound was stretched for 30 minutes, 
wee saw an additional tension decrease of 4.58 N. This indicates a total tension 
decreasee of 7.60 N (34.1 percent) as a result of the combination of skin stretching 
andd undermining. Skin stretching for 30 minutes without undermining the 
surroundingg skin showed a tension decrease of 6.10 N (26.5 percent). Skin stretching 
withoutt undermining showed a tension decrease twice as high in comparison with 
thee procedure for which only the surrounding skin was undermined (Table I). Skin 
stretchingg without undermining showed less tension decrease in comparison with 
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TABL.FF I 

Underminedd (n=15) Not undermined (n=15) 

Beginn 22.28 23.06 

Underminingg 19.26 
Afterr skin stretching 14.68 16.96 
Totall  tension decrease 7.61 6.10 

Onn 15 paired flanks, the mean force required to close the wound is listed. Initially, after undermining 
(onlyy on one flank of each piglet) and after 30 minutes of skin stretching in undermined and not 
underminedd wounds (both flanks). The tension measurements are listed as means in Newton's. 

TABL EE 11 

Underminedd (n=15) Not undermined (n=15) 

Underminingg 3.02 
Skinn stretching 4.58 6.10 
Totall  tension decrease 7.61 6.10 

Thee mean tension decrease after undermining, after 30 minutes of skin stretching in undermined and 
nott undermined wounds and total tension decrease. The tension decrease is listed as means in 
Newton's. . 

skinn stretching in combination with undermining. The statistical analysis was based 
onn the results listed in Table II. Using the paired t tests in both undermined versus 
skinn stretching and undermining combined with skin stretching versus skin 
stretchingg alone, statistic significance is shown. 

WoundWound healing 
Afterr the operation on both flanks, the wounds were inspected and dressed. At this 
time,, no dehiscence was seen. After 1 day, of the 15 wounds that were undermined, 
thee central skin margin of four of the wounds showed an area of deep necrosis. 
Thiss resulted in wound dehiscence and skin necrosis when seen after 1 week. In 
fourr other wounds, superficial necrosis of the skin edges was seen, of which only 
onee was healed after 1 week (Fig.5). In all undermined wounds, excessive seroma 
formationn was found. 

Off  the 15 wounds for which the surrounding skin had not been undermined, 
wee saw a small area of superficial necrosis in only one wound. After 1 week, this 
woundd was completely healed. The seroma formation in these wounds was not 
substantial.. In this series, no instance of infection or hematomas occurred. 
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Figuree 5. 
Skinn necrosis seen after I week in the center of the wound as a result of undermining the surrounding 
skinn in combination with skin stretching. 

DISCUSSION N 

Theree are various solutions to the problem of closing large skin defects that can 
nott be closed primarily. These techniques, which often require tissue expanders, 
skinn grafts, regional flaps or microsurgical revascularized free flaps, are time 
consuming,, are sometimes technically demanding, and often cause a donor defect.2 

Gibsonn first described a method to gain tissue for wound closure by skin 
stretching.44 Using skin hooks, which were placed in the edge of a flap, it was 
possiblee to gain tissue without disrupting the skin. According to some authors, the 
mostt efficient way to stretch skin using skin hooks was cycle loading, intermittent 
stretchingg of skin followed by short periods of relaxation.45 Liang et al." used a 
techniquee by presutering the skin with several nylon sutures 1 day before wide 
excision.. They found a decrease in force required to close an 8 x 8 cm large standard-
sizee experimental wound without undermining. The Hershey group reported two 
experimentall  studies in piglets in which intraoperative expansion and presutering 
weree used to close the wounds.3-7 They concluded that undermining the wound 
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marginss was a more useful strategy in closing large defects. In both studies, the 
diameterr of the skin defect was 4 cm. The force required to close this wound is 
small,, and undermining or stretching is hardly necessary. In our study, a skin defect 
off  9 x 9 cm diameter was created. Such a large defect can not always be closed 
primarilyy even using excessive force. The skin was stretched six times in 4-minute 
periodss using the skin stretching system. With this device, a stretching force of 
approximatelyy 25 N can be used. 

Usingg this device, we report a tension decrease after skin stretching that is 
twicee as much as that with undermining the skin. Skin stretching for only 30 minutes 
significantlyy reduces wound closing tension in both undermined and not undennined 
wounds.. Although the force required to close the undermined wound after skin 
stretchingg was smaller, the actual benefit of undermining the skin was subordinate. 

Wee performed our experiments on piglets, whose skin most closely resembles 
thatt of humans.*10 There are similarities not only in histomorphology but also in 
vascularr anatomy and wound healing. Previous studies had no regard for skin 
circulation.. Undermining and skin tension affect the viability of the skin flaps, 
especiallyy in closing large skin defects. The main blood supply to the skin in piglets 
iss through myocutaneous arteries." I2 Cutting these perforating vessels meant 
compromisingg vascular blood supply to the skin. 

Thiss study clearly shows, when skin is stretched and closed under a certain 
amountt of tension, undermining impairs viability of skin margins in comparison 
withh not undennined skin. In the undermined wounds, we saw excessive seroma 
formationn and a high incidence of skin-edge necrosis, which in some wounds 
resultedd in wound dehiscence. Skin stretching w ithout undermining the surrounding 
skinn avoided these complications. 

Wee conclude that skin stretching for only 30 minutes using a skin stretching 
devicee significantly reduces wound closing tension in both undermined and not 
underminedd wounds. Skin stretching is more important and reduces wound closing 
tensionn by twice as much in comparison with undermining alone. Undermining 
thee wound margins before skin stretching gives a small extra tension decrease but 
hass well-known associated complications, such as skin-edge necrosis and seromas. 
Wee advise not to undermine the surrounding skin when a large defect is closed 
primarilyy using the technique of skin stretching. If a large defect still cannot be 
closedd after adequate stretching, a different technique is necessary. 
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Tensionn Decrease during Skin Stretching in 
Underminedd versus Not Undermined Skin: 

Ann Experimental Study in Piglets 

byy Paris Melis, M.D., Maril L. Noorlander, M.S., and 
KurtE.. Bos. M.D.. Ph.D. 

DISCUSSIONN BY BERNARD HIRSHOWITZ , F.R.C.S. 

Manyy years back, 1 was privileged to see Dr. Paul Tessier use temporary, strong 
skinn sutures to approximate wound margins, and some half-hour later, he would 
returnn to close a wound with more relaxed wound margins using conventional 
means.. This indicates that the concept of skin stretching has been known intuitively 
forr a long while. 

However,, only as a result of the pioneering contribution of Gibson and Kennedi 
too the biomechanical properties of skin, plastic surgeons are becoming increasingly 
familiarr with the application of engineering principles in their work. When a skin 
defectt is encountered which is too large for primary closure, the exploiting of the 
twoo viscoelastic properties of the skin, creep and stress relaxation, is now more 
likelyy to be considered as an adjunct for helping with the wound closure.2 The time-
honoredd method of wide undermining for the mobilizing of the adjacent skin to 
facilitatee wound closure has inherent drawbacks, because of the damage to the feeding 
vesselss of the skin so undermined. The authors of this article need to be commended 
inn bringing scientific evidence, using animal studies, to support this contention. 
Theyy have shown that by using incremental traction {load cycling) of intact skin 
overr a period of 30 minutes, although a slightly smaller tension decrease of 6.10 N 
(26.55 percent) is produced than the combined tension decrease of undermined and 
stretchedd skin, 7.60 N (34.1 percent), there are no dangers of delayed healing, skin 
necrosis,, and seroma formation. They have, thereby, also demonstrated that the 
intraoperativee use of this device does not impair the immediate or long-term viabi lity 
off  skin. 

itt should be remembered that the force required to produce blanching in flaps 
andd undermined skin with its attendant damage to the perforating vessels is usually 
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muchh less than that required in uncut skin. Blanching occurs when the fibrous 
networkk of the dermis is deformed to such an extent that the lumina of the dermal 
vesselss are constricted and blood flow is impaired. If the condition is unrelieved, 
necrosiss follows. No mention was made of blanching by the authors, probably 
becausee of the difficulty of making this observation in piglet skin. 
Thee authors' findings do have practical application. Although it is so much easier 
forr a surgeon to undermine skin, using no additional operating equipment to that 
att his or her disposal, having a skin stretching device handy for such an eventuality 
iss cost effective and could offset the possibility of increased patient morbidity and 
perhapss scar formation. A cost analysis study of the Sure-Closure skin stretching 
systemm was made at the Division of Plastic Surgery at the University of Pittsburgh 
Schooll  of Medicine by K.Narayanan and J. W. Futrell. The summary of the results 
compiledd from data obtained from a 10-patient sample confirms and quantifies the 
assessmentt that costs associated with mechanically assisted primary closure using 
thee Sure-Closure system are, on average, less than those with traditional secondary 
closuree techniques. Their study did not specifically deal with the consequences of 
necrosiss and delayed healing associated with skin undermining. 

Apartt from the Sure-Closure system, various other skin stretching devices have 
beenn designed and used for stretching of skin. However, to my knowledge, these 
devicess have not as yet been marketed and, therefore, are not available commercially. 
Thee surgeon needs to take into consideration the early "learning curve" in the use 
off  the device. Proficiency can be obtained in as few as two or three cases. Time for 
eachh procedure is variable, depending on the severity of the wound and the 
individuall  surgeon's skill. It should be noted that the maximal distance between 
thee hooks of the device is 7 cm. Should the skin deficit be somewhat larger than 
thiss measurement, it is possible, by pulling on the wound margins with skin hooks, 
too narrow this gap to enable the hooks of the device to engage the two pins that are 
threadedd through the dermis of the wound margins on either side of the defect. 
Whenn in place, the device can now become operative. It is assumed that, in the 9 X 
99 cm wounds created by the authors on the back of the piglets, a similar approach 
wass used to narrow the size of this defect. 
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INTRODUCTIO N N 

Connectivee tissue consists for the most part of collagen fibers. Collagen provides 
connectivee tissue with a unique combination of flexibility and tensile strength but it 
iss not very elastic (Junqueira et al. 1993).' In (plastic) surgery, research into the 
propertiess of skin is of major importance to optimize wound closure. In addition to 
woundd healing and vascularization, tensile strength plays a major role. When 
mechanicall  tension is a^^iied skin a^^ears to be able to stretch beyond its natural 
yieldd and this unique property provides opportunities for closure of large wounds 
(Gibsonn etal. 1965;Stark 1977; Hishowitzetal. 1993 ).24 Because 85% of the dermis 
off  the skin consists of collagen, this extracellular matrix (ECM) component is an 
importantt topic in studies of changes in the skin caused by mechanical stretching. 
Thuss far, results of studies of mechanical properties of collagen have been described 
mostlyy as qualitative histological observations (Gibson et al. 1965; Pasyk et al. 1982; 
Vann Rappard et al. 1988; Gibson 1990; Timmenga and Das 1992).-* 

Quantitativee analyses of collagen have been described by Ferdman and Yannas 
(1993),, Moragas et al. (1998), and De Vries et al. (2000).9U These methods provide 
generall  information only for, e.g., orientation of collagen fibers, but not for that of 
individuall  collagen fibers. The method in the present study was developed to enable 
quantitativee determination of changes in the orientation of individual collagen 
fiberss in the dermis. The skin used to develop this method was obtained in a study 
off  the effects of skin stretching to close large wounds in piglets. In this study we 
investigatedd the changes that take place in the various layers of skin when skin is 
stretchedd beyond its natural yield over a time span of 30 min by means of mechanical 
forcess (Melis et al. 2001,2002).I2-L1 The present quantitative method is based on 
specificc staining of collagen fibers with picrosirius red, which allows the 
visualizationn of individual collagen fibers on the basis of double refraction of light 
againstt a black background when epipolarisation microscopy is used (junqueira et 
al.. 1979).,4 Because of the large contrast, it is possible to create representative 
binaryy images to establish the length of collagen fibers quantitatively in the plane 
off  sections using digital microscopy. In this way, changes in orientation resulting 
fromm skin stretching can be determined. 
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MATERIAL SS AND METHODS 

StretchingStretching of piglet skin 
Inn (plastic) surgery, stretching of skin is frequently necessary to close large wounds. 
Onee of the methods is based on the use of the Sure Closure skin stretching device 
(Figuree 1). The technique has been described by Hirshowitz et al.4 (1993) and has 
beenn applied by us on piglet skin as described in detail by Melis et al.12-13 (2001, 
2002).. Briefly, a square piece of skin of 9 x 9 cm was excised on the sides of the 
pigletss under general anesthesia. Two straight needles of the skin-stretching device 

Figuree 1. 
Experimentall  setup for skin stretching in young piglets. The Sure Closure Skin Stretching device is 
placedd in the wound margins. The ends of the two steel needles (P). which distribute the stretching 
forcee along the length of the wound margin, are shown. By turning the tension screw (T), 
approximationn of the skin is performed. 

weree placed through the dermis opposite each other and at 0.5 cm distance from the 
woundd margin. The skin-stretching device was then placed in position with its U-
shapedd arms anchored behind the intradermal needles. In this way, the hooks of the 
armss abut against the intradermal needles which, in turn, distribute the stretching 
forcee along the length of the wound margin. By turning the tension screw of the 
device,, approximation of the skin and subcutaneous tissue was performed with 
maximall  applied force of 2.5 kg. The wounds were closed using the principle of 
cyclee loading. This method involved 4 min of stretching of the skin, followed by 1 
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minn of relaxation by unlocking the system to restore blood circulation in the stretched 
skinn tissue. This cycle was repeated six times over a total period of 30 min. 

SamplingSampling of biopsies 
Att the beginning of the experiment and after 30 min of skin stretching, biopsies 
weree taken at 0.5 cm distance of the wound margin. Biopsies had a size of 3 x 10 
xx 10 mm. After sampling of a biopsy specimen, it was placed on cork using water-
^ n l l l h l f 11 a l l tP nnH tHp « n p r i m p n w « e p m h ^ H H p H i n Q c n t n t i / r n nf" 7 % ct(Ant\r\ (\At*rrAr 

Darmstadt,, Germany) in distilled water in a mold (Van Noorden and Vogels 1986).I5 

Inn this way, orientation of the biopsy and the cutting edge for sectioning were 
determined.. The gelatin-embedded biopsy in the mold was fixed by freezing as 
quicklyy as possible in liquid nitrogen at -196°C. Biopsies were stored at -80°C. 

SectioningSectioning and staining of sections 
Too keep the structure of the dermis intact during sectioning and to visualize collagen 
fiberss separately, optimal section thickness was determined by varying section 
thicknesss between 3 and 30 mm. After determination of the optimal section thickness, 
stainingg methods were tested to specifically stain collagen fibers while other structures 
inn the dermis were stained as littl e as possible. It is essential for image analysis to 
optimizee contrast between collagen fibers and background (Chieco etal. 2001 ).IA 

Sectionss of the biopsy specimen were cut in a cryostat (Bright; Huntingdon, 
UK)) at a low but constant speed to ensure constant section thickness at-25°C. Sections 
weree captured on glass slides and kept at -25°C. A series of cryostat sections (3 and 
55 mm thick) was also captured on adhesive tape (Scotch Tape 800; 3 M, Leiden, The 
Netherlands)) before the sections were adhered to glass slides as described by Van 
Noordenn and Vogels (1986),5to keep the structuree of the tissue in the sections intact. 

Thee following staining methods have been tested in order to select the method 
thatt stains collagen fibers with optimal contrast: Giemsa, Shoobridge, haematoxylin-
eosinn (H&E), Mallory, Van Gieson and picrosirius red. The picrosirius red-stained 
sectionss were analyzed with epipolarisation microscopy according to Junqueira et 
al.(( 1979). '4 Sections were placed between two crossed polarization filters (polarizer 
sliderr AH2-KPO and analyzer slider AH2-AN45; Olympus, Tokyo, Japan), and 
imagess of serial sections were captured with a video camera (4910; Cohu, Tucson 
AZ)att alow magnification (x 5) (Figures 2 A and2B). Images of 768 x 512 pixels 
weree made of areas with a size of 1.2 mm x 0.8 mm. of the reticular dermis. One 
pixell  covered a surface of 1.6 mm x 1.6 mm in the section. 
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Figuree 2. 
Epipolarizationn microscopical image of 
controll  skin (A) and stretched skin (B) after 
stainingg with picrosirius red. Collagen of 
controll  skin appears to have a random 
distributedd orientation with relatively small 
whitee areas representing collagen (A). 
Or ientat ionn of the col lagen fibers in 
stretchedd skin is more parallel in the Held 
off  the section (B). Bar = 100 um. Binary 
imagess showing white collagen fibers 
againstt a black background (C). All white 
objectss in the image are numbered (D|. For 
eachh white object, the best-fitting oval is 
calculatedd and the shortest and longest 
diameterss (minor and major, respectively) 
aree determined (F). 

minorr \ . ,' / 

-44 - major 
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QuantitativeQuantitative analysis of the length of collagen fibres in the plane of sections 
Digitallyy captured images of sections were analyzed with the use of the image 
analysiss software NIH Image (version 1.57; by Wayne Rassband and available via 
internett from: http://rsb.info.nih.gov). The procedure of image analysis to 
quantitativelyy determine the length of collagen fibers in the plane of sections as a 
parameterr for orientation of the fibers consisted of the following steps: (a) a gray 
levell  was determined automatically as threshold, to produce a binary image in 
whichh background is colored black and collagen fibers are colored white ^Fi^ure 
2C).. An iterative testing technique, based on a histogram that divides the data into 
twoo populations (Ridler and alvard 1979),17 was used to produce the binary image; 
(b)) an analysis was performed to number all white objects in the image (Figure 
2D);; (c) the best fitting oval was calculated for each numbered white object (Figure 
2E);; (d) the shortest and longest diameter of the oval were determined in numbers 
off  pixels and were named minor and major axis, respectively; (e) these axes were 
calculatedd for all white objects and results were copied into a spreadsheet; (f) data 
inn the spreadsheet (Excel 3.0; Microsoft, Seatle WA) were sorted on the basis of 
thee length of the major axis, with the longest major axis at the top and the shortest 
att the bottom; (g) the mean length of the 10 longest major axes was determined. 
Thiss mean length was considered to be the parameter for orientation of collagen 
fiberss in the plane of the section. Thee mean value of the parameter, based on three 
seriall  sections of a specimen, was called collagen alignment index; (h) the collagen 
alignmentt indices of control and stretched skin were compared and differences 

Figuree 3. 
Drawingg of a piglet skin tissue block and a section cut from the block. The vectors indicate the 
directionn of the stretching force and the direction of cutting the section. 
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weree analyzed, using a paired Mest with p=0.05 as level of significance. 

RESULTS S 

Preparationn of cryostat sections of piglet skin biopsies was hampered by the fat 
layerr underneath the dermis, which was sticky at -25°C. The only way to maintain 
thee integrity of epidermis and dennis in the sections during preparation was 
sectioningg of the biopsies in the direction shown in Figure 3. in this way, sections 
includedd epidermis, dermis and fat layer. We decided to cut sections at constant 
loww speed with a thickness of 7 mm. These sections showed no artifacts and 
producedd a good contrast between collagen fibers and background. Thinner sections 
causedd destruction of tissue, whereas sections that were too thick did not allow 
discriminationn of individual collagen fibers against the background after the various 
stainingg procedures. Sections that were captured on adhesive tape after sectioning 
weree comparable in quality with sections that were captured directly on glass. A 
disadvantagee of the use of tape was that the glue dissolved in acids that are present 
inn a number of staining solutions, such as that of picrosirius red. Therefore, capturing 
off  sections on tape was not performed. Sections cut from stretched skin did not 
retractt or shrink because the biopsy specimens were excised during the period of 
restt when stretching forces were not exerted on the skin. The width and length of 
thee sections corresponded with those of the face of the frozen tissue blocks. 

Testingg of the various staining methods to obtain optimal contrast between 
collagenn fibers and background had the following results. The Giemsa and H&E 
methodss were not specific enough for collagen (Figure 4A). Collagen fibers could 
barelyy be discriminated. The Shoobridge, Mallory and Van Gieson staining methods 
weree far better in that aspect. It was possible to discriminate collagen fibers in the 
sections.. Unfortunately, these staining methods had the disadvantage that too low 
contrastt was obtained between collagen fibers and other structures in the sections. 

Inn addition to collagen fibers, glands and muscles were stained, so that no 
specificc segmentation of collagen fibers could be performed. The picrosirius red 
stainingg method in combination with epipolarazation microscopy appeared to be 
thee most suitable to visualize collagen fibers with high contrast. The unique aspect 
off  the picrosirius red staining is that dye molecules bind in a specific way to collagen 
fibers,, which enhances double refraction of the fibers. When sections stained with 
picrosiriuss red were analyzed by means of epipolarization microscopy, collagen 
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fiberss reflected clearly against a black background (Figure 4B). 
Thee first step in the analysis of the digital images of picrosirius red-stained sections 
(Figuree 2B) was to automatically determine a gray level as threshold to obtain 
binaryy images (Figure 2C). This step optimized contrast between collagen fibers 
andd background and reduced misidentification due to incorrect positioning of 
collagenn in the plane of the sections. This misidentification can be recognized in 
Figuree 2B as dark gray objects. After enumeration of the objects in the image 

Figuree 4. 
Sectionss of piglet skin after staining with H & E (A) and picrosirius red in combination with 
epipolarisationn microscopy (B). Both figures are at the same magnification. Bar = 100 um. 
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TABLEE I 

Collagenn alignment indices (  SD) after 0 and 30 min stretching of the skin of live piglets 

Pigg Collagen alignment index Collagen alignment index 
(controll  skin, t=0) (stretched skin, t=30) 

11 3 81 0 
22 81 8 2 
33 82  11 138 5 
44 91 5 173 7 
55 8 116  14 

(Figuree 2D), best-fitting ovals surrounding each object were calculated. The major 
advantagee of using the best-fitting oval, instead of, e.g., the circumference of the 
fibers,, is the possibility of excluding the influence of irregularities in the contours 
off  fibers and small branches from the results. 

Too test the procedure in an experimental setting, we used skin after 0 and 30 
minn of skin stretching. The collagen alignment indices are shown in Table 1 for 
fivefive piglets. Control skin had a mean collagen alignment index of 76 + 15. The 
meann collagen alignment index of stretched skin (30 min) was 132  36, which 
wass significantly different from the control skin (p<0.005). These quantitative 
dataa and their differences were in agreement with qualitative microscopical analysis 
off  the sections (Figure 2A and 2B). 

DISCISSION N 

Thee picrosirius red staining method, in combination with epipolarization microscopy 
ass described by Junqueira et al. (1979),u appeared to be the most suitable method to 
visualizee individual collagen fibers and to quantitatively determine their length in 
thee plane of tissue sections. Only collagen fibers were visualized and other structures 
inn the skin, such as glands and muscles, were not visible. The large contrast of the 
stainedd fibers against a black background enabled not only qualitative analysis of 
orientationn of the fibers but also quantitative digital image analysis. In this study, 
mostt of the collagen fibers reflected in red. This is an indication that these collagen 
fibersfibers are relatively thick because thin collagen fibers appeared as yellow or green 
(Junqueiraa et al. 1982).,tf Some collagen fiber endings appeared yellow or green, 
indicatingg that these endings are thinner (Figure 4B). A possible explanation could 
bee that, as a result of mechanical stress, collagen fibers rupture. 
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Thee collagen alignment index appeared to be a good parameter to express 
changess in orientation of collagen fibers. The mean value in control skin was 
significantlyy lower than that in stretched skin, which was in agreement with data 
obtainedd with qualitative microscopical inspection. By using the quantitative 
methodd described here, it was possible to collect valid data on the orientation of 
collagenn and changes in the orientation due to mechanical skin stretching (Melis 
ett al. 2002).13 Whether these changes in orientation of collagen fibers in the plane 
off  sections were a ccnsecjuence of either rapid changes in the spatial distribution 
off  collagen fibers or elongation of collagen fibers by, e.g., aligning of individual 
fibrils,, is not yet completely clear. However, the study of Melis et al.I3 (2002) and 
thee data from the present study suggest that rapid changes in the orientation of 
collagenn fibers take place as a consequence of mechanical stress. 

Collagenn fibers became rapidly orientated in the direction of the force that is 
exertedd on fibers. The molecular processes that are the basis of these rapid changes 
inn orientation of EMC components are unknown but will be subject of further 
studies.. Understanding of these processes has histological importance but also is 
off  major importance for the (plastic) surgeon. Knowledge about mechanical 
propertiess of skin helps the (plastic) surgeon to predict and optimize results of 
differentt treatments, e.g., to close large wounds. 

Otherr quantitative methods to establish changes in the orientation of collagen 
havee been described (Ferdman and Yannasl993; Moragas et al.1998; De Vries et 
al.. 2000).'"' The methods described by Ferdman andYannas (1993) and De Vries 
ett al. (2000)4J' are based on the analysis of light scatter. These two methods enable 
analysiss of the mean orientation of collagen in a tissue area, but they do not allow 
thee determination of orientation of individual collagen fibers, which is possible 
withh the method described here. Moragas et al. (1998)"' described a quantitative 
methodd based on digital skeletalization of contours of collagen fibers. With this 
method,, changes in orientation and structure of individual collagen fibers can, in 
principle,, be determined. However, skeletalization of individual collagen fibers 
appearedd not to be representative because the procedure yielded a large number of 
dendritess or small branches owing to irregularities in the contours of collagen 
fibersfibers in the stained sections and adherence to other fibers or bifurcation of fibers. 
Whenn the longest major axes are calculated, this phenomenon does not play a role 
becausee of the use of an oval by which involvement of roughness of contours is 
eliminated.. The major axes appeared to be calculated simply and validly on the 
basiss of the binary image. 
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Inn conclusion, the present method is a relatively simple tool for the quantitative 
determinationn of orientation of collagen fibers in combination with structural 
informationn of connective tissue. It can be applied to study dynamics in the ECM 
inducedd by, e.g., mechanical stress. Moreover, the present quantitative method 
cann be used for determination of the orientation of any other structural element in 
aa tissue so long as a representative binary image can be created, 
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INTRODUCTION N 

Skinn defects that cannot be closed primarily are common for plastic and 
reconstructivee surgeons. Many techniques have been developed for closure of large 
defects,, varying from split skin grafts to free revascularised flaps. In 1993, a new 
techniquee was introduced based on the use of the Sure-Closure skin-stretching 
systemm (Life Medical Sciences, Inc., Princeton, N.J.).1 This skin-stretching device 
wass designed to Harness the visenelastir nronerties of skin hv annlvinp controlled 

andd evenly distributed tension along the wound margins using incremental traction.' 
Thee biomechanical properties of skin, known as mechanical creep and stress 
relaxation,2'' allow skin to stretch intraoperatively beyond its inherent extensibility 
inn a short period of time. As a result of skin stretching, wound closing tension 
decreases,, allowing primary closure of large defects. The technique eliminates 
donorr defects and associated morbidity. It enables sensate reconstructions with 
goodd cosmetic appearance of the skin.4 

Mostt experimental studies using tissue expanders were focused on the 
determinationn of histological changes in soft tissues during gradual stretching of 
thee skin over the course of several weeks,5"1" whereas the Sure-Closure skin-
stretchingg system is applied to stretch skin over a period of only 30 min. 
Furthermore,, histological changes were often described on the basis of qualitative 
microscopicall  analysis of skin sections. To obtain more objective information with 
respectt to changes caused by to stretching in epidermis and dermis, a quantitative 
histochemicall  method was developed. This quantification method was applied in 
aa controlled study in five piglets to determine objectively histochemical changes 
inn undermined and not undermined stretched skin. The skin was subjected to 
stretchingg using a skin-stretching device. 

MATERIAL SS AND METHODS 

AA series of five female Yorkshire piglets weighing between 20 and 25 kg was used 
inn this study. All experiments were approved by the ethical committee for animal 
experimentss of the Academic Medical Center. Each animal was anaesthetized with 
aa mixture of Sufenta Forte and ketamine in a dose of 50 mg and 25 mg per kg body 
weight,, respectively. After intubation, anesthesia was maintained by spontaneous 
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inhalationn of a mixture of halothane (0.8 percent), air and oxygen (fraction of 
inspiredd oxygen, 47 percent). On each flank at a standard position, a 9 x 9-cm 
squaree was marked surrounded cranially and caudally over a 10-centimeter area to 
indicatee the area of undermining (Fig. 1). Wounds were created by excising skin 
andd subcutaneous tissue in the indicated square down to the muscular fascia. All 
woundss were created at the same location on each animal. This was essential because 
thee tension required to close a wound is greater high on the back of the piglets than 
nearerr to the belly or, likewise, close to the shoulder rather than close to the hip." 
Onn one flank of each animal, the surrounding areas previously outlined were 
underminedd between subcutis and muscular fascia. On the remaining flank, the 
surroundingg skin was not undermined. Skin was stretched in a longitudinal direction 

Figuree 1. 
Skinn markings of wound location (9 cm square) and size of area to be undermined (10 cm long) on 
thee Hanks of a piglet. 

withh the Sure-Closure skin-stretching system. (Fig. 2). Two straight needles were 
insertedd through the dermis opposite to each other at a distance of 0.5 cm to the 
woundd margin. The skin-stretching device was placed in such a way that its U-
shapedd arms were inserted through the skin and were anchored behind the 
intradermall  needles. In this way, the hooks on the undersurface of the U-shaped 
armss of the device abut against the intradermal needles, which in turn distribute 
thee stretching force equally along the length of the wound margin. When appropriate 
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Figuree 2. 
Approximationn of skin edges during skin stretching using the Sure-Closure skin-stretching system. 
Thee device is placed in such a way that the U-shaped arms are inserted through the skin and are 
anchoredd behind two intradermal needles. Rotation of the tension screw of the device causes the U-
shapedd arms to abut against the needles, which in turn distribute the stretching force equally along 
thee length of the wound margin. 

tensionn was applied, the device was locked. By rotating the tension screw of the 
device,, skin and subcutaneous tissue approximated (Fig. 2). 

Thee wounds were closed using the principle of load cycling onto the skin.1213 

Loadd cycling of skin implies an incremental increase in the length of skin. By 
applyingg load cycling, it is possible to stretch skin gradually beyond the limits of 
itss inherent extensibility because of the phenomenon of mechanical creep.14 The 
proceduree consisted of a 4-minute stretching interval of the skin and a 1-minute 
relaxationn period by unlocking the system to allow tissue perfusion. The cycle 
wass repeated six times over a period of 30 minutes. As the skin stretched over 
time,, tension reduced because of stress relaxation. 

First,, control biopsies of skin were taken from the middle of each wound that 
wass removed (time, 0 minutes). Second, biopsies of stretched skin were taken 
randomlyy from lower and upper sides perpendicularly at a 1 cm distance from the 
skinn margin after 15 minutes of skin stretching (time. 15 minutes) and at the end of 
thee operation (time, 30 minutes). The biopsies contained epidermis, dermis, 
subcutaneouss fat and muscular tissue, and the size of their surface was 10x3 mm. 
Thee skin from the biopsy was placed on cork, embedded in a solution of 7% gelatin 
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inn distilled water, and frozen in liquid nitrogen.1' Series ofcryostat sections (7 
mmm thick) were made that were then fixed and stained with either hematoxylin 
andd eosin, van Giesson, Giemsa, or Shoobridge staining methods. Besides these 
standardd staining methods, picrosirius red staining was performed.16 The Sirius 
redd molecules are bound to collagen fibril s in a parallel fashion, greatly enhancing 
thee naturally occurring weak birefringence of the fibrils. When using polarization 
microscopy,, this phenomenon results in bright red collagen fibril s against a dark 
backgroundd and allows determination of orientation of the dermal collagen fibril s 

Figuree 3. 
Collagenn fibers as v isualized with polarization microscopy. A major axis of a collagen fiber is shown. 
Thee mean value of the largest 10 axes in each section was calculated. This number was representative 
forr alignment of collagen fibers in the sections. Bar, 50pm. 

(Fig.. 3).17 Contrast between collagen fibers and background was optimized for 
quantitativee analysis using image analysis and National Institutes of Health software 
(versionn 1.57, written by Wayne Rassband and available through the internet from 
http://rsh.info.nih.gov)}*http://rsh.info.nih.gov)}* Images of serial sections were captured digitally at low 
magnificationn and were subsequently analyzed. In the images, the longest axis of 
eachh fiber was measured (Fig. 3). The mean value of the largest 10 axes in the five 
pigletss was calculated. Each value per piglet is a mean value obtained in three 
seriall  sections. This number was representative for alignment of collagen fibers in 
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Figuree 4. 
Hematoxylinn and eosin staining of epidermis and dermis in not stretched (left) and stretched (right) 
skin.. The epidermal layer (asterisk) shows no significant changes under the influence of stretching 
forces.. G, gelatine. Bar, 100 pm. 

r::  i 
-•• • 

Figuree 5. Figure 6. 
Dermiss of control piglet skin shows random Stretched piglet skin shows parallel alignment of 
orientationn of collagen fibers, as visualized with collagen fibers after staining with picrosirius red 
picrosiriuss red staining and routine light micro- and visualization with routine light micro-scop) 
scopyy (above) or polarization microscopy (below), (above) or polarization microscopy (below). Bar. 
Bar.Bar. 100 pm. 100 pm. 
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thee sections. The data were statistically analyzed using analysis of variance of 
pairedd repeated measures followed by the Tuke\ -Kramer multiple comparison tests. 
AA  p value of 0.05 was taken as level of significance. 

RESULTS S 

Epidermall  morphology or thickness did not change significantly under the influence 
off  stretching forces in both undermined and not undermined skin (Fig. 4). In 
contrast,, the dermis showed significant changes. Control (not stretched) skin 
displayedd a random orientation of the collagen fibers (Fig. 5). As a result of skin 
stretching,, collagen orientation changed from a random orientation to a more aligned 
orientationn in the direction of the stretching force, perpendicular to the wound 
marginn (Fig. 6). 

Inn Figure 7, mean values of the 10 largest major axes in the five piglets are 
shown.. Control skin had the lowest mean (  SD) major axis value (76  14), 
showingg littl e alignment of the collagen fibers (Fig. 5). Skin stretching for a period 
off  15 minutes in undermined skin resulted in a higher mean major axis value of the 
collagenn fibers (91  30), but the difference was not statistically significant. The 

Controll 15 min 30 min 15 min 30 min 

Nott undermined Undermined 
Figuree 7. 
Meann values of largest 10 major axes as determined quantitatively (with standard error of the mean) 
inn three serial sections of dermis from five piglets with picrosirius red staining and polarization 
microscopy.. Asterisk indicates significant difference from control value (p < 0.05). 
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TABLEE I. 

Statisticall  Analyses Using Analysis of Variance of Paired Repeated Measures Followed by the Tukey-
Kramerr Multiple Comparisons Test*  {p = 0.0002). 

N=5 5 

Controll  skin 

Stretchedd skin (15 min). 
iinHprmirip H H 

Stretchedd skin (15 min), 
nott undermined 
q=2.220 0 
Stretchedd skin (30 min). 
undermined d 
Stretchedd skin (30 min), 
nott undermined 

Meann major 
axiss T SO 

766 i 14 

911 0 

1211 0 

1322 5 

1066  11 

Stretchedd skin 
Controll  (15 min), 

skinn undermined 

md=l5.IOO O 
0=2.193 3 

Stretchedd skin 
(155 min), not 
undermined d 

md=45.440 0 
q=6.60l** * 
md=30.340 0 
o=4.407* * 

Stretchedd skin 
(300 min). 

undermined d 

md=55.960 0 
q=8.129*** * 
md=40.860 0 
0=5.935** * 
md== 10.520 

Stretchedd skin 
(300 min), not 
undermined d 

md=3O.I60 0 
q=4.38l* * 

md== 15.060 
0=2.188 8 

md=-SS 5.280 
q=1.528 8 

md--25.800 0 
q=3.748 8 

Whenn the value of q is greater than 4.333, the/? value is less than 0.05. The mean, standard deviation 

(SD)) and mean difference (md) of major axes are expressed as length in pixels. One pixel represents 

ann area of 1.6 x 1.5 mm. * : p<0.05, **  : p<0.01, ** *  : p<0.001 

higherr the mean major axis value of the collagen fibers in the plane of the section 
was,, the more elongation and alignment of the fibers had occurred. Thirty minutes 
off  stretching of undermined skin resulted in the highest mean major axis value 
(1322  35). This was statistically significant difference from the control value 
(Tablee I). The quantitative data were in agreement with qualitative analysis of the 
sectionss (cf. Figs. 5 and 6). After 30 minutes of stretching of undermined skin, 
collagenn fibers ran almost perpendicular to the wound margin. Stretching of not 
underminedd skin for 15 minutes resulted in statistically significantly higher mean 
majorr axis value (121  30). There was also a statistically significant difference 
afterr 15 minutes of skin stretching between undermined and not undermined skin 
(Tablee I). After 30 minutes of skin stretching in not undermined skin, collagen 
fibersfibers were still clearly stretched (106 . Although this value had a statistically 
significantt difference from the control value, parallel alignment was less well 
definedd than after 15 minutes stretching. Significant changes were not observed in 
thee muscle layers after 15 and 30 minutes of skin stretching, both in undermined 
andd not undermined skin. 
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DISCUSSION N 

Changess in the dermis of skin during stretching with the use of a stretching device 
forr 30 minutes to close a large skin defect have not yet been analyzed. Histological 
changess have mainly been studied in expanded soft tissues.''" In these studies, 
graduall  expansion was performed over a period of several weeks and histological 
changess were usually described on the basis of qualitative microscopical analysis 
off  skin sections. It appeared that the epidermis did not change significantly, whereas 
aa rapid decrease in thickness of the dermis and the panniculus carnosus muscle 
occurred,, especially during the first 2 weeks after implantation of the expander.' 
Largerr and more compact bundles of collagen fibers were observed in the dermis 
off  expanded skin/' In addition, most of the experiments were performed on 
laboratoryy animals such as guinea pigs'6 and rabbits.7 Both species have skin that 
hass a different composition from that of the human skin. These animals have a 
"scruff",, which allows the skin to move freely over the deeper layers of tissue and 
cann be picked up in large folds.19 We have performed our experiments on piglets 
becausee their skin closely resembles that of human skin.-024 There are similarities 
nott only in histomorphology but also in vascular anatomy of the skin. However, 
thee muscle layer of pig skin is a noncontinuous coat called panniculus carnosus. 
Thiss does not exist in humans with the exception of the platysma muscle in the 
antero-laterall  neck region. 

Gibsonn et al.2 were the first to describe lengthening of skin and realignment of 
randomlyy positioned collagen fibers into parallel bundles as a result of a stretching 
force.. Only a few studies have been published on histological changes in rapidly 
expandedd skin, all after using immediate intraoperative tissue expansion.1'21*  The 
resultss of these studies were controversial. One study showed that the more acute 
thee expansion, the more the angle of cross linking diminished, meaning that the 
fiberss run more parallel to the surface.26 All others reported that significant 
histologicall  changes in the orientation of the collagen fibers in the dermis of rapidly 
expandedd skin did not occur. 

Histomorphologicall  changes as a result of skin stretching are difficult to 
quantify.. To analyze whether significant changes in orientation occur, an objective 
methodd is imperative. We used picrosirius red staining in combination with 
polarizationn microscopy to objectively determine changes in collagen orientation. 
Thee use of polarization microscopy to identify collagen in picrosirius red-stained 
materiall  is specific.17 It allows quantitative analyses with sufficient sensitivity and 
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spatiall  resolution. This is because even very thin fibrils of collagen, which are 
undetectablee with routine microscopy, are visualized with this method as a source 
off  light against a dark background (Figs. 5 and 6). This method enables image 
analysiss to determine quantitatively the length of the fibers in sections as a parameter 
off  histomorphological changes of collagen fibers caused by skin stretching. Because 
off  its validity, reproducibility, and the fact that the biopsies were quenched in 
liquidd nitrogen to freeze the structure of the tissues immediately, this appeared to 

Skinn stretching for 30 minutes only using a device with maximum stretching 
forcee of 2.5 kilograms significantly reduces wound closing tension.29 This decrease 
inn tension results from changes in the dermis of the skin that was visualized at the 
microscopicall  level using the picrosirius red polarization method. Epidermis did 
nott change significantly under the influence of stretching forces. The dermis consists 
off  80 to 90 percent collagen fibers. The fibers changed from a random orientation 
too a more parallel alignment in the plane of the sections during stretching. The 
fiberss stretched rapidly as a result of the forces applied and became aligned in the 
directionn of the stretching force, perpendicular to the wound margin. After 
underminingg the skin, collagen fibers seemed to align less rapidly as a result of 
skinn stretching than when the skin was not undermined, but after a 30 minutes 
intervall  of stretching, alignment was less dependent on undermining. Although 
maximumm alignment was seen after undermining in combination with a 30 minutes 
intervall  of skin stretching, this was not statistically significant compared to skin 
stretchingg without undermining. These results are comparable with the tension 
decreasee that we measured as a result of skin stretching with or without undermining 
inn an experimental study in piglets.29 In this study, it appeared that undermining of 
thee wound margins before skin stretching resulted in a small additional tension 
decrease,, but also had its well-known complications such as skin edge necrosis 
andd seromas. To our knowledge, this is the first time that these rapid changes in 
orientationn of collagen fibers in dermis caused by mechanical force using a skin-
stretchingg device have been described. This alignment of collagen fibers in the 
directionn of the mechanical force explains the rapid relaxation of the skin as a 
resultt of skin stretching. 
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Rapidd Alignment of Collagen Fibers in the Dermis of 
Underminedd and Not Undermined Skin Stretched 

withh a Skin-Stretching Device 

byy Paris Melis, M.D., Maril L. Noorlander, M.Sc, Chantal M. A. M. van 
derr Horst, M.D., Ph.D., and Cornelis J. F. van Noorden, M.Sc, Ph.D. 

DISCUSSIONN BY BERNARD HIRSHOWITZ, F.R.C.S. 

Thiss article is further confirmation of the changes in the alignment of collagen 
fiberss produced by stretching of the skin, applied in a controlled study in five 
piglets,, with the skin both undermined and not undermined. Using polarization 
microscopyy of picrosirius red-stained sections of stretched skin, the collagen fibers, 
inn contrast to a black background, show up in bright red in a parallel direction to 
thee stretching force, which is perpendicular to the wound margin. These changes 
weree evident after 15 minutes of incremental stretching with the Sure-Closure 
skin-stretchingg system, and they were also evident after 30 minutes of stretching. 

Thee mechanical response of the skin to loading, because of the viscous 
mucopolysaccharidee ground substance of the dermis, is time dependent. This 
viscouss fluid acts like a lubricant, permitting the relative movement of separate 
collagenn fibers in contact and thereby reducing dry friction effects, but in addition, 
itt provides a viscous resistance to relative motion. Its behavior, in mechanical 
terminology,, is viscoelastic, showing the typical behavior patterns of creep 
deformationn under constant stress and stress reduction under constant strain (i.e., 
stresss relaxation). The stretching of skin causes the irregular, wavy, and 
multidirectionall  collagen fibers to be converted to a compact and parallel 
configuration,, the combined effect of which enables sufficient lengthening of skin 
too permit closure of a large skin defect. The elastic fibers that are interwoven with 
collagenn fibers are randomly coiled, giving the elastic fibers their ability to be 
stretchedd and then to revert to their original state. It is the elastic fibers that restore 
thee stretched and elongated collagen to its previous state, following each episode 
off  deformation of the skin, as the collagen fibers themselves do not have the power 
off  retraction. These fibers require staining by Verhoeffs elastic stain to be seen. 
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Initially,, at low loads the collagen fibers move with ease relative to each other, 
thee implication being that relaxed skin can be readily stretched. The resistance to 
furtherr extension rapidly increases as more and more fibers become aligned and 
takee up the strain. The collagen fibers impart the considerable strength to skin and 
alsoo limit the extent of deformation when it is pulled. It was found empirically that 
skinn can be safely stretched up to a load of 3 kilograms, and to prevent possible 
damage,, a built-in tension gauge has been incorporated in the tension knob of the 
Sure-Closuree skin-stretching device. In addition, a safety clutch within the knob 
disengagess whenever the tension applied to the skin is in excess of 3 kilograms. 
Stretchingg the skin beyond its natural extensibility by using excessive force can 
causee tearing of the collagen fibers, leading to striae formation. In chronic wounds, , 
thee composition of the mucopolysaccharide matrix of the dermis is altered and 
mayy be partly replaced by immature scar tissue so that the natural lubrication of 
thee collagen fibers is impaired. Under these conditions, the time needed to harness 
thee skin's viscoelastic properties is delayed, and hours to 1 or 2 days may be 
requiredd to fully mobilize these properties of the skin.' 

Too assess the rapid changes in orientation of the collagen fibers in the dermis 
causedd by mechanical force from a skin-stretching device, the stretched skin was 
stainedd by the authors with picrosirius red. 

Thee Sirius red molecules are bound to collagen fibrils in a parallel fashion, 
whichh greatly enhances the naturally weak birefringence of the fibrils. Using this 
principle,, the authors have demonstrated in a novel and graphic manner that by 
employingg polarized microscopy to identify even very thin fibril s of collagen in 
picrosiriuss red-stained sections, quantitative determination can be made of the 
lengthh of the fibers in sections as a parameter of histomorphologic changes of 
collagenn fibers caused by skin stretching. 

Thee authors have shown that skin stretching up to 300 minutes results in marked 
histomorphologicc changes of collagen fibers in the dermis of both undermined 
andd not undermined skin, which explains the decreased wound closing tensions, 
allowingg primary closure of large skin defects. There was no significant difference 
inn the results between the undermined and not undermined stretched skin. In their 
study,, the authors demonstrated that the results of using a skin-stretching device-
lengtheningg of the skin of the wound margins and decreasing wound closing 
tension-aree the two features that enable closure of a wound with a large skin defect. 
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INTRODICTJON N 

Thee concept of skin stretching using a stretching device as introduced by Hirshowitz 
ett al.' in 1993 is now routinely used in plastic surgery. Skin stretching decreases 
thee wound-closing tension allowing primary closure of large defects. This technique 
eliminatess donor defects and related morbidity. Furthermore, it enables sensate 
reconstructionss with good cosmetic appearance of the skin.2 

Thee incidence of comr*lic3M r'nc ,ac Q i^pnit r»f cUn cttvat̂ Viinrr cn̂ Vi QC cVi« 
necrosiss is low, but can occur when tension is applied to skin to close large defects. 
Tissuee viability may be compromised especially when the skin around the wound 
iss undermined. 

Thee aim of the present study was a comparative evaluation of the micro-
circulatoryy flow and oxygen availability during stretching of undermined and not 
underminedd skin using skin laser Doppler flowmetry (LDF) and transcutaneous 
oximetryy (tc/?0,). LDF has been proven to be efficacious in evaluating effect on 
bloodd flow in skin undergoing expansion in rabbit3, pig4 and man/6 TcpO  ̂is a 
non-invasive,, reproducible and objective method that gives information about 
oxygenn availability in the skin.?7^ 

Thee piglet is an accepted and suitable model for human skin, because of 
similaritiess in vascular anatomy. Both have a segmental pattern of cutaneous blood 
supply,, which includes musculocutaneous perforating vessels. KM: Therefore we 
havee studied the effects of undermining the skin and skin stretching on 
microcirculationn and oxygen availability in a piglet model. 

MATERIAL SS AND METHODS 

Thee ethical committee for animal research of the Academic Medical Center of 
Amsterdamm approved the study. A series of 8 female Yorkshire piglets weighing 
200 - 25 kg was used. The animals were anaesthetized with a mixture of sufentafort 
andd ketamine in a dose of 50 mg and 25 mg per kg body weight, respectively. 
Followingg intubation, anesthesia was maintained by spontaneous inhalation of a 
mixturee of halothane (0.8 percent), air and oxygen (FiO,, 47 percent). 

Thee use of the Sure-Closure™ skin stretching system (Life Medical Sciences, 
Inc.,, Princeton, N. J.) has been described in detail in our previous reports.13 I4 

Briefly,, on each flank a 9 x 9 cm square wound was created by excising skin and 
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subcutaneouss tissue down to the muscular fascia. On one flank of each animal, 
surroundingg areas of skin previously outlined, were undermined between the 
subcutaneouss layer and muscular fascia. Undermining was not performed on the 
otherr flank. Skin was stretched on both flanks in a longitudinal direction with the 
Sure-Closuree skin stretching system (Fig. 1). The wounds were closed using the 
principlee of load cycling over a period of 30 minutes with a 4 minutes interval of 
stretchingg the skin and a 1 minute relaxation interval by unlocking the system, 
thuss allowing recuperation of the skin circulation.1' I6 Continuous monitoring of 
skinn circulation was performed during 30 minutes of skin stretching. After 30 
minutess of skin stretching and continuous monitoring of skin circulation, the device 
wass removed and wounds were then sutured. The animals were kept for one more 
weekk to evaluate wound healing. 

LDFF and tcpO., were used to assess skin microcirculation as described 
previouslyy in detail.17'22 Previous studies have shown that the methods are highly 
reproduciblee and a good correlation has been found between the 2 methods/-3"25 

LDFF was carried out with a Periflex PF 3 system (Perimed, Stockholm, Sweden). 
AA tc/?0, monitor (TCM 3; Radiometer, Copenhagen, Denmark) was used to measure 
thee oxygen tension on the surface of the skin. The probes of the two gauges were 
affixedd to the skin with double-sided adhesive attachment rings at 1 cm from the 
woundd margin of the skin on each side of the defect and also at 1cm cranially of 
thee skin stretching device {Fig. la). A reference electrode was attached to the 
shoulderr away from the stretched skin (Fig. lb). Any changes in transcutaneous 
p0p022 values, not caused by stretching or relaxing the skin, was ruled out. The probe 
temperaturee of the tc/jO, sensor was maintained at 44"C. Operations and analyses 
weree performed at a constant temperature of 22°C. Blood pressure and core 
temperaturee of the animals were recorded and kept stable during operation.262*  In 
orderr to obtain a stable baseline,, a period of 20 minutes was allowed for equilibration, 
priorr to LDF and tcpO  ̂analyses. All LDF signals in perfusion units (PU) and tcpO^ 
valuess in mm Hg were continuous registered by computer. The data were statistically 
analyzedd using analysis of variance of repeated measures. A p value of 0.05 was 
takenn as level of significance. Mean differences between values obtained during 
skinn stretching and relaxation were assessed by the paired Student Mest. 
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Figur ee la. 
Thee Sure-Closure skin stretching system, anchored behind the two pins, is in a relaxation period. 
Simultaneouslyy monitoring by LDF, black probe in close proximity of left wound margin, and tcp02, 
whitee probe in close proximity of right wound margin. 

Figuree lb. 
Approximationn of skin edges during skin stretching. Simultaneously monitoring by I.DF and tc/ ;0. 
Thee reference electrode is seen on the shoulder. 
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RESULTS S 

Thee mean laser Doppler signal before undermining the skin was 13.2 x 10 PU. 
Afterr undermining this was 11.6 x 10 PU. The mean tc/?0, value before undermining 
wass 67.5 mmHg, after undermining 53.3 mmHg. Therefore undermining the 
surroundingg skin caused a 12 percent decrease of the laser Doppler signal and a 2 1 
percentt decrease of tc/?0, values. 

Changess in both flow and oxygen availability of undermined and not 
underminedd skin were observed as a result of incremented traction. 

10-i i 

100 1 1 1 1 1 r-
00 5 10 15 20 25 30 

minutes s 

10-1 1 

Figuree 2. 
Thee mean changes, of the I .DF, from baseline value were calculated for each lime-point and depicted 
inn a figure (above - undermined and below = not undermined). Baseline value (0 x 10 PU, t = 0 
minutes)) was at the beginning of skin stretching. The absolute value (t = 0 minutes) after undermining 
thee skin was 11.6 x 10 PU. Bars represent standard error of the means. Skin was cyclic stretched in 
300 minutes with a 4 minutes interval of stretching the skin and a I minute relaxation period. 
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Measurement t 

LDF,, undermined 
LDF,, not undermined 
'VcQ'VcQ . undermined 
TcO.,,, not undermined 

Meann increase 
(coefficient) ) 

5.4 4 
4.6 6 

12.1 1 
13.4 4 

SD D 

4.9 9 

4.6 6 

13.1 1 
7.9 9 

TABLEE I. 

Meann differences in LDF signal and tcpO  ̂values after 4 minutes of skin stretching and after 1 
minutee of relaxation in 8 piglets. Statistical analysis using the paired Mest was performed on data 
shownn in Figs. 2 and 3. 

pp value 

0.02 2 
0.03 3 
0.03 3 
0.02 2 

Meann changes in the LDF signals are shown in Fig. 2. An instant drop in skin 
bloodd flow in both undermined and not undermined skin occurred during skin 
stretching.. Relaxation of the skin resulted in rapid normalization of the LDF signal 
too baseline levels in not undermined skin to a level just above baseline levels in 
underminedd skin (Fig. 2). Differences between LDF signals after 4 minutes of skin 
stretchingg and after 1 minute of relaxation were statistically significant (Table I). 
Eachh cycle of 4 minutes stretching and 1 minute relaxation showed a comparable 
fluctuationn of the LDF signal, resulting in a LDF value after 6 cycles of stretching 
andd relaxation close to baseline levels in both undermined and not undermined 
skin.. Zero point of flow or signs of permanent diminished perfusion never occurred 
duringg stress relaxation. LDF values were similar in undermined and not 
underminedd skin during 30 minutes cyclic skin stretching (Table II). 

TABLEE II . 

Statisticall  analysis comparing the means of the repeated measurements obtained at time, 0, 5, 10, 
11 5. 20, 25 and 30 minutes at the end of each period of relaxation. Analysis of variance was performed 
onn data shown in Figs. 2 and 3. 

Measurement t 

LDF,, undermined 
LDF,, not undermined 
TcCL.. undermined 
TcO,,, not undermined 

Mean n 
increase/decrease e 

(coefficient) ) 

-0.02 2 
0.04 4 

-0.97 7 
0.32 2 

SF.M M 

0.05 5 
0.04 4 
0.12 2 
0.11 1 

/;; value 

0.75 5 
0.10 0 

<0.000 0 
0.09 9 
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100 15 20 
minutes s 

Figuree 3. 
Thee mean changes, of the tcpO„ from baseline value were calculated for each time-point and depicted 
inn a figure (above = undermined and below not undermined). Baseline value (0 mmHg, t = 0 
minutes)) was at the beginning of skin stretching. The absolute value (t = 0 minutes) after undermining 
thee skin was 53.3 mmHg. Bars represent standard error of the means. Skin was cyclic stretched in 30 
minutess with a 4 minutes interval of stretching the skin and a I minute relaxation period. 

Thee mean changes of the tc/?0, value during cyclic skin stretching are represented 
inn Figure 3. A drop in skin oxygenation of undermined and not undermined skin was 
foundd when skin was stretched. Differences between te/;0, values after 4 minutes of 
skinn stretching and after I minute of relaxation were statistically significant (Table I). 
Relaxationn of the skin resulted in normalization of the tc/?0, values to baseline levels 
inn not undermined skin but in undermined skin tc/?0, values recovered only partially 
duringg relaxation (Fig. 3). As a result, in contrast with not undermined skin, stretching 
off  undermined skin for 30 minutes resulted in a highly significant decrease of skin 
oxygenationn (Table II). Again in these measurements, zero point of flow never 
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occurredd in both undermined and not undermined skin. Skin necrosis occurred in 4 
wounds,, all found in the undermined group, still present after one week. In 2 wounds, 
necrosiss resulted in wound dehiscence. Excessive seroma formation was seen in all 
woundss of which the skin was undermined. In the not undermined wounds, problems 
inn wound healing did not occur. 

DISCUSSION N 

Cyclicc skin stretching with a skin stretching device for 30 minutes results in 
significantt histomorphological changes of collagen fibers in the dermis in both 
underminedd and not undermined skin.14 The fibers realign rapidly as a result of 
stretchingg forces and become aligned in the direction of the stretching force 
perpendicularr to the wound margin. These dynamic changes in collagen fibers 
explainn the significantly decreased wound closing tension resulting from skin 
stretching.. Creep deformation under constant stress and stress reduction under 
constantt strain (i.e., stress relaxation) occurs without interference in the 
microcirculationn and oxygenation in not undermined skin after 30 minutes of skin 
stretching.. As a result of cyclic relaxing, skin circulation recuperates. This is in 
contrastt with not undermined skin, where oxygen availability of undermined skin 
dropss continuously as a result of mechanical stress. Wound edge viability is 
compromisedd when undermined skin is subsequently stretched causing a high 
incidencee of skin edge necrosis, as has previously been reported.'3 Complications 
inn wound healing do not occur in not undermined wounds. In the present study we 
showw that LDF signals are very similar in undermined and not undermined skin 
whereass tc/XX levels are significantly lower in stretched undermined skin than in 
nott undermined skin. As a result of these lower tcpO, levels, viability of skin was 
compromisedd resulting in a high incidence of skin edge necrosis which resulted in 
dehiscencee in some wounds although zero values of oxygenation were never 
observed.. Therefore, the assumption that the flap with marginal initial vascularity, 
eitherr caused by prior surgery, radiation, or else can be safely expanded as long as 
tc/?0,, levels are maintained above zero7 levels does not apply. 

Ann explanation for the discrepancy between LDF and tc/?0, values as 
parameterss for skin blood flow in undermined and not undermined skin may be 
thatt high LDF values are less reliable. Although several authors reported 
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encouragingg results with LDF to detect impaired perfusion of skin under various 
circumstances25-29'32,, LDF did not appear to be a valuable monitor (compared to 
tc/XX)) to detect loss of viability in undermined stretched skin in the present study, 
whichh is also demonstrated by the correlation coefficient of-0.13 in Figure 4. LDF 
estimatess rather than measures dermal microcirculatory blood flow. The device 
onlyy provides a gross estimation of tissue oxygenation in a small piece of dermis. 
Furthermore.. LDF measures both nutritional flow and nonnutritional flow in deeper 
vesselss including arteriovenous thermo-regulatory shunts. The arteriovenous shunt 
floww in normal skin and acute random-pattern skin Haps on flanks of piglets has 
beenn reported to be over 60 percent of the total blood flow.33"13 This arteriovenous 
shuntt flow may cause the discrepancy in measurements of skin microcirculation 
byy LDF and tc/;0,. Moreover, sensitivity of LDF may vary with flow rates. 
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Figuree 4. 
Scalierr diagram of the two measures in undermined skin (LDF compared to lc/X)J. Correlation 

coefficient,, r = - 0.13. /' = 0.003. 

especiallyy at low flow rates.56 Severe skin ischemia may be present even when 
LDFF levels are adequate caused by the uneven distribution of thee microcirculation, 
andd the important role of arteriovenous anastomoses.3 

LDFF and tc/?0, measurements are often used to ensure safe tissue expansion 
inn cases of breast reconstruction or soft tissue coverage after removal of a variety 
off  skin problems.39-23 Over expansion may lead to loss of viability and, therefore. 
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morbidityy because of tissue ischemia. The present study was not performed to 
evaluatee whether the use of LDF and tcpO, improves skin stretching in a clinical 
setting.. In fact, these techniques are still too cumbersome for routine clinical 
employment.7111 Clinical assessment of tissue expansion during skin stretching on 
thee basis of skin color and capillary refill should satisfy.3*-39 The present study was 
performedd to investigate to what extent stretching affects oxygenation and 
microcirculationn in undermined and not undermined skin. So far, only one study 
reportedd on the use of a pulse oximeter probe that was inserted in the wound 
marginn in close proximity of the skin stretching device in a series of patients in 
orderr to assess microcirculation in the skin edges.' At the time of stretching, oxygen 
tensionn dropped temporarily, for a few seconds, from normal values to 
approximatelyy 75 percent. These readings were obtained at a stretching force of 
1.66 kg although skin tension was maintained, oxygen saturation of the tissues 
rapidlyy returned to its initial value. In the present study on piglets, where a force of 
approximatelyy 3 kg. was used during cycle loading for 30 minutes, recuperation 
off  the oxygen tension occurred only during the relaxation period when the skin 
stretchingg device was unlocked. During the one of relaxation, in not undermined 
skin,, oxygen tension returned to normal values but in the undermined skin, oxygen 
tensionn never returned to normal values. 

Too our knowledge, this is the first time that changes in both oxygenation and 
bloodd circulation of undermined and not undermined skin are compared in a study 
onn piglets during stretching using a skin stretching device. Skin stretching results 
inn a drop of skin blood flow as well as skin oxygenation measured with LDF and 
tcp0tcp022,, respectively. However, release of the device causes the skin circulation to 
recuperatee within one minute. Stretching of undermined skin, but not of not 
underminedd skin, for a period of 30 minutes affects oxygen availability of the skin 
significantlyy which compromised the viability of the skin. Consequently, it is 
advisedd to perform stretching on not undermined skin rather than undermined 
skin.. Secondly, it makes sense to use the principle of cycle loading so that 
recuperationn of the skin circulation can occur. 
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SKINN STRETCHING ID CLOSE A LARGE GROIN DEFECT 

INTRODUCTION N 

Closingg a large skin defect after inguinal node dissection in penile cancer can be 
difficult .. A technique using a skin stretching system is introduced, which allows 
skinn to stretch beyond its inherent extensibility. 

P i e rr H i t T M n » / 
^ ^ / \ O LL 1 1 J . 1 H / I M 

AA 44-year old man was treated initially with partial penile amputation elsewhere 
forr stage T2N0M0-pT2G2 squamous cell carcinoma.1 Examination 4 months later 
revealedd a cytologically proved inguinal metastasis on the left side and the patient 
wass referred to us. At physical examination there were no signs of local recurrence 
att the penile stump. In the left inguinal region an 8 x 10 cm. inguinal mass with 
fixationn to the skin was noted. Staging by computerized tomography did not reveal 
anyy abnormalities except for the mass in the inguinal region. The patient was 
scheduledd for a left sided ilioinguinal node dissection. A 8 x 15 cm. skin area 
encompassingg the fixed skin area over the inguinal mass was marked for removal 
(fig.. 1). This area was removed en bloc with a left ilioinguinal node dissection. 

'' ..' J'IJWIMIiiiüllH M 

Figuree I. 
Delineationn of skin incision around lame left nodal mass. 
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Figuree 2. 
Openingg alter ilioinguinal lymph node dissection. 

Afterr transposing the sartorius muscle over the femoral vessels and after closing 
thee abdominal fascia, a 10 x 20 cm. skin defect remained (fig. 2). Simple primary 
closuree of the defect was impossible. After applying a force of 1 kg., a 47 mm. 
defectt still remained. 

METHOD D 

Withh the use of the skin stretching system primary closure was possible. Two 
straightt needles were placed through the dermis opposite each other along the 
woundd margins (fig. 3, A). The skin stretching system was then anchored in place 
behindd the 2 needles (fig. 3, B). After appropriate tension was applied the device 
wass locked. By turning the tension screw of the device approximation of the skin 
edgess occurred (fig. 3, C). As the skin stretched, tension reduced because of stress 
relaxation.. This procedure was repeated until the wound margins were approximated 
andd the wound could be sutured. The device was then removed. Undermining was 
avoidedd and the total period of stretching was close to 30 minutes. 

Histopathologicall  examination revealed a 6 cm. tumor in the inguinal region. 
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Figuree 3. 
A.A. After transposition of sartorius muscle 2 needles are placed in dermis parallel to each other in 

woundd edges. 
B.B. Skin stretching device is anchored in place behind 2 needles. By turning tension screw of 

devicee gradual approximation of skin edges occurs. 

C.C. Appearance after primary closure of skin edges without tension. 
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Thee mass consisted of necrosis and viable tumor cells with extra-capsular growth. 
Noo nodal invasion was found in the iliac specimen. Wound healing was by first 
intention.. Because of limited margins of resection adjuvant radiotherapy was given. 
Noo subsequent wound healing problems developed (fig. 4). 

Figuree 4. 
Primaryy wound healing 6 months after surgery and adjuvant radiotherapy. 

DISCUSSION N 

Removall  of large inguinal masses with fixation to the skin sometimes leads to a 
skinn defect that cannot be closed primarily. There are various solutions for this 
problem.. Myocutaneous flaps (tensor fascia lata flap or rectus abdominis flap) or 
so-calledd free flaps revascularized by microvascular anastomoses can be used. 
Thesee techniques are time consuming, technically demanding and often necessitate 
closuree of the donor side with a skin graft. The skin stretching system is designed 
too harness the viscoelastic properties of thee skin using incremental traction.2 These 
biomechanicall  properties of skin, known as mechanical creep and stress relaxation, 
alloww skin to stretch beyond its inherent extensibility. The stretch causes parallel 
alignmentt of the collagen fibers, which have a convoluted unorganized pattern in 
thee relaxed state, and displacement of tissue fluid and mucopolysaccharide ground 
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substance.:,AA By stretching and relaxing the skin in a controlled fashion during 3 to 
44 cycles a large defect can be closed primarily. This technique, called cycle loading, 
seemss to be the optimal method.4- The maximum wound width in the groin that 
cann be closed primarily using this technique is approximately 10 to 12 cm. 

Thee results so far of closing large defects using the skin stretching system are 
satisfactory.. In the recent literature 66 cases have been described in which a large 
skinn defect was closed using this device. Only 11 patients had temporary 
complicationss such as snnerficial infection, wound dehiscence and slight necrosis 
off  the skin edges.2 6 * The operation can be performed without undermining, and so 
vascularr impairment is avoided.1"0 In our case the immediate and long term viability 
off  skin was not impaired. Also adjuvant radiotherapy did not cause any problems 
inn wound healing. 

Thee advantage of the skin stretching system includes the elimination of a 
donorr defect and its associated morbidity. The stretched skin is an ideal match in 
colorr and hair bearing properties, and the cutaneous innervation is preserved. The 
skinn stretching system is contraindicated for poor skin conditions, such as atrophic 
orr irradiated skin, or when active infection is present. We conclude that the simplicity 
off  closing a large skin defect by primarily closing the skin edges using a skin 
stretchingg system makes this technique a useful addition to well-known strategies 
forr closing large wounds. 
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INTRODUCTION N 

Plasticc and reconstructive surgeons are often faced with skin defects that cannot 
bee closed primarily. Various techniques for closure of such large wounds are 
developed,, including wide undermining, tissue expanders, split skin grafts, and 
local,, distant or free revascularized flaps. However, functional and aesthetic outcome 
wouldd be improved when primary approximation of skin in these large defects 
weree nossib!e. A re!ativelv simn!e techn!nue that is based on the use of a skin-
stretchingg device (Sure-Closure™, Life Medical Sciences, Inc., Princeton, N.J.) 
wass introduced by Hirshowitzetal.' in 1993. The skin-stretching device decreases 
thee wound-closing tension, allowing primary closure of large defects in a short 
timee span.: As a result of stretching forces, the dermal collagen fibers realign rapidly 
inn the direction of the stretching force, perpendicular to the wound margin as was 
demonstratedd in an experimental study using piglet skin.34These dynamic changes 
inn collagen fibers explain the significantly decreased wound closing tension 
resultingg from skin stretching and explain how skin stretches beyond its inherent 
extensibility.4'77 Experimental studies on piglets have shown that intraoperative 
usee of this device does not impair the immediate or long-term viability of skin 
providedd that the stretched skin is not undermined.2 * 

Soo far, littl e is known about long-term outcome with respect to functional and 
aestheticc aspects of wound closure with the skin-stretching device. Therefore, we 
presentt here our clinical experience with the skin-stretch ing device. 

PATIENTSS AND METHODS 

Inn a prospective non-randomized study, 30 patients were operated using the skin-
stretchingg device between January 1995 and September 1997. Primary closure of 
woundss was not possible and other techniques would be required for closure of 
thesee wounds. Of the 30 patients, 15 had a malignancy excised, 6 a large hairy 
nevus,, 5 a disfiguring split skin graft, 3 needed a revision of scar tissue, and 1 a 
freee fibula flap donor site, at different locations on the body. Two patients suffered 
fromm psoriasis and needed corticosteroid treatment. One patient, with a malignancy, 
hadd preoperative local radiotherapy treatment. The mean patients age at the time 
off  surgery was 40 years (range, 1 to 87 years), with a similar sex distribution. 
Patientss were selected for skin stretching when the defect that would occur after 
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excisionn was too large for primary closure without skin stretching and enough 
surroundingg skin was present for skin stretching. We have used the device under 
general,, regional and local anesthesia. The operation procedure was well tolerated 
underr local anesthesia. Wounds were closed when possible with a running 
subcuticularr absorbable monofilament suture and otherwise with percutaneous 
nylonn sutures that were removed after 3 weeks. 

Patientss were seen preoperatively, postoperatively after 3 weeks, 3, 6, and 12 
monthss and at a long-term follow-up for at least 5 years (median, 7 years) for 
woundd control and evaluation of residual scar and function of the particular region. 
Scarss were photographed and maximal w idth of wound before excision and residual 
scarr was measured. The difference in stretch back (retraction of skin or stretched 
scar)) in various locations were calculated using an unpaired (two-way) independent 
Mest.. Elevation of the scar and consistency were noted as evidence of hypertrophy 
off  the scar. The patients graded the resulting scar on a numerical rating scale from 
00 to 10, with 0 being the worst imaginable scar whereas 10 stood for a scar not 
differentt from normal skin. 

Inn 24 cases, a complete follow up was possible. Besides 2 cases where a skin 
graftt was needed to close the defect, 3 patients died because of cancer within the 
followw up period, and 1 patient was lost in the follow-up period. Follow up ranged 
fromm 5 to 8 years with a median of 7 years. The functional and aesthetic outcome 
off  wound closure with the skin-stretching device was evaluated in all cases. Patients 
thatt were treated with the skin stretching device are listed in Table I. 

TABL EE 1. 

Locationn of skin defects in 30 patients that were treated for wound closure with the skin-stretching 
device. . 

Partt of the body 

Head d 

Trunk k 

Upperr extremities 

Lowerr extremities 

Woundd location 

Face e 
Scalp p 
Back k 
Breast t 
Shoulder r 
Lowerr arm 
Wrist t 
Groin n 
Upperr leg 
Thigh h 
Lowerr leg 
Ankle e 

Numberr of p 

2 2 

3 3 
4 4 
1 1 
3 3 
1 1 
1 1 

1 1 
1 1 
7 7 
4 4 
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OPERATIO NN TECHNIQU E 

Afterr the tumor or skin was excised, 2 straight needles (length, 8 cm) were inserted 
throughh the dermis opposite each other along the wound margin. The 2 U-shaped 
armss with 4 curved tissue hooks attached were placed perpendicularly to the 
intradermall  needles in such a way that the hooks punctured the skin and were placed 
behindd the 2 needles. This was performed in such a way that the 2 U-shaped arms, 
\ \ ' h ' l nn (*niT<mt*f\ m i l l p r l trip» ïn t roHf^rm^i l n ^ ^ H l ^ e tr\w*3tv4c F"»r,h ntlr*f*r A ft*»»- q n n m n n a t p 

tensionn was applied, the device was locked. Approximation of the skin edges was 
executedd by turning the tension knob of thee skin-stretch ing device. As the skin was 
stretched,, tension of the skin decreased because of stress relaxation.56 This was 
indicatedd by the tension gauge moving backwards and tension was reapplied. This 
proceduree was repeated until the wound margins were approximated and the wound 
couldd be sutured. The skin-stretching device is designed in such a way that when the 
forcee that is applied to the wound becomes excessive (>2.5 kg), the tension knob 
disengagess to prevent mechanical damage of the skin. 

RESULTS S 

Short-termShort-term results 
Inn 28 cases (93%), the large defect could be closed primarily with the skin-stretching 
device.. In 2 cases, skin stretching was insufficient due to either preoperative local 
radiotherapeuticc treatment or the large size of the defect (6l/2 x 11 '/2 cm) at the 
distall  lower leg where the skin was too adherent. Both wounds were covered by a 
splitt skin graft. The average size of the defects was 9.6 x 5.6 cm (range, 5.5 x 3.0 
cmm - 23.0 x 9.5 cm). The 28 wounds were closed intraoperatively after a mean 
stretchingg period of 30 minutes (range, 10-90 minutes). None ofthe defects were 
undermined.. Three patients (10.7%) suffered from dehiscence ofthe wound: 1 
patientt after skin stretching of a defect ofthe scalp and 2 patients with psoriasis. 
Alll  3 wounds healed satisfactory after secondary intention. One patient (3.6%) 
hadd temporarily superficial necrosis ofthe wound margins. In 2 patients (7.1%), 
hypertrophicc scarring occurred, in both cases on the shoulder. None ofthe patients 
developedd wound infection. Twenty-two ofthe 28 wounds (79%) that were closed 
withh the skin-stretching device healed uneventfully without any complications at 
followw up. 
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Long-termLong-term results 
Residuall  scar and stretch back at 5 years or more postoperatively are summarized 
inn Table II. A wide variation in the amount of scar formation was found. Stretch 
backk after a mean of 7 years was mainly observed on the scalp (average, 56%), 
backk (average, 52%) and shoulder (average, 53%). The average stretch back in 
thesee 3 areas was 53%  21%. This percentage was significantly less on the 

TABLFF II . 

Sizee of residual scar (mm) at minimally 5 years after skin stretching on scalp, back and shoulder 
(top)andonn the extremities, including groin and thigh (bottom) as compared with that of'the original 
lesionn (mm). The right columns represent the percentage of stretch back. 

Sizee of original 
lesionn (mm) 

40 0 

45 5 

40 0 

65 5 

70 0 

50 0 

50 0 

100 0 

95 5 

Mean:: 53%, SD: 2 1% 

Sizee of original 
lesionn (mm) 

90 0 
80 0 
60 0 
55 5 

50 0 
45 5 
53 3 
25 5 
50 0 

50 0 
40 0 
35 5 
70 0 

40 0 

Sizee of residual 
scarr  (mm) 

20 0 
28 8 

25 5 
40 0 
25 5 
50 0 
21 1 

20 0 
42 2 

Sizee of residual 
scarr  (mm) 

4 4 
4 4 
4 4 
9 9 

6 6 
5 5 
4 4 
1 1 

8 8 
5 5 

3 3 
7 7 
5 5 

4 4 

Location n 

Scalp p 

Scalp p 

Shoulder r 

Shoulder r 

Shoulder r 

Back k 

Back k 

Back k 

Back k 

Location n 

Thigh h 
Groin n 

Groin n 

Upperr leg 

Arm m 

Wrist t 

Lowerr leg 

Lowerr leg 

Lowerr leg 

Lowerr leg 

Ankle e 

Ankle e 

Ankle e 

Ankle e 

Percentage e 
stretchh back 

50% % 
62% % 

63% % 
62% % 
36% % 

100% % 
42% % 
20% % 
44% % 

Percentage e 
stretchh back 

4% % 
5% % 
7% % 

16% % 
12% % 
11% % 

8% % 
12% % 
16% % 
10% % 

8% % 
20% % 

7% % 

10% % 

Mean:: 11%. SD: 4 % 
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extremities,, groin and thigh (average, 11%  4%;/?=0.0004). In Figure 1, 
correlationss between wound size and scar width are shown in both situations. 

Att 3 weeks after operation, 23% of the total stretch back had occurred, whereas 
57%% of the total stretch back had occurred at 3 months postoperatively and 83% at 
66 months postoperatively. The rate of retraction of the skin (stretch back) after 
skinn closure of a large defect using the skin-stretching device is shown in Figure 2 
forr different locations on the body. 

OUU ' 

50--

40--

30' ' 

20--

10--

00 , 

 . Scalp, back, and shoulder 
++ , Extremities 

+ + 

xx + + + + 
+ + + + 

00 20 40 60 80 

Woundd size (mm) 

1000 120 

Figuree 1. 
Woundd size versus width of scar. Pearson correlation of scalp/back.shoulder, r = 0.118 (p = 0.762); 
Pearsonn correlation of extremities, r = -0.039 (p = 0.895). 

Meann patients' impression of the scar as scored on a scale of 0 -10, after a mean of 
77 years was 7.6 (range, 2 - 9.5 years). 
Long-termm functional outcome revealed that functional problems did not occur, 
besidess temporary tight feelings on extremities and physical therapy for 2 patients 
withh wounds on the shoulder. 

115 5 



CHAPTERR 9 

33 weeks 3 months 6 months I year 7 years 

Timee postoperatively 

Figuree 2. 
Thee rate of stretching of scars in 24 cases in different locations of the wound at 3 weeks, 3, 6, and 12 
monthss and 7 years postoperatively. 

CASKK REPORTS 

CaseCase I 
AA 68-year-old woman with a melanoma on the dorsum of the right distal forearm 

(Fig.(Fig. 3) was referred for re-excision. An excision of 2 x 5 cm was performed one 

monthmonth before. Under plexus anaesthesia, re-excision with margins of at least 2 cm 

waswas made, leaving a skin deject of 5 x 10 cm with I he superficial radial nerve and 

extensorextensor tendons visible. After 30 minutes of skin stretching, the wound was closed 

primarily.primarily. Postoperative follow up showed no wound complications and the 

functionalfunctional and aesthetic outcome was excellent. Due to the malignancy, long-term 

follow-upfollow-up was not possible. 
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Figuree 3. 
Casee I. A. A 5 x 10 cm defect of the distal forearm after re-excision of a melanoma. Superficial 
radiall  nerve and extensors are partially visible. B. Over a period of 30 minutes, the skin was stretched 
withh the Sure-Closure skin-stretching device. C. Approximation of the wound before skin stretching 
usingg the Gillies hooks with a fair amount of tension was impossible. I). The skin edges were 
broughtt together alter 30 minutes of skin stretching with the same amount of tension. F. One week 
later,, the sutured wound appears to be healing satisfactorily. Flexion of the wrist by the patient was 
possiblee without functional impairment. 
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Casee 2 
AA 3'/2-year-old child with a congenital naevus on the left shoulder (Fig. 4) was 

referredreferred for excision. The skin was stretched for a period of 20 minutes to close the 

77 x JO cm wound. The first 3 months of wound healing were satisfactory. In the 

followingfollowing postoperative period, the patient was treated with a silicone occlusive 

sheetingsheeting (Cica-care, Smith & Nephew BV, The Netherlands) because of hypertrophic 

scarscar formation. Unfortunately this treatment did not prevent formation of a 

InIn per trophic scar. 
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Casee 3 
AA 34-year-old female with a congenital naevus on the left scapula (Fig. 5) was 

referredreferred for excision. A defect of 11 x 14 cm was the result of excision of the lesion. 

FortyForty minutes of skin stretching under general anesthesia was necessary to 

approximateapproximate the wound edges. The patient had a long course of physical therapy. 

TheThe functional and aesthetic outcome was satisfactory. 

Figuree 5. 
Casee 3. A. A large irregular congenital naevus on the left shoulder. B. A 11 x 14 cm defect was impossible 
too close primarily. C. At the end of the operation, after the surrounding skin was stretched for a period 
off  40 minutes, the wound-edges were sutured. D. At 7 years postoperatively. 

Figuree 4. 
Casee 2. A. A congenital naevus on the left shoulder. B. Insertion of the straight needles through the 
dermiss opposite each other along the wound margin after tumor excision. C. As the skin stretched, 
tensionn was reduced because of stress relaxation. This was indicated by the tension gauge moving 
backwards.. D. Skin was sutured intracutaneous!}  with a monofilamentous absorbable suture 
\1onocr\\ 1. E. Wound healing at 3 months postoperatively. F. Hypertrofie scar formation at 714 years 
postoperatively. . 

119 9 



CHAPTERR 9 

CaseCase 4 

AA 46-year-old man with a melanoma on the right lower leg (Fig. 6) was referred for re-

excision.excision. Two months after primary excision, a selective lymphadenectomy of the right 

groingroin and re-excision with a margin of a minimum of 2 cm was performed under 

generalgeneral anesthesia. A defect of 5.5 x 10 cm was the result of the re-excision. The skin 

waswas stretched for 20 minutes and primary closure was accomplished. Rest tumor was 

notnot found. Healing occurred without complications and the final scar was barely visible. 
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CaseCase 5 
AA 76-year-old woman was referred to our department with an eccrine carcinoma 

onon the right hip (Fig. 7) which had heen treated unsuccessfully for 3 times already. 

MedicalMedical history showed an extensive form of psoriasis, locally and systemically 

treatedtreated for many years. The tumor was radically excised with a I cm margin under 

generalgeneral anesthesia. Skin stretching was employed over a period of 25 minutes to 

closeclose a 9 x 10 cm large defect up to the muscular fascia. Primary closure was 
/.-,./-__ J itr 7 /. .. ./_•__ J . / . . . . . . J i . . . it J _»._• _ y t ... : . 

UL-vurnpinnnu.UL-vurnpinnnu. rruunu ncuitrig ww> uciuycu unc iu u srtiuii ueruacencc o/ i tin in 

diameter.diameter. Further healing occurred without complications, and the final scar was 

inconspicuous. inconspicuous. 

* '~**ft.>2* * 

Figuree 7. 
Casee 5. A. A () x 10 cm wound on the right hip. B. Wound healing at I month after operation. A slight 
dehiscencee was present and typical irregularity of the surrounding skin was caused by psoriasis. 
C.. At 2 years postoperatively. 
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DISCUSSION N 

Onn the basis of our findings in the present study, it can be concluded that the skin-
stretchingg device provides a simple but effective solution in complex situations of 
skinn shortage. Donor site defects and associated morbidity can be avoided and the 
approachh enables sensate reconstructions with good aesthetic appearance of the 
skin.. The mean stretching time of 28 wounds (93.3%) that were successfully closed 
wass 30 minutes (range, 10-90 minutes). Duration of stretching when using the 
devicee to approximate large defects appeared to depend on multiple factors such 
ass location of the wound, skin properties and size of the defect. Therefore, it is 
difficultt if not impossible to estimate the duration of skin stretching necessary to 
closee a defect. After a certain period of skin stretching, a point is reached that 
biomechanicall  (elastic) properties of the skin, known as mechanical creep and 
stresss relaxation, limit increase in length of the skin and gain in surface area of the 
skinn stagnates. This "end-point" is reached earlier in skin of the scalp, foot, ankle 
andd lower leg as compared with skin elsewhere on the body as a result of adherence 
off  the skin to underlying tissues. 

Adversee effects of skin stretching occurred relatively rarely in the present 
study.. Wound dehiscence (10.7%), scar hypertrophy (7.1%), incomplete closure 
(6.7%),, and skin necrosis (3.6%) were the only complications that we were 
confrontedd with. Therefore, in our opinion benefits of primary closure of large 
woundss outweighs the risk of side effects. 

Thee skin-stretching device has been used intraoperatively in the present study 
andd the procedure was performed without undermining of skin edges and the 
concomitantt risk of vascular insufficiency. Experimental studies on piglets2 * have 
shownn that undermining of stretched skin reduces the viability of skin margins in 
comparisonn with not undermined skin. Therefore, success of closure of large defects 
iss diminished when skin is undermined. The extremities and the groin region are 
thee parts of the body where skin stretching is most successful whereas the shoulder 
iss the region of the body that is most susceptible for hypertrophic scar formation. 
Thee exact mechanisms of the differences in success remain unknown.9 

Thee device is contra-indicated by the manufacturer when skin is irradiated, 
infectedd or when skin quality is questionable in cases of presence of atrophic or 
nonviablee tissue near the wound edges. In our study, skin stretching was 
unsuccessfull  in I patient as a result of reduced elastic properties of irradiated 
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tissue.. However, in 2 psoriasis patients with atrophic skin, skin could be stretched 
too close a large defect. Although partial dehiscence of the wound occurred in both 
patients,, the final outcome was good. Infected skin has not been stretched with the 
devicee in the present study. 

Afterr the first application of the skin-stretching device', a number of clinical 
studiess provided insight in the possibilities of this approach.10-3 However, long-
termm follow up of defects closed using a skin-stretching device are still lacking. In 
thee nresent studv, natients were verv satisfied with the end result ^mean natient's 
impressionn after 7 years was 7.6 on a scale of 0 - 10). To assess the result in terms 
off  residual scars, we compared the width of the scars with the width of the 
preoperativee lesions. Postoperative widening of the scar is expressed as a stretch 
backk percentage. When skin is stretched with a stretching device, one may assume 
thatt the skin retracts eventually to its former condition. Our long-term follow-up 
studyy of skin stretching reveals that this is not the case. Apparently, dermal elastic 
fiberss cannot bring the dermis back to its original condition after skin stretching. 
Furthermore,, collagen fibers that make up approximately 90% of the dermis are 
nott involved in retraction either.24 25 In the present study, a wide variation in stretch 
backk occurred. Substantial stretch back (approximately 50%) was observed in the 
scalp,, back and shoulder region. In the extremities, groin and thigh region stretch 
backk of only 11% was found. In these regions, the width of the definitive scars 
remainedd small even when the preoperative lesions were wide (Fig. 1). In a long-
termm study with skin expanders (more comparable well-documented studies could 
nott be find),26 the best cosmetic results were obtained on the forehead and limbs, 
whenn taking the original lesions into account. The scars on the trunk remained 
substantial.. After scalp excisions, stretch back is known to be considerable.27 In 
thee present study, there seems to be a relation between wound size and scar stretch 
inn the scalp, back and shoulder region. The width of the scar is approximately 50% 
off  the wound size, whereas the width of the scar on the extremities (including 
groinn and thigh) was independent of wound size (Fig. 1). 

Furthermore,, previous studies have mentioned that scars stretch with a constant 
ratee and most of the stretching occurs within the first 6 months.2""30 The rate of scar r 
stretchingg in the present study was consistent with these reports because 83% of 
thee total scar stretching occurred in the first 6 months postoperatively {Fig. 2). 
Too our knowledge, this is the first time that a long-term follow-up study, of the 
effectss of skin stretching has been performed. Because the group of patients is 
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relativelyy small and heterogeneous, caution has to be taken with conclusions. 
Nevertheless,, the skin-stretching device provides a methods to close large wounds 
inn a relatively fast and simple way because the extra skin that becomes available 
enabless primary wound closure. The long-term functional and aesthetic results are 
goodd and the frequency of complications is low. The amount of stretch back 
appearedd to be more determined by viscoelastic properties of the skin in situ and 
lesss as a result of skin stretching. The width of the scars as compared with the 
preoperativee lesions (stretch back) on the extremities, groin, and thigh appeared to 
bee significantly less than on the scalp, back or shoulder. 
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CHAPTERR 1 

SUMMARYY AND CONCI.I'SIONS 

Manyy techniques have been developed for closure of large defects varying from 
splitt skin grafts to free revascularised flaps. Tissue expanders turned out to be an 
importantt help to create optimal matching and to avoid unacceptable donor sites. 
However,, the use of tissue expanders also had disadvantages. In 1993, a new 
techniquee was introduced based on the use of the Sure-Closure skin-stretching 
systemm This skin-stretching device was designed to harness the viscoelastic 
propertiess of skin allowing skin to stretch beyond its inherent extensibility in a 
shortt period of time. Many clinical studies have been performed that have provided 
insightss in the potentials of the system. However, solid experimental studies on 
thee application of the system and prospective clinical studies with long-term results 
aree still lacking. Therefore, the studies described in this thesis were performed to 
providee experimental and long-term clinical data on the usefulness of the skin-
stretchingg device. 

CHAPTERR 2 

Thee different methodologies of wound closure by means of skin stretching are 
reviewed.. Historical features including non-physiological skin stretching of earlobes 
andd lips by women in French Equatorial Africa are discussed. Clinical skin 
stretchingg for wound closure was already described in the 1920s. The literature on 
skinn stretching using skin-stretching devices is reviewed. In 1993, Hirshowitz et 
al.. introduced the Sure-closure skin stretching system. The device can be used 
intraoperative]}'' and many clinical studies have provided insights in the possibilities 
off  this approach and these are discussed in this chapter. 

CHAPTERR 3 

Thiss chapter describes the design of the Sure-Closure skin-stretching system and 
itss use. Two straight needles are inserted in the dermis of opposite wound margins. 
Thee skin-stretching device is placed in such a way that its U-shaped arms are 
insertedd through the skin and are anchored behind the intradermal needles. In this 
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way,, the hooks on the surface towards the skin of the U-shaped arms of the device 
abutt against the intradermal needles, which in turn distribute the stretching force 
equallyy along the length of the wound margins. When appropriate tension is appl ied, 
thee device is locked. By rotating the tension screwr of the device, skin and 
subcutaneouss tissue approximate. When the wound margins are brought into 
approximationn the wound can be sutured. The amount of skin gain in millimeters 
too centimeters is difficult to predict and is dependent on various factors. It is a 
matterr of experience, to whether skin that is available on either side of thee wound 
iss sufficient for closure and whether mobility of the skin will allow the skin edges 
too be brought together. Indications and contra-indications and potential adverse 
effectss are discussed. 

CHAPTERR 4 

Inn a controlled study on 15 piglets, the efficacy of skin stretching with a skin-
stretchingg device was tested by quantifying the tension decrease during skin 
stretchingg in undermined and not undermined wounds. The viability of the skin 
marginss was examined in both situations. We created 30 standardized wounds. In 
155 of the wounds on one flank, the surrounding skin was undermined and in 15 
woundss on the opposite flank surrounding skin was not undermined. The force 
requiredd to close the defects with a size of 9 x 9 cm were measured at the beginning 
,, after undermining and after 30 minutes of skin stretching. Wound healing was 
examinedd after 1 day and 1 week as well. A tension decrease of 3.02 N (13.6 % 
reductionn of the total force that is required to close the wound) was found in 
underminingg skin before stretching. Skin stretching for 30 minutes resulted in a 
tensionn decrease of 6. ION (26.5%). The tension decrease due to skin stretching is 
thuss twice as high in not undermined skin as in undermined skin. When undermined 
skinn of the wound was stretched for 30 minutes, a tension decrease of 7.60 N 
('34.11 %) was measured. This difference between not undermined and undermined 
skinn was small but significant. However, undermining surrounding skin involved 
sectioningg of musculocutaneous perforating blood and lymph vessels. As a 
consequencee 7 wounds in the undermined group and none in the not undermined 
group,, showed skin necrosis after 1 week. Excessive seroma formation was found 
inn all wounds of which the skin was undermined. In the not undermined wounds, 
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problemss did not occur with wound healing. We conclude that skin stretching for 
onlyy 30 minutes using a skin-stretching device significantly reduces wound closing 
tension.. The advantage of skin stretching versus undermining alone is clearly shown. 
Underminingg the wound margins before skin stretching gives a small additional 
tensionn decrease but has well-known complications, such as skin edge necrosis 
andd seroma formation. 

CHAPTERR 5 

AA quantitative microscopical method has been developed to determine changes in 
thee orientation of collagen fibers in the dermis due to mechanical stress. The method 
iss based on the use of picrosirius red-stained cryostat sections of piglet skin in 
whichh collagen fibers reflect light strongly when epipolarisation microscopy is 
used.. Digital images of sections were analyzed quantitatively on the basis of the 
lengthh of the collagen fibers in the plane of the section as measure for the orientation 
off  the fibers. The length of the fibers was expressed in pixels and the mean length 
off  the 10 longest fibers in the image was taken as parameter for the orientation of 
thee fibers. To test the procedure in an experimental setting, we used skin after 0 
andd 30 minutes of skin stretching. The orientation of the fibers in sections of control 
skinn differed significantly from the orientation of fibers in sections of skin that 
wass stretched mechanically during 30 minutes [76  15 (n=5) versus 132  36 
(n=5)].. The method described here is a relatively simple way to determine (changes 
in)) the orientation of individual collagen fibers in connective tissue. 

CHAPTERR 6 

AA controlled quantitative histochemical study was performed in 5 piglets in order 
too establish changes in undermined and not undermined stretched skin. The skin 
wass stretched with a stretching device for 30 min to close a large skin defect. On 
eachh flank of the piglet, at a standard position, 9 x 9 cm wounds were created 
underr general anesthesia. On one flank the surrounding skin was undermined 
craniallyy and caudally over a 10 cm area. Sections of skin biopsies, obtained during 
stretching,, were stained with picrosirius red and studied with routine light 
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microscopyy and polarized light microscopy in combination with image analysis. 
Thee length of collagen fibers was analyzed as a parameter of changes in the dermis 
resultingg from skin stretching. This newly developed quantitative method appeared 
too be valid, specific and reproducible. It allowed objective determination of changes 
inn length of the fibers in the plain of the sections and therefore changes in orientation 
off  collagen fibers in dermis as a result of skin stretching. Epidermal thickness did 
nott change significantly under the influence of stretching forces in both undermined 
andd not undermined skin. However, the orientation of the collagen fibers changed 
significantlyy as a result of skin stretching. In undermined wounds parallel alignment 
andd elongation of the fibers in the plane of thee sections was already observed after 
155 min of stretching. The fibers became aligned in the direction of the stretching 
force,, perpendicularly to the wound margin. After 30 min of stretching, the mean 
majorr axes of the collagen fibers were longest in the plane of the sections (y?<0.001). 
Thiss meant that elongation and parallel alignment of the collagen fibers had 
occurred.. Stretching of not undermined skin for 15 min resulted in significantly 
strongerr parallel alignment in the plane of the sections as compared with undermined 
skin.. This was less well defined after 30 min of stretching in not undermined skin. 
Wee conclude that skin stretching for 30 min, using a skin-stretching device, results 
inn significant histomorphological changes of collagen fibers in the dermis of both 
underminedd and not undermined skin. The fibers reorientate rapidly as a result of 
stretchingg forces and become aligned in the direction of the stretching force, 
perpendicularlyy to the wound margin. These dynamic changes in collagen fibers 
explainn the significant decreased wound closing tension resulting from skin 
stretchingg and thereby enable skin to stretch beyond its inherent extensibility. 

CHAPTERR 7 

Thee aim of this experimental study was to assess skin microcirculation of 
underminedd and not undermined wound edges that were closed by means of a 
skin-stretchingg device. In 8 piglets, under general anesthesia, a 9 x 9 cm wound 
wass created on both Hanks by excising skin and the subcutaneous layer down to 
thee muscle fascia. At one flank the surrounding skin was completely undermined. 
Duringg a period of 30 minutes, wound closure was carried out using a stretching 
devicee and the principle of load cycling, which stretch the skin and subsequently 
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movess the opposite wound edges toward each other. During this period laser Doppler 
flowmetryy (LDF) and transcutaneous oximetry (tc/?OJ were simultaneously applied 
too monitor microcirculation and oxygenation in the stretched skin of both flanks. 
Underminingg the surrounding skin revealed a 12 percent decrease of the laser 
Dopplerr signal and a 21 percent decrease of the tc/;0, value. Skin stretching resulted 
inn a drop of the LDF signal as well the tc/?0̂  values whether or not the skin was 
undermined.. Releasing the stretching device resulted in a rapid normalization of 
thee LDF value in undermined and not undermined skin and a slow return of the 
tc/KX,, values in not undermined skin close to baseline levels. The tcpö2 values in 
underminedd skin did not return to baseline levels. Each period of skin stretching 
resultedd in a further drop of the tcpO  ̂values. Stretching of undermined skin for 30 
minutess induced a significant (p< 0.0001) decrease in skin oxygenation. As a result, 
500 percent of the undermined stretched skin showed skin necrosis of the wound 
edgess which was still present after one week. Wound healing in the not undermined 
stretchedd skin was without problems. It is concluded from these experiments that 
viabilityy of undermined skin becomes compromised as a result of significantly 
decreasedd oxygen availability in the skin during and after stretching. Consequently, 
itt is advised to perform skin stretching on not undermined skin rather than 
underminedd skin. In addition, when skin is stretched to close a large defect it 
makess sense to employ cyclic loading so that recuperation of skin circulation can 
takee place. Furthermore, LDF appeared to produce an atypical signal in monitoring 
skinn viability of wound edges closed with a skin-stretching device. 

CHAPTERR 8 

AA case of primary closing of a large skin defect is described. A 44-years-old male 
wass treated for penile cancer. After left inguinal lymphadenectomy, a large skin 
defectt in the groin remained, that could not be closed primarily. The skin was 
allowedd to stretch beyond its inherent extensibility with the Sure-Closure'^1 skin-
stretchingg system and the wound edges were closed without tension. Primary closure 
off  a large skin defect was made possible after cyclic stretching and relaxation of 
thee skin. Large skin defects can be closed primarily using a skin-stretching device. 
Mainn advantage is the simplicity of the procedure, lacking the need of more 
complicatedd reconstructive surgery. 
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CHAPTERR 9 

Long-termm results of closure of large skin defects using a skin-stretching device 
aree presented. The principle of the skin-stretching device is based on biomechanica! 
propertiess of the skin (mechanical creep, stress relaxation) and allows skin to stretch 
rapidlyy beyond its inherent extensibility. The device is designed to approximate 
skinn edges of large wounds using a controlled amount of tension to prevent damage 
too the skin. In a prospective non-randomized study, 30 patients with various wound 
histories,, who's initial wound could not be closed primarily, were operated using 
thee skin-stretching device. Patients were observed preoperatively, postoperatively 
andd at a long-term follow-up (median, 7 years) for wound control and evaluation 
off  the residual scar and function. In 28 cases (93%), successful closure of the large 
defectt was achieved during operation after a mean stretching period of 30 minutes 
(range,, 10-90 minutes). In the other 2 cases, a split skin graft was used for wound 
closure.. Twenty-two (79%) of the 28 wounds that were successfully closed with 
thee skin-stretching device healed uneventfully without any complications during 
followw up. With respect to long-term scar formation after 7 years, retraction of the 
skinn (stretch back) was mainly observed on the scalp (average, 56%), back (average, 
52%)) and shoulder (average, 53%). On the extremities, including thigh and groin, 
stretchh back was significantly less (/?=0.0004, average, 11%). At 3 weeks after 
operation,, 23% of total scar formation (stretch back) had occurred already, whereas 
57%% had occurred at 3 months postoperatively and 83% at 6 months postoperatively. 
Meann patient's impression of the scar, on a scale of 0 10, after 7 years was 7.6. In 
conclusion,, the skin-stretching device provides a relatively fast and simple method 
forr closure of large w ounds where extra skin length enables primary wound closure. 
Thee long-tenn functional and aesthetic results were good and the frequency of 
complicationss was low-. Widening of scars was mainly determined by viscoelastic 
propertiess of the skin in situ. Stretch back of the skin on the extremities was 
significantlyy less than on the scalp, back or shoulder. 

136 6 



Samenvattingenn en conclusies 





S.W1]]  NVA"! U N C I N I N C O N C LI SJI S 

HOOFDSTUKK 1 

Verschillendee technieken zijn ontwikkeld voor het sluiten van grote huiddefecten 
variërendd van huidtransplantaten tot vrije gerevasculariseerde lappen. Hoewel aan 
hett gebruik van tissue expanders nadelen kleven, kon wel een optimale weefsel 
matchh gecreëerd worden en werden onacceptabele donor sites vermeden. In 1993 
werdd een nieuwe techniek geïntroduceerd gebruikmakend van het Sure-Closure™ 

elastischee eigenschappen van de huid aan te wenden om huid in korte tijd op te 
rekkenn voorbij de elastische rekgrens. Veel studies zijn verricht om meer inzicht te 
gevenn in de mogelijkheden van deze techniek. Echter, degelijk experimenteel 
onderzoekk naar het gebruik van deze techniek en prospectief klinisch onderzoek 
mett lange termijn resultaten ontbreekt nog. De studies, beschreven in dit 
proefschrift,, zijn verricht om experimentele en klinisch lange termijn gegevens te 
verschaffenn om gebruiksgemak en effectiviteit van het apparaat te bepalen. 

HOOFDSTUKK 2 

Eenn overzicht wordt gegeven van de verschillende methodes om een wond te sluiten 
doorr de omliggende huid op te rekken. Historische karakteristieken worden besproken 
zoalss niet fysiologische huidoprekking van oorlellen en lippen van vrouwen in Frans 
Equatoriaall  Afrika. Een overzicht van de literatuur wordt gegeven over het oprekken 
vann de huid met behulp van oprekapparaten. In 1993 werd het Sure-Closure1M skin 
stretchingg systeem door Hirshowitz et al. geïntroduceerd als apparaat dat intraoperatief 
gebruiktt kan worden om een groot huiddefect primair te sluiten. Ten slotte wordt een 
uiteenzettingg gegeven van de verschillende klinische studies die een beter inzicht 
hebbenn gegeven in de mogelijkheden van deze techniek, besproken. 

HOOFDSTUKK 3 

Ditt hoofdstuk beschrijft het ontwerp en het gebruik van het Sure-Closure1M skin 
stretchingg systeem. Twee rechte pinnen worden in de dennis van beide wondranden 
ingebracht,, waarna het oprekapparaat zelf zo wordt geplaatst dat de haken van de 
U-vormigee armen door de huid achter de intradermal pinnen worden verankerd. 
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Dee intradermale pinnen zorgen ervoor dat de rekkracht gelijkmatig over de lengte 
vann de wondranden verdeeld wordt. Als voldoende spanning is aangebracht wordt 
hett systeem vergrendeld. Door de spanningsschroef van het apparaat aan te draaien 
wordtt de huid en subcutis geapproximeerd. Wanneer de wondranden bijeengebracht 
zijn,, kan de wond gehecht worden. De winst in huidlengte is moeilijk te voorspellen 
enn van verschillende factoren afhankelijk. Het is een kwestie van ervaring om te 
bepalenn of de huid, aan beide zijden van de wond, voldoende opgerekt kan worden 
omm de wond te kunnen sluiten. Indicaties, contra-indicaties en nadelige effecten 
wordenn besproken, 

HOOFDSTUKK 4 

Inn een dier-experimenteel onderzoek op 15 biggen is het effect van huidoprekken, 
gebruikmakendd van het Sure-ClosureO skin stretching systeem, onderzocht. Hierbij 
werdd de spanningsafname gemeten tijdens huidoprekken in ondermijnde en niet 
ondermijndee wonden. Bovendien werd in beide situaties de wondgenezing en de 
levensvatbaarheidd van de huid onderzocht. Bij 15 biggen werd op iedere flank een 
gestandaardiseerdee wond gemaakt van 9 x 9 cm. Op de ene flank werd de 
omliggendee huid ondermijnd en op de tegenovergestelde flank niet. De kracht die 
nodigg was om de wond te sluiten werd aan het begin, na ondermijnen en na 30 
minutenn huidoprekken gemeten. De wondgenezing is bekeken tot 1 week na het 
experiment.. Een spanningsafname van 3.02 N (13,6% afname van de totale kracht 
diee nodig is om de wond te sluiten aan het begin) werd gemeten door het 
ondermijnenn van de omliggende huid. De spanningsafname na 30 minuten 
huidoprekkenn zonder de huid te ondermijnen was 6.10 N (26.5%). De 
spanningsafnamee door huidoprekken is 2 maal zo groot als de spanningsafname 
doorr ondermijnen van de huid alleen. Ondermijnen van de wond in combinatie 
mett 30 minuten huidoprekken gaf een totale spanningsafname van 7.60 N (34.1 %). 
Err is een statistisch, maar klein verschil in totale spanningsafname als een gevolg 
vann ondermijnen met huidoprekken in vergelijking met huidoprekken alleen. 
Ondermijnenn van de omliggende huid betekent het doornemen van musculocutane 
perforerendee vaten. Als we kijken naar de levensvatbaarheid van de huid zagen we 
bijj  7 wonden necrose van de huid optreden alle in de ondermijnde groep. Excessief 
veell  seromavorming werd in alle ondermijnde wonden gezien. In de niet 
ondermijndee wonden werden geen problemen bij de wondgenezing w aargenomen. 
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Hett oprekken van de huid gedurende slechts 30 minuten, gebruikmakend van een 
huidoprekapparaat,, vermindert significant de spanning die nodig is om een grote 
wondd te sluiten in zowel ondermijnde als niet ondermijnde huid. De 
spanningsafnamee door huidoprekken is 2 maal zo groot in vergelijking met alleen 
ondermijnenn van de huid. Ondermijnen van de omliggende huid bij huidoprekken 
geeftt een kleine additionele spanningsafname, maar kan leiden tot problemen bij 
dee wondgenezing, zoals huidnecrose en seromavorming. 

HOOFDSTUKK 5 

Eenn kwantitatieve microscopische methode is ontwikkeld om de veranderingen in 
dee oriëntatie van de collageen vezels in de dermis door mechanische stress vast te 
stellen.. De methode is gebaseerd op het gebruik van picrosirius rood gekleurde 
cryostatt coupes van biggenhuid, waarbij de collageen vezels het licht sterk 
reflecterenn als epipolarisatie microscopie wordt gebruikt. Digitale beelden van 
coupess worden kwantitatief geanalyseerd op grond van de lengte van collageen 
vezelss in het vlak van de snede als maat voor de oriëntatie van de vezels. De lengte 
vann de vezels werd uitgedrukt in pixels en als parameter voor de oriëntatiee van de 
vezelss werd de gemiddelde lengte van de 10 langste vezels in het beeld genomen. 
Omm de procedure in een experimentele setting te testen, werd huid onderzocht na 
00 en 30 minuten huidoprekken. De oriëntatie van de vezels in de snede van de 
controlee huid was significant verschillend van de oriëntatie van de vezels in de 
snedee van huid die 30 minuten mechanisch was opgerekt [76  15 (n=5) versus 
1322  36 (n=5)]. De methode hier beschreven is een relatief eenvoudige manier 
omm veranderingen in de oriëntatie van de individuele collageen vezel in bindweefsel 
vastt te stellen. 

HOOFDSTUKK 6 

Eenn experimentele kwantitatieve histochemische studie op 5 biggen was verricht 
omm veranderingen in ondermijnde en niet ondermijnde opgerekte huid aan te tonen. 
Grotee huiddefecten werden in een tijdsbestek van 30 minuten gesloten waarbij de 
omliggendee huid werd opgerekt met een huidoprekapparaat. Op iedere flank van 
dee big, op een standaard positie, werden onder algehele anesthesie 9 x 9 cm wonden 
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gemaakt.. Op één flank werd de omliggende huid over een gebied van 10 cm craniaal 
enn caudaal van de wond ondermijnd. Coupes van huidbiopties, verkregen tijdens 
hett oprekken van de huid, werden gekleurd met picrosirius rood en onderzocht 
mett zowel lichtmicroscopie en gepolariseerde lichtmicroscopie in combinatie met 
beeldanalyse.. De lengte van collageen vezels werden geanalyseerd als parameter 
vann de verandering in de dermis door het oprekken van de huid. Deze nieuw 
ontwikkeldee kwantitatieve methode bleek valide, specifiek en reproduceerbaar. 
Hett maakt objectieve determinatie van de veranderingen in de lengte van de vezels 
inn het vlak van de coupes mogelijk en daarom veranderingen in oriëntatie van 
collageenn vezels in de dermis zichtbaar. Een significante verandering van de 
epidermalee dikte door het oprekken van de huid werd niet waargenomen in zowel 
ondermijndee als niet ondermijnde huid. Echter, de oriëntatie van collageen vezels 
inn de dermis veranderde significant. In de ondermijnde wonden werd al na 15 
minutenn oprekken een parallelle uitlijning en elongatie van de vezels in het vlak 
vann de coupe waargenomen. De vezels werden uitgelijnd in de richting van de 
trekkracht,, loodrecht op de wondrand. Na 30 minuten oprekken was de gemiddelde 
lengtee as van collageen vezels het langst in het vlak van de coupes (pO.001). 
Oprekkenn van niet ondermijnde huid gedurende 15 minuten resulteerde in 
significantt meer parallelle uitlijning in het vlak van de coupe in vergelijking tot 
ondermijndee huid. Dit was minder duidelijk na 30 minuten oprekken in niet 
ondermijndee huid. Concluderend, 30 minuten oprekken van de huid met een 
huidoprekapparaatt resulteerde in significante histo-morphologische veranderingen 
vann collageen vezels in de dermis van zowel ondermijnde als niet ondermijnde 
huid.. Door het oprekken van de huid heroriënteren de collageen vezels zich snel 
waarbijj  de uitlijning in de richting van de trekkracht loodrecht op de wondrand 
plaatsvindt.. Deze dynamische veranderingen van collageen vezels door het 
oprekkenn van de huid verklaren de significante afname van de spanning die nodig 
iss om de wond te sluiten. Hierdoor is het mogelijk de huid op te rekken voorbij de 
initiëleinitiële elastische rekgrens van de huid. 

HOOFDSTIKK 7 

Hett doel van deze experimentele studie was het vaststellen van de huid 
microcirculatiee van ondermijnde en niet ondermijnde wondranden die met behulp 
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vann een skin stretching systeem gesloten werden. In 8 biggen, werd onder algehele 
anesthesie,, een 9 x 9 cm wond gemaakt op beide flanken door de huid en subcutis 
tott op de spierfascie te excideren. Op één flank werd de omliggende huid uitgebreid 
ondermijnd.. Gedurende 30 minuten werd de wond gesloten met behulp van een 
huidoprekapparaatt volgens het principe van cyclisch oprekken. Het apparaat rekt 
dee huid op waardoor de beide wondranden naar elkaar toegebracht worden. 
Gedurendee deze periode werd de microcirculatie en de oxygenatie in de opgerekte 
huidd op beide flanken simultaan gevolgd met behulp van laser Doppler fïowmetrie 
(LDF)) en transcutane oximetrie (tcpO.,). Ondermijnen van de omliggende huid 
liett een afname van 12% van het laser Doppler signaal en een 21 % afname van de 
tcpO,, waarde zien. Huidoprekken resulteerde in een daling van zowel het LDF 
signaall  als de tcpO-, waarde ongeacht of de huid ondermijnd was. Wanneer het 
oprekapparaatt werd ontkoppeld resulteerde dit in een snelle normalisatie van de 
LDFF waarde in zowel ondermijnde als niet ondermijnde huid en een trage terugkeer 
vann de tcpO., waarden in niet ondermijnde huid dicht bij de grondlijn waarden. De 
tcpO.,, waarden in ondermijnde huid keerden niet terug naar de grondlijnwaarden. 
Elkee periode van huidoprekken resulteerde in een verdere afname van de tc/?0_, 
waarden.. Het oprekken van ondermijnde huid na 30 minuten zorgde voor een 
significantee (p< 0.0001) afname in huid oxygenatie. Hierdoor liet de ondermijnde 
opgerektee huid in 50% van de gevallen huidnecrose van de wondranden zien die 
naa 1 week nog aanwezig is. In niet ondermijnde opgerekte huid genas de wond 
zonderr problemen. 
Uitt deze experimenten kan geconcludeerd worden dat de levensvatbaarheid van 
ondermijndee huid gecompromitteerd wordt door een significant afgenomen 
zuurstofbeschikbaarheidd in de huid tijdens en na oprekken. Daarom adviseren wij 
alleenn niet ondermijnde huid op te rekken. Verder, wanneer huid wordt opgerekt 
omm een groot huiddefect te kunnen sluiten is het verstandig om dit cyclisch te doen 
zodatt er tussentijds herstel van de huidcirculatie kan plaatsvinden. Bovendien, 
bleekk de LDF een atypisch signaal te geven bij het monitoren van de 
levensvatbaarheidd van de huid w anneer de w ondranden gesloten werden met behulp 
vann een huidoprekapparaat. 
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HOOFDSTUKK 8 

Eenn casus wordt beschreven waarbij een groot huiddefect primair werd gesloten. 
Eenn 44 jaar oude man werd behandeld voor peniskanker. Na inguinale 
lymfadenectomiee links bleef een groot huiddefect in de lies bestaan dat niet primair 
geslotenn kon worden. De huid werd opgerekt voorbij de eigen rekgrens met behulp 
vann het Sure-Closure™ skin stretching systeem waarbij de wondranden zonder 
spanningg gesloten konden worden. Het primair sluiten van een groot huiddefect 
werdd mogelijk gemaakt na cyclisch oprekken en relaxeren van de omliggende 
huid.. Gebruikmakend van een oprekapparaat kunnen grote huiddefecten primair 
geslotenn worden. Het grote voordeel is de eenvoud van de methode, waarbij de 
noodzaakk voor meer complexe reconstructieve chirurgie vermeden kan worden. 

HOOFDSTUKK 9 

Inn dit hoofdstuk worden de lange termijn resultaten van het sluiten van grote 
huiddefectenn gebruikmakend van een huidoprekapparaat gepresenteerd. Het 
apparaatt maakt gebruik van de biomechanische eigenschappen van de huid 
{mechanischee kruip, stress relaxatie) en laat de huid toe om in een korte tijd op te 
rekkenn voorbij de eigen rekgrens. Het apparaat is ontworpen om wondranden van 
grotee huiddefecten bij elkaar te brengen door een gecontroleerde hoeveelheid 
spanningg toe te passen, waarbij schade aan de huid vermeden wordt. In een 
prospectieff  niet gerandomiseerd onderzoek werden 30 patiënten met verschillende 
wondgeschiedeniss geopereerd met behulp van het huidoprekapparaat. De 
oorspronkelijkee wond kon niet primair gesloten worden. Patiënten werden 
preoperatief,, postoperatief en na een lange periode (mediaan, 7 jaren) teruggezien 
voorr wondcontrole en evaluatie van het resterende litteken en functie. In 28 gevallen 
(93%),, kon een succesvolle wond sluiting van het grote huiddefect bereikt worden 
tijdenss de operatie na een gemiddelde oprekperiode van 30 minuten (variërend 
tussenn de 10 en 90 minuten). In de andere 2 gevallen moest alsnog een 
huidtransplantaatt gebruikt worden om de wond te sluiten. Tweeëntwintig (79%) 
vann de 28 wonden die met het huidoprekapparaat succesvol gesloten konden 
worden,, genazen zonder problemen. Wat betreft de lange termijn iittekenvorming 
naa 7 jaar werd retractie van de huid voornamelijk gezien op de schedelhuid 
(gemiddeld,, 56%), rug (gemiddeld, 52%) en schouder (gemiddeld, 53%). Op de 
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extremiteiten,, inclusief dij en lies, was retractie significant minder (p=0.0004, 
gemiddeld,, 11%). Drie weken na de operatie was de retractie al 23% van de totale 
littekenvorming,, terwijl 57% zich had voorgedaan na 3 maanden en 83% 6 maanden 
naa de operatie. Het gemiddelde oordeel van het litteken door de patiënten zelf, op 
eenn schaal van 0 tot 10, na 7 jaar was 7,6. Concluderend, het huidoprekapparaat 
ondersteundd de chirurg bij het primair sluiten van grote huiddefecten op een relatieve 
snellee en eenvoudige manier door de gecreëerde extra huidlengte. De lange termijn 
functionelee en esthetische resultaten waren goed en er traden weinig complicaties 
op.. Het ontstaan van brede littekens werd voornamelijk bepaald door de viskeuze 
elastischee huideigenschappen ter plaatse. Retractie van de huid op de extremiteiten 
wass significant minder dan op de schedelhuid, rug en schouder. 
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