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Erythema Persists Longer than One Year in Split-thickness Skin

Graft Donor Sites
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The recovery of skin function and appearance after har-
vest of split-thickness skin autografts is incompletely
described. We followed the kinetics of skin restoration
after a partial-thickness skin excision relative to adja-
cent normal skin over 12 months. Standardized donor
site wounds were made on the thigh using a pneumatic
dermatome in 19 consecutive Caucasian patients, medi-
an age 70 years, age range 4486 years, who were under-
going skin graft surgery for leg ulcers. Transepidermal
water loss (TEWL), erythema and pigmentation were
measured quantitatively using non-invasive devices. The
macroscopically healed wound was compared with ad-
jacent normal skin at 1, 3 and 12 months. At 1 month
postoperatively, TEWL was 108% (p=0.003), erythema
145% (p<0.0005) and pigmentation 24% (p<0.001) hig-
her in the wounds compared with adjacent uninjured
skin. The corresponding values at 3 months were 48%
(»=0.015), 89% (p<0.0005) and 15% (p<0.0005). After
12 months, erythema was elevated by 36% (p<0.0005),
while TEWL (p=0.246) and pigmentation (p=0.211) had
returned to same levels as in the surrounding normal
skin. Diabetes mellitus (p=0.024) and smoking (p=0.017)
were associated with increased TEWL of normal skin,
and erythema decreased with age (r =-0.53, p=0.020). In
conclusion, erythema appears to be the significant com-
ponent contributing to long-term postoperative donor
site appearance. We hypothesize that this is due to in-
creased microvasculature. Key words: erythema; pigmen-
tation; TEWL; scarring; wound healing.
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Harvest of split-thickness skin grafts produces a skin
defect that extends through the epidermal layer and into
the papillary dermis. Healing of this type of injury is con-
ventionally divided into 3 overlapping phases; inflamma-
tion, tissue formation and remodelling. The remodelling
phase continues for years postoperatively and involves
regression of blood vessels through apoptosis (1) in ad-
dition to remodelling of collagen molecules (2, 3). This
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remodelling phase eventually leads to a less visible scar.
The appearance of scars is of great concern to patients (4).
Skin barrier function can be conveniently and reliably
measured by the transepidermal water loss (TEWL)
technique (5). Previous studies indicate that elevated
TEWL levels from donor site wounds normalize after
6.5—13 months (6, 7). Scar erythema of small wounds on
the inner aspect of the upper arms fades over a period of
approximately 7 months when evaluated by the naked eye
(8). However, only preliminary information is available
on the evolution of pigmentation of scars in humans (9).
This study describes the natural changes in TEWL,
erythema and pigmentation in donor site wounds and
adjacent uninjured skin over a 12-month postoperative
period in humans. The parameters were quantitated using
non-invasive bioengineering devices (5, 10).

MATERIALS AND METHODS

Ethics

This clinical trial was approved by the local ethics committee
(KF01286728), registered in the Current Controlled Trials
(ISRCTNO1737461) registry, and followed the guidelines of
the Declaration of Helsinki.

Enrolment of participants

Patients 18 years or older, scheduled for elective skin grafting
of chronic leg ulcers were included. Exclusion criteria were:
non-Danish speaking, dementia, pregnant or lactating, ingesting
more than 10 mg corticosteroid per day, thigh used previously
for harvest of skin graft, or unsuitable for general/spinal anaes-
thesia (11). Patients were informed verbally and in writing of
the study objective and their rights. They were enrolled once
written informed consent was obtained.

The trial was conducted at Copenhagen Wound Healing Cen-
ter at Bispebjerg Hospital in Copenhagen, which is a multidis-
ciplinary expert national referral wound healing centre (12).

Surgical procedure and wound treatment

Two donor site wounds were made on the dorsal surface of the
left or right thigh by a senior surgeon (BJ) using a pneumatic
dermatome (Zimmer; Warsaw, IN, USA) set to a thickness of
0.03 cm (11). After haemostasis was achieved with compression
alone, one donor wound was randomized to control treatment,
and the other donor wound to platelet-rich fibrin (Vivostat A/S,
Birkered, Denmark). Control treatment comprised one petro-
latum fabric dressing (Adaptic®; Johnson & Johnson, Skipton,
UK), which was applied to the wound, and then covered with 4
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layers of calcium alginate (Tegagen®; 3M, St Paul, MN, USA)
and an outer adhesive high permeable polyurethane film dressing
(Stabilon®; Coloplast, Humlebzak, Denmark). This study reports
the results from the control-treated wounds. The early wound-
healing effects of platelet-rich fibrin are reported elsewhere (11).

Postoperative treatment

On postoperative day 8, dressings were replaced with one layer
of calcium alginate, which was applied to the wound and then
covered with polyurethane film dressing. Subsequently, dres-
sings were changed whenever judged necessary due to excessive
exudation until the wounds were dry. Thereafter the wounds
received no further treatment.

Non-invasive measurements

One, 3 and 12 months postoperatively, patients were acclimatized
for 20 min in the test room with minimal air convection. Room
temperature and humidity were not recorded. Single measure-
ments were performed at each visit in the centre of the wounds
and in adjacent normal skin 2 cm from the wound edge with
the patient in a sitting position. TEWL was measured with the
DermaLab® device (Cortex Technology, Hadsund, Denmark) to
assess the epidermal barrier function (5) expressed in grm>h!.
Erythema and pigmentation were measured with the DermaSpec-
trometer® device (Cortex Technology). This handheld reflectance
spectrophotometer emits green (A=568 nm) and red (A=655
nm) light onto the skin. A photodetector measures the intensity
of reflected light, which depends on the absorption by the skin
chromophores haemoglobin and melanin (13, 14). The results
are expressed in erythema (EI) and pigmentation (PI) indices.

Statistical analyses

The influence of gender, diabetes mellitus and smoking on
TEWL, erythema and pigmentation of normal skin was assessed
by a 2-factor analysis of variance (ANOVA) with mixed design
for repeated measurements. The same test was applied for the
comparison of wound and adjacent skin over time. If this test
showed a statistically significant result, differences between
2 time-points or between wound and skin were assessed with
the Wilcoxon test. Kruskal-Wallis test for unpaired data was
applied for seasonal variation and Bonferroni correction was
performed for multiple comparisons. Significance level was
set to 5%. Numerical data are presented as median (25-75%
percentile range). SPSS (Chicago, IL, USA) version 15.0 sta-
tistical software was used.

RESULTS

Nineteen Caucasian patients, 11 women and 8 men, age
range 44—86 years (median 70 (IQR 53—88) years) were

recruited over a 10-month period (from 1 April 2006 to
31 January 2007). No patients had a history of hyper-
trophic scarring or keloid formation. Five patients had
non-insulin-dependent diabetes mellitus. Five patients
were smokers and 8 ex-smokers. Seventeen patients
underwent general and two patients spinal anaesthesia.

TEWL of normal skin was significantly higher in
patients with diabetes mellitus and smokers (Table I).
Age correlated negatively with erythema of adjacent
normal skin (» =-0.53, p=0.020, n=19). For these
analyses the median values of the 1, 3 and 12-month
measurements were used.

The initial surface area of the donor wounds ranged
from 12 to 151 cm? (median 65 (IQR 13—-85) cm?). The
wound depth was determined indirectly in a portion
of the skin graft that was formalin-fixed, paraffin-
embedded and stained with haematoxylin-eosin (11).
The median thickness of the graft determined by light
microscopy was 0.035 (IQR 0.018-0.043) cm ranging
from 0.016 to 0.064 cm.

All wounds were dry and macroscopically epithe-
lialized within one month postoperatively. No wound
infections or other complications occurred over the
12-month postoperative period.

Effect of wound area and depth

There were no significant correlations between wound
area or depth for TEWL, erythema or pigmentation
measurements at 1, 3 and 12 months postoperatively.

Overall temporal effect

In the donor wounds, TEWL (p<0.0005), erythema
(p<0.0005) and pigmentation (p=0.001) decreased
significantly between the 3 time-points except for
TEWL, which did not differ significantly between 1
month and 3 months. In adjacent skin, TEWL, erythema
and pigmentation levels remained constant throughout
the experimental period, i.e. they did not display sig-
nificant time-dependent changes (Fig. 1).

One month postoperatively

Wound borders were sharply demarcated against nor-
mal skin due to intense wound erythema. The erythema

Table 1. Effect of gender, non-insulin-dependent diabetes mellitus and smoking on transepidermal water loss (TEWL), erythema and

pigmentation of adjacent skin

Gender Diabetes mellitus Smoker

Female Male No Yes No Yes

n=11 n=8 n=14 n=>5 n=14 n=>5
Parameter Median (IQR)  Median (IQR) p Median (IQR)  Median (IQR) p Median (IQR)  Median (IQR) p
TEWL? 6.7 (4.9-9.2) 8.3(5.9-14.0) 0.065 6.9(5.4-9.0) 7.3(5.9-13.8) 0.024 6.8(5.6-9.0) 8.3(5.9-14.3) 0.017
Erythema Index 10.0 (8.0-15.0) 11.5(7.3-16.0) 0.902 12.0(9.8-14.3)  8.0(7.0-10.0) 0.098 11.0(8.8-12.4) 13.0(8.0-16.0) 0.339

Pigmentation Index ~ 23.0 (20.0-27.0) 25.0 (19.0-26.8) 0.790

26.0 (23.0-29.0) 22.0 (20.0-26.0) 0.114

25.0 (20.8-27.0) 27.0 (22.0-31.0) 0.169

dgm Z.h l'
IQR: interquartile range.
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Fig. 1. Transepidermal water loss (TEWL) (A), erythema (B) and pigmentation (C) in donor partial-thickness wounds (hatched boxes) and adjacent normal
skin (open boxes) 1, 3 and 12 months postoperatively. Boxes represent 25% to 75™ percentile, whiskers 5" to 95" percentile and horizontal lines within the

boxes median values. p-values were calculated using Wilcoxon test.

had a follicular appearance with darker nuances (Fig.
2A).

The median TEWL was 108% higher in wounds
compared with normal skin (7.2 (IQR 5.4-9.4) ggm>h™!)
(Fig. 1A). The median wound erythema was almost 3
times (145%) higher than normal skin (11.0 (IQR 8.0—
15.0) EI) (Fig. 1B). Median pigmentation was increased
in wounds by 24% compared with normal skin (25.0
(IQR 20.0-27.0) PI) (Fig. 1C). There was no significant
correlation between erythema and pigmentation mea-
surements in the donor wounds (» =0.388, p=0.101).

Three months postoperatively

The original wound outline was discernible from
normal skin although the borders were indistinct and
irregular due to patchy clearings of normally appearing
skin. These clearings were distributed regularly in the
entire wound area (Fig. 2B).

Median TEWL from the wounds remained higher
(48%) than normal skin (7.1 (IQR 5.6-13.0) gm*h™")

s

(Fig. 1A). Median donor wound erythema was eleva-
ted by 88% compared with normal skin (12.0 (IQR
8.0-14.0) EI) (Fig. 1B). Median pigmentation of the
wounds was 15% higher than adjacent normal skin (26.0
(IQR 22.0-31.0) PI) (Fig. 1C). There was no significant
correlation between erythema and pigmentation mea-
surements in the donor wounds (» =0.020, p=0.935).

Twelve months postoperatively

Wound areas were clinically discrete but still evident
(Fig. 2C).

TEWL from wounds had normalized (7.2 (IQR 5.9—
8.3) ggm>h') compared with skin (6.6 (IQR 5.7-8.3)
g'm>h') (Fig. 1A). Erythema was elevated by 36%
(»<0.0005) at 12 months compared with normal skin
(11.2 (IQR 9.0-13.0) EI)) (Fig. 1B). There was no
statistically significant difference in pigmentation of
the wounds (25.0 (IQR 22.0-27.0) PI) and normal skin
(26.0 (IQR 21.0-28.0) PI) at this stage of remodelling
(Fig. 1C).

Effect of season on the TEWL, erythema and
pigmentation measurements

Because measurements were performed
over the entire year we analysed the influ-
ence of season on TEWL, erythema and
pigmentation outcome. For these analyses,
the measurements carried out during the 4
seasons winter (December to February),
spring (March to May), summer (June to
August) and fall (September to November)
were combined and then compared using the
Kruskal-Wallis test. This analysis showed

1 mof:r:‘d 3 months 12'moms no statistically significant variations due
Wound Skin Wound Skin Wound Skin to season.
TEWL 38.0 14.3 10.4 3.9 10.5 7.2
Erythema 39.0 17.0 21.0 13.0 18.0 13.0 DISCUSSION
Pigmentation 35.0 37.0 34.0 31.0 27.0 28.0

Fig. 2. Appearance of one donor wound (A) 1, (B) 3 and (C) 12 months postoperatively.
Corresponding measurements for transepidermal water loss (TEWL) (g'm-h™"), erythema
(Erythema Index) and pigmentation (Pigmentation Index) are given below the 3 images.

This study describes the process of remo-
delling of standardized excisional partial-
thickness wounds in human skin. Of the 3
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non-invasive parameters studied here, erythema was
the most striking.

Wound healing can be valued by clinical observation
of epithelialization. However, complete epithelialization
assessed macroscopically does not equate to functional
and physiological recovery of injured skin. TEWL is a
reliable predictor of recovery of functional skin bar-
rier residing in stratum corneum after wounding (6,
7, 15-17). TEWL from healing skin remains elevated
beyond complete epithelial resurfacing over varying
periods depending on the depth of the injury (6). In
pure epidermal wounds, TEWL is normalized in ap-
proximately 1 month (16, 17). In contrast, Suetake et
al. (6) found that normalization of TEWL in human
partial-thickness wounds took 6.5—13 months. In ac-
cordance with these findings, Kunii et al. (7) observed
higher TEWL at 6 months in 0.033—0.042 cm deep donor
wounds but found no significant difference compared
with normal skin at 12 months. Our data also indicate
that normalization of TEWL occurred before or at 12
months postoperatively. We were unable to show a
correlation between TEWL and wound depth. We hypo-
thesize that this is due to the fairly uniform and narrow
range of perioperative wound depths.

Interestingly, TEWL of normal skin was significantly
elevated in diabetic patients and in smokers. In cont-
rast, Seirafi et al. (18) found no difference in TEWL at
various sites in non-insulin-dependent diabetic patients
compared with healthy volunteers. The discrepancy
could be due to regional and ethnic factors (18). Sandby-
Moiller et al. (19) found an inverse correlation between
years of smoking and the thickness of stratum corneum,
which could explain the slightly impaired skin barrier
function observed here in the smokers.

Scar appearance is particularly governed by colour,
notably erythema. The exact time-point at which the
erythema of a scar returns to normal is unknown. Bond et
al. (8) showed that erythema of full-thickness incisional
scars matched that of normal skin in the inner part of the
upper arm 7 months postoperatively. In full-thickness ex-
cisional scars at the same location the time-horizon was
somewhat longer (8). The excisional, partial-thickness
wounds in the present investigation were undoubtedly
more extensive than those examined by Bond et al. (8).
Also, our measurements were objective, while Bond et
al. (8) evaluated clinical photographs. Accordingly, in
our study erythema remained elevated 12 months after
wounding when quantitated with reflectance spectro-
scopy, which is more sensitive than macroscopic as-
sessment of erythema and measures the blood content of
capillaries in upper dermis (13). This is also consistent
with the elevated microvessel density found in human
surgical scars at 12 months determined invasively by
immunohistochemistry (1). We found a negative cor-
relation between age and erythema in normal skin. In
corroboration with this finding earlier studies found an
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age-dependent reduction in the number of dermal capil-
lary loops using video capillaroscopy (20, 21).

Evidence from mouse models suggests that the me-
lanocytes that re-pigment a regenerated epidermis are
of follicular rather than epidermal origin (22—24). This
supports clinical observations that epidermal repigmen-
tation typically occurs in a regularly spaced, spotted
(follicular) pattern in regenerated epidermis (25). The
wounds in our study were follicular in appearance, with
darker nuances after one month, but after 3 months
clearings were distributed regularly in the entire wound
area. Furthermore, we observed increased pigmenta-
tion during the 1-3-month postoperative period. This
may be explained by increased density of melanocytes,
which has been found for experimental wounds of this
age (26). In contrast, mature scars are normally paler
than the surrounding skin at later stages. According
to our data hypopigmentation develops later than 12
months. Notably, Velangi & Rees (27) concluded that
melanocyte number and melanogenic activity of long-
standing pale scars are similar to normal skin. Thus,
the reason for hypopigmentation of old scars remains
elusive.

It should be emphasized that the results of the present
study are limited to the same thickness (0.03 cm) of skin
grafts harvested here. In burn surgery the skin grafts
are typically 0.02 cm thick. We have shown previously
that the thicker the skin graft, the less epithelialized are
the donor wounds in the patient cohort examined here
(11). In theory, therefore, restoration of skin appearance
and function after harvesting thinner skin grafts would
display a different kinetic behaviour and occur earlier
than found here. On the other hand, the age of the
patients had no influence on the rate of epithelializa-
tion of this wound type (11). Admittedly, the impact of
intrinsic aging on the biomechanical properties of skin
and wounds was not studied here.

We cannot exclude that treatment of adjacent donor
site wounds in this study with platelet-rich fibrin on day
0 influenced the 3 parameters of the control wounds after
1, 3 and 12 months. However, in an earlier study we
failed to demonstrate a systemic effect of platelet-rich
fibrin administered subcutaneously, at least on early
wound healing (28).

In conclusion, scar remodelling was not completed
1 year after split-thickness skin graft harvest from the
thigh, as shown by increased erythema, probably due
to cutaneous hypervascularity.

ACKNOWLEDGEMENTS

The authors would like to thank Elsa Justinussen, Hanne Vo-
gensen, Lone Haase, Rebekka Nielsen and Ulla Hemmingsen
for their help with this study. The manuscript was proofread
by Emily O’Halloran.

Financial disclosure: Patricia Danielsen was funded by a grant
from Vivostat A/S, Denmark. Vivostat A/S covered the extra



expenses for the nursing staff. None of the authors have finan-
cial interests in Vivostat A/S.

REFERENCES

1

10.

11.

12.

. Brown NJ, Smyth EA, Cross SS, Reed MW. Angiogenesis

induction and regression in human surgical wounds. Wound
Repair Regen 2002; 10: 245-251.

. Laurent GJ. Dynamic state of collagen: pathways of colla-

gen degradation in vivo and their possible role in regulation
of collagen mass. Am J Physiol 1987; 252: C1-9.

. Robins SP, Milne G, Duncan A, Davies C, Butt R, Greiling

D, et al. Increased skin collagen extractability and propor-
tions of collagen type III are not normalized after 6 months
healing of human excisional wounds. J Invest Dermatol
2003; 121: 267-272.

. Brown BC, Moss TP, McGrouther DA, Bayat A. Skin scar

preconceptions must be challenged: importance of self-
perception in skin scarring. J Plast Reconstr Aesthet Surg
2010; 63: 1022-1029.

. Fluhr JW, Feingold KR, Elias PM. Transepidermal water

loss reflects permeability barrier status: validation in hu-
man and rodent in vivo and ex vivo models. Exp Dermatol
2006; 15: 483-492.

. Suetake T, Sasai S, Zhen YX, Ohi T, Tagami H. Functional

analyses of the stratum corneum in scars. Sequential studies
after injury and comparison among keloids, hypertrophic
scars, and atrophic scars. Arch Dermatol 1996; 132:
1453-1458.

. Kunii T, Hirao T, Kikuchi K, Tagami H. Stratum corneum

lipid profile and maturation pattern of corneocytes in the
outermost layer of fresh scars: the presence of immature
corneocytes plays a much more important role in the bar-
rier dysfunction than do changes in intercellular lipids. Br
J Dermatol 2003; 149: 749-756.

. Bond JS, Duncan JA, Mason T, Sattar A, Boanas A, O’Kane

S, et al. Scar redness in humans: how long does it persist
after incisional and excisional wounding? Plast Reconstr
Surg 2008; 121: 487-496.

.Ho DQ, Bello YM, Grove GL, Manzoor J, Lopez AP,

Zerweck CR, et al. A pilot study of noninvasive methods
to assess healed acute and chronic wounds. Dermatol Surg
2000; 26: 42-49.

Draaijers LJ, Tempelman FR, Botman YA, Kreis RW, Mid-
delkoop E, van Zuijlen PP. Colour evaluation in scars: tristi-
mulus colorimeter, narrow-band simple reflectance meter or
subjective evaluation? Burns 2004; 30: 103—-107.
Danielsen P, Jorgensen B, Karlsmark T, Jorgensen LN,
Agren MS. Effect of topical autologous platelet-rich fibrin
versus no intervention on epithelialization of donor sites
and meshed split-thickness skin autografts: a randomized
clinical trial. Plast Reconstr Surg 2008; 122: 1431-1440.
Gottrup F, Holstein P, Jergensen B, Lohmann M, Karlsmark
T. A new concept of a multidisciplinary wound healing
center and a national expert function of wound healing.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Remodelling of human scars 285

Arch Surg 2001; 136: 765-772.

Andersen PH, Bjerring P. Spectral reflectance of human
skin in vivo. Photodermatol Photoimmunol Photomed
1990; 7: 5-12.

Zonios G, Bykowski J, Kollias N. Skin melanin, hemoglo-
bin, and light scattering properties can be quantitatively
assessed in vivo using diffuse reflectance spectroscopy. J
Invest Dermatol 2001; 117: 1452—-1457.

Atiyeh BS, El-Musa KA, Dham R. Scar quality and phy-
siologic barrier function restoration after moist and moist-
exposed dressings of partial-thickness wounds. Dermatol
Surg 2003; 29: 14-20.

Silverman RA, Lender J, Elmets CA. Effects of occlusive
and semiocclusive dressings on the return of barrier function
to transepidermal water loss in standardized human wounds.
J Am Acad Dermatol 1989; 20: 755-760.

Agren MS, Mirastschijski U, Karlsmark T, Saarialho-Kere
UK. Topical synthetic inhibitor of matrix metalloproteina-
ses delays epidermal regeneration of human wounds. Exp
Dermatol 2001; 10: 337-348.

Seirafi H, Farsinejad K, Firooz A, Davoudi SM, Robati RM,
Hoseini MS, et al. Biophysical characteristics of skin in
diabetes: a controlled study. J Eur Acad Dermatol Venereol
2009; 23: 146-149.

Sandby-Maoller J, Poulsen T, Wulf HC. Epidermal thickness
at different body sites: relationship to age, gender, pigmen-
tation, blood content, skin type and smoking habits. Acta
Derm Venereol 2003; 83: 410-413.

Kelly RI, Pearse R, Bull RH, Leveque JL, de Rigal J,
Mortimer PS. The effects of aging on the cutaneous mi-
crovasculature. ] Am Acad Dermatol 1995; 33: 749-756.
Li L, Mac-Mary S, Sainthillier JM, Nouveau S, de
Lacharriere O, Humbert P. Age-related changes of the
cutaneous microcirculation in vivo. Gerontology 2006;
52: 142-153.

Nishimura EK, Jordan SA, Oshima H, Yoshida H, Osawa M,
Moriyama M, et al. Dominant role of the niche in melanocyte
stem-cell fate determination. Nature 2002; 416: 854—860.
Lin JY, Fisher DE. Melanocyte biology and skin pigmen-
tation. Nature 2007; 445: 843-850.

Kwon H, Liu PH, Lew DH, Nishimura E, Orgill DP. Hair
follicle melanocyte cells as a renewable source of melano-
cytes for culture and transplantation. Eplasty 2008: e7.
Kishi K, Matsuda N, Kubota Y, Katsube KI, Imanishi N,
Nakajima T. Rapid, severe repigmentation of congenital
melanocytic naevi after curettage and dermabrasion: histo-
logical features. Br J Dermatol 2007; 156: 1251-1257.
Snell RS. A study of the melanocytes and melanin in a
healing deep wound. J Anat 1963; 97: 243-253.

Velangi SS, Rees JL. Why are scars pale? An immunohi-
stochemical study indicating preservation of melanocyte
number and function in surgical scars. Acta Derm Venereol
2001; 81: 326-328.

Danielsen PL, Agren MS, Jorgensen LN. Platelet-rich fibrin
versus albumin in surgical wound repair: a randomized trial
with paired design. Ann Surg 2010; 251: 825-831.

Acta Derm Venereol 93



