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Background: Skin contracture after skin grafting is undesirable. It is generally
accepted that full-thickness skin grafts contract less than split-thickness skin grafts.
However, unexpected secondary skin-graft contracture sometimes occurs after full-
thickness skin grafting. We tried to elucidate the causes of skin contracture from
the viewpoint of the orientation of collagen fibers to find a way to reduce skin-graft
contracture.

Method: First, we examined the collagen fiber orientation of the skin over the
whole body in Sprague-Dawley rats. Next, two pieces of skin (width: 30 mm x 30 mm;
thickness: ca. 2mm) were stripped off a rat for grafting. The pieces were grafted
to different sites so that the collagen fibers of the graft and surrounding skin ran
parallel or perpendicular to each other. The collagen fiber orientation before and
after the skin grafting was determined using Osaki’s microwave method, a mechan-
ical method, and scanning electron microscopy.

Results: The rat skin exhibited marked variations in collagen fiber orientation
among differentsites. The direction of the collagen fiber orientation corresponded
to that of minimal mechanical strain. We found that the collagen fiber orientation
in skin grafts remained almost unchanged after skin grafting.

Conclusions: Mismatched collagen fiber orientation between grafts and the sur-
rounding skin is considered to be a cause of secondary contracture after skin graft-
ing. We propose that skin grafts that minimize the difference in collagen fiber
orientation between the skin graft and the surrounding skin should be selected.
(Plast Reconstr Surg Glob Open 2022;10:¢4060; doi: 10.1097/GOX.0000000000004060;
Published online 24 January 2022.)

INTRODUCTION

Skin grafting is often required to treat wounds,
burns, and surgical defects caused by the removal of skin
tumors.! Skin contracture after skin grafting is called
secondary contracture. It is undesirable from functional
and esthetic perspectives. It is generally accepted that
full-thickness skin grafts contract less than split-thickness
skin grafts.*® However, unexpected secondary contrac-
ture sometimes occurs after full-thickness skin graft-
ing. Thus, scar contracture remains yet an important
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unresolved problem. For such a situation, scar contrac-
tion has been treated from the biological function of
myofibroblasts."® Here, we tried to elucidate the causes of
skin-graft contracture from the viewpoint of the orienta-
tion of collagen fibers in skin.

Several methods have been used to assess fiber ori-
entation,”" such as X-ray diffraction, scanning electron
microscopy (SEM), laser scanning microscopy, and sec-
ond harmonic generation microscopy. X-ray diffraction is
restricted to small crystalline regions,” SEM can only be
used to assess the surface texture of small areas (<1 mm),’
laser scanning microscopy can be used to obtain images of
the alignment of collagen bundles around scars,® and sec-
ond harmonic generation microscopy can provide images
in thin layers of biological tissues (thickness: ca. 10 pm;
size: several hundred microns).”'" It is difficult to quan-
titatively determine the fiber orientation in a whole area
of skin and then compare it with mechanical properties
using these methods because of the size of the areas that
can be examined.
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Previously, one of the authors developed Osaki’s micro-
wave method, which can be used to determine the molecu-
lar and fiber orientation of sheet materials using polarized
microwaves in a cavity resonator.'~'? It was also found that
the mean collagen fiber orientation was closely related
to mechanical properties associated with the contraction
and expansion of the skin in animals, such as calves and
snakes.'"'” However, this method has not been applied to
rats, which are useful for skin-graft experiments.

In this study, we assessed collagen fiber orientation in
rat skin before and after skin grafting and compared the
fiber orientation with mechanical properties to identify
the causes of skin-graft contracture.

We considered that the contracture of grafted skin
could be caused by tension derived from the differences
in mechanical strain between skin grafts and the sur-
rounding skin during movement, which may be caused by
mismatches in collagen fiber orientation between the skin
graft and surrounding skin.

Based on this concept, we performed skin grafts and
positioned the grafts so that their collagen fibers ran
parallel or perpendicular to the collagen fibers in the
surrounding skin. Our findings indicated that the orienta-
tion of collagen fibers in skin grafts was not significantly
altered by movement involving the skin surrounding the
graft.

This study describes a skin-grafting method based on
collagen fiber orientation matching between the skin graft
and the surrounding skin to reduce skin-graft contracture.

MATERIALS AND METHODS

Rats and Skin Grafting

The skin from male Sprague-Dawley rats weighing ca.
600 g was used. Five rats who did not undergo skin grafting
were used to prepare leather sheets. Eleven rats under-
went skin grafting. The rats were anesthetized, the hairs
on their backs were cut, and then two pieces of skin (size:
30mm x 30mm; thickness: ca. 2mm) were stripped off
from two (left and right) adjacent sites on the back near
the central cranial-to-caudal direction (CCD) line. The
layer containing the epidermis and dermis was used as a
skin graft after the panniculus carnosus and fat layer had
been removed.

The skin graft from the left side was returned to the
graft bed so that its collagen fibers were oriented in
the same direction as before. This graft was designated
the control skin sample (C) (Fig. 1). The other graft was
rotated 90 degrees relative to its original orientation and
was designated the skin-graft sample (G) (Fig. 1).

In most rats, the graft take ranged from 0% to 20%,
which was very low because of body movements. One rat,
who exhibited a graft take of 80% for both graft sites, was
used for the present experiments.

At 10 months after the skin grafting (Fig. 2), the whole
skin of the rat that underwent skin grafting was converted
into a leather sheet. The collagen fiber orientation of the
leather sheet was examined. The rat care and experiments
were performed in accordance with protocols approved
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Takeaways

Question: Is the orientation of collagen fibers a key point
for reducing skin contracture after skin grafting?

Findings: We found that the collagen fiber orientation in
skin grafts did not significantly change without effects of
the skin surrounding the graft.

Meaning: Matching in collagen fiber orientation between
skin grafts and the surrounding skin is very important to
reduce skin graft contracture.

by the animal care and use committee of Nara Medical
University.

Preparation of Leather Sheets

The whole skin (thickness: ca. 2mm) was stripped off
a mature rat, and pickled in a 5% aqueous solution of
hydrated lime to remove the hair. Then, the hydrated lime
was removed before the skin was treated with a softening
agent (to allow the fat to be skimmed off) followed by for-
mic acid (for tanning purposes). Then, the skin sheet was
stretched and pressed between boards, and dried in the
air. Finally, the sheet was used as a leather sample (thick-
ness: ca. 800-1500 pm) after the subcutaneous tissue and
hairs had been removed. Thus, the leather sheet mainly

Fig. 1. An image obtained just after skin grafting of the two grafts
placed at different sites on the back of a rat. The left graft, which was
returned and placed back onto the graft bed in its original orienta-
tion, was designated control sample C, and its collagen fibers were,
on average, orientated in the CCD. The right graft, which was rotated
90 degrees relative to its initial orientation before being returned to
the graft bed, was designated skin graft G, and its collagen fibers
were, on average, oriented perpendicular to the CCD.
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consisted of the dermis. Because the entanglement of col-
lagen fibers in the skin is so strong, the skin is unlikely
to undergo significant changes in texture even when it
is converted to leather through the treatments described
above.'*"

Osaki’s Microwave Measurements

Osaki’s microwave method involves quantitatively mea-
suring the (low) levels of anisotropy in the fine texture of
collagen fiber bundles in 100-pm to 3-mm-thick sheets.!*"”
In the present study, a sample (30 mm x 30 mm) cut from
a leather sheet was inserted into the narrow gap between
the pair of waveguides of the cavity resonator system.''"*
The sample sheet, which was rotated at a speed of 6.0s/
turn around the axis normal to the plane, was irradiated
with polarized microwaves at a frequency of 12.3 GHz per-
pendicularly to the plane. This method is based on the
concept that the mean orientation of collagen fibers for
a whole sheet can be determined from the interaction
between the polarized microwaves and the dipole moments
of the collagen fibers. The transmitted microwave inten-
sity (MI), which reflects this interaction, is detected at a
fixed frequency by a detector at every 1 degree of rotation.
The angular dependence of the MI gives the fiber orien-
tation ratio (FOR) from the maximum-to-minimum ratio
of MI and the orientation angle () from the direction of
the minimum MI. The FOR is a measure of the degree
of fiber orientation anisotropy, and 3 reflects the mean
direction of collagen fiber orientation (ie, the degree of
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Fig. 2. An image of the back of a rat obtained at 10 months after the
skin grafting. All hair has been removed. The left graft, which was
returned to the graft bed in its original orientation, was designated
control sample C. The right graft, which was rotated 90 degrees rela-
tive to its initial orientation before being returned to the graft bed,
was designated skin graft G.

deviation from the CCD). Strictly, the fiber orientation
value obtained from correcting the (FOR-1) value by the
sample thickness should be used.

Mechanical Measurements

Strip specimens (5mm wide x 30mm long) for the
mechanical measurements were prepared by cutting a
whole rat leather in two directions—that is, parallel (line 2
in Fig. 3) and perpendicular (line 4 in Fig. 3) to the central
CCD line. The thickness of each specimen was measured.
Force-elongation curves for these strips were determined
with an effective span of 10mm and a stretching veloc-
ity of 20mm/min using an RTC-1150A Universal Testing
Machine (INTESCO CO., Japan), to assess the mechanical
breaking strength and elongation at the breaking point.

Scanning Electron Microscopy
The fine texture of collagen fiber bundles in cross-
sections was examined by SEM, with a JSM-6301F (JEOL,

Japan).

cranial

—
30 mm

Fig. 3. Rat leather sheet samples used for the microwave measure-
ments. Rat leather samples were obtained from three different sites
on a rat leather sheet (designated d-2, d-4, and d-6; size: 30 mm X
30mm) and used for the microwave measurements. The sampling
sites were located along a fixed row that ran perpendicular to the
CCD. The dotted line runs in the CCD. The leather sheet samples
used for the mechanical measurements (size: 5mm x 30 mm) were
obtained from sites on line 2, which ran perpendicular to the CCD, or
line 4, which ran parallel to the CCD.
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Fig. 4. A whole leather sheet prepared from the skin of a rat that did
not undergo skin grafting.

RESULTS

Distribution of Collagen Fiber Orientation in Rat Skin

A representative leather sheet was prepared from a
rat that did not undergo skin grafting (Fig. 4). The angu-
lar dependence of transmitted MI was measured at three
different sites (d-2, d-4, and d-6) along a fixed row that
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ran perpendicular to the CCD in a schematic rat leather
sheet (Fig. 3), using Osaki’s microwave method.""* The
orientation angle § and the FOR were determined to be
31degrees and 1.451 for sample d-2, 10 degrees and 1.220
for sample d-4, and -12degrees and 1.935 for sample d-6,
respectively (Fig. 5). Thus, the results showed that the col-
lagen fibers exhibited a marked degree of orientation;
that is, they were not just randomly aligned, and on aver-
age the collagen fibers were oriented parallel to the spinal
column.

A distribution map of collagen fiber orientation over
the entire rat leather sheet is depicted in Figure 6. Here,
the length and inclination of each line represent the mean
degree and direction of fiber orientation, respectively. If
the fibers within a particular region were, on average, ran-
domly aligned, the line for that region would become a
point. If the length of the line were larger, the degree of
fiber orientation would be larger. The inclination of each
line represents the angle between the mean direction of
the collagen fibers and the CCD. If the fibers were mainly
oriented in the CCD, the line would run parallel to the
CCD.

Figure 6 shows that the degree of fiber orientation
was greater in the abdomen and proximal limbs than in
the spinal column region, whereas it was less marked in
the region near the spinal column than in the region
in which the fibers ran from the CCD. On the other hand,
the angle between the fibers and the CCD was greater in
the proximal limbs than around the spinal column and
abdomen. This indicates that the collagen fibers were
mostly aligned parallel to the spinal column and limbs,
which is supported by the SEM observations of the cross-
sections of the rat leather cut in two different directions
(Fig. 7).
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SAMPLE = d-2
F/GHz = 12.3441
B=31°

FOR = 1.451

B=10°

SAMPLE = d-4
F/GHz = 12.3204

FOR = 1.220

SAMPLE = d-6
F/GHz = 12.3651
B =-12°

FOR =1.935

Fig. 5. Angular dependence of transmitted Ml at 12.3 GHz at three different sites (d-2, d-4, and d-6) of
the rat leather sheet shown in Figure 3. F is the measuring frequency.  indicates the orientation angle
determined from the direction of minimum transmitted intensity, which reflects the direction in which
most collagen fibers were orientated. Fiber orientation ratio represents the maximum-to-minimum
ratio of the transmitted MI, which is a measure of the degree of fiber orientation.
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Fig. 6. Distribution map of collagen fiber orientation in a whole
leather sheet prepared from the skin of a rat that did not undergo
skin grafting. The length and inclination of each line repre-
sent the mean degree and direction of local fiber orientation,
respectively.

Skin Movement-related Mechanical Anisotropy in Rats

The skin over the abdomen expands and contracts
markedly along the waistline. This indicates that move-
ments, such as expansion and contraction, are directly
related to the mechanical properties of rat skin. We tried
to measure these mechanical properties to examine
whether such movements correspond to the fiber orienta-
tion map of the skin.

Rat leather strip samples were prepared in two differ-
ent directions (ie, parallel or perpendicular to the CCD).
The stress-strain curves for sample d-6 showed that the
mechanical stress and strain in the CCD were larger and
smaller, respectively, than those in the direction perpen-
dicular to the CCD (Fig. 8). Therefore, if the same stress is
applied to two skin samples whose fiber orientation direc-
tions are very different from each other, the strain placed
on the samples will differ markedly.

We also examined how mechanical stress and strain
vary among different rat skin sites to evaluate the degree
of expansion and contraction that can be ascribed to
movement. The relationship between breaking stress
and strain was evaluated in strip samples (Fig. 9). The
samples were cut from positions along lines 2 and 4 of
the rat leather (Fig. 3). Lines 2 and 4 were assumed to
have similar mechanical properties because of the sym-
metry of the rat body. Samples prepared from different
positions on line 2 were used to obtain mechanical mea-
surements perpendicular to the CCD. In contrast, samples
prepared from different positions on line 4 were used to
obtain mechanical measurements parallel to the CCD.
The breaking strain (Y) increased roughly as the breaking
stress (X) decreased, although the data were variable. The
relationship is expressed by the following equation:

Y =-1.518X + 154.72 , where R2 = 0.404.

Thus, samples with small mechanical stress values
expanded more easily than samples with large mechanical
stress values. This supports the idea that the rat skin at each
measurement site expanded and contracted more readily
perpendicular to the direction of collagen fiber orienta-
tion than in the direction of collagen fiber orientation.

SEM Images of the Fine Structure of the Skin after Skin
Grafting

The findings of the abovementioned rat skin experi-
ments reinforced the idea that the expansion and con-
traction of rat skin during body movements are related to
collagen fiber orientation. SEM images of cross-sections
of a skin graft (G) whose collagen fibers were oriented at
90 degrees to the CCD and the surrounding skin (S2) were

from a leather sheet (sample d-6). A, This photograph, which depicts the plane parallel to the CCD,
shows that many collagen fiber bundles were aligned parallel with the CCD. B, This photograph, which
depicts the plane perpendicular to the CCD, shows that a number of collagen fiber bundles were
aligned perpendicular to the CCD.
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Fig. 8. Mechanical properties of a rat leather sheet. Stress-strain
curves for two strip samples prepared from sample d-6, whose colla-
gen fiber bundles were, on average, aligned in the CCD (dotted line)
or in the direction perpendicular to the CCD (solid line).

examined (Figs. 10, 11A, 11B; the cross-sections were cut
along the bold arrows). Many of the collagen fiber bun-
dles in the cross-section of skin graft G had been cut lon-
gitudinally (Fig. 11A), whereas many transverse-sectioned
collagen fiber bundles were observed in skin sample S2
(Fig. 11B). Next, SEM images of cross-sections of skin
graft G and the surrounding skin (S2) that were cutin the
CCD were also examined. In these cross-sections, many
transverse-sectioned collagen fiber bundles were observed
in G(J-) (Fig. 12A), whereas many of the collagen fiber
bundles in S2 had been cut longitudinally (J-) (Fig. 12B).
It has previously been reported that the alignment of col-
lagen fiber bundles corresponds to the orientation of
collagen fibers.'"*"” Significant differences in fine texture
were seen between the skin graft and surrounding skin.
The collagen fibers in skin graft G and the surrounding
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Fig. 9. Relationship between mechanical breaking strain and stress
in numerous strip samples. The strip samples were prepared from
leather from a rat that did not undergo skin grafting. They were
obtained from sites at which the collagen fibers were aligned per-
pendicular (line 2) or parallel (line 4) to the CCD.
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Fig. 10. A leather sheet prepared from the skin of a rat at 10 months
after the skin grafting. The control sample C and a sample of the sur-
rounding skin (S1) are shown on the left side, whereas the skin graft
G and a sample of the surrounding skin (S2) are shown on the right
side. The scar lines between the skin graft and the surrounding skin
are emphasized by bold lines. The cross-sections of the rat leather
subjected to SEM are indicated by bold arrows.

skin (S2) were, on average, orientated perpendicular and
parallel to the CCD, respectively. These images also show
that after the procedure, the orientation of the collagen
fibers in the skin graft remained almost unchanged.

SEM showed the fine textures of the surrounding skin
(S1) (Fig. 13A) were similar to the control skin graft C
(Fig. 13B; the cross-sections were cut along the bold
arrows), which was transplanted so that its collagens
fibers were oriented in their original direction, indicat-
ing that the collagen fiber orientation of the skin graft
remained unchanged after the skin grafting procedure.
Many transverse-sectioned collagen fiber bundles were
observed in both skin graft C and S1. The images of C and
S1 were markedly different from those of G and SQ(L),
whereas they were similar to the images of S2 and G
(Figs. 11-13).

Collagen Fiber Orientation after Skin Grafting

Previously, by examining hair pores, one of the authors
found that the direction of hair growth is closely related
to collagen fiber orientation.” In the present study, the
alignment of the hair pores on the surface of control rat
skin graft C was similar to that seen in the surrounding skin



Kuwahara et al. ® Skin Grafts and Collagen Fiber Orientation

Fig. 11. Cross-sections of rat skin after a skin graft was placed at 90degrees to the CCD. The cross-
section includes the skin graft G, scar line, and a sample of the surrounding skin (S2). A, SEM image of
a cross-section of skin graft G cut in the direction of the bold arrow between G and S2; B, SEM image
of a cross-section of the surrounding skin sample S2 cut in the direction of the bold arrow between G
and S2.

- - . R = £ X C ) B i
Fig. 12. Cross-sections of rat skin obtained after skin grafting. A, SEM image G(-1) of a cross-section of
skin graft G cut perpendicular to the direction of the bold arrow between G and $2; B, SEM image S2(1)
of a cross-section of the surrounding skin (S2) cut perpendicular to the direction of the bold arrow
between G and S2.

ry ‘ '— 10:}‘.'“ L.l - -';;. ‘ -.rel
Fig. 13. SEM images of cross-sections of skin graft C after it was grafted back into its original orienta-
tion. A skin graft was placed in the graft bed so that it was aligned as it was originally. A, SEM image of
a cross-section of surrounding skin sample S1 cut in the direction of the bold arrow between C and S1;
B, SEM image of a cross-section of control skin graft C cut in the direction of the bold arrow between

CandS1.

(S1). In contrast, the alignment of the hair pores in skin
graft G (Fig. 14A) was almost perpendicular to that seen in
the surrounding skin (S2) (Fig. 14B). These examinations
also indicated that collagen fiber orientation remained
almost unchanged after the skin grafting. Next, we tried to
determine the angular dependence of the MI at two dif-
ferent sites in G and S2 (Fig. 15). The orientation angle
p was determined to be 84degrees for skin graft G and
-15degrees for the surrounding skin (S2). This also showed

that the direction of collagen fiber orientation in skin graft
G was almost perpendicular to that seen in the surrounding
skin (S2), indicating that there was a marked difference in
collagen fiber orientation between G and S2. Furthermore,
the mechanical strain in skin graft G was much weaker than
that seen in the surrounding skin (S2) in the direction of
the waistline. This means that it was difficult for skin graft
G to expand along the waistline, whereas it was easy for the
surrounding skin (S2) to expand in this manner.
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Fig. 14. Photographs of the surfaces of skin graft G and the surrounding skin (52) obtained 10 months
after skin grafting. A, The photograph shows the alignment of hair pores on the surface of skin graft G,
which had been placed so that its collagen fibers were aligned at 90 degrees to the CCD; B, The photo-
graph shows the alignment of hair pores on the surface of the surrounding skin (S2).

DISCUSSION

The findings regarding collagen fiber orientation in
rat skin we obtained using Osaki’s microwave method cor-
responded to those we obtained using the mechanical
method. The present study demonstrated that whole-body
sheets of rat leather, mainly dermis, exhibited marked
variations in collagen fiber orientation, depending on the
sampling site. In addition, the direction of the collagen
fiber orientation at each site reflected that of maximal
mechanical stress/minimal mechanical strain. Our SEM
observations were consistent with the collagen fiber ori-
entation data obtained using the abovementioned two
methods, even though the observations only related to the
fine texture on the tissue surface. In rats, body movements
accompanied by skin expansion and contraction mainly
occur perpendicular to the CCD and along the waistline,

A cCD A ccD
SAMPLE = G SAMPLE = S2
F/GHz = 12.3202 | F/GHz =12.3385
=84 B =-15

FOR = 2.188 FOR =1.355

Fig. 15. Angular dependence of transmitted Ml in skin graft G and
the surrounding skin (S2) at 10 months after the skin grafting. The
angular dependence of transmitted Ml at 12.3 GHz differed mark-
edly between the sites (G and S2). The orientation angle B for skin
graft G was 84 degrees, whereas that for the surrounding skin (S2)
was —15 degrees.
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whereas the magnitude of expansion and contraction in
the CCD is small. This indicates that the distribution of
collagen fiber orientation in rat skin is very useful for esti-
mating the direction of skin movements.

Because the lifespan of rats is about two and a half
years," the fact that the examinations were performed at
10 months is considered to represent relatively long-term
follow-up. The present experimental results showed that
the orientation of collagen fibers in skin grafts did not
change markedly even 10 months after skin grafting.

It is important to mention movements involving skin
grafts. It is known that scar contracture is likely to occur
due to the force applied to wounds.” If the collagen fiber
orientation in a skin graft were very different from that in
the surrounding skin, it would be difficult for the skin graft
to expand and contract synchronously with the surround-
ing skin. Conversely, if the collagen fiber orientation in a
skin graft were almost the same as that in the surrounding
ski, the skin graft and surrounding skin would be able to
move in sync with each other.

It is also necessary to discuss the application to
humans of experimental results regarding skin grafts
obtained in rats. Rats exhibit much better wound healing
than humans.”’ In addition, rat skin moves fairly loosely
between the panniculus carnosus and muscle, which is
different from humans. We focused on the collagen fiber
orientation of the dermis rather than the soft subcutane-
ous tissue. Thus, it will be necessary to understand such
differences between rats and humans.

When trying to apply this study to actual clinical prac-
tice, the collagen orientation of the entire surface in
humans is currently unknown, but it is possible to predict
the collagen orientation from the direction of downy hair
to some extent.' If so, it will be possible to select an appro-
priate place for preparing graft skin so that the difference
in collagen fiber orientation between skin grafts and the
surrounding skin should be minimized.

CONCLUSIONS
The present study suggests that matching the orienta-
tion of collagen fibers at a molecular level between skin
grafts and the surrounding skin would reduce scar contrac-
ture in humans. Mismatches in collagen fiber orientation
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between skin grafts and the surrounding skin are consid-
ered to cause secondary contracture of skin grafts. In the
future, studies involving a greater number of cases with
good graft-take are needed so that the long-term condi-
tion of skin grafts can be assessed.

Masamitsu Kuwahara, MD, PhD
Division of Plastic Surgery

Nara Medical University Hospital
Kashihara, Nara 634-8522

Japan

E-mail: makuwa@naramed-u.ac.jp
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