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Analysis of collagen architecture is essential to
wound healing research. However, to date no con-
sistent methodologies exist for quantitatively as-
sessing dermal collagen architecture in scars. In
this study, we developed a standardized approach
for quantitative analysis of scar collagen morphol-
ogy by confocal microscopy using fractal dimen-
sion and lacunarity analysis. Full-thickness wounds
were created on adult mice, closed by primary in-
tention, and harvested at 14 days after wounding
for morphometrics and standard Fourier trans-
form-based scar analysis as well as fractal dimen-
sion and lacunarity analysis. In addition, transmis-
sion electron microscopy was used to evaluate
collagen ultrastructure. We demonstrated that frac-
tal dimension and lacunarity analysis were superior
to Fourier transform analysis in discriminating scar
versus unwounded tissue in a wild-type mouse
model. To fully test the robustness of this scar anal-
ysis approach, a fibromodulin-null mouse model
that heals with increased scar was also used. Fractal
dimension and lacunarity analysis effectively dis-
criminated unwounded fibromodulin-null versus
wild-type skin as well as healing fibromodulin-null ver-
sus wild-type wounds, whereas Fourier transform anal-
ysis failed to do so. Furthermore, fractal dimension and
lacunarity data also correlated well with transmission
electron microscopy collagen ultrastructure analysis,
adding to their validity. These results demonstrate that
fractal dimension and lacunarity are more sensitive
than Fourier transform analysis for quantification of
scar morphology. (Am J Pathol 2011, 178:621–628; DOI:
10.1016/j.ajpath.2010.10.019)
Cutaneous scarring can lead to major cosmetic, psycho-
logical, and functional consequences in patients with hy-
pertrophic scars from burn injuries or keloid scars. To
gain further insight into scar formation, it is essential to be
able to better correlate the molecular events during
wound repair with changes in collagen architecture. Be-
cause 85% of the dermis consists of collagen,1 dermal
elasticity and strength are primarily determined by colla-
gen with lesser contributions from elastin and other ex-
tracellular matrix constituents.2,3 At present, no consis-
tent methodologies exist for quantitatively assessing
dermal collagen architecture. Despite the integral nature
of collagen ultrastructure and architecture to wound heal-
ing research, few studies have been conducted on eval-
uation of collagen architecture, with most studies pub-
lished decades ago.4

Qualitative histopathologic studies of cutaneous scar tis-
sue show more tightly packed collagen bundles with orien-
tations parallel to the epidermis rather than the loose, ran-
dom, basket-weave–like organization of collagen bundles in
normal dermis.5 Currently traditional scar morphology and
collagen architectural analyses are performed by one or
two observers, using conventional light microscopy in com-
bination with polarized light.6,7 More objective methods
such as X-ray diffraction,8,9 laser scattering,10,11 and Fou-
rier transform analysis3,4,12 also have been recently de-
scribed. Head-to-head comparisons of these modalities in-
dicate that Fourier transform analysis, which provides
information about collagen bundle orientation, randomness,
and spacing,12 appears to be the superior method. How-
ever, Fourier transform analysis has limitations when ap-
plied to analysis of complex biological structures at high
magnification. The primary aim of this study is to demon-
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strate a new objective and quantitative approach to colla-
gen morphology analysis that is more robust than Fourier
transform analysis and can be used for analysis of complex
biological structures.

In this study, we demonstrate analysis of scar collagen
morphology using the concepts of fractal dimension (FD)
and lacunarity (L). FD provides a measure of how com-
pletely an object fills space and increases in value with
increasing structural density.13 It has a value between 1
and 2: a minimum value of 1 corresponds to a straight line
filling the space, and a maximum value of 2 corresponds
to an object completely occupying the entire space.
However, FD alone is not sufficient to discriminate com-
pletely between objects because different fractal sets
may have the same FD value and yet have strikingly
different textures. Therefore Mandelbrot introduced the
term lacunarity to describe the characteristics of fractals
of the same dimension with different texture appearan-
ces.14 L is a measure of the nonuniformity (heterogeneity)
of a structure or the degree of structural variance within
an object.13 Simplistically, low L objects are homoge-
neous, whereas high L objects are heterogeneous. L has
a value between 0 and 1, where a minimum value of 0
corresponds to an absolute homogeneous object. FD and
L have previously exhibited accuracy and reproducibility
when applied to complex biological structures such as
neurons,15 alveoli,16 and capillary beds.17 However, to
our knowledge this is the first application of FD and L
concepts to dermal scar investigation.

To fully test the robustness and sensitivity of applying
FD and L analysis to dermal architecture, we tested not
only unwounded skin (relatively quiescent deposition/col-
lagen remodeling) versus wounded skin (active collagen
deposition/remodeling) in normal wild-type (WT) mice but
also 2-week wounds from WT mice versus fibromodulin
(FMOD)-null (FMOD�/�) mice (active collagen deposi-
tion/remodeling in two different genetic backgrounds), as
well as unwounded skin from WT and FMOD�/� mice.
FMOD is a member of the small leucine-rich proteoglycan
family18 with important roles in collagen fibrillogenesis,
ultrastructure, and histologic architecture.19–23 Our sec-
ondary goal was to determine whether FD and L anal-
ysis could finely discriminate genotypic differences in
collagen architecture under complicated, acute wound
healing conditions. In addition, to determine whether
FD and L data correlate with collagen ultrastructure, we
also performed transmission electron microscopy
(TEM) on unwounded and wounded skin from WT and
FMOD�/� mice.

Lastly, much like scar morphology, an objective stan-
dardized approach for evaluation of scar size has yet to
be established, and histopathological analysis remains
the gold standard for evaluation of scar size. Because
cutaneous scarring is essentially defined by dermal
rather than epidermal scar tissue, variable dermal thick-
ness due to influence of animal age, sex, genotype, or
scar age can affect scar size measurements. We dem-
onstrate here a new objective method for determining
scar size by light microscopy: the scar area (A) is divided

by the average dermal thickness (Tavg) to obtain a single
numerical value (A/Tavg) that can be compared among
animals with variable dermal thickness.

Materials and Methods

Animal Surgical Procedure and Tissue
Preparation

All experiments were performed under institutionally ap-
proved protocols provided by the Chancellor’s Animal Re-
search Committee at the University of California, Los Ange-
les, and the Institutional Animal Care and Use Committee at
the University of Southern California. FMOD�/� mice were
provided by our collaborator Dr. Åde Oldberg (Lund Uni-
versity, Sweden) and genotyped. Male and female WT and
FMOD�/� mice (�30 g) ages 3 to 6 months were anesthe-
tized, and the dorsal skin was sterilely prepared. Four full-
thickness, 10 mm � 3 mm skin ellipses with the underlying
panniculus carnosus muscle were excised on each mouse
and closed primarily with 4�0 nylon using two simple inter-
rupted sutures consistently placed at one-third intervals in
each 10-mm–length wound. To minimize regional cephalo-
caudal and dorsoventral differences in wound healing, spa-
tial landmarks such as the forelimb and hind limb articula-
tion sites and the spine were used to consistently mark
wound locations. All wounds were separated by at least 2
cm to minimize adjacent wound effects. Wounds were har-
vested at 2, 7, and 14 days after injury. Unwounded skin
from identical locations of WT and FMOD�/� animals were
collected as controls. Tissue samples for histology were
bisected centrally between the two 4�0 nylon sutures and
perpendicular to the long axis of each 10-mm–length
wound and fixed in 10% formalin. After fixation, the samples
were dehydrated, paraffin-embedded, and cut into either
5-�m sections for H&E staining or 7-�m sections for picro
Sirius red staining. To ensure consistent sampling from the
center rather than the periphery of the wound, sections were
obtained from the cut surface of the wound where it was
previously bisected.

Optical Microscopy

H&E staining photographs were captured on an Olym-
pus BX51 microscope (Olympus America Inc., Center
Valley, PA) equipped with MicroFire 2.2 digital camera
(Optronics, Goleta, CA) using PictureFrame 2.0 soft-
ware (Optronics) at 40� magnification. Image analysis
was performed using the NIH program ImageJ, avail-
able as shareware from the NIH website (http://rsbweb.
nih.gov/ij/).

The influence of animal age, sex, genotype, and scar
age on dermal thickness was investigated to prevent
possible confounding factors in the scar size analysis.
Dermal thickness was defined as the distance from the
epidermal-dermal junction down to the panniculus car-
nosus visualized by H&E stain. Using ImageJ, dermal
thickness measurements were obtained on 40� light mi-
croscope images by drawing a line normal to the average
orientation of the epidermal-dermal and dermal-subcuta-

neous tissue demarcations. Four dermal thickness mea-
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surements were taken per sample—two adjacent to the
wound site at 50 �m on either side, and two at a farther
distance of 700 �m on either side of the wound (Figure 1,
A and B).

Scar area analysis was performed on H&E staining pho-
tographs from WT and FMOD�/� 14-day postoperative
wounds in 5- to 6-month-old male mice. Fibrotic scar tissue
was outlined using the freeform outline tool in ImageJ to

Figure 1. Schematic (A) and corresponding H&E image (B) illustrating the
measurements used for scar size analysis. The wound region used for con-
focal microscopy (C) and transmission electron microscopy (D) images and
the respective objectives used are shown. Using ImageJ, scar thickness
measurements were obtained by drawing a line roughly perpendicular to the
average orientation of the epidermal/dermal and panniculus carnosus tissue
demarcations. Four dermal thickness measurements were taken per sample
(arrows)—two adjacent to the wound site at 50 �m away from the left and
right wound edges (T2 and T3) and two at 700 �m away from the left and
right wound edges (T1 and T4). To obtain scar size, fibrotic scar tissue area
(A) was outlined using the freeform outline tool in ImageJ and was measured
to extend from the base of the epidermis to the panniculus carnosus. Scar
size was determined by the Scar Index, calculated by dividing the scar area
by the corresponding average dermal thickness: Scar Index (�m)�Scar Area
(�m2)/Average Dermal Thickness (�m).
produce a pixel-based area measurement that could then
be converted to square micrometers. Like the dermal thick-
ness measurements, scar area measurements were per-
formed extended to the panniculus carnosus (Figure 1, A
and B). A positive and predictive relationship was estab-
lished between dermal thickness and scar area. Scar size is
determined by the Scar Index, which is calculated by divid-
ing the scar area (A, in �m2) by the corresponding average
dermal thickness (Tavg, in �m); Scar Index � A/Tavg (Figure
1, A and B).

Confocal Laser Scanning Microscopy

For analysis of collagen architecture, 14-day postopera-
tive wounds of 5- to 6-month-old WT and FMOD�/� male
mice were stained using the modified picro Sirius red
technique. After identification by optical microscopy,
confocal photographs were captured by a Leica TCS-
SPMP confocal microscope (Leica Imaging Systems
LTD, Cambridge, UK) at 1000� magnification.24 Sec-
tions were scanned in 1-�m increments for the entire
section thickness of 7 �m. Data of frame-mode images
were recorded and stored as 512 � 512 pixel images
(Figure 1C).

To illustrate the complexity and organization of collagen
fibers in quantitative terms, the two-dimensional discrete
Fourier transform statistical analyses on all images were
processed using a Matlab routine (The MathWorks, Inc.,
Natick, MA). Briefly, for a confocal image containing a set of
aligned collagen fibers, the intensity plot of the correspond-
ing two-dimensional discrete Fourier transform image is ex-
pected to have an elliptical pattern. In contrast, for an image
with randomly oriented fibers, the intensity plot of the cor-
responding two-dimensional discrete Fourier transform im-
age should show a circular pattern. The anisotropy of the
image is defined by the aspect ratio, which ranges from 0 to
1. A sample is more anisotropic if the aspect ratio is close to
0, whereas it is more isotropic when the aspect ratio is
closer to 1.

FD and L analyses also were performed on the confo-
cal images by using the Frac_Lac add-on to ImageJ
(http://rsbweb.nih.gov/ij/plugins/fraclac/fraclac.html). For
each sample, three middle sections were chosen to cap-
ture dimensionality for the analysis. Colored images were
first converted to gray scale and subsequently to binary
images. Finally, collagen fibers were outlined and ana-

Figure 2. The influence of genotype (A), age (B), sex (C),
and scar age (D) on average dermal thickness in mice. No
significant difference in dermal thickness was found be-
tween FMOD-null and WT animals (A); 3- to 4-month-old
mice had significantly thicker dermis than did 5- to 6-month-old
mice (B); male mice also had significantly thicker dermis com-
pared with age-matched female mice (C); and dermal thickness
decreased with increasing scar age in both FMOD-null and WT
animals (D). ANOVA indicates analysis of variance.

http://rsbweb.nih.gov/ij/plugins/fraclac/fraclac.html
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lyzed. A slow-scan, autothreshold sliding-box method
was used from minimum box size of one pixel to maxi-
mum size of 45% of the region of interest.

TEM

For ultrastructural analysis of collagen architecture,
wounded and unwounded skin were fixed in 3% glutar-
aldehyde in 25 mmol/L sodium acetate, pH 5.7, 0.3 M
MgCl2, and 0.05% cupriolinic blue. After fixation over-
night at 4°C, the tissues were rinsed three times in so-
dium acetate buffer with MgCl2. Small pieces of skin con-
taining either wounded or unwounded areas were obtained,
stained with 1% phosphotungstinic acid for 1 hour, and
washed. Samples were then dehydrated and embedded in
Epon resin (Ted Pella, Inc., Redding, CA). Sections that
were approximately 60 to 70 nm thick were cut on a Reich-
ert-Jung Ultracut E ultramicrotome (Reichert-Jung, Austria)
and picked up on formvar-coated copper grids. The sec-
tions were stained with uranyl acetate and Reynolds lead
citrate and examined on a JEOL 100CX electron micro-
scope at 80 kV at �72,000 magnification.25 Eight radio-
graphs were taken per sample and the radiographs were
scanned using Epson 2100 at 300 dots per inch (Figure
1D). Approximately 15,000 fibers were manually mea-
sured using the ImagePro software (Media Cybernetics,
Bethesda, MD).

Statistical Analysis

The results were graphically depicted as mean � SD.
Two-tailed t test and one-way analysis of variance were
performed (SPSS 11.0 for Windows, SPSS, Chicago, IL)
to detect statistically significant differences. P value
�0.05 was considered significant.

Results

Dermal Thickness

No significant difference was found in the dermal thickness
between FMOD�/� animals when compared with sex- and
age-matched WT controls (Figure 2A). However, dermal
thickness was significantly larger in younger male mice (3 to
4 months) compared with older male mice (5 to 6 months)
(Figure 2B). H&E histology also showed significantly larger
dermal thickness in male mice compared with age-
matched female mice (Figure 2C). Lastly, a significant re-
duction in dermal thickness was observed in the analyzed
scars with increasing scar age (Figure 2D). We also ob-
served that the most reliable thickness measurements with
lowest variance were from T1 and T4 (Figure 1, A and B),
which were equidistant, farther away from the wound site,
and spanned all of the way from the epidermal-dermal junc-
tion down to the panniculus carnosus (variance data not
shown).

Scar Index Analysis

H&E histology of 14-day postoperative wounds of 5- to

6-month-old FMOD�/� animals exhibited a much larger
area of fibrosis compared with age-matched WT controls
(Figure 3, A–H). Furthermore, as expected, the fibrotic
areas in both genotypes were completely devoid of ad-
nexal structures (Figure 3, A–H). Quantitative analysis of
scar size showed that FMOD�/� animal scars were on
average 143% larger than those of WT animals (Figure

Figure 3. H&E analysis of cutaneous scar tissue from FMOD-null mice
reveals significantly increased scarring. Light microscopy of postoperative
day 14 skin wounds in 5- to 6-month-old WT (A–D) and FMOD-null (E–H)
mice. Representative scars in descending order from smallest (A and E) to
largest (D and H). Quantitative Scar Index analysis revealed that FMOD-null
scars were on average 143% larger than WT scars (I). Scale bars � 500 �m.
3I). This result was confirmed by Masson’s trichrome
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staining and picro Sirius red staining (see Supplemental
Figure S1 at http://ajp.amjpathol.org).

Confocal Laser Scanning Microscope Images of
Collagen Bundles

Confocal laser scanning microscope (CLSM) images of
dermal collagen from unwounded skin of 5- to 6-month-
old FMOD�/� animals showed a significant change in
architectural organization (higher collagen density and
smaller collagen bundle size) compared with age-
matched WT controls (Figure 4, A and C). In addition, the
typical basket-weave–like pattern of dermal collagen
bundles in unwounded skin (Figure 4, A and C) was
tremendously diminished in the scar tissue of both WT
and FMOD�/� animals (Figure 4, B and D).

Image-Pattern Analysis with Fourier Transform
of CLSM Images

Fourier transform analysis of CLSM images at high magni-
fication (1000�; Figure 4, A–D) showed a statistically sig-
nificant difference between WT and FMOD�/� scar. How-
ever, it failed to show a statistically significant difference
between WT and FMOD�/� unwounded animals and be-
tween scar and unwounded WT animals (Figure 4E).

Fractal Dimension and Lacunarity Analysis of
CLSM Images

FMOD�/� animals had significantly larger FD value than
did the age-matched WT animals, indicating increased
collagen density (Figure 4F). In addition, FMOD�/� ani-
mals also had a significantly lower L value than did the
age-matched WT animals (Figure 4G), which indicates a
loss of structural complexity. Meanwhile, scar tissue of
FMOD�/� and WT animals had higher FD value and lower

Figure 4. Confocal microscopy of unwounded and wounded skin from
microscopy of unwounded dermis (A and C) and wounded dermis (postope
D) mice. Fourier transform analysis (E) failed to distinguish the difference bet
skin of WT mice. Note how the loss of a more random, “basket-weave–like
density that is reflected by increased FD (F) and a reduced structural hetero
L value compared with unwounded skin.
TEM

TEM of dermal collagen from unwounded skin of 5- to
6-month-old FMOD�/� animals showed marked ultrastruc-
tural abnormalities. First, collagen fibrils exhibited a great
variability in shape and size (Figure 5E); in cross-section,
individual fibrils had irregular outlines compared with the
circular and uniform outline of controls (Figure 5B). Second,
multiple giant fibrils were identified with very large diame-
ters up to 320 nm (Figure 5E, asterisk) and showed scal-
loped edges or focal lateral fusion with thinner fibrils (Figure
5E, arrow). In addition, the collagen fibrils were packed in a
less orderly way, as evidenced by the increase in negative
space between the fibrils of FMOD�/� animals compared
with age-matched WT controls (Figure 5D, star). The fibrils
in unwounded skin of FMOD�/� animals were significantly
larger than in unwounded skin of WT animals (Figure 5, C
and F). Furthermore, FMOD�/� animals exhibited a wider
range of fibril diameter, ranging from 90 to 330 nm (Figure
5F), compared with that of WT animals, ranging from 70 to
230 nm (Figure 5C).

Ultrastructural analysis of dermal collagen from scar
tissue of 5- to 6-month-old FMOD�/� animals showed
similar structural changes. The fibrils in scar tissue
were irregular in shape and size and were packed in a
less orderly way in FMOD�/� animals (Figure 5K). In
comparison, the fibrils from the scar tissue of the age-
matched WT animals had a normal appearance, with
round and smooth fibrils that were packed in a more
orderly way (Figure 5H). The fibrils in scar tissue of
FMOD�/� animals were significantly larger than in the
WT animals (Figure 5, I and L). Similar to FMOD�/�

unwounded tissue, the scar tissue of FMOD�/� animals
exhibited a wider range of fibril diameter, ranging from
50 to 310 nm (Figure 5L), compared with the WT ani-
mals’ extremely narrow scar tissue range of 30 to 150
nm (Figure 5I). Overall, fibrils from scar tissue of WT
and FMOD�/� animals were approximately half the

null mice reveals significant losses in architectural complexity. Confocal
ay 14) (B and D) in 5- to 6-month-old WT (A and B) and FMOD-null (C and
wounded WT and FMOD-null skin and between unwounded and wounded

n in FMOD�/� animals (C and D) corresponded to an increased structural
that is reflected by decreased L (G). Scale bars � 25 �m.
FMOD-
rative d
ween un
size of fibrils of the corresponding unwounded tissue.

http://ajp.amjpathol.org


626 Khorasani et al
AJP February 2011, Vol. 178, No. 2
In addition, the decrease in fibril size is greater in
FMOD�/� animals compared with WT animals; WT scar
tissue fibrils are 43% smaller than in WT unwounded
animals, while FMOD�/� scar tissue fibrils are 60%
smaller than in FMOD�/� unwounded animals.

Discussion

To our knowledge this is the first study that has applied
FD and L concepts for quantitative morphometric analysis
of dermal collagen architecture. This method has proved
to be an easy, sensitive, reproducible, and objective
technique that provides proper quantification of not only
scar but also unwounded dermis collagen morphology.
Use of FD and L analysis is much more objective when
compared with using light microscopy with polarized
light, because observer bias is avoided. Because confo-
cal microscopy takes advantage of the fluorescence
properties of collagen, it provides higher-resolution im-
ages of the dermal structure with better rejection of out-
of-focus information than does conventional light micros-
copy.26 Although FD and L analysis was only performed
on confocal microscopy images in this study, this method
also can be applied to images obtained from fluores-

cence microscopy.
In this study, FD and L analysis was able to discern
significant differences in architectural collagen organiza-
tion between adult WT mice cutaneous scar tissue and
unwounded tissue. Collagen bundles in scar tissue ex-
hibited denser (higher FD) and more homogeneous
(lower L) architecture compared with the looser, basket-
weave–like pattern and randomly organized collagen
bundles of unwounded tissue. This increase in density
and loss of heterogeneity was even more evident in the
scar tissue of FMOD�/� mice. Moreover, significant dif-
ferences in the dermal architectural organization were
also observed between unwounded skin from WT and
FMOD�/� animals. These data demonstrate the utility
and discriminatory capability of FD and L analysis to
further define and quantify collagen morphology in un-
wounded, wounded, and genotypically different skin
specimens.

Furthermore, we compared FD and L analysis with
Fourier transform analysis because the latter has been
demonstrated to be the superior method in analyzing
collagen morphology.3,4 Fourier transform analysis failed
to show a statistically significant difference between WT
and FMOD�/� unwounded dermis and between scar tis-
sue and unwounded tissue of WT animals. A possible

Figure 5. Ultrastructural analysis of un-
wounded and wounded skin from FMOD-null
mice reveals marked abnormalities in collagen
fibrillogenesis. TEM of unwounded dermis (A, B,
D, and E) and wounded dermis (postoperative
day 14) (G, H, J, and K) of 5- to 6-month-old WT
mice (A, B, G, and H) and FMOD-null mice (D,
E, J, and K) and corresponding frequency dis-
tributions (C, F, I, and L). Longitudinal fibrils
illustrating typical banding periodicity of 67 nm
in type I collagen (A, D, G, and J) and the
cross-sectional fibril profile (B, E, H, and K)
showed the overall shape and size of the fibrils.
Compared with unwounded skin (A–F),
wounded skin (G–L) contained much smaller
fibrils in all animals. Note the variability in the
shape (E and K) and size (F and L) of FMOD-
null fibrils, the presence of giant fibrils with ir-
regular borders (E, asterisks), and scalloped
edges representing focal lateral fusion with thin-
ner fibrils (E, arrow). Note also the increased
negative space between the fibrils in FMOD-null
animals (D, star). In contrast, fibrils from WT
animals (A, B, G, and H) showed a more or-
derly spacing with circular, uniformly shaped
fibrils. Scale bars � 200 nm.
explanation for this observation may be the fact that we
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used higher-magnification images of the collagen bun-
dles compared with previous studies using Fourier anal-
ysis (1000� objective versus 5�).3,5,12 Unlike Fourier
transform analysis, fractal calculations change as the
analyzed pixel size in the image gets smaller. Therefore
as the image resolution is increased, more accurate FD

and L values are obtained.13 In contrast, Fourier trans-
form analysis is very sensitive in determining average
collagen bundle orientation in a defined region only. At
low magnification many bundles are present in the image
and the average orientation and complexity is picked up
easily. However, as the magnification is increased, the
image contains only a few bundles and consequently the
average orientation calculations become less accurate,
while FD and L analysis demonstrated superiority at this
scale in this study.

To determine whether differences in FD and L data on
collagen bundle architecture are associated with any dif-
ferences in collagen ultrastructure, we evaluated the ul-
trastructural morphology of 15,000 collagen fibrils. Colla-
gen fibrils in WT adult mouse scars after 14 days of
healing were 57% of the diameter of WT unwounded
tissue. In comparison, the collagen fibrils of 14-day scars
of FMOD�/� mice were only 40% of the fibril diameter of
FMOD�/� unwounded tissue. The FMOD�/� animals also
exhibited a wider range of fibril diameter and were less
orderly packed. FMOD�/� mice also showed major ab-
normalities in collagen fibril structure. A striking differ-
ence was the presence of many giant fibrils with diame-
ters reaching 320 nm. These fibrils had scalloped edges
and demonstrated focal lateral fusion with smaller fibrils.
It is likely that this continuous state of fusion contributes to
the variability in the shape and size of the fibrils seen in
the FMOD�/� animals. In contrast, focal lateral fusion was
not observed in WT animal fibrils, and the fibrils were
uniform in size and shape. As a result of this fusion
process, unwounded FMOD�/� mouse fibril diameters
were on average 53% larger than those of control ani-
mals. The FMOD�/� mouse fibrils also were packed in a
less orderly way as evidenced by the increased interfi-
brillar space between them. It is likely that the variability
in the morphology of the fibrils caused by this continuous
state of fusion interferes with the packing of collagen
bundles. Similar observations have been seen in animals
deficient in decorin27 and lumican,28 indicating that these
small leucine-rich proteoglycans are able to bind to the
surface of type I collagen at various sites and prevent the
lateral fusion of collagen fibrils and hence modulate their
size and ability to form organized bundles. Overall, these
data demonstrate that phenotypic differences detectable
by FD and L analysis are also associated with differences
in collagen ultrastructure. For future studies, it would be
of interest to examine if FD and L data can be predictive of
altered collagen ultrastructure.

Additionally, a simple, objective, accurate, and repro-
ducible approach to quantifying scar size also was es-
tablished in this study. Previous studies have used only
the width of the fibrotic area as a measure of scar size
and did not delineate the entire scar area.29,30 By divid-
ing the scar area by the corresponding average scar

thickness, our methodology not only measures the entire
scar area but is also able to account for variability in skin
thickness. Using this approach, we demonstrated that in
addition to anatomic regional differences, various other
factors such as age, sex, and scar age could influence
dermal thickness. Therefore in determining scar size it is
crucial to standardize for dermal thickness because a
thicker dermis will result in thicker scars with larger fi-
brotic areas.

In summary, we have demonstrated a new objective
and quantitative approach to analysis of scar collagen
morphology and scar size. Our data illustrate that FD

and L analysis is a sensitive, reproducible, and objec-
tive technique that can be used to provide superior
quantification of scar quality. This method is also more
sensitive and less labor intensive compared with other
objective techniques available, such as X-ray diffrac-
tion, laser scattering, and Fourier transform analysis.
Because FD and L analysis can be used to investigate
dermal architecture, this method has wide application
in wound healing research. It can analyze and “finger-
print” any fibrotic tissue and be applied to evaluation of
fibrotic disorders such as keloids, hypertrophic scars,
lichen sclerosis, and scleroderma. Based on our ability
to detect significant differences in unwounded skin
from WT and FMOD�/� mice, FD and L analysis also
may find clinical usefulness in analysis of disorders
with abnormal collagen structure, such as Ehlers-Dan-
los syndrome, Marfan syndrome, and osteogenesis im-
perfecta. In addition, we were able to demonstrate that
quantitative FD and L differences between WT and
FMOD�/� mice also correlated with altered collagen
ultrastructure, directly supporting FMOD’s role in bind-
ing collagen and regulating fibrillogenesis and influ-
encing the overall structural size and architecture of
scar tissue.
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