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Abstract

Standard approaches to evaluate scar formation within histological sections rely on qualitative
evaluations and scoring, which limits our understanding of the remodeling process. We have
recently developed an image analysis technique for the rapid quantification of fiber alignment at
each pixel location. The goal of this study was to evaluate its application for quantitatively
mapping scar formation in histological sections of cutaneous burns. To this end, we utilized
directional statistics to define maps of fiber density and directional variance from Masson’s
Trichrome stained sections for quantifying changes in collagen organization during scar
remodeling. Significant increases in collagen fiber density are detectable soon after burn injury in
a rat model. Decreased fiber directional variance in the scar was also detectable between 3 weeks
and 6 months after injury, indicating increasing fiber alignment. This automated analysis of fiber
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organization can provide objective surrogate endpoints for evaluating cutaneous wound repair and
regeneration.
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Background

Evaluating collagen fiber organization in the dermis is critical to diagnosing disease,
assessing the status of healing wounds, and characterizing tissue regeneration (1-5).
However, to evaluate this organization, standard approaches rely on qualitative descriptions
or subjective scoring systems, which prevent comparisons among studies and limit our
understanding of the underlying remodeling processes. Image analysis approaches, such as
those that rely on two-dimensional Fourier transforms (6, 7), have been developed to define
a global fiber orientation distribution within an image, but these techniques lack the ability
to localize regions of high fiber alignment, such as that found in a hypertrophic scar. Thus,
establishing quantitative markers to objectively identify anomalies in collagen matrix
formation remains a challenge in the laboratory and clinic.

Questions addressed

The goal of this study was to determine whether it is possible to quantify collagen fiber
alignment and density from standard histological sections through automated image analysis
approaches. To address this question, we have utilized a recently developed technique for
the rapid quantification of fiber alignment at each pixel within images (8), and have
integrated directional statistics with traditional image processing methods to create
quantitative fiber organization maps for objectively characterizing scar remodeling
following cutaneous burn injury.

Experimental Design

To evaluate the wound healing response following burn injury, 6-week old female Sprague-
Dawley rats (Charles River Laboratories, Wilmington, MA) were utilized. All animal
procedures were performed in accordance with the guidelines of the National Institutes of
Health (NIH) and approved by the Massachusetts General Hospital IACUC. Animals were
anesthetized, and full-thickness third-degree burns (1 cm?2) were created on the dorsum by
pressing a brass block preheated to approximately 95°C to the skin for 10 seconds as
previously described (9). Tissue was harvested at 3 days, 1 week, 3 weeks, 2 months, and 6
months after burn injury (n=4/time point), as well as from uninjured control animals at 2
months. Tissue was processed, sectioned, and stained with Masson’s trichrome by the
Rodent Histopathology Core at Harvard Medical School, and color images of each tissue
section were acquired using Hamamatsu’s NanoZoomer Digital Pathology System (20x
objective, NA 0.75). Images were analyzed by an experienced dermatopathologist (MCM).

Each trichrome tissue section image of approximately 18 megapixels (1.81um/pixel
resolution) was analyzed using custom-written code in Matlab (Mathworks, Natick, MA).
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Collagen fibers that were stained blue were most clearly identified by a decrease in the
transmission intensity in the red channel, and collagen-positive pixels were defined where
the ratio of blue to red intensities exceeded 2 (Steps ii and iii in Fig. S1). To minimize
computational time, all images were automatically rotated and cropped to include only the
collagen region of the dermis. Fiber orientation was computed with 2.5° accuracy at each
pixel using the red channel of each image through a previously published algorithm that
utilizes a weighted alignment vector summation technique within an 11x11 pixel window
(8). To measure the relative local strength of fiber alignment, directional variance was
computed at each pixel from all fiber orientations within a 50 pixel radius (Steps iv—xi in
Fig. S1). Similarly, to visualize the local fiber density surrounding each pixel, the relative
fraction of collagen-positive pixels within a 50 pixel radius was calculated through spatial
convolution with a disk kernel (Step vii). Parametric analysis using images from uninjured
control and week 8 burn sections (Fig. S2) guided the selection of the radius over which
local fiber properties were calculated and the red:blue color threshold to define collagen-
positive pixels. Although additional increases in disk radius yielded modest improvements
in scar discrimination (Fig. S2), a 50 pixel radius was selected to retain the ability to identify
local heterogeneity in tissue characteristics. Subregions of 300x700um corresponding to the
wound center, wound edge, and uninjured adjacent tissue were predefined through blinded
evaluation of the Trichrome images (Fig. 1), and the average fiber density and directional
variance within these discrete locations were computed. ANOVAs with post-hoc Tukey
HSD tests were used to assess differences among injury time points within each of these
locations.

Following third-degree burn injury, an eschar was evident at 3 days and 1 week. In the time
points that followed, a scar formed with no regeneration of sebaceous glands or hair follicles
and collagen fibers increasingly aligned parallel to the skin surface. Both fiber density and
directional variance were able to clearly delineate the scar region 6 months after burn injury
(Fig. 1). A significant increase in fiber density and decrease in fiber directional variance
were detected at the site of burn injury from 3 weeks through 6 months, indicating
sensitivity to scar formation (Fig. 2, Fig. S3). The center of the wound contained a
significantly greater fiber density at all post-burn time points (p<0.0455) compared to
uninjured control tissue. After eschar detachment, fiber density was also greater (p<0.0315)
at 2 and 6 months relative to the 3 week time point (Fig. 2a). The variance of fiber directions
in the center of the wound was significantly lower at 2 and 6 months compared to control
tissue (p<0.0488), indicating an increase in fiber alignment (Fig. 2b). Directional variance at
6 months was also lower than all post-injury time points up to 3 weeks (p<0.0277). The
wound edge demonstrated similar, but attenuated, increases in fiber density over time, with
no significant differences in directional variance (Fig. 2). Adjacent uninjured tissue regions
did not significantly change relative to control with either metric (Fig. 2).

Conclusion

Automated pixel-wise analysis of fiber orientation within histology images enabled the
quantification of increasing collagen fiber alignment and density during cutaneous scar
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formation after eschar detachment. This analysis technique offers a straightforward approach
to track tissue remodeling and may provide objective surrogate endpoints for evaluating the
collagen organization of human scar tissues in preclinical and clinical research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fiber density and directional variance from arepresentative sample 6 months after
burninjury

(a) Wound regions were manually selected within a 0.3 x 0.7 mm window delineating the
wound center, wound edge, and an adjacent uninjured region. (b) Automated colorimetric
analysis of each pixel enabled the identification of collagen-containing pixels, and collagen
fiber density (processing step vii in Figure S1) measurements were significantly higher
within the scar. (c) Pixel-wise fiber directional analysis enabled quantification of the local
strength of collagen fiber alignment, and fiber directional variance (step xi in Figure S1) was
significantly lower within the scar.
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Figure 2. Quantification of fiber density and directional variance within different wound regions
(a) Fiber density in the center of the burn wound was significantly elevated relative to

control tissue, and significant increases in density were identified from 3 weeks through 6
months. Changes in fiber density with respect to time were attenuated at the wound edge,
but significantly higher density was detected at 3 days, 2 months, and 6 months relative to
control. No differences in fiber density were detected in the regions adjacent to the wound.
(b) Directional variance began to decrease after 3 weeks, with significant differences
relative to control detected at 2 and 6 months. No significant differences in fiber alignment
were detected at the wound edge or adjacent tissue.
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