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Abstract

Objective—One important contributor to tissue graft viability is angiogenic maturation of the
graft tissue bed. This study uses scale-invariant microvascular morphological quantification to
track vessel maturation and remodeling in a split-thickness skin grafting model over 21 days,
comparing the results to classical techniques.

Methods—Images from a previous study of split-thickness skin grafting in rats were analyzed.
Microvascular morphology (fractal and multifractal dimensions, lacunarity, and vessel density)
within fibrin interfaces of samples over time was quantified using classical semi-automated
methods and automated multifractal and lacunarity analyses.

Results—Microvessel morphology increased in density and complexity, from 3 to 7 days after
engraftment and then regressed by 21 days. Vessel density increased from 0.07 on day 3 to 0.20
on day 7 and then decreased to 0.06 on day 21. A similar trend was seen for the fractal dimension
which increased from 1.56 at 3 days to 1.77 at 7 days then decreased to 1.57 by 21 days. Vessel
diameters did not change while complexity and density did, signaling remodeling.

Conclusions—This new automated analysis identified design parameters for tissue engraftment
and could be used in other models of graft vessel biology to track proliferation and pruning of
complex vessel beds.
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Introduction

Grafting is a common medical procedure wherein tissues from one site on the patient are
transplanted to a recipient site that requires supplementation (1). Skin is one of the most
frequently transplanted tissues in grafting procedures and is commonly used to cover defects
resulting from trauma, burns, infection, and diseases of the microvasculature (2). Skin-
grafting strategies include the use of split-thickness and full-thickness skin grafts, allograft
materials like decellularized human cadaver skin, and acellular synthetic scaffolds (3,4).
Although skin grafting is a very common surgical procedure, little is known about the
microcirculation and microvascular morphology during skin graft maturation and
remodeling. The early stages of a skin graft mimic the host wound response: there is an
initial release of angiogenic signals and growth factors and then eventual angiogenesis and
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perfusion of the graft followed by the remodeling and pruning of unnecessary vessels (5).
The process of vessel growth, anastamosis, and remodeling is complex, and knowledge of
the microvessel morphology at different stages in the process may aid in the design of
synthetic engineered scaffolds for the repair of tissues, including skin.

In previous studies, our laboratory developed a rat model of autologous skin grafting in
which the rat is first de-epithelialized over a small region of the flank and then a split-
thickness graft is harvested from the future implantation site to cover the defect (6). This
method has been used to closely examine the developing microvasculature in the wound bed
and graft. In fact, using this model, our laboratory has been able to precisely describe several
quantitative parameters of vessel morphology in the fibrin interface between the graft and
the recipient site (7). These studies have laid the groundwork for investigations aimed at
even greater quantification of the microvascular structures in split thickness skin grafts.
Recently, several new tools have been developed for use in quantifying vessel morphology,
including fractal dimension, lacunarity, and multifractal analysis (8). In short, box-counting
algorithms are used to quantify the fractal dimension (9) and can be extended to quantify the
multifractal spectrum of images of sample vessels. These morphological parameters provide
detailed space-filling information about the vascular beds (10-12). The concept of fractals
was first described by Mandelbrot in 1967 in his seminal paper describing a method for
measuring the coastline of Great Britain (13). He made the argument that the length of the
coastline was dependent on the length of the ruler used to measure it. Thus, by plotting the
relationship between the length of the ruler used and the measured length of the coastline, he
found a logarithmic value that could be used to predict measured length on the basis of ruler
size. Using the slope of the transformed log plot and comparing it to similar measurements
of other coastlines or objects, he found that more complex objects (with rougher or
“irregular” surfaces) had steeper curves, similar to those seen with smaller rulers, which
resulted in greater measured length. Thus, the slope of the log-log relation gave a surrogate
measure of complexity or roughness and allowed for new comparisons to be made. The
measured slope was referred to as a fractal dimension, as it was a dimensional measure of
complexity but a non-Euclidean geometrical value.

Mandelbrot continued to interrogate the complexity of space surrounding objects,
developing the lacunarity parameter (to look at the lacunae or ‘lakes’ of emptiness that
surround an object), which can be measured with a similar gliding box algorithm (14). This
parameter has been used by others to investigate nonvascular space around vessel beds
(presumably metabolic tissue); thus, in combination with the fractal dimension, it helps to
quantify the complexity of vessel beds and their surrounding tissues (8,14). These tools for
measuring complexity are incredibly valuable because they provide scale-invariant measures
of object morphology, and they have been widely applied in soil science (15), geography
(10), and biological sciences (16,17).

These tools for measuring complexity are well suited for use in assessing vessel
morphology, and as Mandelbrot initially postulated, they can relate the complexity of vessel
beds and their surrounding tissues to each other under differing developmental (8),
physiologic (12,18,19), pathologic (20,21), or experimental states (22,23). Scale-invariant
parameters provide information about the way the vessels fill the space that is independent
of the scale used to examine them. Furthermore, the analysis of conventional skin grafting
using these parameters will provide useful, scale-invariant information about the complexity
of vessel distribution in tissues and inform the design and development of a tissue-
engineered substitute. This information may also be critical for the delivery of oxygen and
metabolites at appropriate levels to the desired tissues, as structure and function are usually
found to be intertwined. In this study, we re-examined the data initially presented by Wu and
colleagues (7) in order to apply this novel quantification system to the images of vessels in
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the fibrin interface between graft and host tissues. Our findings show that this new method
provides more insight into the remodeling events that occur early and late in the
development and pruning of blood vessels and shape the network complexity associated
with the skin grafts.

Materials and Methods

Graft Implantation

In this study, we used images of tissue samples previously collected and presented by Wu
and colleagues and the graft implantation and sample preparation were previously described
in that study (7). Briefly, animal surgeries were performed in laboratory space accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care. Sprague-
Dawley rats were matched for age and weight and then randomized to one of five groups,
each containing three animals.

The rats were anesthetized using an intramuscular injection of ketamine (64 mg/ml),
xylazine (3.6 mg/ml), and atropine (0.07 mg/ml), along with perioperative isoflurane (0.2%),
as needed. The animals’ backs and flanks were shaved and then a depilatory agent was
applied to remove all hair. A 1.5-cm-diameter circular graft was cut with an electric
dermatome set to 0.3 mm to create the split-thickness graft. The graft was then cut into 1-
by-1-cm squares using a template and stored on a saline-moistened sponge until needed. The
site where the skin graft was harvested on the back of the rat was excised to remove the
dermis and panniculus carnosis, which left a defect approximately the same diameter as the
graft. After the skin edge of the defect was sutured to the underlying muscle, the grafts were
implanted on the exposed latissimus muscle. The rats were euthanized by CO, asphyxiation
on postoperative days (POD) 3, 7, 10, 14, or 21. The graft and underlying muscle were
removed, flash frozen, and serially sectioned for immunohistochemical and imaging
analysis. The frozen tissue was sectioned 8 um thick to preserve the three-dimensional
architecture of the microvasculature. For each graft the imaged area for comparison was 444
microns by 444 microns, which after imaging became a 512 by 512 pixel image. The blood
vessels were stained with anti-rat CD 31 monoclonal antibodies (Serotec, Raleigh, NC), and
then the tissues were imaged using a 20x objective on an Olympus ix-70 inverted bright
field microscope (Olympus, Mellville, NY) with a color CCD camera (RT SPOT Diagnostic
Instruments, Sterling Heights, MI).

Image Analysis

Images of the CD 31-(also referred to as PECAM) stained microvasculature were collected
in succession and tiled, and the threshold for the signal intensity of the stained tissue in each
section was set as previously described (7). To standardize the analysis, 80-micron-thick
segments, which included ten successive images of the same tissue, were used from all
samples (see figure 1A).

The 80-micron-thick stacks of thresholded images were first compressed into projection
images using ImageJ software (z-projection program; National Institutes of Health) (24).
Next, the projected binary images were input into a special program designed with
MATLAB software (Natick, MA) to overlay the images with boxes of different pixel sizes
(1x1, 2x2, 4x4, 16x16...512x512). The number of boxes required to cover the images at
each box size was then calculated. This algorithm is available free online at MATLAB
central in several forms,(9,25,26) two were developed by Gould and Vadakkan and were
previously described in publication (8).
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Fractal Analysis, Vessel Density, Multifractal Analysis and Lacunarity

The fractal and multifractal dimensions, lacunarity, and vessel density of the projection
images were analyzed for all samples. Algorithms written to determine these values were
previously published (8) and a detailed description of the methodology behind these
techniques and the algorithms can be found there. The reported values are the average values
of the measured parameters for all of the animals examined in each experimental group.
These averages were calculated from measurements from at least three tissue samples from
each animal and from at least three animals from each time point for all five time points.
They were then compared to the numbers of vessels, area fractions, and vessel diameters at
the time points of 3, 7, and 10 days from the Wu and colleagues’ study (7).

Projection images of the developing vessels in the fibrin interface were analyzed using
several algorithms that are available free online (8,9,14,25). These algorithms were run in
parallel using MATLAB software (Mathworks, Natick, MA), and the output data were then
analyzed by comparison of the means using analysis of variance tests with post hoc Tukey
least-significant-difference analysis.

The box counting algorithm, designed to determine the fractal dimension and the
generalized fractal dimensions for the multifractal analysis, functions in this way. First, a
processed binary image of vessels is obtained and converted to a matrix where pixels are
represented by a value of 1 (positive staining signal) or zero (no signal). The representative
image is then overlaid with a grid, which creates evenly spaced boxes with side length e (see
figure 2). Each box is a perfect square, and the lengths are all scaled multiples of 2. Each
box with at least one positive pixel is counted, and the total number of boxes with at least
one positive pixel, or N(e), is recorded. Next, the total number of positive boxes, N(e), is
plotted against the length of the boxes, e. This relationship takes a logarithmic form when
plotted, and then the plot is transformed to a log-log plot, which appears as a linear
relationship. The slope of this linear plot is equivalent to the fractal dimension, DO. Thus,
DO relates the number of positive boxes to the size of the box on many different scales.

This approach may be extended to determine the relationship between other parameters
associated with the boxes. On a given scale represented by e, boxes can have similar
densities and, thus, may have differing correlation values at different functions (or box
sizes); this can be measured and is given by the value D1, or the correlation dimension.
Also, as the scale changes, the amount of information contained in the box can change, so
that as the box size approaches one pixel, less and less information can be stored in the
system (one pixel boxes can only have the value of 1 or zero). Thus, the change in entropy
over scale can also be plotted, and the dimension D2 represents the relationship between
scale and information stored in the unit of scale and is known as the entropy dimension.

The relationships among these three moments (DO, D1, and D2) are examined in the
multifractal analysis, which compares the relative complexity of the area of the vessels
(fractal dimension or capacity dimension, DO0), the complexity of the distribution of the
vessels (correlation dimension, D1), and the complexity of the information contained within
the system (entropy dimension, D2).

The complete generalized dimensions (D0, D1, D2) can be measured and plotted using a
Legendre transformation to form the multifractal spectra, which can then be used to
statistically separate groups of images (15). To measure the generalized fractal dimensions
of a binary image, the binary image is overlaid with N(e) boxes, each of width e. Associated
with each box of index i is a measure Pj(e), which is defined as the number of signal pixels
in the it box of width e divided by the total number of signal pixels in the image (pixel
density). The g moment of P;(e) is given by the equation stated below.
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pi(q, &)=[Pi(&)1Y Y [P

Hi(g,e) € [0,1] for each value of g. In this case, we used q ranges from —2 to +2 in steps of
0.1.

Also, Y [Pi(e)] 9 ~ e ™),

The functions of the moments f(q) and a.(q) are defined using the following two equations:

f(@=lim (¢ = O[{ )" 1i(q, &) log(ui(q, &)} /log 8] (@)

a(@=lim (s = O)[{ ) 1i(q, &) log(P;, ()} /log ] (3)

The multifractal spectrum is the f (a) - a curve defined by the equation f (a) = aq — =(q).

Generalized fractal dimensions are defined through the scaling relation ¥; [Pi()]9 ~ £*(@,
where t(q) = (q-1) Dgq, q € (-a, +a), and i € [1, N(e)] (15). Also yi(a,e) = [Pi(e)]4/ %;
[Pi(e)]9 where i € [1, N(e)] (15). In the case of simple fractals (monofractal structures), Dq
proves independent of the value of g and Dy = D1 = D5.. In the case of a multifractal
structure, Do, D1, and D are related by the inequality Dg = Dq = D,.. A structure is only
considered multifractal if there is a difference between Dy, D4, and D».

Plotting Multifractal Spectra

A description of the generalized fractal dimensions in a manner analogous to the box
counting dimension is made by changing the variables from (g, <) to (a, f) such that a = dt/
dq and f (a) = aq - <. This transformation is called a Legendre transformation (28,29) and
has been used before to relate the D(q) spectrum to the f(a) spectrum (12). The number of
boxes N(a) for which the probability Pj(e) has exponents between a and a + da scales as
e (@), Thus, f(a) is the fractal dimension of the set of boxes for which the exponent is a.
The plot of f(a) against a.(q) is referred to as the multifractal spectrum in this and other
papers (12,15), and the comparison of these spectra has previously been demonstrated by
Chhabra and Jensen (30). To calculate f(a), two functions f(q) and a.(q) should be
calculated. The functions f(q) and a(q) are defined through equations 2 and 3. f(q) is the
slope of the line obtained by plotting (3 1i(q,e) log(ui(a,e))) against log €, and a(q) is the
slope of the line obtained by plotting (3 1i(q,e) log(Pi(e))) against log e. f(q) and a.(q) are
functions of the moments of the distribution P;. The values of these functions for each order
of the moment g allow us to construct the multifractal spectrum.

In simplified terms, to extend the simple fractal quantification to a multifractal method, at
each size a box can be determined positive, but it also may have a measureable density of
positive pixels. For instance, several of the boxes in figure 2 range from 10% full to 60%
full. The equation to determine the generalized dimension, d(q) is shown. The value to be
determined is d(g) where g can be any value, but particular interest has been on g=1 and
g=2. Q=1 is the entropy (or information) dimension and captures the density of pixels at
each box size, so that as the box size decreases, the total information decreases and becomes
homogenous. Q=2 is the correlation dimension which takes into account two boxes at once,
if boxes are the same they exhibit maximum overlap, if they differ, there is a decay function
associated, and this decay can be plotted (representing a power function with a measureable
slope). This encapsulates the concept that multifractals contain fractal behavior in different
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scales and dimensions. To determine the values of D1 and D2 for discrete values of g and e,
the following equation can be utilized.

Dy=limio1/1 - al Tlog { Y [(@)n*} /enc1/e)] (o

j

Symmetry and Heterogeneity Analysis

Lacunarity

The multifractal spectra output values can be studied to provide information about the
symmetry and heterogeneity of the spectral curves. Using the plot of a(0) versus Dg for the
split thickness skin grafts at different time points the magnitude of the difference in the
values of a(0) and Dy can serve as a measure of heterogeneity of the vascular pattern. This
is then defined as the range of scaling exponents required to characterize the pattern. One
feature of multifractal behavior is the heterogeneity of the scaling behavior of the vascular
pattern or different regions within. The plot of a(0) and D, allows the direct assessment of
the multifractal behavior of the vascular bed, in that if the data points lie on a 1:1 line, the
pattern is not heterogeneous, and therefore it can be characterized by the simple fractal
dimension, Dy alone.

Symmetry analysis of the multifractal spectral output yields information about the
distribution of the fractal dimensions of the vessel pattern (represented by the space
occupied by vessels in the image). Symmetry of a multifractal spectrum is determined
through the measurement of the widths (a.(q; -) — a(0)) and (a(0) - a(d; +)) (15). g; - and
dj + correspond to the negative and positive values of g from the range of g values in which
multifractal scaling is present, determined from analysis of the R? values for each value of
alpha, where the R? values are above 95% representing a close fit to logarithmic behavior. A
spectrum is determined to be symmetric if the two widths are equal. Perturbations in the
symmetrical distribution of the multifractal spectra highlight differences in the contribution
of the network and the surrounding emptiness (which is actually supportive non endothelial
tissue as well). These steps in the analysis are critical to understanding the actual meaning
behind the spectra in any multifractal analysis and have previously been developed for
analysis by Posadas et al. (15).

The lacunarity is defined (when a box size is &) as L(e) = (N(e) x Q2) / Q12. Q1 = ¥ p(i.e);
the sum of the square of the number of signal pixels in each box Q, = ¥; p(i,e)2. In the split
thickness skin graft vascular networks analyzed in this study the lacunarity function L(e)
resembled a hyperbolic curve. With this observation, the lacunarity function was fitted with
the hyperbolic function, L(e) = b / €2 + ¢ (31) where b (referred to as the lacunarity
parameter) is related to the concavity of the hyperbola (as previously demonstrated by Zaia
et al. (31)). Note that when the values for b are low, this defines hyperbolic curves with wide
concavity (high lacunarity). This implies that low b values describe objects with a large
distribution of non-vascular gaps throughout, or high levels of “gappiness” or lacunarity,
which in this study represents non endothelial or non-vascular tissues in the grafts.

For fractal patterns, lacunarity plots demonstrate linear behavior on log-log graphs. Taking
the logarithm of the hyperbolic function L(e) = b/e? + ¢ we get In(L(e)-c) = In(b) - a In(e)
which is the equation of a straight line. This along with the R? values obtained from the
fitting of the function to the data points justifies the use of the hyperbolic function.
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Projection images from the tissues at the different time points showed clear signs of vascular
remodeling (see figure 1 B), as evidenced by a relatively low density of vessels at POD 3,
followed by a large growth of vessels by POD 7, and then vessel pruning up to POD 21.
Analyses of the vessel density, fractal dimension, generalized fractal dimensions (from the
multifractal analysis), and lacunarity were performed on the images using the automated
algorithms. The output dataset is reported in table 1. For comparison, the values for vessel
number, area fraction, and vessel diameter previously reported by Wu and colleagues are
shown to the right for days 3, 7, and 10 (7). In the samples analyzed, clear differences were
appreciated between POD 7 and all other time points (figure 3). Vessel density was much
greater at POD 7, and significantly greater at POD 10 than at POD 21. Fractal analysis
showed a similar trend, with greater fractal dimension at POD 7 compared to all other time
points (figure 3). The lacunarity measurements indicated that there was less empty space (or
nonvascular tissue) at POD 7 compared to all other time points. Also, there was significantly
less empty space at POD 10 compared to POD 21 (figure 3). (Importantly, figure 3 shows
the lacunarity parameter, which is commonly reported as b and is inversely related to the
actual lacunarity of the image.)

Next, the multifractal analysis of the images helped elucidate differences in the complexity
of microvessels from groups at different time points and clearly illustrated the remodeling of
the vessels at each time point (figure 4). In figure 4, the multifractal analysis is depicted as
having a spectral output, where each curve represents the region of the multifractal spectra
that is correlated to the multifractal behavior with a correlation coefficient of at least 0.95.
The x axis represents the values of a(q) that were determined from our analysis, and the y
axis represents the function f(a) at each given value of a(q). The resultant spectra are
curves, where the right half of the curve describes the distribution of the empty space and
the left half of the curve represents the distribution of the signal, or in this case, the
microvascular staining. For each curve in figure 4, the plot indicates the mean value of each
measured correlating point with respect to the postoperative day, and the error bars represent
the 95% confidence interval for each mean.

In figure 4, vessels at POD 3 are illustrated by a dark blue curve to the left and below the
other groups, which represents a vascular bed with a low fractal dimension (downward shift)
and high lacunarity (leftward shift). At POD 7, the vessel morphology has shifted upward
and to the right (red curve), indicating an increase in fractal geometry and a decrease in
lacunarity, or nonvascular tissue, around the vessels within the fibrin interface. By POD 10,
the spectra shifts back towards the left and downward (green curve); this indicates
remodeling of the microvascular complexity, with decreasing fractal dimension and
increasing lacunarity. Interestingly, at POD 14 (purple curve) the shift continues leftward
and downward somewhat in equal proportion, but it does not deviate past the curve seen at
POD 3, which indicates microvascular remodeling due to increasing nonvascular tissue and
decreasing vessel complexity. By POD 21 (light blue curve), the spectrum has shifted
further downward but in greater proportion towards the left. This is largely due to an
increase in empty space (i.e., non-vascular tissue) around the vessels, without a significant
decrease in the space occupied by the vessels.

The multifractal spectra were then analyzed for symmetry and heterogeneity, as previously
described (8). The heterogeneity was plotted by comparing the moments, a (0), with the
predicted moments, D (0), of a simple fractal (figure 5A). The predicted moments were
shown to deviate from the 1:1, or perfectly symmetric, line, indicating that the images of the
vessels and, thus, the distribution of the microvasculature were multifractal (i.e., there were
differences in the complexity measures of capacity [DO0], correlation [D1], and entropy [D2])
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and also significantly heterogeneous. Finally, the multifractal spectra were analyzed for
symmetry between the different time points. Given that the curves represent information
about both the nonvascular and vascular spaces, the symmetry helps to describe with a
statistical value the relative contributions and distributions of nonvascular and vascular
tissue in the samples. In figure 5B at POD 3 and POD 7, there is clear separation of the
spectra, with asymmetric features, as represented by the distance from the 1:1 line.

Discussion

The multifractal analysis was able to delineate the vessel morphologies at different time
points and provided invaluable information about the space-filling qualities of the
microvasculature in the fibrin interface. Also, the complete analysis of the multifractal
spectra provided insight into the way the vessels filled the space at the different time points
and how the vessels within the images contributed to the signal spectra.

Using the unique image processing method described herein, we were able to compare the
vessel complexity in the fibrin interface of split-thickness skin grafts at days 3, 7, 10, 14,
and 21 after graft implantation. In table 1, the new complexity measures (fractal dimension,
multifractal dimension, and lacunarity) are compared to previous measures of
vascularization (vessel area fraction, vessel count, vessel diameter) described by Wu and
colleagues (7) and to the classical measure of vessel density (similar to area fraction), as
described by Gould and colleagues (8). Interestingly, the results reported by Wu and
colleagues for the area fraction correlate well with the values for density measured using the
algorithm in this study (table 1). They demonstrate the development of new vasculature in
the engrafted tissue, with an initial swelling of vessel density from POD 3 to POD 7, which
may represent the early stages of vessel growth and invasion into the graft.

Vessel diameter was unchanged on average, but number fraction and area fraction increased
from POD 3 to POD 7; this may represent a dramatic increase in density due to increasing
numbers of vessels, with a symmetrical increase in larger and smaller vessels. At this point,
classical methods of vascular morphology report means of vessel diameters but cannot
determine whether the increasing vessel density is from increased proportions of very large
(30 microns) or very small (2-3 microns) vessels or vessel elements. It is apparent when
examining histograms of vessel diameters that the growth of a single large-diameter vessel
can skew the mean vessel diameter measurement dramatically. The ratio of vessel mean to
vessel density within a sample is used as a surrogate for vessel network complexity, but in
fact, this ratio does not define the complexity of microvessel networks because of these
statistically powerful variations.

In this study, multifractal analysis helped to demystify the remodeling process, and it
suggests that the actual complexity of the split-thickness skin graft network measured as the
simple fractal dimension (DO0) increases dramatically, from 1.56 at POD 3 to 1.77 at POD 7.
This confirms an increase in not only similar-diameter vessels but also network complexity,
and as the network remodels and the vessel density decreases from POD 7 to POD 10, there
is a decrease in the network complexity. The density decrease from POD 7 to POD 10 may
represent the vessel pruning that occurs as new vessels outgrow their usefulness and
overshoot the demands of the engrafted tissues. Interestingly, in the grafts examined on days
14 and 21, the density seemed to slowly decrease, from 0.12 on POD 10 to 0.09 and then
0.06, which represents a 25% and then 33% decrease in density.

In tandem, complexity measures help to parse out the nature of the decreasing density.
Lacunarity analysis showed no difference in the complexity of the surrounding non-vascular
tissues from POD 14 (0.51) to POD 21 (0.51). However, there was a significant decrease in
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the fractal dimension (DO) of the vessels (from 1.62 to 1.57), which represents a decrease in
vessel complexity. This is one of the first studies to show that the decrease in density is
actually due to a characteristic change in vessel network complexity and not simply a
decrease in vessel area proportion. Also, the multifractal analysis showed that not only did
the fractal dimension and the vessel network complexity decrease from POD 14 to POD 21
but also the decrease was more dramatic in the correlation dimension (D1) and the entropy
dimension (D2). This indicates increasing differences in the spatial distribution of vessels
and decreasing entropy of the system, which may reflect the pruning of nondescript small
vessels of growth and invasion and their replacement with vessels ideal for distribution and
metabolic exchange in an orderly fashion. Although this is only a postulation, these extra
parameters of microvessel morphological complexity provide more information into the
system and in the future may lead to high-throughput methods for comparing vessel
remodeling and physiological microvascular changes in similar systems.

As the multifractal spectra representative of microvessel complexity moved upward with
respect to the Y axis, they indicated increasing fractal dimension or microvessel complexity.
And as the curves moved from right to left, they indicated a greater contribution of the
nonvascular space around the vessels to the overall image. In this manner, the multifractal
analysis helped to differentiate statistically the microvascular remodeling states by
combining information about the microvascular complexity and lacunarity into one graph
and, thus, encapsulating the microvascular remodeling process. Although it was hard to
statistically compare the POD 3 time point to the POD 10, 14, and 21 time points using the
single value of vessel density, it was possible, using this spectral analysis, to show that the
later time points had vessel networks that are somewhere between the POD 3 and POD 7
values. This observation highlights the usefulness of the multifractal spectral analysis
technique.

Symmetry and heterogeneity analyses provided insight about the space-filling properties of
the vessel beds being measured and a unique, statistically separate signal or “fingerprint’ for
each measured microvasculature. Heterogeneity analysis showed deviation from the one to
one line, which reinforced the fact that multifractal analysis was appropriate for the
characterization of the microvascular complexity. With respect to the symmetry findings,
interestingly, at POD 10, the spectra appear to be closely symmetric, and then at POD 14
and POD 21, the symmetry is lost again. This may mean that early on there is a better
balance between the vascular complexity and the complexity of the surrounding avascular
space (tissue space). Over time the symmetry is lost and shifts towards the region below the
line indicating a greater contribution of complexity to the spectra of the avascular regions of
the images (or the tissues) and then this shift is corrected at 21 days as the symmetry moves
back to above the 1:1 line, indicating at this time point the main contributor to the
multifractal spectrum comes from the vessel components. One may theorize that this reflects
a shift in remodeling where the vessels are pruning at 14 days, and thus they are less
complex than the surrounding avascular tissues, and that there is a flux to a more complex
state by 21 days, but this remains to be proven or demonstrated elsewhere. Future studies
may help to determine the relevance of these findings and effects.

In previous studies, Wu and colleagues looked at the vessel diameter, area fraction and
volume fraction, and thus reported scale dependent measures of microvascular morphology
(7). Many other studies have reported similarly the vessel density or the vessel diameters
measured in native tissues (32), pathological tissues in cancer (33,34) or ischemic disease
(35), and in tissue engineered constructs (36). Only recently has this novel technology been
developed to analyze the vessel morphology in a scale invariant manner, using fractal,
lacunarity and multifractal analysis, in developmental studies (8,12), and in applications in
tissue engineering (37), novel biomaterials (38,39) and cancer vessel biology (16,20). The
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application of fractal theory to biological systems has proven monumental to hew
understanding of how simple rules and parameters for growth can create complex systems
(28,40,41) and organisms (10), and undoubtedly this area will provide greater insight into
vessel biology and angiogenesis.

In previous publication by Gould et al. it was demonstrated that the fractal values can be
preserved in each stack image, though this is a surrogate for true three dimensional analyses.
This method could be extended to a true three dimensional multifractal analysis if the data
set were transposed to voxels instead of pixels, and thus true three dimensional analysis
could be undertaken. However this approach may take greater computational power and
time, and may not significantly alter approximations of complexity in thin
microvascularized tissues, or in the context of the microvasculature. Rather it may make a
bigger difference in examination of distributory networks like larger vessels in the body.

This study has provided new scale-invariant measures of the microvascular morphology
found in the interface between the donor skin graft tissue and the recipient site. Hopefully
the parameters provided here will help to inform the process of grafting and future studies of
microvascular engraftment and anastamosis where optimization is desired. These parameters
of microvessel morphological complexity may help to provide more information about
engraftment, and may help to provide high throughput methods for comparing vessel
remodeling and physiological microvascular changes in similar systems. The scale-invariant
parameters described and utilized here are rapidly demonstrating utility in the study of
microvascular morphology (8,12,22,35,42,43), and this study adds to the evidence
suggesting that multifractal analysis and other scale-invariant tools may provide acceptable
design constraints for engineered systems (10,44-46) ldeally, large-scale implementation of
this kind of quantification scheme could help to parse out differences between vessel groups
when simple and more common quantification methods, like branching and vessel
diameters, cannot. These new methods provide an additional measurement apparatus when
comparing experiments applied on different scales or using more classical or more
subjective quantification schemes. Importantly, we have now determined the scale-invariant
space-filling parameters associated with these physiological events in graft/recipient
development. In the future, we hope to use these design parameters to advance the field of
tissue engineering by examining other microvascular morphologic characteristics in
transplanted materials and fine-tuning biomaterial scaffolds to mimic normal tissue
microvasculature for grafting purposes.

Perspectives

Here we have shown that these scale invariant parameters provide complementary
information to classical measures, and are practical in that they are measured with
automated tools, as opposed to classical methods which require hand counting and
measurements. The functional characteristics of the microvasculature (including capillaries
which are not fractal) are physiologically and clinically relevant. These complexity
measures may in the future be connected to functional properties, including oxygen delivery
and developmental angiogenesis. This study helps to inform the microvascular community
about a new growing technological method (based on relatively recent breakthroughs in
math and physics from the 1960s (13) and even more recent breakthroughs in computational
algorithms and image analysis techniques (8)) as well as supplying evidence of the utility of
this analysis in classifying complex vessel beds with similar or overlapping density or
diameter, as well as the non vascular tissues surrounding microvascular networks. These
morphological tools may also provide unique insight into the critical steps in vessel
remodeling, changing the way that pruning and microvascular maturation is described and
encapsulating the critical development of vessel network complexity during these stages.
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Figure 1.

Graft/recipient interface and tissue sectioning. Panel A illustrates how the graft was
surgically fixed to the recipient site. After allowing time for engraftment, the graft was
harvested with the underlying muscle from the recipient site, and the tissue was sectioned in
a perpendicular fashion to allow for the visualization of the fibrin interface between the graft
and the recipient site. Blood vessels in the interface were stained with CD 31 antibodies,
imaged, and thresholded to provide raw images as seen in panel B. Panel B highlights the
study’s general trend, with more vessels seen at POD 7 and then remodeling over the
following 14 days as vessels organized throughout the interface.
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Figure 2.

The box-counting algorithm. This figure highlights the process of determining the simple
fractal dimension (D0) from an image of blood vessels. The box side length is set by
overlaying a grid on the image (A), and then the number of positive boxes is plotted versus
the box side length (B). The log-log plot of B yields a linear relationship (C) in which the
slope of the line represents the relationship between side length and scale of the box; this
relationship is the fractal dimension.
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Figure 3.

Scale-invariant parameters to classify vessel morphology. Figure 3 demonstrates box plots
of the various values of the measured parameters from the different groups. Clearly, in all
three measures--density, fractal dimension, and lacunarity--there are significant differences
between the POD 7 time point and all others. Also, in the lacunarity and vessel density
groups, there are significant differences between the POD 10 and the POD 21 time points.
These trends help to graphically show the relative increase in vessel density and network
complexity (fractal dimension increase and decrease of distribution of empty space as seen
by increase in lacunarity parameter) from POD 3 to POD 7. Also, they show the opposite
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trend from POD 7 to POD 21, which is indicative of a remodeling event, where the vessels
regress after initial growth to provide only the necessary perfusion to the engrafted skin.
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Figure 4.

Multifractal analysis of the skin grafts. Figure 4 demonstrates a multifractal spectrum for
each time point examined in the study. Importantly, there is good statistical separation
between the time points at POD 3, 7, 10, 14, and 21. As these curves move upward with
respect to the y axis, the fractal dimension, or microvascular complexity, increases. As the
curves move from right to left on the X axis, the avascular space surrounding the vessels
increases. In this manner, the multifractal analysis statistically differentiates the remodeling
states by combining information about complexity and lacunarity into one graph.
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Heterogeneity and symmetry. Figure 5 examines the heterogeneity and symmetry of the
multifractal spectra at each time point. The heterogeneity curve (A) shows all points below
the 1:1 homogeneity line, graphically demonstrating the heterogeneous distribution of the
spectra (supporting the use of multifractal analysis in classifying these vessel networks). In
the symmetry analysis, there are differences in the contributions of the vessels and the
surrounding supportive tissue at POD 3, 7, and 14, where the vessels themselves contribute
greatly to the overall network in the images. The POD 10 time point represents a moment
where the contributions of empty space and vessels are relatively evenly distributed. At
POD 21, there is a greater contribution of the other tissues or unlabeled spaces around the
microvessels to the overall network complexity.
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