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/Abstract )

We introduce a novel software-based algorithm for texture mapping in two-dimensional images. Using shape-based
modeling segmentation (SBMS) based on scale- and angle-invariant Bézier curves, direct optical digital images can be ana-
lyzed. The simplicity of this novel approach is in sharp contrast to conventional techniques based on laser scattering or light
polarization at the microscopic level or second harmonic generation microscopy. These techniques are technologically com-
plex and spatially limited to the microscopic scale. As an illustration of the simplicity and versatility of our platform, we used
direct bright field optical images of glutaraldehyde-treated porcine pericardium used in the manufacturing of many biopros-
thetic implants, including artificial heart valves. Auditable data describing collagen fiber content, orientation (color-encoded
maps), and organization are generated as a relational database. Heart valve (HV) leaflets are subject to significant strains in
vivo. Early failure and limited durability have been characteristic of bioprosthetic HV. Despite an early description of the
importance of collagen fiber orientation, thickness-guided tissue sorting is the basis for current qualification algorithms. We
present a new, fully customizable software solution for the objective, and auditable numerical characterization of collagenous
biomaterials using computerized image analysis. This new tool provides a practical, rapid, and cost-eftective solution for test-
ing micro structural organization of biomaterials against bench top or in-vivo models and optimizes the qualification, area
selection, use polarity and fashioning of naturally derived collagenous products, with the ability to customize cutting paths
for automated processing of the biomaterial and manufacturing of devices, including heart valves. One of the most important
applications is in affording a method to characterize the structure of biomaterials on a large scale for research as well as pro-
duction. The potential applications of the Bezier encoding of images is not limited to fiber texture analysis and can potentially

revolutionize feature identification and image semantics in life sciences.
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Introduction

Bézier curves are a well-established mathematical and
convenient model for representing smooth curves. They have
several advantages over alternative methods. Namely, they can
be represented with just a few mathematical points, called “con-

trol points”

Movements of the control points modify the shape
of the corresponding Bézier curve in a predictable and in-
tuitive way. Their characteristics are well understood, hav-
ing been used and studied widely in the nearly 60 years since
they were invented. Bezier curves have become a de facto
standard for curve representation in many drawing and draft-
ing applications. We are using cubic Bézier curves in our al-
gorithm. Each Bézier curve is represented by a pair of poly-
nomials of the third degree, where n is the degree of the
polynomial,  is a parameter that runs from 0 to 1 inclusive, and

P is a 2-vector representing a point on a plane having the form:
n

B(t) = Z (n] (1 - ™ t'P;

i=0

acteristics being mathematically and reproducibly “hard-wired”
into the image Bezier abstraction. The parametric generating
polynomials can be evaluated using a real number (in the form
of double-precision floating-point values) and for that reason
can be said to exist at infinite resolution. The polynomials can,
therefore, be evaluated at a scale-independent of ground-truth
pixels from which they are derived. This has several important
implications, one of which is that the algorithm can be used to
resample the ground-truth image and by so doing accomplish
synchronous detection and other types of measurement similar
to those obtained by using phase-locked loop technology in dig-
ital signal processing applications. We believe this methodology
closely replicates key elements of the mammalian visual cortex,
in the sense that we can emulate the exceptionally large dynamic
range that is an important characteristic of the visual system of
higher animals [1,2,3,4]. Bézier curves, as we are implementing
them, can be understood and used as another unit value or "pixel
of higher-order" on the ladder of image abstraction, i.e., a unit
possessing characteristics of shape, direction, and gradient, and
reflecting the morphology of underlying objects as a result of the
continuous mathematics that governs physical phenomena such

as for instance surface tension and modulus of elasticity.

n mn
={1—-¢tI"P, + (L) (1 —)" 4P, + - + (n B 1:] (1 —t)t" P, +t"P,

For cubic order, this expression expands to these two polynomi-

alson t:
£ = (1—8)%pne +3t(1 — £)py + 36201 — Oy + 71

) = (1 —)pyy + 38(1 — £)°pyy, +38°(1 — thpoy + 3y,

The polynomial nature of Beziers conveys very useful
characteristics. Because they are continuous functions on ¢, the
first and second derivatives of the Bézier curve are guaranteed
to be defined everywhere on ¢ This allows us to bring the power
of Calculus to everything that follows. Specifically, we can cal-
culate the slope, angles, normal (perpendicular) to any point on
the Bézier, endpoint angles, the radius of curvature, and point
of intersection between an arbitrary line and the Bézier, among
other useful calculations. Therefore, we can use the Bézier as an
architectural framework for the construction of more elaborate
object models, knowing that each step is supported by a solid
mathematical foundation.

What is particularly unique about the approach used
in this paper is the methodology built into the algorithm that
applies Bézier curves derived from the original image pixels at
multiple sensitivity thresholds and resolution levels. Essentially,
this enables a Bezier-based representation of objects and areas of

interest in a manner that is scale- and angle-invariant; these char-

Bézier curves are mathematical functions that are ex-
pressed in a way that makes it comparatively easy to fit them to
and characterize real shapes using “control points.” They take
the form of polynomials having coefficients that are derived
from the position of the control points. Bézier curves in two

]

dimensions are described in “parametric form,” as two poly-
nomials, each in a parameter traditionally identified as #. One
of the polynomials expresses the x-coordinate of one point on
the Bézier as a function of #, the other polynomial expresses the
y-coordinate of the point as a function of #. Because they are in
parametric form, the function that describes a given Bézier curve

need not be of the form of a mathematical function y = F(x).

In the following figure (Figure 1), Curve ‘A’ represents
a mathematical function of the form y = F(x). Note that the func-
tion F(x) maps each point on the x-axis to exactly one point on
the y-axis. Curve ‘B’, on the other hand, which is simply a copy
of curve A rotated through 90°, is not a function in the form y =
F(x); this can be seen by observing the vertical red line, which

intersects the curve at two distinct values of y for the same x.
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Figure 1. Curve A’ represents a mathematical function of the form y = F(x).

Curve ‘B’ is simply a copy of curve A rotated through 90°, and is not a function
in the form y = F(x).

Bézier curves circumvent this problem by means of pa-
rameterization. Each Bézier curve is represented by two separate
polynomials of the same order (in our case, that is third-order
or cubic) that are coupled by both being expressed in terms of
the same independent variable (or parameter) t. One polynomial
gives the value of x in terms of ¢, the other gives the value of y
in terms of ¢ This can be succinctly expressed as follows: y, =
Fy(t) and x, = F (t)This makes Bézier curves uniquely suited for
describing general edges in images because the locus of points
[F (D), Fy(t)] with 0 <t <1 can contain intervals that are vertical
and thus multi-valued on the x-y plane, as shown in figure 2 be-

low at point M:

oP oP
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Figure 2. Bezier curve generated by the four control points P, P, P,, and P..

At point M, the curve “goes vertical,” and is thus multi-valued on the x-y plane.
This cubic Bezier curve is generated by the four control
points P, P, P, and P.. At point M, the curve “goes vertical,” and

is thus multi-valued on the x-y plane.

Our novel image analysis technique converts ground-
truth pixels, generated by conventional image sensors, into Bézi-
er curves of cubic (third) order. We chose the cubic order for
several reasons. Cubic Béziers can be used to accurately mod-
el elliptical objects around their entire circumference using
only four Béziers; to achieve the same accuracy with quadratic
Béziers, eight are required. Popular drafting programs (such as
MS Paint and Gimp) use cubic Béziers as the foundation of their
"curve" tools. Cubic Bézier curves are relatively easy to fit sets of

points.

Materials and Methods
Specimen Imaging

To demonstrate the simplicity of deployment and flex-
ibility of the method we selected to image a large specimen (bo-
vine pericardium) using conventional bright field optical photo-
graphic techniques. The pericardium was harvested fresh, gently
stretched flat and fixed with an aqueous solution of 3% glutaral-
dehyde. An area of the specimen approximately 8x8cm was pho-
tographed using either a Keyence VHX6000 stereomicroscope
under bright field top illumination immersed in saline to avoid
reflective highlights (Figure 3a) or using a Nikon D90 prosumer
digital camera fitted with a Nikon macro lens (150mm 1:2.8) ex-
posed in a daylight light box on a blue background. (Figure 3c).
The images were saved as Tagged Image File Format (TIFF) and
directly encoded using our Bezier algorithm (Figures 3b and 3d).
Bezier Curve Encoding

Our approach to fitting Bézier curves to images involves
several proprietary steps, but in general, proceeds as follows.
First, it identifies edges by means of a slope threshold detection
algorithm. This algorithm operates in four directions (up, down,
right, and left). It is similar to a blob detector on a "delta image,"
meaning an image made up of the first spatial derivative of the
brightness of the ground-truth image. Next, we identify those
edges that are "continuous enough" to justify the effort (in CPU
cycles) of being mathematically fitted by a Bézier curve. Fitting
the Bézier curve to the points in those “smooth enough” edges is
accomplished using one of several conventional Bézier-fit algo-
rithms; the choice of which to use is made according to the shape
characteristics of the “smooth enough” edge. Finally, for each set
of continuous points, we select one of several algorithms to find

the best fitting Bézier curve.

Bézier curves offer a unique and powerful object model
for recognizing and characterizing collagen fibers. They fit well to
individual fibers and can be used to characterize fibers by length,
shape, as well as how straight or curved individual or groups of
fibers are organized at a given scale. Using Bézier curves, other
extraneous tissue elements can be filtered out of the image. They
also offer a framework for advanced photometry on individual
fibers, on groups of fibers, and on the tissue surrounding each fi-
ber. Bézier curves allow for very accurate characterization of the
directionality of individual fibers endpoint-to-endpoint or aver-
aging of instantaneous direction along the entire curve. Bezier
curves can henceforth be displayed by overlay in the image ana-
lyzed and color-coded for selected attributes (angle distribution,

curvature, length, etc.) creating visually intuitive heat maps (Fig-
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ures3b and 3d coded for polar coordinates).

Results

Bézier curves derived for use in this paper were ob-
tained at multiple thresholds and multiple resolutions that are
scale and angle invariant. We call the methodology used to col-
lect this data "Shape-Based Modeling Segmentation" (SBMS).
The SBMS methodology presented in this paper is designed to
collect and save data into an industry-standard relational data-
base. This data allows for the creation of a powerful auditable

framework that is transparent and auditable both at the database
a-d).

level and in the image itself (Figure 3
- g A

! \

: 5 . S ’
Figure 3a-c. Preparation and Imaging of Bovine Pericardium. Bovine Peri-
cardium was fixed in 3% glutaraldehyde and imaged with a Keyence VHX6000
stereomicroscope (1a) or on a light box and blue background with a prosumer
camera (Nikon D7000) fitted with a macro lens (1c). Figures 1b and 1d show the

Bezier overlay with a color coding for angle distribution (see Figure 2).

Our Bezier encoding produces fully auditable datasets
that may be analyzed for any of the constitutive properties (cur-
vature, length, density, angle, etc.). For instance, angle distribu-
tions can be color-coded according to polar coordinate intervals
as shown in (Figure 4). The data can be exported, analyzed and
graphed (Figures 5a-b). Additionally, Beziers can be filtered for
specified sets of value for any of the parameters (for instance
polar coordinates). Fiber orientation can be filtered according
to a pair of preferred coordinates in order to identify regions of

the specimen that display bipolar (orthogonal in this case) ori-

Angle Color Legend
in Polar Coordinates

Figure 4. Angle Colors on Bovine Pericardium Tissue. Collagen fibers detected
on the digital image by means of fitted Bézier curves. In this case, we are calcu-
lating the angle of each Bézier curve and assigning colors in increments of fifteen
degrees based upon the color chart (Angle Color Legend in Polar Coordinates).
The Bézier curves are rendered against a dark background using multiple thresh-
olds and multiple resolutions. Displayed are the large radius of curvature (greater
than 20 pixels).

entation of collagen fibers. The polar coordinates can be rotated

around the dial in order to analyze the strength of the bipolar
distribution circumferentially and find which orientation in the
region of interest best fits the desired pattern (Figure 6). This
type of analysis can be conducted without restrictions on the
number of polar coordinates or sets of values for any of the oth-
er attributes associated with Beziers (length, curvature, density,

etc.).

Figure 5A. Bézier Curves by Length for Bovine Pericardium Tissue: bar chart

of Bézier curves by length. The x-axis represents the Bezier curve length in pixels
and Y-axis is a count of Bezier. The distribution indicates a dominance of high
lengths which reflects the streaming arrangement of collagen fibers in the spec-

imen.
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Digtribution of Bezier Angles by Count
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Figure 5B. Bézier curves by Angle for Bovine Pericardium Tissue. The fre-
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Angle

quency of Bezier by a polar angle is displayed; the X-axis represents the polar
position from 0-180 degrees and the Y-axis is a count of Bezier. The graph shows
discrete peaks denoting the dominant orientation of collagen streams in the spec-

imen.
Figures 5A and 5B. Examples of the type of data that can be collected from the

image database using a Python charting library designed for life sciences.
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Figure 6. Fiber Angle Screening Tool. A prototype of a screening tool that can
be used to screen Bézier fibers based upon length, angle and a number of other
variables. This demonstrates the power and flexibility of collecting and displaying

data in a form that creates a visual record.

Discussion

Collagen texture or collagen fiber orientation dictates
the mechanical properties of tissues (tensile strength, stiffness,
flexibility, etc.) [5,6]. Very few studies have actually correlated
fatigue performance and collagen orientation [30]. Characteri-
zation of the texture of collagenous implants and of collagen fi-
ber orientation has been approached through laser-based optical
imaging such as small-angle light scattering (SALS) [6,7,8] or
histologically using complex imaging modalities and advanced
mathematical models [6,9,10,11,12,13]. Histological approach-
es have relied on histochemistry such as Picrosirius red stain in
combination with circular polarization [14,15], Herovici stain
[16], immunohistochemistry, high-resolution radiography, elec-

tron microscopy [17], etc. Second-harmonic generation micros-

copy (SHG) has been considered to be the gold standard and en-
ables direct texture visualization of collagenous tissues without
the need for complex or labor-intensive tissue preparation steps
[10,13,18,19,20-27]. SHG equipment is sophisticated and expen-
sive. It does generate tomographic images (3D) but has a limit-
ed field of view in the few microns to a few hundred microns.
Mueller Polarimetry (MP) is simpler and cheaper to deploy but
relies on Picrosirius staining and is also limited spatially to mi-
croscopic fields or multiples of stitched microscopic fields [4].
One of the great advantages of our approach is that it is scaled in-
dependently and can be used on any imaging platform, ranging
from macroscopic to microscopic and nanometric scale using
optical (bright field), fluorescence or radiographic modalities.
Thus, bioprosthetic implants derived from natural products such
as bovine or porcine collagen (e.g. bovine pericardium) can be
analyzed for collagen fiber orientation using direct optical photo
imaging. Care must be taken to minimize imaging artifacts such
as material folds or reflections and highlights such that under op-
timal illumination the contrast features of the image do represent

the collagenous fiber texture.

Our approach presents one major difference from oth-
er image analysis techniques that rely on azimuthal orientation
analysis, first-order statistics (FOS) or second-order statistics
such as grey level co-occurrence matrices (GLCM) [15]. Current
azimuthal mapping techniques are derived from direct visual-
ization of collagen fibers (e.g. SHG) or indirect visualization of a
bound dye (PSR and MP). The orientation vectors of individual
fibers are dependent upon the length of the structural element
(Strel) applied [11]. Our approach is based on a scale-invariant
and orientation independent best fitting of mathematically de-
fined curves (Beziers). As such they offer a level of abstraction
(i.e. encoding) and manipulation not available through other im-
aging and modeling modalities, supporting filtration of the data
based on length, curvature, strength and relational parameters
between adjacent curves. FOS texture analysis relies on gray tone
distribution of pixels intensity [5,20], and ignores inter-pixel cor-

relations [13].

Transform methods such as Fourier transform analysis
are the current gold standard for extracting texture and pattern
analysis, Fourier transform is most apt at extracting only one
angle for a whole pattern [30,31]. Wavelet transform analysis is
able to differentiate between three and only three main direc-
tions [30,31,32]and does so on a pre-defined region of interest

(scale-dependent).

Whereas all the approaches listed above are useful in

detecting and measuring texture parameters (is a fibrillar texture
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present and how strong it is) they are limited in the number of
directions or vectors that can be identified and do not offer any
means to mathematically represent or “encode” the spatial dis-
tribution of fibers in a scale-independent manner within regions
of interest or query the field for specific fiber arrangement or
texture patterns that might be of interest for biomedical device
design. The paradigm-changing power of the Bezier encoding of
digital images is its transformation of the pixel arrangement (i.e.
digital image) into a mathematical map of contrast gradients and
edges and to do so in a reproducible way that is quantifiable for
multiple characters such as curvature, strength, length, relative
distributions, etc. , and most importantly is independent of scale

and color values.

Collagenous matrices used for biomedical implant ap-
plications as well as any products involving fibrillar matrices are
usually not well characterized for texture parameters and there-
fore the correlations between specific texture features and clini-
cal outcomes (i.e. durability, biomechanical properties, calcifica-
tion, and integration) are poorly characterized. Recent advances
have established a strong correlation of collagen fiber orienta-
tion and dispersion to tensile strength and fatigue performance
of bovine pericardium [6]. Our texture mapping tool provides
the means to begin exploring these correlations on a large scale
using readily available imaging modalities and thus foreshadow
advances in biomaterial sciences that will improve clinical out-
comes. An example of a practical solution would be the selection
of particular regions of a biomaterial intended to be used in the
manufacture of a medical device according to certain angular
values of collagen fiber orientation (monopolar or multipolar).
The techniques herein described are easy to deploy and can be
semi-automated and therefore make it possible to search for the
desired pattern in material and establish objective qualification
criteria for improved outcomes. These techniques can also be of
practical use in the manufacturing process through automation
of sampling using cutout tools that follow the guides established

through pattern analysis (Figure 7).

Several similar studies have been conducted in the area
of computational analysis of digital imagery for characterization
of angular alignment, particularly as it relates to quality control
in carbon fiber composite structures [1,2]. The work done so
far in this field is either based on machine learning (ML) of a
training set consisting of a large number of "properly arranged"
fiber arrangements in which the machine vision algorithm then
detects deviations from the training set, or on an inverse-space
analysis of the image that identifies angular distribution by av-

eraging a large number of fiber optical responses in the spatial

Figure 7. Biomaterial Qualification and Sampling. A prototype of a biomaterial

cut out tool driving sampling of regions matching certain texture parameters.
frequency domain; this method generates statistical information

giving angular distributions without identifying the angles of in-
dividual short fibers and does not display that data as an overlay

on the actual fibers.

A large study was done on the three-dimensional orga-
nization of fiber-like structures [3], but this used SHG micros-
copy to obtain ground truth angle distribution information and
then used computational methods to organize and present the

results.

Upon close examination of the literature, we conclude
that our method is unique in its detection of individual short
fibers and in its modeling of each fiber as a polynomial function
(Bezier curve) as described earlier, in its direct measurement
of the angle of these Bezier curves by means of a line segment
mathematically connecting the endpoints of each Bezier curve,
by the removal of background texture artifacts by direct seman-
tic analysis of the edges arising from these artifacts, and by the
use of a relational database to receive the results and make them
available for sorting, querying, and presentation in a variety of

forms for different purposes.

The methodology proposed provides an opportunity to
collect a whole new class of data faster and more inexpensively,
with opportunities to extend the methodology into several im-
portant sub-disciplines by collecting previously unavailable data
and storing that data in the form of a relational database for fur-

ther analysis.

The texture mapping tool that we are presenting is not
limited to the characterization of fibrillar matrices or collagenous

matrices but can also be used to characterize vascular networks
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as well as tissue stroma and architecture, cellular or sub cellular

features at the microscopic level.
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