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Abstract: Quantifying collagen fiber architecture has clinical and scientific relevance across a
variety of tissue types and adds functionality to otherwise largely qualitative imaging modalities.
Optical coherence tomography (OCT) is uniquely suited for this task due to its ability to capture
the collagen microstructure over larger fields of view than traditional microscopy. Existing image
processing techniques for quantifying fiber architecture, while accurate and effective, are very
slow for processing large datasets and tend to lack structural specificity. We describe here a
computationally efficient method for quantifying and visualizing collagen fiber organization. The
algorithm is demonstrated on swine atria, bovine anterior cruciate ligament, and human cervical
tissue samples. Additionally, we show an improved performance for images with crimped fiber
textures and low signal to noise when compared to similar methods.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Collagen is the most common matrix component of connective tissue in the human body, providing
structural support in a wide variety of organ systems. While the singular collagen fiber provides
structure, groups of fibers can facilitate physiological processes. In particular, the organization
of collagen fibers has been linked to key mechanical, electrical, and biological functions [1,2].

Methods for imaging and analyzing collagen fiber organization span many imaging modalities
including second harmonic generation (SHG) microscopy [3], diffusion tensor magnetic resonance
imaging [4,5], shear wave imaging (SWI) [6], and even histology [7,8]. The challenge in studying
collagen’s structure-function is that its organization is highly varied on both local and global
scales. Optical coherence tomography (OCT) is a valuable tool for studying collagen fiber
organization that pairs millimeter field-of-view with micron-scale resolution. OCT has been
demonstrated as a useful tool for examining collagen organization in the atrium [9, 10], cervix [11],
and anterior cruciate ligament (ACL) [12]. Polarization-Sensitive OCT is a functional extension
of OCT which can provide enhanced collagen fiber contrast by measuring tissue birefringence.
Previous studies have used PS-OCT to visualize collagen organization in fibrous tissue [13, 14].
Paired with Jones or Mueller formalism, local directionality of the tissue can be determined
directly from the image [15] and assessed quantitatively via tractography [16, 17].

Collagen organization can be assessed through automatic quantification of fiber orientation.
Fleming, et al. developed an iterative approach using intensity-based gradients applied in the
en-face plane [18]. While their technique provides detail and accuracy, its iterative nature is
computationally expensive which can be prohibitive to modeling large fiber networks. Other
techniques address this problem using tractography-based methods that operate on the whole
image [19,20]. The improved efficiency, however, is at the expense of specificity because the
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techniques assume dominant contrast in the image originates from collagen fibers which is
generally false for in-vivo imaging.

Another challenge in fiber quantification, previously identified by Mega, et al., is that fibers
may contain orientations which corrupt meaningful analysis, specifically "crimps" [21]. Crimps
are a natural feature of tendons and ligaments which are believed to help these tissues resist
large strain, but can become accentuated when dehydrated. In OCT images, the crimps cause
the collagen fibers to appear scaled with short grooves orientated orthogonally to the fiber itself.
Many quantitative fiber orientation algorithms, particularly ones which operate on localized
groups of pixels, are unable to differentiate the angles of the crimps from the overall orientation
of the fiber.

In this paper, we present a new method for fiber orientation analysis in OCT images. Our
method has two components: one which analyzes OCT images to extract a normalized distribution
of fiber orientations, and another for visualizations of fibers at specified orientations. We will
refer to the quantitative method as the "Radon method" and the visualization method as the
"fan-filter method". Our method is validated and tested on OCT images of collagen fibers from
bovine ACL, swine atria, and human cervix samples. Additionally, we show a comparison of the
proposed method to similar algorithms examining performance, computational efficiency, and
robustness to noise and low signal-to-noise (SNR).

2. Methods
2.1.  Fiber orientation quantification and visualization

The Radon algorithm for quantifying fiber orientation consists of three primary steps, beginning
with the 2D Fast Fourier Transform (FFT). A property of the 2D FFT is that aligned structures in
an image produce corresponding alignment in the image spectrum. The algorithm leverages this
property to determine the distribution of orientations of aligned structures in the image. For later
steps, we also apply an FFT Shift, which inverts the spectrum such that the lowest frequencies
are at the center of the image and frequency increases as you move radially away from the center.
The second step is to bandpass (BP) filter, which serves multiple purposes. The primary use
is to effectively "select" the spatial frequencies of structures of interest. Typically, this means
filtering high frequency noise and textures which do not correspond to collagen fiber alignment.
The BP filter is also used to filter the DC component (which is typically very large for images)
because it contains no orientation information. The final step is to take the Radon Transform of
the bandpass filtered image spectrum which converts the orientation information contained in the
image spectrum from qualitative to quantitative. The Radon Transform is defined as

R{F(a,5)} = / " F(x(2). y(2)dz 1)

where, in our case, F is the filtered image spectrum. The pair (x(z), y(z)) represent the
coordinate parameterization of a straight line with respect to its length L, which is also written as
((zsina + scos @), (—zcosa + s sin @)). s is the offset between the line and the origin and « is
the line’s slope. In our case, « is the free variable and s is fixed to the value corresponding to
the line passing through the center of the image spectrum. Only the center line is used because
of the centered, radially symmetric structure of the 2D FFT. Because only the the center line
is used, the algorithm produces not an image, but a single plot. Using an angular resolution of
1°, the Radon method produces a quantitative value for every orientation from 1° to 180° that
corresponds to the relative concentration of aligned fibers at that angle. In effect, this can be
thought of as an orientation histogram.

The frequency ranges of the bandpass filters employed were (2.6, 8) mm ™! for the ACL data
and (2.6, 13.4) mm™" for the atria and cervix datasets. The low frequency cut-off was chosen
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based on physiological knowledge of the expected length of fibers in the image. In general, the
high frequency cut-off is chosen to properly filter any high frequency noise, fiber textures, or
other small structures in the image which shouldn’t contribute to the orientation measurement.
The lower high frequency cut-off employed for the ACL images was to filter the crimp pattern,
which tends to correspond to spatial frequencies around 10 mm™".

To create visualizations of the collagen fibers, a series of processing steps are utilized (Fig. 1).
The core component of the processing chain is the fan-filter [22]. The fan-filter is defined as a
size N X N array, and is parameterized for each frequency domain pixel location (/, k) based on
the minimum and maximum covered angles 61, #,. More formally, the fan-filter can be written

1 r=1cos0+ ksin0
fan(l, k) = 2

0 otherwise

where 6 € (61, 6,) and r is the distance from the center of the image to either edge of the image
for a given 8. More intuitively, we can think of the fan-filter as a symmetrical, wedge shaped
filter defined by the angles 6, 6, of the lines which pass through the center of the image and
border both edges of the wedge. The result of the fan-filter is that by taking advantage of the
rotation property of the 2D FFT, an image with aligned structures can be filtered for a specific
range of orientations.

In order to minimize the effect of the Gibbs artifact resulting from the filter’s sharp edges,
the fan-filter is convolved with a Gaussian window with standard of deviation oo = 0.9. The
fan-filter for a given image is designed based on the range of fiber orientations the user would
like to visualize. For the case of a single orientation 6, the fan-filter is designed to have a spread
of 20° where 6; = 6 — 10 and 6, = 6 + 10. After applying the fan-filter to the OCT image, an
adaptive thresholding technique is used to create a simple visualization of the fibers. We chose to
employ Otsu’s method for adaptive thresholding using a sensitivity factor of 0.6. This produces a
binary "fiber map" for a particular range of orientations, which can be overlayed in color onto the
original OCT image for enhanced visualization.

2.2. Data collection

All images were collected using a commercial, spectral domain OCT system, TELESTO (Thorlabs
GmbH, Dachau, Germany) with 6.5 um axial resolution and 15 um lateral resolution in air, and a
2.51 mm imaging depth. Immature bovine tibiofemoral joints (4 to 6 months old) were obtained
from a local abattoir (Green Village Packing Company) for imaging. Each sample (N = 4)
comprised the ligament with intact insertion connected to the bone. Multiple three-dimensional
data sets of the ACL-to-bone interface were obtained, resulting in four stacks of clear, 4.5 mm
by 4.5 mm (900 x 900 pixel) en-face images. Volumetric OCT image sets were also acquired
from four swine atrial samples, ex vivo. The atrial tissues had been dissected from healthy swine
hearts and laid flat for imaging. Cervical samples were acquired and imaged using the process
described in [23]. B-scans were reconstructed by processing the raw interferometric data in
MATLAB (R2017a, Mathworks).

2.3. Volumetric and mosaic processing

For processing 3D/volumetric image sets and large mosaic images, the fan-filter visualization
method is applied in an automatic fashion by leveraging the orientation information calculated
by the Radon method. For volumetric data, the fiber orientation distribution is calculated via
the Radon method to extract the dominant angle, then the fan-filter visualization is applied
using a fan-filter centered at the dominant detected angle. Processing 3D image volumes was
accomplished by quantifying the fiber orientation within each en-face image at each pixel depth
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Fig. 1. Flow diagram for fiber orientation quantification and visualization methods. The
"Orientation Quantification" method analyzes an en-face OCT image’s spectrum to obtain a
distribution of the angles of aligned fiber structures in the image. Peaks in the distribution
correspond with the dominant fiber angles in the image. The peak angle from the orientation
distribution is used to create the "Fiber Visualization". A fan-filter spanning +/—10° from
the dominant angle is used to filter the OCT image. The result is visualized by applying
adaptive thresholding to the fan-filtered image and overlaying the resulting binary image
back onto the original OCT image.

of the volume. Each en-face image was processed without averaging adjacent planes or taking a
segmentation projection.

The automatic visualization process is used in the same fashion for mosaic images, except that
the en-face plane is divided into 200 x 200 pixel patches and the method is applied on each patch.
This size was chosen based on assessment of the largest area over which local fibers are orientated
in a single direction. In general, this "kernel" size should be chosen based on the physiology of
the sample being processed. For very large datasets where computational efficiency is important,
a filter bank of 180 fan-filters for each possible dominant orientation is precomputed.

2.4. GPU implementation

A GPU implementation of the quantitative fiber orientation method was implemented to further
decrease the algorithm’s computation time. The majority of the algorithm was implemented using
custom CUDA kernels. To efficiently compute the Radon Transform, a GPU implementation
from the open-source AstralLabs Toolbox [24] was used.

The GPU implementation of the quantitative fiber orientation method was tested against the
CPU version of the method, a region-based gradient method [25], and a pixel-wise method [26]
to analyze computational performance. All methods were evaluated on a PC using an Intel(R)
Core(TM) i7-6700HQ 2.60 GHz processor and NVIDIA GTX970M GPU. Computational speed
as a function of image size was tested on 19 (square) OCT images whose sizes ranged from 100
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x 100 pixels to 1900 x 1900 pixels (0.01 - 3.61 megapixels) in 100 pixel increments.

2.5. Validation

The proposed method was comprehensively validated under a variety of conditions. To start,
the method is used to evaluate object orientation in a simulated image with known orientation
distribution, and sum-volume images of the ACL where results were compared with manual
measure of collagen fiber orientation.

The proposed method is also validated via comparison with two similar algorithms used by
our group in previous studies. The first we refer to as the regional or region-based method [25].
This algorithm iteratively evaluates local image intensity gradient in square patches which cover
the entire image. Each patch is assigned a single orientation corresponding to the direction
of the largest gradient. The other method we refer to as the pixel-wise method [26]. This is
another iterative method, but an orientation is assigned to every pixel in the image instead of
groups of pixels. Some pixels, however, are assigned no orientation if the local area of that
pixel is determined to be isotropic. Both algorithms use two tunable parameters: a threshold
for determining whether the local area/pixel is isotropic or anisotropic, and the size of the area
being evaluated at each orientation calculation. The thresholds used were 10~ for the regional
method and 0.4 for the pixel-wise method. Thresholds were subjectively chosen based on image
SNR and reasonable fiber visualization. Window sizes were chosen based on the band-pass filter
used in the Radon method for the most accurate comparison between methods. The pixel-wise
window was 13 pixels, which corresponds to the spatial frequency of the BP filter’s high pass
cutoff. The regional method used a window size of 41 pixels, which corresponds to the spatial
frequency directly between the low and high pass cutoffs of the BP filter. Both window sizes are
also comparable to those used in similar studies [11,27].

Additional testing was performed to validate algorithm performance in a simulated noise
environment and the low signal-to-noise ratio (SNR) environment characteristic of en-face images
at deep tissue depths. Speckle noise was simulated by first denoising a single en-face image from
a swine heart sample, and then adding random multiplicative noise. 50 different noise levels
were tested with noise variance ranging from O to 0.7. The depth sensitivity test was done by
simply evaluating algorithm performance for an image volume of the ligament portion of the
ACL. The ACL was chosen because fiber orientation in this area is know to be mostly constant
with depth [12]. The fiber orientation distribution was measured at every en-face image starting
at a depth 0.275mm from the tissue surface and ending 1.775mm deep. For both tests, the results
of the radon method are compared with the previously described regional and pixel-wise methods,
as well as manual measurements of the dominant angle. The manual measurement is taken for
the clean image only, but is compared to the other methods for all noise levels/depths as a way to
provide a simple, visual comparison to ground truth.

3. Results

Figure 2 shows results of the orientation quantification method and fan-filter visualization on a
synthetic image of a cross (Fig. 2(a)) and an image OCT image of collagen fibers in a bovine
ACL sample. For the synthetic image, the fiber orientation distribution produced by the Radon
method (Fig. 2(c)) has two distinct peaks which correspond with the orientation of the two bars
which form the cross in the image. These two orientations are indicated by the dashed vertical
lines at 45° and 135°. The fan-filter visualization (Fig. 2(b)) was generated using two fan-filters
centered at 45° and 135°, where the color corresponds to orientation. The same Radon method
was applied to a sum volume projection of the ACL to produce the fiber distribution in Fig.
2(e). The dominant orientation of the fibers in the OCT image was also approximated as the
average of five manual measurements of orientation at different image locations. This angle is
also marked by the vertical dashed line at 26.5° and corresponds nearly perfectly with the peaks
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Fig. 2. (a) Synthetic image for validation. (b) Fan-filter visualization of synthetic image.
(c) Angular distribution of synthetic image. Dashed red lines mark the true orientation of
the overlapping shapes (45° and 135°). (c) En-face OCT image of collagen fiber bundles
in a bovine ACL sample. (d) Fiber visualization of the OCT image using a 17° to 37°
fan-filter. (e) Angular distribution of the OCT image. Dashed red line marks the average
fiber orientation determined by manual measurement (26.5°).

of the orientation distribution produced by the Radon method. The fan-filter visualization (Fig.
2(d)) was generated using a single fan filter centered at 26.5°. For additional validation, the
orientation quantification method was applied to volumes of the ligament portion of the ACL
from four different ACL samples. From those results, the full width at half max (FWHM) of
the dominant fiber orientation was calculated, yielding an average alignment deviation of 16.7°
across all samples.

Figure 3 compares the fiber orientation analysis of the proposed Radon method with two
other similar methods. Both of the other methods take an iterative approach to calculate local
orientation in the image space. As suggested by their names, the pixel-wise method assigns an
orientation to each pixel in the image, while the regional method does the same for groups of
pixels. A visualization of detected fibers and their orientation in Fig. 3(a) is shown for the Radon
method (Fig. 3(c)), pixel-wise method (Fig. 3(d)), and regional method (Fig. 3(e)). From visual
inspection of the image, we can see that collagen fibers are horizontally aligned. Additionally,
the fibers have distinct crimps which run mostly vertically with respect to the image frame.

All three methods are successful at labelling the most distinct fibers with the correct orientation;
however, it’s clear that in some areas the crimp features dominate and that area is labelled with
the crimp orientation instead of the overall fiber orientation. This effect is evident in the fiber
distributions shown in Fig. 3(b). The curve in blue was produced by the Radon method while
the other two are histograms of the images in Fig. 3(d) and Fig. 3(e). All three curves were
normalized to the maximum detected orientation. Looking at each curve, we can see that the
pixel-wise method is the most accurate in terms of detecting the dominant fiber distribution. The
Radon method has the same dominant angle, and shows it more distinctly than the pixel-wise
method, but also has some small peaks around 110° which likely corresponds to the fiber crimps.
The regional method also gives the correct dominant angle, but has far fewer total measurements
and is significantly more sensitive to the fiber crimping than the other two methods.
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Fig. 3. Fiber visualization results are compared using three different approaches. (a) OCT
en-face image of collagen fibers in the ligament portion of the ACL. The collagen fibers are
horizontally oriented, but have a crimped feature with vertical orientation. (b) Normalized
distribution of fiber orientations in (a) using the Radon method, regional method, and
pixel-wise algorithm. Fiber visualization results using the Radon/Fan-Filter method (c), the
pixel-wise algorithm (d), and regional algorithm (e).

To demonstrate the viability of the algorithm for larger datasets, en-face mosaics of a human
cervix cross-sectional sample (Fig. 4(a)) and swine left atrium (Figs. 4(c) and 4(d)) were
processed. The algorithm was applied iteratively on 200 x 200 pixel patches. At each patch, the
fiber distribution was calculated and the patch was fan-filtered using a 20° wide filter centered
at the dominant fiber orientation. In the cervix mosaic (Fig. 4(b)), the fiber overlay provides
a visualization of the ordered, circular structure of collagen fibers in the outer canal, and the
transition to more random alignment at the inner canal, which is in agreement with previous
studies [27]. In all the fiber overlays, the fibers are colored according to the dominant angle
calculated in the fiber distribution step. To visualize depth-dependent fiber architecture, the fiber
visualization method was applied to an image volume of the swine left atrium and insertion
region of the ACL. The algorithm was applied to every en-face plane and combined into a 3-D
image stack (see Visualization 1 and Visualization 2). Figures 4(c) and 4(d) show cross-sections
of the swine atrium at the entrance to the pulmonary vein branch at depths of 8.5um (Fig. 4(c))
and 108.5um (Fig. 4(d)) below the surface of the tissue. The fiber visualization offers a view
of the atrium’s depth-dependent fiber architecture. Interestingly, in some areas fiber alignment
stays relatively constant in depth (immediately southwest of the entrance to the pulmonary vein
branch), while other areas change more rapidly (lower left side of the image). Snapshots of the
3-D model are shown in Figs. 4(e) and 4(f) which were taken from Visualization 1.

Computational efficiency of the Radon method and fan-filter visualization was tested and
compared with the regional and pixel-wise methods. Each algorithm was timed on a square image
where total computation time was based solely on the algorithm itself, not data loading/saving,
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Fig. 4. (a) OCT en-face mosaic of human cervix cross-section completely spanning the
edges of the outer canal. (b) Collagen fiber visualization created through iterative application
of the fan-filter visualization algorithm on 200 x 200 pixel patches and overlaying the result
on the original mosaics. (c,d) OCT en-face mosaics of a swine left atria cross-section at two
different depths separated by 100um . (e,f) 3-D views of collagen fiber visualization. The
visualization method is applied to a stack of en-face images to create a 3-D fiber model. Refer
to Visualization 1 for a video representation of the 3-D fiber model. Color bars correspond
to dominant fiber orientation in the en-face plane [0° - 180°]. Scale bars represent 2 mm.
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Fig. 5. (a) Computational speed test results for the proposed method, its GPU implementation
and two similar methods. Total algorithm computation time was measured for each method
and image sizes ranging from 0.01 to 3.61 megapixels. The slowest method was the pixel-
wise algorithm, followed by the region-based gradient method. (b) Comparison between
Radon method alone, Radon with the fan-filter visualization, and their GPU implementations.
The GPU implementation of the Radon method proved to be the fastest at 0.39 seconds for
a 3.61 megapixel (1900 x 1900 pixel) image. This is a nearly three orders of magnitude
speed-up from the pixel-wise method and an order of magnitude speed-up from the CPU
implementation.

pre-processing, or display. In the case of the GPU implementation, the reported times include
the algorithm’s computation time and the time needed to transfer data back and forth between the
GPU and host computer. The results of the test are shown in Fig. 5, where Fig. 5(a) shows the
results for all the visualization methods and Fig. 5(b) focuses on the various implementations
of the Radon method. The difference in algorithm speed is minimal for small image sizes, but
increases dramatically as the image gets larger. Overall, the results go as expected: the slowest
are the pixel-wise and regional methods (both iterative approaches) followed by the combined
Radon/fan-filter method, then the GPU Radon/fan-filter, the Radon only, and the GPU Radon only.
The Radon only versions are reported in addition to the Radon+fan-filter combined method since
some applications might not require the fan-filter visualization step (e.g. detecting dominant
fiber orientation). Taking a closer look at the times for the one megapixel image, which is closest
to the typical size of an en-face OCT image, the pixel-wise method took 48.5 seconds, while
the Radon+fan-filter method took 1.5 seconds, well beyond an order of magnitude improvement.
Comparing to the Radon-only GPU implementation which took 0.16 seconds, the improvement
is close to three orders of magnitude.

The performance of the Radon, pixel-wise, and regional methods was tested for an OCT image
of the swine left atrium in which speckle noise was artificially added for a normalized noise
variance ranging from O to 0.7. The cleaned image with no artificial noise is shown in Fig.
6(a) next to the noisiest image in Fig. 6(b). To compare the three algorithms, a distribution of
fiber angles was created for the pixel-wise and regional methods by histogramming the detected
orientation at each pixel/region of the output image. The dominant angle was chosen as the
orientation with the highest count in the histogram. The fiber orientation distributions as a
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function of speckle noise variance are shown for the regional (Fig. 6(d)), pixel-wise (Fig. 6(e)),
and Radon method (Fig. 6(f)). Each column of the image is the fiber distribution for an image
with a particular noise level. The distributions are normalized to the max fiber angle across
all noise levels. Figure 6(c) plots the dominant angle for all three algorithms comparing to the
manually measured dominant angle (solid line) of 79°.

To quantitatively compare the performance of the three algorithms, average relative error
with respect to the manual measurement and standard deviation in the detected dominant angle
were calculated at all tested noise levels. The Radon method had the best performance when
compared to the manual measurement with an average relative error in dominant angle of 0.98%
and standard deviation of 0.3°. The pixel-wise method also performed well with an average
relative error of 7.76% and standard deviation of 3.92°. The region based method proved to be
significantly more susceptible to noise. The average relative error was 26.4% with a standard
deviation of 24.7°

A similar assessment of algorithm performance was applied to an ACL image volume starting at
a depth of 0.275 mm (Fig. 6(g)) and ending at 1.775 mm (Fig. 6(h)). Based on the specifications
of the imaging system, Fig. 6(g) is representative of depths with a very strong SNR, while Fig.
6(h) has a very poor SNR. Fiber orientation histograms were obtained at each image spanning
the depth between 0.275 and 1.775 mm using the regional (Fig. 6(j)), pixel-wise (Fig. 6(k)), and
Radon method (Fig. 6(1)). The dominant angle detected by each method is plotted next to the
manually measured orientation (75.2°) in Fig. 6(i).

As expected, the test results show that the accuracy of each method decreases with depth.
Accuracy was quantitatively evaluated by calculating the standard deviation and relative error in
the dominant angle measured by each algorithm. The Radon method had a standard deviation of
1.98 across all depths, much less than the pixel-wise (7.29) and regional (13.9), meaning that
the measured dominant angle was more consistent compared to the other methods. Similarly,
the average relative error for images deeper than 1 mm was only 6.03% for the Radon method
compared to 17.48% for the regional and 30.08% for the pixel-wise method. These results
indicate that the regional method could be failing in a different way than the pixel-wise method.
The high standard deviation for sub 1 mm images in the regional method suggests that the
orientation measurement is being dominated by the speckle noise and is resulting in near random
measurements. This is quite different from the pixel-wise method where standard deviation was
nearly constant with depth, but the dominant angle seems to "drift" from the manually measured
orientation. This seems to suggest that the error in measurement could be the result of the low
signal rather than the noise.

4. Discussion

The proposed algorithm provides both a quantitative analysis of fiber distributions in OCT en-face
images and a corresponding orientation-encoded visualization of those fibers. The results show
that the algorithm is successful in quantifying and visualizing fibers of different organ systems,
fiber shapes, and SNRs. The algorithm is generally successful in these regimes where others may
fail, mostly because both the Radon method and the fan-filter visualization extract orientation
information in the frequency domain. This means that filtering steps can be directly implemented
into the processing pipeline to not only filter noise, but to also provide structural specificity (like
in the case of the crimped ACL fibers).

Ligaments and tendon consist of a highly oriented collagen matrix with characteristic fiber
crimp patterns, and this complex matrix organization is a critical determinant of the functional
properties of these connective tissues [28,29]. The dense collagen networks found in healthy
tissue typically exhibit a highly aligned architecture along the axis of loading, with a reported
alignment deviation of approximately 15° [12,30,31]. This is similar to what was observed in this
study. Moreover, ligament and tendon tissues have been reported to exhibit a characteristic crimp
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Fig. 6. Noise sensitivity was evaluated by measuring the fiber orientation distribution and
dominant fiber angle for a single image with artificially added speckle (multiplicative) noise.
(a,b) OCT en-face swine left atrium with 0 and 0.7 noise variance, respectively. (c) Dominant
angle was measured as a function of noise variance, calculated as the angle corresponding
to the max value of the fiber orientation histogram for the regional method (d), pixel-wise
method (e), and the radon method (f), was compared against hand-measured ground truth.
Sensitivity to depth was analyzed for an ACL image volume spanning a tissue depth of 0.275
mm (g) to 1.775 mm (g). (i) Dominant fiber orientation detected by each algorithm as a
function of depth. Fiber orientation histograms were obtained using the regional method
(j), pixel-wise method (k), and the radon method (1). In (c) and (i), the dominant angle was

manually measured for the images at noise and depth equal to 0, respectively, and is plotted
as a visual reference.
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pattern consisting of transverse alternating dark and light bands [32]. In the ACL, this pattern
repeats every 45 — 60um [33] and, as the tissue is loaded under tension, these crimps appear to
flatten and straighten out, thereby acting as a shock absorber during tissue deformation [32, 34].

It is exciting that both collagen fiber organization and the crimp pattern can be observed by
OCT imaging and, moreover, quantified via the novel fiber detection algorithm described here.
Past studies of collagen matrix organization in ligaments have been largely based on histology
images and/or electron microscopy, while OCT enables live imaging of both cell and matrix in a
physiologically relevant setting. Findings from this study provide new insights into collagen fiber
organization and serve as benchmark criteria for successful tissue regeneration.

The Radon-based fiber orientation method was designed to closely resemble the method
proposed by Mega, et al for Second Harmonic Generation Microscopy images [21]. The primary
goal in this study was to create a method for quantifying and visualizing fiber orientation as fast
as possible without significant sacrifices in accuracy. We felt the Radon method was best suited
to this task because its Fourier-based approach offered simplicity, robustness, and efficiency to
the task in a way other algorithms did not. Two steps from Mega’s method which were removed
to further improve the speed of the method were histogram equalization and median filtering of
the image spectrum, which we found to have minimal effect on the detection of the dominant
fiber angle. This was advantageous towards decreasing computation time because the resulting
method was completely linear.

Fan-filters are also not a new idea; however, to the best of our knowledge, there have been
no published works which apply them to the task of fiber visualization. Furthermore, the idea
of combining fan-filters with a fiber orientation detection algorithm in order to automate fiber
visualization processing for very large image volumes or mosaics is a completely novel application
of these methods. There are also many ways in which the fan-filter visualization step can be
improved. Significant work has been (and continues to be) devoted to efficient and accurate
design of 2-D FIR fan-filters [22,35-37]. The method we chose for creating the fan-filters is
fast and flexible, but by no means produces a filter with benefits of a true FIR design. While
not very simple to implement, employing design strategies like that proposed by Bindima, et
al. will likely increase the accuracy of the fiber visualization. Another area for improvement is
processing image volumes and mosaics of heterogeneous tissues. Currently, the method assumes
that every image consists mostly of fibers and that SNR is high enough to resolve them. In future
work, detection criteria can be incorporated to determine which areas have fibers so that the
process can be further automated.

To the best of our knowledge, algorithm performance in the presence of noise or in low
SNR regions has not been previously examined in other studies proposing similar methods.
The motivation for assessing algorithm performance under these conditions is that they are not
only prevalent, but largely unavoidable in OCT imaging. While a plethora of OCT denoising
techniques have been proposed, the most effective techniques can take many second to process a
single image which is prohibitive to any real-time processing task where processing time needs
to be on the order of milliseconds [38,39]. We felt that to propose an algorithm for processing
OCT images that could work real-time it needed to be robust enough to noise and poor SNR
that lengthy pre-processing steps would be unnecessary. To this end, the results of the noise test
were encouraging. For both the simulated noise case and the low SNR case, the Radon method
produced consistent and accurate results, especially for the task of the measuring the dominant
fiber angle. Based on this assessment, the Radon method should be capable of reliably measuring
fiber orientation in OCT images as deep as 1.5 mm below the tissue surface.

To our knowledge, the Radon and fan-filter combined method for quantifying and visualizing
collagen fiber orientation is the fastest of such algorithms to be proposed. The results of the
computational efficiency test (Fig. 5) demonstrate this improvement which is even further
improved with larger images. When choosing a particular fiber orientation and visualization
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method, there is always some trade-off between computational efficiency and accuracy. Based on
the performance comparison (Fig. 3) and the computational efficiency test (Fig. 5), it’s clear that
the pixel-wise method sacrifices speed for precision and detail, the proposed Radon method has
the opposite trade off, and the regional method lies somewhere inbetween the two.

Ultimately, the best choice of algorithm depends on the application. When analyzing samples
with high local variability in tissue structure and when capturing all the detail of the fiber
architecture is important, then pixel-wise methods are likely most appropriate. If the application
only requires determining the dominant fiber orientation over a large area and the fiber architecture
is not too complex, then the Radon method is probably sufficient. Although only demonstrated
for OCT, the Radon Method is not specific to any imaging modality and could be used to improve
fiber analysis in PS-OCT as well. The novelty of the Radon method combined with the fan-filter
fiber visualization is that the computational efficiency is so improved compared to other methods
that new applications for collagen fiber characterization may now be possible. As an in-vivo
imaging technique, OCT particularly benefits from analysis which can be performed real time. In
the future, we hope this method can be used to assist in real time analysis of fiber architecture
for dynamic imaging tests such as analyzing the ACL during leg inflection, a pumping heart, or
stretching of the cervix and uterus during pregnancy.

5. Conclusion

In this manuscript, an algorithm was presented for quantitative fiber orientation analysis and
visualization in en-face OCT images. The method was validated against similar algorithms
and manual measurement, for various samples including swine heart, bovine ligament, and
human cervical tissue, and for images with low SNR and high speckle noise variance. We
found the proposed algorithm to be less susceptible to uninformative orientations produced
by fiber crimping and speckle noise, and was capable of obtaining reliable measurements of
dominant fiber orientation from areas deeper in tissue when compared with similar methods.
Most notably, the proposed method was significantly more computationally efficient than other
iterative techniques. A GPU implementation of the technique was implemented resulting in an
order of magnitude improvement in computation time. In future work, we hope to incorporate
this method into an OCT system for real time measurement and visualization of collagen fiber
orientation.
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