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Abstract. Optical colonoscopy is the preferred modality for the screen-
ing and prevention of colorectal cancer. Chromoendoscopy can increase
lesion detection rate by highlighting tissue topography with a colored
dye, but is too time-consuming to be adopted in routine colonoscopy
screening. We developed a fast and dye-free technique that generates
virtual chromoendoscopy images that incorporate topography features
acquired from photometric stereo endoscopy. We demonstrate that vir-
tual chromoendoscopy augmented by topography achieves similar image
quality to conventional chromoendoscopy in ex-vivo swine colon.

Keywords: optical colonoscopy, chromoendoscopy, photometric stereo
endoscopy, topography.

1 Introduction

Colonoscopy screening reduces the risk of mortality from colorectal cancer by
finding and removing precancerous lesions in the large intestine. However, the
protective value of colonoscopy screening is limited because endoscopists fre-
quently miss lesions [1, 2]. Chromoendoscopy is a technique that enhances tissue
contrast in endoscopy by spraying and rinsing a dye over a tissue surface. In-
digo carmine is often used as a chromoendoscopy dye for colonoscopy. As a
nonabsorbed dye, indigo carmine increases lesion contrast by highlighting topo-
graphical irregularities in the colon mucosa [3]. Unfortunately, even though chro-
moendoscopy with indigo carmine is known to significantly improve adenoma
detection rates [4, 5], it is not used in routine colonoscopy screening because
the process of iteratively spraying and rinsing the dye dramatically increases the
procedure timbale [1]. Thus there is a need for alternative techniques that in-
crease the contrast from topographical features of the mucosa without increasing
procedure time [6].
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(a) (b)

Fig.1. (a) Image and topography obtained by PSE. (b) Virtual chromoendoscopy
calculated by incorporating features from the image and topography of the same field
of view as in (a). (c) Dye-based chromoendoscopy image performed in the same field
of view as (a).

There have been several efforts to develop dye-free techniques for rapid vir-
tual chromoendoscopy that would be practical for use in routine colonoscopy
screening. For instance, Olympus, Pentax, and Fujinon have introduced Narrow
Band Imaging (NBI), i-Scan, and Fujinon intelligent chromoendoscopy (FICE),
respectively, as spectral approaches to emphasize superficial tissue structure and
vascular patterns. All of these techniques create a non-photorealistic image us-
ing a combination of selected wavelength channels [7]. However, unlike dye-based
chromoendoscopy, these virtual chromoendoscopy techniques have failed to show
a convincing improvement in colonoscopy adenoma detection rates [8-10]. A ma-
jor limitation of existing virtual chromoendoscopy approaches is that the origin
of the contrast in these techniques (the optical properties of the tissue) is fun-
damentally different than that of dye-based chromoendoscopy (the tissue topog-
raphy).

In this paper, we present a virtual chromoendoscopy technique that, unlike
previous approaches, enhances contrast based on topographical features. We
use photometric stereo endoscopy (PSE) [11], to acquire both the conventional
uniform illumination images and high-frequency topographical images of the
field-of-view. Though the low-frequency spatial information is not captured with
PSE, the high-frequency topography is more clinically relevant. In fact, dye-
based chromoendoscopy also preferentially highlights the sharp topographical
changes in the mucosa surface. Our approach, called Virtual Chromoendoscopy
Augmented with Topography (VCAT), produces images that are comparable to
those obtained with dye-based chromoendoscopy (Figure 1).

2 Experimental Setup

Videos of tissue illuminated from a sequence of four alternating white-light
sources were acquired using a Pentax gastroscope (EG-2990i) that was modified
for clinical PSE in a similar manner to a previous report [12]. We used a Pentax
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EPK-i5010 video processor which outputs a digital signal that is synchronized
with the 15 Hz frame rate of the endoscope image sensor. The synchronization
pulses were converted to a cycle of four sequential pulse trains that were sent to
an LED driver via an Arduino microcontroller. The LEDs (Mightex FCS-0000-
000) were coupled to 1mm light guides with diffusing tips at the distal end. We
turned off the conventional light sources and used only these custom LED sources
to illuminate the sample. The four optical fibers were oriented at equal angles
about the center of the gastroscope tip. Each fiber delivered a maximum radi-
ant flux of 18 mW of white light. The resulting system acquired high-definition
images (1230 x 971 pixels) and enabled topographical reconstructions every four
frames (3.75 Hz) in a system that has the same outer diameter (14 mm) as
conventionally-used colonoscopes.

The high frequency topography of the field of view was calculated using a pho-
tometric stereo endoscopy method which reduces errors arising from an unknown
working distance by assuming constant source vector directions and high-pass
filtering the calculated topography map (11). The underlying assumption is that
the error incurred in the fixed estimation of light source positions changes slowly
from pixel to pixel, and can thus be corrected by filtering the shape gradients
with a spatial frequency high-pass filter. The four source vectors for all pixels
in the image were assumed to be equal to that of a pixel in the center of the
field-of-view, for which source vectors were calculated assuming a 40 mm work-
ing distance. The resulting x and y gradients calculated by photometric stereo
were high-pass filtered by subtracting a low-pass image resulting from blurring
gradients with a 100 pixel Gaussian kernel with o = 100 pixels. A height map is
estimated from the high-pass filtered gradients using a multigrid solver for the
Poisson equation that minimizes integration errors (11).

To demonstrate and validate the potential of topography-based virtual chro-
moendoscopy, we imaged three ex-vivo swine colons. Each of them was cleaned,
cut, and spread open on a flat surface. The PSE endoscope was fixed above
the tissue and images were acquired before and after spraying and rinsing an
approximately 0.5% solution of indigo carmine chromoendoscopy dye. Although
there are no accessible swine models for colorectal cancer, swine colon do ex-
hibit a range of surface topographies that are qualitatively similar to normal
and abnormal regions in the human colon.

3 Virtual Chromoendoscopy Augmented with
Topography

We use PSE to simultaneously acquire conventional white light images and to-
pography information. Specifically, we calculate the uniformly illuminated image
I, the surface normal maps N, and the tissue height maps h from the PSE im-
ages. VCAT combines information from the conventional, uniformly-illuminated
image and topographical measurement to emulate the dye accumulation in to-
pographical features in dye-based chromoendoscopy (Algorithm 1).
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Data: Photometric Stereo Images I. Weight vector w
Result: Virtual Chromoendoscopy Image Ivcar

while New Image I, do
— remove specular reflections from I,, — I

— perform PSE to compute the normal and height maps
I° = {1727 271, 767,72717273} — {h7N}

— estimate a uniformly illuminated image from I¢ — I,

— equalize the image to match the color and intensity properties of a canonical
chromoendoscopy image I, — I

— generate features from {Ilc,h, N } — f

— combine the features to generate the VCAT image Ivcar = f(f)

end

Algorithm 1. Virtual chromoendoscopy augmented with topography

3.1 Removal of Specular Reflections

We use a photometric stereo algorithm that assumes that the object has a Lam-
bertian surface remittance. Consequently, specular reflections from the wet tissue
surface create artifacts in the topographical reconstruction. These errors create
artificial dips and bumps that may be highlighted by virtual chromoendoscopy.
Since the fiber optics of our photometric stereo system closely represent point
sources and the surface of the colon varies smoothly, specular reflections appear
in our images as circular-like shapes of high brightness. To detect them we use a
scale-space approach based on the Laplacian of a Gaussian filter. For each image
I, we compute its convolution with a Laplacian of Gaussian filters at different
scales o and normalize them with o2. We then project the scale-space approach
into a single 2-dimensional image I;, = max, (I, * LoGa)ch. Pixels that have a
greater value than the mean plus three standard deviations in I;, are considered
specular reflections and removed from the image. The values of the corrected
image I at those locations are estimated by solving Laplace’s equations from
its boundary pixels.

3.2 Features for computing VCAT

For each set of images I, we compute features that are combined to generate a
virtual chromoendoscopy luminance image. We compute five features that are
based on both the image information as well as the topography:

Equalized uniformly illuminated image I.: We compute I, as the L chan-
nel of the mean value of the four sequential images acquired by the PSE
system, after correcting for specular reflections and converting it into Lab
color space. I = (IS + IS | + IS o+ I¢_5)/4. We adjust the brightness and
contrast of the uniformly illuminated image so that it matches those of a
canonical chromoendoscopy image.
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Height map: We decompose the height map obtained from PSE into two fea-
tures: pits and crevices, depending on whether the height map is positive
or negative.

0: Angle of the surface normal with respect to the z direction.

Image offset: A vector of ones added to compensate for image offsets.

3.3 Feature Combination

The goal of virtual chromoendoscopy is to replicate as faithfully as possible an
objective chromoendoscopy image I.,. Towards that end, we estimate the lu-
minance of the VCAT image as a linear combination of image and topological
features f. We use a minimization process to obtain the weight vector w that op-
timally combines the features, using as a cost function the squared error between
the estimated luminance image and the luminance of the real chromoendoscopy
; L

image I3,

W = argmin |5 — - w|]. (1)
w

This linear problem can be solved by applying Moose-Penrose pseudoinversion
of the feature matrix and multiplying it by the objective image:

W = pinv(f) - I5,. (2)

The same process can be applied when estimating the weighting vector w with
several images by changing the objective image I, and the features f in Eq. 1
for a concatenation of the images and features.

3.4 Virtual Chromoendoscopy Image Estimation

Given an input image I,,, its features f, and the weight vector computed pre-
viously w, the luminance of the virtual chromoendoscopy image I{;C A 1S esti-
mated as a linear combination of the features, using as weights :

Ifoar = f- . 3)

The color components of the virtual chromoendoscopy image are obtained by
equalizing the chrominance of the original image I,, to match the chrominance
of the canonical chromoendoscopy image.

4 Evaluation

We equalized the brightness and contrast of each I, acquired in three differ-
ent swine colons to reduce illumination artifacts. We evaluated the VCAT by
comparing I{, -4 with I7,.
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Fig. 2. First and third samples of our training images. Second and fourth rows show
zoomed in regions of the samples. (a) Original images after removing specular reflec-
tions. (b) Image of same field of view as left column after applying dye-based chromoen-
doscopy. (c) VCAT. (d) Virtual chromoendoscopy by equalizing the color statistics of
the conventional image in the left column to that of the chromoendoscopy image in
the middle-left column. Qualitatively, the VCAT technique appears to enhance regions
with ridges in the same way that real chromoendoscopy does, as highlighted in the
second and fourth rows.

4.1 Evaluation Methodology

We performed leave-one-out cross-validation to estimate the performance of the
system on unseen images. For each image sample i, we compute the weighting
vector w; with the remaining pair of PSE images and real chromoendoscopy and
reconstruct the estimated Ij, o 4.

In order to evaluate if the topographical features described in Section 3.2
help on the generation of realistic VCAT images, we generate virtual chromoen-
doscopy images without using the topographical features: I’.. We do so by ad-
justing the brightness, contrast and color channels of the uniformly illuminated
images to that of the canonical chromoendoscopy image. We compare those two
sets of virtual chromoendoscopy images, {I{,- 41} and {I}_}, to the objective im-
age, {1}, }, using two similarity measurements: root mean squared error (RMSE)
and the structural similarity index (SSIM) [13]. The SSIM index is a framework
for image comparison as a function of their luminance, contrast, and structural
similarity. Since we are minimizing the norm of the difference between {I{,c 41}
and {I’, }, the RMSE will correspondingly decrease within the training set. How-
ever, since we are performing leave-one-out cross-validation the RMSE from the
test image is a valid metric for evaluation.
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Table 1. Quantification of the similarity between real chromoendoscopy, the proposed
virtual chromoendoscopy, and virtual chromoendoscopy by color equalization for the
two evaluation metrics: RMSE and SSIM

Measure RMSE SSIM
Sample S1 S2 S3 p-value S1 S2 S3 p-value
Ivcar 3.06 6.32 4.12 0.882 0.747 0.848

I, 3.216.68 4.28 0.08 0.815 0.704 0.771 0.026

We further demonstrate our system in three different videos of the porcine colon.
However, we can not quantify the effects of virtual chromoendoscopy in such videos
since we do not have registered real chromoendoscopy frames to them.

5 Results

Figures 1 and 2 compare images obtained from VCAT and real chromoendoscopy.
As expected, images from VCAT incorporate topographical contrast by high-
lighting the ridges and darkening the pits in the colon mucosa. Figure 2 also
shows virtual chromoendoscopy obtained by color equalization. Color equaliza-
tion is done by scaling and shifting the a and b components of the image in Lab
color space to match those of a canonical chromoendoscopy image. Qualitatively,
VCAT produces images that are more similar to real chromoendoscopy than vir-
tual chromoendoscopy by color equalization, as highlighted in the second and
fourth rows of Fig. 2.

The quantification of the image improvement is shown in Table 1. Incorpo-
rating topographical features results in both lower RMSE and higher SSIM. We
performed a student t-test on the results to show their statistical significance.
Although we have only three points in our dataset, the improvement p-value for
the SSIM metric is statistically significant.

6 Discussion

While PSE can reconstruct the 3D topography of the colon surface, the inter-
pretation of this additional information may require a steep learning curve for
the gastroenterologist. Chromoendoscopy, on the other hand, highlights features
from the colon topography in a way that is intuitive and familiar to gastroen-
terologists. In this paper we have proposed a method to generate images that are
similar to chromoendoscopy but incorporate the 3D topography of the field of
view that is easily and quickly acquired from PSE. We have showcased and quan-
tified the technology in a dataset of three registered images of three ex-vivo swine
colon, demonstrating that virtual chromoendoscopy images that include topo-
graphical information more closely resemble real chromoendoscopy images than
those that do not include topographical information. This technique could enable
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gastroenterologists improve their lesion detection rates in routine colonoscopy by
incorporating the clinically-valuable topographical contrast obtained by PSE in
a familiar representation. The evaluation of the performance of VCAT in ex-vivo
and in-vivo human colon tissue is underway.
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