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Abstract

Worldwide the colorectal cancer is one of the most common public health problems, consti-
tuting in 2010 the seventh cause of death. This aggressive cancer is firstly identified during
an endoscopy routine examination by characterizing a set of polyps that appear along the
digestive tract, mainly in the colon and rectum. The polyp size is one of the most important
features that determines the surgical endoscopy management and even can be used to predict
the level of aggressiveness. For instance, the gastroenterologists only send a polyp sample
to the pathology examination if the polyp diameter is larger than 10 mm, a measure that
is achieved typically by examining the lesion with a calibrated endoscopy tool. However,
the polyp size measure is very challenging because it must be performed during a procedure
subjected to a complex mix of noise sources, such as: the distorted optical characteristics
of the endoscopy, the exacerbated physiological conditions and abrupt motion. The main
goal of this thesis was estimated the polyp size during an endoscopy video sequence using a
spatio-temporal characterization. Firstly, the method estimated the region with more mo-
tion within which the polyp shape is approximated by those pixels with the largest temporal
variance. On the above, an initial manual polyp delineation in the first frame captures the
main features to be follow in posterior frames by a cross correlation procedure. Afterwards, a
bayesian tracking strategy is used to refine the polyp segmentation. Finally a defocus strat-
egy allows to estimate on the clear cut frame at a certain depth as a reference to determine
the polyp size obtaining reliable results. In the segmentation task, the approach achieved
a Dice Score of 0.7 in real endoscopy video-sequences, when comparing with an expert. In
addition, the results polyp size estimation obtained a Root Mean Square Error (RMSE)
of 0.87 mm with spheres of known size that simulated the polyps, and in real endoscopy
sequences obtaining a RMSE of 4.7 mm compared with measures obtained by a group of
four experts with similar experience.

Keywords: Polyp size estimation, Endoscopy, Colorectal cancer, Polyp shape
segmentation, Spatio-temporal characterization.
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Resumen

El cancer colorectal es uno de los problemas de salud publica méds comunes a nivel mundial,
ocupando la séptima causa de muerte en el 2010. Este tipo de cancer tan agresivo es identi-
ficado prematuramente por un conjunto de polipos que crecen a lo largo del tracto digestivo,
principalmente en el colon y el recto. El tamano de los pélipos es una de las caracteristicas
mas importantes, con la cual se determina el manejo quirirgico de la lesion e incluso puede
ser usado para predecir el grado de malignidad. Acorde a esto, el experto solo envia una
muestra del pdlipo para un examen patologico, si el didmetro del polipo es méas largo que
10 mm. Tipicamente, esta medida es tomada examinando la lesién con una herramienta
endoscopica calibrada. Sin embargo, la medicion del tamano del pélipo es realmente dificil
debido a que el procedimiento esta sujeto a fuentes de ruido bastante complejas, tales como:
la distorsion Optica que es caracteristica del endoscopio, las condiciones fisiolégicas del tracto
digestivo y los movimientos abruptos con el dispositivo. La contribucién principal de este
trabajo fue la estimacién del tamano de los polipos, sobre una secuencia de video de un pro-
cedimiento de endoscopia usando una caracterizacion espacio-temporal. En primera parte,
el método estima la regién con mayor movimiento que corresponde aproximadamente a la
region del pélipo, tomando aquellos pixeles con mayor varianza temporal. Sobre lo anterior,
una delineaciéon manual de la lesion es realizada en el primer cuadro para establecer las
principales caracteristicas, para ser seguidas en los cuadros posteriores usando un método de
correlacion cruzada. Después, se usd una estrategia de seguimiento bayesiana para refinar
la segmentacién del pélipo. Finalmente, una estrategia basada en la correspondencia del
desenfoque de las imagenes de una secuencia a una profundidad o distancia determinada, se
pudo obtener una referencia para determinar el tamano de los pdlipos, obteniendo resultados
fiables. En la etapa de segmentacion, la estrategia logra un Dice score de 0,7 al comparar
con un experto en secuencias de endoscopia reales. Y en la estimacién del tamano de los
pélipo se obtuvo un error cuadratico medio (RMSE) de 0.87 mm, comparando con esferas
de tamano conocido que simulaban los pdlipos, y en secuencias de endoscopia reales se ob-
tuvo un RMSE de 4.7 mm comparando con las medidas obtenidas por un grupo de cuatro
expertos con experiencia similar.

Palabras claves: Estimacion del tamano de los pélipos, Endoscopia, Cancer
colorectal, Segmentacion de la forma de los pdlipos, Caracterizacion espacio-
temporal.
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1 Theoretical Framework

1.1 Introduction

Digestive diseases prevail as one of the most critical public health issues, reporting in 2010
more than 70 million affected people [11]. The colorectal cancer is the seventh cause of death
in the world [37], with 1.2 million new cases reported and 5000 cases reported in Colombia,
during the 2009 [23, 36, 42]. Particularly, the cancer is characterized by asymptomatic
illness characteristic, being the first evidence, a set of abnormal mucosa growth out along
the digestive tract, typically named polyps [1, 38|.

b

Figure 1-1: The progression from polyp to cancer, that usually begin as set of benign polyps
that grow from the mucosa. Firstly in (a), show the stage 0 and stage I of early
colorectal cancer, that usually begin as set of benign polyps that grow from the
mucosal (hyper cell proliferation). In (b), it is a stage II is consider as high
grade of dysplasia. In (c), the stage III the lesion is consider as adenocarcinoma
and in (d), the stage IV is a cancer tumor which invade through the submucosa
producing metastasis.

During the first cancer stages, the polyps look sessile with smooth and glassy appearance,
as illustrated in Figure. Currently, the main diagnosis mechanism to evaluate and follow
the aggressiveness of the diseases is the observational analysis through a endoscopic clinical
examination. In this case, characteristics as the irregular morphology and the size are the
main indicators of the lesion. Particularly, the speed up growing is the most important
factor to determine the disease evolution, i.e., if the lesion grows in average 3 mm per year
it is recommended a deeply histological examinations and surgical management is strongly
recommended [19, 33]. This factor is supported by different statistical analysis, for instance,
a study developed with 345 removed polyps with size larger than 10 mm were also patho-
logically analyzed found that the 83% of lesions were carcinogenic [41]. Hence, polyp size
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estimation during a routine endoscopy result fundamental to determine the surgical man-
agement, i.e., if the polyp is smaller than 10 mm [34, 40], it is removed, otherwise a sample
is sent to pathology and the procedure is re-programmed for an extirpation [38, 1, 40].
Histologically, the polyps evolution can be classified as hyperplastic, inflammatory, fundic
and adenomatous, being these two last the most probable lesions that evolve in cancer [40].
In fundic and adenomatous cases the genetic alterations disrupt the cellular proliferation,
differentiation, senescence and programmed cell death [13, 35].

Technically, a routine endoscopy examination uses a monocular video-camera equipped with
specialized wide angle lens to a wide visualization of the digestive tract [40]. During this
procedure can be used special micro-rules and biopsy forceps that allows to compare a lesion
width with known dimensions [15, 40]. This routine size estimation procedure is however
highly subjective and prone to errors because the observational expert dependency, the
handling of the measure tools, the distorted optical characteristics of the endoscopy and the
exacerbated physiological conditions. All of this facts make necessary that gastroenterologist
needed a specialized intense training to achieve reliable polyp measures [25].

1.1.1 Dealing with observational polyp size variability

The diagnosis of gastric cancer has been established in around of 94% of the patients by
using typical endoscopy clinical [47]. Following diagnosis, preoperative evaluation allows to
establish and classify the polyp malignancy based on the shape, size, color and location
characteristics according to the Borrmann classification[3]. Additionally, the morphological
characteristics of the polyps are fundamental to correlate the diagnosis with histological
analysis. However, features such as the polyp size are lost once they are excised because the
loss of blood pressure and the formalin fixation procedure [32, 43]. In spite of the importance
of the quantification of morphological polyp features, the evaluation of the polyps vary
according to the gastroenterologist experience, the techniques that support the evaluation
and the endoscopy video characteristics [3, 12].

In clinical routine, the polyps sizes are can be estimated: 1) by using an exhaustive expert
observation, 2) by associating the polyp size with open biopsy forceps or 3) with probe
tools. The most common methodology is a simple observational analysis fully based on the
doctor expertise. However, this technique is highly variable and prone to errors since there
not exist a known reference to compare the lesion. This absence of ground truth result in
inaccurate estimation, reporting around of 6.4% of error between the real and estimated sizes
[15]. Interestingly enough, the expert support the polyp size estimation by using a direct
comparison with biopsy forceps that are open near to lesion. Nevertheless, this method has
reported a 12.3% of error w.r.t real measures because the variability of the localization of the
biopsy forceps, the perspective of observation from the endoscopy and the limited range of
aperture of the device. Currently, the best polyp size estimation is obtained by supporting
the observational evaluation with probe tools. This device is a flexible grid of measure that is
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introduced by a channel of the endoscopy and allows a direct comparison with the lesion. In
a study with 100 polyps of wide range of size, a comparison of real measures with the probe
tools obtained a 3.4% the mean difference [15]. Despite of probe tools estimate the polyp
size with less error that the other classical approaches, these methodologies remain limited
because are highly dependent of the expert observation, they are in most of the cases invasives
and they are dependent of the appropriate localization of the supporting tools. Additional
techniques and devices are used during the endoscopic examination to complement or search
more specific characteristics of the pathology. For instance, in some cases are used the
echo-endoscopy device to identify extramural polyps [40]. A more sophisticated endoscopy
allows to the magnification zooms out the lesion as to show the histological characteristics
in vivo [21, 5]. Also, there exist stereo-endoscopy devices that allows to reconstruct three
dimensional surfaces, to a complete evaluation of the digestive tract [24]. Other strategies
include the virtual endoscopy from CT images to obtain three dimensional reconstruction
but with the main problem of long exposition periods to ionizing irradiation [45, 10, 8, 48].

Computational video- strategies to characterize polyps

Currently, image and video processing strategies have been adapted over endoscopy video-
sequences to characterize polyps that are non invasive, reduce the subjectivity and allows
more repeatable estimations to better predict and follow the pathology [5, 24, 10]. In gen-
eral, these strategies search predominant primitives such as the appearance, contrast, motion
among other, which are correlated with the lesion and allows to solve classification, tracking
and recognition tasks to support the diagnosis. In spite of the advantages of these com-
putational strategies, currently there exist many limitations and challenges to characterize
properly the polyps, mainly because: 1) certain zones of the image look completely saturated
due to specular highlights ! [4, 25], 2) the fuzzy boundary between the polyp and the tract
2 [25] and 3) abrupt movements of the endoscope device while carried out the navigation.

In the current state-of-the-art some computational strategies have been proposed to char-
acterize lesions along the digestive tract, most of them based on intensity, geometrical, ap-
pearance observations at each frame which commonly and require manual intervention [20].
Liu et al. [29] reconstructs a 3D intestinal tract based on flow deformation maps computed
during an endoscopy sequence. In this strategy also a set of salient point were matched and
propagated[15]. Despite of probe tools estimate the polyp size with less error that the other
classical approaches, these methodologies rem from a manual initialization to identify the
presence/absence of polyps. However, these salient points are hardly correlated in homo-
geneous textures as intestinal tract and the apparent motion estimation is noise sensible in
scenes with abrupt motion. In contrast, Bernal et al. [4] and Condessa [7] approximate the
polyp shape by using per-frame static features such local binary maps and a set of local

Lcaused by reflection and refraction of non-static light source in the mucosa of the digestive tract

2due to homogeneous texture and surrounding liquid
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derivatives which are mapped to a typical support vector machined to obtain the polyp seg-
mentation. The [4] use the intensity and edges that must follow a polyp appearance model
and [7] using a set of classical geometrical and color descriptors. Nevertheless these kind of
characterizations are sensible to strong intensity polyp changes occurred during the sequence
and fuzzy edges that can overflow the segmentation by the high illumination variation.

Other strategies have been proposed to highlight 3D polyp shape characteristics by using
geometric and brightness depth assumptions as well as manual interventions. For instance,
Hong et al [20] propose a strategy to semi-automatically reconstruct the tract by introducing
tubular prior shapes and using a sequence of images as observations. This strategy is however
limited to represent the tract as simple geometrical primitives and local deformations are
not considered. An additional work was proposed by Kaufman et al. [25] in which a 3D
representation was achieved by a local strategy in which the tract is reconstructed by sub-
regions and then partially integrated. In this approach is used shape observations and also
is refined the reconstruction with the characterization of the shadows which allows at each
frame refine the reconstruction. However this strategy is highly computational cost and the
reconstruction may take long time. Additionally, Alcantarilla et al. [2] uses a set of salient
points as information to reconstruct the digestive tract. All these strategies may fail because
the presence of noise, similar textures pattern and the abrupt changes of the camera during
the sequence.

Regarding the polyp size estimation, several computational strategies have been proposed
to cope with identification, characterization and measure of polyps. Ganz et al. [14] used a
multispectral endoscopic imaging to highlight the region that bounded the polyp, according
to certain expected histological properties. Then, the boundary is detected using a prior
shape term as regularizer. This method requires a special device to characterize the polyp,
that is to say, to define the set of histological characteristics that might be associated to the
lesion, additionally this approach results dependent on a very large database that can store
the high shape variability. Additionally, Chadebecq et al. [6] proposed a semi-automatic
method that started by manually placing a bounding box surrounding the polyp, followed
by a conventional affine registration that propagates such initial guess to the whole sequence
and estimates the best focused region by a depth learning procedure. However, in real
conditions the camera movements may be so rapid that the Rol easily losses the polyp and
the break focus is determined on the entire bounding box, with the consequent error coming
from calculating the polyp distance as a linear function of the estimated depth within the
box.



2 Estimating the size of polyps during
actual endoscopy procedures using a
spatio-temporal characterization

Presented on the “Journal of Computerized Medical Imaging and Graphics” Journal 2014,
July 2014

Colorectal cancer usually appears in polyps developed from the mucosa. Carcinoma is fre-
quently found in those polyps larger than 10 mm and therefore only this kind of polyps is sent
for pathology examination. In consequence, accurate estimation of a polyp size determines
the surveillance interval after polypectomy. The follow up consists in a periodic colonoscopy
whose frequency depends on the estimation of the size polyp. Typically, this polyp measure
18 achieved by examining the lesion with a calibrated endoscopy tool. However, measurement
i1s very challenging because it must be performed during a procedure subjected to a complex
mix of noise sources, namely anatomical variability, drastic illumination changes and abrupt
camera movements. This work introduces a semi-automatic method that estimates a polyp
size by propagating an initial manual delineation in a single frame to the whole video se-
quence using a spatio-temporal characterization of the lesion, during a routine endoscopic
examination. The proposed approach achieved a Dice Score of 0.7 in real endoscopy video-
sequences, when comparing with an expert. In addition, the method obtained a Root Mean
Square Error (RMSE) of 0.87 mm in videos artificially captured in a cylindric structure with
spheres of known size that simulated the polyps. Finally, in real endoscopy sequences, the
diameter estimation was compared with measures obtained by a group of four experts with
similar experience, obtaining a RMSE of 4.7 mm for a set of polyps measuring from 5 to 20
mm. An ANOVA test performed for the five groups of measurements (four experts and the
method) showed no significant differences (p < 0.01).
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2.1 Introduction

Colorectal cancer is the seventh most likely cause of death worldwide [37] and frequently
asymptomatic illness characterized by a set of malign polyps along the digestive tract [1, 38].
Typically, this disease is discovered during an endoscopy procedure, in which case the polyp
size is used as the main endoscopic sign that supports the decision of an immediate resection,
i.e., if the polyp is smaller than 10 mm [34, 40], it is removed, otherwise a sample is sent to
pathology and the procedure is re-programmed for an extirpation [38, 1, 40]. Usually, the
polyp size is estimated by measuring the lesion with a linear colonoscopy probe or by using
the aperture of the endoscopy forceps as a repair for comparison [15]. This estimation is a
very difficult task, highly subjective and dependent on the expert training [25]. In addition,
several technical problems may arise during the procedure, such as: 1) optical distortion
(Barrel’s effect), 2) difficult handling of the endoscope because of the bowel tone and 3) ex-
acerbated physiological conditions like increased motility or secretion [25]. Current advances
on video processing [29, 7, 4] open upactual possibility of identifying polyps during endoscopy,
with some potential advantages, namely: 1) real time estimation, 2) less-invasiveness, i.e.,
no additional tool is needed, 3) low cost procedure, and 4) a lesion characterization that
might be used as support to the diagnosis. However, developing automatic approaches for
estimation of polyp size is challenging because ofthe high variability of both the endoscopy
procedure and the polyp shape [3, 12|, interference light patterns due to the bowel motion
and blurred captures because of the varying illumination conditions [25].

Current approaches far proposed for segmenting and estimating the polyp size, use features
derived from their geometry, appearance and size but difficulties in estimating these param-
eters limit the accuracy of these methods [20]. Aiming to delineate the polyp, Liu et al.
[29] simulate a geometrical 3D intestinal tract, computed from a flow deformation map that
matches a set of salient points from consecutive frames. Such method results computation-
ally expensive and prone to errors because the salient points are hardly correlated. This
strategy only predicts the presence/absence of the polyp, requiring an initial manual inter-
vention. In [7], a per-frame polyp shape is estimated by using a set of classical geometrical
and color descriptors, a strategy that fails under non controlled illumination conditions. In
contrast, Bernal et al. [4] approximate the polyp shape by using per-frame static features
that must follow a polyp appearance model. This characterization may fail if the polyp is
blurred in the endoscopy video, as usually observed in real scenarios. For estimating the
polyp size, Chadebecq et al. [25] introduced a prior Rol bounding the polyp and tracked
the lesion using a temporal rigid transformation. Afterward, an infocus blur allowed a Rol
size estimation. However, in real conditions the camera movements may be so rapid that
the Rol easily losses the polyp.

Recent strategies involve the fusion of video-endoscopy with ultrasound images. Neverthe-
less, such echo-endoscopy device is mainly indicated in case of extramural polyps, i.e., it
makes possible to measure advanced stages of the polyp and its use is highly expert depen-
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dent [40]. Other strategies include the virtual endoscopy from CT images [45, 10, 8], a 3D
reconstruction that requires long exposition to ionizing radiation, report low sensitivity rates
8, 10, 48] and is purely diagnostic and polyps finally must be removed during an endoscopy
procedure.

The main contribution of this work is a semi-automatic method that delineates the polyp and
estimates its size in a video sequence, using a local spatio-temporal characterization and an
automatic defocus strategy.In this approach, an initial manual delineation in a single frame
is propagated using a per-pixel motion descriptor built while the camera is moving, assum-
ing only a statistical dependence with the precedent frame. An additional Bayes strategy
couples the per-pixel motion descriptor with prior motion information, approximating the
shape during occlusion phases. The polyp size is then estimated from the resulting polyp de-
lineation, using a focused estimation of the whole sequence with a calibrated camera model.
This paper is organized as follows. In section 2.2 describe the proposed strategy, in section
2.3 present the evaluation and result of method, in section 2.4 is the discussion of proposed
approach and in section 2.5 the conclusions and the future work.

2.2 Proposed Approach

The present strategy segments, tracks and measures polyps during an endoscopy procedure.
An initial manual polyp delineation in the first frame captures the main features to be used.
This characterization and the motion history endoscopy coarsely follow the polyp in the
sequence. Afterwards, a classical second order kalman filter, a bayesian tracking strategy, is
used to refine the polyp segmentation, obtained from the spatio-temporal characterization.
Once a polyp is identified and segmented, the polyp size is computed using an offline depth
defocus strategy. The pipeline of the proposed approach is illustrated in Figure 2-1 and
further described in the following subsections.

2.2.1 Radial distortion correction

In general, radial endoscopy distortion produces non linear incremental deformations from
the optical center to the outer regions, affecting the object relative size and position [31,
28]. The wide-angle lens distortion (barrel’s effect) was corrected by estimating the camera
parameters using a bank of artificial images (see Figure 1(c)). Assuming an orthogonal
coordinate system, every point in the image space x is related to the real world X by a
pinhole model defined as x = ff&, where f is the focal length and z the distance from the
object to the camera lens. This model estimates the focus camera length, the scale factor, the
distortion coefficient and the optical center point. This nonlinear distortion was aproximated
by power series and corrected as r, = ry(1 + k *r3), being k the radial distortion coefficient
and ry the image with the corrected distortion.
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2 Estimating the polyps size
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Figure 2-1: Pipeline of the proposed approach. The method is composed of four main steps.
Firstly in (a), a spatio-temporal characterization allows to coarsely follow the
polyp. In (b) a polyp tracking strategy was then used to refine the polyp
segmentation. Finally a camera calibration model (c¢) and a depth defocus
strategy (d) was used to measure the maximum size diameter of the polyp

segmentation obtained.

2.2.2 Preprocessing and polyp initialization

A polyp is an intestinal protuberance whose appearance may be easily confounded with the
surrounding tissues, leading most segmentation procedures to fail. The proposed approach
starts by an expert delineation of the polyp contour in the first frame to capture specific
polyp features. The polyp contour X is represented as a parametric curve defined as:
X = ${x:}ry, (Z,9) ¢, where {x:}I", is a set of n points contouring the polyp with its
centroid defined in (Z,y). Such delineation defines a neighbour Rol around the lesion, the
Rol, with size { Rol; = Xy + &}, being & a tolerance value. Afterwards, the histogram of the
whole sequence was equalized and a gaussian filter, with ¢ = 0.7, was applied to remove the

granular noise.
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2.2.3 Quantifying the polyp motion patterns

During an endoscopy navigation, the expert always tries to track the polyp with translational
movements, attempting to generate a depth perception by amplifying the motion of nearby
structures!. Using a background subtraction strategy, the proposed approach estimates the
region with more motion, within which the polyp shape is approximated by those pixels with
the largest temporal variance [30]. For so doing, a per pixel history motion M;(z,y) (reference
model), storing those pixels that are relatively motionless and correspond to the background,
is firstly calculated as My(z,y) = M1 (z,y)+sign(l(x,y)—M;—1(z,y)), where I; is a partic-
ular frame at time ¢. A likelihood function A;(x,y) measures the instantaneous pixel motion
at time ¢t w.r.t the background history motion, being A;(z,y) = |Mt(q:, y) — I(z, y)‘ The
lesion is then the set of pixels with a relevant motion defined by the bidirectionally likelihood
function, i.e., in the forward and backward temporal directions of the whole video-sequence
(causal and anti-causal analysis). The bidirectional computation of the motion pixels re-
covers the lesion at each time as: A¢(x,y) = (o) Az, y) 4+ (1 — o) Abackward (g 4y,
where a = % is a temporal weight parameter. Finally, moving pixels that better represent
the polyp shape are selected by simple thresholding the estimation A¢(x,y) with a learned

scalar parameter T as: Sby(x,y) = A¢(x,y) > 7, yielding the motion segmentation.

2.2.4 Tracking the Region of Interest (Rol)

The initial position of the Rol; that bounds the polyp delineation is then propagated to the
rest of the image space and motion history sequences. For doing so, the motion history is
correlated for every pair of consecutive frames [27], as:

(n—1) (m—1)
Roly(x,y) = arg -max ; ZO A¢(i,j) * Roly_1(x — i,y —j) (2-1)
1= 7=

Where Roli(x,y) is an estimation of the polyp location corresponds then to that maximally
correlated Rol.

Such Rol in the motion history space is mapped to the image space, where a minimal per-
pixel euclidean distance w.r.t. the precedent Rol; 1, allows to obtain an additional polyp
segmentation Si;(z,y), the intensity segmentation. Then, an improved segmentation is ob-
tained by fusing the two mentioned segmentations as the intersection of the intensity Si;(z, y)
and motion Sb;(z,y) (defined in the previous subsection), Z; = {Si:(x, y)®Sb:(z,y)}.

Additionally, a classical morphological operator removes the remaining noise, basically groups
of isolated polyp regions. Finally, The obtained segmentation is transformed to a polar space,
where a simple smoothing preserves the global shape.

Lclassically known as motion parallax (right-left movements) [39] and kinetic depth perception (rear-front
movements) [46]
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2.2.5 Tracking the polyp

During an actual endoscopy procedure, a polyp may be missed because of some abrupt
camera motions or presence of some digestive fluid that might partially occlude the intestinal
tract. With a proper frame-rate capture, it is reasonable to assume a relatively smooth polyp
motion, even when the polyp is partially occluded.

A bayesian strategy estimates and tracks the polyp, modeling the probability p(}/(\t|Zt)
of the state of the polyp delination )/(\t at time ¢, given the spatio-temporal observations
Z, = (Zy,...,Zy). This model is assumed markovian, i.e., the current state of the system
stores the relevant information. Such Bayesian strategy requires a model of the dynamics
p(X¢|X¢_1) and a likelihood function p(Z;|X;) that maps the estimated polyp to the spatio-
temporal space. Once this information is avaible, the polyp delineation at a particular state,
is calculated in two steps:

e Prediction. A particular state X; is computed by updating the previous belief )A(t_l, af-
ter a prediction given by the Chapman-Kolmogorov equation: X; = [ p(X|X;—1)X;_1dx,_,

e Update. The predicted belief X; is adjusted after observations: X; o )A(tp(Zt\Xt)

For the sake of computational efficiency, a second order kalman filter models the polyp
delineation X by using the first and second statistical moments as X; ~ N (i, X2), where
¢ is the mean distribution and 2 is the covariance matrix of the state ¢. This kalman
estimator is computationally optimal because it linearizes the system with a first order
taylor series expansion.

2.2.6 Polyp size estimation

A polyp size is estimated from the obtained temporal segmentation at a fixed depth position
of the camera, as a function of the focused image [16] 2 and the pinhole camera parameters
(See in section 2.1).

The depth was herein estimated by a defocus strategy [25] that assumes each frame is
contaminated with an unknown gaussian blur with standard deviation ¢°, proportional to
the object distance to the camera. This unknown Gaussian blur is estimated by convolving
the image with a known Gaussian blur and computing the difference between gradients of
the original (unknown blur) and blurred (known blur) images. This gradient ratio R; is

b

proportional to the unknown standard deviation as of = \/%af, where ¢ is a known

standard deviation of a blurred gaussian.

23 well known psychophysical theory states that the distance to the camera is a function of the image

blur[16]
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Figure 2-2: the off-line depth defocus learned model is presented (a) an artificial grid image
with known defocus-depth relationship. Using this learned representation, a
depth estimation in endoscopy images finds an optimal depth distance (infocus
breakpoint) and computes the maximum polyp size (b).

In an off-line posterior training step, the blur coefficients, a set of correspondences between
the blur levels of a phantom image? and actual camera depths (see in Figure 2(a)), are com-
puted. A single blur coefficient is then associated to the infocus breakpoint image I B¢ ¢—jine
(the clearer cut-frame) and serves as a reference depth since this is the minimum estimated
blurring with a unique depth correspondence. Such relationship - the blur coefficients - was
herein used within the endoscopic Rol; to estimate the unblurred polyp by computing the
corresponding infocus ROI breakpoint. The unblurred polyp size (¢) is then estimated from
the segmentation previously obtained.

2.2.7 Dataset

The dataset herein used is composed of a set of videos captured using an Olympus EVIS
EXERA (GIF-1TQ160) gastrovideoscope device, provided with a field of view of 140° and a
focal length of (357.3,325.5). Each sequence was recorded in color, with a spatial resolution
of 720 per 480 pixels and a temporal resolution of 30 frames per second. Two different groups
of videos were captured for training and evaluation. The first dataset was captured under
controlled conditions using an artificial phantom grid superimposed to a set of images cap-
tured at different angles, estimating thereby the intrinsic and extrinsic camera parameters.
The depth function was trained with captures of the artificial phantom grid, as illustrated in
Figure 1(c). The grid is placed at different depth distances, using a custom platform that is
displaced in steps of 1 mm, with a maximum distance of 30 mm. Additionally, as shown in
Figure 3, a tubular structure emulated the digestive tract while a set of spheres of known size,
the polyps. Four navigations within this structure were recorded to test the proposed ap-
proach in controlled conditions. The second dataset included real endoscopic procedures and

3An artificial grid phantom was adapted for this task
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presence of polyp lesions. Ten videos were captured and four gastroenterologists annotated
the videos, segmenting the polyps and estimating their size.
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Figure 2-3: Custom tubular structure that emulates the tract with spheres of known sizes
that simulate polyps.

2.3 Evaluation and Results

The performance of the proposed approach was assessed in two different tasks: segmentation
and estimation of the polyp size. Four expert gastroenterologists delineated and estimated
the polyp size in phantom and real endoscopy sequences.

2.3.1 Polyp segmentation

Figure 2-4 illustrates the segmentation results in actual endoscopic videos. The yellow con-
tour stands for the ground truth delineation. In the second row, the red polyp delineation
is computed using an alternative tracking strategy introduced as a baseline, the classical
exponentially weighted moving average EWMA [18], for which an actual polyp delineation
is propagated along the sequence using the bhattacharyya coefficient and a set of exponen-
tially decreasing weights obtained from previous frames. Despite this strategy takes into
account the motion histoy, and the polyp is relatively well localized within the analysis Rol,
the method misses polyp changes resulting from abrupt camera movement, leading to a
wrong segmentation. In contrast, in the third row, the blue delineation is obtained with the
proposed approach, showing a reliable overlap during those periods with a relatively slow
motion. When the camera abruptly moves, the polyp appearance and size result modified,
but the proposed approach follows the lesion more accurately than the tracking observed

with the EWMA.
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Figure 2-4: Illustration of a polyp segmentation in a real sequence. First row, the original
sequence, second row: EWMA and third row, the proposed method.

Two quantitative metrics were used for assessing the segmentation task: the Dice coeffi-

cient (DSC) and the Hausdorff distance (HD). The DSC(A,b) is 2%?5) 9], where A and

B represent the obtained polyp area and the expert ground truth delineation, respectively.

The Hausdorff measure H(A, B) [22] computes the maximum distance between two sets of
points as max(h(A, B), h(B, A)) and h(A, B) = max,ca minyep ||a — b||3. In this case, each
set of points represents the polyp delineation at each frame. This measure allows to indi-
rectly assess the compactness of the segmentation since outliers are penalized. In videos
captured within the artifitial tubular structure (see in Figure 3) a DSC of 0.96 was obtained
when the phantom polyps were segmented, under controlled illumination conditions. Table
1 shows the performance obtained by the proposed approach and the EWMA tracking when
segmenting 1040 frames.

An additional comparison with the Hausdorff Distance allows the compactness of the polyp
delineation to be assessed, since this measure penalizes those pixels far from the ground
truth, reporting in such a case a small value. Overall, the proposed approach outperforms
the baseline in terms of overlapping and compactness (small Hausdorff distance). Some
segmentation errors may be caused a certain polyp occlusion is present or in cases in which
abrupt motions may change the appareance, size and shape of the polyp.
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Score | EWMA tracking | Proposed approach
DSC 0.52 £+ 0.05 0.71 &£ 0.12
HD 0.55 + 0.08 0.38 + 0.14

Table 2-1: Performance of the proposed approach using Dice Score (DM) and Hausdorff
distance (HD)

2.3.2 Polyp size estimation

Estimation of polyp size is a challenging task and high intra and inter expert variability has
been reported in previous work. The variance of 12 expert measuring 240 gastric lesions was
reported [17], obtaining a mean difference of 11 + 17 mm. Additionally, a kappa coefficient
of 0.4 and an agreement of only a 50.0% in series with three gastroenterologists were also
reported [34]. In consecuence, a second experiment aimed to evaluate the accuracy of the
estimated polyp size. This task is much more challenging because of the multiple sources
of distortion, but also more useful from a clinical standpoint since the gastroenterologist
usually has no reference to establish an actual polyp size. Results are shown in Figure
2-5, the blue lower and upper boxes stand for the spread of the estimated sizes reported
by four experts (interquartile range), while the maximum and minimum values are shown
as the vertical dotted lines. A total of four endoscopy phantom sequences, with 4 spheres
whose size varied between 5 and 15 mm, were evaluated. A part of the experiment required
the gastroenterologist to simulate a procedure with similar gestures to an actual endoscopy,
the camera moved abruptly and the navigation patterns were complex. In spite of the
controlled conditions, experts showed a large variability in their estimation, as illustrated
in Figure 2-5, where yellow diamonds correspond to the ground truth measure per video.
Interestingly, results evidence a very large variability of the obtained measures with respect
to the reference. In average, the standard deviation was about +5.4 mm, confirming the
high inter expert variability. In contrast, the proposed metod (green circles) systematically
achieved estimations much closer to the actual value. In this case, the method accomplished
an accurate segmentation of the phantom polyps and also a proper estimation of the break
focus frame.

Overall, it has been tradionally acknowledged that the expert estimation is the most reliable
information source in real endoscopy procedures and therefore the ground truth reference.
Figure 6 shows the obtained estimations by the proposed approach (green circles) and the
gastroenterologists (interquartile range). In average, the gastroenterologists showed a vari-
ance of £3.63 mm with respect to polyps that varied between 5 and 20 mm. In case of real
endoscopies, the mean expert estimation -the red line- amounts to the ground truth. As
illustrated in figure 2-6, the estimated size of the proposed approach is within the range of
variability observed for the the group gastroentelogists and no significant differences were
found when statistically evaluated (Anova test with p < 0.01).
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Figure 2-5: Size estimation of phantom polyps in an artificial tubular tract. The yellow
diamonds represent the real measure of each recorded phantom polyp. The
box plot represents the obtained measures by a group of four expert gastroen-
terologists. The green circles show the estimation with the proposed approach
in each video.
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Figure 2-6: Size estimation by the experts is summarized in the statistical box plots, where
the upper and bottom blue lines represent the quartiles (u= 9.25 mm; o =
+3.63 mm). The green circle stands for the size estimation obtained by the
proposed approach.
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The quality and fidelity of measurements obtained for any method is always affected by
a noise. The quality of the estimation was herein weighted by the noise as the SNR-like
measurement, using a logarithmic scale and measuring the difference between the expected
control data and the predicted values. This SNR-like measurement was defined as SNR —
like = 101log,, R]\‘Z—ZE, where o2 is the largest delineation variance among the group of experts
and RMSE is the root mean squared error, the computed error of the proposed approach
w.r.t. the ground truth estimation. Table 2 shows the results obtained by the proposed
approach in terms of this SNR-like measure. In summary, the proposed approach achieves
a gain of 37.48 dB, indicating that the proposed approach estimates the polyp, with a high
degree of confidence, within the interval defined by the estimations of the experts. Table 2
also reports the mean and the standard deviation of the Error (RMSE), indicating a high
accuracy of the estimation in artificial videos and a size estimation within the interval defined
by expert variablity, in real videos.

Dataset | RMSE (mm) | SNR-like (dB)
Artificial | 0.89 £ 0.56 53.8£16.4
Real 4.7£3.2 37.48 £ 8.06

Table 2-2: Performance of the proposed approach using Root mean square error (RMSE)
and the SNR-like measurements

2.4 Discussion

This work introduces a novel approach that segments polyps and estimates their sizes during
video-endoscopy procedures. The method starts with an initial expert delineation that is
warped along the sequence by using information obtained from both a motion and an ap-
pearance per-frame analysis. The resultant coarse shape is then refined by a second order
Kalman filter, a bayesian strategy that uses the motion history as observation. From such
segmentation, the maximum polyp size in pixels is computed and then transformed to real-
world coordinates by a combination of camera parameters and computation of an optimal
depth distance.

Every polyp, found during a colonoscopic procedure, must be extirpated, but those polyps
whose size exceeds the 10 mm are sent for further pathological examination [26, 1, 40]. In
spite of the demonstrated importance of quantifying the polyp size, the colonoscopic measure
so far consists in comparing the observed lesion with micro-scales introduced within the
endoscopy tube, a very highly expert-dependent procedure. Hence, reliable, efficient and
reproducible measurements that estimate the polyp size are required. As mentioned before,
this problem is particularly challenging since the procedure is by nature the result of abrupt
motions, the exploration is carried out under uncontrolled illumination conditions and the
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complex anatomy introduces a huge variability of the polyp appearance and shape. Several
computational strategies have been proposed to cope with identification, characterization
and measure of polyps. Regarding polyp delineation, Ganz et al. [14] used a multiespectral
endoscopic imaging to highlight the region that bounded the polyp, according to certain
expected histological properties. Then, the boundary is detected using a prior shape term as
regularizer. In terms of overlapping, this strategy achieved an average Jaccard index of 0.52
for the segmentation task. This method requires a special device to characterize the polyp,
that is to say, to define the set of histological characteristics that might be associated to
the lesion. Hence, this approach results dependent on a very large database that can store
the high shape variability. In contrast, the presented approach characterizes the polyp in
standard endoscopic sequences, without whatsoever prior shape, achieving an overlapping
score of 0.71 over 1040 frames in 10 videos. On the other hand, for estimating the polyp size,
Chadebecq et al [6]. proposed a semi-automatic method that started by manually placing
a bounding box surrounding the polyp, followed by a conventional affine registration that
propagates such initial guess to the whole sequence and estimates the best focused region
by a depth learning procedure. Unlike our approach, this break focus is determined on the
entire bounding box, with the consequent error coming from calculating the polyp distance
as a linear function of the estimated depth within the box. Likewise, the rigid registration
is very limited to follow abrupt changes of the camera view.

The proposed approach has presented a framework that performs polyp segmentation and
size estimation, during colonoscopy procedures. One of the main advantages of the pro-
posed approach is the adaptability to different polyp shapes, with different appearances,
depending only of the required initial characterization. Additionally, the deep estimation
was computed only within the polyp regions, obtaining more accurate approximations. The
proposed approach was evaluated on phantom and real endoscopy videos, showing in general
an appropriate performance in both tasks, polyp segmentation and size estimation, i.e., an
overlapping average of 0.82 40.09 for segmentation and a RMSE of 0.89 4+ 0.56 mm in phan-
tom polyps varying from 5 to 20 mm and a RMSE of 4.7 & 3.2 mm in real sequences, when
estimating sizes. In summary, the proposed approach shows adequate sensitivity and repro-
ducibility so that it may potentially be useful in clinical applications as a tool to support
the diagnosis.

The average time spent by the proposed approach in a test set of 15 sequences at 30 frames
per second was 21.2 s, discriminated as follows: 1) the pre-processing step 4.1 s, 2) the expert
delineation 7.2 s, 3) the polyp shape estimation 5.7 s and 4) the polyp size estimation 4.2 s.

2.5 Conclusions and Perspectives

This work has introduced a novel approach to segment and estimate the polyp size in
colonoscopy video sequences. The proposed method uses a combination of local motion
information and the appearance of polyp features. The results show a reliable segmentation
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and tracking of the polyp throughout the video sequence. The approachalso is capable of
dealing with video artifacts and the high degree of variability in appearance.Additionally,
the real polyp size estimation was obtained in millimeters and results demonstrated these
measurements were comparable to those obtained by experts.In a future work, a strategy
to automatically initialize the segmentation will be integrated, based on machine learning
strategies while the segmentation will be refined with alternative polyp appearance descrip-

tors.
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A first diagnosis of colorectal cancer is performed by examination of polyp shape and appear-
ance during an endoscopy routine procedure. However, the video-endoscopy is highly noisy
because exacerbated physiological conditions like increased motility or secretion may limit the
visual analysis of lesions. In this work a 3D reconstruction of the digestive tract is proposed,
facilitating the polyp shape evaluation by highlighting its surface geometry and allowing an
analysis from different perspectives. The method starts by a spatio-temporal map, constructed
to group the different regions of the tract by their similar dynamic patterns during the se-
quence. Then, such map was convolved with a second derivative of a Gaussian kernel that
emulates the camera distortion and allows to highlight the polyp surface. Results show reliable
reconstructions, with a salient 3D polyp structure that can then be better observed.
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3.1 Introduction

The colorectal cancer is worldwide the seventh cause of death [37]. A morphological analysis
of the polyp is the first sign of its malignancy and also the element that decides the surgical
management [34, 40, 38, 1]. Nevertheless, a full exploration of the polyp surface during the
endoscopy is really difficult because of the constant motility and secretion of the tract. In
addition, this task is highly dependent on the expert training and the limited 2D perspective
may make some important malignancy details may be lost [25]. Hence, reliable and efficient
strategies to observe the polyp surface are required.

Several strategies have been proposed to reconstruct the tract during an endoscopy sequence,
classically using geometric and brightness depth assumptions. For instance, Hong et al [20]
propose a strategy to semi-automatically reconstruct the tract by introducing tubular prior
shapes and using a sequence of images as observations. However, such prior restriction is
highly restrictive and folds and small polyps may be lost or confounded with the background.
In addition, this strategy starts with a manual intervention that introduces variability. Kauf-
man et al. [25] proposed a 3D representation by using object shadows in each frame and
iteratively refine the reconstruction during the sequence. This method is highly noisy be-
cause the assumption that the light source is in the center of the camera. On the other hand,
Alcantarilla et al. [2] uses a set of salient points as information to reconstruct the digestive
tract, a procedure that may fail because the presence of noise and the abrupt changes of the
camera during the sequence.

The main contribution of this work is an automatic strategy that fully reconstructs the
digestive tract by using a spatio-temporal map computed from the instantaneous motion of
the sequence. Such representation highlights the regions pointed out during the navigation,
i.e., the polyp lesions. Then, the saliency reconstruction is refined, focusing in the polyp, by
convolving the spatio-temporal map with a second Gaussian kernel.

3.2 Proposed Approach

The strategy herein introduced is based on a temporal intestinal tract characterization, using
routine gastrointestinal video sequences. During a typical endoscopy, the polyp is moved
towards the observer and this projection, in a short period of time, can be used as a depth
perception from the optical expansion. The motion perception is here characterized from
a local per-pixel analysis, in which pixels with less motion as considered as deeper. This
spatio-temporal map is then highlighted by focusing in the polyp region, using a second
derivative of Gaussian kernel, which also emulates the camera distortion.
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3.2.1 Spatio-temporal tract map from motion information

The visual system is able to perceive 3D information from different motion patterns, a
phenomenon known as kinetic depth effect [44, 46]. During an endoscopy navigation, the
expert always follows the polyp with translational movements, useful to generate a depth
perception of different structures. The proposed approach estimates motion patterns from
an endoscopy sequence by analysing the temporal history of each pixel, i.e., a temporal
coherence is captured by computing the variance of the intensity values during a sequence
the [30]. For doing so, it was firstly computed the relative motionless digestive tract as:

My(z,y) = My_1(z,y) + sign(Ly(z,y) — My_1(z,y)) (3-1)

where I;(x, y) is a particular frame at time ¢. Then, a first spatio-temporal map by computing
the instantaneous pixel motion at time ¢ w.r.t the history motion as:

At(x7y) = |Mt(‘rvy> - It<x7y)| (3_2>

This spatio-temporal map can be considered as an initial depth perception of the intestinal
tract.

3.2.2 Polyp saliency map

In general, radial endoscopy distortion produces nonlinear incremental deformations from
the optical center to the outer regions. Such distortion was emulated by convolving the
spatio-temporal map with a second derivative Gaussian kernel, defined as:

U(t) = == (1 — —)e=? (3-3)

where o is the standard deviation and allows to emulate the amplitude of the signal. The
extreme peaks of the signal, the central peak, allows to highlight the salient structure, i.e.,
the polyp lesion. The central peak of the kernel is aligned w.r.t the identified polyp, which is
salient from the spatio-temporal map. From this kernel, a clear-cut visual map was obtained,
aimed to perform a better observation of the polyps by expert gastroenterologist.

3.2.3 Dataset

The dataset used includes a set of 10 videos captured using an Olympus EVIS EXERA (GIF-
1TQ160) gastrovideoscope device captured in real endoscopy procedures. Each sequence was
recorded in color, with a spatial resolution of 720 per 480 pixels and a temporal resolution
of 30 frames per second.
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3.3 Evaluation and Results

Evaluation of the proposed strategy is illustrated in Figure 1. The dataset includes a large
variability of endoscopies with real problems of contrast, saturation and non-controlled mo-
tion navigation (see in Figure 1 (a)). For a complete sequence, it was computed the spatio-
temporal map from a local per-pixel analysis (see in Figure 1 (b)). Such motion analysis
is robust to appearance variation and typical noise, present in endoscopies. In Figure 1(c)
the obtained tract reconstruction is illustrated. Such map reconstruction is focused on the
polyp surface to improve the lesion examination. The red color in this map represents the
regions near to the camera while the blue color stands for those regions far from the optical
reference.

The results herein reported show reliable surfaces of the digestive tract, highlighting the
polyp shape which is the most important region to determine the malignancy of the tumor
and also to define the surgical procedure. The applied kernel is appropriate to the emulation
of the camera distortion without losing any definition of the polyp visualization. In addition
the proposed strategy processes the information in terms of milliseconds, facilitating the
introduction of this tool as support to the diagnosis during endoscopy process.

3.4 Conclusions

In this work a novel approach that reconstructs a digestive tract is presented, highlighting
the polyp surface to improve the gastroenterologist exploration. The proposed strategy is
fully automatic and obtains a depth estimation from a spatio-temporal analysis. Future
work includes the evaluation in a large dataset and the validation with artificial structures.
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Figure 3-1: Figure 1. (a) shows the original frame and (b) the corresponding spatio-
temporal map obtained from the local motion analysis. Panel (c) depicts the
obtained reconstruction from the proposed strategy.



4 Conclusions and future work

This thesis has explored the problem to determine the malignancy of the neoplasic lesions
from polyp size estimation in endoscopy sequences. To achieve this task, semi-automatic
method was proposed using a combination of local motion information and appearance polyp
features showing a reliable segmentation, tracking and size estimation of the polyp during
a endoscopy video sequence. Additionally, a 3D endoscopy saliency map was reconstructed,
facilitating the polyp shape evaluation by highlighting its surface geometry and allowing
an analysis from different perspectives. In a future work, a strategy to automatically ini-
tialize the segmentation will be integrated, based on machine learning strategies while the
segmentation will be refined with alternative polyp appearance descriptors. Subsequently,
the complete method can be use as supporting diagnostic tool for the specialist.



Bibliography

1]

AL., Frazier ; GA., Colditz ; CS., Fuchs ; KM., Kuntz: Cost-effectiveness of screening
for colorectal cancer in the general population. En: The Journal of the American
Medical Association 284(15) (2000), p. 1954-1961

ALCANTARILLA, P.F. ; BARTOLI, A. ; CHADEBECQ, F. ; TILMANT, C. ; LEPILLIEZ, V.:
Enhanced imaging colonoscopy facilitates dense motion-based 3D reconstruction. En:
Engineering in Medicine and Biology Society (EMBC), 2013 35th Annual International
Conference of the IEEFE, 2013. — ISSN 1557-170X, p. 7346-7349

ALONSO LARRAGA, Juan ; C0SSIO, Sergio ; GUERRERO, Angelica ; CORDOVA PLUMA,
Victor ; CASILLAS, Jesus: The Borrmann classification. Interobserver and intraobserver

agreement, of endoscopists in an oncological hospital. En: Clinical and Translational
Oncology 5 (2003), p. 345-350. — ISSN 1699-048X

BERNAL, J. ; SANCHEZ, J. ; VILARINO, F.: Towards automatic polyp detection with
a polyp appearance model. En: Pattern Recognition 45 (2012), Nr. 9, p. 3166 —
3182. — Best Papers of Iberian Conference on Pattern Recognition and Image Analysis
(IbPRIA’2011). — ISSN 0031-3203

BruUNO, M. J.: Magnification endoscopy, high resolution endoscopy, and chromoscopy;
towards a better optical diagnosis. En: An International Journal of Gastroenterology
and Hepatology 52 (2003), p. iv7—-ivll

CHADEBECQ, F. ; TiLMaANT, C. ; BARTOLI, A.: Using the Infocus-breakpoint to
estimate the scale of neoplasia in colonoscopy. En: Biomedical Imaging (ISBI), 2013
IEEFE 10th International Symposium on, 2013. — ISSN 1945-7928, p. 354-357

ConDESSA, Filipe ; Broucas-Dias, José: Segmentation and Detection of Colorec-
tal Polyps Using Local Polynomial Approximation. En: CAMPILHO, Aurélio (Ed.) ;
KAMEL, Mohamed (Ed.): Image Analysis and Recognition Vol. 7325. Springer Berlin
Heidelberg, 2012. — ISBN 978-3-642-31297-7, p. 188-197

DAcCHMAN, Abraham H. ; YOSHIDA, Hiro: Virtual colonoscopy: past, present,and
future. En: Radiologic Clinics of North America (2003), p. 337-393

Dicg, Lee R.: Measures of the amount of ecologic association between species. En:
FEcology 26 (1945), Nr. 3, p. 297-302



28 Bibliography

[10] DUKERS, JJ ; vAN WK, C ; Vos, FM ; FLorig, J ; N10o, YC ; VENEMA, HW ;
TRUYEN, R ; VAN VLIET, LJ.: Segmentation and size measurement of polyps in CT
colonography. En: Medical Image Computing and Computer-Assisted Intervention -

MICCAI (2005), p. 712-719

[11] EckEL, Robert H. ; BARoOUCH, Winifred W. ; ErRsHOW, Abby G.: Report of the
National Heart, Lung, and Blood Institute National Institute of Diabetes and Diges-
tive and Kidney Diseases Working Group on the pathophysiology of obesity-associated
cardiovascular disease. En: Circulation 105 (2002), Nr. 24, p. 2923-2928

[12] FARRAYE, Francis A. ; WAYE, Jerome D. ; MOSCANDREW, Maria ; HEEREN, Timo-
thy C. ; ODZE, Robert D.: Variability in the diagnosis and management of adenoma-like
and non-adenoma-like dysplasia-associated lesions or masses in inflammatory bowel dis-
ease: an Internet-based study. En: Gastrointestinal Endoscopy 66 (2007), Nr. 3, p. 519
—529. — ISSN 0016-5107

[13] FELDMAN, Mark ; FRIEDMAN, Lawrence S. ; BRANDT, Lawrence J.: Sleisenger and
Fordtran’s gastrointestinal and liwver disease: pathophysiology, diagnosis, management,

expert consult premium edition-enhanced online features. Vol. 1. Elsevier Health Sci-
ences, 2010

[14] GANz, M. ; YANG, Xiaoyun ; SLABAUGH, G.: Automatic Segmentation of Polyps in
Colonoscopic Narrow-Band Imaging Data. En: Biomedical Engineering, IEEE Trans-
actions on 59 (2012), Aug, Nr. 8, p. 2144-2151. — ISSN 0018-9294

[15] GopALswAMY, Narasimh ; SHENOY, Vishwanath N. ; CHOUDHRY, Umesh ; MARKERT,
Ronald J. ; PEACE, Nancy ; BHUTANI, Manoop S. ; BARDE, Christopher J.: Is in vivo
measurement, of size of polyps during colonoscopy accurate? En: Gastrointestinal
Endoscopy 46 (1997), Nr. 6, p. 497 — 502. — ISSN 0016-5107

[16] GROSSMAN, P.: Depth from Defocus. En: Journal Pattern Recognition Letters 5(1)
(1987), p. 63-69

[17] GupA, Nalini M. ; PARTINGTON, Susan ; VAKIL, Nimish: Inter- and intra-observer
variability in the measurement of length at endoscopy: implications for the measurement
of Barrett’s esophagus. En: Gastrointestinal Endoscopy 59 (2004), Nr. 6, p. 655 — 658.
— ISSN 0016-5107

[18] GuTcHESS, D. ; TRAJKOVICS, M. ; COHEN-SOLAL, E. ; Lyons, D. ; JAaN, AK.: A
background model initialization algorithm for video surveillance. En: Computer Vision,
2001. ICCV 2001. Proceedings. Fighth IEEFE International Conference on Vol. 1, 2001,
p. 733-740



Bibliography 29

[19]

[20]

[26]

HorstaD, B ; VATN, MH ; ANDERSEN, SN ; HUITFELDT, HS ; ROGNUM, T ; LARSEN,
S ; OsNES, M: Growth of colorectal polyps: redetection and evaluation of unresected
polyps for a period of three years. En: Gut 39 (1996), Nr. 3, p. 449-456

Hong, DongHo ; TAVANAPONG, W. ; WONG, J. ; OH, JungHwan ; GROEN, P.: 3D
Reconstruction of Colon Segments from Colonoscopy Images. En: Bioinformatics and
BioEngineering, 2009. BIBE '09. Ninth IEEE International Conference on, 2009, p. 53
~60

HURLSTONE, D P. ; CROSS, SS. ; ADAM, I ; SHORTHOUSE, A J. ; BROWN, S ; SANDERS,
D S. ; LoBo, A J.: Efficacy of high magnification chromoscopic colonoscopy for the
diagnosis of neoplasia in flat and depressed lesions of the colorectum: a prospective
analysis. En: An International Journal of Gastroenterology and Hepatology 54 (2004),
p. 284-290

HUTTENLOCHER, D.P. ; KLANDERMAN, G.A. ; RUCKLIDGE, W.J.: Comparing images
using the Hausdorff distance. En: Pattern Analysis and Machine Intelligence, IEEE
Transactions on 15 (1993), Sep, Nr. 9, p. 850-863. — ISSN 0162-8828

JEMAL, Ahmedin ; BRAY, Freddie ; CENTER, Melissa M. ; FERLAY, Jacques ; WARD,
Elizabeth ; FORMAN, David: Global cancer statistics. En: CA: A Cancer Journal for
Clinicians 61 (2011), Nr. 2, p. 69-90. — ISSN 1542-4863

KARARGYRIS, A. ; KARARGYRIS, O. ; BOURBAKIS, N.: 3D Representation of the
Digestive Tract Surface in Wireless Capsule Endoscopy Videos. En: Biolnformatics
and BioEngineering (BIBE), 2010 IEEE International Conference on, 2010, p. 279 —
280

KAUFMAN, Arie ; WANG, Jianning: 3D Surface Reconstruction from Endoscopic
Videos. En: LINSEN, Lars (Ed.) ; HAGEN, Hans (Ed.) ; HAMANN, Bernd (Ed.): Visual-
ization in Medicine and Life Sciences. Springer Berlin Heidelberg, 2008 (Mathematics
and Visualization). — ISBN 978-3-540-72630-2, p. 61-74

EI KUDO, Shin ; TAMURA, Satoru ; NAKAJIMA, Takashi ; 0 YAMANO, Hiro ; KUSAKA,
Hisashi ; WATANABE, Hidenobu: Diagnosis of colorectal tumorous lesions by magnifying
endoscopy. En: Gastrointestinal Endoscopy 44 (1996), Nr. 1, p. 8 — 14. — ISSN 0016—
5107

Lewis, JPI: Fast template matching. En: Vision Interface Vol. 95, 1995, p. 15-19

LIEDLGRUBER, M. ; UHL, A. ; VECSEI, A.: Statistical analysis of the impact of
distortion (correction) on an automated classification of celiac disease. En: Digital
Signal Processing (DSP), 2011 17th International Conference on, 2011. — ISSN Pending,
p.-1-6



30 Bibliography

[29] Liu, Jianfei ; SUBRAMANIAN, KalpathiR. ; Yoo, TerryS.: A robust method to track

colonoscopy videos with non-informative images. En: International Journal of Com-
puter Assisted Radiology and Surgery (2013), p. 1-18. — ISSN 1861-6410

[30] MANZANERA, Antoine ; RICHEFEU, Julien C.: A new motion detection algorithm based
on Sigma-Delta background estimation. En: Pattern Recognition Letters 28 (2007), Nr.
3, p. 320 — 328. — Advances in Visual information Processing - Special Issue of Pattern
Recognition Letters on Advances in Visual Information Processing. (ICVGIP 2004). —
ISSN 0167-8655

[31] MELO, R. ; BARRETO, J.P. ; FALCAO, G.: A new solution for camera calibration and
real time image distortion correction in medical endoscopy - Initial technical evaluation.
En: Biomedical Engineering, IEEE Transactions on 12 (2012), march, Nr. 3, p. 634
—644. — ISSN 0018-9294

[32] MORALES, Thomas G. ; SAMPLINER, Richard E. ; GAREWAL, Harinder S. ; FENNERTY,
M.Brian ; A1CKIN, Mikel: The difference in colon polyp size before and after removal.
En: Gastrointestinal Endoscopy 43 (1996), Nr. 1, p. 25 — 28. — ISSN 0016-5107

[33] MORSON, Basil: The polyp-cancer sequence in the large bowel. En: Proceedings of the
Royal Society of Medicine 67 (1974), Nr. 6, p. 451

[34] MuTto, T ; Bussey, HJR ; MORsON, BC: The evolution of cancer of the colon and
rectum. En: Cancer 36 (1975), Nr. 6, p. 2251-2270

[35] N1v, Yaron ; DELPRE, Georges ; SPERBER, Ami D. ; SANDBANK, Judith ; ZIRKIN,
Howard: Hyperplastic gastric polyposis, hypergastrinaemia and colorectal neoplasia: a

description of four cases. En: Furopean journal of gastroenterology & hepatology 15
(2003), Nr. 12, p. 1361-1366

[36] OrRGANIZATION, World H. Cause-specific mortality, 2008: World Bank income group.
2008

[37] OrRGANIZATION, World H. Ten leading causes of death worldwide. 2008

[38] RAMSEY, Scott ; YOON, Paula ; MOONESINGHE, Ramal ; KHOURY, Muin: Population-
based study of the prevalence of family history of cancer: Implications for cancer screen-

ing and prevention. En: Journal of American Collague of Medical Genetics and Ge-
nomics 8(9) (2006), p. 571-575

[39] ROGERS, B.; GRAHAM, M: Motion parallax as an independent cue for depth perception.
8 (1979), p. 125 — 134



Bibliography 31

[40]

[46]

[47]

[48]

RoLDAN, Luis ; HANI, Albis ; APONTE, Diego ; SABBAGH, Luis ; GIL, Fabio ; SAN-
TACOLOMA, Mario ; RENGIFO, Adriana ; ALBIS, Rosario ; ARANGO, Lazaro ; VELEZ,
Fausto ; APONTE, Mauricio (Ed.) ; RESTREPO, Angela (Ed.): Técnicas en Endoscopia
Digestiva. ACED - Asociacién Colombiana de Endoscopia Digestiva, 2007

SAKAMOTO, T ; MATSUDA, T ; NAKAJIMA, T ; SAITO, Y: Clinicopathological features
of colorectal polyps: evaluation of the “predict, resect and discard” strategies. En:
Colorectal Disease: The Official Journal Of The Association Of Coloproctology Of Great
Britain And Ireland 15 (2013), Nr. 6, p. 295-300. — ISSN 1463-1318

DE LA SALUD, Organizacion P. ; OPS (Ed.): Salud en las Américas 2007. Vol. 2. OPS,
2007

SCHOEN, Robert E. ; GERBER, Lawrence D. ; MARGULIES, Craig: The pathologic

measurement of polyp size is preferable to the endoscopic estimate. En: Gastrointestinal
Endoscopy 46 (1997), Nr. 6, p. 492 — 496. — ISSN 0016-5107

SWANSTON, Michael T. ; GOGEL, Walter C.: Perceived size and motion in depth from
optical expansion. En: Perception & psychophysics 39 (1986), Nr. 5, p. 309-326

VRIES, AysoH. ; BIPAT, Shandra ; DEKKER, Evelien ; LIEDENBAUM, MarjoleinH. ;
FLORIE, Jasper ; FOCKENS, Paul ; KRAAN, Roel ; MATHUS-VLIEGEN, ElizabethM.
: REITSMA, JohannesB. ; TRUYEN, Roel ; Vos, FransM. ; ZWINDERMAN, AeilkoH.
; STOKER, Jaap: Polyp measurement based on CT colonography and colonoscopy:
variability and systematic differences. En: Furopean Radiology 20 (2010), Nr. 6, p.
1404-1413

WaALLAcH, Hans ; O’CONNELL, D: The kinetic depth effect. En: Journal of Experi-
mental Psychology 45 (4) (1953), p. 205-217

WANEBO, Harold J. ; KENNEDY, BJ ; CHMIEL, Joan ; STEELE JR, Glenn ; WINCH-
ESTER, David ; OSTEEN, Robert: Cancer of the stomach. A patient care study by the
American College of Surgeons. En: Annals of surgery 218 (1993), Nr. 5, p. 583

YAO, Jianhua ; MILLER, M. ; FRANASZEK, M. ; SUMMERS, R.M.: Colonic polyp
segmentation in CT colonography-based on fuzzy clustering and deformable models.
En: Medical Imaging, IEEE Transactions on 23 (2004), Nov, Nr. 11, p. 1344-1352. —
ISSN 0278-0062



