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Abstract
AIM
To quantify the presence of villous atrophy in endoscopic 
images for improved automation.

METHODS
There are two main categories of quantitative descriptors 
helpful to detect villous atrophy: (1) Statistical and 
(2) Syntactic. Statistical descriptors measure the small 
intestinal substrate in endoscope-acquired images 
based on mathematical methods. Texture is the most 
commonly used statistical descriptor to quantify villous 
atrophy. Syntactic descriptors comprise a syntax, or set 
of rules, for analyzing and parsing the substrate into a 
set of objects with boundaries. The syntax is designed 
to identify and distinguish three-dimensional structures 
based on their shape.

RESULTS
The variance texture statistical descriptor is useful to 
describe the average variability in image gray level 
representing villous atrophy, but does not determine 
the range in variability and the spatial relationships 
between regions. Improved textural descriptors will 
incorporate these factors, so that areas with variability 
gradients and regions that are orientation dependent 
can be distinguished. The protrusion syntactic descriptor 
is useful to detect three-dimensional architectural 
components, but is limited to identifying objects of 
a certain shape. Improvement in this descriptor will 
require incorporating flexibility to the prototypical 
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template, so that protrusions of any shape can be 
detected, measured, and distinguished.

CONCLUSION
Improved quantitative descriptors of villous atrophy are 
being developed, which will be useful in detecting subtle, 
varying patterns of villous atrophy in the small intestinal 
mucosa of suspected and known celiac disease patients.

Key words: Celiac disease; Endoscopy; Small intestine; 
Video capsule; Villous atrophy
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Core tip: Celiac disease is a relatively common ailment 
throughout the world, affecting approximately 1% of the 
population. Yet, it is little known and rarely diagnosed. 
Untreated, it can lead to severe intestinal disturbance, 
cancer, neurological problems, fertility problems, and 
other disorders. Villous atrophy of the small intestine 
is often present in untreated celiac patients. Better 
quantitative image analysis is important to detect areas 
of pathology in the small intestine endoscopically. In this 
study the main approaches for automatically detecting 
villous atrophy by computerized means are described, 
which can be helpful to map areas of pathology and 
determine disease status.
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INTRODUCTION
Celiac disease is prevalent throughout the entire world, 
though it varies in frequency, and averages about 1% 
of the population[1]. An important clinical problem is 
that the definitive diagnosis of celiac disease is difficult 
and requires serologic testing and endoscopy with 
biopsy, which is not available with accuracy in all areas 
of the world. Therefore geographic regions with lesser 
frequencies of celiac disease may simply be regions 
with a lack of experience in diagnosis and or areas 
without the facilities necessary for definitive diagnosis[2]. 
The presence of villous atrophy of the small intestinal 
mucosa, which is determined by examining biopsy slides 
under light microscopy[3], may not always be evident in 
untreated celiac disease patients. Present in the digitized 
biopsy slides are villous protrusion features, which are 
blunted in villous atrophy as compared to those found 
in healthy tissue[4]. Careful orientation of the biopsy 
on the slides and their proper examination is crucial, 
since off angle villi can erroneously appear blunted, 
mimicking villous atrophy[5]. Thus the experience of the 

pathologist is very important for accurate diagnosis of 
celiac disease. 

Typically, villous atrophy is found in untreated 
celiac patients at the level of the duodenal bulb and 
the descending duodenum[6], but may also be present 
at the more distal regions of the small intestine, the 
jejunum and ileum, and be absent more proximally. 
The presence of villous atrophy tends to be patchy and 
is interspersed with regions of normal mucosa[7]. The 
mucosal abnormalities may be subtle or may even 
be lacking in images acquired with standard or video 
endoscopic techniques, due to the limits of resolution 
and the interpretation of microscopic changes of 
the intestinal villi, as manifested in the macroscopic 
image content. Though, more recently-developed high 
resolution endoscopes may overcome some problems 
with identification of mucosal structure[8].

During the last decade video capsule endoscopy 
has been used to image the entire small intestine with 
improved spatial resolution[9]. The video capsule is 
convenient to use for both adult and pediatric patients 
suspected of having celiac disease, because it is mini-
mally invasive[10]. The capsule is swallowed and the 
video camera contained within the capsule snaps images 
at the rate of 2 per second or more[11]. The more recent 
video capsules have a variable frame rate, increasing in 
rate as the capsule motion increases, when presumably 
it is moving along the lumen at a faster rate, and 
decreasing when the capsule motion slows[12]. This 
ensures a more uniform frame rate per unit distance 
that the capsule travels. As the spatial and temporal 
resolution of recently commercially available video 
capsules has increased, it has been proposed that the 
series of video images can possibly be used to map the 
presence of villous atrophy all along the small intestinal 
length. 

Prior research has suggested that there are differ-
ences in the video capsule endoscopy images of untrea-
ted celiac patients vs a control population[13-19]. Images 
from untreated celiac patients tend to be less struc-
turally uniform both within a particular image, and 
across a series of images, as compared with control 
subjects[13-19]. In Figure 1, normal images at the top 
have uniform appearance and smooth folds. The celiac 
patient images at bottom were acquired from areas 
where villous atrophy was present, and have a mottled 
appearance, due to fissuring, and scalloping of the 
mucosal folds. These differences suggest the possibility 
that the presence of villous atrophy can be detected and 
mapped in a sequential series of video capsule images 
by computerized means. If areas of villous atrophy could 
be detected and mapped automatically all along the 
small intestinal tract, it would potentially be very helpful 
in the diagnosis of celiac disease. It would also be useful 
to monitor the progress in treatment of celiac disease. 
Currently, the only treatment is a lifelong gluten free 
diet[20], When the patient goes on the diet, the villi heal, 
albeit slowly[21]. Sometimes however, villous atrophy 
persists. Thus automated monitoring and mapping of 
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the location and severity of villous atrophy throughout 
the small intestine would be very useful. In this work, 
we describe the main modes of quantitative detection of 
villous atrophy from video capsule endoscopic images, 
and possible avenues to improve the detection rate and 
to better monitor the severity and types of pathology 
present in endoscopic images which are abnormal due 
to the presence of villous atrophy. The current detection 
of villous atrophy is determined by an experienced 
observer. This introduces bias based on observer experi-
ence and knowledge and possibly fatigue. These would 
be obviated by computerized techniques.

MATERIALS AND METHODS
Statement of the quantitative problem
For quantitative endoscopic image analysis in suspected 
or known celiac disease patients, it is important to detect 
areas of villous atrophy that may be present in the 
small intestinal mucosa. This is still mostly an unsolved 
problem. It is difficult to detect villous atrophy in part 
because the spatial resolution of the video capsule 
system from which discretized images are obtained is 
limited, and does not in every case clearly detect the 
individual villi in the small intestinal wall. The resolution 
in part depends on the video camera to intestinal wall 
distance, the camera lighting, and the camera angle, 
and is at best about 1 mm[17]. All of the factors for 
which resolution is determined are variable and tend to 
be random. Thus the identification of small intestinal villi, 
and the detection and quantification of villous atrophy, 
poses an important quantitative medical research 
problem, and a dilemma in terms of selecting the best 
method for recognition of the villi, and for estimation of 

whether or not there are normal or abnormal villi present 
in the image, as well as the degree and severity of areas 
of pathology. 

Textural methods
To recognize abnormalities in endoscopic images, 
many investigators have used textural methods in part 
because of their simplicity and ease of use, as well as 
being a tried and true method of analysis[13-19]. Several 
helpful methods have been developed to describe 
the presence of villous atrophy as a set of textural 
features. Image textures can be measured locally using 
the wavelet operator and a local binary pattern[22]. It 
is possible to develop a set of scale invariant texture 
descriptors by utilizing wavelet analysis[23]. Over a series 
of images, texture can be defined by the presence of 
salient features that tend to reappear from one image 
to the next. This is illustrated in Figure 2. The panels 
are composed of basis images - images that contain the 
most salient features over a series of images acquired 
from the same patient. At bottom is shown four basis 
images from a patient with normal villi at the level of 
the duodenum. The appearance of these basis images 
is mostly smooth and uniform. The upper basis images 
were constructed from a series of images acquired 
from a celiac patient with villous atrophy. Sharp lines 
resembling actual fissures, as well as highly varied 
shading and texture is present in each of the basis 
images. The original images used to make the celiac 
basis images were highly varied in terms of the number 
and type of features with differing texture that were 
present.

For automation of textural properties and their 
locations in endoscopic images, texture can be defined 
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Figure 1  Normal (A) vs untreated celiac patient images (B). 
Note the presence of mucosal folds, a mottled appearance, and 
fissuring, in the images from untreated celiac patients (lower).
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patient. When the images are darker, it may signify the 
presence of darker structures in the substrate, though 
it can also be due to the presence of a darker shade 
in the mucosal wall. If darker structures are present 
in the substrate, these can represent a highly variable 
three-dimensional topography. For example, when 
villous atrophy is present, there tends to be fissuring 
of the small intestinal mucosa. The fissures appear 
as dark lines in the two-dimensional images, due to 
the fact that they are deeper within the mucosa and 
further from the video camera and its light source. The 
fissures can be variable in length, depth, and breadth 
(Figure 1, lower panels). They are often random in 
orientation. Their presence tends to render the image 
darker in overall gray level. Another phenomenon that 
tends to signify the presence of villous atrophy is a 
mottled appearance in the two-dimensional images 
(Figure 1, lower panels). The mottled appearance can 
result from the presence of mucosal protrusions of 
varying height. These protrusions have been proposed 
to be clumps of villi which have become atrophied and 
shortened in length[18,19]. Since the three-dimensional 
mucosal architecture is therefore uneven, camera and 
light source distance are important factors for imaging 
mucosal protrusions. Areas of lower elevation in the 
images will be partly obscured and shadowed by higher 
areas and thus appear substantially darker. The average 
grayscale level may thus decrease when there is 
mottling of the mucosal surface. Over a short succession 
of image frames, a high degree of variability in the 
mean grayscale level would likely indicate the presence 
of patchy villous atrophy[26], which is common in celiac 
disease patients. Lesser variability at more distal regions 
of the small intestine would be indicative of a lesser 

quantitatively as the value of a statistical measurement 
of color or grayscale digital image level. For simplicity in 
initial prior investigations, endoscopic color images were 
typically reduced to gray level images, with the gray 
level ranging from 0 (black) - 255 (white)[13-19]. Values 
between 1 and 254 inclusive are successively brighter 
gray shades. For endoscopic image analysis, texture is 
then determined by measuring and quantifying the gray 
level of all pixels in an image, or of a subset of pixels 
in the image. All image pixels are analyzed as a group 
if one would like to make a broad statement about the 
image as a whole, and/or to compare successive image 
frames, i.e., successive time epochs. For video capsule 
image analysis, successive frames will approximate the 
movement of the capsule along the gastrointestinal 
tract. However, because the capsule movement is 
passive and not likely to be at a constant rate, those 
successive images will likely represent uneven distances 
along the gastrointestinal system. The older imaging 
systems tended to have a fixed frame rate of 2 frames 
per second[24]. Newer systems having a variable frame 
rate[25] should be taken into account when considering 
successive image frames. 

The simplest statistical measure of texture is the 
average or mean grayscale level (designated µ). To 
determine this value for the entire image, the gray-
scale level of all pixels is averaged. A typical digital 
endoscopic image will have a size of 576 × 576 pixels 
= 331776 pixels[4]. Thus by summing the values of 
grayscale levels for all pixels and dividing by 331776, 
the mean level is obtained. The mean level of one 
image can have significance in several ways. Firstly it 
can be compared from one patient to another or from 
one level of the small intestine to another in the same 
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Figure 2  Evidence of more prominent fissuring is present in untreated control images (B) as compared with celiac basis images (A). The basis images are 
modified from a series of original endoscopic images so that salient features are enhanced.
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present, they will be rendered as blunted protrusions, 
with a large darker surface area in the image[18]. This 
would skew the distribution toward the darker gray level 
pixel values. The kurtosis is a measure of the heaviness 
of the tail of the distribution, i.e., how many very bright 
or very dark pixels are present in the image compared 
to the rest of the grayscale level values. The kurtosis 
measurement can therefore be assistive in detecting 
the presence of numerous very bright or very dark 
components of the endoscopic image space. These 
components can include small patches of normal tissue 
(bright) in areas of villous atrophy, and/or areas with 
fissuring (dark) among more normal villi.

Syntactic or structural methods
Syntactic methods are a way to model tissue structure 
based upon a set of prototypical or primitive features. 
For syntactic analysis, three-dimensional tissue structure 
should be generated, and can be studied by using 
shape-from-shading principles as shown in Figure 3. 
Areas of the original two-dimensional endoscopic image 
that are bright (lower panel) are converted into a height 
to render the object in three dimensions (top panels). 
It is evident in the top panels that the small intestinal 
mucosa consists of a series of mucosal protrusions. 
These mucosal protrusions can be modeled as a set 
of concentric, circular rings or squares (Figure 4). 
Using this syntactic model, a protrusion is detected 
when the average grayscale value within the ring or 
square is above a predefined threshold grayscale level. 
Based on shape-from-shading principles[18,19], the 
mucosal protrusion will appear as a bright spot in the 
endoscopic image. The outer edges of the spot will be 
a darker grayscale level, while the inner components 
will be manifested as progressively brighter pixels. At 
the pinnacle or center of the protrusion, the brightest 
grayscale level will occur. This phenomenon is based 
upon the camera light source to protrusion distance. 
The pinnacle of the protrusion extends furthest from 
the mucosal surface, and is therefore closest to the 

presence of villous atrophy and a more uniform, more 
normal mucosal surface, which is normally the case in 
untreated celiac disease patients. These patients tend 
to have the greatest presence of villous atrophy, which 
is patchy, at the level of the duodenal bulb and in the 
distal duodenum, and lesser degrees of villous atrophy 
in the jejunum and in the ileum[27]. When a comparison 
between celiac patients is made, darker mean grayscale 
level would be expected to indicate the presence of a 
greater degree of villous atrophy, though this hypothesis 
has yet to be proven. Likewise, when the same patient 
is compared at follow-up after starting the gluten free 
diet, it would be anticipated that a lighter average 
grayscale level would signify diminishing levels of villous 
atrophy.

A second main measure of image texture, and 
perhaps the most important to current systems used 
for quantitative analysis, is the second central moment, 
or variance (σ)[13,14]. Its positive square root is the 
standard deviation. This moment is a measure of the 
spread of the distribution of grayscale levels. A larger 
value of σ indicates greater range of gray shading about 
the mean level. The standard deviation or variance 
from the mean pixel level has been used as a textural 
feature to measure the variability in brightness of image 
features[13,14]. When more features are present with 
different brightness levels, for example when fissuring is 
evident as a series of many dark lines in the image, the 
standard deviation increases. Likewise, a mottled image 
appearance due to villous atrophy will cause an increase 
in the standard deviation of grayscale image brightness. 

Although not currently implemented, higher-order 
textural measurements that are potentially useful for 
quantitative analysis of villous atrophy include the third 
central moment or skewness (γ) and the fourth central 
moment or kurtosis (κ). The skewness is an estimate 
of the degree of lopsidedness in the pixel graylevel 
distribution about the mean value. It can be helpful to 
detect spatial non-uniformity in the image brightness. 
For example if clumps of villi which have atrophied are 
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Figure 3  Shape-from-shading is used to render two-
dimensional endoscopic images (lower panel) into 
three-dimensional constructs. First the color image 
is converted to grayscale. Then the degree of pixel 
brightness is linearly interpreted as depth in the constructs 
at top. Lighter areas in the lower image appear as taller 
protrusions in the images at top. Top left: Half resolution 
three-dimensional reconstruction; Top right: Full resolution 
three-dimensional reconstruction.
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overlapping each ring is first calculated. The brightest 
ring will be at the center of the protrusion, since it is 
highest and closest to the camera lens. Successive 
concentric rings in the outward direction will be darker 
in gray shade since the protrusion falls off in amplitude 
there and is further from the camera lens. The base of 
the protrusion is syntactically defined as the outermost 
ring that is still diminished in average grayscale level 
with respect to the adjacent, more inwardly located 
ring. Thus, the width of the protrusion is obtained, as 
is shown in Figure 4. To convert the protrusion width 
from pixels to millimeters would require knowing the 
camera lens to mucosal surface distance, which can be 
estimated. Alternatively, mucosal protrusion width can 
be measured in pixel units, which is the simplest form of 
this syntactic model. The height of the protrusion would 
be the difference in average grayscale levels from the 
innermost to the outermost ring defining the protrusion. 

To better syntactically detect mucosal protrusions, 
a tolerance can be added so that architectures with 
slightly asymmetrical features, having a less rounded or 
square form, depending on the model being used, would 
still be detected as a protrusion. So for example, if an 
outer ring is only slightly brighter as compared to its 
inner neighbor, the base of the protrusion would not yet 
be considered to be reached. Subsequent outer rings 
would be counted as part of the mucosal protrusion, 
until arriving at a ring at which a sharp increase in 
average brightness is noted. Changing the tolerance 
would enable more or less candidate protrusions to be 
detected in the image, and with greater accuracy.

Once mucosal protrusions are detected, their statis-
tics can be analyzed[18,19]. For example, the total number 

video camera lens, which is constrained within the 
small intestinal lumen as it travels distally. The inverse 
square law of light states that the light intensity per 
unit area falling on the mucosal surface will vary in 
inverse proportion to the square of the distance from 
the light source. There are nonlinearities imposed on 
the model, but prior findings have suggested that the 
approximation is sufficiently accurate to render the 
two-dimensional image features as three-dimensional 
constructs which represent actual tissue structure[18,19]. 
Likewise, the base of the protrusion will appear darkest 
since it will be furthest from the camera lens. Taller 
protrusions will appear in endoscopic images as having 
brighter central regions due to the inverse square law, 
and vice versa for blunter protrusions. Wider protrusions 
will appear as image features having longer spatial 
gradients, from darker pixel areas in the outer portions 
to brighter pixel regions at the center area. Conversely, 
narrower protrusions will have sharper spatial gradients, 
from darker pixel regions at outer edge to the brighter 
central core in endoscopic images.

The evident three-dimensional mucosal protrusions 
(Figure 3) can be modeled in the two-dimensional endos-
copic images based upon a fixed or flexible template 
(Figure 4). The simplest modeling method is to use a fixed 
template. For example, a protrusion can be modeled, 
and its architectural parameters can be determined, 
using a concentric series of square or circular shapes, 
or rings, as alluded to earlier in the text. The algorithm 
can be stated as follows. Each outlying shape can be 
made one pixel wide as a first approximation. The width 
of a mucosal protrusion would then be determined as 
follows. The average grayscale level of the image pixels 
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Figure 4  Example of the construction of a syntactic prototypical template. A: Video capsule endoscopic image in grayscale; B: Area with bright center is noted 
by the arrow; C: A square is used to identify the area of a protrusion; D: The series of concentric squares (rings) are used to determine the protrusion dimensions. The 
average pixel brightness diminishes from center square to outer square. The width and length of the protrusion is defined based on the outermost square, which is 
that square after which a larger concentric outer square would have an increased brightness. The height of the protrusion is the difference in brightness level from its 
center to its outermost concentric square.
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brightness
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within the specified tolerance.
Another structure that is often evident in images 

where villous atrophy is present, which can be modeled 
syntactically, is the scalloping of mucosal folds. This is 
a phenomenon in which the edges of the folds become 
scalloped - consisting of repeated structures with a 
rounded appearance, which are often of similar size[30,31]. 
To syntactically model the presence of scalloping, curved 
structures with similar brightness should be developed. 
The scalloping generally appears on edge as the camera 
viewing angle is toward distal regions along the small 
intestinal lumen. Thus the scalloped edges along each 
fold will appear to have similar brightness, as well as 
similar size and shape. The parameters for modeling the 
curved structure of each scallop would therefore be the 
width and height in terms of the number of pixels, and 
the degree of curvature. 

The presence of a mottled appearance in endoscopic 
images can be modeled as a series of light and dark 
patches, with the length and width of the patches 
tailored to fit the observations of actual mottled areas 
found in exemplar images. It would be anticipated, as 
a first approximation, that the light and dark patches of 
mottled regions would be symmetric, and therefore have 
similar or the same length and width parameter values. 
The actual shape of each light and dark patch could be 
modeled as circular or square as a first estimate, with 
the use of tolerance to detect any mottled components 
with a more irregular shape. The construction of a small 
prototype would be useful to detected mottled regions, 
and by sliding this prototypical template about the image 
using a computer algorithm, and correlating template 
to image at each window location, the extent of the 
mottled region can then be determined.

RESULTS
In this work, several currently proposed methods were 
described for the detection and measurement of villous 
atrophy in the small intestinal mucosa by means of 
quantitative analysis of video capsule images. These 
methods can be subdivided into statistical and syntac-
tic types of analyses. Both types of analyses seek to 
automatically detect abnormalities in the endoscopic 
images. The statistical methods are useful to analyze 
the entire image, or to analyze predefined portions of it, 
and to determine whether the statistics are substantially 
different with respect to control images. Statistical 
parameters can be compared from one segment, or 
subimage, to another in a particular endoscopic image, 
as well as from one endoscopic image to the next over 
a series of images, as they are obtained from the video 
capsule when it progresses along the small intestinal 
lumen. Using a threshold level for each statistical 
parameter, it is possible to automatically detect the 
presence of abnormal image regions and/or abnormal 
locations along the small intestinal lumen over a time 
lapse sequence of video capsule endoscopic images. 
Furthermore, the presence of gradients with varying 

of protrusions per endoscopic image can be calculated. 
The mean and variance in the width of the detected 
protrusions can be determined. And the mean and 
variance in the height of the detected protrusions can 
be computed. Greater variance in protrusion dimensions 
will likely indicate the presence of patchy villous atrophy. 
Decreased mean height and increased mean width would 
be suggestive of clumping of the villi, and therefore 
would be indicative of the presence of greater degrees of 
villous atrophy.

Another prominent macroscopic feature that is 
manifested when villous atrophy is present in the small 
intestinal mucosa that can be modeled syntactically 
is fissuring. Fissures are areas of the small intestinal 
mucosa that are devoid of villi. Thus architecturally, they 
can be described as valleys that are areas in the mucosa 
which are at greater depth with respect to camera lens 
location. They will appear in endoscopic images as dark 
lines of varying length and width[4,28]. Pixels of darker 
gray shading represent the fissured areas. One way to 
model the presence of fissures syntactically is to parse 
a linear region of darker pixels with a fixed length and 
width. As was described above for the modeling of 
mucosal protrusions, the fissures can be detected with 
the incorporation of a tolerance factor. The syntactic 
parameters in which a tolerance could be added would 
be the width, length, and brightness of each fissure. 
If the model parameters were say, width = 3 pixels, 
length = 10 pixels, and brightness = gray level 50/255, 
then tolerances could be imposed of for example ± 1 
pixel and ± 10 grayscale levels. If the tolerance is made 
too small however, many actual fissures can be missed, 
and if the tolerance is made too large, structures that 
are not actually fissures may be detected. 

Fissuring of the small intestinal mucosa due to 
villous atrophy does not appear to be dependent on 
factors such as muscle fiber orientation, and is more 
or less random[29]. Thus the fissure syntactic tem-
plate, although it can be fixed for the length, width, 
and brightness parameters, needs to be flexible with 
respect to the orientation parameter. One way to 
implement this is simply to orient the model fissure at 
various predefined angles, at a particular location, and 
determine whether or not there is a satisfactory match 
of any orientation with the actual pixel content in the 
image. More orientations used for comparison would 
enable better detection of any fissure that is present, but 
at the expense of longer computation time. To reduce 
computation time, the image can be skeletonized. This 
is a standard processing technique in which image fea-
tures are converted to a series of line structures which 
represent the central locations along each segment of the 
feature. The line structures in the skeletonized images can 
each be converted into a straight line approximation using 
linear regression analysis, and the angle of the straight 
line is then readily calculated. The prototypical template 
is then oriented according to the calculated angle of the 
structure, and a fissure is detected if the actual structure 
has similar length, width and brightness as the model, to 
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biological systems[37]. The water-immersion technique 
may be utilized to minimize patient discomfort and 
to minimize the need for sedation in children and 
adults[38]. Confocal laser endomicroscopy is a technique 
that involves a miniaturized confocal microscope, and 
was initially developed and integrated in the distal tip 
of a conventional colonoscope[39,40]. High-resolution 
magnification endoscopy can reliably identify normal vs 
atrophic mucosal regions[41]. I-scan technology consists 
of three types of algorithms: Surface enhancement, 
contrast enhancement, and tone enhancement, and 
can lead to easier detection, diagnosis and treatment of 
gastrointestinal diseases[42]. 

Limitations
Currently, video capsule endoscopic imaging is con-
strained in several respects. Firstly, the images depend 
upon camera angle with respect to the small intestinal 
lumen, as well as on the illumination by the camera 
light source. Poor camera angle can result in an 
incorrect interpretation of the presence and degree 
of pathology. Furthermore, for syntactic analysis, the 
rendering of two-dimensional endoscopic images as 
three-dimensional constructs depends upon the inverse 
square law for light illumination, but nonlinearities may 
be introduced during the process. The nonlinearities 
can distort the actual small intestinal features and their 
dimensions, as observed using shape-from-shading 
principles. The spatial resolution of each image depends 
on the camera lens to small intestinal mucosal surface 
distance, which is variable from image to image and 
even in a single image, whenever the camera angle 
to mucosal surface angle is not normal, i.e., the light 
source is not pointed precisely perpendicular to the 
mucosal surface. For quantitative analysis, color images 
are typically converted to grayscale level for simplicity. 
For improved analysis, use of the tricolor image 
information may be helpful to detect subtle features of 
villous atrophy, a subject for future investigation.

COMMENTS
Background
This research is of potential importance to treat celiac disease, a common 
malady. The main symptom used to diagnose villous atrophy is the presence 
of villous atrophy in the small intestine. The villous atrophy can be subtle and 
patchy; therefore computerized means may be better at detecting and assessing 
the severity.

Research frontiers
Quantitative research on analysis of celiac disease using video capsule 
endoscopy is a new field. Only for the last 12 or so years has this technology 
been available. In recent versions, time and spatial resolution is markedly 
improving so that subtle details can be observed without the need for light 
microscopy.

Innovations and breakthroughs
The use of the video capsule is an improvement over standard endoscopy, 
because it travels throughout the gastrointestinal tract, not just at the proximal 
portions. It is also less invasive to the patient and can be used for pediatric 
patients.

statistics, either along a single image or across a series 
of video capsule images, can possibly be detected and 
measured, though this must be shown in future work. 
Such gradients would be expected to be indicative of 
the presence of patchy villous atrophy in celiac patients. 
The resolution of the statistical measures is limited only 
by the video camera resolution, which has been steadily 
improving in recent years[32]. 

DISCUSSION
Summary
The advantages of syntactic or structural methods 
to detect the presence of villous atrophy were also 
described herein. Syntactic methods seek to model 
the structure of the small intestinal lumen based upon 
the presence of abnormal image features, which are 
indicative of pathology. Although actual villi located within 
the small intestine are difficult to detect at the current 
spatial resolution of video capsule camera systems, 
the manifestation of villous atrophy as structures in 
the small intestinal mucosa includes the presence of 
blunted protrusions, fissures, scalloped mucosal folds 
and a mottled or mosaic appearance of the mucosa. 
These structures are macroscopic, unlike the microscopic 
nature of the villi themselves, and can be detected by 
using appropriate prototypical templates. For simplicity, 
prototypical templates with fixed parameters can be 
used, with a tolerance added to all template parameters, 
so that features which are slightly out of proportion can 
still be detected. Once abnormal features are detected, 
they can be analyzed in terms of their density, shape and 
gray level characteristics, and gradients across individual 
endoscopic images and along a sequence of images can 
be determined. 

Based on the above measures, automatic detection 
of regions with pathology indicative of villous atrophy in 
untreated celiac disease patients may soon be realized, 
even when the pathology is subtle or variable, and 
patchy in appearance. By mapping these structures, it 
would be possible to determine the extent of the patho-
logy, and the change in pathologic region and content 
during the treatment of the disease.

Other methods
Although the methods described herein were limited to 
analysis of video capsule endoscopy images, other techni-
ques can be used to potentially improve the detection of 
pathologic features. In the method of chromoendoscopy, 
dyes are sprayed onto the mucosal surface via a working 
channel of the endoscope to enable detailed evaluation 
of the mucosal surface at high magnification[33]. Fuji-
non intelligent chromoendoscopy assisted capsule 
endoscopy is useful to evaluate patients with obscure 
gastroenterology bleeding[34,35]. Furthermore, narrow-
band imaging is capable of predicting the histological 
characteristics such as those present in gastric cancer 
lesions[36]. Optical coherence tomography has been 
found useful for noninvasive cross-sectional imaging in 
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