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Background: As measured from videocapsule endoscopy images, the small intestinal mucosa

of  untreated celiac patients has significantly greater and more varied texture compared to

normal patients. Three-dimensional modeling using shape-from-shading principles may

further increase classification accuracy.

Methods: A sequence of 200 consecutive videocapsule images acquired at a 2 s–1 frame

rate  and 576 × 576 pixel dimension, were obtained at four locations in the small intesti-

nal  lumen of ten patients with biopsy-proven celiac disease and ten control patients. Each

two-dimensional image was converted to a three-dimensional architectural approximation

by considering the 256 grayscale level to be linearly representative of image  depth. From

the resulting three-dimensional architecture, distinct luminal protrusions, representative

of  the macro-architecture, were automatically identified by computer algorithm. The range

and  number of protrusions per image, and their width and height, were determined for

celiacs versus controls and tabulated as mean ± SD.

Results: The mean number of villous protrusions per image was 402.2 ± 15.0 in celiacs versus

420.8 ± 24.0 in controls (p < 0.001). The average protrusion width was 14.7 pixels in celi-

acs  versus 13.9 pixels in controls (p = 0.01). The mean protrusion height was 3.10 ± 2.34

grayscale levels for celiacs versus 2.70 ± 0.43 grayscale levels for controls (p < 0.001). Thus

celiac patients had significantly fewer protrusions on the luminal surface of the small intes-

tine  as compared with controls, and these protrusions had greater dimensions, suggesting

they  are indicative of a mosaic (cobblestone) macro-architectural pattern which is common
in  celiacs.

Conclusions: Shape-from-shading modeling is useful to explore luminal macro-architecture
and to detect significant d

which can increase the us
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.  Background

he mucosal surface of the small intestine is characterized
y folds and villi which are approximately 0.5 mm long and
.1 mm in diameter in healthy human patients [1]. In health,
pithelial cells lining the villi transport nutrients from the
ntestinal lumen to the bloodstream [2]. In celiac disease,
s a result of an immune reaction to dietary gluten, the
ucosa becomes inflamed and villi become shortened (vil-

ous atrophy), and malabsorption of nutrients occurs [3]. At
he microscopic level, villous projections become small or
onexistent [3,4]. Endoscopically, the mucosal appearance has
isible fissuring that frequently displays a mosaic or cobble-
tone appearance. The mucosal folds when viewed side-on
ay appear scalloped. These structural changes are likely

o be reflected quantitatively as alterations in the three-
imensional mucosal architecture.

While endoscopic visualization of the small intestinal
ucosal surface using video endoscopic techniques is the

tandard method of assessing the mucosal surface and allows
iopsy for the diagnosis of celiac disease, other methods are
lso available. These include contrast-enhanced magnetic res-
nance (MR) imaging as a way to show the mucosal changes

n celiac disease [5]. Another novel diagnostic technique is
ndocytoscopy, which enables real-time visualization of the
ntestinal mucosa at 450× magnification, so that intestinal
illi dimensions can be determined [6]. Moreover, irregular
nd abnormal peristalsis is present in most untreated celiac
atients and can be evaluated by means of ultrasound using

 combination of signs [7]. Computed tomography can also
e implemented to discriminate celiac disease from other
aladies, but has thus far been limited to visual analy-

es [8]. Any imaging method to detect pathology throughout
he small intestinal lumen in celiac patients should be able
o assess not only the typical endoscopic markers includ-
ng a reduction or absence of duodenal folds, scalloping
f the duodenal folds, mosaic or cobblestone appearance
f the mucosal surface, and mucosal fissures, crevices or
rooves, but also to directly assess whether villous atrophy is
resent [9].

Videocapsule endoscopy can be used to acquire high-
esolution images from the entire small intestinal mucosa
4,10,11]. In previous work, it was shown that differences
n mucosal architecture related to villous atrophy can be
etected by measuring videocapsule image  texture [4,10,11].
exture can be defined as the variation in image  brightness at
cales smaller than the region of interest, and can be mea-
ured as the standard deviation from the mean [12]. Using
his measurement for comparison of celiac versus control
ideoclips, texture was found to be significantly greater in
eliacs [4,10,11]. It was hypothesized that the increased tex-
ure was correlated to abnormal macroscopic image  features,
hich are in turn related to villous atrophy at the microscopic

evel. However, this textural measurement is not indicative
f the three-dimensional profile of mucosal architecture. If

here were a way to encode for three-dimensional structure,
t could be useful to detect additional features of abnor-

al  mucosa. The shape-from-shading transformation from
wo to three dimensions can provide information regarding
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object depth, and it is useful for correction of tissue area
estimates [13]. In the current study, we sought to construct
a three-dimensional rendering of two-dimensional videocap-
sule images using shape-from-shading principles. This was
done, as a first approximation, by linearly converting grayscale
level to image  depth. In so doing, abnormalities in celiac small
intestinal mucosa could be measured as alterations in three-
dimensional architecture. The objective of the study was to
characterize the three-dimensional architecture of the small
intestinal surface using a particular syntax, which as we  shall
show, is useful for distinguishing celiac from control video-
clips.

1.1.  Acquisition  and  preprocessing  of  clinical  data

For quantitative analysis, videocapsule endoscopic images
were obtained from patients who had provided informed
consent prior to endoscopy. Indications for this procedure
include suspected celiac disease, suspected Crohn’s disease,
obscure bleeding, iron-deficient anemia, and chronic diar-
rhea. Patients under 18 years of age, pregnant women, and
those with a history of intestinal obstruction, presence of a
pacemaker, or chronic use of non-steroidal anti-inflammatory
drugs (NSAIDs) were excluded. Only complete videocapsule
endoscopy studies, reaching the colon, were used for analysis.
Retrospective analysis of videocapsule endoscopy data was
approved by the Internal Review Board at Columbia University
Medical Center.

The PillCamSB2 videocapsule (Given Imaging, Yoqneam,
Israel) was used to obtain small bowel images. The sys-
tem consists of a recorder unit, real-time viewer, battery
pack, antenna lead set, recorder unit cradle and harness,
battery charger, and real-time viewer cable. The capsule is
26 mm × 11 mm in size. A light source illuminates the luminal
wall in line with the camera direction. All subjects swal-
lowed the PillCam SB2 videocapsule with radio transmitter
after a 12 h fast and wore a small portable recording device.
The recorder received radioed images via a sensor array that
was transmitted by the videocapsule as it passed through
the GI tract. The procedure began in early morning by swal-
lowing the capsule with approximately 200 ml  of water, and
investigation was terminated either upon arrival of the cap-
sule in the cecum, or after 8 h. Subjects were allowed to
drink water 2 h after ingesting the capsule, and to eat a
light meal after 4 h. Videos were reviewed and interpreted by
an experienced gastroenterologist using a HIPAA-compliant
PC-based workstation equipped with Given Imaging analy-
sis software that was also used to export videos for further
analysis.

Retrospective data were obtained from 10 celiac patients on
a regular diet or within 3 months of starting a gluten-free diet.
In these patients the diagnostic biopsy revealed Marsh grade
II–IIIC lesions [14]. All patients were evaluated at Columbia
University Medical Center, New York, from May 1, 2008 to July
31, 2009. The celiac cohort consisted of 5 female and 5 male
patients (mean ages 50.5 and 44.0 years, respectively), and a

control group 6 female and 4 male patients (mean ages 50.0
and 51.5 years, respectively). The videocapsule frame rate was
set to acquire two digital images per second with the image
dimension being 576 × 576 pixels.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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Videoclips obtained from four locations in the small intes-
tine of each patient were analyzed retrospectively. The four
regions were: (1) duodenal bulb, (2) distal duodenum, (3)
jejunum, and (4) proximal ileum. The recorded digital infor-
mation was downloaded to the computer console, and videos
from the small and large bowel were reviewed using propri-
etary software. A sequence of 200 consecutive images (i.e.,
100 s) was extracted from each videoclip for Matlab processing
(ver. 7.7, The MathWorks, 2008, Natick, MA). The videocap-
sule endoscopic images of celiac patients that were used
for analysis were taken from regions that appeared abnor-
mal. Videocapsule endoscopic images were also obtained from
10 control patients. All image  sequences used for analysis
were selected to have minimal presence of extraneous sub-
stances such as air bubbles and opaque fluids. From the
portions of each videoclip meeting these criteria at each
small intestinal level, the 200 image  sequence used for anal-
ysis was randomly extracted. The actual image  resolution
depended on the camera–lumen distance. The PillCam is
11 mm in length and has a field-of-view of 140◦. Suppos-
ing that the PillCam is positioned vertically on the lumen
surface so that the videocamera is oriented in the normal
direction toward the surface on the opposite side, and that the
lumen diameter is 25 mm,  this maximum videocamera–lumen
distance is 14 mm.  From trigonometry, the camera viewing
area would then be 7.5 cm × 7.5 cm,  so that the minimum
image resolution, for 256 × 256 pixel images, is approximately
0.2 mm.  Each image  obtained from the videoclip was initially
in RGB color format. For simplicity in processing, the extracted
images were converted to 256 grayscale levels (0 = black,
255 = white), resized to 576 × 576 pixels, and stored in Portable
Gray Map  (pgm) specification via a commercial software pro-
gram (Matlab ver. R2009b, The MathWorks, Natick MA). The
preprocessed images were viewed using the ImageJ software
program [15].

2.  Methods

2.1.  Shape-from-shading  transformation

The shape-from-shading problem is to compute a three-
dimensional shape from a grayscale image  [16]. Determining
three-dimensional shape from grayscale shading is a problem
that has no unique solution [16]. As a first approximation we
suppose that the camera and light source are directed nor-
mal  to and at constant distance from the luminal surface,
so that there is a direct relationship between the reflectance
map  and image  brightness [16]. Based upon the Inverse Square
Law, regions closer to the camera lens and light source will be
brighter in appearance. We used a linear approximation for the
small imaging distances between camera and luminal wall,
since these measurements are near the base of the parabola
representing the inverse square function. The same treatment
was applied to all data, so that any distortion imposed by this

constraint was unbiased. Thus each videocapsule image  was
converted to a three-dimensional representation with dimen-
sions: x–y (width and length in pixels) and depth (256 grayscale
levels).
 b i o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 676–684

2.2.  Syntactic  analysis

Three-dimensional structures were characterized as follows
using shape-from-shading principles. A syntax was devel-
oped to quantify three-dimensional macro-architecture. A
protrusion was defined as a 9 × 9 pixel area with the center
pixel having the greatest brightness of any of the 81 pix-
els in that area (see Fig. 1, asterisk). The values for model
length × width of 9 × 9 pixels approximated the observed
protrusion dimensions that were evident in videocapsule
imagery. The protrusion location was defined by the XY coor-
dinate of the center pixel in the kernel. This step was repeated
by shifting the kernel across the entire image.  The height and
width of each detected protrusion were calculated as follows.
The mean brightness within the 9 × 9 pixel area centered on
each detected protrusion was calculated (square area within
solid white line in Fig. 1). The average brightness level for all
pixels along each successively larger concentric square was
then calculated. The first such square is 11 pixels on each side
and is marked in Fig. 1B. The total number of pixels contained
within the square edges is:

(4 × 11) − 4 = 40

For the next square which is 13 pixels on each side, the total
number of pixels used for calculating mean brightness was:

(4 × 13) − 4 = 48

The average pixel brightness within the 9 × 9 square edge,
the 11 × 11 square edge, and so on, was plotted as shown near
the bottom of Fig. 1B. For concentric squares that are more
distant from the center, the average brightness decreases and
reaches a minimum for the concentric square that is 17 pix-
els on a side. Protrusion width was defined as the dimension
of the concentric square at a minimum brightness, which is
17 in Fig. 1B. To prevent scalloped edges from being detected
as protrusions, the maximum protrusion width was set to 100
pixels. Protrusion height was defined as the difference in aver-
age brightness level for the 9 × 9 area at center versus the
concentric square at minimum brightness. Thus the syntax
for describing protrusions was developed to detect bright spots
with progressively decreasing brightness away from their cen-
ters, approximated by a square shape.

The number of protrusions per image,  and the mean pro-
trusion width and height per image,  were averaged over the
200 image  sequence in each videoclip. Pooled videoclip mea-
surements for celiacs versus controls were then compared.

2.3.  Spatial  derivative  and  statistics

To quantify spatial relationships in each image,  the first spatial
derivative dv of protrusion width and height was calculated as
the mean absolute difference between the value at a particular
location and that of its four nearest-neighbors:

1 ∑

dvw =

4
abs(wc − wi) for i = 1 − 4 (1)

dvh = 1
4

∑
abs(hc − hi) for i = 1 − 4 (2)

dx.doi.org/10.1016/j.cmpb.2013.06.002
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Fig. 1 – Schematic illustration of the macro-architectural model. Luminal surface protrusions were  identified using a square
edge. Although few protrusions were  actually square in dimension, the measurement proved to be a good approximation
(

w
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see Table 1).

here wc is the width of a particular protrusion for which the
patial derivative is being calculated, wi is the width of its four
earest-neighbors, hc is the height of the particular protrusion,
nd hi is the height of its four nearest-neighbors.

Using a fast PC-type computer, the above calculations were
ompleted in approximately 1 min  for each of the 200 frame
equences.

.4.  Statistics

he unpaired t-test and the F statistical test were used to
etermine significant differences in the means and standard

eviations, respectively (SigmaPlot 2004 for Windows Ver. 9.01,
ystat Software, MedCalc Statistical Software 2008, ver. 9.5
elgium).

ig. 2 – Example of (A) two-dimensional image and (B) three-dim
re represented by lower elevations in (B). Around the three-dim

black) is shown for reference (planar region at edges); same for F
3.  Results

An example of a two-dimensional image  to three-dimensional
rendering from a celiac patient videoclip, obtained at the
level of the distal duodenum, is depicted in Fig. 2. Panel
A shows the PillCam image  prior to processing, one of 200
images per videoclip. Numerous mucosal folds with scallop-
ing are observable, and there is a mosaic appearance. The
smoothed three-dimensional rendering of this image  is shown
in Fig. 2B, oriented to better display the protrusions. This
rendering (and those of Figs. 3–7) was done using map3d,
an interactive scientific visualization tool for bioengineering

data (Scientific Computing and Imaging Institute, University of
Utah) [17]. For clarity, the three-dimensional location of each
pixel/grayscale level was shown at half-resolution (decimation

ensional rendering, celiac patient data. Darker areas in (A)
ensional image representation in (B), grayscale level 0
ig. 5.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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Fig. 3 – Example of protrusion measurement for celiac patient data (same image as Fig. 2). The detected protrusions are
denoted as circles. For clarity, the total number of detected protrusions was subsampled to generate the maps. (A) Width –
protrusions with maximal width are evident at center right (blue). (B) Height – protrusions with maximal height are also
evident at center right (blue). The largest protrusions detected correspond with those evident in Fig. 2. Scalloped edges are

refer
too large to appear as protrusions. (For interpretation of the 

the web version of this article.)

by two) after application of the smoothing kernel. The baseline
level is evident at the edges in Fig. 2B with extraneous letter-
ing appearing as tall peaks at some of the corners. Features
of the two-dimensional shading in panel A are represented as
three-dimensional structures in panel B. For example, selected
corresponding locations are shown by colored asterisks in
panels A and B.

Locations of luminal protrusions from Fig. 2 that were
detected by the concentric squares macro-architectural model

are noted as circular points in Fig. 3A. The color scale denotes
protrusion width from smaller (red) to larger (blue) with 100
being the maximum as noted in Section 2. Many of the pro-
trusion widths are wide (blue) or intermediate (yellow) at the

Fig. 4 – Histograms of the frequency of protrusion width (A
ences to color in this figure legend, the reader is referred to

area where the mosaic pattern is the most evident (compare
Fig. 3A with Fig. 2). The scale for protrusion width is given at
lower right in units of pixels. In Fig. 3B the result is shown for
the protrusion height calculations using the same image.  As
in Fig. 3A, in Fig. 3B the locations of the protrusions are noted
as circles. The color scale from red to blue indicates greater
protrusion height. It is evident that protrusions with greater
height (panel B) tend to have greater width as well (panel A).
The scale for protrusion height is given at lower right in the

panel, and it ranges to a maximum of 35 grayscale level units.

Corresponding histograms for the protrusion width and
height maps of Fig. 3 are shown in Fig. 4. The width bin from
0 to 9 represents protrusions with widths of only 9 pixels. The

) and height (B) for the corresponding maps in Fig. 3.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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Fig. 5 – Example of two-dimensional image and three-dimensional rendering from a control patient.

Fig. 6 – Example of protrusion measurement for a control patient image (same image as Fig. 5). The detected protrusions are
shown as circles. For clarity, the total number of detected protrusions was subsampled to generate the maps. (A) Width –
protrusions with maximal width are seldom evident (blue). (B) Height – protrusions with maximal height are noted in blue.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7 – Histograms of the frequency of protrusion width (A) and height (B) for the corresponding maps in Fig. 6. Both the
width and the height measurement tend to cluster at lower values.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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bin with the most pixels is at width 10–19. Both the width and
the height measurement tend to spread toward higher values.

An example of two-dimensional imaging and three-
dimensional rendering from a control patient is shown in
Fig. 5. Panel A shows the PillCam image  which was obtained
from the distal duodenum. Several folds are evident (panel A).
Other than for the folds, the image  is mostly uniform across
the luminal surface as compared with the celiac image  of
Fig. 2A. The three-dimensional rendering is shown in Fig. 5B.
Some corresponding areas are noted by asterisks. Protrusions
are evident but they appear small and uniform as compared
with those of the celiac image  in Fig. 2B. In Fig. 5B, lettering in
the PillCam image  appears as artifact at the top. The edges of
the image  are shown as flat surfaces.

Locations of luminal protrusions from Fig. 5 that were
detected by the concentric squares macro-architectural model
are noted as circular points in Fig. 6A. The color scale denotes
protrusion width from smaller (red) to larger (blue) with 100
being the maximum possible value. Only a few protrusions
are wide (blue color) as compared with Fig. 3A. Most protru-
sions are narrow (red color). In Fig. 6B the result is shown for
the protrusion height calculation using the same image.  As
in Fig. 6A, in Fig. 6B protrusion locations are noted by circles.
The color scale from red to blue indicates greater protrusion
height. Taller protrusions are mostly confined to a small region
at center.

Corresponding histograms for the protrusion width and
height maps are shown in Fig. 7. Both the width and the
height measurement tend to be clustered at lower values as
compared with the corresponding histograms for the celiac
patients shown in Fig. 4. For the protrusion width histogram
(Fig. 7A) the maximum frequency occurs at the narrowest
width, unlike the corresponding histogram for the celiac
patient in Fig. 4A. The protrusion heights cluster at lower val-
ues for the control patient (Fig. 7B) as compared with the celiac
patient (Fig. 4B). Thus most of the protrusions in this control
patient image  are small and uniform as compared with the
celiac patient image.

3.1.  Summary  statistics

Results for all patients are summarized in Table 1. Shown

from top to bottom rows are the mean number of protru-
sions per image,  mean and standard deviation of protrusion
width in pixels, the mean spatial derivative in protrusion
width, mean and standard deviation of protrusion height

Table 1 – Statistical results of luminal protrusion measurement

Measurement Celiac 

# Protrusions/image 402.21 ± 14.99 

Protrusion width MN 14.66 ± 1.04 

Protrusion width SD 20.96 ± 2.34 

Protrusion width dvw 12.38 ± 1.01 

Protrusion height MN 3.10 ± 0.26 

Protrusion height SD 6.20 ± 0.42 

Protrusion height dvh 3.06 ± 0.32 

Width in pixels; height in grayscale level; MN, mean; SD, standard deviatio
 b i o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 676–684

above baseline level (grayscale units), and spatial derivative in
protrusion height. Most differences between celiacs and con-
trols are highly significant. The celiacs have more  protrusions
per image  than celiacs, and these are greater in mean width
and height, and have larger spatial derivatives in width and
height as compared with controls. There is greater uniformity
in size in terms of protrusion width and height in controls
(lesser standard deviation, which is significant for the height
measurement). Thus control patients tend to exhibit more
uniform protrusions throughout the luminal surface (lesser
spatial derivative), while celiac patients tend to have larger,
irregularly sized protrusions.

4.  Discussion

In this study, a syntax, which is a quantitative description
of the way in which structural elements are arranged, was
developed to quantify the morphology of small intestinal
protrusions as evidenced by videocapsule imaging data. The
results indicate that the model syntax, described in Section 2,
is useful to distinguish mosaic pattern in celiac patient video-
capsule images (Figs. 2–4) as compared to the more  uniform
and fine texture in control patient images (Figs. 5–7). Over-
all, significant differences between celiacs and controls were
found in most parameters, as would be expected due to the
presence of villous atrophy in celiac patients. In this study only
macro-architectural protrusions were quantified, with dimen-
sions on the order of a few millimeters. In future studies the
syntax could be revised to describe fissures or scalloping that
are also often present in untreated or recently treated celiac
patients, as well as in those patients who are refractory to the
gluten-free diet. Thus there is the potential for the method to
assist in diagnosis and treatment.

4.1.  Quantitative  measurement  of  the  small  intestinal
mucosa  from  endoscopic  images

Other investigators have used differing approaches to quantify
the small intestinal mucosal surface from endoscopic images.
Shape-from-shading endoscopic investigation has also been
implemented using formulae for irradiance and photometric

calibration [18]. Other algorithms for quantification consider
the close proximity of light source to luminal wall [19]. Such
algorithms can be used to discriminate pathology from normal
duodenum [20]. It is also possible to evaluate the quantitative

s.

Control Significance

420.79 ± 23.97 p < 0.001

13.91 ± 1.47 p = 0.01
20.53 ± 3.40 NS
11.93 ± 0.95 p < 0.05

2.70 ± 0.43 p < 0.001
5.75 ± 0.55 p < 0.001
2.69 ± 0.40 p < 0.001

n; NS, not significant; dv, spatial derivative.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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esults from a series of endoscopic images so as to map  the
ucosal surface in real-time on a computerized grid [21]. Thus

ther investigators have found it possible to use endoscopic
magery successfully for detection of celiac disease features.

.2.  Clinical  correlates

here is a need to model the macro-architecture of the small
ntestinal luminal surface when villous atrophy is present to
ifferentiate celiac videocapsule images from normal images.
ur study was an initial attempt to model the luminal surface
t the level of resolution of videocapsule imagery (on the order
f millimeters). Differences in three-dimensional architecture
f the small intestinal mucosal surface between celiacs and
ontrols, according to the syntax devised in this study, was
or the most part highly significant (Table 1). Since macro-
rchitecture on the order of millimeters was quantified, it
uggests that the increased height and width of celiac protru-
ions, and their more  spatially varied form, is a manifestation
f the frequently present mosaic or cobblestone appearance
f the intestinal mucosa in these patients. Thus we believe
hat the technique will be useful to detect and map  areas of
illous atrophy in a prospective series of celiac patients, as
lanned for future study. Other syntaxes can be devised for
escribing protrusions and other features of the small intesti-
al lumen including the fissures that are commonly present

n celiac patient intestinal mucosa due to pathology, and the
calloping of mucosal folds [22,23]. In the case of fissures for
xample, rather than protrusions the goal would be to detect
mall grooves or valleys in the mucosal surface that can be
inear or curved. These features are similar in scale to the pro-
rusions. On a larger scale, detection of scalloping of mucosal
olds will first require the development of a syntactic defini-
ion of the mucosal folds themselves, and then discriminating
ormal folds from scalloped ones.

Based on this analysis, a mapped profile of the state of
he villi could be developed along the entire small intestine.

e would expect that, as celiac disease is known to have
atchy areas of villous atrophy [3] there will be areas with

ittle or no atrophy according to the morphologic measure-
ents, as well as areas with severe atrophy. Areas lacking

trophy in celiacs would be expected to have lesser quantita-
ive macro-architectural difference as compared with normal
mall intestinal mucosa. As atrophy becomes more  severe,
he change in profile can be measured quantitatively, even at
he light microscopic level [24], suggesting that the macro-
rchitecture that is resolvable at this level of resolution is
ltered, as also found in our study.

Small intestinal regions with villous atrophy are patchy
n celiac disease, which would be expected to be manifested
s patchy regions of macro-architectural change on the order
f the few millimeters resolution that was used for quantifi-
ation in our study. Thus would be expected larger spatial
erivatives in protrusion width and height in celiacs, as was
bserved (Table 1). In contrast, our syntax suggested that
ontrol patients have a more  uniform, carpet-like macro-

rchitectural appearance of the small-intestinal lumen.

Another investigation has shown that Bayesian and
upport vector machines can be useful to segment the gas-
rointestinal tract according to four major topographic areas:
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the entrance, stomach, small intestine, and large intestine,
which is used to reduce manual annotation time [25]. Auto-
matic diagnosis of intestinal motility diseases (as in celiacs
who tend to have reduced motility) [21,26,27] using video cap-
sule endoscopy is also possible [28]. Thus a further use of
our syntax would be for application to image  frames in real
time so that changes in three-dimensional architecture can
be correlated to luminal location and to motility. Moreover,
this algorithm could be applied to celiac patients beginning a
gluten free diet, to monitor the effectiveness of the diet, and
to map  changes along the small intestine during recovery.

4.3.  Conclusions

Videocapsule endoscopy images of the small intestinal lumen
were converted to three-dimensional macro-architectural
structures using shape-from-shading principles. A syntax was
developed to describe, compare, and contrast this three-
dimensional morphology in celiac patients versus controls.
It was found that significant differences in morphology exist
between celiacs and controls. Notably, in celiacs the lumi-
nal protrusions are less spatially uniform, and are taller
in height and wider in width which is a likely manifesta-
tion of the patchy, mosaic or cobblestone appearance. The
method is therefore potentially useful to detect pathologic
areas of the small intestine in celiacs during real-time capsule
endoscopy, as well as to monitor the efficacy of a gluten-free
diet.

4.4.  Limitations

For simplicity, presence of opaque materials within the
luminal fluid was treated as random noise that would
not significantly affect significant differences in the three-
dimensional architecture between celiac and control patients.
A method has been devised by other investigators to remove
extraneous information from videocapsule images [20], which
could be incorporated into future versions of our algorithm.
The effects of light reflection and proximity of the lumi-
nal surface to the camera lens were considered, as a first
approximation, to equally affect celiac and control images.
These extraneous influences may result in slightly reduced
significance between the two populations of patients. The
statistical population was relatively small in this pilot study
(N = 10 celiacs and N = 10 control subjects, 4 small intesti-
nal levels in each). Thus results should be confirmed in a
larger pool of subjects prior to planning a clinical trial. Our
results were pooled from all videoclips without regard to small
intestinal location. By separating the videoclip measurements
based upon location, in a study with a larger population of
patient data, it will be possible to characterize differences
in the three-dimensional morphology of the small intestinal
lumen according to anatomic location. This may be impor-
tant, for example, to characterize the healing process along
all portions of the small intestinal lumen in celiacs after
onset of the gluten-free diet (duodenal bulb, distal duode-

num, jejunum, and ileum), as well as to determine whether
the profile of villous atrophy differs markedly between celiac
patients according to age, gender, and presence of refractory
disease.

dx.doi.org/10.1016/j.cmpb.2013.06.002
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