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ABSTRACT

Background: Although videocapsule endoscopy images are helpful in the evaluation of celiac
disease, their interpretation is subjective. Quantitative disease markers could assist in deter-
mining the extent of villous atrophy and response to treatment.
Method: Capsule endoscopy images were acquired from celiac patients with small bowel
pathology (N=11) and from control patients (N =10). Image resolution was 576 x 576 pixels
in dimension, 256 grayscale levels, and had a 257! frame rate. Pixel brightness and image
texture were measured over 10 x 10 pixel subimages and then averaged for 56 x 56 subim-
ages per frame. Measurements were obtained at five locations from proximal to distal small
intestine in each patient. At each location, measurements were calculated using 200 con-
secutive image frames (100s). Mean frame-to-frame pixel brightness, image texture, and
periodicity in brightness, an estimate of wall motion or intestinal motility, were computed
and used for classification with a nonlinear discriminant function.
Results: From pooled data, celiac images had greater texture than did images from con-
trol patients (p<0.001) and exhibited more frame-to-frame brightness variation as well
(p=0.032). The dominant period of brightness was longer in celiacs (p =0.001), possibly indi-
cating decreased motility. Using the markers for three-dimensional nonlinear classification
of celiacs versus controls, sensitivity was 92.7% and specificity was 93.5%. The relationship
between dominant period and small intestinal transit time was approximately linear for
both celiacs and controls (r? =0.42 and r? =0.55, respectively).
Conclusions: Videocapsule images can be quantified to detect villous atrophy throughout the
small intestine, and to distinguish individuals with celiac disease from individuals lacking
mucosal atrophy.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

intestine. There are several visual changes identified in the
small intestine at standard video endoscopy and at video-
capsule endoscopy that include villous atrophy, scalloping,

Celiac disease (CD) is common, affecting about 1% of the  fissuring, mucosal atrophy, layering or stacking of mucosal
population worldwide [1]. Diagnosis is made mainly through folds, and mosaic patterns [2], often in the proximal region
biopsies taken at endoscopic examination of the upper small but frequently also in the mid and distal small bowel [3,4].
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Conventional endoscopy is not routinely used for imaging the
mid and distal small intestine, however wireless videocapsule
endoscopy is a noninvasive imaging method that can be used
to evaluate the intestinal mucosa along the entire length of
small bowel for evidence of CD, or its complications [4,5].

The videocapsule endoscopy camera produces high qual-
ity images of the small bowel mucosa at a rate of 2s~! and
is able to detect minute mucosal details, including changes
in intestinal villi [6,7]. Videocapsule endoscopy is being used
increasingly to assess patients with celiac disease, especially
when they are unable, or unwilling to undergo standard
endoscopy [5]. However, clinical scoring of these images is
subjective and requires training. It is not always possible
to visually discern subtle differences between videocapsule
images, particularly in low contrast areas. If image processing
could be used to automatically assess videocapsule images for
presence of pathology, it would potentially be very useful as a
clinical diagnostic tool.

2. Background

The types of visual features that are observed by gastroenterol-
ogists upon examination of videocapsule endoscopy images
suggesting celiac disease include villous atrophy (68.1%),
mucosal fissuring (61.7%), layering (40.4%), and mosaic pattern
(19.1%), with changes extending into the ileum [8]. Videocap-
sule endoscopy has also proven useful to evaluate patients
with known celiac disease who have ongoing symptoms or
who develop alarm symptoms such as pain, fever, weight loss,
or bleeding, despite adhering to a gluten-free diet [9,10]. Fur-
thermore, videocapsule endoscopy can be used to diagnose,
monitor, and assess for complications of CD [11] including
those observed in patients with type Il refractory celiac disease
[12].

A major drawback of videocapsule endoscopy is that its
sensitivity in detecting villous atrophy by visual inspection
of the images alone ranges between 70% and 87.5%, while
the specificity ranges between 100% and 90.9% [6,13,14]. The
moderate agreement of the videocapsule findings of intestinal
mucosal atrophy with the histologic pattern, despite result-
ing in a high specificity, has a lower sensitivity. Thus visual
inspection of videocapsule endoscopy images by themselves
cannot replace traditional biopsy examination [15], and for
the purpose of diagnosing complications of celiac disease,
videocapsule endoscopy has the status of a grade C recom-
mendation [16]. In this study we report on the development
of quantitative disease markers to detect pathology through-
out the small bowel in celiac patients, compared to normal
patients, which are readily applicable to videocapsule imag-
ing.

3. Method
3.1. Clinical
Eleven celiac patients were studied, ten had biopsy changes

characteristic of celiac disease (Marsh grades II-IIIC), while
one patient had no biopsy performed because of hemophilia.

Controls consisted of ten patients with normal histology
being evaluated for other gastrointestinal complaints at the
Columbia University Medical Center, New York from Febru-
ary 1, 2009 to December 31, 2009. All patients consented
to videocapsule endoscopy study. The indication for cap-
sule endoscopy in control patients included obscure bleeding
and diarrhea. Patients with age under 18 years, pregnancy,
history of intestinal obstruction, presence of a pacemaker,
and chronic use of non-steroidal anti-inflammatory drugs
(NSAIDs) were excluded from study. Only studies that reached
the cecum were included for analysis.

The PillCam SB2 videocapsule (Given Imaging, Yogneam,
Israel) was used to obtain videocapsule endoscopy images.
The system consists of a recorder unit, battery pack, antenna
lead set, recorder unit harness, battery charger and recorder
unit cradle. The capsule is 26 mm x 11 mm in size and has a
frame rate of two digital images per second (2s~1). All sub-
jects swallowed the PillCam SB2 videocapsule after a 12-h
fast with approximately 200 cc water and 80 mg simethicone.
Subjects were allowed to drink water 2h after ingesting the
capsule and to eat a light meal after 4h. The data recorder
was worn on a belt by the patient and received radio image
signals via a sensor array transmitted by the videocapsule as
it passed through the GI tract. Capsule endoscopy images were
recorded over an 8-h period. At the end of 8h, the images
were downloaded to a PC-based workstation. The videos were
interpreted using Rapid5 software (Given Imaging, Yogneam,
Israel) by gastroenterologists, each with experience in read-
ing over fifty capsule endoscopies. After marking the first
duodenal image and cecal image, the total intestinal transit
time was calculated for each videocapsule endoscopy study.
De-identified videoclips of 200 frames each were acquired
from five locations in the small intestine of each patient.
The total small bowel transit time was divided into tertiles,
corresponding to the proximal, mid and distal small bowel
respectively. Videoclips were obtained from each tertile (loca-
tions 2-4), from the proximal duodenum as the capsule first
entered the small bowel (location 1), and from the distal
ileum (location 5). The videos were reviewed using proprietary
software.

3.2. Quantitative

Videoclips created from patient data were transferred with-
out patient identifiers to a dedicated PC type computer for
quantitative analysis. From each videoclip, grayscale images
(256 levels) with an image dimension of 576 x 576 pixels
were extracted using Matlab Ver. 7.7, 2008 (Mathworks, Nat-
ick MA). The images were processed as follows. Subimages of
10 x 10 pixels were extracted from each image using computer
software developed in-house (56 x 56 per image excluding
borders). The average grayscale level (brightness) and the
standard deviation in grayscale level (image texture) of each
subimage were calculated and averaged for the image frame.
The means and standard deviations over 200 frames (100s)
were then computed and tabulated. Over the 200 video frames,
the standard deviation in brightness, i.e. the brightness vari-
ability, which reflected temporal changes, and the mean image
texture, which reflected the localized spatial variability, were
used as parameters for classification of each videoclip. Greater
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brightness variability, and greater image texture, were hypoth-
esized to be indicative of villous atrophy. The crevices and
fissures that are a hallmark of villous atrophy at the macro-
scopic level are dark in color and would manifest as a greater
variation in the grayscale level. Similarly, greater variability
in brightness from frame-to-frame was hypothesized to be
indicative of patchy villous atrophy, a hallmark of celiac dis-
ease. Videos in a few areas in some patients were excluded
due to the lack of clarity when opaque extraluminal fluid
and/or air bubbles were present. Videoclips having opaque
extraluminal fluid or air bubbles comprising >10% of the
area in image frames were excluded from further analy-
sis. When lesser amounts of opaque extraluminal fluid or
air bubbles, which have the capacity to magnify the surface
texture, were present, they were considered as a first approx-
imation to act as random noise for purposes of analysis.
Both celiac and normal patients were found to have some
opaque extraluminal fluid and air bubbles in portions of the
image frames. For the 11 celiac patients a total of 55 video-
clips, and for the 10 controls, a total of 50 videoclips were
analyzed (one from each of five locations in each patient).
Four of the 50 control videoclips were excluded from fur-
ther analysis due to presence of opaque extraluminal fluid or
air bubbles.

3.3.  Dominant period analysis

To estimate wall motion, the dominant period of the bright-
ness parameter was calculated over 200 frames. This was done
using a procedure called dominant frequency analysis. The
dominant frequency is defined as the fundamental frequency
component with the greatest spectral power in the frequency
range of interest [17,18] and it therefore provides a measure-
ment of the most prevalent periodicity in the pattern of image
intensity over time. Since the signal length of 200 frames was
quite short, rather than use Fourier analysis, the calculation
was done as follows [17,18]. The mean brightness value over
200 image frames was treated as a signal. The ensemble aver-
age vector e, was obtained by averaging successive mean-zero
signal segments of window length w:

w = () Uus (13
Uy = [lolw ... L] (1b)

where s is the signal vector of length N, I, are w x w identity
submatrices, and the sequence is cropped so that the compu-
tation matrix Uy is w x N in dimension, and the number of
summations for a signal window length (segment length) w
is:

. N
n =int (E) 2
The ensemble average energy is given by:

Ew= ?E}gw (3)

And the root mean square power of the ensemble average
is:

Py =sqrt (%”) (4)

The ensemble average (EA) frequency spectrum is formed
by plotting sqrt(n) x Py, versus w. The sqrt(n) term is used
to level the spectral brightness background across the spec-
trum, which would otherwise decrease with w by 1/sqrt(n), the
degree of noise falloff per number of summations n used for
ensemble averaging. The low spectral limit for analysis was
selected as 40 sample points (20s), and the high spectral limit
was selected as 3 sample points (1.5 s). The dominant period of
the EA spectrum was defined as the segment length w* in sec-
onds of the largest fundamental peak in the power spectrum
[17,18]. The dominant period was also computed for temporal
variability in texture, but for simplicity this was not included
in subsequent calculations.

We then determined how well the quantitative markers
extracted from each videoclip: brightness and its variation,
texture, and dominant period of brightness, could be used
for comparing and contrasting celiac versus control video-
clips. The mean and standard deviation of pooled data from
each area, and from all areas combined, was calculated in
celiacs versus controls. The significance between means was
determined using the unpaired t-test (SigmaPlot ver. 9.01,
Systat Software, 2004) and the significance between the stan-
dard deviations was calculated using the F-test (Medcalc ver.
9.5, 2008). Scatterplots of the data were constructed. The
best nonlinear discriminant boundary for classification of
celiacs versus controls was determined manually in a three-
dimensional scatterplot as projected into two dimensions. The
feature distribution was then projected into eigenspace using
Matlab for eigenvector computation (ver. 7.7, The Mathworks,
2008), and the best linear discriminant function for classifi-
cation in eigenplane 1-2 was determined. We hypothesized
that this eigenplane would provide the greatest separation
between the two classes (celiac and control) since variance
is maximized. The transit times for celiacs and controls were
compared to their mean dominant periods in image bright-
ness (locations 1-4) using linear regression analysis (SigmaPlot
ver. 9.01, Systat Software, 2004).

4, Results

In Fig. 1 are shown example color images obtained from the
videocapsule recorder at locations 4 and 2 in two normal (A-B)
and locations 3 and 2 in two celiac patients (C-D). Both the villi
and the mucosal folding patterns do not show any abnormal-
ity in the normal patients (panels A-B). However in the celiac
patientimages, a high degree of fissuring and scalloping of the
edges was observed (panels C-D). These findings suggest that
there will be a greater degree of spatial variability in terms of
textural changes in the celiac images.

Quantitative markers of image brightness from a control
patient (area 3) are shown in Fig. 2. The variation in mean
image brightness over 200 frames (100s) is shown in panel A.
The mean brightness over this interval was 77.1 for a grayscale
range of 1-256 (256 =brightest). A number of peaks and oscilla-
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Fig. 1 - Color image frames acquired from the capsule video. Upper panels: Controls-luminal wall and folds. Lower panels:
Celiacs-luminal wall and folds. These color images are transformed to 256 level grayscale images in Image]J prior to further

processing.

tions are evident. There appears to be a short range oscillation
consisting of individual peaks as well as longer range oscilla-
tions consisting of clusters of peaks. The spectrum of the data
from panel A is shown in panel B. There is a prominent peak
at w = 9 sample points (4.5s) as well as a secondary peak at
w = 26-28, which may be the third harmonic (in which case the
second harmonic is the smaller peak at w = 18). The tempo-
ral change in image texture for this normal patient is shown
in panel C. The mean texture level is 8.4 grayscale. Peaks of
variability (panel C) appear to have similar time duration as
compared with peaks of brightness (panel A) and the quanti-
tative spectrum of variability shows a dominant peak at 4.0s
(panel D), approximately the same as the dominant peak for
brightness (panel C).

In Fig. 3 the same quantitative image markers are shown
from a celiac patient (area 3). The mean brightness level
(Fig. 3A) is lower in this celiac patient (65.0/256) as compared
with the control patient (Fig. 2A). The dominant period in
brightness is 6.5s (Fig. 3B), substantially longer than that of
the normal patient which is 4.5s (Fig. 2B). The image texture

has a mean value of 9.3 (Fig. 3C), which is higher than for the
normal patient (8.4, Fig. 2C). The dominant period in variability
was also long in this patient, 8 s (Fig. 3D).

The mean values for disease markers from all videoclips
are provided in Table 1. The three markers used subsequently
for classification of mucosal atrophy (brightness variability,
image texture, and dominant period), had significantly dif-
ferent mean levels in celiacs versus controls based upon the
unpaired t-test (p=0.032, p<0.001, p=0.001, respectively). The
brightness variability and image texture were significantly
higher in celiacs indicating greater changes between neigh-
boring regions and increased likelihood of pathology in these
patients. The dominant period was longer in celiacs, which
indicates a slower rate of periodic change as compared to con-
trol patients. The standard deviation of all features used for
classification was significantly higher in celiacs versus con-
trols based upon the f-test (p <0.001 for all disease markers).
This finding also indicates a greater quantitative variability in
celiac patient images, as would be expected when pathology
is present.


dx.doi.org/10.1016/j.cmpb.2010.02.005

COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE 100 (2010) 3948 43

Fig. 2 - Quantitative markers from region 3 in control patient. (A) Trace of mean image brightness over 100 s (200 frames). (B)
Spectral analysis of the panel A trace—the dominant period occurs at 4.5 s. (C) Trace of image texture over the same 100s in
the same patient (200 frames). (D) Spectral analysis of the panel C trace—the dominant period occurs at 4 s; however, this

measurement is not used for further analysis.

The nonlinear boundary used for classification is shown
in the scatterplot of Fig. 4 (dotted curved line) which was cre-
ated with map3d, an interactive scientific visualization tool for
bioengineering data (Scientific Computing and Imaging Insti-
tute, University of Utah) [19]. The X, Y, and Z axes represent
brightness variability, dominant period, and image texture,
respectively. The disease markers in control patients (blue) are
clustered in a single area of the three-dimensional map. Many
of the disease markers in celiac patients (red) are clustered
away from the controls in every direction. The overall sensi-
tivity and specificity are shown. The brightness of each color
indicates its distance along the small intestine—darker blues
and reds indicate images taken at more distal regions.

The distribution of Fig. 4 was projected onto eigenplane
1-2, which is the plane of greatest variance (Fig. 5). As com-
pared with Fig. 4, there is a much greater spread between the
points. The best linear discriminant function for separating
celiacs from controls is shown. The sensitivity and specificity
are almost 80%. The disease markers in control patients (blue)
are mostly clustered at lower left. For celiac patients (red, and
white) they are mostly clustered at upper right. The false neg-

ative celiac points (red, lower left) include all Marsh categories.
The false positive control points (blue, upper right) are from
different control patients.

Plots for mean values from each of the five areas of
the small intestine are shown in Fig. 6. The celiac mean
values are designated by solid circles and controls are des-
ignated by open circles. For all three disease markers at
all five small intestinal regions, mean variation in image
grayscale brightness is greater in celiacs than in controls
(panel A), mean spatial variability or texture is greater in
celiacs than in controls (panel B), and the mean dominant
period of brightness is longer in celiacs than in controls
(panel C). There was a significant difference between celi-
acs and controls for all three parameters using pooled data
(Table 1).

A scatterplot showing the relationship between dominant
period in brightness, and transit time through the small intes-
tine is given in Fig. 7. The r? value for the celiac patients is
0.42, while for controls it is 0.55. Thus the dominant period is
linearly correlated to transit time, and the slope of the lin-
ear regression line can be used as a rough estimate of the


dx.doi.org/10.1016/j.cmpb.2010.02.005

COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE 100 (2010) 3948

Fig. 3 - Quantitative markers from region 3 in celiac patient. Panels correspond to those in Fig. 2. (A) The brightness
magnitude with mean value of 65.0 grayscale level. (B) Spectral content of A, with dominant period at 6.5s. (C) Image
texture with a mean value of 9.3 grayscale level. (D) Spectral content of C, with dominant period at 8s.

relationship, which has a slightly different slope and differ-
ent level in celiacs versus controls. The positive slope in both
indicates that as transit time increases, so too does dominant
period. The dominant period is indicative of the periodic-
ity T of frame-to-frame image brightness, and therefore T is
longer in celiac videoclips. In Fig. 7 the Marsh classifications
of celiac patients, when known, are provided. In one celiac
patient with hemophilia, a biopsy was not taken (marked with

5. Discussion

This study has implications for detection and assessment
of celiac disease. From pooled data, images from celiac
patients were more variable in terms of both brightness and
texture, indicating greater differences in the pattern along
the small intestinal lumen per frame and over time (from
frame-to-frame). Standard deviations of these markers were

Table 1 - Summary of capsule image quantitative measurements.

Feature Celiacs (N=11) Controls (N =10) t-Test f-Test
Brightness (gsl) 71.8 £5.2 717 £ 4.2 NS NS
Brightness variability (gsl) 1.3+09 0.9+ 04 p=0.032 p<0.001
Image texture (gsl) 8.7 £1.7 7.8 £1.0 p<0.001 p<0.001
Dominant period (s) 64 +26 47 +£1.6 p=0.001 p=0.001

Data is shown as mean +standard deviation. t-Test—significant difference in the means based on the unpaired t-test. f-Test—significant
difference in the variances based on this test. NS = not significant, gsl = grayscale level.
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Fig. 4 - Best three-dimensional nonlinear classification of celiacs versus controls using brightness, dominant period and
image texture as quantitative markers. The sensitivity and specificity for detecting celiac disease image sequences are
shown. Light to dark color indicates small intestinal level from 1 to 5.

significantly higher in celiacs based on the f-test (p <0.001,
Table 1), again indicating greater variability.

The dominant period of brightness was longer in celiacs
(p=0.001, Table 1), possibly indicating decreased motility. The
relative lack of anatomic attachments of the jejunum and
ileum allow for complex motion [20]. The duodenum, however,
isrelatively fixed. Complex wall motion may in part be respon-
sible for random variations in brightness that are evident in
Figs. 2A and 3A (location 3, i.e. the mid-small bowel). Young
people, normal volunteers, and Crohn’s disease patients tend
to have significantly shorter videocapsule endoscopy small

Fig. 5 — Projection of the distribution of Fig. 4 onto
eigenplane 1-2. Eigenvectors V1 and V2 are unitless. The
best linear discriminant function for classification of celiac
versus control image sequences is denoted by a straight
line. The process is automatable, and classification can
potentially be improved by adding features. Marsh score is
shown for celiac patient data.

bowel transit times that are indirectly influenced by gastric
emptying [21]. In celiac disease a mean small bowel transit
time of 4:43 + 1:31h has been observed versus 3:56 + 1:22 h for
healthy volunteers [21]. The measurement of a longer transit
time in celiacs is in accord with the present study in which a
longer dominant period, possibly indicative of reduced motil-
ity, was found in the celiac group.

We also assessed the degree of intestinal involvement in
patients with celiac disease. We demonstrated in this study
that abnormal videocapsule imagery can extend throughout
the small intestine in celiac patients. In Fig. 6, mean bright-
ness variability is higher, mean image texture is greater, and
dominant period is longer in the celiac images as compared
to controls at all small intestinal regions. This is consistent
with previous studies of the distribution of villous atrophy in
celiac disease. Traditionally the most severe histopathologic
changes are found in the duodenum and upper jejunum in
celiac disease, however the changes may involve a variable
length of the small intestine [22] in regions not accessible to
conventional upper GI endoscopy [7]. In some patients stud-
ied by capsule endoscopy the duodenum was not involved
[11,23]. Jejunal inflammation can be detected during assess-
ment of celiac patients using videocapsule endoscopy [24].
The inflammatory and atrophic processes can also involve
the ileum in up to one third of patients as determined by
inspection of videocapsule images and ileal biopsy [24,25].
Thus, we would anticipate presence of abnormal values for
disease markers in the jejunum and ileum of many celiac
patients as we identified. There is no correlation between
the extent of small intestinal abnormality as determined
by visual inspection of videocapsule endoscopy images and
patient symptoms, especially diarrhea, a common symptom
of untreated celiac disease [22]. The significance of the vari-
able length of involvement of the intestine in patients with
celiac disease is currently unclear but may be clarified in part
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Fig. 6 — Plots of mean quantitative marker characteristics in regions 1-5. There is a significant difference between pooled
celiac versus control values for all three markers (see Table 1). There is greater brightness variability and greater image
texture in celiacs as compared with controls, and the dominant period is longer in celiacs.

through the use of quantitative disease markers. Furthermore,
healing after onset of a gluten-free diet is thought to occur
from the distal end upwards, suggesting the possibility to use
the described quantitative markers as evidence of the effi-
cacy of a gluten-free diet. This may be of great value in the
assessment of drug therapy for celiac disease.

As an alternative to quantifying disease markers, clinical
scoring of videocapsule endoscopy is subjective with lim-
ited resolution and thus can be problematic [7,13]. However
the subjective nature of capsule endoscopy can be obvi-
ated by application of our quantitative techniques. Relative
weaknesses of our study include a limited number of cases
evaluated, and in this pilot study, selection of celiac patients
with villous atrophy (Marsh II or III lesions). When patients
with lesser degrees of villous atrophy are included, the cor-
relation between the videocapsule endoscopy score and the
histologic score might diminish [15]. Visual inspection of
videocapsule endoscopy images may not be helpful to reliably
recognize mild degrees of villous atrophy. Often, evaluation of
capsule findings is performed by a single observer, thus the
reproducibility and reliability in evaluating capsule findings
in celiac disease is not yet clarified. If videocapsule endoscopy
is to be used as a routine diagnostic tool for the diagnosis
and follow-up of celiac disease, the ability of videocapsule

endoscopy to recognize milder degrees of villous atrophy must
be assessed.

To discern celiac disease image sequences from con-
trols, we presented a three-dimensional nonlinear classifier
method. This classifier was used regardless of where in the
small intestine the images were being recorded from. Other
limitations include the relatively short segments of video
used for image analysis relative to the total intestinal transit
time. Celiac disease may also be patchy [26] and the seg-
ments examined may not be representative due to sampling
error. In future studies when a greater number of subjects
are included, the resulting greater resolving power will enable
more accurate threshold identification for classifying villous
atrophy versus normal images at all small intestinal locations.
Eigenanalysis is also a useful method to characterize data dis-
tributions based on their most variable components [27,28].
By definition, after reordering the eigenvectors according to
eigenvalue magnitude, the distribution variance is maximized
along eigenvectors 1 and 2 and therefore along eigenplane
1-2. Hence, projection onto this eigenplane maximally sepa-
rates the points in the distribution. Using a linear discriminant
function, it was possible to distinguish celiac from control
small bowel image sequences with a sensitivity and specificity
of almost 80% (Fig. 5). Although similar sensitivity and speci-
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Fig. 7 - Scatterplot showing the relationship between
dominant period and transit time in celiacs and controls.
The linear regression lines are shown along with their r?
values. The fit of celiac dominant period to transit time is
r2 =0.42, and for controls r? = 0.55. The Marsh score for the
individual patients is shown on the Graph. One celiac
patient had hemophilia and was not biopsied (marked with
x).

ficity might be obtainable by usinglinear discriminant analysis
in the plane of Fig. 4, that plane was determined manually and
somewhat tediously, whereas eigenplane 1-2 is determinable
automatically. Were additional features to be added, projec-
tion of the distribution onto eigenplane 1-2 followed by linear
discriminant analysis may yield improved automated classi-
fication, the subject of future work.

In this study, quantitative disease markers were developed
to indicate presence of villous atrophy and abnormalities in
motility from sequences of videocapsule images of the small
intestine. Celiac patients were found to have greater quan-
titative variations in videocapsule images, both temporally
(frame-to-frame brightness variability) and spatially (texture
across the image) as compared to control patients (Table 1),
suggesting the presence of pathology (villous atrophy) in celi-
acs. Such pathology is manifested as fissures and mucosal
scalloping, that appears darker and more varied in texture as
compared with areas having normal villi (Fig. 1). The periodic-
ity of pixel brightness was found to be significantly longer in
celiacs (Table 1), which suggests lesser motility in all areas
of the small intestine. The three quantitative markers had
a significantly greater standard deviation in celiacs, again
suggesting that highly varied changes in image texture are
indicative of pathology (Table 1).

The quantitative features that were developed were found
to be useful to distinguish videocapsule images obtained in
celiac patients versus those of control patients (Figs. 4 and 5).
This distinctiveness in quantitative features occurred in all
portions of the small intestine (Fig. 4). Furthermore, there
appears to be no significant relationship between lesion
severity and ability to classify an image sequence (Fig. 5).
It is therefore possible to use this method prospectively to
screen for celiac disease, to determine the degree of pathol-

ogy throughout the small intestine, to determine change or
improvement in the visual appearance in the same patient at
different times, and to study the effect of a gluten-free diet
or the effects of medications in celiac patients. Application
of these image analysis techniques as well as other quanti-
tative methods such as discriminant Fourier filters [29] can
potentially enhance and extend the usefulness of videocap-
sule endoscopy:.
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