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Abstract

Background The degree of villous atrophy in celiac dis-

ease is difficult to assess at endoscopy. We sought to

develop a quantitative technique for the evaluation of vil-

lous atrophy in endoscopic images.

Method In ten celiac patients as identified by standard

endoscopy with biopsy, and ten control patients, standard

and videocapsule endoscopic images of the duodenum

were digitized. Subimages 7.5 9 7.5 mm2 in area from

random locations within each image were assessed by

measuring the length of mucosal fissures per unit area (L),

and correlating L with the histologic grade of villous

atrophy as determined by modified Marsh criteria.

Results Mean L values for standard endoscopic images

were 37.8, 43.3, 64.1, and 83.5 mm for Marsh grades II,

IIIa, IIIb, and IIIc, respectively. Mean L values for vid-

eocapsule images were 49.1, 50.0, 64.7, and 72.4 mm

for Marsh grades II, IIIa, IIIb, and IIIc, respectively.

Significant differences in the means existed between celiac

images (Marsh scores II-IIIc) versus controls (p \ 0.001)

for both endoscopic and videocapsule images. There were

no significant differences between measurements obtained

from endoscopic versus videocapsule images.

Conclusions Quantified image analysis correlates with

the histologic grade of villous atrophy, is automated, and

lacks observer bias, thus lending itself to standardization.
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Introduction

The diagnosis of celiac disease is established by endoscopy

and duodenal biopsy [1]. Studies have attempted to define

the presence of villous atrophy at the time of endoscopy,

mainly to determine the need for biopsy, and best candidate

sites for biopsy. These techniques have included magnifi-

cation endoscopy, with and without chromoendoscopy

[2–5], and immersion techniques [6, 7]. In addition, with

the increasing use of videocapsule endoscopy there is

reliance on visual determination of endoscopic signs of

villous atrophy for the diagnosis of celiac disease [8–11].

Application of specialized imaging techniques such as

endoscopic confocal microscopy, a new diagnostic tool that

enables subsurface microscopic imaging of live tissue

during endoscopy, has now been applied to celiac disease

diagnosis [12, 13]. However, use of this technique requires

specialized equipment.

There is widespread use of routine video endoscopy

(esophago-gastro-duodenoscopy, EGD) and videocapsule

endoscopy (VCE). These techniques are however sub-

jective in nature in that they require visual recognition of

abnormal images. In order to overcome subjective obser-

vations we correlated image quantification techniques

obtained by EGD and VCE with degree of villous atrophy

assessed microscopically from endoscopic small bowel

biopsies [14, 15].
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Methods

Images from retrospectively identified patients who were

undergoing endoscopy for the diagnosis of celiac disease,

and from controls with normal appearing mucosa were

used. The data were obtained from ten sequential celiac

patients and ten controls. In each patient, non-magnified,

color endoscopic images (527 9 444 pixels, Olympus

EVIS EXERA II 180) and six biopsies were acquired at

random from the descending duodenum. Biopsy specimens

were obtained with standard forceps at approximately the

same locations as were imaged. The biopsy specimens

were fixed in formalin (10% neutral buffered formalin) and

then embedded in paraffin, and the sections were stained

with hematoxylin and eosin (H&E) stain. Images of biopsy

slides were obtained at 4009 magnification using a digital

camera mounted on an Olympus bright field microscope

and stored as high-resolution TIFF files for morphometric

analysis. The slides were blindly reviewed and the degree

of villous atrophy classified using the scoring system for

villous atrophy developed by Marsh [14] and modified by

Oberhuber [15]. The crypt-to-villous ratio was assessed in

areas of the biopsies where at least three well-oriented villi

could be identified.

Examples of endoscopic images that correlated with

different degrees of villous atrophy are shown in Fig. 1a.

Fissures were identified in each standard endoscopic image

from the descending duodenum as abnormal deep furrows

in the intestinal mucosa evident as crisscross lines with

darker shading, and measured as shown in Fig. 1b. A

7.5 9 7.5 mm2 area on the computerized grid, as estimated

by the approximate image resolution, was selected at

random and extracted to create a subimage which was used

for edge detection and measurement [16]. A representative

area used for analysis is delineated by the square in Fig. 1b.

The subimage was extracted with ImageJ (Ver. 1.36b,

National Institutes of Health, Bethesda, MD, a public

domain Java image-processing program), which is a

downloadable application for PC-type computers running a

Java virtual machine. The ImageJ program is capable of

displaying, editing, analyzing, and processing digital ima-

ges. The subimage was identified in the ImageJ program by

outlining a boxed area of the original image using the

computer mouse. The boxed area was then automatically

extracted by ImageJ and magnified for ease of visualiza-

tion. The magnified subimage was skeletonized, which is a

process of reducing an image to its line, or skeletal,

structure while preserving the extent and connectivity of

the original image patterns [17, 18]. Thus, by skeleton-

ization, mucosal fissures appearing in the digital image

were observed as/represented by solid lines. An automated

routine was then used to compute the total length L of the

skeletonized features within the subimage, where L is a

real number and is expressed as a function of mucosal

surface area. The time required for semiautomated mea-

surement of L in each subimage was less than 60 s. In

subsequent analyses the L measurement algorithm will be

made fully automated, so that the expected time for

delineation of each subimage will be less than 1 s.

The degree of villous atrophy was then assessed from

the biopsies and classified using the modified Marsh cri-

teria [14, 15]. The L value as calculated from endoscopy

images was compared with the degree of villous atrophy.

Images were also obtained by videocapsule endoscopy

Fig. 1 Example of standard endoscopic images and subimage

selection. a Images with Marsh scores of IIIa (partial villous atrophy),

IIIb (subtotal villous atrophy), and IIIc (total villous atrophy).

Increased abnormality of the mucosal surface is evident as the degree

of villous atrophy increases. b Extraction of subimage for quantitative

analysis. The total length L of the fissured pattern (curved black lines)

per united area is calculated for quantitative analysis
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from the same patients with celiac disease (n = 10) and the

same control patients (n = 10). The Given� Diagnostic

System with PillCam TM SB2 Capsule (576 9 576 pixels,

Given Imaging Ltd, Yoqneam, Israel) was used to obtain

videocapsule images, which were acquired from the

descending duodenum as in standard endoscopy. Quanti-

tation of the videocapsule images was done in the same

manner as for standard endoscopy as described above.

Biopsies had been performed within 3 months of video-

capsule endoscopy.

In order to demonstrate the sensitivity of this method,

we performed similar analysis on images from different

celiac and control patients (n = 10 for each), using 2–8

subimages from each patient for analysis. A total of 51

subimages from standard endoscopy and 56 subimages

from videocapsule endoscopy were analyzed from the 20

patients (107 in total). Subimage extraction was limited to

image areas where the surface plane of the small intestinal

mucosal surface was approximately perpendicular to the

videocamera plane. For each extracted subimage, the

mean ± SD of the L value was calculated. One-way

ANOVA and the unpaired t test were used to determine the

statistical significance of the difference between the means

of the L value when binned according to the histopatho-

logic grade determined from biopsy assessment (p \ 0.05).

The graphs and statistical analyses were generated using

SigmaPlot (Systat Software ver. 9.0, 2004) and MedCalc

(MedCalc Statistical Software ver. 9.5, 2008).

Results

Standard Endoscopy Results

Endoscopic images that correlated with the different

degrees of villous atrophy were obtained and subimages

were extracted from them, examples of which are shown in

Fig. 2. To the left are original subimages and to the right

are the same subimages following skeletonization. For

images from patients with normal biopsies, the total fissure

length L (in millimeters) ranged from 2 to 7 mm in the

figure. For celiac patients, the value for L varied according

to the Marsh grade. In Marsh grade II-IIIa lesions, the L

value ranged from 35 to 43 mm, for Marsh IIIb it ranged

from 60 to 68 mm (Fig. 2), and for Marsh IIIc the range

was 74–96 mm (not shown). In Fig. 3, the standard

endoscopy data is depicted as a scatterplot, with means

shown as straight lines through the points, and quantitative

values given in Table 1. Each point represents a subimage

measurement, and they mostly cluster in one location for

each Marsh type and the controls. The celiac patient data is

shown in the columns labeled Marsh score II–IIIc while the

control data is shown as a separate column in the graph.

There is a clear and evident decrease in L score in corre-

spondence with decreasing Marsh score. The variation in

L score for any particular Marsh class is noted as a standard

deviation in Table 1, and these values are substantially

smaller than the means (i.e., coefficients of variation are

Fig. 2 Analysis of endoscopic subimages. An example result for the

measurement of L value in standard endoscopy imaging is shown. In

each panel the fissures are detected and the L value is calculated. L

values increases from normals to celiacs with a grade of Marsh II or

IIIa, to Marsh IIIb or IIIc (not shown)
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small), suggesting that the method has good reproducibil-

ity. The mean difference between the values from the

patients with celiac disease and controls was significant

(p \ 0.001, Table 2). There was also a significant differ-

ence between the mean values for Marsh IIIc versus Marsh

IIIb, and between Marsh IIIb versus Marsh IIIa images

(Table 2). This suggests that there is an underlying

pathology can be related to image features, specifically the

fissures that can be delineated.

Videocapsule Endoscopy Results

We then applied this technique to images obtained by VCE

as shown in Fig. 4 for a control patient (left) and a celiac

disease patient with Marsh IIIa pathology (right). The

endoscopy images for Marsh IIIa exhibit scalloping of the

edges of the mucosal folds and some fissuring. The control

images exhibit normal folds and minimal fissuring.

Examples of subimages taken at random for analysis of

these images and the L values are shown. Significant fis-

suring is detected in the Marsh IIIa subimages. Notice that

subimages are extracted from areas of the image in which

the videocamera is approximately perpendicular to the

orientation of the surface plane. This is a requirement of

the method; thus no subimages were extracted which

would extend between luminal folds. In the control sub-

images shown there is almost no fissuring detected. The

videocapsule assessment is summarized for areas classified

by Marsh score (celiac patients) and for controls in Fig. 5.

Mean values of L are shown as horizontal lines and are

stated quantitatively in Table 1 with standard deviations

given. As for standard endoscopy image results, the stan-

dard deviations are substantially smaller than the means,

suggesting that the measurements are reproducible. The

mean L value for any of the Marsh scores (celiac patients)

was significantly different from controls (p \ 0.001,

Table 2). There was also a significant difference between

the mean values for Marsh IIIb versus Marsh IIIa video-

endoscopy images (Table 2).

Correlation of Histopathology with Endoscopy

For both endoscopic and videocapsule image sets, mean L

value increased in the order Marsh II \ Marsh IIIa \
Marsh IIIb \ Marsh IIIc suggesting that there is a direct

relationship between the degree of villous atrophy and the

amount of fissuring that is detectable as measured by L.

The statistical characteristics of the images measured by L

are thus reflective of the degree of injury as classified by

the Marsh score, and generalizable to different imaging

Fig. 3 Standard endoscopy assessment. Scatterplot of linear score L

value versus integer histologic grade in standard endoscopy imaging

(each point represents measurement from one subimage). There is a

significant difference between the means based on one-way ANOVA

(p \ 0.001)

Table 1 Summary values of linear score L

Marsh/type Standard

endoscopy

Videocapsule

endoscopy

No. of

patients

IIIc 83.53 ± 9.51 72.42 ± 9.99 3

IIIb 64.07 ± 7.12 64.69 ± 4.01 1

IIIa 43.32 ± 7.35 49.96 ± 9.92 4

II 37.76 ± 5.61 49.01 ± 14.45 2

Cont 10.13 ± 4.97 11.43 ± 5.21 10

Table 1 shows summarized values in millimeters, which are graphed

in Figs. 3 and 5

Endoscopy versus videocapsule L value pairs are not significantly

different

MN, mean value; SD, standard deviation; cont, controls

Table 2 Significance of mean L value between marsh scores

Type/marsh IIIc vs. IIIb IIIb vs. IIIa IIIa vs. II IIIc, IIIb, IIIa, II vs. cont

Endoscopy p \ 0.001 p \ 0.001 NS p \ 0.001

Videocapsule NS p \ 0.02 NS p \ 0.001

Table 2 shows significance between measurement sets

Set 1, significance between Marsh IIIc and Marsh IIIb; Set 2, significance between Marsh IIIb and Marsh IIIa; Set 3, significance between Marsh

IIIa and Marsh II; Set 4, significance between Marsh II and controls; NS, not significant; cont, controls
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modalities (standard endoscopy and videocapsule endos-

copy in this study).

Discussion

We used a quantitative image-processing technique to grade

the severity of the abnormalities of standard and video-

capsule endoscopic images of duodenal mucosa of patients

with celiac disease. This study shows that the degree of

villous atrophy can be quantified using a mathematical

method and endoscopic images, similar to what was pre-

viously demonstrated for digitized images of small-bowel

biopsies [19]. Flat surface areas perpendicular to the vid-

eocamera angle and away from luminal folds, where fis-

sures would be readily detectable, were specifically targeted

to measure L. Yet, this technique could also be applied to

other disease types, either as is (in which case it would be

expected to measure different values depending on the

characteristics) or by altering the algorithm to specifically

target the image statistical characteristics of other types of

lesions and pathological conditions. Thus, it would be

possible to detect and measure varied injury patterns such as

those present in autoimmune enteritis, inflammatory bowel

disease, tropical sprue, and infectious enteritidis.

The findings of this study show that in celiac disease, L

decreases with Marsh score in both standard and video-

capsule endoscopy, as shown in Figs. 3 and 5, respectively.

Since image processing is used for quantification, these

measures are objective and not subject to interobserver

variability. Moreover, they provide real-numbered scores,

which potentially reflect the state of the intestinal mucosa

more precisely and may be useful for detection of low-

grade villous atrophy that would not be readily apparent by

visual inspection alone. Additionally, the entire quantifi-

cation process can be automated for more rapid and

accurate assessment of villous atrophy in patients sus-

pected of having celiac disease or another disorder asso-

ciated with mucosal architectural abnormalities, subject of

future work. Although only images from the descending

duodenum were quantified in this study, we believe that the

measurement of L can be extended to other areas of the

small intestine so long as biopsies can be obtained for

initial verification, the subject of future work. The algo-

rithm can potentially be developed for real-time analysis

using a dedicated computer accessing the standard or vid-

eocapsule imaging process. In addition, comparisons using

this automated, objective technique, could be made both

between sequential studies of individual patients and

between different patients.

Our study suggests that endoscopic image manipulation

may be a surrogate for analysis of biopsies, especially

applicable to videocapsule endoscopy. In this preliminary

study, we used images from patients with celiac disease, all

of whom had visual abnormalities detected by standard,

non-magnified endoscopic images, videocapsule images,

and corroborated by histologic review of duodenal biopsies

that displayed varying grades of villous atrophy. No

Fig. 4 Analysis of

videocapsule images. Examples

of videocapsule images from the

descending duodenum for a

control patient and celiac

patient are shown. Subimages

and measured L values are

given. For each patient,

measurements were made from

two or more subimages and

from different images.

Substantial fissuring is evident

in the Marsh IIIa image as well

as scalloping of mucosal folds

Fig. 5 Videocapsule endoscopy assessment. Scatterplot of linear

score L value versus integer histologic grade in videocapsule

endoscopy imaging. Each point represents measurement from one

subimage. There is a significant difference between the means

(p \ 0.001)
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patients with Marsh I lesions, characterized by complete

absence of villous atrophy, were studied. There were

however two patients with Marsh II grade abnormalities.

Villous atrophy is present in 85% of patients with celiac

disease, with total villous atrophy (Marsh IIIc) being sig-

nificantly more frequent in the distal duodenum [20], the

area from which images were obtained for this study.

Approximately half of all celiac patients have identical

degrees of villous atrophy throughout the duodenum, with

no areas that are histologically normal [20]. Uncommonly,

the duodenum can be entirely normal by standard endo-

scopic examination while the proximal and distal small

intestine show classic features of celiac disease by video-

capsule [21]. Yet villous atrophy may be present even at

such areas of normal endoscopic appearance [22], and is

potentially revealed by image magnification, an approach

that could be subjected to our quantitative technique.

Although the brightness of images obtained at endos-

copy and videocapsule endoscopy was uneven (see

Fig. 1a), the process can be automated to correct for

uneven lighting. A two-dimensional curve fit of the mean

brightness level can be subtracted from the image [17] so

that the corrected image will then have uniform brightness.

Quantitative image processing applied to capsule

endoscopy can potentially be useful to assess the patchi-

ness of disease [23–26] and improvement in mucosal

appearance after institution of a gluten-free diet [10], a

possible future application of our method. To validate the

usefulness of our new method in cases of patchy lesions

will require acquisition of endoscopic biopsies at each

subimage location where L is measured. The technique

may be useful for detection of very low-grade villous

atrophy in videoclip images [27] as well as to detect

patchiness. Yet, whether quantitative image analysis is

sensitive enough to pick up this type of lesion will require

further study. New imaging modalities such as magnifica-

tion chromoendoscopy may be better suited for noninva-

sive study of low-grade lesions. The quantification of

mucosal abnormalities by objective techniques could also

be used for the assessment of patients with celiac disease

enrolled in drug trials, where investigators and study sub-

jects would prefer noninvasive procedures. Additionally,

this technique may be applicable for study of other diseases

with small bowel lesions including inflammatory bowel

disease, but will need to be adapted to the statistical

characteristics of the lesions.

Limitations

This study only included patients with celiac disease who

had an abnormal appearing small bowel mucosa and vil-

lous atrophy on biopsy, and a set of control patients with

normal mucosal appearance. It did not include celiac

patients with increase of intra-epithelial lymphocytes that

lacked villous atrophy, the subject of future study. Sub-

image measurements were not necessarily obtained from

the same exact location as the biopsy. Furthermore, an

assessment of different segments of the duodenum, for

example the duodenal bulb, and comparison between these

and biopsy classification, was not done presently but is

planned for future work. Due to the patchiness of the dis-

ease, more extensive mapping at multiple different sites in

the small bowel will be required to address this issue. The

surface area of extracted subimages was estimated based

upon approximate luminal dimensions and camera-mucosa

distance. A more exact estimate of surface area would

require calibrated surface dimensions in the image field-of-

view. Image resolution is currently somewhat limited but

can potentially be improved without increasing the sample

size by using compression algorithms [28]. Were a high

definition endoscope or narrow band imager to be utilized,

it could potentially improve the power of the algorithm to

distinguish normal from abnormal villi dramatically, by

enhancing the detail in the image structure, the subject of

future work. Another issue in this study is the fact that we

are imaging constrained areas of the mucosa, while com-

parisons are made with biopsies that were assumed to be

representative of the whole area.
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