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ABSTRACT

Purpose: The presence of alcoholic stool in biliary atresia (BA) patients is the basis of

a stool color card (SCC), a screening tool that has led to more patients receiving Kasai
portoenterostomy earlier. This study aimed to evaluate the color image processing of stool
images captured using smartphones. We propose that measuring digital color parameters

is a more objective method for identifying BA stools and may improve the sensitivity of BA
screening.

Methods: A prospective study was conducted in five hospitals in Thailand between October
1, 2020, and December 31, 2021. Stools from infants presenting with jaundice, acholic stool,
or dark-colored urine were photographed. Digital image color analysis was performed, and
software was developed based on the color on the original SCC. Sensitivity and specificity for
predicting BA stools were compared between the SCC and the software.

Results: Of 33 infants eligible for data collection, 19 were diagnosed with BA. Saturation and
blue were two potential digital color parameters used to differentiate BA stools. The receiver
operating characteristic curve was used to determine the optimum cutoff point of both
values, and when saturation <56 or blue >61 was set as a threshold for detecting BA stool,
high accuracy was achieved at 81.8% and 78.8%, respectively.

Conclusion: Digital image processing is a promising technology. With appropriate cutoff
values of saturation in hue, saturation, value and blue in red, green, blue color models,

BA stools can be identified, and equivocal-colored stools of non-BA patients can be
differentiated with acceptable accuracy in infants presenting with jaundice.
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INTRODUCTION

Biliary atresia (BA) is a rare but serious surgical disease that remains the most frequent
hepatic cause of death in childhood and is a major indication for pediatric liver
transplantation worldwide [1,2]. Timely diagnosis and surgical intervention are of the utmost
importance; otherwise, all patients progress to cirrhosis and die within 2 years [3]. It has
been shown that Kasai hepatic portoenterostomy (KPE), a standard surgical treatment for
BA, performed before patients reach 60 days of age improves long-term native liver survival
compared with KPE performed at an older age [4,5]. This time-critical disease could benefit
from a highly sensitive screening program. The stool color card (SCC) is a self-monitoring
tool developed in Japan in 1977. It contains a set of stool pictures with varying shades of
color, of which three of the seven shades represent pale-pigmented stools. By comparing

the infant’s stool to the pictures on the card, caregivers can identify acholic stool, one of the
hallmark symptoms of BA resulting from impaired bile drainage [6]. Acholic stool can be
observed at varying onsets, ranging from within the first month after birth to up to 5 months
[7,8]. We proposed that the digital colorimetric detection of stool colors could provide a
more objective method for quantifying stool pigmentation and enhance the sensitivity and
specificity of SCC screening for BA. This study aimed to evaluate the digital image analysis
of stool images taken with smartphones to identify acholic stools in patients with BA and to
compare its accuracy with that of conventional SCC.

MATERIALS AND METHODS

Study population

After approval by the Ethics Committee of the Queen Sirikit National Institute of Child
Health, a prospective study was conducted in five regional hospitals in Thailand. Eligible
participants were infants aged 2 weeks to 6 months who presented to the pediatric surgery
unit with jaundice, dark-colored urine, or pale stool between October 1, 2020, and December
31, 2021. Written informed consent to photograph the stool samples was obtained from the
parents of each infant. Patients who had undergone previous hepatobiliary surgery were
excluded from the study, and those with incomplete information on the final diagnosis were
withdrawn from the data analysis. Informative data, including relevant demographics, results
of the investigation, age at operation, and treatment outcomes, were collected. The timing
and choice of investigations to diagnose BA or exclude other causes of jaundice depended

on the protocols of each participating hospital and attending physicians. BA diagnosis was
confirmed using intraoperative cholangiography (IOC) or intraoperative findings. The study
complied with the Declaration of Helsinki, and the individual data of all patients were kept
confidential.

Photo shooting method

A smartphone camera with at least a 10-megapixel resolution was required. The smartphones
used in this study included the iPhone® (Apple Inc.) and Samsung® and other Android
phones. The photos were taken using the following standardized protocol: a stool sample
was placed on 100 g/m? white A4 paper. A validated SCC [6] was also placed next to the
sample for comparison with subsequent image analysis. The photos were taken with a flash
in a room with standard illumination, and the distance between the sample and device

was approximately 30 cm. All photos were captured during the initial evaluation before the
patients underwent any procedure. For the subjective assessment of stool color, the SCC
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score was graded by the parents of the participant and by the treating physician. The SCC
contained seven photographs of normal and abnormal stool colors. Among the seven shades,
the 1st to 3rd shades were considered abnormal and warranted further investigation, whereas
the 4th to 7th shades were normal pigmented stools.

Software development

Stool image analysis was performed in collaboration with computer engineers at Ubon
Ratchathani University. De-identified stool images were preprocessed by background
subtraction and removal of the shadow of the stool. Software was developed and installed
on a standard computer to generate a color histogram that represented the distribution of
colors in the stool image and was analyzed in red, green, blue (RGB) and hue, saturation,
value (HSV) color spaces. A color histogram was also obtained of each shade on the SCC
placed beside the sample. The values with the highest cumulative frequency for each color
parameter were recorded. The stool image and seven pictures on the SCC were matched for
similarity based on the least Euclidean distance between the values of the color parameters
with the highest cumulative frequency. The HSV and RGB color values of the stool images
were obtained by measuring the average values of 10 randomly selected spots on the original
image for subsequent analysis (Fig. 1).

Statistical analysis

Statistical analysis was performed using SPSS version 28 for Windows (IBM Co.). The two
patient groups, BA and non-BA, were compared in terms of several demographic and clinical
variables. The results for continuous nonparametric variables were expressed as medians
with interquartile ranges (IQR). Categorical variables were expressed as percentages.
Continuous variables were compared using the Mann-Whitney U-test for non-normally
distributed data.
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Fig. 1. Stool color analysis software.
RGB: red, green, blue, HSV: hue, saturation, value.
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Categorical variables were compared using Fisher’s exact test or the chi-squared test. The
results were considered statistically significant at p<0.05. The diagnostic performance of the
SCC and the application was measured for sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy. Inter-rater reliability (IRR) of the SCC
was tested using the intraclass correlation coefficient (ICC). The discriminative power of the
digital color parameters was assessed by calculating the area under the receiver operating
characteristic (ROC) curve, setting BA or non-BA stool as the outcome and RGB and HSV
values as the predicting variables. An area under the curve (AUC) above 0.7 was considered
acceptable for outcome prediction. The cutoff point of the color parameters for optimal
clinical performance was determined using the ROC curve.

Ethics statement

This study used de-identified photographs and was approved by the Ethics Committee of
the Queen Sirikit National Institute of Child Health (institutional review board number
IRB000073406, study approval number: REC.163/2563 (Re. 1)).

RESULTS

A total of 33 infants were prospectively recruited for the study, of which 19 (58%) were
diagnosed with BA and 14 (42%) were non-BA, diagnosed with other causes of cholestasis,
such as neonatal hepatitis (n=6), parenteral nutrition or intestinal failure-associated
cholestasis (n=7), and choledochal cysts (n=1). The overall median age at the first surgical
consultation was 64 (IQR, 52-84) days, which was comparable between the two groups
(#=0.799); however, significant differences were observed in median birth weight (p=0.007),
gestational age (p=0.002), and body weight (p=0.011). Patients in the non-BA group had
more comorbidities (p=0.01) and a history of parenteral nutrition (p=0.0004). At the time
of presentation, all patients had jaundice. Of the patients with BA, 84% had abnormal pale
stools, whereas only 50% of the patients without BA had a history of pale stools. The median
age at the onset of pale-colored stool in the BA group was 47 (IQR, 52-84) days.

All patients in the BA group underwent laparotomy, with or without IOC, for a definite
diagnosis. Five (36%) non-BA patients were subjected to diagnostic laparotomy and I0C

to exclude BA. Among the 19 BA patients, 15 (79%) underwent KPE, while the remaining 4
(21%) had advanced biliary cirrhosis and were transferred for primary liver transplantation.
The median age at surgery in the BA group was 65 (IQR, 57.5-83) days. Parents and treating
physicians were asked to rate the infants’ stool color based on conventional SCC. Only two
(6%) parents had previous experience using the SCC, but its accuracy in identifying BA stool
in this cohort was 76%, with a sensitivity and specificity of 89.5% and 57.1%, respectively.
The SCC results rated by the treating physician were almost identical (Table 1), with the ICC
analysis demonstrating excellent IRR (0.932; 95% confidence interval [CI], 0.867-0.960).

When using our developed software on the same set of stool pictures, the sensitivity in
detecting BA stool using RGB and HSV color spaces was 68.4% and 47.4%, respectively,
which was lower than that of SCC. The specificity, PPV, NPV, and accuracy in comparison
with those of SCC are shown in Table 1. We further analyzed the color parameters of the stool
pictures using the RGB and HSV color spaces. Six color parameters were tested for diagnostic
performance using the ROC curve. Saturation (S) and blue (B) were identified as relevant
color parameters for distinguishing BA stools from non-BA stools, with an AUC of 0.816 (95%
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Table 1. Diagnostic performance of stool color card, developed software, and saturation (S) and blue (B)
component cutoff values

scc SCE Application

Rle=ESt el (rated by parents) (rated by treating physician) HSV RGB $<56 B261
Sensitivity 89.5 94.7 47.4 68.4 84.2 89.5
Specificity 57.1 57.1 64.3 50.0 78.6 64.3
Positive predictive value 73.9 75.0 64.3 65.0 84.2 77.3
Negative predictive 80.0 88.9 47.4 53.8 78.6 81.8
value
Accuracy 76.0 78.8 54.6 60.6 81.8 78.8
Values are presented as percentage.
SCC: stool color card, HSV: hue, saturation, value, RGB: red, green, blue.
Table 2. AUC from ROC curves for each color parameter for predicting BA stools
Color parameters AUC p-value 95% confidence interval
HSV H (hue) 0.609 0.291 0.408-0.810
S (saturation) 0.816 0.002 0.660-0.972
V (value) 0.609 0.291 0.403-0.815
RGB R (red) 0.594 0.362 0.386-0.802
G (green) 0.637 0.184 0.428-0.847
B (blue) 0.799 0.004 0.640-0.957
AUC: area under the curve, ROC: receiver operating characteristic, BA: biliary atresia.
Median saturation and average saturation Median blue and average blue value
value of stool in BA vs. non-BA group of stool in BA vs. non-BA group
80 1 * Median-S 1607, Median-B
L] - -
79 4 . . * Average-S 140 - * Average-B
64 1 H l 120 - H .
56 _ ! 100 i
H H .
48 : 80 . ¢
401 ' 60 . :
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Fig. 2. Saturation (S) and blue (B) values of stools from BA and non-BA patients.
BA: biliary atresia.

CI, 0.660-0.972) and 0.799 (95% CI, 0.640-0.957) (Table 2). The optimum cut-off points of
S and B for predicting BA stool based on the highest Youden index on the ROC curve were
lower than 56 and higher than 61, respectively. Using this cutoff point to discriminate BA and
non-BA stools, the sensitivities for S and B were found to be 84.2% and 89.5%, respectively,
while the specificities were 78.6% and 64.3%, respectively (Fig. 2).

DISCUSSION

Currently, the two main potential methods for BA screening are a laboratory-based approach
using direct or conjugated serum bilirubin (DB/CB) levels during the neonatal period and
home-based screening using a SCC [6]. The measurement of serum DB/CB requires blood
samples. Moreover, the test can only be performed in hospital-based laboratories, limiting
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its general feasibility. In contrast, the SCC provides caregivers with a point-of-care tool for
continuous surveillance of their infant’s stool. The introduction of nationwide SCC screening
in Taiwan in 2004 was followed by a decrease in the proportion of late referrals (9.5% to 4.9%)
and an improvement in the rate of KPE performed within the first 60 days (68.9% to 73.6%)
[9]. A 19-year cohort study in Japan has also shown high accuracy of SCC with sensitivity and
specificity at -month check-up of 76.5% (95% CI, 62.2-90.7) and 99.9% (95% CI, 99.9-100.0),
respectively [10]. In this study, the SCC used by parents and physicians appeared to have good
sensitivities of 89.5% and 94.7%, respectively; however, the specificity was lower (57.1%) for
both raters. However, this could be explained by differences in the control group, as healthy
infants were not included in this study, and pale-colored stool can be observed in other causes
of cholestasis, such as neonatal hepatitis, if bile excretion is severely impaired [11]. Although
the SCC has been shown to be a user-friendly tool with high reliability between different
raters, its interpretation is more subjective and may cause difficulties, especially for parents,
in judging stools with equivocal colors, as demonstrated in this study. The majority of stool
samples in our BA cases were rated as number 2 and number 3, a transitional shade before
normally pigmented stool, which could lead to a delayed diagnosis.

Smartphones offer an attractive platform for digital image colorimetry and are increasingly
utilized in various fields of medical science. The main function of a smartphone is its camera,
which allows quantification of color images. In Japan, Baby Poop is an iPhone application
designed to identify BA stools using pattern recognition and machine learning processes.
According to one study of this application, a sensitivity and specificity of 100% were reported
(95% CI, 0.48-1.00 and 0.90-1.00, respectively) [12]. In the United States, a smartphone
application called PoopMD was developed in 2015 for BA screening. It compares the area

of concern within the stool photographs selected by users with a gold standard set of stool
pictures and interprets the color as normal, pale, or indeterminate using Color-hex. A pilot
study using this application yielded 100% sensitivity and 89% specificity [13]. Currently,
these applications are limited to smartphone platforms and are available only in their
respective countries. The software developed in this study is the first to use digital image
colorimetry to classify stool specimens compared with the original SCC captured in the same
setting as the gold standard, rather than relying on human visual perception. This method
avoids the need to limit its use to a specific smartphone platform or standardize ambient
light. However, the accuracy of this software in detecting BA stools was not as high as that of
SCC, with a sensitivity of 68.4% and 47.4% and a specificity of 50% and 64.3% when using
the RGB and HSV color spaces, respectively. Possible factors that might have compromised
accuracy were the inhomogeneous nature of stool images and the method of selecting the
representative median color, resulting in inaccurate color measurement.

As demonstrated by Shen et al. [14], the saturation (S) values of the HSV color space are
directly proportional to the amount of biliary pigment in the stool. When saturation below
60% was set as the cutoff point, alcoholic stools were identified with a sensitivity of 100%
and a specificity of 85%. This study confirmed that the average values of saturation (S) and
blue (B) are two potential parameters for quantifying stool color and identifying BA stools.
Because most acholic stools presented in BA patients are not completely white in color,
distinguishing hypopigmented BA stools by setting an optimum cut-off point for these two
parameters could potentially surpass the performance of conventional SCC. In this study,
when the cut-off points for BA stool were set at saturation (S) less than 56 and blue (B) greater
than 61, the sensitivity was comparable with that of SCC at 84.2% and 89.5%, respectively,
while the specificity was higher at 78.6% and 64.3%, respectively.
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Late referral and diagnosis of BA are ongoing problems in Thailand. The median age at
KPE documented in a study conducted from 2006 to 2015 in a Thai tertiary referral hospital
was 101 (IQR, 42-213) days, and 20% (n=24) of these patients already had severe liver
fibrosis upon diagnosis [15]. In this study, we showed that stool color can be efficiently
evaluated using smartphone digital image colorimetry with a versatile smartphone model
and ambient light. A simple self-screening application could be developed to help parents
detect abnormally colored stools and seek earlier medical attention. A limitation of this
study is the lack of stool specimens from healthy infants as a control group, which would
better demonstrate the diagnostic accuracy of our method for BA screening in the general
population. In future research, a more accurate method for selecting representative areas for
color measurement should be pursued, and the software algorithm should be modified to
incorporate the cutoff values of saturation and blue to enhance its accuracy.
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