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ABSTRACT

Background and aims: Noninvasive predictors of choledocholithiasis have generally exhibited marginal
performance characteristics. We aimed to identify noninvasive independent predictors of endoscopic
retrograde cholangiopancreatography (ERCP)-confirmed choledocholithiasis and accordingly developed
predictive machine learning models (MLMs).
Methods: Clinical data of consecutive patients undergoing first-ever ERCP for suspected chol-
edocholithiasis from 2015 to 2019 were abstracted from a prospectively-maintained database. Multiple
logistic regression was used to identify predictors of ERCP-confirmed choledocholithiasis. MLMs were
then trained to predict ERCP-confirmed choledocholithiasis using pre-ERCP ultrasound (US) imaging only
as well as using all available noninvasive imaging (US, computed tomography, and/or magnetic reso-
nance cholangiopancreatography). The diagnostic performance of American Society for Gastrointestinal
Endoscopy (ASGE) “high-likelihood” criteria was compared to MLMs.
Results: We identified 270 patients (mean age 46 years, 62.2% female, 73.7% Hispanic/Latino, 59% with
noninvasive imaging positive for choledocholithiasis) with native papilla who underwent ERCP for
suspected choledocholithiasis, of whom 230 (85.2%) were found to have ERCP-confirmed chol-
edocholithiasis. Logistic regression identified choledocholithiasis on noninvasive imaging (odds ratio
(OR) = 3.045, P = 0.004) and common bile duct (CBD) diameter on noninvasive imaging (OR = 1.157,
P = 0.011) as predictors of ERCP-confirmed choledocholithiasis. Among the various MLMs trained, the
random forest-based MLM performed best; sensitivity was 61.4% and 77.3% and specificity was 100% and
75.0%, using US-only and using all available imaging, respectively. ASGE high-likelihood criteria
demonstrated sensitivity of 90.9% and specificity of 25.0%; using cut-points achieving this specificity,
MLMs achieved sensitivity up to 97.7%.
Conclusions: MLMs using age, sex, race/ethnicity, presence of diabetes, fever, body mass index (BMI),
total bilirubin, maximum CBD diameter, and choledocholithiasis on pre-ERCP noninvasive imaging
predict ERCP-confirmed choledocholithiasis with good sensitivity and specificity and outperform the
ASGE criteria for patients with suspected choledocholithiasis.
© 2021 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Edited by Yuxia Jiang, Peiling Zhu and Genshu Wang.

1. Introduction

Gallstone disease is the leading inpatient gastrointestinal dis-
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billion. Despite its ubiquity, it continues to pose etiopathogenic,
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diagnostic, and therapeutic uncertainties.>~” Approximately, 15% of
patients with gallstone disease will also experience chol-
edocholithiasis, which poses additional management challenges.®
Given choledocholithiasis is typically secondary to cholelithiasis,
predictors of the former have historically been extrapolated from
those of the latter, including the “4 Fs”, namely: obesity (“fat”),
female sex, and middle reproductive age (“fertile and forty”).>51°
The accuracy of the 4 Fs, however, has not been well-examined nor
recently investigated with respect to choledocholithiasis. More-
over, as only a small proportion of patients with cholelithiasis go on
to develop choledocholithiasis, the need for more nuanced and
selective noninvasive predictors is evident.!"? In a seminal
guideline, the American Society for Gastrointestinal Endoscopy
(ASGE) proposed choledocholithiasis risk criteria wherein common
bile duct (CBD) stone on transabdominal ultrasound (US), clinical
ascending cholangitis, and total bilirubin >4 mg/dL were deemed as
“very strong” predictors and CBD dilation >6 mm on US with
gallbladder in situ and total bilirubin 1.8—4.0 mg/dL as “strong”
predictors of choledocholithiasis.">'# While providing a basic clin-
ical framework, these criteria have been found to have suboptimal
diagnostic performance characteristics compared to the gold
standard of choledocholithiasis confirmed by endoscopic retro-
grade cholangiopancreatography (ERCP)."> 8

Numerous studies, prior to and after the aforementioned ASGE
guideline, have aimed to identify independent predictors of chol-
edocholithiasis, but many of these were prior to the era of magnetic
resonance cholangiopancreatography (MRCP), not based on
contemporary cohorts (i.e. published >10—20 years ago), lacking a
diverse patient population, and/or contradictory to each oth-
er.!519724 jkewise, attempts to formulate an algorithm to predict
choledocholithiasis have not yielded a widely adopted or validated
risk assessment instrument.'>?>27 Thus, aside from the subset of
patients with an obvious obstructing stone seen on noninvasive
imaging or signs of acute cholangitis without alternative explana-
tion (e.g., acute cholecystitis), it can often be unclear which patients
need (therapeutic) ERCP.

Our institution is one of three hospitals within the Los Angeles
County Department of Health Services (LADHS), the second largest
municipal healthcare system in the United States.”® The prevalence
of ethnoracial minorities in LADHS, particularly majority Hispanic/
Latino patients, provides a unique opportunity to study chol-
edocholithiasis, especially given the association between certain
ethnoracial backgrounds and gallstone disease.® Therefore, in the
present study, we examined the clinical epidemiology of suspected
and ERCP-confirmed choledocholithiasis in our patient population,
and in particular: (i) assessed the features and characteristics of a
contemporary cohort of patients with suspected chol-
edocholithiasis, (ii) identified independent predictors of ERCP-
confirmed choledocholithiasis using multiple logistic regression,
(iii) utilized machine learning models (MLMs) to develop a tool to
predict ERCP-confirmed choledocholithiasis, and (iv) compared the
performance of MLMs to the ASGE choledocholithiasis risk criteria.
Additionally, we used our findings to develop a clinician-oriented,
free, MLM-based web application to facilitate risk-stratification of
patients with suspected choledocholithiasis.

2. Methods
2.1. Study setting and population

This study was conducted at Olive View-UCLA Medical Center
(OVMCQ), a 377-bed LADHS tertiary care teaching hospital and was
approved by its institutional review board. Using a prospectively
maintained endoscopy database, we retrospectively reviewed all
ERCPs performed from 1 November 2015 to 31 December 2019 in
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patients aged 18 years and older. Basic patient demographics (age,
seX, and race/ethnicity) and the indication for each ERCP were then
abstracted from the electronic medical record using a standardized
data collection form. For ERCPs performed with the indication of
suspected (or “rule out”) choledocholithiasis, additional data
(biochemical, radiologic, and endoscopic) were collected.

ERCPs performed for indications other than suspected chol-
edocholithiasis, including biliary stricture, bile leak, malignancy,
and “others” (e.g., stent exchange, stent removal, and pancreatog-
raphy) were excluded. In addition, only the index (i.e. first-ever)
ERCP for suspected choledocholithiasis was included (i.e. subse-
quent ERCPs for stent removal or other indications were excluded,
as were patients with prior biliary sphincterotomy for any reason).
Patients who did not undergo pre-ERCP US were excluded for
consistency with the ASGE choledocholithiasis risk criteria, which
utilize predictors that are to be evaluated specifically on US as the
noninvasive imaging modality.

2.2. Study outcome measure and variables

The primary study outcome was ERCP-confirmed chol-
edocholithiasis. Clinical variables analyzed included demographic,
biochemical, radiologic, and cholangiographic data including: age,
race/ethnicity, sex, body mass index (BMI, kg/m?), diabetes history,
history of cholecystectomy pre-ERCP, peak serum total bilirubin
pre-ERCP, peak temperature pre-ERCP, maximum CBD diameter on
pre-ERCP noninvasive imaging (US, computed tomography (CT), or
MRCP), and presence of choledocholithiasis on pre-ERCP noninva-
sive imaging. ERCP-confirmed choledocholithiasis was defined as
the presence of bile duct stone or obstructing debris/sludge visu-
alized fluoroscopically during ERCP or as seen directly by white
light endoscopy (e.g. in the duodenal lumen following ductal
sweeping). Acute cholangitis was defined as the presence of
objective fever without alternative explanation pre-ERCP and in the
setting of suspected choledocholithiasis.

2.3. Statistical analyses

Two-sample t-tests and chi-squared (x°) tests were used to
compare demographic, laboratory, radiologic, and other pre-ERCP
clinical parameters between patients with and without ERCP-
confirmed choledocholithiasis. Patients were divided into two
groups based on the presence of choledocholithiasis on pre-ERCP
noninvasive imaging, and the same parameters were then
compared between patients with and without ERCP-confirmed
choledocholithiasis within these two groups.

We fit two multiple logistic regression models to examine the
utility of the aforementioned parameters in predicting patients
with ERCP-confirmed choledocholithiasis. In the first model,
maximum CBD diameter and choledocholithiasis were assessed on
US only. In the second model, all available noninvasive imaging
modalities (US, CT, and MRCP) were assessed for these variables;
the greatest pre-ERCP CBD diameter (if not concordant between
modalities) was used. The decision to evaluate the imaging-
dependent predictors two ways (i.e. one model using US only and
the second model using all noninvasive imaging modalities) was
made due to the fact that a large proportion of patients often only
undergo US prior to ERCP, and the ASGE criteria references only US
as the noninvasive imaging modality. In order to maintain a ratio of
roughly 10 negative outcomes (absence of ERCP-confirmed chol-
edocholithiasis) to 1 predictor and prevent overfitting, the number
of predictors in multiple logistic regression modeling was limited to
four. Age, pre-ERCP total bilirubin, maximum CBD diameter
measured on noninvasive imaging, and evidence of
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choledocholithiasis on noninvasive imaging were selected as
predictors.

Next, we trained MLMs to predict the presence of ERCP-
confirmed choledocholithiasis. The dataset was divided into
training and testing sets with 80% of the observations assigned to
the former and the remaining 20% to the latter. The testing set
included a group of patients that were held out for the purpose of
evaluating the performance of our MLMs. Our study trained 4
different supervised learning models on the training set: a gener-
alized linear model (GLM), support vector machine (SVM) with
linear kernels, SVM with radial basis function (RBF) kernels, and
random forest. Six patients (2.2%) were excluded from the MLMs
because they were missing BMI measurements, and several of the
MLMs used BMI as a feature (i.e. variable). In the GLM and both SVM
models, age, pre-ERCP total bilirubin, maximum CBD diameter on
noninvasive imaging, and choledocholithiasis on noninvasive im-
aging were used as features (i.e. variables). The random forest
models were allowed to select from features including female sex,
diabetes, white race, age, fever, BMI, maximum CBD diameter on
noninvasive imaging, presence of choledocholithiasis on noninva-
sive imaging, and total bilirubin prior to ERCP upon which to split
each tree. As with the aforementioned logistic regression models,
each of the four MLMs was trained with maximum CBD diameter
and evidence of choledocholithiasis evaluated by US only and then
separately using all available imaging modalities, yielding 8 total
models. We used 10-fold cross-validation with 3 repeats for
resampling when tuning the SVM with RBF kernel hyper-
parameters. Each MLM was then validated on the testing set, and
receiver operator characteristic (ROC) curves and area under the
ROC curve (AUROC) were generated. The optimal probability cut-
point above which a patient would be considered to have ERCP-
confirmed choledocholithiasis was calculated using Youden's in-
dex and the point closest to (0, 1) method. Youden's index maxi-
mizes the sum of sensitivity and specificity while the point closest
to (0,1) method minimizes the Euclidean distance between the ROC
curve and the (0, 1) point.? Accuracy, sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value (NPV)
were then calculated for each MLM at its optimal cut-point.

Lastly, the ability of the ASGE guideline's choledocholithiasis
risk criteria to predict ERCP-confirmed choledocholithiasis was
examined utilizing the testing set. The ASGE guideline indicates the
presence of at least one “very strong” predictor (CBD stone on US,
clinical ascending cholangitis, or total bilirubin >4 mg/dL) or the
presence of both “strong” predictors: (dilated CBD on US > 6 mm
and total bilirubin level between 1.8 and 4 mg/dL) as predicting a
high likelihood of choledocholithiasis.>® These predictions were
compared to actual ERCP findings, and accuracy, sensitivity, speci-
ficity, PPV, and NPV were calculated. The performance of the ASGE
criteria was then compared to that of our MLMs.

Descriptive statistics were performed using Stata/IC 16.1 (Sta-
taCorp, College Station, TX, USA). Logistic regression and machine
learning experiments were performed using R 4.0.2 and the caret,
random forest, and pROC libraries. A P-value <0.05 was considered
statistically significant.

3. Results
3.1. Overview of ERCPs performed during the study period

Of the 641 ERCPs performed, 289 (45.1%) were index ERCPs
performed for an indication of suspected choledocholithiasis
(Supplementary Table 1). Of these 289 patients, presence of chol-
edocholithiasis and maximum CBD diameter were assessed on pre-
ERCP US in 270, and these patients were thus included for further
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study (Fig. 1). The mean age of these 270 patients was 46 years,
62.2% were female, and 73.7% were Hispanic/Latino.

3.2. Characteristics and univariate analyses of patients undergoing
ERCP for suspected choledocholithiasis

Of the 270 ERCPs performed for suspected choledocholithiasis,
choledocholithiasis was confirmed in 230 (85.2%), as shown in
Table 1. Among patients with ERCP-confirmed choledocholithiasis,
64.8% were female and 13.0% had diabetes compared to 47.5% and
32.5%, respectively, in choledocholithiasis-negative ERCP patients
(P-values of 0.037 and 0.002). Median of maximum CBD diameter
on noninvasive imaging was 9.0 mm in the ERCP-confirmed chol-
edocholithiasis group and 8.0 mm in the choledocholithiasis-
negative ERCP group (P = 0.011).

In the group without evidence of choledocholithiasis on
noninvasive imaging, diabetes was more common in
choledocholithiasis-negative ERCP patients compared to ERCP-
confirmed choledocholithiasis patients (40.7% vs. 10.3%,
P < 0.001) (Table 2), but otherwise the two subgroups were very
similar. In the group with evidence of choledocholithiasis on
noninvasive imaging, there was no statistically significant differ-
ence between patients with ERCP-confirmed choledocholithiasis
and patients with choledocholithiasis-negative ERCP (Table 2).

3.3. Multiple logistic regression identifies positive and negative
independent predictors of ERCP-confirmed choledocholithiasis

In the multiple logistic regression model fit using predictors
assessed on US only, every 1 mm increase in maximum CBD
diameter was associated with increased odds of ERCP-confirmed
choledocholithiasis (odds ratio (OR) = 1.157, P = 0.011) (Fig. 2a).
In the model fit using predictors assessed on all available imaging
modalities, the presence of choledocholithiasis was associated with
increased odds of ERCP-confirmed choledocholithiasis (OR = 3.045,
P = 0.004) (Fig. 2b).

3.4. MLMs predict ERCP-confirmed choledocholithiasis with good
accuracy, sensitivity, and specificity

The training set consisted of 212 patients, of which 180 had
ERCP-confirmed choledocholithiasis, while the testing set con-
sisted of 52 patients, of which 44 had ERCP-confirmed chol-
edocholithiasis. When imaging-dependent features were evaluated
on US only, the random forest model demonstrated the greatest
AUROC (0.791) of the four supervised learning models (Fig. 3a).
When imaging-dependent features were evaluated on all available
imaging modalities, the random forest model again performed best
with an AUROC of 0.801 (Fig. 3b). The four most important features
in both random forest models, as determined by greatest mean
decrease in Gini, were total bilirubin pre-ERCP, age, BMI, and
maximum CBD diameter on noninvasive imaging (Supplementary
Table 2).

The optimal cut-point as determined by the Youden index and
point closest to (0, 1) for the random forest model trained on US
measurements only were 0.852 and 0.793, respectively (Table 3). At
a cut-point of 0.852, 27 of 44 choledocholithiasis-positive and 8 of 8
choledocholithiasis-negative cases were correctly identified. This
yielded an accuracy of 67.3%, sensitivity of 61.4%, specificity of 100%,
PPV of 100%, and NPV of 32.0%. At a cut-point of 0.793, 32 of 44
ERCP-confirmed choledocholithiasis cases and 6 of 8
choledocholithiasis-negative ERCP cases were correctly identified.
This yielded an accuracy of 73.1%, sensitivity of 72.7%, specificity of
75.0%, PPV of 94.1%, and NPV of 33.3% (Table 3).
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641 total ERCPs
performed from
November 2015 -
December 2019

352 ERCPs excluded for
indications other than

index ERCP for suspected

holedocholithiasi
289 patients with cholecochobinasts
suspected
choledocholithiasis Excluded 19 ERCPs

due to lack of CBD

diameter measurement

270 patients with
maximum CBD
diameter and stone

presence evaluated
on US

and evaluation for
choledocholithiasis on US

-

156 (57.8%) with stone
visualized on
noninvasive imaging,
pre-ERCP

/o \

N

114 (42.2%) without
stone visualized on
noninvasive imaging,
pre-ERCP

[\

143 (53.0%) with
choledochollth1a31s
on ERCP

13 (4.8%) without
choledocholithiasis
on ERCP

87 (32.2%) with
choledocholithiasis
on ERCP

27 (10.0%) without
choledochohthlas1s
on ERCP

Fig. 1. ERCP indication and outcome flow diagram. Study flow diagram demonstrating proportion of ERCPs performed for suspected choledocholithiasis, presence or absence of
choledocholithiasis on noninvasive imaging, and subsequent ERCP result (confirmed choledocholithiasis or absence thereof). Abbreviations: CBD, common bile duct; ERCP,

endoscopic retrograde cholangiopancreatography; US, ultrasound.

The optimal cut-point as determined by both the Youden index
and point closest to (0, 1) method for the random forest model
trained on all available imaging modalities was 0.825. At this cut-
point, ERCP-confirmed choledocholithiasis was correctly identi-
fied in the testing set 34 of 44 times while absence of ERCP-
confirmed choledocholithiasis was correctly identified 6 of 8
times. This yielded an accuracy of 76.9%, sensitivity of 77.3%,
specificity of 75.0%, PPV of 94.4%, and NPV of 37.5%.

3.5. MLMs outperform ASGE high-likelihood criteria at predicting
ERCP-confirmed choledocholithiasis in the testing set

The ASGE high-likelihood criteria correctly predicted ERCP-
confirmed choledocholithiasis in 40 of 44 cases, while absence of
choledocholithiasis was correctly predicted 2 of 8 times. This yiel-
ded an accuracy of 80.8%, sensitivity of 90.9%, specificity of 25.0%,
PPV of 87.0%, and NPV of 33.3%. The point on the ROC curve for the
random forest model trained on US only corresponding to a spec-
ificity of 25.0% was a sensitivity of 90.9%, PPV of 87.0%, and NPV of
33.3%. By comparison, when trained on all available imaging mo-
dalities, the point on the ROC curve corresponding to a specificity of
25.0% had a sensitivity of 97.7%, PPV of 87.8%, and NPV of 66.7%. The
GLM and SVM-based models achieved a sensitivity higher than
90.9% at the cut-point which achieves 25.0% specificity when
trained on US-based measurements only, as shown in Fig. 3a and b.
Although an ROC curve could not be generated for the ASGE criteria
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given there was no boundary to vary, the point corresponding to its
sensitivity and specificity was plotted. Our random forest-based
model trained on all available noninvasive imaging modalities is
available for use online at https://harrytrieu.shinyapps.io/
choledocholithiasisrisk/.

4. Discussion

ERCP, the gold standard for diagnosing and treating chol-
edocholithiasis, is invasive and costly, thus making accurate a priori
patient selection using noninvasive predictors crucial. We identi-
fied noninvasive predictors of ERCP-confirmed choledocholithiasis
in our predominantly Hispanic/Latino patient population and
trained multiple MLMs to predict the presence or absence of
choledocholithiasis on ERCP using noninvasive clinical and de-
mographic parameters. We validated the performance of these
MLMs and compared them to the current ASGE high-likelihood
criteria for choledocholithiasis.

Of the various MLMs we trained to predict the presence of ERCP-
confirmed choledocholithiasis, we found the random forest model
performed best. The random forest model trained on predictors
using all available imaging modalities demonstrated a sensitivity of
77.3%, specificity of 75%, PPV of 94.4%, and NPV of 37.5% at the
optimal cut-point (Youden index). While the ASGE high-likelihood
criteria yielded higher sensitivity (90.9%) and poorer specificity
(25%) compared to the random forest model at the optimal cut-
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Table 1

Demographic, clinical, biochemical, and radiological features of all patients who underwent ERCP for suspected choledocholithiasis grouped by ERCP findings.
Characteristics ERCP-confirmed choledocholithiasis (n = 230) Choledocholithiasis-negative P-value

ERCP (n = 40)

Age at ERCP (years), median (IQR) 46 (32—57) 47 (32—64) 0.640
Age >40 years, n (%) 139 (60.4) 23 (57.5) 0.727
Female, n (%) 149 (64.8) 19 (47.5) 0.037
Race/ethnicity, n (%) 0.295

White 14 (6.1) 6 (15.0) -

Hispanic/Latino 173 (75.2) 26 (65.0) —

Black 3(1.3) 0(0) —

Asian 7 (3.0) 1(2.5) —

Other/unknown 33 (14.4) 7 (17.5) -
BMI (kg/m?), median (IQR)? 29.0 (26.0—34.0) 29.1 (26.5—35.0) 0.772
BMI >30 kg/m2, n (%)° 91 (40.6) 16 (40.0) 0.941
Diabetes, n (%) 30(13.0) 13 (32.5) 0.002
Fever, n (%) 40 (17.4) 11 (27.5) 0.132
Classic cholelithiasis risk factors (BMI >30 kg/m?, female, age >40 years), n (%)

0 risk factor 16 (7.1) 5(12.5) 0.249

1 risk factor 80 (35.7) 17 (42.5) 0412

2 risk factors 92 (41.1) 13 (32.5) 0.308

3 risk factors 36 (16.1) 5(12.5) 0.566
History of cholecystectomy, n (%) 54 (23.5) 9(22.5) 0.893
Peak bilirubin pre-ERCP (mg/dL), median (IQR) 2.1(0.5-3.7) 2.1(0.4-4.1) 0.823
Noninvasive imaging performed, n (%)

Ultrasound 230 (100) 40 (100) —

CT 99 (43.0) 17 (42.5) 0.949
MRCP 64 (27.8) 13 (32.5) 0.546
EUS performed, n (%) 12 (5.3) 3(8.1) 0.487
Maximum CBD diameter (mm) on noninvasive imaging, median (IQR) 9.0 (6.0-11.0) 8.0 (4.0-9.5) 0.011
Noninvasive imaging positive for choledocholithiasis, n (%) 147 (63.9) 13 (32.5) <0.001

Ultrasound positive for choledocholithiasis, n (%) 82 (35.7) 10 (25.0) —

CT positive for choledocholithiasis, n (%) 36 (15.7) 1(2.5) -

MRCP positive for choledocholithiasis, n (%) 57 (24.8) 5(12.5) -

Data are shown as n (%) or median (IQR).

Abbreviations: BMI, body mass index; CBD, common bile duct; CT, computed tomography; ERCP, endoscopic retrograde cholangiopancreatography; EUS, endoscopic ultra-

sound; MRCP, magnetic resonance cholangiopancreatography; IQR, interquartile range.

¢ Six patients (2.2%) were missing BMI measurements.

point, when the random forest models were evaluated using cut-
points which achieved a specificity equal to the ASGE criteria, the
model trained on all imaging modalities demonstrated greater
sensitivity (97.7%).

An advantage to using the MLMs to determine whether or not to
proceed with ERCP is that they predict ERCP-confirmed chol-
edocholithiasis using a single set of noninvasive clinical parame-
ters, whereas the ASGE criteria stratify patients into high-,
intermediate-, and low-risk for choledocholithiasis based on
different sets of parameters, some of which have relatively arbitrary
cutoffs (e.g., bilirubin of 4 mg/dL). Another advantage is the fact that
MLMs can achieve different combinations of sensitivity and speci-
ficity by varying the cut-point, whereas the ASGE criteria produce a
fixed sensitivity and specificity.

Identifying patients who have choledocholithiasis and those
who do not in a cohort where there is already high clinical suspi-
cion is an inherently challenging task. In our testing set, 84.6% of
patients had ERCP-confirmed choledocholithiasis, suggesting that
clinical suspicion of experienced endoscopists is already quite
adept at correctly identifying these patients. As such, there may be
greater utility in correctly predicting which patients will not have
ERCP-confirmed choledocholithiasis. In this vein, our MLMs may be
helpful in identifying patients who have had spontaneous passage
of biliary stones after presentation (e.g., a gallstone pancreatitis
patient in whom the stone passes spontaneously before ERCP is
performed) and thus avoiding an unnecessary invasive procedure
in patients with a lower-likelihood of ERCP-confirmed chol-
edocholithiasis and intervenable findings. The MLM trained on US-
based measurements may be ideal for use when a patient has only
undergone transabdominal US and high specificity is desired, while
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the MLM trained on all available imaging useful when the patient
has undergone other abdominal imaging modalities.

It is likely that the reason no one set of risk stratification criteria
has thus far exhibited uniformly strong diagnostic performance is
the heterogeneity of patients with suspected choledocholithiasis
and the presence of distinct subgroups; for instance, there are pa-
tients with suspected choledocholithiasis with vs. without acute
(gallstone) pancreatitis, with vs. without choledocholithiasis (or
bile duct dilation) on noninvasive imaging, and with vs. without
gallbladder intact. It is conceivable, though, that with more training
data, an MLM can be developed that performs well in all subgroups
and circumstances. A multi-center study is underway in this regard.

Our study has several strengths. First, it provides clinical data
regarding choledocholithiasis from a minority-predominant pa-
tient population that has not previously been reported. This is a
vulnerable patient group wherein healthcare disparities are prev-
alent and gallstone disease is common. Indeed, studies have shown
that patients of lower socioeconomic status, who are uninsured, or
Medicaid-insured are less likely to undergo a cholecystectomy in a
timely manner and have worse outcomes after cholecystectomy.”'!
Second, in contrast to similar studies which aimed to identify
predictors of ERCP-confirmed choledocholithiasis,’’ our analysis
did not exclude patients with history of cholecystectomy, in whom
it has been reported that 10% or more will subsequently be diag-
nosed with choledocholithiasis.>> Moreover, we found that this
subset was even larger than expected (nearly 25% of patients),
further reinforcing the need to include such patients, since MLMs
excluding such individuals would overlook this non-insignificant
population subset. Third, we utilized numerous advanced analytic
techniques to predict ERCP-confirmed choledocholithiasis; we
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Table 2
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Comparison of demographic, clinical, biochemical, and radiological features of patients grouped by evidence of choledocholithiasis on noninvasive imaging and presence or
absence of ERCP-confirmed choledocholithiasis.

Characteristics

Patients with pre-ERCP noninvasive imaging positive for
choledocholithiasis (n = 156)

Patients with pre-ERCP noninvasive imaging negative for

choledocholithiasis (n = 114)

ERCP-confirmed Choledocholithiasis- P-value ERCP-confirmed Choledocholithiasis- P-value
choledocholithiasis (n = 143) negative ERCP (n = 13) choledocholithiasis (n = 87) negative ERCP (n = 27)
Age at ERCP (years), 46 (33—-57) 36 (29—-60) 0.517 46 (31-56) 57 (34—64) 0.288
median (IQR)
Age >40 years, n (%) 87 (60.8) 5(38.5) 0.147 52 (59.8) 18 (66.7) 0.706
Female, n (%) 101 (70.6) 6 (46.2) 0.098 48 (55.2) 13 (48.2) 0379
Race/ethnicity, n (%) 0.963 0.194
White 10 (7.0) 1(7.7) — 4 (4.6) 5(18.5) -
Hispanic/Latino 112 (78.3) 10 (76.9) - 61 (70.1) 16 (59.3) —
Black 1(0.7) 0 — 2(2.3) 0 -
Asian 5(3.5) 0 - 2(2.3) 1(3.7) -
Other/unknown 19 (13.3) 2 (154) - 14 (16.1) 5(18.5) —
BMI (kg/m?), median  29.0 (25.0—34.0) 28.1 (27.0—-35.0) 0.976 29.0 (26.0—34.0) 29.3 (26.0—37.0) 0.995
(IQR)"
BMI >30 kg/m?, n (%)° 56 (39.2) 4(30.8) 0.564 35 (40.2) 12 (444) 0.950
Diabetes, n (%) 21 (14.7) 2 (154) 0914 9(10.3) 11 (40.7) <0.001
Fever, n (%) 26 (18.2) 3(23.1) 0.629 14 (16.1) 8(29.6) 0.150
Absence of classic 9(6.3) 2(154) 0.217 7 (8.0) 3(11.1) 0.716
cholelithiasis risk
factors (BMI >30 kg/
m?, female, age >40
years), n (%)
History of 36 (25.2) 3(23.1) 0.909 18 (20.7) 6(22.2) 0.953
cholecystectomy, n
(%)
Peak bilirubin pre-ERCP 3.1 (1.8—5.2) 5.2 (3.5-6.0) 0.150 4.5 (3.3-7.5) 3.1(1.9-5.8) 0.064
(mg/dL), median
(IQR)
Noninvasive imaging, n (%)
Ultrasound 143 (100.0) 13 (100.0) - 87 (100.0) 27 (100.0) -
CT 62 (43.4) 4(30.8) 0.423 37 (42.5) 13 (48.2) 0.746
MRCP 58 (40.6) 5(38.5) 0.944 6 (6.9) 8(29.6) 0.002
EUS performed, n (%) 5(3.5) 0 — 7 (8.0) 3(12.0) 0.602
Maximum CBD 10.0 (8.0—12.0) 9.0 (6.0—10.0) 0.058 7.0 (5.0—10.0) 6.0 (4.0-9.0) 0.616

diameter (mm) on
noninvasive
imaging, median
(IQR)?*

Data are shown as n (%) or median (IQR).

Abbreviations: BMI, body mass index; CBD, common bile duct; CT, computed tomography; ERCP, endoscopic retrograde cholangiopancreatography; EUS, endoscopic ultra-
sound; MRCP, magnetic resonance cholangiopancreatography; IQR, interquartile range.
2 For patients who underwent more than one noninvasive imaging modality, the greatest maximum noninvasively-measured CBD diameter was used.

b Six patients (2.2%) were missing BMI measurements.
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Fig. 2. Multiple logistic regression model with demographic, biochemical, and radiological predictors of ERCP-confirmed choledocholithiasis assessed using (a) US only and
(b) all available noninvasive imaging modalities. Abbreviations: CBD, common bile duct; ERCP, endoscopic retrograde cholangiopancreatography; US, ultrasound.

anticipate future growth in this regard and further validation in our
population and others. Finally, the formulation of an easy-to-use,
online, clinician-oriented application, as developed herein, can be
a useful tool to help ascertain the degree of likelihood that a given

patient will have ERCP-confirmed choledocholithiasis.

Our study also has some limitations. It was a single-center
retrospective study, and although the sample size was compara-
ble to that of other published studies on ERCP-proven chol-
edocholithiasis, the small number of negative outcomes limited the
number of predictors that could be included in the multiple logistic
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Fig. 3. Receiver operator characteristic curves for MLMs trained to predict the presence of ERCP-confirmed choledocholithiasis. Model fit using predictors assessed on (a) US
only and (b) all available noninvasive imaging modalities. AUC could not be calculated for the ASGE high-likelihood criteria because applying the criteria to our dataset does not
generate class membership properties. The performance of the ASGE criteria is expressed as a single point here. Abbreviations: ASGE, American Society for Gastroenterology; AUC,
area under the receiver operator characteristic curve; ERCP, endoscopic retrograde cholangiopancreatography; GLM, generalized linear model; MLM, machine learning model; RBF,

radial basis function; SVM, support vector machine; US, ultrasound.

Table 3

Performance of MLMs at optimal cut-point determined using Youden index and ASGE high-likelihood criteria.
Learning models Optimal cut-point  Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
All available noninvasive imaging modalities:
GLM 0.886 71.2 70.5 75.0 93.9 31.6
SVM with linear kernel 0.849 19.2 4.6 100.0 100.0 16.0
SVM with radial basis function kernel 0.841 67.3 68.2 62.5 90.9 26.3
Random forest 0.825 76.9 77.3 75.0 944 375
ASGE high-likelihood criteria — 80.8 90.9 25.0 87.0 333
US only:
GLM 0.785 82.7 88.6 50.0 90.7 444
SVM with linear kernel 0.849 82.7 90.9 375 88.9 429
SVM with radial basis function kernel 0.844 82.7 90.9 375 88.9 429
Random forest 0.852 67.3 61.4 100.0 100.0 32.0
Random forest (w/optimal cut point as determined by point closest to (0,1)) 0.793 731 72.7 75.0 94.1 333

Abbreviations: ASGE, American Society for Gastroenterology; GLM, generalized linear model; MLMs, machine learning models; NPV, negative predictive value; PPV, positive

predictive value; SVM, support vector machine; US, ultrasound.

regression models. In addition, while endoscopic ultrasound (EUS)
is available at our facility, it was infrequently used in our cohort as it
was generally not necessary for clinical decision-making (i.e. it
would not have changed the management plan of performing ERCP
given the high a priori suspicion of choledocholithiasis); moreover,
while less invasive than ERCP, it is still an invasive technique,
whereas our study focus was on noninvasive predictors. Although
our MLMs achieved good performance, we expect their ability to
identify patients who will or will not have ERCP-confirmed chol-
edocholithiasis to improve as more training data is acquired and
features and model parameters are refined. Finally, the study
population was largely underserved, uninsured/under-insured, and
majority of Hispanic/Latino, which may limit the applicability of
this study and the utility of our MLMs in other populations.

5. Conclusions

In conclusion, the random forest MLM trained on age, sex, race/
ethnicity, diabetes, fever, BMI, total bilirubin, and maximum CBD
diameter and choledocholithiasis assessed on all available nonin-
vasive imaging achieved good sensitivity and specificity (77.3% and
75.0%, respectively). The random forest model trained on the same
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features and maximum CBD diameter and presence of chol-
edocholithiasis assessed on US only achieved 61.4% sensitivity and
100.0% specificity. When the random forest models were validated
using a cut point which achieved a specificity equal to that of the
ASGE high-likelihood criteria, they achieved equal or superior
sensitivity (97.7% vs. 90.9%).

Considering clinician suspicion for choledocholithiasis is
already quite sensitive, our random forest models, with their high
specificity, could be useful for identifying patients who do not need
ERCP as a next step. We have made our random forest-based MLM
trained on all available imaging modalities freely available as an
online application (https://harrytrieu.shinyapps.io/
choledocholithiasisrisk/) to help guide the decision of whether or
not to proceed with ERCP.
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