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Abstract
Background

Current choledocholithiasis guidelines heavily focus on patients with low or no risk; they may be
inappropriate for populations with high rates of choledocholithiasis. We aimed to develop a predictive
scoring model for choledocholithiasis in patients with relevant clinical manifestations.

Methods

Design: A multivariable predictive model development study based on a retrospective cohort of patients
with clinical suspicion of choledocholithiasis.

Setting: A single 700-bed tertiary public hospital.

Participants: Patients who completed three reference tests (endoscopic retrograde cholangiography,
magnetic resonance cholangiopancreatography, and intraoperative cholangiography) from January 2019
to June 2021.

Statistical analysis: The model was developed using logistic regression analysis. Predictor selection was
conducted using a backward stepwise approach. Three risk groups were considered. Model performance
was evaluated by area under the receiver-operating characteristic curve, calibration, classi�cation
measures, and decision curve analyses.

Results

Six hundred twenty-one patients were included; the choledocholithiasis prevalence was 59.9%. The
predictors were age > 55 years, pancreatitis, cholangitis, cirrhosis, alkaline phosphatase level 125–250 or
> 250 U/L, total bilirubin level > 4 mg/dL, common bile duct size > 6 mm, and common bile duct stone
detection. Pancreatitis and cirrhosis each had a negative score. The sum of scores was -4.5 to 28.5.
Patients were categorized into three risk groups: low-intermediate (score ≤ 5), intermediate (score 5–15),
and high (score ≥ 15). Positive likelihood ratios were 0.16 and 3.47 in the low-intermediate and high risk
groups, respectively.

The model had an area under the receiver-operating characteristic curve of 0.80 (95% con�dence interval:
0.76, 0.83) and was well-calibrated; it exhibited better statistical suitability to the high-prevalence
population, compared to current guidelines.

Conclusions

Our scoring model had good predictive ability for choledocholithiasis in patients with relevant clinical
manifestations. Consideration of other factors is necessary for clinical application, particularly regarding
the availability of expert physicians and specialized equipment. 



Page 3/23

Background
Choledocholithiasis or common bile duct (CBD) stone is characterized by the presence of stones in the
bile duct. The most common form is secondary CBD stone: stones originate in the gallbladder, then
migrate to the bile duct (1). Management usually includes cholecystectomy (gallbladder removal) (2); this
procedure is currently performed using a laparoscopic approach. CBD stones are suspected in
symptomatic gallstone patients on the basis of relevant clinical manifestations, abnormal liver function
test (LFT) results, or abnormal relevant imaging parameters (3). CBD stones can cause severe lethal
complications (4); the current recommendation is that all detected stones should be treated (5). However,
it is challenging to select the optimal investigation approach from the available options.

For example, endoscopic retrograde cholangiography (ERC) has therapeutic potential but can cause
morbidity or (rarely) mortality (6). In contrast, intraoperative cholangiography (IOC) enables single-stage
management (i.e., exploration combined with cholecystectomy) (7). Nevertheless, experienced surgeons
and more specialized equipment are required for the treatment of CBD stones, particularly in the
laparoscopic era (8). In this context, guidelines, recommendations, and scoring systems have been
constructed (5, 9–13); however, such resources generally were not designed exclusively for patients with
suspected CBD stones (5, 9, 10), and they have questionable relevance in high-prevalence populations
(14). Notably, published scoring systems are not widely used (11–13). Therefore, this study was
performed to develop a predictive model for CBD stones in patients with relevant clinical manifestations.
We also aimed to build a practical model that complied with the TRIPOD guideline (15) and could be
easily used in clinical practice.

Methods

Design and setting
This multivariable predictive model development study used data from a retrospective observational
cohort of patients with suspected CBD stones. All patients were treated in Sawanpracharak Hospital
(Thailand), a regional 700-bed tertiary public hospital. The patients in this study comprised both local and
referral cases. All data were acquired from the hospital information system.

Participants
This study included patients who completed three main reference tests (ERC, IOC or operative bile duct
exploration, and magnetic resonance cholangiopancreatography [MRCP]) from January 2019 to June
2021. All tests are considered standard for CBD stone diagnosis (4). The inclusion criteria for suspected
CBD stones were:

- symptomatic gallstone or cholecystitis with abnormal LFT results, primary imaging �ndings
indicative of dilated bile duct, or presence of CBD stone

- gallstone with jaundice
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- gallstone pancreatitis

- cholangitis

Standard diagnostic guidelines were used to con�rm the diagnosis of gallstone pancreatitis, cholecystitis,
and cholangitis (16–18).

The exclusion criteria were:

- previous biliary tract intervention (surgical or endoscopic)

- suspected malignancy: painless obstructive jaundice (bilirubin > 5.85 mg/dL) with anorexia and
weight loss, along with imaging �ndings indicative of bile duct dilatation without stones (19, 20).
Patients were excluded if initial analysis suggested malignancy but later studies revealed CBD
stones alone.

Predictors and outcome
Potential CBD stone predictors and interacting variables were identi�ed in accordance with previous
literature (3, 9, 21): patient age, sex, clinical manifestations, status-post (s/p) cholecystectomy, cirrhosis
status, results of LFTs (levels of serum glutamic oxaloacetic transaminase [SGOT], serum glutamic
pyruvic transaminase [SGPT], alkaline phosphatase [ALP], and total bilirubin [TB]), and relevant imaging
�ndings. Cirrhosis was de�ned according to known clinical history or imaging-con�rmed morphological
liver cirrhosis. Relevant imaging �ndings were CBD size (in mm) and presence of CBD stones. Exploratory
imaging comprised abdominal ultrasonography or computed tomography (CT) scans. Because we aimed
to create a practical model, we categorized some predictors in accordance with the approaches in widely
used CBD stone guidelines and meta-analyses (3, 21). Categorized variables were age, ALP level, TB level,
and CBD size. The binary predictors were: age ≤ 55 vs. > 55 years and CBD size ≤ 6 vs. > 6 mm. The
ternary predictors were: ALP level < 125, 125–250 (twofold greater than the normal limit), and > 250 U/L;
TB level < 1.8, 1.8–4, and > 4 mg/dL. The CBD size was acquired from medical records (if available) or
quanti�ed by a participating radiologist using the hospital’s picture archiving and communication
system. The measurement location was immediately distal to the porta hepatis or mid-CBD. Bile duct
dilatation status was not used to avoid ambiguous phrasing (e.g., minimal or borderline dilatation) and
uncertain cut-off diameter.

Flow and timing for the determinant variable were as follows. Age was measured at the reference test
date. In the hospital, a repeat LFT protocol is used prior to reference tests. However, physicians
occasionally choose not to implement this protocol. Data for more than 7 days of LFTs were excluded.
No repeat imaging protocol was established, although some physicians chose to perform repeat imaging.
The most recent results were used for analysis.

The outcome was the presence of CBD stone according to the results of reference tests. The tests were
chosen according to the attending physician’s preference. CBD stones were considered “Present”
(detected) if visualized in the endoscopic or operative �eld in the initial or subsequent investigational
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session. If CBD stones were not visible (e.g., �uoroscopy or radiography analyses showed �lling defects
and patients were lost to follow-up [FU]), images were reviewed by either two endoscopists or one
endoscopist and one radiologist. CBD stones were considered “Absent” (not detected) if the reference
tests did not detect CBD stones during at least 5–6 months of FU to evaluate symptoms and LFT results;
imaging �ndings were evaluated if available. Patients with fewer than 5–6 months of FU and patients
who were lost to FU were contacted by phone to check for symptom persistence or therapeutic
management in other hospitals. Negative responses to both questions were necessary for a CBD stone to
be considered “Absent.” CBD stones were also considered “Absent” if patients died or could not be
contacted. If patients underwent a repeat examination using one of the reference tests, the 5–6-month FU
assessment was not required. Inconclusive outcomes were excluded.

Sample size and missing data
The sample size of 536 patients was established on the basis of LFT results and imaging parameters,
using 90% statistical power and a two-sided alpha level of 0.05. The data used for calculation were
collected from the historical records of 50 patients; the CBD stone prevalence was 65%.

Because of the study protocol, missing data solely involved imaging parameters (CBD size > 6 mm and
presence of CBD stone); both parameters were binary. Concerning practical implications, missing data
were managed by the mean-imputation method; each missing value was changed to 0.5.

Statistical analysis and model development
In univariable descriptive analysis, Fisher’s exact test was used for categorical data; the t-test or the
Mann–Whitney U test were used for continuous data. Multivariable logistic regression analysis was the
primary model development analytic method. Predictors were selected based on a backward stepwise
approach. Predictors from the univariable analysis with p-values ≤ 0.20 were entered in logistic
regression; they were eliminated when the multivariable p-value exceeded 0.05 or the odds ratio
approached 1.0. Clinical relevance was also considered during the predictor selection process.

Score derivation and validation
Logit coe�cient values of parameters remaining after selection were used to construct the score-based
prediction model. The scores were derived from dividing the logit coe�cients of all predictors by the
lowest value. Therefore, the lowest logit coe�cient was given a score of one. Divided scores were
rounded to the nearest 0.5 or whole number. The sum of the total score for each patient was used to
assess the model’s ability to predict CBD stone status. The model performance was evaluated by
discriminative ability in terms of the area under the receiver-operating characteristic curve (AUC)
(concordance index) and classi�cation measures (e.g., sensitivity and speci�city). Calibration (i.e., the
relationship between predicted and observed risk) was performed by Hosmer–Lemeshow goodness-of-�t
statistics and construction of a calibration plot. The ability to predict clinical outcomes was assessed
using decision curve analysis (22). The model net bene�t was calculated, plotted, and presented using
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the net bene�t curves of two strategies: treat all (treatment for all patients) and treat none (treatment for
no patients). Bootstrap re-sampling procedures were used for internal validation of the scoring model.

For clinical applications, cut-off considerations were intended to guide clinicians in the selection of
investigations and treatments. Currently, there is no optimal CBD stone threshold probability to suggest
treatment modalities (5). We created a cut-off point by conducting a short survey and analyzing the
classi�cation properties for 10% increments of the model-predicted CBD stone probability.

The TRIPOD statement (15) suggests comparisons to existing models. However, to our knowledge,
acceptable CBD stone scoring models are unavailable. Thus, we compared the proposed model with two
widely used guidelines: the American Society of Gastrointestinal Endoscopy (ASGE) 2019 (revised
version) guidelines (10) and the European Society of Gastrointestinal Endoscopy (ESGE) guidelines (5).
The guidelines-predicted CBD stone probabilities were calculated using logistic regression analysis to
compare AUC and decision curves.

Finally, sensitivity analysis was conducted to investigate outcome variability according to alteration of
determinants.

Statistical signi�cance was set at p < 0.05. All statistical analyses were conducted using STATA software,
version 17 (StataCorp, College Station, TX, USA).

Results

Participants
In total, 1,185 patients were included in the initial review; 564 were excluded because they met the
exclusion criteria, were missing large amounts of data, had duplicate records, had an inconclusive
outcome, and/or had no pre-test LFTs. In total, 621 patients were included in model construction and
analysis. The participant �ow is illustrated in Fig. 1. The CBD stone prevalence was 59.9% (372 patients).

The distributions of variables between CBD stone groups are shown in Table 1. Most patients were elderly
women who presented with cholangitis. The most common reference test was ERC (82.9%, 515 patients);
IOC and MRCP were performed in 8.1% (50 patients) and 9.0% (56 patients) of the patients, respectively.
The median interval between basic imaging and reference tests was 8 days (interquartile range: 2–25
days). Ultrasonography was the main primary imaging modality (approximately 75.2% of patients), while
CT scan was performed in 24.8% of patients.  
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Table 1
Distribution of variables between groups according to CBD stone status

Predictors CBD stone p-value

Present

(n = 372)

Absent

(n = 249)

Mean age (± SD) 65.3 (17.3) 59.3 (16.1) < 0.01

Age > 55 years, n (%) 274 (73.7) 158 (63.5) < 0.01

Female, n (%) 221 (59.4) 159 (63.9) 0.28

Clinical manifestations, n (%)      

Abdominal pain 87 (23.4) 61 (24.5) 0.77

Pancreatitis 23 (6.2) 52 (20.9) < 0.01

Jaundice 59 (15.9) 50 (20.1) 0.20

Cholecystitis 21 (5.7) 14 (5.6) 1.00

Cholangitis 182 (48.9) 72 (28.9) < 0.01

Median days from clinical to reference test (IQR) 24 (9, 38.5) 26 (12, 41) 0.16

Clinical ≤ 14 daysa, n (%) 124 (33.3) 72 (28.9) 0.25

s/p Cholecystectomy, n (%) 41 (11.0) 20 (8.1) 0.27

Cirrhosis, n (%) 11 (3.0) 17 (6.8) 0.03

Median LFT results (IQR)      

SGOT (U/L) 50 (12, 606) 30 (12, 418) < 0.01

SGPT (U/L) 48 (5, 794) 28 (5, 691) < 0.01

ALP (U/L) 184.5 (51, 1117) 107 (41, 795) < 0.01

TB (mg/dL) 1.23 (0.22, 22.97) 0.75 (0.22, 10.02) < 0.01

Categorized LFT results, n (%)      

ALP 125–250 U/L 95 (25.5) 73 (29.3) 0.05

< 0.01ALP > 250 U/L 148 (39.8) 30 (12.1)

a Clinical ≤ 14 days = Interval from clinical presentation to reference tests within 14 days

ALP alkaline phosphatase, CBD common bile duct, CT computed tomography, IQR interquartile range,
LFT liver function test, SGOT serum glutamic oxaloacetic transaminase, SGPT serum glutamic
pyruvic transaminase, s/p status-post, SD standard deviation, TB total bilirubin
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Predictors CBD stone p-value

Present

(n = 372)

Absent

(n = 249)

TB 1.8–4 mg/dL 66 (17.7) 35 (14.1) 0.03

< 0.01TB > 4 mg/dL 82 (22.0) 20 (8.0)

Imaging characteristics, n (%)      

CT scan 89 (24.1) 64 (25.9) 0.64

Presence of CBD stone 227 (61.0) 70 (28.1) < 0.01

CBD size (mean [± SD]) 12.2 (4.9) 8.8 (4.0) < 0.01

CBD dilatation (> 6 mm) 336 (90.3) 160 (64.3) < 0.01

a Clinical ≤ 14 days = Interval from clinical presentation to reference tests within 14 days

ALP alkaline phosphatase, CBD common bile duct, CT computed tomography, IQR interquartile range,
LFT liver function test, SGOT serum glutamic oxaloacetic transaminase, SGPT serum glutamic
pyruvic transaminase, s/p status-post, SD standard deviation, TB total bilirubin

In the CBD stone “Present” group, three (0.8%) patients had benign bile duct stricture and eight (2.2%)
patients had cancer. We included these patients in the CBD stone “Present” group during analysis
because both conditions mostly required ERC; this situation can occur in clinical practice. In the CBD
stone “Absent” group, 71 (28.5%) patients had inadequate FU; of these patients, 53 (21.3%) were
contacted via telephone, six (2.4%) died, and 12 (4.8%) were lost to FU.

Missing values were identi�ed regarding the imaging parameters of 14 (2.3%) patients; these missing
values were caused by limited ultrasonographic examination related to the patient’s physical
characteristics or presence of intestinal gas. Because both variables (CBD size > 6 mm and presence of
CBD stone) were binary, we replaced any missing values with 0.5.

Model development and speci�cation
Univariable analysis revealed potential predictors (Table 1). Among the signi�cant differences,
pancreatitis and cirrhosis were less frequent in the CBD stone “Present” group. The selection process
removed the following variables from the scoring model: jaundice, SGPT, and SGOT. Cholangitis was
identi�ed as a non-signi�cant predictor in multivariable analysis. However, it is a strong predictor in
published guidelines (5, 10), and its p-value was near 0.05 (i.e., 0.14); thus, we retained cholangitis in the
model. TB level 1.8–4 mg/dL was removed, although it is the second level of the signi�cant ternary
predictor TB. Its coe�cient was near 0 (0.03), while its p-value was 0.92. Because the use of a coe�cient
near 0 as a denominator would cause extremely high score values, this predictor was excluded from the
model.
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A simpli�ed (parsimonious) model is presented in Table 2. The predictors used in model construction
were age > 55 years, pancreatitis, cholangitis, cirrhosis, ALP level 125–250 and > 250 U/L, TB level > 4
mg/dL, CBD size > 6 mm, and presence of CBD stone. ALP level 125–250 U/L had the lowest coe�cient
and served as the denominator. The item score ranged from − 5.5 for cirrhosis to 6.5 for ALP > 250 U/L.
Pancreatitis and cirrhosis each had a negative score. The sum of scores was − 4.5 to 28.5. The mean
score was signi�cantly higher in the CBD stone “Present” group than in the CBD stone “Absent” group
(mean ± standard deviation: 15.6 ± 6.2 vs. 8.3 ± 6.2, p < 0.01).

  
Table 2

Simpli�ed (parsimonious) modeling with predictor odds ratios, β coe�cients, and adjusted scores
Predictors Odds ratios 95% CI p-value β Item score

Intercept       -1.76  

Age > 55 years 1.84 1.21, 2.80 < 0.01 0.61 3.5

Pancreatitis 0.52 0.28, 0.96 0.04 -0.65 -3.5

Cholangitis 1.39 0.93, 2.08 0.11 0.33 2

Cirrhosis 0.36 0.15, 0.84 0.02 -1.03 -5.5

ALP (U/L)          

125–250 1.20 0.78, 1.86 0.41 0.18 1

> 250 3.35 2.02, 5.55 < 0.01 1.21 6.5

TB > 4 mg/dL 2.75 1.50, 5.05 < 0.01 1.01 5.5

CBD size > 6 mm 2.75 1.64, 4.60 < 0.01 1.01 5.5

CBD stone detected 2.61 1.76, 3.87 < 0.01 0.96 5.5

ALP alkaline phosphatase, β beta-coe�cient, CBD common bile duct, CI con�dence interval, TB total
bilirubin

Regarding risk-group or cut-off classi�cation, a short survey was administered to gastroenterologists and
other surgeons (n = 30) to identify the expected threshold probabilities for ERC and IOC. For the question
regarding the expected CBD stone probability threshold for consideration of ERC, the responses were
generally equally distributed: approximately 30% to > 50% (consistent with the ASGE suggestion [10]),
70–80%, and 90–100%. For IOC, the expected threshold probability was also generally equally
distributed: < 10%, 20–30%, and > 50%. We presumed that these ranges of expected threshold
probabilities were secondary to physician experience and the availability of equipment in a particular
facility. Generally, physicians required high CBD stone probability for consideration of ERC. More
available investigational options may be related to the higher expected probability. In contrast, although
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the expected CBD stone probability could be high for IOC, there remained a large number of physicians
who were unwilling to detect CBD stones using this method (presumably because of limited resources).
While considering the survey results, we conducted another method that involved the separation of data
into 10% increments of model-predicted CBD stone probability (shown in Supplemental Table 1) and
calculating their diagnostic properties. The potential higher probability cut-offs were 70%, 80%, and 90%;
these cut-off values were decided for ERC. All candidates had high speci�cities, ranging from 80.7–
97.2%. However, the sensitivities were poor (sensitivities for 80% and 90% cut-off: 41.7% and 24.5%,
respectively) and the numbers of patients who would bene�t from the 80% and 90% probability cut-offs
were low (178 and 98 patients above cut-off level, respectively). We used a 70% probability cut-off
because it had optimal diagnostic properties and a reasonable number of patients above the cut-off level
(287 patients). The potential lower probability cut-offs were 10%, 20%, and 30%; these cut-off values were
decided for IOC. All candidates had greater than 90% sensitivity, despite poor speci�city (5.6–27.3%).
Their likelihood ratios were also generally similar. Because all three cut-offs exhibited comparable
diagnostic properties, we used a 30% cut-off because it had the highest number of patients who would
bene�t from the cut-off level (numbers of patients below cut-off level for 10%, 20%, and 30% probability
cut-off values: 15, 48, and 84, respectively). However, because the lower cut-off had up to 30% CBD stone
probability, which is considerable, we designated this group as the low-intermediate group. The three risk
groups were low-intermediate, intermediate, and high; their respective threshold probabilities were ≤ 30%,
30–70%, and ≥ 70%. The respective cut-off scores were ≤ 5, 5–15, and ≥ 15 (for easier application in
clinical practice, the ≥ 15 value is approximated from the ≥ 14.5 score for the ≥ 70% cut-off level). The
risk-group properties are shown in Table 3. Overall, 84 (13.5%), 277 (44.6%), and 260 (41.9%) patients
were categorized into low-intermediate, intermediate, and high risk groups, respectively. The low-
intermediate risk classi�cation had high sensitivity (95.7%; 95% con�dence interval (CI): 93.1%, 97.5%)
but poor speci�city (27.3%; 95% CI: 21.9%, 33.3%), while the high risk classi�cation had low sensitivity
(58.6%; 95% CI: 53.4%, 63.7%) but high speci�city (83.1%; 95% CI: 77.9%, 87.6%). The intermediate-risk
classi�cation included equal numbers of CBD stone “Present” and “Absent” patients. However, this
classi�cation tended to predict a CBD stone “Absent” status (positive likelihood ratio [LHR+]: 0.66; 95% CI:
0.56, 0.79; p < 0.01).  
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Table 3
Scoring model characteristics and diagnostic properties among the three risk groups

Risk groups Score Prevalence

(%)

CBD stone, n (%) LHR+

(95% CI)

p-value

Present

(n = 
372)

Absent

(n = 
249)

Low-
intermediate

≤ 5 13.5 16
(19.0)

68
(81.0)

0.16 (0.09, 0.27) < 0.01

Intermediate 5–15 44.6 138
(49.8)

139
(50.2)

0.66 (0.56, 0.79) < 0.01

High ≥ 15 41.9 218
(83.9)

42
(16.1)

3.47 (2.60, 4.64) < 0.01

  Classi�cation properties (95% con�dence interval)

Sensitivity Speci�city PPV NPV

Low-
intermediate

95.7 (93.1,
97.5)

27.3 (21.9, 33.3) 66.3 (62.1, 70.3) 81.0 (70.9, 88.7)

Intermediate 37.1 (32.2,
42.2)

44.2 (37.9, 50.6) 49.8 (43.8, 55.9) 32.0 (27.1, 37.2)

High 58.6 (53.4,
63.7)

83.1 (77.9, 87.6) 83.8 (78.8, 88.1) 57.3 (52.1, 62.5)

CBD common bile duct, LHR + positive likelihood ratio, NPV negative predictive value, PPV positive
predictive value

Model performance
As shown in Fig. 2, the overall model discriminative property in terms of AUC was 0.80 (95% CI: 0.76,
0.83). Both calibration methods, the calibration plot (Fig. 3) and the Hosmer–Lemeshow goodness-of-�t
statistics, showed a good or close correlation between the scoring model-predicted risk vs. observed risk
of CBD stones. The well-calibrated plot, interpreted by the locally weighted scatterplot smoothing line
slope, was consistently within 95% CI of the reference line. Hosmer–Lemeshow goodness-of-�t statistics
showed a non-signi�cant difference (p = 1.00), con�rming the correlation

The risk curve (Fig. 4) depicts the three risk-group classi�cations as vertical dashed lines. The predicted
risk of CBD stone increased (y-axis) in a manner that corresponded to the increased in our proposed score
(x-axis). The circle size indicates the proportion of patients in each circular area.

The internally validated AUC of the scoring model slightly decreased to 0.76 (95% CI: 0.72, 0.81).

Clinical usefulness was determined by concurrent decision curve analysis with comparison to current
CBD stone guidelines from the ASGE and the ESGE. Figure 5 shows a comparative AUC and decision
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curve between the proposed scoring model and guidelines from the ASGE and ESGE. Decision curve
analysis showed that the scoring model had a clinically bene�cial outcome, compared to the treat all
curve; this was indicated by the model net bene�t curve above the treat all curve. The scoring model’s net
bene�t was also superior to the net bene�t of each set of guidelines. The model’s receiver operating
characteristic curve was closer to the graph’s left upper corner, re�ecting greater discriminative
performance. Moreover, the scoring model’s AUC was 0.80 (95% CI: 0.76, 0.83); this was signi�cantly
superior to the ASGE guidelines (AUC: 0.67; 95% CI: 0.63, 0.71; p < 0.01) and the ESGE guidelines (AUC:
0.67; 95% CI: 0.63, 0.71; p < 0.01).

Sensitivity analysis was conducted to test the model performance robustness after modi�cation of
variables that could affect the outcome. By removing all missing values (complete case analysis, n = 
607), the AUC was 0.79 (95% CI: 0.75, 0.83). Upon removal of patients with benign bile duct stricture or
malignancy from the CBD stone “Present” group (n = 610), the AUC was 0.80 (95% CI: 0.76–0.83). Finally,
because patients who had undergone cholecystectomy and patients who exhibited cirrhosis can alter the
determinant validity (23, 24), the AUCs after exclusion of these patients (n = 533) were 0.81 for the
scoring model (95% CI: 0.77, 0.84), 0.68 for the ASGE guidelines (95% CI: 0.64, 0.72), and 0.68 for the
ESGE guidelines (95% CI: 0.64, 0.72). In summary, the scoring model’s AUC was generally consistent
regardless of the missing value management approach and the removal of data for patients with benign
bile duct strictures or malignancy. The exclusion of s/p cholecystectomy and cirrhotic patients minimally
increased the AUCs of the scoring model and the guidelines.

Discussion
A model’s overall performance can be interpreted from its LHR + and AUC values (25–27). For patients in
the high risk group, the scoring model’s LHR + was 3.47 (95% CI: 2.60, 4.64). For an LHR + of 2 to 5, use of
the model could presumably in�uence the pre-test to post-test probability (27). With a pre-test probability
of 59.9% (CBD stone prevalence in this study), the CBD stone probability (i.e., post-test probability or
positive predictive value) shifted to 83.9%, approximately 20% higher than the pre-test value. For the low-
intermediate risk classi�cation, the LHR + was 0.16 (95% CI: 0.09, 0.27). For an LHR + between 0.1 and
0.2, the model had a moderate likelihood of in�uencing pre-test to post-test probability (27). The
probability of stone absence increased from 40.1–81.0% (i.e., negative predictive value); the probability of
CBD stone presence decreased from 59.9–19.0%. The AUC value re�ects a model’s overall performance.
The scoring model had an AUC of approximately 0.80 (95% CI: 0.76, 0.83); its discrimination properties
were acceptable to excellent (AUC 0.70–0.80) (26). The internally validated AUC slightly decreased but
remained near 0.80 (0.76; 95% CI: 0.72, 0.81). The proposed model exhibited signi�cantly better
performance than did the ASGE and ESGE guidelines for CBD stone prediction in the high-prevalence
population, according to the comparative validation (AUC and decision curve analysis) (Fig. 5).

Concerning model predictors, we found that pancreatitis was a negative predictor, while cholangitis did
not reach statistical signi�cance. Regarding the negative for score pancreatitis, our results are consistent
with published �ndings that most CBD stones in pancreatitis patients often spontaneously pass into the
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gastrointestinal tract (28); a less-invasive investigational approach is appropriate in such patients (17).
Furthermore, cholangitis, a strong clinical predictor of CBD stones (5, 10), was a non-signi�cant variable
in our multivariable analysis. This outcome is also consistent with previous literature (29, 30). The use of
cholangitis as a sole predictor could be an important reason for the limited predictive ability of current
guidelines. Notably, ALP was a potent predictor. ALP level > 250 mg/dL had the highest odds ratio (3.35;
95% CI: 2.02, 5.55). The signi�cance of the ALP and CBD stone relationship has been extensively
analyzed (3, 31, 32). However, ALP has minimal importance in current guidelines. Our �ndings suggest
that more attention to ALP may be useful in future guidelines or the construction of predictive models.

Our scoring system is based on assessment of patient-speci�c predictors. The sum of assigned predictor
scores (Table 2) serves as the individual patient’s model-based score. The individual patient’s score is
used to support the assessment of CBD stone probability, together with the risk group classi�cation.
According to risk curve analysis, a higher score was associated with a higher probability of CBD stone
presence (Fig. 4). Our scoring model can also be used in s/p cholecystectomy and cirrhotic patients,
although these factors can affect CBD size and LFT results (23, 24).

When implementing the model, additional factors should be considered with respect to the availability of
expert physicians and specialized equipment. Although the model could reasonably reduce the
probability of CBD stones for the low-intermediate risk group, the probability remained moderate (i.e., 20–
30%). IOC (or laparoscopic ultrasound (33)) may be the most reasonable approach because
cholecystectomy can be performed in the same setting (34). However, for physicians or hospitals without
the capability to treat detected stones, there may be a need for patient transfer or the use of less-invasive
investigations (e.g., MRCP or endoscopic ultrasonography) (35). Laparoscopic bile duct exploration
(trans-cystic/trans-ductal) (36) or same-setting ERC (i.e., ERC combined with cholecystectomy) (7) are
potential methods for removal of IOC-detected CBD stones. However, because patients with CBD
dilatation only comprised 12.9% (n = 11) of our cohort, trans-ductal CBD exploration could not be applied
because it requires a dilated duct (36). In the absence of alternative interventions for IOC-detected CBD
stones, possible treatment options are trans-cystic biliary stent insertion followed by transfer for ERC (in
an ERC-capable hospital) (37), or the acquisition of a clear cystic duct (e.g., via ligation or clipping of the
cystic duct stump to prevent leakage related to high pressure from the retained CBD stone) followed by
rapid transfer. Postoperative abdominal pain or cholangitis can occur in patients with persistent stones
(38). Persistent CBD stones are unlikely to increase the probability of cystic duct stump leakage, although
they can aggravate its severity (39).

Our proposed model su�ciently increased the CBD stone probability that is appropriate for consideration
of ERC in the high risk group (i.e., from 59.9–83.9%). However, our short survey indicated that some
physicians expect near 100% CBD stone probability; endoscopic ultrasonography and ERC in the same
setting may be optimal (40). This approach can almost avoid the need for diagnostic (unnecessary) ERC.
However, because most CBD stone patients are older adults, the prolonged procedural time, increased
sedation (41), and cost can limit the application of combined endoscopic ultrasonography and ERC. The
scoring model may improve patient selection for this combined approach.
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The intermediate-risk group might constitute an indeterminate group. The CBD stone chance was
moderate (49.8% in our cohort); a less invasive investigation (e.g., MRCP or endoscopic ultrasonography)
may thus be more suitable. Nevertheless, IOC is appropriate for all risk groups if experienced surgeons
and specialized equipment are available (42). In the Supplemental Figure, we show a proposed CBD
stone investigation and treatment �ow approach regarding speci�c risk groups; we provide example
checklists for clinical application in Supplemental Table 2.

There were considerable limitations in our study. First, we reviewed data from reference tests. Some
patients with suspected CBD stones were not included in our data; other patients had few unusual
�ndings in LFTs or imaging result abnormalities, and attending physicians chose observation as
management for such patients. Thus, there were no reference test records for these patients. However, we
considered the outcome validity to be an essential focus of the study; we did not modify the study
protocol. With a similar potential selection bias issue, our reference tests were not included all CBD stone
con�rmatory tests. Endoscopic ultrasonography was not available in the study hospital during the study
period. Second, a retrospective design is not the optimal data collection approach for a model
development study because it involves various potential biases (15). Third, for the proposed application,
LFTs should be examined within 7 days before using the score-based model to assess the CBD stone risk
or choose a reference test that is compatible with our study protocol. Finally, the CBD prediction model
was developed using data from patients with relevant clinical manifestations and a high-prevalence
population. Thus, the �ndings cannot be applied to a low-prevalence population until they have been
con�rmed in additional studies.

Conclusions
Our proposed scoring model demonstrated reasonable ability to predict CBD stones; it is suitable for use
in patients with relevant clinical manifestations or in a high-prevalence population. However, because
there is variability among institutes concerning the investigation and treatment of CBD stones, the
proposed model requires the consideration of whether specialized physicians or equipment are available.
For application of the model to a low-prevalence population, additional studies are needed.
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Figures

Figure 1

Study participant �ow diagram
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a Pre-reference LFTs = LFTs within 7 days before reference tests

CBD common bile duct, ERC endoscopic retrograde cholangiography, IOC intraoperative cholangiography,
LFTs liver function tests, MRCP magnetic resonance cholangiopancreatography

Figure 2

Parametric ROC with 95% con�dence band for CBD stone prediction using the scoring model

AUC area under the receiver operating characteristic curve, CBD common bile duct, CI con�dence interval,
ROC receiver operating characteristic curve
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Figure 3

Calibration plot comparing the score-predicted and observed risks of common bile duct stone

AUC area under the receiver operating characteristic curve, CIs con�dence intervals, CITL calibration-in-
the-large, LOWESS locally weighted scatterplot smoothing
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Figure 4

Risk curve

Risk curve illustrating the score-predicted CBD stone risk (solid line) and the observed stone risk (hollow
circles) according to risk group (vertical dash line). The relative number of patients corresponds to the
circle's size.

CBD common bile duct
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Figure 5

Comparing validation of CBD stone score performance to CBD stone guidelines

Discriminative ability with ROC is shown in left panel and clinical utility with decision curve analysis is
shown in right panel.

ASGE American Society of Gastrointestinal Endoscopy, CBD common bile duct, ESGE European Society
of Gastrointestinal Endoscopy, ROC receiver operating characteristic curve
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