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Machine learning based CAGIB score
predicts in-hospital mortality of cirrhotic
patients with acute gastrointestinal

bleeding
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Acute gastrointestinal bleeding (AGIB) is a potentially lethal complication in cirrhosis. In this
prospective international multi-center study, the performance of CAGIB score for predicting the risk of
in-hospital death in 2467 cirrhotic patients with AGIB was validated. Machine learning (ML) models
were established based on CAGIB components, and their area under curves (AUCs) were calculated
and compared. Gray zone approach was employed to further stratify the risk of death. In training
cohort, the AUC of CAGIB score was 0.789. Among the ML models, the least square support vector
machine regression (LS-SVMR) model had the best predictive performance (AUC = 0.986). Patients
were further divided into low- (LS-SVMR score <0.084), moderate- (LS-SVMR score 0.084-0.160), and
high-risk (LS-SVMR score >0.160) groups with in-hospital mortality of 0.38%, 2.22%, and 64.37%,
respectively. Statistical results were retained in validation cohort. LS-SVMR model has an excellent
predictive performance for in-hospital death in cirrhotic patients with AGIB (ClinicalTrials.gov;

NCT04662918).

Acute gastrointestinal bleeding (AGIB) is a life-threatening medical emer-
gency with a high morbidity'. Currently, the management of AGIB in liver
cirrhosis mainly includes resuscitation, blood transfusion, vasoactive drugs,
proton pump inhibitors (PPIs), endoscopy, transjugular intrahepatic por-
tosystemic shunt (TIPS), and surgery™. In spite of recent advances in the
treatment, the in-hospital and 6-week mortality of AGIB is approximately
0-10% and 15-20% in patients with liver cirrhosis*’, and even 30% in those
with Child-Pugh class C°. In this setting, accurate assessment of the prog-
nosis of cirrhotic patients with AGIB in a timely fashion should be critical to
inform their family members about disease severity and risk of death and
further guide the treatment selection.

Based on the data of 1682 cirrhotic patients with AGIB from 13 Chi-
nese medical centers, CAGIB score was developed and internally validated
to predict the risk of in-hospital death in patients with liver cirrhosis and
AGIPB’. Tt includes two clinical variables (i.e., diabetes and hepatocellular
carcinoma [HCC]) and four laboratory variables (i.e., total bilirubin [TBIL],

albumin [ALB], serum creatinine [Scr], and alanine aminotransferase
[ALT]), all of which are readily available in everyday clinical practice.
Recently, a retrospective cohort study, including 379 patients with liver
cirrhosis and acute variceal bleeding from a single center, has validated the
superiority of CAGIB in assessing the in-hospital outcome’. Another ret-
rospective cohort study, which included 142 patients with liver cirrhosis and
variceal bleeding from a single center, has also suggested the predictive
performance of CAGIB for the risk of rebleeding within 180 days’. However,
its advantage has not been supported by other studies'’. Thus, it should be
necessary to validate the predictive performance of CAGIB score in such a
group of population and further improve its accuracy using novel
approaches.

Machine learning (ML) can translate complex relationships into clear
and logistic reasoning without any restriction from data distribution and has
been increasingly employed in the field of clinical practice and academic
research in recent years' . ML methods have been widely employed for
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predicting the progression of various liver diseases, such as viral hepatitis,
fatty liver disease, and cirrhosis, and ML-based models have also shown
excellent performance™*™"".

This prospective international multicenter study aims to validate the
performance of CAGIB score for the prediction of in-hospital death in
patients with liver cirrhosis and AGIB and further improve its predictive

performance by using ML in such patients.

Results

Patient characteristics

Overall, 2467 patients with liver cirrhosis and AGIB were included (Table 1).
The most common etiology of liver cirrhosis was hepatitis B virus infection
(n=1255), followed by alcohol abuse (n=365), and hepatitis C virus
infection (n=229). The mean Child-Pugh, MELD-Na, and MELD
3.0 scores were 7.76, 14.09, and 14.39, respectively. Among them, 1602
patients presented with hematemesis at their admissions, 1492 were diag-
nosed with variceal bleeding on endoscopy, 1414 underwent endoscopic
treatment, 1498 received blood transfusion, and 139 died during hospita-
lizations. Causes of death included hemorrhagic shock (n=71), multiple
organ failure (n=45), infection (n=9), HCC (n=7), HE (n=6), and
volume overload (n=1).

One thousand two hundred and thirty-three and 1234 patients were
assigned to the training and validation cohorts, respectively. The training
cohort had significantly higher proportions of male (70.00% vs. 65.70%,
P =0.023) and ICU admission (15.70% vs. 12.60%, P = 0.028), TBIL level
(4459 +71.18 vs. 40.74+61.90, P=0.012), and MELD-Na score
(14.29 £5.95 vs. 13.89 + 5.83, P =0.034) than the validation cohort. How-
ever, other variables were not significantly different between the two cohorts
(Table 1).

Validation of CAGIB score in training cohort

In the overall analysis of 1233 patients from the training cohort, the per-
formance of CAGIB score (AUC = 0.789) for predicting in-hospital death
was statistically similar to that of Child-Pugh (AUC =0.804, P =0.569),
MELD-Na (AUC = 0.817, P = 0.234), MELD 3.0 (AUC = 0.822, P = 0.132),
D’Amico (AUC =0.797, P = 0.774), and Augustin (AUC = 0.814, P = 0.170)
scores (Fig. 1a).

In the subgroup analysis of 736 patients with variceal bleeding, 708
patients who underwent endoscopic treatment, and 463 patients who
received pharmacological treatment alone (Supplementary Table 1), the
performance of CAGIB score for predicting in-hospital death was also
statistically similar to that of Child-Pugh, MELD-Na, MELD 3.0, D’ Amico,
and Augustin scores (P > 0.05 for all tests) (Fig. 1b-d).

Validation of CAGIB score in validation cohort

In the overall analysis of 1234 patients from the validation cohort, the
performance of CAGIB score (AUC =0.801) for predicting in-hospital
death was statistically similar to that of Child-Pugh (AUC =0.809,
P =0.801), MELD-Na (AUC = 0.803, P = 0.960), MELD 3.0 (AUC =0.813,
P =0.667), D’Amico (AUC = 0.851, P = 0.05), and Augustin (AUC = 0.830,
P =0.213) scores (Fig. 2a).

In the subgroup analysis of 756 patients with variceal bleeding, 706
patients who underwent endoscopic treatment, and 456 patients who
received pharmacological treatment alone (Supplementary Table 2), the
performance of CAGIB score for predicting in-hospital death was statisti-
cally similar to that of Child-Pugh, MELD-Na, MELD 3.0, D’Amico, and
Augustin scores (P > 0.05 for all tests) (Fig. 2b-d).

ML models based on the components of the CAGIB score in
training cohort

LS-SVMR model (AUC = 0.986) had significantly higher AUCs than ANN
(AUC =0.894,P < 0.001), KNN (AUC = 0.895, P < 0.001), and decision tree
(AUC =0.632, P < 0.001) models (Fig. 3a), and statistically similar AUC to
XGBoost model (AUC =0.984, P =0.7751), but significantly lower AUC
than RF model (AUC =1, P =0.0138) (Fig. 3a). LS-SVMR model had a

Table 1| Characteristics, treatment, and outcomes of included
patients
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Variables Overall Training Validation P
(n=2467) cohort (n=1233) cohort value
(n=1234)
Age (years) 57.00 58.00 57.00 0.393
(19.00-94.00) (25.00-94.00) (19.00-92.00)
57.37 £12.59 57.58 £12.47 57.15+£12.70
Male (%) 1674 (67.90%) 863 (70.00%) 811 (65.70%) 0.023
Etiology of
cirrhosis
HBV (%) 1255 (50.90%) 616 (50.00%) 639 (51.80%) 0.365
HCV (%) 229 (9.30%) 122 (9.90%) 107 (8.70%) 0.295
Alcohol (%) 365 (14.80%) 189 (15.30%) 176 (14.30%) 0.456
History of 1489 (60.40%) 766 (62.10%) 723 (58.60%) 0.073
GIB (%)
HCC (%) 543 (22.00%) 280 (22.70%) 263 (21.30%) 0.403
ICU (%) 350 (14.20%) 194 (15.70%) 156 (12.60%) 0.028
Diabetes (%) 598 (24.20%) 301 (24.40%) 297 (24.10%) 0.842
Ascites (%) 1606 (65.10%) 793 (64.30%) 813 (65.90%) 0.414
Mild (%) 931 (58.00%) 451 (56.90%) 480 (59.00%)
Moderate (%) 393 (24.50%) 201 (25.30%) 192 (23.60%)
Severe (%) 282 (17.60%) 141 (17.80%) 141 (17.30%)
HE (%) 306 (12.40%) 144 (11.68%) 162 (13.13%) 0.275
Il 194 (63.40%) 90 (62.50%) 104 (64.20%)
-v 68 (22.22%) 34 (23.61%) 34 (20.99%)
ACLF (%) 134 (5.40%) 68 (5.50%) 66 (5.30%) 0.855
AGIB
manifestations
Hematemesis 1602 (64.90%) 792 (64.20%) 810 (65.60%) 0.464
Melena 1594 (64.60%) 799 (64.80%) 795 (64.40%) 0.845
267 (10.80%) 132 (10.70%) 135 (10.90%) 0.851
Hematochezia
Laboratory tests
Hb (g/L) 81.00 81.00 81.00 0.760
(16.00-212.00) (16.00-193.00) (16.00-212.00)
83.09 +24.82 83.07 +£24.93 83.11+£24.72
WBC (10°/L) 5.00 5.00(0.60-33.30) 5.12 0.566
(0.40-51.81) 6.12+4.29 (0.40-51.81)
6.20 +4.51 6.28 £4.72
Neutrophil 3.57 3.53(0.13-29.00) 3.60 0.429
(10%L) (0.09-40.31) 4.58 +3.68 (0.09-40.31)
4.65+3.85 4.71 £4.01
Lymphocyte 0.78 (0.00-9.76)  0.78 (0.02-9.76) 0.79 (0.00-9.70)  0.752
(10%L) 0.97 +0.75 0.96 +0.75 0.98+0.76
PLT (10%L) 80.00 81.00 80.00 0.787
(3.00-836.00) (3.00-836.00) (7.00-665.00)
99.77 £73.16 99.96 £ 73.18 99.57 £73.17
TBIL (umol/L) 24.90 26.20 23.55 0.012
(1.75-1111.40) (2.30-1111.40) (1.75-677.70)
42.66 +66.71 44.59+71.18 40.74 +61.90
ALB (g/L) 30.70 30.60 30.70 0.641
(10.30-55.00) (11.90-49.00) (10.30-55.00)
30.88 +5.67 30.82 +5.63 30.94 +5.70
ALT (U/L) 25.70 26.00 25.02 0.769
(2.00-2212.00) (2.00-881.00) (3.00-2212.00)
43.68+90.12 42.26 +69.10 45.09 +107.08
Scr (umol/L) 63.25 63.90 62.89 0.127
(7.00-950.00) (7.00-950.00) (14.62-823.00)
77.29£62.94 79.92 £71.61 74.66 £52.76
Na (mmol/L) 138.10 138.10 138.10 0.890
(76.00-161.00) (108.00-161.00) (76.00-159.20)
137.62+5.18 137.65+4.78 137.58 +5.55
INR 1.32(0.84-9.87)  1.33(0.84-7.41) 1.31(0.85-9.87)  0.290
1.42 £0.45 1.42+0.44 1.41+0.47
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Table 1 (continued) | Characteristics, treatment, and
outcomes of included patients

Variables Overall Training Validation P
(n=2467) cohort (n=1233) cohort value
(n=1234)
Child- 7 (5-15) 7 (5-15) 7 (5-15) 0.871
Pugh score 7.76 +1.89 7.77 +1.91 7.75+1.87
MELD-Nascore  12.45 12.81 12.11 0.034
(6.43-40.00) (6.43-40.00) (6.43-40.00)
14.09 +5.89 14.29 +5.95 13.89+5.83
MELD-3.0score  12.90 13.30 12.50 0.063
(3.41-45.50) (4.62-45.50) (3.41-44.05)
14.39+6.18 14.60 +6.28 14.17 £6.09
CAGIB score -5.33 (-7.71 to -5.29 (-7.34 to -5.39 (-7.71 to 0.096
5.54) 5.54) 4.28)
-5.12+1.28 -5.07+1.35 -5.18+1.20
Endoscopy (%) 1796 (72.80%) 888 (72.00%) 908 (73.60%) 0.383
EV 1565 (94.46%) 850 (95.10%) 856 (93.90%)
GV 1190 (65.96%) 577 (64.70%) 613 (67.20%)
Source of
bleeding
Varices 1492 (60.48%) 736 (59.69%) 756 (61.26%) 0.814
Ulcer 73 (2.96%) 36 (2.92%) 37 (3.00%) 0.982
Pharmacological treatment
800 (32.40%) 397 (32.20%) 403 (32.70%) 0.807
Terlipressin (%)
1455 (59.00%) 709 (57.50%) 746 (60.50%) 0.136
Octreotide (%)
1157 (46.90%) 596 (48.30%) 561 (45.50%) 0.152
Somatostatin
(%)
2009 (81.40%) 1004 (81.40%) 1005 (81.40%) 0.992
Antibiotics (%)
Transfusion (%) 1498 (60.70%) 741 (60.10%) 757 (61.30%) 0.526
Endoscopic 1414 (57.30%) 708 (57.40%) 706 (57.20%) 0.917
treatment
EVL 963 (68.10%) 474 (66.95%) 489 (69.26%)
EIS 398 (28.15%) 205 (28.95%) 193 (27.34%)
Tissue glue 646 (45.69%) 324 (45.76%) 322 (45.61%)
injection
Other 51 (3.61%) 25 (3.53%) 26 (3.68%)
TIPS (%) 246 (10.00%) 133 (10.80%) 113 (9.20%) 0.177
LT (%) 5(0.20%) 1(0.10%) 4 (0.30%) 0.180
Failure to 164 (6.60%) 74 (6.00%) 90 (7.30%) 0.198
control
bleeding (%)
In-hospital 139 (5.60%) 62 (5.00%) 77 (6.20%) 0.192

death (%)

HBV hepatitis B virus, HCV hepatitis C virus, GIB gastrointestinal bleeding, HCC hepatocellular
carcinoma, /ICU intensive care unit, HE hepatic encephalopathy, ACLF acute-on-chronic liver
failure, Hb hemoglobin, WBC white blood cell, PLT platelet count, TBIL total bilirubin, ALB albumin,
ALT alanine aminotransferase, Scr serum creatinine, Na sodium, INR international normalized ratio,
MELD model for end-stage liver disease, EV esophageal varices, GV gastric varices, EVL
endoscopic variceal ligation, EIS endoscopic injection sclerotherapy, TIPS transjugular intrahepatic
portosystemic shunt, LT liver transplantation.

Youden’s index of 0.842. By the gray zone approach, two cut-off values were
0.084 and 0.160 (Fig. 4a). There were 90 (7.30%) patients involved in the
gray zone. The in-hospital mortality was 0.38%, 2.22%, and 64.37% in
patients with an LS-SVMR score of <0.084, 0.084-0.160, and >0.160,
respectively (Table 2).

In the subgroup analysis of patients with variceal bleeding, LS-SVMR
model had a high AUC of 0.986 (Fig. 3b). It had a Youden’s index of 0.887.
By the gray zone approach, two cut-off values were 0.080 and 0.082. There
were 4 (0.54%) patients involved in the gray zone (Fig. 4b). The in-hospital
mortality was 0.16%, 25%, and 19.10% in patients with an LS-SVMR score
<0.080, 0.080-0.082, and >0.082, respectively (Table 2).

In the subgroup analysis of patients who underwent endoscopic
treatment, LS-SVMR model had a high AUC of 0.983 (Fig. 3¢c). It had a
Youden’s index of 0.858. By the gray zone approach, two cut-off values
were 0.080 and 0.081 (Fig. 4c). There were 2 (0.28%) patients involved in
the gray zone. The in-hospital mortality was 0.33%, 50%, and 24.18% in
patients with an LS-SVMR score <0.080, 0.080-0.081, and >0.081,
respectively (Table 2).

In the subgroup analysis of patients who received pharmacological
treatment without endoscopic treatment, LS-SVMR model still had a high
AUC of 0.987 (Fig. 3d). It had a Youden’s index of 0.921. By the gray zone
approach, two cut-off values were 0.092 and 0.157 (Fig. 4d). There were 31
(6.70%) patients involved in the gray zone. The in-hospital mortality was
0.26%, 6.45%, and 72.34% in patients with an LS-SVMR score <0.092,
0.092-0.157, and >0.157, respectively (Table 2).

Regardless of overall or subgroup analysis in the training cohort, the
DCA for the LS-SVMR model demonstrated a consistent net benefit over a
range of threshold probabilities, and the LS-SVMR model outperformed the
‘treat none’ strategy, indicating its practical utility in decision-making
(Supplementary Fig. 1). Regardless of overall or subgroup analysis, the
calibration curve also showed that the LS-SVMR model achieved a good
predictive performance (Supplementary Fig. 2).

The importance of each component of LS-SVMR model was calculated
and ranked (Supplementary Fig. 3).

ML models based on the components of the CAGIB score in
validation cohort

The performance of LS-SVMR model (AUC = 0.983) for predicting in-
hospital death was also significantly better than ANN (AUC =0.849,
P <0.001), KNN (AUC=0.699, P <0.001), decision tree (AUC = 0.599,
P <0.001), XGBoost (AUC=0.823, P <0.0001), and RF (AUC =0.805,
P <0.0001) models in the validation cohort (Fig. 5a). The in-hospital
mortality was 0.48%, 6.82%, and 64.71% in patients with an LS-SVMR score
<0.084, 0.084-0.160, and >0.160, respectively (Table 2).

In the subgroup analysis of patients with variceal bleeding, LS-SVMR
model still had the highest AUC (AUC = 0.984) (Fig. 5b). The in-hospital
mortality was 0.15%, 0%, and 20.95% in patients with an LS-SVMR score
<0.080, 0.080-0.082, and >0.082, respectively (Table 2).

In the subgroup analysis of patients who underwent endoscopic
treatment, LS-SVMR model still had the highest AUC (AUC = 0.980)
(Fig. 5¢). The in-hospital mortality was 0.16%, 0%, and 19.15% in
patients with an LS-SVMR score <0.080, 0.080-0.081, and >0.081,
respectively (Table 2).

In the subgroup analysis of patients who received pharmacological
treatment without endoscopic treatment, LS-SVMR model still had the
highest AUC (AUC = 0.984) (Fig. 5d). The in-hospital mortality was 1.06%,
19.23%, and 80.77% in patients with an LS-SVMR score <0.092,
0.092-0.157, and >0.157, respectively (Table 2).

Regardless of overall or subgroup analysis in the validation cohort, the
DCA for the LS-SVMR model demonstrated a consistent net benefit over a
range of threshold probabilities, and the LS-SVMR model outperformed the
‘treat none’ strategy, indicating its practical utility in decision-making
(Supplementary Fig. 4). Regardless of overall or subgroup analysis, the
calibration curve also showed that the LS-SVMR model achieved a good
predictive performance (Supplementary Fig. 5).

Discussion

This is a large-scale study of real-world data prospectively collected from 23
centers. First of all, the performance of CAGIB score, which our group
previously developed and internally validated, was further validated for
predicting the risk of in-hospital death in patients with liver cirrhosis and
AGIB, which should be equivalent to Child-Pugh, MELD-Na, MELD 3.0,
D’Amico, and Augustin scores. More importantly, based on the compo-
nents of CAGIB score, LS-SVMR model was developed and internally
validated for predicting in-hospital death in such patients, and substantially
improved the predictive performance of its original score, CAGIB score,
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Fig. 1 | ROC curves of CAGIB score, Child-Pugh score, MELD-Na score, MELD
3.0 score, D’Amico model, and Augustin model for predicting the risk of in-
hospital death in patients with cirrhosis and acute gastrointestinal bleeding in
the training cohort. a All patients; b Patients with variceal bleeding; ¢ Patients who
underwent endoscopic treatment; d Patients who received pharmacological
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treatment alone without endoscopic treatment. The performance of CAGIB score
for predicting in-hospital death was statistically similar to that of Child-Pugh,
MELD-Na, MELD 3.0, D’Amico, and Augustin scores both in overall and subgroup
analyses.

which was established by logistic regression model. Furthermore, cirrhotic
patients with AGIB were stratified into high-risk, moderate-risk, and low-
risk of death groups according to the cut-off values from the LS-
SVMR model.

In-hospital death was selected as the sole outcome of interest in our
study. This was primarily because in-hospital death, a hard clinical end-
point, can be more accurately and unbiasedly observed during hospitali-
zation, but not readily influenced by the difference in the selection of
treatment modalities and assessment approaches among the centers. More
notably, AGIB is a clinical emergency, where in-hospital survival can
directly determine the patients’ discharge and really reflect the treatment
efficacy. In comparison, other outcomes of interests, such as failure to
control bleeding, 6-week mortality, re-admission, and hospitalization
duration and cost, are sometimes dependent upon the treatment plan and
discharge policy of each center. Besides, as observed during our follow-up

visits, some patients died of unexpected causes other than bleeding at home
after their hospital discharge, and thus, their causes of death could not be
clearly recorded, even they would be lost to follow-up'®".

To the best of our knowledge, ML approaches have rarely been
employed for evaluating the outcomes of patients with AGIB. Shung et al.
developed a ML-based model and showed that its AUC was higher than
those of Glasgow-Blatchford, Rockall, and AIMS65 scores™. However, this
ML-based model was dependent upon the data from general patients with
upper gastrointestinal bleeding, but not cirrhotic patients with AGIB. As
known, cirrhotic patients with AGIB develop more severe bleeding with a
higher risk of death® . In this setting, our study constructed an ML-based
model, LS-SVMR model, based on the components of CAGIB score, which
had a superior predictive performance. Furthermore, the risk stratification
by the LS-SVMR model can be used for identifying the patients at a high risk
of death during hospitalizations. Specifically, approximately one quarter of
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Fig. 2 | ROC curves of CAGIB score, Child-Pugh score, MELD-Na score, MELD
3.0 score, D’Amico model, and Augustin model for predicting the risk of in-
hospital death in patients with cirrhosis and acute gastrointestinal bleeding in
the validation cohort. a All patients; b Patients with variceal bleeding; ¢ Patients
who underwent endoscopic treatment; d Patients who received pharmacological
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treatment alone without endoscopic treatment. The performance of CAGIB score
for predicting in-hospital death was statistically similar to that of Child-Pugh,
MELD-Na, MELD 3.0, D’Amico, and Augustin scores both in overall and subgroup
analyses.

cirrhotic patients with AGIB assigned to the high-risk group will die, but
nearly none of cirrhotic patients with AGIB assigned to the low-risk group
will die.

Gastroesophageal varices and variceal bleeding, which are closely
related to the severity of portal hypertension, are critical endpoints for the
natural history of liver cirrhosis’. The annual incidence of the first variceal
bleeding is 5-15% in general patients with cirrhosis, and even higher in
patients with large varices or any varices with red signs on endoscopy and
those with Child-Pugh class B/C”. If other decompensated events were
concomitant in cirrhotic patients with variceal bleeding, the 5-year mortality
would be up to 80%. Therefore, it should be necessary to identify which
group of cirrhotic patients with variceal bleeding are at a high risk of death.
Existing evidence suggests the controversy in the superiority of CAGIB
score for the outcome prediction*"’. Our current study suggested the

equivalence of CAGIB score with MELD 3.0, MELD-Na, and Child-Pugh
scores for predicting the risk of in-hospital death in cirrhotic patients with
variceal bleeding, and its predictive performance was further improved by
using LS-SVMR model.

Endoscopy is generally recommended within 24 h after admission in
cirrhotic patients with AGIB™. Endoscopic epinephrine or thrombin
injection, thermal therapy, and clipping are used for the treatment of non-
variceal bleeding, of which peptic ulcer is the predominant cause. In com-
parison, EVL and EIS are the primary choices of endoscopic treatment for
esophageal variceal bleeding”’. Endoscopic tissue glue injection is employed
for the treatment of gastric variceal bleeding, which is less common than
esophageal variceal bleeding, but carries a higher mortality’**’. The popu-
larization and improvement of endoscopic techniques and equipment have
remarkably increased the rate of control bleeding’”, but AGIB is still
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Fig. 3 | ROC curves of ANN model, KNN model, decision tree model, RF model,
XGBoost model, and LS-SVMR model for predicting the risk of in-hospital death
in patients with cirrhosis and acute gastrointestinal bleeding in the training
cohort. a All patients; b Patients with variceal bleeding; ¢ Patients who underwent
endoscopic treatment; d Patients who received pharmacological treatment alone
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without endoscopic treatment. The performance of LS-SVMR model was sig-
nificantly higher than ANN, KNN, and decision tree, and statistically similar to
XGBoost model, but significantly lower than RF both in overall and subgroup
analyses. ANN artificial neural network, KNN K-nearest neighbors, RF random
forest, LS-SVMR least square support vector machine regression.

uncontrollable or refractory in some cases. Thus, it is also necessary to
predict the risk of death among the AGIB patients who underwent endo-
scopic treatment. But the prediction model is lacking in such patients. It is
worth noting that the LS-SVMR model outperformed CAGIB, MELD 3.0,
MELD-Na, and Child-Pugh scores, enhancing its applicability in the clinical
scenario of endoscopic procedures.

In some specific cases, such as very frail patients and those with mild
diseases, and resource-limited settings where the access to experienced
endoscopists and endoscopic treatment is difficult, AGIB can be mana-
ged by drugs alone. Similarly, in real-world studies, approximately 20%
of patients with AGIB did not undergo endoscopy’**'. Of course, except
for resuscitation and blood transfusion, pharmacological treatment
should be the most important part of management strategy of AGIB>*.
Specifically, vasoactive drugs can reduce portal pressures via splanchnic

vasoconstriction, thereby controlling bleeding and reducing mortality’*"’;
and antibiotics are also effective for decreasing the risk of rebleeding and
death™”. Despite pharmacological treatment can be often effective, some
cases are still at a very high risk of failure to control bleeding and death,
who should require immediate referral for endoscopic treatment and
even TIPS. The LS-SVMR model should be more accurate than CAGIB,
MELD 3.0, MELD-Na, and Child-Pugh scores in distinguishing the
disease condition where pharmacological treatment alone may be
inadequate.

Our study has several limitations. First, LS-SVMR model was not
compared with Rockall”, Glasgow-Blatchford”, and AIMS65” scores.
Notably, these scores were designed for general patients with AGIB, rather
than for cirrhotic patients with AGIB. The disease course and patients’
outcome are very different between them. Second, the management strategy
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Fig. 4 | Gray zone of LS-SVMR model. a All patients; b Patients with variceal
bleeding; ¢ Patients who underwent endoscopic treatment; d Patients who received
pharmacological treatment without endoscopic treatment. Patients were divided

into low-, moderate-, and high-risk group of in-hospital death based on LS-SVMR
score in overall and subgroup analyses.

Table 2 | Mortality of AGIB patients based on the LS-SVMR

model in overall and subgroups analysis

LS-SVMR score

Mortality

Training cohort

Validation cohort

Overall AGIB patients

<0.084

0.38% (4/1056)

0.48% (5/1044)

0.084-0.160 (gray zone)

2.22% (2/90)

6.82% (6/88)

>0.160

64.37% (56/87)

64.71% (66/102)

Patients with variceal bleeding

<0.080

0.16% (1/643)

0.15% (1/646)

0.080-0.082 (gray zone)

25.00% (1/4)

0% (0/5)

>0.082

19.10% (17/89)

20.95% (22/105)

Patients who underwent endoscopic treatment

<0.080

0.33% (2/615)

0.16% (1/609)

0.080-0.081 (gray zone)

50.00% (1/2)

0% (0/3)

>0.081

24.18% (22/91)

19.15% (18/94)

Patients who received pharmacological treatment without endoscopic treatment

<0.092

0.26% (1/385)

1.06% (4/378)

0.092-0.157 (gray zone)

6.45% (2/31)

19.23% (5/26)

>0.157

72.34% (34/47)

80.77% (42/52)

AGIB acute gastrointestinal bleeding.

of patients with liver cirrhosis and AGIB could not be homogenous among
the participating centers, despite they were treated by experienced physi-
cians at the department of gastroenterology and/or hepatology. Third, the
external validation of LS-SVMR model is lacking, although our data are
selected from multiple centers and more generalized. Finally, our current
study only focused on in-hospital mortality, but did not explore other
endpoints, such as post-discharge rebleeding, long-term complications, or
quality of life.

In conclusion, on the basis of components of the CAGIB score, LS-
SVMR model has been developed and showed excellent performance for
predicting the in-hospital death in patients with cirrhosis and AGIB.
Besides, it can be used for stratifying the risk of death, where the in-hospital
mortality reaches up to two-thirds in patients at a high risk of death. Cer-
tainly, in the future, this ML-based model should be more comprehensively
validated and considered to guide the treatment selection and patients’
referral.

Methods

Ethics and registration

This prospective observational study is being performed at 23 centers
from Brazil, China, Germany, India, Italy, Mexico, Thailand, and
Turkey. The study protocol was first approved by the Medical Ethical
Committee of the General Hospital of Northern Theater Command
(ethical approval number: Y [2020] 038), followed by each center who
agreed to participate in this multicenter study. Ethical committees and
ethical approval number of each center were listed as follows: the First
Affiliated Hospital of the Fujian Medical University (Ethics Committee
of the First Affiliated Hospital of the Fujian Medical University, ethical
approval number: MRCTA, ECFAH of FMU [2020]423), Shuguang
Hospital (IRB of the Shuguang Hospital of the Shanghai University of
TCM, ethical approval number: 2022-1200-137-01), Xi’an Central
Hospital (Ethics Committee of the Xi’an Central Hospital, ethical
approval number: LSA-L-2021-004-01), Sdo Paulo State University
(UNESP) (Comité de Etica em Pesquisa FMB/UNESP, ethical approval
number: 4.462.045), the Sixth People’s Hospital of Dalian (Ethics
Committee of the Sixth People’s Hospital of Dalian, ethical approval
number: 2020-028-001), Shandong Provincial Hospital (Ethics Com-
mittee of the Shandong Provincial Hospital, ethical approval number:
SWYX:NO.2020-214), the First Hospital of China Medical University
(Ethics Committee of the China Medical University, ethical approval
number: 2020-375-2), the First Affiliated Hospital of Xi’an Jiaotong
University (Biomedical Ethics Committee of the First Affiliated Hos-
pital of Xian Jiaotong University, ethical approval number:
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Fig. 5 | ROC curves of ANN model, KNN model, decision tree model, RF model,
XGBoost model, and LS-SVMR model for predicting the risk of in-hospital death
in patients with cirrhosis and acute gastrointestinal bleeding in the validation
cohort. a All patients; b Patients with variceal bleeding; ¢ Patients who underwent
endoscopic treatment; d Patients who received pharmacological treatment alone
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without endoscopic treatment. The performance of LS-SVMR model was sig-
nificantly higher than ANN, KNN, decision tree, XGBoost, and RF models both in
overall and subgroup analyses. ANN artificial neural network, KNN K-nearest
neighbors, RF random forest, LS-SVMR least square support vector machine
regression.

XJTU1AF2021LSK-005), Rajagiri Hospital (Hospital Research Review
Board and The Trials Oversight Committee, ethical approval number:
COEGIS/TLI/RJH-04/2021 (EXT)), the 960th Hospital of Chinese PLA
(Medical Ethical Committee of the 960th Hospital of Chinese PLA,
ethical approval number: [2021]154), Chiang Mai University (Research
Ethics Committee Panel 5 Faculty of Medicine, ethical approval
number: MED-2566-0937), Air Force Hospital of Northern Theater
Command (Medical Ethical Committee of the Air Force Hospital of
Northern Theater Command, ethical approval number: 2020-001),
National Autonomous University of Mexico (Comité de Etica en
Investigacion de Médica Sur, S.A.B. de C.V.,, ethical approval number:
12-2020CEI-87), Bezmialem Vakif University Hospital (Bezmialem
Vakif Universitesi Girisimsel Olmayan Arastirmalar Etik Kurulu,
ethical approval number: 20/387 01.12.2020), the Sixth People’s

Hospital of Shenyang (Ethics Committee of the Sixth People’s Hospital
of Shenyang, ethical approval number: 2020-10-004-01), Beijing Youan
Hospital (Ethics Committee of the Beijing Youan Hospital, ethical
approval number: [2021]021), Union Hospital of the Tongji Medical
College of the Huazhong University of Science and Technology (Ethics
Committee of the Tongji Medical College of the Huazhong University
of Science and Technology, ethical approval number: [2021]0058-01),
Azienda di Rilievo Nazionale ad Alta Specializzazione Civico-Di
Cristina-Benfratelli (II Comitato Etico Palermo 2, ethical approval
number: 296CIVIC02020), Charité University Medical Center (Ethi-
kausschuss am Campus Virchow-Klinikum, ethical approval number:
EA2/056/21), the First Affiliated Hospital of Nanchang University
(Medical Ethics Committee of the First Affiliated Hospital of Nan-
chang University, ethical approval number: IIT[2021]006), Tangdu
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Hospital of the Fourth Military Medical University (IEC of Institution
for National Drug Clinical Trials, ethical approval number: K202012-
01), and the Second Affiliated Hospital of Xi’an Jiaotong University
(Medical Ethics Committee of the Second Affiliated Hospital of Xi’an
Jiaotong University, ethical approval number: 2020059). Patients’
informed consents were waived by the ethical committees of the First
Affiliated Hospital of the Fujian Medical University, the Second
Affiliated Hospital of Xi’an Jiaotong University, Tangdu Hospital of the
Fourth Military Medical University, the Sixth People’s Hospital of
Shenyang, Union Hospital of the Tongji Medical College of the
Huazhong University of Science and Technology, and Shandong
Provincial Hospital due to the observational nature of this study that
only the data was obtained from electronic medical records without
any additional harms to patients. But they were obtained at the
remaining centers. The study was conducted in accordance with the
declaration of Helsinki® and registered in the ClinicalTrials.gov
(NCT04662918) on Dec 9, 2020, as previously reported**.

Inclusion and exclusion criteria

All eligible patients were consecutively enrolled from these participating
centers since September 30, 2020. The inclusion criteria were as follows:
(1) patients with liver cirrhosis; (2) patients with AGIB who presented
with hematemesis, melena, and/or hematochezia; and (3) adults (age
>18 years). Patients would be excluded, if any component of Child-
Pugh, model for end-stage liver disease (MELD), or CAGIB scores was
missing.

Study implementation

Once the ethical approval document was obtained from any participating
center, the investigators were invited to collect the data in the Wen Juan Xing
website (https://www.wjx.cn/), as previously employed™, where an elec-
tronic case report form was designed including 78 questions described in
both Chinese and English language. All collected data were de-identified and
kept confidential. A group of investigators who worked at the Department of
Gastroenterology of the General Hospital of Northern Theater Command
was responsible for checking the accuracy of data collected from all parti-
cipating centers, and sending a newsletter regarding the total number of
patients enrolled at the first two days of every month. The data collection for
the current analysis was stopped on June 30, 2023. Subsequently, all data
collected from each participating center was further self-checked and
repeatedly validated. During the period from August 2023 to January 2024,
the investigators at each participating center were asked to check the data
accuracy by reviewing the medical records of included patients, and then
this group of investigators who worked at the Department of Gastro-
enterology of the General Hospital of Northern Theater Command repeated
this work until the accuracy of all data collected was validated and all
potentially ineligible or inaccurate data were excluded.

Case report form

The case report form was divided into four sections. Baseline data includes
age, sex, etiology of liver cirrhosis (hepatitis B virus [HBV], hepatitis C virus
[HCV], alcohol, and autoimmune), history of GIB, diabetes, AGIB mani-
festations, HCC, ascites, acute-on-chronic liver failure (ACLF), hepatic
encephalopathy (HE), and laboratory tests at admission, which mainly
includes hemoglobin (Hb), white blood cell (WBC), platelet (PLT), TBIL,
ALB, aspartate aminotransferase (AST), ALT, alkaline phosphatase (AKP),
gamma-glutamyl transpeptidase (GGT), Scr, cystatin (Cys)-C, potassium
(K), sodium (Na), and international normalized ratio (INR). Endoscopy-
related data includes endoscopic examinations, diagnosis of esophageal or
gastric varices by endoscopy at admission, diagnosis of variceal bleeding by
endoscopy at admission, diagnosis of peptic ulcer bleeding by endoscopy at
admission, endoscopic variceal ligation (EVL), endoscopic injection scler-
otherapy (EIS), and endoscopic tissue glue injection. Pharmacology-related
data includes transfusion, terlipressin, octreotide, somatostatin, and

antibiotics during hospitalization, and other treatment-related data includes
liver transplantation (LT) and TIPS. Outcome data includes failure to
control bleeding and death.

Scores and definitions

As previously reported, Child-Pugh***, MELD-Na*, MELD 3.0’, D’Amico
model’', Augustin model’, and CAGIB’ scores were calculated. AGIB™ was
defined as cirrhotic patients with gastrointestinal bleeding presenting with
hematemesis, melena, and/or hematochezia within five days before this
admission. Failure to control bleeding™ was defined as one of the following
criteria developed at a time frame of five days: (1) death; (2) fresh hema-
temesis or nasogastric aspiration of =100 ml of fresh blood >2h after
starting a specific drug treatment or therapeutic endoscopy; (3) develop-
ment of hypovolemic shock; and (4) 30 g/L drop in Hb concentration (9%
drop of HCT) within 24 h, if no transfusion is administered.

Statistical analyses

All statistical analyses were performed using SPSS software version 25.0
(IBM Corp, Armonk, NY, USA), MedCalc software version 11.4.2.0
(MedCale, Mariakerke, Belgium), and R software version 4.0.3 (R Core
Team, R Foundation for Statistical Computing, Vienna, Austria). Ran-
dom sampling was used to divide the patients into training and validation
cohorts with an approximate percentage of 50%. Continuous variables
were expressed as mean * standard deviation and median (range), and
categorical variables were expressed as frequency (percentage). Differ-
ences between training and validation cohorts were evaluated by the
nonparametric Mann-Whitney U test” or the chi square test™, if
appropriate. The area under curve (AUC)” of CAGIB score was calcu-
lated and compared with those of Child-Pugh score, MELD-Na score,
MELD 3.0 score, D’Amico model, and Augustin model by the Delong’s
test”®. Furthermore, in the training cohort, six ML-based models,
including artificial neural network [ANN]¥, k-nearest neighbors
[KNN]®, decision tree®', random forest (RF)*, XGBoost®”, and least
square support vector machine regression [LS-SVMR]*, were established
based on the components of CAGIB score. Specifically, the ANN model
has 12 nodes and 1 hidden layer; the k value for the KNN model is 5; the
complexity parameter of the decision tree model is 0.000001; the number
of trees for RF is 500; in the XGBoost model, the eta is 0.1, the max_depth
is 6, gama parameter is 0, the min child weight is 1, and the number of
rounds is 200; and the sigma parameter and gama parameter of LS-
SVMR model are 1 and 10, respectively. Cross-validation was conducted
in the training cohort for each ML-based model. Receiver operating
characteristic (ROC)® curve analyses were performed to evaluate their
predictive performance. AUCs of these ML-based models were calculated
and compared by the Delong’s test. The best ML-based model was fur-
ther identified with its Youden’s index*. Gray zone was defined as
inconclusive prediction for values with a sensitivity or specificity lower
than 90% (i.e., a diagnosis tolerance of 10%)"*. According to the gray
zone approach, two cut-off values were proposed, which constitute the
borders of the gray zone. The first and second cut-off values exclude and
include a high risk of death with near certainty, respectively”. Further-
more, subgroup analyses were performed in patients with a definite
diagnosis of variceal bleeding on endoscopy, those who underwent
endoscopic treatment, and those who received pharmacological treat-
ment alone. Decision curve analysis (DCA)*”" and calibration curve’
were used to assess the predictive performance of the best model. The
predictive performance of CAGIB score and ML-based models were
further evaluated in the validation cohort. A two-tailed P value of <0.05
was considered statistically significant.

Data availability

To protect patient privacy, other patient related data are not publicly
accessible. However, all data are available upon reasonable request emailed
to the corresponding author (X.Q.).
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Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable requests from the corre-

sponding author (X.Q.).

Abbreviations

ACLF acute-on-chronic liver failure
AGIB acute gastrointestinal bleeding
Al artificial intelligence

AKP alkaline phosphatase

ALB albumin

ALT alanine aminotransferase

ANN artificial neural network

AST aspartate aminotransferase
AUC area under curve

Cys cystatin

DCA decision curve analysis

DT decision tree

EIS endoscopic injection sclerotherapy
EVL endoscopic variceal ligation
GGT gamma-glutamyl transpeptidase
HBV hepatitis B virus

Hb hemoglobin

HCV hepatitis C virus

HCC hepatocellular carcinoma

HE hepatic encephalopathy

INR international normalized ratio

K potassium

KNN K-nearest neighbors

LS-SVMR  least square support vector machine regression
LT liver transplantation

ML machine learning

MELD model for end-stage liver disease

Na sodium

PPIs proton pump inhibitors

PLT platelet

ROC receiver operating characteristic

RF Random Forest

Scr serum creatinine

TBIL total bilirubin

TIPS transjugular intrahepatic portosystemic shunt
WBC white blood cell.
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