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Abstract

Purpose: To facilitate early identification of ABO hemolytic disease of the newborn (ABO—HDN) in
neonates with hyperbilirubinemia, we developed and validated a nomogram based on routinely available
clinical and laboratory parameters. The model is intended to assist clinicians particularly when
hemolysis test results are inconclusive or unavailable.

Methods: This retrospective study included 350 neonates with hyperbilirubinemia who completed the
three neonatal hemolysis tests (2023-2024). ABO-HDN was defined as a positive direct antiglobulin
test (DAT) and/or antibody release test; isolated hyperbilirubinemia was defined as negative results for
all three tests. Cases with positive free antibody test alone were excluded to ensure a gold—standard
definition for model derivation. Demographic, perinatal, neonatal complications, maternal prenatal
complications, and laboratory data (within 24 h of admission) were collected. Missing data were imputed
using MICE. LASSO regression selected predictors, followed by multivariate logistic regression to build
the nomogram. Model performance was assessed by ROC curves, calibration curves, Decision curve
analysis (DCA), clinical impact curve (CIC), and Bootstrap internal validation (1000 resamples).

Results: A total of 350 neonates (154 ABO—HDN, 196 isolated hyperbilirubinemia) were included. LASSO
and multivariate logistic regression identified five independent predictors: age at sampling, time of
jaundice onset, red blood cell count (RBC), reticulocyte percentage (RET), and neonatal blood type (all
P<0.05). The nomogram showed good discrimination (AUC=0.835, 95% CI: 0.794 — 0.876), excellent
calibration (Hosmer—Lemeshow P=0.7454), and superior net benefit at thresholds 0.1-0.83. Bootstrap-
corrected AUC was 0.839 (95% CI: 0.798-0.879).

Conclusion: This nomogram serves as a bedside-friendly decision-support tool for early identification of
ABO-HDN in neonates with hyperbilirubinemia, particularly when hemolysis test results are inconclusive
or delayed. By translating five routinely available parameters into an individualized probability, the model
enables clinicians to expedite risk stratification and initiate timely interventions—such as intensified
phototherapy or intravenous immunoglobulin therapy—during the critical therapeutic window, potentially
reducing the need for exchange transfusion and preventing bilirubin encephalopathy. This practical,
quantitative tool directly addresses an unmet need in routine neonatal care, offering actionable guidance
without imposing additional testing costs or delays.

1 Introduction

ABO hemolytic disease of the newborn (ABO—HDN) is the most common alloimmune hemolytic disease
in neonates, and one of the primary causes of neonatal hyperbilirubinemia and severe jaundice [1, 2].
ABO-HDN results from the destruction of fetal or neonatal red blood cells (RBCs) by maternal
immunoglobulin G (IgG) antibodies due to maternal-fetal blood group incompatibility[3]. Without timely
intervention, it may lead to bilirubin encephalopathy or even death[4, 5]. Clinical diagnosis of ABO-HDN
typically relies on the three hemolysis tests (direct antiglobulin test, antibody release test, and free
antibody test) [6, 7]. However, in clinical practice, discrepancies between the results of these tests and
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clinical symptoms are frequently observed.For example, a positive free antibody test may occur while the
antibody release test and direct antiglobulin test remain negative. This can lead to diagnostic challenges,
delayed treatment, or unnecessary overtreatment.

The etiology of neonatal hyperbilirubinemia (NHB) is complex. It encompasses not only immune-
mediated hemolysis due to ABO incompatibility but also multiple factors such as G6PD deficiency,
infections, intracranial hematoma, congenital hypothyroidism, and insufficient breast milk intake[1, 8—
11]. Treatment strategies vary significantly depending on the underlying cause. For severe
hyperbilirubinemia caused by ABO hemolytic disease, early initiation of intravenous immunoglobulin
(IVIG) therapy can effectively delay or avoid exchange transfusion[12, 13]. In contrast, conditions like
G6PD deficiency and infections require targeted interventions, including enhanced phototherapy|[9, 13]
and antimicrobial therapy. Therefore, accurate etiological differentiation is critical for clinical decision-
making. Consequently, etiological studies must thoroughly account for potential confounding factors
such as maternal prenatal complications (e.g., gestational diabetes, hypertension) and neonatal
complications (e.g., infections, G6PD deficiency).

At present, there are many early prediction models for hyperbilirubinemia [5, 14, 15]. However, early
prediction studies on ABO hemolytic disease mostly focus on a single indicator, such as the titer of anti-
A /B IgG at delivery or the positive rate of DAT [7, 16, 17]. Moreover, comprehensive prediction models
combining multiple clinical and laboratory indicators are still lacking. A nomogram, as an intuitive
individualized risk prediction tool, has been widely applied in various diseases[18-20].

This study aims to develop and validate a nomogram for early identification of ABO—HDN using easily
accessible clinical and laboratory parameters obtained within 24 hours of admission. By applying strict
case screening (excluding diagnostically uncertain cases), along with LASSO and multivariate logistic
regression, we constructed a model that can assist clinicians in identifying ABO—HDN in neonates with
hyperbilirubinemia, especially when hemolysis test results are inconclusive or delayed. Critically, this
nomogram is designed to integrate seamlessly into existing clinical workflows—all predictors are
routinely collected within the first 24 hours of admission, requiring no specialized assays or additional
blood draws. In real-world practice, this allows attending neonatologists to quickly differentiate immune-
mediated hemolytic jaundice from other etiologies at the point of care, facilitating earlier discussions
with families regarding treatment pathways and optimizing the allocation of neonatal intensive care
resources. Unlike complex biomarker panels restricted to tertiary centers, this pragmatic tool holds
particular promise for community hospitals and resource-limited settings, where access to prompt
hemolysis testing may be constrained.

2 Methods
2.1 Study design and subjects
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This retrospective study was conducted at Changsha Maternal and Child Health Hospital, Hunan, China,
from January 2023 to December 2024. Cases of infants diagnosed with hyperbilirubinemia who
completed the three hemolytic tests were collected. The diagnosis of hyperbilirubinemia was based on
the "Guidelines for Diagnosis and Treatment of Neonatal Hyperbilirubinemia (2014)"[21]. The study
employed the following exclusion criteria: (1) No laboratory tests performed within 24 hours of
admission, (e.g., complete blood count (CBC), liver function tests, kidney function tests); (2) Weakly
positive results in the three hemolytic tests (e.g., direct antiglobulin test or antibody release test) with
uncertain outcomes; (3) Positive only in the free antibody test (suspicious diagnosis)-these cases were
excluded to avoid outcome misclassification and ensure a gold—standard definition for model derivation;
(4) Unknown blood type of the mother or infant; (5) RhD—negative blood type in the mother or infant (to
avoid confounding factors from Rh incompatibility); (6) Confirmed hemolytic disease due to other blood
group incompatibilities. Cases were ultimately divided into two groups: the ABO hemolytic disease group
(clearly positive for DAT and/or antibody release test) and the isolated neonatal hyperbilirubinemia
(NHB) group (negative for all three hemolytic tests).

2.2 Data collection

The following five categories of data were extracted from the electronic medical record system:

1. Demographic data: gender, gestational age (days), birth weight (kg), age at sampling (days),
neonatal blood type, jaundice onset (hours after birth), jaundice to admission interval (days), and
transcutaneous bilirubin (TCB) median.

2. Perinatal data: maternal blood type, maternal age, delivery method, feeding method, amniotic fluid
condition, premature rupture of membranes (PROM), cord entanglement, gravidity, and parity. The
classification variables are categorized as follows: Delivery method: 1) cesarean section, 2) vaginal
delivery, 3) assisted delivery; Feeding method: 1) exclusive breastfeeding, 2) formula feeding, 3)
mixed feeding; Amniotic fluid grade: 1) clear, 2) grade | meconium-stained, 3) grade Il meconium-
stained, 4) grade Ill meconium-stained, 5) bloody; PROM: 1) no membrane rupture, 2) intraoperative
rupture, 3) spontaneous rupture < 12 h, 4) 12-24 h, 5) = 24 h; Cord entanglement: 1) no
entanglement, 2) one loop, 3) two loops, 4) >three loops, 5) cord torsion.
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3. Neonatal Complications: According to the classification framework of Chap. 19 "Certain Conditions
of Perinatal Origin" and Chap. 20 "Developmental Abnormalities” in the International Classification of
Diseases, 11th Edition (ICD-11)[22], neonatal complications are categorized as follows: 1) Perinatal
complications, including perinatal brain injury (Perinatal Brain Injury), scalp hematoma, retinal
hemorrhage, etc. 2) Neonatal infections, including pneumonia, skin and soft tissue infections,
conjunctivitis, etc. 3) Feeding or gastrointestinal issues, including inadequate feeding, feeding
intolerance, lactose intolerance, neonatal diarrhea, etc. 4) Congenital defects, including ventricular
septal defect, atrial septal defect, congenital biliary atresia, congenital polycystic kidney disease,
chromosomal abnormalities, etc. Additionally, congenital hypothyroidism and G6PD deficiency were
treated as independent entries in baseline analysis due to their well-defined etiology and exclusion
from the aforementioned perinatal-related classifications, to maintain analytical specificity.

4. Maternal prenatal complications: gestational diabetes (Hyperglycemia), gestational hyperlipidemia
(Hyperlipidemia), gestational infection (Infection), gestational hypertension (Hypertension).

5. Laboratory data: 1) Complete blood count: white blood cell count (WBC), red blood cell count (RBC),
hemoglobin (HGB), platelet count (PLT), neutrophil count (NEUT), monocyte count (MONO), basophil
count (BASO), eosinophil count (EOS), lymphocyte count (LYMPH), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), red cell distribution width—coefficient of variation (RDW-CV), red cell
distribution width—standard deviation (RDW-SD), platelet distribution width (PDW), mean platelet
volume (MPV), plateletcrit (PCT), and reticulocyte percentage (RET). 2) Novel inflammatory
biomarkers: neutrophil-to—lymphocyte ratio (NLR), platelet—to—lymphocyte ratio (PLR), monocyte—
to—lymphocyte ratio (MLR), and eosinophil-to—lymphocyte ratio (ELR)[23]. 3) Liver function tests:
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), direct
bilirubin (DBIL), indirect bilirubin (IBIL), total protein (TP), albumin (ALB), globulin (GLB), albumin-
to—globulin ratio (A/G), and total bile acids (TBA). 4) Kidney function tests: creatinine (Cr) and uric
acid (UA). 5) Cardiac enzymes: creatine kinase (CK), lactate dehydrogenase (LDH), and myoglobin
(MYO). 6) Inflammatory marker: high—sensitivity C-reactive protein (hsCRP). All laboratory
indicators were obtained from initial test results within 24 hours of hospital admission.

2.3 Statistical analysis

» Statistical analysis was performed using R software (version 4.4.2). Continuous variables were
expressed as mean t standard deviation, and inter-group comparisons were conducted using t-tests
or Mann-Whitney U tests; Categorical variables were presented as frequencies (percentages), and
intergroup comparisons were performed using x2 tests or Fisher's exact test. In univariate analysis,
variables with P < 0.1 were included in binomial LASSO regression (10-fold cross-validation, A value
set at 1 standard error) to screen core predictors. Selected variables were incorporated into
multivariate logistic regression to construct predictive models and generate nomograms. Model
performance evaluation included: (1) Discrimination: Area under the receiver operating
characteristic (ROC) curve (AUC); (2) Calibration: Calibration curve and Hosmer-Lemeshow test; (3)
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Clinical utility: Decision curve analysis (DCA) and clinical impact curve (CIC); (4) Internal validation:
The bootstrapping method (1000 replications) was used to calculate adjusted AUC; (5) Sensitivity
analysis: To assess the impact of missing values on model stability, sensitivity analysis was
performed on data with missing proportions > 3%. Other variables with lower missing proportions (=
3%) had limited impact on overall analysis and were therefore included only in imputed datasets.

3 Results

» Atotal of 592 neonatal cases were enrolled in this study. The following cases were sequentially
excluded: 47 cases with no laboratory tests within 24 hours of admission; 89 cases with weakly
positive antibody release test results and 2 cases with weakly positive direct antiglobulin test
results in the three hemolysis tests; 61 cases with only positive free antibody test; 33 cases with
unknown blood types; 9 cases with RhD-negative mothers and/or infants; and 1 case with Rh
incompatibility. Ultimately, 350 cases were included, consisting of 154 cases (44.0%) in the ABO-
HDN group and 196 cases (56.0%) in the isolated NHB group (control group) (Fig. 1).

e Partial variables exhibited missing values: TCB_Median, Maternal_Age, Gravidity, and Parity each
had 4 missing cases (1.1%), RET had 30 missing cases (8.6%), Cr, UA, CK, LDH, and MYO each had 8
missing cases (2.3%), ROM_Classification had 5 missing cases (1.4%), Amniotic_Fluid_Grade had 1
missing case (0.3%), and Cord_Entanglement had 3 missing cases (0.9%). To minimize the bias
caused by missing data, multiple imputation by chained equations (MICE) was performed with 5
imputations, and the pooled analysis results were obtained. The imputation model included all
analytical variables.

3.1 Comparison of clinical characteristics and laboratory
test results between the two groups

3.1.1 Demographic Characteristics

e Compared with the control group, infants in the ABO-HDN group had a younger age at sampling
(2.18+1.21dvs. 3.82+2.03d, P<0.001), a lower proportion of males (42.9% vs. 54.6%, P = 0.038),
and a significantly higher proportion of type A blood (63.6% vs. 44.9%, P = 0.002). The time of
jaundice onset (20.54 +7.80 hvs. 28.05+10.41 h, P<0.001) and the time from jaundice onset to
hospital admission (1.25+1.06 d vs. 2.59 + 1.93 d, P < 0.001) were significantly shorter than those in
the control group. There were no significant differences in birth weight, gestational age and TCB
median between the two groups (P > 0.05) (Table 1).

3.1.2 Perinatal Factors

e The maternal blood group distribution revealed that all mothers in the ABO-HDN group were type O
(100%), while 94.4% of the control group were type O, with a minority of type A (4.6%) or type B
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(1.0%), showing a statistically significant difference (P = 0.012). No significant differences were
observed between the two groups in maternal age, delivery method, feeding method, amniotic fluid
grade, ROM classification, cord entanglement, gravidity, and parity (P > 0.05) (Table 2).

3.1.3 Neonatal Complications

e The comparison of neonatal complications between the two groups is presented in Table 1. The
results showed no significant differences between the ABO-HDN group and the control group in
terms of congenital hypothyroidism (11.0% vs. 8.7%, P =0.576), G6PD deficiency (2.6% vs. 4.6%, P =
0.487), perinatal complications (3.2% vs. 7.1%, P = 0.174), neonatal infections (7.8% vs. 5.1%, P =
0.419), feeding or gastrointestinal issues (5.2% vs. 3.6%, P = 0.632), and congenital defects (2.6% vs.
2.6%, P =1.000). These findings indicate that baseline comparability in neonatal complications
between the two groups was achieved after excluding other definitive etiologies, thereby enhancing
the specificity of subsequent analyses.

3.1.4 Maternal prenatal complications

e A comparison between the two groups regarding maternal prenatal complications is presented in
Table 2. The results showed no statistically significant differences between the ABO-HDN group and
the control group in terms of gestational hyperglycemia (22.1% vs. 24.5%, P = 0.688), gestational
hyperlipidemia (48.1% vs. 48.0%, P = 1.000), gestational infection (11.7% vs. 19.4%, P = 0.071), and
gestational hypertension (11.0% vs. 14.8%, P = 0.383). Notably, the control group exhibited a slightly
higher incidence of gestational infection (P = 0.071), but this difference was not statistically
significant. These findings indicate that maternal prenatal complications were comparable between
the two groups and did not constitute a confounding factor. The predictors identified by the model
better reflect the pathophysiological characteristics of ABO hemolytic disease itself rather than the
confounding effects of other complications.

3.1.5 Laboratory Parameter Characteristics

e The ABO-HDN group exhibited typical hemolytic features: significantly decreased RBC (4.46 + 0.63
vs. 4.87 +£0.58, P<0.001) and HGB (159.60 + 20.78 vs. 170.76 £ 21.47, P < 0.001); significantly
elevated RET (4.66 +2.41vs. 2.90+1.67, P<0.001), LDH (604.38 + 183.11 vs. 548.31 +175.21,P =
0.004), and CK (450.88 + 255.85 vs. 344.44 + 262.96, P < 0.001). Inflammatory markers showed
significantly elevated WBC (14.17 + 6.04 vs. 10.98 + 3.65, P < 0.001), NEUT (9.25+5.31 vs. 5.95
3.21,P<0.001),and NLR (2.93 +1.52 vs. 1.99 + 1.41, P <0.001). Kidney function indicators
demonstrated significantly increased Cr (49.16 + 17.06 vs. 35.13 +17.93, P<0.001) and UA (265.18
+98.30 vs. 214.38 £ 93.06, P < 0.001). Red blood cell morphology parameters including MCV, MCH,
RDW-CV, and RDW_SD were all significantly elevated (P < 0.001). Notably, the TBIL (252.75 + 59.80
vs. 299.81+67.02, P<0.001) and IBIL (242.66 + 60.31 vs. 287.88 + 65.92, P < 0.001) in the ABO-HDN
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group were lower than those in the control group, which may be attributed to earlier hospital
admission and timely intervention in the ABO-HDN group (Table 3).
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Table 1

Comparison of demographic characteristics and neonatal complications between the two groups

Variable

Gender,n(%)

Gestational age(days)
Birth weight(kg)
Age at Sampling(days)
Blood Type, n(%)

Jaundice Onset(Hrs)

Jaundice to Admission
Interval(days)

TCB Median(mg/dl)
Congenital Hypothyroidism,

n(%)

G6PD Deficiency,n(%)

Perinatal complications,

n(%)

Neonatal Infections,n(%)

level

Male
Female
Mean + SD
Mean + SD
Mean +SD
A

B

0

AB

Mean + SD
Mean + SD

Mean + SD
No

Yes
No
Yes

No

Yes
No

Yes

Control group
(n=196)

107 (54.6)

89 (45.4)
272.52+7.79
3.24+0.38
3.82+2.03
88 (44.9)

102 (52.0)
5(2.6)
1(0.5)
28.05+10.41
2.59+1.93

7.90+2.26
179 (91.3)

17 (8.7)
187 (95.4)
9 (4.6)
182 (92.9)

14(7.1)
186 (94.9)
10 (5.1)

ABO-HD group

(n=154)

66 (42.9)

88 (57.1)
273.15+7.75
3.27+0.37
2.18+1.21
98 (63.6)

56 (36.4)
0(0.0)
0(0.0)
20.54 +7.80
1.25+1.06

8.19+2.52
137 (89.0)

17 (11.0)
150 (97.4)
4(2.6)
149 (96.8)

5(3.2)
142 (92.2)
12(7.8)

P-value

0.038

0.449

0.4

<0.001
0.002

<0.001
<0.001

0.25
0.576

0.487

0.174

0.419

Notes: SD, standard deviation; Hrs, hours; Perinatal complications: Perinatal Brain Injury,scalp
hematoma, retinal hemorrhage; Neonatal Infections: pneumonia, skin and soft tissue infection,
conjunctivitis; Feeding or Gastrointestinal Issues: inadequate feeding, lactose intolerance, feeding
intolerance, neonatal diarrhea; Congenital Defect: ventricular septal defect, atrial septal defect,
congenital biliary dilatation, congenital polycystic kidney disease, chromosomal abnormality.
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Variable level

Feeding or Gastrointestinal No
Issues,n(%)
Yes
Congenital Defects,n(%) No
Yes

Control group
(n=196)
189 (96.4)

7 (3.6)
191 (97.4)
5(2.6)

ABO-HD group  P-value
(n=154)

146 (94.8) 0.632
8(5.2)

150 (97.4) 1
4(2.6)

Notes: SD, standard deviation; Hrs, hours; Perinatal complications: Perinatal Brain Injury,scalp
hematoma, retinal hemorrhage; Neonatal Infections: pneumonia, skin and soft tissue infection,
conjunctivitis; Feeding or Gastrointestinal Issues: inadequate feeding, lactose intolerance, feeding
intolerance, neonatal diarrhea; Congenital Defect: ventricular septal defect, atrial septal defect,
congenital biliary dilatation, congenital polycystic kidney disease, chromosomal abnormality.
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Table 2
Comparison of perinatal factors and maternal prenatal complications between the two groups

Variable level Control group ABO-HD group P-value
(n=196) (n=154)
Maternal Blood Type,n(%) A 9(4.6) 0(0.0) 0.012
B 2(1.0) 0(0.0)
0 185 (94.4) 154 (100.0)
Maternal Age Mean + SD 30.16 + 3.87 30.39+4.12 0.598
Delivery method,n(%) 1 58 (29.6) 55(35.7) 0.379
2 128 (65.3) 94 (61.0)
3 10 (5.1) 5(3.2)
Feeding Method,n(%) 1 84 (42.9) 53 (34.4) 0.206
2 21(10.7) 15(9.7)
3 91 (46.4) 86 (55.8)
Amniotic Fluid Grade,n(%) 1 190 (96.9) 148 (96.1) 0.844
2 2 (1.0) 2(1.3)
3 2(1.0) 3(1.9)
4 1(0.5) 1(0.6)
5 1(0.5) 0(0.0)
ROM Classification,n(%) 1 7 (3.6) 8(5.2) 0.546
2 39 (19.9) 37 (24.0)
3 108 (55.1) 85(55.2)
4 34 (17.3) 18 (11.7)
5 8(4.1) 6 (3.9)
Cord Entanglement,n(%) 1 135 (68.9) 111 (72.7) 0.869
2 49 (25.0) 35 (22.7)

Notes: SD, standard deviation; ROM, Rupture of Membranes; Delivery method: 1,cesarean section; 2,
vaginal delivery; 3, assisted delivery; Feeding method: 1, exclusive breastfeeding; 2, formula feeding;
3, mixed feeding; Amniotic Fluid Grade: 1, clear; 2, grade | meconium-stained; 3, grade || meconium-
stained; 4, grade Il meconium-stained; 5, bloody; ROM Classification: 1, no PROM,; 2, intraoperative
rupture; 3, spontaneous rupture < 12 h; 4, spontaneous rupture 12-24 h; 5, spontaneous rupture = 24
h; Cord Entanglement: 1, no entanglement; 2, one loop; 3, two loops; 4, three or more loops; 5,cord
torsion.
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Variable

Gravidity

Parity

Hyperglycemia,n(%)

Hyperlipidemia,n(%)

Infection,n(%)

Hypertension,n(%)

level

3

4

5

Mean = SD
Mean + SD
No

Yes

No

Yes

No

Yes

No

Yes

Control group
(n=196)
7(3.6)
2(1.0)
3(1.5)
1.90+1.25
1.37+0.56
148 (75.5)
48 (24.5)
102 (52.0)
94 (48.0)
158 (80.6)
38(19.4)
167 (85.2)
29 (14.8)

ABO-HD group
(n=154)
3(1.9)
2(1.3)
3(1.9
2.06+1.17
1.44 +0.62
120 (77.9)
34(22.7)
80 (51.9)
74 (48.1)
136 ( 88.3)
18 (11.7)
137 (89.0)
17 (11.0)

P-value

0.236
0.275
0.688

0.071

0.383

Notes: SD, standard deviation; ROM, Rupture of Membranes; Delivery method: 1,cesarean section; 2,
vaginal delivery; 3, assisted delivery; Feeding method: 1, exclusive breastfeeding; 2, formula feeding;
3, mixed feeding; Amniotic Fluid Grade: 1, clear; 2, grade | meconium-stained; 3, grade Il meconium-
stained; 4, grade lll meconium-stained; 5, bloody; ROM Classification: 1, no PROM,; 2, intraoperative
rupture; 3, spontaneous rupture < 12 h; 4, spontaneous rupture 12—24 h; 5, spontaneous rupture = 24
h; Cord Entanglement: 1, no entanglement; 2, one loop; 3, two loops; 4, three or more loops; 5,cord

torsion.
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Comparison of laboratory indicators between the two groups

Table 3

Variable level Control group ABO-HD group P-value
(n=196) (n=154)
WBC Mean = SD 10.98+3.65 1417 +6.04 <0.001
RBC Mean + SD 4.87 +0.58 4.46 +0.63 <0.001
HGB Mean + SD 170.76 £ 21.47 159.60 +20.78 <0.001
PLT Mean + SD 276.53+75.74 291.41+70.04 0.06
NEUT Mean + SD 5.9513.21 9.25+5.31 <0.001
MONO Mean + SD 1.15+0.40 1.1110.42 0.403
BASO Mean + SD 0.01+0.01 0.02+0.01 <0.001
EOS Mean + SD 0.45+0.24 0.52+0.31 0.016
LYMPH Mean = SD 3.43+1.20 3.28+1.06 0.207
NLR Mean = SD 1.99 +1.41 2.93+1.52 <0.001
PLR Mean = SD 88.41 +33.79 96.90 +35.88 0.024
MLR Mean = SD 0.36+0.15 0.35+0.13 0.683
ELR Mean + SD 0.14+0.08 0.17+0.10 0.002
HCT Mean + SD 0.50+0.06 0.47+0.06 <0.001
MCV Mean + SD 101.77 £5.07 104.60+5.19 <0.001
MCH Mean + SD 35.06+1.88 35.86+1.66 <0.001
MCHC Mean + SD 344.45+6.91 342.92+7.00 0.041
RDW_CV Mean = SD 14.96 +0.95 15.50+1.09 <0.001
RDW_SD Mean + SD 55.62+4.35 58.96+5.44 <0.001
PDW Mean + SD 16.14 +£1.31 16.25+1.08 0.415

Notes: WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; PLT, platelet; NEUT, neutrophil;
MONO, monocyte; BASO, basophil; EOS, eosinophil; LYMPH, lymphocyte; NLR, neutrophil-to-

lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; ELR,
eosinophil-to-lymphocyte ratio; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean

corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW-CV, red cell
distribution width-coefficient of variation; RDW-SD, red cell distribution width-standard deviation;
PDW, platelet distribution width; MPV, mean platelet volume; PCT, plateletcrit; RET, reticulocyte
percentage; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin;
DBIL, direct bilirubin; IBIL, indirect bilirubin; TP, total protein; ALB, albumin; GLB, globulin; A/G,
albumin-to-globulin ratio; TBA, total bile acids; Cr, creatinine; UA, uric acid; CK, creatine kinase; LDH,
lactate dehydrogenase; MYO, myoglobin; hsCRP, high-sensitivity C-reactive protein.

Page 13/28




Variable level Control group ABO-HD group P-value
(n=196) (n=154)
MPV Mean + SD 9.55+0.78 9.27+0.82 0.002
PCT Mean = SD 0.26 £ 0.07 0.26 £0.05 0.979
RET Mean + SD 290+1.67 4.66+2.41 <0.001
ALT Mean = SD 9.29+5.16 8.96+5.71 0.577
AST Mean = SD 48.67 +26.60 52.34 £ 24.67 0.187
TBIL Mean + SD 299.81+67.02 252.75+59.80 <0.001
DBIL Mean + SD 11.94 +2.81 11.43+2.46 0.076
IBIL Mean + SD 287.88 £65.92 242.66 £ 60.31 <0.001
TP Mean + SD 52.80+4.52 52.41+4.25 0.415
ALB Mean = SD 35.81+2.98 35.89+3.01 0.806
GLB Mean + SD 16.99 +3.27 16.52+3.19 0.177
A/G Mean + SD 2.20+0.53 2.26+0.50 0.269
TBA Mean + SD 17.68+11.17 13.35+8.29 <0.001
Cr Mean + SD 35.13+17.93 49.16+17.06 <0.001
UA Mean + SD 214.38 £93.06 265.18 £98.30 <0.001
CK Mean + SD 344.44 £262.96 450.88 + 255.85 <0.001
LDH Mean + SD 548.31+175.21 604.38 £ 183.11 0.004
MYO Mean = SD 55.83+43.57 75.20+55.33 <0.001
hsCRP Mean + SD 3.85+5.56 5.74+11.88 0.05

Notes: WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; PLT, platelet; NEUT, neutrophil;
MONO, monocyte; BASO, basophil; EOS, eosinophil; LYMPH, lymphocyte; NLR, neutrophil-to-
lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; ELR,
eosinophil-to-lymphocyte ratio; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW-CV, red cell
distribution width-coefficient of variation; RDW-SD, red cell distribution width-standard deviation;
PDW, platelet distribution width; MPV, mean platelet volume; PCT, plateletcrit; RET, reticulocyte
percentage; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin;
DBIL, direct bilirubin; IBIL, indirect bilirubin; TP, total protein; ALB, albumin; GLB, globulin; A/G,

albumin-to-globulin ratio; TBA, total bile acids; Cr, creatinine; UA, uric acid; CK, creatine kinase; LDH,
lactate dehydrogenase; MYO, myoglobin; hsCRP, high-sensitivity C-reactive protein.

3.2 Variable Screening: Univariate Analysis and Lasso
Regression Analysis
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A univariate analysis was performed on the 66 variables included in the analysis (Table S1), identifying
35 candidate variables with P < 0.1. The results are presented in the form of a forest plot (Fig. 2). In the
plot, protective factors (odds ratio [OR] < 1) are indicated in blue, while risk factors (OR > 1) are shown in
red; the size of the points reflects statistical significance (-log10(P-value)). For instance, older age at
sampling (OR = 0.470), later onset of jaundice (OR = 0.907), and higher RBC (OR = 0.312) were each
associated with reduced risk of ABO hemolytic disease, whereas elevated RET (OR = 1.540) and NEUT
(OR=1.221) were associated with increased risk. Notably, BASO (OR = 2.54x10"3) and HCT (OR = 0) were
truncated from the plot for clarity due to their extreme values, yet their effect directions remain clearly
identifiable.

All 35 candidate variables were subjected to LASSO regression to identify the most concise and
predictive subset. The ten-fold cross-validation deviation plot for LASSO regression (Fig. 3)
demonstrates that the optimal regularization parameter A was determined by minimizing the binomial
deviance. According to the "one-standard-error rule," the maximum allowable A value within the range of
the minimum cross-validation deviation plus one standard error (i.e., \.1se = 0.0578, indicated by the
blue dashed line in the figure) was selected as the final penalty parameter. This strategy achieved the
simplest variable set while maintaining predictive performance. In comparison, although A.min
(indicated by the red dashed line in the figure) corresponded to the minimum deviance, it involved a
larger number of variables. Ultimately, seven variables with non-zero coefficients were selected at A.1se
=0.0578: age at sampling, time of jaundice onset, RBC, NEUT, RET, Cr, and neonatal blood type. These
selected variables represent the most influential factors in predicting the risk of hemolytic disease due
to ABO blood group incompatibility, providing a solid foundation for subsequent nomogram
construction. To further assess multicollinearity, the variance inflation factors (VIF) for the seven
predictive variables were calculated. All of them were less than 5, confirming the absence of
multicollinearity.

3.3 Multivariate Logistic Regression and Model
Simplification

The seven variables identified by LASSO regression were incorporated into a multivariate logistic
regression model, with ABO hemolytic disease as the outcome variable(Table S2). The results
demonstrated that age at sampling (OR = 0.734, 95% Cl: 0.558-0.967, P = 0.028), time of jaundice onset
(OR=0.952,95% CI: 0.919-0.987, P =0.007), RBC (OR =0.441,95% CIl: 0.275-0.708, P < 0.001), RET (OR
=1.206, 95% Cl: 1.037-1.404, P = 0.015), and neonatal blood type (OR =0.341,95% Cl: 0.203-0.573, P <
0.001) were all independent predictors of ABO hemolytic disease (P < 0.05). The NEUT (OR =1.023, 95%
Cl: 0.941-1.113, P =0.590) and Cr (OR=1.010, 95% CI: 0.992-1.029, P = 0.292) showed no statistically
significant association in the multivariate analysis.

To obtain a more concise model, we compared the model incorporating all seven variables with the five-
variable model excluding NEUT and Cr. The results showed that the AUC values for the two models were
0.837 (95% CI: 0.797-0.878) and 0.835 (95% Cl: 0.794-0.876), respectively. The difference in AUC was
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minimal, with highly overlapping 95% confidence intervals, indicating no clinically significant difference in
discriminative power between the two models. The P-values for the Hosmer-Lemeshow test were 0.4423
and 0.7454, both > 0.05. Given their comparable predictive performance and the greater simplicity of the
five-variable model, the five-variable model (including age at sampling, time of jaundice onset, RBC, RET,
and neonatal blood type) was ultimately selected to construct the nomogram prediction model. The
multivariate logistic regression results for the five-variable model are detailed in Table 4.

Table 4

The multivariate logistic regression results for the five-variable model
Variable B SE y4 P_value OR (95% CI)
Age_at_Sampling -0.419 0.117 -3.586 0.0003 0.658(0.523-0.827)
Jaundice_Onset_Hrs -0.053 0.018 -2.935 0.0033 0.948(0.915-0.982)
RBC -0.818 0.237 -3.447 0.0006 0.441(0.277-0.703)
RET 0.188 0.076 2.464 0.0137 1.207(1.039-1.402)
Blood_Type -1.053 0.26 -4.054 0.0001 0.349(0.21-0.58)
Notes: OR, odds ratio; Cl, confidence interval; The blood types were referenced as type A (coded as
1), while types B, O, and AB were coded as 2, 3, and 4, respectively. An OR < 1 indicates a reduced risk
as the code value increases.

3.4 Evaluation and Internal Validation of the Nomogram
Model Performance

A nomogram was constructed based on the five variables (Fig. 4). Each variable corresponds to a
specific score, and the total score reflects the risk of ABO hemolytic disease. The model demonstrated
excellent discrimination power, with an area under the ROC curve (AUC) of 0.835 (95% CI: 0.794-0.876;
Fig. 5A). The calibration curve showed good consistency between predicted and actual probabilities
(Hosmer-Lemeshow test, P = 0.7454; Fig. 5B).

The DCA (Fig. 5C) demonstrates that across a broad range of threshold probabilities from 0.1 to 0.83,
the net benefits derived from decisions based on this model are significantly higher than those of the
"full treatment" and "full no-treatment" strategies. This extensive range of benefits indicates that the
model delivers superior clinical net benefits compared to conventional decision-making, regardless of
whether clinicians adopt a relatively aggressive or conservative treatment approach. The CIC (Fig. 5D)
further visually illustrates the potential clinical outcomes of the model under different thresholds. As the
threshold increases from 0 to 1, the number of neonates classified as "high-risk” (i.e., with a predicted
probability > the threshold) gradually decreases, as does the number of cases actually diagnosed with
ABO hemolytic disease. However, the positive predictive value progressively rises. It visually represents
the intervention burden and potential benefit of clinical decisions, thereby helping clinicians select an
appropriate intervention threshold based on their risk preferences. By integrating the DCA with the CIC,
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the nomogram model developed in this study demonstrates excellent clinical practicality and
translational application potential.

Internal validation using Bootstrap (1,000 resampling iterations) demonstrated that the model's original
AUC was 0.835 (95% Cl: 0.794-0.876), while the corrected AUC was 0.839 (95% CI: 0.798-0.879), with
an optimism score of - 0.004. The corrected AUC closely matched the original AUC, indicating robust
model stability and no significant overfitting. This confirms the model's robustness and generalizability
to similar patient populations.

3.5 Sensitivity Analysis (RET Missing Value Handling)

Given that RET demonstrated substantial predictive value in the model yet exhibited a relatively high
missing rate (8.6%), we performed a complete-case analysis by excluding the 30 observations with
missing RET values to assess the potential impact of missing data on model estimates and
performance. Subsequently, we re-fitted the five-variable model. The results showed that the OR for RET
in the complete-case dataset was 1.186 (95% CI: 1.011-1.390, P = 0.0359), while the OR for the full
dataset following multiple imputation was 1.207 (95% Cl: 1.039-1.402, P =0.0137). The corresponding
AUC values were 0.838 (95% CI: 0.796-0.881) and 0.835 (95% CI: 0.794-0.876), respectively. The 95%
Cls for the ORs in both groups exhibited substantial overlap, and no statistically significant differences
were observed in either AUC or its confidence interval. Overall, these findings indicate that the
missingness in RET did not introduce significant bias in model estimates or impair discriminative
performance, supporting the validity and robustness of the multiple imputation strategy.

4 Discussion

This study developed and validated a nomogram for early identification of ABO—HDN in neonates with
hyperbilirubinemia using five readily available variables: age at sampling, time of jaundice onset, RBC,
RET, and neonatal blood type. Through rigorous case screening (excluding diagnostically uncertain
cases) and systematic analysis of neonatal and maternal complications, the model demonstrated strong
discrimination (AUC = 0.835), excellent calibration (Hosmer-Lemeshow P = 0.7454), and great clinical
utility. In clinical practice, when hemolysis test results are inconclusive (e.g., positive free antibody test
with negative DAT and antibody release test) or unavailable, clinicians can use this nomogram as an
adjunctive tool to estimate the probability of ABO—HDN.

Multivariate analysis results demonstrated that blood type is an independent risk factor for ABO
hemolytic disease. Children with type A blood exhibit a significantly higher risk than those with type B
blood, which is consistent with multiple previous studies[24—-26]. However, it is noteworthy that a recent
large - scale cohort study based on the Chinese population revealed that both the overall incidence and
severity rate of ABO hemolytic disease were higher in children with type B blood compared to those with
type A blood [27]. This finding appears to contrast with our result that type A accounted for a higher
proportion of confirmed cases (blood type OR = 0.341, 95% Cl: 0.203-0.573, P < 0.001). We attribute this
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discrepancy primarily to differences in study populations: the cohort study assessed the incidence of
severe cases in the general neonatal population, whereas our study enrolled only infants who developed
hyperbilirubinemia and had either positive or completely negative hemolysis test results (isolated free—
antibody—-positive cases were excluded), thereby estimating the diagnostic probability among jaundiced
infants. Type A infants tend to present with more typical clinical features (e.qg., earlier onset and more
prominent hemolytic evidence), making them more likely to meet the positive hemolysis criteria and be
confirmed in our study. In contrast, the cohort study may have captured more severe cases associated
with type B blood. Thus, the two findings are not contradictory but rather reflect different perspectives of
disease assessment.

In addition to blood type, this model incorporates other clinically significant predictors. A younger age at
sampling (OR = 0.658) and earlier onset of jaundice (OR = 0.948) both reflect an earlier disease onset,
and serve as important markers of hemolytic jaundice, which is associated with increased bilirubin
production due to erythrocyte destruction[28]. Reduced RBC (OR = 0.441) and increased RET (OR =
1.207) directly indicate ongoing hemolysis and the bone marrow’s compensatory response.
Mechanistically, maternal anti-A or anti-B IgG antibodies crossing the placenta bind to fetal erythrocyte
surface antigens, leading to opsonization and subsequent phagocytosis by splenic and hepatic
macrophages, a process primarily mediated by Fcy receptors. This extravascular hemolysis results in a
net reduction in circulating RBC mass and hemoglobin levels. Concurrently, the destruction of
erythrocytes triggers a hypoxia-driven upregulation of erythropoietin (EPO) production, which stimulates
the bone marrow to accelerate erythroid progenitor proliferation. The significant elevation in RET
observed in our ABO-HDN group reflects the premature release of immature reticulocytes into the
peripheral circulation—a hallmark of "stress erythropoiesis." Importantly, RET elevation may serve as an
earlier indicator of hemolytic activity than the decline in hemoglobin, as the bone marrow's
compensatory reserve in neonates is limited by their relatively brief erythrocyte lifespan (approximately
70-90 days) and rapidly expanding blood volume during the early postnatal period. This
pathophysiological cascade underscores why RET, in conjunction with absolute RBC count, provides a
more dynamic real-time assessment of hemolytic severity than static bilirubin levels alone, which may be
confounded by sampling timing[29, 30].

Although NEUT and Cr were initially retained in LASSO regression, their P-values in multivariate analysis
were both >0.05 (0.590 and 0.292). Exclusion of these variables did not significantly impair model
performance (AUC decreased from 0.837 to 0.835, and the Hosmer-Lemeshow test P-value improved
from 0.443 to 0.745), indicating limited independent predictive value for ABO hemolytic disease. This
may stem from the collinearity between NEUT and inflammatory markers such as WBC, while elevated Cr
may be associated with transient renal impairment caused by hemolysis; however, its contribution was
attenuated after controlling for other variables. The final five-variable model strikes a balance between
model simplicity and predictive performance.

Notably, in this study, the TBIL level in the hemolytic disease group was actually lower than that in the
control group, which is contrary to conventional assumptions. The possible reasons are as follows:
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children in the hemolytic disease group developed early-onset jaundice and were hospitalized promptly,
receiving laboratory results before bilirubin levels reached their peak. In contrast, those in the control
group with physiological or breast milk-related jaundice were admitted later and already presented with
elevated bilirubin levels at admission. This finding suggests that hemolytic disease cannot be diagnosed
based solely on bilirubin levels, and comprehensive evaluation incorporating other biomarkers is
essential.

Additionally, although maternal blood type is a prerequisite for ABO hemolytic disease, maternal blood
type showed minimal variation in this study (100% of ABO hemolytic disease cases were type O,
compared to 94.4% in the control group), and LASSO regression did not include maternal blood type in
the model. In clinical practice, after confirming maternal-fetal blood type incompatibility, physicians
should use the other biomarkers in this model to effectively predict the risk of ABO hemolytic disease in
infants with hyperbilirubinemia.

This study offers the following advantages. First, unlike previous studies that mainly focused on single
indicators such as maternal anti - A/B IgG titers or DAT positivity rates, this study systematically
integrates routine parameters obtainable within 24 hours of hospital admission, (including age at
sampling, onset time of jaundice, complete blood count, and liver/kidney function). This eliminates
additional testing costs and makes the model suitable for resource-limited settings. Second, the
nomogram model is visually intuitive. Clinicians can rapidly obtain individualized prediction probabilities
by inputting parameter values, which provides a quantitative evaluation tool for diagnostically uncertain
cases. It effectively addresses the limitation of "experience-based decision-making" in current clinical
practice and demonstrates clear clinical translational value. Third, rigorous variable selection was
performed using LASSO regression and multivariate logistic regression analysis, which effectively
controls overfitting and enhances model simplicity. Additionally, the performance of the regression
model was comprehensively evaluated using the discrimination index (AUC), calibration (Hosmer-
Lemeshow test), and clinical utility measures (DCA and CIC). Internal validation was conducted via
Bootstrap resampling, confirming the model's robustness and generalizability. Fourth, for the 30 cases
(8.6%) with RET deletion, multiple imputation (MICE) was applied. Sensitivity analysis demonstrated that
the between-group differences in RET expression, OR values, and model AUC remained largely
consistent before and after imputation. This confirms that the missing data had no substantial impact
on the final conclusions and thereby enhances the credibility of the results. Fifth, a comprehensive
collection and analysis of maternal prenatal complications and neonatal complications confirmed that
the two groups were balanced and comparable for these factors. This effectively eliminates interference
from other etiological factors and significantly enhances the model's specificity.

This study still has certain limitations. First, as a single-center retrospective study, it may be affected by
selection bias and lacks validation with an external independent dataset. Although bootstrap internal
validation (1,000 resamples) demonstrated robust stability with a corrected AUC of 0.839, we fully
acknowledge that external validation is essential to confirm generalizability. To address this, we have
initiated a multi-center external validation protocol in collaboration with two affiliated tertiary hospitals in
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our region (Changsha Central Hospital and The Second Hospital of Changsha), with a planned
enrollment of approximately 300 additional neonates over the next 12 months. This prospective
validation cohort will not only assess the discriminative performance of the nomogram but also evaluate
its clinical utility in real-time decision-making through pre-post intervention comparison studies.
Furthermore, we plan to release a user-friendly web-based nomogram calculator after external validation,
facilitating broader adoption in routine neonatal practice. We consider this external validation an
indispensable next step prior to any formal implementation in clinical guidelines. Second, some
subgroups (e.g., infants with AB blood type) had small sample sizes, which led to limited precision in OR
estimates. Further validation with expanded sample sizes is required. Third, due to the constraints of
retrospective data collection, novel biomarkers including maternal IgG antibody titer and subtype, and
UGT1A1 gene variants were not included in the analysis. These markers have been confirmed to be
associated with neonatal hyperbilirubinemia[5, 26), so future prospective studies can incorporate them
to improve the predictive performance of the model. Fourth, the model is currently only applicable to
infants with maternal-fetal ABO blood type incompatibility, and its clinical value is limited for other types
of blood group incompatibility. Fifth, the nomogram was developed exclusively using cases with
definitive diagnoses. Cases with inconclusive hemolysis test patterns (isolated positive free antibody
test) were excluded from model derivation to prevent outcome misclassification. While this approach
guaranteed a reliable gold standard, it also means that the performance of the model in such
inconclusive cases has not been directly evaluated. Future prospective studies should specifically enroll
neonates with inconclusive test results and validate the nomogram using clinically meaningful outcomes
(e.g., need for IVIG or exchange transfusion).

5 Conclusion

In summary, this study addresses the need for early identification of ABO—HDN in neonates with
hyperbilirubinemia. By rigorously screening cases, systematically analyzing baseline comparability of
maternal and neonatal complications, and employing multiple imputation for missing data, we developed
and validated a nomogram based on age at sampling, time of jaundice onset, red blood cell count,
reticulocyte percentage, and neonatal blood type. The model demonstrates good discrimination,
calibration, and clinical utility, enabling clinicians to identify ABO—HDN early in neonates with
hyperbilirubinemia, particularly when diagnostic uncertainty exists. It provides a quantitative reference
for initiating appropriate treatment while awaiting confirmatory testing.
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Figures

MNeonates diagnosed with hyperbilirubinemia
and completed hemolytfic triple test
(2023-2024)
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* Mo CBC or liver/kidney function tests within 24h (n = 47)
= Weak positive antibody release test (n = 89)
« Weak positive DAT (n=2)
+ |solated positive free antibody test (suspected) (n = 61)
* Unknown neonatal blood type (n = 33)
+ Maternal or neonatal RhD-negative (n = 9)
+ Rh incompatibility (n = 1)

Included in analysis
M = 350

ABO hemolytic disease group Isolated hyperbilirubinemia group
(DAT and/or antibody release positive) {all three tesis negative)
n=154 n=196

Figure 1

Flowchart of the neonatal cases inclusion the study.
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Univariate Analysis Forest Plot
Variables with P < 0.1 (candidates for LASSQ)
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Figure 2

Univariate analysis forest plot The horizontal axis represents the odds ratio (OR), and the vertical axis
represents the candidate variables (only variables with P<0.1 are shown). The OR and 95% Cl are
presented on a log10 scale. Points are colored according to direction (blue: OR<1, protective; red: OR>1,
risk factor). Point size is proportional to -log10(P value). The ORs for BASO and HCT were truncated at
100 and 0.01, respectively, for visualization.
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Figure 3

LASSO regression cross-validation bias plot The horizontal axis represents the logarithm of the penalty
parameter A, while the vertical axis shows the binomial deviance. The curve depicts the average
deviation from 10-fold cross-validation, with error bars indicating +1 standard error. The red dashed line
marks A.min (the A value corresponding to the minimum deviation), and the blue dashed line marks
A.1se (the A value for the simplest model with deviation within one standard error). In this study, A.1se
was identified as the optimal A value, selecting seven non-zero coefficient variables. The specific

numerical values of A.min and A.1se are labeled on the plot.
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Figure 4

Nomogram to predict ABO-HDN risk in neonates with hyperbilirubinemia The nomogram is used to
predict the risk of ABO blood group incompatibility-induced hemolytic disease of the newborn (ABO-
HDN) in neonates with hyperbilirubinemia. This nomogram is based on five independent predictive
factors identified through multivariate logistic regression analysis: age at sampling, time of jaundice
onset, red blood cell count (RBC), reticulocyte percentage (RET), and neonatal blood type. When using
this nomogram, the numerical values of each predictive factor must be plotted on the corresponding
axis. Vertical lines are drawn to the top "Points" axis to obtain the score for each predictive factor. The
scores of all predictive factors are aggregated, and the total score is plotted on the "Total Points" scale.
The total score is then vertically projected onto the "risk" axis to determine the ABO-HDN risk level
(0.05-0.95).
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A ROC Curves for Prediction Model B Calibration Curves
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Figure 5

Performance evaluation of the nomogram for predicting the risk of ABO-HDN in neonates with
hyperbilirubinemia. (A) Receiver operating characteristic (ROC) curve; area under the curve (AUC) =
0.835 (95% CI: 0.794-0.876). (B) Calibration curve; the Hosmer-Lemeshow test yielded a p-value of
0.7454 (P> 0.05). (C) Decision curve analysis (DCA); the nomogram shows higher net benefit than “treat
all” and “treat none” strategies across risk thresholds of 0.1 to 0.83. (D) Clinical impact curve (CIC); the
curve quantifies the intervention burden and diagnostic benefit at different decision breakpoints for
clinical decision-making.
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