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Development and validation of an all-cause mortality risk prediction model utilizing multiple
machine learning algorithms for maintenance hemodialysis patients
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[Abstract] Objective: To construct and validate prediction models for all - cause mortality in maintenance hemodialysis (MHD)
patients using diverse machine learning algorithms. Methods: Clinical data were collected from 694 patients across four hemodialysis
centers in Jiangsu Province, including 591 MHD patients from three tertiary Grade A hospitals in Wuxi City (January 2017-December
2023) and 103 patients from one secondary Grade A hospital in Yancheng City (January— December 2024). The 591 cases were

randomly divided into a training set(n=414) and a validation set(n=177) at a 7:3 ratio for model development and internal validation,
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while the remaining 103 cases served as a test set for external validation. Predictors were selected via the least absolute selection and
shrinkage operator (LASSO) method. Patients were randomly divided into training (n=414) and validation (n=177) sets. Ten machine
learning algorithms were employed to develop risk prediction models. Receiver operating characteristic (ROC) curves were plotted to
evaluate predictive performance. The calibration accuracy of model-predicted probabilities was assessed using calibration curves , while
decision curve analysis (DCA) was employed to quantify the clinical net benefit across varying decision thresholds. External validation
utilized the area under the curve (AUC) to assess the generalization capability of the optimal model. Shapley Additive exPlanations
(SHAP) were applied to rank variable importance. Results: The all-cause mortality rate was 42.6%(252/591). Among the 10 models,
the support vector machine (SVM) exhibited optimal performance, the AUC was 0.928, the sensitivity was 89.47% , and the accuracy
was 0.919, and the evaluation of calibration curve and DCA showed that the consistency and benefit of the model are still good ,
the Brier score of 0.089 indicates that the model demonstrates low predictive error and favorable calibration performance on the
internal validation dataset, suggesting its reliability in probabilistic forecasting. External validation yielded an AUC of 0.835,
indicating robust generalization capability of the model. The SHAP plot showed that the importance ranking of the influencing factors
for all-cause mortality was living alone, tunneled cuffed catheter(TCC), prealbumin, albumin, Charlson comorbidity index(CCI) score,
iPTH<300 pg/mL, age, junior high school education or lower, blood urea nitrogen -to-creatinine ratio, diabetic nephropathy, college
degree or higher education and sex. Conclusion: The SVM-based prediction model demonstrates robust performance in forecasting
all-cause mortality among MHD patients; facilitating early identification of high-risk individuals and supporting clinical decision-making.
[Key words] machine learning algorithms; hemodialysis; all-cause mortality; prediction model; validation
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Table 1 Comparison of clinical characteristics of patients

Indicator Survival group(n=339) Deceased group(n=252) %A P
Agelyears,M(Pss, Ps) ] 61.00(50.00,70.00) 69.00(62.00,77.00) 7.839 <0.001
Sex[n(%) ] 1.372 0.242
Male 206(60.77) 165(65.48)
Female 133(39.23) 87(34.52)

Education level [ n(%) | 39.403 <0.001
Junior high school or below 197(58.11) 196(77.78)
High school or technical school 97(28.61) 54(21.43)
College degree or above 45(13.27) 2(0.79)

Living arrangement (n(%) ] 39.640 <0.001
Living alone 27(7.96) 102(40.48)
Cohabitating 312(92.04) 150(59.52)

Vascular access type[n( %) | 78.998 <0.001
AVF 290(85.55) 136(53.97)
TCC 43(12.68) 114(45.24)
AVG 6(1.77) 2(0.79)

Primary disease[n(%) | 10.735 0.005
Chronic glomerulonephritis 147(43.36) 84(33.33)
Diabetic nephropathy 79(23.30) 88(34.92)
Other 113(33.33) 80(31.75)

Duration of dialysis[ years,n(%) | 3.871 0.277
<5 177(52.21) 114(45.24)
>5-10 133(39.23) 108(42.86)
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Indicator Survival group(n=339) Deceased group(n=252) A P

>10-15 26(7.67) 28(11.11)

> 15 3(0.88) 2(0.79)
BMI[ kg/m*,n(%) ] 12.908 0.005

<185 15(4.42) 27(10.71)

18.5-<24 262(77.29) 189(75.00)

24.0- <28 50(14.75) 34(13.49)

=28 12(3.54) 2(0.79)
CCI score[ M(Pss, Pys) | 5.00(4.00,6.00) 6.00(5.00,7.00) 9.773 <0.001
Hemoglobin[ g/, M(Pss, Pss) | 112.00(100.00,122.00) 105.50(97.00,114.75) 4.358 <0.001
Albumin[ g/L, M(Pss, Pys) ] 39.60(37.50,41.80) 36.20(33.40,37.98) 11.801 <0.001
Prealbumin|[ g/L, M(Pss, Pys) | 0.29(0.25,0.34) 0.22(0.16,0.29) 9.507 <0.001
Bun/creatinine ratio[ M(Pas, Pss) | 6.79(5.69,8.33) 7.34(5.74,9.78) 2.681 0.007
CaxP product[ M(Pas, P) ] 48.57(40.07,59.97) 49.07(41.54,61.97) 0.607 0.544
Serum sodium[ mmol/L, M(Pss, Pss) ] 137.80(136.10,140.00) 137.70(135.60, 140.68 ) 0.243 0.808
iPTH[pg/mL,n(%)] 21.579 <0.001

<300 204(60.18) 103(40.87)

300-600 96(28.32) 106(42.06)

=600 39(11.50) 43(17.06)
C-reactive protein[ mg/L,M(Pss, Pss) ] 2.40(1.20,6.60) 4.50(2.03,12.30) 6.092 <0.001
KT/V[n(%)] 0.181 0.914

<12 71(20.94) 50(19.84)

1.2-<14 91(26.84) 71(28.17)

=14 177(52.21) 131(51.98)

AVF:arteriovenous fistula; TCC: tunneled cuffed catheter; AVG:arteriovenous graft; CCl: Charlson comorbidity index; iPTH: intact parathyroid hormone total.
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A: Distribution plot of the LASSO regression coefficients of the variables (n=26). B: Use of 10-fold cross-validation to determine the regular coeffi-

cient(lambda, A) of the Lasso model. The left dashed line corresponded to the minimum A (A.min) and the right dashed line corresponded to the A.1se.
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Figure 1 Predictor selection based on LASSO regression
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Table 2 Comparison of predictive performance metrics for 10 machine learning algorithms

Model AUC 95%Cl Accuracy(%)  Sensitivity (%) Specificity (%) Precision(% ) F1
Logistic regression 0.905 0.859-0.951 84.66 81.58 87.00 82.67 82.12
SVM 0.928 0.886-0.969 86.36 89.47 84.00 91.89 90.66
RF 0911 0.866-0.957 84.09 82.89 84.09 80.77 81.82
KNN 0.917 0.873-0.961 86.93 88.16 86.00 82.72 85.35
DT 0.815 0.752-0.878 80.11 78.95 81.00 78.48 78.71
XGBoost 0.851 0.797-0.905 85.23 84.21 86.00 85.33 84.77
NB 0.900 0.854-0.946 81.25 89.47 75.00 73.12 80.47
LDA 0.902 0.855-0.950 83.52 80.26 86.00 81.33 80.79
GBM 0.905 0.857-0.952 84.09 81.58 86.00 81.58 81.58
MLP 0.894 0.844-0.944 82.95 76.32 88.00 82.86 79.46

SVM: support vector machine; RF: random forest: KNN: k-nearest neighbors; DT: decision tree; XGBoost: eXtreme gradient boosting; NB: naive

Bayes; LDA: linear discriminant analysis; GBM: gradient boosting machine; MLP: multilayer perceptron.

A
Confusion matrix for SVM model Confusion matrix for SVM external validation 1.00

.. Deceased 16 . Deceased 24 11 0.75+
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-8 S 20 z
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Survival Survival 3 0.251 SVM model
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o0l (AUC=0.835)
Survival Deceased Survival Deceased 0.25 0.50 0.75 1.00
Actual labels Actual labels 1-Specificity

A': Confusion matrix for SVM model internal validation. B: Confusion matrix for SVM model external validation. C: ROC curve of SVM model external validation.
3 SVMRBURYR AR E & ROC H 2

Figure 3 Confusion matrix for SVM model and ROC curve
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A. Calibration curve of SVM model in internal validation; B. Clinical DCA of SVM model in internal validation.
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Figure 4 Calibrationc curve and DCA curve of SVM Model in Internal Validation
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A: Variable importance ranking. B: SHAP values.
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Figure 5 SHAP plot interpretation for SVM model
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