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Supplementary Figures
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Figure S1. The ROC curves (10-fold cross-validation) for baseline ML model. Abbreviations: ML, machine
learning; ROC, receiver operating characteristics; AUC, the area under curve; CI, confidence interval; LR, Logistic
Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient Boosting Machine; RF, Random Forest;
AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree; SVM, Support Vector Machine; KNN, K

Nearest Neighbor.
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Figure S2. The calibration curves of ML models for baseline prediction. The ideal calibration was represented by
a black dotted line, which indicated the perfect matching between the model-predicted and the actual observed
probabilities. And the calibration curves of each ML model were shown as a blue broken line. Abbreviations: ML,
machine learning; LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient Boosting
Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree; SVM, Support

Vector Machine; KNN, K Nearest Neighbor.
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Figure S3. The decision curves of ML models for baseline prediction. The treated-for-none scheme is indicated by

the red dotted line, while the treated-for-all scheme is indicated by the black dotted line. Abbreviations: ML, machine

learning; LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient Boosting Machine;

RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree; SVM, Support Vector

Machine; KNN, K Nearest Neighbor.
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Figure S4. The ROC curves (10-fold cross-validation) for hyperparameter-optimized ML models. Abbreviations:
ML, machine learning; ROC, receiver operating characteristics; AUC, the area under curve; CI, confidence interval;
LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient Boosting Machine; RF,
Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree; SVM, Support Vector

Machine; KNN, K Nearest Neighbor.
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Figure SS. The calibration curves of ML models with the optimized hyperparameters. The ideal calibration was
represented by a black dotted line, which indicated the perfect matching between the model-predicted and the actual
observed probabilities. And the calibration curves of each ML model were shown as a blue broken line. Abbreviations:
ML, machine learning; LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient
Boosting Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree;

SVM, Support Vector Machine; KNN, K Nearest Neighbor.
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Figure S6. The decision curves of ML models with the optimized hyperparameters. The treated-for-none scheme
is indicated by the red dotted line, while the treated-for-all scheme is indicated by the black dotted line. Abbreviations:
ML, machine learning; LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient
Boosting Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree;

SVM, Support Vector Machine; KNN, K Nearest Neighbor.
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Figure S7. The calibration curves of XGBoost model with the optimized hyperparameters in the temporal
validation set. The ideal calibration was represented by a black dotted line, which indicated the perfect matching
between the model-predicted and the actual observed probabilities. And the calibration curve of the XGBoost model

was shown as a blue broken line. Abbreviations: XGBoost, Extreme Gradient Boost.
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Figure S8. The decision curves of XGBoost model with the optimized hyperparameters in the temporal
validation set. The treated-for-none scheme is indicated by the red dotted line, while the treated-for-all scheme is

indicated by the black dotted line. Abbreviations: XGBoost, Extreme Gradient Boost.



Supplemental Tables
Table S1. Analyses of intra-rater and inter-rater reliabilities in radiological measurements and clinical-

characteristic assessments.

Intra-rater reliability Inter-rater reliability
Variable

PCC or W P PCC or W P
Cervical ROM 0.895 <0.001° 0.833 <0.001%
Cervical e(ROM 0.867 <0.001° 0.835 <0.001°
Cervical fROM 0.920 <0.001° 0913 <0.001°
TIA 0.935 <0.001° 0.908 <0.001°
NT 0.952 <0.001° 0.901 <0.001%
T1S 0.930 <0.001° 0.924 <0.001°
C2-7 SVA 0913 <0.001° 0.905 <0.001°
SCA 0.904 <0.001° 0.854 <0.001°
CL 0.977 <0.001° 0.969 <0.001°
Cervical instability 0.981 <0.001° 0.970 <0.001°
Cervical kyphosis 0.972 <0.001° 0.967 <0.001°
Occupying rate of cervical spinal canal 0.918 <0.001* 0.888 <0.001*
ONL 0.978 <0.001° 0.964 <0.001°
Quantity-based surgical segment classification 1.00 <0.001° 1.00 <0.001°
C6 laminoplasty 1.00 <0.001° 1.00 <0.001°
C7 laminoplasty 1.00 <0.001° 1.00 <0.001°
Open-door side 1.00 <0.001° 1.00 <0.001°
Angle of lamina open-door 0.954 <0.001* 0.924 <0.001*
JOA 0.951 <0.001° 0.946 <0.001?
Axial pain 0.992 <0.001° 0.989 <0.001°

PCC is used in continuous variables and W is used in categorical variables. The statistical methods indicated by the

superscripted letters were as follows: a. Pearson’s correlation analysis, b. Kendall’s W test. Abbreviations: PCC,



Pearson correlation coefficient; ROM, range of motion; TIA, thoracic inlet angle; NT, neck tilt; T1S, T1 slope; cSVA,
cervical sagittal vertical axis; SCA, spine cranial angle; CL, cervical lordosis; ONL, ossification of the nuchal ligament;

JOA, Japanese Orthopaedic Association.



Table S2. Lasso regression coefficients of each variable.

The minimum mean

The minimum distance

Variable
square error standard error
(Intercept) -1.147 -0.512
Age -0.002 0.0
Sex -0.190 0.0
Weight 0.0 0.0
Height 0.0 0.0
BMI 0.0 0.0
Smoking 0.0 0.0
Drinking 0.0 0.0
Hypertension 0.168 0.0
Diabetes 0.0 0.0
Cervical ROM 0.0 0.0
Cervical e(ROM 0.0 0.0
Cervical fROM 0.0 0.0
TIA 0.0 0.0
NT 0.0 0.0
T1S 0.0 0.0
C2-7SVA 0.0 0.0
SCA 0.0 0.0
CL -0.016 -0.008
Cervical instability 0.0 0.0
Cervical kyphosis 0.504 0.241
Occupying rate of cervical spinal canal 1.588 0.114
ONL 0.0 0.0
Quantity-based surgical segment classification -1.082 -0.808



C6 laminoplasty -0.147 0.0

C7 laminoplasty 1.307 0.870
Open-door side 0.0 0.0
Angle of lamina open-door -0.052 -0.023
Operative time 0.0 0.0
Intraoperative blood loss 0.0 0.0
JOA score 0.013 0.0
VAS score 0.0 0.0

Based on the A.1-s.e. (standard error) criterion (A = 0.055), six variables (C7 laminoplasty, quantity-based surgical
segment classification, cervical kyphosis, occupying rate of cervical spinal canal, angle of lamina open-door, and CL)
were selected as predictors using Lasso regression to subsequent ML model training and testing. Abbreviations: BMI,
body mass index; ROM, range of motion; TIA, thoracic inlet angle; NT, neck tilt; T1S, T1 slope; cSVA, cervical
sagittal vertical axis; SCA, spine cranial angle; CL, cervical lordosis; ONL, ossification of the nuchal ligament; JOA,

Japanese Orthopaedic Association; VAS, visual analogue scale.



Table S3. The hyperparameters for each ML model respectively.

Model Hyperparameters Default Optimized
C 1.0 0.0293
Max_iter 100 700
LR
Penalty L2 L2
tol 0.0001 0.0001
Objective Binary:logistic Binary:logistic
Learning_rate None 0.0642
XGBoost Max_depth None 19
Min_child weight None 2
Reg lambda None 0.5
Boosting_type gbdt dart
Learning_rate 0.1 2
LightGBM Max_depth -1.0 20
N_estimators 100 5
Num_leaves 31 5
Criterion gini gini
Max_depth None None
RF
Min_impurity decrease 0.0 0.0
N_estimators 20 100
Learning_rate 1.0 0.1
AdaBoost
N_estimators 50 50
N_estimators 100 100
Min_samples_split 2 50
GBDT Min_samples_leaf 50 50
Max_depth 20 1
Loss Exponential Log_loss



Learning_rate 2 0.001

C 1.0 4.1978
SVM Kernel rbf rbf
tol 0.001 0.0030
N_neighbors 5 2
KNN
Weights uniform distance

Abbreviations: LR, Logistic Regression; XGBoost, Extreme Gradient Boost; LightGBM, Light Gradient Boosting
Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient Boosting Decision Tree; SVM, Support

Vector Machine; KNN, K Nearest Neighbor.



Table S4. Comparison of AUC-ROC, accuracy, sensitivity, specificity, PPV, NPV, and F1-score of the baseline

prediction performance for ML models subjected to 10-fold cross-validation.

AUC-ROC Accuracy  Sensitivity  Specificity PPV (95% NPV (95%  Fl-score

Model
(95% CI) (95% CI) (95% CI) (95% CI) (6} CI) (95% CI)
0.840(0.755-  0.769(0.74  0.737(0.70  0.800(0.75 0.789(0.75 0.754(0.73  0.760(0.73
LR
0.925) 5-0.793) 4-0.769) 9-0.841) 5-0.823) 3-0.776) 5-0.786)
0.905(0.817-  0.820(0.78 0.774(0.69  0.865(0.81 0.848(0.80 0.811(0.75 0.803(0.75
XGBoost
0.990) 2-0.858) 9-0.848) 4-0.915) 3-0.894) 6-0.866) 9-0.847)
0.783(0.637- 0.769(0.72  0.846(0.77 0.697(0.63  0.728(0.68 0.843(0.77 0.778(0.73
LightGBM
0.929) 8-0.810) 1-0.922) 1-0.762) 4-0.772) 7-0.908) 3-0.822)
0.770(0.570-  0.786(0.72  0.350(0.20  0.885(0.82  0.991(0.98 0.857(0.82  0.996(0.99
RF
0.954) 4-0.848) 3-0.497) 3-0.948) 2-1.000) 5-0.889) 1-1.000)
0.882(0.772- 0.816(0.79 0.827(0.78 0.806(0.75 0.806(0.76  0.837(0.79  0.812(0.78
AdaBoost
0.986) 0-0.841) 0-0.875) 2-0.859) 3-0.849) 9-0.875) 7-0.838)
0.822(0.705-  0.773(0.74 0.808(0.70  0.742(0.67 0.756(0.71  0.829(0.75  0.769(0.72
GBDT
0.938) 2-0.805) 6-0.909) 3-0.811) 2-0.801) 5-0.903) 6-0.812)
0.788(0.651-  0.733(0.68 0.749(0.69  0.720(0.62 0.726(0.67 0.753(0.70  0.732(0.69
SVM
0.924) 5-0.781) 4-0.803) 9-0.810) 0-0.783) 6-0.800) 2-0.771)
0.743(0.585- 0.671(0.61 0.615(0.52 0.706(0.61  0.594(0.52 0.743(0.68  0.594(0.53
KNN

0.901) 5-0.728) 3-0.707) 8-0.793) 3-0.665) 9-0.796) 2-0.656)

Abbreviations: AUC-ROC, the area under the receiver operating characteristics curve; CI, confidence interval; NPV,
negative predictive value; PPV, positive predictive value; LR, Logistic Regression; XGBoost, Extreme Gradient Boost;
LightGBM, Light Gradient Boosting Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient

Boosting Decision Tree; SVM, Support Vector Machine; KNN, K Nearest Neighbor.



Table S5. Comparison of AUC-ROC, accuracy, sensitivity, specificity, PPV, NPV, and Fl-score of

hyperparameter-optimized ML models subjected to 10-fold cross-validation.

AUC-ROC Accuracy  Sensitivity  Specificity PPV (95% NPV (95%  Fl-score

Model
(95% CI) (95% CI) (95% CI) (95% CI) (6} CI) (95% CI)
0.860(0.779-  0.788(0.77 0.857(0.82 0.718(0.68 0.753(0.73 0.837(0.80  0.801(0.78
LR
0.941) 0-0.805) 8-0.887) 6-0.750) 3-0.773) 9-0.866) 4-0.818)
0.934(0.882- 0.867(0.85 0.869(0.84 0.866(0.84 0.867(0.84 0.872(0.85 0.867(0.85
XGBoost
0.985) 6-0.879) 4-0.894) 1-0.891) 6-0.887) 2-0.891) 5-0.879)
0.917(0.831- 0.830(0.80 0.827(0.76  0.833(0.78  0.828(0.78 0.846(0.79  0.823(0.78
LightGBM
0.996) 2-0.857) 3-0.891) 3-0.883) 9-0.867) 6-0.895) 9-0.856)
0.922(0.838-  0.850(0.81 0.814(0.75 0.886(0.85 0.881(0.85 0.830(0.78  0.843(0.80
RF
0.996) 6-0.884) 1-0.877) 7-0.915) 3-0.909) 4-0.877) 2-0.884)
0.913(0.828- 0.832(0.80 0.865(0.79  0.802(0.74 0.810(0.77 0.876(0.82  0.831(0.79
AdaBoost
0.993) 3-0.860) 8-0.932) 4-0.859) 2-0.847) 5-0.927) 7-0.864)
0.925(0.845- 0.848(0.81 0.856(0.79 0.842(0.77 0.843(0.79 0.869(0.82  0.845(0.80
GBDT
0.997) 2-0.884) 7-0.915) 9-0.906) 2-0.894) 0-0.918) 8-0.882)
0.863(0.751-  0.790(0.75 0.831(0.78 0.751(0.65 0.776(0.71  0.833(0.80  0.795(0.77
SVM
0.973) 4-0.826) 2-0.880) 1-0.851) 6-0.836) 2-0.864) 0-0.820)
0.758(0.603- 0.678(0.64 0.657(0.58 0.693(0.64 0.622(0.57 0.732(0.68  0.635(0.58
KNN

0.913) 0-0.716) 5-0.729) 5-0.740) 7-0.666) 7-0.777) 7-0.683)

Abbreviations: AUC-ROC, the area under the receiver operating characteristics curve; CI, confidence interval; NPV,
negative predictive value; PPV, positive predictive value; LR, Logistic Regression; XGBoost, Extreme Gradient Boost;
LightGBM, Light Gradient Boosting Machine; RF, Random Forest; AdaBoost, Adaptive Boosting; GBDT, Gradient

Boosting Decision Tree; SVM, Support Vector Machine; KNN, K Nearest Neighbor.



