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[Abstract] Objective To explore the influencing factors of incident caries at age 5 among caries-free 3-year-old
children in Beijing, construct a machine learning prediction model based on oral health behavioral data, and provide a
scientific basis and practical tool for early risk identification, stratified prevention and control, and home - kindergarten
- medical collaborative intervention of incident dental caries in preschool children. Methods This study has been re-
viewed and approved by the Medical Ethics Committee, and written informed consent was obtained from the guardians
of the study participants and their guardians. Children with complete baseline data at age 3 and follow-up data at age 5
from Beijing public oral health programs were included. Oral examinations were conducted according to World Health
Organization diagnostic criteria, and questionnaires were completed by guardians. Risk factors were screened by Logis-
tic regression. The total sample was randomly divided into a test set (20%) and a validation set (80%). Five-fold cross-

validation was performed on the validation set for model training and tuning, and the final model performance was evalu-
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ated on the test set. Four machine learning models—decision tree, random forest, Extreme Gradient Boosting (XG-
Boost), and Light Gradient Boosting Machine (LightGBM)—were constructed. Model performance was evaluated using
the area under the curve (AUC), accuracy, and specificity. Shapley Additive Explanations (SHAP) was used for model
interpretation. Results The incidence of incident caries for 3 372 5-year-old children in Beijing was 50.96%. Multi-
variate logistic regression showed that parental caries, sleeping with milk, frequent feeding at night, no postprandial
cleaning, high sugar intake, insufficient bedtime tooth brushing, and non-fluoride toothpaste use were significant risk
factors (P < 0.05). Although all four machine learning models performed well, the XGBoost model performed the best
(AUC = 0.806). Feature importance and SHAP analysis indicated that the frequency of bedtime tooth brushing, the fre-
quency of candy consumption, and parental caries status were the top three predictors. Conclusion The XGBoost
model based on oral health behaviors at age 3 can accurately predict the risk of incident caries in 5-year-old children in

Beijing. Bedtime tooth brushing, sugar control, and parental oral health management are key points for caries prevention

in preschool children.

[Key words) preschool children; caries risk; risk prediction; stratified prevention and control;  prediction

model; regression analysis; machine learning; extreme gradient boosting; oral health behavior
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Table 1 Univariate logistic regression analysis of factors associated with incident dental caries in 5-year-old children in Beijing

Caries

Factors Total/[n (%)) —— Rote (%) X P
Gender 0.834 0.361
Male 1706 (50.59) 856 50.18
Female 1 666 (49.41) 862 51.74
Parental caries status 17.584 <0.001
Neither parent had caries 1548 (45.91) 719 46.45
Father or mother had caries 1 019 (30.22) 560 54.96
Both parents had caries 805 (23.87) 439 54.53
Sharing eating utensils 6.449 0.011
Almost never 1415 (41.96) 686 48.48
Rarely 1 680 (49.82) 877 52.20
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k1
continue table 1
Factors Total/[n (%)] Carics X P
Number Rate (%)
Frequently 277 (8.22) 155 55.96
Habit of sleeping with milk 28.337 <0.001
Bottle discontinued 2 006 (59.49) 954 47.56
Rarely 1 233 (36.57) 678 54.99
Frequently 133 (3.94) 86 64.66
Night feeding frequency 16.261 <0.001
0 times 3056 (90.63) 1523 49.84
1 - 2 times 285 (8.45) 171 60.00
23 times 31(0.92) 24 77.42
Post-meal water drinking/rinsing 30.715 <0.001
Frequently 1772 (52.55) 811 45.77
Rarely 1317 (39.06) 751 57.02
Almost never 283 (8.39) 156 55.12
Daily drinking water 9.861 0.002
Warm boiled water 2 831 (83.96) 1399 49.42
Others 541 (16.04) 319 58.96
Snack frequency 25.112 <0.001
Never 124 (3.68) 49 39.52
Rarely 1 368 (40.57) 623 45.54
Once daily 1447 (42.91) 732 50.59
22 times daily 433 (12.84) 264 60.97
Candy frequency 63.552 <0.001
Never 347 (10.29) 128 36.89
Rarely 1 853 (54.95) 854 46.09
Once daily 895 (26.54) 473 52.85
22 times daily 277 (8.22) 194 70.04
Bedtime toothbrushing frequency 68.881 <0.001
Every day 2645 (78.4) 1251 47.30
Rarely 685 (20.31) 445 64.96
Never 42 (1.25) 22 52.38
Using toothpaste® (n=3 330) 4.347 0.037
Yes 3121 (93.72) 1575 50.46
No 209 (6.28) 121 57.89
Toothpaste type” (n=3 121) 6.590 0.010
Fluoride toothpaste 2 504 (80.23) 1222 48.80
Non-fluoride toothpaste 406 (13.01) 218 53.69
Unknown 211 (6.76) 135 63.98
Using dental floss 17.978 < 0.001
Frequently 2 135 (63.32) 1161 54.38
Rarely 984 (29.18) 450 45.73
Never 253 (7.50) 107 42.29
Visiting dentist 0.120 0.729
Yes 2270 (67.32) 1161 51.15
No 1 102 (32.68) 557 50.54

a: the number of people who use toothpaste needs to exclude those who never brush their teeth (n=42), so the total number of this item should be 3 330
children; b: the number of people using various types of toothpaste is only counted among those who have the habit of using toothpaste, so it is 3 121 chil-

dren
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Table 2 Multivariate logistic regression analysis of factors associated with incident dental caries in 5-year-old children in Beijing

Factors B SE Wald P OR (95% CI)

Parental caries status (reference: neither parent had caries)

Father or mother had caries 0.269 0.092 8.587 0.003 1.309(1.093-1.568)

Both parents had caries 0.307 0.085 13.066 < 0.001 1.359(1.151-1.605)
Sharing eating utensils (reference: almost never)

Rarely -0.011 0.077 0.022 0.882 0.989(0.850-1.149)

Frequently -0.058 0.142 0.164 0.686 0.944(0.715-1.247)
Habit of sleeping with milk(reference: bottle discontinued)

Rarely 0.396 0.207 3.654 0.056 1.486(0.990-2.230)

Frequently 0.180 0.078 5.386 0.020 1.197(1.028-1.393)
Night feeding frequency(reference: 0 times)

1 - 2 times 0.114 0.139 0.675 0.411 1.121(0.854-1.470)

>3 times 0.979 0.457 4.591 0.032 2.661(1.087-6.516)
Post-meal water drinking/rinsing (reference: frequently)

Rarely 0.065 0.138 0.220 0.640 1.067(0.814-1.400)

Almost never 0.256 0.078 10.844 < 0.001 1.292(1.109-1.505)
Daily drinking water (reference: warm boiled water)

Others 0.506 0.171 8.768 0.003 1.658(1.186-2.317)
Snack frequency (reference: never)

Rarely 1.039 0.536 3.757 0.053 2.825(0.988-8.076)

Once daily 0.951 0.538 3.126 0.077 2.588(0.902-7.422)

>2 times daily 1.249 0.539 5.375 0.020 3.485(1.213-10.015)
Candy frequency (reference: never)

Rarely 0.546 0.126 18.825 < 0.001 1.726(1.350-2.209)

Once daily 0.834 0.173 23.266 < 0.001 2.303(1.641-3.233)

>2 times daily 0.872 0.151 33.371 <0.001 2.393(1.780-3.217)
Bedtime toothbrushing frequency (reference: every day)

Rarely / never 0.484 0.096 25.250 < 0.001 1.623(1.344-1.960)
Using toothpaste (reference: yes)

No 0.165 0.155 1.130 0.288 1.179(0.870-1.598)
Toothpaste type (reference: fluoride toothpaste)

Non-fluoride toothpaste 0.460 0.155 8.746 0.003 1.583(1.168-2.147)

Unknown 0.092 0.112 0.685 0.408 1.097(0.881-1.364)
Using dental floss (reference: frequently)

Rarely 0.013 0.147 0.008 0.043 1.513(1.352-1.756)

Never 0.275 0.141 3.824 0.021 1.817(1.734-1.999)

SE: standard error; OR: odds ratio; CI: confidence interval
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Table 3 Model performance evaluation

Model Accuracy (95%CI) Precision (95%CI) Recall (95%CI) Specificity (95%CI) AUC (95%CI)

Decision Tree 0.706 0.734 0.662 0.748 0.718
(0.684-0.728) (0.700-0.768) (0.629-0.695) (0.717-0.779) (0.688-0.748)

Random Forest 0.715 0.772 0.621 0.808 0.786
(0.693-0.737) (0.739-0.805) (0.588-0.654) (0.779-0.837) (0.758-0.814)

XGBoost 0.747 0.819 0.641 0.852 0.806
(0.717-0.777) (0.787-0.851) (0.608-0.674) (0.824-0.880) (0.778-0.834)

LightGBM 0.744 0.841 0.613 0.879 0.712

(0.722-0.766) (0.811-0.871)

(0.580-0.646) (0.852-0.906) (0.682-0.742)

AUC: area under curve; CI: confidence interval
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Table 4  Comparisons of four models with Holm-Bonferroni corrected P-values

Model Comparison Accuracy’ Precision” Recall’ Specificity AUC?
XGBoost vs. LightGBM 1 1 1 1 <0.001"
XGBoost vs. Decision Tree 0.096 0.114 0.126 0.054 <0.001"
Random Forest vs. LightGBM 0.354 0.372 0.366 0.33 <0.001"
Random Forest vs. Decision Tree 1 1 1 1 0.008"
XGBoost vs. Random Forest 0.162 0.174 0.186 0.132 0.155
LightGBM vs. Decision Tree 0.168 0.186 0.198 0.156 1

"Comparisons of accuracy, precision, recall, and specificity were all performed using McNemar s test. “Area under curve (AUC) comparisons were per-

formed using Delong”s test. P < 0.05
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Feature importance scores were calculated based on the XGBoost algorithm using risk factors screened by multivariate Logistic regression. Candy

consumption frequency, parental caries status and bedtime toothbrushing frequency were identified as the top three predictive features for child-

hood dental caries

Figure 1 Ranking of importance features in the XGBoost model

B 1 XGBoost 157 Hb 8 ZLRRIEHE

Bedtime toothbrushing frequency v oee
Candy frequency

Snack frequency

Post-meal water drinking/rinsing
Parental caries status

Habit of sleeping with milk
Toothpaste type

Daily drinking water

Night feeding frequency

oo EBEgne wEsEEBPen oo wmme o

Feature value

Low

-1.0 -0.5 0.0 0.5 1.0 1.5
SHAP value (impact on model output)

SHAP (Shapley additive explanations) values quantify the contribution of each variable to individual prediction results. Points distributed on the
negative axis represent protective factors against dental caries, while points on the positive axis represent risk factors. The color gradient reflects
the variable value, and point density indicates the sample distribution

Figure 2 SHAP beeswarm plot of feature importance for the preschool children’s caries risk prediction model
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Table 5 Distribution of SHAP values for each factor

Factors Mean absolute SHAP value SHAP median (/IQR) Risk direction
Bedtime toothbrushing frequency 0.32 ~0.30 (~0.50, ~0.10) |
Candy frequency 0.28 0.05 (-0.15, 0.20) 1
Snack frequency 0.22 0.02 (-0.12, 0.12) 1
Post—meal water drinking/rinsing 0.18 -0.04 (-0.18, 0.04) !
Parental caries status 0.20 0.05 (-0.08, 0.20) il
Habit of sleeping with milk 0.16 0.08 (-0.02, 0.18) il
Toothpaste type 0.12 0.08 (0, 0.14) 1
Daily drinking water 0.14 0.12 (0.04, 0.20) 1
Night feeding frequency 0.18 0.15 (0.06, 0.24) 1

SHAP: Shapley additive explanations. IQR: interquartile range
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The horizontal axis represents the predicted caries risk probabil-
ity of the model, and the vertical axis represents the actual ob-
served caries incidence. The 45° diagonal line indicates perfect
calibration. The XGBoost model showed favorable calibration per-
formance with a calibration slope of 0.96 (95% CI 0.89-1.03)
and an intercept of -0.02 (95% CI: -0.09-0.06)

Figure 3 Calibration curve of the XGBoost model
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The net clinical benefit of each model was calculated across dif-
ferent risk threshold probabilities. Within the threshold range of
0.15 to 0.40, the XGBoost model yielded higher net benefit than
the decision tree, Random Forest, LightGBM, and the two ex-
treme strategies (intervention for all / no intervention for all), in-
dicating satisfactory clinical applicability

Figure 4 Decision curve analysis of the four machine

learning models
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