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Abstract: Background The accurate preoperative risk assessment of spread through air spaces (STAS) for stage IA lung
cancer manifesting as subsolid nodules (SSNs) on CT scans provides crucial support for optimizing surgical strategies and enhancing
patient outcomes. Objective To develop and validate a machine learning-based clinical predict model using CT data and clinical
test results for identifying the risk of STAS in patients with stage IA lung cancer presenting as subsolid nodules. Methods A
retrospective analysis was performed on 2 047 patients with stage IA lung cancer showing subsolid nodules on CT imaging, who
were treated at the First and the Fourth Medical Center of PLA General Hospital from May 2021 to September 2025. The 1 600
cases from the First Medical Center of PLA General Hospital were randomly divided into the training set (n=1 120) and the internal
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validation set (n=480) at a ratio of 7:3 using the random number method. The 447 cases from the Fourth Medical Center of PLA
General Hospital were the external validation set. Feature selection was conducted using univariable logistic regression, least
absolute shrinkage and selection operator (LASSO) regression, and multivariable logistic regression. Subsequently, seven machine
learning models were developed, namely Naive Bayes (NB), Logistic Regression (LR), K-Nearest Neighbors (KNN), Random
Forest (RF), Single-Layer Neural Network (SLNN), Extreme Gradient Boosting (XGBoost), and Light Gradient Boosting Machine
(LightGBM). Model performance was evaluated using receiver operating characteristic (ROC) curves, calibration curves, and
decision curve analysis (DCA) to assess discrimination, calibration, and clinical utility. Model interpretation was achieved using
Shapley Additive exPlanations (SHAP). Based on the SHAP-derived feature importance ranking, a predict nomogram was
constructed and deployed as a web-based application. Results Among the seven machine learning models developed, the RF
model demonstrated the best predict performance, with area under the curve (AUC) value of 0.934 (95% CI: 0.902 - 0.966) in the
training cohort, 0.929 (95% CI: 0.900 - 0.958) in the internal validation cohort, and 0.873 (95% CI: 0.837 - 0.909) in the external
validation cohort. The calibration curve indicated good agreement between the model's predictions and actual outcomes. DCA showed
that the model provided high clinical net benefit. SHAP analysis identified the following key factors for predicting STAS in [A-stage
lung cancer presenting as subsolid nodules on CT: consolidation-to-tumor ratio (0.189), maximum tumor diameter (0.079), spiculation
(0.037), and tumor-lung interface (0.035). Conclusion
indicators can accurately predict the risk of STAS in [A-stage lung cancer presenting as subsolid nodules. Its clinical utility lies in

The RF model based on preoperative image semantic features and clinical

screening predictor patients preoperatively, aiding in therapeutic decision-making, and contributing to improved prognosis.
Keywords: respiratory system; lung neoplasms; machine learning; subsolid nodule; spread through air spaces; predict model;
consolidation tumor ratio; SHAP analysis
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Tab.1 Comparison of clinical characteristics between the training set and the validation set for stage IA lung cancer

patients presenting with subsolid nodules on CT imaging

HFAE AR YIZREE(n=1 120) PRI IR (n=480) HMBIESE (n=447) P P2
AEIS%, MUOR)) 60.0(53.0 ~ 67.0) 60.0(52.0 ~ 66.0) 60.0(52.0 ~ 66.0) 0.414! 0.593!
i B KA/ [mm, M(IQR)] 16.00(12.00 ~ 25.00) 17.00(12.00 ~ 24.00) 17.00(11.00 ~ 25.00) 0.599' 0.520'
SEMERSY G/ [MIOR)] 0.36(0 ~ 0.72) 0.34(0 ~ 0.65) 0.39(0 ~ 0.68) 0.089" 0.794!
NLR/[M(IOR)] 1.81(1.37 ~ 2.39) 1.80(1.41 ~2.34) 1.80(1.38 ~ 2.36) 0.678! 0.956'
LMR/[M(IOR)] 4.79(3.17 ~ 6.41) 4.82(3.21 ~ 6.43) 4.78(3.19 ~ 6.37) 0.525! 0.564
PLR/[M(IOR)] 120.13(96.46 ~ 151.69)  117.55(96.03 ~ 142.57)  122.71(95.97 ~152.30)  0.348! 0.428!
SI/[M(IQR)] 468.50(328.50 ~ 623.50)  464.50(323.50 ~ 613.00)  485.50(353.00 ~ 635.00)  0.665' 0.140"
TR /[M(IQR)] 7.37(7.35 ~ 7.40) 7.38(7.35 ~ 7.40) 7.379(7.360 ~7.394)  0.403' 0.011'
Bk 423 R/ [mmHg , M(IOR)] 87.4(81.5~92.4) 87.4(81.9 ~91.5) 88.4(83.6 ~ 95.4) 0.625'  <0.001'
Bk i AR 2>/ [mmHg , M(IQR)] 42.8(39.7 ~ 45.6) 43.0(40.0 ~ 45.2) 41.5(38.5 ~44.1) 0.840"  <0.001'
FEIRPUE/[1g/L, MIQR)] 2.02(1.32 ~3.52) 2.22(1.35 ~ 3.46) 2.31(1.42 ~ 3.44) 0.509" 0.072!
T A A /[1g/L, MUIOR)] 3.37(2.37 ~ 4.48) 3.26(2.38 ~ 4.59) 3.03(2.36 ~ 4.15) 0.932! 0.017'
TR 125/[U/mL, M(IQR)] 9.45(6.99 ~ 13.98) 9.52(7.19 ~ 14.16) 8.46(5.36 ~ 13.25) 0.789"  <0.001'
JEPUR 199/[U/mL , M(IQR)] 9.74(6.07 ~ 16.46) 10.05(6.24 ~ 15.96) 8.42(5.12 ~ 14.21) 0.919"  <0.001'
LR 153/[U/mL, M(IQR)] 8.97(6.60 ~ 13.25) 8.87(6.48 ~ 13.39) 8.71(5.84 ~ 11.75) 0.791" 0.004'
R 724/[U/mL , M(IOR)] 2.29(1.26 ~ 4.65) 2.04(1.19 ~ 4.76) 2.89(1.59 ~ 4.97) 0.140" 0.003'
YN 19 Fr Bebit)F/ [ng/mL , M(IOR)] 2.47(1.89 ~ 3.38) 2.53(1.88 ~3.27) 2.68(2.01 ~ 3.65) 0.843! 0.001"
2 TR S IL R [ng/mL , M(IQR)] 11.48(9.90 ~ 13.26) 11.40(9.98 ~ 13.30) 11.23(9.61 ~ 13.12) 0.741! 0.099"
R AN FED S [ng/mL , M(IQR)] 0.80(0.60 ~ 1.08) 0.80(0.60 ~ 1.00) 0.80(0.60 ~ 1.10) 0363  0.173!
PESBI, %) 0.405>  0.630°
% 618(55.2) 254(52.9) 248(55.5)
% 502(44.8) 226(47.1) 199(44.5)
WL SEAR/ (], %) 0.731>  0.148°
¥ 301(26.9) 133(27.7) 132(29.5)
H 819(73.1) 347(72.3) 315(70.5)
W S /(] , %) 0.670°  0.735°
o 601(53.7) 252(52.5) 241(54.0)
H 519(46.3) 228(47.5) 206(46.0)
Jili 988 R M S /(f91], %) 0.746>  0.746°
o 1 062(94.8) 457(95.2) 426(95.3)
H 58(5.2) 23(4.8) 21(4.7)
STAS/(f], %) 05132 0477%
& 554(49.5) 246(51.3) 230(51.5)
H 566(50.5) 234(48.8) 217(48.5)
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T2 CTEGERIAATILMETHIABMESEENIGESWIESE CTIE X4FIELLE

Tab.2 Comparison of CT semantic features between the training set and the validation set for stage 1A lung cancer patients

presenting with subsolid nodules on CT imaging

VIR NTRIRIESE ST

IR NARIRIESE SMRIRTESE

BEAE AR PUE  P2MH || FHFAE PUEH P2
(n=1120) (n=480) (n=447) (n=1120)  (n=480)  (n=447)
JYIEE (7 B/ (11, %) 0.276>  0.936 | R /23 /(1] %) 0.824%  0.956°
Zelf bt 275(24.6) 119(24.8)  115(25.7) Jc 1076(96.1)  460(95.8)  429(96.0)
by [N 202(18.0)  67(14.0)  83(18.6) A 44(3.9) 20(4.2) 18(4.0)
Aifiti -t 354(31.6) 155(32.3)  131(29.3) I HE AL/ (151, %) 0.088%  0.075°
Aifitirat 84(7.5)  36(7.5) 34(7.6) I 915(81.7) 409(85.2)  382(85.5)
Aifili R 205(18.3) 103(21.5)  84(18.8) H 205(18.3)  71(14.8)  65(14.5)
it ¥ B2 (1, %) 0.248%  0.426° || MIBAAE/(f51], %) 0.632%  0.489°
AEERPTENLETT 258(23.0)  98(20.4)  114(25.4) Ja 754(67.3)  329(68.5)  309(69.1)
IRGHIELETT 862(77.0) 382(79.6)  333(74.6) H 366(32.7) 151(31.5)  138(30.9)
TR/, %) 0.8097  0.645% || S TR HAR/(1], %) 0.202% 0.395°
ASFRI 204(18.2)  85(17.7) 77(17.2) ¥ 908(81.1)  402(83.8)  386(80.6)
BIEZEAIE  916(81.8)  395(82.3)  370(82.8) Kl 212(18.9)  78(16.3)  61(19.4)
AR/, %) 0.758%  0.246> || FAE/(f, %) 0.090° 0.354°
¥ 630(56.3) 274(57.1)  237(53.0) X 1120(100)  478(99.6)  446(99.8)
f 490(43.8)  206(42.9)  210(47.0) f 0(0) 2(0.4) 1(0.2)
THRIE/(f5], %) 0.187> 0.945 || LKL/, %) 0.791>  0.947°
G 759(67.8)  309(64.4)  299(66.9) b 983(87.8)  419(87.3)  392(87.7)
6] 361(322) 171(35.6)  148(33.1) H 137(122)  61(12.7)  55(12.3)
Jed i AL/, %) 03417 0.6717 || I I 58/(191, %) 0.793%  0.921°
SUE S 726(64.8) 323(67.3)  282(63.1) ¥ 977(87.2)  421(87.7)  391(87.5)
AR 394(35.2) 157(32.7)  165(36.9) el 143(12.8)  59(12.3)  56(12.5)
23 WAE (5], %) 0.230>  0.705 || ImsAHRRAE /(] , %) 0.640°  0.625°
J 972(86.8) 427(89.0)  393(87.9) X 1117(99.7)  478(99.6)  446(99.8)
H 148(13.2)  53(11.0)  54(12.1) A 3(0.3) 2(0.4) 1(0.2)
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R3 CTRERAATZEETHIABMEEELESE
FERIHE 5% B E 19 B [E & Logistic B 353 #7
Tab.3 Univariate Logistic regression analysis of factors
associated with STAS in stage IA lung cancer patients
presenting with subsolid nodules on CT imaging
RS pME SEME WaldfE PH  ORfH  95%CI
PE5 0.542 0.121 4.470 <0.001 1.720 1.357~2.184
AEi 0.026 0.006 4388 <0.001 1.026 1.014~1.037
W 0.502 0.121 4.150 <0.001 1.651 1304 ~2.094
JlEZREL  0.653 0283 2308  0.021 1.922 1.116~3.406
iR RAE 0.118 0.009 12.502 <0.001 1.125 1.105~ 1.146
ST 1,157 0210 5514 <0.001 3.182 2.128 ~4.856
iiZE35 2% 8 1.885 0.174 10.807 <0.001 6.588 4.718 ~9.361

J3HHAIE 0.907 0.124 7.328 <0.001 2.478 1.946 ~3.162
BHIE 1.205 0.137 8.827 <0.001 3.338 2.560~4.375
Jed i S T 1.014 0.130 7.790 <0.001 2.756 2.139~3.563
FEE /23R 1.117 0354 3.161 0.002 3.056 1.577~6.393
FaEMBAAE  0.608 0.130 4.695 <0.001 1.838 1.427~2.372
TR 0.900 0.196 4.590 <0.001 2.459 1.686~3.642
St 1,050 0.197  5.331 <0.001 2.859 1.958 ~4.247
RSN 0.075 0.020 3.710 <0.001 1.078 1.038~1.124

ST 125 0.010 0.003 2.859 0.004 1.010 1.003~1.017
FEHUR 15-3  0.023 0.010 2.433  0.015 1.023 1.005 ~ 1.043
METAETHE 0.075 0.019 3.993 <0.001 1.078 1.040~1.119
I BT

T LA L P S 2 B 5 WA S DA TG R 2 B il SR 0 58 LA TG Ry 5 B il
G577 5 B DA AR R B B 25T Rt B A HAE AR A M s 3 M A
(TR AE | T ek il A 55 LG Sl 2 B 5 o i 55 i LAk s 4 N
B,

(95% CI: 0.900 ~ 0.958)F1 0.873(95% CI: 0.837 ~
0.909), FHZBABAT RAFHH 5168 T . SHAP
Srprdt—ER, CTR. MR . BRIAE R
Jiti S T A TR T S EE A 4 R

RF 78 AT 45 H B4 S 2 B nT e % T HAR PR A
FeAR ML R IE ST o FEI R WSR2 TA 1Al
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LHAEH, 15501 i n] AR/ DL FE 2 J 4 i 2
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BI(ANRF. LightGBM) X 43 & (AUC) . E L T &
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0] 52 Z AR e Mk 56 &R Ko BAE ] T A B A 34 .
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WA o, b e R A ) AUC B2 5
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Fig. 1 LASSO feature selection plot
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Tab.4 Multivariable Logistic regression analysis of
factors associated with STAS in stage IA lung cancer
patients presenting with subsolid nodules on CT imaging
YRS B SEME WaldfE P OR{E  95%CI
iR 0.099 0013 7.751 <0.001 1.104 1.077~1.132
SPESA S 1501 0.220 6.839  <0.001 4.486 2.935~6.946

BHIE 0.807 0.186 4.350 <0.001 2.241 1.561~3.232
e i S 1 0.799 0.185 4.322 <0.001 2.224 1.551~3.206
TR 1.115 0261 4268 <0.001 3.049 1.839~5.128

ISR 1.087 0.258 4206 <0.001 2.965 1.799 ~4.960
JEHUEL125  0.007 0.004 1.992  0.046 1.007 1.000~1.015
FUEZPTWER Tt ds

N 0.084 0.026 3.249  0.001 1.087 1.035~ 1.145
Il b

BRI U 5 LATC R 2 I Ja i S L S A S

B BT, 0 TGS AN ] F o [ G 36 A v 5 R A
RUSAR A S, BA RIRI P U A R 512
SENE o AR N A6 SR e DL T E - DR 2 5
HUF RS A P 22 [ T 2O o X T STAS A A iy
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Fig. 2 ROC curve of a predict model for STAS in stage IA lung cancer patients with subsolid nodules on CT imaging

RS TN CTHERI AT LML T 1A AR B E R ESEEAER B EETN

Tab.5 Predict performance evaluation of the model for diagnosing STAS in stage IA lung cancer patients presenting with

subsolid nodules on CT imaging

251 B AUC 95% CI WETR/% KEHIR1% B 1E /% F1/3%k
RF 0.934 0.902 ~ 0.966 90.21 88.94 87.04 87.89
LightGBM 0.935 0.915 ~0.955 89.34 91.72 88.71 90.23
Logistic 0.875 0.852 ~ 0.898 81.32 81.82 80.42 81.14
IR NB 0.861 0.837 ~0.885 76.82 82.04 70.74 75.92
KNN 0.920 0.899 ~ 0.941 89.27 95.71 81.75 88.24
SLNN 0.931 0.911 ~0.951 85.71 87.32 84.22 85.72
XGBoost 0.932 0.913 ~ 0.951 87.54 90.72 84.54 87.46
RF 0.929 0.900 ~ 0.958 88.26 91.97 83.32 87.42
LightGBM 0.926 0.897 ~ 0.955 87.51 88.83 85.04 86.92
Logistic 0.867 0.831 ~ 0.903 80.23 79.82 79.52 79.63
AR IE A NB 0.857 0.821 ~0.893 79.04 81.21 79.32 77.44
KNN 0.903 0.871 ~0.935 85.21 87.52 81.24 84.22
SLNN 0.924 0.896 ~ 0.952 88.52 92.04 83.82 87.71
XGBoost 0.924 0.895 ~ 0.953 88.31 89.02 86.82 87.90
RF 0.873 0.837 ~ 0.909 81.24 78.22 84.31 81.12
LightGBM 0.846 0.808 ~ 0.884 77.79 74.04 83.94 78.59
Logistic 0.822 0.783 ~ 0.861 77.13 75.31 78.82 77.02
SR IEAR NB 0.815 0.775 ~ 0.855 74.92 76.62 69.62 72.87
KNN 0.824 0.786 ~ 0.863 78.31 77.30 78.32 77.81
SLNN 0.853 0.816 ~ 0.890 79.42 76.42 83.44 79.69
XGBoost 0.846 0.809 ~ 0.883 78.73 74.39 85.73 79.64

NB: #MZE DUIH-47 5 Logistic : IE 4[] J ; KNN : K 4K ; RF : FEHLAR K ; SLNN : B2 41 22 W 2% s XGBoost : H i 2 1458 ; Light GBM : 3K 458 KL,
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Fig. 3 Calibration curves of a predict model for STAS in stage IA lung cancer patients with subsolid nodules on CT imaging
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Fig. 4 DCA curves of a predict model for STAS in stage IA lung cancer patients with subsolid nodules on CT imaging
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