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AT H A SR LS 2 > 5 2 T AR 5
AR TFARAL I K A KBS FIUMAS AL, #E20174E1 A 1
H 22023412 H31 H W], HA 3% EBE2053 615
JEDIBRA ) R 3 e 28 A AR T [l BUPE A 5T . T A ik gt
P e e Hh Y R ) R B it X o R e, Hom A
K F P E S . T X B IR e AR AR 24 I A B
FTRELRIAS T 45 A BOHLHE. 7298 AR S 55 HF

GE P T EEA T 08 i R R A v N R i ik 22 PR e
EIZE B2 S TR E(S2022-664-0 1) FI19754E (i
IRSEFREE T ) K R & IE 2 s AL 18 PRAR .
A 5T & — X 2 5 2 To KU 1 JE T B oR,
R BERRGE, X558 A N R E AT
1700, DA 3 23 ) B R R . X Sl 7
Hh N R A R B B AT T S BRI, AT
1E20244E7 710 21231 H Z Al k47,

JT A WIS AR A TR 0 T RFEAE. X%
PRI B, AR PR A BhR T AR R YT. %
P9 191 3 A5 40 MR AR A i g . A R Y
KPR 5] E A G A 45 A R 9. ZErh I,
NRAE 28 A R i LA A5 B2 R ) AT . AR &5
A B I T IR R AR, F R AR R R T g
SEE, T REURTIT M, X T A T o )
BRA. HoAth R H], 48R, iR ARk
BUK. Ha B E . 5 R AR A ASER, )
WEFA HAFEGFABIENEREAEZTFAR.

1.2 S AbRiE

DYAFFUEI T : (1) A IR AR B TFARE L E,
AR A; Q) B RS io; (3) JF
VI TR (4) IERIE R IR T ARG 30
H; (5) JEAERl RLAT.

1.3 HEskbruE

HEBRFRUEADN TR : (1) REA TR ENAIT 52 5 25
1RIT; (2) A FAMELNEZ B ML, (3) A
HEE (4) RETHUE N FAR T R 5 LPRFAR T EA—F
1.4 ARTe

JT A AT B A B B TR S VAR 25 RS B
M SERE BRIk, RIS I F AR X0 R G IR
IR BN Z B (A I R IE 2856, 43 AT 1 Rl AR AR i A
RMFARMEAM AN ZEAIERENEARGE . 2Wr.
SLEER A . FARTEE . FHOCE I 2 5 45

o NITRIEAR S0 dh: AR . PRI . ISR
FAREIR GRS R N C T I, BIC Ak
CE, RIF. BRWHEAECETR) . %, Rk
H— R B AR AR AR AL S R HE 2(body mass
index, BMI), 591500, REARIEA . BITAw
BESFP . BENR R . BACAR . BRERBME . B
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B RIFEAL . ARG TR L . £5ME L6 Kb

B RH AR TE . FUFVIRAR . ChildIFhRES e e N0, Yol PR b

Yh BTN . B/ WAL MARIE 2 - : e
(80, LoPERRAE1: ALBRIALP: KRAEIG R B bR, Bl

SO RSNG| S . RS AR AR mARERY

GIRES ST O N TS i~ i ety o U R R AL
(alkaline phosphatase, ALP){H . % [H(albumin, ALB)
i . PIFPUA (hepatitis C virus antibody, HCVAb)H: .
AT HTF (hepatitis B surface antigen, HBsAg)FH .
FARWE 7 A EaeE: LA ATAR. BEEFA.
RS E VIR . IAERIEA . VBRI RS R 2
R AAETFARFROL I AAE.

1.5 ®X

FERAE SRR BERAE & AL FE 5 [ Y ) — PP
SRR R, R RRTE R e, AR ARSI
RAERE SCHARGI0R N LA I RAE. A< BA BHAfHS:
FARIFLAE 53 R T AREBALIF AAE (surgical-site  compli-
cation, SSC)FIHEF- AR I & JiE (non-surgical-site
complication, NSSC), FFXJ HAE&HEAT T iR, FARE
PLRFREIE T AR BARTE N AT 21 T AMRFTF AR ERAE Y
FrARHE . SR EEGSE, ARG 0 R/ESRR A B
F/BERE. FARIALI R EAE ARG S F AL
MITFACAE, A S BT ARFALI A E L4 I L 1l
JEERE I . U0 B AT A J5 AR T AR A I A R
& B ARG R IR, ARG YIRS
TREERIK AR SE. T FARIAIFRREN R AEZ TR
HOR . TR TARE AGAL LS KR 1Y ECR,
JEF ARSI AAEZ G NS AAIRDGL . IFAE 15 AR
K2 FARBAEE ARG BN, RN BT FARE
AR, FAA I A 1) & A 3R R AR, 17 B
N2, BAZRm ry B AR R AL B35 B
Kbk Z, BONABS N THBARTIHNZE A FIEFAR
PRI A B sE R, ANGETEAR G AEF AR I LAE, 1M
AT A I RAE.

HY T 1R BRI AORE XS TR 5 B A TC I 5w,
BT HERR TR BRI A, ASFSE B9 I A AE AU AL FE Cla-
vien-DindoFARIf L IE /= NHH H KAE, BIEE
(45 JRy o 443 RO &4 T Clavien-Dindo=T14¢ 1 i 3F:
RIS AR AP, FET-IR4E AR JE JEFARHAL
I RAEr BT, ARG FARIAIF L AE T3
MIFET, BN JG F ALK i B FE T 0
HEBR.
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S (ALB<35 g/L; ALP>130 U/L)WK{EO0, FUHIFH
(ALB>35 g/L; ALP<130 U/L)W&{E1; ChildfFREST4:
AP, Child HFDIRESNIA N AGLE B, AZURIE
1, BB R 2; S8 KNG 21 S IR AR R 2 2o
BheE o S RS MRL 2 20 I R N 43 280, otk
THRR/NGTINF IR %S | 450 %) IREO0, <2 em(A
1, >2H<S5 emit{H2, >5H<10 cmli{{E3, >10 coik{E4;
YIBR T 20 AR DIBRE A R0 7 =X, SRR A1)
BRIGUE L, AN FOIBRIRAA2, SERE00 P DB+ R )
P VIBRIAES; A7 MK PECouinaud 7Bk, HiAE
B F 1~8BL MR 1~8 . ZEAMHIRAES . 72 P A
10, Z2BHMRAE 1L, A2 = mHIRAE 12 . A7 AT RAE 13
LM L4 . RIS . 47 = iRfELe . i
WRAH 17 . HoAh Z2 AP 53 A B (AR R B 4317 ) IR
{H18.

L7 SEoabiitk

1.7.1 A#F#HR

PR B AEFETFAREBOIIF AREAE It s &, P
A3 1Y B R T Y (AR T 25 (Mean+SD)
FR, RHWISTREAR R T; IRAS o3 A0 19728 R
M (Qi, Qu)FE/R, KW AEA R RRAR LS, 73250
B R FHn(%) s, KR 5 el Fisherffi A R .
172 BFEHFL

WEBEHLR -, XTRXTEE L7 33647 BEALYR 43,
70% F Ik (train), F T 30% MK (test), FFIEAT
WZH AR S PG 56
1.7.3 3 7 6 e B B F

TEVNGREE D+, LIMZE T i f(area under curve,
AUC)H FEIFM a5, K103 BRI, i
P/ N R SORIEE 5551 (least absolute shrinkage
and selection operator, LASSO)[nl =77 1% n] RE ) Tl
T A AR A T R T
1.7.4 HA#H

BCE LA, X EBARATRENLR 53, 70% A2k
8, FIA30% HIAELE. FEIZREE h AT AR R FILAS-
SO M AT vE H AFIEAR 5, AR5 44 8% 45 (M1 H (logistic
regression, LR), P9 (decision tree, DT), W EERLE
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$£ T (extreme gradient boosting, XGBoost), P/l
(random forest, RF), K-f¢iT4P(K-nearest neighbors,
KNN)., %8Rk FAPL(ight gradient boosting ma-
chine, LightGBM)FIA T #1222 (artificial neural net-
work, ANN)AGTRMEIRL,  HAdLEs2= 2 Rk H LAY ZR4E
I AUCHE A PEMT Rt b A T A 18 2 07 X 2
1.7.5 RAWEA

KHAUC (95%'% {5 X 8] (confidence interval, CI))
VR ELRBAIPEMN RS, TR R B A a1 |
R FESEE . B SOECR FH M O, 24
AR 2 TAFHFE (receiver operating character-
istic, ROC)HhZE, Meuiphsk, B ph<k /M (decision
curve analysis, DCA)MZE, DIAUCHE APEM R, 15
BB AR, BfE SRAIRIE & (WAR4.3.3)iE
TTRTAE G T, LIP<0.05IhZE R A Geit2rmE L.
AT R R AR DL IS .

2 ghR
2.1 RONBEIARERE

AT A 205361, HA3 1400 AR FAETF
REBNIIELAE. SAFE, N 48.20£12.42%, -1
BMIA: 21.98+2.15 kg/m?. K AEARJGAEFARIALI: KAE
N BE AR & A R 5 3B F- AR B A7 I & RE 19 N B 7E
BMI., VIBRIFBEH S5 A g 225, BARTOR
EESIR

2.2 Wy

MR IEATRENLR 3, 70% 254 (train), b
30% NG UEEE (test), FH-#EATPIZH AREAY I AT HERG 6. Wi
HEHE AR I TG 22 5, IEIHIAT AT L, B
82.

F 1 BDIEE TN R R

Table 1 Prediction model characteristics of the test set

2.3 YIZRHIEATFAE

WL 1437 A, Hd 23760 8 K ARG I KAE.
BUIGRENRE S, SFERR A 48.21£12.51%, FH
BMIW: 21.96+2.20kg/m*. JIZ&Ed, KAERFIEFAR
BRI R AE I AFERR K A AR5 JEF AR I & AE /Y
ABFEBML., VIBRIFBOEH S5 7 AR w2 5.
flFERHF WL S3.

2.4 FPHLASSOMIfH i Frii-s &

TEVZREE TP A TLASSOIMIH, 344 148 H,
el E S B SFOIF AR BRAE G AT AT UIBR AR <Ak
JFFREF A B9 IR S BMI B I ALP™“ ALB™“lilt
SBUEAH R AL 2 A B e 104 Al U R A5 HE TR
PRI A AE S Jay 2% b (R LIRS 2), K X SE78 1T T
TF R > AT,

2.5 WMERFAE

TA TR 4 A~ B B (U1 55 ik ) 14 B i AUC
FIE A5 X ) 2 ELARRRAE DL SAFN 1. 7AVBIY il 2k
LEFNRIEEEROCHTZ 737l WL IEIS3FN AN 1. FERIERT Bt
AT N it Ao B FH F 35 IR, XGBoosti R H
A fERPERE, AUC: 0.758; 95%CI: 0.699~0.817; i
2 0.859.

2.6 FARIRHE £

2R G i v B 2R (2RI S4),  Hi X GBoost
R S fe s, IxAHE By =x B X FR 2R, Tl A
B PRMERVCEL R 5, BRI A B ASCR R4,
ARSI AR 13 FH T T

2.7 BFRIDCAZR
2 TR DCA T 22 (I13), HiA XGBoostiR Al

Feature” AUC(95%CI) Accuracy Specificity Sensitivity PPV NPV
LR 0.732 (0.674, 0.79) 0.853 0.992 0.075 0.636 0.858
KNN 0.673 (0.608, 0.738) 0.847 0.960 0.215 0.488 0.873
DT 0.626 (0.578, 0.674) 0.852 0.996 0.043 0.666 0.854
RF 0.729 (0.666, 0.792) 0.862 0.992 0.129 0.750 0.865
ANN 0.731 (0.671, 0.79) 0.862 0.988 0.151 0.700 0.867
XGBoost 0.758 (0.699, 0.817) 0.859 0.994 0.100 0.750 0.861
LightGBM 0.752 (0.693, 0.812) 0.862 0.992 0.129 0.750 0.865

a) PPV: BHPET{E (positive predictive value); NPV: BHPE T {E (negative predictive value)
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ROC Curves for Test Dataset
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Figure 1 ROC curve for the test set

Calibration Curves
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w
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— KNN — Logistic Regression — Random Forest
Model
— LightGBM — Neural Network XGBoost
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Figure 2 Calibration curve of the model

TER 2850 0m WU B (AT R I s gl 2, U HE:
TErb e BB LN, s ARSI R,

2.8 IERETERLZR A2

SHAPHH T /R $8 12 FHIF X XGBoostA 7l Hh 4]
FRARJGIEFARIOLIF AR, ESSAIF2)RR T 1
XGBoostf A & AFEIE B T HISHAPTH, [ LS AMrE
HEXF AR T A ~F-24 TRk, SHAP{H W BMIE it 5
FIARE, RIS S . ALP, ALB%E. SXSUEHETE
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T BR A G A EF AR B I LA &7 & A B A 2 5
HVER].

Kla, R SRR —FEAR, BIERRFHEER
i K(Highs Low), Al LR/ ElHnl LIE £,
BMI. JiZ8f % . ALP{H . ALBEZ4RF I SHAPIH
O3, DCEERAAE XTI TR AT S 5. X SRR R 3
h, BMUNELSAE L, S A 4805, AN TRSME . 9
AR B Y RRAE F A8 A A JE R (B ALB (>35g/L A IE
WL, <35g/L AR H IE ) FIALP (<130 U/LAIE
HAHE, >130 U/LAE 0 1E 3, FR(E8E S T 3
WRAEO, ZUEAEIEH YE IR 1. AR FIETF AR I
FARSE | BRAEGATIFUIBRA . B SFIfFAAm . #0E.
TS . BEARAEES R IOARZE E L NolR{HO0, YesMA{A 1.
FLARIRAE 77 WL AT A5 A R 43, X BRI PR 2 %)
R TFIN A4 TTRR KPR BMI ((F-EISHAP: 0.0532)
S B CEHISHAP: 0.0272). ALP (“F-#JSHAP:
0.0170), ALB (*F-¥JSHAP: 0.0132), ARFFAEFAAMIAE
EBFA S CEHSHAP: 0.0125), @Bt s R CEY
SHAP: 0.0114), #JH(CEFISHAP: 0.0100), REFER 1T
I A CE#SHAP: 0.0030). ©I5(CEXISHAP:
0.0028) . HABAEASRACCEIASHAP: 0.0013). HARN
2.

KSR TBMIFISHAP{EZ M Y56 &, AN SAR
F— AR, BiOFIoRRANE. B g, fEBMI
B3, SHAP{HLZ I EFH#a%, EHEBMIX)
DU 5 & 1 2 A A AE Ty 52 0. AR R S 2 7 iV {E



XGBoost

Lesion_location

ALB

History_of_non_hepatectomy -

More_than_5_comorbidities -

Jaundice -

Rehepatectomy -

Be_married

Organ_invasion

BMI -*-.—s—n @ oo @ w o
ALP A F.-

@mee o High

t
{
{
l

Feature value

Low

-02 0.0 0.2 0.4
SHAP value
Bl 4 FRAEEEVESINE
Figure 4 Opverlay diagram of feature importance
2 HHERISHAPE
Table 2 SHAP values of the features
FHIE SHAP¥-#1d SHAP#/Mi SHAPH K H
BMI 0.0532 -0.1174 0.4208
Lesion_location 0.0272 -0.2217 0.1084
ALP 0.0170 —-0.0723 0.0934
ALB 0.0132 —-0.0361 0.1636
History_of non_hepatectomy 0.0125 —0.0991 0.1067
More than 5 comorbidities 0.0114 -0.0164 0.1769
Jaundice 0.0100 -0.0132 0.1900
Rehepatectomy 0.0030 —0.0052 0.2018
Be married 0.0028 —-0.0075 0.0758
Organ invasion 0.0013 —0.0043 0.1015

M, Bl FCF ARG, FRARN B RV RO, &
N, BEE RSO E IR N, SHAP{E W2 T
B BRGSO TN I A AE ) 2 At ELAT TE )
AR

WE 6L G AR LIEH, BEAGHEFW
BMI. JiZ8f 8 . SR IIALPIE . JEFFIE TR 0918 56
FARL | BEAGATHFVIBRA . M SFIFAmR . 5
HHE 418 U 2 4R A0 XA AR i 248 SR A E /R, i AR
By PR 2 v 0 SR TE 3 109 ALBARGHASE R T 45 5 0] A

T VER. AREATFZE T 4SS A RS R, 4R
EH8AN R ARIE R R (ALPME . ALB{E . EHF
WEF AR IRFAR S . BEAEEATHFIBRA . il sk
FEAER . B LSBT R0 . A AY X 37 T X AR
RN 45 R AT A0 S AR .

FloJ/R TR — A FEA R T A, Hodp A~
FEIEACER — IR TEmk. R AE A ALP=0F15 748 {3 B =
1S T A5 1E T8 52, B85 T I R RE kAR AR
BMI1=22.5F1 H: fll — & KR AF Q08 8 5 Fh I A7 =0
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Figure 5 Partial correlation dependence plot of lesion location and BMI
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Figure 6 Single-sample waterfall plot

ALB=1, #JH=0, AAFHEFARABRTFAL=0, Bk
BATHFUIBRAR=0., =1, WLLBIEAHRAL=0U%S Fti]
AR, FEAR 7L, B2, SKSERRAE R STk R

FHENZREA B BN A< 40.108.
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ARLasF BRI T IR A S B3 FAERL
IR RE R A RES FN . BEAE AR AR F AR
P, FREFAREIEEEX, FAREAIH R AE IE R
A, AEFAREBALIF KAEAEAR T I ALAE 1 L B4 T
1o, WA R A T AR R A0 I i 2 T R i 2 Y )
L FRATTE R R I SR B LR S R, T
TR AT R AIEF AR RAE, [
INEASTHME. eI, Bl RN %
I T 7RAILES 27 2 7 R N UIBR AR J5 9E AR5
P RAE, XSy AT AL 2 > 5T o BT T
PR, P AL SRR (e, T
TGRSR, JUI, B R, S0 i RO o .
BEAb, FRATRHLAR 2 > BB B B 1 k4T T 2 2%
VAR (o FH AR G 5 B 5, RFHAUCTE N
FEIEMIER, LRI MAIROCHTZL, Kk,
DCAMIZE. i FESEe b IE A AR LA 2= > T I B
W J 7R PR SRAEAE R, AT TR SHAPIE Y H T r ik
FERRERL DUSEI e R RO AT iR, IE Y
SHAP{H B MK 512 R AH SC I (E - BOE = i U bR
A S5 AT AR I LA A KU, 1M 615 SHAP{EL I
A TEA A RS

FEARFIEH, AT YA 2053 B DI BRA
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machine learning

Lining Xu'", Weiyu Wang’ & Bo Yang’

' Department of General Surgery, The Second Medical Center & National Clinical Research Center for Geriatric Diseases, Chinese PLA General
Hospital, Beijing 100853, China

2 Institute of Hepatobiliary Diseases of Wuhan University, Zhongnan Hospital of Wuhan University, Wuhan 430071, China

3 Department of Radiology, Affiliated Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022, China

* Corresponding author, E-mail: xu_lining@aliyun.com

Postoperative complications are divided into surgical-site complication (SSC) and non-surgical-site complication (NSSC).
Previous studies have mostly focused on SSC, and no study has yet used preoperative factors to comprehensively assess the
risk of NSSC after hepatectomy. Hepatectomies are associated with a high incidence of postoperative complications. With
the innovation of hepatectomy technology, the incidence of SSC is gradually decreasing, and the severity of SSC is also
gradually decreasing. However, owing to age, comorbidities, and other factors, NSSC remain a serious problem.
Evaluating the risk of NSSC before surgery and providing early warning and intervention to reduce the occurrence of
postoperative NSSC is a clinical problem. Existing surgical risk assessment systems focus on SSC and other single-organ
complications, and there is no systematic model that can integrate preoperative factors and accurately predict the overall
postoperative NSSC. This study aims to develop an efficient and interpretable machine learning model to correlate
preoperative factors with the risk of NSSC after hepatectomy. The dataset for the retrospective investigation and machine
learning of the association between preoperative factors and NSSC after hepatectomy was obtained from 3 national or
regional central hospitals in China (2017-2023). A total of 2053 eligible participants were included in this study. Seven
machine learning models were developed to predict the risk of NSSC after hepatectomy by assessing preoperative factors.
With the area under the curve (AUC) as the main evaluation index, receiver operating characteristic (ROC), calibration, and
decision curve analysis (DCA) curves for each model were drawn to select the best model. Finally, the shapley additive
explanations (SHAP) tool was used to explain features to visualize the decision-making abilities of the selected models.
The extreme gradient boosting (XGBoost) model showing the best performance based on 10 preoperative factors (all being
factors of patients’ own characteristics) was selected to predict the risk of NSSC after hepatectomy (AUC of test set: 0.758,
95% CI: 0.699-0.817, accuracy: 0.859). The calibration curve indicated that the predicted probability had good consistency
with the actual probability. Overall, the DCA curve performed the best. Patient characteristics such as body mass index
(BMI)(average SHAP: 0.0532), lesion location (average SHAP: 0.0272), abnormal alkaline phosphatase (ALP) levels
(average SHAP: 0.0170), history of non-hepatic abdominal surgery (average SHAP: 0.0125), more than five comorbidities
(average SHAP: 0.0114), jaundice (average SHAP: 0.0100), history of hepatectomy (average SHAP: 0.0030), and adjacent
organ invasion (average SHAP: 0.0013) were positively correlated with model prediction, whereas married status (average
SHAP: 0.0028) and normal albumin (ALB) levels (average SHAP: 0.0132) had a negative effect on the prediction result of
the model. The XGBoost model accurately predicted the association between preoperative factors and NSSC after
hepatectomy. BMI, lesion location, abnormal ALP levels, history of non-hepatic abdominal surgery, more than five
comorbidities, jaundice, rehepatectomy, and adjacent organ invasion were positively correlated with postoperative NSSC.
Married status and normal ALB levels were negatively correlated with postoperative NSSC. In this study, for the first time,
we explicitly present the concept of complications at non-surgical-site, and this is the first machine learning-based model
developed to predict postoperative NSSC in patients undergoing hepatectomy using preoperative factors. We validated its
performance in a test set and selected XGBoost as the best model. Ultimately, we developed an XGBoost model that can
predict the risk of NSSC in patients undergoing hepatectomy.

hepatectomy, non-surgical-site complication, prediction model, machine learning
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