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Abstract

Key words

Background and Aims: Extrahepatic cholangiocarcinoma (ECCA) is a malignancy with insidious
onset, strong invasiveness, and poor prognosis, characterized by a high postoperative recurrence rate and
a S-year overall survival of less than 20%. Most existing prognostic models are based on the Cox
proportional hazards model, which is limited by the proportional hazards assumption and linearity
constraints. The random survival forest (RSF) model, a novel machine learning algorithm, can capture
complex interactions and nonlinear effects among variables; however, its application in ECCA remains
scarce. Therefore, this study developed a prognostic model for ECCA patients after radical resection
using the RSF algorithm, aiming to provide precise and individualized prognostic assessments and
support clinical decision-making.

Methods: A total of 515 postoperative ECCA patients from the SEER database (2016-2021) were
retrospectively enrolled and randomly divided into a training set (n=361) and a test set (n=154).
Demographic and clinical variables were collected. Cox models were developed using univariate and
multivariate regression, while RSF models were constructed using variable importance (VIMP) and
minimal depth methods. Model performance was evaluated using the concordance index(C-index), time-
dependent area under the curve(AUC), Brier scores, calibration plots, and decision curve analysis.
Survival differences were assessed using Kaplan-Meier analysis, and interpretability was enhanced
through the use of SurvSHAP and SurvLIME.

Results: Multivariate Cox regression identified seven independent prognostic factors: age, race, income,
T stage, N stage, tumor size, and chemotherapy. The RSF model selected four key predictors: age, tumor
size, lymph node positive rate, and chemotherapy. In the test cohort, the RSF model achieved a C-index
of 0.751, outperforming the Cox model (0.711). The RSF model yielded AUCs of 0.843, 0.749, and
0.814 at 1, 2, and 3 years, respectively, with superior calibration, overall performance, and net clinical
benefit. Nonlinear associations were observed for lymph node positive rate, age, and tumor size, while
chemotherapy was associated with reduced mortality risk. Stratified survival curves indicated poorer
prognosis in patients without chemotherapy, lymph node positive rate >0.1, age >70 years, or tumor
size >20 mm.

Conclusion: The RSF model, based on only four readily available clinical variables, demonstrated
superior predictive performance compared with the Cox model. It provides a reliable tool for
individualized prognosis and postoperative management in ECCA patients. The integration of
interpretability frameworks further enhances its clinical applicability, offering potential to improve
survival outcomes and quality of life.
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R1 BEELREE

Table 1 Baseline characteristics of the enrolled patients
MRH YIZRA MAZH 20
e (n=154) (n=361) r e (n=154) (n=361)
PESNR(%)] N[ (%)]
L 103(66.9)  240(66.5) 1000 NO 75(48.7) 143(39.6)
kS 51(33.1)  121(33.5) N1 59(38.3) 165(45.7) 0.159

WA[ZETE, n(%)] N2 20(13.0) 53(14.7)

<40 000 16(104)  28(7.8) M 73 (%)]
40 000~90 000 78(50.6)  169(46.8) 0519 MO 153(99.4) 349(96.7) 0143
>90 000~120 000  47(30.5)  130(36.0) M1 1(0.6) 12(3.3)
>120 000 13(84)  34(9.4) JE (%))
USRS n (%)) I 9(5.8) 18(5.0)
(S 97(63.0)  248(68.7) il 95(61.7) 224(62.0)
ES 57(37.0)  113(31.3) 0246 il 40(26.0) 99(27.4) 0939
JEAEH (%)) v 10(6.5) 20(5.5)
0] 136(88.3)  332(92.0) 0249 7 n(%)]
Vi) 18(11.7)  29(8.0) 2 44(28.6) 104(28.8) 1000

AF[n(%)] i 110(71.4) 257(71.2)

HA 108(70.1)  277(76.7) 7 (%))
LN 14(9.1) 25(6.9) 0287 J& 105(68.2) 237(65.7) 0.649
oAty ATl 32(20.8)  59(16.3) & 49(31.8) 124(34.3)

T #n(%)] X bk L 45 6 A B % , M(IQR)] 3.00(0.0~13.0) 6.00(0.0~19.0)  0.063
Tl 5(3.2) 17(4.7) JiivgEE A/ Nimm, M(IQR)] 25.00(19.25~33.50) 24.00(18.00~32.00) 0.187
T2 32(20.8)  64(17.7) 0765 PR AE RS [A][d, M(IQR)] 28.50(12.25~42.75) 26.00(7.00~42.00) 0.279
T3 99(64.3)  239(66.2) AEWR[% , M(IQR)] 68.50(61.25~74.00) 68.00(61.00~76.00) 0.736
T4 18(11.7)  41(11.4)

2.2 Cox Lk XU EEY

221 Cox 2R AR ZH Ao HHEZEK Cox M4
LG 1AW EE (B P0.1), L ERER
MAZHE Cox BIH, Z5R B, Fl . AF . I
AL TorWI 0 NAFIT L ARST R I /N 2 5 i 8 3
SV AR TR]Ah Sr TS IR (3 P<0.05) (£2) .
2.2.2 LB E I EE BER. THOH. N
UG N /NI o NV K St o R b = 1 N
Cox LU KU A AL, FFx o8 (B 1) . 451
N, Mk A 8 C 8 Bl 0711 (95% CI=0.691~
0.737), 1. 2. 341 AUC 4% 4 0.839 . 0.749 .
0.743 (B 2A), X R BAA R 40 X 5 H .
3 4 Brier ¥F 43 4 0.167 (95% CI=0.149~0.170) ,
X R A A R R R (<0.25), £ 2B

U0 == 3 2 N (AW e I i e T R A <6
A AR KUBR AL A A R 5 B D T R
AR, TR RURS: 2 A 2 A7 238 N REAH X 2298 . Log-
rank 6 3% 45 R, KU A1 5 AR XU 4 22 E) Y
MR RS (P<0.000 1), Ak, A
BUAEMKREME S AL T alks, 2. 34
BE WS AT A X ML, X RBAE
BRI AER (F2C-E) . 45 LAEMHe sk th 26 32
B, XU [ (B 7E 89%~68% I} H8 34 BE AR 75 45 5 il v i
£, W 2AF R PR M2 L, KUK B E 7E 28%~
89% I Al FK A5 55 i i i 25, 55 3 4R Y T 3R il 46
T XU M TE 39%~91% I} fE 3K 15 58 5 10
Hell g, aX 2% BB AR Oy RO Ok R4 Y I IR 3k
#5 (I 2F-H) .
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Table 2 Univariate and multivariate Cox regression analysis
LGS EZETinin
FSES
HR(95% CI) P HR(95% CI) P

P vs. Z0) 1.308(0.981~1.742) 0.067 0.976(0.707~1.346) 0.881
WA (vs. <40 0003£7T)

40 000~90 000 G 0.746(0.472~1.179) 0.210 0.597(0.366~0.972) 0.038

>90 000~120 000 3T 0.741(0.462~1.187) 0.212 0.709(0.429~1.173) 0.181

>120 000 357C 0.483(0.240~0.970) 0.041 0.443(0.209~0.937) 0.033
WS HRPIRZS (05 vs. ) 1.303(0.969~1.753) 0.080 1.317(0.950~1.827) 0.099
JEAE b (AR os. AT ) 0.849(0.528~1.363) 0.497 — —
INICHEPN)

HoA A Fh 1.049(0.704~1.562) 0.814 1.226(0.786~1.911) 0.369

EIN 2.024(1.251~3.274) 0.004 2.020(1.224~3.331) 0.006
T438 (vs. T1)

T2 1.230(0.563~2.687) 0.603 2.095(0.779~5.494) 0.133

T3 1.782(0.783~4.055) 0.168 2.364(0.999~5.593) 0.050

T4 1.866(0.910~3.826) 0.089 2.886(1.216~6.850) 0.016
N3 (vs. NO)

N1 1.766(1.108~2.815) 0.017 1.347(0.721~2.516) 0.350

N2 2.099(1.531~2.878) <0.001 2.158(1.440~3.236) <0.001
M 433 (MO s. M1) 2.499(1.274~4.902) 0.008 0.657(0.219~1.975) 0.455
RS (vs. 1)

il 2.330(1.133~4.794) 0.021 1.229(0.507~2.983) 0.648

11 2.772(1.308~5.873) 0.007 1.581(0.627~3.983) 0.332

v 5.172(1.164~12.356) <0.001 2.881(0.841~9.872) 0.092
T G vs. 75) 1.081(0.797~1.467) 0.616 — —
ST G vs. 75) 1.734(1.306~2.301) <0.001 2.549(1.849~3.512) <0.001
DX L 435 47 A B P 3.540(1.820~6.883) <0.001 1.725(0.687~4.329) 0.246
ity AN 1.018(1.007~1.029) 0.002 1.013(1.001~1.026) 0.038
P AL TR [ 0.998(0.993~1.003) 0.503 — —
AR 1.016(1.001~1.031) 0.035 1.018(1.002~1.034) 0.025

o 0 10 20 30 40 50 60 70 80 90 100

ARl 30 35 40 45 50 55 65 70 75 80 85 90

Il ' HABNFH _

or 'i"/\ 90 000~120 000 RN

>120 000 40 000~90 000 <40 000 o -

T 474 i N1 T3

N NO ' N2

gy 5

=
BRI 0 10 20 40 50 60 70 80
0 50 100 150 200 250 300 350 400 450

PRI 30 25 20 -5 -10 05 00 05 10 20 25

e 0.95 085 080 070 06 05 04 03 02 0.1

A 0.95 085 080 070 06 05 04 03 02 0.1

SFEAH 0.95 085 0.80 070 06 05 04 03 02 0.1

1 ETF Cox thBIREAZE 5] 2 E
Figure 1 Nomogram based on the Cox proportional hazards model
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——24F AUC=0.749
—34FAUC=0.743

B2 CoxttfIRMEBMNEMNREMETRRME  A: WL 2. 3FMAUC; B: X4 Kaplan-Meier fi1£; C:
BVAERMEMZ; D 2 AEMMEILZE; B SR 3AFEAUMER L Fo B TAFIRSEIMTINER s G: 2B 2R BRI Mt £k
H: 55 3RS I &

Figure 2 Calibration and decision curve analyses of the Cox model in the test cohort A: AUC at 1, 2, and 3 years in the test
cohort; B: Kaplan-Meier curve in the test cohort; C: Calibration curve at 1 year; D: Calibration curve at 2 years; E:
Calibration curve at 3 years; F: Decision curve analysis at 1 year; G: Decision curve analysis at 2 years; H: Decision curve
analysis at 3 years

2.3 RSFi&z! R R B ER R  sh S W R (F3) .
2.3.1 RSFHLA My SR A VIMP 3 Fl MD 32 0iff & 1 X RSF #5580 47 280088, 2 3 8 nodesize=5 5
AR L ARYT L IR RN L DX I B A T A BH M R ntree=1 100 A, A5 (1) 4 8 Fe 1 -
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Figure 3 Development of the RSF model
combining the VIMP and MD methods

2.3.2 RSFAEALFAF  fii ] RSF #5281 0 8 2 2 77
W, Wk 4 ¢ 4E B 0751 (95% CI=0.701~
0.788) , 1. 2. 34EfY AUC 43 %}y 0.843 . 0.749
0.814 (1 4A), FOMAEA R0 X501
X 4E Brier 7743 4 0.156 (95% CI=0.145~0.187) , %
BB A LA R AP R AR PR RE (<0.25) . [#1 4B IR
IR A e DRI 2H AR XU 2 B[R] A2 A Y AR A
Foa s e KU 2 B A A R 5 B PR B A A
B, AR XU 2B AR AR R (LD i) R AR X
G218 . Log-rank Ky 35 45 R B, KBS 41 5 1R KU
M2z AR IIAAE I B 225 (P<0.000 1), It
A, 1L 20 3AERGEINE S5 XML A
X B A R A HERE (81 4C-E) o 2 14F
MU M R W, AU B 7E 8%~69% I i 3 e 4R
PR gl e, 2 2 AR ISR i e 2B, XU [
{H 7E 229%~86% ISt 5E R 15 3¢ = 19 ¥ IS 45, 56 3 4R 1Y
e i e R B, KU B9 7F 36%~90% I} it 4K 15 5
A RS, 3 ER W RE R BE Oy S8 A Ok RAF Y I
RAkzE (E4F-H)
2.4 RSF#%%5 Cox Lk KUK 1R Ay Eb 37

A 5T Xt RSF AR A FT Cox Fb 1) XU 458 20 0k 47 1
AT PR BB VAN o AE X 40 BE T I, DAAS [ B[] a5
B AUCER A, RSFALALL, 2. 34F(% AUC 43510
0.843 . 0.749 1 0.814, Cox Mo ] XKUES L AL 1, 2,
3 4F [ AUC 4 %4 0.839 . 0.749. 0.743; M CF5 %k
K, RSFEIALAY C 48 0751, i Cox 15 AL (1
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A: VIMPIRAFRGIEZE R B: VIMP k5 MD AL &8 i e 45 11
A: Variable selection results using the VIMP method; B: Variable selection results

C 880 0711, 7E % (K VL B8 Jy 10, RSF B AL 1Y
Brier P43 0.156, i Cox 1 &Y 1) Brier P43 4 0.163 .
FEAGWEE J7 T, RSF 57 5 Cox H ] XU 55 20 A L
e LTI & X 4R . 5 DL EINAE, RSFAL
R PERE A, DRI 36k % RSF AR B A Sy fi AR Y
2.5 RSFEBEIMERESMNA

2.5.1 &k ##E FEE X R A SurvSHAP (1) {H)E
TE X DX Bk B 5 6 R BE R L AT L AR DL b
Jo R /INIK 4 A SR B AS VR A Z BT o T XL 45 36 A FH
PR A DL K R RN B R, T I O
TR 4 SurvSHAP () {E A il () 88 A~ HU(E i [ 2
W, FHBEAEMES 2. KR, RELE
o BHPE 22 L A DL K IR R /I o A 28 &5 B 11 52 i
JEAE R R KR, MR BRI E 4
MITETE o ST 1 5 e B SR A TR A SurvSHAP (1) {H
230 -0.1 BT X, H BRI, XML R
T AT X A SR T R AR T W Y B ) 5 R
(E5). Fl6RRTAIT ST, Xk E 25
K B % <0.1 5>0.1, 4E#8<70 % 5570 %, PR
/N<20 mm 5 >20 mm 43 41 B I (] S Ak A A7 Rk
B, Logrank KE B 25 S WoR , ANRIA AR LR
HHEiT#E L (¥ P<0.05) . X—KMER, 574
R XA AR s 8K, o oRAeyr 4l . DXk
[0 25 36 A BH P 2R >0.1 4 . 4R >70 2 41 A b ged R/
>20 mm 4 B4, TG T i A A AR XU o
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—— 14FAUC=0.843
——24F AUC=0.749
—34FAUC=0.814
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—— RSF45 14F —— RSFE524F —— RSFA34F

B4 Cox

Figure 4

b B R EE MK ENREMESRRME A Wik, 2. 34FEMAUC; B: {4 Kaplan-Meier 1k ; C:
BRI Z; D: SF2FRMEMLZ; E: SB3FMMEMLE; F: B 1AERESIIIZL; G: H 240k bl 28 ;
H: 5539 Hekaprihdk

Calibration and decision curve analyses of the RSF model in the test cohort A: AUC at 1, 2, and 3 years in the test

cohort; B: Kaplan-Meier curve in the test cohort; C: Calibration curve at 1 year; D: Calibration curve at 2 years; E:

Calibration curve at 3 years; F: Decision curve analysis at 1 year; G: Decision curve analysis at 2 years; H: Decision curve

analysis at 3 years

Feature importance according to aggregated |SurvSHAP(t)| Aggregated SurvSHAg’lgt) values summary

créaled for the rfsrc model (n=3t

created for the rfsrc model (n=361)
variable — F#f — {€fF — KGHEEEGREEE — MEX) s J [RX)

variable

rfsrc

B A

o
ki< .I\ ".'

o
S
=}
Variable

e
R n-"'—?.."‘.'M' S

AN

R P I .. O .

Average |SUVSHAP(Y)] value
2
2

o
S
8

0.1 0.0
£ Aggregated SUvSHAP(1) value
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model with those from the black-box model: the closer the two curves are, the more accurate the model results)

A: Age 72 years, no chemotherapy, lymph node positive rate 0.24, tumor size 30 mm; endpoint: death, survival time

3 months; B: Age 56 years, received chemotherapy, lymph node positive rate 0, tumor size 10 mm; endpoint: survival,

survival time 68 months
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