© 152 - o rh P R4 A A 2026 4F 4 F 45 33 4545 2 1 Chin ] TCM WM Crit Care, April 2026, Vol.33, No.2

iR -
E Tl ez SINRSERR OIIRG EE
ST XU T A B A

FHAT R Fem o xFe " DR Mk &Y

U B S 2 I I B T SR VTR BT 210029 5 % B BT R 2 R — e PR S 2 VTR R
210023 5 ° VLS T EBEFAE EEF A TTIRET 50 210029

WAEVEH « JEFE, Email : athena2004112@163.com

[HEE] Br ST THLEE 2R S MFRRE A & % (SRMT) f 35 50T AU FII R 26 iy g 2 5 56
SCELSRMI BB E P RIS RS . F7ik T3 E EAE B B 2A 5 B 2 (MIMIC-Tv1.4 F1 MIMIC-IVv2.2)
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AL R H 1789 fi], BFAE R 1 117 . RFA-SEIFE HEZLRZAFHREH 10 AN ORHE , B35 MFLER (Lac ).
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FRIMLIGE S MM HPUE 2 . FET ERARAEREE 7 FHLAR A AR FE FL 3 a2 IR IE A, RT AR Bl AL
ZihH TAERHIE h4: (ROC 1£8) FHIFL (AUC) 47 0.758 [ 95% 1] {5 X [1] (959%CI) Hy 0.736 ~ 0.779 ), K51 % -
A EIZ(PR) AUC 2 0.693 (95%CI 4 0.676 ~ 0.710), FMEFEAELS R Bon , RF AALEA Rz LEE 71, AUC
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[Abstract] Objective To develop and validate a machine learning-based predictive model for mortality risk
in patients with sepsis-related myocardial injury (SRMI), aiming to achieve early risk stratification. Methods Pat
ients with SRMI were identified from the American Medical Information Mart for Intensive Care (MIMIC-Illv1.4 and
MIMIC-1Vv2.2), with MIMIC-IVserving as the training set. The model variables were selected using a two-stage random
forest (RF) feature selection method, which included recursive feature accumulation (RFA) and sequential elimination
with incremental feature evaluation (SEIFE) to achieve variable reduction. Multiple machine learning models were
developed and evaluated using five-fold cross-validation and external validation. Model interpretability was assessed
using SHapley Additive exPlanations (SHAP). Results A total of 1 789 patients from MIMIC-IV were included as the
training cohort, and 1 117 patients from MIMIC-1Il served as the external validation cohort. Using the two-stage RFA-
SEIFE, 10 key features were ultimately identified, including lactate acid (Lac), urine output, temperature, activated partial
thromboplastin time (APTT), alkaline phosphatase (ALP), mean arterial pressure (MAP), hematocrit (HCT), age, invasive
mechanical ventilation, and antibiotic use. Based on these features, seven machine learning models were developed. In
five—fold cross-validation, the RF model demonstrated the best performance, with an area under the receiver operator
characteristic curve (AUC) of 0.758 [95% confidence interval (95%CI) was 0.736—0.779] and a precision-recall (PR)
AUC of 0.693 (95%CI was 0.676-0.710). In the external validation cohort, the RF model exhibited good generalizability,
achieving an AUC of 0.837, a PR AUC of 0.757, an F1 score of 0.688, an accuracy of 0.800, and a balanced accuracy of
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0.768. Further multidimensional evaluation showed good calibration, with predicted probabilities closely aligned with
observed outcomes. Decision curve analysis (DCA) indicated a higher net clinical benefit across a range of clinically
relevant threshold probabilities. The Kolmogorov-Smirnov (KS) curve demonstrated good discriminative ability (KS =
0.518). Risk stratification analysis revealed a progressive increase in mortality across higher predicted risk strata,
indicating robust stratification performance.SHAP interpretability analysis identified urine output, invasive mechanical
ventilation, and Lac as the most influential predictors. Specifically, decreased urine output and elevated Lac levels
were significantly associated with increased mortality risk. Conclusions The machine learning-based RF model
can accurately predict mortality risk in SRMI patients. The model is simple, interpretable, and shows good potential for
clinical application.
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JHEFEAE 2 R 5 | K i 2 e S I R A -
B e S A i E S RERRAT , & A PR EAE BE 27 9
ST A S TR AT R, Ak
FRAEL LA WRBEARE 4 900 T3 191, AHOCHET 8 E B ik
1100 J3 ], i 4Bk BT T 3 B0 19.7% 20 ik
FERE A O WL 4% (sepsis—related myocardial injury,
SRMI) J& R BEAE # UL 5™ B JF K hE =z —, H& A4
AL Ik 50% ~ 70% , EEFRIU A CNUBEEAR bR AN
WUES 8 . N A i A 64 K AT A& (N-terminal pro-brain
natriuretic peptide, NT-proBNP) ] F /5 A 0> JJ GE Fit
00, BSOS, SRMI &AL 5 AT %
(R FEA R VI OC , ATl 28 d LT 2 30% ~
40% "*o IS B B £ E ST 0T, SRMI R AR L
il 6 S AE P 7 XU | UG PR R | 48U Ak AN 2k
AL 2 A LIRS A 7 S

S RPN SRMI X e 1 fs 2 6 H 2 1
H il PR 0 KU PPl TR (an St AR e 5
12 Pt FER B BF 43 1T (acute physiology and chronic
health evaluationll, APACHEID), J7* 5% #} ' %£ i I¥
ﬁj\(sequential organ failure assessment, SOFA) M
PRI RR S P TN R B XA R Bk
i C4n WLAS 2 1 B8 i FL AR (lactic acid, Lac) ) BA]
P 0 WU 49 A B EX6) A8 2 e S B0 T 1 il ofe
WA 2 (32038 TAEFRRE Hh 26 (receiver operator
characteristic curve, ROC [ £&) T 1A  (area under
the curve, AUC) % <0.750 )1, R, 57 —Fb
BT ZYE I R B | RESh SR 2 P R S Y XU
PRI, XJ T SRMI A8 1) 40 XU IR 1) BLA E
SRS AR, LR 2] HORTE R BE 2 U 1Y)
IS PO B BRI, R T REHLAR bR

(random forest, RF). Wb 5 32T} (extreme gradient
boosting, XGBoost ) B A1 25 [ 4% 5 S0 by 42 114 I A
FET- TN A Y | L A 4% 48 % 4 181 15 (Logistic
regression, LR) JrEt T SR, R AT 6 L A
SRMI AHERAILER 7= T W5, A B AL 3k A7 7R AR
TOAY i3 S AT R RS A ), BR ] T LA
I RIS R ) 5 0

A WE 58 A S8 I EROAE R B BE o A R R
J%& (Medical Information Mart for Intensive Care,
MIMIC-IIT At MIMIC-IV ) fifi 16 45 5 SRMI 12 1B s 1
(R R PRI B RF RFAE G EAEZR , €045 186 i =X
FEHE 20 (recursive feature accumulation, RFA) Fllid
TN 22 5 65 ( sequential elimination with incremental
feature evaluation, SEIFE) 3 ¥ 248 & K5 a1, 345 &
Shapley fill 1 fi# #& (SHapley Additive exPlanations,
SHAP) S i A A L A R SREAIL ) o e ik 2 b L%
) VAR T U T B AL (Y PERE , B A —
ol 35 BRI AESCE 1 SRMIT AE T JRUJSS: T8 I 455 78
Syl RSRS8O e AR AR T SR s
RS
1 #REHE
1.1 WFFE R A5 HE AR« >R R B BA 37 T 5
Ji e N MIMIC-TT v1.4 5 MIMIC-IV v2.2 i i%
SRMI %, L MIMIC-IV i)l o)
L1190 A b e AR A PR 5 e o 26 g 0
(international classification of diseases, 1CD-9,ICD-10)
e PR 4B 1T RO 6 47 5 M BEAE 3.0 & SCAY B IR ALE
HAE W 9% B (intensive care unit, ICU) 1) i 22 4E
B, HAEAME ICU J5 24 h W B /D AE7E— TG L
bR &Y T Er (8 IK (brain natriuretic peptide,
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BNP) >100 ng/L.. NT-proBNP >300 ng/L. L 55 &
I T (troponin T, TnT) >0.01 pg/L 5% L /R 3% & [F]
T fiff (MB isoenzyme of creatine kinase, CK-MB) >
5 ug/L ]{1,3,5,1710

112 HEBRARUE : © BRTEAFEMPEC A5 (52
RO 3 S 0 O WU a5 I P SR R I P
FERMEC e ) BOLIEARSS B ICU &5 &
FEIE R PR ST | 1% 2l M R o e R A A g
Bl B 25 A {iF (acquired immunodeficiency syndrome,
AIDS) # 5 B KBl PR 15 b5 (SOFA 343, 0 LR
WA IAE) BERHER R >20% ; @ ZIRALE
ICU AR B B e 5 O BEARIEL AR R Bk
30% # .

1.2 Bl Tikk 5 2 e SR I 4R IR AT 1ICU
J& 24 h NIYBEEZEEE 4G O A F#4FIE - M1
A 5 @ B ERLEETE)  SOFA W4 ARSI R
B P4 (Glasgow coma scale, GCS) A Charlson A
FEREFREL ; B VYT ARG« (FHIBT R 25 W) F0 1l 45
T2 AT A QIDLOE < s @ BRES IFIE - ik i 4
PR S P o | R I R s R R
I AR BRI (T KE ) Bl BRI (PRI R 0E ) B e
P9 3 & AEATIARAE « 0% (heart rate, HR)., 45
(systolic blood pressure, SBP). 75K (diastolic blood
pressure, DBP). F¥3h ik & (mean arterial pressure,
MAP), IS5 (respiratory rate, RR). A& | IR ;
© IS5 Hrdabs : s ki pH (& . 3 ik i 48 53 &
(partial pressure of oxygen, Pa0, ). sk — 48 bbik 77
(partial pressure of carbon dioxide, PaCO,) Az ik # Il
FM A (oxygen saturation, Sp0,) ; @ MK 2FTEHR -
M1 1 (hemoglobin, Hb ), IfiL A HE%¥ (hematocerit,
HCT), Ifi. /M T %X (platelet count, PLT) A [ 41 iy
11 %% (white blood cell count, WBC) ; 118 5
IHREFEFr ¢ 1M FLER (lactate acid, Lac). 4308 (base
excess, BE), B A bk . B2 B . JRE A (blood
urea nitrogen, BUN ), JJL I (creatinine, Cr) A Ifil 4 ;
@ EEIMTIREFEBR < EE LA ] (prothrombin time,
PT). [E FrFrifEfL B (international normalized ratio,
INR) K i Ak &8 43 &€ 1M 1% F§ B 18] (activated partial
thromboplastin time, APTT) ; 40 AF 1 REFE b5 : TN &
1% %% 44 Jiff (alanine aminotransferase, ALT), K& &
PR % % [ (aspartate aminotransferase, AST). Bl I
P2 i} (alkaline phosphatase, ALP) } & JH 21 % (total
bilirubin, TBil) ; 45 JRE 45 28 d SET- . XFERR <

30% By A% K FH K T 2B 58 15 (k-nearest neighbor,
KNN, k=>5) BEA A U/ M i ey 5 BSR4
bR AR IS T . Jr 2 R it oy —JeEg
EZSI7Z W

1.3 FHIEERE  OUACRRELE B TR TSR 1L hE
T3, AT P B B HEFRHE 2R RFA-SEIFE,
345 RFA I SEIFE "', 7£ RFA th, fi Fil RF 5780
(n_estimators =200 FE78 He24 3 2850 s random_state=
42 FoRMEHLFP -, LURIESS v G M) 1R A
B IR R R FHASSNGAIE (out-of-bag,
OOB)IHHF AUC, MHELE 5 I AUC $2THRE <
0.001 i, A PERERE TAEE , B AUC iz i O FFAE
HEMEN RFA LT B H#EA SEIFE BrBt, 1%
FRAE H M TP AR IR 22 1R B A8 1, R R B I o
BUIARARDEHR AUC, 24 AUC T FRIE A
25 22 A (RO N IR EE A 0.005) B Z A BRAS
T INZE 1k 3R AR, DLSE B SSCRAE A2 (7] Ao i 2 3 0
AR

1.4 AR 5 PERESGIE - 5T RFA-SEIFE fifi it
B RO HFAE, B3 LR RF . XGBoost , LightGBM , £
JZ 8% 1 ML (multilayer perceptron, MLP), 37 #f [a] &
HL (support vector machine, SVM) J2 KNN 7 Fi #L #5
)RR BT AR BUTE HAT 43 )R A SRR R AT
WS B SEAA . G2 AT ) i, 1| 2
B B A DB 2R 5 R HOR (synthetic minority
oversampling technique, SMOTE ) Jf-3% FH 4% 8 2 {1
B SH . SMERIIER P S, B S VA AR AL (1472
TePERE. AT B e SR , ZE A1 e e A i fd
F SHAP Fit B Y PR otk .

1.5  Git=#43r 4 Python 3.9(Scikit-learn 1.3.0,
XGBoost 1.7.5. SHAP 0.42.1 . Statsmodels 0.14.0 %§)
KR 431 Gt A T o3 b, SR R E IES
IIARUASSEL + AR (R +5) R, PIGLR HLEBCR
AT A ¢ K5 SR AT G IER G LA AL
B REOIM (Qu, Qu) ) 2, AT LR
Mann-Whitney U Fi . 5328285 DA () FRow, 41
Bl LR x 2 K. U P<<0.05 2 RA Gt
PR BIERPEREPEAL 4R PR AU4E ROC M2k K iR
AUC., ¥ 81 % - A 7] % (precision-recall, PR) AUC .
F1PESY BBURREE | Rp e B M R o

2 & R

2.1 P IEERRRAE LA (BR 1) « ARSI AT
254 SRMI (35 1789 i, Joiib 4 1 117 . KRN
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BE P 54.71% (1 59072 960), 147 4F 1% K 62.00
(51.00, 75.00) % o ££ N 122 R ™ o A B 1
SRR LR, VIR b 5 1 L A3 S R A1, AF 4 B
K, SOFA 43 F1 GCS PEA 418 8 e (34 P<
0.05), M % 3F 5 A1 254 Charlson & FHEAEFE B HLAR
ER G FE X (P>0.05), e/, I
SRARBUIA 2P P | A e 24 it R R R
WGE AR I TR UE4E (34 P<<0.05). FEA T
i 7 T, U 25 S i 0 3575 0 FOE s (R A0E ) A8
F B TR UEAE (38 P<<0.05), 1 52 I
o R S8 LA 34 B A T e kA (38 P<
0.05) 5 B kA FYIZRAE G I8 P It BB | HE IR
(TeIf A ) e B Ny s S 31 LU A9 bh A 22 S 1 0 58
TR X (B P>0.05), 1F5250 % F8 br 5 1, I 25
£ BE. B A Lk . HCT. Hb, FAES T2, Cr &I
BEZK 25 8 50 UE 4 (35 P<<0.05), 177 56 1iE 42
INR. PT. APTT. ALP Fil TBil /K44 07 i i Tl 2%
#£ (4 P<0.05), M4 Lac.PLT,WBC } BUN /K3F-

Lo 22 RG24 (3 P>0.05). 7EA4E ik

E K LS bR 7 T, S E 4R 0 R AL sh kil pH
{8} PaO, 7KF-34 0 5 & TIN5, mil Z:4E DBP.
PaCO, J R &2 B i & F 30k 4E (35 P<<0.05) 5 Bk
R Z4E SBP. MAP., RR. SpO, 2% H 4 T65:
TR (3 P>0.05). FE45 75, I 2R 595 5t
R R FHIEEE (P<0.05).

2.2 FREGHBEZS R (B 1) « 78 RFA P BES FRIEEL
AN, B IR RE R LR T, A 26
FRIER) AUC 3551 0.762, bl 5 PERE$2 TH s T 52
TELEIEAE FEA SEIFE, 762522 [M{H (0.005) & [l N
A BB AR SR AR i, e AT e A5 3 10 0 R
fE, XN, AUC=0.760, 5 RFA BrBeAf L, FefiE g
/D 61.5% , MR RUAN BIVERESUR L TR (A AUC=
0.002 ), % F 12 17 156 5 % 76 A7 250 38 AV R AE 4 2 11 [+
i, BECR RIS E 1 X RE 1. I D FRIE A
35 : Lac, JREE KIR . APTT. ALP, MAP ., HCT ., 4E##%
A BINUAGE TS BT 25

2.3 BEAIMERETEAN « 26T L3R 10 MAZ O RE,
FIREEE 7 FRAILAS 2 AR R E BT 38 R IE

Fz1 EFHNSRFEINREEHEXONBRG BB ELISE
B ks K izl Pl - ERS WiFE 71t "
(1789 fi) (1117 431) 11 (1789 f4) (111743 y
B0 (%)) 8.854  0.003 || BAES B [ mmoliL, 18.00 17.00 $090 <0001
i3 940(52.54) 650(58.19) M(Qu, 0,)) (15.00, 22.00) (14.00, 20.00) ' ‘
ik 849(47.46) 647(41.81) BUN ( mmol/L, 29.00 29,00
1346 0.178
SR, M0, 0p)) 64.00(52.00, 76.00) 60.53(5047,7091) 4102 <0.001 || M(Qp, 0,)) (19.00, 47.00) (17.00, 48.00)
SOFA A (28, M (0, 0)))  3.00(2.00,500)  6.00(4.00, 10.00) -20.807 <0.001 || Cr Cumol/L, M(Qp, Q)] 132.6(88.6,2387)  1238(79.6,221.0) 2216 0.027
GCS T (4, xts) 12924341 13374287 3835 <0.001 || INR (M(0,, 0,)) 140(120, 1.80) 150(1.30,200)  -5.987 <0.001
Charlson & FFIESE AL PT (s, M(Qy, 0,)) 15.10(13.10, 1930)  16.40(1430, 21.10)  -8.082 <0.001
(n0,, Q) 400(200,500)  400(200,500) 1785 00 APTT (5, M(0,, Q1)) 34.80(29.20, 48.40)  36.60(29.90, 49.10) 2433 0015
EHHRZ (1 (%)) 1710(95.58) 909(81.38)  155.902 <0.001 ALT (UL, M(Q,, 0] 4428 4838 an oS
A P L8 B 2 (5 (%) 904(50.53) 496(4440) 10337 0.001 (22.00, 105.00) (26.00, 102.00)
HAUES ( J %)) 1108(61.93) 44(48.70) 49.081 <0.001 || ALP (UL, M (0, Q) 91.90(67.00,132.00) 102.00(71.00, 150.00) -4417 <0.001
T e (1 (%)) 280(15.65) 100( 895) 27,147 <0.001 m[ M0, 00 6937(35.00,176.65) 69.00(37.55,138.00)  0.979 0327
&ﬁﬂfﬁﬁ[ﬁ%ﬁ[ (%)) 364(20.35) 209(18.71) 1162 0281 || TBil (pmol/L, M(Q,, Q)  13.68(6.84,2898)  29.07(11.97,58.85) -13.811 <0.001
RE LR (11(%)) 363(20.29) 338(30.26) 37336 <0.001 || D (K fmin, x£s) 90.34+17.54 945241761 -6.243 <0001
TR (T3 ) (£ (%)) 390(21.80) 265(23.72) 1459 0.227 || SBP(mmHg, x+s) 85.42+19.07 84.88+16.72 0795 0427
TR ( ﬁcﬂ‘-kﬁ )(41(%)) 141( 7.88) 61( 5.46) 6229 0013 || DBP (mmHg, x+s) 4367312319 42.710£11.531 2100 0.036
B fEgeR (41(%)) 374(2091) 205(1835) 2809 0.094 | | MAP (mmHg, x£5) 54.06+1592 52.94+14.79 1925 0.054
EMH&{;@%W %)) 161( 9.00) 178(15.94) 32104 <0001 || RROK /min, v +5) 13.24+4.6 13274420 0183 0.855
Lac (mmol/L, M(Q,, Q)] 260(170,460)  250(1.70,420) 1816  0.069 || K (C,x%s) 37.5141.02 37744099 -5.945 <0.001
BE (mmolL, M((,, 0,))  0.00(=3.00, 1.06) -1.00(-400, 0.77) 3952 <0.001 || kil pH & (x+5) 726+0.14 730+0.12 6,058 <0.001
AR (mmol/L, x £5) 25484550 2439501 5357 <0.001 || Pa0, (mmHg, M(Q,, 0))  60.00(4194, 87.00)  73.00(56.42, 92.00) -9.644 <0.001
HCT (v +5) 0.300£0.069 0.288+0.060 5044 <0001 || PaCO, (mmHg, x+5) 49.99+1594 4539+ 1373 8259 <0.001
Hb(g/L,x+5) 98.91+23.46 95.93+20.04 3651 <0.001 || Sp0,(x+s) 0.901£0.094 0.902£0.095 0472 0637
PLT [ X 10°L, 164.00 169.00 s o0 MR Comol/L, M(Q,, ) 9.77(750, 13.6)  8.89(6.90,11.89)  0.013 <0001
M., 0,)) (102.00,233.00)  (101.00, 262.00) ' 1225.00 1377.00
WBC([)x?oﬁL, 14.80 15.00 R (L M(0:, Q1)) (599.00,2155.00)  (738.00, 2295.00) 29850003
0642 0521 || .
M0y, 0u)) (10.40, 20.70) (9.70, 21.10) Jer- (fil (%)) 702(39.04) 366(32.77) 12.178 <0.001

;1 mmHg~0.133 kPa
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)N RS IE A R DL 20 (A8 R IE Y, RF AL
AUC=0.758,95% A {Z X ]8](95% confidence interval ,
95%CI )} 0.736 ~ 0.779, PR AUC=0.693, 95%CI &
0.676 ~ 0.710 ; LightGBM & BRI LBk Z . AN EIE
SR TR, RE BRI REAPERERAL, AUC 1X 0.837,
PR AUC 4 0.757, F1 3434 0.688, 2 T H A
AY(E 2A FE2B), P53 it 2k 3 BT (decision curve
analysis, DCA) 7R (& 2C), 78I R AT 452 4E 1 [
WA A AR 0 3 2 W e T AR T B
TR F 5. BRIRVER I Bos (& 2D), BiR
XPFET S A W EA RAFIRBIee 1. Rith
R (18] 28), T3 5 SEPReg 1 & A i B —
B, RURCHERE R4 U232 20 B s (18] 2F),
AR B T AU o3 2 4, BN ER S SN g IR
A3 SRR B AR E 1Y 43 2 5 g

Kolmogorov-Smirnov (KS) 14k 534 &/ (& 2G), N

AUC=0.762

FRAE S 2

0
O LEFLSSLAIEFSES RASDIS WD R 0SS Oned
SFFEISTETS SE FRAI I O P

Qggk-

0.800

HREUE KS {H A 0.373, AN Y IE KS {5k 0.518, 1t
ASERY X 43 BE Ry TONARE 3 704 T (11 2H) 23
1E SUREAR BH (5 (1) R 73 B R AIE , 3% BHASE ALy s AR
A AR AT AR . 6 RS e 2 (clinical impact
curve, CIC) s3HritE—25 2B (18] 21), BEEUAEAS ] XL
I 0 (1 47 e e THUA e RURS AT, A R A 1 I DR
Al SR ARG B T | A HEE S I R A
{8, A RF BB R A5 14 S L T AR 2

2.4 SHAP 2341 (& 3) : SHAP 45 fiF 5 2 M 43 #r
7 (B 3A), bR 2 FIAT A B AR 8 A% 55 10 4 o 1 5
MR, HOH AR | Lac IR . APTT . ALP, MAP,
HCT KAl P25, SHAP BEREIR s (1K 3B),
R FIAT QLA 19 SHAP {82015 16 il i), 32
I8 A AT 235 SR 1 5 o 8 B R A S M AR R
ook AR R (B 30), m KB A4 SHAP 27
(B AR ) 1F 1) WS 5 VAT [ 1 — 20 J /s L RUAS A 1Y)

0.800
0.750

0.700

SEHAUC

0.650

— = 0.600
& g
St
Y &
PO

E : A RFA, B 24 SEIFE ; FEAR ISR RFAE T B, P2k 2R A )RR TR AUC 21, BRI R IE i
B 1 RF ZERGHRAERRERELET

R2 ARENB[FEIRBES XEIEESIMPEIEE R A ERE LR
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