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[Abstract] Objective Heart failure (HF) complicated by acute kidney injury (AKI) significantly impacts patient
outcomes, and it is crucial to make early predictions of short-term mortality. This study is focused on developing an
interpretable machine learning model to enhance early prediction accuracy in such clinical scenarios. Methods This
retrospective cohort study utilized data from the Medical Information Mart for Intensive Care IV (MIMIC-IV, version
2.0) database. Data from the first 24 hours after admission to the ICU were extracted and divided into a training set (70%)
and a validation set (30%). We utilized the SHapley Additive exPlanation (SHAP) method to interpret the workings of an
extreme gradient boosting (XGBoost) model and identify key prognostic factors. The XGBoost model's predictive ability
was evaluated against three other machine learning models using the area under the curve (AUC) metric, and its
interpretation was enhanced using the SHAP method. Results The study included 8028 patients with HF complicated
by AKI. The XGBoost model outperformed the other models, achieving an AUC of 0.93 (95% confidence interval [CI]:
0.78-0.94; accuracy = 0.89), while neural network model showed the worst performance (AUC = 0.79, 95% CI: 0.77-0.82;
accuracy = 0.82). Decision curve analysis showed the superior net benefit of the XGBoost model within the 9% to 60%
threshold probabilities. SHAP analysis was performed to identify the top 20 predictors, with age (mean SHAP value 1.29)
and Glasgow Coma Scale score (mean SHAP value 1.24) emerging as significant factors. Conclusions Our interpretable
model offers an enhanced ability to predict mortality risk in HF patients with AKI in ICUs. This model can be used to

assist in formulating effective treatment plans and optimizing resource allocation.

[Key words] Acute kidney injury Heart failure Machine learning Predictive model MIMIC

10> J1 5% (heart failure, HF) J&— ™ 8 fi l A= i i AT, S Rt 6 40007 N, 1EH E 65 L Y
SR AT, HOR R m | FET R, AN AR R 10% . EAEHPRRT R IUH, K
) A AT B0 4% O B PR AT . S A

ZOZZ;SE(;Ifj;;ﬁr%ﬁ%ﬁé(No. 82300848 ) F1PU )14 FH-H T H BT A2 H (No. (acute kidney injury, AKD) 2 I %58, U T HE 22 il
A W{EVEH, E-mail: subaihai@scu.edu.cn ﬁﬁ*ﬁﬁ%ﬁ ﬂﬁﬂ s /ﬁ\: EF' é/l\%%ﬁ E{J%J‘E:‘ {ﬁﬂﬁﬁ%‘%&% é/l\%%

14 F1193: 2025-01-20 B R, TOE IR AR, DA T 5 300 JE A0 B U [+ 1 32



mailto:subaihai@scu.edu.cn
mailto:subaihai@scu.edu.cn

184 PUN S22 (B2 )

% 5645

1, BG5S 25 A 1E (cardiorenal syndromes, CRS)™, T #l
O F LR BRI TE SR O IEE N BB & LR AKT, A SR B
TR, 24% ~ 45% [ 20 11350 (acute heart failure, AHF)
B2 KA AKL, JEH R AR HAE W 4799 5 (intensive care
unit, ICU) A & v, AKIAEAE 7 45 468 e ) R 40 A 281
FET e

H T, HEJf & AKIR EARBLE M AT . A58l
A, HFZ: 3004 B A2, DTS B JUERE 302, 51
B AL, BT BAKL (R, LA E S T A S
26 B R - IR AR - RGeS L, A5/ Nk
RFEAR, B EA K BRI, S BOK B R SR O
B, I BOETEIEAT . R EAEH], A E S, M2
I 8 I, A AR A B T 1], SR 23 28 5 Y
FETZ A o A RHIE SCHFAYT AT LA BGE 38 g, (H
i B A e JeT- . Bk, K4
A A HAE HE B 5 AKTRY B8 & S o0 b2, DA Il
PR BRI YT 5 8, RS AE DRI T ] . ARNSERY 2, B
XX — B TR A

AR, N TR BRIz 1 TIRR VF 2500 1 1]
TVEREbR . % THLAR = ) BA AR LM oC R A ke
P, Ok B 22 (A 98 T T A R0 AL GE i e i 7™ P
SPRRLG, WF R4 E W ITAl (sequential organ failure
assessment, SOFA) . A FUAME Mt R vEAl 1T ol faifk
VPR FEVE A3 1T, T S 1] 5 T AL 2% T T A
RISy B3 IR T AR SR A R P AR AL A
W R T RAF A PERE, (H B TR I PRI v iy 1
TEFE R0 T T95 5 90 i S0 ) T g e XU Tt IS AU AT SR
AR

AWFFERY H R T A — ] g R A, A F ik
B AR W 4 B8 i MIMIC- IV B ICU H HF & JF AKLE
HWFCT R o A, fd 705 A hn 4 f# B (Shapley
additive explanation, SHAP) J7 ¥ fift BER it if &8 12 T
(XGBoost) BRI R EHF& I AKIF BUR R % .

1 #REHE

1.1 HHERiE

AHIFFEE B0 I8 1 MIMIC- IV 508 i, X f&—4
FRRAS B T A BRI A TE HL G 3R 025 A M FhE W b B
. B 1 2008-20194F, TR - DU A5 Lo
B B 32 ICURIT Y 1 70 00044 R H (15 E . ABFSE
ELFRAS T %A e (A E (LXY, TATIES- 12059504 ) .
1.2 £EEE

MIMIC- IV 54 22 1) £ 57 B 3R A5 JFR A8 BT 2% B F1 DL

WA S Lo BT rhuO iU A 2 s it TR
AR RE AT T BB DR R RL . AR R
[ B A 5, I T KA T 22 WS e i ik 4
79 )(STROBE) #EAT T 445 .
L3 FRAEFMAN

&SN AKIRE V182 L I HAE BRI A8 1T
48 hi B . HEBRARHE: O ABHE BRI BT 5%; @HELL
{EER M 7 B 1S5 DU A s BFE AICURTIZ B 24K
BB . AR Bk B 15 2141 (Kidney Disease:
Improving Global Outcomes, KDIGO) #5742 W AKI, 1%

BT HLE T ILTE WU (serum creatinine, SCr) 7K IR &

ke H—BrBoE CHTERT7 dINSCrig N = 1.5f5 34 (H
BY7E48 h N SCriiNo.3 mg/dL, 56 hJR #<0.5 mL/(kg-h) .
5 B B R SR SCrg N = 2. 0 BE L 512 h R <
0.5 mL/(kg-h). 2 = Fr Bt A9FF SR SCrithn = 3.0f% 3Lk,
SCr =4.0 mg/dL, JF4A B MER LR YY (RRT), 5024 hf i<
0.3 mL/(kg-h), BFHFEICUABERT6 hZE ARg)548 hPy R
JEKDIGOFEFI B IZ Wi W AKT., SELRSCrif (19 2 7E AKTIZ
Hii7 APy mi48 hiN Y BRI AE
14 HIERE

g5 Ry UM R ABEIF 30 AR e RBET- %, BE AL
it A2 30 L (5 4544 Ak A5 015 = (SQL) FlPostgreSQL T H.
(MA15.1) AMIMIC- IV %5 2 Fr 4R B - S 3 il 1
FREVUNGEER . WKSE SR s 28 R AT
ARG MIKSECAIFRAERE | R VERI O I
W4 E (systolic blood pressure, SBP) | & 7K &
(diastolic blood pressure, DBP) . F# 3} ik (mean
arterial pressure, MAP) . 28 ¢ & I FlJ¥ (peripheral oxygen
saturation, SpO,) . AN HZR | {ff FHIFIHLLL BB IE:
fRIBYT (renal replacement therapy, RRT), L ZE S5 1
FERIAHE . ). BB IRl Bk =3k . FLIR . IR
Z % (blood urea nitrogen, BUN) K, SCrak ¥, JRiE .
BB SN RSN /MR ZT40HE (red blood
cells, RBC) . ZL#AE 4347 %)% (red cell distribution width,
RDW) | FEH A i {AF (mean corpuscular volume,
MCV) . EFrtr#fEfL 2 (international normalized ratio,
INR) 1 19 4 Jifd (white blood cells, WBC) , ASHFFT BRI
I BRg e 5325 (ICD-9/10) AU AR T LN Hh i 1
Ol = MU WE DRI . TR Bl KB s | 0 1 BEL 2 e it
(chronic obstructive pulmonary disease, COPD) , & i
T LR | O B BREN | e | AR IRBEAE . PP R GE
f2ESOF AT 43 FAS LT HF Bk 53R (GCS) 1547, B8
HYHAT TR X THZRICUABR RS, RAH



B RRE AL W AR AL A o S BT T 0 7 3 £ I Sk B 4 R A B M Y

1M

ISR A T m] ik A B 7T 185

A BE (BB TEAE N o ARFSE 6 L B AEICU ARG
Hi6 hAIABE 548 hiN By 1 U it (B Ry SRR B . it
S, SRl G 5, AT I A S AR TR B )
TEREFNTHE o
15 BRREAME

AWFFAEHEER TR B R 5% B E I, R T
ZE AR ANERAC BRI RS . T R 1R BB R (Y
DT 30% . Kods ik E g BEAL B, JOF M HIRIE &
(v4.2.2) 1Y “mice” AL 328, 38 5 1A A4 7 ik EA T4
o FUABE AEANREC ) 5 W, e RIEARIKECH 51K,
DA R A LA PR 4D
1.6 #HBEFEIJEEERE TASHAP

AT HISHAPHEA T B AL 1 B . SHAPZ—
o P TR TR A A R X B 28 T 45 R ) DTk 52 01
B9J7 1 SHAPE RE S WA i 7 4 B 22 xk H AR
45 R 19 IE DTER B 5 DTHRFRE o {fFHSHAP Python R f(3
P14 BRI SOR VA7t T 4 R ALE XS TN A5 43 IR 52 ), G2 e
F T G T R A B N RIE Y P . FE R IRAE R
oh, ARBIETE S T R AR T R 12, B I T de N )
AERIABR, M AR B — A A A
L7 FIHFERE

FTA MG A8 T /3438 14 RiFE = I Python
31258 Mo AT ISR, (T (E AR 22 R i i
XF T AR TEAS G (442 1, DU 0 437 550 el A e 67 4
SRAIR, TIAE P ZE ) R4 T LEACE, 1 T Wilcoxon kAl
B, X T, WRLE > AU s, iR
5K 55 5 (4 T A A3 AN T 1OR ) Fisher B A6 56 5 43
AR 22 5% . ABFIOH B A9 ABIFIE 0 3 53 I 5
H(80% ) A IELE (20%) o 4T HLAR 7 > B R ——
XGBoost, #4515 (logistic regression, LR) , FENLER M
(random forest, RF) FI#i £ [ 2% (neural network, NN )4
T & S AR . XGBoosth Al i B T # A £ i
2000, By ERORTEREE 12, FEALARMRI BB B 1A% 1 e K
TREE6, LA KR % 1000, 28 I 48R0 1) 2400 1
FEE PRECH tanh, R0 000, BRUZ S5 14
(200, 3), HABZHIG R e (I RRAS OBRIAEL . 725 (10
BB SR FZ A B BOA S B S, ORI T .
scikit-learn 1.5.2, numpy 2.1.3, xgboost 2.1.3, BEAFERIL
AU 3 RS R RRIE I 4R A TP (area under
the curve, AUC) R IFAL . B IEARIRL Ayl R, fk FH
PE AT BEH R A L E 1 T FANGYT, PRUHA BT R B 11
RS PR E 7E85%, THE LI A HERA 1 . R E TR
fH. ABIEFIFLS 5 oAb, AR HAT TSR 4k

43 #7 (decision curve analysis, DC A, ZAMTE TR
TR ME T M2, FH DA 21500 7 S B 5 i
PR M. I PR B X Bt — 2 T Fi
ﬁﬁﬁﬁzﬁg%d\ﬁfﬁmlo

2 #R

2.1 BEYHE

TEMIMIC-IV H5 8 028(IHF &I AKIR &, 4357730
B2 W A J5 2 MEHF Y AT R 3 B 436 E A5 1Y) o
LPAFI R BFE TR A R E TR . R RIS A
2R3 B AR 1980% (n=5 864 ) HEATR I 24, Kl 4k
1920% (n=1466) HATHIARIIIE . 31T B AP, A
WFFEAES 41201 8 5 (9 FEfh b= Az 1 4740 26 0 R+,
IXLE TN N 2 TR & . RN ZRER AR, 30 d4
PAET- 5 M20.15%(1034/5 131), MK EHE 4 HH i pE T 3
4120.38%(448/2199) . F1E/R T 1EIIZRAE N4 2
(i) 8 T A5 £ LA

Patients with HF (n = 17 969)

Excluding patients who had been hospitalized
>
for less than 48 h (n =7 691)

Excluding patients who were not
diagnosed with AKI (n = 2 250)

4

‘ HF patients with AKI (n = 8 028)

The following patients were excluded:
Patients younger than 18 years old
(n=0)

Patients whose individual data were
missing =5% (n = 125)
Patients with ESRD (n = 573)

A\

Patients included for final anlysis
(n=7330)

1 BEFERER
Fig 1 Flowchart of patient selection

HF: heart failure; AKI: acute kidney injury; ESRD: end-stage renal disease.
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Table 1 Baseline characteristics of the study population

Characteristic Train set (n=5864 ) Validation set (n=1466 ) P
Agelyr. 74.22+13.16 73.92+13.08 0.43
Sex/case (%) 0.18

Female 643 (43.90) 2693 (45.90)

Male 823 (56.10) 3171 (54.10)
Ethnicity/case (%) 0.57

Asian 21 (1.40) 130 (2.20)

Black 128 (8.70) 495 (8.40)

Latino 47 (3.20) 137 (2.30)

Others 264 (18.00) 971 (16.60)

White 1006 (68.60) 4131 (70.40)
Heart rate/min”~', M (P,,, P,.) 86.00 (75.00, 101.00) 86.00 (75.00, 101.00) 0.93
SBP/mmHg, M (P,;, P;,) 119.00 (103.00, 136.00) 118.00 (102.00, 135.00) 0.10
DBP/mmHg, M (P,s, P;:) 63.00 (53.00, 75.00) 63.00 (52.00, 75.00) 0.04
MBP/mmHg, M (P,;, P;;) 79.00 (69.00, 92.00) 78.00 (67.00, 90.00) 0.03
Respiratory rate/min~", M (Py;, P;;) 19.00 (16.00, 23.75) 18.00 (16.00, 23.00) 0.08
Temperature/ °C, M (P,;, P;;) 36.70 (36.33, 37.06) 36.67 (36.28, 37.00) 0.02
SpO,/%, M (P,s, P;5) 98.00 (95.00, 100.00) 98.00 (95.00, 100.00) 0.17
Hypertension/case (%) 799 (54.50) 3178 (54.20) 0.86
Diabetes/case (%) 624 (42.60) 2407 (41.00) 0.31
Coronary artery disease/case (%) 804 (54.80) 3145 (53.60) 0.42
COPD/case (%) 266 (18.10) 941 (16.00) 0.06
Malignancy /case (%) 173 (11.80) 623 (10.60) 0.21
Liver disease/case (%) 188 (12.80) 760 (13.00) 0.92
Deficiency anemia/case (%) 736 (50.20) 2954 (50.40) 0.93
Atrial fibrillation/case (%) 323 (22.00) 1189 (20.30) 0.15
Shock/case (%) 341 (23.30) 1443 (24.60) 0.30
Sepsis/case (%) 1020 (69.60) 4089 (69.70) 0.93
Anion gap/(mmol/L), M (P, P;;) 15.00 (12.00, 18.00) 15.00 (13.00, 18.00) 0.72
BUN/(mg/dL), M (P,;, P,,) 26.00 (18.00, 41.00) 27.00 (18.00, 42.00) 0.74
Serum creatinine/(mg/dL), M (P,;, P.;) 1.20 (0.90, 1.80) 1.20 (0.90, 1.80) 0.33
RBC/x10”L™", M (P,;, P,,) 3.65 (3.09, 4.23) 3.63 (3.06, 4.21) 0.50
RDW/%, M (P, P,.) 14.90 (13.90, 16.50) 14.90 (13.90, 16.40) 0.84
MCH/pg, M (P,;, P,,) 29.90 (28.13, 31.48) 30.00 (28.30, 31.50) 0.43
MCV/L, M (P, P;s) 91.00 (87.00, 96.00) 91.00 (87.00, 96.00) 0.94
Hemoglobin/(g/dL), M (P,;, P,,) 10.70 (9.10, 12.40) 10.70 (9.10, 12.40) 0.79
Hematocrit (M [Pss, P.]) 33.20 (28.10, 38.20) 32.80 (28.00, 38.00) 0.52
Platelets/x10°L™", M (P, P,.) 202.00 (146.00, 270.00) 200.00 (148.00, 268.00) 0.66
PTT/s, M (P, P,s) 32.70 (27.90, 42.38) 32.70 (28.00, 41.82) 0.96
Potassium/(mmol/L), M (P, P,;) 4.25 (3.80, 4.80) 4.30 (3.90, 4.80) 0.93
Sodium/(mmol/L), M (P,;, P;) 139.00 (136.00, 141.00) 139.00 (135.00, 141.00) 0.48
Calcium/(mg/dL), M (P,s, P,;) 8.40 (8.00, 8.90) 8.50 (8.00, 8.90) 0.22
Chloride/(mmol/L), M (P, P,;) 103.00 (99.00, 107.00) 103.00 (99.00, 107.00) 0.93
Bicarbonate/(mmol/L), M (P,;, P;) 24.00 (21.00, 27.00) 23.00 (20.00, 27.00) 0.13
SOFA score (M [P, P,,]) 6.00 (4.00, 9.00) 6.00 (4.00, 9.00) 0.63
GCS score (M [Py, Pys]) 14.00 (10.00, 15.00) 14.00 (10.00, 14.00) 0.35
AKI KDIGO stage/case (%) 0.99

Stage 1 356 (24.30) 1434 (24.50)

Stage 2 745 (50.80) 2977 (50.80)

Stage 3 365 (24.90) 1453 (24.80)
Vasoactive use/case (%) 826 (56.30) 3402 (58.00) 0.26
Ventilator use/case (%) 808 (55.10) 3267 (55.70) 0.70

SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure; SpO,: percutaneous oxygen saturation; COPD: chronic obstructive

pulmonary disease; BUN: blood urea nitrogen; RBC: red blood count; RDW: red cell distribution width; MCH: mean corpuscular hemoglobin; MCV: mean
corpuscular volume; PTT: partial thromboplastin time; SOFA: Sequential Organ Failure Assessment; GCS: Glasgow Coma Scale; KDIGO: Kidney Disease
Improving Global Outcomes. 1 mmHg = 0.133 kPa.
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Table 2 Performance of each model for prediction

Model AUC Sensitivity Specificity ScFolre Accuracy PPV NPV
LR 0.80 (0.77-0.84)  0.30 0.96 080 082 0.68 0.84
RF 0.84 (0.81-0.87)  0.07 1.00 0.73 0.81 0.96 0.80
NN 0.79 (0.77-0.82)  0.39 0.94 0.81 0.82 0.62 0.85
XGBoost 0.91 (0.78-0.94)  0.60 0.97 088 089 0.82 0.90

AUC: area under the curve; PPV: positive predictive value; NPV: negative
predictive value; LR: logistic regression; RF: random forest; NN: neural

network.
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Fig2 Comparison of the receiver operating characteristic curves for the
four models in patients with heart failure complicated by acute
kidney injury

The abbreviations are explained in the note to Table 2.
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Fig 3 Decision curve analysis for the 4 predictive models showing net

benefits across various threshold probabilities
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Fig 4 The weights of variable importance
SHAP: SHapley Additive exPlanation; the other abbreviations are explained
in the note to Table 1.
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Fig 5 Analysis of SHAP values
SHAP: SHapley Additive exPlanation; the other abbreviations are explained in the note to Table 1.
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