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Abstract: Objective To develop an interpretable machine learning model to predict all-cause mortality risk in patients
with hypertension and heart failure with preserved ejection fraction (HFpEF). Methods A prospective cohort of 847
patients diagnosed with hypertension and HFpEF from 3 tertiary hospitals in Shanxi Province between April 2014 and March
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2019 was followed until April 1, 2022. All-cause mortality was used as the outcome event. The cohort was randomly divided
into training (70%) and testing (30%) sets. The training set was used to construct prediction models, and the testing set was
used for performance evaluation. Predictors were selected using the least absolute shrinkage and selection operator
(LASSO)-Cox regression. Six machine learning models, including extreme gradient boosting (XGBoost), logistic regression,
random forest (RF), decision tree (DT), support vector machine (SVM), and multilayer perceptron (MLP), were developed to
predict the 3-year all-cause mortality risk. Model performance was evaluated using receiver operating characteristic (ROC)
curves, calibration curves, and clinical decision curves. The Shapley additive explanations (SHAP) framework was applied to
the simplified optimal model interpret, and restricted cubic spline models were used to explore the nonlinear relationships
After a median follow-up of 4.25 (P,;, P;; 2.86, 6.17) years, 224
patients (26.4%) experienced all-cause mortality. Using the LASSO-Cox regression, 17 predictors were identified from

between key predictors and all-cause mortality. Results

patients’ clinical characteristics, including vital signs, laboratory tests, and imaging results. The RF model achieved the best
performance, with an area under the ROC curve (AUC) of 0.823 (95% CI: 0.693—0.950), accuracy of 84.0%, sensitivity of
82.3%, specificity of 83.0%, and an F1 score of 0.810. Calibration and clinical decision curves confirmed the RF model's
good calibration and clinical applicability. SHAP feature importance analysis revealed that age, estimated glomerular
filtration rate (eGFR), systolic blood pressure, and body mass index (BMI) were the top 4 factors influencing all-cause
mortality in patients with hypertension and HFpEF. Further restricted cubic spline analysis indicated that age > 72 years,
eGFR < 72.9 mL/(min-1.73 m?), systolic blood pressure > 136 mmHg, and BMI > 26.6 kg/m® were associated with
increased all-cause mortality risk. To enhance the clinical applicability of risk warning thresholds, clinically practical
thresholds were selected for Cox regression analysis. The results showed that systolic blood pressure > 135 mmHg
(HR=1.362, 95% CI. 1.020-1.819) and eGFR < 70 mL/(min-1.73 m?) (HR=1.519, 95% CI: 1.135-2.034) were both
significantly associated with an increased risk of all-cause mortality. Conclusions The RF-based prediction model can
effectively estimate 3-year all-cause mortality risk in patients with hypertension and HFpEF after discharge. SHAP-based
interpretability analysis can provide clear insights for clinical decision-making.
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e 7 (100 BRI, BIL 7 2 ST AR B I PR L S T AT

T I & A RPN R Pk . it BT T —
LS B % R P BA A, A $ MO I s G O HFpEF
SEEFCTOCHE RS W A 3R 19 5Lt b, )R I B D7 £ s
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12,1 HdsilcsE (AR N AT R E A SR
AR B B (5 B, FE AR L M IR E R4k
(body mass index, BMI) . ABERFIALEE 0% NYHA 434% .,
AN S — R IE R . IR L IR | A A AN
Bk 1€ 14 & (estimated glomerular filtration rate, eGFR) .
PRZE A WU . %0 582K i i 1] FR 44 K 5T 4 (N-terminal
pro-brain natriuretic peptide, NT-proBNP) . AT I i€ I Ii#
B = T HFUOIR AR R 2R (free triiodothyronine, FT3) | Jif &
FOIR IR 2 (free thyroxine, FT4) 55 52 K % K 2% 48 41 ;
HFpEF # UL & I 5E a0 5 .0 5 . W% DR . =i B I A
2 0 e PR R R 7 L B PR S AR 2R R 2 52y
Wy [ 28 iz 5 ik /- A K (percutaneous coronary intervention,
PCI) 5§ 5 R 3y ik 55 [ % #5 R (coronary artery bypass
grafting, CABG) ] VA7 1E L4 . eGFR A4 LI i i 12
P B WE 95 U 17 9 2 B 7 41 (Chronic Kidney Disease-
Epidemiology Collaboration, CKD-EPI) J7 18 12
122 IS ry i 52303 28 0 i OR R
ARAEZ D 5 min, DARAL LD & FE i, B0
50 JIF A ] — KO o 8 Yl B R T I
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0] R i, 3 4 i 3R A v Y — AR Ry S )
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SR, [ SR R 0
123 NYHA LIIREP 4 i@l iy BRITTAR 35 NYHA
LUIRE G E bR, T HUE ABERTPEAL
124 SEmEKA a8 h G, TS —H
TR SE KA o 4 A s A A A AL (DL 5
2, AU5800) £ W N 2 B2 % 2 M (alanine amino-
transferase, ALT), K & & Mg % % [ (aspartate amino-
transferase, AST). Gl JJH [, Hil = B8 . &% B IEE A
JIH [ % (high-density lipoprotein cholesterol, HDL-C) . {i%
% & i 25 M H [& B (low-density lipoprotein cholesterol,

LDL-C). JRZFE A . WUHF . IR 55 AR A6 b5 o 1l 42
B 3l 1k 27 & Ot 5 9% 3 B A (U 3, CARIS200) 43 Hr
NT-proBNP,

125 OHEER A I 12 2B D0 E R (9
Je, RAGE-12) #E47 0 WL IR A o A 45 1, 12 2 i
A S 006 K i 30K P S5, 3 s F PR ASC N FL T B
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R PR BT E/ a0 H R b, S8 QRS A i 1Y
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1.2.6 A A i B8 7 {X (Philips, EPIQ7C)
PEAT R AT o Wk S M M7, 76 7 B0 ASTS R IC
B Kot BT R A 2 AL B JRE B L 700 B R SR ORI N
e, 2ol 3 J BE R BE AR FR bR, 10 ok A2 Z 5 Il 3 E

127 BTSSR BEHTHEES 1.3.6,12 1,
Z a6 H i g FEYs, BEVI#EUE H 1°h 2022 4
470 1 H., Z&gdifte LR T, a0 g %
BT, InBCar O NURESE . 0 J) R IBIE T, B AMEIE
KARC I R REIET, Ifid st & A if ]

1.3 SEitE A% FIH SPSS 25.0 FfF AT 4L1a] 4k
MIGETT I3 Hr; R 4.3.1 BAFREAT B 25 A2 HE (9 4L B Python
3.7 8% FH T A @A R K2 SHAP 208 . %F T it ekt
A SR s B 2 A o A, LA T AL (Pas, Prg) [M(Pss,
Pis) ] R, WL ] LL 350 R I ST A AR Bk RAG: 465 114K
ORI AL (%) R, 2] HE AR F R 5 () K 36 i
Fisher #fi VIHEH 1k .

BEHLAS 70% 1 8% X o0 g — ISR 46, AR T 1Y
30% [ VR S iy I AR o FE IR Bk
10 728 SCHUE L HE AT REAE 577 28 FIAE AU I 25, HAK 7 vk
RN EARBEALI 532 10 /N, Horb 9 A/
TR IR, 1A/ N T B PEREPRAL o s
IR b i AT BE A I /N2l AR i/ N A T4 B 2
B, BRI 10 K, F T80 SO B 28 2 500
B JE, ES ST B AR AR A AT PEAR O 115
PR R bR o TEVNZRAE Hh, I B/ N 2 XoF Wi 4 1B 453
(least absolute shrinkage and selection operator, LASSO) -
Cox M55k, $2 B4 PRIFE T~ /9 T I X~ 99 A B3
3 ) oK A w6 #2 F (extreme gradient boosting,
XGBoost) . logistic [1]H . FfiA/L &M (random forest, RF) |
e SR A (decision tree, DT) . 32 #:F 7] 2 4L (support vector
machine, SVM) fil £ J2 J& %1 #% (multilayer perceptron,
MLP) 6 Fl L %5 2% >J 55035 44 i =5 1l F& 75 I HFpEF [ 3%
FE T AR AR, FE A 7 KA B A A2 3l A
fiE (receiver operator characteristic, ROC) [l £k i Hh 28 T
1 X (area under the curve, AUC) . WA . REUE . 45
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S BERT F1 VP43 XA 0 5000 P BE 2R A7 PF A, SR FH A T
i 28 A il PR 2 96 i 2k 43 A7 (decision curve analysis,
DCA) X £5 7Y i A% o B R IG IR 36 FH M F 47 37 Al o

SHAP [ & 5 T SHAP {8 4= i 4 K2, I T B 0Lt Jig
71N A5 AR T 285 2R vh %A A8 B 1) T SV HE R S S
& TH AU Y AT g R kR aE WY R . R SCRI ] SHAP
AN SR A ASE Y AT T A RV A b o X T Bk O AR
i, M B R K SRR 1 30% AR &, LA A i O AR AR
TR AN 22 B 4 kD ECRN P RR SR JECRD . X 28 R 2 B0 B
M, PR E RN 7k 25 5 R ge 127 2 X, DL I 45 i B
F S1. HE—20, XA B AN S 8O 5 AR AT Y
FELGORLHEAT LB, e BBk 2R R AROT 1 AN S A B
B FAE AN I A R s A, 2H RSP SR, PR
e A VEFE R 4.3.1 1) MissForestf, "5 X B 2 A5 3
FrEERh . R BRI S 7 AR 25 o3 A s i PR 3R 5 42 PR K
ToZ A AR M O &R, 19 B #E 3 1. R Cox It
5] JRURS: [] U 485 70 43 A7 ML 4 . eGFR 5 A IR FE T 1 56

B, UL P<0.05 HERAGIT¥E X,

21 BEEZHEIM AUFRIA 902 B B E, Hikk
55 41(6.10%) K55, &N A 847 il . HEFI%
WL Bk 70(Py, Pl 59, 79) %, 2 399 4l
(47.1%) o TEHHEBETT 4.25( Py, Py 4 2.86, 6.17) 4F 1
], 224 ] 8 3 (26.4%) KT . fETRAFIET:
B FTEARIS L BMILL A BERT I . NYHA 432% /—\J‘T—
iE CBR PR « o0 B8 ILAE | S8 0o 90 55 ) « 21 400 it A7 e
MLEH . ALT, HEA. ﬁﬂtﬂuﬁ%ﬁ mlﬂa([ﬁé&T
HDL-C). eGFR. JRFR. JRE= A, B, . &, NUSE A 1
FT3. FT4, IgNT-proBNP, QT [8] ¥}, 2.0 RIS, £
P HT G AR L AL PR JEE B L 22 3 S 4 A B/
25 AT 225 WIA T LA K PCT B CABG %575 [fi 22 5%
HAS 8 (3 P<0.05), WL« 1.

1 P B E L B IR TR LR
g s AE 7 WA ey W4 EFORIE RS
(%) [#1(%)] [#51(%)] [#1(%)] (mmHg) (mmHg) (¥K/min)
Fh 623 66 (55, 76) 284 (45.6) 252 (40.4) 153 (24.6) 134 (124, 150) 80 (70, 88) 70 (63, 78)
FETT 224 80 (71, 85) 115 (51.3) 86 (38.4) 36 (16.1) 140 (130, 156) 82 (70, 92) 71 (63, 80)
ZIHl -12.777 2.189 0.707 6.846 -3.675 —2.350 -1.895
Pl <0.001 0.139 0.702 0.009 <0.001 0.018 0.058
- NYHAZ 4 [1](%)] BMI BRI R MLAE RS
%% %% I\ (kg/m®) [B1(%)] [1(%)] [B11(%)]
P 304 (48.8) 257 (41.3) 62 (10.0) 25.5(23.4,27.6) 205 (32.9) 165 (26.5) 49 (7.9)
BT 62 (27.7) 104 (46.4) 58 (25.9) 23.6 (21.2,26.4) 92 (41.1) 31(13.8) 23 (10.3)
ZifH 47.592 -5.972 4.825 14.813 1.223
PlE <0.001 <0.001 0.028 <0.001 0.269
- LR i B JiZE PRIBMECHURESE 18 P RH ZE M B PV B eSS #im
[1(%)] [B11(%)] [1(%)] [1(%)] [B11(%)] [#1(%)] [1(%)]
aar 603 (96.8) 123 (19.7) 155 (24.9) 165 (26.5) 68 (10.9) 61(9.8) 14(2.2)
BT 206 (92.0) 89 (39.7) 73 (32.6) 74 (33.0) 54 (24.1) 59 (26.3) 21 (9.4)
ZME 8.953 35.082 4978 3.491 23257 37.102 21.130
Pl 0.003 <0.001 0.026 0.062 <0.001 <0.001 <0.001
13 LTYNAE AT T JIEAR: A= I3 ALT AST HEH [INCHESEE
(%) (gL) (10°/L) (U/L) (U/L) (g/L) (pmol/L)
e 13.6 (13.1,143)  135(125,148)  183(153,222) 19.0(14.0,29.0) 23.0 (19.2,30.0) 42 (40, 45) 13.5(10.2, 16.9)
BeT: 142(13.6,153) 126 (111,140) 176 (138,227) 15.9(11.0,23.0) 24.3 (19.0, 32.0) 41 (38, 44) 12.9(10.3,17.2)
ZME -7.373 -6.092 -1.071 -4.390 -0.913 -4.079 -0.330
Pl <0.001 <0.001 0.284 <0.001 0.361 <0.001 0.741
gl I kI A HDL-C LDL-C A [ Hih=n eGFR
(mmol/L) (%) (mmol/L) (mmol/L) (mmol/L) (mmol/L) [mL/(min-1.73 m?)]
yaary 5.2(4.6,6.2) 5.00 (4.80,6.78)  1.0(0.9,1.2) 2.4(1.9,3.0) 4.0(3.4,4.8) 1.5 (1.1, 2.0) 80.7 (65.9, 95.3)
BT 5.3 (4.6, 6.6) 5.98(5.00,6.21)  1.0(0.9,1.2) 2.3(1.8,2.8) 3.8(3.2,4.6) 1.2(0.9,1.7) 59.1 (40.9, 80.0)
ZifH -1.021 -9.931 -1.131 -2.025 —2.682 -5.047 -9.282
PlE 0.307 <0.001 0.258 0.043 0.007 <0.001 <0.001
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g&RA
il PRIR RER ap L A LB EE T FT3
(pmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (pg/L) (pmol/L)
1 347 (285, 415) 5.6 (4.5, 6.9) 40(3.8,42)  141.0(139.0,142.3) 104.0 (102.0,1063)  0(0,0.2) 436 (4.29, 4.43)
T 378 (291, 473) 7.0(5.4,10.4) 4.1(3.8,4.5) 139.3 (137.0, 141.0)  103.8 (100.0, 106.0) 0(0,0.4) 4.36 (3.98,4.75)
Z/XZ{E -2.973 —7.577 =3.777 -5.533 -2.996 -2.112 —2.954
PfH 0.003 <<0.001 <<0.001 <<0.001 0.003 0.031 0.003
151 FT4 TSH 1g[NT-proBNP QRSIEHIR QTIHIH EOFERER Ao ERER
(pmol/L) (mU/L) (ng/L)] (ms) (ms) (mm) (mm)
1 13.04 (12.11,13.92)  3.01 (2.14,3.76)  2.5(2.3,2.9) 93 (85, 102) 422 (404, 446) 38 (35, 41) 34 (31, 39)
T 13.24 (12.76, 14.52) 3.01(2.31, 3.89) 3.1(2.7,3.5) 94 (86, 106) 436 (412, 470) 39 (37,43) 36 (32,45)
Z/XZ{E —2.343 -0.313 —10.136 -1.716 —4.739 —4.895 —3.221
PE 0.019 0.754 <<0.001 0.086 <<0.001 <<0.001 <<0.001
g = AR5 AOEEKRRY ZOERBERE AOEWER AEGINAEC Bl MRS T 2525%)
(mm) P94 (mm) (mm) (mm) (%) [51(%)] [51(%)]
peden 109, 11) 49 (46, 52) 10.0 (9.0, 10.1) 21 (20, 24) 60.0 (55.0, 66.0) 581 (93.3) 566 (90.9)
BT 119, 12) 48 (45, 52) 10.0 (9.0, 10.6) 21 (19, 24) 58.0 (54.0, 65.0) 190 (84.8) 189 (84.4)
Z/XZ{E —2.163 -1.212 —0.056 —0.053 -2.032 14.359 7.136
PE 0.028 0.225 0.955 0.958 0.042 <<0.001 0.008
g EFIRTEIRBINKSE 2 ACEI/ARB PIZAABELT 37 FIFRF 5 SO B 24 SR PCI/CABG
[1(%)] [11(%)] [51(%)] [#1(%)] [1(%)] [#1(%)] [51(%)]
Pt 505 (81.1) 349 (56.0) 160 (25.7) 319 (51.2) 159 (25.5) 34(5.5) 189 (30.3)
T 174 (77.7) 113 (50.4) 37 (16.5) 154 (68.8) 109 (48.7) 21 (9.4) 39 (17.4)
Z/XZ{E 1.184 2.064 7.752 20.571 40.785 4.164 -12.777
PH 0.276 0.151 0.005 <<0.001 <<0.001 0.041 <<0.001
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