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Abstract

Objective: Severe Intraventricular Hemorrhage (sIVH) is a major cause of death and neurodevelopmental
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impairment in preterm infants. Existing prediction models primarily focus on very preterm infants
under 32 weeks of gestation, leaving a research gap for moderate-to-late preterm infants. This study
aims to utilize early multimodal data to construct a machine learning model for accurate and early
prediction of sIVH in this specific population. Methods: A total of 1,831 moderate-to-late preterm
infants were included in this study. Clinical data collected from the prenatal period and the first 48
hours after birth were analyzed. Multiple algorithms were employed for feature selection, and the
predictive performance of 16 different models was compared to identify and optimize the best-per-
forming model. Results: Among the included pediatric patients, a total of 32 cases of sIVH (1.7%)
were diagnosed. The optimal model was the Naive Bayes model. High C-reactive protein levels, ad-
ministration of catecholamine drugs within 48 hours of admission, and receiving tracheal intuba-
tion immediately after birth were independent risk factors for sIVH. Conclusions: This study suc-
cessfully developed an effective machine learning prediction model. It can assist clinicians in early
identification of moderate-to-late preterm infants at high risk for sIVH, thereby improving progno-
sis and reducing mortality.
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1. 518

T E i 55 P4 L IfL(Severe Intraventricular Hemorrhage, sIVH), Bl Papile 432% 11 25 K LA _F i g H i 1],
JER P LT B R B P i B A [2] . 80%% 85%[H 7= JLH A 7E TR 32 % 36 + 6 & 2 [Al[3],
(RIS PR v 5 R 27 BRIR K R A S 72 LIRS < 32 F) iRt . S B N AN 0 /e 72 ) LA PR o
THETE N W M 4] [5], BEFXHEBERIRR TR R TAR EA[6] [7], EX T A R LI
WA A Bt — 540 . HLE%2% 2] (Machine Learning, ML) PR 58 K (A AE IR S A s B 2 3R e 11, 76
P 2 TS R A e v e IOt B K98 73 [8]. RLL “ JBAH” Rtk AR TR (Y mT AR PE[9], fE— e AR LRH
18 T I PR A R 5 51T

AW T & LI B A R BRI 7T, R4 A R ) LR AR sIVH E"J?ﬁbﬂﬂﬁﬁ” K 2 LT R

Lg%, @I e 16 MR, JEINER G AR e B R R A, 22 2 PSR iR A i i
A ERIAIE, AT —A sIVH KU T T A, ﬁﬁfiﬁﬁﬁﬁnﬁmﬁﬁﬁo

2. ERERE

2.1 —RRZER

AW TR R S0 E s 38 KR T 1L R K 2555 & 88 R B AR ) LEEE IR 47 = (NICU) [ HL 1
R RS BTN R i NICU Bua B FTA TR IR L, 45 Rfabs AE B HERZ B 1L 1V 2
IVH. #FiITAIY 2017 4F 1 %2 2025 4 7 H, LgyN 1831 flh i 5= L. BTk s . CT A
HIRGE AT e W, HEE b EE WIRIRELRH € GIT Hs, ARSI b MY, AR A
FARIEITE.

PANFRAE: 1) BGWe AT 32 2 36 + 6 MR )L 2) WA 24 DETR ARG HEBRbRE: 1)
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RAE I AR DT BRI B 5E 8, 2) AT ™ B R VRN T BB AR AR E O . Bs el fe d, KR
BEAT G —fin A AL ARHELL, > AR BT RS, XESRAT R AT N AL B, HEE SRR, ACFRER
RAH . MBRERKZR > 3000085, HAMRKE <30% 1) AL (LA B AF IO (E AN, A S FH A
HORAN) .

2.2. LRIERR

BERITF A (0 T2 45 R AR Fn AL BESIR] sSIVH B ARSI 2 WrbRitE: (EBe S AR — ki 5 . CT
B IRRE AR sIVH & RIZ Iy sIVH,  DUSR™ S — R B 45 R A P B . R L A
CT B SIRA B 45 R AR BRI E R, 2 b4 Papile 7290535 | 9t FM 00U % &
RN L 12 ST O o A A N N, S R A L e BN N, AR
Tk IV G E P, RN A FE RS

2.3. TMEAF

BT AZG LR Meta 20 H7[10] BEAEZRARE A [10 AL KGR W[12], AWFRwE kL 28 4
AT RE 2 B = L sIVH R AE R 2, IR B[R Pk a DL R AN 7T : O REBRSEEAE BL: PRI BR S
AR, S, Sk, R BEEIEREOL. BEREHHLREA RGO 2877 2GRN TR L
@ MR ST 170805 5 0% Apgar 1775 R EEZOETN. REEXEWE . 20E%
FREEAIE IR RIS CSCRE: @ S s 5AHIRNR: B RIE. C MEE. M/ MEH . pHE. —%
Wl S FRRIRIGE; @ 259N : REMEHE LIRE. LRI . ks UnHER . Byik 2
. KE%; ® GIHE: HILREIEGAIE. Fra S BeE T8 LABERT LABLE 48 /N2 Y.
WAL 1.

i#id RF [13]. Lasso [F]J4[14]. Boruta £i%[15]. XGBoost [16]3L 4 Fh 7yt 47 Fill A ik, MR ¥
XA 5 F 45 R IR s IR FEAN A JE R KB AR B AT HEY, Rl I B 77 20 H AR AR B A8 B kAR il

SR
24. BAR

I 2 (R A B R R T € I SRR KOt T e E S 2 [17] AHE 7L prevalence 1525E 79 10.0%
cstatistic v 0.8, MK Ty 4 A, MIARIT AP ifs (R MEA LY 305 1, f/NHIEREAE DY 31 4.
MFPLA AT, FEAREMK, W@NHR SRR E. AU RNHEART S ER. gt
Bris il R GEiH R AFRRAS 4.3.3 58

2.5. BRBEFLZFELB

Y BOESE BRI 53 R VI 25 4E (70%) FIIHASE (30%),  7E VI 5 Hh 8 FH & b 3 SRAF 1T L (SMOTE) 7
AP IE SRR L] o A FUSR T 16 FRATL A8 27 ST A B TH0N Hp e 309 0 = ) L7 2 i 8 N R L) R 2R, L
A EHETHIL. CatBoost 70245 BENLARMR 73 J52% . BRIETRETH 40258 . ARPRAS EH2 T+ (XGBoost). AdaBoost
IR BN KA BRI PR A ARMEFIBI AT S0 2REE . KT AR Kas . AR it
Hr(Naive Bayes, NB). FrmImEAL(ZMERZ) Bl 2ds. kST, @id A RZ, Z2H TIERHE
2 R TR (AUC) S e 3 #2243 BT (DCAYKTIX 16 MRS HEAT PRl 5 LU . S e R ABE Y (1 Py 5 iE,
KHBUREE . Feseth . DN KRB FL B RAR AT SR GV o BEAk, SR A AL T At 2 iy e
e, R PR AHE 5 00 e AR B AT 3 — D
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Table 1. Patient baseline characteristics analysis

1 BEELENSN

B Total (n=1831)  Severe IVH (n=32) Non-Severe IVH (n=1799) p 1
M52, 11(%)] 988 (54%)/843 (46%) 15 (46.9%)/17 (53.1%) 973 (54.1%)/826 (45.9%) 0.527
20 IR D5 [H1(%)] 18 (1%) 6 (18.8%) 12 (0.7%) <0.001
BESIE AT 15 100 [ 4511 (%) 7 (0.4%) 0 (0%) 7 (0.4%) 1.000
I A 5B RE [ (%)) 388 (21.2%) 20 (62.5%) 368 (20.5%) <0.001
{ifi F 2 B2 EL 92 [451) (%)) 20 (1.1%) 2 (6.2%) 18 (1%) 0.046
15 F W3 3% 2,11 [ 511 (%)) 10 (0.5%) 1(3.1%) 9 (0.5%) 0.162
BESE B LA 215 L [51(%)] 9 (0.5%) 1 (3.1%) 8 (0.4%) 0.147
2 ERE[H(%)] 111 (6.1%) 11 (34.4%) 100 (5.6%) <0.001
35 =R E 2, 151(%)] 408 (22.3%) 15 (46.9%) 393 (21.8%) 0.002
B2 RRSL/SIE IE R I8 S S RE[51(%)] 22 (1.2%) 9 (28.1%) 13 (0.7%) <0.001
/NTF RIS LI (%)] 180 (9.8%) 5 (15.6%) 175 (9.7%) 0.236
A _ERREB1(%)] 25 (1.4%) 4 (12.5%) 21 (1.2%) <0.001
{5 R AT 25 [1511(%)] 14 (0.8%) 2 (6.2%) 12 (0.7%) 0.024
4 FH LA ER L2 25 151 (%)) 61 (3.3%) 7 (21.9%) 54 (3%) <0.001
e Bk B IMLAE [491 (%) ] 955 (52.2%) 23 (71.9%) 932 (51.8%) 0.038
A5 FH iR [ 461 (%) ] 209 (11.4%) 9 (28.1%) 200 (11.1%) 0.007
RRECR) 34.8+1.3 34.2+14 348+1.3 0.025
1 4354 Apgar ¥4 9.4+ 1.4 7.7+28 9.4+13 0.001
5 4% Apgar $¥F4 9.8+0.9 8.4+25 9.8+0.8 0.003
H A A4 (Kg) 23+05 23+07 23+05 0.660
15 [l (cm) 30.1+25 29.7+3.7 30.1£25 0.589
3k Fl(cm) 31.8+20 313+25 31.8+20 0.284
K (cm) 458+3.1 453+46 459+31 0.493
R4 2 J5L 7K T (ng/ml) 54+11.1 24.6+27.7 5.1+10.2 <0.001
I/ H (109/1L) 227.6 +75.6 179.9 +87.1 228.4+75.1 0.004
pH 7.3+0.1 7.3+0.1 7.3+0.1 0.071
C 2 F/KF(mgl/L) 45+122 29.5+42.4 41+105 0.002
ZHAAER A R (mmHg) 458+ 11.7 53.5+15.1 457 +11.6 0.006
e BN ()RR, ESARUMME + HFEERIR. IVH: A 1.
3. &BR
31 AOHHE
AW FLIRI B A 7 2017 4F 1 H & 2025 4F 7 H ARG AR LRME B B A TR L, RGN
1831 &R 77 L AT b, A BHPELL 32 1, WHREAL 1799 B(F 1). X —RAFE 2021 4R RN — T

TAREE PR ZE R et R W &, % FEARE B F)L sIVH B 208 1.8% (95% ClI
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1.2%~2.8%) [7].

201742 1 3-202547 B2 i o+ P2 B fih %= P 1L B0 <P e M3 2017481 A 202547 A2 1797 i = N
T (0=2085) P S L (0=39)
il AL HEERARIE (n=286) 35 EHEERARME (n=T)

o 424/ B S ABE# (n=261) o HA24/BE S ABE# (n=5)
o XA FIERHE A& (n=22) o KBRS T B RHR R (n=1)
o A TR SR MEATR & (0=3) o WA E RIS SRR & (n=1)

RIS 7 ot 7= BN 52 P9 £ 0 B e T )L (0=1799) T B NS N LR R A B L (n=32)

FFEXE 8 (n=1831)
VIZREE (70%, n=1281)
H@ I

Figure 1. Flowchart of the study
1. ARRIZE

3.2. ZENFIE

AL iE A RF 500% . Lasso [, Boruta 573%. XGBoost 48 ik H 4 41 B AL &, i
HUPU g RAAed, SR 5 AT T, S 3 MEEEKE. C RMEHAT. 45w
B O 9 5 S R R SO TE TR AU R, B 48 /N1 LT LR 2 . 6
VLI 2. SR C SRR 15 M 22 R A AR ELAE R S S SRR, (B 2R (R RS
AR VAR T, R SPEARTEASI18]. (HIE, Ay Gt 00 (R I T BOAERT A ) LA VP e 18
FERIL, ARFTURLHET RN EACT BB TN . 0T, SAIRIEA 2%, Bl Apgar5 40
Bl P4 B 2 AT L AL A — A I, R ) A LA B R B R T S
M. (L Apgar EAMES— RIS R, AEIROCTERTAN. T ARIEA e RS (5 8, AT 47 2
Pt PR R R o 2 B B TF S (CPAP) PR S5 57K B M %, (1% R 5
CPAP TE IR Bt 2 I T RIS, 3 FLAT IR, 05 SRR R L, SR AP RR R
PREAG. Bk, SERANIR, AR 5 S B S A T f B R A ST
AN 4 BN : C MR KT | R 5 S BV SRR A VP . B 48 /AT g
FILAIERZ T Apgar 5 43 BVF 4 —— 40 B IR S0 . WP IR . ARSI 2 e K 7 M TR 25
DA A BN, SRR T — AT FLER A SR FRE 4.

3.3. REFFLFERELLE

fE AUC #5#5 L, Naive Bayes (NB)#EAULL 0.8446 MIRIALERS H, HBME N 0.1 1, JLHRZEA 08,
NI ALK, HeK: Naive Bayes B i (RS . 3/ MERL 12 TAR 2RI I 3. hd e
R G AR (O UERf I S RTMERE, SR Platt 4% (Platt Scaling) [19] 5453k [5] )32 (Isotonic Regression) [20]
X H AT RGNS . ST 7B RREA SR I (ESIE R, LLRAE AT S8R - AT 80 K5
OB HEPERE, E#F 1 AETK RN REATBORR HE . o3 i 453 #r (Decision Curve Analysis, DCA) [21]45 5 R
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(RRHERT S 2 FhO7iERHEJE ¥ DCA LA ILIE 4), SAHENG , ARTMAEAITE 0 42 0.180 ) BRI MR X [A] 1A,
H 43k 28 (Net Benefit)RRLE & T “XF BT A B & AT I (Treat Al)FT “ ASKHEAR] & 3E AT T T (Treat
None) P Fi Sfmg . XM, FEIZIX AN, iR B A A A A 1 3 o S Re 8 SRAS BEAL I IR IR v Wi 2, BDAE
A ROR S A AR R, BRI TR. hAh, ERRIESES, BIE N 0.10 FF, NB A AUC
4 0.9106, AFIZ A 0.7000. XLLHHHEERI, (EIGUEAEA, AR i == P I IR S R R L
.,

3.4, ERRE

AHTFRHAT SHAP J7 20 (70 tH b AT e, o oAb A A8 Bond TN 45 SR A DTk, # s B 2R P o
SFeHUl. P 5 N RoR R ML) SHAP [0 (KIMERE R, SR it 1 AR ARG AL (o A5 AN [F) e Bl P9 Sz e Y
TS5 R AR TS - SHAP {E A (g b (B (R m BRI AL, £0 RN B R R AE) , AR RS

Boruta XGBoost

Figure 2. Venn diagram of predictors selected by 4 methods
2. 4 M7 ETHIE TN E F#h E B E

1.0
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0.2

0‘0 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
43R E

—— dummy (0.500%0. 000) —— svm (0. 668%0.110) —— nb (0.855%0.056) —— ada (0.767%0.067)
—— ridge (0.811%£0.045) —— Ir (0.806=%0.048) —— rf (0.649%0.076) —— lightgbm (0.755%0. 066)
—— Ida (0.808=0.045) —— qda (0.829%0.058) —— dt (0.597%0.104) —— knn (0. 626%0. 066)
—— gbe (0.71120.091) ——— et (0.677%0.073) —— xgboost (0.717%0.087) ——= Random (0.500)

—— catboost (0.746%0.074)

Figure 3. ROC curves of the 16 models
[ 3. 16 MRAE Zi & TErh Lk
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Figure 4. Decision curve analysis of the original model before and after calibration
E 4. [RIGHERB S RIERTEHVR KL 7547 E
High
%ﬁli. "_:L% %’ o o o e ®
()
=2
C&EEEﬂ(%Z coo @ o e wo o ° ° YY) o
2
557 $hApear Loy o o0 0 o ° o ce® o o =
k:
R LA ER BE 2254 . oo e o
T T T T T T Low
0.0 0.2 0.4 0.6 0.8 1.0

SHAP value (impact on model output)

Figure 5. SHAP beeswarm plot
5. SHAP #E% %]

ACAEANTRIES R B MR R ERFTARHAET, UEMRE MR R E AL, 2 RE M,
SHAP B2 JyIEME, $Eom Hpoms A e WS A IE R SRS & C ML K5 R LR B i 26 24
PRI BB R ook,  EARALAE R, PR A IR OSNG0S 3 Apgar Y2 U S B
e, RIVELEI 6 7Bl Apgar PP 732 BRARZIN A E RTINS . IR EE45 RRH], AR SR e
E . C N EA T AN E 48 /N R ) LR B 2R 29I S I PR As 2 B R AE MR &R, =
SR R A HIRERS s mi7KFI S 23 Apgar T2 R B A E R RS R 3R
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4. W1ig

AW FEET IR RS E S R BE NICU [IH-FR AR T R T HLas 5 SR, 2 A7 T+ g
HAEL = ) Lok Az ™ E i 2 A (ST H) 7 T8 Je B0 56 K 00 400 g 0 R R SR AN . 5T Fe 7 D 200
BRIz FBENLARAR . Lasso [51J9. Boruta il XGBoost i, & ImRAL, MEHEEhifkd 4 ok
AREE, R FHXTANGUE T X A B ) LA A P EE N P I A AR Y . AR B AR R IE R Tl
A 1A SI2 FH AR 7R, [R] T A5 B340 A £ ) LN S 48 /NI PN KA (K B8 o WA SCRIR 2538 A2 2K b 45 51
X 4 N ELE RIS B S . AR & 8 EEEE R, R REE M7, BT
AR B R R R AT R S R E . B e S EERLA R, e A 4 N TN AR S 716 Fb
WLES 2 ) BT ML G . 2% NB BEBUR IR I 7, A FZ A 0.7, IGIRIF LG 1.82%.
4 NHAR(AUC) My 0.8446. 1A LE P 50 UE S b [RIFE R I H €tk e

B s HBENLARAR . BRI[EH. Boruta f1 XGBoost 3t 4 Fhiid:, 45 &ImREA KR, Hikd 4 4
TR R, B s C N K. AR fE 48 /N N LA iR 25900 AR Ja LRI 2 Ui 2 K
A SIVH fER R & . B RIELE sSIVH KAEFTIERARZM . C RMEEENRIEREY), B
TR JBG G 1) 712 B A S RN 4 B 0E IO IR S o BRI 1) B 88 e I AR 98 RE VAT e B T BUARE IR T3 %, i
FESAECEIGIN, SR T ThREREL, SN B XK [22] . ABFFIESE, & 5 0B Apgar 4>
52 SIVH IR IR R, X SRR i st B—80[23]. 5 708 Apgar Y70 Sk 7328 )L H A= s IR v fig Al
TR BRI 5 A3 Bl Apgar PEr GBI >T )R BB LY 5E R T AVE N BIE MR A, BAEED
FEE AR S . AN 1 E R e ML sIVH TR R B o0 B, ) LR G R 29T e T 804 & U iR
AR, s A AR [24] . BT F R ) LR AW I S5 M 55, B I (4 5 32 1R T T REAS e, X i afi
PRI R ZR: Zh IR 2R 5 S B R LR N 55 1 B AN IS B2, 51 R N i [25]. 852 RS 18w s &
& B LA AE ™ 5 PR R G B R P I = R A S SR AR [26] o R ET B I S SR B LI S A
Sy AT R EL B I MRS s B LG HAE A SRR H BN, W AR R R s R i, 8 AR R Ik i
PN WG 55 ) B 4 L eV 52 MR R O IR 5 | SRR 5| R B S R IR Bl 1 B 3l [27]

T M NI T — TR ) LA R TS MG REFC[4], FE b 7 AR < 32 I H ™=
JUEEAESG 1 JE N R A FE T 8™ B = P ) B AR B fE R PR 25 o it 9 Bl i e B8 1 256 8 5 7= J LY
ISR BERE, dIE ZKF logistic AV 4THfiE T 5 ML fE R 2 (RAE = A ] . HARE . 3l
Fkifil pH {E55). B FLE R R, JE T X B R F M i 0 AR R A B X 4 B, AUC {HiA ) 0.85. 24
M, AR TR EVAS T E, RERE SRS S I 5E, nraepR ) 7B Fiill 4 g ()
HE— 8T, 2023 XA H AT Z OS], B TR B ARG B ) L H B R A ] - N
ML PR . 1 ZBF TN N T 538 i ) LA e, ik 8 AN A F(RFE AR . HARE . PP
FAEE), Har 7 RS T #1128 K o SR R B iz AL 1) AUC 1574 0.83, el B R IF A
HARFE RN, XU EIRIUE TR MRS, (ERMEAE A ) Lo M i 2R 245 56 B ) I m 3 1 2 e bl
NGIHT, FTRERSI AR TR AR I PR S A (K AN . CERT O Bk 3510, B 5 T 57 )L sIVH [ 1)
RS, 4R 28 TR ) LB AR AR ) Lo SR, e S R B e A = ) L (e > 32
JE) B AR 3SR S R T ) UMUELAREAE , AR A AR BRI = T T RS PG T R A5
FEUE SR AR T X — B A ZAL AR, O TR IR 75 3K, RN 1 2 00 Yot A5 AL A 7 B 2 1 o
FEFRE T R 77 i, AT 4 PR TRIE L, MO8 TRHMER SR E R, D TG X
K. 5CKRMIEHIIAL, @™ KA EimL. SR EKIGUE, X — A st 7 AR 1) B
DRI . ERCRF RS RR R, i S XIS UE . NI TIESE I V5, TS v B B AL 7 DA KPR B i e
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R VE S AT E R . @RS, R FRCHE SR, RO 5 AR AL AE TR 3R it 4249 T (DCA) g It B i 11
e AT IS A 36 7R A A 4 B s A R S (A %o v e AR ) Lo st M ) el LA S W A 1) < R o

HUEE SR I PR R 22 A s H BRI St REHLAS 5 ST RN IR IR i ok T — RIS, i
WO L. G BAE S I A IR TT T RIS . WL S BOR ISR U 2E 7 B I R s 72, A8
SIS HE S W MR IR T 7 58 AR BRI AR I B AR [28] o WL 2% S AE A T Ry T Hd . b3
2 R TR IR, AT AN 4 ASTIIAS & (U0 C RNEE 7K 5 438k Apgar 1505548
FR)BLTE R 7 X At , XL A B B R R . BRAh, AT SR AT SHAP Jy ik R T i A
BRI RSB L8 R o 3X — B BRA T bR B A a0 . B R A HLER S B O B R E
#[29].

AR EEFELT )RR B—, APFCNRA ORI, BERIE TR —, HEFHRHE
HIGRSEEBARE S 5, Wit SEOEFmA, IR K AMErE . A AR RCR RIF, (HAERY
FESE ]I A FAd BT LA b (R 2 e A 75 8 0 22 Hh O AT RE PR SO ASRIE . B8 =, BB Pl e AR
B C RN EHKF 5 7 Apgar P3) T8 H A B CE OB (E 2 5 T i Bl A A3 e, FLilm R i A 4
VI TAERTHEPERNA i — B HfA . Wit EidRIR, FATIEERE R E 2 K ER T EEE, UHERE
SR T AR AR 3 5 2 A RE

R, AWPFUFE T 4 S RETNFEF(C RLE K- 5 4080 Apgar W48 ARt 48 /N s
JURMINESRZ) . AR SL B2 ), JFHF R T —A AUC ik 0.8446 I TR AL . A5 ALy i
L)L SIVH B BT B2 0t 1 S FH B0 C R, AT 5 A2 BB A% = BNl A B R A I R TR 3
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