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Abstract

Objective: Exploring the relationship between overall burden of cerebral small vessel disease
(CSVD) and recurrent ischemic stroke, and developing a prediction model for recurrence within 1
year in acute ischemic stroke patients based on machine learning algorithms. Methods: By collecting
complete clinical data from 527 cases of acute ischemic stroke patients hospitalized between De-
cember 2020 and January 2022, the overall burden of cerebral small vessel disease (CSVD) will be
assessed. Based on this, feature selection will be performed using the least absolute shrinkage and
selection operator (LASSO) regression method. Subsequently, a predictive model for the risk of
recurrence within 1 year in acute ischemic stroke patients will be developed using Logistic regres-
sion and machine learning algorithms, including adaptive boosting (Ada Boost), extreme gradient
boosting (XG Boost), gradient boosting regression trees (GBRT), and random forest. The perfor-
mance of the models will be evaluated using the area under curve (AUC) value and Brier score.
Results: At the 1-year follow-up, there were 89 cases of recurrence and 438 cases without recur-
rence. The two groups showed statistical differences in age, hypertension, diabetes, fasting blood
glucose, high-density lipoprotein, use of antiplatelet drugs, reuse of lipid-lowering drugs, overall
burden of CSVD, white matter hyperintensities (WMH), cerebral microbleeds (CMB), enlarged pe-
rivascular spaces (EPVS), and lacunar infarcts. LASSO regression selected age, history of stroke,
hypertension, diabetes, dyslipidemia, use of antiplatelet drugs, intracranial artery stenosis grade,
CSVD burden score, WMH grade, and CMB grade as predictive factors for recurrence of ischemic
stroke. The discriminative ability of each model was higher than 0.75, with the Ada Boost model
showing the highest discrimination (AUC: 0.82, 95% CI 0.796~0.825) compared to other models.
The Brier scores of all models were less than 0.20. Conclusion: There is a correlation between the
overall burden of cerebral small vessel disease (CSVD) and recurrent ischemic stroke, indicating
good predictive value in the model. Among machine learning algorithms, the Ada Boost model
demonstrates better predictive performance.
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IRESE B A m R @ BURFEME R R ERR AL TERER A 9.6%~17%0) St iK A FE A
HELVFENERE] 2] [3], SERATHE, SRUEAEPER S SFEIREIRRMIET[4]. /N 5
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FrIR/INER K AT SRR . S8 TRERLEAAE, A2 H Al ™ B 52w FE N R 1w W [5]. iz
ML AN A AAAE R, R AR RRS . R A X E R A (6] [7], [RIRF CSVD fEA<rh
SR AR B TRMAE F o Rt 56 PR 22 R AT S 3R 500 9 B B J0nE T TR 82 B B X [8]. WLARF
SHE RN TR Z OEAR 2 —, HAEBEREK . WIr MBI O o B R . KRSk
BURE T BT 75 BARHE T N TR Be AR T R RE[9]. SETHLAS 22 I 500k, R TR YN /)N 75 5 e A
7 HH R R I P A o A R R P T A 28 (R T AT, D TS R0 0 TR (A B o

2. SHEMFE
2.1. fAEHR

ek 2020 4F 12 A~2022 4 1 A WIRIFETE B K220 B et 28 RME Be i 5 B S Ve AL 8, 3t
527 fil, NAHFRiE: 1) A BEBMFEG ChESES LA 2GR 2018) 1 5C T I AEZE )2 Wibs
#E[10]; 2) “Eife >18 % 3) AW 7 RWELES: 4) L BiR e, HEER AT SiRbrdE: 1) &JF
HoAb AR PP EE RGO (A L kIR s Il IR SE) s 2) AR EAO T REAN AL R EOE
K B EIIREA SN 3) BLOABERE. SCAREN. EE IR A, &I EEEAREAT Uik
MR FISLHE CTA K& ¥ 4) SWEMRISERE 2 a7 B N/ NIRYT s 5) SUEINEESE S & ™
FM R . R DK ARSI AR 6) BEAEACEING PN LRI R A s 7) BE VTR A A A
BERE, FNAEAE AL BAE T3 .

2.2. ImPRBTRICER

ABE RIS BE N D50k, AFEFEE . YR R sE . OB s m I s B SR
T VIR S R IURER S, SIS R Fe AR S S I IBE(FBG). H ik =B8(TG). MR EE(TC). K% g
FEAHEEL(LDL-C). =% AR 2 (1 IH[E BE (HDL-C). [T LR BR(HCY). APB¢/mi@id NIHSS $F/3[11]
VAL B 2R B R R . AT B, 8 R U B U 1 A S A R R L N 25 | AT 2

2.3. EEFWENEM CVSD RikmaigiEsy

FrE NAEFAENDE 1 N 563 1.5T 8¢ 3.0T Bflfixi MR FISk3H CTA K25, fiilfii MRI {4 Signa
HD3.0T (3£ [H GE A &) iR FHESLIR ARG SR S35 CTA AN MRA PF-Ak fixi 20 Bk 45 15 50, i o
BB A5 2 P e BRI S R P 29080 ik A IS 070 B X 0 AT 9 I S AR AR [ 120, 90 P Bl ik 72 SRl WASID v 3EAT
P [L3]. ASHIF TR L P o0 3h kB A5 FEBE R NGB 40 ERsh ok A= 40 AR AE FE /T 50%,
BRIk A 4L BeAS FERE 50%~70%, FEEMshikBAas 4. B KT 70%.

WMH. CMB. [EBRAI EPVS i2Win ik 225w [E i/ LB 1276 T FILIR[5]. {4 Fazekas &R PN
Xf WHM J= 8RR T IP5r, CSVD SRR B AT BCAH FH 1 Staals ZE[ 14152 H IVF4 J7ik, BLEELL
T 4 P br i IR MEREIE . AR ST B A K A LR R, AU 1 43
B A Gy 1) MRS s E S 3 BRI AR A E S 22 00 L (E: WEF&ES WS, 0
TR, 1 IERECE BV ERAE, 2 8 2RI EE, 3 AN E S mES, M
AR ARG S, 0 0 WA, 14 sRIEAE, 2 B TF GG, 3 R R AREA); 2) 1%
B >1 AN 158 3) IRERIHIM > 1 ANk 148 4) BJRTTIX EPVS > 10 it 1 45

24. BEF%

2.4.1. FFEESE
B A i RS0 A7 AE RS AR TU AR A S SE 2R P 55 B, 75 SR BR DTR FEAIR AR AL, 0 3 5 B L 10 T
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fito ABETAEZREE T M LASSO [RIHBEATRFAELE R, H IR 52w A (0 rT R PR AN i SRR,
(7] I A R B AR AR BEARFAE ARV AE L 2R 1 [15] o

2.4.2. FEEWNIL4S558E

AT TR FF G N PR HE R B F 4L IR 7:3 R R A5 IESE, FIH Logistic #44[16]. BENLAR
MAFERI[17] Wk B $E T (Extreme Gradient Boosting, XG Boost)f%4[18]. H i& M #2 7T (Adaptive Boosting,
Ada Boost) i [19]. 4 & $2 T+ 9] JH (Gradient Boosting. GBRT )5 [20]48 Il ZidE h HEATRERUIT 2 el 45
T (AR PN ER A R AT A

25. GtFERE

I FH SPSS 27.0 i R A4 4.3.1 fit A< K i Python 3.11.5 B PHHEAT R0 0 M o a2 P BRI IR,
ARICECR A 245 . IEAE BRI + e 2E30R, AR HECR RO AR tIE5, AR5
BRI ) E B TR LA A7 480(Q25, Q75) &,  AHIEIHLECR A Mann-Whitney U fide . K 32138 TAE
FF1iE(Receiver Operating Characteristic, ROC) iffi 2k '~ [ #(Area Under Curve, AUC) AN AL 1 [X 73 B, i
R i 2 S AT HLJR 73 #(Brier Score, BS) PPN S A AR AERE FE [21], % TINAE e fpe 4 (ALK Y SHAP 12E47
B B o B R, TR A R AR B TR, AR B 1) B R R A B (W IE B A DTk P <
0.05 AZEFA L= Lo

3. &R
3.1 ERBEXRELREEE —RIGKITRIELE

WA LA N 527 BIE R, LBV s 5 R 41 89 B, KRB R 438 19, WALTEAERY . I
B DRIE 2 BEIURRE v 2 8 i A 1 R R L I /N 2459« R AR PR IR 25 . CSVD ik fi4H . WMH.
CMB. BT ZRA S FEE (P <0.05) (W% 1. % 2).

Table 1. Comparison of general clinical data between the recurrence group and the non-recurrence group

* 1 EREESRELKE—RIGAKFHELER

g R R ERRERY Z® P
ER[Y, M(QL, Q3)] 68 (64, 73) 65 (57, 70) -3.631 <0.001
PRI (S 2) 62/27 298/140 0.090 0.764
L n (%) 77 (86.5) 289 (83.1) 14.702 <0.001
BRI N (%) 46 (51.7) 152 (28.8) 9.095 0.003
TELF N (%) 20 (22.5) 64 (12.1) 3.411 0.065

= IR MAE n (%) 15 (16.9) 45 (8.5) 3.174 0.075
WA S n (%) 39 (43.8) 167 (31.7) 1.007 0.316
TR S n (%) 26 (29.2) 139 (26.4) 0.219 0.640
MR BT NMR 259 n (%) 47 (52.8) 291 (55.2) 5.974 0.015
R H AR 259 n (%) 52 (58.4) 300 (56.9) 3.379 0.066

S = IR bR
[mmol/L, M (Q1, Q3)]
LDL 2.36 (1.78, 3.25) 2.38 (1.81, 2.90) -0.989 0.323
TG 1.17 (0.93, 1.62) 1.18 (0.83, 1.67) —0.965 0.335
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TC
FBG
HDL
HCY
NIHSS [47, M (Q1, Q3)]

3.98 (3.32, 5.06)
6.13 (5.06, 8.05)
1.06 (0.96, 1.22)

11.90 (9.71, 13.64)

4(2,7)

4.04 (3.40, 4.76)
5.44 (4.83, 7.15)
1.11 (0.96, 1.27)

11.60 (9.65, 14.12)

3(1,6)

—0.293
—1.955
—0.852
—0.393
—1.746

0.769
0.051
0.394
0.694
0.081

TG: H=Mg; TC: L JHEE;
HCY: [AZLEER; M (QL, Q3): FArZ(VUrhiZh); n: #l4; P<0.05 ZERASIE L.

Table 2. Comparison of imaging data between the stroke recurrence group and the non-recurrence group

LDL-C: iR I 8 1 JIE ]

%0 FhERASERRERATGEANLE

HDL-C: 7% 5 i 25 1 JE o] e

FBG: 75 /i Iy,

ZE
i kA% n (%)
<50%
50%-~70%
70%~99%
CSVD H 140 n (%)
0

A W N e

WMH n (%)
0
14
24
3%
CMB n (%)
EPVS n (%)
B
Hh B
JER n (%)

ERERA

38 (42.7)
41 (46.1)
10 (11.2)

4(45)
9 (10.1)
38 (42.7)
26 (29.2)
12 (13.5)

4(4.5)
19 (21.3)
40 (44.9)
26 (29.2)
40 (44.9)

36 (40.4)
53 (59.6)
52 (58.4)

EHRRERA

234 (53.4)
164 (37.4)
40 (9.1)

72 (16.4)
152 (34.7)
157 (35.8)
51 (11.6)
6 (1.4)

50 (11.4)
208 (47.5)
128 (29.2)
52 (9.9)
55 (16.9)

208 (47.5)
230 (52.5)
184 (34.9)

-1.782

—7.400

—5.790

52.505
—1.642

8.063

0.075

<0.001

<0.001

<0.001
0.101

0.005

E: WMH: A FiE{ES; CMB: Wiftin; EPVS: ¥ KA E R n: #%; P<0.05 ZRE8it%E L.

3.2. FHEEFER

FREEBETTH, RH H3r38 B AIE A 772 5 LASSO f#) Lambda (lambda.1se = 0.028), M ik HEH!
10 AMAF AT 1 4 PSP 2R o 2R B TNARAE, A3 AR AF RS . AR s iR BEIRIE . AR
AL A PUILMR 25901550 sh kB A E . CSVD AR i T4y

WMH #FZ%. CMB it%.
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3.3 FEREESIE

TEREAT Logistic B2, BHALARMABAL . Ada Boost 5144, XG Boost #i%, GBRT AV AL )5, 72
ST N RERAIE, o Ada Boost #5871 [X 73 £ B =i (AUC: 0.819, 95% CI 0.796, 0.825), H:iXs2& Logistic
BLAI(AUC: 0.809, 95% CI 0.790, 0.866). GBRT #AI(AUC: 0.797, 95% CI 0.751, 0.834). FlALARIRAFE Y
(AUC: 0.771, 95% C1 0.743, 0.798). XG Boost #£%!(AUC: 0.760, 95% CI 0.705, 0.806) (¥ 3, [ 1).

ROC Curve
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Figure 1. ROC curves of five models predicting the recurrence of ischemic stroke patients within one year

E 1 AARETUNER IR EE 1 FRELIF R ROC #hZk

Table 3. Machine learning algorithm predictions recurrence of acute ischemic stroke patients within 1 year

=3 NHRFIFERETNSIMROMERRE 1 FREX

g3 Rl AUC Brier 434
Ada Boost 0.819 (0.796, 0.825) 0.204
Logistic 0.809 (0.790, 0.866) 0.115
GBRT 0.796 (0.751, 0.834) 0.127
FEALARAR 0.771 (0.743, 0.798) 0.126
XG Boost 0.760 (0.705, 0.806) 0.151

Ada Boost—— [ 5&E MR TR . BENLARMAE L. XG Boost——HE ik BE R T . GBRT——FE AF 3R TRl i Y

B AERHE DT 1, Brier 73 8RB R4F. W3 3. 7E Ada Boost BB, 4FEkE. CMB 4.
ARG NG 3 AL HIRAAE . o, RS, mif s BERRR . AEACU AL, sk
CSVD Efffi4H. CMB PFZJe WMH TR N E 1 AR S AR . WA 2,
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Figure 2. Ada Boost model predicts feature Shapley additive explanation plot
2. Ada Boost fREUFM4FE Shapley MNiEfEREE

4. g

AW S AR B A BE S I R BERE, DL VAT MRS 1 4F A 2SS R B NS R AR & o
FERHIEEEE T T, KA LASSO [Bl VA 75 3k AT TARERAEE RS, B2 T 10 /MRFAE, H P 4# . CMB
PR U R /MR 2502 B A B WIMH VPZR . B8 TR & e R A L A A 5 AL TRl 1. 49 %
H Logistic # 7. BEHLARAMIEAL. XG Boost % . Ada Boost 17, GBRT 1 AR A4 5l 5 & T AR AL
AL R EoR, 5 AR RS HE B I I (AUC > 0.75), b Ada Boost #5784 (s 784 o BE i 4F-

R RS 1 FEERRL N 9.6%~17% [3], AW E N2 tEWikiAE 5 B R e & R 17%,
55 WA [ P BIF 9 45 SR AR AL o F 73R G /0N I A 7 S AR N R R A AR, SCERIR S, B BRI R
8%~33% [22], CMB &3 N 3%~34% [23], WMH &5 %N 39%~96% [23]. b /& CSVD & Ak fifais
IR EELERRNEZ —, FHBOK, CSVD SAGIHEE[14]. Klarenbeek Z5[2410F 7T Eo~, I K 2 ki
/N IS B B 1 L35 S PSR B, AP SR B &S R /K P 5 CSVD B R 730 2 IEAISG . HE IR 7] GE A2 ki
ZIN LB 75 ) S 6 DR 2R, 0 R 2 Rk ol e s e 28 sl /s o 5 1 9 R0 v v JXUER 35 H [R5 DIL[25] o F 2 3R W A P
BRI A 1) 7 AR P A R S R R A D I B 7, B > T0%I R 1 AR A R B R F T IA 18% [26]
AHIF A4 SR T IR B AR 2 S R VR A P A FE AR G, A b R R 2 AR IR A 25 4 L A5
(52.8%) K T4 R B K 4H.(55.2%) , 3 BIHLILAR VAT vT A 2T 4 52, AT 75 B e 20 A I i it A
HAE T I, IR TR A i & R [27] 0 A 5038 B Mo /)~ 0L 978 5245 24 R A 5 e o vk 45 rp () B2
RAFEM KM, Hrd CMB K& WMH [ ER &, RIS CSVD E ik fU4R A 5 AT M i o), 56k
TEREFE 45 R — 5[ 28] -

HarE W R K2 I TGI8 5 31 57, AW\ Logistic #EAY . FEHLARMAEAL . Ada Boost
iR XG Boost #i4! \GBRT AU 2 1 4F Py I 25 1 52 R M 7 TS Y, 2 7B Y AL88 2% ) Ada Boost
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AL T4 40 Logistic #2AY, #f—2DRH SHAP MR AUBEATWRE, MRS 1 BE R 3R xS HLas -7 S A ) 2
AR AZ IS, AT Dl PR R A B i St ER AR T AR R 45 R, W D B SRR S S A I PR IR R

B TEMAFAE— LT IRIE, AHE TN L ADREAR, IAFEA D, BN Bl R BRI A7 A2 A
A TR Ak = A Ol PR DR RO SNER IR AIE, AT IZ AL RE TR 25 B AFAE 1Y, AFAE — E BRI PR Tk
AL, BARIIN T IR/INIE TR AR SRR REAT B, (BT PN 2R R . BRI, R4S
WHAITEZ . KFEAERTHEVERT FCE— P IR

£R Lfrik, Ada Boost AEALLEXT TP GRIMMEAS A 1 4R A R ROREHAT HIU I, ZCREF T Logistic
(] YRS PR AR | (]I, 99N CSVD SR AR AR K RS AR S PP X TS 2 (g A 8 BB A D R LASSO
[UHBEAT AR R, PR VAR AT AR . RN TR BEROR AW D I 5N, R AR 2k
PRI 255 2 2H 2 B AN N TR R iy s v, [RJ I 45 5 SE SRt AP 82 I B0, TS B AR R 2 KR Y 1 236
BT, BEAS ARt S (63 A b SR T R O BEAT SE D A X BT, 5 B PR IR A kAT S LA X P
PRI, AN AR R RO RS BUA AT KU
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