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ZEPERIE (Premature Ventricular Contractions, PVCs) Sl i b & UL Z kO
HREZ—, FEINIEMA R E2Z087 T-B . TR R A4 e i S ARG
FOREEN B KR T R BT RE TR 0 S e kR RO B SR, H RiE o BEHOMA
BLO R AR, BRAEmfEHG . P E, HARRRR S 2 K. R 12 O
#l (Electrocardiogram, ECG) fEAARRIHEMIGEIR A, HFEESS SO AR
VRN BB YRR, B A0k FE A2 ACRE I 24 Im R s T A R 7,
it = fe AR BT Im R AR AR B moka BE B Bh Ak Jo e A i

A MCL-Net (Multi-lead ECG with Cross-Lead Attention Network), —#fg
A2 FHEFHMER IS S SRS VLR IR AR A, HTM 12 38 ECG
BIE S PVC I R ) i o 7o ASEAL[R] A0 75 18 4E T L0 AL IR 23 3, 14
a3 SRR R A JE S 2R 55 I E S s ) 7 AN D) 2 2R 25 A = 4k 23 ]
Mebr . FE 273 Bl IREE L, R 10 WS B2 43 )2 RERLR 4> (Fp¥- 100-109, 43209
Y /B0 /M2y 191/59/28) , AR AT N GR— AR . AMYEE K .. MCL-Net ¥£ 10
A S 91.74% + 4.10% B4 28UERGR . 90.78% + 4.81% WImAL F1 434
YRR IE 125 (mean EDE) 4 0.3074 + 0.0365, _FiRZ5 SR A B iR 42 b1 25,
53T ResNet-1D { Transformer Encoder., GRU., LSTM 83 3 K48 N FEH L AR S AL
GiMlR=E > . VSRR R, T LARMIE > 52 5 1 ST R B I Tk 2 32
20 NESFR, UREABCL L S 2R 5 W H A TR 1 T ES

At G R 12 J:H ECG PIE S PVC 5 Bl S =4 A8 br e B, 78
10 07 300 o FARs AW R S M E, (HEIRA R, #A G- S5A Qs S AniE
B, hFRZ2 PN RIE.
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MCL-Net: Localization of Ablation Targets for
Premature Ventricular Contractions Based on
Multi-Lead ECG Feature Engineering and

Cross-Lead Attention Mechanism

Weihan Cao

The Experimental High School Attached to Beijing Normal University

Abstract

Premature Ventricular Contractions (PVCs) are among the most common ventricular
arrhythmias encountered in clinical practice. Radiofrequency catheter ablation (RFCA)
is a primary curative treatment, which eliminates the ectopic focus to achieve rhythm
control. The success of this procedure critically depends on the accurate preoperative
localization of the ectopic focus. However, current localization methods primarily rely on
invasive intracardiac electrophysiological mapping, which is time-consuming, expensive,
and associated with radiation expesure. The 12-lead surface electrocardiogram (ECG),
a routine non-invasive preoperative examination, provides waveforms whose morphology
is closely related to the spatial location of the ectopic focus. Nevertheless, existing ap-
proaches still require improvement in localization accuracy and generalization capability
in complex clinical-scenarios, and a robust, high-precision automated non-invasive local-
ization method that can be seamlessly integrated into clinical workflows remains lacking.

This paper proposes MCL-Net (Multi-lead ECG with Cross-Lead Attention Net-
work), a hybrid deep learning model that integrates multi-lead convolutional feature ex-
traction-with a.cress-lead attention mechanism for end-to-end localization of PVC ablation
targets from 12-lead ECG waveforms. The model incorporates an 18-dimensional hand-
crafted ECG feature branch, which is fused with deep features within a multi-task learning
framework to simultaneously output classification labels across 7 anatomical regions and
3D spatial coordinates. On a clinical dataset of 273 cases, ten repeated stratified random
splits (seeds 100-109, with approximately 191/59/23 training/validation/test cases per
split) were used; each split was trained independently without ensembling. MCL-Net
achieves a classification accuracy of 91.74% + 4.10%, a weighted F1 score of 90.78% =+

4.81%, and a mean Euclidean distance error (mean EDE, computed over all test sam-

IT



ples) of 0.3074 4 0.0365 across the ten test sets. On this single-center test set, the point
estimates outperform deep baselines including ResNet-1D, Transformer Encoder, GRU,
LSTM, as well as traditional machine learning methods such as Random Forest. Ablation
studies show that the handcrafted feature branch and the cross-lead attention module
contribute approximately 32 and 20 percentage points, respectively, and that sharing
representations between the two heads yields positive transfer for both classification’and
regression.

This work presents a hybrid deep learning framework that enables quantitative 3D
coordinate prediction of PVC ablation targets directly from clinical 12-lead ECG wave-
forms. The results across ten independent splits suggest potential clinical reference value,
but the data are limited; the method is not yet equivalent to invasive mapping standards

and requires multicenter external validation.

Keywords: Premature Ventricular Contractions; Electrocardiogram; Ablation Target

Localization; Cross-Lead Attention Mechanism; Multi-Task Learning
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L1 WEET SRR

ZEERA (Premature Ventricular Contractions, PVC) J2Ilfi R _F 5w UL = P v
Yot 2, AER AT IR 00 1% A%: 1 ATt LR S A R B
ARG, LU A S TR [20]. B PVC ALGE0ME. 1
IR, T R T, T AR R DR 20 (2], RIF AT
FAH TR LI PVC, SEMIINMA (Radiofrequency Cafheter Ablation,
RFCA) AT TR T B — [20].

SSRGS SEBURA . TR IR, e T AN
TR O AP MR R R T ORI, L 3 2 T OB 000 P 2 TR (4
CARTO £%t) , i Fhnill S48 mUcE T0 IR CRERAE S, B Iy &
A S B MBI (1] SCR0 vk AR , A0, P R (1) FARMIIK,
WTRE 2-4 /pI; (2) MR EY, MTBESTRRIRIHAERS, (3) BT X SHEm it i
825 (4) FROMEIET U AN FRAR RIS DO DA ML O P BERR I & 7

3 12 FEGOHE (Electrocardiogram  ECQ) 2 ARFIFE M IR, HITEES
5 RO R IR BATLE B AR R 56 R o A 21 o 2 B T A
HAE BOG TR (11 QRS BEREIOBRIEARTTIBE) 185 MR RIS (6], AT,
ORI T 2B T T DR IR (1) PERE BB PR 260, LY
W (2) TR BT, (4% P 5 At . A TR
WA (4]: (3) MEDASCHL = ARl e PR RO e R

PRI, JFA&—FPBeiE IR 12 F:5 ECG i B3, KHEI PVC 4R il
TR, BAA BRI M AT L.

1.2 WFEBAR S s B

TAER MRS T EAE O B 3h A M s BUS T iR E 3k . ek E K07
T, B2 2% ((Convolutional Neural Networks, CNN) FIfEFR I M 2% (Recurrent
Neural Networks, RNN) £8) 12 W T+ 12 58 ECG FERZ W [22]. 8 PVC #E
EM T, EAPFREAREH ECG EARHMEITE I X 732 [31].

SR, BA T EANFAEDU T A 2 -

B, AT EZREET RIS (WRSAERBESASEREE), OB R
—YEAS (A AR BRI E B Bl . SRR S BRilh RS 55, AUHE S A% A kb T 2 M X
WS IR T RIS . MR RN, A O0FERERERZN 19-30 mm, 72
OERHTEEARZN 17-28 mm; 7 BRI ™ A BT Ak BARIE 5 A 3-8 mm,
RIASE A AR M A S A RN T 15 mm (3], BEAE SR IR 205 8., IXRE I
TEHAERZY 2-3 cm WX, 0 Joyk i HAE P ks iR 008, XEDARE T il S48 1

1
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B A B 2 K R AT . PR, ACRE IR A3 2545 B E AT R IR R TR ks o 275 5K
TG BRI 24 Ay kb AE =425 18] RS 1 AR A

5, BUARES NEIE R 12 DS REAC A BT 5 5l B SR
HBHRVE A 2R, 12 58 ECG A2 AR 23 (8] F BE 10 sk O I FE 1S B35
FHEZ RIAAE NTE R 22 MO 2R [10]. 20X B BRI C &2, 7T RE S B0 TE
ERAFIH ECG 2 15 B

AR, KEFRMAE ML (Graph Convolutional Networks, GCN) 7&K Z5 M52 11
BT AT RIS [12]. 2R, GON 8 EMEAE BN T ECG B4
Mr, Bh ECG 5545 i P E S MR EdE, HWHFEER L TS SR
LA .

1.3 ALk

0t B, AR T —Ff 448 MCL-Net (Multizlead ECG with Cross-Lead
Attention Network) AVRATREZFEIEAL, HFM 12 S8 ECG i+ LI PVC
S A i B i . AN SCHY B DTRR AN T

LB ¥ 2 9GBS 85 RIRTE R DG IR R . B Yol S A Y
ID-CNN XA~ e 7 SR U Rl A8)5 i 22 3k s AL 2 e 12
AP AR 23 O 56 28 o X — BT IRl INHI B2 17 Ry i R AL M 4 Ry e R ) o
Ko

2. 5IA T 18 4T O HUBIREAESS TREERFAERE TSRS . Aot T —BHE R I
IE(E. QRS FEPE. At . SRS RESE 18 MRHIER T TSR, il iy
MERL & 7> SCH R EERHME RS & . THASEER R, F TR S0 70 JIEREM K

3. | VMR ECG Bmibil i i (L HER . ASCHE T 12 Fk ECG
PG BTN R Dk SN = A S [R) AR [ T Y o 21 S A o S FRATTITN, H i
PFFSCER A M TE R IR ECG Bl st PVC i Rl m = ZE AR o £ 10000 i) /] 2
R GRS I

4wl RGN USSR ¥ 5 IR e . HE 273 BillERE G b, SR 10 4l B
PLar 244 (B4~ 100-109) , MCL-Net (micro £, 38.3K %) FEillildE ¥
YIkF] 91.74% 4 4.10% W42 UERIZR . 90.78% + 4.81% B F1 43%%; “Fiy
EDE -4 0.3074 + 0.0365, {f. T ResNet-1D., Transformer Encoder, GRU., LSTM,

CNN-+Attention 5P FELARTY DA K FEHL R EAL G a8 24 > Tk
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AR HARTR A HLNTR - 58 2 WM W TAE; 56 3 ik b @ie CAVE
Febr; &5 4 TNk MCL-Net pURAIZEH 58 5 A 5dansE 520 58 6.3
RAS LB s I AT 0T 5 7 e IRIRE XA R RRME 5 8 RS e SOF REEARCR
THE,
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2 FHRTIME

2.1 PVC il nine fir

PVC JH R 558 AT SE 24 AR ¥k BT ECG JEASZHNI & A i vEH
TSI BN T

T ECG JEAZAHN 0 7 7 FE2H8E QRS Bttt . BATIXALE ., Y3l
LRI TR EFBOL HEWT . Brugada SE82 B T TLg 8 M U Mils S 21 O3
bR /L A S 0 F T E 62 SRS (6] Betensky SFEiE—5 4R V2 BATIXFEEUT
FROAEREIES /R EERE [4]. SR80, XS0 EAAEPAFRR: (1) #E
BRAARR, XEPACIRETA AR (2) R0 AR v ST 5 E DA He s (3)
TCYATRALL = 2 2 (] A s AR A 1 s T

BT WLARE T B AE R B W 32 B Kt o Zhang %5 K SZHR¢ 24 (SVM)
HBEHLARAON PVC JRIFE RT3 28 [31]. Yang S A BMAE MM ECG (55
HR B R YR [30]. Nakasone & AF 2 Ho O AR SAT T = 2510 [18], Kujime
G NF B S BT T =R R [14]. SR, X B RIR T 84055, R &
=Y RRE R RIH, BACRE AR, BRRHEREEGRE 1A R T

2.2 PRI SE 250 B

VP2 S AE L L LA W7 1 B FLIEAE RS T 2R . Rajpurkar %8 A3 T
F 34 RHERMAM AN BOGUEER S HH, 16 12 S ECG Lk TOIER%
FACT- B WER 2 [22). Hanwin % S R EEMZE 2% M S BCG A il O
S [9]. Ribeiro % A$Lih THTRIEM AR BOG B/ Hhind 24,

15 ECG {5 S 0L , 1D-CNN ™32 I TAREUR 4 [13], Transformer
SRRE A ECG M H M KA F . AT, SUA 7 A B % S ECG i
S A SIS AL B T B, SRRl A T S 2 R 5 R -

2.3 ERTIPLGI g Pl phie 2%

TR A e H AR TE AL BT BER  (28], BB 2 B T A B LI AE AN
i A . 23k HE R T RES I A L R A B RO G &, E4E ECG
ot R BT T o SR, AR B R LR AU P, R RS )
B AS[R) RAR
VAo 25 ) 245 A A P PRI 5 A i T T R I €. KGipE A Welling $i A4 116 BRI 4558
AR T A B T s 26 (120 Velickovic S5 AP A ERERC M5 T
B QB Y SR A [29]. 2R, GNN 27795 32 208 1 B 45 4K
i, MELAEHEENH T ECG BREmFES .
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BT 2 S0 HLERAIE T AR5 5 S I T L Y P 0 R U (ST 52

3 e 3L VP bR

3.1 g X

ASCRF PVC Rl S8 S BB — DN 2 AR S22 R A —A 12 R ECG
W X e R™T (Hrph T hRFESEED) , BBIFREENH S (1) M XS0
yas € {0,1,...,6}; (2) ZHEDAMAR y,., € -1, 1]%

=Yg (A AA BRI S SGBEAE S5 I R AR U Z R A 3 ST ) 25 [R) AR AR ZR

o XAl SEFRR/OL SRR R, IREFRN AL SRR ()
o Y il SUESON DRI, IEEFRN BT A
o Z % SUEFOREIEET ), IE{EFNRRET T .

AR SR AR AR — A 5 3R - DARRIUE U R AR Rt B o e, 154507 1) 1Y)
ASARERMEAE A (-1, 1) X (Al HARHL, WRIEIGAAIRFESS d 07 ERSERY [La, Ud],
MIH—ACJS AR v = 2(ya — La)/(Ug — La) — Lo P AFREIH—fb 2 [—1,1] IX]H].

K E IR ZAR RIS S, IS A% = 4 AR AR e A HE AR T T i
5% Anterior P& (Y-Z “F1H) BoR T/0AR EIKSH- 5B M= E X 5 RAO )
B (X-Y i) B T AR S0 R A R KR .

Anterior View (Y-Z Plane) RAO View (X-Y Plane)

(a) ATV (Y-Z 1) (b) AEIRHL (X-Y i)
B 1 BT AR O B = 4E AR AR R B DIERERR RG] A Mori S, Shivkumar

K. Atlas of Cardiac Anatomy, Volume 1: Anatomzcal Basis of Cardiac Interventions. 1st

ed. 2022. ISBN 978-1-942909-57-6; Al#n £ E X 58 A SCHEHE IS TN

it St , & 1b RAO HLIEIAY AL bRl S BRI do O ERA A 7 (ke
ORI AR N AR HE AR AR R AR — B Z T 1), i A IS DT 1) ZE Hi 5 (A
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HAEA T HER (1. RAO A EEEH S 20°-30°, B X S8R 5.0 KT,
Pt RAO AL E i3 B MEMI B0 PR DU R 1), R X — e
MRS B EAFFAE, AP AR SC=HE AR E SRR

AR DX 0 2R 2 E SCHNTE

2 1T AR XA E S

Fola's | B/ D
0 RVOT HEtiE
1 LVOT e E
2 LV JE0 ZE i B R
3 RV 0 B RE
4 His T PR X3
5 Summit S THHS
6 AMC | FEhk Ak

3.2 ARIFREHIXIEN ECG ik Axbs 5 M

FEST 4145 I ECG AR BT, F2JRIN 5 TA ] DR U 1 55 B 2 TR 07
B, TR ECG P -5 f]  E A T S BRA .

1-7: Label | Drag Text | V: Save & Exit | C: Undo

1-7: Label | Drag Text | V: Save & Exit | C: Undo

(a) BT (Anterior View) (b) HHiFHY (RAO View)
20 7 AN X D I S T 2 B R B R GO IERRERI G B Mori S, Shivkumar K.

Atlas of Cardiac Anatomy, Volume 1: Anatomical Basis of Cardiac Interventions. 1st ed.

2022. ISBN 978-1-942909-57-6; [XImsr#]. ALbR R - 5HrvE A SCHEE I

MIRRIEEHRE, RVOT 5 LVOT fE=5[A EARAE, AT a2 (Y MikHE
I, B0 T2 RFEAPI (X S ESEE); His RKIERAT FRI RS, 5
UL =AM Summit DI T 22 O3 DANIRTIES , M (2 Bk s AMC WAL 2%
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T TE -5 ORI ERZ ) f) £ Al T4 DI X 28 DI ) (o7 B AH HLAR T, ST ECG
BN HA AT X B B

K3 R FILAIE SR DA, fF 7 MR IR PVC BB 5 1R W Bt
FrtpIxste, T MEss Xk PVC 78 12 S ERRFEEAE L. B @ bnid y
R PRI i B PE SIRARAE o [RIIS X A DI T AEAR SCAR AR 28 i R AR AT
T

v el hd 1 avR vi va
AAV& —— _N
v ~ ‘ \/ V\/ \V4
ar gy ORS' Normal rS pattern

Normal Inverted

|Deep Negative QRS (LBBB)]

—MVT;-AA J \f/ N

|Deep Negative QRS (LBBB)’

Fogate GRS Lo/
| ) A (SR | P A N N A

Negative QRS (Left Axis) \/

(a) Eﬁ%‘fﬁ/ﬁ\fi (Normal) (b) E%/ﬁiﬂjiﬁ_‘ (RVOT)
K 3: Normal 5-RVOT X%}k

RVOT (fiifiilis) 2InKREHIH PVC ZIFHA 2 —. HMA ECG FHiEH:
VI-V3 SECREEE S I, B LBBB JEL; FREESEEER R I, Bt Mar S5
TR 24 V3-V4, fEH—{bABFE AT, RVOT K AEch: = €[0.2,0.7], y €[0.3,0.8],
2z €[-0.2,0.4],

V [l % vove (R628)|
Negative QRS

A a A A

Tall/Notched R wave

e

e e GO0 D~

(a) IEH ML (Normal) (b) ZEZE R (LVOT)
K 4: Normal 5 LVOT %fkt

LVOT (Jessimiiliiti) /) PVC EIET F3h B~ i 2 L= il ol Ay
ECG F#fioy: VI FcZm R ¥, B RBBB JEL; V2 SEESZNE R ¥ aVR
[ QRS FEEREKE S R . 5 RVOT Mk, LVOT WMIHi SRS TIKE .,
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V1 ROEARIE 2w FEH— bR &, LVOT I RE AT : » € [-0.6,-0.2],
y €[0.2,0.7], z€[-0.1,0.5,

— gT!m al rS oner:J\v J\ K

Deep S (Left Axis)

" A i . Mv ™ v
U \; Tall R wave (Left Axis)
(a) IEHFEMOAEE (Normal) (b) L% (LV)

K 5: Normal 5 LV %}H

LV (febslizshE) ) PVC RFETAOEER.ONL, BRI K. HiltA ECG
FRER: VI FEE S R G aVL RECE S R BT EESECER S 3, mil/fw. &
O EF R BERIER PVC #E QRS MR ~EH AR R, LV KIS R )
z €[-0.9,-0.3], y€[-0.6,04], z € [-0.4;0.6].

B =

|Deep Negative QRS (LBBB)|

= v Ty v

|Deep Negative QRS (LBBB)|

v ve w Vi v ve

) ) | 1 B
V —W— " Vs
(a) IEH 24 0 (Normal) (b) 0% (RV)

Kl 6: Normal 5 RV %fLt

RV (fibEBEE) 1 PVC ZIFETHLEF O, 2 LBBB EZL PVC 5
—REORYE. HHA ECG FHEy: VI-V4 JEREIR S 3, LBBB EL; TREFERER
S, HAIZW: QRS WHRETEK. RV EJES RVOT MEFHM K EEHSFET: RV i
PR EEFIBCHER S 3, 1 RVOT S R RV EIEMFT- AT XER . 25—k
AR, RV KIKECH: = €(0.3,0.9], y € [-0.5,0.5], z € [-0.5,0.3],
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(a) IEH SN OH: (Normal) (b) Fr AR X3 (His)
K 7: Normal 5 His %}k

His (A7 FRXIK) 19 PVC R IET A AP O NLHL 2 S B R R IR I iR P
fii. HIA ECG FHiEH: QRS 2% QRS JEA; 1T FHcE%E QRS; aVR RECEHE
QRS; V1 FHE% QRS. His #GEJEN PVC HRICHHXT AR QRS (Gl#H <120-130
ms) , 50 HERIEER; <120 ms Jf3E His @IFEMA , A AE A 4 51 BE .
FEVA— LA FR B, His RIGNTF: z € [-0.2,02]) y €[04,08], 2 € [-0.1,0.3]

alba o A _A, A fae
“ ] V= [ m)]
Normal Inverted QF Normal rS pattern
Tall/Notched R wave
\ A u 1 S ) A iy A,
(a) IEH MO (Normal) (b) L THES (Summit)

K| 8 Normal 5 Summit XLt

Summit (OEE) 1 PVC YR 200 3 AN TR, 7T A2 st ik i =2 Al
[ e S ARSI AR Lo A TR . HMLAY ECG FFE R VI FEE R R 3 V2 REE R Y]
7 R TEERERE S R B MR BT . fEH— bR &, Summit X
i z e [-04,-0.1], y €[0.5,0.9], z€[0.1,0.6],
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I A . I, - A A
— ] S ootic 0 Tall R wave (RBBB)
= Negative QRS

- v v
Tall/Notched R wave

e

A Ay SN A

(a) IEHFEM L (Normal) (b) BBk e HE#ER: (AMC)
K 9: Normal 5 AMC %}k

AMC (Fahlk St ) M T 200 M ES QI 18] 21 2 427 D0 . H
WA BECG Bl : VI SEEE S R ik V2 SEEEYE Ry aVR SEEE 7 QRS;
TEESECE R M. EH—ARFE R, AMC KIsis T+ z € [-0.4,0.1], y € [0.3,0.7],

€ [-0.5,—0.1].

i3 EI3ZE 9 Normal 544 X4 PVC fFF5I%THe, AT LANRZR S A [l S Y s fr
12 B FIERETEZE R, DA DX AE = Sl 23 0] v () AR FR 23 T B . 336 BU A ) AR A 43
122 55 R FE 2 ST AL W 5 S 7 LR AL 1 B2 it

3.3 VHOriEks
ARIORHPA T PO AR o

3.3.1 5 RKVEfriabs
H:#E (Accuracy):
L
Acc = N z_:ﬂ(ﬂz =) (1)

Horp I(-) ShFEm kgL, aimiikn] g SESEERM v — B, RINE 0. HERH S
%ﬁﬂﬁ%ﬁ%ﬁﬁﬁ*E%%%m%mom?@ﬁ%ﬁ$i%¢,$ifﬁ%¢ﬂﬁ
25 IE AR EORI DA AR R, S ASUHHSE D 55 TS 1 2048

AL F1 43 % (Weighted F1 Score):

S n,
Welghted E N (2)
=0
__ 2-Precision.-Recall. sl _
Hr Fl, = Brecision, | Recall, » | I€Cision. = TP +FP , Recall, = 75 +FN o TP.. FPc. FN.

TSR ¢ BUECRHTE . BPHMERVR B EREA L, ne A ¢ BIREARL, N =3 . n,
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REREARE ASCRAMALFL %%, PUSACBIAE R IR A 5 N 925 60 25 RE
AL F1 3189, 24 Precision, + Recall, = 0 iif4 F1. = 0,

3.3.2  IHPH iR b

SRR ICHE 2572 (mean Euclidean Distance Error, mean EDE):
L&
EDE = 3 10 - ®)

Hop g, f oy, o 50 FNARAR A SE AR AR, |- (2 SWBERERGERL. th AT IH—fk =
[—1,1], HigfH K EDE b V22 + 22422 = 2V/3 ~ 3.464, AFEFIRKEME, "EH—
ft EDE BRIy PR2s 8] 5 —4EARIER0N R, WRIAAER 18 R/2, Yrss
) i1 % (12258 EDEm = EDE x 4.

ASCR SRR E R % (mean EDE) /EARIEAITAN 1515, EDE ROHERAL
HUENS ECG 07 AUHIF I P 2 R ) B s v sy, A i P - 5 LR I
MR =4EE 2 R (32, 21]; ARECT I i | EDE AHOHUE AL IO M= i
WIAR R 0 B, SAWTTE T AR O BRGS0 E 8. AASHTIEE ] B hifE
EBARAR R B, 2 G O A AL 290 R = 80 mm, W] 0.3074 fYH—
b EDE X2y 12.30 mm FP)BE (2 F B2, S i TR R Z Rk
L, AREENMZRIRE.
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4 MCL-Net BiFIZRy

AN FE VRN IR AR SCHE A MCOL-Net 4524, MCL-Net & —4 i 3 i TR A B 24 >
fEZL, T 12 ik ECG BUE AP RIS F PVC I 48 5 i g ) DX I 1 = 4 =5 i)
AR

4.1 BIRUAAHESRE

MCL-Net fRAEZAMEI10fT7R, EE W MR : (1) 2 3PEREH: X
12 /S04 B JL A ) 1D-CNN R HUPRAE: (2) BRI B K 12
ANFER B RHAE ] A B 540 PR e, i 223k H R AL A S i [ )
O F s (3) T THRRAEBRI SR A By . MR IE i 18 4ETF- .0 Hy EIFRHIE,
2 MLP #tt 5 SRERHEDHER G (4) SARSHIEYe: a5 RHES 252
Ja o SCHPAN K, 43 il S 7 A I MR A3 AR = 4 2 [ AR A

WA 12 2k ECG B X € R (AR30e T = 500) , MCL-Net HJH{ %
AT . AT 6 MRS (FEI 6.1 55%K6), BREFBIBEIIAN, IESCPATE 10
A7) 5y ERIEA micro £ (38.3K Z:%%) NP SATHRAERE ; FAMRY {0 45
B hidden dim. num heads, lead fc out. feature hidden. fusion hidden H/~#EZ
B, Bty 5y e e —E.

HIE, LeadCNN R aRASFHRMALSR BN FPRHIE , FHRF 12 BRI REHE S N AR
g

Fi4q =LeadCNN(X) € R'2x64 (4)

N e A S RE N = WAL ke STRUIE 2N & RE Y = WAk NiiilFe:¢ 8 3ERIEILHS i i R i = 241
A I
F i = CrossAttn(Fe,q) € R?*6 (5)

AT TEREAREHEZE B R R R B O E R, BRATETE BB G5 AT — 24tk
#1)2 (Linear Projection), ¥4-FHCHY 64 4ERFIEMRER 16 4E. P, ¥ 12 DNFEH
RN VA

Facep = Flatten(Linear(F ) € R12x16 — R192 (6)

F THHE [ Tpana € R' 22 MLP 4308 )5 5 R B RHE DB & -

.ffused = Fusion ([fdeep; fhand]) S R647 fhand = MLP(mhand) S R64 (7)
Hor [5] FoRmEBHERE. B EM A 192 4+ 64 = 256 4k, £ 256 — 128 — 64

JR AR L IR

13
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B, BRERAIE A 2E 23 2SRl VA Sk 7 A i o

Yoo = Softmax(W g fruceq + bets) € RT
yreg = tanh<Wregffused + breg) S [_]-, 1]3

Input: 12-Lead ECG Waveform
X c R12><500

3 s & ‘ 5

e T ;'\,\ e

Y v

Multi-Lead CNN Module
Lead-wise 1D-CNN (Shared Weights)
Lead CNN Diagram

Pan-Tompkins QRS Detection

Fleaq € R12X64

Cross—Lead Attention
Multi-Head Self Attention y
Fattn € RIZX(M
o Handcrafted Features
= EE 18 ECG Features
P | Ili i 18
. & K=Fow - Thand € R
— E= % [0.15, —1.40,--- , 0.35, —0.55]" € R!*
= == : | =
m —
4 -
.
|V -
l MLP
. — 5 1 1 64
Flatten & Linear Shana = ReLU (whandwhand + bhand) ER

fdeep € ]ngz

[f deep’ Fhanal € R1O2F64

Feature Fusion Model

Ftusea € R

Input Layer 256 FC256-128  FC128-64
+BN+ +BN +RelU

E E

Classification Head Regression Head

Yeis = softmax (WClS-ffused + bC]S) S R7 yreg = tanh (Wl‘egffused + breg) € [_17 1]3

P& 10: MCL-Net #&{& 4244 &

14
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4.2 Z3PEHEIR
Z SECERET 12 S0 BB TR P RMERR . B REE] 12 SRR
HE. EEKE 2, HASBEERAMMPAIESSHAHME, A A S B 3L =
GRBAE . XA TSR, AR 24 > 38 I T RHIE
ST 29 e RT (i=1,2,...,12), LeadCNN 31724

h = LeadCNN(z®) (9)

Lead CNN Diagram

AdaptiveMaxPool1d
32x1

Concat + Linear
64

Input Layer
1x500

Conv1d+BN+RelLU

L o H
| L H
L H
S H
e —— -
i |
r L
16x500 I h
kernal=7, padding=3 Convid+BN+RelU B,
|
32x500 2
||

kernal=5, padding=2
AdaptiveAvgPool1d
32x1

E11: Tiead CNN [ 28 4544 7 25 1]

FLpAH, R FIBIEE 8 ol d P2 —4EERZ R BUR RN PP AL, AR50l 4ead
8 NI AR A B &R RAL , KA I A 5 T 4 [ 5 K BERF A ) . PRIt
PCEE SR B4 ) I R B O AR T SR I AERAAIE o 5 0 o R 2 R R A S 21
d =64 2, B Fieaa € RPNy 12 DI 5] B 1O HE B A

4.3 EUTER B

s LR B MCL-Net (A% 0D RIHZ —. EBETshlRET 12 S8 ECG
FOIELA B 12 A SIEACK [ 25 1 £ BE D S ONE LI Bl G062 (A1 7E P A A ] 2
WO 2. ASCIAZ DR 0 12 AN SR T i L B Sk v
HUBIZEST SIS 8, TR AES 138 R M2 > S [ R 5 2

MR H] Transformer 2 PRI 4 HCE BUERE IHLE (28], iR HARS:
B OCMEERMAGE, BRERESE G aEa”, MERESE ks H b
SRR IS A S I ARG B A SR S Y I P 25 R DT AR

% S B TBUHU H FEEEAENE Flea € R0 1 0 47 FU | R4 i 4

15
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SR 64 HERFALI R B IR R A — > 4l P i R R R
Horp 12 ASFBON BT A

Head i
w?

Ay
Source lead
Fiead Sy
12%64 i head),
e —
H va | e——
[ 2 W i —
aw | S S e —
a | 3y NE ——
q e ———
vi | T wl I —
vz | I —
v " i —
va } I —
V4
vl head; = A,V
ve IR K] ead, =AnVn
A, =softmax QK;
‘, V16 12x16
‘ 12x12
| >
(Ap)=1 L2
= head’ = ¥ (A,); VY
6416 12x16 j=1
Fle:
head; 12x16 ———— ulf::]
\
1
head, 12x16 ———— |
Concat wo . : ) LayerNorm Faun
1264 6464 | 1264
head; 12x16 —— 4
heady 12x16 ———

Fan = LayerNorm (Fie,q + Concat(heady, ..., heads)W?)

A1 12: B FIRER JIPLE] (Cross-Lead Attention) FRAMZEHE . 70l FHFHLRA |
FraE . QKV ESE 52k BRI IR BUCE , A 005 S HR S
WAFIEH 2 S =R 520 .
4.3.1 GBS BIER BB

MFEH b AEREIRA(h =12, H, &P H=2),

Q, = FleadW§7 K, = FloaW}, V= Fr.aW/ (10)

ot W2, Wi Wi e RO Sl YIZRESEHERE, dy = 64/ H = 32 AR 13K
RAELERE .
XEFER b MEETk, RO

-
A;, = softmax (Qh—\/é_{h> S (11)
h

Hp QK I 12 x 12 AUAMMRUEMFE . ik T V), TR s BUE D 25 K28
softmax HEABSEEHIAIIX [28]. Z85d softmax I9—{J5 , VR B0 3.7 (An)iy = 1,

16
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4.3.2 L3 PLHI0 A

Bt J5 FH Y 1 BOSHE R B T IR &, 1583 A EZ T E 1K T BT E
TN
head, = A,V}, € R12xdn (12)
head,, 155 i 17 head\” &5 i A SIEMHIFAE -
heady =" (A4);; VY (13)

j=1

ASCRMZ I o AFFER IR A FRSSE AR, M7 R B E I R G
FFAIE, (IR BEAS M2 AL T2 8] R B IR 2 TR A AL o 7 B A 3 0 Sk 0
MTERFIEAEE Ephi, it B AR & 2 3k E R

MultiHead(F'jeaq) = Concat(heady, . .., headg) WO ¢ R12x64 (14)
Herfr WO € ROO4 ]| it H 3524 G

4.3.3 RS IEH—1t
IPRUEAR SE B AR P S B RE TR R . AN SOR I B2 1 i A S R A
L, R

F,in = LayerNorm(Fe.q + MultiHead (Feaq)) € R?2%64 (15)

BB B RS DB SRR BRAFAERT B, M A A AL SRR 0 I
TR JRIA MR B A L R FE EIIETI 4, A7 T I 5
R AR

4.4 PRI A B

RUERIE 2 T3k e H 87y~ ECG BB RYFHES R, (HLO L B B R 1
IRFIAR AR BT B F LA 8 A A e fH. ASCRIT T 18 4EF L0
FIRFAL, X SURFAE RO A A O FL AR B i e ML W

4.4.1 18 ZTF THMEmE X
18 #EF TAFE R E AR LUNFR2PT7R
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7 20 18 4B O AL FRIRFE Y E S

%'y FRAEPR R R
1 VI G R PR HLE A EREE RIS
2 VIFEES BIRE(HE HELE A E IR RARE
3 VI Q BE(H HLE ARG R
4 V6 FHk R BIRME PEgk e BE L TR Bl
5 V6 Tk S PlE{E BELE JEEMBERANR L
6 11t R BE(H HELE REEHL B
7 I 3ER R JIRE HELE REEHLG S
8 aVF ik R WIE(H 2k HEEGZ)
9  II/IIR JIR{EH gk R EEH R RS T k)
10 LBBB &R “{H 27N LBBB R
11 RBBB BE&Hr& “{H 275N RBBB &
12 V1 Flk oR BSWE fH 2% oR BE
13 FEERLAIARAS TfE RN TR
14 QRS FE)¥ BLk AL R CORAE S
15 QRS Wit TfH REE 60 RAES (120 ms)

16 12 FHk R Po9(H HELE BRIV I B
17 12 3HK R BobpifEde % OILEISSh B R
18 12 Flk S PIIH JEES S UNGR VNS

RXELRAEMBIEIERS . ALl 1) RS SRS A EZE T PVC ) ECG L,
SRR AR VIR, FULEEER PVC JLRFHE B E A R 3,
R IR L S BRI S P AR A 7 B e . AER AR BT, LVOT
Ui PVC i W) ECG RN VI SHE RBBB JERS, TEEREER R 3 RVOT
B PVC MR V1 Slct LBBB EAS, A TEEREGS R 37 [15],

4.4.2  FFAESE LR R

T TRAERFRBORAE I T - X 12 T ECG JE X € R, 1 S i I (e
ke AR QRS B, BRI R B, S B, Q BaWIRME, PAK QRS SIS
WA SH . A RS R Y BT 2 i) Pan-Tompkins 53k [19],

i UL A2, Pan-Tompkins FARAIF R IEF OB, 1 PVC B QRS
SN Ly AT A5 2 O v R Y | N e @ R L ST S N
N, VERAE QRS L. R BT S PR IRAIE

Pan-Tompkins AR OAEBRAR NIE L3R, W@ ug s . Mok, s
R Bl DB DA B & BE AR TN IR 5 5 A BT B

18
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AN A

ks ECG 5% AWk (5-15 Hz) (%8143 )i iasy BB (150 ms) 138 )57 PR PG

4 13: Pan-Tompkins 5% QRS WA MRAE . KPR 75 M5 ECG 2R 4 QRS
BB R SIS

QRS Pefiii

zeid A IR, Pan-Tompkins 53540 1A SHh QRS BEfFm 08 . 76 B AL A
b, At AR QRS BHFNAY Q B R PN S PR R fRE, I I R
{H. QRS FEREE N Q Bolhh iz S P2 1k mlZ [A) A I [R]85 2 o (53R 200 i SCHHRC B
A 18 MRHE(H, MET THRMEI B Thana € RS

4.4.3  FFAETZVES DY

HPHEA P TAFEAE PVC B SRATSS I sk B A SCEE TR Bm 2k 1
—ABEYLERAMR N IR (500 BRAR) . FFITEE T HE BN (5], ASSCREFRLARART AR
— IR UEAT R AL, 2RO BEMUAR MG B B R AR URAIE TR0 5%, fE
i B {48 SR P R A I

B e HEANE VT IR T B NRAEAE I A DRI T 00 RN B Je A AR s (5]
RERCRHEAE AT . Ay i ERYBE e G RE D/ B AT R 0 —1E, RIAf3212s
MEAY IR A TEENEAT o ASCIETT R JE T SRRy, BEDLARARAG I GRS ™ A% B2 T 25
5, BUERANM LA S GRHAL R AL .

e N 0 S 2 A R SR (N SRR )7 S Y

% 30 P LRFEE A T 6

HE# FHIEF PR TR (735974

IT B R EIRME 02542 NEEHHIZOIEW
/11 R JIEMEE 0.2092  FEERHHRAZ T M)
T SHC R LR 0.1854  "REEHRhHBhFEbr
12 50¢ R WAniEZ 0.0647 LM YLHLTE B BB
12 3R WM 0.0618  BAKCHLHEIE B8 B
V6 SH R JIRME  0.0525  ZAZEMEEH G

OOl = W N

B AR R ORI A R T R BE IR AR R, —FH AT ok 60% . X2
AR S PR P2 i E R R W . ST Y, TRHEE I PVC Tg
WA, WRIDY MESEGRE R ¥ ([15]. 1T S8 R JIREAAS—, SHEERs
FHN T ERERIGR R BRI AR — 20 HERBIEA T ERAME, Femrddshin
E. IIL/IT R PR O HER 26—, $7n T BE AL AR A% 75 1) 00 3 HE TR IR 1A Dok . 3%
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SRR E A b R = BLA T R 60%, W T (AL AR
fib, e @R EWGIE TR L 55 v R B LA R R
4.4.4 T ILFFAEGES SRy

135 18 4EF THMEN & Tnana € RY J5, FRH-SHERHMLED 00 M TRES -
M T PERFE AT SRR EA AR R R, HIEPHES SETF TR S 26T
AP ROR AR . DL, AR SCE Seil il — AL 5 2R T TR RS 2 TR
fik AT HUAR Y R 25 )

fhand - ReLU(whandW%land + bllland) S R64 (16)

B W, € RIS A b, € RS TTIIZH.
VI FHRIR A T TS S5 VR AT IO IEAFE oy € R B
P, 195 256 HEmh A

fconcat - [fdeep; fhand] € R256 (17)

PHERAE 2 S 2 RS RHE Rl & B i) AR 7 N2 — (23], HUBALETRE T

FFHERFEIE R, RG2S @ Al 4 A 1 X SEARAE . B2 5 1) 1] e Ao
ARV T R YR A

ffused - ReLU(BN(fconcatW%use + b}use))W?use + b?use e R64 (18)

R R S8 BEATA IR AR

A FRILRL AR R 4 S50 S YE AR L

114243 HWAYEE e Ui L2 3]0
FILAEgRIS 18 44 4+ ReLU 64
R HR4% 192 + 64 [ E$HHE (Concat) 256
EhESES 12 256 A% + BN + ReLU 128
GRS 2 2 128 2% + BN 4+ ReLU 64

AR PR Z AU (256 — 128 — 64), AR HEAIH— LA ReLU B
PRAL. MIH— AL TSR E ISR, ReLU BiE5IAARLM:, (28NS~ IR
JEFFIES T TRHIEZ T 52 258 B

FPRUETF TAFIE S R EERFEAE BE R Z BRI, IINGRmT Brfy F LA UEAT Z-
score FfEAL, (ERRMRHEIEY 0. ARiEZN 1. PR SEE T INGEIT IR,
FESUEATIN T BB AR A4S e, b it e
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4.5 ZALFFE G Bk A%
4.5.1 ZAES ¥ WAL

MCL-Net i id 24T 55 27 I HEZR [A] I I Ak 70 ZEA0 [ AN H A 2245524 2T A0
B 2 RATSS A TS5 SRR RN . PIAME S5 Z 8] DAAH B 52 LIS 4/ i
B, MFRTHAS H R AEPERE [7]. EASCHY PVC T EREE RO LI, AN (5] ] DXk
AR S AE = 8] A Bt S A R RO A B R, DXl 28 5 AR [l A e Bt [ — 28
[ 5 {7 P A 14 P Rl AS [ BE AR

1 JAT 55 5 WA 2R 2 o] AN [R] e ) DX P B PR, 5 1 A 20 9 AN [l Y o2
1£ ECG PP LMt MIE S22 5 AL 55 W5 [ AR 2 ) = A 43 a] iy S B A5 L
e AR IE BOE I S5 S AL Z [ AR KR o AL DS 2 S
B, 5 FHQE RN T TRAE R SR SR RS IR AL 3 (P ML 55 BE S
FHE ARt WARR AN T ERRCR . WA T ZAE 557 ) 3] s 4k
YRR, Feflad L XU [25].

4.5.2  Hthkueit

WL PHE T HORIRS ST B R R ERHE £ aeep € RY? 5P THHESR
B frana € R® BHESS, ZRGEGEEHRIR:

ffused = FllSiOH([fdeep; fhand]) € R64 (19)
Oy i R TR R AL i T AR I AR A
Yeis = SOftmaX(ffusedWCIS + bClS) € R7 (20)

;H\:EP Wcls € R64X7 ﬂ:ﬂ bcls € R7 ﬁ%%%ﬂﬂ”é&%ﬁo
W13k 1A pR PR 2 A TR 2 AR, th =4 2 [A] AR AR -

yreg = tanh(ffusedv‘/—l‘eg + breg) S [_17 1]3 (21)

1 Wieg € RS Fll breg € R? N WL FTYIZSH. 268 tanh A0 o6 £ IR A
FUA VSR R AR DERC A SOH — AR ARARYE I (-1, 1]

H
e
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[fdeep; fhand] € R192+64

Feature Fusion Model

ffused € R64

L= Ecls + >\£reg

+ReLU +BN
) Output
R0 e
SR o
X
/e

. .

Classification Head Regression Head

Yeis = softmax (WClefused + bClS) € R7 yreg = tanh (Wreg-ffused + bl‘€g) € [_1’ 1]3

& 14: ZATS5 fr th SRR S 45 I . Bl aJRRY 256 ZERFE Ll i 2R 4E R 64 4
iy AR SISk, R e Ak A %%

4.5.3 A%k
MOCL-Net [ B 5% R Bl = FB 480 o Jeami gk . [l 5 A L2 IE D) 4t -
L= ‘Ccls + )\reg Y ‘Creg + )\12 : H@headH% (22)

Hort Aveg R EUERACE R, Ao U4k L2 IEWMEREL, Onead HMKFHTK
R IIZR S8 Pitbds AdamW. 1 weight decay fF =B YIZRSEL, BT A
SUER TS, “H BRI ER . Ay ZTLEHIEN 0.9,

TSR R B2 KA S SRR 2K -

1 N 6
cls - N Z Z Og yz c (23)

=1 ¢=0
Hrp gie = (V= o)t Wy; = o) + /7T FFRIGHINRE, o= 0.1 FERE. Wi
LR R R TR e g A B RS, B LB NGBS B AR, Mg U
A [27]

W14 4R Smooth L1 2% B

1

3
Lreg = ~ Z smoothr (Yid — Yia) (24)

d=1

M=

Il
—

7
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)
=

2 .
smoothy(x) = {0.5x /6, el <8 (25)
|z| — 0.58, otherwise
B =0.5 P E{E. Smooth L1 HURAERZER/NNHRI L2 #i5, SROFHEEEE A2
REERORIRIN L1 %, R R EX BRI, fllgREmiase (8.
L2 TENMEIR R 2R Ao B2 WS GE N 1077

4.6 AKRF/NG;

ARFEFEA L T MCL-Net BRUZEM . £H3) 12 Sk ECG A= 454, AL
e T —MEaZ SREM, BSPEE NS F TAIEN S5 T ER . 2S5
R I ALE Y 1D-CNN XA 7 SR BUR OB RRAL . 15 I R R
K 12 A PERA B G AT AL, i 225k B R 7L 2 A 1 ) ) 2 [ G
KA T LEFEBHET IR R OB B2 2 S Wrir dEfa i 18 4ERHiE, S5 -5
JERFEBHZRRL G . 028K S RIHSLIVEIRZFOR, B2 AT 55 5 > SC B K 2K 5
—HEARAR I A LA .
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5 Bt
ATENAS BT I ORCHRAR . SCURUER . VPRGN BRI AR TSR it

5.1 Bindk

KBTI 273 4~ PVC BEA, SEH 273 BlEE ([A—BRENHA—DHER, H
B BB THEAL) , I IR T A 1F B BB 2 S AR VA TR PVC B3
IR GENESE €7

Jihh 12 8k ECG {55 PA 500 Hz SRAERZILF, PA R ERhHLE, B R IR 250
ASREER L 5 250 ASREE A A& st 501 &, M EIRE—, m&H 12 x 500
A TKE . B MEARPAREA SRR (1) MR DR AR, SRR T T ARic
SE A T RATT IE A RTA B U S A RS o (2) eSS AR (2, 2),
AR S P RSO B AR e SR BN 43 DX — AR AR R B AR AR R 2R,
HE A R H, H—z [—1,1] X[E.

7 AR DXk B S A = A T I ARG D . FESE PR R, IRATEE R
B e B S ek A f A, R G ERR FE R (W RVOT 5 LVOT {1
OERCTBPM . His BREET = J0MER5E) b7 s o 5 HSa2E.

RPRUE ] — B otk —4 PVC FE4 X T REAEZ4 PVC JERNEE, WIA
RN H ECG 75 g i m 1 MEA it b ] — B R A [R] )t I AE VI SRS
IR AE b S 2B 5

BAmAER 10 b7 FEALar 2RI 4> (B 100-109), B4 ¥ 7:2:1 QI %
HESERNMRER , 20 2 RAECRIE 7 A i) XS E R 2H ) =B 3 o o R AR PR A 1
PIFPTR 53, M4 BAs s MXAERA 23 Bl Frf Segn g Ry sl 10 440455
IME + PrifEZE.

T ) DX SR AR A RO RIS BT 7 o BRI B I 2/ S8k /I A 504 31 24
R 191/59/23 ;5 45 ZE 57 A 2H v ) LR B R 43 )2 RE D LIS B 25 5+

25 T AR XA AR
FoMgs R SRR

0 RVOT 76
1 LVOT 82
2 LV 28
3 RV 25
4 His 17
5 Summit 23
6 AMC 22
£k - 273
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76 82 28 25 17 23 22
& o ] 3 O
o) o) > > 2 g g

g =1
E 5 S| o s 3 )

B 150 7 AR KR EA R ) — AT & AL (B3t 273 fi)

5.2 SKBNUCHE

I SE i ¥ 7F PyTorch HEZERSCHL, 124714 CPU ¥f4% (12th Geén Intel Core
i7-1255U) , JTLFHFHAM A GPU 25, R TEA S R AR PE ST 7.
RRA AdamW fAb2S [17], #WILR2A N 107°, EEMALCH 1072, Huk KN
H 16, FRUNGREECh 120 4, FAEmLOEA 30 %o IR ARH R R iRIR ka2 %
PR FE SN [16], fdi2r ) MR AL R A I I 25

YRy, BN GTERUEE_FIPABA R 22 Wi M EDE, HARFRuE
£ b FUER R e e OB AU A N B Y . A I R TER A E 1R 2 30 A 2
T, WSERIZ I, DAB I

Loss Curve- MCL-Net

—— Training Loss
—— Validation Loss

: . . . . . . . .
0 10 20 30 40 50 60 70 80
Epoch

&1 16: AL G5 Yk 45 e e S th £

5.3  VHAl e

ARIORMAS 3.3 5E K PPIrfahs, A0 2EMERR=R . AL FL 20 ZOMIRR PR g 3%
2. FERRSEI T, A TRR TR IRAE FITAR, R 10 ARSI R IME £+ bR
2. MR RN (29 23 i), ASCIERE A 2800 [l 2 S IS A A Ay
EEA, S (U & AR R
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HETIGRIRAR, A SCRIH—1k EDE Wb [l Wi as (], 55 as = 4EALhRiEE o R,
M AR T R/2. PAAHEGE F RFRIE O BRI R 2R ], # R =80 mm, N
0.3074 {JIH—4k EDE X2 12.30 mm BPRE R 2E B TR R IR, A~
B RE MR R2E

5.4 JkJiik

FA A MCL-Net FMRE, A SCGRIHIRILL I E TR . g iy
/5 MCL-Net A1 [R5 53 DR BESEZ Al FAH R I 2R 50 SR FAT 0 g (2 5etldn
) AR A S A

(1) L8kl Es 2% 21 ik AUFERENLAR AR . DA 18 2T TAHMEME M, SR A5 MCL-Net
FAIR YN/ Btk /Wi 43, AT 500 BRULER

(2) TR P RLLE B £ 4 ResNet-1D, Transformer Encoder \GRU,LSTM #1 CNN+4-Cross-
Lead Attention, ResNet-1D R =25k ZEHALFE 12 FEEE, S8520 1.2M; Trans-
former Encoder i 12 B 2 EF-R4 5k A 2 B/ E Transformer 28 (dmodel =
128, 4 3k), Z%8E2) 2.8M; GRU RHBZ THEEH RcITY], S5 65.2K;
LSTM R H B ZKEIICIZM e, 25052 73.7K; CNN+Cross-Lead Attention fifi 1 5
MCL-Net #f[F] 1) 2 FHERME SPER NG, BEEER T T LEMES 3L, SHEA
L8M. JiAREEEABAI M JFG 12 FWRETAE MR A, AN S T LRHE.

5.5 iHmisEie it

il MCL-Net s BIRAGTTHR, A2 SCHE micro 044 (38.3K Z4) TibAT T &
GERHRLSES . BT A TR SIS AR 10 4UphSr Rl oy BN, Mot iofE £ e,

BRHL, ASCBOT AT AHEECE : (1) 5eB: a2 SIREM. B2k
TR FIRHER SASUE St (2) no_attention: f#5SIRERE Ty BIHUE
SRR, PRE T TARMERISUE Sl . (3) no__handcrafted: 3 THHiEs A
%, REESEPSEE SABUL S it (4) cls_only: fURMISK, BEREIE%. (5)
reg_only: {UfrREmEIEL, BERIPISL.

26



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

6 JUREIR S

AR S MCL-Net 7£ 273 Bl R EHR L LR SLRETIR . Hot B A R T,
et 10 AUSZ R IEETE, BJR-S 2 MR EOAIT I, fa i JH Rk
B UEAS AR TR -

6.1 BRI ENPT

R AR S5 B SR OB AL AR B, AR SCAE micro ZEAE ) BRI 4T R SE4E B
HE KBNS 2585, M T 6 MBS : pico(18.2K ). nano (30.3K). micro(38.3K).
small (£ 65K ). base (£ 162K ). large (£ 314K ), 4t B2 1A% T A A4 (57 6 I AHR]
14 10 2H 57 R4y A E E B S48 (dropout=0.5, Ir=10"2, weight decay=10"2, batch=16,
epochs=120, early stop patience=30, A\;ez = 0.9, label smoothing=0.1, SmoothL1Loss(5 =
0.5), AdamW + CosineAnnealing). 4401 A S-S SEEWNE 6 P, W
REANER 7 Fr7i

* 6 6 MEEMMVBESHS SR

Pifi H-dim Heads Lead-out Feat-h Fusion-h $H

pico 8 2 16 32 64 18.2K
nano 8 2 16 64 128 30.3K
micro 16 2 64 64 128 38.3K
small 32 2 64 64 128 ~65K
base 64 4 128 64 128 ~162K
large 96 4 192 64 128 ~314K

W H-dim & S yik4E & (hidden_ dim), Heads 53 E /735%% (num__heads), Lead-out 4
LeadCNN £tk 2 i 4% (lead_fc_out), Feat-h N TARESRISYEE (feature hidden), Fusion-h
SRR E]JZ4ERE (fusion_hidden). S 18.2K F| 314K, ¥ 17 f%.

6 DAERAAE 10 2R 5 ERIERE (mean + std)

e | B8t Acc (%) Weighted F1 (%) EDE

pico 18.2K /1 66.09 + 3.25 60.16 £+ 4.03 0.6120 + 0.0978
nano | 30.3K | 82.61 + 5.85 76.57 £ 5.84 0.4750 £ 0.0839
micro"| 38.3K | 91.74 + 4.10 90.78 + 4.81 0.3074 + 0.0365
small | ~65K | 63.04 4+ 5.24 58.22 £+ 6.75 0.5193 £ 0.0852
base | ~162K | 61.74 £ 6.09 55.19 £ 6.62 0.6551 + 0.0810
large | ~314K | 63.04 £ 3.51 56.07 + 4.14 0.6262 4+ 0.0629

MZE 7 AT PAEE =S58 . 55—, micro (38.3K) 7E Acc. Weighted F1 il EDE =
Feb5 L FIEHA IS, BAUESERMAR S B2, 20 EESPAERR: 383K
ZIE P R R (91.74 — 63.04 — 61.74 — 63.04), 65K PA_ =445 pico IR LE
KA. =, IEXA R E 54 : small (65K) 1) EDE 0.5193 {541 F pico (0.6120)
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Fl base/large (0.6551/0.6262) , LA [l 7525 1 R PSR, R 23 A RS K I o7
R it o

B/ SAL AT DR — TG VIR0 191§, 38.3K XHRZY 5.0 BEA /B4,
65K A2y 2.9, 162K %2y 1.2, 314K 32y 0.6, FEA/SRHIEE 2 DUT 48
Wrgg, 5 “BSHED 2-10 A7 MAREFEN TR

Accuracy (%)
o ~ ~ [ [e2] o o
a &G & o S o

o
o

v
[l

Accuracy vs. Model Capacity

Weighted F1 vs. Model Capacity

EDE vs. Model Capacity

=)

—e<s
<3

T

ase

T L
mall large
i i :
J\./l

Weighted F1 (%)

micro

©
S

@
=3

~
=}

o
=]

%
1=}

EDE (normalized)
o o o °
'S o o S

=
[

10
Number of parameters (K, log scale)

10°
Number of parameters (K, log scale)

10?
Number of parameters (K, log scale)

Kl 17: Accuracy, Weighted F1, and EDE across six capacity levels (pico to large; 18.2K—
314K parameters). Mean + std over ten independent splits. micro (38.3K) peaks simul-
taneously on all three metrics; above 65K, classification collapses while EDE remains in
the 0.52-0.66 range.

6.2 10 41 Rkt

& 8 M4 T micro BEBUAE 10 AN FEYL > Z K] 4 (B 100-109) ERRC RS
10 ZHIMRAEER Ace ¥IME R 91.74% £4.10%, Weighted F1 4 90.78% =+ 4.81%, EDE 4
0.3074 + 0.0365.

2 8: micro FALYE 10 407 R4 FRIC B STt

$5bs mean + std min | max | F#E

Ace (%) 0174 £ 4.10 | 82.61 | 95.65 | 13.04

Weighted F1 (%) 90.78 £ 4.81 80.63 | 95.90 | 15.27

EDE 0.3074 4+ 0.0365 | 0.2283 | 0.3575 | 0.1292
B, (/4 1.9 1 4 3
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100 Classification Stability Across 10 Splits

0.400 Regression Stability Across 10 Splits

—a— EDE (Mean: 0.3073)

::z:z A BN A N

A
0.325 \ 90 / /
A
A /|
0.300 : ¢ \
85 \ /]
0.275 \ //
A ."
0.250 /
X

80

Performance (%)

0.225

Euclidean Distance Error (Normalized)

—e— Accuracy (Mean: 91.74%)
Weighted F1 (Mean: 90.78%)

0.200
75

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9 Data Split Index (Seeds100-109)

Data Split Index (Seeds 100-109)

(a) EDE 3] (b) Acc5 F1 J5)
&l 18: micro FLAYTE 10 k73] 3 B 4328 55 [l U RS 18 5 14

MF 8 M 18 AIAK i+ Ace fRifEZE 4.10 A~ 70 ey ¥2Y 23 BIiidsE L2y 1 4
PEASH B, DEBABERL X EAE R  AEUEG 10 419 94 Ace > 86.96%, 8 41 > 91.30%,
fezE—41 (split 4) 82.61% 1T A H4 ¥ (H ;. EDE #rif2: 0.0365, fx2: 0.3575. #x
4 0.2283, PR/ HERYIIEZE R

6.3 LiJLe RIS LE

% 9 ¥ MCL-Net (micro) 5Lk rEreFmg 10 R4 7. g
BRI M BN, AP AR FNGACE. d T3 54 I0 R B s i
F1, F£HPL “— ARy didgmm.

£ 9: ZITIRTE 10 A7 R PEREXT G (mean + std)

i Acc (%) Weighted F1 (%) EDE

ResNet-1D 56.96 £ 7.89 49.14 £+ 4.88 0.7817 + 0.0921
Transformer 60.43 £+ 4.10 53.32 £+ 6.00 0.7539 £ 0.1222
GRU 73.48 £ 6.58 69.48 0.5726 + 0.0873
LSTM 70.81 £ 12.22 68.09 0.5679 £ 0.1148
CNN+CLA((Arhsk) 62.17 £5.16 52.78 £ 6.90 0.6827 + 0.0628
EHLEAK 75.65 + 6.51 72.82 + 7.72 — (EFEEEES)
MCL-Net (micro) 91.74 + 4.10 90.78 + 4.81 0.3074 £+ 0.0365

e 7 FORGELRIE AR BT RE ), A REUE N CNN+CLA Bl CNN+Cross-Lead
Attention.

M9 APAEH: MR E R4 (ONN+Cross-Lead Attn), MCL-Net 1) Acc
Tt 29.57 NE A, EDE K 0.3753 (&A% 55.0%) 3 AHX} Transformer, Acc 27}
31.31 NE4r A, EDE B4k 0.4465; A%} ResNet-1D, Acc $#&£7} 34.78 NH4r A, EDE
FEAIG 0.4743 5 FHXTFEHLARAR, Acc #2TF 16.09 D40 5. FEPVLARAMTGIEIEAE Sy, MCL-Net
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PIAZ O BAET Rl B4 B o A =2 A A . (EASYE RS2, FEHLARARAE Sl 7 241 55 AL
TEANREEL (75.65% vs 56.96%-62.17%) , UM 18 4T TRHEA S #5207 o K 45
;5 MCL-Net 7Efl & T THME G5 Ace HEE 91.74%. 14, LSTM HIRTET S
AL FAET Transformer, {HIFSIE K (Ace Frifi2Eik 12.22%), H EDE %25 (0.5679)
SRt = T MCL-Net,

ZRE T, MCL-Net (38.3K) {08 ResNet-1D (424 3.2% ., Transformer [#24 1:4% .
CNN+Cross-Lead Attn A%y 2.1%, {HYEREATHSNIG. X ULHHTE/ IMEARZME R, S5
EARRIIPOES

6.4 {IfRlEs

Bk MCL-Net ARARURAYTTHR, 4<3CFE micro 2L N ig- R [pfidl, Jf1E 10 41
MarA sy EINGRAITEAL . S5 2R 10 Fox.

2¢ 10: FiHLEEhsCIGZE R (m10 4H%)4), mean + std)

LIEN Acc (%) Weighted F1 (%) EDE

Fe R R 91.74 + 4.10 90.78 + 4.81 0.3074 + 0.0365
no_attention 71.74 + 5.91 65.81 £ 7.90 0.5860 + 0.0852
no__handcrafted  59.57 + 6.75 5011 4+ 6.63 0.7039 £ 0.0534
cls_only 69.57 + 7.53 63.36 + 7.60 —
reg_only — — 0.5946 £+ 0.0719

T S BERAE S SICGR,. BRSSP LAMERARHOIULS 4 no_attention 55 Ik
BB BN EEMSS; no handerafted o F THHMEA A B cls_only (UERE 22K, BEREIAK;
reg_only {UEREA K BER MK 7 FORIRALRTORS AL 55 1% i

M 10 A ARSI PARES . 56—, BT AL S5 Ace R 32.17 ASFH 78 5L
EDE |7} 0.3965, 2 RotioRI. 26, BEREFIIERI S Ace "FFE 20.00 A~ 7>
s EDE 71 0.2786, TTHRIKZ o =, {UPREMSKIT Ace R 22.17 N0, Ui
Il AL 555X 0 26 IR ) i 5 (ACPR B A Sk ) EDE _EJF 0.2872, T B 70 24855 % [ml
JHA RS BEKSCE M 3 IR TR, BOLIGRm) —{T 55 iRk
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Classification Performance Regression EDE
100 4 mmm  Accuracy
msm Weighted F1 0.8+ 07039
0.7
804 ii 05860 ﬁ 0.5946
_ 06
¥ 60 5 0.5
a s ]
g goa 03074
& sl B B
0.2
m N
a na
0- 0.0 -j - - > l
\ d W] W e\ n A \ | ]
o0& ot e on ont o 0o e on o
PR 025" o pande® 5.8 (9. PR oo 200 ® pande™® “(‘255\0“\ (9.5

0o fr=e)

¥ 19: Module ablation on the micro architecture (ten splits, mean =+ std). Left: Accuracy
and Weighted F1; right: EDE. cls_only has no regression output and reg only has no
classification output, marked as n/a. Removing the handcrafted feature branch causes
the largest accuracy drop (—32.17 pp), followed by removing cross-lead attention (—20.00
pp); sharing representations between the two heads yields positive transfer for both tasks.

6.5 WilZkix AXFEE

FPHE I ECG FNZRRm X AME S5 HERROR , ASSCAE micro ZEMBLAH - Fr 4
Lead ONN s ACE, JEAT BRI WX L SEe . S52RINER 11 PR, 25
e, AN ERIA D TRR ISR, MARY R 10 41Xy, SheUENIT kS %

% 11 FIGRANSEE (BRI, micro ZE4y)

AR TN 25 A Acc (%) F1 (%) EDE
from_ scratch TG, MEiZ: 91.74 90.78 0.3074
ssl_frozen leadenn PTB-XL/AsHh, R EH, 7RLs 69.57 64.92  0.6064

ssl_full finetune  PTB-XL/AH:, iy, £8MH  65.22 54.49  0.6740
hubert_ecg frozen = HiBERT-ECG small, HWE, 74 73.91 69.64 0.5160
ptbxl cls frozen  PTB-XL, FAAWE, %k 65.22 58.96  0.6050

¥ ARTONRI  ERRESER, (U S .

M 11 W PUE 55 b, MBI (91.74%) , Frd 448 (R 4%
TAEUNLE (65.22% 73.91%) , BLEH 6 M5 DI 406 B2 40 SIS T TR R SE 50
RN, AR R ZES L BHES L, HuBERT-ECG 45N
(EDE 0.5160) , {EA5 & TAEUNZER 0.3074, H BN B #TGIRH S50 2 2 oM,
BARBBNBING . XSRS TN ZRIRE AT S5 A I, A A Sl
WEESFEE SRR, BIHATREM IR B B FoR ke, (B2 58 Tl k50 4%
FIE PCREL I ZR AT 55
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6.6 HiIRVHE

MCL-Net 7£ PVC JiRl#E s & 04T 55 F IS0 PERE AT 3 BT AR JUAS 7 T B 3 [
EM:

S—, BRIEZIIEAE TR 12 S8 ECG Mgl e SE5M5
SRS AR A YEA L, B R DT Be0S Bl S A > IR [R] R ORI B, Al
T HERA A PEAS [F] B[R] ) SRR TR SE L W, BBy G Ace T
20.00 NNE S, ISR TR ST TTRR .

$ 7, T LR SRR RO SR A% 1 25 ARy RERAERERS B 3]
ECG BB E o, - TAMERRME T IIs I R AR, A LS G Ria A&
THIRFRAEGE ST HASCE RN, BT TAMES Ace IFE 32471 EH 405, ik
DUEASR IR, Bk T IR Se g F R FE AR A TR 5 N g B

=, ZAESTE IRERE 4 FAIHAT 55 REUB AH HAERE . 0 FAT 55 B A e 7 1
DI, BT S5 A4 = ZE A hs , LR RME SRR TE I AAR S Z A% 18 T A M EE B .
cls_only fl reg only HIJHRIZE R/ HE /R Ace IR 22.17 NH 4. EDE T 0.2872,
SCHRACL =R W ] 1R I

S, BB SR RTREILA. 6 AR SER R, 38.3K [ micro £E Acc, F1.
EDE =Ji[a] ik #[IE(E ;s 65K DAL ZSWieEal T, SHEA/S80tkE 2 2 LR —3.
PRI/ IMERIGIRAE S5, SERCRILERT A m B E Y, H MR Mz
1t
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7T hig
7.1 IEHKEX

ARAFFEHE ) MCL-Net BIZUAE PVC JE RS E GAE 45 L, 10 7 R 4 ne)
AKRUERRE N 91.74% . AL F1 2k 90.78%, ¥ EDE 4 0.3074. iX—%5 R AE IR
AAATIE X,

S, ARNIICEIE MR EE ¥ Ak, ARy TR . (S50E AR A A0
FL A BRI, ARG E W O N REAE T DAUE LT ECG RECHIHRIR, HAWd
FERZ M AT, MEASRELFI &1k, MCL-Net 8% H 30, HEMM B 12 S5t
ECG g H B S i | DI o S fn = AR An iy, FRALE . PIEE M E 458, M
T AR BE AR A NIRRT, A AR BT P (AL B e 3 S 3

., ARG HiB R e YERUE o R . 23k 7 AN DIk AR
a3, A B B AR PG A e I FE I KB DI s [l Sk =4S (R AR AR, A ERAE
PRALTORS AN 25 [0 27 o X RS T B RY R RE L TR B ifi A, R T F AR

=, BOUR R S RRIR DR SR . 35 IR By FTRRAL A AT 6, AR
TEFMA R JEERALR PVC B, X T SIlmRZ Wy i — 20 S AH A . plan,
i RVOT e PR 2 6 1) T 563 V1-V2-EraVR SEERIKEI E &, Filll LVOT # ik
FHEE T aVL f1 V1 SEAH A, X -Hudwrd 25 iR sl E A7 1 S AR E T 7] —2 X
Fh] g REIE A BT I R 25 A XA U 25 S (54T, (EyE R A E AN SE [R] T R i
B, AIRE SIS LI R AR .

7.2 JaPRfE:

R MCL-Net BUS TEAFHIERE, ARFFRAEAE L T RIFR -

Fi—, FEARRAP AN 273 A~ PVC HEAS, RRaHilifde sy 23 7. E4R 10
NI AE R T Ik T AR ER R A e, EEEARREIA R, a2
% (His. Summit, AMC) FERAHMRFEARL 1-3 fil, BRI T ZER K. KRFE
TE S UL R ECE 25 b aE— P B e BiA nY iz fh e

i, DB RIR . FTA SRS RIET & 1EERE, AFERR ECG SRR .
G5 A B RR AL A AT BB E 2 7 o BBUTEAR R DA @ B RE R R e 1Y
PRig 17 SMEREIE -

=, bR RGN BRELRE A PR . A SCR I S il O S ) s R Ak FR &
AR R SRR B CARTO RELARRZ (R L 5¢ R 75 B — P MR L oe . A
A5 O AT BESE FN R = 4RI R G, ARAR RS 22 57 P RESC L AL Y 25 vp il 7%
VAR

LRI s 1] 6 e N e vy 2 e s S R F e d A G 6l U
Bk, M ARTE B S ImR AR th A T RIS M PPAL . BIBYRE AR EOEHS B s AR 4 0 T R B
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Al PR P AN A, 752 RIS P R R B

B, T LAPAESE IR SR . 18 4EF TAFEAYHR UK Pan-Tompkins F3kiE4T
QRS PG, R IRAEAS T TR R 22 B AE ™ RS (O T PR AR SORHAGE
SERPEAT TR N TS, (HASR AT AR SR QRS Al 7 ik, R e 4 hnEl
B P TAFAE AT 5

N, PG AR OO R 2> E5Ei, woRy R 10 4% 5y, Hakasiil
ZRNCE R SE A, 5 OUE R S

7.3 AR

BT FiRRRRME, ARk TAERT AN PA R LA 7 T -

(1) ZhashaBsuE. Wk AR ER . ANERS . NEEE AR ECG ik,
IE MCL-Net [R5 07240 A8 S1. A TERE NIFEIAE, 7T LA ES | AU 1 33 B 45 Ak
I/ NAS [ OB 2 (R B R 22 5

(2) P KFEARR. SEZEITFHMAGIE, ¥ afdRg e, FFa2 5 a e Iaa
£ (40 Summit, AMC) pyREA R, DA — D3R THER AR B2 Il 143 280 [l RS B

(3) S BdRmS . 1 ECG IE5.LIECT/MRI g8 &, A%
PER RN S5 BB E AL . SRS G T REIE— IR T = e AR T ARG B, U2
XFTF D AMERE ) PVC,

(4) miMEPERRRESIE. SEBEAVE, EELIGRIGF P MCL-Net #E17 AR
R, VPRSP AR R, X FRBRE R . FARBIIR SRR LS L bR .

(5) BaRSEe Al 5 24 ) micro B SEEN 38.3K, TR RIFHIHE
W AmBEREEGFEERG AT, o2l AR AR . AR B A Bk
AL E R AR ACHEBIRCR

(6) AMFEAHT 5 EREPEIRUE . 52T R IR S BB T SE 05, Bk s Tk
R B R R T, RGBS BB 2 5 [ 2 5 | AFEZE RIWTAILE]  [RIRRN 7218
KNEVEH G S5 H R0 4T, PAEAL RVOT/LVOT ZEAH4R X I iR A R BT .
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8 &k

AFEH T P48 MCL-Net BB AIREE2Z B8, HIT M 12 FHE ECG B
SEIL PVC JH R A o 2 i 2. BIALRES T 2 IR S RURMETREL. 25 005 L
AT L0 LRI, 8 24T 5528 ST HE SR R Ik ) 7 ] DX 20 AR 25N =4
[ A AR o

TE 273 Bl R s b, SRA 10 27 BENL )2 R4 (FR+ 100-109)., MCL-Net
(micro #4, 38.3K &%) FEM{4E FikF] 91.74% £ 4.10% Hy4r K HERIE. 90.78% +
4.81% BIAL F1 3% ~FEIRRIREE B iR 2 0.3074 £ 0.0365. JHELEERA, TR
LAY SRR TTICRIE (Bl Ace NI 32.17 NMAS R, BSRREE IR (Bl
JG Acc TR 20.00 NEA ), BELIEEX RS RIHS A IETRE. 6 A RLE R
7N, 38.3K [f) micro #£ Acc. F1. EDE =[] ik FJIEAE 65K DA b3 2 e 2R B
FR/IERZM N SEECR 4N 5 m B EHE ., 5 ResNet-1D. Transformer Encoder,
GRU. LSTM, CNN+Cross-Lead Attention 2 3 LR B DA K BEY L ARAR L Gib L pass
27 EM G, MCL-Net ZEAH[F] 10 200053 FA S8 REUS TEMERE, SEEICHIR
JERL Y 1.4%3.2%.

S 2 RE TR E XIS KBRS R, AR MCL-Net #5244
DG —IREZR N, [FIFSE I T ORG 40 A A | I 03 2R 0 o B ) =R AR AR . SEde 4
R, ZEAGHE S TP R LS T LA R A, 3T T 8 LR BE S W] R
H B R B 51 A O L B 2B SRy ) — 3. % AR AR E TG B AU i
HET RSN AR TR, A BRSP4 A0 T ORI R R R R, S PVC
FRE R TG4 T SRR PR

AR TAERFRET IR BHUDINTRAE . ¥R Bl & AR50 AT R R e
PR RS IR, PARE—2BH#ES MCL-Net [n] il R W HI 4% 4K, o

35



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

1]

R PEN

R. H. Anderson, T. J. Mohun, D. E. Spicer, et al. Use of a two-handed model to im-
prove comprehension of ventricular outflow tract anatomy. BMC Medical Education,
23:274, 2023.

T.S. Baman, D. C. Lange, K. J. Ilg, et al. Relationship between burden of premature
ventricular complexes and left ventricular function. Heart Rhythm;~7(7):865-869,
2010.

B. Berte, M. Duytschaever, T. De Potter, et al. Lesion size and depth in radiofre-
quency catheter ablation. Journal of Cardiovascular Electrophysiology, 30(10):2097—
2105, 2019.

B. P. Betensky, R. E. Park, F. E. Marchlinski, et al. The V2 transition ratio: A new
electrocardiographic criterion for distinguishingleft from right ventricular outflow
tract tachycardia origin. Journal of the American College of Cardiology, 57(22):2255—
2262, 2011.

L. Breiman. Random forests. Machiné Learning, 45(1):5-32, 2001.

J. Brugada, A. Nogami, Y. Aizawa, et al. Radiofrequency catheter ablation of
ventricular tachycardia in patients without structural heart disease. Circulation,
95(11):2603-2609, 1997.

R. Caruana. Multitask learning. Machine Learning, 28(1):41-75, 1997.

R. Girshick. Fast'R-CNN. In IEEFE International Conference on Computer Vision
(ICCV), pages.1440-1448, 2015.

A. Y. Hannun, P.Rajpurkar, M. Haghpanahi, et al. Cardiologist-level arrhythmia
detection’ and elassification in ambulatory electrocardiograms using a deep neural
network. Nature Medicine, 25(1):65-69, 2019.

R. Hoekemay G. J. H. Uijen, and A. van Oosterom. Geometrical aspects of the in-
terindividual variability of multilead ECG recordings. IEEE Transactions on Biomed-
ical Engineering, 48(5):551-559, 2001.

M. E. Josephson. Josephson’s Clinical Cardiac Electrophysiology: Techniques and
Interpretations. Wolters Kluwer Health, 5th edition, 2015.

T. N. Kipf and M. Welling. Semi-supervised classification with graph convolutional

networks. In International Conference on Learning Representations (ICLR), 2016.

36



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[24]

[25]

[20]

S. Kiranyaz, O. Avci, O. Abdeljaber, et al. 1D convolutional neural networks and

applications: A survey. Mechanical Systems and Signal Processing, 151:107398, 2021.

S. Kujime et al. Deep learning-based premature ventricular contraction origin clas-
sification using semantic segmentation. Journal of Cardiovascular Electrophysiology,
32(11):3012-3021, 2021.

X. Li, J. Zhang, Y. Wang, et al. Electrocardiographic characteristics.for predict-
ing the origin of premature ventricular contractions. Frontiers in Cardiovascular
Medicine, 9:889271, 2022.

I. Loshchilov and F. Hutter. SGDR: Stochastic gradient descent with warm restarts.
In International Conference on Learning Representations (ICLR), 2017.

I. Loshchilov and F. Hutter. Decoupled weight decay.regularization. In International
Conference on Learning Representations (ICLR), 2019.

S. Nakasone et al. Machine learning-based prediction of the origin of premature
ventricular complexes from the 12-lead ecg! Heart Rhythm, 17(10):1746-1753, 2020.

J. Pan and W. J. Tompkins. A real-time: QRS detection algorithm. IEEFE Transac-
tions on Biomedical Engineering, BME-32(3):230-236, 1985.

C. T. Pedersen, G. N. Kay, J. Kalman, et al. Prevalence of premature ventricular
contractions in a general pepulation. Heart Rhythm, 11(11):1980-1987, 2014.

N. Pilia, S. Schuler, et al. Non-invasive localization of the ventricular excitation
origin without patient-specific geometries using deep learning. Artificial Intelligence

in Medicine, 143:102619, 2023.

P. Rajpurkar, A. Y. Hannun, M. Haghpanahi, et al. Cardiologist-level arrhythmia
detection with conyvolutional neural networks. arXvv preprint arXiv:1707.01836, 2017.

D.-Ramachandram and G. W. Taylor. Deep multimodal learning: A survey on recent
advances and trends. IEEE Signal Processing Magazine, 34(6):96-108, 2017.

A. H. Ribeiro, M. H. Ribeiro, G. M. M. Paixao, et al. Automatic diagnosis of the
12-Lead ECG using a deep neural network. Nature Communications, 11:1760, 2020.

S. Ruder. An overview of multi-task learning in deep neural networks. arXiv preprint

arXi:1706.05098, 2017.

W. G. Stevenson and U. B. Tedrow. Catheter ablation for ventricular tachycardia.
Circulation, 139(19):2222-2236, 2019.

37



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

[27]

[28]

[29]

[30]

[31]

[32]

C. Szegedy, V. Vanhoucke, S. Ioffe, et al. Rethinking the inception architecture for
computer vision. In IEEE Conference on Computer Vision and Pattern Recognition
(CVPR), pages 2818-2826, 2016.

A. Vaswani, N. Shazeer, N. Parmar, et al. Attention is all you need. In Advances in
Neural Information Processing Systems (NeurIPS), pages 5998-6008, 2017.

P. Velickovi¢, G. Cucurull, A. Casanova, et al. Graph attention networks. In Inter-

national Conference on Learning Representations (ICLR), 2018.

T. Yang, L. Wang, X. Zhang, et al. Deep learning for outflow tract. otrigin classification
from ECG. Journal of Electrocardiology, 60:48-54, 2020.

J. Zhang, X. Liu, Y. Wang, et al. Machine learning for localization of premature
ventricular contractions. Journal of Cardiovascular Electrophysiology, 32(6):1654—
1663, 2021.

S. Zhou, A. AbdelWahab, J. L. Sapp, et al. ‘Localization of ventricular activation
origin from the 12-Lead ECG: A comparison of linear regression with non-linear

methods of machine learning. Annals. of Biomedical Engineering, 47(2):403-412,
2019.

38



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

S

AHFFEMNGRT . IR B SR S A, BER T 20T B 5 5. T
B, FE R A 4 TR Bn N AT R

= WFSET S S BRI

AT IR T FAE 1O L A SRR AR S 8% . B R I R e LAY
OREREZ —, MO EFE R DA HGR IO E; Byt —20, AR RSO T
B, AT R R B BOSCEEAR AR BE b B TR 1 BE R 1 A (LS (2 24y RE R S I Ao
B, SFHHAET 12 ik ECG By B 3L E M A ARG BERNZ fuBe iRl X
Wk T 3R BE A7 2] D7 IR X — Il PR P A AR o A5 2 R B DA Ui i 2 Ui
ZWRVNEIG, BT A T A BB A BEXS e b AT T UL i 7 BT
2 I L RURAAE AR5 1 S Ie vE PIL ] 9 2 T R S T X —

T AREEIN S BB O R S AR PR

tRIE 2R AR BB, WA Ris A . Bt R
IR s TR e IO, S T REN SR . R8I 328 e 0
T3 TAIE SCE ARG . TR B, AN . BRI AT 1S5 5 T4
TG FESCIE R AR D, b2 BT I 5 USRI IC SR AR TR SR
HhrEe, MAAREEEE . EE A RS EEAS ST I T U T T R A
UG FERRE, BN ARS S A ARERR BT, B b 3R L 58
TSRO AR, X 28l A ST Sen

= BRI A B

AHFFER R 273 BIRREIE AR T SRR . e Bud e, GEER
W25 7GR, AR RO R AR . PRI R AR A = 4EAR R AR
FARYE . P B A R HE TR PE . T n A B R AN A m R Bl , AR
VR BEAL, AR SCRIRR P R 6 Lol B T A AME SO

AETCH 1 A2 A ) D IERERR KR H Mori S 55 Shivkumar K fr2 Atlas of
Cardiac Anatomy,Volume 1: Anatomical Basis of Cardiac Interventions (2022, ISBN
978-1-942909-57-6 ) s~ AR JFAEF TR 20800 BT g XI5, AR &R S RTE
1Y A SN B AN B Atk _E A5

M. W55 TV

AEFFCNAANIEH , TTHABN G . S350 5 TA0F

L 8RR mBRMSEE )T, SR G 2RI 56 i
2. BRI BB e, AN T AR B S A

3. Btorbr B v AR AL B . FRALEREL. BIALNIGR. ARG S ST
2 AR NS S8

39



ET 2 S0 L RIRHIE TR 5 S50 T BIL R ) S 18 0 R (2T

4. FHERRGE . iR SIRGI. BB RIBE R TR R AR
B R AL S IR R E , 2l A N7 58 i

5. KUV ueh: fAE 10 s YL Z R (FhT 100-109) | BEALA B SLH
FARRPREE . RS BOT . SIS AXT RS, 3 A NS 52

6. IRSCHIRHET - AR NS SE
7RSO AR AR D R R B I R A B O B e

Bt e SRR, A O BRI s A T 5E A

Ti. ARV S PRI S i g2l

TERFgE A, BB T T AR FEEIRET, 5 BCG FERKEAR—,
HRMESATAEME T, FE K 500 ARAE R XRECG P E 1
SRk, HXF TRAEM Z-score AruELr 7 UMY . FERI R, 12 S5k
ECG 1) IE) 8 & R XELARUL S8 ONN i, KT SR RIG, &V T
RERR, R 12 ASREAUN Y R lad Sk H R AL 2 AR S 1] R
TECSCEHRZ, RIS EITErREERE . e fr sl b 7 T aHEds T, #
BY LT 78 SO AR RLTE M

AYISL:S

ABFHCRAEAR IS E IR Jo 48 T T SO R SR T, fi RSz e i -
MRS SCHIRR , FRZT T IR M B A . SRt AUESEBL. SEmR e Ee SC
BRSNS, X IR ERTT TROBIEE T, BRI RS54 5 R
R B EME . PR AR D 2 i SOV DA T 45 T 33 B g N30 200 g !

40



	引言
	研究背景与临床意义
	研究现状与问题分析
	本文贡献
	论文组织结构

	相关工作
	PVC消融靶点定位
	心电图深度学习分析
	注意力机制与图神经网络

	问题定义与评价指标
	问题定义
	不同解剖区域的ECG特征与坐标分布
	评价指标
	分类评价指标
	回归评价指标


	MCL-Net模型架构
	模型总体框架
	多导联卷积模块
	跨导联注意力模块
	缩放点积注意力的数学形式
	多头机制的互补性
	残差连接与层归一化

	手工特征提取与融合模块
	18维手工特征的定义
	特征提取流程
	特征重要性分析
	手工特征编码与融合

	多任务学习与损失函数
	多任务学习的动机
	输出头设计
	损失函数

	本章小结

	数据集与实验设置
	数据集
	实验设置
	评估策略
	基线方法
	消融实验设计

	实验结果与分析
	模型容量分析
	10 组独立划分的稳定性
	与基线模型的对比
	消融实验
	预训练嵌入对比
	结果讨论

	讨论
	临床意义
	局限性
	未来工作

	结论

