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Fig. 1. The position of the source and 26 specified adjacent positions are shown in red and blue colors, respectively.
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Fig. 2. (a) The horizontally layered conductor (HLC), where the black line indicates the boundary of HLC, and the yellow spheroid
the heart; (b),(c) The X, Y and Z lead-field based plots of channels 1 and 61 are expressed in red, green and blue, respectively.
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t =7 I, ZHRIRBAOLE vy, HARR SR
q(t, o1 ) FEFEHE IS/ N2 0.

SRIG, R4 5 B EOBCH YL A AR AR 35 AH iz
137 SR B 1 SE A 1) 61 338 090 ELRE S Bt
AT AT A

b(t) = [Lpq(t,mp)] + v (1), (19)

Horfb(t) = [by(t), ba(t), ..., ber (t)] T S 61 38 38 7% 3
MRS gt ) =q(t, mp)m(t, mp) Forn FEBULR
VR BB . L, A2 PP sl SRR 3 YR 1) 1 7 S B R
v A RN IR AR SO P A O RGN
I L2 2

Wz 2 35 FrR, A 61 38 18 A9 15 EL R B0
B8 ST 1 B | o e et [ R NG RE
Iy P05 9 A0 R e R A 1) L St R A o A R O U
Iteh IR 4 e 2% AR I AL

3.2 {FEZ&R1

RIS % AR 1 e — A 1k s AR bRy Py =
(7, 5, 6)cm Fl P, = (-3, -5, 16)cm 1) 45 [A] H £k,

WE 3(a)—&l 3(e) H R[5 B FrR, 1R LA
A3 AR R B BB /3 em . BRI IR T 5 2% AR
AHARA B R At = 0.01 s, HEEEMV = 0.01/3/
0.0l=v3~1.73m/s. & 3(b)— &l 3(e) £ T
SNR = 20 dB i}, H ik 4 Fhoy i 8] p
T TR LIS Sh iR g . bl WL, TIC B4 it
ZER BRI G S H R 1 LR RERE D).
Pl b gt R BRSNS k. TR S ke
LAk, IC BB fh il e /b, SONG 5 TRR #9445
Rkz.

TP HET Bk 4 RO B R
A B IRAN TR ZE, 5 R T O D) R
Et SNR & 30 5 20 dB W15 L. 4% 1 Ex, Ey,
E; Ml E=+Ex?+Ey?+EZ 20 Bl £ R X, Y,
Z 7 Ay AR B EAG T AR Y iR 2 AR IR 2. T
IR, IIC, SONG A TRR Bt HAERY . MVB
AR 22 A5 K. SNR = 30 dB B, A He HoAt 5
e, IIC "] LIEARIR 2% E. SNR = 20 dB A, IIC (1
PEAETHRZE E = 1.19 em, FCHAB I /N, 10& 3
fiz, IIC BB B RIR S % AR BTG ), Dh
DA /D, B R G (AR FE AR At VA AT

3.3 (HFEZ&R?2

E & = A Y RO TP S | WA LY T a1l )
[Pa,Per] = [(7, 5, 6), (7, =5, 6)]em I [Py, Pp] =
[(-3, 5, 16), (-3, —5, 16)]cm Ay 55 0] F 28 . 4n &l
4(a)—&l 4(e) H BB IR, XIS LAHSB 10
JRAIMRIEERIN 1 cm. fEH, AP HGTE S
% A5 % WA ARG BRI E] At = 0.01 s, B
MV = 0.01/0.01 = 1 m/s. Hir— A FREE S —
AHLRSERT 0.005 s D). K14 45 T SNR =
20 dB B, 4 Fh 5 2 i 05 BLAS AR R TR B AR
Hn] D, TIC RS B 210 35 Y i IR T S 75 B
72 i AR R Sl SRR T A SRt p IR BIR RN BT
AR L. FE1% 5% JAR ISR, TIC HBLH Dy 5L,
WIS T oAt 3 Fp k.

22 T IR 3 Fhas (g Ty T B4
H AT L IR TR S, 35 IR T JCME S D R
{51 SNR 2h 30 5 20 dB 015 4. TRR J&—Fl
A2 (B8 I 1) AFR R E Tk, R ARSI, A
¢ 2 AT UL, {5 M Eb ST BUER S TR AR T R 25 R
e TIC ik R BHAG THA FL IR IR 22 50N,
1M SONG F1 MVB RyfliitiR AR, SNR =
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Time/ms

3 (a) BRI E O MF K FTRUTEL T 0 S BEZ 1; (b)— (e) /& SNR = 20 dB i, IIC, SONG, MVB H1 TRR J7 ¥ I J§
HEZE AL TR b VR B IR  68 3R 7 TE  ol JAD RO B 1 07 A A

Fig. 3. (a) The black circles O and arrow indicate the reference path 1 along the straight line; (b)—(e) The results of the current
source reconstruction using IIC, SONG, MVB and TRR methods when SNR is 20 dB. The green points at different color levels de-

note the reconstructed source locations at different times.

20 dBHY, IIC [ 3CH i A TR 2 i KMH E =
2.44 em, FEHABTT/N. 24 SNR = 30 dB A, 1IC
) AL ERL JAE YA T 22 A6 SNR=20 dB i} /). 2
Kl 4 froR, 1IC JRBERS O EEACR IRV S5 B AR 1Y
FLIG 31, DR /b, JHOOCRE 3t U5 o A P 32 A
XA 7R .

4K E L E B Ak R 1R

ASCHIH PR EN G E S, 53 T
BN A FI B AL 3l S LR 5 R ik sk
B S ARG Bl = N Magnes 1300C 61 3@ i 4=
Ywgamit RN Z W 5T R AR
1 kHzP. {5 P 3 (] Comg ) 2 {5 5 B Mg e 1

SFEIINFN Py K1 P, , MIFEMELE SNR = 101g [P,/ P, ).
THATAHER N A Fil B A5 519 P I (R (5
FH SNR € [20,30] dB.

K5 gg ih TR AR BIY P g I (E
(Ppeare) W ZLOREAR 5 1 I8 25 [R] 3 Al T 0 B 2 = 4k
K. 1A B 1) 55 R A AE T adbn . K
F# T H IIC, SONG Hl MVB = s [A] g% 5 12
FHBRENZER. 8T BRI =R
FEXOLE, B gs T — MO A R
1% (magnetic resonance imaging, MRI) 7tk £
(coronal) FIZKF-A{i (transverse) fi &l , F HAE A
Bl 5y XY 5 XZHEAE, 350515 AR B Y
W2 A s R ECHE. 18] 5(c) MIEL 5(d) H A Fi B AL
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R 1 SHEE L XN RIRAG TR

Table 1. The error of single source estimation correspond to the reference path 1.

SHRE c SRR fem

MV /m/s SNR/dB ik E Ey Ey E,
1C 1.29 0.75 0.75 0.75

o SONG 1.27 0.74 0.74 0.74

TR MVB 1.39 0.80 0.80 0.80

TRR 0.72 0.52 0.24 0.43

ife 1.37 0.79 0.79 0.79

v 0 SONG 1.73 1.13 0.81 1.04
MVB 5.76 3.08 3.73 3.12

TRR 1.50 0.83 0.17 1.24

ife 1.19 0.68 0.68 0.68

SONG 1.67 1.17 0.69 0.98

2 MVB 6.73 4.04 3.88 3.74

TRR 2.13 1.17 1.26 1.26

PN, RSk = MIE RN T RO 5 KL T 1 38
15(0,—9,10) F1(0, — 6,10)cm .

Pl 5(c) FIEL 5(d) TR T P B 2 H
TIREILE R, TIC I 34T apr F S B RGeS
FRBOR AR IR T A FI B 0 B {5
N B N L TR SO 2 R, X5 P B 20
JRENBC 5 TEAERRIR, 0% AT IRBRIR A DG B3-34),
SR, SONG 45 m ey #e 3 7.OELIAh, A&
IIC AREEAE T, UEHA SONG AY2s [l B Al T Xt
PO B2 AR AEAIS, 52 T 3 A PR A R R . MVB
(AR LR B R, O SN AR 22 T AL R 55 R
[ PRI, B L TR R 25 AH X 3R JE MVB LT
BRGSO BAR A A

&l 6(c) FE 6(d) AR A A Fl B P I
B (Ponset— Ppeaks Ponser 72 P BOE AL LG B K
Bas R, B B s R R IR AL, i
FH VR 21 BN IR 21 3R 3 g IR & e (] 22 Ak (]
6(c) M 6(d) H IIC BY4E 5 Wos, P il Ay i) d B
A B R I B 3% 2 A 0 o B A BT 1] 22
3. X540 ENA B REERS, O ENA
SR A0SR XL T PGB (Poeac—
Py Pona 72 P UEZ R BIHEMS 5 LW B 2%, L b7
PTG S AR R IE R B, OCh i R . E
6(c) F&l 6(d) H', SONG 5 TIC A4 HL I 3h A {5 45
R, A A B 1L oA AR, K
6(c) 1 IIC F1 SONG 7w, BAR.CME P Ik i i
F R E LT, AR P Pea [V LT B

i1 254k, IR IRET 2 Per BIZE BT 2] P,
AR 3 7 [0 W P AR AT Sk TR . MVB 9 Y
a5 S LR, FTLL A FI B YO B Y LI S
TEABA . TRR & —Fh i s S5 UR IR i i, Al
& 6(c) ME 6(d) H B, SER0R T2 A
WA N RS S BA SZaG Ao 25 R R, TIC /] 6
P ik e B 4d BE N A R B E 4> A 14 4
26 AL IR A LA T 8 0 R LA
PR /D. TIC A1 SONG A RG4S 3 Wom T 8RR A
A0 R L S 5 )

5 W b

Jl MVB, SONG F1 IIC B 5% J5 # 2 () 45 R 56
Y, MVB R 9 25 ] 98 I 25 M 5 2 (] 33 56 2 05—
T, SONG SR FH B 40 i) 22 1] 308 6 # i i Mg 7
B35k, LUK TIC SR B _ LR Pk, v]
DA [ R b A1 o] e 7 Fr s i), et o e e VR 1Y)
WERE. 1. F2MK 3. K A g R,
IIC J7 ¥ . T MVB Ml SONG. th (14) X
(15) ZX AT, TIC =5[] 3% Al o f9 5 5 B2 X LY B2
Yinc=1/ {&j,ud,ﬂj#s} > pjmve?, b MVBURE B
X EER.

AR T U AR [ v g | S 3K 37 1)
Ik, R T 2 IR TS, & 3 FE 4 /)
D EAE SR UL, TIC AT DL dy-Hb 18 B = A U (1) 55
VRS OhIR, St T 2 ANRE A AR B, SR, M2
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® 2 BHPKAL 2 XA IR TR

Table 2.  The error of two sources estimation correspond to the reference path 2.

SR E . — SRR WA TR 2 /em T — ARG TR 2E fem

MV /m/s SNR/dB ik E Ey By Ey, E Ey By B,

1IC 1.71 1.07 0.80 1.07 0.82 0 0.82 0
SONG 1.70 1.07 0.79 1.07 1.05 0.47 0.81 0.47

oM

MVB 2.73 0.85 2.45 0.84 2.80 1.53 1.66 1.64
IIC 1.73 1.06 0.86 1.06 1.76 1.03 0.80 1.18
SONG 1.98 1.09 1.26 1.07 2.18 1.33 1.01 1.40
! % MVB 5.00 2.47 415 1.30 493 1.84 3.27 3.20
IIC 1.66 0.96 0.92 1.00 2.44 1.52 1.38 1.32
SONG 6.51 2.26 6.01 1.04 413 2.04 3.01 1.96
%0 MVB 5.62 2.58 4.84 1.24 5.20 2.05 3.57 3.17

116

@896eee 000

Time/ms

Y/cm

B 4 (a) 2000 BB O M Sk 2R Uy L7 MBS % (4% 2; (b)— (e) SNR = 20 dB I, IIC,SONG,MVB 1 TRR 77 ¥ i 5 5 45
S SR T S 0 B IR A (0 R0 o R B I [R] B Ak

Fig. 4. (a) The black circles O and arrow indicate the reference path 2 along the straight line; (b)—(e) The results of the current
source reconstruction using IIC, SONG, MVB and TRR methods when SNR is 20 dB. The green points at different color levels de-

note the reconstructed source locations at different times.
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K5 (a), (b) AN A5 BARYEE N 6188 0 MEREAE S BH Poew 215 (), (d) I IIC,SONG 5 MVB J7 453 8 17 2 A {2 5
N P I 20525 (35 58 B0 XY 5 X7 1055 5 2k

Fig. 5. (a),(b) The 61-channel MCG signals and P, time of single-cycle from healthy subjects A and B; (c),(d) The XY and XZ
based spatial spectrum intensity contours from subjects A and B at P using IIC, SONG or MVB.

AR IR A A AR R 5 ) AR, 22 U5 AR R 3 SR AR HE AR R A T ks 25 BR EE A R DA . I 3—
it IR Pl 6 PR EE A TR 5 S AR R T L, XA T ik
ITC SR 4 g 25 ) B il A DL B o LU JBE i HATT L2y D5 B SR 4 R, AR s 28
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K6 (a), (b) HHEA ALY B RYRJEN 61 8380 MERY S LI Poer Poear B (c), (d) HITIC, SONG, MVB Hl TRR 18 519 2 4
TR Poysor Prcare B JIE FEL U0 0 B 45 0L . (B et ry Py VR 40 €0 B0 R A 0 3 s T et o U U B T V0 P oz 8 . R (A7 Sk R i
% By 5 1)

Fig. 6. (a),(b) 61-channel MCG signal and Py~ Ppeax sSegment of single-cycle from healthy subjects A and B; (c), (d) The cardiac

current sources reconstruction of subjects A and B in Py, - Ppeak segment using IIC, SONG, MVB or TRR. The reconstructed cur-

rent sources change the color from white to red with time. The green arrow shows the direction of electrical activity.
5y, AR R 1Y) (L y 1) A T 2 A 22 L DR Bl 5 2 AR Y TIC 1 HL T 3l AR 45 2R
23 5] 335 Y B RS BEAG T Goax 9 0.01% F1 1%. 51 6 B8R, Z M MRI MGG IES A b3 % AL
HHH IIC B, fil BN A B IR B AR IR AR 2 02 FHEORIRAY P, I 2000 FL IS S TP AE AT
20, @A B 2 41 A0 B 6 PELEAR SRR Popger—Ppea 1113
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Abstract

The current source reconstruction and magnetic imaging is a new technique to non-invasively obtain spatial
information regarding cardiac electrical activity using magnetocardiogram (MCG) signals measured by the
superconducting quantum interference device (SQUID) on the human thorax surface. Using MCG signals to
reconstruct distributed current sources needs to solve the inverse problem of magnetic field. The beamforming is
a type of spatial filter method that has been used for distributed source reconstruction and source imaging in
electroencephalogram (EEG) and magnetoencephalogram (MEG). In this paper, the dipole moment of
distributed current source is estimated with corresponding each spatial filter based on the cardiac source field
model. The purpose is to enhance the intensity contrast of the dipole moment of distributed current sources in
distributed source spatial spectrum estimation with beamforming, so that the reconstructed-pseudo sources
beyond the heart can be removed for imaging cardiac electric activity well.

A new beamforming method of improving intensity contrast (IIC) of distributed source spatial spectrum
estimation is developed for imaging cardiac electric activity in P-wave, due to cardiac magnetic signals in P-
wave lower than that of the peak value of R-wave, which has a relatively low signal-to-noise ratio (SNR). For
enhancing the accuracy of current source reconstruction in P-wave, the IIC divided into two steps: firstly, to
introduce the lead-field matrix, which represents the measurement sensor-array sensitivity to magnetic field
current sources, into a weight matrix of the spatial filter for making the output estimation of the filter more
sensitive to the current source distribution, so as to improve the intensity contrast of the reconstructed
distributed sources. Secondly, by setting a threshold of source intensity from experience, to extract the
reconstructed source with locally-maximal dipole strength at each time for eliminating the relatively weak
pseudo sources in other locations, so as to enhance the accuracy of current source reconstruction during P-wave.
In this paper, the IIC and three other methods, including minimum variance beamforming (MVB), suppressing

spatial filter output noise-power gain (SONG) and trust region reflective (TRR), are compared by using the
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theoretical analysis and simulation experiments of MCG current source reconstruction during P-wave. The
results show that the IIC has higher intensity contrast of the single source spatial spectrum estimation, and
possesses better accuracy of the current source reconstruction. The 61-channel MCG signals of two healthy
subjects and their imaging of cardiac electrical activity during P-wave also are analyzed. The result shows that
the IIC is better than the other three methods. It is indicated that two healthy subjects have stronger electrical
activity in the atrium than that in the ventricle at Ppeak time, also that the electrical activity has the direction

feature when the right-atrium is depolarized during P-wave.

In summary, the IIC is useful for imaging the cardiac electrical activity. However, it is needed to carry out
a further research on patients with local myocardial ischemia and left or right coronary artery stenosis, and to

establish the evaluation index for imaging of cardiac electrical activity in such patients.

Keywords: cardiac electrical activity, magnetic imaging, inverse problem, spatial filter, current source

reconstruction
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