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Studies on the magnetocardiographic P wave in normal subjects and
patients with atvial overloading

Akemi Takeuchi and Yutaka Nakaya

The Second Department of Internal Medicine, School of
Medicine, The University of Tokushima, Tokushima
(Director : Prof. Hiroyoshi Mori)

SUMMARY

The magnetocardiogram (MCG) was recorded at 30 points on the anterior chest wall
of 60 normal subjects, 12 patients with right atrial overloading (RAO) and 21 with left atrial
overloading (LAO). We studied the P wave of the MCG to investigate the characteristic
features of the P wave of the MCG. We established the MCG criteria for RAO and LAO
and compared sensitivity and specificity of the MCG criteria with those of ECG criteria.

The isomagnetic maps of 60 normal subjects, 28 patients with RAO and 40 with LAO

were recorded to analyze the instantaneous current source in atrial depolarization.

The results were as follows :

1 In normal subjects, the MCG P wave was negative at left upper portions and
positive at right lower portions, suggesting the current source directed inferiorly and to the
left, according to “ Biot-Savart law ”.

2 Negative amplitude of P wave increased at the left sternal border in the patients
with right atrial overloading. Biphasic P wave of negative-positive type with increased
amplitude of the positive component was frequently observed at the left parasternal region
in the patients with left atrial overloading.

3 Based on the characteristic features of the MCG P wave in the patients with atrial
overloading, the MCG criteria of atrial overloading were set as follows.

1) RAO criterion : negative amplitude in C-2=3.2X107? tesla,
2) LAO criterion : positive deflection of a biphasic P wave in C-2=1.5X10"'? tesla

The specificities of these criteria were 100 % and 98 %, respectively.

4 The sensitivity of MCG criterion for the diagnosis of RAO was significantly higher
(75 %) than that of the ECG criteria (25 %). The sensitivity of MCG criterion for the
diagnosis of LAO was slightly higher (43 %) than that of ECG (29 %), but not different
significantly.

5 In the isomagnetic map of a normal subject, the negative area was located in the
left upper part and the positive area was located in the right lower part. The deduced dipole
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was located in the central portion of anterior chest and directed inferiorly and to the left.

6 In a patient with RAO, pattern of the isomagnetic map was similar to that of the

normal subject, but the isomagnetic lines distributed more densely in the former indicating

the significant increase of the intensity of the magnetic field of the minimum and maximum.

7 Two dipoles were deduced simultaneously in an isomagnetic map of the patients
with LAO, one was directed inferiorly to the left and the other was directed to the left.

The MCG P wave of the patients with atrial overloading recorded by a superconducting
quantum interference device (S Q UID) with a second derivative gradiometer showed
characteristic features. Sensitivity for the diagnosis of RAO was much higher in MCG than
ECG, because the excitation of the atrial wall spread tangentially along the atrial wall.

The MCG could detect multiple dipoles more sensitively because of its excellent facility

of the spatial resolution.

(received March 24, 1990)
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Rush, 1975 ; Fujino %, 1984 ; Cohen, 1975).

VLA, AR S Q UID (superconducting quan-
tum interference device) 2BFEEh, il bR > —
AR RFTH Z LR, RELICOIRRGA DL v HE
& 155 7o (Zimmerman &, 1970 ; Opfer &, 1974).
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Wrgest e & MR FERE T X b, B & 5 Uiz 60 Bl

DR P ¥ O BF5E
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Fig.1 Recording sites for the MCG
Vertical lines pass through Vi, V, to V,
(0-4) of the ECG. Horizontal lines pass
through the first to the sixth intercostal
lines (A-F). MCGs were recorded at the
intersections of these lines.

The subjects for the study I were used to determine the characteristic features of the MCG P
wave in normal subjects and right and left atrial overloading and to set the MCG criteria for the
diagnosis of atrial overloading. The subjects for the study II were used to examine the

isomagnetic maps of these groups.

Sex

Age (ys.)

Group No.

Clinical diagnosis

M F mean+SD (Range)

Normal 60 41 19 49.1x12.8 (26~76)

Study 1 RAO

12 4 8 35.5:8106.4 C15~T72)
LAO 21 6 15 = 44,9402 %" €33~175)

ASDb5; PHIB, T/F 2, PS2
MR 12, HT 6, VD3

Normal 60 48: s MO 1758 (26571

Study II RAO 28 11 17 BP0 (1572
LAO 40 I .28 AR T K20~76)

ASD11, PS6, VD4, T/F 4, PH2, MS1
HT 14, MS 12, VD 9, ICM 5

No. : number of patients, M : Male, F : Female, SD : standard deviation, RAO : right atrial overloading,
LAO: left atrial overloading, ASD: atrial septal defect, PH : pulmonary hypertention, T/F : tetralogy of
Fallot, PS : pulmonic stenosis, MS : mitral stenosis, HT : hypertention, VD : valvular heart disease, ICM :

idiopathic cardiomyopathy
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T, TedA 3 -kl e 3%, FilBhRcH
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Table 2 (%, BEFICEVCHERATICEKT S
DR P 3 o B B BUSEE #2773, Tables 3, 4 (34
W, ABRBIOCEBAMBCEWT, &Hcsd3

Table 2 Incidence of each pattern of MCG P wave in normal

subjects (%)

0

p

3.3
0
0

0
35.0
0
65.0

0
fEH
1
26.7

0 17
81.7
1.7 3.3
6.7

1T %/
70.0

3.3 6.6
25.0

1L 0
20.0 5.0

0 0
783 95.0

0 0
0 0
LOW 88.3 88.3

ikt b
843 3.3
0 0
95.0 95.0 100.0

DR P B OB 5

DR P ¥ OB 35 X ORI O HRIE 0 S fE & B
HREYRT. BENCRT5BEEOREZ F1 T
HbE< (1.35X10 2 tesla), Pathdiix C-2 THRHE
WMERR L7 (—1.79X107*2 tesla).
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Table 3 Amplitude of the positive deflection of MCG P wave in the normal, RAO and LAO groups

0

il

2

3

4

1.11%0.39
(n=2)

1.39
m=2)

1.39
iy =2)
143910, 22
(n=43

1.63%0.40
(=3

2.341+0.95
(=4

1.43+0.68
=7

1.20+0.19
(n=5)

1,782=0461
(n=5)

157043
(=3

1%35:E0556
m=3)

1,0140.25
(a=n

2.78+1.80
m=3)

2.06+1.01%x*
(a=11)

1.01£0.56
(n=3)

1.741+0.49
(n=2)

2.00%+0.77
(n=12)

1. 310.54
(n=5)

1.14£0.38
(n:lO)

2.314+0.77**
(n=8)

1.75+0.67*
(=7

0.90+0.29
=21

1.95+1.00
(n=4)

1,434:0.72
(n=6)

1.,57+1.67
(n=3)

2.00+0.83
(n=9)

LElE=] 96

(m=5)

ZALUEIRES
(n=9)

1.53+0.97
(n=3)

1.26+0.26
G=11)

1.954+0.77*
(n=11)

1.72+£0.57*
(n=9)

1.184-0. 36
(n=5)
2.49+1.45
(n=6)
1.57+0.42
(=4

1.60+0.22
(n=6)

i b L R
(n=4)

1,251,719
m=2)

RAO

LAO

1.09+0.39
=7

2.07+0.78%*
m=9) T:l

1.40+0.35
n—8)

1 53520.50
=7
2.10+0.74*
(M=7)

0. 5321030
(n=6)

1.35+0.49
(n=3)

151140038
(n=23)

a5 I 1)
(n=2)

Each value represents mean+standard deviation (X10'? tesla). n: number of patients,
* p<0.05, ** p<0.01 (vs. normal group) : ¥ p<0.05.
Other abbreviations are as for Fig. 1.

A-F, 0-4,: Same as in Fig. 1,
+  positive wave, — ! negative wave, + ! negative-positive
biphasic wave, Low : amplitude <7.0 X10~'3 tesla
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Table 5 3, HABAMBCIETS, HifEEGDETT
DLBK P ORI BBE 27+, BENFTPE
AMESRIE 2R LioiBicls T d, HHRARBETRE

8 xF B &

HERAMB T, PHEOBHEOHRIEXD-0,E0 %
XOF0,1 T, %icEMioixig Al B2, C-1~3
FLOD1~3 THE LK EZR D7 (Tables 3, 4).
3 ERARFOLRK P ¥

H IR LA D T,

Fig. 4 w2 BAMAIOLER S X OLRRO—Fl %

Table 4 Amplitude of the negative deflection of MCG P wave in the normal, RAO and

LAO groups

1 2

3

—1.22:40.36 =1 305061
(h=8) =219
—1.72£0.36% =1 780, 74

(n=5) 'ﬂ (n=8)
=125 =1 b2=E050
=2 (n=10)

=i ll7=E=0 48
(n=8)

—1.4210.40
(n=5)

—=1.2530.80
(n=8)

e e e 119 7§ e s
(n=20) (n=44)

~=1.86:-0.82 —2.91£0.84%x*
{n=11) (n=12)

=1 630067 = 10120
(n=11) (hi=13)

=1.28x0:38
=17

—1.83+0.74% —1.49-=0.56
(n=11) =8>

= 143073 —1.76%+0.09
=11} (m=2)

=1 424040 —1.79%+0.68
(n=26) (n=56)
RAO =249 1, 1T% =4 751+1.95%
(n=10) T:| (n=12) ;TJ
LAO —1.462:0.42 = a1, 42%
(m=15) (n=20)

—1520=£1..25 —1.04%+0.09
(n=25) (n=2)

—2.50+1.39* A8 EN56
(n=11) (m=5)

=T 75 1.67 =1 .2bst(), 83
(n=15) (=g

Normal .. 27039 — 1. Bl=082
n=18) (m=44)
RAO =2,99+1,17* —3.92+1.70%*
=70 T:l (n=12) ﬂ
LAO =1 :31::0-29 2 A EL-33
(n=9) (n=13)

=1 1550036
(=17)

—2.4210.97** —1.81+0.99
(m=10) m=2)

T 2% 81 ) B
m=8) (n=4)

Normal —1, 200 31 —1.6573=0/. 86
(m=4) (n=12)

RAO =1 114089 =2.10-£0.68
(n=2) (n=8)

LAO ~Tr R0\ =1 183k 10
(m=3) (n=9)

=1 070,34
(n=3)

—0.88+0.76
(n="5)

e L1 e il (901 17
t=3)

Normal 1239
@=2)
RAO
LAO

** p<(0.005 (vs. normal group) ; + p<0.005.
Other abbreviations are as for Table 3.
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ExEL, FREOZHHPRELEHECEDR. i),
B3 OB Ao iRIR O A M E A8 (C2) X 0%
BHE& FH (D-0, E-0) TABhi (Table3).

Table 7 1%, BERKLIOLEEARBN KT, C,
D-2, 3 To +E A P UM BRIE O FE & B
Rz X O O FHE M B RE L=, &
BAMFCRF5 C2, 3 TORMIIRIE, BER
HRTHEB AR L.

ECG
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Fig.2 ECG and MCG of a normal subject
Male, 32 years old. The P wave is negative
at B, C-1; B, C, D-2, 3 and E-3 and positive
at D, E, F-O; E, F-1 and F-2. The current
source deduced from the MCG is directed
inferiorly and to the left.
ECG : electrocardiogram,
MCG : magnetocardiogram.
Other abbreviations are as for Fig. 1.

—— 1.0X107*'tesla

4 DBAROLBINZ KA

LR AT OOBR P EOBE, MikEhRok
HRRIBOMATH S0, BEHLARELRDL
C-2 # £ U D-2 DM HIRIEH A % 45 5 A T2 Wi e
HEE LTHWE.

s, EHEARROORNP ¥ O%KEE, KEis
5 FRO—MHANPE T, ¥ior o EiRED
HWANEBWTH T, #oT, BEHEARELR
Bz C2 XV D2 wBFs FR MM PR OBY
BORE L FAMSHERERE & LTV,

ThbDAERER L OEFAMSHEERH IO,
BERICI T 5 FHME+2 X BEREfRE 2 KA L LT

ECG
I 11 m aVr s oVF

+4‘»J‘~1~4~J~

L]
A--— b 5 0

e Ay A
Gl ol
Ve G

S R

— 1.0X10"" tesla

s, M oA o

Fig.3 ECG and MCG of a patient with RAO
Female, 46 years old, primary pulmonary
hypertention. The P wave in the ECG does
not satisfy the criteria of the right atrial
overloading. In the MCG, the negative
amplitude of the P wave is increased at B,
Gy D-2.

Abbreviations are as for Fig. 2.
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Table 6 Incidence of each pattern of MCG P wave in the LAO group (%)

0 1

2

3 4

0
47.6
0
58.8

0

38. 1% 4.
0

61.9

8
0

0
66.7
19.0%
14.3

0
19.0
33. 3%
47.6

Table 5 Incidence of each pattern of MCG P wave in the RAO group (%)

0 1

2

5

4

0
41.7
0
58.3

0
41.7
0
58.3

0

0
42 . 9rkk
52 ks
4.8

9.5
23.8
47 . Gk
19.0

8.3
0
917

0
91, T
0

8.3

0
83 . 3wk
4.8
8.8

0

9.5
28.6%
33 . 3kkx
28.6

14.3
9.5

28.6%

47.6

25.0%
0
75.0

0
83.3%

0
16.7

8.3
83. 3%*x
8.3

0

0

14.3
28.6
14.3*
42.9

14.3
9.5
4.8

71.4

41, Texr
0 0
58.3 :

25.0%
0 50.0

0
0
33.3

0
8.3
16.7

0
75. 0%
8.3
0
16.7

0 LOW 61.9

0
0
71.4

14.3
0
0
85.7

4.8
0
0

65 7

0
0

Qe Hk
0
0
0
8.3

50 0k
16.7
0
8.3
25.0

33.3

0
41 Txkx
0
0
58.3

#* 75. Ok
= 0
¥ 0

58, Jkxx
0
0

25.0%
8.3
0

0
8.3
0

* p<0.05, *** p<0.005 (vs. normal group).
Other abbreviations are as for Table 2.

Table 7 Amplitude of positive deflection of the negative-positive
biphasic P wave in the normal and LAO group

Amplitude (X107 tesla)
Normal LAO

Recording

Position

2.06+1.01 (n=11)
2.18+0.72 (n=10)

G2 1.0140.25 (n=7)<**
C-3 0.70 (n=2)<***

LOW  25.0 41.7

66.7 S

D-2
D-3

1.53+0.19 (n=2)
0.88+0.18 (n=4)

2.17£0.77 (n= 7
2.20+1.46 (n= 6)

* p<0.05 ** p<0.01, **=* p<0.005 (vs. normal group).
+ : positive-negative biphasic wave
Other abbriviations are as for Table 2.

Mean +standard deviation (X 107'2 tesla), LAO : left atrial over-
loading, n : number of patients, ** p<(0.01, *** p<0.005.
Other abbreviations are as for Fig. 1.
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Table 8 MCG criteria for the diagnosis of RAO and LAO and
their sensitivities and specificities (%)

Sensitivity Specificity

RAO
Negative amplitude in C-2
=3.2X%107"2 tesla
Negative amplitude in D-2
=3.3X107"* tesla
LAO
Positive amplitude in C-2
21.5X107"2 tesla 43 98
Positive amplitude in D-2
=1.9X107"2 tesla 23 100

RAO : right atrial overloading, LAO : left atrial over-
loading.
Other abbreviations are as for Fig. 1.

Table 9 Sensitivities of ECG and MCG criteria in the RAO group

Right ventricular pressure

30-59 mmHg 60- mmHg
n=4 n=3_8

ECG criteria
P initial force V,=0.06 mm-+sec 1 (25) 2 (25) 3 (25
P amplitude in 11=0.25 mV 0CO (1) L (1)
MCG criteria }x
Negative amplitude in C-2 3FCT5) 6 (75)
23.2X107* tesla

9 (75)

ECG : electrocardiogram, MCG : magnetocardiogram,
n . number of patients, * p<0.05 (vs. ECG)

Table 10 Sensitivities of ECG and MCG criteria in the LAO group

Left atrial dimension

35-38 mm 39-42 mm 43- mm
n=3 n=10 n=§

ECG criteria
P terminal force V,=0.04 mm-sec 2 (67 2 20 2 (25)
Total P wave duration=110 msec 0 C0 2 20 2 (25)
MCG criteria
Positive amplitude in C-2 % 180 2 (20) 5 (63)
=1.5X107"? tesla

Other abbreviations are as for Table 9.

DR P o5

—— 1.0X10"''tesla

Fig.4 ECG and MCG of a patient with LAO
Female, 23 years old, mitral stenosis. In
the ECG, R wave is high in V,, and T
wave is negative in V,_,, suggesting right
ventricular hypertrophy. P terminal force
in V, is 0.05 mm-+sec and the P wave is tall
and peakediin I, I, I0, aViy oVe Viz,
suggesting biatrial overloading. The P
wave in MCG shows a negative-positive
biphasic pattern in leads B, C, D-2 ; C, D-3.
Abbreviations are as for Fig. 2.
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FRAMBE, LAT —7 MBI DB ASINE
HAHE A% 30 mmHg ~59 mmHg %5 X 0860 mmHg Ll
D2, Thb 2Tk 5 0N B X OLE
RBEHEDKE Z B L 1. FORE, LEREHED R,
P initial force=0.06 mme«F DRI (X, F5% ILE I
30~59 mmHg O T 25 %, 60 mmHg Ll EoRET 25
%, UFHHPHEOWRE=0.25 mV ORREE T, %I
HAFE 30~59 mmHg BT 0%, 60 mmHg Ll LR
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TIRI3% T, BEOREIEL {{Ep -t i, O
BRI IERE DRREE X, A B IBURIBEE 30~59 mmHg ¥ &
V60 mmHg Ll EoFoME s Cfilhd 75 % T,
DENEECHERTELCRORERZRL .

Table 10 (%, ZEB ARV TOLRIN S L WL E
NEREDRKE R T. OB, KHAMOOERILLE
& LT, V, ® P terminal force=0.04 mm+#, #*
R IFEP RO 20,11 B2 H 7.

ERARRY, bh=2 -k b JE L ERE 35
mm~38 mm &, 39 mm~42 mm s L OF 43 mm LA
LoFo 3FcHT, ThbEHCET50MNE X
OV TR I HEUE D R A JHE L 7.

DEREREDHN, V, ® P terminal force=0.04 mm
ORI, KEHEE35~38mm BT 67 %, 39~42
mm ¥ T20%, 43mmLlEOFT2B % THot. %
7o, UFH PR OW=0.11 ORI, AR 35~38
mm BT 0%, 39~42mmFFT20 %, 43mm Ll Lo
BT % ThHote. i, ORENEREDRE L, L5
£ 35~38 mm BT 67 %, 39~42mm BT 20 %, 43
mm L EOFET 3% THotc. TOX I, LHAMH
DLWICEIT 5 ORI 35 X OV I IEHE O REE (33 E
REETH - 7.

6 SEWAKEKC X BB

HEE, ARATNES X OCEBATMIICE T 505
B0, hifids X OHIc B A RAR O % 1 6
#* Fig. 5 wwrnd. @EGIORAN TR, Ailkis L
AR, A FHCEFEERARS, dilgigh e s
o THETFHEE S “EEHE 2 bR,

HRAMBIORAR L, BEECEB LI 2 -
R LTchd, MK X OE/MEVHEKL, &£ FHCmH
MO HEK L e HROHEE St

FEB AT BIOBLRIR T, O B4 R i e 4l
LIBERIBRD % & — v BoR Lieds, 424 CORmifeif
RICIEFIR AR, £HH 5\ B i@ s H ik
HETE E fe.

BEH AEBIOEBAMBICK TS E KA
(Max), 8/ (Min), Zh 6o HBIRERE 3 X O HBLE
fiz% Table 11 ¥ X O* Fig. 6 /"7

BB AMRETE, B TERA S L 0o
HaHIE DRI 35 X O/ BURE ] 00 BEAE 2 58 o 7o 73,
BAF X O/ BRI (X2 238 0 o 7.

ERAMR TR, BEHFCECBAS X o
HMorHEORIA, A BURFE] O % W 70 AE 35 X O A
HBLEAL D 7 b ~ DR 2 i 1o,
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Table 11 Values of maximum and minimum and their time of
appearance in the isomagnetic maps of the normal,
RAO and LAO groups

NORMAL
B“ 33ms

Amplitude Time of appearence
(X107'2 tesla) (msec)

1.24+0.37 69.6+23.1
**3 *¥:
2.19+0.8 69.6+40.
ok *k

15992095 Do 2aE a3

MAX
Normal (n=27)
RAO (n=27)
LAO (n=26)

MIN

eo NORMAL Normal (n=59)

as RAO *% p <0.005 RAO (n=28)

<0.05
6.9x10-*tesla,/ line R i LAO (n=40)

Fig.6 Locations of the maximum and minimum
on the isomagnetic map in the normal,
RAO and LAO groups

l.84i0.z 56.9+15.2
67.1£21.

*
3.44+1.34 : ‘-**
2.471‘1.30j 60.5+18.2
Mean +standard deviation, MAX : maximum, MIN : mini-

mum, RAO ! right atrial overloading, LAO : left atrial over-
loading, n : number of patients.

80ms

E
F

6.9X10"**tesla/line

Fig.5 Isopmagnetic maps of a normal subject
and patients with RAO and LAO
Upper panels (normal) : There is a mini-
mum at the left parasternal site and a
maximum at the right lower site, suggest-
ing a dipole directed inferiorly and to the
left.
Middle panels (RAO): The values of
minimum is increased.
Lower panels (LAO) : The pattern of the
map at 40 msec is similar with that of the
normal subjects. At 60 msec, a positive
area appears on the left side on the maps,
suggesting the diipole directed to the left.
—— positive isomagnetic line ;

negative isomagnetic line

% =

Baule, McFee (1963) (%, &#lhice bOEENICX
hfEbhicHBAEZREL, ThrOoKK
(magnetocardiogram) & £ fi37-. £ o, Cohen &
(1970) %, BR>—n FEAT, SQUID #HWVTR
iF ORI A e L, D, ORECBIL T4 < ot
Ente x5 (Lepeschkin, 1976 ; Wiskwo, Bar-
ach, 1982 ; Leifer %, 1986).

Opfer & (1976) X, H\ s &g L 2 @
DA n 2R T RARBEE 5 v R

Max : maximum, Min: minimum, RAO:
right atrial overloading, LAO: left atrial
overloading,

* p<0.05, ** p<0.005

WRR L, WK — & N LIERE L o DRI & s gk
TEHL IR oTe. AR BVTS, TDX O
WK+ 7 v AR, —HREBACHA AR %
HHLMTZENTE, MR — A FRITHIT LR

{, BEFHROBREZEETE.

DEE PR, OERPHRECHESTRECHT 5H
R e HRIR K 2R B & o2 h B d% (Lepesch-
kin, 1974), P#ix QRS BT B~ THalebh
X\ tedd, DR P oW CEERICEGE L 7o i
Bohizu.

Lepeschkin (1974) #s X ¢f Saarinen & (1974) i3,
OB P ¥ B 7005 chatk, RiliA T chetk &
BT EEBELTVWA. ABIRIZI W THFRROR
BaBich, BEFCKTsEAEBRTO FE MK
P ¥ o HBH 2 Lepeschkin (1974) oSt~ 5% &
Eh -7,

HEREATWHTORIBERC 317 5 LR P 041
B ¥ L OBA R 313 B K 35 X O/ HBIRAL
R L B ERBRTH - 1o, TOMEIEOH KA
Rt ThbOFALL, HBAMMKEOLESE
WI—ERR I, ARRENIRARRBL, 5 R
Lkl C TRl RED - T, L TFHEE»S &
Ezbhi.

5, ABAREETE, BEFRLOEBATH
LR bR ZEH AR Lic. EBRAMKT

* p<0.05, ** p<0.01, ** p<0.005

i, EEFCHTRE BT S TR MM P
OHBENERICE L, o, AR BBAOIRIER
KEBDTe.

AR T Uk, OB B R o §i K w41
L RBRIC B AT AR, WoB A i BRI & 7R
B, ETFHEHDS —EERAHEE SR, SO i
3, BEHSXOAHFAMNE L RARC, AFRELZR
BB EEL DR,

by, BB, IERR RS AE T
FinbhRIZENAY, EEHBBREHCHE S
HEAHES .. ChbHOFRE, ERAMIKE
W, C-2 I FR o M P I 2R 5T Hickt
5T 5.

—fic, FERS, KXXoSLvHEmEo 2#Ho
THEBE, SBCEMELEE LRV, ChH0E
WIS CBA AL 5. #o T, DRERBEE
L HWATT AL EBROLEFCHFTHS. T, =
WABTIBGRE T X ARG ~ DR 3E L
WS, Bt e A VE T ORER A KB L5 <, friE S i
el T\ 5 (Cohen, Hosaka, 1976 ; Hosaka &,
1976). LDRERBEXE D X 5 etk 2 BT 578, K5
AMBIORARIC I\ TR, A FHcmsd 8
TR Efh 5 B O 2 {0 —FHE O FEAE & [F R i HE
ETBZENTE, ZhHBEFREFRERRIVER
BEYRMT 5 LEE 2z bR

WK, b b eB3 B LB B O GERIEMNT
3, BABIUOBIZE1IBEREDLDOLTDH BN

(King 5, 1972 ; Kawano &, 1983), BANTIRAE
B L OEBRE Z W5 L Bbh sl Hifiy
ROBHZENTE, BRI 5 LEEN MY
FBEOBITICAATH D EXR LTV 5.
HREAMOLEXZH ML LT3, PHEOMSEL
wHWBBEEH % <, Goldberger (1954), Massie,
Walsh (1960) ¥ X % Ashman, Hull (1941) S, B
FHHPWOIRME=0.25mV %45 AR BW AL L
THOWTWA. Ll, ZoORMEOREEITEL KL,
O IBIIRIRAE I I\ T, A P YA o KR
M7 THIE10 %, KA E TR0 BEWME LTV 5.
AP T H, ARAMEEICI T 5 LEML
HEDORPE T L <K<, P initial force=0.06 mm+#
O REEE A B IR 30~59 mmHg O T 25 %, 60
mmHg U EDOBTH 25 %@ X+, [FHHP ok
18 =0.25 mV o &R (3 45 58 UG 01 HE 30 ~59 mmHg
DOFT0%, 60 mmHg A EOBT13%EFL KA
7.

by, ORENIERE DL AR I 1 5 R L
<<, A= B 30~59 mmHg ¥ X 0060
mmHg D EoMBcIs\-Tfilhd 75 % TH - 1-.
DR RE KRB, WSS ERCH B0, 45
PETHE L, o\~ T Bachmann &/ U T/ B ic 8
oMb b, HEORELVFHFAMY2RT L ThHE.
L2 L, Sodi-Pallares, Calder (1956) iz X % &, Wipi
BEOHEIL ) b ich OREICED LR D, Z O,
DERETIHEORE AR IR TH— T Hlk L
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LTRBEh 52, “RARE SQUID iz & 2. LBA
atlloBRL, LHFREC X 5 FlBE, KRR
Lhrxh L3O —HEEBE L CEML CEEgENnD
o, BUBWIRELRTEDLELZLRS.

—HIC, DR G DB, DREBECH -
T tangential iLitr L ZE 2 bh b, ZOBL L 5 RE
WA, BBIRE AT it fo0, RiHOBE TR I
FFLARAEE SQUID Bz nk 5Bl k
DEL R B 2 s Coifuc i@ T X 5.

Lo k5 Bl L b, LDBEREROERE
URTHBAMOBHICH T2 = L 3 S h, ABF
REERAZOE 2 T LT 5.

LB AR OLEREHHE L LTk, PR oEof;
K& Vi @ P terminal force D oREA AL < i
WHR TS, PEOEOIEHEE LT, Goldber-
ger (1953) (X 0.11 ®LL'F, Berger (1952) (% 0.10 &
LIF, New York [ (1953) 20.10 BLLF,
Ashman, Hull (1941) 20,08 # (0.06~0.11) & L,
EHERE L TRATRONIBE VS ERRL T
R
B AR X P YOI AT 5. Saunders 5
(1967) x, MURSPHIE 62 Bl 5 % 69 % ik 0.11 BHLL
LT#H -7k L, DeOliveira, Zimmerman (1959) (%
41 Pl R AEGID, PO 0128 o b
DB 34 %d ot Z ERIEML TV B, HE 1957) 3
IKEROERSE 2 A, PEOEO IER i 102.3
+8.9 (80~120) msec T, {MUEFAMEE 76 Gk, P
OWEA 120 msec LA EDOFIR 2.1 % CTH T &%
WAL TWA, ARIck TR, LDENZKEED
12& LTPREDIE=110 msec &V 7-03, & DFEHe
DR 19 % TH - 1.

V, @© P terminal force (%, Morris & (1964) 1= X
WMAIhIERAMZHOd 0 LERIEETH b,
AEMELXH DL L W EBARY 92 %22 L
Ao LTws. FE Q975 13, IAREOEN
Ha v, V), © P terminal force=0.04 mm-# o i
DA WIS EE %, BB 0 %, MEIEFABEE 76 Blic
B LR E.7T%EHMEL TS,

Chirife (1975) &%, h==2—(icL M LALE
L DEM P & oM 0.746, V, @ P terminal
force & D[EIC 0.491 OO IEHB RS, LR
3mm LA ERERINAET5E, PEROEBOIADE
BB W3 5 RBE 12100 %, %F5EF 1289 % |
Vi © P terminal force ® %4534 75 %3 £ 1883
R THoT EMEL TV B, ABHRICE W TRERR

A W% b B .

35 mm LU EDBlic 31 5 AIHEEDRREE L 29 % T, 38
mm L EOFITR2%TH 1.

ft, OBKEEIC X % 253 A fT 2 WAL HE D REEE 13 43
2%T, DERKICHSTHE TRRVAE A 2R
Lic. KB, BB e v — b { (o
ToHID, LHBAMEE TRD L 5 BRI L
WAL R Te by o 7o hs, EREE R A K L
T, C2 THFR MNP B OBHHORIERA 22D
il

& B

BEFRE 60 B, 45 AMTPBEE 12 flds X O B AR
FBRE 21 Blost 93 Blic s T, kAR ARG
FHEE A TR 30 i3 2 OB & 06
L, 1E# B & 005 AR O DREK P ¥ 08 sk 21 &
e B e, ThbofRic#SuTLRRKE R
LB4LEE L O EBAMSHEERLERL, hbik
OB B L OHRE ZBEFHOERECL 5 7h
b &L 7.

F7e, BEHRE 60 B, 455 AR BEE 28 3 X O
ATTHBRE 40 s T, DEBRSBEHORMAR 2
TER L TORBEN OHEE R 1T - 1.

BohicERIKRDOML THB.

1 OO P, #iles 5ol
ETHTHBMT, T+ = okl iz X bOpEb
SEMeGRE L T FhIcms 5 OREN A HETE X
b Oyl

2 FB AR O LK P ¥ 0BT R, Bl
FERg TR ORIBIMEAT AR TH 5.

3 B AGEEO LR P I OB SIRT R, B
EBTFROMMPELRL, #oBHHHORER
KERTHRTH 5.

4 DB AR OB P 3 0¥ BT R s X ONE
HHEHCESE, TR0 X5 LB X 2 LEARZ
W7 R HE 2 R L 1o,

D AR AMTSEHEE | C-2 wisiT 5 MY oiRig
23.2X10""2 tesla

2) KERATZENEE  C2 wkids FHo— MK
P oBHAHOIRIE=1.5x10"'2 tesla

Teds, THhODHEEDOFERE 34 100 %+ X 0598 %
THoie.

5 HBARMKBICKIsLEREOLHBANS
W B3 % JREE X 25 %, (DRI © £ hUL 75 % T, £
ENHIE L D b EECE - 1.

6 ZHRAMEBFCEILOERECKEBARZ

DR P E OB

Wiz B3 % RS2 29 %, LBEKIEE D T it 43 % T,
FHDFIF IR TR WEA 2D .

7 BEFCITAIBANG, RRESAE AR
B, A FHCIEFEEZRD, HilsEhRificd > Ttk
THICE > —EREYRDIE.

8 ABAMKBOBANE, EHELRKD £
— VERR LA, BAR X OB/NOREIHED AT i
Kuddic.

9 EBAMKEOBANTE, LERSEHEY
A T HLLIEEBAIAA D, L THcm» > —HEE
LEEHCHED S —EROBB —EBOUF ZRD 1.

TR AER SQUID BT E AV TRRE L 7D
P x, LEAGMATREEPBER2RL, OER
T2V BiBE A tangential e 5 BB T B 1o, OE
Rk TARARMOZHICHBTH Y, »ofrfE
SRECLER TV A, ER_EBROKRIHIES
THY, BROCEREHLW 7 7e—FThoHLE
b,

Fat#bbiThr- b, I, HENABH - ok
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