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Ultrasonic measurement of propagation of leading edge contraction from interventricular
septum to left ventricular posterior wall for the human heart

Akane HAYASHI', Mototaka ARAKAWA"?, Hiroshi KANAT™'

Abstract

Purpose: For myocardial ischemic regions, when medical diagnosis and treatment are applied in the early stage of
ischemic heart disease, fatal necrosis of the myocardium can be avoided by prompt reperfusion. Therefore, appropriate
and rapid identification of ischemic regions is essential. In the present study, to noninvasively elucidate the propagation
characteristics of the myocardial response to electrical excitation in the heart, the propagation of myocardial contraction
was visualized by applying ultrasonic measurement of a minute vibration velocity waveform to each point in both the
interventricular septum (IVS) and left ventricular posterior wall (LVPW) of the human heart. Methods: By
simultaneously applying the phased-tracking method with a high frame rate of over 400 Hz to the IVS and the LVPW,
vibration velocity waveforms in the myocardium were obtained at about 3, 000 points in both walls. In addition, using a
cross-correlation between the resultant vibration velocity waveform at each measurement point and that at the reference
point, the delay time of the contraction response at each point from that at the reference point was determined so that the
propagation of myocardial contraction could be visualized. Results: In the IVS, the myocardial contraction response
propagated at 1. 9 - 3. 8 m/s from the basal to the apical side. In the LVPW, on the other hand, the response propagated at
2.0-3.2 m/s from the apical to the basal side. Since the above measurement was simultaneously applied to both walls, it
was confirmed that the myocardial contraction propagated from the basal to the apical side in the IVS, and then from the
apical to the basal side in the LVPW. These results correspond to the route of the Purkinje fibers. Conclusion: Using the
proposed measurement and analysis method, it was shown that propagation of myocardial contraction in the IVS and the
LVPW could be visualized by ultrasound.

Jpn J Med Ultrasonics 2018; 45 : 191-198

Keywords

echocardiography, myocardial contraction, propagation of contraction, phased tracking method

nTHYY, ZofkFEGL L CORIMELEESZFT

. I C®IC
SNS. IRIMPECREDEELREILHEETDH
OB X B TEHF I EMFTIFFICL (s S D, Fig. 1R £ )12, LHMZEORERIE,

"FALKFRFBEE T TR, ° [F LS se At

'Graduate School of Biomedical Engineering, *Graduate School of Engineering, Tohoku University, 6-6-05 Aramaki, Aoba, Sendai, Miyagi
980-8579, Japan

Received on July 20, 2017; Revision accepted on December 7, 2017 J-STAGE. Advanced published. date: February 9, 2018

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018) 191



Ischemia
Injury

Infarct

Fig. 1 UHZEDEITE 2 £ L 72EX

FTREDONELZ BRI ER, BEERD, WL MFIENh 2.
EENRAEAE S 5 & & TUHIC T4 % B DI A s
MR e o F2EEANIRINE TH 1), HR I FH R
wM5HZETLHOELZREETEX S, ROERED
BEHTH LA, 729 U TEILOREED T EET
Hb., SHICHEROPAEPHEAREST D &, L
DI L 72IRBECH 2R L 72 1), FEIZRAD
Rl b, TR0, BN TH L LHEIMEO
IRERTTRAFED, OHHEZ &z Rk
DEBOBEBRRLBIICB VTR ICEETH 5.
OB IMER M - FED 72012, £ FIXIERFIR
RBOLHEFEZHO NI T LT LA RTH L.
ZDO7%, LN OB ORI D LI
FOIBEOMICBE LT, ZhE THA 25T
DL, UKD EE R 2 OB OFE I E - Tl
AT 5 2 E DS NI ERTE T —7,
ok, BEWRFHNCL Y, B LZ2T > bILEY
2BV CELLE % 15 ms [ OFIREI - T8
WAIRDW N PRE) (ZEAARIE 30 um, HEEIRTE 0. 5
mm/s) DFETH L omBIcE LY. 72,
t MOIZBW T, JLEX QRS 0B HE
DARFERE & Z T he <O T EFA RO E P fREE |2
BT 5700 ZKIRE) & BEPK) 10, 000 2CRHIIL,
B IGHE & % DMEE S AR 2 S s L7210,
S 512, BRI L O SRR 72 2 A ZAL
DIEEEATHALT D2 LI LTnaY, F7,
O BIMEBOMIE R A A =¥ ¥ 712§ 058 b 4T

192

HbIGEHTB Y, Blg 4 OB BV TR
BLAE | 2L 5 OIS & DIETE R DS, IEHETIE
1.2m/s THAHDIZxF L, BIMERTIL0.7m/s & &

B EMMEENTVRLY,

EAMBLE (2L O O NGRS 13 8 m/s TIEiE
57202 invivo FHUDSEE L VW& STV 5B,
W22, BRWEEOR)E L TS THEL 50
1 ONGHEIE S & ORI EBRDI S A2 - C
B57, ZOBREOHIANIRKELZHRETHSL. 2
NETOHZAOZETIX, LY L7200 (ex
vivo), @ B\ IZERTESRIC BV CHEBRE VAL
EIZH D OERREDOAZ W RIZFHHZIT->TH
D10 R AR OFHINZIEE > TW v, U
OIS E R Z 5 & 9 MRS FHI T,
Bt um =5 —ObThREMNERZ HVLED D
5720, RWALEICHBLEERBEIF L TITH) 2 L
I/NMREHEE O SN OB CHREEE &2 Twiz
72O TH L. AT P LY, JLE PR
B D ISR R S N7z 720, REETIRA
ERRBE T HFHINC b AT Lz, AWZETIE, O
g A 0> B A LA | 2 ) OB DU AR I % R 5 % 2
EERHME LT, b MNUMEDLE PR L L E R
W 750 206f L C IR E L in vivo FHIlZ 47\, W0
153 DWHEIC BARTE O i 2 7l A7z,

2. DEOIRFEISEEREOHEELFIE

2.1 DEOW/IMRENREFERZETA
KIFFETIE, S L2 RFESICVMEE NS v
YUEPYRBEET A LT, O OB NES) R
WIEES5. LHOBEWEHIZAT O B, HomfE
WM w, = 2nf, DRI OV A S B AT Tl
HICE SN L. DIRR OB LB OIS PR,
LR EIRE) LA BT 5. 7OV ARERZ] ¢ 12
BUA.OLHoOBER 7O — 700 OEE x() XK
NTEREINS.
x(t) = cot(t) (1)
ZIT, co lFAEMBAEE (038R T -7 -
L oOBERO B * 2. £, BHX
Mol L 722 B 55 oM 6 Ogn) 1, BEEOHE
MRS R L O e B e ) Tkl TR s L b,

0(x; t) = 2w,oT(t) = ZwO@ (2)
0

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)



WIS, B e D SRR AT SIS OEE L 2
AEELI-ET DL, BEg EEER t+ AT ICBT
% ZAEIE S ORI A0 (e + AT/2) BRATHE S
n5.

AT
Ae@ﬂ+~7>=9&x+ATy—mmﬂ

(3)
2w AT
=—Ax (t +—)
Co 2

22T, Ax(t+AT/2) =x(t+AT) — x(0) X AT
DG OB % KT

L7255 T, BEWE IV AEERE AT B OO
DOWUNRE AL vt + AT/2) 1%, Ax(t+ AT/2)
AT TELZLICE YR TEEINS.

AT
( t+AT _Ax(t+7)
vx 2)_ AT W
AT
G A0 (xt+5)
20T wy
Thbb
_ ¢y AB(x;t)
v(x,t)—ZAT o (5)

PLEE D, dGEssf, COMMER KD, &5
)T DO BN ST & FHIlT 5 = & 25T
X7

2.2 DERNHEIGE OEEREE L

Fig. 2 IR & 9 MM E x, B O — 41,
WS jAz (Az S HIME R OEx, 128
VB U NMRBI R R TE v, (0 BED v (x,00) &

a RF 7 — & S48 & AL e fir il
B L OEHHIALE OKEaEE O
i, IVS D LE W REE, LVPW !
fEEGRE), b FHEALE B L O
WA I BWTE S M
IREYHEEWTE (R ILHEATE,
FHEIAT )

Fig. 2 JEMERFRIE H OME.
£ probe

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)

RF acquisition
-

HWC, NSO ERMAZLFET L. 2ok
&, FEMEALE x, 13 EHI S N7z T OMUNRE)
B GHEABNIETE) O CIRIER KOEEI G5
N7ZEHIAZE &3 5. LF O &R E x,; 1281
B WIS E v, (1) DOFEHERLE x, 12 B B IUHEIE
B v (xost) S OIRIERF 1, WA E AR RS
BAEEHATAZ LI VERT S,

;{vo(n + N) — G }{vi; () — 5}
2 2 (6)
\/;{vo(n +N) — 170} J;{vi,-(n) - ﬁij}

(vo * vij)(N) =

ZIT, v, & vy (A BUNRE) LT O 557 X R
WNOFIEME, NIZENLE, nl37 L —2FFE2RT
(6) RTRF LMHBHEIRANE LD L EDENLE N
N, E$5E EREREIOOREERH, X
N, AT EEI SN G, ik, B SRR
Mo ORIERH 7, %2, LEOIHEMGE R TOE
B R YA & DOIRIERER 7, (2Z T 5.

F7-, MHEAMMEE LY EH 28X, RIEERZ
DOERHEFIHINC B\ TR E RIS S N7z REAH &
L, FHEE 20 % v NIR B B DT O & FAREE LS,
BRBE A AR OHI %K 23 ~ 25 ms IZRET 5.
P A REZ 4. 0m/s (BRMNWEE ORERE D
FRRAE®), FHEEPE % 100 mm S ARET A &, B
WP 3BV 2 O RIRFRE AT 25 ms & 722 5.
COX)IHEERL S NIRRT R ETSH S
&C, BIEREEH OB O L FHER & T RE
FROIZ, 2R L7200 A% v CIRIE
A2 HENT 228D TE 5.

2.3 DERUHEISE DIRREREHTE
O DR I B DARIR R ¢ 2 HEE T 5 7280,

width of
correlation
window

' delay

area

vlj(xxj]t

i
) 0z 04 Tmme [s]

=
I

b

|

|

g

=< |57

&"4_

'd

}

193



beam No.

Fig. 3 “PH:E REREHI S 1 O BE X

Fig. 312R$ LI —4 i, EEjAzIZBVWTHE
H S NTPHEIGE D R D DIRIERH] 1, % & ¥ —
LACHESHIIFYT L. 22T, IGHISE IO
R LCPATIC, § b5 BmIEEE N L CERE IS
4R L, IGHISEORERIIE S HaTIES D &
DRVWERELTVD. FE—AIZBT 5 FIgRE
IRl 7, (IR TE SN S,

N,-1

ZzNLZr,, ™

e
CIT, N iRY—2ai 2B aHIEO M #T.
WIZ, x, % beam 0 S DOFFHEE L, HEH XN
X~ T AR RN REREA T A 2 LT,
EIRRE ey ZMET S, 0L &, LN TERE
HEIIZELL 2w (HERTHD) EWETSH. KL —
L TR IERE I T, % SR B B OB H#EAR 72 % SD,
ETHE, w,=1/SDIHEALELTHVLN, 4

Fig. 4 7= Rdlbrig % (Ivs:

BE
RV : £ %, LV: £ 0 E,
LA : 0B, MV : {815 #,

AO : KEJRF). a UL 7= B
£— F{&. b RF 7 — % BUSHE

,R14 GEO £7 , ARG,

(a)

194

A EIFRATERINS.

E=) w(n —a-pom)  ®

BEEDNRNERDE ) a b pRFETH L
THMEM t=px+a 5| %, EPEHROEZ B
DL U CTIHRINE DI R L ¢ 2 HEETE 5.
B, MEEICERE L7z beam 0 205 OFHEx, 12,
KB U7z & o 72 ¥ — L EREE A beam, % 4375
ERIZEDRD, KALVELT 5.

i
X, = z A beamy 9)
k=1

3. in vivo 5

3.1 EHABRIE

20 REFH M4 (WHBEA B, C D) DL
FEHREEE L EEREL SR E L, BERSHEE
ALOKA ## SSD-6500 (2t 7 # Hl 7 1— 7 (il
JEWE : SMHz, 7SV A D 1 um) %36 L Cin
vivo ATl & AT > 72, FHENZOE AP FREE & LB BRI
L CRBRICAT DI, 35579V A0 3R U E W
4,529Hz, 71— 24 L — b 411 Hz, TEARACE
20MHz T 1), E— KK 11K, v—2akE
X5.6°& L7, F7, AEMENEHc, % 1,540 m/s
EMGE L7272, S MO Az 1X38.5
um CTho7z. =B, LIEHTMO Y — 24 % beam 0,
DREMEAI D ¥ — 2 % beam 10 & L7z, Fig. 4 |2
L72BE— F{§& RF 7— % ORI EZ R T, £
M2, ZEMANLREBTH 5. Fig. 4 D B E—
NI, 7L —24 1L — b 68Hz, ¥ — 2AKHIT67
RCHAF L7245, RF 7— % BUSOBIL 400 Hz DL 1

———
11 beams 0

(b)

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)



D7 L—sb— bl Z2EZHT L7201 —L%
11 AL THGI 7z,

3.2 EHAIER

9, HEBE A OKEE Fig. 518”7, LEH
FEEEIZDOWTIE, beam 4 OEFT W 70— 770 5
K932, 7 mm OB IZEEMERTE  (Reference Position)
FRREL, T THEO N MU/NEEEE R v,
(xo,0) % 2EHEYE & U CHRIEREH 4040 2 B L 7.
FEZBBEIZOWTIX, beam 5 OBHW 70— 72
LR S 82. 8 mm DA ICHHEME L HEL, €
C COMUNREIEERIE v, (x, ;1) Z AR L LT
BIERFH A = i L7z, Fig. 51%, 216 ORIk
WA % BE— FMEEICESELTHHB LTV,
B, BECOE—LIZBTLHEIRAZLDITEH L

[ms]

. 65.0
Reference Position
32.5
0.0 Basal

Side

Reference Position

beam 0

Fig. 5 UHIIURIG A ORIER 547 (BEBRE A)

—_
(=)

[IVs : r=0275x +101 |

g 80

g 70

g { ‘‘‘‘‘‘ L [LVPW 7= 0.360x 1 669 |

& 60 N %x

- ol

i et

g —

L‘ B

£ 0 k b
i
.Oﬂ - [ -
o0 side } . -
£

=

&

5

o)

S

0 10 20 30 40 50 60 70 80 90
Distance x; from beam 0 [mum]

Fig. 6 beam 0 7> 5 O Hif & P34 M O BIFR (T -
@ LEFIEEE (IVS), Bl - A £EBEE (LVPW)) (B
B8 A)

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)

, BDE- S e o 72 beam 9, 10 (ZFTE D S
FRL 7z, DS RREE I B CULIEER 2 & LA BB )
AN[Ap o TRIER R AN L 721, BRI B W
CUREBN 2 & L FE T~ 2 > TR IERF R AT
TAHRTPER SN, T bbb, DHIHEISE D
LR EE 2 DI A 5 LSRRI 2 5 TR
L, ZTORBRITIEEREE L LOHREID & LB~
Mo TEIFELIZE VR D,

WIZ, beam 0 725 OFHE x, & FIFRIERR] T, D
IR % Fig. 6 IR 3. ALEMOEEZ OME LY,
LEHFBEE I BT 5 RIS E DIRIEE I ¢ 1359 3.6
m/s, LEBEEIZBWCIXSN S 12/ 2. 8m/s &t
EI NI

F7o, BHMEARET L7700, BBREAICBWY
THEBLH TIHTIS A OEIRERE 6 #HE L7
BN BV THERZIIZILT 2720, FOHE
HAEATE x, % 5E LGRS & O IEREH ©, 2 5
WL, BHEEEE oy ZHEm L7z, HEdh 2 R4 B
Cs, MWL A2 5O & L72RE R % Fig. 7TIORT. &b,
Fig. 712517517 — 3=, Fig. 6 (2515 %
EHEZETOY FOIXODE &ML TWwa,
Fig. 7 £ V), & CTO.LHATRBEE OIEHEE D HEE
END T EDHERTE, T, LEPREEEC
BWT3.2+0.4m/s, LEEEIZBNT2.8%0.2
m/s EHIPE N

512, Fig. 812/RT £ 912, #ERH® B, C, D
DFEROFERETH D, LRI A% 2 P EE %
BB & OSBRI N A o TIRFR L, £ ORI
TE B FRIE 2 A 2 O OB AN 2 > TR L
T2 EWFERTE T T2, BWMEREIIBWTHEE
DR IE R ¢y OFI91%, Table 112777 X

50
E 40 -
S
230
Q
i)
)
z 20
8
-y
ém 1.0 |
=¥}

0.0 -

1st 2nd 3rd 4Ath 5th
Heart beat

Fig. 7 £ /UIHIC B 2 DGR aHEEE O @ D2 hgEE,
T REE) (WEBE A)

195



Fig. 8 U A IS 2 00 3 HE ] ﬁ
5. a BEEREB. b A C.
¢ WibE#E D

Table 1 LZEHfEEE (IVS) B L ONEEHZEE

(LVPW) ZB1F 2 I EIEHE 6,

{2351 WERE A BEERE B MIBRE C O BEBRE D

RO — 5 5 5 4
IS DHEHS — 058 3.2+04 35+03 2.1%02 24+03
LVPW DR — LR 28+02 22+02 25%03  3.0%02

Fig. 9 (&¥#i% o Mk & P2 TR H O 80
PR (M- @ LS dEEE (IVS), Basal
70 Side

WA - A EEREE (LVPW), X 13k
M DZE A (I - HeBE A, F - B
B, % HEREC, R HERE D))

AL [m/s]
Apical Basal
Side Side
| 1

Delay time 7; of contractionresponse [ms]

INHEE T & 72, HBWEE TRBO MR DML T
2 Ens, RERIEEEDVHLEERS.

4. & =

Fig. 6 (2B % 2 DO PIEM DO % @5 y il
AT R8T, EREBRED ST 7 % AR S
M & ORI & OISR OB x & L72b D%
WeERE A, B, C, D OFFRIZOWT Fig. 9 1T
WINOEERE S 2 DO PERAN T IZEARRIZE
ATET EDS, ORI E A2 R BE 2 (5 HE L
7B IE R R ARIR L 7 T SRR C & 72, (54R
D PR X DSWERE I L o TRZ B DX, ThZFh
OISR % 70— 7 FEEDSEZ D) W OFHAES

196

40 60 8 100 120 140 160 180
Propagation path distance x; [mm]

MRELZ-oTLESTDEEZLNSL. BE-F
RHERR L 2D ISR 3 5 70— 7 A & B
BMTTEB72176bETEHIITAZ LT, Bk
PEHE / GRS 2 b B FEERIZ 5 2 L TE L EH
ATWAD.

R, RS ROZUEE G L7z, (LEAT
(&, ERMPEIHEAE, BEMGR, AW, W,
TN F MO RS R E T 5. 2ok
&, BRMWEEOLGERE L, LEPREEICZBWT
D 2 & 0O, EZZEEIZ BV TIb
SSERIEN A & OB EI AN 2> TH 1.0 ~ 4.0m/s T
HDHZENHEINTHDEY . AFETRONL
ARG IE & OARIE 7181 B L ONEEEASSCRkE & R AR RE

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)



THY), KRTFEOHPEIIZYTHLEVZ L. ML
L0, L OIHRISEEIFEO R LI ARTFRITER T
HbLEEZD.

5. #& B

v MR G E R RE & /SRR L CIRIIRELS
BEW in vivo FHllZ1T9 2 LT, ELEEEOL
GRS S g 2 M L7z, OGRS AL, 0=
HFREE L2 B\ CUIEEBEI 2 & LA~ 2 > TR
1.9~3.8m/s Tafk L, TORICEZEREIZB W
TR A & L EEEB A~ 22> THI 2.0 ~ 3.2
m/s TIEHET 5 2 LSRR S N7z, LR OB
PG PE S DR IGERRE % 52 2 M3 5120, X
FZAED 3 WL TORMRRIFRE L SR T
FTHCHEE T 5 & L DSBS % DA%, AHE R AT
BHMHO— R E2 505,

SO, LRI O R 2 FE 2 M S8 5121,
AT o 72 IR E IREE O O DGR RE I 721 Tl 2z <,
IR BE O LA NURR R S B S 202§ 5 DS 5.
Fer OGNV — 7T, CIEOHRER G K E &
e M EFULTWE 7Y 0EE W CORMIREED
O EER L, IEFIRER X ORIMIREIZBT 50
HIGERFED 22OV TIREF 2 475 T B2, I
EARHE I, IEHIRAETIX 3. 6 m/s, HRIMUIRAE T
1L.9m/s &7 0, RIMIC L DIEFEEISH 5T T
BTS2 xR L. COREEZITT,

(1) AFFEEEH L ORI O 72 % 1

A )

(2) FHEMEAEE R L CRHIRE R oEHEMm L
%X 5%

(3) IEEIREEA S BIMIRREICZE DY, S 5IZEIMN
g [ DA D DUE R IR S DR R 2L %
a4 %

(4) RESCEFRRIS, LEPREEZIT T LS
BEEICH L CORMIZATH

(5) WGRIIEEE 2 SH L9, RATICHEE T
%

EV o 1SR OBENEIT LN L.

INOOREORIUZ LY, DR IMESAE O W]
BRSICABE TR B 3 5 2 LT, IERIREE
2B B DI & O 2 S O BRI % (]
ETEDLWREEDH D, KL T, T0 L) %[
EFHEOMELDO—B L 7 %, FLZE RO G
INEARIFEOH M FEART I L TE /.

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)

i B 2
ARHFZEN BT B RN IR, et OMmHPESR
1L o TKEBENT WS, PEREIIANIZEIZF
L7

T4 0

Cl

ST

F AR B
EHEBIT, AWFENEICET LR A L
72\,

X [

1) World Health Organization. Fact sheets: The top 10
causes of death. 2017.

2) Netter FH. The CIBA Collection of Medical Illustra-
tions: Heart. Ciba Pharmaceutical Products; 1975. (4
FHEHEE, AN, filE R 2, (2 GR). BEEEIREE A0
i, SR . HART N A F—; 1992, p. 62)

3) Durrer D, Van Dam RT, Freud GE, et al. Total exci-
tation of the isolated human heart. Circulation. 1970;
41: 899-912.

4)  Wood JC, Barry DT. Time-frequency analysis of skel-
etal muscle and cardiac vibrations. Proc. IEEE. 1996;
84: 1281-94.

5) Ramanathan C, Ghanem RN, Jia P, et al. Noninvasive
electrocardiographic imaging for cardiac electrophysi-
ology and arrhythmia. Nat Med. 2004; 10: 422-8.

6) Arts T, Prinzen FW, Delhaas T, et al. Mapping dis-
placement and deformation of the heart with local sine-
wave modeling. IEEE Trans Med Imaging. 2010; 29:
1114-23.

7) Grondin J, Wan E, Gambhir A, et al. Intracardiac myo-
cardial elastography in canines and humans in vivo.
IEEE Trans Ultrason Ferroelectr Freq Control. 2015;
62: 337-49.

8) Kanai H, Katsumata S, Honda H, et al. Measurement
and analysis of vibration in the myocardium telescopic
motion for novel echo-graphic diagnosis. Acoustical
Science and Technology. 2003; 24: 17-22.

9) Kanai H. Propagation of spontaneously actuated pul-
sive vibration in human heart wall and in vivo visco-
elasticity estimation. IEEE Trans Ultrason Ferroelectr
Freq Control. 2005; 51: 1931-42.

10) Kanai H. Propagation of vibration caused by electrical
excitation in the normal human heart. Ultrasound Med
Biol. 2009; 35: 936-48.

11) Kanai H, Tanaka M. Minute mechanical-excitation
wave-front propagation in human myocardial tissue.
Jpn J Appl Phys. 2011; 50: 07HAO01-1-7.

12) Elle OJ, Halvorsen S, Gulbrandsen MG, et al. Early
recognition of regional cardiac ischemia using a 3-axis
accelerometer sensor. Physiol Meas. 2005; 26: 429-40.

13) Yang Z, Zhang H, Kong S, et al. Study for relevance
of the acute myocardial ischemia to arrhythmia by the
optical mapping method. Physiol Meas. 2007; 28: 481~
8.

14) Tronstad C, Pischke SE, Holhjem L, et al. Early detec-
tion of cardiac ischemia using a conductometric pCO2
sensor: Real-time drift correction and parameterization.
Physiol Meas. 2010; 31: 1241-55.

15) Lee WN, Provost J, Fujikura K, et al. In vivo study

197



16)

17)

18)

19)

20)

21)

198

of myocardial elastography under graded ischemia
conditions. Physics in Medicine and Biology. 2011; 56:
1155-72.

Provost J, Nquyen VT, Legrand D, et al. Electrome-
chanical wave imaging for arrhythmias. Phys Med
Biol. 2011; 56: L1-11.

Romero D, Martinez JP, Laguna P, et al. Ischemia
detection from morphological QRS angle changes.
Physiol Meas. 2016; 37: 1004-23.

Konofagou EE. Imaging the mechanics and electrome-
chanics of the heart. Conf Proc IEEE Eng Med Biol
Soc. 2006; Suppl: 6648-51.

Kanai H, Yonechi S, Susukida I, et al. Onset of pulsa-
tile waves in the heart walls at end-systole. Ultrasonics.
2000; 38: 405-11.

Katz AM. Physiology of the heart PA 3rd ed. Philadel-
phia (USA): Lippincott Williams & Wilkins; 2001. p.
518.

Kanai H, Koiwa Y. Myocardial rapid velocity distribu-
tion. Ultrasound Med Biol. 2001; 27: 481-98.

22)

23)

24)

25)

26)

Fujita Y, Tagashira H, Hasegawa H, et al. Ultrasonic
visualization of propagation of myocardial vibration
driven by electrical excitation of myocardium of rat
in ex vivo experiment. Jpn J Appl Phys. 2014; 53:
07KF25-1-7.

Kanai H, Sato M, Koiwa Y, et al. Transcutaneous
measurement and spectrum analysis of heart wall vibra-
tions. IEEE Trans Ultrason Ferroelectr Freq Control.
1996; 43: 791-810.

Kanai H, Hasegawa H, Chubachi N, et al. Noninvasive
evaluation of local myocardial thickening and its
color-coded imaging. IEEE Trans Ultrason Ferroelectr
Freq Control. 1997; 44: 752-68.

Bers DM. Excitation-Contraction Coupling and Cardiac
Contractile Force. Boston (USA): Kluwer Academic
Pablishers; 2001. p. 64.

Matsuno Y, Taki H, Yamamoto H, et al. Ultrasound
imaging of propagation of myocardial contraction for
non-invasive identification of myocardial ischemia. Jpn
J Appl Phys. 2017; 56: 07JF05-1-6.

Jpn J Med Ultrasonics Vol. 45 No. 2 (2018)



