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Evaluation of myocardial strain and contractile energy in the
left ventricular hypertrophy using a mathematical model and

proposal of new clinical indicators

Takaomi Morishita

Heart failure with preserved ejection fraction (HFpEF) is diagnosed when the left ventricular ejection
fraction (LVEF) is over 50% in the presence of heart failure symptoms. The prevalence of HFpEF, which
accounts for half of all patients with heart failure, has increased worldwide, as has the overall prevalence
of heart failure. Despite numerous experimental observations regarding HFpEF, myocardial dynamics
have not yet been fully clarified, particularly regarding the relationship between myocardial strain
distribution and myocardial energy. To address this issue, we numerically investigated radial distribution
of myocardial strain during a cardiac cycle with fixed internal volume at the end of the systolic and
diastolic phases under different mechanical conditions, such as those involving myocardial thickness and
elasticity of myocardial fibers. This model was taken into account that active contractile stress along the
myocardial fiber direction depends on membrane potential change. Numerical results showed that both
radial and circumferential strains decreased as wall thickness increased, which reflected cardiac
hypertrophy, but that myocardial work became larger than that observed with thin ventricular walls.
Further, the change in left ventricular diastolic internal pressure caused circumferential strain, while fiber
stiffness contributed to radial strain. Furthermore, the contraction potential energy correlated well with
circumferential strain.

Although cardiac strains have been used as a practical mechanical indicator to estimate cardiac
functions, the measurement is still some difficulties due to operator proficiency and special equipment
such as echocardiography and magnetic resonance imaging (MRI). Hence, a modified indicator that can
be calculated more easily at the bedside is therefore needed to estimate cardiac function based on cardiac
morphology. We proposed the modified ejection fraction (mEF), which is the product of the LVEF and
the contractility percentage of the internal volume within the epicardium, as an indicator to estimate
strain. Calculated peak circumferential strains and contraction potential energy were better estimated by
mEF than LVEF. The mEF are also consistent with those obtained in 7 previous clinical studies. The
mEF may be a useful and practical indicator of the reduced contraction potential energy of the local

myocardium and of heart failure, regardless of imaging modalities and vendors.
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1. 1 DROHEE

OlEE, e L 72 HREEh A 2 IHEPEBRIC K 0 MIRFEER 21T 5 AR > 7 O H &40 5 EE Mk C
b5, ZOHEYD Y X LLIEEANT 70 [0/ T, EJEICHZD 30 EREEZ e <IEFE LT 5.
Ol DA 405 —EHEIK 70mL/BEITC, 143/ THI SL & DI BHITIESND . DlED
HEDHEINAMFITEFITRY KD ENTMEZBY, MIICHRESCKER L ED RGO
RAE U ZBLIRBESSERED A EHOE > TN D.

DI LR, EO0%, A0FE, ALEO 4 FBIZLEoNTEY, LEELE, LEEER
DL 4 DDOFNRH Y MR O E B EEIZH > TN D, FELE & 20RO BIXEIEF,
FEE & KEWRO BT KREIR & FRZN TV D, RO 1 A Z O ASIHE L7ZFE2s 5L
R 5. [EESR, KREARFEH CRE CigiL E Z ~ bt d, LDENEOHRNE E
DLEORBEITEDLL RV, ZOWMAZ(T) FARMMEH & o . TG D ENED KEIR
JEXY bmed e, RBARFSHL. OBIGHEIL6E & DENE & RBIIRE & 1XIZFEL L,
MARIE R KRB R~TENH LD OFRIIRMII T 5. ZOBLEBOMEN G E 503,
DENEEFRBIEL D SOTMCESEIERIIALLEE T, DoV & MIRITKREIRICE
DHHEND. ZOHRAD) BREHI L WS . Z0%, LENENSKEIIREL T & 720 KBRS
DAL 5. R E REBARFOBHRNREA L THDDO TLEORBITED ST, DEOHMFEIC &
b o TLENEOANEEIK FT 5. 2oz () SEFEEHE VY. LN TELE
WNIENELERNTEL T L /2% LEEFRNRL . MIKITARICELENSELE~LHAL, £
DEORBITRI NS 5. £ L TREICODENNAET S, 20 L SMEEFEFETEY O
BENEELDENTFITIZFELL, LEOIKEDOT-OITLENEDIE ) BoThcmasd. L
FBUHEIZ K > CTLEICHAT 2 MROREIZEF MR TIEI< bTnTdhsd. ZOoHE%E (IV)
DEFH &V D,

D EDERE, BRI EZ T ANTZOLEY BT & W) PZEOREEZ L TWDR, filE
BEIIADEEE LY 3FOREENDH Y, DEEEITAA & HITLEREL D HIXDMITHEV. 21T,
DEOER % 725D 72T, RHICMERAEY TR 7L L TOBREZH > TWDHDHRE
WZEDEENSTHS.

DX, B LR CER Ch 50, BRHIIMEN CEZEOMBTTE TWDH DI L
T, DHIEHIE WSRO LRI & 2 BE ORI CTE TRY, AMEHTHDL. RAD
O CIRRFE L TR 75% Z D AlIa s (56D, 7% 0 Z A I A -ORE R 72 ER D 5.
DFFRIIEIIAEESE 10~20um, & 20~150pum OEMFEREZ R L, BTAE TOEEHT. =
DR L SFIIHEICEEN, ZNENORMEIINIEN &8 U C T 2 /i & 84 5. O
AR, MR B OK) 40~50% % 5D, MR O BHTIZIENAT L TAET 2 M RERHES,
O/ INA, HERZS S DK 25~33% % (5 6O TN ER T 5 = (X —D K& £ 72> T
WAHI b RYUTRENEGEN, TOOWKERI L T, JEHIRZRIGHE & ihkg DO v
WAL TWD. BFBRMEIZS I T 7 F 07 (KES5m, £ES Tum) & K W

IATUSF (KE10mm, £ 1.5 um) THERIILTWD. ENENDOT 7 F L3 KD
1



T ORE I E L, £ 1 ADIF U ERLMITRIE, 6 K OT 7 F U HHA
TW5D. MERMEORR LI T L 2 AT LSRR, ZOF LA RTIET 7 F o ORNLT
ETCVDLIH, SAVVDORIIC—HTDLARKE AHFOFRIZT 7 FUMFIELRWVH ER S
L. ZOXICTIF U EIAT U ERNBEWINEEZLEZD Z LIk TIET 5. £7-,
ERMEI L= R L F— = F L X — AW L TV D, [EFE=XALX—L LTT T /v
> = U VB (Adenosine triphosphate; ATP)Z VHE L T\ 5. ABFAYSEAM: T Tl ATP OFEAIL
FeE DU IIKTE T 272, ATP OTEE BITBER N E BIHH4 5.
FIAELRFIRERTFVF—FFEAH L, BO THRMOICIIERERH SN L oI, Lif
BAHEIL O NIZB W TN Z & ICEL R &2 2L ST D (LeGrice et al,. 1995). —fi%iZ, A=l
FiZ, PERGER, TEERT, SMVEREGO 3B L VRS TWS. AL B
D ILIEERRHEER 2> B2 T 5 O G AN Edfilim 2 RO FAT L, DRET T ' RITEIT L TLiR
EEA LI E, KELTHRBLHEZRD, FBOROIC BT L CHYMERRIZ R 5 (Sengupta et al,.
2007). —EBOLHRRMEIEF O & LTHEFREZETT 5. 7ok 2IE, EEOLIEE L LR
ORIV T, AVERLERIT/AER U H-60°2 AT L, WERNER T4 4 UJ7ih 60°12 4
T35 2 L1270, FIEERIXIZIEAREIZEITT S (Streeter et al,. 1969). LfiflE, B mIC
MERT— FHMED BRRAMEST T 1.8 [FOMMEZFFOZ L RGMEAAT 5. Moy
T L Ca— =S FICMOBE R IR OB 2380 5. AfRE & BRATRE ClEElx
BB EoMEEZBET 5 (Sommer et al., 2015).

1. 2 DD EXAIEE)

OO T BRI RN Z > TEY, ZhinolEz SHAIE L < oWtz
Fo TS E2@E 2 LT 5. ZOEBSHHLIIEBEMIC L - T ERI I TIN5,

TEENENL L 1L, Bioic LMo BE, SF ) MIROBEAA—RIICIEN DA 5 IEE
MO—EDOKIEDZ & & F 5. LMD 5 5 A 42 F v 2U# & 12 X > THIlRO N
EHNTTHF NI DL, BV TLREDAFUREARNEL, MENIZAICHET S, 20L&
DEN.DFEZ F LB & WD, IO NIMZBNZEZNE L THWDEZ ENLoRE VD, 2D
IIRRIRFEN T R Y T AF ¥y XA L, 7 MU UAAL A URHENICHAT S Z & CTEN
FIEICR D, BMEICET S SIEHEMAELDS. ZRESBOIRENRET 20T, Bioks
W)L IEENEAITDAINAEOS &4 LToOKE & &I, DIEOAEHEORE R, F-
BEDOLGEIHE S EAEE AT 5. A7 LF v RUTHIIRO BN L 2K L, F ¥ 3
NEBROIEAIL YT A AU ERNICHRASE, FEEMEZE R, Lo Tl &
X720, PoREZESRL T T h—LRd. ZO®BIIV I VAT ¥ XANREO L, M
NV 7 bA A BRI~ T 25 2 & THIRRNOBAIIH O E 72D, 2R EHom e
WL DERERE, B — YRR YA 7 T Ko TN O EA 22 ST, IHE & Bk
BRA D KT

TEBN BN ERER & A0 E OB O ENICHE L TOW ARG ChHhE 2. IRRSEILA
BEAOICHE Z 2 BB L > CLREBIOTIEN KBS N TE Y, oAk L B MR-
E RO REDR—ZAA =D — LD, BRI L O EARRE AT L T\, 845 70
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(50-90) DIEE CHBEW ZH L TEBY, I Im/s TLEEEZ > T, DEFREOBIT S ORE:
WREAHEIZ S D RERMTICET 5. £201%, © AR, FAFx ot L HIND, RO %
BWHETRD Y, (ORISR L DAMERIERIZ T CEAOH (TEEM) 12iab b &n
IR ET-ED. ZO—HOEEIL ST, LDESENFESH LIHEEEZL, A7 E LT
DNREFED TS, DRI TER 28 U CIIRFE L2800 L CREA L, #Me =k
TCHIME 2 A > TV D T2 OIZ— D OAlIE 2 B 32 DB TR % & B ORI IR A 5 .
Ko T, DAHRRHEST A AV HR B e 5 AN b~ TS BY AT OO A3 1o .

1. 3 LB DILEE DB W)

DAL, DIBORFIC X 2 BFIRE LA a0 O MR INEE, V2IE, 97 & DRER
22 LODMHEDOIRT, LHED LR Z S THRER S EZ SN TERY, REBICEREZE
VN T U5 (Ponikowski et al., 2016). DRI ODPENIC AR Z Feim <8, ZREBKHT 5 &V H.0
D FHERED 72 Ao B DIEE DN UTof R BT 2 7200, (DAME.OF, (DR EA, FRIEE,
REIRGE R, REINREE, AR, NOWMERERE, SEIERBERICIVGIEEIIND.
B 1SRG LD 2019 £ BHAIZIS T D SR BIFEC AR, IrFEE TSN L TR
DINLZEDD LIS TN, DREIFH 15%% 50, DIREIC X DL C I RAARMERT
A () ICRE 2FBICZ V. K2 ITODERBOITEOLEBETRIZOWTRT. LEEAD
PTHHT =T NVFEOREICL > TCLHHEZETRIET 2 NI ERICH 523, L OMMORE
MR CEROAREARTIHELE T 5 AL, 2L TR D ODAREORETHENFELEEINL TN D,

ODARRERAT D7 OICIREY S OEEREO TR IN D AERMFE (Left
ventricular ejection fraction; LVEF) 2MafeAIIEH &4 TV 5. LVEF 25 40%LL FIZIR T L Cild
Z HAEEBEHENME T L7204 (Heart failure with reduced ejection fraction; HFfEF & U Wy,
ODHERENME T LTV ZEBHETH Y, DAEIREEZ KL< KL TV D, LANIER ORI,
HFtEF B FETh o7, —F, BRHEROLR 7172084 Heart failure with preserved ejection fraction;
HFpEF) O A DTN - TR CHINE R T d Y (Owan et al., 2006), HFrEF Z# 2 T\
% (Tsao et al., 2018) . Zuik, HFEF ICHWDHANIZ 5D 5 = Lizkb<, HFpEF D&%
WHETDLTET A HT HHFNIFRE L —HOPERIFIETH 57025 & S TU % (Cleland
et al., 2006; Massie et al., 2008; Ahmed et al., 2006; van Veldhuisen et al., 2009; Solomon et al., 2019) .
HFpEF & X ABERNE <, PELIARE TH 5 720 (Brucks et al., 2005), HFpEF O 121284k %
Hifi#4 % Z 1%, HFpEF ORZWEE A2 ED 57200 TR, HLWIBERIEDOBIEIC SR8 5 7]
REMEZN & % . HFpEF OJEHERREIT, (O MEIZR & O ANEIRCREBINE R, MR, NEEREIE
REBRBITHNDD, b WEEILEMELE TH 5 (Lee et al., 2009). LVEF (ZfR T TV 5 DIZ
DARBIERZE Z 3013 — AAREERIK T THDH. HFpEF O & L CUIRNTIRER 20—
E LTS L TV 2(Zile et al., 2004). L2>LifFETIX, RO X9 72I 7 mnb~r allhnld
TOZNTHEEHTORRIZED & STV S (Lam et al., 2018). (1) I ATV EET A V7
+—2LDZ%  (Nakao etal., 1997), 27— XA F L OEFEIEDZE (Zile etal., 2015), Ff
Rash 2231 D RRMENE & » X7 B DO F E /2% (Haynes et al., 2016)72 & ORI Rl st O
B2, 2) =RAXF—REERE, RIEOEE, )ALLK (Left ventricular hypertrophy; LVH) ,
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FELEAT 4 7R ADOHM, ALBJLEHINED B, 4) @AM 9 ozl 2 LA
5. LVH 1%, LELHEOHME L TER IS HFpEF O b — i L iitEEE (b Th
% (Heinzel et al., 2015; Lorell et al., 2000). LVH &%, {LEEOHEMTH D 2479 L HEEE DI
D DI TR, DRI DDA NN, EEBES N AT 5 &, RUERKER &
L CODIERNAEL S, JEARBZIT LN TE U D ERIEERICOWTIE, 55O MR %
FAWTZHFRIZ L D < OFANE LN TH D, ORI REAGEZ Mz 5 &, C $F—1E,
S HICTMAP FF—R EIEME S, BT lun A Z Y CIR{Ed 2 2 &1 L0 IUHEE HBa
DOIBNTUHE L, DIERBEREND. Lo, DIEXRIZZO X S REROR T Ar— RO A
ENLTRZ ZHMARBSE IR, TroA Ty VI (AT-ID), BT 27 07k EORMER
F, FT7 U AT 4 —3 7 HFEKN T B (transforming growth factor-B; TGF-B) <°1 > A U > Ak
f [ (insulin-like growth factor-I; IGF-1) 72 & OHFAK 1, A Z—rm A F L (L-6)72 EDH A K
HAVHBEEEHEZ TNV ERHLNERSTND.

Malignant
Other neoplasms

Accidents

Aspiration._
pneumonia 6.9% _Heart
77% 8.8% disease

Pneumonia_—
Cerebro-

vascular
disease

Senility

FIGURE 1. The causes of death in Japan. (Vital Statistics in Japan: Ministry of Health, Labour and
Welfare 2019). Heart disease accounts for about 15% and has been ranked second after cancer for many

years.
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FIGURE 2. The trends in cardiac death rates in Japan (Vital Statistics in Japan: Ministry of Health,
Labour and Welfare 2019). While the numbers of people from acute myocardial infarction decrease, the
number of deaths from chronic ischemic heart diseases and arrhythmias, and above all, the number of

deaths from heart failure is increasing significantly.

HFpEF OZWiEHEL LT, SEIERLONFEA OFRLIC L VRSN TWDA, (1) ERR
BN AR Z 2 L, (2) LVEF N IEH S L <IIR7ZNTWD, T2 5 50%LL ETH 5, (3)
R7Zhxma—iEd LALDRY 7 — 7 VIR T/ SBIRFERENGEH ST\, © 3 8%
UL L CEZDONBUETITERENTH S (Paulus et al.,, 2007). RS KERICEEH T 2 1M
RIS T D AR EZ, JRRMICAEEDZ T AN SHEENTERE TH 5. JLEREIT K
&<, ERBHIOWRAEBUET D /EEMIERE L, ILIRF I D EIO MK ORAEBET 5/
BAT LT RALIITEND. EROHEEIC L DIEEREORLR LT, ALK, INHHE
PEOESE, 0DF R —TF 7 LIS EEIC LY EREIEE, HARHIRSNHALHD.
FERIIRREOFIE L L CIE, ERHEOIRIE TH D EEMBERFER, ERBAT 4 7 X ADIE
THDHAT 4 TARAERNT— NV RAZ X —REINTND. LL, ZOFHINZIIAEEE
RLERDMH L 72D, VIR U CROIBII A TS Z ENREETH D, BIE, JRREFMIE L LT
IR HNWHATWD LT a—(X, EEAICICERZFHMI L Tk 67, JHRREREE DO - DIZ R
BN U TV D EEFME - EBEED ERACEZEL, &2 WITIEREREE ORI & 72 5 /Hk
FHELOF R EEFHEL TV D, Z 07w, H—THUEREZRHME L 5 2HEIEIL e <, £=
TGRSR TE O E i & 48 s RGO o v — 7 @E DL Ele’, EREARRE, =
RFR WP L 7 K OFRE A A S DY, RAMICHET 5 2 & NEE TH S (Nagueh et al.,
2016) . JEERBEREE 23 & D L W L= A I3 A BIEREDME T L CW B BICHE U CAERBEOHE
TEZAT 5. L& MRI (Magnetic Resonance Imaging) 1%, 1EfEME & FEMEO SN, EALEOE
REL BRI, ARLHEEOWUEICBNTH > L LEHEEORVRAETH L. MAEIZET D
- B &GN ICBT 2 HMAMEEZSZE L, Lo a—IZ X2FHMEBRREERGAIC, ZOoRE
5



LTV ZERZ . £z, MRITH RU =0 AEEEAT > T BROBIER DS, Dh#HE L
WI—H L TROLND. BIEGOSAERE, DY vaf R—y AR KRELLGE, L7 Inm
A R—=3 272 EORFEOREODBWNTA ARG, MMM E 72 13360 L OFE OSRI, il
AT E YT 4 OFHIIZH H TH 5 (Karamitsos et al., 2009). F72.0LJK CT TH, EEIRO AT
FHIEREZRHAM U, M & 72 (3R MR O E O SR DO 2N 6T 5 m VR R E T 5.
ZOMmEBREEL LT, HMMHITILVESRDID, FEEFRETH LV TF 7T 7 4 —WE
TR ERE 72 E b 2R H 5.

1. 4 BGER Co.DEEEEhRR H 5 ¥

T, BERCORESE, OIS, O MRI TORBHFIEICOWTEEL L 722 5k
~5.

A &0, JEIEEY 0.02 MHz ML EOEEEEOEKR TH Y, BEEZWEEIZAERNT
DAL THRNOBEHREZE TS, Tu—7 b RNICBERZ%E L, T8, v v—
B RZFED B DM TR LT B DO 52T 5720, SO O5RES % M2 # L Tl
MAEBIL LTV D. ERITEEBEEE ORISR ET 2 EELRRN T TH 5. MR THIL
(X ERRIL A L2 b OOHEGEL & I X 0 BEEOEENTORENRE V. —F, HEE
THIVTEBEENBELIC K 25720, RHOBIENHEEELE 725, BUEO DIREE 2K
& T LA 4 2.0~7.5 MHz DJEEREIRE 2 N6 Tn 5. IR EmWHT 7Y &
ZL—hEHALTEY (60 7L —2/F), EWEEIZ & 5252 &ITEN, FRRHECHRIE DK
TL, FLIVTNEALTERBEZRGTE LG O ZMCANTHD. MATHEFRE—A
FNCZE M fFERE s m <, WERE/NS R EOM b RIEETH D, L LR, Yu—7%
P SHCTRIET 5720, BHERE—AI\EOF AT, KEHEFRR2WIZDEBAE L
Iho THEEDOWIASS Z LIIRETH D, 2B, LTI, Wa-olfize & ofis
FINTIE ) & B SRR i 70 FR A 38 L OVBIERIR B 70 DB AL MFAET 5.

B K7 7 81%, @R BE N 2 s L, K S E B OO E Rk & Ko
A DFE, TR RT T T N a7 — ) ZEWm LUEERTT 5 HIETH L. EFICEE
& 22 D FNHOR, MyEilE cEn S K, BRI, —T0, LA R ZIEIE,
Wt 2 B 26 L, BRETAEMNLD K777 FERD LT - IR~
HHETHD. 7OVA KT ZIEOMRHTIL OV AR USSR EIAKATT 5 72 DI @mdtEEh 23 &6 5
AV TV TRRELIRZDENRHRRNS OO, FFESAL ORI OB & OMRHICENLD.
ZOEREJLFIIC O T —IZEH L, Rl EICERGDERB LU T XA AT
TR T HHEENT— RTIFHELENS. VLA RT T, BT—RTT L HIIWmmICBE %
EH UEEICHEE U HERECHITR IC 3 1 DidEE 2 SV ARIEIC Lo TENZEN T — U =5 Hh
WIE » 17 —RKRLTND.

M4 % B TRl L T D & RBIEDS RN T20, RFTLE OB & % 3BT+ 5 Mk
R ZWEMABFE SN TE . Mk N7 7R OHEE IS DT 20 cnys LFICHEL V%
BEL, MEE2REOBMBEEFEZ T — AT 4 L ZIZL>THRELTWS. ZHUTL YD
B EZFHTE D, A ML A v EIIREYO 2 S OEREOZLORRE 2 R THEE CTh
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0, oIt 1ZB T DFED ZREOR S OEERTOR S (RFTOH TIILERH O L)
X 22 bDEIE E LTREND. DIHIUEICIBWTA b LA A O G O FEE
REE NG, Mk N7 71 3RFTLIEEZ RO D HIETHY, ERSE LT, ARLA Y
OB EZREE LTS, ZOA LA OB ZRBRES LT, A LA v 2RmHT
L, b L <ITRPTOBRE 2 RFEFE > U CENEEREZ RO TG, £ OENIRREZ 22 Moy
LTAMLAVEEBTS. ZNHICE > TROTIHEIA b LA AL O B O HERE
DODEEBRIFEEL LTHEITHDEH DD (Edvardsen et al,. 2002), HBEIEH I AN AT EE L
DEHT D 2 E N TERWZ®, Bl TR 217 L2 ReiX, TR o ot
FHZF LT, DB FATICEE) LWz, FHllT 2 2 &N TE RNV &0 o 72 R E A 72 R AR
N 5.

—J7, ARy IV NT v xR IVETER AN LBEEE AT 5. kot 3 — 3 E
DFWRE = ATLFHWITIRYY, @UVME S REOR A Z/EY HY. —RT & AR DR
DAL, AKOOFHRBEIEIR 2 EMEICRBE L7222 &0 D Ay 7 vZ O O OffifE I 7 H
ST I Zemo =z, BHZELTEY, OB TICEWTRED Y — 285 &N
A L2, Z O R Z A O sEEGER O 72 Ofekc e LTHY, Elx O OBE) 2B 5
Z LT, BMUNLIERONEELE BT SONR ALY 7V R T v F 7 Th ) IS TO
RO ERTHD. N7 vx o 72T oMbk K77 X0 REREW. £
ZOHEWESHFKRT L — MIUSHTHZEICEY, ZRIE RN T X T EITO 2 EHARE
Thad. ZRtEiEST, DIHEIZ LY R Ay 7 VBRI BT 2 Z &3z
W, HEMEICEND. FlZIFEEBNRRE T ROGEHITIEIMRI KV /&L 725 2 LR — ki
THDHD, =TTt T MRI & RSO EEF &SR Z i< (Nesser et al., 2009). —J7,
TRITCHARTY T T — I3 13 BREL D, A ML A CORRIZEIEZRKIEDO H O
IS EHENIOTHEENLETHS.

MRI (IR IS 2R L7 Wi iRZ i TH 0, MRI OBEBALICIE, B, @B
(RF R&3), ERBHIED 3 FEOBSEZHAWTWA, 8BS HImT7 o b skt —A v b
ZHEAT D, ZZICRF BGE2RET 2L, Bk Sh s, bk S av7eiefbidfgfn L <l
FCEFEMNPHE T 272 DI B, B LA RRETH 5. KRWim, MW, kM 72
CMEEOWHRAZHIHN T2 Z LN ARETH Y, RHZERI D HREITOHE 2 00, JIER O
IZhFEVIRFET, BEMER RN, BEMELREVOT, RPN TIEAY 4 —
R7pb o & Zd. Ok MR, ZEFIBIRE) 72 @ 8 2L A0 X0 DA AR 2 3 %
Z LT, RIS OAREEEENREAN & fTERIC 35 1T, BIfE MRI TIZA b LA FHiiEE L
TRITHLD. ZOHEMDIGH E U TREBOB L Z FRNZHET 2 2 & T, Lz
FIR D 2 WIS RIS T 5. RERBIMEZRO A N LA UFHI & UCERIRMFZEICHEH S
TEIN, ZOEFIE 1 DMIRECTREMEINTLE I 7201, HREEMFITHIIBR 5.
FLRIETITEFEORAMRIEBREZEDEEARY IV T vFX T EEEROT LT Y XA
TAT 9 feature tracking I HATHOILTNDEA, V7 hy =T RO L >ECREE G OFE,
YTV T — MI R THHMER B2 57 EARYy 7))V T v X 7% MRLIZERT I
IR .
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Table 1 The comparison between clinical imaging to measure mechanical myocardial indicators.

Echocardiography MRI

Sampling rate (time resolution ) O (20-60 frame/s) A (10-20 frame/s)
Spatial resolution O (Beam direction) A
Mesurement time O A

Real time imaging © A
Measurement direction A (Some limitations) O(Free)
Objectiveness A ©
Reproducibility A ©
Harmfulness © ©

1. 5 ABFFED B HY & FRSCHERK
DAR4E, $FIZ HFpEF OJREABLIIEME CTH 5720, ZONFY 5% EMICHET 5 2 &I
KT 0o TIERETH D, 20, Bl I 2 b— a3 VX DET AR ERD
ThHY, ODERETZDNDI )72 ENBIRREICET 2 K 0 ERERBENRG LD O TIER N
EHIRFT 2. £ 2°C, insilico b TOMBINEZ BT 2 LENH Y, BI¥ LR IFET LD
FREENEE L 70 %, £ 2T, AFSEO B, OFEY R 2 L— 3 12XV, HFpEF (26
W72 L2 7 4 A—3 3, LVEF, DR, LWNEE A R A COBREHLICL,
ODAREOBBNCHNRERARET 228, &35, BRMIcE, ERARET VE WL
IR 2 A TR ESHFARNT L, LVEF S EH LW AIZHLBEbLTHE A kLA D
T2 &5 HFpEF OJRRBICEAT 2 17l R e a5, 0%, LIEROEELEZE L
EF(modified EF, mEF) % #17= (2 €% L, HFpEF ORZWHZ G272 BE CTH D E 5 IOV TRGE
T5.

WETIX, AFZECTHWLIEEDOET U > 2 OW TR L, BEAEAMICHUNER L2854
OHGHRIE N HR OIS & R 21T T TV ORUMEERFET 5. 3 B TE, KRET
RESE L 72 DIUEE T V2 VT, —ED LVEF, LESEREICBWOTOLR A kLA T
THELDEEKREDHAT 4 TR ADEBIZONTELRT S, FH42=TIE, H3ZNOEA
G, LVEF £ 0 —HtEA T OARIZEET 5 B ERIEEZ N ICREL, ¥ Ialb—Ts
VHERSORRIR T — & SRR L A L ORI ERGET S, BSETE L OERT.



F2E LHIGEOET Y v B X OFDORRGE

2.1 XL®IT

ZOETIE, FITLHNEORABLOTFEEA LA v BEXOUER EDOZ R L F—%2HH 5
INZT BT DDHE ST T M OWTEERT D, 2 OFT IO & - ek &
LCET ML, DAER, OINEMNERE, OIS, EEFB ORIk OB,
REARFNEIZIS C7o 0N MELEB 2 B8 L. ARERELZ A, 8B 505, AT
S 7 FAR X OYEER M6 D A DEBEOIFEZ I 2 Lb—ra v Lz

LILZ2 D, BTOETNANRT A= =55 HIFEFEIZESOTRIET L Z LIERARETH
DT EINE, W ODPDNRT A—=Z—F, BBEENOHRTE DXL REERMA L. KER
WZiE, HANARRGOL L, MNVEFEY R 2 b—2 a3 UEITY, R AR & HeEk Ui 5
IZDWTIRAR G,

2.2 FHik

221 DgETNV

AWFFETIE, BHEOTZDIZOHO—HWrmOEMBKRET L E LT, &S 40 mm OEA M E
DFET A Z AW, Tl LT, K 3A IR &9 ICEARRREIC I THIR 10 mm(E
L2y B AFEHF BN =5 mmICALE L CWDLIIZE T 2EEHWCEY, MfEo ETHm (X
3A DEFERNIZIT 5 z i) BiEICB T HEEROEELZ /NS LTS, ZHE—KA7Z0 0
RFRICHEE U C I8 FEEAZFHMEIT 2 2 L LD, 7B, KAA IR T LD IDLHET VONELE
% din (mm), DFFBEEZ e (mm) & L7z, FEDSEEEIIFE HHIREZ LT 5. X 3A OFERN
D RRHED RPTERE R 2 79, X 3B IR T K2 1S, Dl EikEEE AL T b, O
FRRRAET BV £ Con ™. DR T S TR E DR I T2 7 ANE, v — hJFIf s TR
T DR A £ & — N TR s O FICERE R SR %, n TREND VU — MERITR & ER
T3, Hom TR L OIS, DAL, ZEROLER L Do REICB WL TR, AER
EMIEA R T FIA-60°1Z AT L, WEELEM TR U JH 60°2E/TT 5 2 L1220, ddhmk
RIZIEIE A 1T D (Rormer et al., 2007). & - T, AH8FZEE5 /LTl Shavik & DAFFE(Shavik
etal, 2017)I272 5\, X 4A IRT X H1Z, DEAMAREEIXNEER TIiX 60° , FMER TIE-60° ftH
W THIZHIIZ 2 L S 7= (Moulton et al., 2017). 7eRfHE b, (DPWNEEME, DAMEH E T2 %
JET10 5HI L, FOMEKICHIT D% ) LIcEZ Wz, s lE DNBERNZ 3T 518, &
SMUZ DAMERNZ 31 HE & EFR LT, 7ok, JERMGEEE o250, MESF %K 4B (2
RLEEIICERL, TNLOHEICBIT DA b LA v 2T NTREEHEKDE, R L OME
T %55 gy & EFE L T2



FIGURE 3A. The left ventricular wall model: a thick-walled cylinder with height h = 10 mm. The
fiber, sheet, and sheet-normal directions (Lagrangian forms) are characterized by f, s, and n, respectively.
B. The transverse surface of myofiber. Myofiber tissue has a stacked layered structure. The mean
number of myocytes per myofiber layer is 3 or 4. Perimysial collagen fibers connect adjacent muscle
layers. The fiber direction is indicated by f. The direction perpendicular to the f and parallel to the
myocyte layer was defined as the sheet direction which indicated by s. The direction perpendicular to

both of these directions is defined as the sheet-normal direction which indicated by n.
222 DBIGEETEIC T 5 B ER

DEIHE T4 5 Zh T ERE, LR o(la) N TE SN2 EEEFR L b TEEND
EERRFRITH 5.

pI=p, (1a)
dv
P V-o (1b)
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A Endocardial region

LT v, Iy /i r\‘i‘aﬂ
IIIIIII;;I;IIII;IIJ,-
KIALAAE AL A 0
A
A s
A A A

0.5
s e
A AN,
R R R
PR R AR R 'D.g

R
AR AR RAARARARY
SO R N R R R N A R
AR

Epicardial region

Radial strain Epyp

Circumferential strain Egg

FIGURE 4A. Fiber orientations from the top view in the anterior wall. The helix angle varied linearly
from 60 degrees at the subendocardium to -60 degrees at the subepicardium on cardiac short axis
tomography. The endocardial and epicardial regions are defined by rt /twan < 1/10 and rt /twan > 9/10,
respectively, where rt is the distance from the endocardial surface. The cross-sectional orientation of
each regional fiber is also illustrated. B. Local and volume—average Green-Lagrange strain tensor E.
Radial component of strain shows E.. and circumferential component of strain shows Egg.

Radial and circumferential direction are shown in the figure.

T, VIEEENRY MVT, BT SV uDWEMS TH D, J=JITHREELE (v
BT V) TEBARLT >V /VF OITFITH S (T8 5 J= det(F)). p,, plITh T EEYERL
&, EREICBTI2EEEETHD. c=c(u,V)FT——IaiIT7 IV THY, UTFTOX
INCERT D.

c=1-pl+tH+T, )
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ZIT, v=r)IHEFEGEFILIET),  p=pU)FFEGEEMIES], 1T IXEALT VL, HIX
T T 4 TIRWAHEIG T, T=TIIRMEISHTH D, ZEZRIEFTIERMS ) ©1E, LUFo
{THET.

1
T=5 F-S-FT, (3a)
po X o, (3b)
S 0X  ox
x=X+u, (3c)

ZIZT, FiIZEART VN, SIIE2ELT-FAe Ry 7T THY, Xiisk
JERE XIIEBSEE A H ST, ZZTSIIU T LY Ichbbans.

ow
S= af, (43)
1 T
E=§(F F—1), (4b)

ZITC, ElF7 V=2 T 77V a s ANLA T YNV THD. T2 TCosta HDIERL
TRFEZEAIZ KT D A b LA v F— 5 BV (Costa et al., 2001) 2 IV 5.

Co
W= 7 (exp(QF) - 1)1 (4c)
_ 2 2 2 2 2 2 d
QF CffEff+CssE ss +CnnEnn+2CsnEsn+2Cfs (E fs+Efn) ’ (4 )

Thb. Eg/ EIRAFRONTWELDEX, 7 V—r T3 7530 Va AN T YIVE D
O RFTEATE R (f, s, n) TORPETH D Z L2 RT. f, s nlLRIR DK 3A HRENIZI T 20
BHEST IR, S— RJFW, — NMERFBTHD. ¢ IIWEEETH Y, DFBHES R, v— k
J7lA], — MERITE, B X O AT OV T ZE LEF(Guccione et al., 2001) D % A&
NN =9 LAY

FELEOWMIEMEEZSE L, BREE I LAEL DI )p &

p=-K, (1), Q)

EL7e. KIXRFEHME=SR AR L, 2 2 CiE Shim © Offi(Shim et al., 2012) &5 H L 7=.

DRBEDRNEIZ LV AECDIGN T =2 — b USRS SED L RE L T

2
T =1 VV"‘VVT—g(V‘V)I , (6)

CEFETDH. T, nITEMREETHS.

ORI BT 27 7 7 ¢ 7 70U ) HX, D ARRHE T T8 < . Bifli~ 27 27 = LAl
&7 /L (Sermesant et al., 2006) {5\ O AL %9 2 B %L

H = H,ere, (7a)

N

—H,

dt act Tg +YTr (7b)
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EEFRLL. ZTIT, edTUABRMES AN KT T DALY MV, Hy o FEEEEI 31T 2 WEIG
71, Ty ETAXEA-NFEE DR ERNT A —F—, vy 3H v PATEET, RiET2500056 1
WAL ST DR BN A e 73 0.5 LLEDEE 1, 0.5 RORF0 & Uiz, Hy (ZUHES D K&
IThHY, UFTORITREND, IRAMARMOHT-V O 1 EHHEDZEL L TERINDIRE
L 7oA BRI SR(LVER) 2 T 5 L D I8 b 5.

Vin,dia' Vin,sys (8)

>

LVEF =
Vin,dia

ZIT, Vingild, PERRIEDERT,  Vipgys &, DHEERPIELERFTH L. flEDOTZDIZ,
FLEARD, MR EOMEDIZ LD 1 B E~ORF 52 BE LT

ODIREAET M, fROTZDIZ2 DONRTA—F—TRBTELT7 V7 X741 7%
7 U(Aliev et al., 1996) &£ Liz. LFNEMEREIL, 74 v Y b a— « BEET /L(FizHugh
1961; Nagumo et al., 1962)) & 4% L 7-.

d

E¢=VU}WW%ﬂwaﬂHwT, (9a)
d
7V~ eolke(p-a-Dy)T, (9b)

Z 2 TolIii ke s 1, HOMIREEER 0 & LIZDEMNEETH Y, widEomIc R4
LEBTHD. LNBESKOBEN 2R LZZ &2 RBT 5012, OFESOH (5 ms) (2
B TeZ IZRE L. DIZRFIIEIRET v Y v T

D =dy(asag + r (I - agay ), (10)
22T, dol FIEHAREL, 1 1O FHARAE ST AN ELAE S 2 D7 TNkt 2 DAl 77 1l D B ARl 9L
tETH 5.

OJEINE, IGHEH & SRR T By, TR L7 X O IS, SRS (1)
EBRHE (1), PRI SEAEEY (D) & 0=FEmH (V) OKRE < 42020052 LN T
5. LWIEREIZHT D ONEPIIRO X IZFHHR Lz, (1) FEREMHEENIIZUL T oRiC
Ko THELE.

dp _xdVn
dt ™ bdtV.

ZITC, ViedTIEBERMIERE, KlIXF AT 4 —RETH 5. KJLMIERDOEMERITH YT 503,
FAEOLZEWEND, FOREWVETRAL WS, KEHRA OB 028 70 mmHg CTRMET 2 &K
EL, KEARFHO#IT (0) BRHCBITL, DNEELLTOL R 28BRE Y > Ryt
NTA Y Ry BLETIVIZK - TRDT
dPy PPy dV;

o TR Sy O (12)

(11)

C

ZIT, ClEHEBR2 T T A T A, RITEMIAEPT, PUIFFIREZ RS, () ZEAhmE
XdV,/dtis 01272 o= L ZCBAT A2 & L, DNET ARk > TR =720, D
WNIEIV, ey ZIHERIAATEE LT D, 2 L CORNENPJAIE L, (IV) LEFTA P 4E

L, —EDENPDEFRAMEKRT T 5.
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DWNIESRML, A& OBEMERZ bl n ZHAWTHEE-PnIZL - TEIN, TOMD
FENINIENIEG 2 2oz, Thbb

no=—P,n LANIEE (13a)
no=0 (URDE Jvii] (13b)

Ll ZTETHMALIEEARLRDERAT A—F—TR2IZE LD,

Table 2 Material parameters. Referenced papers are also listed in the table. The parameter values in the

pressure terms were chosen to achieve a physiologically relevant pressure-volume response.

Passive stress Active stress Pressure term
po 1.053x10° kg/ml Vimakotetal. 2004 T 50 mgl K, 2.2x10°kPal’]
Cy  0.88 kPalGuecione ctal, 2001] T, 150 msl! C  5mL/kPal}
Cff 18_48[Guccione etal., 2001] k 8[Aliev et al., 1996] R 0.1 kPa'ms/mL[']
CSS 3_58[Guccione etal., 2001] a 0. 15[A1iev etal., 1996] PV 1 kPa[-]

Cnn 3.5 8[Guccione etal., 2001] 80 0.01 [Sermesant et al., 2006]
Cf 1 63[Guccione etal., 2001] T(p 04 Ins[-]
S . .
Csn 3_58[Guccione etal., 2001] dO 0.44 sz/S[']
KV 10 MPa[Shim etal., 2012] r 0.25[Sermesam et al., 2006]
n 300 Pa-sl!

DER, ZEBIEIE OJEIR, D AT 4 7 % A L5 (Zile et al., 2004)75 HFpEF O CTH 5.
ERRHREZ —EICTHI00E, LFAT 4 7R AT —EIC LT, LEBELZEZLFEE, L
EREIT —EIZ L CODH AT 4 7R ABBALS L HIED 2 2O FEREZ RS, Lo T,
AWFZ2 138 (Wall thickness; WT) &7 /L & #i#E 27 + 7% A (Fiber Stiffness; FS) EF /LD 2
ODETNERE L. WT BT /AT, —EDORRHEFHIER ey FC, WHEIS 13 7av vk BE
TONRA, & DHEEE %, ODWNEZ 5, 10, 20, 40 mmHg (222N 7= ECHRERS
DILNEED 45 mm, DEEBEE 8, 12, 16 mmIZ725 X H1T, NI A—F—%2HFIVIalb—v
3V TCIREL. —J7, FSETATIE, dpktyalT —ED T, BHEHMRKcyz 2L &8, ¥k
RAMIREA 45 mm T—EL Lo, SRR A= —([F3RK2ITRLIZ. 22T, WIBIW
FSEOHIX, "TA—F—ty " EFZRLTNS.

(1a), (1b) KiE, 2 &P 10 EisGERE A 7 — 5 RN E IR A BRESE 2 H L 7= Bt 7 v
ERERLT 5. B EEROBKIZONWTHRI IR L.
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Table 3 Parameters for two different cardiac model series: in LVH model, the myocardial thickness #war
in the free state changed under fixed fiber elasticity cg, while in fiber stiffness model, the fiber elasticity
was modified under specific myocardial thickness and internal diameter din. In both models, the initial
(free state) thickness #wan was determined so that the end-diastolic diameter and myocardial thickness in
the end-diastolic phase were 8, 12, and 16 mm. The numbers of nodes and elements in the cardiac
models are also shown.

Py :Left ventricular diastolic pressure (mmHg), #wai: Myocardial thickness in free state (mm), din :
Internal diameter in free state (mm), cg: Fiber elasticity, N,,: Number of nodes, N.: Number of
elements, t4ia: Diastolic myocardial thickness (mm), dgia: Diastolic internal diameter (mm)

Wall-thickness (WT) model: The model of changing myocardial thickness in the free state

Index ~ WTI  WT2  WT3  WT4 WT5 WT6 WT7  WT8  WT9  WTI0  WTIl  WTI2

Py 5 10 20 40 5 10 20 40 5 10 20 40

twall 846 8.68 894 922 1268 13.06 13.52 14.07 16.88 17.39 18.02 18.72

din 38.52 3641 34.52 32.88 39.00 36.57 3431 3223 3922 36.54 3394 31.65

Cir 18.48

Nio 6046 8802 12746

N 9895 13690 19281

ldia 8.04 805 801 793 12.05 12.06 12.01 1197 16.04 16.03 1597 1596

ddia 4494 4493 4497 4505 4493 4490 4496 45.02 4491 4494 4501 45.05
Fiber stiffness (FS) model: The model of changing fiber direction elasticity

Index FS1 FS2 FS3 FS4 FS5 FS6 FS7 FS8 FS9  FS10  FSI1  FSI2

Py 5 10 20 40 5 10 20 40 5 10 20 40

twall 8.46 12.68 16.88

din 38.52 39.00 39.22

Cir 1848 33.43 54.67 80.00 18.48 3821 5823 117.1 18.48 40.85 7425 1634

Nio 6046 8802 12746

N 9895 13690 19281

tdia 8.04 797 788 777 12.05 11.86 11.61 1141 16.04 1571 1542 15.01

ddia 4494 4500 44.99 4508 4493 4495 4559 4497 4491 4510 45.05 45.01

HimoZfw, 7770V b7 yF s v=du/dtiT Lo TERER Uiz, D EAERE

E7 IV (9a), (9b) RIIBGHI2 BEREL 77 » ZiEEMEH L, BRIUE LT, 5)XNO%E G T
MEPEE ST p 134 A 7 =B K - T, FMMEHETIZY 707 -=a LY LRI X - THE
b, MOBEITAA T —GREIC L > TR L7z, R AL 0.0l ms THDH. (Tb)zk
IR W THy WEFE SR WERMAET, Al i L C—RHHEDOZEN 0.1%LL FIZ/2b £ T
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Vialb—varEfVIRL, BEONMTOT =2 2o Lz, %ZE LTZIERE B 512
E3~6 A7 VZ2E L.

223 MHFEETIITENTORFHEBEEE A

Z TR B O A PRS00, K 5 1R T L 9 22— 10 mm DR
T IUZOWTIT 21T 5. BEMEE LT, £ TOHIAICKH LT Z HIAICEHES ®, X mh
\Z3— M), Y FANZ Y — MERFROmEEZET 50 L L.

10mm

FIGURE 5. The cube model with one side 10 mm. All fiber are orientated to z axis.

ZONIHERETIMZONWT, Z HFAB IO X FHicxt L, 58RI 2 FHRREICET 2 £ T
(800ms FXita4 25 £ T) HIUINL7Z. JE/1E 0-60 mmHg T SmmHg & A& Lz, DD 7Y
—2 T TTVa s ARLA T U YIVE OBIEF KD & FOEERSY ERDTZ. O
&K 6A L0 6B 1. #hift Al X, BIHRIGIN v — MARICERT 2 & & 05|3RFH
(= FHm) OARvA L, dh#g Bl X, 5lRGAICEE R TR (BHE ) O LA v
Thd. [FRICHE A2 1%, BIRISAIBMES MIAER 2 & 2 o58RFm (B m) o=
Mo, B B2 1L, BIRGMICEEZR W (2 — hGm) OARLA U Thd.
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— l1ber direcion
sheet direcion

Strain in the tensile direction (%0)

0 20 40 60 mmHg

Strain in the perpendicular to the
tensile direction (%%)
T
1

20 40 60

mmHg
Tensile stress (mmHg)

FIGURE 6. The strain (A) in the fiber direction and (B) in the perpendicular to the fiber direction with
respect to the tensile stress of the cube model. A1 and B1 are in the case of the tensile stress are worked

in the sheet direction. A2 and B2 are in the case of the tensile stress are worked in the fiber direction.

DA HPEDIERIEME A KB L, IR M TS, SIEFAICEER AR TS, Sndiang
SITIFRERA P UA VEER DY, IENBRELRDITONTA b A BTN E< 72D
ZeNbnD. FOHORGHEARBL, SR TIEE, EME B LTV R
DIND. ZIHORERIE, DO 5| REER O EERRE R L5 5 (Sommer et al., 2015).
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3 D T T T T T

Strain in the tensile direction (%o)

0 20 40 60
Tensile stress (mmHg) mmHg

======_ Green Lagrange strain in fiber direcion
Green Lagrange strain in sheet direcion
Engineering strain in fiber direcion

Engineering strain insheet direcion

FIGURE 7. The Green Lagrange strain and engineering strain in the tensile direction of the cube model.

kB, Ta—REDOERIZEBWNTIE, A Mg ATLFOTHADBHN B S (Goresan et al.,
2011). SEHERDER N GRO b D, THOTHEZREL, K6A ICERZbDZM 7 IR,

RN V=2 e T T T Va2 AR AU THY, RN TFEOTATHS. A TIEEIL,

TV—=2 e FTT70Ta « AMLA U TilmalT o0, EBROBIKT —4 Lidlih—%1 5%
DD, ZZNoDHZ LITFEBEEZLI LERDD.

224 DBINEERICBIT S R LF—
pZBITEIK Q THED T2 &, BEEE LD,

d d [ 1
E‘jg pdv = E‘JQ [5+V(pV)] =0 (14)
Ko TENEND K THIZ
P Vy=o0 (15)
dt
BHD Yo, T T TAROTLCVE T B &
%(%pv2)+ V-v(%pv2)=v-(v-c)-Vv:o (16)

I TUIILHEROEEAN T —ThHD. UENLSUTFOXRELND
dv 1 d 1 1
py = pd—t(gvz) = d—t(gpvz) —%(gvz) =2 GCov?) + V -v(Cpv?) (a7
(16) &2 Q CTHHTHE, ElllE
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d
Jy 5 GpvR)dx+ [, Vv(5pv?)dx
d dJ
= Jo,a VG- GovhdX+ [ Vv(5pv?)dx

= [, Gov?)dx

ZITCfydx=[, JAX LD ZEIEET 5. QoEBIRER X OZREHTH 5.

[FIRRIC AT
Jo V:(v-e)dx- [, Vviedx

= fr,, (n-c:s)-vdx-fQ Vv:edx
= fr,, Pyn-vdx- [, Vviedx

FoT, WMOZRNAFX—INXDOXEHED
Wk: Wext- We' Wa' Wv

(18)

(19)

(20)

ZIT, W=dw/dtiE, RICERSND, EHT R X —W,, SMBT R F—W,y,, HlET R

N, DRI L I8 & RS 5010 — 7, OIS 5.
W= 5o 307d%)
W = — frp Py n-vdx
We = [, Vvidx
W, = [, Vv:Hdx
W, = J, Vv:Tdx

(21b)—21d) &bV, FEA ¢ IZB T KR LF—IF
Wexe = fot Wextdt= - fot fr P n-vdxdt
14

W, = fot W,dt= f(;fg V v:tdxdt

W, = f(j W, dt= f(j Jo VVviHdxdt= [, U, ondx

ZITC, UpeonTDFIGHEART > & v VTR VF— L EFRT D,

(21a)
(21b)
(21c)
(21d)

(21e)

(22b)

(22¢)

(22d)

ORI T 255 2 B4 T-F bRy 770 Y AS, T, eR & B IR EEIE R DORHE T 17 o0 B

MR7 b 25L, eg=FeRThornT, (72Nt AV,

Sact = JF "HF " = JH, F "ereFT
JHjct

— _ JHact R R
ef'FT'F'ef

R_R
ere = 2 Cr €

19

(23)



ZIT, A EHES A MLy FTHD. EpIEORME MK (Ey = e -E-ef)TH LD T
@b & (23) A b

22 = R FFef = 2Eg+1 (24)
Tho. BEEEOERLY, #RAU,conl

L 0 JHact |,
Ua,con = S'ger:dE = dE ff
0 o (Ap

= D=In(2Eg+1) (25)

LY, BT Uy VT RFX = THRHET MDA b LA AAZEHET D Z LR35 5.

225 HEMARERMEGTT VTOMNERIZEIT 555
T, HOWMEERZOH H2EAMRETT VICHOWTO, BHENRRICBITH5EE251T

(R 5, 1987). X 8A IZHN AL ra, AN AR ar, DIE AR O JENZ LIS (NP 23MER LTy
DT ERT. Tbh,  aldNERICHT 2RO TH H(a>1). K 8A AT LI
JERMEANEORTM dr, EHFD do ORBUNEREZEZ D, 22T, MO, P58
FINZ G FETTENC BISANMFN@ 2 & & Lz, Jhebb, HABIGHEN N SRNT b
WCHEBDBMLETHD. H8B:f#i5K%¢E$Kﬁﬁémﬁm¥ﬁﬁm@mﬁ@,Hﬁﬁ
W DOZENIE g, TEFENZMND T 7T 4 7 72IHEE ) o £33, 22T, BRI
W%mﬁiﬁ#%@w%@tb,Emﬁmgﬁmﬁwf%amgﬁﬁkbt._®*#Lkw
T, PREEFMOITODN BV IRAD ALY ST,

(0,+225dr) (r+dr)d6-0,rd6-2 (0 — ) sin () dr =0 (26)

QI NTHBH DT, sm(dg)'—ﬁk TLL, BT 5 &

doy

o,drdf + r%drd@-% —(dr)*d6-(gg — @)drd6=0 27

ICEYIE N DY 3 HARM L, rdrdd TR, (7, Z=SEThp I Lhb

doy  op—og+a __
dor oroota g (28)

(2, FEHMA P A e BIOHETHA LA egld, T MBS AE E, K
TV o E Y EFTUR

sr:(;”- (—v%) :%(O'r—VO'g) (29a)
gg ==+ (=vT) :%(0'9—\’01«) (29b)

MIE O BRGFERE u LB e =2=2 g=2R0T, [SHCHLTEEET L,
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FIGURE 8A. Short axis cross section of a thick cylinder with inner radius 7, and outer radius ary,.

Internal pressure P; acts on the internal surface. Green indicates micro region in the radial direction dr

and the circumferential direction dé in the thick cylinder. The radius to the micro region is r. B. The

stress applied to the micro region is expressed as the stress o . in the radial direction, the passive

stress o5 in the circumferential direction, and the active stress o applied in the circumferential

direction.
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FIGURE 9. Ideal (A) circumferential active contractile stress o and (B) volume-average circumferential
strain €g for the ratio of epicardial diameter to endocardial diameter a at P; = 0.05 mmHg, 0.5 mmHg,
endocardial circumferential strain Ee 0 (Ejection fraction 0%), Ee = -0.0025 (Ejection fraction 0.5%).
Elastic modulus E is 24.34 kPa and Poisson’s ratio v is 0.5. As the wall thickness increases, circumferential
active contractile stress that accomplishes the same circumferential active contractile stress decreases, and

the absolute value of volume-average circumferential strain decreases.
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L%, BlziE, E=2434kPa, v=0.5, P, =0.05mmHg, 0.5mmHg, &} =0(3 7245 LVEF
0%), & =-0.0025(3 7245 LVEF 0.5%) IZBIT 5% alcxld % o, GOREKRER 9 IRT.
ZOFRMETTIE, aBREL LD (TROLEENRRKEL25) IT2C, FULVEF #8275
ol ThEL Y, gotxtEIT/ NS85,

2.3 ABFRICAI RN REES L ORIE
231 IL®IC

AWFZE TR Z 40 mm OE AR LT T V0 B & AT 20 GEEZ T o7z, DIBIRE
FEK 3A L ERME R THNERAZ 45 mm, OFEIEFEIC 12 mm (r,=22.5 mm, a = 1.533)
AW, JBAZ A S T BT 2B b a5 72% 8 mm (a = 1.356), 16 mm (a = 1.711)
DHLOBBE L. FEITENZMZ THE, AR LA L OEEN 0.1 BHi=h 02%LL T L 72
D HEFIRBICEL TV D LB X BT 2 BROFET ME LA TSGR A b LA 2 TRHb
L7z.

Table 4 Internal pressure Pi, active contractile stress o and wall thickness #wan for model validation.

Theoretical ejection fraction (tEF) is also shown.

Index AOm BOm COm A0.5m AS5m B0.5m B5m A0.5s A0.51
P1 (mmHg) 0.05 0.5 5 0.05 0.05 0.5 0.5 0.05 0.05
a(kPa) 0.0145  0.145 1.45 0.0591  0.4601 0.190  0.5910 0.0694  0.0528
twall (mm) 12 12 12 12 12 12 12 8 16
tEF (%) 0.0 0.0 0.0 0.5 5.0 0.5 5.0 0.5 0.5

7ok, EETMICHEEZ 10 0EIL, TENICKH LIESE L OERERZE L RO 7=, kiR
E %2434 kPa, RU Y U vIZ 05 ICEE L. DNEE T 7T 4 7RIS IE#E 3 1R L
7=, [FERCEG EEE SN ERRHERER 4 1IZEH L
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232 EZERHE0%DORETTOR LA OKRIE
EBERHRN 0% 54 (F3I2BIT 5 AOm, BOm, COm) ([ZBWT, LHNEP 77

T A TIRHEIE S o LS T, HEEToERICOVWTERRS. FFTOME R IO
PEFEDA LA L OREGOSMA 2K 10 IR, ~— I —nyIab—a rTHEbhz
SRR, HERAGO) L E NN L HRME TH D, AOm(DNEA 0.05 mmHg) & BOm(:LPNE
25 0.5 mmHE)DFHEAERITHRME E L~ L &0s, HEBREOZLSMEN RSN, L
2L B, COmOLINEDS 5 mmHg) Ti, FRICHBE A b LA v OFREFERN/BEGRMEL Y 5%
FEEEEVMEZ R Lo, SERICZE L T RWATREEZ BE L C, iR % 100 B E TR w7
23, PR L —BT D Z LT ot TR, DWED 5 mmHg PAE T BUINETE OARGE 3
AL, SAMOTHRER TE RN L2 RL TS,

T | — — | — | — T
A - . . B .
AOm . Numerical circumferential strain

0.00

e Theoretical circumferential strain

§ Numerical radial strain

Theoretical radial strain
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e
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FIGURE 10. Radial distribution of local circumferential and radial strains by various internal pressure
and active contractile stress when left ventricular ejection fraction is 0% (A) Internal pressure is
0.05mmHg and active contractile stress is 0.0145kPa(AOm) (B) Internal pressure is 0.5mmHg and active
contractile stress is 0.145kPa(BOm) (C) Internal pressure is SmmHg and active contractile stress is

1.45kPa(COm). Elastic modulus E is 24.34 kPa and Poisson’s ratio v is 0.5.
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233 EZEEBRHBOSFMAETTOR b LA ORGE
T INEETE DARE DS REAE T 2 LNFEA 0.05, 0.5 mmHg DT, LVEF 73 0.5%, 5%I272 5%

A(F3I2EIT D A05m, ASm, BOm, B0.5m)D/JsATrd M JE FHE L OEESF DA LA D
RGN AR 1SR, 10 LR, v—h =Ny Ialb—rar LVRHLEFHE
BT, MAGO)XNLENNLHEMRETH D, A0.Sm, BOSm(AEERHEN 0.5%)T5E
il L FREIL L — B L2 b DD, AsSm, BSm(ZERBRHFRMN 5%) BRI EEFH A R LA 3,
FHEAEREAHRME LY 10%REEVEEZ R Lz, X 10 & RS, ZEBRHRD 5% 05Tk
W INETE DPGED R W SLTZ 7 WK AR 21T > TR Y, HABOT AR 2 BIE L TV 5 el HEMER S
O, FEBLETHD.

. MNumerical circumferential strain

Theoretical circumferential strain

§ Numerical radial strain

me Theoretical radial strain

0. 2————————————————— 2 —TT
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33 '—"._"_v-f*'. -),.—”'"-‘*‘
=~ 0.2 12t ]
[ %]
-5 0.2 — — E— — — :
E c B0.5m{ [P B5m
E .—.'_.—.—.—‘—._._._.
2 0 0
—
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Endocardial Epicardial Endocardial Epicardial

FIGURE 11. Radial distribution of local circumferential and radial strains by various internal pressure
and active contractile stress at relatively low left ventricular ejection fraction (LVEF). (A) Internal
pressure is 0.05SmmHg and active contractile stress is 0.0591kPa (AOm) (B) Internal pressure is
0.05mmHg and active contractile stress is 0.4601kPa (A5Sm) (C) Internal pressure is 0.5mmHg and
active contractile stress is 0.190kPa (B0.5m) (D) Internal pressure is 0.5mmHg and active contractile
stress is 0.5910kPa (B5m). Theoretically, LVEF is assumed to be 0.5% in Figures 8A and 8C and 5% in
Figures 8B and 8D. Elastic modulus E is 24.34 kPa and Poisson‘s ratio v is 0.5.
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234 BEEIZXBR LA VOE(L

BEEIC L DA R LA OBV ERGET 572010, FHEME & MUNETEEGREN — B 5 &4 F
T (LA 0.05 mmHg, =B 0.5%), BEEA 8 mm, 12 mm, 16 mm D5 TiE %
Todz. DAMEE-LNERIZ T2, RO ME RS LOCERGROA KA &K 12
W2 (3 D A05s, A05Sm, A05D) . X 10 ERBRIC~—D—Nv 32— a IR
L7 fEC, RGO N HE NS HRME CTHSH. BEEN 8§ mm, 16 mm DRFITENTD,
FHEAE L ERREIL K L7z, AT, HEFRA LA X, BEEICEMRR <, DABERIC
KT ONEIZLY —EDE L 0D Z &5y noTz

0.15— . . . . ; ; .
A |

Radial strain £, (%)

005 ———
-0.1

—0.15-

i ! I Numerical circumferential strain

Theoretical circumferential strain

—0.2-

Circumferential strain gg (%0)

~0.25% T
0 8 16

Distance from endocardiac surface rt

FIGURE 12. Local radial (A) and circumferential (B) strains for the distance from endocardiac
surface. Internal pressure is 0.05 mmHg and assumed left ventricular ejection fraction is 0.5%. Closed
square indicated 8mm, closed circle indicated 12mm and closed triangle indicated 16mm of myocardial

thickness.
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EI3E —FEOERHRICBWTOLHA LA KT AELEERE LHAT 4
T XA D

3.1 HR

ODARBIER DOAFAE T CTALEBIEED 50% % %, JLEEEORENEO HiLH &, HFpEF
LWisng. Ll b, FFREICILIRBO RN 4 @ HZAT 9 (ST E 72 IR 72401 23
HbH. £ T, LT a—RESCHKIGEEEZE (Magnetic resonance imaging; MRI) 732 & D
PRGBS YEEMSREOFMIICE T & ST 5. 2875, 25 Om&HREIEIC X Y, HFpEF
O TIFAESELIERE & bIZ, EEBELHNMESICIT 2 M EFmEs L RS me—27 2 k
LA AT 2R LT 5 728 T d 5 (Kraigher-Krainer et al., 2014; Morris et al., 2012; Su et al.,
2014). L22L, —EDLVEF ThHHEWVH Z Lk, DABETOLHA ML A IFEILEEWNS 2
ETHY, DIHARLAUNED LD T HDEAHATHS.

A B a—H =2 b—a VTR DETRIE, DA N LA B XONLENEA X <
HHEHLTWD., DA N LA URLERE ZOVLVEF &< B L (Maclver et al., 2015), 5
DILFIBFFEE 1T, HFpEF 1ZIUHEHI A L 3 7 A L~V 2K R4 % A3, Nat/Ca2+ AR Z D 7=
\CHERI D LY T AL~ Lk ERG D Z & &ax LT (Adeniran et al., 2015). % 7= Shavik 513,
DA b LA T LV P72 T2 < LV A, FICRAm OB L THHBIKRTHD 2 &
%R L 7= (Shavik et al., 2017). # 2 D OMFZEITIHELFAIRIN F 72 135672 MATENREIZ DU TR
WREAELRTZ20, ETHEBEN. LL, THhOOHFETIE, %725 LVEF 8L OH
PR DPEIE F T A b LA U EFHME L TV D, LVEF CEEMEIZEHHH A LA viC
BEHEERELIMNZ 50T, [ALU LVEF IZBWTHOAREEZ 2T 2 FER PR ERITEAR L LT
AATHD. LIed->T, KEOBML, IHERER X ORI O LNEE L FE L5 E
D, AR LA L OBAAB LONHE=R VX —ZHOLMNCTHZ ETHDH. —ED LVEF (2
BWT, flExOLHEER, LA T 4 73X, JERKRWED FTOLHA M LA a2iHiid 2
7oz, AREFRELZHER LT, DIEMOZE(L, sk 2 B R LIk -k & LT
FTMESNTAEERENME S I 2 L— g Y ER{To T

3.2 FHik

AWFIECIEATE CRER L72X 3A IR LI ERMEE T VT, R 2107 LICRBEEE T L & ik
AT 4 TRAETIVD 2 DOOUHET VE W, EEREFEIT 35%, 50%, 65%0D 3 7r—A
ZBIN U772, FHlIE b) TRENDZV—vTF 7T Va2« ANV YTV YNVE % xyz
JVERESRIN S 10z JEAERIZT v Y VA L, PR IT A ROYE8 K OV JE 7 181553 Bgo 2 7EAT L 7-.
S HIZ, JRHPTEEEE fsn SRICT VY VERLL, BHES AT R, — MR B LT — b
EBRITIAIATEgy D45 A B LA MBI DWW TDH R & X 4A T LI BB T AT 10 538
L 72 BBEIIC DWW T OVE) 2 sRd 72, meNAISE D A b LA AEZ DIRAIO 2 - LA A,
BAMAIBEIR D A b LA AMEZDHMEMIA b LA MEE ER LT, = RF =D TEFHEL
I AERIZ DN TR(22b) TR SN DM R F—W,,, Ri(220) THE I N D HiET LT —W,,
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H(22d) TE SN2 LFIHE =R F—W,, 25 TEIND OHINHMERT &2 v /Lo R F—
DDLU, con ) 22 7 A L 72.

3.3 MR
331 ERHOELEER L ILRHFEICSWTOLEICO 2 HERR
E O NEREE LR EICA ST 5F T /L WTL (din=38.52 mm, tya = 8.46 mm, Pg=5

mmHg) T® LVEF50%\Z351F % 1 LA OO EMeZ X 13A 1277, 2 DOEHE 2 DD
MR DB TERATH 205, MO M U LAERNLRDA— =Y a— b, ZRITH
77 b—, BIXOWENEHEZHIBADO A TH BIFICHEB I LTV % (Nerbonnex et al.,
2015).

KT TERINDT 7T 1 772U T O de KAEIZ & 0 BUEAL U 72 G IS ) O HRIE H . %2 X
13B (TR, GOENL EAICEALT, OBINE DO v — 2 B8, £ OBBE LTV < R
EDRHBL I N TV 5 (Gao et al., 1995)
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O < 101 -
: 3
_ 205 7 3B Zost .
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FIGURE 13. Representative time histories of (A) the normalized transmembrane potential ¢ and (B)

the normalized contractile stress due to the myocardial fiber H,

X(11), RAD)BLO P TROLND Pu 2K 14A 12, KLERE V2K 14B IZZENEIUR
T ERIGHEE ) OFHERE A 70 ms, BEHI(ID) OFFGERERHNIZA 200 ms, A PRAEHI(IT)
DOFRERF A 120 ms Th o7z, DGO Vin DIEIE, FERM D Via DIED 50%IZFE L2 (K
16mL) .
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FIGURE 14. Representative time histories of (A) the internal pressure P;, and (B) the internal
volume Vi, acting on the endocardial surface for Pd = 5 mmHg.
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O BT OHIHER T > 3 v LT R F— (U, on)? 1 EBNZ D72 2 W RE 2 X 15B
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DEZEEDHDD, HyyBHET D2 LI, (Upeon) bIBET D Z L0305,
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FIGURE 15. Representative time histories of (A) the external work on the inner pressure W, the
myocardial contraction work W, and the elastic potential W and (B) the volume-average potential
energy for the active contraction (U, ) over a cardiac cycle T, (diastolic and systolic phases) for #da

= § mm and Pq= SmmHg.

3.3.2 DMERODECIEEME LA T, EERHBETIZEBIT 2 —0ABICHOIED AR LAV
E5 DI DR L B IZA S 3 A 5L WT1 @ LVEF50%I2 3513 A 88 A R LA

YE B I OHETTEA N LA By DL RFEEEI O 1 AT, (27 2 iRk 2 X 16A 1 &
M 16B O KA T, (LRI A MR C, DIMEREIRZ B CENErd . Egld, IUiE#IHNIC
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ML, t=300ms (L TE— 278 50%IZEEL, JTD 0IZRD (K 16A). —F, ByldEARIZ
WL, t=400ms fHTCTE— 27 K- 18%IZEL, TP 0IZRED (X 16B). ZiL 5 OfE Riddy,~
45 mm TR HN7DS, BF50%D % D & Tdyg,= 40 mm L ON50 mm & LTH, TNENDA L
A NTNEEAEBIL Lo Tz (dg, 45 mm OFERITHKT 2 FRAZEIT 1%AR05) . X 16C 35
F O 16D 1%, RFEHRNGES (¢=200ms) 35 X OYEEFIH (¢=400 ms) TOE,, Eg? 1%
FHENZ 10 5E| L1204 CTHD. 22T, reftyan <O0.1ILOANIEM,  r/tya > 0.9 1X OSBRI %
AT IEFEETUIZE W I —EIME I O, Z bR X, 1ZIE2TORFH CTE, b Eg b AR HME 0
I CRRIZZ2 0, DAMERI TR 2 5. EJ3EERS X 0 IHE TR E < 2 525X 16A,
16C), EooDAERMEITIAES L 0 R R0 F 08 L0 K& v (X 16B, 16D). MJEJFHA kLA
DO E— 7 BRI &L L —F LA, 30%D M LA C KBRS BB 1
JEAFHOTHOE —7 PHILTHTHAEGE TIEZeW (Voigt et al. 2003) .

EF:50 % tdla 8 mm Pg: S mmHg

100 T T T T T T T T T T T T T T
A (Err) Mean C  (Ey)
0 I {rzzﬁoms % £=400ms ]
=
2 50 1 /¢ & & & ¢ |
E B L & g 5 i i é § i i
3 1 * ey, ., o
0 ———

:r 1T ¢ ¢ $ ¢ t 2 77
E i ¢ ¢ T g 8 @ °
5-207 1 [ & 2 i
.ri_:: 4[' _ 1 1 1 1 1 1 1 _ _ ENDE)I 1 1 1 1 1 1 IEPI_

0 200 400 600 8000 0.5 1

Time (ms) it
FIGURE 16. Time histories of the (A) radial strain (E,..) and (B) circumferential strain (Egq) during a
cardiac cycle for tgia = 8 mm and Pg= SmmHg (model WT1) at 50% LVEF. Solid bold lines are the
volume-average strain, solid thin lines are the endocardial strain, and dashed lines are the epicardial
strain. The (C) radial and (D) circumferential strains along the transmural direction in model WTI,
where strains in the systolic (# = 200 ms) and diastolic (¢ = 400 ms) phases are represented by closed

circle and opened square, respectively. The standard deviation of each strain are also displayed.
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HI & Z LI, EgldBHINC 7z o THEHEIZ DI CHRRIZR 0, DAMEM T i 72
56DD, BTN DL < O TZORAEVHAND.
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FIGURE 17. Time histories of the (A) radial strain (E,) and (B) circumferential strain { Egg) during
a cardiac cycle for #gia = 12 mm and Pq = 5 mmHg (model WT5) at 50% LVEF. The (C) radial and
(D) circumferential strains along the transmural direction, where strains in the systolic (# =200 ms) and

diastolic (r = 400 ms) phases are are also represented. The legend is similar to Figure 13.
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FIGURE 18. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for #4ia = 16 mm and Pq = 5 mmHg (model WT9) at 50% LVEF. The (C) radial and (D)
circumferential strains along the transmural direction, where strains in the systolic (¢ = 200 ms) and

diastolic (r = 400 ms) phases are are also represented. The legend is similar to Figure 13.
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33



60

40

Radial strain E (%)

20

Circumferential strain £pp(%)

A E

IT

EPI

r(mm)

16

I tdia=16mm

FIGURE 19. Local radial (A) and circumferential (B) strains along transmural length 7 at systolic

phase (=200ms). Internal pressure is 5 mmHg and assumed LVEF is 50%. Closed square indicated

8mm (WTI1) , closed circle indicated 12mm (WT5) and closed triangle indicated 16mm (WT9) of

myocardial thickness , respectively. The standard deviation of each strain is also displayed.
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FIGURE 20. Local radial (A) and circumferential (B) strains along transmural length 7 at early
diastolic phase (=400ms). The legend is similar to Figure 16.
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D) %#7FT. E—7 (Eg) BWEN L EIE, T RTOATA—F—F v MELPTIIERH TH -
7=. £72, WIT 5/ (A, B), FSEF/L (B, D) WET /B CTEEENEINT S &, B —
7 [(Boo) [1X35 L7z

35



EF:35%
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FIGURE 21. (A) (C)The magnitude of the peak radial strain |[(E,;)| , (B) (D) the peak circumferential
strain |(Egg)| as functions of LV wall thickness in the end-diastolic phase with #4i, in the wall thickness
model (A)(B) and in the fiber stiffness model (C)(D) at 35% LVEF.
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FIGURE 22. (A) (C)The magnitude of the peak radial strain |[(E,;)| , (B) (D) the peak circumferential
strain |(Egg)| as functions of LV wall thickness in the end-diastolic phase with #4i, in the wall thickness
model (A)(B) and in the fiber stiffness model (C)(D) at 50% LVEF.
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FIGURE 23. (A) (C)The magnitude of the peak radial strain |[(E,;)| , (B) (D) the peak circumferential
strain |(Egg)| as functions of LV wall thickness in the end-diastolic phase with #4i, in the wall thickness
model (A)(B) and in the fiber stiffness model (C)(D) at 65% LVEF.
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AT E T =7 (E ) IEF U R X OBER T L7z & ‘“é'f LVEF 73 50%(IX] 22A)Dtg, =
8 mm 35 X OV LVEF 728 65%([X] 23A)Dtyg, = 8 mm, 12mm OFAITIFIEEHEN EH3T5 2 LI
Lo TE—=ZENIERE L 2 Bmnd o7z, :m%@/\7x~5f~ty MEEA TR WT T
BT DHE, (EPE—7 0L ZIBEIC, LRERICRAR, DAMEM TR oTWD. L
2L, KEBZNEMND E— 27 D & ZF—EDMA DG H AL TV RWO T, 2RI I X226
X7y, —75, ¥ 21B-23B (2T K DI — 7 [(Ego) /1 [F UBR 3 L ORERE Chulg L 7= &
X, JRRMIEDS BRI 52 I oTER TN L2, 23U, K24A IR X910, IRRMED &
WRT A —H— MIERMIEMR T XA —H —& v M, JRREH O M IER
LTCWDZE L7272 (Byp)| 23T 5.

HFpEF LD AT 4 7R A TE W EB 2 HNH7-8 (Zileetal., 2015), FSET /LT, B—
J AN UA aiiTe. [ UBRHHRE JORERE TH L7z & &, 21C-23C TR T L9
BRMEAT 4 73 A (721X LVDP) MEEIMNT HIZ DI CTHEITBA L7z, {18k FS TR ?‘Za
&, FS ETATIHEMNPE—27 DL X2, LDABRITERER, CHMERITRDOHARIZR DD
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FIGURE 24. LV wall thickness at the time of maximum |[(Egq)| as functions of LV wall thickness in
the end-diastolic phase with tdia in (A) the wall thickness model and (B) the fiber stiffness model.

3.3.5 RFTRHEIEZERIZBIT A A P LAy OFEL

ARNVUA NIT Y NVERREERT D Z LI K RPTRMEEEE R ICAER T A Z L b TE L. IE
WO e D ERBEE L MR ICFI 29 5 T L WT1 @ LVEF50%IZ 81T B REHET 6 A b LA “Eg,
= hHMA R A VEg, BEOT— MERTMA R LA VE, DDIHEERES O 1 HAHIT,IC
T 2 RFERE 2 (%] 25A-25C DR T, (L NIEREE A MR C, (OOMEREIR A iR T E LR
T EENEN 200ms & 400 ms DN ANTIR - TEg, Eg#6 X UE,, &[4 25D-25F (29
Egld, UUHERIHIZID L, t=300ms f1 TE— 27 K- 25%IZE L, 7t 0IZRS (K 25A). Eg
T EMEEBLTOMITHS (X25B). Ep\ZUCHEOIHICHEI L, +=300ms (fir T —2
FI50%ICFEL, TD 0IZRES (4 25C). X 25D-25F 1%, RAEMNZRIUGHEL (1=200ms) BIW
JEEMIHA (=400 ms) TODEg, Ei B LOE, ORI HENZ 10 pEILI=Z0ATHDH. 22T,
16 & AR /tyan < 0.1 RO, 7 /tyan = 0.9 ILOAMEIZ /RS, EHET MIBWTIE
— EIHE I 2 BR 1R IE R T ORFE TE e i 2O IR Tl KIZ72 0, GDAMER Tl Iz
5. LInLRIRD, By EGllDWTIE, EORFHIZOWTS, BT MITK L CHFRED S
HEFRBINOME IR B -7z (X 25D, 25E). 4 COULFiEmIC[F CUUHER /1% 2 T
WD, DS TR b BRAEST NSRS D S W o e g b, £, MEHmA R L
A DORERHEITRKR TS 25%FRETH L0, RFTOLHA ML A TRET L&, 40%ik< £
TULHE L TV DBRMESEID B D 2 L 3D 5.
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FIGURE 25. Time history of (A) fiber strain <Eg >, (B) sheets strain <E, > and (C)

200

sheet-normal strain <E,, > during a cardiac cycle 7, = 800 ms for t4ia = 8 mm and Pq = 5 mmHg

(Model WTT1). Those transmural strains at systolic phase (¢ = 200 ms: closed circle) and diastolic phase

(¢ =400 ms: opened square) are also shown in (D), (E) and (F).
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FIGURE 26. The angle between the sheet-normal and radial vectors. The solid thin line shows the
angle in the endocardial region. The solid bold line shows the arca-average angle. The dashed line
shows the angle in the epicardial region. The gray region indicates the standard deviation for all

regions.
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RENDZ L LD, DFEY, IHEHOLHE A~ DAMESEIR D E,DIEDEIX, ExdDADEAE T
BETZ EnHERI S, K27 ([ DAz - T 3 ik GO, LR, D AMESEIR) T
OO FLEN T SR D RRHEDN 72 A A Z B UR Lz, DM C IO B R o7 2
MEDELMIT 5. EFEET LV (WT1) OHRRLED, D/RXT7 A —4—tF v MZBWTHEEED
WRESD. LEN-T, HEFMA LA O —7 FERITHIZRTA LA DO E— 7 I
I —8T 2 L ITBR S 72200,
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FIGURE 27. The angle on the myocardial short-axis plane over the cardiac cycle in three layers. The

solid thin line shows the angle in the endocardial region (defined as r/fwan < 1/10). The dotted line

shows the angle in the central myocardial region (defined as 4/10 < ry/twan < 5/10). The dashed line

shows the angle in the epicardial region (defined as rv/fwan > 9/10), where 7t is the distance from the

endocardial surface. The gray region indicates the standard deviation.
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16 mm) 2k LCE—2 [ (Ep)lZ"d. WTET/NL (A, C, E), FSE5/ (B, D, F) liiEt7
JNZBWTEEDRE I NS % &, B —2 (Bl LVDP & XA Iz LTz,

WIZ, YERHIEN ERA LIESEAEDA R LA oW TIRRS., WT T LTl — 7 KEpliE
A U JOMERE T L7z & &, 2ERIMIZITIFE E A EZBRITRBO bhZev. —F, FSE
TOVTIE, UL L OBERE Tl L7 & &, ffERT ¢ 7 R AT 512230 T(Ep)
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Wall Ithicllinesg. (WIT) Iqﬂdel Fiber stiffness (FS) model
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FIGURE 28. The magnitude of the peak fiber strain|[(Eg)| over one cardiac cycle at the end-diastolic
phase tqia for different Pq (= 5, 10, 20, and 40 mmHg), and for different LVEFs: (A, B) 35%,(C, D) 50%,
and (E, F) 65%. The results were obtained with WT model (A, C and E) and with FS model (B, D and
F).
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FIGURE 29. The peak fiber strain of |[(Eg)|as functions of the peak radial strain. The shapes and

colors show the ejection fraction and the diastolic pressure, respectively.

3.3.6 EZ=BEE, JRBRKHIE, AZBHRIIRIT D= RXALF—DE(k

30 (IS DINB T RN =W, Z T . W ld, LVEF BT DI L2 > THEINT 5.
F W lE, BEOE I RHEMT IO TUZIER Ub 300 ENT 5. 2 L TW, i, FFED
BERLCIX, LVDP 23BN 212 o T Lz, ZOMEAIE WTE7 /L CTH FSET /LT
FECH -7z, — I, - AR B A7 i fE 50 72 D3RI 2 L T 5 (Suga
etal, 1987). ABFIEOFIHESAM: b, DNERFEZRIL 35%, 50%, 65%IC[EE L TRV, [ LVEF
T, WEMES 7 a7 7 A4 vt KRE BT 72 <, LVEF BRE < RAURW MR T 5 D1
HEAOHE T, IRMENDEWIEE, ET- R ENTZEITNS < RDDT, W
BT 5.
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Wall thickness (WT) model Fiber stiffness (FS) model
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FIGURE 30. The external energy W, on the internal pressure over one cardiac cycle at the
end-diastolic phase #4ia for different Py (= 5, 10, 20, and 40 mmHg), and for different LVEFs: (A, B)
35%, (C, D) 50%, and (E, F) 65%. The results were obtained with WT model (A, C and E) and with

FS model (B, D and F).
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FIGURE 31. The peak elastic energy Wg™ over one cardiac cycle at the end-diastolic phase fgia for
different P4 (= 5, 10, 20, and 40 mmHg), and for different LVEFs: (A, B) 35%, (C, D) 50%, and (E, F)
65%. The results were obtained with WT model (A, C and E) and with FS model (B, D and F).
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FIGURE 32. The Internal energy W, of the myocardium over one cardiac cycle at the end-diastolic
phase tgia for different Pq (= 5, 10, 20, and 40 mmHg), and for different LVEFs: (A, B) 35%, (C, D)
50%, and (E, F) 65%. The results were obtained with WT model (A, C and E) and with FS model (B,

D and F).
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FIGURE 33. The volume-average contraction potential energy <UZ o, > in the cardiac cycle at the
end-diastolic phase tgin for different Py (= 5, 10, 20, and 40 mmHg), and for different LVEFs: (A, B)
35%, (C, D) 50%, and (E, F) 65%. The results were obtained with WT model (A, C and E) and with

FS model (B, D and F).
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7245, FS 7 /L0 LVEF 65%C LVDP 40 mmHg 0>/$5 A —% —¥ v RZ51F % (UM )[4 25F
DB LT D (BEE 8 mm, 46.4 kI/m3 ; BEJE 12 mm, 72.2 kI/m? ; BEE 16 mm, 142.0 kI/m?).

3.4 B

LIRS REREE & £ O O AR4E (HFpEF) I3 562 < Dy Ialb—ra URMThilTHnLH N
(Adeniran et al., 2015; Maclver et al., 2015; Shavik et al., 2017), JE/THFZE TIZ LN EFES® LVEF 53—
TE T2, LVEF PHERFSNTEB 2N H A LA U T 2D A 0 =X AOFHHIER?
Rty vz b, F£72, HFpEF DL A b LA N3 R —O8LE D B I S iEm S
TWD DI TIEARW. ZORMEEEAT 572012, LIEREZERMRGE LTET/VEL, LVDP
DR L 2 2L S, JEIERBIAREZ 45 mm, LVEF % 35%, 50%, 65%|C[EE L COLfhA
oA vERDT.

BEELISHEINT 51250 T, BREAMB L OMEGT MO Y —27 2 b LA a5 LTz (4 21-23).
Z NRSEAT O EEIRAFZERE B (Kraigher-Krainer et al., 2014; Morris et al., 2012) & EPEAIIC—E L T
BY, BT VBN OODIEREFEEOHEMNAE—27 A N LA COBDDRIKTH D Z & 2R
L7z, L2aL, ZORERITFEFIS DI OENZ B Z R WTER S Eic & & DFFERER (Maclver
etal,2015) THMENARETH H. il ZIE, LVEF50% T (= 0)T DU AR o> [ & 5 17
A ML A VEgll, LV BERIZEHRZR S 25%I272 0, PRPRELIBRDHICLIER > TSR
B SRR, DAMESEI CHA S| EgllE, BEENRKZXWVWRT A= —t v hT/hsLl 2o
(¥ 20). ZHSDFERIL, (BB KIZRDDN, EDO/RT A —F—F v MIBWTHILE
BHITHY, EONTA—=F—Fy FTHREROA b LA Ui BT DML 56D &
BEx o, =T, FEGMA A AIMGEHICRRICRD DT, "I A—F—k v MZ
Ko TSI ZMZ TR D+ ICSL o TR BB L BT D54 & BT 572, —EDMAAE
Niginolzb D EHEET S, T ThH, FSET /L TIHHEMZE L T\, BMEAT 17
RADPRKEWVZE, E—T(ENPMETT2HMAHH. ZNoDBLENLE, BIFYICA LA
VEONTHZEICE ST, BT TSN WERERDL Z R TE .

HFpEF O )P LD =RV X —{HE A BT 2 Z LITAATH LS. LIERICEY, 1ZIEF
OSBRI F =126 L (K 30), FFTOOHIHERT v LR F—I1 TR T T2 (M
33) bOOD, LIHEEOIHE= R X —IZHNT 2 (K 32). LF~OETEARIE, N
BB T OBEEAMEEL, FLraxT7Tad—r 2 ENEEs 2 enmohTng. K
BIL, DAEKRDSARA-3 72 G 24 5 Bl 2 R7- LT L) TR E —E09 5 (Lorell et al.,
2000). FE7z, CIEKRIZIBLERISDANHE = R L X —HBIC X 5 DA 245 & Z 9 etk 2R
% L CUr5 (Ingwall et al., 2000).

%72, FSE7 /L® LVEF 50% T LVDP 40 mmHg, LVEF 65% C LVDP20 mmHg O 40 mmHg
DRT A =R —f vy N TIE, IEICRE 2o f L X —%2 02 E L 31), LFRFTT M
SR ERART vy VER X —Z 0B L L (K 33), 2FRICH KX 22050 = R v —
ELEEE LIZ( 32). 2D ODHESIRIZE < 78 H/3T7 A—F—t v MZBWTIE, O
ARG THHE D DBE L 725 Z EIFFEBRITIEB 2L L, DA T 4 7R ARG b L, kK
FUGHEREIME T 2 L HER S Tz,
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I T, R DNRT A==ty FERWIED ONT A—2—F v FD[(Eg)| & (Useon) P
2% X 34 127”7 [(Bgp)| & (Un e NIRREBIR 2759~ 2 & D8R ST (FRBIGREL 2 = 0.874). (25)

TILANMEART > Y V=R X — IO A N LA MBI 5 Z R E ey, MEK
MIARNVA AAZHMHBETAZENZOKIZ LY RENT-.

A @ ¥ WT model ' '

o AN O N/ FSmodel
£ 30 :
2
? - EF A /\ 65% ﬂ 7]
@ ® O 50%
g ¥ 7 35% o
— 20r PO
= .
2, pﬂiA
% 10+ .éﬂ i
a 5
= vy
= B
3 . 0.874

0 - . 1 . 1 . 1

5 10 15 20 25

Peak circumferential strain (%)

FIGURE 34. The volume-average contraction potential energy <U,con> as functions of [(Egp)| .
Closed symbols indicate the wall thickness (WT) model and open symbols indicate the fiber stiffness

(FS) model. The shapes and colors show the ejection fraction and the diastolic pressure, respectively.

AT TIL, OIS I8 EDODIFMEIC B LSHERT 2 LE LT, F7z, BAafpk
%?®E%U€#%ﬁﬁb,*E@u%ﬁg%ﬁﬁbk 7272 L, DR FEERAAFIECIL,
JE L~V T OB UG ) DSBEN D JRIFTIZ BV TR 5 2 & 3R & du(Haynes et al., 2014), LLAT
DY Ial—a U ETH, PRI RIS ZAMT 2 2 &Ik > TR 2R
B 72 DEIAE 23 A2 U 72 2 & 23R & 7= (Dabiri et al., 2018). £ 72Ok EIL, BREIAICE(LT 5
AREMEN B D Z & b BTV D (Kanai et al., 2005). L7=R-T, 7277 4 7 7UUHEhs 7] & 5%
BABNLADOBAARLIHA N LA N ED X IITEBEL RIETTONE S LICHET 2 LEN
B b, Tz, AW TILOIRENIZ 2 BHL BN E T /L (Aliev et al., 1996; Sermesant et al. 2006)
&, MATENRBIC 2 BR Y 4 Ry vV ET VERAT 2 FHEMEL TR Y, LA
LI FOEBEFEICHRZD Z LT TE TR, e 2, B~ A0V 2 47
DET IV TILLFHIHNE T & BAL DB OEIEZ 5ERITHEBLL TWD DT TIERW D, IUHEH O
Fre 1L LB (Hodge et al., 1972) L 0 4 < 72> TV A, 2O K 5 RRUIUHEI O R RER X A
LA VO~ DREIT DI E oD D, IEMER ISP EAERET VI Ko TLVEE
W72 W & AT T DR H 5.
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3.5 &

IAEAR B NEZAE N C LVEF & 35%, 50%, 65%IC[EE LIZ5a 0L FOLHA S LA v
DY alb—raraEfiofz. R, PRERIFMBIOCHBEFROAR N LA U RBEEORINE &
BT L, DIEKEEOZ b LA b 2R Lz, —EOYEMBEE T 2 5A11E, IUHE
FELERERB RS ME T E — 27 A N LA VERD &, BHEAT 4 7 3 A OB 2571
E—J A ML A U EBD ST, XX —OBEND G, DIHEOBIER 224 U BRI
DA BEZHERFT 2 72 DIIEBRRHIED ER- L DEROBEPEZ Y 25 2 L Emml S,
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BAE OHEORHEBRECEBE: VIal—var bBRT—F X 5HEN
MR kLA & ORFE

4.1 HR

HFpEF DOFIE & HEATIZITR 2 OBEFF R H 0, FERFRO 1 DIX0LHO =R L F—EETH
5. WY, (HEREODAREORE (Mckee etal,,1971), (2)ZED=ERHERMN 50%LL E, (3)HEH
PRPEIRMERED 3 DOHMEIZIES . Lo L, FRCILIRMSAE 2 JERIRIICREE -2 = L 13kIR &
LTHEETH 5. L2 —HAS° MRI 72 & OERKEE N 25 H L 72 BLETO W < D085 T
DIERE, ELEBEO LA N A IXIEH I D L Tvwbd (Morris et al, 2012;
Kraigher-Krainer et al., 2014; Su et al.,2014; Onishi et al.,2015; Tadic et al.,2019). E#liFm A ~ LA
%, EELOHOFBIETH L MRIH N =7 AEE COEEG L BHEL (Guoetal., 2021), %
EERBMERENZ END, BEEARE THT 2720 0EMEE L CTHEMICLIERILS
(Zhang et al.,2019). —7F5, MJEAGMA F LA b REEISF A LA X0 LMEA N2 b X
D IEMEIZTHIT 572 L (Cho etal.,2009), AHR~——ThHDHAREMELRHD. LOLARNG,
A b LA CHEICIX R 2R L AL ETH D b, H A= —DORIEEIRIC L > TES D
< Z EDH B A TU D (Takigiku et al., 2012; Farsalinos et al., 2015). A TiX, MEHFRA LA
TSR R & RIER I X OUMGHE DBERICEMR L, IHEART > 2 v b kL — L AR
HEWH AR LI, LER-T, KEOHMIZ, ZoOMHEAEZAV, Xy R A FTEDH
BIZHETE, COEETHEL THIREN DRV, LDAROEERRTHE (Modified ejection
fraction; mEF) B2 2R T A2 L ThD. £ 2T, BIE COLMBINGEY S 2 L—3a V2 HE
® LVEF F 7 3EERMAREICH T2 Sk SERLHEEE, DA T 7 3 A, JEESRYTE
DFTIT, ELEBEOMEGIMA M LA v EIRERT oy V= RjAF—%F Ml L7z, 2
LOFERMND, AN A VEHET D OOEREEL LT, LVEF & LAMERN O NEEFE O I
O TH D mEF 4L T 5. mEF OFERIZ, BRIFTCHH S 7 fa & e U4 2 MEEd 5.

4.2 FiE

4.2.1 FL SRR DO B

DFA R LA DR VIZ, MEREHET H27-ODFHEEL L TLLFICER SN AHEEER T
LR mEF #1854 5.

Vout,dia' Vout,min

mEF= EFx

out,dia

Vout = Vin+ Vma

ZIT, Vin,dia:‘i;5 X UiVout,dia&i’ ZFIFNAEERB O LANIEE L OVDAMEN O N SFE, Vin,sys
FISUREAIC DL AT, Vouminl %, WUHEIIRIF O LAMENO B MR, Vi L LA
Td%. mEF IX LVEF & DAMERN O NEHEREOUHER O Th 5.
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422 EERHEMEF LABEFRRA ML EDYIab—va VBROBKT —ZIZBNT
DL
HHFEEE mEF & LVEF (2% L C WT £ /L' b, FS £7 /L4 & THIE TR L 72 i KIAR T
BIMJEIF A b LA U (Bo)| & bble U7z, F 7[RI HEEE mEF &, DHIER T v v L
T AL — DR R O — 0 T D KB Uy eon) & O B 2 Gl A U7z
7 SR T L O, fEFEEEE HFpEF BRICK L L= a2 — A E 7213 MRI (2 X > THE G
A kLA v EDBOTEREE IE L 7ZBFFRIC 55V C mEF OFRRRAE A2 Batd 5.

Table 5 Characteristics and referenced clinical indices in clinical studies.

First Author, Year Echo/MRI Number of subjects Referenced clinical
indices*!
1 Wangetal. 2008 Echo (GE) Control 17, HFpEF 20 LVEDYV, LVESV, LVM
2 Nguyen et al. 2010 Echo (GE) Control 30, High LA pressure LVDd, LVMi, BSA
30
Abe et al., 2013 Echo (GE) Control 19, HFpEF 10 LVDd, LVDs, LVT
4  Hungetal 2016 Echo (GE) Control (Healthy 40, LVEDYV, LVESV, LVT
Co-morbidity 108), HFpEF 58
5 Iwano etal. 2016 Echo(Ph) Control 31, HFpEF 50 LVEDV, LVESV, LVMi,
BSA
6  Tanacliet al., 2020 MRI (Ph) Control 20, HFpEF 20 LVEDVi, LVT*2, BSA
7  Hashemi et al., 2021 MRI (Ph) Control 12, HFpEF 19 LVEDVi, CO, CILVT,
BSA

*1 Describes indices other than left ventricular ejection fraction and circumferential strain.

*2 Circumferential strain was extracted from the graph.

GE: General Electric Company. Ph: Phillips. HFpEF: Heart Failure with preserved Ejection Fraction.
LVEDV(i): Left Ventricular End Diastolic Volume (index). LVM(i): Left Ventricular Mass (index).
LVESV(i): Left Ventricular End Systolic Volume (index). LVT: Left Ventricular Thickness.

LVDd: Left Ventricular End Diastolic dimension. BSA: Body Surface Area.

CO: Cardiac Output. CI: Cardiac Index.

ZIZTIE, FEMRERR T — 2 BN EnD, IHEHTHOMORE IIIE TS, BEOES
IXT RCOLHEK T —ETHD EIET S, mEF I ZER DI T RMIHEH IS (40) X
D LMEARFE(Teichholz et al., 1976) , (41) KD LEEE (LVM) (Devereux et al., 1986) , (42)
KoEFmfE (BSA) (DuBoisetal, 1916) O & L TR L=,
7D}, gia
Vindia:—,a
244Dy gia (40)
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LVM = 0.832[(Dingiat2taia)® — Diagia]) + 0.6, @)

BSA=7.184x107 H 072W 0425
(42)

ZITC, Digi IEERMOLELERTH Y, t4, /LU, HIZHE, WITKETHD. 7=
EZE, RI3IDOLERL (Wang et al,, 2008) TiX, AODRLERMIAR, IUEKEHAERE BLO
@R LVM ZRAL, 1432 RKDODZEIZES T, Vourdia® £ Wouemin @ B L7z,

AWall thickness (WT) modelB Fiber stiffness (FS) model
g%" 30} mEP LVEP 31594 I ] | mEF 'LVEF=35% -
£ —— P;=5mmHg ] [ — Py=35mmHg
*g i Pi=10mmHg ]| | _Pd—lemHg ]
= 20} — P, =20mmHg - | — P;=20mmHg -
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= 10f 1
Z i 10
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FIGURE 35. Modified ejection fraction mEF at the end-diastolic phase tgia for different Pq (= 5, 10, 20,
and 40 mmHg), and for different LVEFs: (A, B) 35%, (C, D) 50% and (E, F) 65%. The results were
obtained with WT model (A, C and E) and with FS model (B, D and F).
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4.3 FER

% LVDP (28T 2 D BEEIZ %9 % mEF %X 35 (A: WT €7 /L, B:FS 7 /1) IZ7" 9. mEF
I%, LVEF DENT 212 L7e > THEMNT 5. EBEENEMT I LN > TEb 35, %
LT, WTEZ7 /LTI, FREDEEE T, LVDP BEEIT 2125 TR L7z, FS 74T
IZLVDP OZAGITIFIE 72 0o 7. [K18-20 D B — 7 |(Ego)| & FIEE DM &2 78 LTV D DR ND.

WT, FS fiET VDL TDHY I 2 b— 3 T, ZIZLI LVEF & mEF (Z%79 % B — 7 (Eg)l
%X 36A, 36B (29, [Al U LVEF [ZBWTE—7 (Eg)IZRE RIS 03 H D (K 36A).
—7J7, mEF &£ ¥ —7 [(Bo)|ITBAE /2B Z R L7z (X 36B).

25 T T T T T v T T T T T T T T T T
| A |(Egg) £ | B [(Egg) % |
20 A ® V¥ \WT model é 1k ﬁ@ A |
| A O/ FS mo%el ? || &-‘ |

15} i |1 ?‘ -
o ?i | |+ - |

Peale ciroumferential strain(%a)

sl EF A A\ 65% 11 )
=T ® O 50%
a,
I MR 2=0.968 |
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1
30 40 S0 o0 70 S 10 15 20 25
Ejection fraction (%) Modified ejection fraction(%)

FIGURE 36. The peak volume-average circumferential strain [(Ege)| over one cardiac cycle as a

function of (A) left ventricular ejection fraction (LVEF) or (B) modified ejection fraction (mEF)
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A ® V¥V WT model
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FIGURE 37. The volume-average contraction potential energy <U,co,> as functions of modified
ejection fraction (mEF). Closed symbols indicate the wall thickness (WT) model and open symbols
indicate the fiber stiffness (FS) model. The shapes and colors show the ejection fraction and the

diastolic pressure, respectively.

34 L [FEIBRIZ, FS €7 /L ® LVEF 50% C LVDP 40 mmHg, LVEF 65% C LVDP 20 mmHg K& O}
40 mmHg DINT A—=F—F v b ZERWTZ mEF & (Upion) &2 X 37 IR F. [X 34 TIXE—2 [(Ego)l
(URs MIMIEBIR 2R 2 L AVRENTZ2S, 2 2Tk mEF & (UM ) EAHBIDSR S iz (FH
F%@W:%r 2=0.912).
381, %3 DT ODOHRIZIEOBIE :ﬁﬁo“b\ﬂﬁi” L7z mEF & &'—7 |(Ego)| DBIfR 277
3. [RIRFIC l % 28B \TRT Y 2 L— g U CE LN ERERR RS, B &7 mEF & E—
7 (Bep) 1312, HFpEF 7 /—7 O 7 —7 10 IR 720, JIEFORIE#ES
¥ O é;%i Ko THERMEIIRE S ED D bDD, THED > H 6 DX, mEF & A b LA
> ORI IEDOFHEIBfR &R LTz,
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FIGURE 38. The peak circumferential strain obtained with clinical measurements in previous studies
are replotted as a function of modified ejection fraction, where circles indicate controls, and squares
indicate HFpEF patients. The solid line obtained with simulation shown in Fig. 28B. The colors
indicate different imaging modalities and vendors: blue indicates Echo (GE) (Wang, et al., 2008;
Nguyen, et al., 2010; Abe, et al., 2013; Hung, et al., 2016), red indicates Echo (Phillips) (Iwano, et al.,
2016) and green indicates MRI (Philips) (Tanacli, et al., 2020; Hashemi, et al., 2021).

4.4 BE

BH GO 6T HEFRA LA L, DARERETo~v— T —  LTHHTHL#H
ENREINTWADY (Morris et al., 2012; Kraigher-Krainer et al., 2014; Su et al.,2014; Onishi et al.,
2015; Tadic et al., 2019), A b LA RIEICIZHFFRIZ S & PSR ETH Y, FA—T—OH
TEMERIZ K-> TIE S 2< 2 L3 540 Tu % (Takigiku et al., 2012; Farsalinos et al., 2015). 7=,
MAEST I LOMET A b LA o LIHEART v bR F =R L ARE LTS Z e &
AR TR LT, L7eRo T, Ny R A RTLOHHICHETE, @ OEE CHEL Thir
EZRDI, DAREOEIERRHE  (Modified ejection fraction; mEF) 52 #2427 5.

fili R, €' —7 [(Ego)| 237 U LVEF TR & < ZA{bd % (X 36A) 25 mEF & X <HABIT % (12 = 0.968;
36B). ZAUTATE TR L7z K 218, I mEF 2S0AMNERIO M E T A N LA v Orb % K
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ML TWD72DThD. EHIZ, mEF E(Uia IR ® 5 (2 = 0.912; X 37). Lo T
mEF ZJETHZ EICL Y, WHERT ¥ vy V= X —E T X B alREtE 2R LTz,

F£ 72, mEF 1%, JEATRERMZEDIZ & A ETE — 2 [(Eg)| & IEOFIENN S 5 (1K 38). 4712, LVEF
DEE A EZAL LR W IER U & HFpEF (LMl DT — 2 T, [(Ego)| & OB Z B Z LN TE 5.
L7223 > T, mEF ZHIZET 5 Z &I2 & 2 TEgp)|H6 L UNUyeon) & LVEF X 0 HEE T % Al REME
NdHb.

L L7 D, FHODIGHFEE CREE R Z(L e 2 & 72 & mEF OFE TR Lo E 720
Z L, ELEAHE, AOEER, AREEORITOKRBRICESNHZATHY, WAHNEKIZZ
LW &, BRIV (2010 4ELARE) DA b LA ORERBIEMIZ, MEHESIHC L > TR
ROGENSHLOTHT LHIEETIIRWZ LICERENLETHD. £, AN CIE, miE
TR, DB XTT DR F OB L FEICRE L T, LrLl, ZhHDOR
EfEMEIC S B 57, mEF [ZEEZ2HECRERER ICBIR 72 SIHEAR T 3 v L= R L —,
OWTIHODAREOFHARBIRE L 25 MRS 5. 51%I1F, L= a3 —RESDIR MRI 2 Wiz
mEF % .0 & U2 BRRRBR A2 i 5 Z E BN EEND.

BERRBR OB E L TCRO X S b D& #ET 5. (1) LVEF M7z, fEE /R ER)
KW SRR BB, IR DARIE RS, HFpEF Bl h U —L, REficT =
—F X MRIIZE > T, LVEF, mEF B LM EFRA LA o 20EL, KHEZEL (i<
JRRDEIT) IC L BEAFEOZE(L2BIZ2 L, mEF BLOMEHHA b LA > DA Z KEES
5. QEEEINEREECEERERFEEEZ = N — L, ME, mEEOMFEEZIT, 1R
® mEF BLOHEFMA LA L ERET D2 LI X > TLIHHE = RV —D (& WAk
T5.

4.5 E£&®

DA R LA ORDOVIZ, ARV A CEHET H72OORIE L L THEEREZE (Modified
ejection fraction; mEF) Z#EZ L7=. ZAUdE, LVEF &.ODAMENOPEAFEOIAMEROFEE LT
EFIND., V21— aryTHELNEE—HEA LAV EIFERT V¥ vy L 2L
—73, mEF L EWFHIRZ o L &/RLTZ. S B1Z, mEF X, HITOBKERTHE LN E—
JHBEAMLA UHHEETE D Z RN - 72, mEF L, g2 FrECHlER R BIFR 72 < I
MERT v LT F T —, ONTUILAREOA AR L R D /RN 5. 5%, o=
T —fRAR MRI Z HV /2 mEF 2 H00 & LZERIRBR 21TV, EOAINEDIRFEAAT 5 BN
H5.
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BEE S

BUE, TRIEHIROREIC X 0 B O IESCHRBYE IS T 2 EIT L < ko TWD . —F,
SO RIAE, DEMEIZ T U, B XA 08T, FAERELTHMLTEY, 4
BITDRREARI & LRI 2 B2 2 BERDH S, TTH, LAROMEEE L C/EEN
RAE MR & U TSV T & 7228, ZEEBHENMEZN TV D0AR4 (HFpEF) 2344
MLTEL, PELIRLTEL R\, £ 2T, HFpEF BFICA SN D EEERHEN R 70K
TBIDLHA MUA COFMAROLMNCT 52 & &, FBUDASBIEORE L L LT,
EAMEET L2 O OHIES S = b= a Y E2fTo T,

52 BT, DIRINAMEIC I D5 A b LA U EFLIRT B 72 DU, D EMF & OMEHE,
BALIZBEE L 72 D 2 BoRE T v L, BERMEET VE RO OHIEY I 2 L — 3
YEITol. FHETHONEEFMEUCERG RO A b LA X, UNERO T ClEEmmE &
RBAaf7p—8E T Z Enbhrot.

%3 ETIE, RO ANARE T CLVEF % 35%, 50%, 65%\C[EE Lzda o EHH o
ARLA v EYIalb—rary iz PREMBIOCMELROAR b LA U REEEORN L
EHITWA L, DIEREEOA R LA b ZR Uiz, EERFRA N LA TIHES D AMER L
TWAURESIC B — 27 (23T 5 — 75, HEFA b LA IS IDMER L2 T 54
I — 72T D, Lo T, E—ZMEFHANLA L DOFRNT A—F—F >y NI
boT—EDOMZ/RT. —EOIEMEEE CH 2 5E8121%, IUHEZS L3R 0N [ 8 5
ME—27 A M A 2D &8, BMERAT 4 TR AOHEMP RS MY —27 A LA v &b
S, TRAX—OBENDL Y, JEERMED EF EOIBROME A, DIRRHEOREEE R4
DAECTEBRICODAHEZMERT572DICEID 25 2 L 2RI k.

W4 ETIE, DIBARLA L DORDVIZ, A FLA UEAHET LD L L TEIERRH
F mEF #42R L7c. 24U, LVEF & OAMENONEEREONMERORHE L TERSND. ¥
Ral—varTELNEE—7HBERNLA » ERMERT VY v VTRV F—3, mEF & &
WA b D Z L &R LTc. 61T, mEF I, SETOBMKERTHE LN —27 HEA LA
VHHEETE D Z Lo 7c. mEF X, EHREZ2EECRIERSR I BR R SR T > v v b
TRV F— DN TILAEOFHRIBE L 72 D AlREMER H D, S#%1F, b= 2 —<00 0K MRI
Z 7z mEF Z il & LT EIRRBR 21TV, T OAIMEORREZT O LERH 5H. AFFFEOH
RS, JIFHIBLE D D DR EOIRREMIIA DA A A =7 AFTRO—B L 720, RRIES
BT DM T IEOMNLE BERED TR ERD T EEMFFL TV,
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ek ZOMANT A—F—Fy MIEBIT DR b A VERBRR X U5

PRI A b LA VE B ROHEG A R LA VEg® 1 AT o7 2 Refiitidds KO, IE
B (r=200ms) 3L OYERAIH (=400 ms) TOE,,, Ego?DFAERI7MNT 10 3E L7204 DL T
RS, MEZFFIANTA—E =y bDA T v 7 RZL, M, HZDF 7D ER->TED

ZAVEXL, LVEF 25 35%, 50%, 65%ZkHid 5. ARLHOR 13 L FEEIC, AIEEFRA K
LA VE, ORI, BIZHEHRIA R LA VEgORE IR, CIZHEEIFMA R LA VE, DI
fEt (1=200ms) 3L OPEIRPIH (1=400 ms) TOXEIF MU 10 53E|I L7=4346, DICHES
] A b LA VB D AN 10 538 L= 2R LTV 5.

EF:35% tgjq: 8 mm Py: S mmHg
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FIGURE WTIL. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 4, = 8 mm and P¢ =5 mmHg (model WT1 and FS1) at 35% LVEF. Solid
bold lines are the volume-average strain, solid thin lines are the endocardial strain, and dashed lines are the
epicardial strain. The (C) radial and (D) circumferential strains along the transmural direction, where

strains in the systolic (# = 200 ms) and diastolic (# = 400 ms) phases are represented by closed circle and

opened square, respectively. The mean and standard deviation of each strain is also displayed.
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FIGURE WTI1H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for #gia = 8 mm and Pg = 5 mmHg (model WT1 and FS1) at 65% LVEF. The
(C) radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT2L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 10 mmHg (model WT2) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT2M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 10 mmHg (model WT2) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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EF:65 % tjja: 8 mm Pg4: 10 mmHg
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FIGURE WT2H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 10 mmHg (model WT2) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT3L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 20 mmHg (model WT3) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT3M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 20 mmHg (model WT3) at 50% LVEF. The (C)

radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT3H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 8 mm and Py = 20 mmHg (model WT3) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT4L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for #¢ia = 8 mm and Pq = 40 mmHg (model WT4) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT4M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for #gia = 8 mm and Pq = 40 mmHg (model WT4) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT4H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for #¢ia = 8 mm and Pq = 40 mmHg (model WT4) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.

70



EF:35% tgja: 12 mm P4: 5 mmHg

100 . .
_A (Err) M ean

Endocardial
L — — — Epicardial

Radial strain (%)
th
=
T

C '-:Err;

- o e 02 00

= - 1 e ® g g ¢ 72 1

B p ®

220t 1t :

E L 11 1

5 4'] 1 ] 1 ] 1 Ell\DDI ] ] :lEPI
0 200 400 600 8000 0.5 1

Time (ms) Tt

FIGURE WTSL. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 12 mm and Pq =5 mmHg (model WT5 and FS5) at 35% LVEF. The

(C) radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT5H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 12 mm and Pq =5 mmHg (model WT5 and FS5) at 65% LVEF. The

(C) radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT6L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 3. = 12 mm and Pq = 10 mmHg (model WT6) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT6M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 3. = 12 mm and Pq = 10 mmHg (model WT6) at 50% LVEF. The (C)

radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.

74



EF:65 % tjja: 12 mm Pg: 10 mmHg

1']'] T T T T T T T T T
LA (E,) Mean {1 1€ (B
L Endocardial | | i

Epicardial

Esu- -

g

o L 1 T @ t=200ms t=400ms 7
['_ 1 1 1 1 1 { 1 I 1 1 I 1 1 I 1
B (Egg) D (E

_ 20} 96 | (Egg |

=3

.E i 1 T 7

20

> 20 I -

b=

5 L 1 L .

2 EPI

I Boo ., | E
0 200 400 600 8000 0.5 1

Time(ms) T/t et

FIGURE WT6H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 3. = 12 mm and Pq = 10 mmHg (model WT6) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT7L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 3. = 12 mm and Pq = 20 mmHg (model WT7) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT7M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 32 = 12 mm and Pq = 20 mmHg (model WT7) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT7H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 52 = 12 mm and Pq = 20 mmHg (model WT7) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTS8L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 12 mm and Pq = 40 mmHg (model WTS) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT8M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 12 mm and Pq = 40 mmHg (model WTS) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTS8H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 12 mm and Pq = 40 mmHg (model WTS) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTIL. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 16 mm and Pq =5 mmHg (model WT9 and FS9) at 35% LVEF. The
(C) radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WT9H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for fgia = 16 mm and Pq =5 mmHg (model WT9 and FS9) at 65% LVEF. The
(C) radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI10L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 10 mmHg (model WT10) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI10M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 10 mmHg (model WT10) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI10H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 10 mmHg (model WT10) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI11L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3a = 16 mm and Py = 20 mmHg (model WT11) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI1IM. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for #4ia = 16 mm and Py = 20 mmHg (model WT11) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.

88



EF:65 % tdia:

16 mm Pg: 20 mmHg

1["] T T T T T T T T T T

A (Ey) — Mean | 1C (Ey)

| Entliocarldial | |
_ I — — — Epicardial | }1‘:2001:&5 % = 400ms
S
£ 50 ;
-i! B g g & b
= L

$

E ¢ * e ¢ ' P g g

'] 1 1 1 1 1 1 1 1 1

D (Egg!
S 20r . .
b=
2 0
E $ ! ?
= L 1 i -
= : g i 8
5 20! I, et 8 —
‘!
3 7 1 | exDO EPI |
T T 200 a0 600 800 95 1
Timegns) ;'[%:;m

FIGURE WTI11H. Time histories of the (A) radial strain (E,.) and (B) circumferential strain
( Egg) during a cardiac cycle for t3a = 16 mm and Py = 20 mmHg (model WT11) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI12L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 40 mmHg (model WT12) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI12M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 40 mmHg (model WT12) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE WTI12H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t3, = 16 mm and Pq = 40 mmHg (model WT12) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS2L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Pg = 10 mmHg (model FS2) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS2M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 10 mmHg (model FS2) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS2H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Pg = 10 mmHg (model FS2) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS3L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 20 mmHg (model FS3) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS3M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Pg = 20 mmHg (model FS3) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS3H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 20 mmHg (model FS3) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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EF:35 % tjja: 8 mm Pg4: 40 mmHg

100———— — —
A (EpD s Mean 1 1€ (&
Entlioca::dial 1L |
- I — — — Epicardial 1] ir: 200ms % = 400ms
ES
R=| i 1 1 i
g8 | e . _
— L ]
"g I ] . o
pcé i T T i o a *oe e
L \.H _ m B o - . . J
[' 1 1 I T““—- I 1 1 I 1 1 1 I
- 2j]_]fi {Ege) i _D (Eee} |
&
.'g i 1 T ]
ﬁ l] . o = ol ol @ a
':?'5 - ~/ 1T « * e 8 o o *°® i
a L ]
5 20} 1t .
2
= L {1 L ]
= EPI
C40— L2DO o
0 200 400 600 3000 0.5 1
Time(ms) ) —

FIGURE FS4L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 40 mmHg (model FS4) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS4M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 40 mmHg (model FS4) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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EF:65 % tjja: 8 mm Pg4: 40 mmHg
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FIGURE FS4H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for t4ia = 8 mm and Py = 40 mmHg (model FS4) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS6L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq = 10 mmHg (model FS6) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS6M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq = 10 mmHg (model FS6) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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EF:65 % tgja: 12 mm Pg: 10 mmHg
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FIGURE FS6H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq = 10 mmHg (model FS6) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS7L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 20 mmHg (model FS7) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS7M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 20 mmHg (model FS7) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS7H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 20 mmHg (model FS7) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS8L. Time histories of the (A) radial strain (E},) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 40 mmHg (model FS8) at 35% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS8M. Time histories of the (A) radial strain (E,.) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 40 mmHg (model FS8) at 50% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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EF:65 % tjja: 12 mm Pg: 40 mmHg
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FIGURE FS8H. Time histories of the (A) radial strain (E..) and (B) circumferential strain ( Egg) during
a cardiac cycle for fgia = 12 mm and Pq¢ = 40 mmHg (model FS8) at 65% LVEF. The (C) radial and (D)

circumferential strains along the transmural direction. The legend is similar to Figure WT1L.
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FIGURE FS10L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 3, = 16 mm and Pq = 10 mmHg (model FS10) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS10M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 32 = 16 mm and Pq = 10 mmHg (model FS10) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS10H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for 32 = 16 mm and Pq = 10 mmHg (model FS10) at 65% LVEF. The (C)

radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.

113



EF:35 % tgja: 16 mm Pg: 20 mmHg

1[":' T T . T T T T T T T T T
LA (E) e Mean 1 |C (&)
Endocardial
i - — — Epicardial | [ i
g = -
g . 17 {::zooms %r:moms 1
g 50r ]
m — - _
1t . ., 4
] B - B B
'] 1 1 I I I 1 1 1 1 1
B (Egg) D (Egg)
< 20 T -
=3
.'E B 4 r 8
G ——
—_ — a ®
'E F i | m 1§ i #é s & 0 i
7 .
I-20¢ T -
= i 1| 1
& ENDO EPI
_4[' 1 I I 1 1 1 1 1 I 1 I 1 1 1 1 1
0 200 _. 4{]0 600 8000 0.5 1
Time(ms) T/l

FIGURE FS11L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and Pq = 20 mmHg (model FS11) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS11M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and P¢ = 20 mmHg (model FS11) at 50% LVEF. The (C)

radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS11H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and Pq = 20 mmHg (model FS11) at 65% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS12L. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and Pg = 40 mmHg (model FS12) at 35% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS12M. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and Pg = 40 mmHg (model FS12) at 50% LVEF. The (C)
radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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FIGURE FS12H. Time histories of the (A) radial strain (E..) and (B) circumferential strain
( Egg) during a cardiac cycle for t4ia = 16 mm and Pg = 40 mmHg (model FS12) at 65% LVEF. The (C)

radial and (D) circumferential strains along the transmural direction. The legend is similar to Figure

WTIL.
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