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L 2 B TE O 3N 800 = R B0 IE B IR D AL IR 9T (cardiac
resynchronization therapy, CRT) i EE ., My HAWEAK A C. Tk
A2 CREZIIFEF, N A O3) EIHRTE CRT R B PkikE & CRT V9T
(39 N, 7E CRT ARG PhBIR ARG 28 S HO B, SR, 9 AR R I BLAR 1) 7 12
XA VOTAL T 248 03 EIE CRT J5 T BN, A3 LR HAR H AR X 345 A0
JEBRPE, HRT TR R T BRI R R B T R A T8 1O = SR i S
G RUAS AP (dyssynchrony) 18 1% 7572 N AL 3G €420 21 22 35 300 £ 20 1 3
JEE R 22 I A A A A I S B E (AALE R TR AR i
ARELFE M 2R 7S R P e 0T O A I R e U R D R S B AT
B B A BE SGE RN AR I A, #A BANS W E . 28 B SR
NHELERTAE N CRT AR S5 VAN B EARALII T S 48 b5 - 5T CRT /2 —A~H B H 7 14
B, FRTERER AW JE S IE RS0 .

Ktdi: E@E O, A, seiltho e, EEaIT

i OB O R AR O R R 2P AR YT (cardiac resynchronization
therapy, CRT) ) iHERBEPMA M. KREIGKIRFEEN CRT B H = O



B ERVPO 7 HUMEE 3, XARANFZD (dyssynchrony) , AIMTAT A HE 5 4 Hhidk
FEGNE, B e SR RN IAL. SAh, E AL E WA T CRT
JR S B E . ASERE H B2 P S AR A O3 EIE CRT N, I
SXof BILAE FICKE SR AT RE PRI PR . FH B HE 1o A2 SISO N 0T R R LR, 78 A
WL, H AR L%, AR B AT 32 ZEHOR L5 A0 & R 1Rt
ATF IR AT, il AR SC B gt 1 i

B RPAR TR R AL

CRT E TN TH03E . L FURARThRERAT . HUBRAS R IR T A 2%, A ED
AL 368 3 3k o R PR R O B IR A o CRT AR XU AL (biventricular
pacing), CUEEANBENLIG RIS UE B AT 036 O ) 3058 ThRe gl . 38 sl & A
TR, R AR A BE R TR A A R (R DD e Si4h, CRT tHn] /b
TARMERI . BB EDIRE T HATHEAER CRT & ROE QR AL QN 2
(NYHA) ZrZ0IhAg 111 8% 1V 2%, QRS P38 58 =120 =0, LKA = 5T 550
(LVEF) <35%f)/ s.0am N s B RIRE Sony7 BURLF, H K17
IRA 25%—35% %% CRT VA IT IR N RCRIFANELAE . 8 75 0o 3 B FN 22 3 3 R 4%
ARAE CRT 5 NBIVRIT A & LM B HANME « )R CRT 1897 T B LA AT BEY
JEEA, AR 20 L] QRS B R AN RO EAN R i EE b s, T 75 0o 3 B B A AN
[F) 25 W] R B A Hb e % CRT 3&MAE “''°. PROSPECT A FC (FRMINT CRT HISRN) &
I — TEFERR . £ EAAFEER 2 O E "0 BRI T R A A IR
AR, (HRYPEEE REVEAEBR KRG, A E 15, 8 sk
56 = P RE YIR B b iRt 4 I T S JE 5 B 2. PROSPECT A R R AT
G322 e AH G IR [ R G R A e, R 5 22 1) AR SR B A AN [F B A A i T R
.
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IEH O ME O RSO B R AR AE 40 280N, BIHEE R4S, RS0
JE A DX R DU A R IR . VF 22 Co LRI AR 7T 1S o IE 254 S D RE AR, i
1713 AN Ao R DX W i A A SR AT BRAE SR, B P 2EANRD P AR i



Hl “asynchrony” X4~ 44 18], FATMEASCHH] “dyssynchrony” KA X —I R .
JUE O R B BT B A QRS B A AT H IATURAS [R5, (ER A
F D IE R S0 B QRS W IRIEKA R, T ST H T CRT ImpRskEh 2 1T
QRS JEAEIG T8 1 N, AR SCLL QRS I TE (190 A\ 9 R OIS 23R
=M. =W (intraventricular) . 0% [H (interventricular) . 55 =[]
(atrioventricular). /&2 AN[ETT BAUBRISAES [R5, B0 ENAFEE,
LT S5 U 48 ThAE RS St A 5%, 0T 3% CRT M. (K 22 $kE 75 22 3 8 24 DL
FAANFLZNE, BAEASCTERAER AT, B A7 kiR COEAR
A7 ML B GEA FR IR T O BEOE, W T AR SR S . AW
SCAE SRR I = NI R R ATAS , A w E R, BRI IS . S (AR TE IR
I BTSN A B R TR, IR TC BT A A L. 1% R
EEEWCHE, XPRHBER= AR R Sy, TR A PR AE AN S ) (stress) R AR
(strain), M SEAIMREWCAE F, 5185 SMIBE Sy i a2, B8 5 5 M BEUS 4
Sl RS H R 2. ANFED S B S BRI, AT TROR AR S B
JITbE, I SEEFIKRAEIR, T KGR AN AT 50 2 5 7 AN R A 1Y
AESHRSER Y. AERHRPA T SE L =6, B> SRR T,

BAHUA B8 0% B 75

H1 TR 2 #0 QRS 3G 58 B9 NA HURANF) 8, SeAR A 21 0 — A B 2 H i) 2 il
PR3 QRS 3G 5 11 A HURAS [F) 25 1208870 /83, AT B84 A $63& T CRT V677
o LA G 0 s BEAE B PR R AN A, AR AN BB B IR AR )
BFXT CRT VRIT A BN BN, 1 H CRT ST E IR TG AR 7 A H
EIRFESHEN CRT Y897 0B, AL 4E SR MR B0 IEIR S 2 DA T ok =
H. CRTVRIT Ja RAEBESE . RARABEAGLF . LUSHARR IR 0 AN
A XS CRT VRIT TE RS — AR 3R, (BB — AT L 238 8k 5 0 3)) BIFE
CRT BRI 3R

PROSPECT W Ft& B, ANF 2 i /5 DA B A el AT YA e SRR, ]
SO Z DB FU RIS R T — R A RIS P R B EL U A, H D



B BT . AR, HATEIZE S 2RI R A — A B2 5 A
FENLR AR D U s, G R AN RIDTE A 5 R P T A& 2R, = BAR TS L
HAR . H 4@ m oal MV R a2 REHEN. IGTRIRESES
HBE H MVP A SR /e A A% 3 B W AN R D SR = R R ] — gt — th i
2y, SRy 2 18] b N BB S 3o 7™ BECo 2 PRI N2 75 78 AN R WS4 R A AE B R 2%
AR LLALANG,  H VAL TR A NS AR, SRABE ] 28wl = L sh B TR €

s ] B ) Bl e WA AN R 7R AR S M B8 O s BRkRid s =
[AIfG -G BRI BN IEIR (septal-to—posterior wall-motion delay) (& 1A).
AUR L PRl 55 e S A A R I
PR 20 F M AL S B BURE LB 2 = P BOKF (LERIRFD .
DR 3 AR 50-100 =K / .
AP 4 W 5E 25 A) R [ea) N AL 3 B0 PR e v e R B [ A AT 48 ) e v e o TR 1Y)
IS 8] [ B o

Pitzalis 4 PAE—AFEAS R 20 N HEGR LI O L B 1S, BA
ARG R BELEIR R T 805 T 130 Z2E N EARIE MRS, H A = Wi R
BREREOHD> 15%5 LA_E 5 I PR TS o5 BRSO 100%, 4y 510 63%7 .
%5 [ 7 5 BESE IR BRI, CRT J5 2 S MR FOB] B0 V2R N T IAIRR Iz 5)
B, W (R A S5 BE (1 38 S AN shia sl e i, TRl b 58 (8] B9 5 BE B IR 1R )
B[ E BN ME . Marcus Z57E CONTAK-CD iRE&FF AL T 79 Bl A, HATT M
AR T BRI T X — BB o Ml A1 A T M R R SR MR L R, CRT
1 IRNE CGE SN S8 R BRI 15%8% LA_E) 1570 % 5 2 1) 2 17 7 J Bk 4
IRAHIT . PROSPECT A 78t BASHE 4 A 1AL SRR FERROR 0 Rk, ANHERE M
WS T AR B 58 B, (HA] 25 R A N Al 7 ik 4 232 % ) (tissue Doppler,
TD) (RANTE, 5 Sl M ol o AR 8 2 v 169 S PR 38 R AAIE SI2



FAHRALIEH (color TD) M EEFE

KA 28 M AR A MBI E A EARP A w7 (B 1B). JEid
XFIE 3N 77 1) I SO AT R i, P 5 AR ) = ) R R s B A [ A A4 [ AT 7k
(RIEEAR . R 43 22 5 8y MR 75 U 5 = ) R i B R = 130 Z AN N R A =
SMIARFR, (HREHAZ S M A AE A S LR ME AL R R

HALEEHMHEE (longitudinal TD velocity)

R 73 SR 2H 43 22 25 3 00 20 R DD THT 2 ‘25 O 1) 4 L 3 82 oK S B AN [R5
T IR H T ImARAE H EET, R OTR R IR R SRS . A A
ATk RO AN L Sk ik 23 2 5

e 4 % M B AR I IR

KA 23 20 1 BB R R B L Jik v 2H 2R3 22 38 880 B T SR S, A PR XS RE 8
KR OALRZEY), AL —BRBHEE1ZTE JIA FEREEEN
P R R« R A5 % T A e ATUORE £ 4H 23 2 B K AR = T 90 T/ AD . ASTRI)
A RGP OHR L HE A B2 R, (BRI B .

AR WO E B R ERAS, QRS BIETE

IR 2. A LERAE, DRI LRI 7o s AR, TR S 28 A
ET () 184 2 A5 LTS BT 7

A3 B AERREREREXPOIFRERE, 2 EPIHEAESAE
I\ BIE B RAL .

R 4: BIREEBCE YA A K

AR5 AR OS2 EY, W ERAHNZ EEREENLE, IR
SEHLEWUICA B b GER KT 90 Wi/F0). B JDIRE KX 5 g . RETE
e Z LA . 1 SR A 2 S D B M R . SR SO VE, T FE AR U [A]
(time to peak velocity) W] LAFHEAImALIELE WoR.

AR 6: 1LEE BT RUONRE AR 2 B 80 80dE 5 2RI s, 3R
AR AL NG BEAE IR, REE 3-5 MO, @ H R URI A, Hd



A DR UG s T BT (T BT A o 37 S8 s PRl s e L, SRAE 10 30 JE T8
ARG o

AR T WWREEAREDIT: ORI G DRFIEL . DIRKH,

IR 8. WhE AL ESHMEIN (LV ejectional interval). % £ELa2 TS
OBl AR il U T I ik b 22 3 B e S A2 = s iR e (B 2D,

% H R 2 B BAE

A L2 B B 1) B R AR A ] LB 28 4 b i) T) s B i . A [R] PRl s A
AL P BRI 23 T 07 R IR ], B R BRAR AL

AR 1 B E A AR L IAD Y, 3E v DAk R 22 At B Y U e U A AR
MR PR REAH, BRGNS IRANE, AR DO BB T 2
TSRS ML T 0 28 S5 XL 35 S %) B T A1 g S35 I T 901 P 3 i A ) B i) 3 2 it 42 904

AUR 2. R/ EEEILR B, IR BUW AR R CREAN TG 4 XD %
FRIBOGER X )7 BT € BOSIRIX R/ i/ 65X 10mm 27X 15mm), K15
I [ =3k 52 it 45

AUR 3 AIRERITE, BRI 2R S AR, AR E SRR, A
FEGEARWAR R E GBI QRS FF4A 60 R AN D JAF BRI 4i ik Bl S 3. LA
K B R 5Kk LA E RN ET TR A g (& 3 A 4D,

AR 4 N TIRTRBOGER XM A B T AHQ0I 72 2 8E, R0 5 ifi 397 [a] Wi 5
JEHR BRI IO S, X TR m I W E 2O IR, R R AR 2 A (EH BT
TEAS 5 TR LR o W FAE 5 i (8] 56 IS0 X ) Ak i R e = Ak s — T
FROUEEAE, 032 3R 0P 1 BB 2 D[RR e {1 v 5 RO I DA

YR 5: AW X IBA QRS VT i 220 B USCAf VA S P2 (R e ] s A
DI 4 N 1BG SR 3 AN, — 3k 12 AN B S — R AR R M E
fMiEE S W (] B) 1)) 22 5, BV SR IR R0 3 BE 48387 (opposing wall
delay method). IXAHJ7VRELM &, BV [F—MIFAR b A S BER S W 300 ] BE
S U RTINS () 22, ASFE & QRS I A

AR 6: BT RRL M RAEEZ R, THE TR [F.03) i o 1
PR TR U BN () H P 248, T LABR iy T B A M . B WU/ L 3-5 A0 Bl A P



PIE, WRERICL BT Z 5, WFRIDCE 2 0a IR, FFHERR b 15
A A R B . DU AR 2 E B OV R A, HATRH
B SR I b B AN [R5 70 #r

B B (postsystolic shortening velocity)

— S SEFRIE FT S A 1 SR R A R AS [R5 4 e 32 B K O AL S O UL I e T
FE, WEAE AT RE LGS i () MRV B D Y S S O R 2 Bl G S P B 18] 1
G 1) UG T AE A [R] 20 23 B X S0 CRT 96 97 S B 1) B0 M R S ek B 4 ™
Notabartolo % "Wl & T ALHEILJICHE 6 AN 15 BLAE P I USCAR M B30 Fo a2k Ve B (1] (1 B
KZES, LRT 110 20PN e 2 100 5 A, UM Il 97%, 1M e 14 1% 42 55%.
Fr LA B AR BRI T AT R 58 4 ) B, H AT K 22 B0k 48 A7 S0 57 100 Pa) S e 3ok 152 )
M BT 1) T7 1%

52 R % £, 2H 23 25 38 351 PRI PRI 5
REM TR RARCHARSLE WM EZWAERRLE, URTNHE,

X RAGEH B BTN R RITTEE o 5 6 B KPP 72 = A FE IR (gl 2R 2 5 )
V25, TR VU o ) THT AR e 2 25 BN 5 = (1] I [V o 001 B B, R Mg 7 pi i
A DU ARG AR B (ARG JERE. FREE. TR MUUTBARAL. s
ZHHEEIEIR (opposing wall delay) KTEi5F T 65 20, W LATHMI CRT Hllm PR S
R (ALY IRE S AN 6 S3 BB AT FE B VRAh ) DL A (e S04 R 48 25 B4R
KT 15%) Po Ak, KRTEET 65 SR04 = A 1 AME N CRT J597 34
SEHE 0 W B G AR 1y AR T DAY B =R ORI T PO
95 Js Lo A e B K Hl, 00 AR = A D) TS H AR U T DY i 0 T S 0 1) 174 e K
E5E, 8 SCNBRRH N ERELER o =AY By B Z R 2, S adE T 0R
KA T (0 7 A B R B, TR AT BN RDB AR L " Yu S N T+
T EARUEZE IR (12-segment SD model), FEA=/NOARYIE (PUMEL . PO
RO s KA B € 2 3 80 ™ HUMAS 725 F5 41 (mechanical dyssynchrony
index) AR Yu f&40 (Yu index), BN TS5 I A) M- 7% B 19 3 SR e vk [
FbrdE 22453 0" S ERREAR TR, B E R TR T



33 ZMANUAFE N, FT QRS WkT 150 Z R AR, Al Flil /2 =50 E 4

(e R Rl KT 805 T 15%) FEBURRAE 100%, HE5r 1N 78%. X7~ QRS I
T 120 AP 150 MR, HEURIEDy 83%, et h 86%" . J3—MIrik
TR BT 1T B Ik V] [ fF) B (B ] 22, KT 855 T 100 Z R0 HiR CRT 7 R 47
S PROSPECT BF 4 4 7~ 71 BRI J3E K g g ) A o 25 -5 FUAth e 17 o 7 =
b, RRIDEEMR, BRMEK, i REARERER .

2R 2 ) o) — AL R 2 B BN 0 S Rt s W ] P B8, Fh— Nk
MR E PB4 (tissue synchronization imaging, TSI) (& 5). HZHA
[l A AR HO B B S INTE — 45 75 R L, T T A8 VR USO8 S8 38 1 5
B, THENE G, 8 S AU A A AE ] . Goresan SRR Y
[l AL AR it i 5 OB RO BRIX, K I AT [R] % — 5 BE IR K T8 %% T 65
ZFp, AILATRE N CRT J& &R 4 S pad el .

Yu SEHRA TSI M2 T 56 fl s, RIT ZWERMALR RS EE 1HE
FITAS IR W I (A AR AE 2 (Ts=SD) 2R E BRAERMEM 4 (receiver operating
characteristic curve) THIAEE, N 0.9, LAY IRE BE A S5k H
RRAERIZRTHAR 2 0. 69, 1M H., 5 Bzt i A A ih 2645 2SR M L, FrA 4
HEGAL BARE RN SE, BN R K . Bk, NAARRDS R
BEARES, FEUGHEBOGR, KA O UL R B 2k, DA R 2R DA
A5 I S 7 P WA B2 () Y A A

FkirH R 2% (pulsed TD)

WK ZH 23 2 X vl FH T o 22 AR, i HORER 70O i 75 AR G ml LA
£ (B 6). kP2 B8 mvew A & 3 A= i, — ez % L3
JIT il (R (0 A 2R 22 3 A R AR A AT P BR, JF A L3 o ikt 2 5 R A
BRRVOE N KLY T KR, T80 52 Y0 [ Ve I 4 sl B Tkt i ot ke e KA,
WL BN 50 2] 100 Z2K/Fp. SR OHNAZ T EEER ST, REFEER
TE B N #% 2 348 0] 5 A2 1 B () B A 5 A 0 28 56 J, 1% A2 ik i 4 21 2 38 0 ) e
KAEH, WHFERN HA 2 20 i N3l LA SO 252 . 540, St



[N e, JF HoC W 4 FE S TS R00E, A G 1, IR fE R w]
REARMER E o 28 TIXEEEOR EAER G, RO R 2 I ) AR SAR4N AT . H A,
KWk 22 BTN CRT B B2 F) i PR AT 7E LU A2 (4L 23 %2 I B i) F e /b
Penicka 55 AN HI Rk 2 298¢ 2 5 S R o oR DU Jls oo e 3 Al ) 25 R IR B A7
S MEE RS AR AR 1] 5 SO A DA SO AN A 100 AP R SRR
e, R T ER 6 ASLLAMP T CRT AR, #ERZE N 88%,

HA L EEH MM EE (longitudinal strain). MAE#R (strain rate)

PLRAL# (displacement)

J AR N AR 2 AR B b B AR FAE T R X 2 o0 UL 3 B e 4 A Bl 2 i A
T, C#H T IRAOLEZBEIAEZD % 7 G RAR 2 il B S 51t
HEhHoUgEEZE (B 7, SATTHZ L B R AR AR PRERAE T A2 B B
PELRISR T, 2 WM IR, M E 00 B H 2 RS0, I
KT HEARMESE . Breithardt S NIEIT LB NUEEFIRARER, RILOILT BHE
# GREZHD 5% (NEREUZSHO MKT, HFHEn, O A
AR AR A SO A FE RRR RS, el 2 AEBR L O s A b, AR TR
RV S B M 7 Sogaard SN ET, 4 B It 0 AT T
RETRIUAE N CRT J57c % EF MIECEFREE ™" R, Yu AN RIMNAS R SHRL
PR R O A S s A T, HET, G ) AR R A2 A 5 M L s,
PR TR EE . 7, SRS BT B e, ALAE R K B AT
MIBEE (speckling tracking) W5 RIARRIEAE, VRO USCAR [R5 EARA B FH A

=L 54
2 °

P g (displacement imaging) 42 M #hHdl kit H.ONLiE 30 1)
PR, W AR OGS S IE AR b BARE R E SRR L S N AR KN
AR R G A LA 3, (BRI RS At 2 24 shia Bl Je 2 1 3 1 BE IR . A5
W5 BT A2 B4 2R BREF R FRAERELN CRT J5 & ATk , 18 2 H 7 380 it 2R 77
RS HAE M AR s

Z I MNA (radial strain)



FRe ) 1 52 7 WA 1 B J R 4 2 —, BB 2 R VA D IEAS [P 1
HEZHT, FILEATRAE XA RGN 50 AEAEML, M
AR X oy EFABEIZH), I ERFUMIES) . Dohi S NE XML
H R EAL 38 BIFEN CRT i NFAR B [F)20 ™o 4% 1) R0 B 7 = A il
o B D) TR 1] B 5 5 BE R 2 23 2 5 I R S 7 A2 5 A 1) R AR ) R
RARIMRBAG TSR, WHESMHEEEOR, W H52 2% 8 f R .

B3 R B OB BRI AR, W DA AR 75 0o 3 B EAT 20 AT, A2 PR
TZWEMEE. Suffoletto S5 AR HIXFR T EIERFL T 64 BiIREN CRT BN .
Jr = v Bl U1 TS FH B 508 R T RO U BN AN bR B A AN [ AR [
ASFEE (B 8) M. Hidh 50 B ABEY 815 N, BRI SEEHHEIZ
ANFZE (5 [A) W 5 i R R AR e (A IR BN R) K T8 & 130 = FP) . Al DATIO A =2
St I3 B R A B R B e R A 89%, SN 83%. — AN B 4L A
YN ZH A 23 22 05 BT B O R R AN R T B AU R R AR A AN R, RPN
CRT A RAFST R IXSeHm R, A ) T VP A [F) 25 R Kl D) T R 2 b
Fe o B — T FEXE 176 51995 N ZEAT 4143 22 4 860 A ) 2o JULEA v 33 3 R B
B ERH AR A2 1] A, RGN F0AZ ) B AN R0 1) FR B RN CRT Ji5 et 4 I 43
LR LB ™, TN ) B AR ) T S 0 e S 4 B L AR
XS, P BCA TN CRT IR R BEAR T B —HR ™

=4 L3R

FE ARG PR P — A=A . 4B 08 B AR RN A2 S URA
Rl TAA RH TR s =4 0o s B R0 W] BULE R — O3l i BT PR 2
FEENTBRIVEEANAFEP O (B 9. S B3R R EE, vk
ST RO s AL A . WP RN, MO R B R S A
Bob WM ¥ = BEiz g, AT RAAi oA CRT R A 2 = = BEIS S A2 4L .
Kapetanakis & AN 22 % A [+ 78 A0 U BUE B4 IR e /N B AR R IS
AU THE AT 2 26 BIFE CRT & IR A FD 14, RILZI A AR 4R
Hoa] DTN 2 200 B A 0 = 4R R OB B BOR O B AT 0 e AN AR M T
ARAENTTIE " SR, BB Z A EAR RIS I (A 7 e i, =
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e RG240 20 2 30 it/ F5,

LERARR

OEFIAFD, RO PRI 2R (interventricular mechanical
delay, IVMD), &7 A5 % S5 IIL [A) 3 FR) e ) (] By o 30 Eh bk b 22 5 390000 & QRS 382
£ 1) 7 A 0 B AT R L AT B R G T T (B ) 22, 78 R ) 22K F 40 B0
FIMAFL (E10) ™%, TVMD /E 03 B REREA  OURTESE T3 = A,
XFHE CRT AR TG A E GBS TVMD #id 40-50 2=2K) *. R TVMD #
e, BEEVELE, WAV ATIE ", AL T CRT SR Ry 5 1k
B, Bax S ANWEFCRIL, 59 Bt CRT A BAN 21 BITE R HIRAN, P O=
AR B TR AL (47434 vs 49+29ms, ZERLGITHFEN) s Achilli %
NEHRE, 133§ SCART WHFirh, O = A ERE I AL 44ms 8 X
CRT 43 RAFHIIR N, U 66%, 45 74k 55%. Richardson 28 NBHFLERW], 7F
CARE-HF #Jf 7t 0> 5 [8) R [F)25 #8 3d 50ms, SHE A CRT J5 9% A\ FUs 53043 418~
PROSPECT If5i pRARAS: 2.7, TVMD A1EL 5 167 5 ik v 25 35 30 00 00 IE A [R5 1R D7 V5
GG AT ZEIR (pre—ejection delay). 723 78 B i IA] 500 I EL 5], 7
ZOH R R BE PATIE R E R T R, RARZIHRAE EAAFE L —
BE, O FANFEE A BEE RN CRT R0 . % 2 Jy H RTE O IEAS [F 2
FEITIE.

PRAG O REA F 2B B 5

Breithardt %5 N#RkiE 7 —Fh 2 B )77 ik 200 W IBESRBEAT AH 22 70 B 07
0 EHUE ORI IO 4B A L ah B, 5 S 1T 5 AN RE U B 1 [R5 PR e
HIPN e EARD IR . 85 RS0 H s A RSB ia s Hh 2, PR
B AT U AR ZE A SRS IR RR AN BE AR A6 22, BV A0 = N ASTR D 1 E B TR
I FRAR o o — b R W AR 75 PR AN [R) 20 1 7 902 3 B ) B R (velocity
vector imaging). X7kl — RYIMERR B L F 4 RKIEE: (B-mode pixel
tracking) THELJE RO MU BAE# 1% E Mg sEZ (B 11). Cannesson %%
NI —TRATRSEEs, JBER T 23 4] CRT AN, N BB R AR R 0 A ) T



SR 58 e BE P BUZ Bl o FR AR =N TH] R0 2 B A ] e 4 e R A U
I IR RE R B 55 T 76 ZRPRIHOE SONANFZD, XTI CRT AE A JE Rl VT 845 4>
JII 5 BRI ARAC IR D 85% . 45 0 80%.

P = S UL QA T A 3 9 )=

FEZEEMROEAWY K OEEEEIE . M) UATE AT I bl 5
R 2 LSO B DI REAWOBA N ZhAd fE, RASHOE ©. EEEY
A B B s e L s RO LR A% 3 B0 LA s D T i R, BR
R R S8 RS = EA B DIV RS SRS IR A I, (2
25 N 43 W R R O FTURE K R - T DA 42 00 8 4™ 5 R 40 M 7 56 i R okl 7 K f <
i, BEMSEMAONLIIRE LR L . CRT MG REA I AHERS , AEAE0T 2 5K
/NI RE S R B AR . A2 S A L CRT (KM, 241k CRT JRIT &
SR FINREIAT AL, FEE BFEL K. MIRACLE AL T —if Rk &
7Ny AN I T R B0 o0 3 e 2 100 A (R R B AN — o B AR ARSI L O L N 72
O E TR L ECEAR, HR R BRI IR FE L R b . 5 I 2
SN, ARG O R ) S R R R R L O L SR 2-3 4 . —
TR SRR CRT ¥R 97 1) 141 8 #EATBE VT I, 3-6 /N H N2 IR A
P> 10% A E )R, A B B G RO, AR AR A AR T (T% vs
31%) , « DLEFETE (2% vs 24%) FLLFEFME (12% vs 33%, P<0.05) *™,

CRT J8 i WO AL WU RS 2, BN G FIAIR P — 2R i, K
A DI I R g R st e = OR/NRL LT TR (B 12) . Breithardt %5 AN
A S 4 i R T A (proximal isovelocity surface area, PISA) VEKH,
FEA CRT —J&J5 CRT JF/E 5 CRT KHIELEL, REMI R SOm A, M 32£19ml
I F 19+9ml s W REAT RO A AR H AR, AN 25419 mm2 Jk 2D F
13+8mm2",  — AN AP St T AR PR ek 1) B L R N CRT 5, PRk
LRI R RPESE 0, AT BE 0 — IR S THIFR . Kanzaki 55 SRR A0S i
% (mechanical strain activation mapping) MIJ7VZEoR, A IR AR /D
55 CRT AN J5 53530 8 2L Sk LN LIS 48 (0 0 i TR) A5G ™



A AR R E

Rk F P G B U R R W SN =4I G R A RO (= B SE AR ST e
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Simplified AV Delay Screening

T

INTEWIFT]

‘ Satisfactory AV Delay |

1. E and A Waves Separated

2. Termination of A after QRS onset or
Mitral Closure Click Aligned With End of A
and QRS Complex.

or

W PRSI S e

Y]

Absent A Wave Truncated A Wave | | Merged E and A
AV Much Too Short AV Too Short AV Too Long

! ] !

AV Optimization

K14 FIH IR AT BEAT RIAL AV IRIIL L . BURE B ARUBE —2RIEK-F, AT A
SR RGO WAREEMARESA S, HAEIEQRSE L ATAT W, BlH — K H]
HAWENQRSH L LR GEY S AETKIIRERIB IIRA s 7%, BN TAlE) (LD,
AREA T EHEATIRAL . WRAMESERTZ R . EERAIERN &, B CHAE CRED, &%
BEATAVIEH RO . I M S AT SR D RE S 100] (IR IE R 4D snsy] (R 78
i), BHREHERILAVIEY .



ASE EXPERT CONSENSUS STATEMENT

Echocardiography for Cardiac Resynchronization
Therapy: Recommendations for Performance and
Reporting—A Report from the American Society of
Echocardiography Dyssynchrony Writing Group
Endorsed by the Heart Rhythm Society

John Gorgesan IIT, MD, Theodore Abraham, MD, Deborah A. Agler, RDMS, Jeroen J. Bax, MD,
Genevieve Derumeaux, MD, Richard A. Grimm, DO, Randy Martin, MD,
Jonathan S. Steinberg, MD, Martin St. John Sutton, MD, and Cheuk-Man Yu, MD,
Pittsburgh and Philadelphin, Pennsylvania; Baltimore, Maryland; Cleveland, Ohio; Leiden, The Netherlands; Lyon,
France; Atlanta, Georgia; New York, New York; Hong Kong, China

Echocardiography plays an evolving and important role in the care of heart failure patients treated with
biventricular pacing, or cardiac resynchronization therapy (CRT). Numerous recent published reports have utilized
echocardiographic techniques to potentially aide in patient selection for CRT prior to implantation and to optimized
device settings afterwards. However, no ideal approach has yet been found. This consensus report evaluates the
contemporary applications of echocardiography for CRT including relative strengths and technical limitations of
several techniques and proposes guidelines regarding current and possible future clinical applications. Principal
methods advised to qualify abnormalities in regional ventricular activation, known as dyssynchrony, include
longitudinal velocities by color-coded tissue Doppler and the difference in left ventricular to right ventricular
ejection using routine pulsed Doppler, or interventricular mechanical delay. Supplemental measures of radial
dynamics which may be of additive value include septal-to-posterior wall delay using M-mode in patients with
non-ischemic disease with technically high quality data, or using speckle tracking radial strain. A simplified
post-CRT screening for atrioventricular optimization using Doppler mitral inflow velocities is also proposed. Since
this is rapidly changing field with new information being added frequently, future modification and refinements in

approach are anticipated to continue.
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large number of clinical reports have utilized echocardiography
before CRT implantation to assess abnormalities of mechanical acti-
vation, known as dyssynchrony, to potentially improve patient selec-
tion or guide lead placement. In addition, echocardiography has been
advocated to optimize the CRT device settings afterward. The pur-
pose of this consensus report is to evaluate the contemporary state-
of-the-art applications of echocardiography for CRT and to propose
guidelines regarding current and potential future clinical applications.
We acknowledge that this is a relatively young and rapidly changing
field with new information being discovered continually. Because no
optimal approach has yet been clearly defined, the strengths and
limitations of the principal current techniques will be discussed along
with practical recommendations.

CLINICAL BENEFITS OF RESYNCHRONIZATION
THERAPY

CRT has had a major favorable impact on the care of patients with
heart failure, left ventricular (LV) systolic dysfunction, and mechani-
cal dyssynchrony, routinely identified by electrocardiography (ECG)
as abnormal electrical activation. CRT, also referred to as biventricular
pacing, has been shown in several randomized clinical trials to
improve heart failure functional class, exercise capacity, and quality of
life, in addition to reducing hospitalizations and prolonging survival'”
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Table 1 Summary of important clinical trials of cardiac resynchronization therapy
MUSTIC PATH-CHF MIRACLE MIRACLE-ICD
Inclusion criteria NYHA I NYHA 1II, NYHA I, IV NYHA I, IV
LVEF < 35% IV QRS = 120 ms LVEF = 35% LVEF = 35%
EDD > 60 mm EDD = 55 mm EDD = 55 mm
6-min walk < 450 m QRS = 130 ms QRS = 130 ms ICD
QRS = 150 ms indication
Sample 58 40 453 369
End points QOL, 6-min walk, Acute hemodynamics QOL, NYHA class, QOL, NYHA class,
peak VO,, HF QOL, 6-min walk, 6-min walk, 6-min walk
hospitalization HF hospitalization composite
Study design Single-blind, Single-blind, Double-blind, Double-blind,
randomized, randomized, randomized, randomized,
crossover crossover parallel- parallel-controlled
controlled

Treatment arms
Major findings

CRT vs no pacing
CRT improved all

CRT vs no pacing
CRT improved acute

CRT vs no pacing
CRT improved all

CRT-D vs ICD
CRT improved QOL

end points, hemodynamics and end points; and NYHA class
reduced chronic end points reduced HF only, and did not
hospitalization hospitalization impair ICD
function
CONTAK COMPANION CARE-HF
Inclusion criteria NYHA II-IV NYHA I, IV NYHA III, IV
LVEF = 35% LVEF = 35% LVEF = 35%
QRS = 120 ms ICD indi- QRS = 120 ms QRS > 150 ms or QRS =
cation 120-150 with  dyssyn-
chrony
Sample 333 1520 819
End points Composite of mortality, Primary: all-cause mortality or All-cause mortality or

HF hospitalization and
VT/VF

hospitalization; secondary: all-
cause mortality

unplanned hospitalization

Double-blind, randomized,
parallel-controlled

CRT-D vs ICD

CRT improved secondary
end points; primary end
points did not improve

Study design

Treatment arms
Major findings

Randomized, parallel-controlled

CRT vs CRT-D vs no pacing

CRT and CRT-D improved primary
end point; CRT-D; reduced
mortality

Randomized, parallel-
controlled

CRT vs no pacing

CRT improved primary end
point and reduced all
cause mortality

CRT, Cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy-defibrillator; EDD, left ventricular end-diastolic diameter; HF,
heart failure, ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; QOL, quality of
life score, VF, ventricular fibrillation; VO,, maximal oxygen consumption; VT, ventricular tachycardia.

(Table 1). Furthermore, CRT is associated with reductions in mitral
regurgitation (MR) and improvements in LV function.>®!2 Currently
approved recommendations for CRT include patients with severe
heart failure: New York Heart Association (NYHA) functional class I1I
or IV, widened QRS greater than or equal to 120 milliseconds, and
LV ejection fraction (EF) less than or equal to 35%."* Despite the great
success of randomized clinical trails, approximately 25% to 35% of
patients undergoing CRT do not respond favorably. Echocardiographic
and Doppler imaging techniques have emerged to play a potential role in
the care of the patient with CRT. Although there are several potential
reasons for nonresponse to CRT, it has been suggested that the ECG
widened QRS is a suboptimal marker for dyssynchrony, and that
echocardiographic quantification of dyssynchrony may potentially play a
role in improving patient selection for CRT.!%!*1¢ The PROSPECT
study (predictors of responders to CRT) was a recent observational
multicenter study from Europe, the United States, and Hong Kong.!”/!8
Although final data from this study are not yet available, the preliminary

findings highlighted the complexity of technical factors that influence
dyssynchrony analyses and the importance of training and expertise of
individual laboratories to achieve reliable results. The PROSPECT study
suggested that there are technical issues related to variability that are not
yet resolved, and that future work is needed to improve reproducibility
of dyssynchrony analysis.

OVERVIEW OF MECHANICAL DYSSYNCHRONY

Electrical activation in the normal heart typically occurs quickly
within 40 milliseconds via conduction through the Purkinje network
and is associated with synchronous regional mechanical contraction.
A variety of myocardial diseases induce alterations in cardiac struc-
ture and function that result in regions of early and late contraction,
known as dyssynchrony.'® Although other authors have used the
term “asynchrony” interchangeably, we will use the term “dyssyn-
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chrony” in this report to describe this phenomenon. Mechanical
dyssynchrony is usually associated with a prolonged QRS duration on
the surface ECG, although it may also exist in a subset of patients with
heart failure and depressed LV function and narrow QRS by
ECG.2%2! This report will focus on patients with wide QRS duration,
because this is the current clinical practice for CRT.

Three types of cardiac dyssynchrony may occur: intraventricular,
interventricular, and atrioventricular (AV). Abnormalities of timing of
regional mechanical LV activation, known as intraventricular dyssyn-
chrony, appear to be the principal factor associated with contractile
impairment and affected by CRT. Accordingly, many echocardiographic
Doppler parameters focus on intraventricular dyssynchrony, and we will
use the term “dyssynchrony” throughout this report when referring to
“intraventricular dyssynchrony,” unless otherwise stated. The classic type
of dyssynchrony resulting from abnormal electrical activation is seen with
left bundle branch block. The typical pattern seen with left bundle
branch block is early activation of the interventricular septum and late
activation of the posterior and lateral LV walls.'® The early septal
contraction occurs before normal ejection when LV pressure is low and
does not contribute to ejection. This process generates heterogeneous
stress and strain in the LV, with one wall exerting forces on the
contralateral wall. Typically early septal contraction causes posterior-
lateral stretching or thinning, followed by late posterior-lateral contrac-
tion causing septal stretching or thinning> Dyssynchrony results in
inefficient LV systolic performance, increases in end-systolic volume and
wall stress, and delayed relaxation that is thought to affect biological
signaling processes involved in regulating perfusion and gene expres-
sion.2®> Improvements in LV synchrony are associated with LV func-
tional improvements and reduction in MR 82428

GENERAL APPROACH TO QUANTIFYING MECHANICAL
DYSSYNCHRONY

Because the vast majority of patients with wide QRS appear to have
mechanical dyssynchrony, an important goal of imaging is to improve
patient selection for CRT by identifying the subset of patients with
wide QRS but no mechanical dyssynchrony. The pathophysiologic
reason for this scenario is unclear, but it appears that patients with
minimal to no dyssynchrony have a lower probability of response to
CRT and appear to have a poor prognosis after CRT.!®> There are
other reasons for not responding to CRT, including ischemic disease
with too much scar to reverse remodel, subsequent infarction after
CRT, suboptimal lead placement, and other factors not yet de-
fined.?#?°33 Accordingly, the absence of dyssynchrony is only one
factor for nonresponse, but one that potentially can be identified
prospectively by echocardiographic Doppler methods.

Results from the PROSPECT study illustrated that technical factors
of individual echocardiographic Doppler methods, such as feasibility
and reproducibility, affect results in a multicenter setting.' ”'® Quan-
tifying mechanical dyssynchrony in a series of patients with heart
failure is complex, and no single ideal method currently exists.
However, a practical approach that considers several factors is cur-
rently recommended to assist in determining that a patient has or
does not have significant dyssynchrony. Ambiguities that may occur
in analysis using different approaches must be adjudicated on a
case-by-case basis. A reasonable starting point is to examine the
routine 2-dimensional (2D) echocardiographic images. Trained ob-
servers can often assess dyssynchrony visually as an early septal
in-and-out motion described as septal flash or bounce in typical left
bundle branch block dyssynchrony. Because the presence or absence
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of dyssynchrony may be subtle in many patients with severe heart
failure, visual assessment should not stand alone and the use of
quantitative echocardiographic Doppler tools is advocated.

M-MODE

The technically simplest approach to quantify LV dyssynchrony is
with conventional M-mode echocardiography that records septal-to-
posterior wall-motion delay (Figure 1, A).

Step 1: Select either the parasternal long-axis or short-axis views.

Step 2: Position the M-mode cursor at the midventricular level
(papillary muscle level).

Step 3: Set sweep speed to 50 to 100 mm/s.

Step 4: Identify the time delay from peak inward septal motion to
peak inward posterior wall.

Pitzalis et al reported a cut-off value of greater than or equal to 130
milliseconds as a marker of LV dyssynchrony in a pilot series of 20
patients principally with nonischemic cardiomyopathy with a sensi-
tivity of 100% and specificity of 63% to predict a greater than or
equal to 15% decrease in LV end- systolic volume index, and
improvements in clinical outcome>*3> Longer delays in septal to
posterior wall-motion delay were associated with greater reverse remod-
eling. Measurement of the septal-to-posterior wall-motion delay by
M-mode may be difficult in many patients because of complex septal
motion that is both active and passive—wall-motion abnormalities involv-
ing the septum or posterior wall. Marcus et al highlighted these limita-
tions in an analysis of M-mode data from 79 patients in the
CONTAK-CD trial>¢ They found the reproducibility of M-mode mea-
surements to be unsatisfactory, with responders (defined as =15%
reduction in LV end-systolic volume) having septal-to-posterior wall-
motion delays similar to nonresponders. The PROSPECT study also
identified a high degree of variability in analysis.'”"'® Therefore, M-mode
is not advocated to be used in isolation to quantify dyssynchrony, but
may be considered as supplemental to other approaches, such as tissue
Doppler (TD). In particular, the utility of M-mode in patients with
ischemic cardiomyopathy has not been well demonstrated.

COLOR TD M-MODE

The addition of color TD M-mode is a useful adjunct to M-mode
determination of LV dyssynchrony (Figure 1, B). Changes in direction
are color coded, which may aid in identifying the transition from
inward to outward motion in the septum and posterior wall. The
same septal-to-posterior wall-motion delay greater than or equal to
130 milliseconds is considered to be significant dyssynchrony, al-
though this method is affected by similar limitations with routine
M-mode as described above.

LONGITUDINAL TD VELOCITY

The largest body of literature to quantify dyssynchrony is represented
by the assessment of longitudinal LV shortening velocities using TD
from the apical windows.'*!'%37* This is the principal method
currently in clinical use, although it has limitations discussed subse-
quently. There are two basic approaches: color-coded or pulsed TD.

COLOR TD DATA ACQUISITION

Color TD data acquisition is simpler and more practical than pulsed
TD and is the preferred method by consensus of this committee if
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Figure 1 Routine M-mode (A) at midventricular level and color-coded tissue Doppler M-mode (B) demonstrating septal to posterior
wall delay of 180 milliseconds, consistent with significant dyssynchrony (=130 milliseconds).

high frame rate color TD echocardiographic equipment is available.
High frame-rate color TD, usually greater than 90 frames/s, is
available in several major equipment vendors with recent hardware
and software. Individual variations in color TD between ultrasound
systems may exist, but these details have not yet been elucidated.

Step 1: Adjust the ECG to be noise free with a delineated QRS
waveform.

Step 2: Optimize 2D imaging to insure maximal apical-to-near
field left atrial imaging, with overall gain and time gain control settings
adjusted for clear myocardial definition.

Step 3: Position the LV cavity in the center of the sector and
aligned as vertically as possible, to allow for the optimal Doppler
angle of incidence with LV longitudinal motion.

Step 4: Set the depth to include the level of the mitral annulus.

Step 5: Activate color TD and adjust the sector to include the
entire LV with a goal of achieving high frame rates (usually >90
frames/s). Decrease depth and sector width to focus on the LV to
increase frame rates, as needed. Adjust overall color gain for clear
delineation of the myocardium. If available, the online color coding of
time to peak velocity data may be activated.
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Figure 2 Determination of left ventricular ejection interval from pulsed Doppler of outflow tract. AVC, Aortic valve closure; AVO,

aortic valve opening.

Step 6: Suspend patient breathing. Because low velocity TD data
are affected by respiratory motion, we recommend that patients be
instructed to hold their breath transiently if they are able, while a 3- to
5-beat digital capture is performed. This is usually at end expiration,
but may be the phase with the optimal image quality. The number of
beats captured should be increased if atrial or ventricular premature
complexes are present.

Step 7: Record 3 standard imaging planes: apical 4-chamber view,
apical 2-chamber view, and apical long-axis view.

Step 8: Determine the LV ejection interval. This is usually done
using pulsed Doppler from an apical 5-chamber or apical long-axis
view where the LV outflow tract is seen and velocity recorded
(Figure 2).

COLOR TD DATA ANALYSIS

A major advantage of color DTl is the ability to analyze time-velocity
data offline. The details for analysis vary by ultrasound vendor, but
the general steps are similar.

Step 1: Determine the timing of LV ejection, usually from the
beginning to the end of pulsed Doppler flow of the LV outflow tract.
The details vary according to ultrasound system used, but timing
usually is performed using the ECG as a time marker. The timing of
beginning ejection to end ejection is then superimposed as the
ejection interval on the subsequent time-velocity curve analysis.

Step 2: Size and place regions of interest (a2 minimum of 5 X 10
mm to 7 X 15 mm) in the basal and midregion of opposing LV walls
(4 regions/view) to determine time-velocity plots.

Step 3: If possible, identify components of velocity curve, as a
check for physiologic signal quality. These include isovolumic con-
traction velocity (usually <60 milliseconds from the onset of the
QRS), the systolic wave, or S wave, moving toward the transducer
and the early diastolic, or E wave, and late diastolic, or A wave,
moving away from the transducer (Figures 3 and 4).

Step 4: Manually adjust the regions of interest within the segment
both longitudinally and side-to-side within the LV wall to identify the
site where the peak velocity during ejection is most reproducible. This
is an important step to search for the most reproducible peak of

greatest height, in particular where there is more than one peak or
signal noise. If fine tuning of the region of interest fails to produce a
single reproducible peak during ejection, the earlier peak is chosen if
there are two or more peaks of the same height.

Step 5: Determine time from onset of the QRS complex to the
peak systolic velocity for each region: 4 segments per view, for each
of 3 views, for a total of 12 segments. An alternative is to determine
the difference in the time to peak S wave from opposing walls, as
described in the opposing wall delay method below. This is simply the
time from the S wave of one wall to the S wave of the opposing wall
on the same cineloops, and does not require measuring the onset
from the QRS.

Step 6: Average the time to peak values in captured beats to
improve reproducibility, because beat-to-beat variability may occur. A
minimum of averaging 3 to 5 beats is recommended, with the
number of averaged beats increased if beat-to-beat variability is
encountered, excluding sequences with atrial or ventricular prema-
ture complexes. Analysis of TD data in atrial fibrillation is especially
complex and problematic, and no data are currently available to
support dyssynchrony analysis in this scenario.

POSTSYSTOLIC SHORTENING VELOCITIES

Some previous studies have included postsystolic shortening (positive
myocardial velocity after aortic valve closure, which may be greater
than the ejection peak) in their dyssynchrony analysis.*” The greatest
sensitivity and specificity for predicting response to CRT appears to
be attained when limiting peak longitudinal velocities for dyssyn-
chrony analysis to the interval from aortic valve opening to aortic
valve closure.>”*> Notabartolo et al*” measured the maximal differ-
ence in the time to peak systolic velocity including postsystolic
shortening from the 6 basal segments. An average cut-off value
greater than 110 milliseconds has a high sensitivity at 97%, but
decreased specificity at 55% to predict LV reverse remodeling.
Although the optimal approach has not yet been completely clarified,
the current weight of evidence favors analysis of peak velocities
during the ejection interval.
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Figure 3 Color-coded tissue Doppler study from 3 standard apical views of patient who responded to resynchronization therapy.

Time-velocity curves from representative basal or midlevels are shown. Maximum opposing wall delay was seen in apical long-axis
view of 140 milliseconds between septum and posterior wall, consistent with significant dyssynchrony (=65 milliseconds).
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Figure 4 Color-coded tissue Doppler study from 3 standard apical views of patient who did not respond to resynchronization
therapy. Time-velocity curves from both basal and midlevels show no significant opposing wall delay less than 65 milliseconds.
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Time to Peak Velocity

Figure 5 Tissue Doppler study from 3 standard apical views demonstrating color coding of time to peak velocity data from patient
with dyssynchrony who responded to resynchronization therapy. Lateral wall (4-chamber view) and posterior wall (apical long-axis
views) are color-coded yellow-orange, indicating delay in time to peak velocity.

CLINICAL STUDIES USING COLOR TD

The majority of studies have used color-coded TD to assess
LV dyssynchrony and predict outcome, and it is the con-
sensus of this writing group that this is currently the pre-
ferred approach. The simplest TD approach to identify LV dyssyn-
chrony by color-coded TD uses the basal segments of the apical
4-chamber view to measure the septal-to-lateral delay, known as the
two-site method.'> Subsequently, a 4-segment model was applied
that included 4 basal segments (septal, lateral, inferior, and anterior).
An opposing wall delay greater than or equal to 65 milliseconds
allowed prediction of both clinical response to CRT (defined by an
improvement in NYHA class and 6-minute walking distance) and
reverse remodeling (defined as a =15% reduction in LV end-systolic
volume).'® In addition, patients with LV dyssynchrony greater than
or equal to 65 milliseconds had a favorable prognosis after CRT.!>48
An extension of this opposing wall delay method has included data
from the 3 standard apical views: 4-chamber, 2-chamber, and long-
axis. The maximum difference in time-to-peak velocity values among
the 4 sites from each of the 3 apical views is determined as the
maximal opposing wall delay. An important feature of this 3-view
model is that it includes the anterior-septum and posterior walls seen
in the apical long-axis view, which often has dyssynchrony. Yu et al
developed a 12-segment SD model using color TD that also inte-
grates information from the same 3 apical views (4-chamber, 2-cham-
ber, and long-axis).>!'** The mechanical dyssynchrony index, also
known as the Yu index, was derived from calculating the SD of the
time-to-peak systolic velocity in the ejection phase 12-site standard
deviation.> 4349 A 12-site standard deviation cut-off value of greater
than or equal to 33 milliseconds was derived from the healthy
population to signify mechanical dyssynchrony. To predict LV re-
verse remodeling (defined as a =15% reduction in LV end-systolic
volume) in patients with a QRS duration greater than 150 millisec-
onds, this cut-off value has a sensitivity of 100% and specificity of
78%. For patients with a borderline prolongation of QRS duration of
120 to 150 milliseconds, the sensitivity is 83% and specificity is
86%.*° An alternate method is to calculate the maximal difference

in the time to peak systolic velocity among all segments, where a
cut-off value of greater than or equal to 100 milliseconds predicts
response to CRT.>'"*3 The PROSPECT study reported that the
1 2-site time-to-peak SD had a lower yield and higher variability
than more simple approaches, which illustrates its disadvantage as
a more technically demanding approach.'®

An extension of TD is automated color coding of time-to-peak
velocity data. One method is known as tissue synchronization imaging
(TSI) (Figure 5). This technology adds a color-coded overlay onto 2D
images for a visual identification of regional mechanical delay. Timing
should focus on the ejection period and exclude early isovolumic
contraction and late postsystolic shortening. Gorcsan et al used TSI color
coding to guide placement of regions of interest and assess an antero-
septal-to-posterior wall delay greater than or equal to 65 milliseconds
from time-velocity curves to predict acute improvement in stroke vol-
ume after CRT.'? Yu et al also used TSI in 56 patients and found the
Ts-SD derived by TSI from 12 LV segments had a highest receiver
operating characteristic curve area of 0.90. Inclusion of postsystolic
shortening in the model significantly reduced the receiver operating
characteristic curve area to 0.69. Furthermore, all of the TSI parameters
showed a slight, but consistently lower, predictive value than data
derived directly from the time-velocity curves.>® Thus, it is recom-
mended that myocardial time-velocity curves be examined with adjust-
ment of regions of interest as described above to ensure the accuracy of
the true peak velocities when TSI is used.

PULSED TD

Pulsed TD has been described as a means to assess dyssynchrony
and is available on most echocardiography systems (Figure 6).
Briefly, pulsed TD presets must be optimized on the echocardio-
graphic system as recommended by the individual manufacturers.
The general approach is as described above in the step-by-step
color TD data acquisition and analysis sections, with modifications.
The pulsed sample volume is set to approximately I-cm length,
the velocity scale set to maximize the time-velocity curve, and the
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Figure 6 Pulsed tissue Doppler demonstrating dyssynchrony with delayed time to onset systolic velocity in lateral wall, as
compared with septum in patient with left bundle branch block before resynchronization therapy.

sweep speed set to 50 to 100 mm/s. Unlike offline color TD data
analysis, the step where the sample volume is moved within the
segment to search for a reproducible time-velocity signal must be
done online. This is a major disadvantage of pulsed TD because it
is time-consuming and susceptible to influences of breathing,
patient movement, and alterations in heart rate. In addition, the
timing of the ejection interval must be transferred manually.
Furthermore, the peak velocity may be difficult to identify because
of a broad spectral display with a plateau during systole. Because
of these technical limitations, color-coded TD is the approach
preferred by this writing group. Currently, clinical studies of pulsed
TD to predict response to CRT are less numerous than those using
color TD. Penicka et al used pulsed wave TD to measure the time
of onset of the systolic signal of basal segments from the apical
4-chamber and long-axis views and the lateral right ventricular
(RV) wall.>! Using a composite index of interventricular and
intraventricular dyssynchrony longer than 100 milliseconds, they
achieved 88% accuracy in identifying all but 6 patients who
responded to CRT.

TD LONGITUDINAL STRAIN, STRAIN RATE,
AND DISPLACEMENT

Strain and strain rate imaging have the theoretic advantage of differenti-
ating active myocardial contraction or deformation from passive transla-
tional movement and have been utilized to identify dyssyn-
chrony.*%*252 | ongitudinal strain is calculated linearly from TD velocity
data as percent shortening (Figure 7). However, TD longitudinal strain
can be technically challenging because strain is calculated along scan
lines, is Doppler angle dependent, and is difficult in patients with
spherical LV geometry, often encountered in severe heart failure. Com-
paring myocardial velocities and strain rate, Breithardt et al found an
association between regional myocardial motion (expressed by velocity
parameters) and deformation (expressed by strain rate imaging parame-
ters).>> They concluded that the degree of dyssynchrony was not
completely represented by the timing of myocardial velocity, particularly
in ischemic heart disease, and that the timing of deformation should be
the preferred modality. Sogaard et al found that the extent of delayed
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Figure 7 Doppler tissue images demonstrating longitudinal strain in healthy synchronous patient (A) and in patient with left bundle

branch block before (B) resynchronization therapy.

longitudinal contraction at the base predicted improvement in EF after
CRT.*!*2 However, Yu et al demonstrated that parameters of strain rate
imaging are not useful to predict reverse remodeling response.*>44>3
Currently, TD strain rate is restricted by a poor signal-to-noise ratio,
which adversely affects reproducibility. On the other hand, improve-
ments in strain analysis, including software developments such as strain
determined by speckle tracking of routine gray-scale images, are prom-
ising as useful markers of systolic dyssynchrony.>*

Displacement imaging uses TD data to calculate the distance of
myocardial movement, and is typically color coded and overlaid onto
2D images. The signal-to-noise ratio is more favorable than strain or

strain rate imaging, but displacement is also affected by passive
motion, and the Doppler angle of incidence. Improvements in dis-
placement or tissue tracking have been described after CRT, how-
ever, cut-off values for predicting response and clinical outcomes after
CRT have not yet been established.**

RADIAL STRAIN

Because radial thickening is a major vector of LV contraction, and
short-axis dynamics are important markers of dyssynchrony,® it is
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Figure 8 Speckle-tracking images demonstrating synchrony of peak segmental radial strain in healthy individual (A) and severe
dyssynchrony in patient with heart failure and left bundle branch block (LBBB) referred for resynchronization therapy (B).

reasonable to utilize this information in a comprehensive examina-
tion. Strain has an advantage over M-mode of differentiating active
from passive motion and identifying radial mechanical activation.>®
Dohi et al first used TD strain to quantify radial mechanical dyssyn-
chrony in 38 patients who underwent CRT.>” Radial strain was
calculated from TD velocity data from the anteroseptum and poste-
rior wall in the mid LV short-axis view.>® Disadvantages of TD radial
strain included signal noise without adequate image quality and the
effect of the Doppler angle of incidence.

A more recent approach is application of a speckle-tracking pro-
gram that is applied to routine gray-scale echocardiographic images,
which is not limited by Doppler angle of incidence. Suffoletto et al
studied 64 patients undergoing CRT.>* Speckle tracking applied to
routine midventricular short-axis images determines radial strain from
multiple points averaged to 6 standard segments (Figure 8). Baseline
speckle-tracking radial dyssynchrony (defined as a time difference in
peak septal to posterior wall strain = 130 milliseconds) predicted a
significant increase in LV EF, with 89% sensitivity and 83% specific-
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ity, in 50 patients followed up for 8 = 5 months after CRT. An
interesting subset of patients who did not have dyssynchrony by
longitudinal TD velocities had a favorable response to CRT predicted
by speckle-tracking radial dyssynchrony. These data suggest the
additive value of assessing dyssynchrony from short-axis planes in
addition to long-axis planes. A recent study of 176 patients combined
longitudinal DTI velocity data with radial speckle-tracking strain data
and found patients who had both positive longitudinal and radial
dyssynchrony patterns had a high incidence of improvement in EF
after CRT,>® whereas patients with neither longitudinal nor radial
dyssynchrony had a low incidence of EF improvement. Patients
with heterogeneous patterns of dyssynchrony had intermediate
responses. These data suggest that combining dyssynchrony data
may be of additive value.>®

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

LV dyssynchrony in reality is a 3-dimensional phenomenon. Three-
dimensional echocardiography provides a unique and powerful tool
for the evaluation of LV dyssynchrony.®® The advantage of real-time
3-dimensional echocardiography is that it allows for a comparison of
synchrony between of the segments of the LV together in the same
cardiac cycle (Figure 9). Regional wall-motion patterns can be visual-
ized and quantified after segmentation of the LV chamber with
semiautomatic contour tracing algorithms. Preliminary reports sug-
gest that this approach enables a comprehensive analysis of LV wall
motion before and during CRT with a direct comparison of endocar-
dial wall motion between all LV segments. Kapetanakis et al calcu-
lated a systolic dyssynchrony index from the dispersion of time to
minimum regional volume for all 16 LV segments and found this to
be predictive of reverse remodeling after CRT in 26 patients.®' This
approach has the potential for a more comprehensive analysis of LV
dyssynchrony.®> However, disadvantages include lower spatial and
temporal resolution, with frame rates for 3-dimensional wide-sector
image acquisition at approximately 20 to 30 frames/s.

INTERVENTRICULAR DYSSYNCHRONY

Interventricular dyssynchrony, principally assessed as the interventric-
ular mechanical delay (IVMD), is defined as the time difference
between RV to LV ejection. This is determined as the time from the
onset of the QRS to the onset of LV ejection versus RV ejection,
usually measured as the onset of pulsed Doppler flow velocities in the
LV and RV outflow tracts, respectively (Figure 10).°>°> IVMD has
been identified as a predictor of worsening symptom status and
cardiac mortality in patients with heart failure, and has been shown to
be of prognostic value in patients with CRT (usually >40-50 milli-
seconds).®®> Although IVMD is simple, reproducible, and possible
with routine equipment,'® it appears to be a nonspecific predictor of
response to CRT. Bax et al demonstrated that [VMD was similar in 59
responders and 21 nonresponders to CRT: 47 + 34 vs 49 = 29
milliseconds, respectively (P = not significant).'® Achilli et al reported
results of the SCART study of 133 patients, where a positive response
to CRT was predicted by IVMD longer than 44 milliseconds with a
sensitivity of 66% and a specificity of 55%.° Richardson et al also
showed that an IVMD longer than 50 milliseconds added prognostic
information to patients undergoing CRT as part of the CARE-HF trial
analysis.°> The PROSPECT trial recently demonstrated that [VMD
and other simple pulsed Doppler measures of dyssynchrony, such as
the pre-ejection delay and the LV filling time to cardiac cycle length
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ratio, had the advantage of a high yield and high reproducibility in a
multicenter setting.'® However, most evidence suggests that interven-
tricular dyssynchrony is not as useful in the prediction of response to
CRT as LV intraventricular dyssynchrony, when a technically ade-
quate study is possible. Comparisons of current principal measures of
dyssynchrony appear in Table 2.

OTHER APPROACHES TO ASSESS DYSSYNCHRONY

Breithardt et al reported phase analysis using a semiautomatic
method for endocardial border delineation.°® The degree of LV
dyssynchrony was quantified in 2D echocardiographic sequences
from the apical 4-chamber view, focusing on the septal-lateral rela-
tionships. Computer-generated regional wall movement curves were
compared by a mathematic phase analysis, based on Fourier trans-
formation. The resulting septal-lateral phase angle difference is a
quantitative measure for intraventricular dyssynchrony. Another
method to determine dyssynchrony using conventional 2D echocar-
diography is velocity vector imaging. This method uses a series of
unique B-mode pixel tracking algorithms to calculate regional myo-
cardial velocities toward an operator-selected point of reference
(Figure 11). A pilot study by Cannesson et al examined 23 patients
with heart failure undergoing CRT using digital cineloops from
standard apical views, with the user tracing the mid-LV wall from a
single frame.®” Dyssynchrony, defined as the greatest opposing wall
peak longitudinal systolic velocity delay among the 3 views greater
than or equal to 75 milliseconds, predicted EF response with 85%
sensitivity and 80% specificity when patients were followed 8 + 5
months after CRT.

EFFECTS ON LV REVERSE REMODELING AND MR

LV remodeling is a dynamic process characterized by progressive
chamber dilatation, distortion of cavity shape, disruption of the mitral
valve geometry with MR, and deterioration in contractile function
that culminates in heart failure.°®°® LV remodeling may be triggered
by pressure or volume overload or loss of contracting myocytes from
ischemic injury, or may be genetically programmed.”® Although
precise mechanisms and intracellular signaling pathways for LV
remodeling are unknown, neurohormones and local trophic factors
modulate the dynamic balance between distending forces that favor
dilatation and the restraining forces imposed by the extracellular
collagen matrix that may affect gene expression of myocyte func-
tion.>> CRT often results in reverse remodeling where LV size and
function progressively improve over time. This is a CRT-dependent,
dynamic process where subsequent cessation of CRT results in
progressive deterioration in LV function toward baseline values.'*
The extent of LV reverse remodeling varied according to cause of
heart failure in the MIRACLE and other trials. Reduction in volume
and severity of MR and the increase in EF were consistently 2- to
3-fold greater in nonischemic patients than in patients with isch-
emic heart failure in spite of significantly larger baseline volumes
and lower EFs.°® In an important study of 141 patients who
received CRT, those who decreased LV end-systolic volume by at
least 10% at 3 to 6 months had a more favorable long-term clinical
outcome, including lower all-cause mortality (7% vs 3 1%), cardio-
vascular mortality (2% vs 24%), and heart failure events (12% vs
33%; all P < .005).°%7!

CRT can reduce MR by improved temporal coordination of
mechanical activation of the papillary muscles acutely and later
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Figure 9 Three-dimensional echocardiographic assessment of segmental volume displacement in patient with normal synchrony
(A) and with significant dyssynchrony (B).
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Figure 10 Pulsed Doppler from right ventricular outflow tract and left ventricular (LV) outflow tract demonstrating significant delay

in LV ejection (>40 milliseconds).

improvements in LV size and geometry from reverse remodeling®®
(Figure 12). Breithardt et al used the proximal isovelocity surface area
method during both pacing-off and CRT in the first week after CRT
to report a significantly reduced regurgitant volume from 32 = 19 to
19 = 9 mL, and effective regurgitant orifice area from 25 = 19 to
13 + 8 mm?, with CRT.8 An important factor for acute reduction of
MR after CRT appears to be improvement in the coordination of
papillary muscle forces on the mitral chordae that increase the area of
mitral leaflet coaptation. Kanzaki et al associated reductions in MR
after CRT with acute improvements in the timing of mechanical
activation of the papillary muscle sites, using mechanical strain acti-
vation mapping.2®

PACING LEAD PLACEMENT

Several studies have suggested a potential role for echocardiographic
Doppler methods to direct LV lead placement through identification
of the anatomic site of latest mechanical activation. Ansalone et al
were among the first to show that LV lead placement concordant
with the site of latest velocity activation by TD was associated with a
more favorable response to CRT.2° They observed that the inferior or
posterolateral wall was the location of latest mechanical activation in
75% of cases. Murphy et al demonstrated that the color-coded
time-to-peak velocities approach described above could identify the

site of latest systolic velocity and that lead placement at this site was
associated with the greatest clinical and hemodynamic benefit of
CRT.”2 There was a graduated response, such that LV pacing at a site
one segment away from maximal delay was associated with a modest
but more limited benefit, and patients paced at greater than one
segment remote from the area of maximal delay had no significant
reverse remodeling after a mean follow-up of more than 6 months.
Suffoletto et al®* utilized 2D speckle tracking to analyze LV radial
strain to identify the site of latest mechanical activation before CRT
and also observed that the patients with concordant LV lead place-
ment had more favorable reverse remodeling. They found that 22
patients who had LV lead placement concordant with the site of
latest activation had slightly greater improvements in LV EF (10 =
59%), as compared with 24 patients who had discordant lead position
(6 = 5%; P < .05). Although these studies are encouraging, prospec-
tive studies will be needed to determine definitively the role of
echocardiography in guiding LV lead placement.

RATIONALE FOR AV DELAY OPTIMIZATION

Because the ventricles are paced in CRT, the AV delay needs to be
programmed. The optimal programmed AV delay for an electronic
pacemaker has been defined as the AV delay that allows completion
of the atrial contribution to diastolic filling resulting in most favorable
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Table 2 Principal dyssynchrony indices associated with response to cardiac resynchronization therapy

Index Method Normal Cutoff Advantages Disadvantages
Intraventricular longitudinal
dyssynchrony
Opposing wall delay, two Color tissue Doppler <50 ms =65 ms  Rapidly applied; offline Requires color TD equipment;
sites12:15:38 peak velocity analysis is possible affected by passive motion
(apical 4-chamber tethering
or long-axis views)
Maximum wall delay, 12 Color tissue Doppler <90ms =100 ms More complete Requires color TD equipment;
sites*347 peak velocity detection of affected by passive motion
(apical 4-chamber, longitudinal tethering
2-chamber, and dyssynchrony; offline
long-axis views) analysis is possible
Yu index#31:43 Color tissue Doppler, <30 ms =33 ms More complete Requires color TD equipment;
12-segment SD detection of more time-consuming;
(apical 4-chamber, longitudinal affected by passive motion
2-chamber, and dyssynchrony; offline tethering
long-axis views) analysis is possible
Delay in onset of systolic Pulsed tissue Doppler <80ms =100ms  More widely available Acquisition technically
velocity®? (apical 4-chamber, difficult; offline analysis is
2-chamber, and not possible; affected by
long-axis views; LV passive motion tethering
and RV)
Delayed longitudinal Color tissue Doppler- None N/A Less affected by passive  Requires specialized color TD
contraction*'+42 strain-strain rate motion or tethering; equipment; technically
(apical views) offline analysis is demanding
possible
Intraventricular radial
dyssynchrony
Septal to posterior wall M-mode (parasternal <60ms =130ms  Widely available; rapidly Largely affected by passive
delay®*35 mid-LV view) applied; no advanced motion or tethering;
technical requirements difficulties with segmental
akinesis
Septal to posterior wall Radial strain <40ms =130ms Less affected by passive  Requires specialized
delay®*5” (parasternal mid-LV motion or tethering; instrumentation for
view) speckle tracking may analysis; assesses only
be applied to routine radial dynamics
images
Interventricular dyssynchrony
Interventricular mechanical Routine pulsed <20 ms =40 ms  Widely available; no Nonspecific; affected by LV
delay®264 Doppler (RVOT and advanced technical and RV function
LVOT views) requirements; highly

reproducible

LV, Left ventricular; N/A, not applicable; OT, outflow tract; RV, right ventricular; TD, tissue Doppler.

preload before ventricular contraction.”> An AV delay programmed
too short will result in absence or interruption of the atrial component
(mitral A wave) by the premature ventricular contraction and closure
of the mitral valve. An AV delay programmed too long can result in
suboptimal LV preload or diastolic MR, or may even allow native LV
conduction, which defeats the purpose of CRT.

Although the importance of AV synchrony is unquestioned, the
need for routine echocardiographic Doppler AV timing optimization
in all patients with CRT is controversial because an ideal approach has
not yet been defined and there are often logistic challenges coordi-
nating the echocardiography laboratory with electrophysiology tech-
nical staff for device programming. Auricchio et al concluded that
although AV delay often positively impacts hemodynamics, LV
resynchronization of intraventricular dyssynchrony is more impor-
tant.”* Many centers currently use empiric out-of-the-box AV delay
device settings of approximately 100 to 130 milliseconds for CRT.
Other centers rely on AV delay optimization algorithms based on

ECG data to approximate the optimal AV delay optimal as [PR (ms) X
0.50], if QRS > 150 ms or [PR (ms) X 0.70], if QRS < 150 ms.”®
Sawhney et al recently conducted a prospective randomized trial of
40 patients comparing aortic Doppler optimized AV intervals to a
fixed AV interval of 120 milliseconds after CRT.”® AV optimized
patients exhibited improved NYHA class and quality of life, but no
significant improvement in 6-minute walk distance or EF at 3 months
postimplant. A larger report of 215 patients undergoing Doppler-
guided AV optimization found small differences between the base-
line and post-AV optimization average AV delay (120 vs 135 milli-
seconds, respectively).”” Furthermore, AV optimization enhanced
LV hemodynamics in only a minority of patients with CRT, suggest-
ing that a significant percentage of patients do not need to undergo
formal AV optimization. Patients with intra-atrial conduction delay at
baseline appeared to benefit greatest by prolonging the AV delays
(150-250 milliseconds) during AV optimization (Figure 13).”” These
patients were identified by complete loss of the mitral inflow A wave
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Figure 11 Velocity vector images demonstrating synchrony of velocity convergence toward center of left ventricle in healthy
individual (A) and severe septal-lateral wall dyssynchrony in patient with heart failure and left bundle branch block (LBBB) referred

for resynchronization therapy (B).

with an empiric setting that was too short. Although a recommenda-
tion for routine care has not been established, the following section
provides guidelines for AV optimization after CRT.

RITTER AND ITERATIVE METHODS FOR AV DELAY
OPTIMIZATION

Pulsed Doppler interrogation of mitral inflow to assess LV filling, and
either pulsed Doppler or continuous wave Doppler sampling of the

LV outflow tract to assess LV ejection, are utilized for the Ritter and
iterative AV optimization protocols.”®”° The method of Ritter et al
attempted to optimally synchronize the termination of atrial contrac-
tion with the onset of ventricular systole.”® This method requires
programming the AV delay to a short (50 milliseconds) and then a
long (200 or 250 milliseconds) interval while testing their impact on
end-diastolic filling. The AV delay is then determined by correcting
the long AV delay by the time shift from short and long Doppler
tracings. The iterative method is simpler and begins by programming
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Figure 12 Parasternal long-axis view demonstrating reduction in mitral regurgitation in patient from before (A) to day after (B)
resynchronization therapy.

the CRT device in atrial synchronous V pacing mode testing a series
of AV intervals sequentially. This usually begins with an AV delay of
200 milliseconds, then decreases in increments of 20-millisecond
intervals to a minimum AV delay as short as 60 milliseconds. The
minimal AV delay that allows for adequate E and A wave separation
and termination of the A wave at approximately 40 to 60 millisec-
onds before the onset of the QRS would be considered the optimal
AV delay, and usually corresponds with a stage [ diastolic filling
pattern.3% Technical features include positioning the pulsed wave
sample volume deeper toward the left atrium (as opposed to the
standard position at the mitral leaflet tips) to optimize detection of the
mitral valve closure click, preparing settings of high sweep speeds and
low filters, and inputting the ECG signal from the device directly to
the ultrasound system, if possible. A variation on the iterative method
for AV optimization uses transaortic Doppler velocities as a surrogate
for stroke volume. The optimal sensed and paced AV delay is
determined by the maximum aortic time-velocity integral value at 6
selected paced and sensed AV delays. A typical protocol will include
measurements at AV delays of 60, 80, 100, 120, 140, and 160
milliseconds, with each paced and sensed AV delay setting separated
by a rest period of at least 10 to 15 beats.

SIMPLIFIED DOPPLER SCREENING FOR AV
OPTIMIZATION

A simplified Doppler screening protocol after CRT implan-
tation is proposed using pulsed Doppler mitral inflow,
because no consensus currently exists for the routine per-
formance of AV optimization after CRT’”3! (Figure 14).

Step 1: Optimize the ECG signal, including inverting the QRS
complex if necessary.

Step 2: Optimize pulsed Doppler mitral inflow velocity using high
sweep speeds, low filters, and the sample volume set at mitral annular
level to determine closure clicks.
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Step 3: Examine mitral inflow pattern. No AV optimization pro-
tocol is required if:

a. E and A waves are clearly identified and separated.
and

b. Termination of the A wave occurs at least 40 milliseconds before QRS
onset or mitral valve closure click.

Note that the mitral valve closure click should be aligned with the
QRS complex as a surrogate for the beginning of LV systole. A
pattern consistent with stage I diastolic filling (E wave lower than A
wave) has not been shown to be improved on by AV alterations after
CRT, and it is suggested by Kedia et al that formal AV optimization is
not required in these patients.”” AV optimization is recommended if
any of the following are observed: A wave is not identified, E and A
waves are merged, or A wave is truncated by mitral closure. AV
optimization should be considered if stage Il (pseudonormal) or stage
Il (restrictive) diastolic dysfunction is noted.””® An absent A wave
may be associated with intra-atrial conduction delay and often re-
quires a longer AV pacing delay. On the other hand, E and A waves
merge when the AV pacing delay is set too long. A truncated A wave
requires lengthening of the AV delay. For these scenarios, either the
iterative or Ritter methods described in detail above may be per-
formed depending on the preference. Patients in atrial fibrillation or
with frequent ventricular ectopy or tachycardia would not be appro-
priate candidates for AV optimization. Patients with mitral prosthetic
valves may also be problematic.

BIVENTRICULAR (V-V) OPTIMIZATION

The recent generation of CRT devices allows for optimization of
interventricular delays (V-V delays).82-8° The first evidence of benefit
from V-V optimization was reported by Sogaard et al.®” The CRT
settings were further optimized by V-V timing in 20 patients, resulting
in an additional increase in LV EF (from 22 * 6% at baseline to 30 =
5% after CRT to 34 = 6% after V-V optimization, P < .01). In
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Figure 13 Atrioventricular optimization using mitral inflow velocities in patient with intra-atrial conduction delay. Default setting of
110 milliseconds resulted in loss of mitral inflow A wave (top). Delays of 280 milliseconds (middle) and 230 milliseconds (bottom)
improved filling with contribution of atrial component. Alignment of mitral closure click with end of A wave was believed to be
optimal with 230-millisecond delay.
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Simplified AV Delay Screening

1 ) % ()

Satisfactory AV Delay

1. E and A Waves Separated

2. Termination of A after QRS onset or
Mitral Closure Click Aligned With End of A
and QRS Complex.

Truncated A Wave Merged E and A

AV Much Too Short AV Too Short AV Too Long
AV Optimization

Figure 14 Simplified atrioventricular (AV) delay screening using mitral inflow Doppler velocities. Sample volume is placed within
mitral valve to see closure click. AV optimization may not be necessary if E and A waves are separated, and termination of A wave
is before QRS onset or mitral closure click aligned with end of A and QRS complex (usually type | diastolic dysfunction with E lower
than A) (top). AV optimization is indicated if A wave is truncated, E and A waves are merged, or A wave is absent (bottom).
Optimization may be considered if stage Il (pseudonormal) or stage Il (restrictive) diastolic filling patterns are present.
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addition, Bordachar et al demonstrated that V-V optimization re-
sulted in a significant reduction in MR.3%8° V-V optimization is
generally performed by changing the V-V sequence, starting with the
LV being activated before the RV, and then stepwise lengthening or
shortening of the V-V interval (eg, with intervals of 20 milliseconds)
and measuring the highest aortic time-velocity integral. Current
studies have shown that subsets of patients do acutely benefit from
V-V optimization, but long-term benefit has yet to be determined.

DYSSYNCHRONY IN THE NARROW QRS PATIENT
POPULATION

Mechanical dyssynchrony may exist in a subset of patients with
heart failure who have narrow QRS duration (<120 milliseconds).
If CRT can be shown to be of benefit to these patients, the
application of echocardiographic assessment of dyssynchrony
is potentially of great importance for patient selection for
therapy.>92!-* Bleeker et al showed CRT to benefit 33 patients
with NYHA class IlI/VI heart failure and EF less than or equal to
35%, but QRS less than 120 milliseconds, who had mechanical
dyssynchrony defined as a septal-to-lateral wall time-to-peak sys-
tolic velocity delay of greater than or equal to 65 milliseconds by
TD.? In a separate study, Yu et al reported results on 51 patients
with heart failure with narrow QRS (<120 milliseconds) who had
CRT based on TD measures of dyssynchrony. CRT resulted in
significant reductions of LV end-systolic volume, and improve-
ment of NYHA class, 6-minute hall-walk distance, and EF, similar
to patients with wide QRS who underwent CRT.°! The first
randomized trial of CRT in patients with heart failure with narrow
QRS complexes (<130 milliseconds), known as the RethinQ trial,
was recently published by Beshai et al.®? Dyssynchrony was
defined as a TD septal-to-lateral wall cutoff of greater than or
equal to 65 milliseconds from either apical 4-chamber views or
apical long-axis views, or M-mode septal to posterior wall delay
greater than or equal to 130 milliseconds. All patients who met
inclusion criteria (96% by TD) had CRT devices implanted, and
172 were randomized to either CRT-off as a control or CRT-on.
This trial failed to show a therapeutic effect of CRT on the primary
end point of peak myocardial oxygen consumption. Although a
positive effect of CRT was observed on the secondary end point of
improvement in NYHA functional class, other parameters includ-
ing quality-of-life score, 6-minute walk test, and LV reverse remod-
eling did not change. Benefit of CRT on 6-minute walk distance,
however, was demonstrated in patients with nonischemic disease.
A prespecified subgroup analysis of patients with borderline QRS
duration between 120 and 130 milliseconds and dyssynchrony
showed benefit of CRT by significantly improving their peak
myocardial oxygen consumption and NYHA functional class.®? In
summary, the RethinQ randomized trial concluded as mostly
negative, however, many unanswered questions remain. It is
unclear whether the type or degree of dyssynchrony may be
refined in this narrow QRS population to predict response to CRT,
or whether other patient selection factors may impact results.
Clearly, future larger randomized clinical trials are required to
determine the role of CRT in patients with narrow QRS, and the
potential pivotal role that echocardiographic Doppler will play in
their selection for therapy.
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APPLICATION OF DYSSYNCHRONY ANALYSIS IN
CLINICAL PRACTICE AND REPORTING

Although a number of echocardiographic dyssynchrony methods
discussed have suggested superiority to ECG QRS width for predict-
ing response to CRT, evidence from large-scale clinical trials and
current practice guidelines do not include an echocardiographic
Doppler dyssynchrony study for patient selection.'®> Accordingly,
this writing group currently does not recommend that
patients who meet accepted criteria for CRT should have
therapy withheld because of results of an echocardio-
graphic Doppler dyssynchrony study.'?

We acknowledge that many centers are currently applying these
analyses as an adjunct to assist with clinical decision making for CRT
for selected patients who may have borderline inclusion criteria, such
as a borderline QRS duration. Although limited data are available
from clinical trials, enrollment in the CARE-HF randomized CRT trial
required patients with borderline QRS duration between 120 and
149 milliseconds to meet two of 3 additional criteria for dyssyn-
chrony: an aortic pre-ejection delay longer than 140 milliseconds, an
IVMD longer than 40 milliseconds, or delayed activation of the
posterolateral LV wall.® In addition, the subgroup analysis of patients
with QRS 120 to 129 milliseconds and evidence of mechanical
dyssynchrony in RethinQ demonstrated benefit from CRT.?? Other
possible clinical settings where dyssynchrony analysis may potentially
play a role is in patients with borderline EF or ambiguous clinical
histories for NYHA functional class. If there is a clinical request for a
dyssynchrony echocardiogram for these or other scenarios, it is the
consensus of this group that it is reasonable for the following dyssyn-
chrony measures to be performed and reported.

TD Opposing Wall Delay (the Maximum Time from S Wave
Peak of One Wall to the S Wave Peak of the Opposing Wall)
in Apical 4-chamber or Apical Long-axis Views

A cutoff of greater than or equal to 65 milliseconds is consistent with
significant dyssynchrony, or Yu index (12-site SD) using longitudinal
TD velocities from 3 standard apical views. A cutoff of greater than or
equal to 33 milliseconds is consistent with significant dyssynchrony.

IVMD Using Pulsed Doppler from RV Outflow Tracts and LV
Outflow Tracts

A cutoff of greater than or equal to 40 milliseconds is consistent with
significant dyssynchrony.

Radial Dynamics, Which May be Additive Value, Include
Septal-to-Posterior Wall Delay Using M-Mode in Patients
With Non-Ischemic Disease With Technically High Quality
Data, Or Using Speckle Tracking Radial Strain

A cutoff of greater than or equal to 130 milliseconds is consistent
with significant dyssynchrony.

Other indices that appear in Table 2 may be included, if desired by
individual laboratories. A conservative approach to carefully exclude
mechanical dyssynchrony is advised, because an optimal approach
has not yet been clearly defined. Agreement with more than one of
these measures improves the confidence in the dyssynchrony analy-
sis,”” although a precise scheme to their collective additive value is
currently unknown. We advise that the dyssynchrony report-
ing should not include a recommendation whether a pa-
tient should undergo CRT, as this should be a clinical
decision on a case-by-case basis for these borderline or
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challenging cases. Many other methods described in this report are
promising, but may currently be too technically challenging or under-
developed.

Echocardiography plays an exciting and evolving role in the care of
the patient with CRT, from quantifying improvements in ventricular
function and MR to optimizing the device after implantation. Al-
though a great deal of work has been done to quantify mechanical
dyssynchrony in hopes of refining patient selection and guiding lead
placement, this is a complex and challenging field with future work
needed and several promising studies ongoing. Technologic improve-
ments in echocardiographic data acquisition and analysis as well as
advances in our understanding of the pathophysiology of dyssyn-
chrony and CRT have great potential to impact future clinical practice
and improve patient outcome.

The Dyssynchrony Writing Group is indebted to Ashley Prather
and the American Society of Echocardiography staff for administra-
tive and organizational assistance.
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