creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

S shuA B9l g

AAVANZ EB 522 B
B2 AN B3t gEY A

Dyssynchrony ¢} A< HEA 7}

20163 8¥

ALdsta g
&t solust WE

HEA



FARANE EG SE2 B
234 AoloA Rk o2y A4

Dyssynchrony} A< HEA 7}

20163 4¥

AEtstn ggd
o5t} aojoet AE
454

AR YA FAEES AEF

20163 62
9 #F (€Y
29 9F (€Y
4 ul (€Y
4 ul (€Y

f
e
o




Load-Dependent Mechanical
Dyssynchrony and Myocardial
Deformation of Left Ventricle in
Asymptomatic Adult Fontan Patients
with Tricuspid Atresia

by

Bo Sang Kwon

A thesis submitted to the Department of Pediatrics in
partial fulfillment of the requirements for the Degree of
Doctor of Philosophy in Medicine (Pediatrics) at Seoul

National University College of Medicine

June 2016

Approved by Thesis Committee:

Professor Chairman
Professor Vice chairman
Professor

Professor

Professor




oh ER el weh P 0 ek 20e) Ued AU W
e

2949 FAF A A ¥lE8 (left ventricular ejection fraction >

509%) % 7 Al 19 AR B9 2199 34 2T

jus)

I A4S A F A AFEST G AR Fol
FH3aE F7HA1717] 1@l isometric hand grip test IHGT) & Al
Pargonl, Aratel WMaE 1] A9 nitroglycerin HFIL T
oFstgith. 7 Agvit AgEgs @S Agsigen, 534
strain, arterial— ventricular coupling, 4% dyssynchrony
index, #A4 torsiong FAsIITE AHEA AEZ B-type

natriuretic peptide (BNP) 2} soluble ST2E =4 s} t}.

Soluble ST2 ¥+ a3 x4 zkol7F gllen (35.8 +
9.8 ng/mL vs. 29.8 + 10.3 ng/mL; P = 0.115), BNP+ 3z}7-of| A
Z7t5 0] 9t (58.0 + 74.2 pg/mL vs. 15.8 = 3.1 pg/mL; P =

0.005). &g Alell Adadssy el G el vl o] ¢k

HqE gk
¥ | I



71'% sphericity indexyv= 5715 ] e (0.74 £ 0.13 vs. 0.49
+ 0.05; P < 0.001), #4A longitudinal straine A% AT (—
16.7 £ 2.3% vs. =20.1 £ 2.0%; P < 0.001). 42 Tei index &
A 2ol el ¥ ke (0.50 £ 0.17 vs. 0.32 +
0.08; P< 0.0001), arterial—ventricular coupling $FAptol| A =
7hE o] ATk (0.72 £ 0.41 vs. 0.52 + 0.15; P = 0.023). FA4
dyssynchrony o4& &<Qlst7] Sl Ad T3P A (mid—
ventricular level) o4l  anteroseptal segment?} posterior
segmento| 4] peak radial strain®] °]|2% A7t zpo] (LVdys—2;
ms) 9}, 6 segmentso|A] peak radial strain®] ©]Z+ A7t x}O]
(LVdys=6; ms)E S om, o= fArolM thxztel vls)
Z7h= o Atk (32.4 + 73.4 ms vs. 3.8 + 10.3 ms; P = 0.047),
(62.3+88.9 ms vs. 7.0 £ 13.7 ms; P = 0.003). #AA] torsion
& el gml le Apolvh wE HATE /B Al Skxpoll A
Zrel vl #4114 torsion (12.6 + 7.9° vs. 19.2 + 8.6% P =
0.007), basal rotation (=1.1 + 2.4° vs. —4.4 + 1.7° P < 0.001),
twist rate (50.9 £ 27.0°/s vs. 87.8 £ 31.3°/s; P < 0.001), untwist
rate (51.2 +£ 28.7°/s vs. 75.4 + 28.9°/s; P = 0.005), torsional
rate (76.0 £ 36.9°/s vs. 123.5 + 39.6°/s; P < 0.001)¢] ®F A
o] AT

IHGT®} nitroglycerin 90 - ztz}e] wbg-of sl b
) =75 repetitive measured—ANOVA by Greenhouse—Geisser
method® W w3} S W, A longitudinal strain (group P <

0.001, within P = 0.848, interaction P = 0.045), LVdys—6
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uEbd g Fek e A AdY d2 ' @AM

71 dER A @Al HAd e T

Hrlet= AE Asto] th{Kaneko, et al. 2012}, T3 QFg A o)

AaE Agzest @A Ade: dyey FRe

wejekA Zekre Ay AgelNg AT Aug dds dusA

NEH EAAE A B—type natrituretic peptide (BNP) 842

ojml relx glont, o= Al ERE FAtelM T3] ERbH= 3

Foll, A el & AN Ao JFs worw HA

RAe BB de Adel Atk Aol dE 2zole A%

Eold ARA FAXZEA soluble ST2 (sST2)7} w1 H&3lvtx

dedA gou, Ew @A AYA #rle FE4e oA

9l A] ¢rt}{Chida, et al. 2014},{Dieplinger, et al. 2015}.
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A g A gz BF 12— lead AAEE F438+e] 120 ms
olste] A4 QRS HA2 Flsiglor, AHx+3, 7], 554,
e, ByA Arxste, Hdubeses SAseiY ) HAke
202 oY EE AHelAd Adsislor, dntdAgAa 49l
Antstel AL A8 & B-type Natriuretic peptide (Cobas 8000
c702, Roche, Almere, the Netherlands) ¢} soluble ST2
(Presage ST2 assay; Critical Diagnostics, San Diego, California,

USA)E S48tk o] A+ IRB 505 Wk

Wis)E& M5S probeE colgste] 5 Fepsjolr Aldsgint

ol AA3E  frame rate (80—100 frames/s)2} probe
frequency (1.7—3.6 MHz)dejolA HExzS535 Al8sdtt 3 A
% "hzo] t3)] cineloop format % 4S A7dstlch A4

T, Ao s, AU EE Adsty, FEddsddaEel A4
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(apical) wHel oisf Z+7
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oW 7 (posterior wall thickness), F=7|'% 4 o]y o] =}
AA (left ventricle: LV) WHS 5433 2™, biplane Simpson
method & &3 A4 ole72 &4 (end—diastolic volume:
EDV), #44A #5712 €4 (end—systolic volume: ESV), 44

ul= 8 (ejection fraction: EF)S T8ttt R 28 dF

By

T oA mitral valvular early velocity (E)$£} late diastolic inflow

velocity (A), E/A ratio, deceleration timeS =7%3sl{tt %4 =

il

2] YA (tissue spectral Doppler imaging) ¢4 sample volume

o

left—sided free wall-mitral valve annular junction®] FII,
peak myocardial velocities at systole(s), early diastole (e), late

diastole (a) =439 1L, Efe’ 32 T3FFtHLi, 2014} .

A4t s ) Adowr s AH-39 R automated  function
imaging (AFD) & %3 16 segments ©°lA<% F4A peak

longitudinal strain 9] ¥ 3k 33 th.

Nz G S obd Al (resting) #9F o}y g}, isometric
hand grip test (IHGT) A] 9 nitroglycerin ¢ $o% &

W0z A@ st

2 &4 A9 AZxS9dE AT Fol IHCTE Al
HGT = Ak =212 "gAd g7 (Jamar Plus+Digital Hand
Dynamometer, North Coast Medical, Gilroy, CA, USA)E
A&,

maximum—effort handgrip test & A]3%t $o 3 3|9 maximum
7

’;r“‘-'! ) C':l -L ]

| &]

1



grip®] HAAE Sttt 3319 Al # sl 139 A& gho]
Holgtel 25% o3 "Hojd w= 1 3 AQlstal, HAd A=
2W 9] gl A vt 51 th{Weiner, et al. 2012},

AAE maximum effort o4 743} endurance hand grip test
= 9, 39837 40% maximum effort + #-Ae] 7l maximum
fatigue® Y T Q= FA°IM, 40% °| ¢ Fdor FAT=

g s ol Ad & v dHAA 40%
7HARE Mgk ekQlth 3 i F/F AAIZTCE force generation &
ol HAFE &3 TE. Valsalva physiology & oW3}H7]

sl IHGTE 3dhe §¢ SAA A4z & AxEF

(3) [HGT 3|&57] o F7M8o=w HA 5+ F

nitroglycerine 234 (SL-NG) 0.6 mg & F93t5 o, &9t

QUES, AA AREFEE ) Behg ASHom ZPtol
%} FRE g 2

Fokol 49 WA ZHsA 3 3
Neste] HAE Yo% A%
2012}

Fol Lo #2433tk {Kim, et al.



3. Arterial—ventricular coupling

e dd SR AAxSI HAAE Ed RS
W oR #AAAL end—systolic wall stress (ESWS)E 313t}
{Chantler, 2008} . Arterial elastance (Ea), left ventricular end—
systolic  elastance (Ees), arterial—ventricular  coupling
(Ea/Ees) & v e FAow F& o (figure 2), <H3
Alell vlalA] THGT A9 Ea/Ees® ®3} 3k& arterial—ventricular
coupling reserve 12 sl o™, THGT A9 nitroglycerin 9]
Ale] Ea/Ees #}o]E arterial—ventricular coupling reserve 2 =

gsich.

@ LV  end—systolic wall stress (LV-ESWS) =
Pes[Des/{Hes/(1+Hes/Des)}](0.34)

LV-ESWS (g/cm®; Pes, LV end-systolic pressure
(mmHg) Des, LV end—systolic dimension (cm); Hes, LV wall

thickness (cm); 0.34 factor for Pes from mmHg to g/cm?

LV end—systolic pressure (Pes) = 0.9 x systolic (peak) BP=Z
sttt {Kelly et al. 1992} .
LV mass / volume ratio & T3}7] ¢33 M-mode °l|A LV

posterior wall thickness ¢} biplane Simpson method & %3t LV

EDV =74sto] vl&& skl

@ Simplified LV mass /volume ratio = LV wall thickness / LV

EDV



@ Arterial elastance (Ea) (mmHg/ml) = end—systolic pressure

/ stroke volume =systolic BP x 0.9/ (LV EDV-LV ESV)

Eas AETHAOF HASS] arterial elastance indexed to body
surface area (Eal) (mmHg/ml/m?) & YeRg 9t
Left ventricular end—systolic elastance (Ees) + End systolic

pressure /(ESV-=V0O) = 3 &4 = dl, vH54 AAFlA Ees

= ASgel 3ol VO = ESV Hls] mlwste VO 2 0° 7H7hE
Aoz kst FAE ¢ v &dE A Stk {Chantler et al.

2008} ,{Argulian, et al. 2014} ,{Briand, et al. 2005} .

@ Left ventricular end—systolic elastance (Ees) = Pes/(ESV—

VO) = SBP x 0.9 / (ESV)

AEHA O F HASFO] Left ventricular end—systolic elastance

indexed to body surface area (Eesl) (mmHg/ml/m?) & -3} t}.

® Arterial—ventricular coupling (Ea/Ees) = ESV/ (EDV—-ESV)
® Arterial—ventricular coupling reserve 1 (Ea/Ees R 1)

= Ea/Ees peak THGT - Ea/Ees baseline
LV end—systolic elastance indexed to body surface area
reserve 1 (EesI R 1)

= Eesl peak IHGT — Eesl baseline (mmHg/ml/m?)

10



(@ Arterial—ventricular coupling reserve 2 (Ea/Ees R 2)
= Ea/Ees peak IHGT - Ea/Ees NG
LV end—systolic elastance indexed to body surface area

reserve 2 (EesIR 2)
= Eesl peak THGT - EesI NG (mmHg/ml/m?)

ESP = 0.9 x Systolic BP

E. = ESP/SY

E.v = ESP/ESV-VO

EJE v = (ESP/SV)(ESP/ESV-V0)
EJE.y » ESVVOSY

EVEy = (VEF)1

SW = ESP x SV (shaded area)

PE = ESP x (ESV-VO)2 (hatched area)
PVA = SW+PE

LV Pressure

LY VYolume

Figure 1. Ventricular pressure-volume diagram from which effective
arterial elastance and left ventricular end-systolic elastance, {Chantler

et al. 2008}

4. Speckle tracking echocardiography (STE) 37}
olHAAN =T E do] AAE IAS customized software

package (EchoPac 5.0.1 for PC, GE Medical System, Milwaukee,

11
2 2] 2o 3w



segment ©°| U3} peak -circumferential strain, peak radial

straing T3t Z} levelol A9 H#3kS A4S

(1) Radial strain #k< ©]-&3sto] A A9l dyssynchrony ¢ 3
7HA] &8-S 545t @ 6 segments °)A peak radial strain
o ZdYsl= Hd AIZF Aol (LVdys—6), @ anteroseptal
segment ¢} posterior segment °|4 peak radial strain®] ©]Z+
AlZE Aol (LVdys—2) S48kt £, @ 6 segments 2| peak
radial strain ©] °]|2% 9 EFHAH(LVdys—SD)E 33t
Circumferential strain rate & &3l diastolic dyssynchrony %
T3St ©]+= early diastolic contraction®] FHujx|eo| “&3l= 6
segments & Hul AJZF Aol (diastolic LVdys—6)Z sFATH

{Stiver , et al. 2015} ,{Hsu, et al. 2013}.

(2) #HAA A torsion @t (peak LVtor)< apical rotation®]A
basal rotation 8] Z}o|& 3t o= F212 23 2o} (figure

3) {Park, et al. 2008} .
@D Peak LVtor (degree)= apical LV rotation — basal LV rotation,

@ Twist rate = (peak LVtor—peak negative LVtor in early
systole)/(time difference between peak LVtor and peak

negative LVtor in early systole),
@ Untwist rate =(peak Lvtor— Tor_MVO)/time difference

12
&

| &1

1V



between peak LVtor and MVO),

@ Tor_MVO = torsion at mitral valve opening,

(®apex—to—basal rotation delay = time interval between peak

apical rotation and peak basal rotation

Figure 2. Left ventricular torsion, twist rate and untwist rate. Twist rate
= (peak left ventricular torsion - peak negative left ventricular torsion in
early systole)/(time difference between peak left ventricular torsion and
peak negative left ventricular torsion in early systole), Untwist rate
=(peak left ventricular torsion — Torsion at mitral valve opening)/time
difference between peak left ventricular torsion and mitral valve

opening), AVC; aortic valve closure, MVO; mitral valve opening

(3) Torsional rate (degree/sec)+ apical rotational rate — basal

rotational rate x}o]=2 -3} T} Peak torsional rate & +%7]9]

13



torsional rate WO ZE peak diastolic untwisting velocity &
o]t7] %719 torsional rate HA O ZE A3t Z4Zto) o2&
A 7S systolic duration & 100% = Hi AhAC 9=

EAA T (figure 4).

200, 400 il
. Systolic duration

Figure 3. Left ventricular torsional rate, peak torsional rate and peak

diastolic untwist velocity.

14
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il

&
xrs 53 t-testE Fal HlwEAo Al HA] wE
Zde] W& AL WM ZES repetitive measured—analysis of
variance (RM—ANOVA) by Greenhouse—Geisser method &
%3l between group, within the group, interaction®l] thall =A|el
Jwakith Aol A xS 54 Wl wE A%

VS|
~

jusl

(&
B
o

e

o thell A3 BWAS Pearson's correlation & 3

ol
38

o

ot BEE YoM E= FY F52 p—value <0.05 = &S

!
AL 7)1E9 B4 T Z 73 (SPSS version 15.0, SPSS Inc.

of
2

Chicago, IL, USA and MedCalc version 16.4.3, MedCalc

software, Ostend, Belgium) < AF&3}3it}.
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SEEE

Ee o T =7 #AFZ 7)7Ee 222 £ 3.9 dolglth [HGT ¥

nitroglycerin A3hg Fosk= H3F HAR= 129WY )

s

=t 21 Wl Aldsiiv. HAF didAEe] 54 %
ok vk (table 1, 2). @&, dH QA FHE
AT 2ol A ZpolE BT 1 2 FHo o2 gk
tzaell Al Zpol= §llth 3 e #AE AlSlsta, 2699
ghatoll A FgaA Ees FIAAAE 2SS HEsta
AATH (table 3). Soluble ST2 = FHApellA dfzwy} o]z}
fARey, BNP = skaprolx  F7heo] Qlllv  (figure 5).
Subgroup analysis °|4] BNP+= atripulmonary connection & El|%

=8 rad SRR =3k (table 4).

rd
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Table 1. Baseline data of the subjects

Control
Patients (N=29) (N=21) p-value

Age (year) 25.0+6.0 28.7+7.4 0.062
Age at op (year) 3.5+2.9(0.8-8.8)
Follow-up (year) 22.2+3.9 (15.5-28.7)
Male: Female 16:13 8:13 0.241
Weight (kg) 59.1 £10.1 63.0 £ 14.1 0.283
Height (cm) 164.8 £9.9 167.4+7.8 0.321
Body surface area 1.6+0.2 1.7+£0.2 0.236
QRS duration (ms) 105 £22 93+9 0.016
Data are expressed as mean + SD. Op, operation
Table 2. Laboratory data

Patients (N=29) Control (N=21) p-value
WBC (/mm’) 5872+ 1,690  6,347+2,115 0305
Platelet (x 1000/mm®) 173 + 52 263 + 73 <0.001
Uric acid (mg/dL) 6.6+ 1.5 51+1.5 0.001
BNP (pg/dL) 58.0+74.2 15.8+3.1

(<10~33)5) (<10~19) 0.005
Soluble ST2 (ng/mL) 35.8+9.8 29.8+10.3

(19.9~56.9) (18.4~58.4) 0.115
T. bilirubin (mg/dL) 1.6+ 1.1 0.7+0.2 <0.001
AST (IU/L) 24+7 217 0.102
ALT (IU/L) 22+7 17+11 0.077
VO2 max (ml/kg/min) 279 + 6.5
VE/VCO?2 slope 36.0+5.9
1 s Max of IHGT (Ibs) 51.5+17.7 59.9+18.3 0.210

Data are expressed as mean + SD. BNP, B-type natriuretic peptide; T.,
total; AST, aspartate aminotransferase; ALT, Alanine transaminase;
VO2 max, the maximum rate of oxygen consumption; VE/VCO?2 slope,

the minute ventilation/carbon dioxide production slope; Max,
maximum effort; IHGT, isometric hand grip test; Ibs, pounds

17



Table 3. Current medications of patients with tricuspid atresia

No medication 3 (10%)
Warfarin 10 (34%)
Aspirin 16 (55%)
Digoxin 13 (45%)
Carvedilol 11 (38%)
Sotalol 5 (17%)
Atenolol 2 (7%)
Enalapril 11 (38%)
Losartan 3 (10%)
Spironolactone 3 (10%)

18



Table 4. Comparisons among the types of Fontan procedure

Atriopulmonary connection (N=5)

Lateral tunnel (N=14)

Extracardiac conduit (N=10) p-value

Age (year) 25.4+438 209+2.0 30,6 +5.4 <0.001
Male: Female 3:2 9:5 4:6 0.514
BNP (pg/ml) 181.5+114.7 19.7+8.8 49.8 +32.8 <0.001
Sphericity index 0.77 £0.09 0.70 £ 0.13 0.79£0.13 0.222
LV EF (%) 59.0+8.9 62.5+6.1 63.8 +10.2 0.566
Indexed LVIDd (mm/m®) 30.0+£4.1 30.0+4.0 33.1+7.3 0.348
LV longitudinal strain (%) -15.5+24 -16.8 £2.3 -17.1+2.4 0.451
peak LV torsion (°) 13.4£8.5 11.4+9.1 13.8+£6.2 0.759
peak LV torsional rate (°/sec) 79.6 +40.3 68.1 +37.0 85.3+36.5 0.533
LV apical rotational rate (°/sec)  62.5+33.0 62.0+35.3 84.6 £35.3 0.276
LVdys-6 (ms) 91.8+£18.5 104.6 £33.6 103.6 + 39.1 0.758
VO2 max (ml/kg/min) 27.7+8.8 30.6 £4.9 23.5+£59 0.042
LV Tei index 0.63 £0.22 0.46 +0.13 0.47+£0.18 0.140

Data are expressed as mean = SD. BNP, B-type natriuretic peptide; sphericity index, diastolic sphericity index; LV, left ventricular; EF, ejection fraction; LVIDd, diastolic left
ventricular internal dimension; LV dys-6, the maximal time delay measured between the first and last segments to reach the peak radial strain at the mid-ventricular level;
VO2 max, the maximum rate of oxygen consumption

1]
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Figure 4. Comparisons for B-type natriuretic peptide and soluble ST2.
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g Alel HvlE] IHGTE APsds W F5718 5
Bor (99 £ 11 (79—114) mmHg vs. 105 £ 10 (87—124)
mmHg; P < 0.001), nitroglycerin 238 Fo Alol+= & A4A7}
AATE (99 £ 11 (79—114) mmHg vs. 85 £ 9 (70-107) mmHg;
P < 0.001). &= dolM= Ao ALzt tixdo] vlE]
worom (92+3% vs. 98+1%; P < 0.001), IHGT A& Al
A A AALE3EE WE7F 9 oW, nitroglycerin AdHY Fo
Aol A4 AArEsE Frbske AES Btk A7 848
Aol A =gt (47 £ 6 (37-56)% vs. 41 £ 4 (36—-50)%; P
< 0.001)
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gt A o]9+7] shericity index 7F Y ¥kow, o]:=
Aol FHAAY] Bkl F o 7EE He Ae o Sl
(0.74 £ 0.13 vs. 0.49 + 0.05; P<0.001). thz ellA] vl Al
ESWS & g Aol wlal THGT Al S7ksiglow (154 £ 39
g/cm? vs. 173 * 30 g/cm? P = 0.0074), o] HAA
L2 ¢Fd  Alo] B8] nitroglycerin A3 Fo] A=
ZHaeskedeh (82 £ 20 (50-131) mL vs. 73 £ 20 (46-123) mL;
P = 0.0498). #xa HellA nvlw Al A4 Fefe] wE #srt
FRskA okgtt (168 £ 36 g/em?® vs. 161 £ 46 g/cm® P =
0.5186), (88 £ 34 (46—155) mL vs. 87 £ 27 (49—-150))mL; P
= 0.9097) (table 5, 6).
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Table 5. The changes depending on each loading condition

Baseline Isometric hand grip test Sublingual nitroglycerin
Patients Control p-value Patients Control p-value Patients Control p-value
SBP (mmHg) 111 +£12 107 £ 12 0.196 116 £8 118 £13 0.652 91+8 97 +£10 0.092
ESBP (mmHg) 100+ 10 96+ 11 0.196 104 +8 106 + 11 0.652 82+7 87+9 0.092
HR (bpm) 76 + 13 67+8 0.007 73+9 71+9 0.651 73+8 74+ 8 0.642
SpO; (%) 92+3 98 + 1 <0.001 92+2 98 + 1 <0.001 93+2 97 +1 <0.001

Sphericity index (diastole) 0.74+0.13 0.49+0.05 <0.001
Sphericity index (systole) 0.60+0.14 0.43+0.05 <0.001

LVOT VTI (cm) 19.6+£63 20627 0472 20.3+6.2 194+3.4 0.658 213+£62 186+£33 0.190
LVOT diameter (cm) 23+03 23+0.2 0.566 229+0.17 2.18+0.24 0.186 2.24+0.23 2.22+0.28 0.787
HR (bpm)* 68 £119 67+10 0.919 74+ 12 71+9 0.527 73+£8 75+£8 0.416
C.L (L/min/m®) 3.31+1.27 3.17+0.56 0.591 3.62+091 2.92+0.41 0.024 3.6+0.8 3.1+£0.5 0.025

Data are expressed as mean = SD. SBP, systolic blood pressure; ESBP, end-systolic blood pressure; HR, heart rate; SpO2, peripheral
capillary oxygen saturation; LVOT, left ventricular outflow tract; VTI, velocity-time integral; C.I.,cardiac index
* Echocardiographic measurement
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Table6. Echocardiographic data under each loading condition

Baseline Isometric hand grip test Sublingual nitroglycerin
Patients Control p-value  Patients Control p-value  Patients Control p-value
LVIDd (cm) 5.0+0.9 47+0.4 0.049 5.16 £ 0.86 4.66 +0.50 0.084 4.97+0.76 4,57 £0.40 0.113
igﬂf/’;fg)LVIDd 3.1£0.5 28403 0.008  3.122£0.52  274£0294 0037  3.01%0.50 270028  0.062
LVIDs (cm) 3.3£0.6 3.1£04 0.077 3.37+0.73 3.08+0.44 0.163 3.25+0.64 2.88 +£0.36 0.092
IVSd (cm) 0.87 £0.23 0.77 £0.15 0.079 0.97 £0.29 0.76 £0.12 0.034 0.84 £0.21 0.80 £0.17 0.561
PWd (cm) 0.82+0.2 0.76 £ 0.16 0.239 0.84 +£0.23 0.74+0.16 0.155 0.85+0.19 0.76 £ 0.14 0.157
WS (cm) 0.84+0.18 0.76 £0.15 0.114 0.90 £ 0.23 0.75+0.13 0.044 0.85+0.14 0.78 +£0.14 0.237
FS (%) 34+ 6 35+5 0.401 35+5 34+5 0.513 35+6 37+5 0.348
EF (%)* 62+ 8 64+7 0.341 64 +7 62+7 0.647 63+8 66+ 6 0.237
Mass / Volratio 0.011 £0.005  0.010 +£0.002  0.237 0.0105+0.003 0.0095 +0.0020 0.251 0.010 +0.003 0.011+0.003  0.381
EDV (ml) f 88 £34 82+20 0.420 91 +£26 82+21 0.304 87 £27 73 +£20 0.088
ESV (ml) 36 19 28+9 0.061 34+12 28+ 8 0.109 32+11 25+ 8 0.065
EF + 60+9 66+ 6 0.011 64+ 6 66 +4 0.142 64+ 6 66+ 6 0.390
ESWS (g/cm2) 168 £ 36 155+ 39 0.222 161 + 46 174 + 30 0.331 136 +23 142 £ 27 0.568

Data are expressed as mean + SD. * Linear-by-linear association test. $Biplane modified Simpson’s method. LV, left ventricular; LVID,
LV end-diastolic dimension; LVIDs, LV end-systolic dimension; IVSd, end-diastolic interventricular septal thickness; LVPWd, LV end-
diastolic posterior wall thickness; WS, wall thickness = (IVSd+LVPWd)/2; FS, fractional shortening; EF, ejection fraction; Vol, volume;

EDV, end-diastolic volume; ESV, end-systolic volume; ESWS, end-systolic wall stress
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I11. =9 Y speckle tracking &3 A}

29 Tei index & 3HAFolA oz vl&] o ko

il

(0.50 + 0.17 vs. 0.32 = 0.08; P <0.001), =4 ZZ&Y

AArA @AM tizTtel wlsl st gkt el gho] wstew, a’

2 E/e’ & zol7F gt (6.5 £ 2.3 vs. 575 £ 1.6; P

=0.092) (5.9 £ 2.2vs. 5.2 = 1.2, P=0.131). E/e’ %< IHGT
AL nitroglycering 59518 & W= 27 oA H Al
03 Efe’ o] #2300 (5.1 £ 1.2 vs. 4.6 + 1.1; P =0.030),
AT el M= /b Alel Bl Frbskdt (5.9 £ 2.2 vs. 7.6

+ 5.6; P =0.016). Longitudinal strain < 3FxpatollA th =+t

ala 9w A #xstgdon (=167 £ 2.3% vs —20.1 + 2%; P

rlo

< 0.001), ol#ig FFaes AA Foto ¥MItE File W= 2
FAoltr. 12y, radial strain¥  circumferential strain<
2o nl&l $Abtell A apical radial strain ¥ mid—ventricular
radial strain #te] Tad AFE EHIoY, FAAJ n|=

golor], 4A9 5 FUL WE 2ol7t gltt (table 7).
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Table 7. Load-dependent changes from Doppler and speckle tracking echocardiography

Baseline Isometric hand grip test Sublingual nitroglycerin

Patients Control p-value Patients Control p-value Patients Control p-value
E wave (nv/s) 0.69+0.19 0.85+0.16 0.003 0.72+£0.24 0.82+0.16 0.173 0.69+0.21 0.70+0.13 0.829
A wave (1m/s) 043+0.13 0.44+0.10 0.772 0.46+0.17 0.49+0.12 0.556 0.49+0.16 0.47+0.12 0.662
E/A ratio 1.75+£0.68 2.01+0.50 0.137 1.84+1.17 1.77+0.52 0.859 1.50+0.57 1.51+0.45 0.932
DT (ms) 173 £ 54 149 £29 0.0495 140 £ 59 145 + 31 0.783 173+ 110 176 £38 0.923
Tei index 0.50+0.17 0.32+0.08 <0.001 0.57+0.24 0.34+0.11 0.008 0.49+0.20 0.34+0.14 0.025
s' (cnv/s) 69+15 11.4+£2.6  <0.001 73+14 10.7+£1.9 <0.001 7.6+1.2 12.6 £2.5 <0.001
e' (cnm/s) 126 +3.7 16.6+2.8 <0.001 12.4+£3.5 16.0+£3.4 0.008 11.0+4.0 15.7+3.0 <0.001
a' (cm/s) 6.5+£2.3 7.5+1.6 0.092 6.0+23 87+1.9 0.001 7.0+2.0 8.6+29 0.106
E/e’ (c/s) 59+22 52+1.2 0.131 62+23 52+14 0.149 7.6+5.6 46+1.1 0.087
Long Strain (%) -16.7+£23  -20.1+£2.0 <0.001 -15.7+£25  -20.6+2.0 <0.0001 -16.7+2.1 -19.8+23 <0.0001
Apical Cir strain (%) -198+6.7 -203+6.9 0.824 -17.3+£10.8 -18.4+4.6 0.737 -17.6 £6.0 -20.8+6.0 0.164
Apical Rad strain (%) 13.5+132 192+17.2 0.192 11.0+£155 22.0+1438 0.053 9.8+15.1 22.1+18.0 0.053
Mid-LV Cir strain (%)  -162+43 -17.9+3.0 0.128 -15.8+£3.0 -16.7+2.8 0.423 -17.5+£3.5  -17.5+£3.1 0.993
Mid-LV Rad strain (%) 22.0£15.7 45.8+188 <0.001 23.7+12.7 30.1+11.8 0.155 21.7+212 36.4+18.1 0.043
Basal Cir strain (%) -146+£3.7 -17.7+£2.9 0.003 -148+3.5 -16.6+3.1 0.125 -16.7+£39 -17.1+£2.1 0.717
Basal Rad strain (%) 20.5+13.5 48.1+384 0.004 254+174 304+274 0.576 28.8+23.8 29.1+18.7 0.970

Data are expressed as mean + SD. DT, deceleration time; LV, left ventricular; Long, longitudinal; Cir, circumferential; Rad, radial;
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IV. Arterial—ventricular coupling

Arterial elastance (Ea), arterial elastance indexed to
body surface area (Eal) %} left ventricular end—systolic
elastance (Ees), left ventricular end—systolic elastance

indexed to body surface area (Ees)< E5F ZHxpitollA

o\

7k e BQoy, AR FIAS st b A
arterial—ventricular ~ coupling  (Ea/Ees)< Akl A
znsel goeyd (072 + 041 vs 052 £ 015 P
=0.023), IHGT X+ nitroglycerin F9¢] Alo&= W3z}

ANk AAFRSEe] W3t wE arterial-ventricular coupling

reserver A thET 7o) Aol QAATh (table 8, 9).
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Table 8. Arterial-ventricular coupling under each loading condition

Baseline Isometric hand grip test Sublingual nitroglycerin
Patients Control p-value  Patients Control p-value  Patients Control p-value
Ea (mmHg/ml) 220+0.85 1.85+0.31 0.052 1.96+0.62 2.03+042 0.670 1.61+0.52 193+045 0.073
Eal (mmHg/ml/m?) 1.41+£0.77 1.10+0.23 0.052 1.22+£0.51 1.22+0.32 0.981 1.01+£0.43 1.15+0.33 0.281
Ees (mmHg/ml) 346 £1.60 3.79+1.16 0.434 3.53+£1.37 3.99+0.84 0.230 2.87+094 3.84+1.35 0.037
Eesl (mmHg/ml/m?) 217+£1.08 2.27+0.79 0.723 2.19+1.02 240+0.70 0.485 1.78+£0.71 2.30+0.91 0.096
Ea/Ees 0.72+0.41 052+£0.15 0.023 0.59+£0.15 0.52+0.10 0.119 0.58+0.14 0.54+0.14 0.396
ESWS (g/cm?) 168 36 155+39 0.222 161 + 46 174 + 30 0.331 136 £23 142 £ 27 0.568

Data are expressed as mean = SD. Ea, arterial elastance; Eal, arterial elastance indexed to body surface area; Ees, left ventricular
end-systolic elastance; Eesl, left ventricular end-systolic elastance indexed to body surface area; Ea/Ees, arterial-ventricular
coupling; ESWS, end-systolic wall stress
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Table 9. Arterial-ventricular coupling reserve

Patients Control p-value Patients Control p-value
Ea/Ees reserve 1 Ea/Ees reserve 2
(mmHg/ml) 20.017£0.080 -0.003+0.150 0731  (mmHg/mi) 0.007 = 0.096 0.018£0.139  0.596
Eesl reserve 1 Eesl reserve 2

(mmHg/ml/m’) 1.588+1.060 1.882+0.772 0.366  (mmHg/ml/m’)  1.612+1.050 1.867 + 0.744 0.420

Data are expressed as mean + SD. Ea/Ees reserve 1, arterial-ventricular coupling reserve 1; Eesl reserve 1, left ventricular end-
systolic elastance indexed to body surface area reserve 1; Ea/Ees reserve 2, arterial-ventricular coupling reserve 2; Eesl reserve 2,
left ventricular end-systolic elastance indexed to body surface area reserve 2
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V. o2 A4 Fsk Al g 3442 dyssynchrony
FEAdsdH T HA FIF oA AlgsE 24 A9
dyssynchrony indext 2AprolA iz w8 7183 o

(LVdys—2, 32.4 + 73.4 ms vs. 3.8 + 10.3 ms; P = 0.047),

(LVdys—6, 62.3 £ 88.9 ms vs. 7.0 £ 13.7 ms; P = 0.003).

OF B <130 ms & dAA O ZE ou|7l & dyssynchrony
= ST IHGT AlY NG o] Aol gt dizxat kel
kol 7t it Diastolic dyssynchrony index & <SHd Aldl=
zpol 7k il o, nitroglycerin 70 Aol fAbTol A Tzl
H| &l diastolic dyssynchrony index S7F8F3ith (116.1 £ 30.9

ms vs. 89.0 £ 35.6 ms; P = 0.035) (table 10).
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Table 10. Left ventricular dyssynchrony index

Baseline Isometric hand grip test Sublingual nitroglycerin
Patients Control p-value Patients Control p-value Patients Control p-value
LVdys6 (ms) 623+889 7.0+13.7 0.003 41.9+60.0 16.1+21.6 0.174 162+29.0 6.0+11.6  0.263
LVdys2 (ms) 3244734 38+103  0.047 37.2+592 88+140 0.128 1424292 3.0+75 0.218
LVdys SD (ms) 24.7+36.4 3.1+6.1 0.004 18.6+274 73+9.1 0.192 7.3+ 13.4 2.6+4.9 0.266
Diastolic
LVdys6 (ms) 102.1 +£33.0 96.9+35.7 0.600 100.7+50.8 109.3+33.7 0.560 116.1 £30.9 89.0+35.6 0.035
Data are expressed as mean = SD. LVdys6, the maximal time delay measured between the first and last segments to reach the peak
radial strain; LVdys2, the absolute time difference in time-to-peak radial strain for the anteroseptal versus posterior segment; LVdys
SD, standard deviation of the time to peak radial strain for 6 myocardial segments; diastolic LVdys6, the maximal time delay

measured between the first and last segments to reach the peak time of early diastolic contraction by circumferential strain
rate
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VI #HAA Feb wiste] o A4 torsion?] W3k

Hg AlY HAAY torsion @ FATOIA dlFRTtel H S

rastd o (12.6 £ 7.9° vs. 19.2 £ 8.6° P < 0.001), °l=

Ao 2 F #E 7FA+= apical rotation ©] 3AFTOlA TFAE
A¥S Mol basal rotation 53 SOl net torsion  #kO]
ArsisS ¢ 4 AdY. IHGT & AYsi e we A2
=3 B2t torsion #e HAE H, ol= A delA
SFYAl9}  THGT A9  torsion #ko] wW37F gl wWhH,
i Z ol A9k THGT Al apical rotation ©] A 3A 7HA3sH Zlo

N
o
&

A3k ZoF HATE Nitroglycering F9319S wl&= apical
rotation ©] Aol QEEAlCl Bl WETE  gllont
=T A= apical rotation I} torsion @kl A AETES
Btk dixatel] vls]  @AtelA 5719 twist rate 7}
#Haskder (509 £ 27.0 °/s vs. 87.8 £ 31.3 °/s; P <0.001),
[HGT Felv= dxad 2y S7bethes 4% Btk A9
untwist rate 2} peak diastolic untwist velocity + AFd 394
FAe A BF aEolddnh. THGT $olli= ArelA peak
diastolic untwist velocity7} Wz g S7FsEoH,
nitroglycerin F¢ Aloll&= W37 gl gz vE RS

Btk (table 11).

31



Table 11. Left ventricular torsion under different loading conditions

Baseline Isometric hand grip test Sublingual nitroglycerin
Patients Control p-value Patients Control p-value  Patients Control p-value
Apical rotation (°)  12.7+7.5 16.8 +7.6 0.068 124+7.4 122 +£6.2 0.964 12.2+8.9 17.8 £ 8.1 0.073
Basal rotation (°)  -1.1+2.4 44+ 1.7 <0.001 -22+3.7 3.0+ 1.9 0.507 -2.0+3.0 -4.7+2.6 0.012
LV torsion (°) 12.6 +7.9 19.2+ 8.6 0.007 129+9.1 13.4+6.8 0.842 133+10.0 20.0+9.7 0.067
Negative 1417 3.0+2.1 0.004  -3.0+43 45+3.6 0296 2226  -3.6+25 0.134
LV torsion (°)
Twist rate (°/s) 50.9 £27.0 87.8+313 <0.001 65.2+27.8 77.0 £24.5 0.214 65.6+384 96.8+413 0.040
Tor MVO (°) 7.8£6.6 13.1+8.6 0.017 8.2+6.8 9.5+5.8 0.570 8.5+8.9 13.6+7.9 0.092
Untwist rate (°/s) ~ 51.2+28.7 75.4 £28.9 0.0051 59.4+42.1 61.7+41.5 0.877 52.1+£32.1 84.8+579 0.045
ATBRD (ms) 85+ 124 63 +63 0.403 96 + 103 65 + 83 0.357 108 + 151 53+92 0.208
Apical RR (°/s) 70.0 £35.4 97.5+33.7 0.008 85.7+41.9 83.0 £24.8 0.838 80.8 388  1154+433 0.029
Basal RR (°/s) -29.6 £20.1 -49.6 £22.4 0.002 -32.7+£33.7 -51.3+41.7 0.196 -37.6+£29.9  -60.3 +22.6 0.019
Torsional rate (°/s) 76.0 +36.9 123.5+£39.6 <0.001 103.4 £45.0 107.5+309  0.764 96.7+53.4 135.1+47.6 0.041
PDUTV (°/s) -75.1+£30.2 -101.0£39.0  0.011 -87.5+£42.0 -104.3 £50.7 0.338 -76.0 £40.3 -126.1 £53.9 0.009
Q -PTRT/ S.D. 0.53 £0.13 0.60 £0.12 0.041 0.59 £0.19 0.63 +£0.12 0.435 0.51+0.18 0.60+0.19 0.197
Q-PDUTV/S.D. 1.26+0.22 1.28 +£0.16 0.665 1.15+0.17 1.28 +0.14 0.019 1.26+£0.26  1.30+0.21 0.570

Data are expressed as mean + SD. Tor MVO, torsion at MVO; ATBRD, apex-to-basal rotation delay; RR, rotational rate; S.D., systolic

duration; PTRT, peak torsional rate time;
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VIL - AP s 2ol r] gt 24

#4141 9] longitudinal strain< apical rotation (R = —0.3822, P
= 0.0408) Y torsional rate (R = —0.4976, P = 0.006) 2} <29
A BAE HoHw, ALY Tei index 2= o A4 #A

(R = 0.4284, P = 0.0204)E B O, torsion = &9 At

e

Aol AIFe BIoy, FAA] ogul= AR = —0.3329,
P = 0.0776). Torsion ¥ el wz&¥e] A A=

AR (R =0.2757, P= 0.1478).

#2A9] dyssynchrony index 1 LVdys —6 += torsion (R =
0.3943, P = 0.0343)% apical rotation (R = 0.3936, P =
0.0347), apical rotational rate (R = 0.5877, P = 0.0016) %=
ke AHAAAE H LVdys—6+ longitudinal strain (R = —
0.1304, P = 0.5003), 44l sphericity (R= —0.1156, P =
0.5502), #4e] ¥&& (R = —0.1879, P = 0.3290), basal
rotation (R = —0.09403, P = 0.6275), basal rotational rate (R
= —0.0307, P = 0.8744), apical circumferential strain (R =
0.06991, P = 0.7189), apical radial strain (R = 0.3099, P =
0.1018), mid ventricular circumferential strain (R = —0.1982, P
= 0.3026), mid ventricular radial strain (R = 0.1191, P =

0.5382) % E-F #&o] glolvt (figure 6).
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Figure 5. Correlation analysis between each factor in tricuspid atresia

patients
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(c) Left ventricular torsion and left ventricular longitudinal strain
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(e) Correlation between left ventricular performance index and left

ventricular longitudinal strain
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(f) Correlation between left ventricular torsion and left ventricular
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(g) Correlation between left ventricular apical rotational rate and left

ventricular dyssynchrony index (LVdys6)
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VIIL. ©& A4 Fste uf

A Mg Aol B4

ot

i

St UolA A9 longitudinal strain @S 3 FA
e Zole= glloy, tiERad A Abole] Hlm Aldfl=
Aol THGT Al strain kol §FF Alell wls] S7kskA] ok,
Nz gy 445k S Bt (between group P < 0.001,

0.045). HAA 9

within P = 0.848, interaction P
dyssynchrony index & LVdys—6% AkolA [HGT Al
=7V O ®E dyssynchrony BAE7E 48X oFgo|l o,
nitroglycerin  Fo  Alell= & Aok WIS Bl
(between group P = 0.042, within the group P = 0.026,
interaction P = 0.379). FHAAY torsion @< tizTolA *F
Alell Hvl&fl THGT Aol FHashe = Bou, saroA+
IHGT Y nitroglycerin %o A] B ok Al nls] w37}
ANt (between group P = 0.027, within P = 0.106, interaction
P = 0.058). ©]+ apical rotation ©| ZApioA H3te] wE
2pol S HolX] = A Hlszet oFdE Hlth(between group P

= 0.096, within P = 0.121, interaction P = 0.069) (figure 7).
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Figure 6. Changes in left ventricular deformation under
different loading conditions (IHGT, isometric hand-grip test;

NG, sublingual nitroglycerin)
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(c) Left ventricular apical radial strain
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(e) Left ventricular basal circumferential strain
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(g)  Left ventricular apical rotation
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(k) Left ventricular twist rate
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(m) Left ventricular torsion rate
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(o) Left ventricular basal rotational rate

£
o
T

:

\—.\1 o—=0  Control

50 Group P = 0.005,

e Within P = 0.405,
Interaction P =0.817

Baseline  IHGT NG

(99s/,) 211 UOTIBIOY
£
o

46



ol

Jo

)

=y
B

o

rolm, 244 torsion?

=

=

W& (myocardial deformation) 2] %ol

el

dyssynchronous motionS Ko+

ol
=

e

= THGT ¢}

°©

3 Al

S

77171 9

b=

S

o 35

3|

S
A

N

%/\

el
olo
Gt

).

18 FofelM A

A5

nitroglycerin

3R
R
¢+
ol
0

—_

] Ao
h

XO

Aol =

aeae 2

-
R

Hol= d, 3 WA

S
=

Za ot Aol A

4

e

So 4ot} e,

2014}, F WA=

H{Frescura C, et al.

OO]:

a3

L —
R

0] 744

T oARA

;01_
Nfo

ol
oF
el

B

shol 414

#2124 °] mechanics®] H3}e}

ol

S

1y

=

=

74

of uf

=

o=
T

i

)
gl

o]

ilf

o
e

=g

=
-

=

B

S

= A

#7017

et al.

Q3 {Ozawa,

)
=

xr
T

)

G

ol

O =
T=

e

ol

o

7 g A

2016}. 7]

2014} ,{Gewillig, et al.

47



Aol A Mol tid AE skslon, o= el & o &

e AdelM AT WP olsiets d 7lx=7F d AR st

gk e, B ST Fol AW Bxe AYAe] Tz

nitroglycerin o1 Alofli= Ejsrz el 5L Aejsta, & 3

oM AgFstel wE ¥IE F ¥ By st

Aol A SRl A Y] AR ARE vetetr] Sl AEE
=3 glef] dAoA AFA AR HAFE BNPF soluble ST2
(sST2) o tisir AAFE A8t BNP= SAkrelA A4 o
a3 ztolE BHloy, st YelA A4 Bl EE el

Aol M

M

)

HE <ol atriopulmonary connection® @ %3 ¥
9 BNP7F S7FE o] Qldlth. o]i= 7o &# X atriopulmonary

connection® B &] E&F =531}

X

EA Aol Lol {Atz, et al.
2012}, webd, SA7tolA BNP A5S AFd Axgta 37
olf& ZAoE HRlY sST2+ AR ZAA e A Afst £
At 8 4 lE dl {Schmitter, et al. 2014}, 3FA

sST2+ A dxa3 Aol7} fllth sST2x= 7]E Aol A5
Moz QF AYgdolyt olF 55 dFste dAEA A de
U{Ky, et al. 2011}, {Breidthardt, et al. 2013}, & <17-°fA

E 5Ee we TERY HARIA HAE F Orre 494



oFS WF oz HEsta QAo sST2& A4 iz #fol7t
AATh o= ¥F sST27F A AFshel #=sh AFd AR
oA A T{Shah, et al. 2014}, AL A3 ARE o2 I
Agkoz A&qstA] ol AA el Mg shssh, T4 Eu
Sl A o] Ast A AR JaAeA] ks Thsde] Ak 4
= 3|

o R ERF SApoA AFA 27| A FAAR sST29
LMo "Holx Holw E Ao A atriopulmonary connection 3=

g A5 A3k, BNP 9 sST2 gtol 5% 84 Helel glo ¢

AR N f{9le] glo] FE AT
of ol {Fjol Qlo], ¢AAel wi¢ A1 HAHe] G Al
Hla] Atiad o7 Avk{Van Praagh, et al. 1971}. A4 WA olA
AL A A AA FAe ek FE7F w2 H,
A A T3 Foleh A4 HReME A3 ventricular

So% fAsH "o A

)
i,
(B
il
off
ol
Y
flo
2,

5
=
D
=
[N
D
(o}
D
=
[N
D
=
(@]
D
z0
o,
i)
o>
>
rlj
&Y

helical heart 4 {Torrent—Guasp, et al. 2001} $AA7} A
Aol B A%l loop? 4 4R FHo] = dl, right basal
loop °f al'd #9171 448 free wall o sfi@sim, 43 54
2= ofF 2 right basal loop & Atjdox F apical
ascending loop ¢} descending loop & 7FAa A Hr} =3t
AMHFEH ] Aol A A B FAAY -9 AAH o A
=2 v]& 5, sphericity index 7} Athal & 4 Qi) o= X%

Aow A Qg QuAow PRl Wade] wel #1
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A& F ¢ spherical shape & HOoA ¥, ol HAL F5e
Aol BEEAS "olmdEH vt ¢ A Av{Teerlink, et al.
1998} {Ky, et al. 2012}. ¥ A7 A SRl A7
= g3 A2 Se dx7F v)=d JE9 sphericity index &

7FA 21 1tk {Marchal, et al. 2013}. o]&3F & ] F+32]

2 e AR B 234 94 AuEEe nojuw
T 5%9 582 Wojwd 4 92 0% Wt

Aol 83 HurE&S JEdsA SHs] oAHE AU W
tHRhodes, et al. 2011}. o] HutES 99 HAAxSIE ol &

& AT 5 Bk e A%

ﬂllﬂl
%t
)
|\
o,
ol
32
S
£
(e
2
-

oAM= HAL &4 FH o3t AT FEHFEH SR oyl
automated function imaging (AFD) WHE E3 249
longitudinal strain =42 390w, 2u] Q&= ZFo]lE Holx 9

At

B Ao A= x4 FHAA 2 longitudinal strain, basal

radial strain, basal circumferential strain, deceleration time, LV

performance index, myocardial tissue Doppler velocity (s, e’,
a), E/e’ol EF Ao Q. A wEsn A4
torsion, longitudinal strain ¥ EAA o2 #2923 AHAANL o

U}, longitudinal strain < apical rotation, torsional rate’} <7}&+

S

o wa} strain 9] negative valuex® HAA|= S HITE o=
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71 FHA =EelM e dAske AAE Bt {Mornos, et

al. 2011} {Bassareo, et al}.

#4249 dyssynchrony indext EF F74 dlz=Tol vl A4
AM F7hE O e Folu, dFAH R Jn|3l= dyssynchrony
71]1 130 ms {Park, et al. 2010} {Suffoletto, et al. 2006} B.th
T 92 FAE 7]Ee €#H A dyssynchrony 7]E o 2= Ak

9l dyssynchrony 7F Qi ®B7] olg] Ht}
Ak ol A RE A A4S EEE W, LVdys—6 & A9
sphericity, #4]4 ¥%%, basal rotation, basal rotational rate,
apical radial strain, apical circumferential strain, mid ventricular
circumferential strain, mid—ventricular radial strain ¥} &
ATt @3]y FHAAQ apical rotation, apical rotational rate,
torsion ©] 7} wel LVdys—6 S7Fstes o= 71E9 3
AA 9] torsion ¥ mechanical dissynchrony 7} =2 A#3AE
Hol= AT Ads} dolst A5 Ho]FUA N {Friedberg, et al.
2007} ,{Ho, et al. 2012},{Fujiwara, et al. 2016} {Moiduddin, et
al. 2010}, LVdys—6 7} 130 ms ©]7%2l & 471 6 (21%) 2
2 ujg Aol Agto] QI3

AA i x7+3 vl Ao intraventricular conduction delay
M+ narrow QRS & 7HX E¥ F WS AR A Safe A =
AA el systolic dyssynchrony index”} Z7FHo] 919l o}
dissynchrony 7oA+ Hat @b B4 X2 #H9lel Stk
ol= 7+ TxAor A4 Hd4 el dyssynchrony 7]Eole Bt
A FARE, FApFo A FAA ] motion & @ synchronous Hl
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AT S & 3A%ler, torsiondhis HlEShE O

it

T A} {Park, et al. 2008}.

1A 9] torsione apical counter—clockwise rotation¥} basal
clockwise rotation®} AF&ZQl Zfolo| Aojx F=x]=, apical
rotation 2] Atgko] basal rotation #kell Hls] Av H3}e] JL7}
3, UWrA O F  apical rotation ©] torsion¥} global LV
contractility ¢ ##Aido] & oz A4HA Stk {Takeuchi, et al.
2007} AKim, et al. 2007}. AHAHHA Ao A= g A9
apical rotation = A& AEEE B0 SAAR] FAS AU

T}, Basal rotation < @AprtollA A4S oW, apex el 2 Wek

Basal radial strain?} mid—ventricular radial strain % basal
circumferential strain, initial negative LV torsionx 32FA}-ollA
Haetd. A4 xS vlw A] ZAFol A apical motion ol
H] &l basal strain ¥} basal rotation ©] © o] ZFaEo] Qlgl=H,
S e o] A gk HAlA FEjstA 54

H o] glo] Bt e &1, I e 5o Sxpeld AR

o]

Y
rt

o
R

$EY ol W AW wob g WAFAAE B Ao A
e TEA ol W MR AF FEE AT gy Y2

H3lel #wE="E 4 Atk T3 helical heart band T-ZolA]

ventricular activation ©| right basal loopdl]@d3}F+= subpulmonic
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right ventricular free wall o4 *& activation 3}3l, ©]% left

basal loop °f a|@3at= FHAA 7147} activation st AS 1L

#3ld, ZrolA right basal loop 7} left basal loop o 93< n2

AN}

TE Q& Zo|r}. o]yt WH3Ili= nitroglycerin ¥9 A] basal

rotation &= oFZF Trbsks W, SAAR vl jlglew, A

=70 vl = Faso] QT
AA x4+ vl A APd g 4] g2} ol A apical rotation 2

basal rotation B ZAEo] FY A9 torsion & FAE UA
o™ apical rotational rate % basal rotational rate, torsional
rate, %719 twist rate 7} 7ASka, o]¢kr] xWEO] untwist
rate 7b ARl Blsl 2am9a, A torsion7HA Alzke] o 2
A 298t AFE BAE W, ol AAEEeIA Aol et
4yaue] doje] wE EEo] Wold & e Row nar =
B R0 wedlA FHA Agels gEe) o} AR ow F

A AR olZE AU gERelst war

2 AE HAA BEES Hok ¥R/ olFd aso] "oH

Alell 4 A 9] apical rotation ©] #FASHAA, torsion ko] FAE]
= H, ol FE FEVE A 45 43 wEwe A4
of ot 4 82 Wsle] 23| radial shortening¥ & ¥ vl
Il A doem{Weiner, et al. 2012}, tZ2TollA= ol &F A==
AvE ®Ho| Fuh gy, A3 BEEE vl ddiger &
#FAA ol &4 w FHV|E 45 THAE SdAkreAM = o
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T e AT iz 3 vlsest o] THGT & Al3stkal
3 {Han et al. 2009}, H]=2sk =9 At A5S KGO apical
rotation & W3}e}A| ¢F3kal, basal rotation & 23]8 °FF F7}
sto], torsion &b Qb Al o HlE| it Frbeke A EFE HG

o]&= IHGT 7} basal rotation®] %&°] ¥+ Aoz Yekwth
b AlS] ESWS = $habrolA dixtol Blsl ot T7he A
&= B3lou, IHGT A vz Welrs b Alel Hls LV wall
thickness 7} <7Fstal, Aol vigorous movement 3FHA]
ESWS 7} F7bskl o, Fontan 24 IHGTA el ESWS 7F

g Aol W) B Rk, e gasts PRt ),

ol&= FHEE F+= Alro] 3F A 5EAEZ FolA, WEso] =
A Ay 5 glon, [HGT 7F A4e AEHA glow zg-sf
A EP ALY, pressure—mediated stress 3o A FHAl Aol W3

E 7S BES reserveE ZHA XIS 7FsAol Slth{Hebson,

et al. 2013}, {Myers, et al. 2013}. & A2 A A A A
off 5l b Ale} vlmet THGT A9 F4 A9 WstE B, o]
2 gAo] Frksk= Hl, A el wlsl I SF AR 24, dt
o] REWA FHI|T AR Tt ol |T &&o] ¥ FUhet
AEjolE® A dxzad EE] [HGT Al ds|drEsFo] AashA]
g1 e3le F7ksta, AubEas S7FeE ERbste] AHbEEFe] A

Ao F7hstAnt. ol ESWS S71 §lo] AwtE®s S/ &
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TS T2 xPFo= IHGTO Ust Aaa4dA 2 AA wk-s-
o] g2 A vElE Fx A TS EE SApoA FEEE W3
Al 4 3l& 9FA|Ql angiotensin—converting—enzyme inhibitor

o e AR oRA Y wgo] thE ZhsAe] gle] melth

>

Nitroglycerin <& ¥¥t& o7 M5 TAA7|a, A o] ¢k

71 gy SEEE vt} {Hollenberg, et al. 2007}.

of SRS W37l AAFS & & AT G Ao HF|
nitroglycerin A3}4 Fo Al =z

volume) o] 7t4atgl ou}, Aol A4 olghrw g49| 7t

1o
of\
ko
o
i,

N

JAx=2, AAL preload & AR T2 AAE=
transpulmonary flow $} fenestration ©]™, transpulmonary flow
+ systemic venous pressure, pre—ventricular (‘left’)
ventricular atrial pressure, Fontan connection resistance °| <
Fo wown, ol F HIWAFe] M Tt A4 LclolH
{Gewillig, et al. 2010}, & $ab= W H o7 AFe7F Hay

of St 4HA  Udh{Myers, et al 2010}, dwrAcel
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nitroglycerin ¢ 7] 42 venous vascular smooth muscle 2] ©]
&S Fol T2 Y9 pooling & T/HA AFSE Fhde A
oty ey, E oAM= o]l Wste] tis) AR o 4

™,

A Q1#}el transpulmonary flow & #A 37 EEs)] Ho]

5
o

WA Al AES A AElE preload reserve 7F AAE A
H & nitroglycerin 5915 %3} preload W39 2o AL 75
dol . 13yt nitroglycerin 7o Fof ov] 9l S ATt
ANOom o] FRELe] wWstel AEEo] Hl
Al A nitroglycerin 9] Fo1E Fal HF df
ARske] ®stE Zidisky] old-e™, es|le FHSke] A &

AN Aoz HAY A dxadd ge dAreA
nitroglycerin ¢ ¢l longitudinal strain ¥} apical rotation ©]
Z7FekA] k= ©, A WA 7sA O E nitroglycerin 2FA| 2] wWE
H3le] o] Aol A o
< A3d F Y. F A JheAe dRbdo® 5
b 2o mE FAA9 torsiond 2 Fhel w238 WMok A
2] SakroM = A vt o A Fet viste] uhE

Az SAAEY WHIE W A2 FEe Hol dH, ol

2o Aolz Frehe i W AR

1o

ol

chronic unloading heart ©|A fundamental myocardial fiber 2]
W3l E <&l ventricular deformation reserve 7} 1= AHY

11;]_.

b

= 3
of el AR A ) A&l Fagom FE5T} v

$ Agom, FH G A Qo] AFEeTnoR P §

Az 715E Brkste] Aol Ax, FEH AEAE AR ¢
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Abstract

Fontan failure as a late complication of Fontan operation represents a
significant challenge to manage. Failing Fontan patients have two modes of
presentation: those with impaired ventricular function and those with
preserved ventricular function but with failing Fontan physiology. Therefore,
it is important to early diagnose Fontan failure. In this study, we evaluated
load-dependent mechanical dyssynchrony, myocardial deformation of left
ventricle (LV) and the change of Fontan circulation in asymptomatic adults

with tricuspid atresia (TA) after Fontan procedure.

Comparative analysis was performed between 29 asymptomatic tricuspid
atresia (type 1) patients with normal LV ejection fraction ( > 50%) and 21
normal healthy controls. After baseline measurements, isometric hand grip
test (IHGT) was used to increase LV afterload. Subsequently, sublingual
nitroglycerin was administered to modify preload. Conventional
echocardiographic parameters, LV strain, arterial- ventricular coupling, LV
dyssynchrony index and LV torsion, were calculated under each condition. B-
type natriuretic peptide (BNP) and soluble ST2 as indicators of heart failure

were obtained.

In soluble ST2, there was no significant difference between two groups (35.8
+ 9.8 ng/mL vs. 29.8 = 10.3 ng/mL; P = 0.115) and BNP increased in the
patient group (58.0 = 74.2 pg/mL vs. 15.8 + 3.1 pg/mL; P = 0.005). At
baseline, in the TA group diastolic sphericity index increased (0.74 + 0.13 vs.
0.49 + 0.05; P < 0.001), LV longitudinal strain decreased (-16.7 + 2.3% vs. -

20.1 £ 2.0%; P < 0.001) and arterial-ventricular coupling elevated (0.72 +
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0.41 vs. 0.52 £ 0.15; P = 0.023). The difference in time-to-peak radial strain
between the anteroseptal and posterior segments (LVdys-2) (32.4 + 73.4 ms vs.
3.8 £ 10.3 ms; P = 0.047) and the absolute difference in time-to-peak radial
strain for 6 segments (LVdys-6) (62.3 £ 88.9 ms vs. 7.0 £ 13.7 ms; P = 0.003)
increased in the TA groups compared to the control group. At baseline, LV
torsion (12.6 + 7.9° vs. 19.2 £ 8.6°;, P = 0.007), basal rotation (-1.1 £ 2.4° vs. -
4.4 + 1.7°; P < 0.001), twist rate (50.9 + 27.0 °/s vs. 87.8 £ 31.3 °/s; P <
0.001), untwist rate (51.2 £ 28.7 °/s vs. 75.4 + 28.9 °/s; P = 0.005), and
torsional rate (76.0 = 36.9 °/s vs. 123.5 +39.6 °/s; P < 0.001) decreased in the
TA patients. The repetitive measured-ANOVA by Greenhouse-Geisser method
among baseline, IHGT, and nitroglycerin administration showed the different
load-dependent responses between two groups about LV longitudinal strain
(group P < 0.001, within P = 0.848, interaction P = 0.045), LVdys-6 (group P
= 0.042, within P = 0.026, interaction P = 0.379), and LV torsion (group P =
0.027 within P = 0.106, interaction P = 0.058).

In conclusion, although asymptomatic adult TA patients after Fontan
procedure had normal LV ejection fraction, their LV deformations were

impaired and abnormal load-dependent responses were also demonstrated.

Keywords: tricuspid atresia, Fontan, heart failure, ventricular deformation,

dyssynchrony, ventricular load
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