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Assessment of Cardiac Function in Neonates
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The placental circulation is lost and pulmonary vascular resistance is reduced by the establishment of respi-
ration at birth. Consequently, the afterload decreases in the right ventricle and increases in the left ventricle.
Both left and right ventricular output increase after birth and the right to left ventricular output ratio decreases.
Most normal full-term infants easily handle this major change from fetal to neonatal circulation. However,
premature infants have difficulty adapting to the change in loading conditions due to their immaturity, causing
maladaptation (circulatory failure) in some cases. Circulatory failure, combined with blood vessel fragility and
immature hemostatic capacity, can cause significant complications that have a major prognostic impact, such as
intracranial hemorrhage. Therefore, the prognoses of preterm infants and sick newborns can be improved with
accurate identification of the causes of circulatory failure and appropriate intervention. Neonatologists in Japan
frequently perform echocardiography for preterm infants during the early postnatal period, and neonatal man-
agement is based on the findings from this evaluation. This meticulous circulation management is rare globally
and is thought to contribute to the excellent outcomes of neonatal care in Japan. This article reviews the current
methods for neonatal circulatory assessment and treatment in Japan and describes the typical pathophysiology
of circulatory failure.

Keywords: neonate, cardiac function, end systolic wall stress, mean velocity of circumferential fiber
shortening, cardiac output
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Fig. 1 Changes in pulmonary blood flow,
pulmonary blood pressure, and pulmonary
vascular resistance before and after birth
in sheep

After birth, pulmonary blood flow increases rapidly.
This increasing pulmonary flow increases in the left
ventricular preload. Reprinted with permission from
Rudolph AM.?
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Fig. 2 Cardiac output after birth is shown.
Cardiac output increases to 250 mL/kg/min
at 30 minutes after birth. Thereafter, it
decreases to 200 mL/kg/min by 72 hours.

Reprinted with permission from Winberg P et al.'”
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Fig. 3 Age-related changes in cardiac output
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Fig. 4 Difference in preload reserve capacity
between mature and immature babies

(A) Relationship between the LVEDV/BW and the
stroke volume/BW in the preterm and full-term
infants with patent ductus arteriosus; (B) that
between the LVEDV/BW and the cardiac output/
BW. BL, body length; BW, birth weight; LVEDV, left
ventricular end-diastolic volume. Reprinted with
permission from Takahashi Y et al.®
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(a) Diagram depicting the changes in cardiac output, heart rate, and stroke volume during infancy, childhood, and
adolescence. (b) The relationships between changes after birth in body weight, actual cardiac output, and cardiac out-
put in mL/min/kg body weight. CO, cardiac output; HR, heart rate; SV, stroke volume. Reprinted with permission from

Rudolph AM.?
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Fig. 5 Postnatal transition of stress velocity relation in very low birth weight infants a peak occurring at 24
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The infants with complications had significantly higher end-systolic wall stress (ESWS) values than the infants without
complications at 24, 36, 48 and 60 hours after birth. The rate-corrected mean velocity of fiber shortening (mVcfc)
changed over time in both groups, with nadir occurring at 24 hours and the values in group 1 being significantly lower
than those in group 2 at 24, 36 and 48 hours after birth. Group 1: infants with complications (pulmonary hemorrhage,
intraventricular hemorrhage, and periventricular leukomalacia; n=9), Group 2: infants without complication (n=24).%
ESWS=1.35XESP/K4r(1+r)}, r=PWS/DS, mVcfc=(DD-DS)/(RR)/DD - ET. DD, end-diastolic dimension; DS, end-systolic
dimension; ESP, end-systolic pressure; ET, ejection time; RR, the time elapsed between two successive R-waves; PWS,
end-systolic posterior wall thickness. Reprinted with permission from Toyoshima K et al.¥
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Fig. 6 Rate-corrected mean velocity of fiber
shortening-end-systolic (mVcfc) and
end-systolic wall stress (ESWS) relation
in the premature infants (upper), full-term
infants (middle), and children (bottom) are
shown

Reprinted with permission from Toyono M et al.?%
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Table 1 Tissue Doppler reference values
Location
Reference and TDI mode Index
Left lateral Septum Right lateral
Lee et al.’® cTDI
GA<28 weeks Systolic peak (s’) (cm/s) 1.8 (0.7) 2.8(0.9)
First 24h Diastolic peak (cm/s) 2.3(1.1) 4.1 (1.6)
Displacement (mm) 1.9 (0.9) 3.3(1.2)
Joshi et al.3¥ c¢TDI
Premature (=34 weeks) and mature (=38 weeks)  Systolic peak (s’ ) (cm/s) 2.4 (0.9) 2.9(0.9) 4.4 (1.1)
Within first 72h Early diastolic peak (e’ ) (cm/s) 4.9 (2.4) 4.7 (2.3) 6.2 (2.7)
Late diastolic peak (a’) (cm/s) 2.9 (1.0) 3.7 (1.1) 5.8 (1.3)
Displacement (mm) 3.9 (1.7) 4.7 (1.2) 7.5(1.9)
Saleemi et al.*® pwTDI
GA 24-27 weeks Systolic peak (s’ ) (cm/s) 3.5(1.0)
48h of age Early diastolic peak (e’ ) (cm/s) 3.8 (0.9)
Late diastolic peak (a’) (cm/s) 4.3 (1.0)
GA 28-31 weeks Systolic peak (s’) (cm/s) 3.8 (0.8)
48h of age Early diastolic peak (e") (cm/s) 3.9 (1.0)
Late diastolic peak (a’) (cm/s) 4.2 (0.7)
GA 32-35 weeks Systolic peak (s’ ) (cm/s) 4.7 (1.2)
48h of age Early diastolic peak (e’ ) (cm/s) 4.8 (1.2)
Late diastolic peak (a’) (cm/s) 5.2 (0.9)
Breatnach et al.*®
GA<29 weeks Systolic peak (s’ ) (cm/s) 2.8 (0.9) 2.4 (0.6) 3.6 (0.9)
First 24 h (see paper for further time points) Early diastolic peak (e ) (cm/s) 3.6 (1.4) 2.8(0.8) 3.9(1.3)
Late diastolic peak (a’) (cm/s) 4.0 (1.5) 3.9(1.1) 3.9(1.1)
Ciccone et al.3” pwTDI
GA 31-36 weeks Systolic peak (s’ ) (cm/s) 5.4 (0.8) 4.5 (1.4) 5.5(0.9)
Days 3-4 Early diastolic peak (e") (cm/s) 7.6 (1.2) 2.7 (0.7) 6.2 (1.3)
Late diastolic peak (a’) (cm/s) 7.5(1.3) 6.5 (0.7) 9.4 (1.1)
GA 37-41 weeks Systolic peak (s’) (cm/s) 5.6 (0.8) 5.1(0.4) 6.1(0.9)
Day 3-4 Early diastolic peak (e") (cm/s) 7.9 (1.2) 6.1 (0.8) 7.9 (1.1)
Late diastolic peak (a’) (cm/s) 7.5(1.3) 6.7 (0.8) 9.5(1.1)
Negrine et al.*® pwTDI
GA<30 weeks Systolic peak (s’ ) (cm/s) 3.7 (0.6) 5.0 (0.6)
First 24h Early diastolic peak (e’ ) (cm/s) 4.2 (0.8) 4.2 (1.1)
Late diastolic peak (a’) (cm/s) 5.4 (2.2) 7.3(1.1)
GA 30-36 weeks Systolic peak (s’) (cm/s) 4.3 (0.7) 5.9 (0.9)
First 24 h Early diastolic peak (e") (cm/s) 5.7 (1.4) 6.2 (1.0)
Late diastolic peak (a’) (cm/s) 6.0 (1.9) 7.7 (1.8)
Term Systolic peak (s’ ) (cm/s) 5.3(1.0) 6.9 (1.2)
First 24h Early diastolic peak (e’ ) (cm/s) 6.4 (1.2) 7.3(1.1)
Late diastolic peak (a’) (cm/s) 7.1(1.8) 8.1(1.6)
Mori et al.*® pwTDI
Term Systolic peak (s’ ) (cm/s) 5.3 (0.9) 3.7 (0.6) 6.2 (1.1)
First 24 h Early diastolic peak (e’ ) (cm/s) 7.5 (1.5) 5.0 (1.0) 7.5(1.4)
Late diastolic peak (a’) (cm/s) 6.2 (1.4) 4.9 (1.0) 9.2 (1.6)

Peak systolic (s’ ), early diastolic (e’ ), and late diastolic (a’) velocities and displacement of the AV-valve plane in premature and
mature neonates. Pulsed-wave (pwTDI) and color-coded tissue Doppler (cTDI) indices (mean (standard deviation)). GA, gesta-
tional age; pwTDlI, pulsed-wave (pw TDI). Modified from Nestaas E et al.®? with permission.
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FEMOMC ERLTLES 2, TiHiicns. L
U T 9 LT RRAERHINIZE | O.0E A 7 — 7 ViR %
o THHETHS. LDTI—TIX, IHICHELL.
FEERABIZO E % GRERND, A (LR,
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FEE L BE T % Y fEfE e LTV SR TR .
TNHOEEEHERTEEE N, FHiosE L
N5 (Table D 7, Hik R TIIEEMFEMIC & -
THREFENTEST, ZOZYMEIAHTHS. L
Mo TEFDFMIBEICL EHBRNETHB. RAT
& Ble' WY B FThIE & MBI 5 NI W IRIA N
W En, AHTLBOHEAZED NS O DX
Thb. TNDOLTI—OFHINCIERTELT - BETA
AR H A EEORIREN B B DI Z, HD TR
WDFELKEZ .

ZI9 LIEBEBRIEHDEDD, HERTEINSD
PRI AR ) RN s Y (Fig. 7), T
%Y LHET 2 L OMEN DS, TN DISIEAA
RREDZ LT D « KX HRONIRHTH D, IR
FEREERMESNSTRERIEH 20 E LA,

R 721 VIR WILIREEIRE T H 2 FEARIE L
D EHEINICHREREZ KT S TREMED D 5. KRR
Z AR TR LT L ARG, BN TIEALRAE
FHICHHENTNS O, — ) TESIRREN—E
DE TR, FEAMIIARARORERKMT %7
B, BIREBIAEORSBTHMICA AN AN S.
IR B IR L, Z D1k /cHE
WCRIRT 205 Th 5. I AEEORRAMED
WX, KEABEIZIERIRERE, RIS stiffness & B
T 5.

FEAMOEE L LTE, EREKBIREL (LA/Ao
) &, FEAREBEEDIRTONS. BIIREFlZ2T
Do RFEROHE 3 OFHIT LA/Ao 1 1.21+
0.20, FEAER/HAMAEIX 0.5720.26 (mL/kg) &
MEETNTVS Y. TS ORI EIRE
FIETHBEICKRZVWT EDNREEN TS B,

12.0
151« h<0.05 mean = SE[

1104 P :

105 4

10.0 4 [ —o— IVH
951 [ o N
904 . :

8.5

8.0

75

7.0

12hour 24hour 48hour 96hour

Fig. 7 Relationship between the ratio of right
ventricular diastolic early blood flow velocity
(Er) and tricuspid annulus velocity (E'r) and

the intraventricular hemorrhage (IVH)

Er/E'r was significantly higher in the IVH group at
12 and 48 hours. Reprinted with permission from
Yokoyama T et al.*¥

LA/Ao I FEHE % KEIIREE TR L CIEREL TW
B e DERRAENED 72 <, LTV
MU, LA/Ao bt EEAME, IFLEST LE
MO T DILIRAEIK T - AR AT OFRE 2 /)N
FMlid B ARENED D B, Fie, WL bICHRE RS
HIEFICKZ N, LizA > TOLT a—HsEoMlE
DRERE(L NS OMETH B, LT I—TIE, B5N
FH5HE72 3 T 2D WiRZF DL DRBH T L NEE
EFEZ B, WENIINL L EIR S > IHOBEHENE Z 51
TW3 Y Chn, HiROBRAR & HEREDR
HIFEHE L ZZ 5N, ORI HMEOERIHHEA
%.

mE
DEEAFEBEGTE, WAL CrRimE TR
EhB) —-EIMEE, Haouaias GLERIA
B 0t L, OAMITHKELIC S WIEREDHREETH
BUHEAIAT S A2 VA L@tk KT FEAN Bk T
TAAYADMBRTRES. ThELBEMEREH
Vs, DX ONHANES —RHEY, 7ER
HETORRTIRE D LWV ERA T TH D, MIERE
I & 0 EREMAN RS % °0. D TR REE R Tl
FEMERFDMESRE O HE Ch o 72T &, BIETIEM
MERMRIEN TN RIMEZFE LGS VS
permissive hypotension DBESNAE > TET L
SR U7, I L, SEEME (b5 HUDEHIRIE 2 5k
Clet @) FRMERTIE O RZRE LD TH
D, M AME 3 AUE D O 7 A
RTERWRIThs. MmMIERZHER 2 7coIcH
NS RHERMELIAET 5 L Bbh b, SHOBES
v (A O AN

DIAHE

DED— IS T 2 MR TH 5. DUGHERER
EY, SR MEFERIC K 5 s EOARICEEL
TZORERICEHTH 5. FrEROMAHED
WEE, BEEe A v E—R AL EAENS
(Table 2)°?.

& ITFHE N EfRRE

BER

FREWIE, EROIEERANDBITOMEISIC 77 75 A
MY LERONTEDLT, wEbEHED SIFEREAEZ
SKTIEGIDEIET % %Y. BES A EETH 5 F R
BT, PEO= M JY Y VOERKSICKD
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28 R o il sk 9 B ATREMEAVRIE E T
%Y. Zrasyv ) JEEEIROILEEZG L,
FIRVLERIC K A ML T (BRART OB, #IRHL
IRIC X B ERIR 7 — )L OIS K B Ei iR (5 o i
DOE) OWEIC K DBEISINIET Lg%, TElko
WEEDREEDOEEERBENTVS . M
IO, BEHICT TIURIMTED D 5 BRI G
THsTl, BIRENED) R MWNH % T & &FHEIC
EE, PESZEKT S, 5%, EDXS k55
T haZ vy UNERD TR TRES
BB D B 55,

BES T MRS E I N TV T, IKEANHIT
BRI IEGIINMFAES B 4550,

Jid = N I 72 S 9ER Tl _ERERIR D MR O kb b
BHEND EDOWE Y R, WAMEHIROIE DS EHK
X UVEGI TR NI Z VW & OE Y Db, &
ik 5 - MO E)E % 2 U 72 S O EEDER S N T
W5,

WRARIEMGESEE (Twin-to-twin transfusion syn-
drome; TTTS)

— BRI —E BB (monochorionic- diamni-
otic Al ; MD MiR) FAR Tl zitad 5729,
et Lo & 2@ e, lnliHTiiiio NStz
ETRI. BlfE, WMWK KD TTTS Dl
WHHAENTVS O, R HIIT S N B HENRE T
L—H'—I&Elf; (fetoscopic laser photocoagulation for
communicating vessels: FLP) (T & D #rA Y HAICTEER
REZFHET B WU L TE TS 7,

UL, FLP D@L 5547z MD RIIETE, Hi
ERICTERARZIIET 2B NS, AR
TEERA 22 FIE LR e PRI NIEMORICE,
HARICIER R 22 FIEST 2R H 2 . 5L
T EROMERA 22 MAERIC TS B E N
Jikid v L L, HZERE ORE A il BNP (brain
natriuretic peptide) M HAEZOIFRA2Z THITE
BEOWEEHD, SHRORAVLEENS O, 5
AR KR &N TIRIEBRIREEIN R E B0, Y]
IEEERRHM & BRI TH B, RIETIE, I|BNTO
AEAREDFIEENM:CTED, MR VEES )
SR ENBIIE NS Z eV, K, F
FUY LRRRTF RO@EENC KD, HERICZREZ
L, ERMKEOHMDDELCS. ZLT, AT
WhNRTHmEnBITLicL=y - 7O T
Ve TIVRATuyAHERBME N RS KD
B, KETRIMEZREBIC V. ThBIicHbT 57z

&, KIUTHU Tid#EyaARam e, HahiEiiz
feL=y e 7o IF TV s TIVRATa Y DD
ISRz BT 5T 2. NETIE,
BN TIEAERAMDDEL, HERERIHE LT
Ry »N 5. OFiEEEE <, BES I EF LD
T BN 55| E i < BRREREFIC K - THARD
ZIREEZLRTV. AL &3 2. TNOMEE
L, /MRZBOWTIEAEREMGEG LIC V. BIIRE
BHAE R ERRARDHO D ZIREEZ EYNICTHI L, £
KRR S % 0B B 62,

REREIREREE

BIIRE BATAIE (X PEIY, - B 7 L X B % S B2 R
THs. MEAMRMitImMOY 27 Tthb, Himk
K UOMRBANTRICEEES5 2 5. Tk, @) -
WREDSTA « I ADITED =8, Z O HIE & A
MWEETHD. HAD 34 fiizkd NICU THi /7RI
17> 7z PLASE 22 Cld, @IRERZITO RN, B
IRERE & e EIRNESRAIEE & D > > TV TR
LRTWVEEDNRLEHATH 789, chbn
FERE, AR TRl U T E I ERILREARNIEE, AR
B, LA/JAo LK D BN TV WO HERTH D,
PR, KOARENEZZ SNZIEETE, W
FEMKZ IR TR B - BROMERICHT
% HIBMENMRZEI NG, FHELO WS iR &,
BHETLIEPNCRE S N, —HOFWEETIE R,
T EEEiRMFEEHL L ¥ TWS. LrL, FiE
PRCIEEIIRE Fifiz o & 3 28l b, REERIM
1THIRE, REMER RV - IFERE, BhEE, PRk
ERELZIGICDIS W kb, BIIREFHROMEISIE
fifl 2 DIEFI T RFCHIBT 2 R ENH O, L THf &
BEREDFHBN R ETH 5.

R 5

HrE R O.OBRERTIE T, BRAS/NR TR, YT
INFIEEE NG T ERBVD, Z0Z EHER
i+ DBy TN A X TI— VR« AR H—
ROBREIC X O BFEE N TV, LT I—FHllof
LB ETH S 0. BEICIZENENRRDE
T 5728, JREOEYIRIRDIZDIC, T2 THAME
L BERE & W S AEBIEENZRELRIC R D, R 72
TVEMWZEHR LU THAT 208085, BEOLT
I—fHMBDIF L AL 2D THONELDTHD, &
%, 3D TO—MWEHICHEL TR UE, Ei
RIBRET, FrA R ONEER CHEERKE 2 H S HEORK
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BEATOEM LICEHFET ST EM RS ENS. Ak
THO EWF 7D OFHITEE LT, TEEROIHmD H
THHHMIEEROFHTE= XY VT HAREICIE > TH
0 ZOPHEORTIESROEE R TF— L E
2%,

=
ma on

FrAE VSRR EREE D B IR EREEAN DS 2 TN IR
5, KE - FET S, FENIKMEZ 5 TN AR
Irtzsh, RERENHEDMFE X A M E O S HHEIC D
TN S %, FDEBEHTIIIEER GO ) R B &
JEHRETH S, ZOFMITEI S EIEHHKEL RS
RA L 7 MR THEICESD, REHO NI
B2V, X0 BWEBD MR R ZTT> T
HADZ it CHFEIL, 528 EaHigLIzWw

FIZHER
AR DOV THE N ZHEEA IR,

51 RSk

1) Isayama T: The clinical management and outcomes of
extremely preterm infants in Japan: Past, present, and
future. Transl Pediatr 2019; 8: 199-211

2) Klopfenstein HS, Rudolph AM: Postnatal changes in the
circulation and responses to volume loading in sheep.
Circ Res 2018; 42: 839-845

3) Rudolph AM: The changes in the circulation after birth
their importance in congenital heart disease. Circulation
1970; 41: 343-359

4) Toyoshima K, Kawataki M, Ohyama M, et al: Tailor-made
circulatory management based on the stress-velocity rela-
tionship in preterm infants. ] Formos Med Assoc 2013;
112: 510-517

5) Siffel C, Kistler KD, Sarda SP: Global incidence of intra-
ventricular hemorrhage among extremely preterm
infants: A systematic literature review. J Perinat Med
20215 49: 1017-1026

6) Bozkurt B, Coats AJ, Tsutsui H, et al: Universal Definition
and Classification of Heart Failure A Report of the Heart
Failure Society of America, Heart Failure Association
of the European Society of Cardiology, Japanese Heart
Failure Society and Writing Committee of the Universal
Definition of Heart Failure. ] Card Fail 2021; 27: 387-413

7) Dempsey EM, Barrington KJ: Treating hypotension in the
preterm infant: When and with what: A critical and sys-
tematic review. ] Perinatol 2007; 27: 469-478

8) Dempsey EM, Hazzani FA, Barrington KJ: Permissive
hypotension in the extremely low birthweight infant with
signs of good perfusion. Arch Dis Child Fetal Neonatal
Ed 2009; 94: F241-F244

9) Rudolph AM: Perinatal and postnatal pulmonary circulation,
in Congenital Disease of the Heat Clinical-Physiological

ARNRBERSBSFIME £39F $£25

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

Considerations. 3rd ed. Wiley-Blackwell, 2009, pp87-114
FoRE A BRVIABRERL.  H/NLIEBRZR 2258 20165 32:
451-461

Winberg P, Jansson M, Marions L, et al: Left ventricular
output during postnatal circulatory adaptation in healthy
infants born at full term. Arch Dis Child 1989; 64: 1374-
1378

Crepaz R, Pitscheider W, Radetti G, et al: Age-related
variation in left ventricular myocardial contractile state
expressed by the stress velocity relation. Pediatr Cardiol
1998; 19: 463-467

Kimball TR, Daniels SR, Khoury P, et al: Age-related
variation in contractility estimate in patients =20 years of
age. Am J Cardiol 1991; 68: 1383-1387

Frilifgite © End-systolic wall stress 7 5 L7z 5 R DR
DI LN OFRRERFAHi OGS, SR KEE 1990; 60(1):
69-81

Takahashi Y, Harada K, Ishida A, et al: Left ventricular
preload reserve in preterm infants with patent ductus
arteriosus. Arch Dis Child Fetal Neonatal Ed 1994; 71:
F118-F121

Bussmann N, Breatnach C, Levy PT, et al: Early diastolic
dysfunction and respiratory morbidity in premature
infants: An observational study. ] Perinatol 2018; 38:
1205-1211

JNHER B LR DT 7Ny BT 7 AT 1 Ath
J, 2013, pps-13

Meyer S, Sander ], Griber S, et al: Agreement of invasive
versus non-invasive blood pressure in preterm neonates
is not dependent on birth weight or gestational age. ] Pae-
diatr Child Health 2010; 46: 249-254

Emery EF, Greenough A: Non-invasive blood pressure
monitoring in preterm infants receiving intensive care.
Eur ] Pediatr 1992; 151: 136-139

Dionne JM, Bremner SA, Baygani SK, et al: International
Neonatal Consortium: Method of blood pressure mea-
surement in neonates and infants: A systematic review
and analysis. ] Pediatr 2020; 221: 23-31.e5

B I8 Ta—TH 2.0 (—/NERE~/ NI
BREREEDHA). H/NRRAZEE 2018; 122: 601-609
Nagasawa H: Novel regression equations of left ventric-
ular dimensions in infants less than 1 year of age and
premature neonates obtained from echocardiographic
examination. Cardiol Young 2010; 20: 526-531

Sato Y, Kawataki M, Hirakawa A, et al: The diameter of
the inferior vena cava provides a noninvasive way of cal-
culating central venous pressure in neonates. Acta Paedi-
atr 2013; 102: e241-e246

Hruda J, Rothuis EGM, van Elburg RM, et al: Echocardio-
graphic assessment of preload conditions does not help at
the neonatal intensive care unit. Am J Perinatol 2003; 20:
297-304

Mugloo MM, Malik S, Akhtar R: Echocardiographic infe-
rior vena cava measurement as an alternative to central
venous pressure measurement in neonates. Indian J Pedi-
atr 2017; 84: 751-756

Osborn DA, Evans N, Kluckow M: Left ventricular con-
tractility in extremely premature infants in the first day
and response to inotropes. Pediatr Res 2007; 61: 335-340
SRS, JIOTR, R, 3 MR ER
ISR BIEEEEICT] « DRSS D RERFZE L & i
i o PR I - 2 I R e D B SIS D


https://doi.org/10.21037/tp.2019.07.10
https://doi.org/10.21037/tp.2019.07.10
https://doi.org/10.21037/tp.2019.07.10
https://doi.org/10.1161/01.RES.42.6.839
https://doi.org/10.1161/01.RES.42.6.839
https://doi.org/10.1161/01.RES.42.6.839
https://doi.org/10.1161/01.CIR.41.2.343
https://doi.org/10.1161/01.CIR.41.2.343
https://doi.org/10.1161/01.CIR.41.2.343
https://doi.org/10.1016/j.jfma.2013.02.011
https://doi.org/10.1016/j.jfma.2013.02.011
https://doi.org/10.1016/j.jfma.2013.02.011
https://doi.org/10.1016/j.jfma.2013.02.011
https://doi.org/10.1515/jpm-2020-0331
https://doi.org/10.1515/jpm-2020-0331
https://doi.org/10.1515/jpm-2020-0331
https://doi.org/10.1515/jpm-2020-0331
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1016/j.cardfail.2021.01.022
https://doi.org/10.1038/sj.jp.7211774
https://doi.org/10.1038/sj.jp.7211774
https://doi.org/10.1038/sj.jp.7211774
https://doi.org/10.1136/adc.2007.124263
https://doi.org/10.1136/adc.2007.124263
https://doi.org/10.1136/adc.2007.124263
https://doi.org/10.1136/adc.2007.124263
https://doi.org/10.9794/jspccs.32.451
https://doi.org/10.9794/jspccs.32.451
https://doi.org/10.1136/adc.64.10_Spec_No.1374
https://doi.org/10.1136/adc.64.10_Spec_No.1374
https://doi.org/10.1136/adc.64.10_Spec_No.1374
https://doi.org/10.1136/adc.64.10_Spec_No.1374
https://doi.org/10.1007/s002469900358
https://doi.org/10.1007/s002469900358
https://doi.org/10.1007/s002469900358
https://doi.org/10.1007/s002469900358
https://doi.org/10.1016/0002-9149(91)90250-O
https://doi.org/10.1016/0002-9149(91)90250-O
https://doi.org/10.1016/0002-9149(91)90250-O
https://doi.org/10.1136/fn.71.2.F118
https://doi.org/10.1136/fn.71.2.F118
https://doi.org/10.1136/fn.71.2.F118
https://doi.org/10.1136/fn.71.2.F118
https://doi.org/10.1038/s41372-018-0147-2
https://doi.org/10.1038/s41372-018-0147-2
https://doi.org/10.1038/s41372-018-0147-2
https://doi.org/10.1038/s41372-018-0147-2
https://doi.org/10.1111/j.1440-1754.2009.01679.x
https://doi.org/10.1111/j.1440-1754.2009.01679.x
https://doi.org/10.1111/j.1440-1754.2009.01679.x
https://doi.org/10.1111/j.1440-1754.2009.01679.x
https://doi.org/10.1007/BF01958960
https://doi.org/10.1007/BF01958960
https://doi.org/10.1007/BF01958960
https://doi.org/10.1016/j.jpeds.2020.02.072
https://doi.org/10.1016/j.jpeds.2020.02.072
https://doi.org/10.1016/j.jpeds.2020.02.072
https://doi.org/10.1016/j.jpeds.2020.02.072
https://doi.org/10.1017/S1047951110000661
https://doi.org/10.1017/S1047951110000661
https://doi.org/10.1017/S1047951110000661
https://doi.org/10.1017/S1047951110000661
https://doi.org/10.1111/apa.12247
https://doi.org/10.1111/apa.12247
https://doi.org/10.1111/apa.12247
https://doi.org/10.1111/apa.12247
https://doi.org/10.1055/s-2003-42771
https://doi.org/10.1055/s-2003-42771
https://doi.org/10.1055/s-2003-42771
https://doi.org/10.1055/s-2003-42771
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1203/pdr.0b013e318030d1e1
https://doi.org/10.1203/pdr.0b013e318030d1e1
https://doi.org/10.1203/pdr.0b013e318030d1e1

89

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

T. RIVHERRE 2002; 14(2): 45-52

KFEZ, AEET, R O, & JEEREEE R
HOMIGEHFAA FTA . ARERI AR

Toyono M, Harada K, Takahashi Y, et al: Maturational
changes in left ventricular contractile state. Int J Cardiol
1998; 64: 247-252

B W, Seims L SRR ORIBIC BT 2 e R PRk
EOREE LT ORAGM. H/NIER G 2016; 32:
277-290

Hirose A, Khoo NS, Aziz K, et al: Evolution of left ven-
tricular function in the preterm infant. ] Am Soc Echo-
cardiogr 2015; 28: 302-308

Nestaas E, Schubert U, de Boode WP, et al: European Spe-
cial Interest Group ‘Neonatologist Performed Echocar-
diography’ (NPE): Tissue Doppler velocity imaging and
event timings in neonates: A guide to image acquisition,
measurement, interpretation, and reference values. Pedi-
atr Res 2018; 84 Suppl 1: 18-29

Lee A, Nestaas E, Liestol K, et al: Tissue Doppler imaging
in very preterm infants during the first 24h of life: An
observational study. Arch Dis Child Fetal Neonatal Ed
2014; 99: F64-F69

Joshi S, Edwards JM, Wilson DG, et al: Reproducibility
of myocardial velocity and deformation imaging in term
and preterm infants. Eur ] Echocardiogr 2010; 11: 44-50
Saleemi MSH, El-Khuffash A, Franklin O, et al: Serial
changes in myocardial function in preterm infants over
a four week period: The effect of gestational age at birth.
Early Hum Dev 2014; 90: 349-352

Breatnach CR, El-Khuffash A, James A, et al: Serial
measures of cardiac performance using tissue Doppler
imaging velocity in preterm infants <29weeks gestations.
Early Hum Dev 2017; 108: 33-39

Ciccone MM, Scicchitano P, Zito A, et al: Different func-
tional cardiac characteristics observed in term/preterm
neonates by echocardiography and tissue doppler imag-
ing. Early Hum Dev 2011; 87: 555-558

Negrine RJS, Chikermane A, Wright JGC, et al: Assess-
ment of myocardial function in neonates using tissue
Doppler imaging. Arch Dis Child Fetal Neonatal Ed 2012;
97: F304-F306

Mori K, Nakagawa R, Nii M, et al: Pulsed wave Doppler
tissue echocardiography assessment of the long axis func-
tion of the right and left ventricles during the early neo-
natal period. Heart 2004; 90: 175-180

Masutani S, Saiki H, Kurishima C, et al: Assessment of
ventricular relaxation and stiffness using early diastolic
mitral annular and inflow velocities in pediatric patients
with heart disease. Heart Vessels 2014; 29: 825-833
Kozak-Barany A, Jokinen E, Saraste M, et al: Develop-
ment of left ventricular systolic and diastolic function in
preterm infants during the first month of life: A prospec-
tive follow-up study. J Pediatr 2001; 139: 539-545
Cetinkaya M, Bostan 0O, Koksal N, et al: Early left ventric-
ular diastolic dysfunction in premature infants born to
preeclamptic mothers. J Perinat Med 2011; 39: 89-95
Okumura K, Slorach C, Mroczek D, et al: Right ventric-
ular diastolic performance in children with pulmonary
arterial hypertension associated with congenital heart
disease. Circ Cardiovasc Imaging 2018; 7: 491-501
ML, HAACF, Fnen], (&0 MK A AR R
DR M InpNC B0 % OlEdiaRaE. HEED - Bl s

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

59)

5 2010; 46: 593

Tao K, Hara Y, Ishihara Y, et al: Cesarean section predom-
inantly affects right ventricular diastolic function during
the early transitional period. Pediatr Neonatol 2019; 60:
523-529

Nagueh SE Smiseth OA, Appleton CP, et al: Houston,
Texas; Oslo, Norway; Phoenix, Arizona; Nashville, Ten-
nessee; Hamilton, Ontario, Canada; Uppsala, Sweden;
Ghent and Liége, Belgium; Cleveland, Ohio; Novara,
Italy; Rochester, Minnesota; Bucharest, Romania; and St.
Louis, Missouri: Recommendations for the evaluation of
left ventricular diastolic function by echocardiography:
An update from the american society of echocardiogra-
phy and the european association of cardiovascular imag-
ing. Eur Heart ] Cardiovasc Imaging 2016; 17: 1321-1360
Masutani S, Isayama T, Kobayashi T, et al: PLASE (Patent
ductus arteriosus and left atrial size evaluation in preterm
infants) study group investigators: Ductus diameter and
left pulmonary artery end-diastolic velocity at 3 days of
age predict the future need for surgical closure of patent
ductus arteriosus in preterm infants: A post-hoc analysis
of a prospective multicenter study. J Cardiol 2021; 78:
487-492

Toyoshima K, Isayama T, Kobayashi T, et al: Patent ductus
arteriosus, left atrial size evaluation in preterm infants
(PLASE) study group investigators: What echocardio-
graphic indices are predictive of patent ductus arteriosus
surgical closure in early preterm infants? A prospective
multicenter cohort study. J Cardiol 2019; 74: 512-518
Martins F de F, Rios DI, Resende MHE, et al: Relationship
of patent ductus arteriosus size to echocardiographic
markers of shunt volume. ] Pediatr 2018; 202: 50-55.e3
HAME B8, L, @raf, &0 FrERRER
& %0z a—ikib i B ORI OB EFE HEE
W1+ BENLES 20175 29: 373-382

TR L U A R IS B0 B AR B i D
BHUEMHICBET S ATTE. A PER - B VL aak 1996 32:
493-503

Vrancken SL, van Heijst AF, de Boode WP: Neonatal
hemodynamics: From developmental physiology to com-
prehensive monitoring. Front Pediatr 2018; 6: 87
SEEIE, L, IR, &M ¢ Stress-Velocity
BfRZfakE & U CIRERE B U 7o 1ehf 23, 24 RN
O HEPER « #rE M6k 2005; 41: 535-542

Ikeda T, Amizuka T, Ito Y, et al: Changes in the perfusion
waveform of the internal cerebral vein and intraventric-
ular hemorrhage in the acute management of extremely
low-birth-weight infants. Eur ] Pediatr 2014; 174: 331-
338

Kluckow M, Evans N: Low superior vena cava flow and
intraventricular haemorrhage in preterm infants. Arch
Dis Child Fetal Neonatal Ed 2000; 82: F188-F194
Mahieu-Caputo D, Muller F, Joly D, et al: Pathogenesis of
twin-twin transfusion syndrome: The renin-angiotensin
system hypothesis. Fetal Diagn Ther 2001; 16: 241-244
Quintero R, Morales W, Allen M, et al: Staging of twin-
twin transfusion syndrome. J Perinatol 1999; 19: 550-555
Sago H, Hayashi S, Saito M, et al: The outcome and
prognostic factors of twin-twin transfusion syndrome
following fetoscopic laser surgery. Prenat Diagn 2010; 30:
1185-1191

ML=, AHZE, JIEEE, (35 @ K2

© 2023 Japanese Society of Pediatric Cardiology and Cardiac Surgery


https://doi.org/10.1016/S0167-5273(98)00047-3
https://doi.org/10.1016/S0167-5273(98)00047-3
https://doi.org/10.1016/S0167-5273(98)00047-3
https://doi.org/10.1016/j.echo.2014.10.017
https://doi.org/10.1016/j.echo.2014.10.017
https://doi.org/10.1016/j.echo.2014.10.017
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1038/s41390-018-0079-8
https://doi.org/10.1136/archdischild-2013-304197
https://doi.org/10.1136/archdischild-2013-304197
https://doi.org/10.1136/archdischild-2013-304197
https://doi.org/10.1136/archdischild-2013-304197
https://doi.org/10.1093/ejechocard/jep161
https://doi.org/10.1093/ejechocard/jep161
https://doi.org/10.1093/ejechocard/jep161
https://doi.org/10.1016/j.earlhumdev.2014.04.012
https://doi.org/10.1016/j.earlhumdev.2014.04.012
https://doi.org/10.1016/j.earlhumdev.2014.04.012
https://doi.org/10.1016/j.earlhumdev.2014.04.012
https://doi.org/10.1016/j.earlhumdev.2017.03.012
https://doi.org/10.1016/j.earlhumdev.2017.03.012
https://doi.org/10.1016/j.earlhumdev.2017.03.012
https://doi.org/10.1016/j.earlhumdev.2017.03.012
https://doi.org/10.1016/j.earlhumdev.2011.04.012
https://doi.org/10.1016/j.earlhumdev.2011.04.012
https://doi.org/10.1016/j.earlhumdev.2011.04.012
https://doi.org/10.1016/j.earlhumdev.2011.04.012
https://doi.org/10.1136/adc.2009.175109
https://doi.org/10.1136/adc.2009.175109
https://doi.org/10.1136/adc.2009.175109
https://doi.org/10.1136/adc.2009.175109
https://doi.org/10.1136/hrt.2002.008110
https://doi.org/10.1136/hrt.2002.008110
https://doi.org/10.1136/hrt.2002.008110
https://doi.org/10.1136/hrt.2002.008110
https://doi.org/10.1007/s00380-013-0422-2
https://doi.org/10.1007/s00380-013-0422-2
https://doi.org/10.1007/s00380-013-0422-2
https://doi.org/10.1007/s00380-013-0422-2
https://doi.org/10.1067/mpd.2001.118199
https://doi.org/10.1067/mpd.2001.118199
https://doi.org/10.1067/mpd.2001.118199
https://doi.org/10.1067/mpd.2001.118199
https://doi.org/10.1515/jpm.2010.126
https://doi.org/10.1515/jpm.2010.126
https://doi.org/10.1515/jpm.2010.126
https://doi.org/10.1161/CIRCIMAGING.113.001071
https://doi.org/10.1161/CIRCIMAGING.113.001071
https://doi.org/10.1161/CIRCIMAGING.113.001071
https://doi.org/10.1161/CIRCIMAGING.113.001071
https://doi.org/10.1016/j.pedneo.2019.01.004
https://doi.org/10.1016/j.pedneo.2019.01.004
https://doi.org/10.1016/j.pedneo.2019.01.004
https://doi.org/10.1016/j.pedneo.2019.01.004
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2021.08.007
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jjcc.2019.05.004
https://doi.org/10.1016/j.jpeds.2018.06.045
https://doi.org/10.1016/j.jpeds.2018.06.045
https://doi.org/10.1016/j.jpeds.2018.06.045
https://doi.org/10.3389/fped.2018.00087
https://doi.org/10.3389/fped.2018.00087
https://doi.org/10.3389/fped.2018.00087
https://doi.org/10.1007/s00431-014-2396-1
https://doi.org/10.1007/s00431-014-2396-1
https://doi.org/10.1007/s00431-014-2396-1
https://doi.org/10.1007/s00431-014-2396-1
https://doi.org/10.1007/s00431-014-2396-1
https://doi.org/10.1136/fn.82.3.F188
https://doi.org/10.1136/fn.82.3.F188
https://doi.org/10.1136/fn.82.3.F188
https://doi.org/10.1159/000053919
https://doi.org/10.1159/000053919
https://doi.org/10.1159/000053919
https://doi.org/10.1038/sj.jp.7200292
https://doi.org/10.1038/sj.jp.7200292
https://doi.org/10.1002/pd.2647
https://doi.org/10.1002/pd.2647
https://doi.org/10.1002/pd.2647
https://doi.org/10.1002/pd.2647

90

60)

61)

BRNRBERSBF M

K 2 PN iy I AE (o A 0D S T L YE 72 i 72 & T — B
TOERE RGO 2R & BRI T, HEER - Bk
455 2017; 53: 966-973

B, B, =R, 13h  fREEZ KL
7z MD BUROREIC DWW T ORE. HEES - FrEis
7% 2017; 53:522

KLU - ARG MUTE 1 72 FRE U 7o/ NN B %
ERIERARR LR OHEROAER. HEER -
IR 2R 2019; 55: 492

$39%& $25

62)

63)

64)

KNEK  IEERRRE 2 o 2, —MEE T 2EB (MD)
BHRICFT % renin fED B, HE D] - Frd ) &5
2021; 57(suppl): 184

Masutani S: Left ventricular end-diastolic dimension for
the assessment of the pulmonary to systemic flow ratio in
congenital heart diseases. Circ ] 2021; 86: 136-137
Ishiguro A, Sasaki A, Motojima Y, et al: Randomized trial
of perfusion-based circulatory management in infants of
very low birth weight. ] Pediatr 2022; 243: 27-32.e2


https://doi.org/10.1253/circj.CJ-21-0896
https://doi.org/10.1253/circj.CJ-21-0896
https://doi.org/10.1253/circj.CJ-21-0896
https://doi.org/10.1016/j.jpeds.2021.12.020
https://doi.org/10.1016/j.jpeds.2021.12.020
https://doi.org/10.1016/j.jpeds.2021.12.020

