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Physiology of Fetal Circulation

Noboru Inamura
Faculty of Medicine, Department of Pediatrics, Kindai University, Osaka, Japan

A characteristic of fetal circulation is that the relationship between the right and left ventricles is parallel, with
one intracardiac shunt (foramen ovale) and two unexpected shunts (ductus venosus and ductus arteriosus) in
which lung circulation is not established and fetal oxygen is supplied from the placenta. The main blood flow
streams from the right ventricle toward the descending aorta through the main pulmonary artery and ductus
arteriosus, with little blood circulating in the lungs. Therefore, an evaluation of the right heart system, including
the placenta and three shunts, is important for determining the cardiac function of the fetus. Until the third
trimester of pregnancy, the pulmonary blood flow increases to four times that in the first trimester, and left
ventricle blood flow that normally bears 45% of the total cardiac output in fetal circulation increases 2-3 times
after birth. It is important to understand the characteristics of fetal circulation and its dramatic transition to the
postnatal circulation to delineate the pathophysiology of congenital heart diseases.
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Portal vein

Fig. 1 Course of blood flow in the region of the
porta hepatis and oxygen saturations of
blood in the vessels in the region of the
porta hepatis and in the inferior vena cava
and hepatic veins

Umbilical venous blood is distributed to the left
lobe of the liver. The ductus venosus arises from
the umbilical vein, which then arches to the right to
join the portal vein. Portal venous blood is largely
distributed to the right liver lobe and only a small
proportion passes through the ductus venosus.
SVC; supra vena cava, IVC; infra vena cava, RLV;
right hepatic vein, LHV; left hepatic vein. Reprinted
with permission from reference 4).
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Fig. 2 A: The percentages of the combined ventricular output that are ejected from each ventricle, flow
through the main vascular channels and return to the fetal heart. Figures represent values for
late-gestation lambs. B: The volumes of blood flow through cardiac chambers and great vessels in the
late-gestation fetal lamb (mL/min per kg body weight). Reprinted with permission from reference 4).

Fig. 3 A: The percentages of the combined ventricular output that are ejected from each ventricle, flow
through the main vascular channels and return to the fetal heart in the late-gestation human fetus.
B: The volumes of blood flow (mL/min per kg) through cardiac chambers and great vessels of the
late-gestation human fetus. Reprinted with permission from reference 4).
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Fig. 4 Relative stability of ventricular outputs of
human fetuses despite variations in their
heart rate

Solid and dotted line represent left and right ven-
tricular outputs, respectively. Reprinted with per-
mission from reference 11).
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Fig. 5 Comparison of length-tension curves of
cardiac muscle between fetal and adult

sheep

A lower active tension development, and higher
resting tension, are consistently observed in the
fetal heart. Reprinted with permission from refer-
ence 17).
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Fig. 6 A: Proportions of the combined ventricular output ejected by the right and left ventricles and flow-

ing through great vessels in fetal lambs during ventilation without changing fetal blood gases.

B: Proportions of the combined ventricular output ejected by the right and left ventricles and flow-

ing through great vessels in fetal lambs during ventilation with oxygen.
Reprinted with permission from Macmillan Publishers Ltd: Pediatr Res 22: 557-566, copyright 1987. (Reference 33))
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JED S IEFIMEd 5 C IS K D OBENE K 7H> T
V5. CTOEVLETEROEOFZHIRL T, 1E
mtEZHIRY 5. HEROBRFEENZELE, K
SUT & B U Tz BRPEORIENIEZE T, BRTEDL DT
KD LEZFmM LYY <5, LEEED T TH
U, TOLEORESEILEMFARICE D, 1 EHH
BReDEHHEOMMAEEENS. I)VFY—
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U, BIRBRRIVE VR E, W DhDFRIVE VIR,
JHFEADTERIIIC B CHELS# Z RO EEZ D
ncns .

IEERRIRDIOHEEE

LIED XS 7N IR G 2 RO fEERTEX C h
ETEWIIRIC K BN ERTH-Tz. LA L, it
FEODMEE T R 7S Bl HBUE IR YL O O i ik AE
RO JHMZERM A 2 A HEIC LTz,

t MBRICHBEWT, F7ImmdERpiE, ik
E, ONMSL, EES, AT, MEk & KERE
BETXRTOLIEL NV TR TE 5.

1. BiRE

FIRE [ IEERIR D B T REIRNTE % 31 7S A ThafiE
MHMEL T NIk Z2 MR - FFigz & 9ERE MR
HIRICHASE TS, £z, BN SDZEOERR
MTADZRIC IS IR0 K S ITHERI TR L
TW5. EMRE RO ORI TN TE 5.
FOIRE DS 1 OTEA s 9 (NEID, 55 2 OTERN
di GEsERD, 2L CLEIEIC LS A (LA
FEHD HDKB. SE—ZHEE A U— 78 (s/A)
DO IT, FIREOMITERERZELT, MEHMSHH
VLTRTGRA—RTH S 4,

2. TKERR

FREIRIETIZ S EIRE WP £ [ U < s,d,a #h 5 B
5. HDBEOIGRIC K % 8 B2 T 5728 a P
WilEL T3 . IVC D aiid > - kL REe (G
DEWED F 5 preload DN I k> TH@E T
% *. Preload index (PLI) & PLI=a/s TEHIL,
UHREENC A7 T IERIE 04 AT TH B .

3. BERRAER
Early wave (E %) & Atrial wave (A J§) Z&HIIL,

IDESRERREZ A9 2 71k, BERSERA T E )
MWABEEDEODOMIERE TH2H, MG OHRE
BEMES EBE D & AWDSHEN . JAYLD E/A
FIENRAII T/ 0.5, HIHITHY 0.8 LRI L &
NS 5. ARMEEMSZIMEO X 5 725 > kiR
BT ERE APUIHIEME L LS.

4. KA & FiEhBik
KIR & IEIRD D OWHEIIZ L, ThEn, A
TR GDN SRl TE 5. mRAMHE (Peak Velocity:
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PV) &fimdRiE (Time to Peak Velocity: TPV) &,
RE—RNCHNENZIRETH . PV IXFImLE,
DN E B AR EL VLD DRE I X > T
W N O TKEIRO PV IE, FMEIRE O &
WV, UENE 20 38 T PV & BT KENIR T 60cm/s,
THiEIR T 54cm/s TH B, HHENETICONT
Wwo< D& EFHUBTKEKTFEE 60~120cm/s, T
Bk T 19 50~110cm/s £ T 579 3 74, —
J7, TPV IFFEERLE, OEOPNFHEMEIIC K > TES
INB. TPV & FHEEIREIS VB OBIRICH 5. il
RO TPV IZ KENNR K O EAICHEY, THUERIEO
T RBIIRE A EEEIIRE X D @D E&2RE LTV
2 49>‘

5. ##aHE (Combined cardiac output)
FEADEDORED 72 b O.OAHEOAECLEEE
A9 % /515, Cardiac output=>{*H FREikEx - H 7
I MR R R M+ AR TR 5. AL
FOHIMEZES LM E (Combined cardiac
output) D IEH X 500mL/kg/min TdH %. MaMH
i 1132 1f T 1& 800 mL/kg/min Z# 2 % & R FISE T
DFERRHEF L ENTVS. I T EOINHERNME T L
e, DR TR 2T 5. RS OERDSH

ZRERICRITENRETH 5.

6. ENARE D MRAZ
FIIRE (X FAER & M RERZ S SEE THS.

HOEFFEICHIRE O MEERIIC K > THEENT
WBEEZLNTWA. BIIRE TONFEORIGEREIE
iR 15 3 50cm/s T, iicid 130~169cm/s £ T
W70 %, PRRIMR ISR 17 EIC I3 RIS T
&, pulsatile index & 2.46+0.52 & FLESHYEET, 4&E
IR —ETH 5. BIRENKL 72 L iR RMTRELED
FL7&D, pulsatile index 1& 1.9 L Fic75 2. HED
PAAE 1.0 F TR F B 2,

7. RRRF7SMREREDOZEL

FER 20 MBI S, TS ORI F 7T MR
LN T %, TREIRO PLI L ##IRE O s/A 136
RIS 5. W7 OEZEFRAMD E/A ERITH
e %, ZUT, WMERD PV & i ik i A7) il
(time velocity integral: TVD) (319 % 59,

INHOELR, LDEIAVTITAT Y ANAREIC
YETBAETHE ™. TNHIE FAHIRD PLI O
I, E/A O ERIRIEHTOMETIC X v DL
FOERAMICER S 2 402 0.0 RO NI

Ko THPTES. 4LUR 20 LR, ABIkRD TPV
EKBIIRD TPV & O KW, C AU RIE A
TRBIREL DD LENT ERRBT 3%, EHk
HEOHERE RCO) FAEZMAHE (LCO) &b
Y, RCO/LCO D L HIS fEE 18 D 1.25 H 5,
HEAR 38 TP 115 E TR R 5 2. #bdi&
(CCO) ZHLHE 18 3T 100 mL/min /5 #HE 38 AT
#71,000mL/min £ THEMT 5. LhL, KEHD
RO HY B 1 AEHR IS 72 38 U C 450 mL/min/kg
—ETH%.

TEH

FeRTEDIREDIEIR, MRVEOAEORBENC IR EE
BAEMOMBNRETH S, Hichd U< IEHAERIC
T 2 RIEEROZE 2 BIE T 512 R 7 FiEMMRIC
VLD, S, IRIRZKOMERIC K > TRERL7ZZ LD
VRO 2R 2 Z LN TIIENS. NETE
BRanSEPE 2 HAE 9 /7 I 3R G BRAE P O PR & AR
FRIEIRHALERDTHAS.

5| Ak

1) Schmidt KG, Silverman NH, Rudolph AM: Assessment
of flow events at the ductus venosus: Inferior vena cava-
junction and at the foramen ovale in fetal sheep by use of
multimodal ultrasound. Circulation 1996; 93: 826-833

2) Kiserud T: Hemodynamics of the ductus venosus. Eur J
Obstet Gynecol Reprod Biol 1999; 84: 139-147

3) Kiserud T: Fetal venous circulation: An update on hemo-
dynamics. ] Perinat Med 2000; 28: 90-96

4) Rudolph AM: Congenital Diseases of the Heart:
Clinical-Physiological Considerations, 3rd Edition.
Wiley-Blackwell, 2009

5) Rudolph AM, Heymann MA: The circulation of the
fetusin utero. Methods for studying distribution of blood
flow,cardiac output and organ blood flow. Circ Res 1967;
21:163-168

6) Rudolph AM, Heymann MA: Circulatory changes during
growth in the fetal lamb. Circ Res 1970; 26: 289-299

7) Sutton MG, Plappert T, Doubilet P: Relationship between
placental blood flow and combined ventricular output
with gestational age in normal human fetus. Cardiovasc
Res 1991; 25: 603-608

8) Kiserud T, Rasmussen S, Skulstad S: Blood flow and the
degree of shunting through the ductus venosus in the
human fetus. Am J Obstet Gynecol 2000; 182: 147-153

9) Rasanen J, Wood DC, Debbs RH, et al: Reactivity of the
human fetal pulmonary circulation to maternal hyperox-
ygenation increases during the second half of pregnancy:
A randomized study. Circulation 1998; 97: 257-262

10) Rudolph AM, Heymann MA: Cardiac output in the fetal
lamb: The effects of spontaneous and induced changes
of heart rate on right and left ventricular output. Am J

© 2016 Japanese Society of Pediatric Cardiology and Cardiac Surgery


http://dx.doi.org/10.1161/01.CIR.93.4.826
http://dx.doi.org/10.1161/01.CIR.93.4.826
http://dx.doi.org/10.1161/01.CIR.93.4.826
http://dx.doi.org/10.1161/01.CIR.93.4.826
http://dx.doi.org/10.1016/S0301-2115(98)00323-6
http://dx.doi.org/10.1016/S0301-2115(98)00323-6
http://dx.doi.org/10.1515/JPM.2000.011
http://dx.doi.org/10.1515/JPM.2000.011
http://dx.doi.org/10.1161/01.RES.21.2.163
http://dx.doi.org/10.1161/01.RES.21.2.163
http://dx.doi.org/10.1161/01.RES.21.2.163
http://dx.doi.org/10.1161/01.RES.21.2.163
http://dx.doi.org/10.1161/01.RES.26.3.289
http://dx.doi.org/10.1161/01.RES.26.3.289
http://dx.doi.org/10.1093/cvr/25.7.603
http://dx.doi.org/10.1093/cvr/25.7.603
http://dx.doi.org/10.1093/cvr/25.7.603
http://dx.doi.org/10.1093/cvr/25.7.603
http://dx.doi.org/10.1016/S0002-9378(00)70504-7
http://dx.doi.org/10.1016/S0002-9378(00)70504-7
http://dx.doi.org/10.1016/S0002-9378(00)70504-7
http://dx.doi.org/10.1161/01.CIR.97.3.257
http://dx.doi.org/10.1161/01.CIR.97.3.257
http://dx.doi.org/10.1161/01.CIR.97.3.257
http://dx.doi.org/10.1161/01.CIR.97.3.257

460

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

BRNRBERSBF M

Obstet Gynecol 1976; 124: 183-192

Kenny J, Plappert T, Doubilet P, et al: Effects of heart
rate on ventricular size, stroke volume, and output in the
normal human fetus: A prospective Doppler echocardio-
graphic study. Circulation 1987; 76: 52-58

Anderson PAW, Glick KI, Manring A, et al: Developmen-
tal changes in cardiac contractility in fetal and post-na-
tal sheep: In vitro and in vivo. Am J Physiol 1989; 247:
H371-H379

St. John Sutton M, Groves A, MacNeil A, et al: Assessment
of changes in blood flow thought the lumgs and foramen
ovale in the normal human fetus with gestational age: A
prospective Doppler echocardiographic study. Br Heart |
1994; 71: 232-237

Teitel DE, Iwamoto HS, Rudolph AM: Effects of birth-re-
lated events on central blood flow pattern. Pediatr Res
1987; 22: 557-566

Gilbert RD: Control of fetal cardiac output during
changes in blood volume. Am ] Physiol 1980; 238: H80-
H86

Hawkins J, Van Hare GE Schmidt KG, et al: Effects of
increasing afterload on left ventricular output in fetal
lambs. Circ Res 1989; 65: 127-134

Freidman WF: The intrinsic physiologic properties of the
developing heart. Prog Cardiovasc Dis 1972; 15: 87-111
Mchony L, Jones LR: Developmental changes in cardiac
sarcoplasmic reticulum in sheep. J Biol Chem 1986; 261:
15257-15265

Hawkins J, Van Hare GE Schmidt KG, et al: Effects of
increasing afterload on left ventricular output in fetal
lambs. Circ Res 1989; 65: 127-134

Hislop A, Reid L: Intrapulmonary arterial development
during fetal life-branching pattern and structure. ] Anat
19725 113: 35-48

Cook CD, Drinker PA, Jacobson HN, et al: control pul-
monary blood flow in the fetal and newly born lamb. ]
Physiol 1963; 169: 10-29

Rudolph AM, Yuan A: Response of pulmonary vascula-
ture to hypoxia and Hion concentration changes. J Clin
Invest 1966; 45: 399-411

Noonan TC, Malik AB: Pulmonary vascular response to
leukotriene D4 in unanesthetized sheep: Role of throm-
boxane. ] Appl Physiol 1986; 60: 765-769

Cassin S: Role of prostaglandine, thromboxanes, and leu-
kotrienes in the control of the pulmonary circulation in
the fetus and newborn. Semin Perinatol 1987; 11: 53-63
Teyssier G, Fouron JC, Maroto E, et al: Cariac two-
demensional imaging and reference values for blood flow
velocities in the ovine fetus. ] Dev Physiol 1992; 17: 21-27
Machado MVI, Chita SC, Allan LD: Accelaration time
in the aorta and pulmonary artery measured by Doppler
echocardiography in the mid-trimester normal human
foetus. Br Heart ] 1987; 10: 252-268

Rosenfield CR, Morris FH Jr, Makowashi EL, et al: Circu-
katory changes in the resproductive tissues of ewes during
pregnancy. Gynecol Invest 1974; 10: 252-268

Stock MK, Anderson DE, Phernetton TM, et al: Vascular
response of the fetal placenta to local occlusion of the
maternal pulacental vasculature. ] Dev Physiol 1980; 2:
339-346

Fouron JC, Zarelli M, Drblik SP, et al: Normal flow veloc-
ity profile of the fetal aortic isthmus through normal ges-

#£32% $65

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

tation. Am ] Cardiol 1994; 74: 483-486

Patton DJ, Fouron JC: Cerebral arteriovenous malforma-
tion: Comparison of pre- and postnatal central blood flow
dynamics. Pediatr Cardiol 1995; 16: 141-144

Rasanen J, Wood DC, Weiner S, et al: Role of the pulmo-
nary circulation in the distribution of human fetal cardiac
output during the second half of pregnancy. Circulation
1996; 94: 1068-1073

Kisrud T, Hellevik LR, Eik-Nes SH, et al: Estimation of
the pressure gradient across the fetal ductus venosus
based on Doppler velocimetry. Ultrasound Med Biol
1994; 20: 225-232

Teitel DF, Iwamoto HS, Rudolph AM: Effects of bir-
threlated events on central blood flow patterns. Pediatr
Res 1987; 22: 557-566

Teitel DF, Iwamoto HS, Rudolph AM: Changes in the pul-
monary circulation during birth-related events. Pediatr
Res 1990; 27: 372-378

Oberhansli-Weiss I, Heymann MA, Rudolph AM, et al:
The pattern and mechanisms of response of the ductusar-
teriosus and umbilical artery to oxygen. Pediatr Res 1972;
6: 693-700

McMurphy DM, Heymann MA, Rudolph AM, et al:
Developmental changes in constriction of the ductus arte-
riosus: Responses to oxygen and vasoactive substances
in the isolated ductus arteriosus of the fetal lamb. Pediatr
Res 1972; 6: 231-238

Clyman RI, Mauray F, Heymann MA, et al: Ductus arteri-
osus:developmental response to oxygen and indometha-
cin. Prostaglandins 1978; 15: 993-998

Rudolph AM, Roman C, Gournay VA: Perinatal myocar-
dial DNA and protein changes in the lamb: Effect of cor-
tisol in the fetus. Pediatr Res 1999; 46: 141-146

Breall JA, Rudolph AM, Heymann MA: Role of thyroid
hormone in postnatal circulatory and metabolic adjust-
ments. ] Clin Invest 1984; 73: 1418-1424

Rizzo G, Capponi A, Arduini D, et al: Ductus venosus
velocity waveforms in appropriate and small for gesta-
tional age fetuses. Early Hum Dev 1994; 39: 15-26

Rizzo G, Capponi A, Talone PE, et al: Doppler indices
from inferior vena cava and ductus venosus in predicting
pH and oxygen tension in umbilical blood at cordocente-
sis in growth retarded fetuses. Ultrasound Obstet Gynecol
1996; 7: 401-410

Okamura K, Murotsuki J, Kobajashi M, et al: Umbilical
venous pressure and Doppler flow patterns of inferior
vena cava in the fetus. Am ] Perinatol 1994; 11: 255-259
Kanzaki T, Chiba Y: Evaluation of preload condition of
the fetus by inferior vena cava blood flow pattern. Fetal
Diagn Ther 1990; 5: 168-174

Labovitz AJ, Pearson C: Evaluation of left ventricular
diastolic function: Clinical relevance and recent Doppler
echocardiographic insights. Am Heart ] 1987; 114: 836-851
Gardin JM: Doppler measurements of aortic blood veloc-
ity and acceleration: Load-independent indexes of left
ventricular performance. Am J Cardiol 1989; 64: 935-936
Bedotto JB, Eichorn EJ, Grayburn PA: Effects of left ven-
tricular preload and afterload on ascendic aortic blood
velocity and acceleration in coronaric artery disease. Am
J Cardiol 1989; 64: 856-859

Sharkey A, Tulzer G, Huhta J: Doppler blood velocities
in the first trimester of pregnancy. Am J Obstet Gynecol


http://dx.doi.org/10.1161/01.CIR.76.1.52
http://dx.doi.org/10.1161/01.CIR.76.1.52
http://dx.doi.org/10.1161/01.CIR.76.1.52
http://dx.doi.org/10.1161/01.CIR.76.1.52
http://dx.doi.org/10.1136/hrt.71.3.232
http://dx.doi.org/10.1136/hrt.71.3.232
http://dx.doi.org/10.1136/hrt.71.3.232
http://dx.doi.org/10.1136/hrt.71.3.232
http://dx.doi.org/10.1136/hrt.71.3.232
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1016/0033-0620(72)90006-0
http://dx.doi.org/10.1016/0033-0620(72)90006-0
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1161/01.RES.65.1.127
http://dx.doi.org/10.1113/jphysiol.1963.sp007238
http://dx.doi.org/10.1113/jphysiol.1963.sp007238
http://dx.doi.org/10.1113/jphysiol.1963.sp007238
http://dx.doi.org/10.1172/JCI105355
http://dx.doi.org/10.1172/JCI105355
http://dx.doi.org/10.1172/JCI105355
http://dx.doi.org/10.1159/000301658
http://dx.doi.org/10.1159/000301658
http://dx.doi.org/10.1159/000301658
http://dx.doi.org/10.1016/0002-9149(94)90908-3
http://dx.doi.org/10.1016/0002-9149(94)90908-3
http://dx.doi.org/10.1016/0002-9149(94)90908-3
http://dx.doi.org/10.1007/BF00801914
http://dx.doi.org/10.1007/BF00801914
http://dx.doi.org/10.1007/BF00801914
http://dx.doi.org/10.1161/01.CIR.94.5.1068
http://dx.doi.org/10.1161/01.CIR.94.5.1068
http://dx.doi.org/10.1161/01.CIR.94.5.1068
http://dx.doi.org/10.1161/01.CIR.94.5.1068
http://dx.doi.org/10.1016/0301-5629(94)90062-0
http://dx.doi.org/10.1016/0301-5629(94)90062-0
http://dx.doi.org/10.1016/0301-5629(94)90062-0
http://dx.doi.org/10.1016/0301-5629(94)90062-0
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1203/00006450-198711000-00017
http://dx.doi.org/10.1203/00006450-199004000-00010
http://dx.doi.org/10.1203/00006450-199004000-00010
http://dx.doi.org/10.1203/00006450-199004000-00010
http://dx.doi.org/10.1203/00006450-197209000-00001
http://dx.doi.org/10.1203/00006450-197209000-00001
http://dx.doi.org/10.1203/00006450-197209000-00001
http://dx.doi.org/10.1203/00006450-197209000-00001
http://dx.doi.org/10.1203/00006450-197204000-00004
http://dx.doi.org/10.1203/00006450-197204000-00004
http://dx.doi.org/10.1203/00006450-197204000-00004
http://dx.doi.org/10.1203/00006450-197204000-00004
http://dx.doi.org/10.1203/00006450-197204000-00004
http://dx.doi.org/10.1016/0090-6980(78)90041-2
http://dx.doi.org/10.1016/0090-6980(78)90041-2
http://dx.doi.org/10.1016/0090-6980(78)90041-2
http://dx.doi.org/10.1203/00006450-199908000-00002
http://dx.doi.org/10.1203/00006450-199908000-00002
http://dx.doi.org/10.1203/00006450-199908000-00002
http://dx.doi.org/10.1172/JCI111346
http://dx.doi.org/10.1172/JCI111346
http://dx.doi.org/10.1172/JCI111346
http://dx.doi.org/10.1016/0378-3782(94)90066-3
http://dx.doi.org/10.1016/0378-3782(94)90066-3
http://dx.doi.org/10.1016/0378-3782(94)90066-3
http://dx.doi.org/10.1046/j.1469-0705.1996.07060401.x
http://dx.doi.org/10.1046/j.1469-0705.1996.07060401.x
http://dx.doi.org/10.1046/j.1469-0705.1996.07060401.x
http://dx.doi.org/10.1046/j.1469-0705.1996.07060401.x
http://dx.doi.org/10.1046/j.1469-0705.1996.07060401.x
http://dx.doi.org/10.1055/s-2007-994586
http://dx.doi.org/10.1055/s-2007-994586
http://dx.doi.org/10.1055/s-2007-994586
http://dx.doi.org/10.1159/000263589
http://dx.doi.org/10.1159/000263589
http://dx.doi.org/10.1159/000263589
http://dx.doi.org/10.1016/0002-8703(87)90795-2
http://dx.doi.org/10.1016/0002-8703(87)90795-2
http://dx.doi.org/10.1016/0002-8703(87)90795-2
http://dx.doi.org/10.1016/0002-9149(89)90845-X
http://dx.doi.org/10.1016/0002-9149(89)90845-X
http://dx.doi.org/10.1016/0002-9149(89)90845-X
http://dx.doi.org/10.1016/0002-9149(89)90831-X
http://dx.doi.org/10.1016/0002-9149(89)90831-X
http://dx.doi.org/10.1016/0002-9149(89)90831-X
http://dx.doi.org/10.1016/0002-9149(89)90831-X
http://dx.doi.org/10.1016/0002-9378(91)91052-X
http://dx.doi.org/10.1016/0002-9378(91)91052-X

461

48)

49)

50)

51)

52)

53)

19915 164: 331-335

Kenny JF, Plappert T, Doubilet P, et al: Changes in intrac-
ardiac blood flow velocities and right and left ventricular
stroke volumes with gestational age in the normal human
fetus: A prospective Doppler echocardiographic study.
Circulation 1986; 74: 1208-1216

Sutton MS, Gill T, Plappert T, et al: Assessment of right
and left ventricular function in terms offorce develop-
ment with gestational age in the normal human fetus. Br
Heart ] 1991; 66: 285-289

Huhta JC: The fetal ductus arteriosus, in Copel J, Reed K,
(eds): Doppler Ultrasound in Obstetrics and Gynecology.
New York: Raven Press, 1994, pp 325-332

Huhta JC, Cohen AW, Wood DC: Premature constriction
of the ductus arteriosus. ] Am Soc Echocardiogr 1990; 3:
30-34

Brezinka C, Huisman TWA, Stijnen T, et al: Normal flow
velocity waveforms in the fetal ductus arteriosus in the
first half of pregancy. Ultrasound Obstet Gynecol 1992; 2:
397-401

Rizzo G, Arduini D, Romanini C: Fetal cardiac and ext-
racardiac circulation in early gestation. ] Matern Fetal
Investig 1991; 1: 73-78

54)

55)

56)

57)

58)

59)

van Splunder P, Stijnen T, Wladimiroff JW: Fetal atrioven-
tricular flow-velocity waveforms and their relationship
to arterial and venous flow velocity waveforms at 8 to 20
weeks of gestation. Circulation 1996; 94: 1372-1378
Wladimiroff JW, Huisman TWA, Stewart PA, et al: Nor-
mal fetal Doppler inferior vena cava, transtricuspidand
umbilical artery flow velocity waveforms between 11
and 16 weeks’ gestation. Am ] Obstet Gynecol 1992; 166:
46-49

Reed KL, Sahn DJ, Scagnelli S, et al: Doppler echocardio-
graphic studies of diastolic function in the human fetal
heart: Changes during gestation. ] Am Coll Cardiol 1986;
8:391-395

Machado MVL, Chita SC, Allan LD: Acceleration time
in the aorta and pulmonary artery measured by Doppler
echocardiography in the midtrimester normal human
fetus. Br Heart ] 1987; 58: 15-18

Allan LD, Chita SK, Al-Ghazali W, et al: Doppler echocar-
diographic evaluation of the normal human fetal heart.
Br Heart ] 1987; 57: 528-533

De Smedt MCH, Visser GHA, Meijboom EJ: Fetal cardiac
output estimated by Doppler echocardiography during
mid- and late gestation. Am J Cardiol 1987; 60: 338-342

© 2016 Japanese Society of Pediatric Cardiology and Cardiac Surgery


http://dx.doi.org/10.1016/0002-9378(91)91052-X
http://dx.doi.org/10.1161/01.CIR.74.6.1208
http://dx.doi.org/10.1161/01.CIR.74.6.1208
http://dx.doi.org/10.1161/01.CIR.74.6.1208
http://dx.doi.org/10.1161/01.CIR.74.6.1208
http://dx.doi.org/10.1161/01.CIR.74.6.1208
http://dx.doi.org/10.1136/hrt.66.4.285
http://dx.doi.org/10.1136/hrt.66.4.285
http://dx.doi.org/10.1136/hrt.66.4.285
http://dx.doi.org/10.1136/hrt.66.4.285
http://dx.doi.org/10.1016/S0894-7317(14)80296-4
http://dx.doi.org/10.1016/S0894-7317(14)80296-4
http://dx.doi.org/10.1016/S0894-7317(14)80296-4
http://dx.doi.org/10.1046/j.1469-0705.1992.02060397.x
http://dx.doi.org/10.1046/j.1469-0705.1992.02060397.x
http://dx.doi.org/10.1046/j.1469-0705.1992.02060397.x
http://dx.doi.org/10.1046/j.1469-0705.1992.02060397.x
http://dx.doi.org/10.1161/01.CIR.94.6.1372
http://dx.doi.org/10.1161/01.CIR.94.6.1372
http://dx.doi.org/10.1161/01.CIR.94.6.1372
http://dx.doi.org/10.1161/01.CIR.94.6.1372
http://dx.doi.org/10.1016/0002-9378(92)91827-W
http://dx.doi.org/10.1016/0002-9378(92)91827-W
http://dx.doi.org/10.1016/0002-9378(92)91827-W
http://dx.doi.org/10.1016/0002-9378(92)91827-W
http://dx.doi.org/10.1016/0002-9378(92)91827-W
http://dx.doi.org/10.1016/S0735-1097(86)80056-0
http://dx.doi.org/10.1016/S0735-1097(86)80056-0
http://dx.doi.org/10.1016/S0735-1097(86)80056-0
http://dx.doi.org/10.1016/S0735-1097(86)80056-0
http://dx.doi.org/10.1136/hrt.58.1.15
http://dx.doi.org/10.1136/hrt.58.1.15
http://dx.doi.org/10.1136/hrt.58.1.15
http://dx.doi.org/10.1136/hrt.58.1.15
http://dx.doi.org/10.1136/hrt.57.6.528
http://dx.doi.org/10.1136/hrt.57.6.528
http://dx.doi.org/10.1136/hrt.57.6.528
http://dx.doi.org/10.1016/0002-9149(87)90238-4
http://dx.doi.org/10.1016/0002-9149(87)90238-4
http://dx.doi.org/10.1016/0002-9149(87)90238-4

