

[image: image1]
Fetal Superior Vena Cava Blood Flow and Its Fraction of Cardiac Output: A Longitudinal Ultrasound Study in the Second Half of Pregnancy












	
	ORIGINAL RESEARCH
published: 06 July 2021
doi: 10.3389/fped.2021.658502






[image: image2]

Fetal Superior Vena Cava Blood Flow and Its Fraction of Cardiac Output: A Longitudinal Ultrasound Study in the Second Half of Pregnancy

Maria Stefopoulou1,2,3, Jonas Johnson1,2, Lotta Herling1,2, Peter Lindgren1,2, Torvid Kiserud4,5 and Ganesh Acharya1,2,3*


1Division of Obstetrics and Gynecology, Department of Clinical Science, Intervention & Technology (CLINTEC), Karolinska Institutet, Stockholm, Sweden

2Center for Fetal Medicine Karolinska, University Hospital, Stockholm, Sweden

3Women's Health and Perinatology Research Group, Department of Clinical Medicine, Faculty of Health Sciences, UiT-The Arctic University of Norway and Department of Obstetrics and Gynecology, University Hospital of North Norway, Tromsø, Norway

4Department of Clinical Science, University of Bergen, Bergen, Norway

5Department of Obstetrics and Gynecology, Haukeland University Hospital, Bergen, Norway

Edited by:
Umberto Morbiducci, Politecnico di Torino, Italy

Reviewed by:
Ilenia Mappa, Ospedale Cristo Re, Italy
 David Coggin-Carr, University of Vermont, United States

*Correspondence: Ganesh Acharya, ganesh.acharya@ki.se

Specialty section: This article was submitted to Pediatric Cardiology, a section of the journal Frontiers in Pediatrics

Received: 22 February 2021
 Accepted: 08 June 2021
 Published: 06 July 2021

Citation: Stefopoulou M, Johnson J, Herling L, Lindgren P, Kiserud T and Acharya G (2021) Fetal Superior Vena Cava Blood Flow and Its Fraction of Cardiac Output: A Longitudinal Ultrasound Study in the Second Half of Pregnancy. Front. Pediatr. 9:658502. doi: 10.3389/fped.2021.658502



Introduction: In the fetus, a large proportion of the superior vena cava blood flow (QSVC) comes from the brain. To provide the possibility of using this blood flow as a representation of fetal brain circulation, we aimed to determine the fetal QSVC and its fraction of cardiac output during the second half of physiological pregnancies.

Materials and Methods: This was a prospective longitudinal study specifically designed for studying fetal hemodynamic development. Healthy women with singleton low-risk pregnancies were included. Ultrasonography was performed at 4-weekly intervals from 20+0 gestational weeks to term. Doppler velocity recordings of the superior vena cava (SVC) and cardiac ventricular outflow tracts were used to obtain the time-averaged maximum velocities (TAMxV). Vessel diameters were measured to calculate their cross-sectional areas (CSA): π(diameter/2)2. Blood flow (Q) was computed as: h*TAMxV*CSA, h being the spatial blood velocity profile, to obtain QSVC and cardiac outputs. The sum of left and right ventricular cardiac outputs constituted the combined cardiac output (CCO). Ultrasound biometry based estimated fetal weight and brain weight were used to normalize the flow. QSVC was also expressed as the fraction (%) of CCO. Gestational age specific percentiles were established for each blood flow parameter using multilevel modeling.

Results: Totally, 134 of the 142 included women were eligible for the study with 575 sets of observations. The SVC mean diameter (19–52 mm), mean TAMxV (8.83–16.14 cm/s), and QSVC (15.4–192.0 ml/min) increased significantly during the second half of pregnancy (p < 0.001) while the mean QSVC normalized by estimated fetal weight (49 ml/min/kg) and by estimated brain weight (50 ml/min/100 g) were relatively stable. Similarly, the mean CCO increased (156–1,776 ml/min; p < 0.001) while the normalized CCO (509 ± 13 ml/min/kg) and QSVC as a fraction of CCO (10 ± 0.92%) did not change significantly with gestational age.

Conclusion: We provide reference values for fetal QSVC which increases significantly with gestation, and constitutes roughly 10% of the fetal CCO at any time during the second half of pregnancy.
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INTRODUCTION

Blood supply to the brain during intrauterine life is physiologically interesting and clinically relevant. Several adverse perinatal events are associated with abnormal cerebral blood flow, but its direct measurement is difficult in the perinatal period, so alternative representations have been introduced. The brain has a well-developed autoregulation of perfusion, and since variation in impedance is reflected in the waveform of the middle cerebral artery (MCA) blood velocity, this Doppler assessment has become a valuable clinical tool for monitoring fetal well-being, identifying circulatory compromise, predicting perinatal outcomes and guiding treatment strategies (1). A further extension of the technique utilizes the ratio between umbilical artery (UA) and MCA pulsatility index (PI) to reflect stages of fetal “brain sparing” during intrauterine hypoxemia (2, 3), although with some limitations (4). Doppler velocimetry also determines a raised peak blood velocity in the MCA as a sign of fetal anemia (5, 6). However useful these components of fetal cerebral hemodynamics are, we believe that measuring the volume of blood flow through the brain would add an important physiological parameter to clinical diagnosis and management.

Determining the fetal cerebral blood supply non-invasively by measuring blood flow in the carotid and vertebral arteries has not been feasible in human pregnancies. In the neonatal period, the measurement of blood flow in the superior vena cava (SVC) has turned out to be a useful alternative representation of the cerebral circulation in clinical medicine (7). And, the same ultrasound technique has successfully been tested out prenatally (8). The question is, how well the SVC represents the cerebral circulation, as it also drains venous return from the upper body. Experimental studies in primate fetuses near term have reported SVC blood flow to constitute 23% of the combined cardiac output (CCO) and brain blood flow 15.7% of CCO (9). An early study on exteriorized previable human fetuses found similarly that roughly 25% of the CCO was flowing in the SVC at mid-gestation, and that the brain circulated 14% (10). Also, fetal lamb studies report similar results with 21% of the CCO received through the SVC, but the brain contribution is lower as sheep brain is considerably smaller than in humans (2–3 vs. 13% of body weight) (11, 12).

Based on this background, we assumed that SVC blood flow, to a large extent, represents brain circulation in the human fetus and aimed at determining fetal SVC blood flow and its fraction of CCO during the second half of healthy pregnancies in order to establish normative data including reference ranges.



MATERIALS AND METHODS

This prospective observational study was embedded in a larger project investigating physiological changes in fetal cardiovascular function during the second half of pregnancy. The study had a longitudinal design including low-risk singleton pregnancies for serial ultrasound scans at ~4-weekly intervals during 20–41 weeks of gestation. Normative data on blood flow-based cerebroplacental ratio (Q-CPR), umbilicocerebral ratio (Q-UCR), and SVC velocities and pulsatility index for vein from this study population have been published previously (13, 14). Here we address absolute and weight-indexed QSVC and its fraction of CCO as a representation of fetal brachio-cephalic circulation.

The study took place at the University Hospital of North Norway, Tromsø, Norway. Written information about the study was sent to women with the appointment letter to attend the routine second trimester ultrasound screening. During that session, the women were assessed for eligibility and those who consented in written, were consecutively enrolled during February 2009 to December 2012. Inclusion criteria were, woman's age ≥18 years, singleton pregnancy, live fetus, gestation ≥18 weeks and <24 weeks confirmed by ultrasound biometry, and absence of any major congenital fetal or placental abnormality. Women with a previous obstetric history of preeclampsia, gestational diabetes or preterm labor before 34 weeks of gestation, and those with illness known to affect the course and outcome of pregnancy (such as chronic hypertension, renal disease, autoimmune disease, pre-gestational diabetes mellitus) were excluded. Once included, none were excluded due to complications during pregnancy.

An ultrasound examination was performed by a specialist obstetrician with at least 3 years of fetal ultrasound scanning experience. The same Vivid 7 Dimension ultrasound machine (GE Vingmed Ultrasound AS, Horten, Norway) with a 4MS (1.5–4.3 MHz) sector transducer was used for all measurements. Fetal weight was estimated by ultrasound biometry of head, abdomen and femur using Hadlock formula 3 (15). Fetal Brain weight at 28–40 weeks of gestation was estimated based on an equation proposed by Dobbing and Sands that has been validated for the third trimester (16): Fetal brain weight (g) = (Head circumference, cm)3/a −b/2*(Head circumference, cm); where the coefficients a = 100 and b = 3,000. The brains for this validation were obtained at necropsy from 36 human fetuses demised between 25 weeks and term gestation. These fetuses were selected to represent normal fetuses on the basis of having normal growth (body weight being within 1SD for the gestational age) and no neuropathology (17).

To measure SVC blood flow, the blood velocity waveforms were recorded from the SVC using pulsed-wave Doppler (8) (Figure 1A) and its inner diameter was determined using two-dimensional B-mode ultrasound (18) (Figure 1B) as described previously. An average value of three measurements was used for the calculation of blood flow. To measure the cardiac outputs, blood flow velocity waveforms were obtained from the left and right ventricular outflow tracts and their respective diameters were measured at the level of aortic and pulmonary valves using the leading-edge technique (19). Left and right ventricular outputs constituted the combined cardiac output (CCO).


[image: Figure 1]
FIGURE 1. Measurement of superior vena cava (SVC) blood flow: (A) Spectral pulsed-wave Doppler velocity waveforms of the fetal SVC with tracing of maxium velocity envelope over cardiac cycles to measure time-averaged maximum velocity. S-maximum velocity during systole, D-peak velocity during diastole, and A-minimum velocity during atrial contraction. (B) Two-dimensional B-mode ultrasound image of SVC demonstrating measurement of its inner diameter (dotted line between two calipers) shortly above the entrance to the right atrium (RA). AAo-Ascending aorta.


From the blood flow velocity waveforms of each blood vessel, the time-averaged maximum velocity (TAMxV) was measured. An average value of three cardiac cycles was recorded. An average of three diameter measurements were used for computing the cross-sectional areas (CSA) of the vessel. The vessel CSA was determined as: π(diameter/2)2. Blood flow volume (Q) of each vessel was calculated as: h*TAMxV*CSA, where h represents the spatial blood velocity profile of the vessel. For the aorta and pulmonary artery, the spatial velocity profile was considered to be flat (h = 1) (19–21), and for the SVC, partially blunted (h = 0.7) (8). Normalized (weight-indexed) Q was calculated as Q/estimated fetal weight. The QSVC was also normalized by fetal head circumference and estimated fetal brain weight. The SVC fraction of fetal CCO was calculated as: (QSVC/CCO)*100.

All women continued to attend their routine antenatal care in parallel with the study. Delivery and neonatal outcomes were obtained from the electronic medical records.


Statistical Analyses

Data analysis was performed using IBM SPSS Statistics for Windows, Version 24.0. (IBM Corp, Armonk, NY) and MATLAB R2019a (Matworks, Inc. Natick, MA). Distribution of data was checked for each variable. A Box-Cox transformation lambda value (λ) was calculated for each response (dependent) variable, and rounded to the nearest integer. Based on this value all the dependent variables were transformed to achieve best possible normal distribution, as follows: λ = 1: no transformation; λ = 0: logarithmic transformation; λ = 0.5; square root transformation.

The best fitting fractional polynomials were chosen from a list of 44 regression models based on R2 value to construct mean curves of each dependent variable in relation to gestational age. The mean and percentiles for each gestational week were calculated using multilevel modeling accounting for the repeated measures design (22). The variance between measurements within the same fetus was the first level and the variance between participating pregnant women as the second level. The 2.5, 5, and 10th percentiles were calculated by subtracting 1.960 standard deviation (SD), 1.645 SD, and 1.282 SD from the mean, respectively and the 97.5, 90, and 75th percentiles by adding similar SD values, respectively. The 95% confidence intervals were calculated for the 5, 50, 95th percentiles.

Since normal distribution of the variables was achieved by appropriate transformation of the primary measurements and the reference intervals were initially calculated on the transformed scale, reverse transformations were performed to obtain the values of gestational-age specific reference percentiles in the primary measurement scales. Associations between each variable and the gestational age was tested using the mean vector for each variable from the mixed models accounting for longitudinal design. P < 0.05 was considered significant.



Ethics Approval

The study was approved by the Regional Committee for Medical and Health Research Ethics –North Norway (REK Nord 105/2008) and an informed written consent was obtained from the participants at inclusion.




RESULTS

Of the 142 pregnant women enrolled to the study, eight were excluded due to missing data leaving 134 with 575 observations. Adequate quality images available were used for measuring blood velocities and diameters of the SVC (490 paired sets of recordings), and the left and right cardiac ventricular outflow tracts (542 and 524 paired sets of recordings, respectively), and data were entered for statistical analysis. Demographic characteristics and pregnancy outcomes have been reported previously (13). In brief, the median age was 30 years (range, 19-39), 45.5% were nullipara, 4.4% developed pregnancy complications (4 preeclampsia, 1 gestational diabetes and 1 abruptio placentae), 3.7% delivered preterm, and 12.7% were delivered by cesarean section. Mean birthweight was 3,600 g (range, 2,252–4,636 g), 1.4% (n = 2) had a 5-minute Apgar score <7, and there was no perinatal death.

The gestational age specific reference percentiles of SVC mean velocity, SVC diameter, QSVC, and QSVC normalized by estimated fetal weight, fetal head circumference, and by fetal brain weight are presented in Tables 1–6. The SVC mean velocity (8.83 to 16.14 cm/s), mean diameter (19 to 52 mm), QSVC (5.4 to 192.0 ml/min) and QSVC normalized by fetal head circumference (0.87 to 5.69 ml/cm) increased (p < 0.001) during the second half of pregnancy (Figures 2A–D). However, the weight-indexed QSVC (mean, 49.2 ml/min/kg) remained relatively stable ranging from 45.6 to 53.2 ml/min/kg during 20–40 weeks of pregnancy (Figure 2E). The QSVC normalized by estimated fetal brain weight (mean, 50.42 ml/min/100 g) did not change significantly ranging from 45.9 to 53.8 during 28–40 weeks (Figure 2F).


Table 1. Percentiles of fetal superior vena cava mean blood velocity (cm/s) at 20–40 weeks of gestational age (GA).
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Table 2. Percentiles of fetal superior vena cava diameter (cm) at 20–40 weeks of gestational age (GA).
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Table 3. Percentiles fetal superior vena cava volume blood flow (ml/min) at 20–40 weeks of gestational age (GA).
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Table 4. Percentiles of weight-indexed fetal superior vena cava volume blood flow (ml/min/kg) at 20-40 weeks of gestational age (GA).
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Table 5. Percentiles of fetal superior vena cava volume blood flow normalized by head circumference (ml/min/cm) at 20–40 weeks of gestational age (GA).
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Table 6. Percentiles of fetal superior vena cava volume blood flow normalized by brain weight (ml/min/100 g) at 28–40 weeks of gestational age (GA).
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FIGURE 2. Reference charts for fetal superior vena cava (SVC): (A) mean velocity, (B) diameter, (C) volume blood flow (QSVC), (D) weight-indexed QSVC, (E) volume blood flow normalized by head circumference (Qsvc/HC) at 20-40 weeks of gestation, and (F) volume blood flow (QSVC) normalized by estimated fetal brain weight at 28–40 weeks of gestation. The solid red line represents the 50th percentile, the blue lines represent the 5 and 95th percentiles and the interrupted black lines represent their respective 95% confidence limits.


The reference percentiles for left and right ventricular output, CCO and weight-indexed CCO are presented in Tables 7–10. Reference charts fitted with 5, 50, and 95th percentiles and their corresponding 95% CI are shown in Figures 3A–D. The mean CCO increased from 156 ml/min at 20 weeks to 1,776 ml/min at 40 weeks (p < 0.001), whereas the weight-indexed CCO (mean, 509 (SD,13) ml/min/kg; range, 488 to 530 ml/min/kg) did not change significantly with gestational age (p = 0.07). The QSVC as the fraction of fetal CCO was 10% (SD,0.92) and hardly changed during the second half of pregnancy (Table 11; Figure 4).


Table 7. Percentiles of left ventricular cardiac output (ml/min) at 20–40 weeks of gestational age (GA).
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Table 8. Percentiles of right ventricular cardiac output (ml/min) at 20–40 weeks of gestational age (GA).
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Table 9. Percentiles of combined ventricular cardiac output (ml/min) at 20-40 weeks of gestational age (GA).
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Table 10. Percentiles of normalized (weight-indexed) combined ventricular cardiac output (ml/min/kg) at 20–40 weeks of gestational age.
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FIGURE 3. Reference charts for fetal cardiac ventricular outputs: (A) left ventricular cardiac output (LVCO), (B) right ventricular cardiac output (RVCO), (C) combined ventricular cardiac output (CCO), and (D) normalized (weight-indexed) CCO at 20–40 weeks of gestation. The solid red line represents the 50th percentile, the blue lines represent the 5 and 95th percentiles and the interrupted black lines represent their respective 95% confidence limits.



Table 11. Percentiles of fetal superior vena cava volume blood flow as the fraction of combined ventricular cardiac output at 20–40 weeks of gestational age (GA).
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FIGURE 4. Reference chart for the superior vena cava (SVC) fraction (%) of fetal combined cardiac output (CCO) distributed to the brain and upper body at 20–40 weeks of gestation. The solid red line represents the 50th percentile, the blue lines represent the 5 and 95th percentiles and the interrupted black lines represent their respective 95% confidence limits.




DISCUSSION


Principal Findings

The study has provided reference ranges for QSVC during the second half of pregnancy. If fetal QSVC is accepted as a representation of fetal cerebral blood flow, this study demonstrates that the blood flow to the brain increases almost 13-fold from 20 to 40 weeks of gestation. On the other hand, QSVC normalized for estimated fetal weight (mean, 49 ml/min/kg) and its fraction of fetal CCO distributed to the brachiocephalic circulation (~10%) remain stable signifying that brain development and function requires a correspondingly steady perfusion during the second half of pregnancy. This is further supported by the fact that QSVC normalized for estimated brain weight also remains stable (mean, 50 ml/min/100 g).



Interpretation of Results

A balanced proportional distribution of fetal cardiac output to placenta/lower body and brain/upper body is essential for physiological development of fetal organ systems. Distribution of fetal cardiac output to placenta in human pregnancies has been studied relatively well-using non-invasive Doppler technique (21, 23, 24), but similar studies quantifying the physiological changes in blood supply to fetal brain and proportion of cardiac output distributed to brachio-cephalic circulation are scarce.

The present study demonstrated that the gestational age associated increase in the blood supply to the fetal brain is a result of more than 2-fold increase in the SVC diameter and almost a similar increase in the SVC blood flow velocity during 20–40 weeks. However, a corresponding increase in CCO led to a rather stable weight-indexed QSVC and weight-indexed CCO. Fetal CCO normalized to body weight is known to be relatively stable with reported mean values ranging between 400–550 ml/min/kg particularly depending on diameter measurement techniques, leading edge or inner-inner diameter (19–21). Our finding was within that range with a mean CCO of 507±12 ml/min/kg. The normalized QSVC was ~50 ml/min/kg. Considering that the QSVC is shown to increase with elapsing time after birth in uncomplicated preterm babies (from an average of 62 ml/min/kg at 5 h to 75 ml/min/kg at 12 h and 82 ml/min/kg at 24 h) (25), the value we measured in normal fetuses seems reasonable. The brachio-cephalic fraction of CCO represented by QSVC was ~10% in the second half of pregnancy, which is similar to 13% calculated from the arterial side in a previous study performed at 11–20 weeks (23).

A study performed 50 years ago that measured organ blood flow using radioactive microspheres in exteriorized human fetuses during pregnancy termination by hysterotomy at 10–20 gestational weeks, reported the mean cerebral blood flow to be 25 ml/min/100 g brain tissue and the average fraction of CCO distributed to the brain to be 14%, in 11 fetuses weighing 64–225 g (10). However, this fraction is probably smaller considering that the mean CCO was reported to be only 363 ml/min/kg, which was calculated as the sum of SVC, inferior vena cava and coronary sinus blood flow without accounting for pulmonary venous return. Furthermore, the reliability of these values is uncertain as these measurements were not performed under physiological conditions. In third trimester fetuses, we found the QSVC to be ~50 ml/min/100 g brain weight, which remained stable during 28–40 weeks. This is in line with the reported value of brachio-cephalic blood flow of 60 ml/min/100g brain weight in normotensive newborns soon after birth (26). The human fetal brain weight is about 13% of the body weight and this ratio is also relatively constant in the second half of pregnancy (11). Therefore, for an average 3.6 kg term fetus with brain weighing 468 g (13% of the body weight) the cerebral blood flow can be expected to be 234 ml/min, which is ~15% of CCO (~1,550 ml/min) at term. Considering that the QSVC includes venous return of the whole brachio-cephalic circulation rather than just the brain, our finding of 10% could be an underestimation. Moreover, as the venous return from the head, neck and upper extremities to SVC could not be examined separately, we were unable to determine relative contributions of cerebral and brachiocephalic blood flow to QSVC and any change in their proportions associated with gestational age.

The SVC blood flow is likely to be affected by several intrinsic and extrinsic factors affecting fetal heart function, such as the cardiac contractility and loading conditions, which also change with gestational age. An increased right atrial pressure could possibly reduce the QSVC, but in healthy growing fetuses, the arterial pressure increases with gestation increasing brain perfusion, further aided by a reducing impedance in the brain. The increasing velocities in the SVC with gestation indicates that a sound pressure gradient drives the blood into the atrium equilibrating any physiological increase in atrial pressure. On the other hand, any abnormal increase in atrial pressure would impede flow. QSVC measurement would then be a method for assessing such a flow reduction, e.g. in case of altered cardiac function, as the reference ranges are available now.

Studies investigating blood flow distribution in near-term human fetuses using phase contrast magnetic resonance imaging (MRI) have reported equal proportions of CCO (28–29%) distributed to both the brachio-cephalic and placental circulation in late third trimester (27, 28). However, it is less likely, since the placental size is bigger in comparison to the fetal brain size (17 vs. 13% of fetal bodyweight at term), placental vascular resistance is lower as demonstrated by cerebroplacental impedance ratio during the second half of pregnancy (29, 30), and placental oxygen consumption is higher (37 ± 12 ml/min/kg) (31) compared with fetal cerebral oxygen consumption (4 ± 1.2 ml/min/kg) (32).

Proportional distribution of CCO to the brachio-cephalic circulation appears to be well-regulated and relatively stable in the fetus. It does not appear to change significantly in the second half of pregnancy as shown by our present study. The increase in blood flow to the fetal brain with advancing gestation is most likely the result of increased left ventricular output due to increased pulmonary venous return. The increase in the fraction of CCO distributed to the pulmonary circulation seen in the third trimester (19) is possibly compensated by the proportionate reduction in right ventricular output directed toward the placenta, as the fraction of fetal CCO supplying the placenta has been shown to decrease from 30 to 20% in the second half of pregnancy (21). We evaluated the relation between QSVC and umbilical vein blood flow (QUV) as their ratio in the same cohort and found that the mean QSVC/QUV ratio increased from 0.40 at 20 weeks to 0.76 at 40 weeks of gestation (13).



Methodological Considerations

The QSVC measured by Doppler ultrasonography is one of the best studied measures of neonatal cerebral blood flow in the neonatal period, but studies in human fetuses are scarce. The present technique of combining Doppler and 2D-imaging was used in 2012 to determine fetal QSVC during the second half of physiological pregnancies and assess the impact of fetal respiratory movement (8). We have found the reproducibility of fetal QSVC measurement to be acceptable, with an intra-observer coefficient of variation of 12.7% (95% CI 11.5–13.8) and intra-class correlation coefficient of 0.98 (95% CI 0.97–0.98) (13). Recently, QSVC measurements have been performed in fetuses (27, 28) using phase contrast cardiac MRI. A such study estimated fetal QSVC normalized for estimated fetal weight to be 137 ml/min/kg, and the SVC fraction of CCO to be 28% during 37 weeks of gestation (28). These values are much higher than the values obtained using Doppler ultrasonography in our study. However, these studies were based on a very limited number of cross-sectional observations during a small gestational age window (median 37 weeks, range 30–39 weeks). Although both techniques are non-invasive and have been shown to be feasible and promising, neither of them has been experimentally validated for the measurement of cerebral blood flow. Therefore, none of these techniques can be considered as a standard. However, in the fetus with physiologically high heart rate, the MRI is likely to underestimate the maximum velocities due to the low frame rate (20 images per cardiac cycle) compared with modern ultrasound systems with frame rates >50 images per cardiac cycle. Furthermore, the problems associated with gating, loss of signal, and noise caused by maternal breathing and fetal movements can be substantial especially in earlier gestational ages.



Strengths and Limitations

One major strength of our study is its longitudinal design which is appropriate for studying gestational age associated changes. Moreover, the longitudinal design is more robust and efficient than a cross-sectional design as it allows construction of reference intervals with one third to half of the sample size (number of participants) with same power and precision as compared to a cross-sectional study (33). We had a sufficient number of observations per gestational week to construct reliable reference ranges, but we did not stratify our analysis by fetal sex as our sample size was not sufficient to detect an anticipated small difference in brain blood flow.

Limitations of volume blood flow measurements are well-described in the literature (34). We took measures to minimize errors. Velocity and diameter measurements of the SVC were performed at a defined position shortly above the entrance to the right atrium to reduce variability. The results of our diameter measurements are similar to that of a previously published studies (8, 18). The left and right ventricular outlet were measured respectively at the aortic and pulmonary valve levels, which are clear anatomical landmarks and our cardiac output measurements are within the range of that reported previously by other investigators (19, 35).



Implications for Research and Clinical Practice

QSVC, a proxy for cerebral perfusion, is one of the most commonly used hemodynamic parameters in newborns (7), but its clinical utility in the assessment of fetal well-being has not been assessed. We have demonstrated the feasibility of quantifying fetal SVC blood flow using Doppler ultrasonography, provided normative values that could be used in future clinical studies. Moreover, it is a relatively simple method that requires measuring blood velocity and diameter of only a single vein. The caliber of SVC is large enough in the second half of pregnancy to allow diameter measurement with good axial resolution. QSVC could be used as a surrogate measure of fetal brain blood flow as it mostly represents cerebral venous return.

Longitudinal reference percentiles established in this study have physiological significance, but could also be useful in serial evaluation and surveillance of fetuses at increased risk of perinatal complications. Low QSVC reflecting reduced cerebral blood flow has been linked to adverse neurodevelopmental outcomes in preterm neonates (36). In the fetus, increased QSVC could be a sign of brain-sparing due to intrauterine hypoxemia or increased cardiac output due to hyperdynamic circulation, whereas a low QSVC could signal inability to maintain adequate blood supply to brain due to cardiac failure or failed cerebral autoregulation. Therefore, the value of QSVC in predicting perinatal outcomes merits further investigation in clinical trials.




CONCLUSION

We provide reference values of blood flow in the fetal SVC as a representation of cerebral circulation. It increases during the second half of pregnancy and constitutes roughly 10% of the fetal CCO throughout that period.
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No data presented for 20-27 weeks as the formula used for brain weight estimation is not valid before 28 weeks of gestation.
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26 28 19.38 22.02 25.52 42.95 72271 83.74 95.17
27 27 2257 25.64 29.68 49.82 83.61 96.81 109.94
28 27 26.12 29.65 34.30 57.42 96.10 111.19 126.20
29 21 30.04 34.07 39.39 65.76 109.77 126.91 143.94
30 34 34.33 3891 44.95 74.83 12458 143.93 163.13
31 25 38.98 44.15 50.96 84.62 140.50 162.19 183.71
32 17 43.97 49.78 57.42 96.08 167.44 181.61 206.57
33 24 49.30 56.76 64.28 106.15 175.31 202.07 228.58
34 25 54.91 62.08 71.60 117.76 193.96 223.40 262.54
35 25 60.78 68.67 79.03 120.81 213.24 24541 277.24
36 17 66.85 75.47 86.79 142.19 232.94 267.89 302.43
37 19 73.06 82.42 94.72 154.76 252.85 290.56 327.82
38 24 79.33 89.45 102.71 167.37 272.72 313.16 363.07
39 17 85.60 96.45 110.67 179.85 292.28 335.37 377.86
40 2 91.78 103.35 118.49 192.04 311.26 366.87 401.83
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