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Abstract
Objective: We tested the hypothesis that fetal pulmonary arterial circulation reacts to changes in fetal oxygenation status at
near-term gestation. Study Design: A total of 20 rhesus macaques underwent fetal Doppler ultrasonography at near-term gesta-
tion. Right pulmonary artery (RPA), umbilical artery (UA), ductus arteriosus (DA), and ductus venosus (DV) blood velocity wave-
forms were obtained, and pulsatility index (PI) values were calculated. Fetal right and left ventricular cardiac outputs were
determined. Ultrasonographic data were collected during 3 maternal oxygenation states: room air (baseline), hyperoxemia, and
hypoxemia. Results: Fetal RPA PI values increased (P < .05) during maternal hypoxemia and decreased (P < .05) during maternal
hyperoxemia, compared with baseline. Maternal hyperoxemia increased (P < .05) DA PI values from baseline. Fetal cardiac out-
puts, UA, and DV PI values were not affected. Conclusions: Our results demonstrate that at near-term gestation, fetal pulmon-
ary arterial circulation is a dynamic vascular bed that reflects acute and short-term changes in fetal oxygenation.
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Introduction

Hypoxia is a common but unwelcomed challenge the fetus may

experience during pregnancy. Significant fetal hypoxia is esti-

mated to affect about 0.6% to 0.8% of pregnancies. Hypoxia

triggers fetal defense mechanisms, including transient

bradycardia and peripheral vasoconstriction.1,2 The peripheral

vasoconstriction and subsequent increase in peripheral vascular

resistance aim to redistribute fetal cardiac output toward the

critical vascular beds, such as the fetal brain. Noninvasive ante-

partum testing to assess for fetal hypoxia includes fetal heart

rate tracing, biophysical profile, and fetal hemodynamic eva-

luation by Doppler ultrasonography.3 Invasive testing has also

been suggested by some studies, such as amniotic fluid erythro-

poietin concentration in certain high-risk pregnancies.4-6

Recent experimental and clinical studies have demonstrated

that fetal pulmonary arterial circulation becomes responsive to

fetal oxygen status toward the term of pregnancy.7-11 In sheep

fetuses, studies have shown that acute fetal hypoxemia

increases pulmonary arterial vascular impedance.10 In human

fetuses, it has been demonstrated that an increase in fetal

oxygenation leads to decreased pulmonary vascular impedance

and increased pulmonary volume blood flow.7 This acquired

ability of the pulmonary arteries to vasoconstrict or vasodilate

during the last trimester has been attributed to the development

of smooth muscle in small pulmonary arteries.11-15

Endothelium-derived nitric oxide (NO) from the pulmonary

vasculature contributes to the control of vascular tone in the

different fetal oxygen states.12,16 Hyperoxemia increases NO

production leading to vasodilatation of the pulmonary arteries,

whereas the effect of hypoxemia is opposite.12,17,18

In the present study, using noninvasive Doppler ultrasono-

graphy in a nonhuman primate model at near-term gestation,

we tested the hypothesis that fetal pulmonary arterial circula-

tion is a dynamic vascular bed that reacts to changes in fetal

oxygenation status. Specifically, we wanted to investigate the
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effects of fetal hypoxemia and hyperoxemia on pulmonary

arterial vascular impedance, fetal cardiac output, and placental

vascular impedance.

Materials and Methods

A total of 20 rhesus macaques (Macaca mulatta) with singleton

pregnancies underwent fetal Doppler ultrasonography at 150 to

157 days of gestation (term 165 days). The primate participants

were housed in the Oregon National Primate Research Center.

The animal care program is compliant with federal and local

regulations regarding care and participation in research experi-

ments. The center is accredited by Association for Assessment

and Accreditation of Laboratory Animal Care (AAALAC)

International. The Oregon Health and Science University

Animal Care and Use Committee approved all experiments

reported in this article.

Time of conception was recorded for each animal, and the

gestational age was confirmed with fetal ultrasound biometry

at 90 to 100 days of gestation. For ultrasound examination, the

animals were sedated with 10 mg/kg intramuscular injection of

ketamine HCl (Ketaved, Bioniche Teoranta, Inverin, Co

Galway, Ireland). Once appropriately sedated, each animal was

positioned in the supine position and intubated with an endotra-

cheal tube. The first Doppler ultrasonographic examination

was performed while the participants breathed room air. After

the baseline measurements were obtained, maternal oxygena-

tion was manipulated. Maternal hyperoxemia was achieved

by the administration of 100% oxygen via a nonrebreathing

anesthesia circuit. For maternal hypoxemia, 12% oxygen was

administered via the same circuit. The baseline measurements

(room air) were always obtained first, the order of the other 2

oxygenation states alternated with each participant.

Maternal heart rate and oxyhemoglobin saturation were

continuously monitored during the ultrasonographic examina-

tions. For hypoxemia phase measurements, maternal oxyhemo-

globin saturation was allowed to reach 75% for 5 minutes prior

to starting the examination and this oxyhemoglobin saturation

level was maintained until the data collection was completed.

For hyperoxemia phase measurements, 100% oxygen was

administered for a period of 5 minutes before starting the data

collection. Participants were continued on the 100% oxygen,

while the ultrasonographic data were obtained. All the

examinations were completed within 60 minutes. The animals

were then returned to their home cages and allowed to recover

from anesthesia. All the ultrasonographic examinations were

performed by a single investigator (J.R.).

Image-directed pulsed and color Doppler equipment (GE

Voluson 730 Expert, Kretztechnik, Zipf, Austria) was used for

ultrasonography. The lowest high-pass filter level (100 Hz) was

used and an angle of less than or equal to 15� between the

vascular flow and Doppler beam was accepted for analysis.

Fetal right pulmonary artery (RPA), ductus arteriosus (DA),

and umbilical artery (UA) blood velocity waveforms were

obtained to calculate their pulsatility index (PI¼ [peak systolic

velocity � end diastolic velocity]/time-averaged maximum

velocity over the cardiac cycle) values. The RPA blood velo-

city waveforms were obtained from the proximal part of the

artery, immediately after the bifurcation of the main pulmonary

artery. Fetal heart rate (FHR) was measured from the UA blood

velocity waveforms. From the fetal venous circulation, ductus

venosus (DV) blood velocity waveforms were recorded and the

PI value for veins (PIV) was calculated. Three consecutive

cardiac cycles were analyzed and their mean values were used

for further analysis.

For fetal cardiac output calculations, pulmonary (PV) and

aortic valve (AoV) diameters were measured from frozen

real-time images during systole using the leading edge-to-

leading edge method.19 Mean values of 3 separate measure-

ments were used to calculate the cross-sectional area (CSA ¼
[valve diameter/2]2 � p) of each valve. Cross-sectional area

calculations were based on the assumption that the cross sec-

tions of the valves were circular. From the blood velocity

waveforms across the PV and AoV, time–velocity integrals

(TVI) were obtained by planimetry of the area underneath the

Doppler spectrum. Volumetric blood flows across the PV (right

ventricular cardiac output [RVCO]) and AoV (left ventricular

cardiac output [LVCO]) were calculated using the formula

(Q ¼ CSA � VTI � FHR).19 All ultrasonographic recordings

were obtained during fetal apnea and absence of fetal

movements.

Statistical analyses were performed using Prism 5 software

for Mac OS X. One-way comparisons between baseline, hyper-

oxemia, and hypoxemia measurements were made with 1-way

repeated measures analysis of variance (ANOVA) and Bonfer-

roni posthoc analysis. Statistical significance was established at

a P < .05. All values are given as mean (standard deviation).

Results

Maternal hypoxemia significantly increased fetal RPA PI val-

ues. There was over a 5-fold increase in RPA PI mean values

between baseline and maternal hypoxemia phases (Table 1,

Figures 1, and 2). During maternal hyperoxemia, RPA PI val-

ues decreased significantly, with over a 4-fold decrease in RPA

PI mean values between these 2 phases (Table 1, Figures 1

and 2). The mean (standard deviation [SD]) time interval

between the beginning of the hypoxemia or the hyperoxemia

phase and the RPA PI measurement was 14 (3) minutes. Mater-

nal hypoxemia did not affect the DA PI values. During hyper-

oxemia phase, however, the DA PI values increased

significantly (Table 1, Figure 3). Maternal hypoxemia or

hyperoxemia did not affect UA PI or DV PIV values (Table 1).

FHR did not change significantly during the experiment. Fetal

LVCO and RVCO were not affected by maternal hypoxemia. In

addition, during maternal hyperoxemia, both ventricular cardiac

outputs remained comparable with baseline values (Table 1).

Comment

We found that maternal hypoxemia significantly increased

fetal pulmonary arterial vascular impedance, and the effect of
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maternal hyperoxemia was opposite. Our results demonstrate

that fetal pulmonary arterial circulation is a dynamic vascular

bed that reacts to acute changes in fetal oxygenation, at least

at near-term gestation. On the other hand, placental arterial vas-

cular impedance was not affected by short-term changes in

fetal oxygen status. In addition, fetal cardiac outputs and the

pulsatility of DV blood velocity waveform remained

unchanged during the study.

Vasodilatation decreases pressure wave reflection and

vascular impedance, and the effect of vasoconstriction is

opposite.20 The decrease in vascular impedance during hyper-

oxemia represents the downstream vasodilatation of the

pulmonary arterial vascular bed. The increase in pulmonary

arterial vascular impedance reflects vasoconstriction of the

pulmonary arterial circulation. This vasoreactivity of the pul-

monary arterial circulation is dependent on gestational age.

Table 1. Doppler Ultrasound Parameters at Baseline, Hypoxemia (12% Oxygen Administration), and Hyperoxemia (100% Oxygen
Administration) for n ¼ 20

Variable Baseline Mean (SD) Hypoxemia Mean (SD) Hyperoxemia Mean (SD)

FHR (bpm) 168 (24.8) 157 (21.0) 151 (18.5)
RPA PI 30.3 (20.6) 166.4 (133.8)a 6.9 (4.1)a

DA PI 2.4 (0.3) 2.3 (0.2) 2.8 (0.5)a

DV PI 0.3 (0.1) 0.3 (0.1) 0.3 (0.1)
UA PI 1.1 (0.1) 1.1 (0.2) 1.1 (0.1)
RVCO (mL/min) 149.1 (37.4) 145.5 (30.1) 137.1 (30.4)
LVCO (mL/min) 93.9 (21.7) 87.4 (20.6) 82.8 (22.8)

Abbreviations: FHR, fetal heart rate; PI, pulsatility index; RPA, right pulmonary artery; DA, ductus arteriosus; DV, ductus venosus; UA PI; umbilical artery; RVCO,
right ventricular cardiac output; LVCO, left ventricular cardiac output.
a P < .05 compared with baseline.

Figure 1. Right pulmonary artery blood velocity waveform tracing at A, baseline [pulsatility index (PI)¼ 10.7], B, hypoxemia (PI¼ 100.1), and C,
hyperoxemia (PI ¼ 2.66).
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In human pregnancies, it has been shown that pulmonary arter-

ial circulation does not react to maternal hyperoxemia during

the second trimester of pregnancy.7 However, between 31 and

36 weeks of gestation, pulmonary arterial vascular impedance

significantly decreases during maternal hyperoxemia.7 Experi-

ments on sheep fetuses have revealed similar results.9 In fact, it

has been demonstrated that the sensitivity of the pulmonary

arterial circulation to changes in fetal oxygenation increases

significantly during the last trimester of pregnancy.11 The

acquired ability of the pulmonary arterial circulation to

regulate its vascular resistance has been attributed to the devel-

opment of muscular layer in small pulmonary arteries during

the third trimester of pregnancy.11–15 Endothelium-derived

NO from the pulmonary arteries is thought to be the most

important mediator responsible for controlling the vascular

tone in the pulmonary arterial circulation.12,16 Oxygen is a

critical substrate for NO synthesis, and the increase in fetal

oxygenation during hyperoxemia activates NO synthesis and

causes pulmonary arterial vasodilatation.21 In addition,

increased pulmonary arterial volume blood flow increases

shear stress of the vessel wall, thus potentiating NO production

by increasing NO synthase expression.21,22 The effect of fetal

hypoxemia on NO synthesis is opposite.17 The decrease in

NO synthesis leads to increased pulmonary arterial vascular

tone and pulmonary vascular resistance.11,23,24 In addition,

hypoxemia is known to inhibit prostacyclin production, another

potent mediator of pulmonary arterial vasodilatation present in

the pulmonary vessels of the fetus and newborn.12,25

During maternal hyperoxemia, fetal DA PI values increased

significantly, while maternal hypoxemia did not affect DA PI

values. The increase in fetal oxygenation leads to pulmonary

arterial vasodilatation, increased pulmonary arterial volume

blood flow, and decreased pulmonary arterial vascular resis-

tance. The decrease in pulmonary arterial vascular resistance,

especially during diastole, causes the increase in DA PI

values during maternal hyperoxemia. In normal circumstances,

fetal systemic arterial vascular resistance is lower than the

pulmonary arterial vascular resistance, thus allowing unidirec-

tional shunting across the DA toward the descending aorta.7

When pulmonary arterial vascular resistance decreases, the

proportion of DA volume blood flow of the RVCO decreases,

thus decreasing forward blood flow across DA, especially dur-

ing diastole.7 If the pulmonary arterial vascular resistance

decreases below the systemic vascular resistance, the DA blood

velocity waveform pattern may have a retrograde diastolic

blood flow component. On the other hand, fetal hypoxemia did

not affect DA PI values. Fetal hypoxemia causes a significant

reduction in pulmonary volume blood flow and an increase

in pulmonary vascular resistance.11 However, even in normal

physiologic conditions fetal pulmonary arterial bed is under

acquired vasoconstriction at near-term gestation.7 Thus, it

seems that during fetal hypoxemia the volume blood flow shift

from the pulmonary circulation to DA was not large enough to

affect DA PI values.

UA PI values were not affected by the manipulation of fetal

oxygenation. Our finding is in agreement with experimental

sheep studies that have shown that UA vascular impedance

does not change during fetal hypoxemia.26 Experimental

studies on sheep fetuses have shown that placental emboliza-

tion, and thus decreased number of small tertiary villi arter-

ioles, increases UA vascular impedance.27 Altogether, our

study confirms that at least short-term fetal hypoxemia does not

alter UA vascular impedance.

Fetal hypoxemia causes a significant increase in the DV

diameter and increases the pulsatility of DV blood velocity

waveform pattern, mainly by decreasing forward blood flow

velocity during atrial contraction.28,29 In addition, it has been

proposed that fetal hypoxemia augments atrial contraction.28

In the present study, we did not find any significant changes

in the pulsatility of the DV blood velocity waveform during

maternal hyperoxemia or hypoxemia. The most likely explana-

tion for these different results is that the fetal hypoxemic period

in the present study was shorter than that in previous

experiments.

Fetal right and left ventricular cardiac outputs remained

unchanged during maternal hyperoxemia and hypoxemia. A

study in human fetuses demonstrated that during maternal

hyperoxemia fetal cardiac outputs do not change, however the

distribution of right ventricular cardiac output is significantly

affected.7 Pulmonary arterial volume blood flow increases sig-

nificantly, while the volume of blood flow across the DA

decreases.7 Our results in the present study support these find-

ings. Previous experimental studies have shown that during

hypoxemia, fetal cardiac output, especially the right ventricular

output, increases.10 In the present study, we applied maternal

hypoxemia only for a short time period, which could explain

the unchanged cardiac output.

The blood velocity waveform pattern of the branch pulmon-

ary artery is unique in the fetal circulation. The waveform pro-

file is characterized by a rapid early systolic acceleration to its

peak velocity, followed by a rapid decline and variable amount

of diastolic blood flow. The noninvasively derived Doppler

ultrasonographic blood velocity waveform tracing is similar

0

50

100

150

200

Baseline

PI RPA Pulsatility Index
600

400

Hypoxemia Hyperoxemia

Figure 2. Right pulmonary artery (RPA) pulsatility index (PI) values at
baseline, during hypoxemia, and hyperoxemia.
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to that obtained from invasive blood flow monitoring in fetal

sheep.11 In the present study, we found that fetal hypoxemia

mainly affects the diastolic blood flow component of the RPA.

The vasoconstriction of the pulmonary arterial bed increases

retrograde diastolic blood flow. On the other hand, the pulmon-

ary arterial vasodilatation during hyperoxygenation is associ-

ated with antegrade diastolic blood flow pattern. Our findings

demonstrate that at near-term gestation, fetal pulmonary arter-

ial vascular impedance reflects changes in fetal oxygenation,

even acute and short-term alterations.

The present study has certain limitations. We did not

directly measure fetal arterial blood gas values during the dif-

ferent oxygenation states. However, previous studies have

shown that maternal hyperoxygenation with 50% oxygen

significantly increases fetal partial oxygen tension in human

pregnancies.30 In addition, experimental studies on fetal sheep

have shown that by decreasing maternal inspiratory oxygen

content, fetal partial oxygen tension decreases.10,11 Based on

these results, our experimental model is sufficient to modify

fetal partial oxygen tension. Intraobserver variability in the

measurements of different blood velocity waveform indices

could introduce a potential error. Previous studies have shown

an excellent repeatability of these measurements, and the

intraobserver variability for RPA PI values is less than 4%.7

In addition, noninvasive Doppler-derived volume blood flow

calculations correlate well with volume blood flow measure-

ments by invasive techniques.31

In conclusion, the results of our experimental study

demonstrate that at near-term gestation, fetal pulmonary arter-

ial circulation is a dynamic vascular bed that reflects acute

and short-term changes in fetal oxygenation. Fetal hypoxemia

increases pulmonary arterial vascular impedance, and the

effect of fetal hyperoxemia is opposite. Monitoring of fetal

pulmonary arterial vascular impedance could provide clini-

cally useful information about fetal oxygenation status at

near-term gestation.
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