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Influence of Fetal Breathing Movements on
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ABSTRACT

During fetal development, pulmonary vascular resistance
(PVR) is high, and, as a result, blood flow through the fetal lungs
is low. Although PVR markedly decreases at the time of birth,
the factors that regulate pulmonary blood flow (PBF) and PVR
before and immediately after birth are not clear. Our aim was to
examine the relationship between episodes of fetal breathing
movements (FBM) and pulmonary hemodynamics during late
gestation to further understand the relationship among lung
luminal volume, phasic changes in intrapulmonary pressure, and
PVR before birth. In chronically catheterized fetal sheep (120—
128 d gestation; n = 5; term ~147 d), PBF and PVR were
measured during periods of FBM and apnea. Episodes of FBM
were divided into periods of accentuated (amplitude of >3.5 mm
Hg change in tracheal pressure) and nonaccentuated periods of
FBM. During accentuated episodes of FBM, mean PBF was
increased to 159.5 * 23.4% (p < 0.0025) of the preceding apneic
period and was associated with a 19.1 = 5.2% reduction in PVR.
In addition, during accentuated episodes of FBM, the retrograde

At birth, blood flow through the lungs markedly increases as
a result of a large reduction in pulmonary vascular resistance
(PVR). Although this process plays a vital role in the transition
from intra- to extrauterine life, the precise mechanisms in-
volved are still not clear. In particular, it is not clear why PVR
is high in the fetus, relative to the newborn. During fetal life,
the majority (88%) of right ventricular output bypasses the
lungs and is shunted into the systemic circulation via the ductus
arteriosus (1). In the late-gestation fetus, the relatively high
PVR has been attributed to the low Po, of blood perfusing the
lungs (2,3), to the balance between vasoconstrictor and vaso-
dilator activity (4-7), and to the high level of resting lung
expansion in the fetus (8).

Previous studies have investigated the relationship between
lung luminal volume and PVR in the fetus and have shown that
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flow of blood through the left pulmonary artery was reduced to
90.1 = 1.0% of the preceding apneic period, which most likely
contributed to the increase in mean PBF at this time. Although a
change in PBF and PVR could not be detected during nonaccen-
tuated FBM, compared with the preceding apneic period, PBF
was linearly and positively correlated with the amplitude (change
in pressure) of FBM. We conclude that PVR is decreased and
PBF is increased during accentuated episodes of FBM, possibly
as a result of phasic reductions in intrapulmonary pressures.
(Pediatr Res 56: 932-938, 2004)

Abbreviations
FBM, fetal breathing movements
PBF, pulmonary blood flow
Pla, left atrial pressure
Ppa, pulmonary arterial pressure
PVR, pulmonary vascular resistance

PVR is directly proportional to the changes in lung volume,
causing pulmonary blood flow (PBF) to cease at total lung
capacity (9). Conversely, a reduction in lung liquid volume, to
a volume that is equivalent to the end-expiratory lung volume
in the air-filled lung after birth, caused a 3- to 4-fold increase
in PBF and a substantial decrease in PVR (8). Together, these
studies indicate that the degree of lung expansion and the
associated change in intraluminal pressure may be important
physiologic determinants of PBF in the fetus, as they are in the
adult. Indeed, the transmural pressure across the alveolar-
capillary wall is a key factor regulating PVR in the neonatal
and adult lung as capillary blood flow occurs only when
capillary pressure exceeds alveolar pressure. For instance,
increases in alveolar pressure in the postnatal lung, as a result
of positive pressure ventilation and/or the application of con-
tinuous positive airway pressures, cause a reduction in PBF
and a coincident decrease in cardiac output, as a result of an
increase in PVR (10-13). However, the direct effects of
changes in intraluminal (alveolar) pressure on PBF and PVR in
the fetus are not well understood.

The intraluminal pressure changes associated with fetal
breathing movements (FBM) and the role of FBM in maintain-
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ing fetal lung liquid volumes have been well documented,
particularly during continuous vigorous episodes of FBM
(14,15). During FBM, the resistance of the upper airway to
lung liquid efflux is reduced, primarily because of phasic
abduction and dilation of the glottis, resulting in increased loss
of liquid from the fetal lungs compared with the intervening
apneic periods (15). As a result, lung liquid volumes are
reduced during FBM, whereas during the intervening apneic
periods, active adduction of the glottis restricts lung liquid
efflux, which, therefore, tends to accumulate within the future
airways. Furthermore, it is well established that FBM are
usually associated with intraluminal pressure changes of 2-3
mm Hg, which can increase up to 10-15 mm Hg during
accentuated periods of FBM (14). However, it is unclear
whether these FBM-induced changes in intraluminal pressure
and/or lung expansion are associated with changes in PBF in
the fetus. We hypothesized that accentuated or vigorous FBM
are associated with an increase in PBF and a decrease in PVR
compared with the intervening apneic periods. Previous studies
have suggested that FBM may affect PBF and PVR, but the
reported data are conflicting. Vigorous episodes of FBM,
induced by a respiratory or metabolic acidosis, are reportedly
associated with an increase fetal PBF (16). However, other
studies have indicated that PBF is not influenced by FBM (17)
and that the transient increase in PBF associated with the
stimulation of FBM, induced by prostaglandin synthase inhib-
itors (meclofenamate), is not solely related to the increase in
FBM (18). Our aim was to study in detail the relationship
between changes in intraluminal pressure, associated with
episodes of FBM, and changes in pulmonary hemodynamics in
late-gestation fetal sheep.

METHODS

Aseptic surgery was performed on five pregnant ewes (Bor-
der-Leicester X Merino) at 115-118 d of gestation; gestation
length is ~147 d in this breed of sheep. Anesthesia was induced
with thiopentone sodium (1 g intravenously) and was main-
tained, after tracheal intubation, with 1.5% halothane in O,.
Antibiotics (900 mg of Depomycin, intramuscularly) were
administered to the fetus immediately before any incisions
were made. In each fetus, two silicone rubber cannulas (Dow
Corning, cat. no. 601-365; ID 3.175 mm, OD 6.35 mm) were
implanted 2—-4 cm into the trachea, one directed toward the
lungs and the other directed toward but not entering the larynx.
These catheters were joined externally to form a tracheal loop
that allowed the continuous flow of lung liquid. The main
pulmonary artery of the fetus was exposed via a left thoracot-
omy through the fourth intercostal space, followed by an
incision through the pericardium. The left branch of the pul-
monary artery was dissected free from surrounding adventitia,
and a 4-mm ultrasonic flow transducer (Transonic Systems,
Ithaca, NY) was placed around it. Polyvinyl catheters (20
gauge), filled with heparinized saline, were implanted into the
left pulmonary artery and into the left atrium of the fetus by
direct puncture and secured in position with nonocclusive
purse-string sutures. Polyvinyl catheters were also implanted
into a fetal jugular vein, carotid artery, and the amniotic sac.
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All catheters and the ultrasonic flow transducer cable were
externalized through the right flank of the ewe. Ewes and
fetuses were allowed at least 3 d to recover from surgery,
during which time fetuses were treated daily with ampicillin
(100 mg intravenously; 400 mg intra-amniotic). Fetal arterial
blood Po, (Pao,), Pco, (Paco,), pH, and percentage O, satura-
tion of Hb were measured every second day (ABL30; Radi-
ometer, Copenhagen, Denmark). The flow transducer cable
was attached to an internally calibrated flowmeter (Transonic
Systems) for continuous measurement of flow through the left
pulmonary artery. Left pulmonary arterial blood flow and left
atrial, carotid, pulmonary arterial, tracheal, and amniotic sac
pressures were measured using pressure transducers and re-
corded digitally using a data acquisition system sampling at a
rate of 200 Hz (Powerlab; ADI, Castle Hill, Australia); mean
PBF was calculated electronically from the instantaneous PBF
signal.

Experimental protocol. Beginning on 121 * 1 d of gesta-
tion, recordings were made for 6 h each day for 7 d. All
episodes of FBM were recorded between 0900 h and 1700 h
and commenced ~1 h after the ewe had been fed to reduce the
variability associated with circadian rhythms and the effect of
maternal feeding on FBM. At the end of the seventh day, the
fetal lungs were drained of liquid before the ewe and the fetus
were killed by an overdose of sodium pentobarbitone admin-
istered to the ewe (130 mg/kg intravenously). The fetus was
weighed before the lungs were removed and weighed. All
experimental procedures on animals were approved by the
Monash University Committee for Ethics in Animal
Experimentation.

Analytical methods. Each 6-h recording block was broken
into episodes of FBM and apnea. Episodes of FBM were
identified by negative deflections in tracheal pressure that
varied in duration (>1 min) and were characterized into two
distinct categories, accentuated and nonaccentuated FBM, on
the basis of the amplitude of the deflections in tracheal pres-
sure. Accentuated FBM were characterized by a >3.5-mm Hg
decrease in tracheal pressure, whereas nonaccentuated FBM
were characterized by a =3.5-mm Hg decrease in tracheal
pressure. Multiple measurements (three or fewer) were some-
times made during an FBM episode as the amplitude of the
tracheal pressure fluctuations associated with FBM can vary
within a single episode (Fig. 1). All measurements made within
an FBM episode were compared with the period of apnea
immediately preceding the episode of FBM to account for
gestational age-related increases in PBF and other non—-FBM-
specific factors that may affect PBF. Measurements of mean
PBF and pulse-by-pulse minimum and maximum values of
PBF were electronically computed from the PBF wave form
and were rapidly calculated at ~2-3 Hz, as were mean pres-
sures in the pulmonary artery (Ppa) and left atrium (Pla).
Pulmonary vascular resistance (PVR) was calculated using the
formula PVR = (Ppa — Pla)/PBF. All transducers and the
blood flowmeter were balanced and/or zeroed every day before
the recordings began.

Statistical methods. A minimum of 81 measurements were
obtained during periods of FBM from each fetus during the 7-d
recording period; similar numbers of measurements were made
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Figure 1. Recordings of tracheal pressure (TP; top traces) and mean blood
flow through the left pulmonary artery (PBF; bottom traces) during a period of
apnea (top) and a sustained episode of FBM (bottom) in a sheep fetus; in the
bottom panel FBM are continuous. In the top panel, the bars indicate sponta-
neous brief episodes of FBM as depicted by negative deflections in tracheal
pressure. Note that the effects of FBM on mean PBF are clearly visible but only
during accentuated periods of FBM.

during accentuated and nonaccentuated periods of FBM. Each
measurement represented an average value obtained from a 1-
to 3-min period of recording, and care was taken to avoid
periods contaminated with movement or other artefacts. Mea-
surements of PBF and PVR made during episodes of FBM
were expressed as a percentage of the apneic period that
immediately preceded the FBM episode. For each fetus, the
mean PBF and PVR values measured during apneic periods
were averaged, and then each value was expressed as a per-
centage of this value. All values from each fetus were then
grouped, and a mean = SEM was calculated to provide an
estimate of the normal variability of PBF and PVR that can
occur between apneic periods (Fig. 2). Data in the text are
expressed as the means = SEM. Comparisons of PBF and PVR
were analyzed using paired ¢ tests. The level of significance
was p < 0.05 for all statistical analyses. For determining the
relationship between the amplitude of FBM and the percentage
change in PBF (as well as PVR) from the preceding apneic
period, the data from each animal were divided into four
separate groups depending on the FBM amplitude. For each
animal, a mean value for each group was calculated and used
in the regression analysis.

RESULTS

Fetal outcome. All fetuses were considered healthy accord-
ing to their blood gas and acid/base status before and through-
out the experiments. Measured at 126 = 1 d, the mean blood
gas tensions and pH values in blood collected from the carotid
artery were as follows: pH 7.35 = 0.01; Paco, 51.3 = 2.4 mm
Hg; Pao, 18.8 = 1.5 mm Hg; and percentage O, saturation of
Hb 60.8 = 3.0%.

Pulmonary hemodynamics. An example of the recordings
of tracheal pressure and mean PBF from an unanesthetized
fetal sheep in utero is displayed in Fig. 1. During periods of
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Figure 2. Mean blood flow through the left pulmonary artery (PBF; A) and
PVR in the left lung (B), expressed as a percentage of the values measured
during the preceding periods of apnea. PBF and PVR were measured during
periods of apnea and accentuated and nonaccentuated periods of FBM. *Sig-
nificantly different (p < 0.05) from the preceding apneic period (n = 5).

apnea, mean PBF was low, except during small epochs of FBM
(Fig. 1, top). However, PBF increased markedly during epi-
sodes of accentuated FBM (Fig. 1, bottom). During episodes of
accentuated FBM, when the amplitude in tracheal pressure
exceeded 3.5 mm Hg, mean blood flow through the left pul-
monary artery increased to 159.5 *= 23.4% of the preceding
apneic period (100.0 = 16.0%; p < 0.025; Fig. 2A); mean PBF
increased from 17.4 = 0.8 to 22.6 = 0.9 mL/min. During
nonaccentuated periods of FBM (amplitude =3.5 mm Hg),
mean blood flow through the left pulmonary artery tended to be
elevated (to 117.2 = 9.4%) compared with the preceding
period of apnea, although this was not significant (»p = 0.078;
Fig. 2A); the mean PBF tended to increase from 20.2 = 0.7 to
21.8 = 0.7 mL/min. Consistent with the increase in PBF during
periods of accentuated FBM, PVR was significantly reduced to
80.2 = 5.2% of the preceding apneic period (100.0 = 16.8%;
p = 0.015; Fig. 2B); PVR decreased from 1.01 = 0.06 to 0.96
+ 0.03 mm Hg - mL™' - min~'. During nonaccentuated
periods of FBM, PVR (92.8 = 3.5%) tended to be reduced
compared with the preceding apneic period, although the re-
duction was not significant (p = 0.058; Fig. 2B); mean PVR
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decreased from 0.85 *+ 0.07 to 0.82 + 0.06 mm Hg - mL ™" -
min~'.

During periods of FBM, the change in PBF (from the
preceding apneic period) was significantly (* = 0.55, p <
0.001) correlated with the amplitude of FBM; this analysis
included data from all fetuses and from both accentuated and
nonaccentuated periods of FBM (Fig. 3A). Similarly, the
change in PVR (from the preceding apneic period) was signif-
icantly (+* = 0.59, p < 0.001) but inversely correlated with the
amplitude of all FBM (Fig. 3B). Furthermore, the change in
PBF (from the preceding apneic period) during episodes of
FBM was significantly (* = 0.87, p < 0.001) correlated with
the change in PVR (Fig. 30).

Typical contours for blood flow through the left pulmonary
artery of the fetus throughout consecutive cardiac cycles are
displayed in Fig. 4. During systole, the forward flow of blood
though the left pulmonary artery rapidly increases to a maxi-
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Figure 3. The relationship between mean blood flow through the left pulmo-
nary artery (PBF) and the amplitude in tracheal pressure (A) and PVR in the
left lung and the amplitude in tracheal pressure during periods of FBM (both
accentuated and nonaccentuated; n = 20; B); data obtained from five fetuses.
(C) The relationship between PVR and mean PBF during episodes of FBM;
data obtained from five fetuses.
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Figure 4. (A) The blood flow wave form demonstrating the instantaneous
beat-by-beat flow of blood through the left pulmonary artery during normal
and accentuated FBM. Forward flow in the pulmonary artery occurs only in the
early part of systole and is followed by the return to zero flow. A pronounced
“backflow,” or retrograde flow, of blood through the left pulmonary artery
occurs during diastole, which passes through the ductus arteriosus into the
systemic circulation. (B) Instantaneous blood flow wave form (top recording),
tracheal pressure (TP; middle recording), and mean blood flow through the left
pulmonary artery (bottom recording) during a deep inspiratory effort (hiccup).
Note the large increase in mean PBF and change in the left pulmonary artery
blood flow wave form, which coincides with the deep inspiratory effort.

mum, then immediately declines before displaying a charac-
teristic notch-like pattern during diastole. Eventually the flow
reverses, such that blood flows retrogradely through the left
pulmonary artery (as indicated by negative values). Despite the
increase in mean PBF during accentuated FBM, the maximum
or peak flow of blood through the left pulmonary artery was
significantly reduced by 3.2 = 0.6% (p < 0.05), compared with
the preceding apneic period, during these FBM periods (Table
1, Fig. 4A); the peak flow was reduced from 311.0 = 8 to 300.9
* 7 mL/min. In addition, the extent of the retrograde, or
backward, flow of blood through the left pulmonary artery
(Table 1, Fig. 4A) was significantly reduced by 9.9 = 0.9%
(»p < 0.001) during episodes of accentuated FBM compared
with the preceding apneic period (Table 1, Fig. 4); the retro-
grade flow was reduced from —107.9 = 7 to =973 = 7
mL/min. During nonaccentuated episodes of FBM, both the
peak blood flow during systole and the retrograde (negative)
flow of blood during diastole, through the left pulmonary
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Table 1. Effect of accentuated and nonaccentuated FBM on
pulmonary arterial pressure, carotid arterial pressure, heart rate,
and the maximum and minimum values of blood flow through the

left pulmonary artery (PBF) in fetal sheep at 121-128 d of

gestation

Nonaccentuated Accentuated

FBM FBM Apnea
Pulmonary arterial pressure 101.6 =04 1049 £0.9% 100.0 = 0.5
(% of apnea)
Carotid arterial pressure 1025 0.6 108.5 = 1.9* 100.0 = 0.6
(% of apnea)
Heart rate (% of apnea) 1009 =03 104.7 = 0.7% 100.0 = 0.5
Maximum PBF (% of apnea) 98.9 £ 0.3 96.8 = 0.6 100.0 = 1.7
Minimum PBF (% of apnea) 96.7 = 0.4 90.1 £0.9* 100.0 = 1.5

All values are expressed as a percentage of the preceding apneic value
(*p < 0.001, ¥ p < 0.05).

artery, were similar to that observed during the preceding
apneic periods (Table 1).

Similar changes in the PBF contour that were observed
during accentuated FBM were also observed during individual
deep inspiratory efforts (14) (Fig. 4B). During these deep
inspiratory efforts, the diaphragm is not activated in phase with
the main glottic abductor muscle (19). Thus, the glottis does
not dilate in phase with diaphragmatic contraction, causing a
large reduction in intraluminal pressure; these efforts are not
gasps and are unlikely to originate from central respiratory
centers (19). Consistent with the increase in mean PBF during
accentuated FBM, single deep inspiratory efforts were associ-
ated with large (2- to 3-fold) transient increases in mean PBF,
which rapidly return to control values at the end of the effort
(Fig. 4B). Furthermore, these deep inspiratory efforts caused
marked reductions in the peak flow of blood during systole as
well as reductions in the retrograde flow of blood during
diastole. Indeed, some deep inspiratory efforts almost com-
pletely abolished the negative or retrograde flow of blood
through the left pulmonary artery during diastole (Fig. 4B)

During accentuated episodes of FBM, the fetal heart rate
was significantly increased by 12.8 = 4.2 bpm compared with
the preceding apneic period (Table 1); the heart rate increased
from 167.7 = 1 to 175.2 = 1 bpm. However, during nonac-
centuated FBM, the fetal heart rate was similar to that observed
during the preceding apneic period (Table 1). Similarly, during
periods of accentuated FBM, Ppa and systemic arterial pres-
sure both were significantly increased compared with the pre-
ceding apneic period (from 31.1 = 0.6 to 32.9 = 0.6 mm Hg
and from 29.9 = 1.4 to 32.0 = 1.4 mm Hg, respectively) but
were not altered during nonaccentuated periods of FBM (Table

D).

DISCUSSION

Our results indicate that mean PBF increases and PVR
decreases during accentuated periods of FBM (amplitude >3.5
mm Hg) but seem to remain unaltered during episodes of
nonaccentuated FBM periods. In particular, mean PBF in-
creased by ~60% during episodes of accentuated FBM, which
most probably was due to the combined effect of an associated
decrease in PVR (by ~20%) as well as an increase in right
ventricular output leading to an increase in driving pressure;
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this was indicated by an increase in fetal heart rate (~13%) and
pulmonary arterial pressure (~5%). Despite the decrease in
PVR, during episodes of accentuated FBM, the peak forward
flow of blood through the pulmonary artery during systole was
reduced (by ~3.3%) as was the backward flow of blood during
diastole. These results clearly indicate that during fetal life,
PBF and PVR are influenced by episodes of FBM, particularly
when the amplitude in tracheal pressure associated with each
breathing movement exceeds 3.5 mm Hg. The resulting change
in PBF is, in some cases, considerable, inducing a 5- to 6-fold
increase in mean PBF when the change in intraluminal pressure
associated with the inspiratory effort is large (Figs. 1 and 4).

Our findings extend the previously reported findings (ab-
stract only) that mean PBF increases during stimulated FBM
resulting from a respiratory or metabolic acidosis (16). How-
ever, our findings demonstrate that increases in PBF and
decreases in PVR are a normal feature of fetal life when FBM
become accentuated. Furthermore, our data provide important
additional information as to the factors that regulate PVR
before birth. In particular, our findings indicate that intralumi-
nal pressure is likely to be an important determinant of PBF in
the fetus, as it is postnatally, possibly by regulating the degree
of capillary compression (9).

Previous studies (17,18,20) have reported that PBF is not
influenced by FBM and concluded that FBM do not stimulate
lung growth by intermittent increases in PBF, although one
study did report that PBF increased with the onset of PBF and
was reduced upon the cessation of FBM (21). However, in
those studies, the FBM were not divided into accentuated and
nonaccentuated episodes, and comparisons were not made
between episodes of FBM and the preceding apneic period. As
the incidence of nonaccentuated FBM greatly exceeds that of
accentuated FBM, it is likely that the effect of accentuated
FBM on PBF was masked in the analysis by prolonged periods
of low amplitude FBM (<3 mm Hg). However, we divided the
epochs of FBM into accentuated and nonaccentuated periods of
FBM, as defined by us and others (15,21,22), and recorded
FBM for 6 h/d for 7 d, which allowed a rigorous analysis of the
impact of FBM on PBF and PVR. Furthermore, as PBF
increases with gestational age and can vary considerably be-
tween fetuses and within individual fetuses over a 24-h period,
a comparison of PBF during episodes of FBM with the pre-
ceding apneic period is a sensitive method for assessing the
specific effects of FBM on PBF. It is of interest that a previous
study noted a transient increase in PBF within 30-90 min of
infusing a prostaglandin synthase inhibitor (meclofenamate),
which increases both the incidence and the amplitude of FBM
(18). Although it was concluded that factors other than FBM
contributed to the increase in mean PBF, the authors did
speculate that “the initial increase in PBF may be in part due to
the deeper fetal respirations subsequent to meclofenamate.”
This speculation is consistent with our finding of a strong
relationship between the amplitude of FBM and mean PBF
(Fig. 3A).

The increase in PBF during accentuated FBM could have
resulted from the combined effect of a decrease in PVR as well
as an increase in right ventricular output, leading to an increase
in driving pressure. Although we did not measure right ven-
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tricular output in this study, it is likely to have been increased
during accentuated FBM. This is indicated by an increase in
fetal heart rate (by 12.8 = 4.2 bpm) in combination with an
~5% increase in left pulmonary arterial pressure (23) and has
been observed previously during accentuated FBM (21,22).
This finding is consistent with previous studies that demon-
strated that vigorous FBM impose a significant oxygen demand
in the fetus (21) and are commonly associated with increased
fetal body movements (24). Indeed, during vigorous FBM,
fetal oxygen consumption can increase by 30% (21), and blood
flow to the main respiratory muscles (diaphragm and intercos-
tals) increases (22).

We consider that the decrease in PVR observed during
accentuated FBM was the predominant contributor to the
increase in PBF during such episodes. This is because of the
very close inverse exponential relationship that we observed
between PVR and PBF (Fig. 3C) during FBM. The inverse
exponential nature of this relationship indicates that when the
mean PBF is equivalent to or less than that measured during
apnea, PBF is near its minimum point, physiologically, and
that large increases in PVR are required to reduce it further.
Indeed, we commonly observed mean PBFs of 0—10 mL/min,
particularly during periods of apnea (Fig. 1). This finding raises
the concept that during fetal life, PVR is highest and PBF is
lowest during apnea when intraluminal pressures are 1-2 mm
Hg above ambient (amniotic sac) pressure (25). Then, during
episodes of FBM, PVR decreases and PBF increases as a result
of the phasic decrease in intraluminal pressure associated with
inspiratory efforts; the extent of the changes in PVR and PBF
depend on the amplitude of the change in intraluminal pressure
(Fig. 3A and B). The natural extension to this argument is the
suggestion that the high intraluminal pressure within the fetal
lung, relative to ambient pressure, is a major contributing
factor to the high PVR in the fetus, particularly during periods
of fetal apnea; this is in addition to vasoconstrictor activity.

Previous studies have shown that PVR is directly related to
changes in fetal lung liquid volumes (9), resulting in substan-
tial reductions in PVR (2- to 3-fold) and increases in PBF when
fetal lung liquid volumes are reduced (8). As FBM are asso-
ciated with increased loss of lung liquid, which can result in
substantial changes in lung liquid volume (15) particularly
during vigorous FBM, a reduction in lung expansion could
account for the observed decrease in PVR during vigorous
FBM. However, although this mechanism may contribute to
the decrease in PVR during FBM and account for the large
variability in PBF between epochs of FBM, it is unlikely to be
the primary mechanism involved. Indeed, short periods of
vigorous FBM, which were too short to produce substantial
changes in lung volume (Fig. 1), as well as single deep
inspiratory efforts (Fig. 4B), coincided with large increases in
mean PBF. Similarly, it is unlikely that an increase in shear
stress—mediated vasodilator release from endothelial cells
could explain the FBM-associated decrease in PVR as the
changes in mean PBF were tightly constrained to the periods of
reduced intraluminal pressure (Figs. 1 and 4B). Instead, we
suggest that the decrease in PVR mainly resulted from the large
phasic reduction in intraluminal pressure associated with vig-
orous FBM. This would be expected to reduce perivascular
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tissue pressure and increase the alveolar/capillary transmural
pressure, causing capillary expansion and the facilitation of
capillary blood flow (12). Indeed, we found that the amplitude
of the change in tracheal pressure associated with FBM was
closely correlated with the increase in mean PBF and decrease
in PVR (Fig. 3A and B). More specific, we also found that
single deep inspiratory efforts (analogous to hiccups), which
are a normal feature of fetal respiratory development and
generate large reductions in intraluminal pressure (15,19), were
closely associated with a transient increase (4- to 5-fold) in
PBF (Fig. 4).

The changes in the beat-to-beat peak forward flow and
retrograde flow through the pulmonary artery, associated with
vigorous FBM, were surprising, and the mechanisms involved
are unknown; these changes also occurred during spontaneous
single deep inspiratory efforts. The decrease in peak forward
flow usually occurred despite a coincident increase in driving
pressure (as measured by the pressure difference between the
left pulmonary artery and left atrium) and a decrease in PVR.
One possible explanation is that if the increase in pulmonary
artery pressure led to an increase in the pressure gradient across
the ductus arteriosus, then a greater proportion of the high-
velocity components of the pulse may have traversed the
low-resistance pathway through the ductus arteriosus into the
systemic circulation. As a result, the peak flow of blood
passing through the major branches of the pulmonary arteries
(site of measurement) would be reduced. However, the net
result was not a decrease in mean PBF, because there was an
even greater decrease in retrograde flow during diastole than
the reduction in forward flow during systole. The backward
flow of blood through the left pulmonary artery during diastole
has previously been reported (1,26) and is thought to be a
consequence of the very high PVR in the fetus in addition to
the presence of the ductus arteriosus (27). Thus, during dias-
tole, blood is thought to reflect off the highly constricted
pulmonary vascular bed and flow retrogradely along the left
pulmonary artery before passing through the ductus arteriosus,
into the systemic circulation (26). The reduction in backward
flow through the left pulmonary artery during vigorous FBM is
likely to be a consequence of the decrease in PVR (of ~20.0%)
during vigorous FBM. This decrease in PVR was sufficient to
reduce the backflow of blood from a peak value of —160
mL/min during apneic periods to —46.5 = 10 mL/min during
vigorous FBM with a range of values from —20 to —120
mL/min. Thus, in some circumstances, the decrease in PVR
was sufficient almost to abolish the backflow of blood through
the left pulmonary artery, thus allowing blood flow to continue
in a forward direction throughout the cardiac cycle. The de-
crease in retrograde flow was particularly obvious during deep
inspiratory efforts (Fig. 4A).

CONCLUSION

In summary, the findings of this study indicate that episodes
of spontaneous, vigorous FBM during normal fetal develop-
ment are associated with large increases in PBF. These in-
creases in PBF are predominantly due to a reduction in PVR,
although an associated increase in right ventricular output may
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contribute to the increase in PBF. Understanding the mecha-
nisms involved could have important implications for under-
standing the mechanisms responsible for maintaining a high
PVR in the fetus as well as understanding the factors that lead
to the reduction in PVR at birth.
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