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ABSTRACT. At birth, the cardiovascular system changes
dramatically; arterial blood pressure, heart rate, and car-
diac output increase, and blood flow distribution undergoes
regional changes. To determine whether these changes are
related to certain events occurring at birth, we studied 18
chronically instrumented fetal sheep at 133-138 days ges-
tational age. We measured fetal vascular pressures and
heart rate and injected radionuclide-labeled microspheres
to determine combined ventricular output and its distribu-
tion. Rhythmic ventilation of the fetuses with a gas mixture
that produced no change in arterial blood gases decreased
heart rate slightly from 173 * 25 to 152 % 16 beats/min,
but changed neither mean arterial blood pressure nor com-
bined ventricular output. Ventilation with oxygen de-
creased mean descending aortic and pulmonary arterial
pressures, but had no significant effect on heart rate or
combined ventricular output; subsequent umbilical cord
occlusion had no significant effect on these variables. There
was a redistribution of blood flow, however. Ventilation
alone increased pulmonary blood flow from 159 * 68 to
641 = 513 ml-min™"-100 g wet weight™, and oxygenation
increased it further to 1040 * 426. Ventilation alone and
ventilation with O, decreased blood flow to most other
fetal organs, notably the adrenal glands, brain, and heart,
in a manner related to changes in arterial oxygen tension.
Occlusion of the umbilical cord increased blood flow to the
adrenal glands and brown fat, and also to the liver from
the portal vein and hepatic artery. The changes in regional
blood flow initiated by ventilation, oxygenation, and um-
bilical cord occlusion are similar to those occurring at birth
and may play an important role in postnatal adaptation.
(Pediatr Res 22: 634-640, 1987)

The transition from intrauterine to extrauterine existence is
marked by a number of events, including uterine contractions,
delivery, physical expansion of the lungs, increases in blood
oxygen tension and content, the removal of the placenta from
the circulation, and transfer from a warm-fluid to a cool-air
external environment. Dramatic changes occur in the circulation,
among which are increases in cardiac output, heart rate, and
arterial blood pressure (1, 2). Many previous studies designed to
examine the transition period have been conducted in anesthe-
tized, acutely exteriorized, and often open-chest preparations of
fetal sheep, in which “birth” is designated as the moment the
umbilical cord is cut (3-7). These preparations are unstable and
often have cardiovascular and metabolic variables markedly
different from those obtained from chronically prepared fetuses
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studied in utero. A few studies have been conducted in chroni-
cally prepared fetuses undergoing spontaneous labor and delivery
(8, 9), but because many events occur at once, it is difficult to
determine the precise cause of an observed response. Recently,
the effects of ventilation (10, 11) and of cooling (12, 13) have
been examined in chronically maintained preparations of fetal
sheep.

To determine which specific perinatal events cause the changes
in the cardiovascular system that occur at birth, we examined
the sequential effects of mechanical ventilation of the lungs,
oxygenation, and umbilical cord occlusion without the additional
effects of other perinatal events. We studied chronically prepared
sheep fetuses that were allowed to recover from anesthetic and
surgical stress and measured heart rate, arterial pressure, and
combined ventricular output and its distribution by the radio-
nuclide-labeled microsphere method.

METHODS

Animals and surgical preparation. We studied 18 fetal sheep
at 133-138 days gestational age. Fourteen fetuses were prepared
with catheters only at 131-134 days, and four were prepared
with catheters and an electromagnetic flow transducer placed
around the ascending aorta at 133-136 days.

The ewe was fasted for 24-36 h prior to surgery. Spinal or low
epidural anesthesia was achieved by injecting 4 ml of 1% tetra-
caine hydrochloride (Pontocaine HC, Breon Laboratories, New
York, NY). Polyvinyl catheters (1.3 mm inner diameter, 2.3 mm
outer diameter) were placed into the descending aorta and infe-
rior vena cava of the ewe via a pedal artery and vein. Ten percent
dextrose in 0.9% NaCl were infused continuously, and 50-100
mg of ketamine hydrochloride (Vetalar, Parke-Davis, Morris
Plains, NJ) were administered intravenously at 15-min intervals
throughout the duration of the surgical procedure; additional
amounts were administered when necessary. Local anesthesia
(0.25% lidocaine hydrochloride) was applied prior to each fetal
skin incision.

A midline incision was made in the abdomen of the ewe, and
the pregnant horn of the uterus was exposed. A fetal hindlimb
was exposed through a small incision in the uterus; polyvinyl
catheters (0.75 mm inner diameter, 1.2 mm outer diameter) were
inserted into a pedal artery and vein and advanced so their tips
lay in the descending aorta and inferior vena cava. Through the
same uterine incision, two polyvinyl catheters (3.5 F) were ad-
vanced into a main umbilical vein from a peripheral tributary,
and one (1.3 mm inner diameter, 2.3 outer diameter) was placed
in the amniotic cavity. The fetal skin and uterine incisions were
sutured.

A second uterine incision was made overlying the left chest of
the fetus. Through a thoracotomy in the fourth intercostal space,
catheters were placed in the ascending aorta from the internal
thoracic artery (0.75 mm inner diameter, 1.2 mm outer diame-
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ter). and directly into the left atrium. pulmonary artery (20 gauge
IV cath, Becton Dickinson. Mountain View, CA). and pleural
cavity. In four fetuses. a cufl-tvpe electromagnetic flow trans-
ducer with an inner diameter approximately 90 of the vessel
diameter was placed around the ascending aorta just above the
origin of the coronary arteries (C and C Instruments. Pasadena.
CA). The flow transducers were precalibrated i vitro: we have
shown that this calibration i1s within 3% of that mecasured in
intact lambs (14). During an experiment, the electrical zero was

checked repeatedly: zero flow was recorded as the absence of

flow during the diastolic phase of the cardiac cvele. The fetal
chest was sutured in layers. The fetal neck was exposed through
the same uterine incision. A 4.5-mm endotracheal tube was
conncected by a Y-tube to two 100 ¢cm Iengths of flexible polyvinyd
tubing (3.2 mm inner diameter. 6.4 outer diameter). The tubing
was filled with 0.9% saline. and the trachea was intubated. A
polyvinyl catheter was inserted into the external jugular vein and
advanced centrally to the superior vena cava. A sccond catheter
was placed 1o the amniotic cavity and connected to the ventila-
tion tubing to allow trachea fluid to flow freely from the fetus to
the amniotic cavity postoperatively. An inflatable silicone rubber
cuff, which did not constrict the umbilical vessels when deflated.
was placed around the umbihceal cord at the umbihcal ring. All
incisions were sutured. the vascular catheters were filled with
heparin sodium solution (1000 U/ml) and scaled. and all cathe-
ters and ventilation tubing were exteriorized to the maternal
flank and protected by a cloth pouch. Antibiotics (400 mg
Kanamycin. I million U penicilling were given into the amniotic
cavity and maternal vein on the day of surgery and cach day
thereafter. The animals were allowed 2 1o 3 davs to recover from
surgery.

Iixperimental procedure. On the dayv of the study. the ewes
were brought into the faboratory in a mobile cart and allowed 1o
become accustomed to the surroundings for at teast 2 h. Fetal
blood pressures were monttored continuously throughout the
experimental period. using Statham P23Db strain-gauge trans-
ducers. and Beckman R612 and Gould 28008 polvgraphs. Fetal
heart rate. measured by a cardiotachometer which was triggered
by an artertal pulse wave, also was monitored continuously.
Measurements were made in the fetuses 1) during the control
period and 15 min after the onset of cach of the following
conditions: 2) ventilation with 39 O.. 5% CO.. and 929 N.
(ventilation). 3) ventilation with 100% oxvgen (oxyvgenation),
and 4) ventilation with oxyveen following umbilical cord compres-
sion (occlusion). Blood samples were obtained from the descend-
ing aorta for the determination of pH. PO, and PCO.. and from
the ascending and descending aorta. pulmonary artery. umbilical
vein, and left atrium for the determination of the hemoglobin
concentration and blood oxveen saturation (model 138 Blood
Gas Analyzer, Corning Medical, Medfield. MA: model OSM?2
Hemoximeter, Radiometer. Copenhagen. Denmark). Combined
ventricular output and blood flow distribution then were deter-
mined by injecting two differently Tabeled 15 gm microspheres
(selected from ~'Co, “'Cr. ™Gd, ™MIn, *Mn, Nb S S or
“*Zn: New Iingland Nuclear. Boston. MA) into the inferior vena
cava and left atrium while obtaining reference samples at a rate
of 4 mi/min from the descending and ascending aorta and the
pulmonary artery. The volume of blood removed for the blood
and reference samples was replaced with an cqual volume of
fetal donor or. in rare instances. maternal blood. To venulate
the fetuses. the tubes connected to the endotracheal tube were
opened and tracheal uid was allowed to drain. These tubes were
connected to a specially designed positive pressure ventilator.
into which a gas mixture consisting of 3¢ O, 3% COL. and 92
N, was introduced at a rate of 1O-15 Iiter/min (Fig. 1). On
mspiration, gas flowed from the pump through the tubing and
into the fetus. On expiration, a solenoid in series with the
expiratory tubing opened. and the expired air from the fetus was
flushed from the tubing to the outside. This overcame the pos-
sible difficulties of a large dead space for ventitation. We were
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able to control the rate of respiration. inspiratory and end expir-
atory pressures: these values and udal volume, which was meas-
ured by a pneumotachograph (Fleisch tvpe no. 00, Medical Inc..
Richmond VA: Vahdyne model DP45-16 pressure transducer
and model CDTS carrier demodulator. Engineering Corp. North-
ridge, CA) were as shown i Table 1. There were no significant
changes in these variables throughout the experimental period.
Upon completion of the last set of measurements. the ewe was
anesthetized with an intravenous injection of 6-10 ¢ sodium
pentobarbital (Futhanasia-6. Veterinarny Laboratories. 1.exena,
KS) and killed with an intravenous injection of saturated potas-
sium chioride sotution. Combined ventricular output and its
distribution were determined as deseribed previously in detail
(13). Briefly. the uterus and individual fetal organs were dissected.
weighed. and placed in formalin. Organs were carbonized in an
oven at 3507, ground 1nto a coarse powder. placed into plastic
vials to a uniform height of 3 em. and counted in a 1000-channel
multichannel pulse-height analvzer (Norland Corp. Fort Atkin-
son. WI). The actuivity of cach 1sotope in cach organ was deter-
mined by the least-squares method deseribed previously (16).
Data analyvsis. Blood flow to fetal organs was caleulated in the
control period by comparing the radioactivity of the microsphere
injected nto the inferior vena cava in cach organ with the
radioactivity and flow rate of the appropriate reference sample
(ascending aorta tor upper body organs. descending aorta for
lower body organs. pulmonary artery for lungs). as described
previously m o detail (13) After the fetuses were ventilated. pul-
monary blood flow and blood flow through vascular shunts
characteristic of the fetal circulation were altered dramatically,
Theretore, blood flow to fetal organs was calculated using the
radroactivity of the microspheres injected into the left atrium for
venulation. oxvgenation. and occlusion measurements. Because
central blood flow patterns were altered dramatically by ventila-
tion. combined ventricular output and pulmonary blood flow
were calculated by a series of equations 1o be presented clsewhere

(17).
INFLOW I I OQUTFLOW
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Fig. 1. Diagram of the positive pressure ventilator used in these

studtes. Gas of known compostition was introduced into the ventilation
tubing. Respiratory rate and inflow and outflow rates. and thus inspira-
tory and expiratory pressures. were cach controtled independently. A
solenotd. indicated by the wvierisk. 1< shown in the position during
inspiration. On expiration. the solenoid opened. and the expired gas
from the fetus was flushed through the tubing to the aumosphere.

Fable [ Characteristics of ventilation of jetal sheep in wiero
(mean £ SD,;

Ventilation - Oxyvgenaton  Occlusion

Respiratory rate (/min) N U] M+ 0 Seo+ 12

Peak inspiratory pressure 27 + 10 25410 RATRIN
(torr)*

End expiratory pressure ST L ST
(torr)*

Ventilatory volume (mi) RESE 37+ 10 RAEER

n N S O

FAMNIONC cavity pressure is zero reference tor these pressures.
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Vascular pressures were corrected using amniotic fluid pressure
as zcro reference. Oxygen contents were calculated by multiply-
ing the oxvgen saturation of the blood times the hemoglobin
concentration by 1.35. During oxygenation and occlusion. the
amount of dissolved oxvgen was calculated from the PO, of the
blood and was added in calculating oxygen content. Data from
one period were compared with data from the previous period
by the Mann-Whitney U test. with the understanding that the
chance of committing a type Il error with paired data is increased.
Unless otherwise stated. n = 14 for control. ventilation. and
oxvgenation measurements. and # = 10 for occlusion measure-
ments, because in two animals the umbilical cord occluder did
not function properly. and two other animals developed a pneu-
mothorax before occlusion measurements were made. All data
arc expressed as mean + SD.

RESULTS

In carly attempts to determine the effects of birth-related events
on left ventricular output in the fetus. we placed an clectromag-
netic flow transducer around the ascending aorta of four fetal
sheep. During the control period. there was no significant differ-
ence between mean pressures in the ascending and descending
aorta and pulmonary artery (Table 2). Howevcer. svstolic and
pulse pressures in the ascending aorta were slightly greater than
those in the descending aorta and pulmonary artery. Ventilation
increased mean. systolic. diastolic. and pulse pressures in the
ascending aorta in fetuses with flow transducers. but not in those
without flow transducers (Tables 2 and 3). Oxygenation increased
these pressures only in fetuses with flow transducers. Changes in
descending aortic and pulmonary arterial pressures werc not as
pronounced (Table 2). Twenty min after ventilation had ceased
and the umbilical cord occluder had been released, pressures in
the ascending aorta and left ventricular output decreased simuli-
tancously. There were no such associations between pressurcs in
the descending aorta or pulmonary artery and left ventricular
output. As a result of these observations, we did not use a flow
transducer to measure left ventricular output in subscquent
studies. and the remainder of the data presented were obtained
from the 14 animals in which only catheters were implanted and
blood flows were measured with microsphercs.

Fetal body weight for the 14 fetuses was 3.61 = 0.64 kg (range
2.53-4.45 kg). During the control period. values for pll. POa.
and PCO; in the descending aorta and blood saturation and O,
content in the descending aorta. ascending aorta. left atrium.
pulmonary artery, and umbilical vein were within the expected

Table 2. Arterial blood pressures in Jour animals with
electromagnetic flow transducers around ascending aorta [torr

(mean = SDj]

Control  Ventilation Oxygenation  Occlusion

Descending aorta

Mcan S7+4 S7Tx7 57 + 5* 53+£3
Systolic 76 = 8 79 £ 10 71+9 68 £9
Diastolic 46 £3* 44 +7 48 + 6F 45+ 3
Pulse 30+8 35+8 23 + 4% 23+ 8
Ascending aorta
Mecan 5S7+6 62 +6 68 + 37 64 = 11
Systolic 80+ [6 85+ 10+ 98 + 14+ 87 £ 16
Diastolic 43 +4 45+ 7 50 + 5+ 47+ 9
Pulse 37+ 13 41 + 8* 49 + 10+ 40 9
Pulmonary artery
Mean S8+ 3 62 = 10 S8 +13 50 £ 1t
Svstolic 74 +7 74 £ 11 73+ 13 626
Diastolic 47 + 2 49 £ 10 48 + 12 40 + 16
Pulse 27+ 5 25+ 4 25+ 8 22+ 10
*n < 0.05.

+p < 0.005, significantly different from values obtained from fetuses
with no flow transducer placed around the ascending aorta (Table 3).
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Table 3. Effects of birth-related events on fetal heart rate and
arterial blood pressures (mean = SD)
Control  Ventilation Oxygenation Occlusion

Heart rate

173 £25 132+ 16* 152 + 21 163 + 46
Pressures (torr)
Descending aorta
Mean S2+6 S3+6 47 + 6* 56 + 16
Systolic 73+ 8 73+9 65+ 6 76 + 19
Diastolic 40£5 40+ 7 365 45+ 12
Pulse 33+6 34+6 307 28 + 14
Ascending aorta
Mean 53+£5 557 49 + 7 S5+ 14
Systolic 69+9 69 £ 8 64 £ 8 71+ 17
Diastolic 41 £ 6 42 +£8 377 47 + 12
Pulse 2816 277 27+ 6 24+ 8
Pulmonary artery
Mean 54+7 55+£9 47 + 6% 45 + 14
Systolic 73+£13  72x14 64 =7 60 + 15
Diastolic 42+ 5 42 £ 8 36+6 34 + 15
Puise 30010 29%10 27 %5 26 £ 11

* Signifies value different from preceding value. p < (0.05.

range for fetuses at this stage of gestation (Table 4). Characteristic
of the fetal circulation. in which gas exchange takes place in the
placenta. umbilical venous oxygen saturation and oxygen con-
tent were significantly greater than those in the fetal arteries
(Table 4). The umbilical venous-descending aortic oxygen con-
tent difference was 2.21 + 0.75 mM. and the left atrial-pulmo-
nary arterial oxygen content difference was 0.45 + 0.36 mM.
Oxygen content and blood saturation in the ascending aorta were
slightly greater than those in the descending aorta. and oxygen
content in the descending aorta was slightly greater than in the
pulmonary artery. Ventilation of the fctal lungs with a gas
mixture consisting of 3% O,, 5% CO,. and 92% N, produced no
significant changes in any of these values or relationships. With
oxygenation, the site of oxygen uptake shifted almost completely
from the placenta 1o the lungs. The left atrial-pulmonary arterial
oxvgen content difference increased significantly to 0.95 + 0.53
mM (p < 0.005). and the umbilical venous-descending aortic
difference decreased significantly 10 0.20 £ 0.37 mM (p < 0.001).
a value not different from zero. Blood oxygen saturation and
content increased in all vessels (p < 0.001): left atrial and
ascending and descending aortic oxygen saturation (p < 0.001)
and content (p < 0.02) were significantly greater than in the
pulmonary artery. With oxygenation. the oxvgen tension in the
carotid and pulmonary arteries, left atrium, and umbilical vein
increased to 225 + 162 (n=14). 50 £ 3 (n = 12). 163 = 141 (n
= 8). and 77 = 29 torr (n = 12), respectively. Subsequent
umbilical cord occlusion produced no significant changes in these
values or relationships.

Fetal heart ratc was 173 + 25 beats/min during the control
period (Table 4). Heart rate decreased slightly with ventilation
alone, but neither oxygenation nor occlusion produced a further
significant change. Mean blood pressures in the descending and
ascending aorta and pulmonary artery were 52-54 torr during
the control period (Table 3). There were slight decrcases in mean
descending aortic and pulmonary arterial pressures with oxygen-
ation, but in general. ventilation. oxvgenation. and occlusion
produced little change in these values. Pulse pressure in the
descending aorta was greater than that in the ascending aorta
during the control period (p < 0.035). and greater than that in
both the ascending aorta and pulmonary artery during ventila-
tion (p < 0.02). These findings differ from those obtained from
the animals that had a flow transducer placed around the as-
cending aorta (Table 2).

Combined ventricular output was 398 + 81 ml-min™' - kg™!
during the control period. Ventilation, oxygenation, and occlu-
sion cach produced no significant alteration in combined ven-
tricular output. Blood flow to the umbilical-placental circulation
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Table 4. pil. PO, PCO,

Site Control
pH DA, 7.37 + 0.06
PO, (1or1) DA 3
PCO. (lorr) DA, G
O, saturation (%) DA, (R
AN, i3
I.A 134
PA 124
v 10
Oxygen content (mM) DA 0.7 4
AAg ().806%
PA 0.829
PA (.90
G0 (1.7

* D Aq. descending aorta: AAg. ascending aorta: LA lelt atrium: PAL pulmonary artery: TV
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DISCUSSION

To determine the individual efivcts of veatltion, oxyeena
tion. and umbilical cord occlusion on the foia! circulation. we
ventilated chronicallv-instrumented fetal sheep i wrcro using
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necessary for survival. The fetuses in our study ranged from 33—
138 days gestation and thus would be expected to require rela-
tively high ventilation pressures for effective lung ventilation.
During the control period, gas exchange took place in the pla-
centa, and oxygen content was highest in the umbilical vein.
During ventilation with oxygen, the lungs became an important
site of oxygen exchange as indicated by the significant increase
in the left atrial-pulmonary arterial oxygen difference and
marked decrease in umbilical venous-descending aortic oxygen
difference. The effectiveness of ventilation varied, as indicated
by the wide range of PO, in the descending aorta (35-519 torr).
However, ventilation of each fetus was adequate because arterial
blood oxygen saturations ranged from 93-100%, and arterial pH
and PCO; did not change significantly.

In the four fetuses with flow transducers around the ascending
aorta, ventilation and oxygenation were associated with increases
in blood pressures in the ascending aorta, but not in the descend-
ing aorta or pulmonary artery. The increases may be related to

600 -

BLOOD FLOW

(mi - min T+ kg'1)
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the phenomenon described by Goldstein and Epstein (19), who,
in a model system, demonstrated that supravalvular aortic ste-
nosis can produce an apparent increase in innominate arterial
pressure, but not in distal aortic pressure, and that innominate
arterial pressure can increase linearly with left ventricular output.
Their explanation is that the stenosis produces a jet stream of
blood directed into the innominate artery, and a portion of the
kinetic energy is converted to potential energy, which is detect-
able as increases in systolic and mean arterial pressures in the
innominate artery. In our studies, ascending aortic pressure
varied with left ventricular output. We conclude that the increase
in aortic pressure associated with ventilation is the result of the
increased velocity of blood flow across the aortic constriction
produced by the flow transducer when left ventricular output
increases.

Systemic arterial pressure and heart rate increase after birth
(1). In fetuses prepared with catheters only and no flow trans-
ducer, we detected no increase in systemic arterial blood pressure
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Fig. 3. Effect of birth-related events on systemic and pulmonary blood flows. Blood flow to the fetal body is represented as systemic blood flow
(open area plus SD error bars) and pulmonary blood flow (hatched area minus SD error bars). Ventilation (p < 0.005) and oxygenation (p < 0.02)
were associated with an increase in pulmonary and a decrease in systemic blood flows, relative to the previous condition. In addition, cord occlusion

significantly increased systemic blood flow (p < 0.02).

Table 5. Blood flow (ml X min~' X 100 g™*) to various fetal organs

Organ* Control Ventilation Oxygenation Occlusion
Adrenal 397 = 170 362 + 160 167 = 56 223 + 75¢
Brown fat 66 + 37 30 £ 12% 13 + 8% 26 + 12}
Kidneys 245 + 69 199 £ 67 151 £33 164 = 50
Gastrointestinal tract 94 + 28 59 £ 22§ 53 + 31 83 + 34%
Spleen 368 + 189 272 + 143 279 = 85 447 + 162%
Liver 18 £ 17 15+ 18 14 £ 15 37 £ 19%
Periphery 15.3+32 11.1 = 4.0§ 8.1 x3.1% 93x17
Brain 151 +49 135+ 53 S8+ 21| 94 + 59
LV 265 + 164 238 £ 126 102 + 37| 101 = 41
RV 321 £ 111 280 + 97 113 % 30| 120 = 65
Thyroid 223 + 120 [16 £ 51§ 66 + 48% 84 + 47
Lung 159 £ 68 641 + 513 1040 + 4261 1005 = 479

* Periphery comprises the skin, muscle, and skeleton of the fetus; LV and RV are left and right ventricular free wall; liver flows represent the

hepatic arterial contribution only.
T Denotes a significant change from previous value, p < 0.05.
I Denotes a significant change from previous value, p < 0.02.
§ Denotes a significant change from previous value, p < 0.005.
| Denotes a significant change from previous value, p < 0.001.
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Table 6. Oxvgen delivery (wmol X min ' x 100 ¢ ') 1o various jetal organs

Organ* Control Ventilation Oxygenation Occlusion
Adrenal 949 + 347 1021 + 673 1025 + 360 1367 + 481
Brown fat 167 £ 132 75 £ 32% 81 =53 139 =79
Kidncys 001 £ 183 S38 £ 202 936 + 275 998 + 340
Gastrointestinal tract 240 = 101 157 # 361 A28 + 200% 488 + 188
Spleen 859 + 418 733 + 414 1722 £ 387 2084 + URES
Periphery—Ilower 37+ 12 28 + 10t 46 £ 214 S0+ 20
Periphery—upper 49 + 25 33 & 13+ 60 £ 23| 04+ 9
Brain 437 + |22 396 + 172 381 £ 124 621 + 348
(Y 726 + 278 665 + 249 673 £ 206 691 £ 275
RV 905 + 231 Q14 + 285 761 £ 205 812 + 445
Thyrotd 673 + 398 347 + 173% 431 + 317 SR+ 296

* Oxygen delivery was caleulated by multiplying the appropriate arterial oxygen content (ascending aortic for upper body organs:

aortic for lower body organs) times organ blood flow (ml X min "% 100 g M. For additional information, refer to legend to Table 5.

descending

Table 7. Vascular resistance (forr X oml™ " < min ™ X 100 g 'y in various feial organs

Organ* Control Ventilation Oxygenation Occlusion
Adrenal 0.15 £ 0.006 0.17 +0.07 (.33 + 0188 0.27+0.1
Brown fat 1.03 +0.64 2.24 + | .81 477 £ 2.657 283+ 1.26
Kidneys 0.23 +0.06 0.29 £ 0.10 033 +0.11 0.36 2012
Gastrointestinal tract 0.01 £0.20 1.02 = 0.37] 121 +0.70 0.83 + 0.50
Spleen 0.17 +0.08 0.28 £ 0.25§ 0.19 £ 0.07 013 +0.04
Periphery——lower 3.66 = 0.76 5.79 + 2,438 7.65 £ 3.63 6.38 £ 207
Peripherv—upper 3.52+£0.83 527 = 1.33) 6.23 £ 2.31 SO97 + 176
Brain 0.37 £ 0.09 0.46 +0.16 0.95 = 0.35] 0.80 = 0.33
1.V 0.26 £0.14 0.29 £0.17 0.34 +0.20] (.63 £ 0.30
RV 0.18 £ 0.06 0.21 +0.07 047 =017 0.55+£0.22
Thyroid 0.20 £ 0.18 0.64 + 0.49% 115 +0.94 0.97 4 0.84

* Vascular resistances were calculated by dividing perfusion pressure (
100 ¢ ). For additional information, refer to legend to Table 5.
g i

following rhythmic ventilation of the lungs. oxvgenation. or
umbilical cord occlusion. With ventilation and oxygenation,
pulmonary vascular resistance decreased and svstemic vascular
resistance increased: however. these changes were accompanied
with only a slight decrease in pulmonary and slight increase n
systemic arterial pressures. These results extend the observation.
made by Dawes ¢f al. (5) in one acutely exteriorized fetus. that
an increase in femoral arterial pressure following umbilical cord
occlusion occurred only after the ductus arteriosus also was
ligated. Because the ductus arteriosus remained patent n our
studics (17). we observed no large differences in pulmonary and
systemic arterial pressures.

Upon ventilating the fetuses, we observed a bradvcardia rather
than the tachycardia normally observed after birth, which may
have been reflex in nature. In adults, lung inflation with small
transmural pressures (< 14 torr) reflexly increases heart rate. but
Jarger inflation pressures, in the range of pressures used in this
study. reflexly decrease heart rate (20). Various cardiopulmonary
reflexes are present in the developing fetus (1), and the presence
of an active pulmonary stretch reflex in the fetus would account
for the bradycardia that occurred in our study.

Rhythmic ventilation of the lungs with a gas mixture that
produced no change in blood gases increased pulmonary blood
flow and constricted peripheral vascular beds. Although inter-
mittent positive pressure ventilation of anesthetized newborn
rabbits decreases blood flow to the skin, muscle. ileum. and colon
(20), most previous studics have demonstrated that stimulation
of pulmonary stretch receptors with lung inflation stimulates a
reflex vasodilatation in peripheral vascular beds in a dose-depen-
dent manner (21).

Some of the changes in regional blood flow distribution that
occurred with oxvgenation can be attributed to the local cffect
of oxygen on certain vascular beds. The further increase in
pulmonary blood flow that occurred when the FIO; increased
from 3 to 100% is consistent with the observations of Cassin ¢/
al. (22) in exteriorized sheep. in which expansion of the lungs
with oxygen-containing gas produced a greater increase in pul-

the appropriate arterial-venous values) by organ blood flow (ml X min ' X

monary blood flow than did expansion with nitrogen alone.
However. based on the results of their studies. Cassin ¢f al. (22)
concluded that the composition of the gas. i.e. the PO, of the
inspired air. was a more important determinant of’ pulmonan
vascular tone than gascous expansion of the Tungs alone. While
oxvgen is a potent difator of the pulmonary vascutar bed. we
found that inflation of the lungs alone markedly dilated the
pulmonary vascular bed. Subsequent exposure 10 0Xygen pro-
duced an additional but smaller increase in blood flow. Blood
flow to the adrenal. brain. and heart deercased with oxygenation.
consistent with the tocal effects of oxyvgen on peripheral vessels
(23) and with previous investigations of chronically catheterized
fetal sheep (24, 23). which demonstrate that adrenal. myocardial.
and cerebral blood flow varies inversely with arterial oxygen
content to maintain oxvgen delivery at a constant level. Umbil-
ical-placental blood flow decreased following oxygenation. per-
haps as a direct response of the umbilical vasculature to mereased
oxvgen tension (26, 27) although oxyvgen has minimal cffect on
umbilical-placental blood flow in acute preparations of fetal
sheep (4).

Umbilical cord occlusion has been shown previously to inttiate
changes important to postnatal adaptation. Padbury and col-
Jeagues (28) have shown that cutting the umbilical cord increases
plasma catecholamine concentration. which results from in-
creased adrenal medullary seeretion. and increases free fatty acid
mobilization and nonshivering thermogenesis (7). The increase
in blood flow to the adrenal and brown fat that we observed
following umbilical cord occlusion may be related to the changes
observed by Padbury and colleagues (28).

Total hepatic blood flow is approximately 400 ml-min "~ 100
g ' in the fetus (29) and 210-270 ml-min™"- 100 g ' in the
newborn (30). Because the umbilical vein supplics as much as
80% of total hepatic blood flow in the fetus. portal venous and
hepatic arterial blood flows increase after birth. despite the
deerease in total blood flow. In our studics. umbilical cord
occlusion was associated with significant increases in portal
venous and hepatic arterial blood flows. These increases may
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occur in response to the cessation of umbilical venous blood
flow, in a manner analogous to the increase in hepatic arterial
blood flow that occurs in the adult following decreases in portal
venous blood flow (31). In our studies, total hepatic blood flow
following umbilical cord occlusion was 137 + 60 ml-min~". 100
g liver™, which is lower than values reported for lambs. This
suggests either that the change in hepatic blood flow from fetal
to newborn values may require longer than the 15 min we
allowed before making measurements, or that some mechanism
other than umbilical cord occlusion is involved.

Our previous studies have demonstrated that renal blood flow
increases by about 400% between 123-133 days gestation in the
fetus and 5 days of age in the newborn (32). The results from
these studies show that ventilation, oxygenation, and cord occlu-
sion are not responsible for the perinatal increase in renal blood
flow. However, positive pressure ventilation decreases renal
blood flow (33, 34) by a mechanism mediated by arterial baro-
receptors and the sympathetic nervous system (35, 36), and it is
possible that a renal vasodilatory response was masked by the
vasoconstrictor effects of positive pressure ventilation. More
probably, renal blood flow increases some time after the imme-
diate perinatal period, because renal blood flow did not change
during the first 6 h following cesarian delivery of lambs (37).
Clearly, further investigation is needed to determine the control
of renal blood flow in the perinatal period.

In summary, dramatic changes in the cardiovascular system
at birth assist the neonate in adapting to extrauterine existence.
Of the three events we investigated, ventilation, oxygenation,
and umbilical cord occlusion, none could account for the differ-
ences in heart rate, arterial blood pressure, and combined ven-
tricular output normally observed between the fetus and neonate.
Ventilation and oxygenation were responsible for some of the
differences in blood flow patterns between the fetus and neonate,
notably an increase in pulmonary blood flow and a decrease in
myocardial, cerebral, and hepatic blood flows. Future studies are
needed to determine whether other perinatal events, such as
prenatal increases in plasma thyroid hormone, cortisol, and
catecholamine concentrations and postnatal changes in organ
function, account for differences between fetal and neonatal
circulation.
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