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ABSTRACT

The effect of acute or short term hypoxia on fetal and

maternal cardiovascular hemodynamics has been well known,
however, little is known about the effect of long term
hypoxemia. To determine the animals hemodynamic responses to

this stress we studied 3 groups of animals 1) pregnant ewes
(n=20) 110 to 115 days of gestation, subjected to hypoxia for
up to 28 days, 2) pregnant ewes (n=4) which served as normoxic

controls,

and

3)

non

pregnant

hypoxemia for up to 28 days.

ewes

(n=6)

subjected

to

We measured maternal and fetal

mean arterial pressure (Bp), heart rate (HR), arterial PO2, O2
saturation (Hb02), hemoglobin (Hb), hematocrit (Hot), blood
volume (BV), and erythropoeitin (Ep) for at least 17 days.

In addition we also measured maternal arteriovenous O2
difference (AA-V), uterine blood flow (Q^t), uterine vascular

resistance

(VRut)

and

uterine O2 uptake

(V02ut) •

Fetal

cortisol, epinephrine (Epi) and norepinephrine levels were

also measured.

In the pregnant hypoxic group arterial PO2

decreased from a control value of 101.5 ± 5.1 Torr to 59.2 ±

5.1 Torr within a few minutes, where it remained throughout
the study.

The

concentration of hemoglobin increased from

8.9 ± 0.5 g/dl to 10.0 ± 0.5 g/dl within 24 h where it

remained, while erythropoietin concentration increased from
16.6 ± 2.1 mU/ml to 39.1 ± 7.8 mU/ml at 24 h, but then

returned to control levels.

Arterial O2 content, glucose

concentration, mean arterial pressure, and cardiac output

decreased slightly. m contrast, body weight, heart rate,
blood volume, uterine blood flow, uterine Oj flow,
uteroplaoental Os uptake and the concentrations of
catecholamines and cortisol remained relatively constant. For

the fetuses, within a few minutes of hypoxia, arterial Po,
decreased from control value of 29.7 ± 2.1 Torr to 19.1 + 2.1
Torr, where it remained. Hemoglobin increased from 10.0 ± 1.0
g/dl to 12.9 ± 1.0 g/dl by day 7 where it remained. This was
associated with an increase of [Ep] from 22.8+2.2 mn/ml to
144 ± 37 mu/ml within 24 h, but by day 7 it had returned to
levels slightly above normal. Epinephrine also increased
moderately and remained elevated throughout the study.
However, value of mean arterial pressure and heart rate did
not differ from controls.

Thus
'

in

+.

i

nssponse to long term

hypoxemia of moderate severity both pregnant and nonpregnant
sheep experience relatively minor cardiovascular and
hematologic responses. Perhaps surprisingly, these fetuses
were able to compensate, so that at term their body weights
were normal, 3.77 ± 0.2 kg.
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INTRODUCTION

PiTsgnancy is associated with a nuiubeir of physiological

changes

in

the

maternal

cardiovascular,

respiratory,

endocrine, metabolic, and immune systems which serve to ensure

normal fetal development.

In humans and some other species

these changes include increases in maternal blood volume,
cardiac output, and uterine blood flow to optimize the

delivery of oxygen and substrates to the developing fetus via
the placenta.

Under normal conditions the fetal arterial O2 tension is
about

25

Torr,

i.e.,

"25%

of

the

adult

value.

These

relatively low O2 tensions combined with a relatively steep
oxyhemoglobin saturation curve make the fetus particularly
vulnerable to hypoxia (31). Theoretical studies suggest that

one of the most important factors to affect fetal O2 levels is
the maternal arterial O2 tension (33).
arised:

Thus the guestion

to what extent are fetal functions altered when the

maternal arterial O2 content is abnormally low?
question is:

A corollary

what are the maternal and fetal physiologic

adaptations that allow pregnancy to succeed when the mother
is hypoxemic?

Although numerous studies have explored maternal and

fetal adaptations to acute or short-term hypoxemia, i.e., up
to 4 hr, there is little information on these adaptations in
response to more prolonged hypoxemia.

Long-term hypoxemia,

2

such as occurs in residents at high altitude, can pose a
threat to both mother and fetus.

A number of investigators

have reported that infant birth weight is reduced at high
altitude (19.27,29,36,44,50) and that infant mortality in
increased (12,29,37,40). Nonetheless, not all newborn infants
were small for gestational age (44), and umbilical venous

oxyhemoglobin saturations were not necessarily low (17).

In

one study in sheep taken to high altitude, O2 saturation

initially decreased dramatically, then over a period of 6 to
18 days increased to values similar to those existing at lower

altitude (38).

In humans at 4200 m fetal scalp O2 tension

averaged 19 Torr, a value not significantly different from the

sea level value of 22 Torr (50).

Therefore, it would appear

that under these circumstances some maternal and/or fetal
mechanisms help to optimize O2 delivery.
In

an

effort

to

define

the

role

of

maternal

cardiovascular, hematologic, and endocrinologic responses to
long-term hypoxemia, the time course of their change, and

their relative importance, we measured a number of physiologic
variables in chronically catheterized sheep. These included:

maternal

respiratory

blood

gases,

plasma

glucose

concentration, hemoglobin concentration, hematocrit, maternal
blood volume, blood pressure, cardiac output, total uterine
blood flow, uteroplacental O2 delivery, and the concentrations
of erythropoietin, catecholamines, and cortisol.

METHODS

Principle of methods.

Three to 5 days after pregnant

ewes were received into the animal care facility, we performed
surgery with the ewes under general anesthesia at 105 to 115

gestational days.

Post-operatively they were kept in a

normobaric

in

chamber

experiments.

which

they

remained

during

the

Five days after surgery we obtained control

values by measuring maternal heart rate, arterial and uterine

venous pressures, and uterine blood flow continuously for 1

h. We also measured respiratory blood gases, plasma glucose,
hemoglobin

concentration,

hematocrit,

blood

volume,

and

cardiac output, calculated uteroplacental O2 uptake, and
obtained plasma samples for hormone determinations.

Ambient

O2 concentration was lowered by flowing N2 gas into the
chamber. Daily, we measured respiratory blood gases, maternal

heart rate, vascular pressures, uterine blood flow, and
calculated uteroplacental O2 uptake.

Weekly, we collected

blood for hormone determinations and measured cardiac output
and blood volume.

Surgery.

We performed surgery in two steps, using

general anesthesia (1.5% halothane, balance O2). In the first

phase, we placed the ewe in the right lateral position for a
retroperitoneal approach to the distal branches of the aorta.

We ligated the lateral and dorsal sacral arteries and placed
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an electromagnetic flow probe of appropriate size (- 8mm ID;
Dienco Instruments, Los Angeles, CA) around the common

internal iliac artery to measure total uterine blood flow, as
previously described (34).

Immediately after the first phase we placed the ewe in

the supine position. Through a hysterotomy incision we placed
catheters (Tygon, 1.5 mm 00) in a fetal pedal artery and vein
(passing them into the descending aorta and inferior vena

cava, respectively), and into the amniotic fluid (35). After

closing the uterus we inserted a catheter (2.2 mm CD) into the
common uterine vein via small branch.

We also placed

catheters into the maternal pedal artery (1.5 mm CD) to
measure maternal blood pressure and heart rate, and into the

maternal jugular vein (5 mm ID) for later insertion of a SwanGanz catheter for cardiac output determination.

Postoperatively we flushed each catheter daily with

saline, injected 500 mg of ampicillin and 40 mg of gentamicin
into the amniotic fluid, and administered 2.5 ml of Combiotic
intramuscularly to the ewe.

Three groups of animals were studied: a) pregnant ewes

(n = 20) subjected to hypoxemia for up to 28 days, b) pregnant

ewes (n = 4) which served as normoxic controls, and c)
nonpregnant ewes (n = 6) subjected to hypoxemia for up to 28

days. Among the hypoxemic pregnant ewes instrumented, 8 were
studied for 7 days, 6 for 14 days, 4 for 21 days, and 2 for

5

28 days.

Environmental chamber. In a specially modified room in

the animal quarters the inspired O2 concentration (FIO2) was
maintained at 12-13% by inflowing N2 gas. This FIO2 resulted
in an altitude equivalent of - 4270 m (14,000 ft). Here the
ewes remained throughout the study. To maintain the FIO2 at
12% the N2 flow rate was set at - 30 1/min. During
experiments we continuously monitored the . chamber O2
concentration by use of an O2 analyzer (Sensor Medics, Model
OM-14, Anaheim, CA) and recorder (Beckman, Model MMC/CET,

Fullerton, CA). Twice daily we calibrated the O2 analyzer
with a 13% O2 gas mixture. Chamber humidity was kept almost
constant (- 60%) by use of a dehumidifier (Sears, Kenmore,
Coldspot Model 106, Chicago, XL), ambient temperature was
maintained at 20 ± l.o C, the light-dark cycle was maintained
at 12 L, 12 D, and a fan circulated the air. Two ewes could
be kept in the chamber simultaneously.

The catheters and

electronic cables passed from the chamber into an anteroom

which housed the polygraph, flowmeter, computer, O2 analyzer,
liquid N2 cylinder, and other equipment; thus we needed to

enter the chamber only once a day to clean, feed, and water

the ewes. Also, when we entered the chamber we temporarily

increased the inflowing N2 rate so as not to alter the FIO2
significantly.

Blood gases,—uteronlacental 07 uptake, and aluong^

6

concentration.

After we had recorded the maternal vascular

and amniotic pressures during 1 h of uterine quiescence, we

withdrew 1 ml samples simultaneously from the maternal pedal
artery and uterine vein, and measured blood gases (Radiometer,
ABL2, Copenhagen, Denmark), O2 saturation and hemoglobin
concentration (Radiometer, OSM Hemoximeter), and hematocrit.
We calculated arterial O2 content from O2 saturation and

hemoglobin concentration, uteroplacental O2 flow (Q02) from the
product of uteroplacental blood flow and arterial O2 content,
and

uteroplacental O2 uptake

(V02)

from the product of

arteriovenous O2 difference and uterine blood flow.

Twice

weekly following the hematocrit measurement we utilized 10 ul

of plasma from the hematocrit tube to determine the plasma

glucose concentration (Beckman Glucose Analyzer 2, Brea, OA),
taking the mean of 3 values.
Maternal blood volume and weight.

We measured maternal

(and fetal) whole blood volumes by use of '^Tc-labeled
erythrocytes on the control day
Following

completion of the

and

weekly thereafter.

daily determination

of

all

variables we obtained maternal (5 ml) and fetal (2 ml) blood
samples and tagged the erythrocytes.

We then injected the

tagged erythrocytes through the venous catheters into ewe and

fetus, and took arterial blood samples (maternal = 2 ml, fetal
= 1 ml) 10, 20, and 30 min after injection. We quantified the

sample radioactivity in a gamma counter (Packard Instruments,

7

Model 5912, Downers Grove, IL) at a 122-163 keV window (peak
143 keV), and corrected this value for hematocrit and sample
weight. From these counts and standard counts we extrapolated
to time zero and calculated blood volume, and then calculated
plasma volume from the microhematocrit (4).
We weighed the ewes weekly following the blood volume

measurements. Because they were weighed outside the chamber,

a nylon bag was placed over the ewe's head with 12-13% Og (21%

O2 for the pregnant control group) flowing into the bag during
weight determination. This procedure took about 15 min.
Maternal—cardiac output.

We measured maternal cardiac

output by thermodilution on the control day, every hour for
6 h on day 0, on the 1st and 3rd day, and weekly thereafter.
After completing the daily measurement of other variables we

inserted a Swan-Ganz catheter through the jugular vein

assuring placement in the pulmonary artery by monitoring the
pressure changes. We then injected 10 ml of cold saline (0

C) to calculate cardiac output by use of the computer
(Instrumentation Laboratories, Inc. Model 601-602, Lexington,
MA).

For each value, we made 7 measurements, deleting the

maximum and minimum values, taking the mean of the other five.
Uterine blood flow fO,,,.) and vascular resistance

-

Daily we measured total uterine blood flow continuously for
1 h with an auto-zeroing electromagnetic flowmeter (Dienco
Inst., Los Angeles, CA) with a DC amplifier and 8-channel
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polygraph (Gould Inc., Cleveland, OH). At the same time each
day we recorded maternal heart rate (HRm), and maternal

arterial (Pma) and uterine venous (Puv) pressures using
pressure transducers and amplifiers (Gould Inc., Cleveland,
OH). We calculated uterine vascular resistance
[Rut = (Pma-Puv)/Qut].

By use of a digital computer (IBM PC-AT) we calculated

1 mm averages of all variables and stored the values on hard
disk.

Erythropoietin measurement. On the control day, 1st and
6th h on day 0, on the 1st and 3rd day, and weekly thereafter

we withdraw 4 ml blood samples from the maternal pedal artery
using a Monovette syringe containing EDTA solution. Plasma
samples were stored at -80 C for later analysis. The
radioimmunoassay of erythropoietin was performed by Dr. G.
demons. This assay's sensitivity was - 4 mUlml, and the

inter- and intra-assay coefficients of variation (CV) were
<12% and <9%, respectively (7).

Catecholamines. We quantified plasma concentrations of

norepinephrine (NE), epinephrine (EPI), and dopamine (DA) by
use of a high pressure liquid chromatograph (Bioanalytical
Systems Analyzer 200, West Lafayette, IN). The technique is
modified from that of Hjemdahl et al (16). The minimum

sensitivity was - 20 pg/ml, and the inter- and intra-assay CV
were < 10% and < 8%, respectively.
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Cortisol.

Coirtisol was quantified with a standard

radioimmunoassay modified from that of Challis (5).

The

minimum sensitivity was 10 pg/ml, and the inter- and intraassay CV were < 12% and < 10%, respectively.

Hemoglobin Tvoe. We quantified the hemoglobin types by
electrophoresis on a cellulose acetate support medium on the

basis of differences in net negative charge of the molecules.
After electrophoretic separation for 25 min at 350 V, the
plate was stained with Ponceau S Stain, destained in 5% acetic

acid, dehydrated in absolute methanol, and cleared.

The Hb

bands were compared to those of known standards run on the

same plate with the aid of a scanning densitometer (49).

2.3 Diphosphoalvcerate.

We measured 2,3-DPG using a

quantitative enzymatic determination procedure (Sigma Chemical

Co., ST Louis, MO) which monitored spectrophotometrically the
conversion of 2,3-DPG to 3-phosphoglycerate (3-PGA) which

reacts with ATP to form 1,3-diphosphoglycerate (1,3-DPG) and
ADP.

1,3-DPG oxidizes NADH to NAD in the presence of

Glyceraldehyde-3-Phosphate

Dehydrogenase.

Measuring

the

decrease in absorbance at 340 nm caused by the oxidation of

NADH to NAD reflects the amount of 2,3-DPG originally present

(45).

Venous blood specimens were collected in heparin, and

the samples deproteinized with cold 8% trichloroacetic acid.

Supernatants were stored frozen (-80 C) until measured.

Results were expressed in mol/mol Hb and umol/ml of blood.
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Statistical analysis. As noted above, we calculated 1min mean values for all continuously measured variables and

stored them on hard disk. After eliminating the data during
uterine contractions we calculated 1-h means for maternal
vascular pressures, uterine blood flow, and uterine vascular

resistance. For all data we tested differences between means

by two-way analysis of variance (ANOVA) and Duncan's multiple
range test.

RESULTS

Table 1 presents the values for a number of maternal

variables for hypoxemic pregnant ewes as a function

gestational age and duration of hypoxia.

of

Table 2 presents

these variables for the pregnant control group during a
similar period of gestation, while Table 3 gives values for
the hypoxic nonpregnant ewes.

Bodv weight and glucose concentration. During the first
few days of hypoxia both the pregnant and nonpregnant ewes
lost their appetite, but then it rapidly returned to a more
normal level.

Nonetheless during the experiments there was

no significant change in maternal body weight in these two
groups. (Tables 1 and 3). In contrast, the pregnant control

ewes gained 5.2 ± 0.6 Kg during the 4 weeks of the study
(Table 2), a change experienced by similar animals in our

laboratory.

The initial weights of the nonpregnant ewes

subjected to hypoxemia was 11.2 ± 2.1 Kg heavier than the
pregnant ewes, having been obtained from a different flock

(although they were about the same age).

In both groups of hypoxemic ewes the plasma glucose

concentration

reflected

their

initial

appetite

loss,

decreasing from about 70.7 ± 11 mg/dl to 55.6 ± 11 mg/dl on
the first day of hypoxemia, and then returning to control
values by the second

week.

Nonetheless, there was no

significant change in plasma glucose values in any of the
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three groups during the course of the study.

Respiratory blood oases. Figure 1 shows the blood gas
changes in the three groups during the 3 weeks of the study.

Within a few minutes of exposure to the lowered FIO2, the
pregnant ewes's P02 decreased about 40% from 101.5 ± 5.1 Torr

to 56.5 ± 5.1 Torr (p < 0.001), where it remained during the
remainder of the study (Fig. l. Upper Panels.

in the

hypoxemic nonpregnant group the changes were similar. During
the remainder of the study the arterial P02 tended to increase

slowly in both groups.

To keep these values relatively

constant we periodically lowered the chamber O2 concentration,
e.g., from 13% to 12.5% on day 7 and to 12% on day 14.

Arterial P02 in the pregnant control ewes did not change
significantly during the course of the study (Fig. 1, Table
2).

In association with maternal hyperventilation arterial

Pco2 decreased from 38.3 ±1.5 Torr to 34.6 ± 1.5 Torr (p <

0.01, Fig. 1, Table 1) in the hypoxemic group. Although the
hypoxemic nonpregnant ewes hyperventilated, their degree of

hypocarbia was less extreme (Fig. 1, Table 3).

Changes in

the pregnant control group were not significant (Fig. 1, Table
2).

Following the initial respiratory adjustments arterial

pH did not change significantly during the experimental period
in any of the groups (Fig. l. Tables 1-3).
In

hypoxemic

pregnant

ewes

maternal

oxyhemoglobin
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saturation decreased about 18% from 93.2 ± 4.2% to 76.2 ± 4.2%

on the first day, where it remained during the study (Fig. 2,
Table 1). Similar changes were seen in the hypoxemic
nonpregnant ewes (Fig. 2, Table 3), while [HbOj] in the
control group remained normal (Table 2).

Figure 2 also shows the changes in arterial O2 content
during the experimental period. Shortly after the onset of
hypoxemia O2 content in the pregnant ewes decreased about 12%
from 11.4 ± 0.6 ml/dl to 10.1 ± 0.6 ml/dl (p < o.05) and then
continued to decrease gradually to 9.3 ± 0.6 ml/dl by the 10th

day. Afterwards it increased slightly, but by the 21st day
was still lower than control value (p < O.Ol; Table 1). The
hypoxemic nonpregnant ewes also experienced a significant

decrease in arterial O2 content which, although rising slowly
after 8 to 12 days, failed to return to control values (Fig.
2, Table 3). Arterial O2 content changes in the pregnant
control group were not significant Fig. 2, Table 2).
Hemoglobin, hematocrit. and blood volnTn^. Figure 3 shows

the changes of hemoglobin concentration and hematocrit in the

three study groups. In the pregnant ewes on the first day of
hypoxemia, hemoglobin concentration and hematocrit increased
about 12% from 8.9 ± 0.5 g/dl and 26.7 ± 1.5% to 10.0 ± 0.5
g/dl and 29.7 ± 1.5%, respectively, returning to their control
values by the third day. From the 10th day onward these
values increased significantly, so that by day 21 both

14

variables were increased about 18% above their control values

(Table 1).

Similar changes occurred in the hypoxemic

nonpregnant ewes (Fig. 3, Table 3), while values in the

pregnant control group did not change significantly.

evident

in

Fig.

3, the

initial

values

of

As

hemoglobin

concentration, hematocrit, and blood volume (Fig. 4) were
higher in the nonpregnant ewes.

In

addition,

whole

blood

volume

did

not

change

significantly in any of the groups during the experiments

(Fig. 4). Although in the hypoxemic pregnant ewes erythrocyte
volume increased from 720 ± 44 ml to 820 ± 38 ml (and from
16.9 ± 2.4 ml/Kg to 20.0 ± 3.0 ml/Kg) by the 20th day, these

changes were not significant.

Again, in the hypoxemic,

nonpregnant ewes erythrocyte mass increased from 1161 ± 145

ml to 1411 ± 159 ml (and from 20.2 ± 2.3 ml/Kg to 24.1 ± 2.5

ml/Kg) but these changes were not significant (Fig. 4, Table
3) as were the slight changes seen in the pregnant control
animals.

2,3-DPG concentration in the control period averaged 0.11

± 0.02 mol/mol Hb.

This value did not change significantly

during the study in either the control or the two hypoxic
groups.

In addition, we observed no evidence of hemoglobin

switching in either the pregnant or nonpregnant animals
subjected to hypoxia.

Blood pressure and heart rate.

During the first and

15

second hours of hypoxemia mean arterial pressure in the

pregnant ewes increased about 8% from 91.9 ± 4.5 mm Hg to 99.6

± 4.9 mm Hg, later returning to control values (Fig. 5).
Afterwards, arterial pressure in these ewes gradually
decreased, so that by the 21st day of hypoxemia it had dropped
about 12% to 81.4 ± 5.5 mm Hg (Fig. 5, Table l). Although in
the hypoxemic, nonpregnant ewes mean arterial pressure was

somewhat higher, it followed a similar trend (Fig. 5, Table
3). In the pregnant control group arterial pressure decreased
slightly during the study (p < 0.01).
Shortly after the onset of hypoxemia maternal heart rate

increased about 18%, returning to control value by the 3rd day
where it remained (Fig. 5, Table 1). Except for the change
during the initial hours of hypoxemia, the changes recorded
did not differ from those in the pregnant control animals.
Again, although heart rates tended to be lower in the
nonpregnant ewes, the changes after the first few hours of

hypoxemia were nonsignificant (Fig. 5, Table 3).
output,—uterine blood flow, and uterine vascular

resistance.

in hypoxemic pregnant ewes cardiac output

decreased about 14% from 7.15 ± 0.46 1/min to 6.13 ± 0.46

1/min (p < 0.05) on the first day, where it remained during
the experimental period (Fig. 6, Table 1).

m neither the

pregnant control ewes nor the hypoxemic, nonpregnant ewes did

cardiac output change significantly during the last month of
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gestation (Fig. 6, Table 3).
As also shown in Fig. 6, within 24 h of the onset of

hypoxemia uterine blood flow decreased about 15% from 1180 ±

134 ml/min to 990 ± 130 ml/min (p < 0.001).

Thereafter it

increased significantly (compared to the first day) to 1360
± 190 ml/min by the 21st day (Fig. 6, Table 1).
onset of

hypoxemia

uterine

vascular

resistance

With the
increased

during the first few hours, but thereafter it returned to

normal values where it remained during the study (Fig. 6,
Table 1).
relative

Again, after the initial hours of hypoxemia the
constancy

of

uterine

blood

flow

and

vascular

resistance did not differ from that in the pregnant control
ewes (Fig. 6, Table 2).

Uteroplacental 0? deliverv arteriovenous Op difference.

and uteroplacental 0? uptake.

Uteroplacental O2 delivery

increased somewhat, but insignificantly, in both the hypoxemic
pregnant ewes and the control group (Fig. 7, Tables 1 and 2).

Arteriovenous O2 difference also did not change significantly.
In addition, uteroplacental O2 uptake did not change

during the 3 weeks of hypoxemia (Fig. 7, Tables 1 and 2).
Because we could not measure the weight of uterus and products

of conception during the study, we did not calculate O2 uptake
per unit weight of the uterus and its contents.

Hormone concentration. As shown in Fig. 8, in hypoxemic
pregnant ewes plasma erythropoietin concentration increased
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from a control value of 16.6 ± 2.1 mU/ml to 25.9 ± 6.3, 34.3
± 5.4, 39.1 ± 7.8 mU/ml on the 1st, 6th, and 24th h of
hypoxemia, respectively.

Only the 24 h increase was

significant (p < 0.05). Afterwards values returned to control
ori the third and seventh day.,

The changes in the

hypoxemic nonpregnant and pregnant control ewes were not
significant (Tables 2 and 3).

During the first few hours of hypoxia maternal cortisol

concentration increased from 19 ± 4 ng/ml to 28 ± 4 ng/ml,
however this increase was not significant.

Subsequently,

during the course of hypoxemia the plasma cortisol values in
each group was within normal limits.

During the first hours of hypoxia maternal concentrations

of epinephrine increased slightly.
®pin®phrine,
significant.

norepinephrine,

and

Nonetheless, changes in
dopamine

were

not

DISCUSSION

High altitude adaptations. Theoretical studies suggest
that one of the most important factors which affects fetal O2
levels is maternal arterial O2 tension (33).

The barometric

pressure, and thus the ambient inspired O2 tension, decreases

exponentially with distance above sea level, thus arterial O2
tension also decreases. Between 1,500 and 3,000 m relatively
minor compensatory adjustments serve to maintain normal tissue

oxygenation. Above 3,000 m (9,840 ft) hypoxic effects become
more

apparent,

particularly

with

the

added

stresses

of

exercise or cold exposure. In man and many mammals immediate

changes include hyperventilation and increased cardiac output.
Long-term effects included increases in erythrocyte mass,
hemoglobin

concentration,

intraerythrocyte

2,3-DPG

concentration, muscle myoglobin concentration, and tissue

capillary density, as well as other compensations.

At about

4,500 m (14,750 ft) an unacclimatized healthy individual may

show signs of hypoxemia and "altitude sickness".

At 5,490 m

(18,000 ft) atmospheric pressure equals only one-half that at
sea level (380 Torr), and a healthy unacclimatized individual

may show signs of inadequate oxygenation. Despite the hypoxia
associated with high altitude, about 16 million individuals

live at elevations above 3,000 m, and in the Andes a million

or so permanent residents live higher than 4,600 m (41).
Pregnancy under normal circumstances is associated with
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a number of adaptations of the cardiovascular, hematologic,
and endocrine systems. When the pregnant individual Undergoes
the additional stress of high altitude exposure, questions

arise regarding the extent to which the several systems adapt
to allow successful fetal development, the time course of
these changes, and their relative roles.

Environmental Chamber.

To study adaptations to high

altitude, ideally one might conduct such studies in the field.
Because scientific investigation under such conditions is

fraught with numerous problems, many workers have chosen the
more

controlled

conditions

of

an

environmental

chamber.

Because use of a hypobaric chamber is associated with other

problems, we chose to conduct the present studies in a chamber

with a lowered ambient O2 concentration.

Usually, two ewes

were kept in the chamber at a time with the electronic cables

and catheters exiting via an air-tight seal to an anteroom

which housed the analyzers and recording equipment. Although
we entered the chamber daily, the duration the door was open
was < 3 sec and the ambient Og concentration did not rise

significantly. During the weekly weighing of the ewe the FIO2
was maintained with a portable system allowing the ewe to

inhale a 12-13% O2 mixture.

Thus the long-term hypoxemic

exposure was essentially continuous.

Bodv weight.

During the 3 weeks of the study maternal

body weight failed to change significantly from the control
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value at 116 days gestation.

In part, this was because of

the loss of appetite by the ewe, particularly during the first
week of hypoxemia, which was reflected in the plasma glucose
concentrations (see below).

In the pregnant control ewes,

body weight increased 12% during a similar period (Table 2).
Blood gases and glucose.

Following exposure to the

lowered FIO2 the maternal O2 and CO2 tensions rapidly decreased
to the levels at which they remained (Figs. 1 and 2).

Later,

during the course of the study maternal arterial PO2 tended to
increase gradually.

Thus to maintain it at a relatively

constant level the FIO2 had to be decreased periodically, as
noted above.

In sheep taken to high altitude, a similar

increase in maternal arterial P02 occurred during the week or
two that maternal compensatory adjustments occurred (37).

In

the present studies maternal [Hb02] followed the PO2 changes,

while arterial O2 content tended to increase gradually after
day 10 in association with both the increased P02 and increased
hemoglobin

concentration

oxyhemoglobin

saturations

(Table

1).

in

hypoxemic

the

P02

values

and

animals

were

similar to those values in both ewes (9,42) and hvimans (15)
at ~ 4420 m or its equivalent.

Hemoglobin, hematocrit. and blood volume. Shortly after
the onset of hypoxemia the maternal hemoglobin concentration

and

hematocrit

increased

about

12%

(Fig.

3),

probably

reflecting mobilization of erythrocytes from the spleen and
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other stores. However, by the third day these variables had

returned to control values.

Not until day lo were they

significantly higher than prehypoxic values, and thereafter
they

rose

gradually

throughout the

remainder

of the

experiment, but were never different than the pregnant
nonhypoxic control animals.

Although the nonpregnant ewes

started at a higher hemoglobin concentration and hematocrit
than the nonpregnant animals, during hypoxemia their overall

increase was not significantly different (Tables 1,3).
Whole blood volume did not change significantly during
the course of hypoxemia in any group of animals, whether

calculated as ml (Fig. 4) or as ml per Kg maternal weight.

Although red cell volume in the hypoxic pregnant group
increased about 12% by day 20, the change was not
statistically significant (Table 1).

The lack of a

significant increase in either whole blood

volume or

erythrocyte mass in the hypoxemic, nonpregnant ewes (Table 3)

is particularly surprising. Pregnant sheep at - 4,200 m (41)
were reported as having hemoglobin concentrations of 11.9 g/dl
as compared with sea level controls of 10.4 g/dl.

in

contrast, in ewes at a simulated altitude of 5,490 m for 10

days the hemoglobin concentration increased to 14-16 g/dl
(24).

Blood Pressure,—heart rate, and cardiac output. During
the first few hours of hypoxemia both maternal arterial
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pressure and heart rate increased strikingly (Fig. 5, Table
1). Thereafter, mean arterial pressure decreased to 85 ± 4.5
mm Hg by day 3 where it remained until after day 21 when it

further decreased to 81 ± 5.5 mm Hg. These changes were
similar to those in the control ewes. Following its initial

rise and fall in the hypoxemic ewes the heart rate changes
were not significant.

In pregnant ewes, shortly after the onset of hypoxemia,
cardiac output fell about 14%, suggesting that stroke volume
decreased even more since the heart rate increased or remained

normal. Thereafter, it failed to increase significantly. In
contrast, in nonpregnant ewes there was a sharp increase in
cardiac output during the first few hours, which then returned
to control values.

Uterine blood—flow, uterine vascular resistance, and

uteroplacental O2 uptake. Following the onset of hypoxemia,
uterine blood flow decreased, in part reflecting the lower
cardiac output (Fig. 6, Table 1). Although cardiac output
remained below normal, uteroplacental blood flow returned to

control values by day 3, thereafter remaining relatively
constant. The finding that hypoxemia did not affect uterine

blood flow is in agreement with observations in chronically
catheterized sheep of insignificant uterine blood flow changes
in response to hypoxia (13,39). Somewhat surprisingly, in
view of the increased mass of the products of conception.
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uterine blood flow did not increase significantly in either
group as gestation advanced (Fig. 6, Tables 1 and 2). Except
for a brief rise in uterine vascular resistance in the
hypoxeinic

ewes, the subsequent changes were also

not

significant in either group.

with the onset of hypoxemia uteroplacental O2 delivery
in the hypoxemic pregnant group fell dramatically, reflecting
the decreases in both blood flow and arterial O2 content.
However, as with uterine blood flow, by day 3 this had

returned to control values.

Despite some variability,

uteroplacental O2 uptake remained constant during the course
of the study in both hypoxemic and control ewes.

Hormonal—changes.

The control values of maternal

erythropoietin concentration were similar to those reported
by others (54). By 24 h of hypoxia this doubled, returning
to baseline values on days 3 and 7 (Fig. 8).

CONCLUSION

In suinmary, in response to long-term hypOxemia both
pregnant and nonpregnant sheep experience relatively moderate

cardiovascular and hematologic responses.

The following

functions increase slightly: hemoglobin concentration and

erythropoietin

decreases

concentration.

slightly:

The

arterial

following

O2

functions

content,

glucose

concentration, mean arterial pressure, and cardiac output.
In

contrast,

the

following

maternal

variables

remain

relatively constant: body weight, heart rate, blood volume,

uterine blood flow, uterine O2 flow, and uteroplacental O2
uptake.
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INTRODUCTION

Under normal conditions the fetal arterial O2 tension
equals 25 tO 30 Torr.

Nonetheless, because of both greater

O2 affinity and hemoglobin concentration relative to that of

the mother, the fetal arterial O2 content almost equals the
maternal value.

However, its low O2 tensions combined with

its relatively steep oxyhemoglobin saturation curve makes the

fetus particularly vulnerable to hypoxemia (30).

Although

numerous studies have explored maternal and fetal adaptations
to acute or short-term hypoxia, i.e., up to 4 hr, there is

little information on these adaptations in response to more
prolonged hypoxia, i.e., several weeks.

Long-term hypoxia, such as occurs at high altitude, can

pose a threat to both mother and fetus.

In addition, long-

term hypoxia may be a factor in the development of the fetus

that is growth retarded, i.e., small for gestational age, in

instances of multifetal pregnancy, mothers with cyanotic
congenital heart disease, and pregnancy induced hypertension
or other conditions with reduced uteroplacental blood flow.
A number of investigators have reported that infant birth

weight is reduced at high altitude (19,27,29,36,44,50);
however, not all newborn infants were small for gestational
age (44), and umbilical venous oxyhemoglobin saturations were
not necessarily low (18).

In one study of sheep acutely exposed to high altitude.
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umbilical

venous and

arterial

O2 saturation

initially

decreased dramatically, then in the one animal that went 18

days it increased to a value similar to those existing at
lower altitude (38). In human fetuses at 4200 m fetal scalp

O2 tension averaged 19 Torr, a value not significantly
different from the sea level value of 22 Torr (50). Thus, it
would appear that som^ maternal and/or fetul mechanisms help
to optimize O2 delivery under these circumstances.

In an effort to define the role of fetal cardiovascular,

hematologic,

and

endocrinologic

responses

to

long-term

hypoxemia, the time course of these changes, and their

relative importance, we measured a number of physiologic
variables in chronically catheteriized fetal sheep.
included:

These

respiratory blood gases, glucose, hemoglobin

concentration, hematocrit, blood volume, blood pressure, heart

rate,

and

the

concentrations

catecholamines, and cortisol.

of

erythropoietin,

METHODS

Principle of methods.

We performed surgery at 105 to

115 gestational days, as previously described, with the ewes

kept post-operatively in a normobaric chamber in which they
remained during the experiments.

Five days after surgery we

measured control values of fetal heart rate and arterial and

amniotic fluid pressures continuously for 1 h.

We also

measured respiratory blood gases, hemoglobin concentration,
hematocrit, blood volume, and obtained plasma samples for
hormone determinations. The following day we lowered ambient
O2 concentration by flowing N2 gas into the chamber.

measured
pressures

respiratory
daily,

blood

and

gases,

collected

heart
blood

We

rate,

vascular

for

hormone

determinations and measured blood volume weekly.
Surgery-

As described previously, we operated on the

ewe, maintained under general anesthesia, and through a

hysterotomy incision we placed catheters (Tygon, 1.5 mm OD)
in a fetal pedal artery and vein (passing them into the
descending aorta and inferior vena cava, respectively) and
into the amniotic fluid.

Postoperatively we flushed each catheter daily with

saline, injected 500 mg of ampicillin and 40 mg of gentamicin
into the amniotic fluid, and administered 2.5 ml of Combiotic
intramuscularly to the ewe.

The animals were divided into two groups for the studies;
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a) sheep (n = 20) subjected to hypoxemia for up to 28 days,
and b) an additional 4 nonhypoxic sheep studied as a control

group for a similar period.

Among the 20 hypoxemic animals

8 were studied for up to 7 days, 6 for 14 days, 4 for 21 days,
and 2 for 28 days.

Blood gases, heart rate and blood pressure.

Daily, we

recorded for 1 h during uterine quiescence fetal heart rate

(HRf), and arterial (Pfa) and amniotic fluid (Paf) pressures

using pressure transducers and amplifiers (Gould Inc.,
Cleveland, OH), calculated 1 min averages of all variables by
use of a digital computer (IBM PC-AT), and stored the values

on hard disk (10).

After we had recorded the fetal vascular

and amniotic pressures we withdrew 1 ml samples from the fetal

artery and analyzed the blood gases (Radiometer, ABL2,
Copenhagen,

Denmark),

Oz

saturation

and

hemoglobin

concentration (Radiometer, GSM Hemoximeter), and hematocrit.
We calculated arterial O2 content from O2 saturation and

hemoglobin concentration. We also measured the plasma glucose
concentration on the control day and twice weekly thereafter.
Following the hematocrit measurement, we utilized 10 ul of

plasma from the hematocrit tube to determine the glucose

concentration (Beckman Glucose Analyzer 2, Brea, CA) taking
the mean of 3 values.

We measured fetal whole blood volume by use of '^Tc-

labeled erythrocytes on the control day and weekly thereafter
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(25).

Hormonal measurements.

We withdrew 2 ml blood samples

from the fetal artery using Monovette syringes containing EDTA
solution (Sarstedt, Princeton, NJ) on the control day, 1st and
6th h on day 0, on the 1st and 3rd day, and weekly thereafter.

Plasma samples were stored at -80 C for later analysis.
Specifics on the analysis for erythropoietin, catecholamines,
and cortisol are given previously.
Fetal weight.

Using data from these studies as well as

many others in our laboratory, the relationship between fetal

weight and various bone lengths was examined.

The highest

correlation (r = 0.88) was between length of humerus and fetal
weight:

Fetal weight (kg) = -2.835 + left humerus (cm) X 0.7407

with

no

significant

regressions.

improvement

obtained

by

multiple

The fetal weight at time of surgery was then

estimated by this relationship, and we assumed that body
weight increased linearly from the time of surgery to the end
of the experiment.

Statistical analvsis.

As noted above, we calculated 1—

min averages for all continuously measured variables and

stored them on hard disk.

After eliminating the data during

uterine contractions, we calculated 1-h averages for fetal
vascular and amniotic fluid pressures. For all data we tested

differences between means by two-way analysis of variance and
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Duncan's multiple range test.

RESULTS

Table 4 presents the values for a number of variables of

the hypoxemic fetuses as function of gestational age and
duration of hypoxia.

Table 5 presents these values for the

nonhypoxic controls.

Respiratorv blood oases, oxvhemoalobin concentration,

content, and glucose. Figure 9 shows the fetal arterial P02,
Pco2/ and pH values during the 3-week study. In the hypoxemic

group following the onset of lowered maternal FIO2, fetal
arterial P02 rapidly dropped about 36% from 29.7 ± 2.1 Torr to
19.1 ± 2.1 Torr (Table 4, p < 0.01). During the remainder of

the study the fetal P02 tended to increase slowly, as did that
of the ewe.

To maintain these value relatively constant we

periodically lowered the chamber O2 concentration, e.g., from

13% to 12.5% on day 7 and to 12% on day 14.

Arterial P02

values did not change significantly in the control group.
Again, in the hypoxemic fetuses arterial Pco2 decreased

from 49.4 ± 2.0 Torr to 45.3 ± 2.0 Torr (Fig. 9, Table 4) in

association with the decrease in maternal arterial Pco2' The
^^fo^i^l pH values did not change significantly during the

experimental period in either group (Fig. 9, Tables 4 and 5).
In

the

hypoxemic

fetuses

oxyhemoglobin

saturation

decreased about 36*5, from 69.1 i 6.6% to 44.3 i 6.6%, where

it remained during the course of the study (Fig. 10, Table 4).
Control fetuses showed no significant changes.
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Figure 10 also shows the arterial O2 content which in the
hypoxemic group decreased about 34% from 9.2 ± l.l ml/dl to
6.1 ± 1.1 ml/dl.

However, during the course of the study

fetal arterial O2 content increased to near control values in

concert with its increase in hemoglobin concentration (Fig.
10, Table 4).

These variables showed no significant change

in the control group.

Fetal arterial glucose concentrations decreased slightly
from 27.1 ± 3.7 mg/dl to 23.2 ± 3.7 mg/dl (NS) in the
hypoxemic animals.

Hemoglobin, hematocrit. and blood volume.

Figure 11

shows hemoglobin concentration and hematocrit in the hypoxemic
and control fetuses.

In contrast to the ewe, by day 7 of

hypoxemia fetal hemoglobin concentration increased about 29%

from 10.0 ± 1.0 g/dl to 12.9 ± 1.0 g/dl, rising slightly
further to 14.0 ± 1.2 g/dl by day 21.

The fetal hematocrit

(Fig. 11) reflected the hemoglobin increase.

Again, these

functions did not change significantly in the control animals.
Fetal 2,3-DPG concentration was 0.21 ± 0.02 mol/mol Hb

in the control period, and showed no significant change in
either the hypoxic or control animals.

As shown in Figure 12, in both hypoxemic and control
fetuses whole blood volume increased during the course of the

study.

For the hypoxemic sheep this increased equaled about

112%, from a control value of 320 ± 90 ml to 680 ± 120 ml by
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day 21 (Table 4).

In the control fetuses, whole blood volume

increased 62% from 261 ± 75 ml to 424 ± 86 ml during the same
period (Fig. 12, Table 5).

In terms of estimated fetal

weight, blood volume in the hypoxemic fetuses increased 47%
from 167 ± 11 ml/kg to 245 ± 33 ml/kg.

During this time in

hypoxemic fetuses the erythrocyte volume increased 170% from
ICQ ± 40 ml to 270 ± 50 ml (Fig. 12, Table 4), while in the
controls the increase was 47% from 86 ± 16 ml to 127 ± 18 ml

(Fig. 12, Table 5).

When calculated per estimated fetal

weight, only the hypoxemic fetuses showed an increase in red

cell mass, e.g., about 61% from 59 ± 6 ml/kg to 95 ± 12 ml/kg.
Blood pressure and heart rate.

During the first few

hours of hypoxemia fetal mean arterial pressure increased

slightly from 38.9 ± 3.4 mmHg to 45.4 ± 3.4 mmHg, then
returned to nonnal within 24 h (Fig. 13).

Over the course of

the 3-week hypoxemic exposure, mean arterial pressure rose 38%
to 53.3 ± 4.2 mmHg at day 21 (Fig. 13, Table 4).

In the

control fetuses, mean arterial pressure similarly rose to 51.4

± 3.3 mmHg during the experimental period (Fig. 13, Table 5).
With

the

initial

hypoxemic insult fetal

heart

rate

increased 16% from 173.9 ± 11.8 bpm to 201.4 ± 11.8 bpm.
After returning to normal

values

within

24

h, it then

decreased gradually to 152.4 ± 11.8 bpm by day 14 where it
remained (Fig. 13, Table 4).

In control fetuses the fetal

heart rate showed a similar decrease during the 3-week study.
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Hormone concentration.

As shown in Fig. 14, plasma

erythropoietin concentration increased from 22.8 ± 2.2 mU/ml
to 145 ± 27 mU/ml at 12 h and 144 ± 37 at 24 h, on day 3 it
was 89 ± 31 mU/ml, by day 7 it return to 31 ± 17 mU/ml,

remaining near that level until day 21 of hypoxemia.

Again,

the control fetuses showed changes that were not significant.
Fetal

plasma

epinephrine

concentration

increased

from

a

control value of 222 ± 120 pg/ml to 675 ± 316 pg/ml at 12 h
and was 408 ± 87 pg/ml at 3d.

At 7 and 14 d the values were

517 ± 203 and 623 ± 375 pg.ml, respectively.

Norepinephrine

concentration also increased from 310 ± 76 pg/ml to 770 ±136
pg/ml (p < 0.05) at 6 h and was 729 ± 194 (p < 0.05) at 3d.

Although it appeared to remain elevated throughout the study
the

increase

was

not

significant.

Fetal

cortisol

concentrations showed no consistent change during the hypoxic
period.

Bodv weight.

Our estimate of fetal weight at the time

of surgery (115 days) was 1.75 ± 0.46 kg and 1.75 ±0.11 kg
in the control and hypoxemic group, respectively.

At the end

of the experiment (138.8 ± 1.6 days gestation) the hypoxemic

fetuses weighed 3.34 ± 0.30 kg, while the controls weighed
3.17 ± 0.41 kg, values not significantly different.

DISCUSSION

Fetal responses to long-term hvpoxla.

Although the

determinants of fetal oxygenation under normal conditions have
attracted a great deal of attention, less is known about fetal

adaptations to conditions such as high altitude, which may
result in long-term hypoxemia. Under normal conditions, fetal

arterial oxygen levels are a function of a number of maternal,
placental, and fetal factors.

The normal fetal arterial O2

tension equals 25-30 Torr, i.e., about one quarter to one

third of adult values.

Because, near-term, fetal hemoglobin

concentration and blood O2 affinity are greater than maternal,
fetal arterial O2 content equals or is greater than that of

the mother despite its low O2 tension.

Nonetheless, in face

of relatively low O2 tensions and a steep oxyhemoglobin
saturation curve, the fetus is particularly vulnerable to

hypoxia

of

whatever

cause.

Compensatory

physiologic

adjustments during long-term hypoxemia would be required over
a more prolonged period than those induced by short-term
stress.

Theoretical studies suggest that one of the most

important factors which affect fetal O2 levels is maternal
arterial O2 tension (33), which in turn is a function of
inspired O2.

Several studies have reported fetal and newborn blood gas
levels at actual or simulated high altitude.

For instance,

at about 3,050 m in newborn infants before the onset of
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respiration, umbilical venous oxyhemoglobin saturation [Hb02]
averaged 50%, as compared with 58% at 1,525 m (11). The O2
tensions of sheep and goats acutely exposed to a simulated
altitude of 3,060 m were 15 and 11 Torr in the umbilical vein
and artery, respectively, as compared with control values of

about 26 and 20 Torr, respectively (3). In sheep maintained

at a simulated altitude of 3048 to 4572 m ascending aortic PO2
averaged 13 Torr (21).

In another study at a simulated

altitude of 5,490 m the PO2 values in the umbilical vein and
artery averaged 21 and 8 Torr, respectively (24).
In chronically catheterized sheep which had been moved

from 1,525 to 4,300 m, the O2 tensions and oxyhemoglobin
saturations in uterine and umbilical vessels initially fell

dramatically (38).

Umbilical venous and arterial [Hb02]

decreased from control values of 74% and 61%, respectively,
to 45% and 28% during the first few days at the higher
elevation. Then, in at least the one animal that went 18 days
[HbOj] increased to values similar to those existing at the
lower altitude (38).

In apparently the only study of human blood gas values

at high elevations (Cerro de Pasco, Peru, 4,200 m) fetal scalp
O2 tension averaged 19 Torr, a value only slightly lower than
the sea level value of 22 Torr (50).

Taken together, these results indicate that in prolonged
hypoxic hypoxemia various physiologic mechanisms operate to
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maintain fetal Oj values only lO to 20% below those at sea

level.

A number of questions arise as to the compensatory

mechanisms which serve to maintain fetal oxygenation under

these

conditions,

and

their

relative

importance.

Unfortunately, few specifics of this adaptive process have
been detailed.

Some of the compensatory changes which the fetus might
make during long-term hypoxemia include; 1) an increase in red
cell mass or total blood volume, 2) an increase in cardiac

function and venous return resulting in an increase in cardiac

output, 3) a redistribution of blood flow to vital organs

(brain, heart, etc.), 4) a

reduction

in total oxygen

consumption, and 5) increased secretion of various hormones

(catecholamines, arginine vasopressin, renin, erythropoietin)
which may initiate or facilitate the above changes.
Blood gases and glucose.

Following exposure to lowered

FIO2, maternal O2 and CO2 tensions decreased within a minute or

two (25) and fetal blood gases (Fig. 9) followed within an

additional few minutes. As noted for the mother (25), during
the course of the study arterial PO2 tended to increase

gradually, so that to maintain PO2 values relatively constant

the FIO2 had to be decreased periodically. Fetal [Hb02] (Fig.
10) followed the PO2 changes, while arterial O2 content
increased gradually after day 1 in association with increased

hemoglobin concentration (Table 4).

These changes are not
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unlike those reported by Makowski and colleagues (38) in which
fetal [Hb023 gradually increased during 1 to 2 weeks of high
altitude exposure.
The

fetal

plasma

glucose

concentration

decreased

slightly, but insignificantly, within a few hours of the onset

of hypoxemia, and remained somewhat depressed throughout the
study (Table 1) following the maternal levels.

This agrees

with the results of Jacobs et al, who also reported that fetal

concentrations of lactate and alanine remain elevated during
prolonged hypoxia (21).
Hemoglobin, hematocrit. and blood volume.

With acute

hypoxemia in human fetuses, hematocrit increases (30). Fetal
sheep at high altitude (47) and guinea pig fetuses made
hypoxemic throughout pregnancy (11) had elevated hematocrit
near term.

Whether this increased hematocrit indicates true

polycythemia or reduction in plasma volume is not known.
Fetal sheep do not appear to have sizable reservoirs of red

cells (4); however, over long periods red cell production

could increase in response to erythropoietin. Erythropoietin

concentration were reported to increase in the sheep fetus

made hypoxemic either by having the ewe inspire a low FIO2 for
4 to 6 h or by continuous glucose infusion for several days
(46).

Following

the

onset

of

hypoxemia

fetal

hemoglobin

concentration and hematocrit increased until at day 3 they
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were significantly higher than control values (Fig. 11, Table
4).

This tendency to increase continued throughout the

remainder of the experiment (Fig. 11). This increase in fetal

hemoglobin concentration was similar to that reported by
Kaiser and colleagues (24) for sheep fetuses in a hypobaric
pressure chamber for 10 days at a similar FIO2.

The fetal

hemoglobin concentration in this latter series averaged 13.6
g/dl after 10 days hypoxemia, which is somewhat comparable to

the hematocrit of -53% in the fetuses of sheep (47) and in
human infants born at 3600 m (1).

The fetal hematocrit

changes were of similar magnitude to those reported by Jacobs
et al (20), although in the latter study the control values
were higher.

The fetal 2,3-DPG values were similar to those

reported by others (2), and did not change during hypoxemia.
Fetal whole blood volume increased significantly from
week to week during the course of hypoxemia, but it also

increased in the control group, although to a lesser extent
(Fig. 12).

When expressed as ml per Kg weight, blood volume

increased 44% from 166 to 240 ml/kg in hypoxemic fetuses, but
not in the controls. In hypoxemic fetuses erythrocyte volume

increased strikingly so that by day 21 it had more than
doubled (Fig. 12, Table 4).

This increase in whole blood

volume is not quite as great as the 50% increase reported in
fetuses reared at high altitude throughout gestation (47).
However, this may be accounted for by the use of Evans Blue
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dye in the latter studies (47), a method known to give larger
blood volumes than that with labeled erythrocytes (32).
Blood pressure and heart rate.

During the first few

hours of hypoxemia both fetal mean arterial pressure and heart

rate increased somewhat (Fig. 13).

After returning to the

control value, arterial pressure slowly increased during the
course of gestation, but no more so than that in the control

group (Fig. 13).

Following its initial hypoxemic rise and

fall, the fetal heart rate decreased slowly, in a manner
similar to that of the controls (Fig. 13).
As

reported

elsewhere

(26),

the

incidence

of

fetal

breathing movements decreased from about 24 ± 3.1 min/h to 12
±2.0 min/h during the first 24 h; however, by the second day
breathing had returned to normal.
Hormonal changes.

Acute hypoxemia leads to increases in

the plasma concentrations of several hormones including the

catecholamines

(8,23,28),

vasopressin

(48,51),

ACTH

and

cortisol (53), the endorphins (51), and erythropoietin (54).
Each of these hormones could potentially mediate changes in
blood volume and other cardiovascular functions.

The control values of fetal erythropoietin concentration

were similar to those reported by others (54).

During the

first day of hypoxemia they increased about sixfold (Fig. 14)
returning to near baseline values by day 7.
erythropoietin concentration

remained

Thereafter the

about twice normal.
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Increases of only 5 lU/ml above baseline are sufficient to

result in an erythropoietic response (demons, unpublished
observation).

Fetal epinephrine concentration increased several fold
during the acute phase of hypoxia, and although it decreased
somewhat by 24 h, it remained significantly elevated
throughout the study.

Norepinephrine concentration also

increased several fold during the first 6 h of hypoxia, and
was significantly elevated by 3 days. Although it also
remained elevated throughout the study, the levels were not
significantly different from controls.

Body weight. Following the three weeks of the study, the
hypoxemic fetuses appeared normal and their weights were not
significantly different from that of control animals. Similar

findings were noted by Jacobs and coworkers (20) in fetuses
of ewes made hypoxemic during days 120 to 140 gestation, with
a similar degree of hypoxemia.

In contrast, these workers

observed growth retardation in fetuses that were hypoxemic
from days 30 to 135 gestation (20) or kept hypoxic during the
last month of gestation at very low levels of arterial tension

(21).

Thus, during the last trimester hypoxemia of the

magnitude to produce growth retardation must be maintained

longer than 20 to 30 days to be rather severe. This appears
somewhat paradoxical since it is during this period that the
fetus experiences almost exponential growth. Numerous studies
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in humans (12,14,29,44) and laboratory animals (6,22,52) have
reported lowered newborn birth weights and increased mortality
(12,29,37,40) at high altitude.

However, almost without

exception these studies have been in subjects at altitude
throughout the entire gestation. In addition, several studies

have failed to show an altitude effect on weight in sheep
(43). In humans Moore et al (44) showed that birth weight at
altitude is a function of maternal Og levels.

CONCLUSION

In the present studies we have sought to examine the

fetal adaptations to relatively prolonged hypoxemia and these

regulatory mechanisms. In addition, we examined the temporal
changes in these responses during the course of long-term
hypoxemia.

In response to long-term hypoxemia the fetus

undergoes somewhat dramatic responses.

in relation to

controls the hemoglobin concentration, hematocrit, whole blood
volume,

erythrocyte

mass,

and

the

concentrations

of

®^ythropoietin, epinephrine, and norepinephrine increased
moderately. Perhaps surprisingly, these fetuses were able to
compensate, so that at term their body weights were normal.

Obviously, it would be of interest to know to what extent

cardiac function, the

distribution

of cardiac

output,

placental diffusing capacity, and other functions Were altered

during the course of hypoxia to account for the compensations.
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Figure 1. Upper Panel. Arterial O2 tension in the three
groups of animals during the study period.
Middle Panel.
Arterial CO2 tension in these ewes. Lower Panel. Arterial pH
values. Note that in this and subsequent figures the abcissa
shows the initial period of 6 hr after the onset of hypoxia,
followed by the subsequent 21 days. 0 , hypoxemic pregnant
ewes;A , hypoxemic nonpregnant ewes;Q control pregnant ewes
not subjected to hypoxemia. Values are means ± 95% confidence
intervals of the means.
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Figure 2.

Upper Panel.

Arterial oxyhemoglobin saturation

in the three groups of sheep.
content in the three study groups.

Lower Panel.

Arterial Oj

Symbols are as in Fig. 1.
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Figure 3. Upper Panel. Hemoglobin concentration, and Lower
Panel. Hematocrit in the three study groups. Symbols are as
in Fig. l.
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Figure 4.

Whole blood volume (Upper Panel). plasma volume

(Middle Panel). and erythrocyte mass (Lower Panel) in the

three groups of ewes during the course of the study. Symbols
are as in Fig. 1.
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Figure 5. Upper Panel. Arterial pressure, and Lower Panel

heart rate in the three experimental groups during the study.
Symbols are as in Fig. 1.
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Figure 6.

Cardiac output (Upper Panels. uteroplacental

blood flow (Middle Panel), and uterine vascular resistance
(Lower Panel) during the experimental period in the three
groups of ewes. Symbols are as in Fig. 1.
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Figure 7.

Upper Panel.

Uterine Oj flow and Lower Panel

uteroplacental Og uptake during the study.
Fig. 1.

Symbols are as in
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Figure 8.

Concentrations of erythropoietin in the three

groups of ewes.

Symbols are as in Fig. 1.
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Figure 9.

Upper Panel.

Arterial Oj tensions in the

hypoxemic (#) or control (Q) fetuses.

Values are means ±

95% confidence intervals of the means.

Middle Panel.

arterial COj tensions.

Arterial pH values.

Lower Panel.

Fetal

Note that in this and subsequent figures the abcissa shows the

initial period of 6 hr after the onset of hypoxia, followed
by the subsequent 21 days.
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Figure 10. Upper Panel. Arterial oxyhemoglobin saturation,
and Lower Panel arterial Oj content in the hypoxemic and
control fetuses.

Symbols are as in Fig. 9.
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Figure 11. Upper Panel. Hemoglobin concentration, and Lower
Panel hematocrit in the two study groups.
Fig. 9.

Symbols are as in
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Figure 12. Whole blood volume (Upper Panels. plasma volume
(Middle Panel), and erythrocyte mass (Lower Panels in the

hypoxemic and control fetuses during the course of the study.
Symbols are as in Fig. 9.
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Figure 13. Upper Panel. Fetal arterial pressure and Lower
Panel fetal heart rate, in the hypoxemic and control animals

during the study.

Symbols are as in Fig. 9.
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Figure 14. Concentrations of erythropoietin (Upper Panel),
and epinephrine (Lower Panels in the hypoxic and control
fetuses.

Symbols are as in Fig. 9.
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HatecnaL Varlableai

HypKsxenlc Pccgnant Sheep
P§Y_or Hypoxeata

n

Ges-tational Days

Dody He Igh t (Kg)
rOj (Torp)

l»C02 (Terr)

Control
115.7

7

4 2.0

122.7 4 2.0

(

43.1

4

2.6

•

101.5

4

5. 1

59. 2

4

5. 1***

64.9

38. 3 4 1. 5

34.6

4

1.5**

32.7 4 1.5***

7. 420

4

0.028

"

pH

7.441 4 0.0 28

[HbOj] iV)

93.3

4

4.2

76.2 4 4.2***

11.4

4

0.6

10.1

7. 403

4

4

5.1***

0.028

80. 3 4 4.2***

42.0

4

2.6

62.7

4

5.1*»»

34.2

4

1.5***

7.400

4

0.028

76.4

4

4.2***

9.5

4

0.6**

61.8

4

11.0

9. 4

4

0.5

[Oj Content) (t»l/dl)

"

Glucose (mg/dl)

4

70.7 4 11.0

CHemoglcbinj (g/dl)

"

8. 9 4 0.5

Olood Volume (ml)

*

2670

4

370

2 490

4

370

Plasma Volume (ml)

"

1950

4

285

1780

4

285

Red Cell Volume (ml)

•

710

4

91

Dlood Pressure (mm Hg)

•

0. 6

55.6 4 11.0

10.0

4

0.5*

9.8 4 0.6**

56.2

4

11.0

9. 2

4

0. 5

720 4 98

91.9

4

4.5

Heat t Ra te (bpm)

■

106.6

4

8.7

Cardiac Output (l/nln)

4

7. 15

4

0. 46

Uterine Blood

•

1180 4 134

Flow

4

92.2 4 4.5

120. 2

4

8.7*

6. 13

4

990

4

84.7 4 4.5
107.9

4

8.7

0. 46*

6.09

4

0. 46*

6. 38 4 0.46*

134

1130

4

134

1250 4 134

(ml/min)

Utet1ne Vasculat

Resistance (mmllg^nin/ml xIO^)
Uteroplacental O2 Uptake

112.9

4

1.7

8. 38 4 0.93

9.22 4 0.93

7.63 4 0.93

6.85 4 0.93

"

41.0

4 11.1

27. 7

4

11.1

23.5 4 11.1

38.7 4 11.1

7

16.6

4

39.1

4

7.8*

26. 8

■

(ro 1/mi n)

ErytbropoletIn (iu/ml)

85.0 4 4.5

2.1

4

Values are mean 4 951 conCIdence intervale of the Mean, *p < 0.05, **p < O.Oi,

3.6*

•••p <0.001
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7.39S
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74.0 ♦ 4.2**»

7.396 4 0.028

7.395 4 0.028

77.1 4 4.2»**
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9.3

4

0.(**
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4

0.6

(1.2

4

11.0
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4
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9. 5

4

0.5
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4

0.5*

10.3 4 0.5**

4

2.0
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4

3.2

57. 3

4

6.
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4

1.

7.346
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4
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4
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4
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4
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♦
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4

285

86.0

4

4.5

114.4

4

8.7

5.91

4
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1270

4

134

1180 4 134
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4
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(.75 4 0.93

7.29

4

0.93
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6.84
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22.9
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15.7
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8.7
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2530 4 370
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84. 5 4
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Table

2. Hateinal Vaclablesi

Pregnant Control Sheep
n

Oostatlonal Days
Oody Weight

Control

4

1

3

112 ^ 4.8
43.3 ♦ 2.8

<Kg)

103.2 ♦ 8.S

108.0 46.5

112.5 4 6.5

40.0 *2.1

37.7 4 2il

36.5 4 2.1

7.431 ♦ .028

7.429 4 ;028

7.401 4 .028

93.6 + 1.1

94.4 4 1.1

94.5 4 1.1

^02 Content] (nil/dl)

11.2 4 1.1

12.0 4 1.1

11.2 4 1.1

Glucose (dl/ng)

68.5 + 6.3

66.9 4 7.2

64.2 47.2

8.9 4 0.8

9.5 4 0.8

8.9 4 0.8

PO2 (Tote)

PCO2 (Tocr)
pil

[Hemoglobin} (g/dl)
Olood Voluiie (ml)

2675 4 318

Plasma Volum* (ml)

1997 4 271

698.4 113

Red Cell Volume (ml)
Blood Pleasure (mm Mg)
Heart Rate (bpm)

Cardiac Output (1/mln)

Vascu lai

94.0 4 3.0

115.8 4 7.6

122.5 4 7.6

115.1 4 7.6

7.0 4 0.6

6. 9 4 0.6

7.0 4 0.7

1094.441.8

974.1 4 1.8

1111.2 4 1.8

3

7.67 4 1.5

8. 77 4 1.5

7.21 4 1.5

3

25.9 4 9.8

18.9 4 9.8

20.7 4 9.8

7

17.942.1

23.1 4 6.4

19.4 4 2.7

Uter 1 nc Blood Flow
(ml/mln)
Uter ine

90.3 4 3.0*

95.9 4 3.0

Resistance (mmllg'tnln/ml xlO^)
Uteeop1acentaI O2 Uptake
(m 1/mln)

Elythcopoletln (iu/ml)
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Day

7

14

10

119 4 4.8

124 4 4.0

IS.I ± 2.1

49.0 ± 2.0

105.0 ♦ 4.5

38.4 ♦ 2.1

112.8 4 4.5

37.1 4

2.1

113.0 4 6.5

37.0 4 2.1

21

17

133 4 4.8
48. 4 4
109.5 4 7.5

37.0 4

2.4

107.2 4 7.5
35.2 4 2.4

7.404 ± .028

7.420 4 .028

7.400 4 .020

7.388 4 .032

93.8 ♦ 1.1

95. 2 4 l.l

95.5 4 1.1

95.1 4 1.2

11.8 ♦ 1.1

12.2 4 1.1

12.3 4 1.1

12.4 4 1.2

70.2 47.2

63.5 4 0.0

67i5 4 8.8

9.6 4 0.0

9.7 4 0.9

10.0 4 0.9

63.3 ♦ 7.2
9.4 ♦ 0.8

9.5 4 0.0

7.409 4 .032
95.3 4 1.2
12.9 4 1.2

2415 t 318

2696 4 367

2774 4 347

1929 4 271

1932 4 271

1965 4 313

684 4 113

744 4 133

90.0 4 3.0*
118.4 4 8.4

85.3 4 3.0***
114.4 4 7.4

86.7 4 3.0***
104.4 4 7.6

812 4 130
05.5 4 3.5***

101.3 4 0.6

110.7 4 8.4
6.7 4 0.8

4.4 4 0.7

7.2 4 0.4

85.9 4 3.5»*

1184.9 41.8

1219.3 4 1.0

1164.1 4 1.8

1058.2 4 1.8

7.01 4 1.5

4.41 4 1.5

6.21 4 1.5

6.53 4 1,5

7.67 4 1.5

25.6 4 9.8

24.2 4 9.8

31.9 4 9.0

36.1 4 9.0

20.4 4 9.8

1119.6 4 1.8

10.0 4 1.8

15.0 4 1.5
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Table 3.

Vatlablest

llypoxenlc* Nonpcegnant Sheep

Da
n

Qody Weight
P02

(Kg)

6

(Tocc)

Control
55.4

1.4
5.6

58. 4

♦

2.0

35. 7

104. 3

PCO2 (Tote)

38.9

pH

7. 403

0. 038

54.1. 4 1.4
•f

7. 385

♦

♦

[llhO?] (1)

92. 8

♦

5. 3

71. 4

£02 Content] (ml/dl)

14.0

♦

1.0

11.6

[Hemoglobin] (g/dl)

11.3

f

0.7

12.1

♦

Hematocclt

32. 3

♦

1.9

34.5

♦

(I)

Rlood Volume

(ml)

plasma Volume

(ml)

Red Cell Volume
Blood Pceeauce

3654

(ml)
(mm ilg)

Heact Rate (bpm)

5

_7

3

1

+

of_Uypo*e■j•

5.6***

64.1 4

2.0

36.6

0. 038

7.387

5.6*-*

4 2.0
♦ 0. 038

37.4

7. 370

4

5.6**<
2.0

4 0.030

74.2 4

5.2**^

5.3»**

74.4 4

l.O**

11.8 4 1,0*

12.1 4 I. ft *

0.7

12.0 4 0.7

12.3

34.4 4 1.9

35.4 4 1.9

1.9

5.3«**

62.9 4

4 0.7

4 19

1288

4

459

4

329

2492

♦

300

2113

1161

♦

145

1175 4 159

89.2

i.

4.6

93.7

91.9

f

9. S

. 90.0

♦

46

f 9. 5

96. 5 4

4.6

88.4 4 9. 5

Cacdlac Output (1/mln)

4

6. 7

+ 0.6

6.5

f

0.6

6.0 4 0.6

Ctythcopoletln (lu/ml)

7

28.7

4.9

28.4

4-

4.6

30.4 4 6.7

90.0 4

4.6

89.0 4 9.5
5.8

4 0.6

30.9 4 7.9

Values ace mean ^ 95% confidence intervals of the mean, * p < 0.05* ** p < O.Ol* *** p < 0.001
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14

10

17

21

54.7 ♦ 1.4
(l.(

6.9***

35.S + 2.4
7.373 ¥ 0.047

65.1 ♦ 5.6***

37.0 ^ 2.0

7.371 ^ 0.038

62.5

4

6.2***

35.1

4

2.2

7. 402

4

0.042

56.3

4

1.5

62.9

4

5.

35.6

4

2.0

7. 388

4

0.038'

74.9

♦

6.5***

77.9 + 5.3***

77.3

4

5.8***

76.2

4

12.a

♦

1.3

13.0 + 1.0

13.5

4

1.1

13.0

4

1. 0

12.7

♦

0.9*

12.4 f 0.7

13.0

4

0.8**

12.8

4

0.7*

35.8 i 1.9*

37,3

4

2.1**

36.0

4

I.

3837 4 419

394 1

4

4 50

2474 4 300

2530

4

3 20

1411

4

159

36.4 ♦ 2.4*

1363 4 145
91.5

4.6

92.3 44.6

89.2

4

84.5

9.5

85.8 4 9.5

82.7

4* 9.5

6.0 4 0.8

14.6 4 3.7

4.6

5.3***

90.1 4' 4.6
88.2

4

9.5

6.2

4

0.8

34. 4

4

52. I

78

T«bl# 4.

fc-tnL Vaclablesi

llypoKenic Gcoup
Day of llypoaewia

7

Contcol

PO2 (Torr)

29.7 _f 2.1

19. I ♦ 2.1»*V

22.8 ♦ 2.1***

23.5 ¥ 2.

Pf;0 2 (Tote)

49.4 ♦ 2.0

45.3 ♦ 2.0»

44.8 ¥ 2.0*

46.7 ♦ 2.0

7.328 ♦ 0.025

7. 289 ¥ 0.025

7.316 * 0.026

pH

Cwb 02l (y)

69.1 f 6.6

^©2 Content3 (ml/dl)

9.2 ♦ I. 1

Gtiieoae (tnq/dll

27. ♦ 3.7

CHetiioq lobl n] (q/dl)
Blood

V/olurne (ml)

fladina Volumu (ml)

Cell Volume (ml)

10.0

+ 1.0

320 >

90

220

70

>

44.3 i 6.6***
6.1 ¥

1.1»

8.0

22.4

10.4

11.8 ¥ 1.0*

¥ 1.0

24.1 ♦ 3.7

1 3-7

12.9 ¥ l.n»**

250 ¥ 70

100 * 40

180 ¥ 40**

39.9 ♦ 3.4

Fetal lleaet Rate (bpm)

173.9 ± 11.8

185.9 ¥ 11.8

Values ate mean ♦ 951 confidence Intecvala of the mean.

¥ 0.025

54.0 ♦_ 6.6**

420 f 90

39.9 + 3.4

23 ¥ 51

7.314

9. I f 1.1

t 1-1

23.2 ♦ 3.7

Blued Pcessuce (mm itg)

Ctytheopole11 n (lU/nl)

52.3 ¥ 6.6»*

160 ♦ 51**

41.5 ¥ 3.4*»
173.8 ¥ 11.8
113 ¥ 51*

* p <0.05# ** p <0.01#

44.6 ¥ 3.4**
170.5 ¥ 11.8
52 ¥ 69

p >0.001
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14

10

21.7

t 2«1V*

4(.3

± 2.01

7.323 * 0.025
47.S ♦ 6.6***

8.1

1 l.l !

22.6 ♦ 3.7

12.9

+ 1.0»1**

22.0 > 2.1«**

17

22.2 + 2.1***

45.5 ♦ 2.0«

45.8 f 2.0*

7.316 > 0.025

7.305 t 0.025

51.3 + 6.6***
8.6

t !•!

♦

2. 5**
0.025

38.1

♦

8.1***

8.1 ± 1.1

7.0

♦

1. 4

24.0

4.3

14.0

1.2***

46.2 ♦ 6.6***

1

12.9

± 1.0***

13.4 i 1.0***

158.7

♦ 11.p

48.5

2.5**-

♦

1 90**

680

♦

120***

t

410

♦

80**

210 ♦ 40***
46.8 ♦ 3.4M

♦

44.0

24.0 i 3.7

530

19.2

7.339

24.0

320

21

t

152.4 ♦ 11.8*
43 ♦ 77

270

♦

SO***

47.9 ♦ 3.4**

53.3

♦

4.2***

150.1 ♦ 11.8*

159.4

♦

14.5
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TableJ . Fetal Vatlablosi

Conttol Group
251
Control

n

PO2 (Tott)

4

1^:02 (Tort)
pH

pletnovj loblnj (g/dl)

7

1.7

31.0 4 1.7

30.2

± 1.7

30.0 4 1.7

54.7

3. 3

53.0 f 3. 3

51.9 4 3.3

53.1 4 3.3

7.332 4 .022

7.332 4 .022

7. 324 4 0.22

68. 6 f 6.2

71.1 4 6.2

68.8 4 6.2

66.5 4 6.2

9.5 4 0.8

9.2 4 0.8

9.4 4 0.8

8.8 4 0.8

23.3 4 2.6

f02 Content) (ml/dl)
Glucose (mq/dl)

3

29.8

7. 320

£Hb O2I (%)

1

.022

24.8

4

2.6

23.9 4 3.0

25.0 4 2.6

9.6 4 0.5

10.2 4 0.5

10.3

4

0.5

llood Volume (ml)

260.9

4

74.6

349.4 4 86.2

t'iasma Volume (ml)

175.3

■f

63.1

252.2 4 72.9

Cirll Volume

(mi)

85. 6 4 15.8

Blood Pressure (ram Hg)

39.0

4

2.9

Fetal Heart Rate (bpra)

191.4

4

10.1

Kc ythcopoletin (lU/ial)

Values are mean

9 5* confidence Intervals of

9.9 4 0.5

97.1 4 18.2

41.9 4 2.9

182.5 4 10.1

43. 5

4 2.9

178. 9 4 10.1

46.2 4 2.9»*

184.6 4 10.1

1

the

mean.

• p < 0.05,

p < 0.01, •4* p < 0. 001
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10

14

29.

i

30.

53.

i

52.

7.29
66.

♦ .022

t

>

7.30

17
29.2 ♦ 1.9

29.9

3.3

54.1

51.9 + 3.8

.022

♦

.025

♦

7.2

59.5

0.9

8.1

+ 6.2

63.4
8. 6

8.

± 0.6

8.

♦ 0.8

25.

± 2.6

24.

+ 2.6

9.

♦ 0.5

9.

0.5

3.8

7.307

66.

373.

21

1.7

24.4 ♦ 3.0

10.0

♦

0.6

74.6*

1 1-5

7.304 +

.025

i B. 8

1

^

24.5 ♦ 3.0
10.2

i 0.7

423.9 + 86.2»

258.

♦

63.1

296.5 ♦ 72.9*

115.

♦

15.8»

127.4

47.4 ♦ 2.9»**

47.

♦

2.9»**

51.7

♦

3.3»**

51.4 f 3.3»»*

170.4 + 10.!•

168.

♦

10.1**

162.7

♦

11.6*»

155.7 ♦ 11.6»-*

i 13.
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