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Hemodynamic studies we made on 17 female Pygmy goats at

three -week intervals beginning before breeding and continuing six

weeks postpartum. In addition, 9 nonpregnant animals were stud-

ied in the same way over the same period of time. A total of 170

separate hemodynamic studies were made in triplicate on these

conditioned, unanesthetized animals while they stood quietly in a

portable stanchion. Forty-one different characteristics were mea-

sured or calculated from collected data.

The characteristics which were elevated significantly (P<. 05)

during pregnancy were: body weight, +15%; heart rate, +32%;

plasma volume, +13%- blood volume, +11%; cardiac output, +48%;

cardiac output per kilogram, +29%; hemoglobin flow, +42%;



hemoglobin flow per kilogram, +31%; stroke volume, +10% and

maternal oxygen consumption, +36%.

Those characteristics which were significantly (P < . 05)

lower during pregnancy were: arterial systolic pressure, -7%;

arterial diastolic pressure, -10%; mean arterial pressure, -8%;

peripheral vascular resistance, -37%; arterial CO2 concentration,

-13%; mixed venous CO2 concentration, -14%; venous-arterial CO2

concentration difference, -34%; arterial P -13%; mixed venousCO
,

2
PC0' -12%; arterial plasma bicarbonate concentration, -12% and

2
mixed venous plasma bicarbonate concentration, -14%.

Characteristics studied which showed no significant (P<. 05)

change during pregnancy were: rectal temperature, pulmonary

artery pressure, systemic arterial pulse pressure, hematocrit,

hemoglobin concentration, red cell volume, blood volume per

kilogram, total circulating hemoglobin, total circulating hemo-

globin per kilogram, arterial 02 concentration, mixed venous 02

concentration, arterial-venous 02 concentration difference,

blood 02 capacity, arterial plasma pH, mixed venous plasma pH,

mixed venous partial pressure of 02' mixed venous 02 saturation,

maternal 02 consumption per kilogram and coefficient of 02

utilization.

The adjustments in the maternal circulation during pregnancy



adequately supplied the increased 02 requirements of the mother

as indicated by the finding that hemoglobin flow was elevated more

than maternal oxygen consumption (+42% vs +36%) and that a stable

mixed venous P0 was maintained. These adjustments permitted
2

the delivery of 02 to maternal tissues at normal levels without

calling upon the 0
2

reserves of the blood. The significantly re-

duced CO2 concentration in maternal blood would assist in the

transfer of CO2 across the placenta from the fetal circulation to

the maternal.

Elevated heart rate was the measurement most highly corre-

lated with changes in other characteristics and it is suggested that

this may be a useful index of hemodynamic stress during pregnancy

in goats.

The hemodynamic adjustments which occur during pregnancy

in ungulates (sheep and goats) and humans were compared; the

magnitude of the adjustments were generally quite similar with

the exception of plasma volume and blood volume but the timing

of initial and maximum changes are different in the two species.

The concept of hormonal controlling mechanisms is sugges-

ted as an explanation for the hemodynamic changes; hormone con-

centrations in maternal plasma and urine during pregnancy and

the early postpartum period in women and ungulates are reviewed

and discussed to support this concept.
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HEMODYNAMIC ADJUSTMENTS ASSOCIATED WITH
PREGNANCY IN PYGMY GOATS

INTRODUCTION

The developing mammalian fetus and its associated membranes

are completely dependent on the maternal organism to meet their

metabolic needs for growth and development. The developing

placenta and fetus place increased demands upon the maternal vas-

cular system and cause marked, reversible changes to occur in

pregnant women. It would seem likely that the magnitude of such

adjustments would be related to previous parity, maternal health

and maturity and the total fetal mass being nourished. One could

further speculate that inability of the maternal cardiovascular sys-

tem to make adequate adjustments for proper nourishment of the

placental and fetal mass, might have detrimental effects on the fetus

resulting in embryonic or fetal resorption, abortion, premature

delivery, stillbirth, small (for age) fetuses and increased neonatal

mortality.

The accumulation of evidence relevant to these suggestions

requires a long-term research program based on animal models

which can be experimentally manipulated. The Pygmy goat (Fig. 1)

appears to be one useful animal for such a physiological study.

The objectives of the present study were to determine the

influence of pregnancy on hemodynamic and respiratory parameters
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and, if changes occurred, to determine their magnitude and rela-

tionships to one another The design required that studies be

initiated prior to conception and be continued at intervals through-

out pregnancy and the early postpartum period, using trained,

unanesthetized Pygmy goats. This study will form the basis for

a series of experiments designed to evaluate the importance of

hemodynamic changes for fetal health and development.

"We dismiss wonder commonly with childhood. Much
later we may return, Then the whole world becomes
wonderful. But, greatest wonder, our wonder soon
lapses. A rainbow every morning who would pause to
look at ? The wonderful which comes often is soon
taken for granted. That is practical enough. It allows
us to get on with life, But it may stultify if it cannot
on occasion be thrown off. To recapture now and then
childhood's wonder is a driving force for occasional
grown-up thoughts. " (Sherrington, 1951, p. 92)



3

REVIEW OF LITERATURE

Clinicians have had a longstanding interest in the cardio-

vascular changes which occur during human pregnancy. Patients

with heart disease, complicated by pregnancy, were seen with

enough frequency to inspire those that were "seeking for truth"

to study cardiovascular characteristics during pregnancy in an

attempt to provide better maternal care. More is known about

the hemodynamic and respiratory changes which occur in pregnant

women than in the female of any other species, but the human is far

from an ideal model for experimental work.

Some of the pioneer work goes back almost a century. Meth-

ods used to gather information in cardiovascular physiology were

not as accurate as those we have today. Nevertheless, this early

work laid an essential foundation for work that followed.

Since there is a paucity of information on cardiovascular

changes during pregnancy in laboratory or large domestic animals,

the available data on pregnant women have been reviewed and are

discussed in this paper.

Due to the large amount of literature reviewed, the data are

grouped into tables where additional information on methodology and

techniques is also given. The arrangement of data in the following

discussion is arbitrary, but generally follows the historical
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development of knowledge.

Heart Rate

Serial measurements in pregnant sheep showed a 28% in-

crease in heart rate with the maximum occurring at term (Parer,

1964). A study of pregnant dairy cattle showed that the cow's

heart rate is 42% higher at term than during early pregnancy

(Thomas and Moore, 1951),

A great deal of information is available on changes in heart

rate during human pregnancy. The magnitude of the recorded

changes varies from +4 to +46%; most authors report an increase

of 20% or more (Table 1). The average nonpregnant heart rate

found by most observers is near 70/beats/min. An increase to

about 78 beats/min is observed by the end of the first trimester

(Hamilton, 1949; Brehm and Kindling, 1955; Gemzell, Robbe and

Strom, 1957; Ihrman, 1960). The rise continues until a peak of

approximately 85 beats/min is reached early in the 3rd trimester.

Many investigators have found a slight decline as term approaches

(Hare and Karn, 1929, Widlund, 1945).

Arterial Blood Pressure

The published data on changes in arterial blood pressure

throughout pregnancy show considerable variation (Table 2). In



Table 1. Changes in Heart Rate During Pregnancy.
Species Type of Control Peak preg. Change Time of Reference and comments

control value value peak value
(beat/min. )(beat/min) (.12 / (weeks

Sheep Postpart. 84 108 28 Term Parer, 1964

Cattle Early preg. 64 92 42 Term Thomas & Moore

Human Postpart. 83 87 4 29-32 Hare and Karn, 1929
Post part. 76 96 26 32 Landt & Benjamin, 1936
Postpart. 70 81 16 Cohen & Thomson, 1936
Postpart. 75 94 25 30 Burwell et al., 1938
Postpart. 71 85 20 32 Widlund, 1945
Nonpreg. 68 82 21 3rd Trim. Hamilton, 1949
Postpart. 71 82 16 Kellar, 1950
Nonpreg. 66 83 26 Werko et al., 1954
Postpart. 70 86 23 32-40 Brehm & Kindling, 1955

98 21-24 Bader et al., 1955
Postpart. 69 89 28 33-36 Gemzell et al., 1957
Postpart. 65 85 31 35-37 Ihrman, 1960
Nonpreg. 75 86 28-35 de Schwarcz et al., 1964
Postpart. 72 78 8 28-34 Roy et al., 1966
Nonpreg. 74 96 30 25-28 Rovinsky et al., 1966
Postpart. 66 82 24 28-31 Walters et al., 1966
Nonpreg. 74 108 46 21-24 Rovinsky et al., 1966 (twins)

01



Table 2. Changes in Arterial Blood Pressures During Pregnancy.
Species Type of Control Min. preg. Decrease Time of Reference

control values values minimum
(mm Hg) (mm Hg) (S) (weeks)

Sheep
sys Postpart. 107 88 18 Term Parer, 1965
dias Postpart. 87 74 15 Term

Human
sys Postpart. 0 Hare & Karn, 1929
dias Postpart. 75 70 7 21 -25

sys Postpart. 112 101 10 36 Landt & Benjamin, 1936
dias Postpart. 72 58 19 36

sys
dias

115
65

36
7 mos.

Henry, 1936

sys Postpart. 115 0 0 Burwell et al., 1938
dias Postpart. 80 62 23 30

sys Nonpreg. 121 106 12 Hamilton, 1949
dias Nonpreg. 75 70 7

Mean Nonpreg. 91 74 19 36 Adams, 1954

Continued

C's



Table 2--Continued
Species Type of

Control
Control Min. preg. Decrease Time of
values values minimum

(mm Hg) (mm Hg) (S) (weeks)

Reference

Human
sys Postpart. 115 108 6 32 Brehm & Kindling, 1955dias Postpart. 78 70 10 24-28

sys Nonpreg. 120 101 16 8-11 de Schwarcz et al., 1964dias Nonpreg. 80 63 21

Mean - 82 - 1st Trim. Lees et al., 1967
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pregnant ewes there was a decrease in systolic and diastolic pres-

sures of -18 and -15%, respectively. These minimum values were

observed at term (Metcalfe and Parer, 1966).

More information is available on changes in pregnant women.

Hytten and Leitch (1964) summarized the published information

and recorded some of the problems associated with early measure-

ments. The blood pressure may be altered in late pregnancy if the

patient lies in the supine position with the gravid uterus occluding

venus return. In 18 of 160 women at term (11.2%), an average fall

of 30 mm. mercury in systolic arterial pressure was recorded after

they had been lying on their backs for three to seven minutes (Howard

et al., 1953). Henry (1936) reported systolic pressures of 115 to

120 mm. mercury; the diastolic pressure averaged close to 65 mm.

mercury until seven months when it rose to 70 mm. mercury; pulse

pressure remained about 50 mm. mercury, approximately 10 mm.

mercury above the average nonpregnant value. According to most

other studies, systolic blood pressure falls approximately 6% during

pregnancy, while diastolic pressure shows a drop of approximately

15% (Table 2).

Hematocrit

The hypervolemia of pregnancy is due to greater increases in

plasma volume than red cell volume; hemodilution occurs, as
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shown by a lowered hematocrit. The decline in hematocrit during

gestation varies among different species of animals (Table 3) ranging

from -10 to -20% except in sheep and cattle where no decrease has

been found. In animals, this minimum hematocrit is reached near

term.

Pregnant women show a greater decrease in hematocrit averag-

ing -12%, ranging in different studies from -5 to -22% (Table 4).

Minimum values occur at approximately the middle of the 3rd

trimester. Women carrying twins show an average decrease in hema-

tocrit of -19% with the lowest values at 21-24 weeks of pregnancy

(Rovinsky and Jaffin, 1965).

Blood Hemoglobin Concentration and Total Hemoglobin
Mass

Animal studies indicate that blood hemoglobin concentration

drops little or none in sheep during pregnancy, but in rats a decrease

is noted reaching approximately -25% at term (Table 5).

In pregnant women a mean drop of -17% occurs at 26-32 weeks

with a trend toward higher concentrations during the remainder of

pregnancy. In many studies of cardiovascular changes during

pregnancy hemoglobin concentration has not been reported, but if

plasma volume increases more than red cell mass, hemoglobin con-

centration will decline. Some methods of determining red cell mass,



Table 3. Changes in Hematocrit During Pregnancy in Animals.

Species Type of Control Min. preg. Change Time of Reference
control value value min. value

(S) (S) (5.2) (weeks)

Sheep Early preg. 37 28 -24 Term Barcroft et al., 1939
Postpart. 31 27 -31 16-18 Parer, 1965

Cattle None Feldman et al. , 1936
Early preg. None Conner et al. , 1967

Rabbits Prepreg. 39 33 -17 Term Zarrow & Zarrow, 1953
Decrease Term Horger & Zarrow, 1957

Rats Prepreg. 50 36 -28 - VanDonk et al. , 1934
Early preg. 43 39 -10 Bond, 1948

Mice Nonpreg. 49 44 -10 12-13 da. Fowler & Nash, 1968



Table 4. Changes in Hematocrit During Pregnancy in Humans.

Species Type of Control Min. preg. Change Time of Reference and comments
control value value min. value

(5) (S) (S) (weeks)

Human Postpart. 38 35.8 6 Term Miller et al. , 1915
35 31.5 -10 Plass & Bogert, 1924

Early preg. -14 Dieckmann & Wegner, 1934
Postpart. 36 31 -14 34 Thomson et al. , 1938
Early preg. 39.2 36.4 7 36 Roscoe & Donaldson, 1946
Postpart. 39.7 37.7 5 McLennan & Thouin, 1948
Postpart. 38 33.2 -12 36 Tysoe & Lowenstein, 1950
Nonpreg. 43 38 -12 - Hamilton, 1950
Nonpreg. 39 33.7 -14 30-33 Lundstrom, 1950
Early preg. 40 34.2 -15 32 Lund, 1951
Nonpreg. 36 32 -11 Bucht, 1951
Postpart. 33 30 -10 29-34 Caton et al. , 1951
Early preg. 39.8 34.6 -13 32 Benstead & Thebold, 1952
Postpart. 40.5 34.8 -14 27-32 Darby et al. , 1953
Nonpreg. 42 32.5 -22 28 Berlin et al. , 1953
Postpart. 39 31 -21 32 Adams, 1954
Postpart. 36 32 -11 19-24 Werko, 1954
Early preg. 34.9 31.3 -10 25-28 Cope, 1958
Nonpreg. 39.6 37.4 - 6 28-32 Paintin, 1963
Nonpreg. 33.9 30.2 -11 27-40 Rovinsky & Jaffin, 1965
Nonpreg. 33. 9 27.5 -19 21-24 Rovinsky & Jaffin, 1965

(twins)



Table 5. Changes in Blood Hemoglobin Concentration During Pregnancy.

Species Type of Control Min. preg. Change Time of Reference
control value value min. value

(gm %) (gm2L) (%)

Sheep Postpart. 12.7 12.4 - 2 Term Ullery et al. , 1965

Rats Nonpreg. 15.6 12.1 -22 Beard and Myers, 1933
Nonpreg. 15.0 10.6 -29 Term Van Donk et al., 1934

Humans Nonpreg. 13.3 11.5 -14 26-29 wks. Hamilton, 1950
Early preg. 13.4 11.3 -16 8 lun. mos. Tysoe & Lowenstein, 1950
Nonpreg. 14.3 11.6 -19 31-40 wks. Ventura & Klopper, 1951
Nonpreg. 13.1 11.4 -13 27-32 wks. Darby et al. , 1953
Postpart. 13.1 11.9 9 7 lun. mos. Harrison, 1966
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particularly by carbon monoxide, should be questioned since in the

pregnant subject the gas would cross the placenta and measure

fetal hemoglobin and myoglobin in addition to the maternal values.

Since blood volume increases considerably in pregnant

women, the total body content of hemoglobin increases by approxi-

mately 85 gm. in spite of the decreased hemoglobin concentration

of blood (Hytten and Leitch, 1964).

Plasma Volume

Except for one study (Barcroft et al., 1939) in which it was

reported that plasma volume increased 40% in sheep during

pregnancy, the observed increases in plasma volume during

pregnancy in animals have ranged from 7 to 12%. Metcalfe and

Parer (1966) reported a rise of 10 percent in sheep; their pregnant

ewes were studied repeatedly during pregnancy and the postpartum

period.

Marked changes in plasma volume have been observed in

pregnant women with an average increase of 43% (Table 6). Of

particular interest are the data on multiple births; women carrying

twins have an increase of 66% while those carrying triplets show

an increase of 92%. In view of the variety of techniques used for

measuring plasma volume, the uniformity of the results (in-

creases range from +25% to +54%) is rather surprising. The
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selection of control values (nonpregnant, early pregnancy or post-

partum) might in itself account for that much variability.

The plasma volume is at its maximum, according to most

studies, between 30 and 36 weeks of human pregnancy and declines

slightly as term approaches. By the 6th lunar month, an increase

of 13% was noted (Rovinsky and Jaffin, 1965); during the 7th, 8th,

9th and 10th lunar months, the corresponding values were 23, 30, 24,

and 21%, respectively. Harrison (1966) found average increments

of 27, 43, 53, and 39% above nonpregnant control values for the

7th, 8th, 9th, and 10th lunar months, respectively.

Information available on multiple pregnancies in humans

indicates that the peak plasma volume occurs at term; values for

the 7th, 8th, 9th, and 10th lunar months were 22, 30, 26, and 40%,

respectively (Rovinsky and Jaffin, 1965).

Red Cell Volume

The total red cell volume increases during pregnancy as the

summary in Table 7 indicates. As with other compartment analyses,

there is a great deal of variability among the various reports. This

is due in part to differences in the methods of measuring red cell

volume and also partly to different "control" states. In some re-

ports, measurements were not repeated at specific intervals during

pregnancy; term values were compared with nonpregnant levels.



Table 6. Changes in Plasma Volume During Pregnancy.

Species Type of Control Peak preg. Increase Time of Reference and notes
control value value peak

(L) (L) (%) (weeks)

Sheep Postpart. 3.1 3.5 10 16-18 Parer, 1965
1.5 2.1 40 Term Barcroft et al., 1939

Cattle - Increase - Miller, 1932
- Increase - Reynolds, 1953

Postpart. 26.3 24. 6 6. 9 Term* Turner & Herman, 1931

Rabbits - - - 12 25-32 da. Horger & Zarrow,. 1957

Humans Postpart. 2.6 3.5 34 Miller et al. , 1915
Early preg. - 25 - Dieckmann & Wegner, 1934
Postpart. 2.55 3. 9 53 34 Thomson et al. , 1938
Early preg. 2.65 3.45 30 Roscoe & Donaldson, 1946
Postpart. 2.5 3.3 32 - McLennan & Thouin, 1948
Postpart. 2.8 4.2 49 35 Caton et al. , 1949
Postpart. 2.8 4.1 44 36 Tysoe & Lowenstein, 1950
Nonpreg. 2.36 3.19 35 Term White, 1950
Nonpreg. 3.4 4.3 26 Bucht, 1951
Postpart. 2. 9 4.1 41 29-34 Caton et al. , 1951
Postpart. 2.3 3.4 48 32-34 Adams, 1954
Early preg. 2. 6 3. 9 50 33 Cope, 1958
Postpart. 2.7 3. 9 46 34 Hytten and Paintin, 1963

Continued



Table 6--Continued.

Species Type of
control

Control
value

Peals preg.
value

Increase Time of
peak

Reference and notes

(L) (L) (To) (weeks)

Nonpreg. 2.77 3.87 49 33-36 Rovinsky & Jaffin, 1965
Nonpreg. 3.03 1.90 59 Late pre Pritchard, 1965
Nonpreg. 3.83 2.66 44 7-8 lun.

mos
Pyorola, 1966

Postpart. 2.40 3.70 54 Late
preg. Harrison, 1967

Nonpreg. 2.77 4.73 68 Term Rovinsky & Jaffin, 1965 (twins)
Nonpreg. 2.29 3.76 64 Nonpreg Pritchard, 1965 (twins)

5.10 96 33-36 Rovinsky & Jaffin, 1965 (trip. )

*Serial measurements were not taken



Table 7. Changes in Total Red Cell Volume During Pregnancy.

Species Type of Control Peak preg. Change Time of Reference and comments
cont rol value value peak value

(ml) (ml) (2))

Rabbits Preconc. - - none Horger & Zarrow, 1957

Humans Nonpreg. 1452 1805 24 Postpart. Thomson et al., 1938
Nonpreg. 1840 1950 6 36 weeks Roscoe & Donaldson, 1946
Nonpreg. 1649 1978 20 Term Mclennan and Thouin, 1948
Nonpreg. 1600 2160 35 8-10 mos .Werko et al., 1948
Postpart. 1580 1965 24 Term Lowenstein et al., 1950
Postpart. 1745 2023 16 9 mos. Tysoe & Lowenstein, 1950
Nonpreg. 1790 1941 8 3rd trim. White, 1950
Postpart. 1335 1780 33 Term Caton et al., 1951
Nonpreg. 1562 1657 6 Term Berlin et al., 1953
Nonpreg. 1450 1844 27 Term Verel et al., 1956
Nonpreg. 1379 1600 16 Term Pritchard et al., 1960
Postpart. 1292 1521 18 37 weeks Paintin, 1962
Postpart. 1355 1790* 32* Term* Pritchard, 1965
Nonpreg. 1443 1868 30 29-32 Rovinsky & Jaffin, 1965

wks.
Postpart. 1187 1580 33 9 lun. Harrison, 1966

mos.
Nonpreg. 1692 2335 38 Term Pyorola, 1966
Nonpreg. 1413 2127 40 Term Rovinsky & Jaf fin, 1965 (twins)
Postpart. 1580 2065* 31* Term* Pritchard, 1965 (twins)

*These values may not reflect highest values as serial measurements were not taken.
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The overall increase in red cell volume found in the studies

(Table 7) on women with single pregnancies averages 21% with a

range of +6 to +35 %. In some studies large variations occurred

among individual subjects (changes of -190 to +1265 ml, McLennan

and Thouin, 1948 and of -125 to +1600 ml, Caton et al., 1951).

In women carrying twins the increase averaged 36%, varying from

+31% in one report to +40% in another (Rovinsky & Jaffin, 1965;

Pritchard, 1965).

The increase in red cell volume was 13% at 21-24 weeks of

pregnancy and peaked at 29-32 weeks (+30%) in one study

(Rovinsky and Jaffin, 1965). Hytten and Leitch (1964) are of the

opinion that red cell volume continues to increase to term. Values

for women carrying twins have been reported to rise until term

(Rovinsky and Jaffin, 1965).

One factor complicating the changes in red cell volume

during pregnancy is the possibility of iron deficiency. Iron ad-

ministration can modify the usual fall in hematocrit and red cell

volume (Lund, 1951). In rats and mice, however, iron medica-

tion has not prevented the smaller increase in red cell volume

compared to the increase in plasma volume (Fowler and Nash,

1968; Van Donk et al., 1934).
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Blood Volume

In cattle, sheep and rabbits, only small increases in blood

volume (+6 to +24%) occur during pregnancy (Table 8). In con-

trast, Bond (1948) reports a 41% increase in pregnant rats. In

pregnant mice an increase of 20% was noted on the 12th day of

gestation rising to 75% above control values on day 18 (Fowler and

Nash, 1968).

Hypervolemia occurs in pregnant women with peak values

approximately 37% higher than nonpregnant or postpartum control

values. Considerable variation in the magnitude of change is

found among the results of different investigators (+11 to +73%),

but this is not surprising since methods of measurement have

varied, so has the selection of controls. The hypervolemia

begins early in pregnancy with a 27% increase by the 6th lunar

month (Rovinsky and Jaffin, 1965). The values at the 7th, 8th, 9th,

and 10th lunar months were +35, +40, +43, and +39%, respectively,

in one study (Rovinsky and Jaffin, 1965) and +22, +37, +46, and

+35%, respectively, in another (Harrison, 1966).

Most investigators have reported peak values at approxi-

mately 33 weeks and similar or slightly lower values as term

approaches. Pritchard's study (1965) showed a continued increase

of blood volume until term.



Table 8. Changes in Blood Volume During Pregnancy.

Species Type of Control Peak preg. Increase Time of References and comments
control value value peak

(5) (weeks)

Sheep Early preg. 2.4 L 2. 9 L 24 Term Barcroft et al. , 1939
Postpart. 4.5 L 4. 9 L 9 Term Metcalfe & Parer, 1966

Cattle - - - Increase - Miller, 1932
- - - Increase - Reynolds, 1953

Postpart. 41.6 L 45.1 L 8 Term Turner et al. , 1931

Rabbits Nonpreg. - 6 25 da. Horger & Zarrow, 1957

Rats Early preg. 17.3 ml 24.5 ml 41 Term Bond, 1948

Mice Nonpreg. 1.2 ml 2.1 ml 75 Term Fowler & Nash, 1968

Humans Postpart. 4.2 L 5.5 L 31 Term Miller et al., 1915
Early Preg. - - 23 Term Dieckmann & Wegner, 1934
Postpart. 4.0 L 5.7 L 42 34 Thomson et al. , 1938
Early preg. 4.3 L 5.4 L 26 - Roscoe & Donaldson, 1946
Nonpreg. 4.2 L 5.3 L 26 Term McLennan & Thouin, 1948
Postpart. 4.5 L 6.1 L 35 36 Tysoe & Lowenstein, 1950
Nonpreg. 4.15 L 5.14 L 24 Term White, 1950
Nonpreg. 5.3 L 6.3 L 19 - Bucht, 1951
Nonpreg. 3.8 L 5.2 L 47 Term Verel et al. , 1950
Postpart. 4.2 L 5.85 L 40 29-34 Caton et al. , 1951
Nonpreg. 3.7 L 5.2 L 41 9 mos. Berlin et al. , 1953 EN)

Continued 0



Table 8 - -Continued.

Species Type of
control

Control
value

Peak preg.
value

Increase Time of References and comments
peak

(weeecs

Postpart. 4.5 L 5.0 L 11 34 Adams, 1954
Postpart. 4. 14 L 5. 2 L 30 32 Gemzell et al. , 1954
Postpart. 5. 0 L 6. 2 L 24 37-40 Werko, 1954
Early preg. 4. 0 L 5. 75 L 44 33 Cope, 1958
Nonpreg. 3. 75 L 6.47 L 73 32-35 de Schwarcz et al., 1964
Nonpreg. 4. 32 L 5. 92 L 37 33-36 Rovinsky & Jaffin, 1965
Nonpreg. 4.82 L 3. 25 L 48 Term* Pritchard, 1965
Postpart. 3.59 L 5. 25 L 46 9 lun. Harrison, 1966

mos.
Nonpreg. 4. 32 L 6. 86 L 59 37-40 Rovinsky & Jaffin, 1965 (twins)
Nonpreg. 3.87 L 5.82 L 51 Term* Pritchard, 1965 (twins)
Nonpreg. 4. 32 L 5. 92 L 74 - Rovinsky & Jaffin, 1965 (trip. )

*Serial measurements were not taken.
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Women with multiple fetuses show an even greater hyper-

volemia with values of +55% for twins and +74% for triplets (Table 8);

in women with multiple fetuses peak blood volume occurs at term.

The increase in blood volume is due to increments in both

plasma and red cells, but the increase in plasma volume (+43%)

is greater than the increases in red cell volume (+22%), so both

hematocrit and blood hemoglobin concentration fall during pregnancy

in humans.

Cardiac Output

Cardiac output is defined as the amount of blood expelled

by each ventricle per unit time; it is usually expressed in liters

per minute.

The pioneer investigator in studies of blood flow during

pregnancy was Linhard (1915) who studied one patient using the

nitrous oxide method of measuring cardiac output. He found a 50%

increase in cardiac output during pregnancy and a return to normal

values following delivery. That blood flow increases during human

pregnancy was verified by Liljestrand et al., (1926) who found

values averaging 30% above the postpartum values of the same

patient. Gammeltoft (1928) made serial measurements during

pregnancy and demonstrated that the output of the maternal heart

increases until the 33rd week of pregnancy, then declines as term
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approaches. He attributed the decrease near term to decreased

physical activity in late pregnancy. Stander and Cadden's work

(1932) confirmed the magnitude of flow change during pregnancy,

but they reported a steady increase from the 4th lunar month until

term, then a fall to normal values within two weeks after delivery.

Burwell and co-workers (1938) confirmed the findings of

Gammeltoft, that peak output occurs not at term but between the

30th and 32nd week of pregnancy, with a decline thereafter. Bur-

well et al. (1938) and Stander and Cadden (1932) used the nitrous

oxide method of output determination. The limitations of deter-

mining cardiac output by foreign gas methods have recently been

discussed (Wade and Bishop, 1962; Hytten and Leitch, 1964). In

the hands of some investigators the gas methods gave much lower

values than the Fick method and values obtained by the two methods

on the same subjects show a very poor correlation (Werko et al.,

1949; Hamilton, 1949).

With the development of cardiac catheterization, cardiac

output could be calculated by the Fick principle where:

Cardiac output = Oxygen consumption
Arterial 02 - Venous 02 Concentration

Measurements of cardiac output by this method require that the

tip of a catheter be placed in the pulmonary artery in order to

obtain a sample of mixed venous blood. This method of measuring
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f low adjustments during pregnancy came into popular use during

the 1940's.

The dye dilution method of cardiac output determination

was developed by Hamilton and co-workers in 1928 and was first used

in pregnancy studies approximately 20 years later. This method

lends itself well to serial measurements during pregnancy and

the postpartum period. The Fick method and the dye dilution

method are of equal accuracy and values from the two methods

show a high correlation (Werko et al., 1949, Hamilton, 1948).

Data pertaining to cardiac output changes during pregnancy are

reported in Table 9.

Cardiac output has already increased considerably by the

end of the first trimester and in most studies it reached a peak

at 24 to 32 weeks. These peak values are 40 to 50% higher than

control values. Most reports indicate a decline from peak values

as term approaches, but in humans, cardiac output does not fall

to nonpregnant values until after delivery.

Cardiodynamic studies in humans are usually performed

with the patient lying in the supine position. As early as 1933,

Ahltrop drew attention to the fact that in the supine position some

pregnant women develop syncopal symptoms. Hansen (1942) re-

ported that seven patients out of a total of 57 showed these symptoms

when placed in the supine position during pregnancy. He



Table 9. Changes in Cardiac Output During Pregnancy.

Species Type of Control Peak preg. Increase Time of Method References and comments
control value value peak value

( L /min) ( L /min) (21) (weeks)

Sheep Postpart. 7.5 10.0 33 Term Dye dil. Metcalfe & Parer, 1966

Dogs Postpart. 2.7 4.0 48 Term Fick Stander et al. , 1926

Monkeys Nonpreg. 0.84 1.1 30 90 da. Dye dil. Petersen & Behrman, 1969

Humans Prepreg. 3.4 5.2 53 - N 0 Linhard, 1915
Nonpreg. 3.8 6.2 63 N20 Weiss, 1924
Postpart. 4.4 5.7 30 N20 Gammeltoft, 1926
Nonpreg. 3.8 5.3 40 N20 Haupt, 1927
Postpart. 3.8 8.0 110 - C

2H Stander & Cadden, 1932
Postpart. 3.2 5.2 62 30 C

2
H2 Burwell et al. 1938

Postp art. 5.0 5.8 16 6 mos. 2Fick
,

Palmer & Walker, 1949
Nonpreg. 4.5 5.7 27 27-29 Fick Hamilton, 1949
Nonpreg. 6.5 7.8 20 - Fick We rko, 1954

7.0 25-27 Fick Bader et al. , 1955
Nonpreg. 5.0 7.9 40 25-27 Fick Rose et al. , 1956
Nonpreg. 2.4 4.8 100 Dye dil. Bucht, 1951
Postpart. 6.3 8.3 32 28 Dye dil. Adams, 1954
Nonpreg. 6.1 7.5 23 - Dye dil. Vorys et al. , 1961
Nonpreg. 4.8 7.9 65 24-28 - de Schwarcz et aL , 1964
Postpart. 5.5 7.6 38 28-34 Dye dil. Roy et al., 1966
Nonpreg. 5.9 8.6 46 21-24 Dye dil. Rovinsky & Jaffin, 1966
Postpart. 5.3 6.6 25 24-32 Dye dil. Walters et al. , 1966

Continued



Table 9--Continued.

Species Type of Control Peak preg. Increase Time of Method
control value value peak value

(L/min) (L/min) (% ) (weeks)

Nonpreg.

References and comments

6.3 3rd Trim. Dye dil.

6. 1 2nd Trim. Dye dil.

Lees et al., 1967
(Lateral pos)

Lees et al., 1967
(Supine pos)

5. 9 9. 0 53 21-24 Dye dil. Rovinsky & Jaffin, 1966
(t wins)
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postulated that this was due to the upward shift of the diaphragm

and possibly also to impaired venous return due to mechanical

obstruction. Howard et al. (1953) named this phenomenon the

"supine hypotensive syndrome" and studied it both in humans and

also with animal experiments. When the inferior vena cava was

ligated below the renal veins a fall in arterial blood pressure was

noted in pregnant dogs; when the same procedure was applied to

nonpregnant dogs, no changes in pressure were observed. In

clinical studies, the femoral venous pressure was 24 cm. of water

in the pregnant woman in the supine position, falling to 15 cm of

water when she lay on her left side. Howard et al (1953) concluded

that the uterus compressed the inferior vena cava, reducing blood

flow. The phenomenon of supine caval occlusion has since been

"rediscovered" and extensively described (Scott and Kerr, 1963;

Scott and Samuel, 1964; Kerr, 1965).

A decreased cardiac output would be expected if venous

return from the lower extremities was partially occluded. Vorys

et al. (1961) found that cardiac output was 13. 5% higher in pregnant

patients in the lateral recumbent position than in the supine position.

Pyorola (1966) and Lees et al. (1967) reported similar findings.

The important points which these two studies emphasize are that

cardiac output is greatly reduced in the supine position as compared

to the lateral recumbent position and that blood flow if measured
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in the lateral recumbent position does not decline during the latter

part of pregnancy but remains high until term. In contrast, Ueland

et al. (1969) reported that cardiac output of women studied in the

sitting and lateral recumbent position was indeed higher than the

values obtained in the same women in the supine position at 28-32

weeks of pregnancy. There was a marked drop in cardiac output

in the same women near term regardless of position.

Little information is available on changes in cardiac output

during pregnancy in animals. Stander et al. (1936) studied two

anesthetized bitches and found a 41% increase in cardiac output at

term compared to postpartum values. Serial determinations in

unanesthetized sheep throughout pregnancy and the early post-

partum period showed that cardiac output was at its peak at term,

when it was 33% above postpartum values (Metcalfe and Parer,

1965).

In summary, human cardiac output increases approximately

39% above control values in pregnancies involving a single fetus

with similar increases in both sheep and dogs. In the majority of

early studies of pregnant women, peak values were reported to

occur at approximately 24 to 32 weeks of gestation; cardiac output

then gradually declined as term approached. Two recent studies

demonstrate that peak output is maintained up to the time of

delivery if patients are studied while lying on one side (Pyorola,



Table 10. Changes in Stroke Volume During Pregnancy

Species Type of
control

Control
value

Max. preg.
value

Change Time of
max. value

Reference and comments

(ml) (ml) (S) (weeks

Sheep Postpart. 88 99 10 13-15 Parer, 1965

Humans Postpart. 62 71 15 - Gammeltoft, 1926
Nonpreg. 55 28 30 Burwell et al., 1938

- - 6 26-29 Hamilton, 1949
Postpart. 92 98 7 28 Adams, 1954
Nonpreg. 100 84 -16 - Werko, 1954

- 75 25-27 Bader et al., 1955
Postpart. 52 79 52 24-28 Brehm & Kindling, 1955

- - 75 - 25-27 Rose et al., 1956
Nonpreg. 64 113 77 16-19 de S chwarcz et al., 1964
Postpart. 80 91 14 8-11 Walters et al., 1966
Early preg. 70 97 39 21-27 Roy et al., 1966
Nonpreg. 74 96 30 25-28 Rovinsky & Jaffin, 1966

Nonpreg. 74 108 46 21-24 Rovinsky & Jaffin, 1966 (twins)



30

1966; Lees et al., 1967). In contrast, Ueland et al. (1969) reported

a marked drop in cardiac output in women near term regardless of

position.

Peripheral Vascular Resistance

All studies have shown a decreased peripheral resistance

during pregnancy. Serial studies in pregnant ewes demonstrated

a 42% decrease, with the minimum value at term (Metcalfe and

Parer, 1966). Similar data on other animals are not in the litera-

ture.

A marked decrease in peripheral resistance has also been

observed in women during pregnancy, beginning as early as 8-11

weeks (deSchwarcz et al., 1964). The magnitude of the maximum

change reported by different investigators varies from 33 to 53%

(Table 11). This minimum value for peripheral resistance occurs,

according to most studies, at approximately 25 to 28 weeks, but

in one study it occurred at 16-19 weeks (deSchwarcz et al., 1964).

From 28 weeks to term, peripheral resistance increases to approach

normal values (Bader et al., 1955). Following delivery there is a

rapid adjustment into the normal range.

Women carrying twins did not show lower values than those

found in women bearing a single fetus (Rovinsky and Jaffin, 1966).



Table 11. Changes in Peripheral Resistance During Pregnancy.

Species Type of Control Peak preg. Change Time of Reference and comments
control value value min. value

(dyne-sec-cm-5) (S) (weeks

Sheep Postpart. 1053 616 -42 Term Metcalfe & Parer, 1965

Humans Postpart. - - decrease - Burwell et al., 1938
Postpart. - decrease Hamilton, 1949
Postpart. 1192 897 -33 28 Adams, 1954
Postpart. 2100 1200 -43 24-28 Brehm & Kindling, 1955

980 decrease 14-24 Bader et al., 1955
- 986 decrease 14-26 Rose et al., 1956

Nonpreg. 1700 843 -50 16-19 de Schwarcz et al., 1964
Postpart. 1418 953 -49 21-27 Roy et al., 1966
Nonpreg. 1121 840 -33 25-28 Rovinsky et al., 1966
Nonpreg. 1121 834 -34 25-28 Rovinsky et al., 1966 (twins)
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Oxygen Consumption

In 1904 Levy reported that maternal 02 consumption in the

human increased continuously during pregnancy; a change was

noticeable at the 3rd month. The increase was apparent whether 02

consumption was expressed in absolute values or expressed per kg.

body weight. Burwell et al. (1938) made serial measurements in

three pregnant patients beginning at 12 weeks of pregnancy and

continuing through the postpartumperiod; they found that 02

consumption had already increased 16% at 12 to 16 weeks of preg-

nancy. Other investigators have reported lower increases at the

end of the first trimester, such as 11% (Plass and Oberst, 1938;

Cugell et al., 1953), 9% (Widlund, 1945) and zero (Omatsu, 1957).

All investigators reporting increases in 02 consumption

agree that its peak occurs late in pregnancy (Figure 12). When

peak values of 02 consumption are compared with postpartum

values, the pregnancy increment ranges from a high of +32 %

(Cugell, et al., 1953) to a low of +19 percent (Hamilton, 1949;

Palmer and Walker, 1949). Widlund (1945) showed that body weight

increased 20. 5% during pregnancy while 02 consumption increased

27%; this is in good agreement with other reports (Levy, 1904;

Plass and Oberst, 1938). The mean increase in maternal oxygen

consumption in the pregnant woman is +24% (Table 9). No com-

parable values were found for experimental animals.



Table 12. Changes in Oxygen Consumption During Pregnancy.

Species Type of Control Peak preg. Increase Time of Reference and comments
control value value peak value

(ml/min) (ml/min) ( %)

Monkeys Nonpreg. 31.8 46.9 47 Term Petersen & Behrman (in press)

Humans 25 Sandiford et al., 1931
Postpart. 212 267 26 Late preg. Stander & Caden, 1932
Postpart. 170 210 24 Late preg. Burwell et al., 1938
Postpart. 210 269 28 Late preg. Plass & Oberst, 1938

14 Sontag et al., 1944
Postpart. 216 267 24 Late preg. Widlund, 1945
Nonpreg. 211 251 19 Late preg. Hamilton, 1949
Postpart. 210 251 19 Term Palmer & Walker, 1949

48 Naranjo et al., 1953
Postpart. 201 266 32 Late preg. Cugell et al., 1953
None 243 Term Rose et al., 1956
Postpart. 173 220 21 Late preg. Omatsu, 1957
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Some investigators have studied the change in basal metabolic

rate expressing 02 consumption at rest as a percent of the normal

value for persons of the same age, weight and height. Basal

metabolic rate shows a definite increase by the 6th week (Hughes,

1934). There is a continuous rise throughout pregnancy with values

elevated to a peak of 15 to 26% at term (Baer, 1921; Plass and

Yoakum, 1929; Hughes, 1938; Klaften, 1924 ; Root and Root,

1923). A rapid drop occurs immediately following delivery (Plass

and Yoakum, 1929; Hana, 1938) with normal values three days

postpartum (Baer, 1921). In one study the average increase in

basal metabolic rate was 13% greater than the weight increase (Rowe

and Boyd, 1932).

Changes in Ventilation and Acid-Base Balance

An increase in minute ventilation was one of the earliest

respiratory changes observed during human pregnancy and the

finding has been confirmed by many investigators (Levy, 1904;

Zuntz, 1910; Widlund, 1945; Plass and Oberst, 1938); minute

ventilation is elevated by approximately 48% at term while the rate

of oxygen consumption (V0) is elevated only 24%, indicating a
2

marked degree of hyperventilation. Hyperventilation precedes

changes in V0 in human pregnancy (Prowse and Gaensler, 1965).
2

The slight increase in V 0 early in pregnancy may be due to the
2
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increased respiratory work of hyperventilation (Bader, Bader and

Rose, 1959).

Changes in acid-base balance begin immediately after con-

ception and are related to a continuation of the luteal phase of the

human menstrual cycle. Alveolar P drops rapidly after ovu-
2

lation and remains low throughout the gestation period (DOring

and Loeschcke, 1947; DOring, 1948; Plass and Oberst, 1938); the

normal nonpregnant values are approximately 40 mm mercury

falling during pregnancy to 32 mm mercury as a result of hyper-

ventilation. A recent study demonstrates that the P continues
CO2

to decline as pregnancy advances with a mean value of 36 mm

mercury at 10 weeks decreasing to a mean value of 27 mm mercury

at 40 weeks (Lucius et al., 1969). Plasma bicarbonate is also re-

duced during the luteal phase of the menstrual cycle and during

pregnancy, as a compensation for the low blood P . The reduc-
2

tion of plasma bicarbonate is proportional to the fall in P ; as
CO2

a result little or no change in pH occurs (Plass and Oberst, 1938;

Derom, 1968; Prowse and Gaensler, 1965).

A Resume of Cardiovascular and Respiratory
Changes During Pregnancy and Their Inter-

relationships

In the pregnant ewe the blood volume increment (+8%) and

plasma volume increase (+10%) are proportional to the increase
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in total body mass (Metcalfe and Parer, 1966). In contrast, the

increase in cardiac output is three times (+31%) that of weight (+10%).

This increase is achieved predominantly by an increase in heart

rate (+30%) and to a lesser extent by an increase in stroke volume

(+10%). Mean arterial pressures drop 17% while cardiac output is

increasing so calculated peripheral vascular resistance shows a

marked drop (-42%). These data on pregnant sheep (Metcalfe and

Parer, 1966) are the only ones available on an animal where com-

plete comparisons can be made with human data.

In pregnant women, body weight increases considerably beyond

that accounted for by the weight of the fetus, the fetal membranes and

associated fluids. This additional weight gain is retained in part

following delivery (Hytten and Leitch, 1964). For the sake of com-

parison a value of 20% will be used for the average weight increase

during pregancy (Widlund, 1945).

During human pregnancy, maternal blood volume increases by

approximately 37%, due mainly to an increase in plasma volume

(+43%) but also to an increase in red cell volume (+22%). This

disproportional change in the components of blood results in

hemodilution, as indicated by a lowered hematocrit (-12%) and

hemoglobin concentration (-17%). Cardiac output increases approxi-

mately 39%, closely corresponding in magnitude with blood volume

changes; both are approximately two-fold the increase in body weight.
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Since cardiac output increases to a greater degree than oxygen

consumption (+24%), the arterio-venous 02 concentration differ-

ence is narrowed.

From a respiratory standpoint, because the pregnant woman

begins to hyperventilate early in pregnancy, the blood CO2 concen-

tration and partial pressure fall. A transient respiratory alkalosis

occurs but renal compensatory mechanisms come into play; plasma

bicarbonate falls and the net result is that little or no change in

blood pH occurs (Oberst and Plass, 1940; Reiman et al., 1953).

Mechanisms Associated With Hemodynamic
and Respiratory Adjustments During Pregnancy

The mechanisms by which the observed changes in hemo-

dynamics and respiration are brought about during pregnancy are

not well understood.

Burwell compared the circulatory changes seen during pregnancy

in the human to those associated with an arterio-venous shunt and

suggested that a localized area of low vascular resistance develops

in the placenta due to erosion of maternal arterioles in the placental

bed (Burwell, 1938). Two findings unexplained by the hypothesis

are the drop in cardiac output and the increase in vascular resistance

as term approaches. It is postulated that this reported decrease in

blood flow at term is largely an effect of body position (supine)

brought on by inferior vena caval occlusion (Pyorola, 1966;
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Lees et al., 1967; Kerr, 1968). However, Ueland et al. (1969)

demonstrate that the decline in cardiac output near term is more

than a positional effect.

The similarities between the cardiovascular changes of

pregnancy and those of an arterio-venous shunt have been critically

evaluated (Winner, 1965). In patients with A-V shunts, vasocon-

striction and increased peripheral resistance occur in other vascu-

lar beds than that involved by the fistula; in contrast, during

pregnancy no areas of vasoconstriction have been found. It was

suggested that during pregnancy the entire body is a "modified"

arterio-venous shunt (Winner, 1965).

It has been postulated that hypervolemia in itself increases

the cardiac output during pregnancy (Bader and Bader, 1968).

Intravenous infusions of fluids have resulted in increases in output

(Huckabee et al., 1950; Eichna et al., 1954), but dogs made

hypervolemic by dextran infusion did not show an elevated cardiac

output unless anemia was associated with the hypervolemia (Fowler

et al., 1958). Hypervolemia then becomes the central hemodynamic

variable, but the cause of the hypervolemia and especially of the

greater and more rapid increase of plasma volume with the lesser

increase in red cell volume is very speculative. Zarrow concluded

that the hypervolemia of pregnancy could be attributed primarily to

structural changes in the circulatory system and that a multiplicity
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of factors are probably involved (Zarrow, 1961).

In the human, modest increases in blood volume have been

observed in patients under estrogen treatment (Pritchard, 1965).

In one study the increases in blood volume were associated with

decreases in hematocrit (Witten and Bradbury, 1951).

The effects of estrogens on hemodynamics have been studied

experimentally. Parer, Metcalfe and Jones (1964) infused ewes with

estrone (16 mg. in saline) over a three-hour period and found in-

creases in blood volume (+9%) and cardiac output (+14%) associated

with a decreased peripheral resistance ( -14%). Subsequently,

Ueland and Parer (1966) infused estrogens over a four-hour period

into nonpregnant ewes using either a mixture of conjugated estrogens

(Premarin, 80 mg. ), estradiol (100 mg.) or estriol (100 mg.).

These substances caused no changes in blood volume or hematocrit,

but Premarin induced changes in cardiac output (+32%), heart rate

(+50%), mean arterial pressure (-10%) and peripheral resistance

(-19%). Estradiol increased only cardiac output (+43%), whereas

estriol had no effect on any of the functions studied. Ueland and

Parer (1966) attributed the changes in blood pressure to vasodilata-

tion resulting in decreased peripheral resistance and increased

cardiac output. The long term effects of estrogens have not been

investigated.

Newcomer (1947) evaluated the contribution of the hypophysis,
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ovary, placenta and fetus to the development of the anemia of

pregnancy in the rat. The presence of the placenta in the absence

of the hypophysis, ovary and fetus resulted in an anemia comparable

to that found in pregnancy, leading him to conclude that the placenta

secretes some hormone which is responsible for the anemia in

pregnant rats. Pritchard (1965) also postulated that the placenta

of the pregnant woman secretes a hormone contributing to the

hypervolemia of pregnancy.

Others have postulated that the decreased peripheral vascular

resistance during pregnancy is due to the effects of progesterone

causing vessel dilatation. The decreased peripheral resistance

would then result in an elevated cardiac output and an enlarged

blood volume (Brehm and Kindling, 1955). However, there are

few or no data to support the concept that progesterone alone will

cause such changes. Progesterone injections into castrate male

Pygmy goats resulted in a 22% decrease in cardiac output (Gabbe

et al., 1969) and in intact female goats, a cardiac output reduction

of 20% was reported (Franklin et al., 1962). Continued daily in-

jections (6 mg/kg) for six weeks into castrate male Pygmy goats

resulted in a significantly reduced arterial blood pressure associa-

ted with an increased peripheral vascular resistance and no change

in plasma and blood volume (Gabbe et al., 1969). Progesterone

injections given to ovariectomized rabbits caused no significant
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vascular changes (Horger and Zarrow, 1957). Progesterone,

however, enhances the effect of low levels of estrogen in increasing

the blood volume. At high levels of estrogen, progesterone was

found to inhibit the estrogen effect (Horger and Zarrow, 1957).

The usual causes of hyperventilation associated with lung

disease are absent in pregnancy requiring the consideration of

causal mechanisms outside of the cardio-pulmonary apparatus

(Prowse and Gaensler, 1965).

The first clue to an understanding of the hyperventilation

of pregnancy was the observation that a decrease in partial pressure

of CO2 in arterial blood (PaC0) can also be observed in cycling
2

women during the luteal phase of the menstrual cycle (Hasselbalch

and Gammeltoft, 1915; Goodland. and Pommerenke, 1952).

Hyperventilation in humans receiving progesterone medication has

also been observed (Heerhaber et al., 1948; Good land et al., 1953);

a maximum hyperventilatory response was noted 24 hours after

injection in male subjects; the Paco decreased by four mm of
2

mercury, corresponding to a 10% increase in minute volume.

Heerhaber (1948) termed the effect of progesterone on respiration

an "increased irritability" of the respiratory center. Progesterone

and estrogens were found to have synergistic effects (D.o.ring et al.,

1950; Good land et al., 1953). It has been subsequently suggested

that progesterone decreases the threshold of the respiratory center
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while estrogen may increase its irritability; the effect of the two

hormones together appears to be additive (Wilbrand et al., 1959).

The changes in acid-base metabolism noted during pregnancy

result from hormone-stimulated hyperventilation. The sequence

of events begins with an early increase in tidal volume and minute

ventilation causing a drop in PaC0 with a transient respiratory
2

alkalosis. This is compensated for by a lowering of the plasma

bicarbonate concentration causing the pH to return to normal levels;

renal excretion of bicarbonate compensates for the lowered PaCO2

and does not appear to be affected by changes in pH or plasma

bicarbonate (Relman et al., 1953; Schwartz et al., 1959).

A review of the literature dealing with man and animals

supports the conclusion that dynamic, reversible cardiovascular

and respiratory adjustments occur in the pregnant mother. What

specifically initiates these changes and its (or their) mode of

action has not been satisfactorily answered, nor has the importance

of these adjustments in maternal physiology to the health of the

fetus.

"From the standpoint of physiological function,
pregnancy cannot be regarded as a process of foetal
growth superimposed on the ordinary metabolism of
the mother. Foetal development is accompanied by
extensive changes in maternal body composition and
metabolism.... The committee prefers to use the
term 'adjustment' rather than 'adaptation' to describe
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the physiological changes occurring during pregnancy.
Adaptation implies adjustment to an essentially unde-
sirable situation, whereas pregnancy is neither ab-
normal nor undesirable. Many of the adjustments begin
early in pregnancy before foetal growth is appreciable and
therefore cannot be interpreted as reactions to ' stress!.
Undoubtedly many of them are under hormonal control,
although the precise mechanisms are poorly understood

(World Health Organization, 1965, p. 6)
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MATERIAL AND METHODS

Experimental Animals

The animal model utilized in this study was the Pygmy goat

(Fig. 1 and 2). This genetic stock is indigenous to the African

continent and has also been referred to as the Cameroon goat

(Hilzheimer, 1922), the African Dwarf goat (Wilson, 1958), the

African Pygmy goat (Parer et al., 1967) and the miniature goat

(Ragen et al., 1966). These animals readily adapt to the laboratory

and are easy to handle and care for in confined conditions. Their

size is adequate for an experimental study necessitating insertion

of catheters into the large vessels (carotid artery and jugular vein),

and they are large enough so that withdrawal of 30 to 50 ml of blood

at three-week intervals causes no serious hemoglobin depletion.

The mean age of the eight animals in the pregnant group

prior to conception was 404 + 253 days. Their mean weight was

19.4 + 6.3 kg. The large standard deviation was due in the main

to two animals that were studied in two consecutive years; one

was a nonpregnant control the first year and studied while pregnant

the second year; the other was studied during two consecutive

pregnancies. The mean ages of these two animals when they

started the pregnancy study the second year were 663 and 886

days, respectively. Seven of the pregnant animals were studied
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3

Figure 2. A Mature Female Pygmy Goat
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in their first pregnancies.

The limited availability of nonpregnant females for controls

necessitated the use of some castrate males in this group. The

nonpregnant control group consisted of five females and four

castrate males with a mean age of 321 + 74 days and a mean weight

of 15.0 + 3.0 kg. at the beginning of the study.

Pre-Investigation Procedures

The right carotid artery was exteriorized in a skin tube

(Bone, Parer and Metcalfe, 1962). This procedure permitted re-

peated catheterization of an artery under local anesthesia. All

animals were taught to lead on a halter and were conditioned to

stand for several hours at a time in a portable stanchion in the

research laboratory. This experience made the experimental

subjects unafraid of either people or the laboratory environment.

Care of the Animals During the Investigation

All experimental animals were maintained as one group in

an outside area with access to a dry, straw-bedded shed and ample

space for exercise. They were fed ad libitum, a pelleted feed

containing predominantly sun-cured alfalfa with free access to

straw, trace mineralized salt and fresh water. During the mating

period an intact male equipped with a breeding harness ran freely
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with the entire group. Each time the male mated a female a

colored mark was left on her rump. The color of the crayon in the

breeding harness was changed each 20 days.

Twenty-four hours preceding each study, the animals were

moved by car from the outside pen to the Medical Research Building,

a distance of approximately two miles. The holding pens in the

Medical Research Building are air-conditioned and the thermostat

is set at 68°F. The animals were allowed no water or feed during

the 24 hours before the study. The experimental animals were

returned to the outside facilities on the same day they were studied

or shortly thereafter.

In no case were the females permitted to suckle their young

beyond the first 24 hours, and in most instances the kid was re-

moved within minutes of delivery. This procedure was followed in

an attempt to minimize effects due to lactation.

Description and Explanation of Experimental Methods

Blood Pressure and Heart Rate

Pressures in the carotid and pulmonary arteries were recorded

by attaching the saline-filled catheters, one after another, to a

strain-gauge transducer (Statham, Model 023 Db) in combination

with an ink-writing recorder (Gilson Medical Electronics). The
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recorded tracings were calibrated by a built-in calibration mechanism

which was checked with a mercury manometer. The peak systolic

and lowest diastolic pressures were then calculated from the tracing

and the mean pressure was obtained from the tracing utilizing an

electronic integrating circuit on the recorder. The zero point of

pressure was set at the base of the chest (brisket) in all instances

with the animal standing. (Figure 3). ,

The recorder had a timing mechanism with a write-out at

two second intervals. Pulse rate was determined by counting the

systolic pressure peaks over a known period of time and converting

to beats per minute. Blood pressures and heart rate were obtained

in triplicate on each animal at each study and the mean of these

three measurements was used as the representative value for that

day.

Hematocrit and Hemoglobin Determination

Hematocrit values were obtained on each blood sample taken

for the determination of plasma volume and cardiac output. An

aliquot of each sample was placed in a microhematocrit tube and

spun down to constant packed volume (International Microcapillary

Centrifuge, Model M. B. ). The mean of all samples taken from

one animal on the same day was used as the hematocrit value. No

correction was made for trapped plasma.



I
$

5
S
I

5

0

S
I

49

..1111111Y111111111.11111III 116

r(, 3. An Experimental Animal Prepared with Intravascular
Catheters



50

Hemoglobin concentration was obtained on the same arterial

and mixed venous blood samples which were used for gas analysis.

The cyanmethemoglobin method was used (Miller, 1960) with

slight modifications; a 1 ml sample of blood was added to the re-

agents at a dilution of 1:250. The optical densities of these dilutions

were read with a blank made up of reagents only. Quantitation was

accomplished by comparing the optical density of the unknown sample

against a known cyanmethemoglobin standard (Hycel Cyanmethemo-

globin Standard, Scientific Products, Seattle, Washington) at a wave

length of 540 mp,

Plasma Volume (PV)

The measurement of plasma volume was made by the dye

dilution method using Evans blue dye (T 1824). Prior to each dye

injection, a sample of blood was obtained to determine the reference

optical density (OD) of plasma. For each determination one ml

of dye (0. 5 to 1.0%) was injected into the venous catheter and

washed in with three ml of normal saline. A blood sample for the

determination of plasma volume was taken exactly 10 minutes

after each dye injection. These 10-minute samples (and the

reference samples) were centrifuged, the plasma aspirated and

transferred to densitometer curvettes. The optical density of

plasma from each 10-minute sample was read in a spectrophotometer
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(Coleman Jr.), at 620 mil using its pre-injection reference sample

as a blank. Three consecutive plasma volume determinations were

obtained at each study; their mean value was used for that animal

on that day.

In order to quantitate the spectrophotometric OD reading,

1 ml of the same dye solution which had been used for the plasma

volume determinations was injected into a one liter volumetric

flask, washed in with three ml of heparinized saline, and the flask

filled to volume with distilled water. The OD of this known volume

was used in the following formula to determine plasma volume:

PV Volume (Std) x OD (Std)
OD (Unknown)

Blood Volume (BV)

Blood volume was calculated from the average hematocrit

(Hct) and individual plasma volume (PV) values using the

formula:

BV - PV
(1. 00 Hct)

No corrections were made for trapped plasma in the packed

cell column. This simplification introduces a consistent bias

toward over-estimation in the calculation, but it should not

materially affect the validity of the comparisons of data obtained
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successively during the period of observation. Three calculations

of blood volume were made from the data obtained at each study.

Red Cell Volume (RCV)

The total volume of erythrocytes was calculated as the

difference between mean blood volume and mean plasma volume

at each study. Since no correction was made for trapped plasma,

the calculated red cell volume is biased upward. Red cell volume

was calculated according to the equation:

RCV = BV x Hct

Cardiac Output (Q)

Cardiac output by definition is that volume of blood pumped

forward by each cardiac ventricle per minute. The method utilized

for measuring it was the dye dilution method (Stewart, 1897;

Hamilton et al., 1928) using Evans blue dye . This method is based

on the principle that as an indicator substance is injected into a

flowing liquid its subsequent downstream dilution depends upon

the volume of flow per unit time in the stream with which it mixes.

The conditioned animal had previously had venous and arterial

catheters advanced into the vascular system and was standing at

ease (Fig. 3). The equipment at hand (Fig. 4) included a recording

densitometer with amplifier (Colson, Model 103), a recording
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Figure 4, The Research Laboratory Showing Equipment and Animals



54

system (Gilson Medical Electronics) and a blood withdrawal pump

(Harvard Apparatus Company). The Colson densitometer contained

an optical filter which passes light at a wavelength of 625 rrIp,

so that the phototube received light in the region where Evans blue

dye has its maximum absorption.

For each measurement of cardiac output a known amount of dye

was injected into the pulmonary artery. The dye was carried by

the blood through the pulmonary vascular tree, the left atrium, the

left ventricle and then entered the systemic arterial tree, well

mixed with blood. The concentration of dye in blood flowing into

the aorta was measured by withdrawing blood from the carotid

artery through its catheter at a constant rate; this blood passed

through a continuously recording densitometer whose output was

amplified and recorded. When the forefront of the dye-bearing

blood in the arterial stream passed through the densitometer, an

upward deflection of the pen signaled the increase in optical density

(Fig. 5). In a short time the peak dye concentration was reached;

then optical density fell as the bolus of dye passed downstream.

This series of events produces a typical dye dilution curve as

shown in Figure 5.

The down-slope of a dye dilution curve shows an exponential

decay, but before it reaches the baseline, recirculation of dye-

containing blood usually occurs; this recirculation necessitates
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correction since only the dilution occurring during the first circu-

lation of dye can be used in the calculation of cardiac output. The

curve of dye concentration which excludes recirculating dye is

called the "primary curve".

The formula for calculation of cardiac output (Q) is as

follows

Q Area under x OD x Withdrawal x (1. 0 - Hema-
primary curve (pooled plasma) time (sec. ) tocrit)

Vol. in L. Std x OD(Stdl x Area of recorded curve x 60

The area of the recorded curve was measured (cm 2) using

a planimeter. The time of blood withdrawal was measured from

the paper (speed 1 cm/sec) knowing the times when withdrawal

began and ended. The total area under the primary curve can be

calculated if the point when recirculation began can be determined

(Fig. 5). When the height (in cm) above the baseline of the

descending limb of the decay curve is determined at one half

second intervals and plotted on the logarithmic axis of semi-log

graph paper against time (in sec.) plotted on the linear axis, a

straight line would result if recirculation had not occurred.

However, if recirculation has occurred, its appearance will be

signalled by readings of optical density which fall above the linear

decay line established by earlier points. Therefore, the last

point fitting the constant slope was used as time of recirculation
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(Fig. 5). The area of the curve appearing after recirculation (which

is cross-hatched in Fig. 5) was subtracted from the total area of

the recorded curve. The remaining tail of the primary curve was

calculated (Fig. 6) and added to the area recorded prior to recircu-

lation to obtain the total area under the primary curve for use in

the calculation of cardiac output.

Calibration of the densitometer system was accomplished by

determining the optical density (against a plasma blank drawn just

before dye injection) of plasma drawn continuously during inscription

of the curve (OD Pooled plasma) and expression of that optical

density relative to the average deflection of the recorded curve

above baseline (area under recorded curve/withdrawal time).

The exact dose of dye injected was determined by

injecting exactly the same amount of the same dye solution as that

used for cardiac output determination into a known volume of

distilled water and measurement of the resultant optical density.

These data (Volume Standard x OD Standard) also appear in the

equation for calculation of cardiac output. The remaining factors

correct for units of time (60 = seconds/minute) and for measure-

ment of blood flow rather than plasma flow (1.0 - Hct).

Three measurements of cardiac output were made on each

animal at each study. The mean of these was taken as the cardiac

output for that day.
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Figure 5. Intravascular Pressure Tracings and a Dye Dilution
Curve. The shaded area in the dye dilution curve is
that area after recirculation has occurred. This area
after circulation (3. ] cm 2) is subtracted from the total
area under the recorded curve (IC, Figure 8). The re-
maining tail of the primary curve was calculated and
added to the area recorded prior to recirculation to
obtain the total area under the primary curve for use in
the calculation of cardiac output (Figure 7, items II and
III).
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Figure 6. Exponential Dye Dilution Decay Curve Plotted on Semi-
log Graph Paper. If recirculation occurs its appearance
will be signalled by readings of optical density which fall
above the linear decay line established by earlier points.
The last point fitting the constant slope was used at the
time of recirculation (Figures 5 and 7). T/2 designated
the time for concentration to decline 50 percent. The
concentration before recirculation is that last value fitting
the straight line (4. 3 cm) and is used in calculating the
extrapolated decay curve (Figure 7, item II).
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Peripheral Resistance (PR)

The peripheral vascular resistance expressed in dynes-

sec-cm-5 was calculated according to the formula:

PR - Mean Arterial Pressure x K
Cardiac Output (Q)

The value used for K was 79.92 (Warren and Gorlin, 1958).

The three individual cardiac output measurements and the average

of the three measurements of mean arterial blood pressure were

used for each calculation.

Stroke Volume (SV)

Stroke volume is that amount of blood pumped forward with

each contraction of the ventricle. This was calculated by dividing

cardiac output (Q) by heart rate (HR) and expressed in ml per beat:

SV -
HR

Hemoglobin Flow (HbF)

Hemoglobin flow (HbF) was calculated as the product of blood

hemoglobin concentration expressed in gm/L and cardiac output (Q)

expressed in L /min; HbF is expressed in gm /min. The formula

for calculation was:
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HbF = (CHb x 10) xQ

This value was also expressed per unit of body weight

(HbF/Kg) expressed in gm/min/kg.

Total Circulating Hemoglobin (TCHb)

This parameter was calculated by converting blood hemo-

globin concentration (expressed in gm %) to gm/L and multiplying

the result by the total blood volume:

TCHb = (Glib x 10) x BV

Total circulating hemoglobin was also expressed per kg

body weight (TCHb/Kg).

Blood Oxygen Capacity

The capacity of blood for 02 transport was calculated

knowing that each gram of hemoglobin will bind 1. 34 ml of 02.

Thus a hemoglobin concentration of 10. 0 gm percent would have

an 02 capacity of 13.4 vols percent.

Blood 02 and CO2 Concentrations

The concentrations of 02 and CO in arterial and mixed
2

venous blood were determined by manometric means in a Van
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Slyke apparatus (Van Slyke and Neill, 1924).

Blood Oxygen Saturation

Oxygen saturation expressed in percent was calculated by

dividing the 02 concentration in arterial (Ca0) or venous
2

(C- ) blood by the 02 capacity of that blood and converting tovo

percent:

S- -
v02

C-y 02

CHb x 1.34

Partial Pressure of Oxygen in Blood

x 100

The partial pressure of 02 in mixed venous blood (P- )

0

was read from a standard blood 02 dissociation curve for

Pygmy goats, knowing percent saturation and pH (Parer,

Hovers land and Metcalfe, 1967).

Partial Pressure of Carbon Dioxide in Blood

The partial pressures of CO2 in arterial (Pa ) and
CO2

mixed venus (P- ) blood were estimated from plasma pH
CO2

2

and blood CO2 concentrations using a nomogram based on human
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data (Van Slyke and Sendroy, 1928). Parer et al. (1967) found

that this method was acceptably accurate when applied to Pygmy

goat blood.

Oxygen Consumption (V0 )
`12

The amount of 02 consumed by the animal may, according

to the Fick principle, be calculated as the product of cardiac

output (Q) and the arterio-venous blood 02 concentration difference.

The arterio-venous 02 concentration difference (Ca - Cv )

002
2

expressed in vols percent must be converted to vols per liter:

Vo = (C - C- ) x 10 x Q
2 02

Coefficient of Oxygen Utilization

This coefficient expresses the percentage of oxygen in

arterial blood which is extracted during passage through the

peripheral tissues of the body. This coefficient was calculated

as follows:
C C-
a0

2
C

a0z

x 100
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Blood Plasma pH

Arterial and venous plasma pH were determined using a

Radiometer (Model BDC-1) capillary glass electrode and amplifier

with a direct dial read-out.

Plasma Bicarbonate Concentration in Blood

Plasma bicarbonate [HCO3 ] levels were read from nomogram

derived from analysis of human blood (Van Slyke and Sendroy,

1928). The data necessary to read bicarbonate levels from the

nomogram are blood CO2 concentration, hemoglobin concentration

and plasma pH. The values obtained from the nomogram may not

be exact for goat blood, but they should show relative changes which

occur during pregnancy and following parturition.

Procedure at Each Study

On each study day the animals to be used were weighed and

each was placed in a rolling stanchion. The goat was tied by a

head halter and stood in a Pavlov sling which restricted body move-

ment. The area of the lower neck was clipped and washed with

soap and pHisohex. The skin and subcutaneous tissues over the

exteriorized carotid artery and over the jugular vein were infil-

trated with 2% Lidocaine (Invenex, San Francisco, California).

At each of the two points where catheters were to be introduced,

a small incision was made with the point of a scalpel blade.
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The jugular vein was catheterized first. The vein was occluded

low in the neck by thumb pressure causing engorgement of the vessel

and making it easy to locate. A 2", 14 ga., thin-walled needle was

introduced into the jugular vein and a polyvinyl catheter (OD . 070 ",

ID . 038 ", both reduced by stretching and of 60 cm length) was passed

through the needle until approximately 15 cm. had entered the jugular

vein. The needle was then removed leaving the catheter in place,

and a Luer-Lok adapter and a 3-way stopcock were attached to the

catheter. Blood was withdrawn from the catheter into a syringe to

remove any air bubbles and the catheter was washed with heparin-

ized saline (1500 units per 150 ml normal saline). The catheter was

attached to a strain-gauge transducer attached to a recorder. While

pressure tracings were watched, the catheter tip was advanced

through the right ventricle and into the pulmonary artery. This

position could be readily identified by a specific pressure tracing

exhibiting a diastolic pressure of approximately 20 mm Hg and a

mean arterial pressure of approximately 23 to 28 mm Hg (Fig. 5).

The external portion of the catheter was then taped to the neck near

its point of insertion to insure stability and a saline drip was

attached to maintain patency.

The carotid artery was catheterized by advancing a 2", 18 ga.,

thin-walled needle into the exteriorized artery. When blood spurted

from the needle the artery was pinched between the thumb and



65

forefinger, while a 60 cm., 40# nylon monofilament fish leader was

passed into the needle and advanced approximately 15 cm. The

needle was then removed and the projecting portion of the leader

wiped free of blood. A polyethylene catheter (Intramedic PE 160,

ID . 045" and OD .062"), 50 cm long and pulled down on the tip to

fit snugly over the fish leader, was now advanced over the leader

but was not allowed to enter the skin incision until the outside end

of the leader projected beyond the catheter's outer end by approxi-

mately 2 cm. The catheter and enclosed leader were advanced

through the incision and arterial wall until about 10 cm of the

catheter lay within the artery. The leader was then removed and

a 3-way stopcock was attached to the outside end of the catheter.

Blood was aspirated into a syringe and the catheter was washed

and left filled with heparinized saline. The catheter was anchored

to the skin loop by adhesive tape.

If several animals were to be studied on the same day, three

were prepared before any measurements were taken. Each subject

was given a minimum of 20 minutes to relax following catheter

insertion before hemodynamic studies were initiated.

Red warning lights were placed on the doors leading to the

laboratory to prohibit entrance during a study. The cardiovascular

measurements were taken in the following order:



Subject # 84 Date 4.-1-

Calculation Sheet

C. 0. # 2 of 3 Remarks Animal Quiet

I. Date from recorded tracing
A. Area under recorded curve
B. Time of blood withdrawal
C. Area under recorded curve before recirculation

66

Data from semilog of 1° circulation curve
A. T/2: Time for concentration to decline 50%
B. Cb: concentration from baseline at end of recording (before recirculation)
C. Area under extrapolated decay curve: 1. 44 x T/2 x Cb

1. 44 x 1. 2 x 4. 3

III. Area under 1° curve = I. C. + II C. =

IV. Other Data
A. 0. D. Standard
B. Volume Standard (L) 1

C. 0. D. pooled plasma
D. 0. D. 10 min. sample

28. 4 + 7.4

0. 320

0. 455
0. 294

V, Cardiac Output Calculation (o7?)

2
31.5 cm
18.0 sec

2
28.4 cm

1. 2 cm
4. 3 cm,

7. 4 cm
2

2
35. 9 cm

E. Mean arterial pressure 96 mm
F. Pulse 78 /min
G. Hematocrit 28
H. Subject weight 18.5 kg

Volume standard x 0. D. standard x Area under recorded curve x 60

Area under 1 curve x 0. D. pooled plasma x withdrawal time x (1 - Hct)

1 X 0.320 X 31. 5 X 60 604. 8
35.9 X 0.455 X 18.0 X 0.72 211. 7

Q/ kg

S. V. = Q/Pulse

P. R.

P. V.

B. V. (1 - Hct)

Mean arterial pressure x 79. 92
Cardiac output

Volume standard x 0. D. standard
0. D. 10 min. sample

P. V. (L)

B. V. /kg

V
O

= Q x (C
a

- ) x 10
2 02

2. 86
(L/min)

2.86 0.155
18. 5 (L/min/kg)

2. 86 0.037
78 (L)

96 X 79.92 2683
2. 86 (dyne-sec-cm-5)

1 X 0.320 1.09
0.294 (L)

1.09
0. 72

1. 51

18. 5

2.86 x 4.60 x 10

1. 51

(L)

0.082
(L/kg)

125.6
(ml/min)

Figure 7. A Sample Sheet Showing Calculations in Determining Cardiovascular Characteristics.



Pressures #1

PV-Blank

Q #1

Pressures #2

PV #1

Q #2

C & C-a v (02 & CO2)

Pressures #3

PV #2

Q #3

PV #3
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Arterial and venous blood
pressure tracings

Plasma sample for spectro-
photometer blank

Cardiac output

Arterial and venous blood
pressure tracings

Plasma volume sample, 10"
after Q #1

Cardiac output

Arterial and mixed venous
samples drawn simultaneously
and anaerobically

Arterial and venous blood
pressure tracings

Plasma volume sample, 10"
after Q #2

Cardiac output

Plasma volume sample, 10"
after Q #3

The saline-filled catheters were attached in turn to a

strain-gauge transducer; instantaneous and mean pressures in

the carotid and pulmonary arteries were obtained. Preparation

was then made to take the first cardiac output measurement. The

arterial catheter was cleared of saline by withdrawing a minimum

of 2 ml of blood. A 5 ml blood sample was withdrawn to be used

as the spectrophotometric blank in the determinations of plasma
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volume #1 and cardiac output #1. The arterial catheter was

attached to the continuously-recording cuvette densitometer. The

dye injection apparatus was attached directly to the venous catheter.

We were now ready to take the first cardiac output. The recorder

was started. One operator started the withdrawal pump and opened

the arterial catheter at the same time. When the arterial blood

reached the densitometer, the write-out pen rose to the top of the

paper because of the blood's high optical density. The pen was

electronically adjusted to the baseline; when a stable baseline was

established, a second operator injected the dye into the pulmonary

artery via the venous catheter. When the injection was completed,

a stopwatch was started so that a blood sample (PV #1) could be

collected 10 minutes later. There was a short time lag, then the

densitometer pen inscribed a dye dilution curve (Fig. 5). When an

adequate downslope of the curve had been recorded, the stopcock on

the arterial system was turned so that air entered the densitometer

and the recording pen rapidly fell to the bottom of the paper be-

cause of the sudden drop in optical density. Both catheters were

then washed with saline and were ready for taking pressures. Ten

minutes after dye injection, a blood sample was taken for determina-

tion of plasma volume; this sample also served as a reference for

cardiac output #2, The procedure was repeated until all

measurements were taken in triplicate.
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Blood gas samples were taken immediately following cardiac

output #2. For each of these, blood was drawn into a greased,

5 ml syringe with heparin-fluoride solution in the dead space. These

samples were drawn simultaneously and kept anaerobic. Mercury-

filled caps were placed on the syringes which were kept in iced

water until analyses on the Van Slyke apparatus were completed.

When a study was complete, the blood samples were taken to

an adjoining room where hematocrit, blood hemoglobin concentra-

tion, blood pH and analyses for 02 and CO2 were obtained. The

blood samples taken for plasma volume determinations and those

obtained while determining cardiac output were centrifuged and the

optical densities of the plasma were determined.

These animals were studied at 3-week intervals. After experi-

ence had been acquired, triplicate measurements were taken on five

animals each study day. Following each study, each animal was

given a 1 ml im injection of iron dextran (Imferon, 50 mg of iron per

ml, Lakeside Laboratories, Inc.) to insure adequate iron stores

during the experimental period.

Comparison of Pregnancy Versus Control Values

All the animals in this study were young and still growing

and many of the variables under study are known to change with
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growth. Comparing late pregnancy values with preconception values

would be invalid because the animal's growth between the two periods

of time would have affected the measured variables. More appropri-

ate would be a comparison of values obtained during pregnancy with

mean values in the early postpartum period; this procedure assumes

that the characteristics being studied adjust rapidly to nonpregnant

levels early in the postpartum period.

Three statistical tests were applied to determine whether values

obtained during pregnancy were significantly different from control

values:

(1) The mean value for all pregnant females at study interval

6 or 7, whichever was the more extreme, was compared with the

mean postpartum value using the two-tailed t test (Snedecor and

Cochran, 1967).

(2) The slope of the regression line (C D, Fig. 8) fitted through

the mean values of the pregnant animals at study intervals 4 through

7 was compared to the slope of the regression line (A B, Fig. 8)

fitted through the mean values of the same animals at intervals 0

through 3 and 8 and 9.

(3) The slope of the regression line (C D, Fig. 8) fitted through

the mean values of the pregnant animals at study intervals 4

through 7 was compared to the slope of the regression line (C' D',

Fig. 8) fitted through the mean values of the nonpregnant animals
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at intervals 4 through 7.

A statistic expressing the fraction of variability accounted for

by regression was computed:

R2
Sums of squares due to regression

Sums of squares, total

If this value is 1.0 it indicates that all the variability noted is

due to regression and that the calculated line fits all observed

points. Thus the R2 value is a measure of goodness of fit of the

calculated line through the observed values.

"Much might be done, would we but endeavor, and
nothing is insuperable to pains and patience. I know
that a new study at first, seems very vast, intricate,
and difficult; but after a little resolution and progress,
after a man becomes a little acquainted, as I may so
say, with it, his understanding is wonderfully cleared
up and enlarged, the difficulties vanish, and the thing
grows easy and familiar. " (Ray, 1701, p. 227)
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The best fitting linear equations were calcqlated using
the formula Y -- a + bX where Y is the unknown to be
calculated, a is the intercept, b is the regression of
body weight on study interval and X is the study inter-
val at which a particular Y might be calculated. The
best fitting linear equation for lines AB A'B' C D
and C'D' are

A B 17.96 + 0. 85X (R2 . 985)

A'13' 13.34 1.04X (R2 .985)

C D 10.33 + 2.47X (R2 .999)

C'D' 11.60 + 1.24X (R2 1.000)
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RESULTS

The data obtained during this study are displayed in graphic

form within the text (Figures 9-48) where the mean (x) and standard

deviation (SD) are shown for each characteristic studied at each

three-week interval (study interval) for pregnant and control

animals. The study intervals have been numerically designated

0 through 9, but weeks of pregnancy, weeks prior to conception

and weeks postpartum are also shown. These latter designations

do not, of course, apply to the control animals, which were studied

concurrently. The exact numerical mean values at each study

interval as well as sample size, (n), standard deviation (SD)

and standard error of the mean (SE-) are shown for each charac-
x

teristic studied in Appendix Tables 1-41.

Reproductive Information

Four of the pregnant females delivered a single fetus, three

delivered twins and one gave birth to triplets. The average fetal

weight delivered per doe was 2.46 kg (Table 13). Individual fetal

weights varied from a low of 0.88 to a high of 2.25 kg.

Body Weight

The mean body weight of the pregnant does was consistently
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Table 13. Reproductive Information on the Pregnant Goats Studied.

Goat
No.

Type of birth Individual kid Fetal weight
Sex of kid Weight per doe

(a) Qg)

58 Twin F 0.88 1.79
F 0.91

52 Single F 1.48 1.48

57 Single F 2.25 2.25

72 Triplet M 1.70 4.40
M 1.54
F 1.16

75 Single F 1.48 1.48

91 Single M 2.02 2.02

58 Twin M 1.82 3.30
F 1.48

68 Twin M 1.50 2.98
F 1.48

heavier than that of the nonpregnant control animals (Fig. 9 and

Appendix Table 1). During the first four study intervals (0 through

3) and again following parturition the difference in mean weight

was three to four kg; beginning at 10 to 12 weeks of pregnancy, the

pregnant does showed a more rapid increase in weight, which

peaked at term. The peak weight at term (30.1 + 6.7 kg) was 15%

higher than the mean postpartum weight (26.1 + 5.2 kg). In con-

trast, the weight of the nonpregnant animals differed in that there
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was an 8% change in the opposite direction over the same period

of time.

The mean body weight of pregnant females at term when com-

pared with their mean postpartum weight was significantly differ-

ent by the t test and regression analysis. The slope (2. 4677;

R2 = . 9993) of the regression line CD (Figure 8) fitted through

the mean values of the last four intervals of pregnancy (study

intervals 4 through 7) was significantly different (P < , 0 1) than the

slope (.8459; R2 = . 9846) of the line AB drawn through the values

obtained in the same animals during study intervals 0 through 3,

8 and 9. The slope of the line CD also differs significantly

(P < .01) from the slope (1.2425; R2 = .9996) of the line C' D'

fitted through the values obtained in the same study intervals (4

through 7) from the control animals. The variability due to re-

gression (the passage of time reflected by successive study in-

tervals) accounted for nearly all of the variability; the R2

values approach 1.0 in all instances.

Rectal Temperature

Rectal temperatures ranged from a low of 103.4° F

to a high of 104. 0° F in the pregnant group with the higher values

during the fifth and sixth study intervals (Figure 10 and Appendix

Table 2). Rectal temperatures of the control animals remained at
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approximately 104. 0°F during the first half of the experimental

period and dropped to 1 03. 0°F during the latter part of the study.

These differences were not significant (P>. 05).

Hematocrit

The hematocrit value of the pregnant group tended to be

higher than that of control animals except at interval 2 and again

near term (16 to 21 weeks of pregnancy). At study intervals 3

through 5 their hematocrit averaged approximately 29. 4 %; it fell

to low values at term (27.5 + 1. 9 %) and rose again following delivery

to a mean of 29.1 + 2. 7 %, resulting in a calculated 5% decrease

during pregnancy (Figure 11 and Appendix Table 3). Hematocrit

values for the nonpregnant control animals varied from 26. 9 to

28. 5 %. The differences between the values during pregnancy and

those in the postpartum period were not significant (P>. 05).

Blood Hemoglobin Concentration

Blood hemoglobin concentrations were generally higher in

the pregnant group than in the nonpregnant controls (Figure 12

and Appendix Table 4). During pregnancy the mean hemoglobin

concentration declined from 9. 9 + 0.8 grams percent at mid-

pregnancy to a mean of 9. 3 + 0.7 grams percent at term;

following delivery the mean returned to 9. 9 + 1.2 grams percent,
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representing a 6% change between late pregnancy and postpartum

values. Blood hemoglobin concentrations varied from 9.0 to 9.6

grams percent in the nonpregnant animals. Differences noted in

late pregnancy as compared to the postpartum period were not

significant (P >. 05).

Heart Rate

Heart rates were similar in the pregnant and control groups

early in the study (intervals 0 through 3) and again late in the study

(intervals 8 and 9). A distinct difference was noted as pregnancy

advanced from 10 to 12 weeks of pregnancy and continuing to term;

the average heart rate in the pregnant females at term (115 + 15

beats/min) was 32% higher than their mean postpartum value

(87 beats/min). The average heart rate in the control animals

rose slightly in mid-study (intervals 2, 3, 4 and 5), then continued

to decline to the end of the study (Figure 13 and Appendix Table 5).

The elevated heart rate in late pregnancy was significantly

different (P<. 01) according to all three tests; the slope (6.4484;

R2 = . 9101) of the line CD though the mean values in late

pregnancy was different than the slope (.0336: R2 = . 0014) of the

line AB through the control values of the same animals (intervals

0, 1, 2, 3, 8 and 9) and from the slope (2. 7338; R2 = .8254) of

the line C' D' fitted through the values of the nonpregnant control
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animals during intervals 4 through 7.

Systemic Arterial Blood Pressures

Early in the study period (intervals 0 through 4) systolic

blood pressure ranged from 120 to 129 mm mercury in both

experimental groups (Figure 14 and Appendix Table 6); diastolic

pressure during this time varied from 81 to 99 mm mercury

(Figure 14 and Appendix Table 7). Mean arterial pressure was

101 to 109 mm mercury (Figure 15 and Appendix Table 8) and pulse

pressure varied from 35 to 40 mm mercury (Figure 16 and

Appendix Table 9). In the pregnant animals, decreasing pressures

were noted commencing at interval 5 and continuing to term with

a return to normal values following delivery; mean systolic pres-

sure dropped 7%, mean diastolic pressure dropped 10%, pulse

pressure declined 8% and the mean arterial pressure at 16-18

weeks was 8% lower than postpartum values. The arterial pres-

sures in the control animals varied little throughout the study.

The average values for systolic, diastolic and mean

arterial pressures at 16 to 18 weeks of pregnancy were signifi-

cantly lower (P <. 05) than the mean postpartum values of the same

animals as shown by the t test. Pulse pressure changes during

pregnancy showed a tendency to decrease but the differences

were not significant (P > . 05).
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Mean Pulmonary Artery Blood Pressure

The mean pressure in the pulmonary artery varied in both

experimental groups from a low of 19 to a high of 28 mm of

mercury (Figure 17 and Appendix Table 10). There was little

evidence of any trend during pregnancy. There was considerable

individual variability at some study intervals.

Plasma Volume

Plasma volume increased during the period of observation

in both groups (Figure 18 and Appendix Table 11). The increases

were gradual except in the pregnant does at intervals 6 and 7

(16 to 21 weeks of pregnancy) when a sudden separation of the

pregnant and control values occurred. The peak plasma volume

at term was 1.56 + 0.13 L, compared to a mean postpartum vol-

ume of 1.38 + 0.15 L, a 13% increase during pregnancy. During

the same time the nonpregnant control group showed a 4% in-

crease in plasma volume.

Pregnancy was associated with significant plasma volume

changes (P<. 05) according to all three tests. The slope (.1187;

R2 = . 9601) of the line drawn through the mean values in late

pregnancy (10-21 weeks) was significantly different from the slope

(.0416; R2 = . 9596) of the line drawn through the animal& own

early pregnancy and postpartum values and from the slope
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(.0303; R2 = .8706) of the line fitted through the values of the non-

pregnant control animals.

Blood Volume

The blood volume of all animals increased during the period

of observation (Figure 19 and Appendix Table 12). In the nonpreg-

nant control animals, blood volume increased steadily but in the

pregnant does a rapid increase in the average blood volume occurred

during intervals 6 and 7 (16 to 21 weeks of pregnancy). The mean

blood volume at term was 2.17 + 0.21 L, 11% greater than the mean

postpartum value (1.95 + 0.21 L); over the same time period the

mean blood volume of the nonpregnant control animals increased 5%.

The slope of the regression line (. 1464; R2 = .9592) drawn

through late pregnant values was significantly different (P<. 05) than

the slope (.0433; R2 = . 9226) of the line drawn through the values

of the nonpregnant control animals during the same study intervals

(4-7) and the difference from the slope (.0567; R2 = . 9473) of the

line drawn through the animals' own control values approached

significance (P<. 10).

Blood Volume Per Kilogram

Blood volume per kg body weight was approximately 90 ml/kg

in the nonpregnant control animals during the first five intervals of
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the study and then showed a slow decline to value of 77. 2 ml/kg

(Figure 20 and Appendix Table 13). The values for pregnant does

were approximately 80 ml/kg during the first five intervals

and then declined to 72.4 + 7.6 ml/kg at 16-18 weeks of pregnancy.

The low value near term was 5% less than the mean postpartum value

(76.3 + 10.6 nil/kg); in contrast the blood volume per kg body

weight of the nonpregnant control group changed 8% in the opposite

direction over the same period of time. The change in blood volume

per kilogram associated with pregnancy approached significance

(P <. 10).

Total Red Cell Volume

Total red cell volume was consistently higher in those does

that underwent pregnancy than in control animals. In pregnant

does a more rapid rise in red cell volume occurred after study

interval 3 (7 to 9 weeks of pregnancy) than was found in the non-

pregnant control group so that the greatest difference between

the two groups appeared at term (Figure 21 and Appendix Table 14).

The mean value at term (600 ml) was 5% higher than the mean

postpartum value (570 ml). The differences observed during

pregnancy were not significant (P>. 05).
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Cardiac Output

Cardiac output increased steadily in the nonpregnant animals

from initial mean values of 2.98 + 0.55 L/min to a final value of

3.64 + 0.60 L/min (Figure 22 and Appendix Table 15). A similar

rate of increase was noted in the pregnant does during the first

six study intervals, but beginning at 16-18 weeks of pregnancy a

rapid increase in blood flow began and continued until a peak value

of 5.32 + 1.08 L/min was reached at term, a value that was 48%

higher than the mean postpartum cardiac output of 3.60 + 0.64 L/

min.

The difference in cardiac output associated with pregnancy was

significant as indicated by the t test (P<. 01) and also by regression

analysis (P <. 05). The slope of the regression line (.6588; R2 =

9362) during late pregnancy was different from both the slope

(. 0560; R2 =.8207) of the line drawn through the control values of

the same animals and the slope (. 0574; R2 = .8760) of the line

drawn through the values of the nonpregnant controls.

Cardiac Output Per Kilogram

Cardiac output per kg body weight decreased throughout the

period of observation (Figure 23 and Appendix Table 16). In the

nonpregnant group, initial values were 194 + 31 ml/min/kg and
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final values were 151 + 21 ml/min/kg. The same trend was

evident in the pregnant does but a decrease in cardiac output

per kilogram was noted at 13-15 weeks of pregnancy followed

by an increase at 16-18 weeks. Values remained high until term,

then there was a large drop to a postpartum mean of 141 + 29 ml/

min/kg as compared to a high value during pregnancy of 182 + 30

mi./min/kg, a difference of 29%. This difference in cardiac output

per kg associated with pregnancy was significant as indicated by

the t test (P<. 05).

Stroke Volume

Stroke volume showed a consistent increase in the growing,

nonpregnant animals throughout the study with an initial average

of 35.0 + 5.2 ml/stroke and a final value of 44.8 + 7. 3 ml/stroke.

An accelerated upward trend in stroke volume was noted in preg-

nant does at 16-18 weeks to a peak value at term (Figure 24 and

Appendix 17) of 46.5 +8. 9 ml/stroke, 10% higher than the mean

postpartum value of 42.3 + 9. 5 ml/stroke. Stroke volume in the

nonpregnant control animals changed 2% in the opposite direction

during the same time period. Stroke volume was significantly

(P<. 05) elevated during pregnancy; the slope (3.6500; R2 = .9411)

of the regression line drawn through mean values in late pregnancy

was different than the slope (. 7193; R2 = . 8339) of the line drawn
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through the control values of the same animals.

Peripheral Vascular Resistance

A marked decrease in peripheral vascular resistance was

found in pregnant does beginning at 13-15 weeks of pregnancy but

reaching its lowest value in late pregnancy (Figure 25 and Appen-

dix Table 18). Following delivery a rebound to nonpregnancy

values was observed at the first study interval. The lowest value

of 1531 + 185 dyne -see-cm-5 at term was 37% lower than the

mean postpartum value of 2440 + 473 dyne -sec-cm-5. In the non-

pregnant control animals, peripheral resistance showed a steady

decline early in the study period. No change in peripheral resis-

tance occurred in the nonpregnant control animals comparing values

at interval 7 (2438 dyne- sec -cm -5) with the mean postpartum value

(2452 dyne -sec -cm-5).

The peripheral vascular resistance at term was significantly

less (P <. 01) than in the postpartum period as revealed by the t test.

These differences observed in late pregnancy approached signifi-

cance (P<. 10) when tested by regression analysis.

Total Circulating Hemoglobin

Total circulating hemoglobin (Figure 26 and Appendix Table

19) in the body exhibited the highest values (201 + 31 gm) in the
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pregnant animals at term, with some drop in the postpartum period

(191 + 25 gm). This change in total circulating hemoglobin (5%)

was not significant (P >. 05).

When total circulating hemoglobin was expressed per kg body

weight it was lowest in the pregnant does at term (6. 9 + 1.4 gm/kg)

and increased following delivery to a mean postpartum value of

7. 6 + 1.8 grams per kg (Figure 27 and Appendix Table 20). The

reduced level during late pregnancy (-9%) was not significantly

different than the postpartum mean.

Hemoglobin Flow

The average hemoglobin flow, expressed in grams per

minute, increased during the study period in both pregnant and

control animals. Pregnancy was associated with a more marked

upward rise beginning at 13-15 weeks of gestation to peak at term.

Peak values of 501 + 127 gm/min were 42% higher than the mean

postpartum value of 353 + 72 gm/min. The control animals

showed an increase in hemoglobin flow during the study, the aver-

age value rising from 287 + 89 gm/min to 342 + 89 gm/min

(Figure 28 and Appendix Table 21).

The mean hemoglobin flow observed in late pregnancy was

significantly greater (P<. 05) than the mean postpartum value of

the same animals when evaluated by the t test and approached
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significance by regression analysis (P <. 10).

Hemoglobin Flow Per Kilogram

Hemoglobin flow per kg body weight increased during preg-

nancy to a high at 16-18 weeks of 18.3 + 3.5 gm/min/kg as com-

pared to the mean postpartum value of 14.0 + 4.0 gm/min/kg, an

increase of 31% (Figure 29 and Appendix Table 22). Hemoglobin

flow per kg decreased with time in the nonpregnant control animals;

their mean value of 18.4 + 2.7 gm/min/kg at interval 0 fell to

14.1 + 2.1 gm/min/kg at the last study interval. During the

study intervals when the pregnant does showed a 31% increase in

hemoglobin flow (interval 6 vs mean of 8 and 9) the mean value

in the nonpregnant control animals decreased 23%.

The hemoglobin flow per kg body weight noted in late preg-

nancy (16-18 weeks) was significantly greater (P<. 05) than the mean

postpartum value of the same animals (t test).

Blood Oxygen Capacity

The 02 capacity of the blood exhibited a downward trend

from 10-12 weeks of pregnancy until term (Figure 30 and Appen-

dix Table 23). The minimum blood 02 capacity at term was 12.4 +

0. 9 volumes percent, rising to 13.2 + 2.1 volumes percent at the

first postpartum interval. This difference approached significance
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by regression analysis (P<. 10). The 02 capacity of the blood of

the nonpregnant control animals ranged from 12.1 to 12. 9 volumes

percent with no trend upward or downward during the study.

Arterial Oxygen Concentration (Ca
0
2

No significant changes occurred in C during pregnancy.
a 02

The mean concentration of oxygen in arterial blood of pregnant

does ranged from 11.5 + 0.8 to 12.7 + 1.0 volumes percent

(Figure 31 and Appendix Table 24). Mean values of the nonpreg-

nant animals ranged from 11.2 + 1.5 to 11.7 + 1.0 volumes per-

cent during the same study intervals (intervals 1 through 7).

Arterial Oxygen Saturation (Sa 0
2

Mean S 0 in arterial blood in the pregnant does was 92. 5 %,
2

ranging from 91.3 + 3.5 to 93.1 + 1. 3% (Figure 32 and Appendix

Table 25). Mean S in the nonpregnant animals was 93.4%,
a 02

ranging from 91.6 + 5.0 to 95.8 + 5.8%. The mean saturation of

oxygen in arterial blood was not affected by pregnancy or advancing

age.
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Mixed Venous Oxygen Concentration(C;.il )

02

The mean C- varied from 7.1 + 0.8 to 8.0 + 0.8 volumes
0

2

percent in pregnant does throughout the study; comparable values

for the nonpregnant controls were 6.6 + 1.3 to 7.7 + 2.3

volumes percent. No upward or downward trends were apparent

due to pregnancy or advancing age (Figure 33 and Appendix

Table 26).

Mixed Venous Oxygen Saturation (S- )

02

Mixed venous blood returning to the lungs to be oxygenated

had a mean S- of 57. 8% and neither pregnancy nor advancing
0

2.age caused any significant change (Figure 34 and Appendix Table 27).

101

Arterio-Venous Oxygen Concentration Difference (Ca C- )

02

The amount of 02 delivered to the tissues per unit of blood

flow (Ca C- ) varied little in either group of animals,
2

falling within the range of 4. 1 to 4. 8 volumes percent. This

characteristic was not influenced by pregnancy or advancing

age (Figure 35 and Appendix Table 28).
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Mixed Venous Partial Pressure of Oxygen P -
v

)

02

The group P; means varied from 36.5 + 2.8 (interval 2)
02

to 39.3+ 2. 9 mm mercury (interval 4). Considerable variability

among animals was noted as expressed by high standard deviations

(5. 7 mm mercury, interval 6). Equal or higher P- values were

maintained during pregnancy as compared to nonpregnant control

values (Figure 36, Appendix Table 29). No trends away from

normal were noted associated with pregnancy or advancing age.

Coefficient of Oxygen Utilization

The mean coefficients of 02 utilization ranged from 34.5 to

38. 7% in the pregnant group and from 27.8 to 41 . 6% in the control

animals (Figure 37 and Appendix Table 30). There was a trend

toward lower values during pregnancy when compared to either

postpartum values or to the values of the nonpregnant controls,

but these differences were not significant statistically (P>. 05).

Rate of Oxygen Consumption (V0 )
2

Mean V0 values in both groups were very similar during
2

the first five study intervals; the animals in the pregnant group

were slightly heavier and tended to have slightly higher rates of 02
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consumption (Figure 38, and Appendix Table 31). At 13-15 weeks

of pregnancy V 0 began to deviate more in the pregnant group than
2

in the nonpregnant controls; this was apparent at 16-18 weeks and

their V0 remained high until term. A reduction averaging 60 ml
2

per minute occurred following delivery. The peak V0 of pregnant
2

does at term was 227 + 47 ml/min as compared to 167 + 38 ml/min

in the postpartum animal; this represents a 36% increase during

gestation. The elevated V0 during late pregnancy was significantly
2

different from the postpartum mean when evaluated by the t test

(P<. 01) and approached significance by regression analysis (P<. 10).

The mean V0 in the nonpregnant control animals exhibited an 8%
2

change in the opposite direction during the same period of time.

The mean V0 per kg body weight in the nonpregnant animals
2

tended to decline with time, from an initial value of 9. 0 + 2.4 ml/

min/kg to a final value of 6.2 + 1.0 ml/min/kg (Figure 39 and.

Appendix Table 32). The mean V0 per kg body weight of pregnant
2

does differed; it was consistently lower than the control group

prior to conception and this difference continued through 13-15

weeks of pregnancy. At 16-18 weeks of gestation, however, an

abrupt rise in V0 per kg occurred, to values similar to that of
2

the nonpregnant controls. This elevation observed during late

pregnancy disappeared with parturition. Peak V 0 per kg values
2

in pregnant animals appeared at 16-18 weeks of pregnancy (8.5 +
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3.0 ml/min/kg); this was 29% higher than the mean postpartum

value (6. 6 + 2.2 ml/min/kg). The increase in Vo per kg observed
2

during late pregnancy was not significant (P>. 05).

Blood Carbon Dioxide Concentrations (C CO2)

Early in the study (intervals 0 through 3) the concentration

of CO2 in arterial blood (Ca ) was approximately 47 volumes
CO2

percent and the concentration of CO2 in mixed venous blood

(C- ) was approximately 50 volumes percent, yielding a

C- C in the order of 3 volumes percent (Figures 40 and.a
CO2

41 and Appendix Tables 33,34 and 35). The concentrations ob-

served at interval 4 were lower in both arterial and venous blood

and in both groups of experimental animals. During intervals 5

through 7 (13-21 weeks of pregnancy) the C levels in the
aCO2

pregnant does were consistently lower than those observed in the

nonpregnant control animals. The lowest values occurred at 16-18

weeks of pregnancy when they had fallen to 41.3 + 2.5 volumes

percent in arterial blood (-13%) and 43.6 + 2.4 volumes percent

in mixed venous blood (-14%).

The lower values of both C and C- associated witha
CO2 CO2

advanced pregnancy were significantly (P<. 01) different than the
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mean postpartum values in the same animals (t test). The

venous-arterial CO2 concentration decreased 34% (2. 3 vs 3.5

volumes percent), a significant (P<. 05) change (Figure 42 and

Appendix Table 35).

Partial Pressures of Carbon Dioxide in the Blood (PCO2)

The mean P before and during early pregnancy rangeda
CO2

from 34 to 36 mm of mercury (Figure 43 and Appendix Table 36).

A decrease in P was first observed at 13-15 weeks ofa
CO2

pregnancy, and the reduction continued as pregnancy advanced,

reaching a low at term of 32.3 + 3.3 mm of mercury. At the

first postpartum interval the mean Pa
CO2

mercury. The 13% decrease in Pa at term was significant

had risen four mm of

CO2

(P<. 05) as shown by both the t test and regression analysis.

The slope ( -1. 1500; R2 = . 9281) of the regression line through

values in late pregnancy was significantly different than the slope

(.4777; R 2 = .4481) of the line through the control values of the

same animals.

The mean P- dropped from approximately 39 mm mer-
CO2

cury in early pregnancy to 36.6 mm of mercury at 16-18 weeks

(Figure 44 and Appendix Table 37). A return to the control range
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was observed in the early postpartum period (mean, 41.3 + 2.9 mm

mercury). The 12% drop in P- at 16-18 weeks was significant
CO2v

as indicated by the t test (P<. 01) and by regression analysis

(P <. 05). The slope (.6792; R2 = . 8106) of the regression line fitted

through the late pregnancy values was significantly different than

the slope (.4454; R2 = . 8087) of the regression line through the con-

trol values of the same animals.

Plasma Bicarbonate Concentrations [HCO]
3

The plasma bicarbonate concentration in the arterial blood

of pregnant does was high (22.8 + 1.3 mEq/L) early in pregnancy

(1-3 weeks), then decreased to 20.0 + 1.6 mEq/L at 16-18 weeks

and remained at that level until term (Figure 45 and Appendix

Table 38). Following delivery there was an immediate increase to

a mean postpartum level of 22.7 + 2.1 mEq/L. This 12% rise

in [HCO3 ] in arterial plasma was significant as shown by the t test

(P<. 01). The mean arterial plasma [HCO -1 in the control animals

was 23.1 + 1.0 mEq /L at interval 0; there was a decrease during

the next three intervals to 20. 9 + 2.0 mEq/L at interval 4. From

interval 5 to the end of the study, arterial plasma [HCO1 levels

were approximately 22.0 mEq/L.

The [HCO3 ] in venous plasma of pregnant does showed a slow

decline at successive study intervals followed by a greater decrease
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at interval 4 (21.0 mEq/L); it remained near this low level until

term (Figure 46 and Appendix Table 39). Following delivery

there was an abrupt rise to 23.1 mEq/L at the first postpartum

study interval and to 24.0 mEq/L at the second postpartum study

interval. This 14% increase in venous plasma [HCO3] following

delivery was significant as indicated by the t test (P< . 01).

Blood Plasma pH

The plasma pH of arterial blood drawn from pregnant does

tended to decrease with time (intervals 0 through 4), being highest

at interval 0 (7. 458) and reaching a low at interval 4 (7. 389) then

stabilizing during the remaining intervals of the study (Figure 47

and Appendix Table 40). This same pattern was noted in the non-

pregnant control animals.

Similarly, the plasma pH of mixed venous blood was high

early in the study (approximately 7. 400), dropped to a low of ap-

proximately 7.360 at interval 4 and continued at this level through-

out the remainder of the study (Figure 48 and Appendix Table 41).

No significant differences in either arterial or venous plasma pH

were observed during pregnancy.
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Relationship Between Changes in the Variables
Studied

Simple correlation coefficients were computed relating

changes which occurred in one characteristic to changes occurring

in others (Table 14). With six degrees of freedom (n-2), r values

of .71 are necessary for significance at the .05 level of probabil-

ity. With an r value of .70, approximately 50% of the variance

of y is associated with x (Snedecor and Cochran, 1967).

Changes in some characteristics were highly correlated with

others because of similar derivation, for instance, cardiac output

(Q) and 02 consumption (V0 ). Oxygen consumption (V0 ) was
. 2 02

derived as the product of Q and (C... - C- ). Such correlation
d'02 v02

coefficients are not discussed.

A high correlation exists between changes in heart rate and

changes in many other variables: maternal body weight, r = . 92;

hemoglobin concentration, r = . 83; hemoglobin flow, r = . 76;

C -C- , r= .88; Vo , r = .81; Vo /kg, r = .78 and fetal
2 2

weight, r = .85.

Correlations significant at the .10 level of probability were

found between changes in heart rate and changes in total circulating

hemoglobin, cardiac output, peripheral vascular resistance and

venous-arterial CO2 difference.



Table 14. Correlations between Changes Occurring during Pregnancy in One Characteristic with Changes Occurring in Another Characteristic during
the Same Time Interval (Interval 7 vs mean of 8 & 9).

Characteristic -1/ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Body Weight 1 1.00 . 17 . 66 . 23 -.20 . 69 . 42 . 58 . 34 -. 44 -. 53 . 78 . 81 . 72 . 65 . 55 . 92

Mean Art. Press. 2 17 1.00 49 . 25 . 52 . 68 74 . 74 80 . 48 . 20 . 15 . 15 -. 02 62 . 64 . 29

Hgb. Conc. 3 .66 .49 1.00 -.28 -.32 .52 .58 .83 .74 -.24 -.17 .69 .86 .19 .78 .78 .83

Blood Volume 4 .23 .25 -.28 1.00 .81 .56 .19 .02 -.07 .33 -.21 .04 -.30 .18 .06 -.11 -.03
Blood Volume/kg 5 -.20 52 -. 32 . 81 1.00 . 36 . 15 -.03 .02 . 56 . 25 -. 28 -. 55 -. 18 -. 10 -. 19 -. 36

Total Circulating Hgb. 6 .69 .68 . 52 . 56 . 36 1.00 . 74 . 76 .65 -. 21 -. 35 . 45 . 45 . 39 . 76 . 72 . 68

Cardiac Output 7 . 42 . 74 . 58 . 19 . 15 . 74 1.00 . 93 . 94 . 55 -. 41 . 30 . 32 .00 . 94 . 88 . 57

Hgb. Flow 8 .58 .74 .83 .02 -.03 .76 .93 1.00 .96 .25 -.30 .48 .62 .14 .98 .95 .76

Hgb. Flow/kg 9 .34 .80 .74 -.07 .02 .65 .94 .96 1.00 .44 -.22 .34 .44 -.06 .92 .93 .46

Stroke Volume 10 -.44 .48 -.24 .33 .56 .21 . 55 .25 .44 1.00 -. 10 -.43 -.58 -. 57 .25 .21 -.33
Peripheral Res. 11 -. 53 . 20 -. 17 -. 21 . 25 -. 35 -. 41 -. 30 -. 22 -. 10 1.00 -. S2 -. 21 -. 23 -. 50 -. 39 -. 55

Fetal Weight 12 . 78 . 15 . 69 .04 -.28 . 45 . 30 . 48 . 34 -. 43 -. 52 1.00 .67 . 56 . 54 . 51 . 85

C - C-
a02 v02

13 .81 . 15 . 86 -.30 -.55 .45 .32 .62 .44 -. 58 -.21 .67 1.00 . 51 .61 .64 .88

NCO - C aCO2v2 14 .72 -.02 . 19 . 18 -. 18 .39 .00 . 14 -.06 -. 57 -.23 . 56 .51 1.00 . 18 .21 . 59

V,,
Lps. 4

15 .65 .62 .78 .06 -.10 .76 .94 .98 .92 .25 -.50 .54 .61 .18 1.00 .95 .81

V02 /kg 16 .55 .64 .78 -.11 .19 .72 .88 .95 .93 .21 -.39 .51 .64 .21 .95 1.00 .78

Heart Rate 17 . 92 . 29 . 83 -. 03 -. 36 . 68 . 57 . 76 . 46 -. 33 -. 55 . 85 . 88 . 59 . 81 . 78 1.00

1 /The
horizontal sequence is the same as the vertical.

Correlation coefficients over . 71 are significant (P< 05).
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Changes in maternal body weight were significantly correlated

with changes in arterio-venous 02 concentration difference (r = .81),

venous-arterial CO2 concentration difference (r = . 72), heart rate

(r = . 92) and fetal weight (r = . 78).

Changes in hemoglobin concentration were correlated with

changes in arterio-venous 02 concentration difference (r = . 86),

02 consumption (r = . 78), 02 consumption/kg (r = . 78) and heart

rate (r T. .83).

Changes in blood volume were not significantly correlated

with changes in other characteristics except those to which it was

related because of similar derivation. Changes in the product of

blood volume and hemoglobin concentration (total circulating hemo-

globin) were significantly correlated with changes in: cardiac out-

put (r = . 74), V0 (r = . 76) and V0 /kg (r = . 72). Significant
2 2

correlations were not found between changes in stroke volume or

peripheral resistance and changes in other variables.

"The young creature, separate individuality as it is,
finds the newly prepared nest ready for it, and occu-
pies it. Ensconced there it thrusts thence suckers
into the maternal tissue, and draws from the circu-
lation of the mother, nutriment, and in effect breathes
through its mother's circulation. . . . The embryo's
life is one its own though it lives as a parasite on the
old, a benign parasite, doing the mother no harm and
destined at term to set the hostess free." (Sherrington,
1951)
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DISCUSSION

Reproductive Performance and Body Weight
Change

Reproductive performance will be discussed using fetal and

maternal weight relationships as an index of the burden of pregnancy

in different species which have been studied from hemodynamic and

respiratory standpoints.

The average human mother weighs about 60 kg when not

pregnant and the mean weight of newborn babies approximates

3.30 kg (Hytten and Leitch, 1964). The average postpartum weight

of ewes in one hemodynamic study was 62.0 kg and the average

fetal weight delivered per ewe was 3.85 kg (Parer, 1965). The

mean postpartum weight of the goats in this study was 25.6 kg

and the mean fetal weight delivered per doe was 2.46 kg. Thus

the human mother delivers a fetus which is 5. 5% of her weight as

compared to 6. 2% for the sheep and 9. 6% for the Pygmy goats in

this study. The fact that these miniature goats delivered more

fetal mass per unit of mother's weight may have relevance to

species differences in percent changes in hemodynamic and

respiratory parameters.

In this study comparisons of postpartum weight and late

pregnancy weight would tend to minimize gestational differences
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since the postpartum studies were made approximately six weeks

later and continued growth of the mother occurred. Changes in

those functions which are closely related to weight (V0 , Q, BV)
2

would therefore tend to be minimized in this study because of the

experimental design.

Heart Rate and Blood Pressure

The peak increase in heart rate during pregnancy (32%) in

this study was similar in magnitude to that found in pregnant

sheep (28%) and in both instances this peak occurred at term

(Metcalfe and Parer, 1965). These values are lower than that

reported for pregnant dairy cattle (42%) and the changes in heart

rate are comparatively greater than the increment in humans

(20%, Table 1).

The increase in heart rate at term in four does carrying

multiple fetuses averaged 45%, compared to a 25% increase in

four does carrying a single fetus. This finding is similar to that

reported by Rovinsky and Jaffin (1966) in which mothers carrying

a single baby had a 21% increase in heart rate as compared to a

42% elevation in mothers carrying twins.

The reduction in systolic, diastolic and mean arterial blood

pressures reached their greatest decrement (approximately -8%)

at 16-18 weeks of gestation; a greater decrease was observed in
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pregnant ewes (approximately - 17 %) and this occurred at term.

In pregnant women the reduction of arterial systolic pressure

(approximately -6%) is less than the concomitant decrement in

arterial diastolic pressure (approximately - 15 %, Table 2). This

results in a reported increase in pulse pressure during pregnancy

(Hytten and Leitch, 1964). Partial occlusion of the inferior vena

cava by the gravid uterus in the supine position is known to produce

changes in arterial pressures and needs to be considered when

interpreting data on pregnant women (Hytten and Leitch, 1964).

Blood Volume and Its Components

The average increase in blood volume found in this study

during pregnancy (+11%) was slightly less than the concomitant

increase of body weight (+15%). Blood volume per kilogram there-

fore decreased (-5%), and was lowest at 16-18 weeks of pregnancy.

When interpreting this decrease, it should be remembered that

the blood volume compartment measured did not include the fetal

blood volume, whereas fetal and extraembryonic membrane weight

was included in the total maternal body weight used in the calcula-

tion. In comparison with the nonpregnant controls (Figure 20)

the pregnant animals were hypervolemic at term and this hyper-

volemia was mainly due to plasma volume expansion (+13%) and,

to a lesser degree, to an increase in red cell mass (+5%). This
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hemodilution during pregnancy has been found in other ungulates

(Metcalfe and Parer, 1965).

The magnitude and timing of the observed changes in blood

volume are in close agreement with those reported for sheep

(Parer, 1964), cattle (Turner and Herman, 1931) and rabbits

(Horger and Zarrow, 1957). The magnitude was considerably less

than the 24% increase found by Barcroft et al. (1939) in sheep.

Some animal species, however, have much greater increases;

the rat has a 41% increase in blood volume during pregnancy (Bond,

1948) and the mouse has a 75% increase (Fowler and Nash, 1968).

The hypervolemia which occurs in humans during pregnancy

lies between these extremes found in other species. The mean

increase in total blood volume found in women (Table 8) is approxi-

mately 37%, almost fourfold the increase found in this study and

in ewes (1964). The timing of the hypervolemia is different in

humans; blood volume in both sheep and goats continues to rise

until term, whereas in human studies most investigators have

noted a peak at about 34 weeks with a tendency for blood volume to

decline as delivery approaches.

The anatomical and physiological modifications associated

with the upright position of the human are so pronounced that

differences from four-legged animals are, of course, expected.

There are large muscle masses in the lower extremities in the
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human, and Spetz (1965) reports vasodilatation in skeletal

muscles during pregnancy; consequently it seems plausible that

venous engorgement due to venous dilatation in the lower extremi-

ties would be magnified in humans. The venous compartment in

the legs becomes further congested as the gravid uterus occludes

venous return. In contrast, the major muscle masses in the legs

of the goats are at the same level as or above the heart and venous

return is less hindered (at least while standing) when the gravid

uterus falls away from, rather than being pushed back against, the

inferior vena cava.

Since the plasma compartment of blood volume increases more

than does red cell mass, hematocrit and blood hemoglobin concen-

tration decrease during pregnancy (-5 and -6%, respectively).

These decreases in hematocrit and hemoglobin concentration in the

goat were of much smaller magnitude than those found in pregnant

women ( -1 2 and 1 7%, re spec tively).

Stroke Volume and Peripheral Resistance

The degree of stroke volume elevation in this study (+10%)

was similar to that found in pregnant ewes (+10%) and in both in-

stances this event occurred at term (Metcalfe and Parer, 1965).

The percent increase in stroke volume in pregnant goats is less

than that observed in humans (approximately +29%) and the peak
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stroke volume in pregnant women occurs in the second trimester

(Table 10). Some reports indicate a 15% decrease below nonpreg-

nant values at term in humans (Rovinsky and Jaffin, 1966). In all

species the timing of peak stroke volume is concurrent with the

peak cardiac output.

The greatly reduced peripheral vascular resistance during

pregnancy (-37%) was similar in magnitude to that observed in

sheep (Parer, 1965). The timing of minimum peripheral resistance

in pregnant sheep and goats is different than in pregnant women;

during human pregnancy the lowest peripheral resistance occurs

most frequently at the end of the second trimester at the time of

peak cardiac output. During the last trimester of human pregnancy

peripheral resistance continues to increase as term approaches;

in one study resistance values at term were elevated above normal

nonpregnant values (Rovinsky and Jaffin, 1966).

Cardiac Output and Related Phenomena

Cardiac output in the pregnant Pygmy goat increased three

times more than body weight when their increments are expressed

as percentages of control values; thus when average values are

calculated, the peak increase was 48% above control values.

However, in some animals the time of peak cardiac output did not

coincide with the average of the group in which they were a part;
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when the maximum value for each animal was expressed as a per-

centage of its own postpartum value, the maximum increment

associated with pregnancy averaged 56%. The increase is similar

in magnitude to the 41% increase reported in ewes (Metcalfe and

Parer, 1965), and to that observed in pregnant bitches (47%)

(Stander et al., 1926). All the females in this study were young

and growing; their first pregnancies might require a slightly

greater increment in cardiac output than that found in mature ewes

(Metcalfe and Parer, 1965). It has already been pointed out that

these goats delivered a greater total fetal mass per kg of mother's

weight (9. 6 %) than the ewes (6. 2 %). In both goats and ewes peak

cardiac output occurs at term and falls rapidly following parturition.

When cardiac output was expressed per unit maternal weight

the peak increase for the group was 29%, a value similar to the

31% found in ewes (Parer, 1964). Because the timing of maximum

increase was not synchronous in all animals, the percentage in-

crease was considerably higher (41%) when calculated at maximum

on an individual basis as compared to the group basis.

Cardiac output increased more in these goats than the average

of 37% reported for humans, and the timing was different. Most

of the increase in blood flow in the pregnant woman has already

occurred by the end of the first trimester, but in these goats and

in the ewes studied by Parer the major increase in blood flow
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occurred the last six weeks of pregnancy.

The increase in blood flow was four times greater than the

increase in blood volume. This discrepancy was also found in

pregnant ewes (Parer, 1964). Data available on pregnant women

show that the increments in cardiac output and blood volume are

of similar magnitude in striking contrast to the ungulates.

There was a tendency for animals with multiple births to

have greater increases in cardiac output than those with a single

fetus. The largest increase in blood flow (+97%) occurred in a

primagravid doe with triplets and the lowest (+25%) occurred in a

primagravid doe with a single fetus. The one female studied during

two consecutive pregnancies delivered twins at each parturition and

cardiac output increased 67% in the first pregnancy and only 34%

in the second.

The increase in cardiac output found in pregnant does was due

mainly to an increased heart rate (+32%). Heart rate was slightly

elevated at 10-12 weeks of gestation and the increase became

greater as pregnancy progressed. The contribution of stroke volume

to increased cardiac output was less; it only increased 10%, and

this increase occurred during the last two study intervals of

pregnancy (16-21 weeks). These changes were of the same magni-

tude as those found in pregnant ewes, where increases of 30%

and 10% for heart rate and stroke volume, respectively, have been
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reported (Parer, 1964). In pregnant women, the increased

cardiac output is due predominantly to an increased stroke

volume (+30%), while heart rate increases only +15% (Rovinsky

and Jaffin, 1966).

Interpretation of the species differences in the contribution

of heart rate and stroke volume to the increased cardiac output

when pregnant women are compared with pregnant does and ewes

is complicated by the fact that in humans hemodynamic character-

istics are usually measured in the supine position. In late human

pregnancy partial occlusion of the inferior vena cava occurs in the

supine position and is believed by some to be responsible for the

reported decline in cardiac output near term (Kerr, 1968; Lees

et al., 1967).

In pregnant Pygmy goats cardiac output increased as total

maternal weight increased, but at a greater rate. This was also

true in pregnant ewes (Metcalfe and Parer, 1965). In both ungulates,

the peak cardiac output occurred at the time of greatest maternal

02 consumption. This synchrony of hemodynamic response with

metabolic need is not found in the human in which the major incre-

ment in cardiac output occurs before the end of the first trimester

at a time when demands for 02 from the pregnant uterus are small;

consequently an increased amount of 02 is supplied to the periphery

before it is needed. In the ungulate, the increases in cardiac output
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do not precede 02 demands, but they do exceed them. The large

"anticipatory" increase in blood flow in pregnant women while the

fetus is extremely small may be required by the developing central

nervous system of the primate fetus.

For evidence regarding this suggestion, the distribution of

the increased cardiac output needs to be considered. Some esti-

mates can be made about the partitioning of the increment in

cardiac output (approximately 1.85 L) during late pregnancy,

based on experimental work on goats, sheep and women. In the

nonpregnant ewe and doe, Metcalfe et al. (1966) reported a uterine

blood flow of 25 ml/min, which had increased to 200 ml/min by

the eightieth day of pregnancy. At term the maternal blood flow to

the uterus amounts to 20% of the total cardiac output in sheep and

goats (Metcalfe et al., 1967). In the Pygmy goat, this would

amount to slightly over one liter of blood perfusing the placenta and

uterus, accounting for most of the increase in cardiac output

observed during pregnancy.

Linzell (1960) studied the growth, blood flow and secretion

rate of the mammary glands of does. One mammary gland in-

creased in weight from approximately 0.25 kg early in pregnancy

to 1.5 kg at term; concurrent with this increase in mass a five-

fold increase in blood flow occurred reaching 0.5 L/min at term.

Since Pygmy goats are much smaller than the goats Linzell

studied, one may estimate the blood flow to the udder at 0.20
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to 0.30 L/min at term.

In humans, blood flow to the forearms, fingers and legs in-

creases during pregnancy (Burt, 1959; Abramson et al, , 1943).

Herbert et al. (1958) reported that forearm blood flow had in-

creased 91% and blood flow to the legs had increased 70% by mid-

pregnancy. The function of this increased blood flow to the

periphery in the pregnant woman appears to be for heat dissipation.

In the goat, heat dissipation is assumed to occur predominantly via

the respiratory passages as reported for cattle (Bligh, 1957). One

would therefore expect that increases in blood flow to the extremities

(fore and hind legs) would be of lesser magnitude in pregnant goats

than in pregnant women.

Blood flow to the kidneys also increases during pregnancy in

women (Sims and Krantz, 1958). Hytten and Leitch (1964) report

an increase in renal plasma flow from 500 ml/min in nonpregnant

women to 725 ml/min, an increase of 45% during pregnancy. The

increase was apparent at the beginning of the second trimester and

continued until approximately one month prior to delivery. It is

probable that renal blood flow also increases during pregnancy in

goats.

In the pregnant woman, it has been reported that blood flow

through the liver (Munnel and Taylor, 1947) and the brain (McCall,

1949) does not increase. The organs or areas of the goat's body
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with greatest increases in blood flow are postulated to be, in the

order of importance: uterus, mammary glands, kidneys and

extremities.

It is generally concluded that the organ enjoying the greatest

increase in blood flow during pregnancy is the uterus. Metcalfe

(1966) compared the uterine blood flow by species, placental type

and efficiency, based on the number of tissue layers between the

maternal and fetal blood streams in the placenta. The lowest

uterine blood flow during pregnancy (75 ml/min/kg of fetus) occurs

in the rabbit which has the fewest tissue layers (2) and the greatest

blood flow (among the species studied) was found in the ungulates

(sheep and goats with 5 layers) with values of 280 ml/min/kg of

fetus. This difference appears to have functional significance;

70% of the 02 in arterial blood is extracted during passage through

the uterus of the rabbit, compared to 50% in the monkey and 30% in

the goat. A high uterine blood flow is the ungulates' method of

maintaining a high 02 tension gradient in maternal blood to overcome

the diffusion resistance of the thick placental membrane (Metcalfe,

1966). The very high rates of blood flow per unit weight of tissue

found in early human pregnancy may be necessitated by the ineffi-

ciency of the developing placenta as an organ of diffusional ex-

change (Martin, 1965).

Vascular dilatation occurred as indicated by the fact that
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cardiac output increased while the mean arterial pressure was

declining; in other words, there was a marked decrease in

peripheral vascular resistance. The magnitude of this change

was similar to that observed in sheep (Metcalfe and Parer, 1965)

and humans (Table 11). This is a rapidly reversible phenomenon

as indicated by the finding that the first postpartum values had

returned to normal; the same prompt postpartum reversal was

found in sheep by Metcalfe and Parer (1965).

Blood Gases, Plasma Bicarbonate and pH

No trend of decreasing 02 concentrations in mixed venous

blood (C- ) was noted and likewise there was no trend of de-v0

creasing partial pressure of 02 in mixed venous blood (P- ).

In the woman at mid-pregnancy, cardiac output (Q) has increased

to a greater degree than oxygen consumption (V0 ) resulting
2

in decreased values of Ca - C- and increasing P- .

02

In pregnant goats Ca - C- remains stable throughout
02

pregnancy and increased 02 requirements are met by increased Q.

The significant decrease in C and C- during thea
CO2 CO2

latter part of pregnancy is evidence of hyperventilation. In the

woman hyperventilation is established during the luteal phase of

the menstrual cycle and continues throughout pregnancy (Prowse
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and Gaensler, 1965). Concentrations of CO2 in the blood of cows

throughout the estrus cycle are not altered, indicating that hyper-

ventilation does not occur in cows during the luteal phase of the

cycle (Dennis and Harbough, 1946) and suggesting it most likely

does not occur in the goat during the cycle. The declining Pa
O2

values between 10-12 weeks of pregnancy and term (Appendix

Table 36) suggests an increasing hyperventilation of the pregnant

doe towards the end of pregnancy. This finding has recently been

reported in human studies (Lucius, et al., 1969) and also in

studies of pregnant cows (Fahlenbeck et al., 1968). Compensation

for the reduced CO2 concentration is made by a decrease in

plasma [HCO3] concentrations; as a result the plasma pH

remains stable. This is a well documented finding in human preg-

nancy.

Oxygen Consumption

The marked increase in V 0 (+36%) observed in the present
2

study is higher than that reported from studies of pregnant

women (+24%).

The largest increment in V 0 occurred between 13-15 weeks
2

and 16-18 weeks of pregnancy in goats with minor increases at

term. In pregnant women an almost linear increase with advancing

weeks has been reported; peak values (+24%) were observed at
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term (Widlund, 1945).

The increase in V0 in does carrying multiple fetuses was
2

considerably greater (+55%) than the increase in does carrying a

single fetus (+29%). Comparable information in the human is not

available.

Adequacy of Circulation During Pregnancy

The lowered concentration of hemoglobin in the blood of

pregnant women and of some animals has been called the "anemia

of pregnancy". This phrase has a pathological connotation, but

the question that requires answering is: "Are the tissues of the

mammalian mother provided with 02 at the same or greater rates

and tensions during pregnancy as compared with the nonpregnant

state?"

The concentration of hemoglobin in blood, i. e., its 02-

carrying capacity, is in itself not an appropriate index of the

adequacy of 02 transport. Blood must circulate to function and

the rate of blood flow is of great importance in defining the ade-

quacy of 02 supply by blood. Hemoglobin flow, calculated as the

product of cardiac output (Q) and hemoglobin concentration (CHb),

during pregnancy is elevated 42% over its mean postpartum value.

Since V0 was simultaneously elevated by only 36% above its
2

postpartum mean, it is concluded that the body tissues of the
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pregnant mother on the average enjoy an equal or greater perfusion

rate and 02 delivery than they do in the nonpregnant state. Further

clarification of this hypothesis requires analysis of the 02 tensions

in venous blood from different regions of the body. However, the

average increase in 02 supply over 02 need is well documented in

human pregnancy. It may provide a measure of safety (reserve)

which could be called upon in case of suddenly increased 02 needs

(flight or labor). Thus, the pathological implication of "anemia

of pregnancy" was not supported in these pregnant Pygmy goats.

The "Stress" of Pregnancy

Many of the maternal cardiodynamic adjustments begin early

in human pregnancy before fetal growth is appreciable and there-

fore some have concluded that this is not a reaction to "stress"

(World Health Organization, 1965). If the same rationale is used

regarding the pregnant goats in this study it might be concluded

that the adjustments are the result of "stress" since they coincide

with fetal growth and development and, in general, adjustments are

greater in does which carry more than one fetus. Cardiac output,

blood volume and hemoglobin flow are all at their maximum at

term when fetal requirements are the highest as judged by the

increased 02 consumption of pregnant does. This is also true in

pregnant sheep (Metcalfe and Parer, 1965).
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It is worth repeating that this hemodynamic build-up to term is

not found in humans where the major increases in cardiac output,

blood volume and hemoglobin flow occur by the end of the first tri-

mester, at a time when fetal demands for 02 are small; the hemo-

dynamic variables then plateau or even decline during the final

weeks of pregnancy while fetal mass (and presumably, fetal 02

requirement) is increasing more and more rapidly.

The change in heart rate during pregnancy was one variable

most clearly correlated with changes in many of the other charac-

teristics studied (Table 14). Heart rate changes might therefore

be used as a simple index of the cardiovascular burden of pregnancy

in Pygmy goats. This characteristic can readily be measured with-

out need of sophisticated equipment. It is understood that these

relationships may exist only in trained, unanesthetized Pygmy goats

during pregnancy.

Possible Causal Mechanisms

During the luteal phase of the menstrual cycle and throughout

pregnancy, the human female hyperventilates. Hyperventilation

can also be produced by injections of progesterone into experimental

subjects including men. Hyperventilation during pregnancy is

associated with reduced arterial plasma P and reduced plasmaCO2

bicarbonate levels. Hyperventilation during the luteal phase of the
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estrus cycle does not occur in cattle (Dennis and Harbough, 1946)

and no comparable data were found for sheep and goats. There is

no evidence in this study that hyperventilation occurs until 16-18

weeks of pregnancy, but levels of plasma bicarbonate show a de-

crease as early as 10-12 weeks. This would indicate species varia-

tion in dynamic changes occurring during the estrus cycle and

pregnancy as well as species variation in response to a hormone. It

has been demonstrated that progesterone alone does not mimic the

hemodynamic changes observed during pregnancy in goats (Gabbe

et al., 1969; Franklin et al., 1962).

In the ewe it has been demonstrated that estrogens will cause

hemodynamic changes which mimic those observed during preg-

nancy. Estrogen given during an acute experiment increased

cardiac output and heart rate (Parer et al., 1964; Ueland and Parer,

1966). This suggests that estrogen may be driving the hemodynamic

adjustments observed during pregnancy. The literature on hormone

levels during pregnancy and postpartum will be reviewed to follow

this speculation.

The most complete hormonal picture during the estrus cycle

and during pregnancy is available in cattle. Gomes and Erb (1965)

reported levels of progesterone in the peripheral blood plasma of

the cow to be in the order of 1.0 Pg percent from 100 days of

pregnancy until 250 days; the levels then dropped until delivery at
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280 days. A similar pattern of progesterone concentrations was

reported by Short (1958). More recently, Erb et al. (1968) found

a mean progesterone concentration in ovarian venous plasma of

approximately 3.5 pg/ml at 106 days; this concentration dropped

to 1.5 pg/ml at 204 days. From 204 days until delivery there was

an increase, reaching 3.0 pg/ml at term. The progesterone levels

in jugular vein plasma differed during the same time intervals by

remaining at approximately 30 mpg/m1 throughout pregnancy.

Although the current data on progesterone levels in pregnant cows

are somewhat conflicting, it appears that progesterone concentra-

tions in peripheral blood are comparatively stable from 106 days

to term.

The fact that peripheral blood levels remained stable while

ovarian venous plasma concentrations decreased is worthy of

comment in light of the marked changes in blood flow observed in

the ungulate in the last trimester of pregnancy. The existence of

stable peripheral progesterone concentrations in peripheral blood

concurrent with declining ovarian venous concentrations might be

brought about by one, or both, of the following: first, other

sources of progesterone (e. g., adrenal, placenta) may be main-

taining peripheral blood levels; second, blood flow to the ovary may

be increasing at a greater rate than progesterone production. It

seems most probable that both factors are operating. Experimental
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evidence of increased blood flow to the ovary during pregnancy is

available only in the pregnant woman (Reynolds, 1963). Edgar

and Ronaldson (1958) raised the question of increased blood flow to

the ovary during pregnancy in the ewe.

The data from sheep are more sparse and those for goats

are almost nonexistent. Levels of progesterone in ovarian venous

plasma at 1-4 weeks of pregnancy in the ewe have been reported as

130 pe percent with concentrations reaching 215 pg percent at 5-6

weeks and then declining until term (Edgar and Ronaldson, 1958);

peripheral plasma levels were 0.43 pg percent at 15 days and 0.91

pg percent at 100 days of pregnancy. The level of progesterone in

the ovarian venous plasma of the goat was 230 Pg percent at 134

days of pregnancy (Reaside and Turner, 1955); the concentrations

in peripheral blood plasma at 112 days was 0.71 pg percent (Short,

1957).

A recent preliminary report indicates that progesterone

concentration in jugular vein plasma during the luteal phase of the

estrous cycle varies from 1.5 to 2.5 mpg/m1 in sheep and from

3.0 to 5.0 mpg/ml in goats (Thorburn et al., 1968). During the

first 50 days of pregnancy, jugular venous plasma levels in

pregnant sheep remained between 2.0 to 2.5 mpg/m1; while in the

latter two-thirds of pregnancy it increased steadily to values of

6 to 12 mpg/m1 at 130 days; the progesterone concentrations near
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term rose with the number of fetuses carried. During early preg-

nancy in the goat, the concentration of progesterone in peripheral

venous plasma was similar to that during the luteal phase of the

estrous cycle.

Man's knowledge of the progesterone levels in ungulates

during pregnancy is far from complete and some conflicting

values are in the literature. The picture which emerges is that

progesterone concentrations in the peripheral blood increase during

pregnancy, with a positive relationship between those concentra-

tions and the number of fetuses being carried. Whether those levels

remain high or decline as term approaches has not been satisfac-

torily answered.

Since estrogen administration has been shown to bring about

changes which mimic some hemodynamic changes observed during

pregnancy, this topic will be reviewed. The most complete data

on estrogen levels in an ungulate are those for the pregnant cow.

Varied methods of bioassay and chemical assay have been employed

which may be the reason for the varying results. El-Attar and

Turner (1957) reported total urinary and fecal estrogen excretion

rates during pregnancy with the following values expressed as

mg /ml/24 hours: 91-109 days, 4.490; 120-170 days, 5.564;

185-234 days, 19. 110; and 248-273 days, 20.136. More recently,

Erb et al. (1968) reported total urinary estrogen excretion rates
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as follows (expressed as mg /hr /500 kg. cow weight): 200 at 160

days, increasing to approximately 600 at 170 days and remaining

relatively stable until 230 days, then rising rapidly to 1800 at 251

days and 3402 at 281 days. The high urinary estrogen excretion

is due to increased estrogen production in the fetal cotyledons

which increases ten fold from 102 to 275 days of pregnancy in the

cow (Veenhuuizen et al., 1960). It is established that urinary

estrogen excretion rates increase rapidly in the last half of preg-

nancy with a peak immediately before parturition and a steady

decline postpartum (Me llin and Erb, 1965).

The knowledge of urinary estrogen levels in sheep and goats

is much less complete: however, it is known that pregnant ewes

have lower concentrations in the urine than do cattle (Velle, 1963).

Estrogens are detectable in the urine of pregnant goats (Klyne and

Wright, 1957).

For the benefit of speculation, it will be assumed that

hormone concentrations in the peripheral blood of goats are char-

acterized by increasing progesterone levels in the blood during

early and mid-pregnancy which either remain high or decline as

term approaches. The estrogen production, as evidenced by

urinary concentrations, will be assumed to rise rapidly during

the last trimester, peak at term, and drop rapidly following
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parturition. There is limited evidence that progesterone levels

are associated with fetal number. Estrogen concentrations of

blood of cows carrying twin fetuses was significantly (P < . 05)

higher than in blood of cows carrying a single fetus (Randel et al.,

1968). It will be further assumed that this also holds true for the

goat,

One can then speculate that the hemodynamic and respiratory

changes observed in the present study are due to the interaction of

progesterone and estrogen. After previous progesterone stimula-

tion, increasing estrogen levels bring about increases in plasma

volume associated with concomitant increases in blood volume and

cardiac output and a decrease in peripheral vascular resistance.

In this species, hyperventilation may be brought about by the same

mechanism. The dramatic return to normal hemodynamic and

respiratory values in the early postpartum period coincides with

the drop in progesterone and estrogen levels following delivery.

The more marked changes observed in females carrying more than

one fetus could conceivably be due to increased hormone levels,

probably of placental origin.

There is also the possibility that relaxin plays a role in the

hemodynamic adjustments observed during pregnancy and the early

postpartum period. The concentration of relaxin in the blood during

pregnancy begins to rise at the end of the first trimester, reaches
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a peak near the end of the second trimester and remains high until

term with a precipitous fall following delivery. Data are available

from the rabbit (Marder and Money, 1944), guinea pig (Zarrow,

1947), cow (Wada and Yuhard, 1955) and human (Zarrow et al.,

1955).

Since our current understanding concerning the hormonal

picture in pregnant cattle, sheep and goats seems to be compatible

with the concept that endocrines cause the hemodynamic and

respiratory changes, what about the pregnant woman? The hor-

monal picture of the pregnant woman has been the object of many

studies. Simmer (1969) estimated that plasma progesterone in

the pregnant woman at term is approximately ten times greater

than that level observed in the luteal phase of a normal cycle.

Urinary pregnanediol excretion in the pregnant woman is in the

order of 5 mg/24 hour urine at seven weeks of pregnancy and

shows a linear increase to 24 weeks (approximately 22 mg/24

hour urine) then rising more rapidly to 30-32 weeks (approximately

45 mg/24 hour urine) and remaining at this concentration until

term.

One interesting feature is that estrogen of maternal origin

(estradiol) increases tenfold during the first ten weeks of pregnancy

(Heinrichs, 1969). An additional feature of interest, since it differs

from sheep and goats, is that human chorionic gonadotrophin (HCG)
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in placental tissues rises rapidly the first weeks of pregnancy and

reaches a peak between the second and third lunar month (Simmer,

1968), or more specifically, at 70 days (yenning, 1958). Concen-

trations of HCG are reported to be positively associated with

placental mass (Simmer, 1968; Charles, et al., 1969). The func-

tional significance of high titers of HCG is not understood as in-

dicated by the statement: "The function of chorionic gonadtrophin

in human pregnancy remains an enigma" (Simmer, 1968). Total

estrogens in peripheral blood shows a somewhat linear increase

from 12 weeks to term with estriol (of placental origin) contributing

the greatest increase as term approaches (Simmer, 1968). Total

estrogens continue to rise with peak values at term (Brown, 1959;

Venning, 1958). Following delivery of the placenta, estrogen is

rapidly cleared from the urine so that the titers fall to nonpregnant

levels in about four to seven days (Kupperman and Epstein, 1958)

with the possible exception of estriol (Brown, 1959).

The hyperventilation observed during human pregnancy is a

continuation of the hyperventilation which occurs during the luteal

phase of the menstrual cycle (Good land and Pommerenke, 1952)

and is under the influence of progesterone (Good land et al., 1953).

The timing of the peak concentrations of HCG as well as the timing

of a tenfold increase of estrogens of maternal origin (estradiol)

slightly precedes the marked adjustments in hemodynamics which
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are observed as early as the end of the first trimester. Perhaps

HCG and/or estrogens are responsible for these changes with the

possible requirement that they exert their major effect following

progesterone dominance. These changes, having become estab-

lished early in pregnancy, become fixed or continue to develop as

higher levels of estrogen and/or progesterone occur. Hemodynamics

during late pregnancy are interfered with due to vena caval compres-

sion. The high levels of estriol in late pregnancy may not exert a

hemodynamic stimulus. This is supported by the findings that

estriol was the least active of the estrogens studied (Ueland and

Parer, 1966).

Some Future Research Considerations

The hormonal changes associated with gestation seem to be

related to the hemodynamic and respiratory adjustments which

occur and to the readjustment to normal values in the early post-

partum period. Scientific proof of this hypothesis is very inade-

quate.

Hormone levels in blood during animal pregnancy are best

documented in cows,and this,added to the fact that more scientific

effort in the area of endocrinology is being expended on this species

than on other large experimental ungulates, suggests that the preg-

nant cow should be considered as an experimental model for further
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exploration of these relationships between hormones and hemo-

dynamics. An equally profitable approach would be to study the

hormone levels of the pregnant Pygmy goat since hemodynamic

data during pregnancy and the early postpartum period have already

been obtained.

The horse is an interesting animal model; although an ungulate,

it is somewhat unique in that its placenta produces large quantities

of a gonadotrophic substance. High titers of chorionic gonadotrophin

(pregnant mare serum PMS) appear at 40 days, reach peak con-

centrations between 50-80 days and then gradually diminish (Day

and Rowlands, 1940). The concentration of PMS is higher in those

females carrying multiple fetuses as compared to those carrying a

single fetus (Simmer, 1968). Another interesting aspect from a

hormonal standpoint is that ovulatory activity can continue during

pregnancy (Amoroso et al., 1948). Estrogen excretion in the preg-

nant mare is reported to increase from the third to eighth month,

then decline as term approaches (Velle, 1963). No data on hemo-

dynamic or respiratory changes during pregnancy are available for

this "hormonally unique" ungulate. Someone should explore the

possibility that hemodynamic adjustments occur much earlier in

pregnancy, similar to the human, in contrast to the sheep and goat.

The economic importance of increasing reproductive rate in

meat producing animals is obvious. The postulation that blood flow
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may be a limiting factor in uterine maintenance of fetal number

and fetal size needs exploration in both monotocous and polytocous

mammalian species. It has recently been established that super-

fetation of gilts resulted in no additional young born as compared

to control gilts although they had twice the number of fertilized

ova and therefore the potential of producing twice the litter size

(Brazer et al. , 1968).

Our knowledge of what factors determine, or limit, litter

size is inadequate. Johnson (1969) reported that in swine the

number of fetuses is limited by the amount of "uterine space" or

"uterine capacity". However, in two other polytocous species,

the rat and rabbit, he concluded that "uterine space" is not the

factor limiting litter size but attributed it to "maternal capacity".

Increasing fetal numbers experimentally in a normally mon-

otocous species (e.g. , the cow) results in a high incidence of still-

births and small fetuses; gestational length is negatively related

to fetal number (Turman, et al. , 1968). In a monotocous animal,

are the maternal adjustments in blood flow adequate to maintain

a "normal" uterine environment in which many fetuses can

develop?

Recent work indicating that steroids influence intra-luminal

P0 in the uterus adds an interesting and potentially very important
2

factor to consider regarding the effects of steroids on the
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reproductive tract (Mitchell and Yochim, 1968). The hypothesis that

uterine blood flow, either directly or indirectly, limits fetal size

and number, seems plausible within the limits of our current under-

standing.

A quotation from an article by Leitch (1957, p. 44) seems

appropriate:

"We must learn to think of criteria of normality as specific,
and even phase-specific, so that we may some day say with
confidence that this is normal in a 24-year-old woman in the
5th month of her second pregnancy, and that is normal in a
35-year-old primapara at term. And by 'normal' we shall
mean not average values but that the women in question have
successfully made the necessary changes in their milieu
interieur, that they are well, and that the prospects for the
foetus are bright . . . . Certainly pregnancy is not a path-
ological process . . . "

Be it man or beast the concepts are equally applicable.
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SUMMARY

Changes in cardiovascular performance and respiratory

phenomena occurring in association with pregnancy were studied

in eight trained, unanesthetized Pygmy goats. A group of nine

nonpregnant animals were studied at the same frequency and during

the same calendar time. Data on 41 different variables were ob-

tained or derived. These studies were made at three week intervals

beginning prior to conception and continuing for six weeks post-

parturn.

Extreme changes during pregnancy were compared with the

control values of the same animals (mean postpartum). The per-

centage change, the time of greatest change and the actual values

are compared and are summarized for those characteristics which

changed significantly (P <. 05).

1. Body weight increased 15%, peaking at term (30. 1 vs 26.1

kg; P<. 01).

2. Heart rate was elevated 32% at term (115 vs 87 beats/

min; P <. 01) .

3. Arterial systolic pressure dropped 7%; it was lowest at

16-18 weeks of pregnancy (115 vs 124 mm Hg; P<. 05).

4. Arterial diastolic pressure dropped 10%; it was lowest at

16-18 weeks of pregnancy (81 vs 89 mm Hg; P<. 05).
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5. Mean arterial pressure dropped 8%; it was lowest at

16-18 weeks of pregnancy (99 vs 107 mm Hg; P<. 05).

6. Plasma volume was elevated 13% at term (1.56 vs 1.38 L;

P <. 05).

7. Blood volume was elevated 11% at term (2. 16 vs 1.95 L;

P <. 05).

8. Cardiac output was elevated 48% at term (5. 32 vs 3.60 L/

min; P<. 01) .

9. Cardiac output per kilogram maternal body weight was

elevated 29% at term (182 ml/min/kg vs 141 ml/min/kg;

P<. 05).

10. Hemoglobin flow increased 42%; it was highest at term

(501 vs 383 gm/min; P<.05).

11. Hemoglobin flow per kilogram maternal body weight in-

creased 31%; it was highest at term (18.3 vs 14.0

gm/min/kg; P<. 05).

12. Stroke volume was elevated 10% at term (46.5 vs 42.3

ml/beat; P<. 05).

13. Peripheral vascular resistance dropped 37%; the lowest

values were found at term (1531 vs 2440 dyne-sec-cm-5;

P<.01).

14. Arterial concentration of CO
2

decreased 13% being lowest

at 16-18 weeks of pregnancy (41.3 vs 47.2 volumes
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percent; P<. 01).

15. Venous concentration of CO
2

decreased 14% it was

lowest at 16-18 weeks of pregnancy (43.6 vs 50.7

volumes percent; P<. 01).

16. Venous-arterial CO
2

concentration difference decreased

34%; it was lowest at 16-18 weeks of pregnancy (2.3 vs

3.5 volumes percent; P<. 05).

decreased 13%; it was lowest at term17. Arterial PC0
2

(32.3 vs 37.1 mm Hg; P<. 05).

18. Venous P dropped 12% being lowest at 16-18 weeks of
CO2

pregnancy (36.6 vs 41.3 mm Hg; P<. 01).

19. Arterial plasma bicarbonate concentration decreased

12%; it was lowest at term (20.0 vs 22.7 mEq/L;

P<. 01).

20. Venous plasma bicarbonate concentration decreased 14%;

it was lowest at 16-18 weeks of pregnancy (20.4 vs 23.6

mEq/L; P <. 01).

21. Maternal 02 consumption increased 36% being highest at

term (227 vs 167 ml/min; P<. 05).

Other characteristics which showed no significant change

(P>. 05) during pregnancy were: rectal temperature, mean pul-

monary artery pressure, systemic arterial pulse pressure,

hematocrit, hemoglobin concentration, red cell volume, blood
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volume/kg, total circulating hemoglobin, total circulating hemo-

globin/kg, arterial 02 concentration, mixed venous 0
2

concentra-

tion, arterio-venous 02 concentration difference, blood 02 capacity,

arterial plasma pH, mixed venous plasma pH, mixed venous par-

tial pressure of 02, mixed venous 02 saturation, 02 consumption/

kg body weight and coefficient of 02 utilization.

Changes in maternal heart rate during pregnancy were sig-

nificantly correlated with changes in many other variables. The

usefulness of this single characteristic as an index of the increased

cardio-respiratory burden of pregnancy in Pygmy goats was pro-

posed.

The normal cardio-respiratory values found early in the

postpartum period suggest that readjustments to the nonpregnant

state occur in a relatively short period of time following delivery

in the Pygmy goat not allowed to nurse her newborn.

There were marked differences among females carrying one,

two or three fetuses in several characteristics studied, indicating

that the number of fetuses was an important variable.

The comparative aspects of the changes observed in the Pygmy

goatwith changes reported for other species were discussed as

well as the possible causal mechanisms.
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" . . . the question naturally arises, what is the practical
value of this paper? You will remember when Benjamin
Franklin demonstrated electricity to the French salons
in Paris their first question was, 'What is the practical
value of this thing you call electricity? ' And you will
remember his famous reply, 'Of what practical value
is a newborn baby? Although at present it may not
seem to have much practical value, there is reason
to believe that when work of this type is pieced together
the various studies will form a mosaic which will serve
as a foundation for investigation of the utmost practical
value. " (Eastman, 1938, p. 441)
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Appendix Table 1. Body Weight (kg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE -x

1-3 0 8 19.4 6.3 2.24 9 15.0 2.7 0.91

1-3 1 8 19.7 6.3 2.21 9 15.7 2.5 0.84
4-6 2 8 20.2 5.9 2.09 9 15.9 2.4 0.80
7-9 3 8 20.8 5.8 2.04 9 17.0 2.1 0.71

z 10-12 4 8 22.7 6.7 2.35 9 17.8 2.0 0.68
CD

W
13-15 5 8 25.0 6.0 2.11 9 19.0 2.3 0.78
16-18 6 8 27.7 6.1 2.17 9 20.3 2.8 0.92
19-21 7 8 30.1 6.7 2.37 9 21.6 3.2 1.07

1-
1-3 8 8 25.6 5.0 1.77 9 22.6 3.4 1.14

0
pi 4-6 9 8 26.6 5.7 2.02 8 24.1 4.0 1.41



Appendix Table 2. Rectal Temperature (°F)

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-x
1-3 0 7 103.8 0.6 0.24 8 104.1 0.8 0.30

1-3 1 8 103.8 0.5 0.17 8 104.2 1.0 0.34

-, 4-6 2 7 103.6 0.8 0.28 9 103.8 0.7 0.23
0 7-9 3 7 103.8 0.5 0.18 8 104.1 0.5 0.17Z
<4 10-12 4 8 103.9 1.0 0.36 8 104.0 0.6 0.23Z
0 13-15 5 7 104.0 0.6 0.21 9 103.6 0.2 0.08
W
r:4

a,
16-18

19-21

6

7

8

6

104.0

103.5

0.9
0.4

0.32
0.17 I

..L

9

9

103.3

103.3

0.6
0.7

0.19

0.23

cn

a,
0

1-3

4-6
8

9

8

8

103.6

103.4

0.7
0.8

0.23

0.26
9

8

103.4

103.4
0.8

0.8
0.26

0.27



Appendix Table 3. Hematocrit (%)

Stage of
pregnancy

Pregnancy
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-x

-
U
Z
<4

Z0
rrl
tx

Q'

..,.
0)
o
a,

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

8

8

8

6

8

8

8

8

8

8

29.9

28.6

28.0
29.5

29.3

29.4
27.5

27.5

28.6

29.6

1.5

2.0
1.7
1.2

2.1

2.6
1.2

1.9

2.8
2.6

0.52

0.71

0.60
0.50

0.73
0.91
0.42
0.66

0.98
0.93

1-

8

9

9

9

9

8

9

9

I 9

8

27.6

26.4

27.8

27.8

27.4
26.9
27.1

27.3

27.4
28.5

3.0

2.8
1.4
1.7

3.7
2.7
3.2
3.0

3.6
4.3

1.05

0.93

0.47
0.58
1.24

0.95
1.06

1.01

1.22
1.51



Appendix Table 4. Hemoglobin Concentration (gm%).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE-
x

a,
1-3 0 7 10.3 0.4 0.15 8 9.6 1.4 0.49

1-3 1 8 9.7 0.8 0.30 9 9. 0 0.9 0.28
-i
U 4-6 2 8 9.4 0.6 0.22 9 9.4 0.6 0.19
Z
=4

7-9 3 6 9.8 0.5 0.21 9 9.3 0.8 0.25
Z 10-12 4 8 9.9 0.8 0.27 9 9. 3 1.3 0.44
ril
(24

13-15 5 8 9.7 0.7 0.26 8 9.0 1.1 0.40
p., 16-18 6 8 9.6 0.5 0.19 9 9.2 1.2 0.41

19-21 7 8 9.3 0.7 0.23 9

r
9. 2 1.1 0.38

4..)
1-3 8 8 9.9 1.6 0.57 9 9.3 1.2 0.41

(I)

al
o 4-6 9 8 9.8 0.8 0.29 8 9.4 1.5 0.52



Appendix Table 5. Heart Rate (beats/min).

Stage of Study
pregnancy interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE-
x

a)

a,
1-3 0 7 84 15 5.6 8 82 5 1.7

1-3 1 8 87 20 7.0 9 86 12 3.9-
0 4-6 2 8 92 14 5.1 9 91 16 5.3
Z 7-9 3 6 92 7 2.9 9 93 13 4.2
Z 10-12 4 8 97 8 3.0 9 93 7 2.5
41 13-15 5 7 100 6 2.4 8 89 10 3.6
P4

a 16-18 6 8 113 8 2.7 9 85 9 3.1
19-21 7 8 115 15 5.2 9 86 11 3.6

7
fA

1-3 8 8 85 7 2.5 9 83 6 1.9
C.?1 4-6 9 8 89 22 7.7 8 81 9 3.2



Appendix Table 6. Arterial Systolic Blood Pressure (mm Hg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant controls

Weeks No. n x SD SE-x n x SD SE-
x

a.,
1-3 0 7 127 10 3.7 8 127 15 5.4

1-3 1 8 129 12 4.3 9 124 18 5.9

U 4-6 2 8 128 12 4.3 9 122 12 3.8
Z 7-9 3 6 121 5 2.0 9 120 10 3.2
Z 10-12 4 8 125 13 4.6 9 121 13 4.4
41 13-15 5 6 119 8 3.4 8 124 10 3.7
Q, 16-18 6 8 115 8 2.8 9 122 9 3.1

19-21 7 8 117 9 3.1 9 122 12 4.1
1

1-3 8 8 122 10 3.5 9 122 9 3.1
4-6 9 8 127 5 1.8 8 125 13 4.6

1-,

0



Appendix Table 7. Arterial Diastolic Blood Pressure (mm Hg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-x

P-1

-1
U
Z
=4

Z
0
fx1

P4

a

Go

Pi)

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

7

8

8

6

8

6

8

8

8

8

91

89

90

81

89

85

81

83

87

91

10

9

10

4

10

5

5

9

7

6

3. 6

3.1

3.4
1.8

3.6
2.2
1.9

3.2

2.6

2.3

-4

i

8

9

9

9

9

8

9

9

9

8

88

87

84

82

86

85

87

86

90

89

12

16

11

8

10

9

9

10

10

8

4.4

5.3
3.7

2.7
3.4
3.2
3.1

3.3

3.2
3.0



Appendix Table 8. Mean Arterial Blood Pressure (mm Hg).

Stage of
re nanc

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-
x

&.1

-i
0
Z
<4

Z

W
C4

a

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

0

1

2

3

4

5

6

7

7

8

8

6

8

6

8

8

109

109

109

104

107

102

99

100

8

10

11

4

11

5

7

10

3.1

3.6

3.8

1.6

3.7
2.2
2.5
3.7

8

9

9

9

9

8

9

9

107

105

104

101

103

104

105

106

15

18

12

10

12

9

9

10

5.2

5.9
4.1
3.2
4.1

3.3
3.0
3.5

ca
1-3

4-6
8

9

8

8

104

109

8

6

2. 9

2.3
9

8

107

107

9

11

3.1

4.0



Appendix Table 9. Arterial Pulse Pressure (mm Hg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-x
'41)

1-3 0 7 38 6 2.5 8 40 6 2.0

1-3 1 8 40 4 1.5 9 37 3 1.1
>-( 4-6 2 8 39 5 1.8 9 39 4 1.5

7-9 3 6 40 6 2.3 9 38 7 2.2
10-12 4 8 36 6 2.0 9 35 6 2.10

W 13-15 5 6 33 7 2.8 8 40 6 2.1
fa., 16-18 6 8 33 4 1.4 9 35 5 1.6

19-21 7 8 33 5 1.9 9 36 6 1.9

4-1 1-3 8 8 35 6 2.3 9 32 4 1.3
O 4-6 9 8 36 5 1.8 8 36 6 2.1



Appendix Table 10. Mean Pulmonary Artery Blood Pressure (mm Hg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x SD SE -x

1-3 0 5 27 6 2.5 8 22 2. 0.7
4

1-3 1 7 22 6 2.3 9 21 7 2.3
4-6 2 8 23 6 2.1 8 22 3 1.0

U
Z 7-9 3 6 19 3 1.4 8 21 4 1.5
<4

Z 10-12 4 8 24 4 1.3 8 24 6 2.1
0
ril

13-15 5 6 28 8 3.2 7 21 5 1.7
P4

a,
16-18 6 8 26 5 1.7 7 25 5 1.8
19-21 7 8 26 5 1.6 9 26 9 3.1

4,
co

ai

1-3

4-6

8

9

8

8

25

25

2

6

0.7

2.1

9

8

26

28

5

4

1.6

1.5



Appendix Table 11. Plasma Volume (L).

ca

a,

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-
x n x SD SE-x

1-3 0 7 1.04 0.16 0.06 8 1.01 0.18 0.06

1-3 1 8 1.03 0.18 0.06 9 1.02 0.20 0.07
4-6 2 8 1.13 0.17 0.06 9 1.05 0.20 0.07
7-9 3 6 1.15 0.14 0.06 9 1.12 0.21 0.07

10-12 4 8 1.22 0.11 0.04 9 1.17 0.24 0.08
13-15 5 8 1.27 0.19 0.07 8 1.23 0.23 0.08
16-18 6 8 1.43 0.18 0.06 9 1.25 0.22 0.08
19-21 7 8 1.56 0.13 0.05 9 1.26 0.20 0.07

1-3 8 8 1.40 0.16 0.06 9 1.29 0.25 0.08
4-6 9 8 1.36 0.15 0.05 8 1.33 0.23 0.08



Appendix Table 12. Blood Volume (L).

P-i

z

co

a,

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE -
x

1-3 0 7 1.52 0.25 0.10 8 1.39 0.24 0.09

1-3 1 8 1.44 0.28 0.10 9 1.39 0.25 0.08

4-6 2 8 1.56 0.26 0.09 9 1.46 0.27 0.09

7-9 3 6 1.63 0.20 0.08 9 1.53 0.27 0.09
10-12 4 8 1.73 0.18 0.06 9 1.60 0.30 0.10
13-15 5 8 1.79 0.25 0.09 8 1.68 0.31 0.11

16-18 6 8 1.97 0.25 0.09 9 1.71 0.30 0.10

19-21 7 8 2.16 0.21 0.08 9 1.74 0.28 0.10

1-3 8 8 1.96 0.21 0.07 9 1.79 0.35 0.12

4-6 9 8 1.94 0.22 0.08 8 1.86 0.37 0.13



Appendix Table 13. Blood Volume Per Kilogram (ml/Kg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE-
x

a,

1-3

1-3

0

1

7

8

79.0

76.6

17.7

14.9

6.70

5.28

8

9

90.8

89.3

10.5

13.4

3.72

4.46
-1
U 4-6 2 8 80.4 11.4 4.04 9 92.2 11.0 3.68
Z 7-9 3 6 82.0 13.7 5.59 9 90.1 9.9 3.31
Z
0

10-12 4 8 80.0 15.7 5.56 9 90.0 13.4 4.46
W 13-15 5 8 73.4 9.2 3.27 8 87.2 11.1 3.93
C4

a, 16-18 6 8 72.4 7.6 2.69 9 84.0 7.6 2.55
19-21 7 8 74.5 15.9 5.61 9 80.8 6.8 2.27

.1

1-3 8 8 78.0 11.8 4.17 9 78.7 6.8 2.25

a°,
4-6 9 8 74.6 10.2 3.60 8 77.2 9.2 3.27



Appendix Table 14. Red Cell Volume (L).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE x

a,
1-3 0 7 0.462 0.091 0.037 8 0.384 0.081 0.029

--,

1-3 1 8 0.417 0.104 0.037 9 0.364 0.067 0.022

0 4-6 2 8 0.439 0.087 0.031 9 0.404 0.076 0.025
Z 7-9 3 6 0.482 0.069 0.028 9 0.424 O. 079 0. 026
Z 10-12 4 8 0.506 0.081 0.029 9 0.439 0.088 0.0290
fil
r4
a,

13-15

16-18

5

6

8

8

0.526

0.542

0.085

0.075

0.030

0.027 i

8

9

0.454

0.461

0.103

0.099

0.036

0.033
19-21 7 8 0.598 0.089 0.031 9 0.478 0.102 0.034

-J

.,_,
u)

a,

1-3

4-6
8

9

8

8

0.561

0.575
0.085

0.091

0.030

0.032
9.

8

O. 493

0.537

0.126

0.165

0.042

0.058



Appendix Table 15. Cardiac Output (L/min).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-
x

1-3 0 7 3.09 0.75 0.28 8 2.90 0.52 0.18

1-3 1 8 3.19 0.72 0.26 9 2.93 0.45 0.15

0 4-6 2 8 3.27 0.55 0.19 9 2.98 0.58 0.19
Z 7-9 3 6 3.43 0.32 0.13 9 3.33 0.44 0.15
Z 10-12 4 8 3.51 0.64 0.23 9 3.36 0.74 0.250
frl 13-15 5 6 3.75 0.96 0.39 8 3.47 0.83 0.29
C:4

fl, 16-18 6 8 4.92 0.70 0.25 9 3.46 0.66 0.22
19-21 7 8 5.32 1.08 0.38 9 3.55 0.55 0.18

4.) 1-3 8 8 3.44 0.36 0.13 9 3.47 0.50 0.17
0

4-6 9 8 3.75 0.83 0.29 8 3.64 0.60 0.21



Appendix Table 16. Cardiac Output Per Kilogram (ml/min/Kg)

Stage of

pregnancy
Study

interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x SD SE-x
0

a,

U
z
<4

Z
0
41

P4

a,

4.3

O

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

7

8

8

6

8

6

8

8

8

8

166

173

171

176

162

146

182

181

138

144

59

54

41

46

37

20

30

36

29

30

22.3

18.9

14.6

18.8

12.9

8.0

10.4

12.6

10.3

10.7

-4

8

9

9

9

9

8

9

9

9

8

194

190

189

198

188

180

171

166

154

151

30

36

33

26

38

37

22

22

19

21

10.6

12.1

11.0

8.8

12.7

13.0

7.5

7.4

6.2

7.3



Appendix Table 17.. Stroke Volume (ml/beat).

Stage of
pregnancy

Study
interval Pregnant does Nonprnant control

Weeks No. n x SD SE-x n x SD SE -x
.1)4 1-3 0 7 37 11 4.3 8 35 5 1.8

1-3 1 8 37 7 2.6 9 35 7 2.4-
0 4-6 2 8 36 7 2.3 9 34 8 2.7
Z 7-9 3 6 38 6 2.4 9 37 6 1.8
Z 10-12 4 8 36 8 2.9 9 37 10 3.40
W 13-15 5 6 38 10 3.9 8 39 10 3.5
P4
p, 16-18 6 8 44 5 1.9 9 42 11 3.5

19-21 7 8 47 9 3.2 9 43 11 3.8
.1_

1-3 8 8 41 3 1.1 9 42 6 2.1.1J
CO

4-6 9 8 44 13 4.5 8 45 7 2.6



Appendix Table 18. Peripheral Vascular Resistance (dyne-sec-cm-5).

Stage of

pregnancy
Study

interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-x
$(1)4 1-3 0 7 3040 797 325.3 8 3003 574 203.0Pi

J
1-3 1 8 2814 526 185.8 9 2928 675 224.9

-i
4-6 2 8 2721 444 157.1 9 2862 638 212.7

0 7-9 3 6 2429 177 72.2 9 2451 432 144.1Z
<4

z
10-12 4 8 2486 360 127.3 9 2583 729 242.9

0 13-15 5 6 2302 699 285.5 8 2527 685 242.1W
1:4

a
16-18

19-21

6

7

8

8

1625

1531

205

185

72.5

65.6

9

9

2519

2439

568

512

189.3

170.8

1-3 8 8 2437 258 91.2 9 2500 415 138.3
0

fli 4-6 9 8 2442 636 225.0 8 2405 468 165.3



Appendix Table 19. Total Circulating Hemoglobin ( gms).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-
x

a,
1-3

1-3

0

1

6

8

156

143

30

32

12.2

11.3

8

9

137

128

32

28

11.3

9.3
-i 4-6 2 8 149 31 11.0 9 138 29 9.7
U
Z 7-9 3 6 160 22 9.0 9 143 31 10.3
<4

Z 10-12 4 8 172 28 9.9 9 149 31 10.3
0
rx1

13-15 5 8 174 27 9.5 8 153 40 14.1

a,
16-18 6 8 188 26 9.2 9 157 37 12.3
19-21 7 8 201 31 11.0 9 160 38 12.7

1
4-) 1-3 8 8 192 27 9.5 9 167 46 15.3
CO

0 4-6 9 8 190 26 9.2 8 177 57 20.1



Appendix Table 20. Total Circulating Hemoglobin Per Kilogram (gms/Kg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE -
x

'14)

Pq

>i
U
Z

Z

rx1

124

a

a,

ca

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

6

8

8

6

8

8

8

8

8

8

7.6

7.5

7.6
8.0
7.9
7.1

7.2
6.9

7.8

7.4

1.2

1.5

1.1

1.2

1.8
1.2

0.8

1.4

2.2
1.4

0.49

0.53

0.39
0.49

0.64
0.42
0.28

0.49

0.78

0.49

8

9

9

9

9

8

9

9

9

8

8.8

8.2
8.7
8.4
8. 3

7.9
7.7
7.4

7.3

7.3

1.3

1.5

1.3

1.1

1.4
1.4
1.2

1.0

1.0
1.5

0.46

0.50

0.43

0.37

0.47
0.49
0.40
0.33

0.33
0.53



Appendix Table 21. Hemoglobin Flow (gms/min).

Stage of
pregnancy

Study
interval

Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE -x

1-3 0 6 321 96 39.2 8 287 64 22.6

1-3 1 8 317 87 30.7 9 270 52 17.3

- 4-6 2 8 310 64 22.6 9 283 59 19.7
U
Z 7-9 3 6 336 33 13.5 9 311 45 15.0

Z 10-12 4 8 311 79 27.9 9 312 81 27.0
0
14

13-15 5 6 356 98 40.0 9 314 90 31.8

a 16-18 6 8 474 76 26.9 9 317 77 25.7

19-21 7 8 501 127 44.9 9 327 74 24.7

1

co

1-3 8 8 340 66 23.3 9 323 72 24.0

0 4-6 9 8 366 80 28.3 8 342 89 31.4



Appendix Table 22. Hemoglobin Flow Per Kilogram (gms/min/Kg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-x
1-3 0 6 15.7 5.1 2.08 8 18.4 2.7 0.95

-F

1-3 1 8 16.9 5.2 1.80 9 17.5 3.7 1.23
4-6 2 8 16.1 3.9 1.38 9 17.9 3.3 1.10

0
Z 7-9 3 6 17.1 3.9 1.59 9 18.1 2.4 0.80

Z 10-12 4 8 16.0 3.6 1.27 9 17.4 4.0 1.33
0 13-15 5 6 13.9 2.7 1.10 8 16.2 3.7 1.31W
P4 16-18 6 8 18.3 3.5 1.24 9 15.6 2.9 0.97
124

19-21 7 8 16.8 3.5 1.24 9 15.1 2.6 0.87

1-3 8 8 13.9 4.9 1.73 9 14.2 2.1 0.70
4-6 9 8 14.1 3.3 1.17 8 14.1 2.1 0.74



Appendix Table 23. Blood 02 Capacity (vols %).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE-
x

1-3 0 7 13.8 0.5 0.20 8 12.9 1. 9 0.66

I-

1-3 1 8 13.0 1.1 0.40 9 12.1 1.1 0.38
i 4-6 2 8 12.6 0.9 0.30 9 12.6 0.8 0.25
0
Z 7-9 3 6 13.2 0.7 0.28 9 12.5 1.0 0.33

Z 10-12 4 8 13.2 1.0 0.37 9 12.5 1.8 0.59
0
W

13-15 5 8 13.0 1.0 0.35 8 12.1 1.5 0.54

a,
16-18 6 8 12.9 0.7 0.25 9 12.3 1.6 0.55
19-21 7 8 12.4 0.9 0.31 9 12.3 1.5 0.50

L
4-1
cn

1-3 8 8 13.2 2.1 0.74 9 12.4 1.6 0.55
0 4-6 9 8 13.1 L I 0.38 8 12.5 2.0 0.70



Appendix Table 24. Arterial 02 Concentration (0/0).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-
x

a,

U
Z
<4

Z
C.)

41

C4

a,

to
0

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

7

8

8

6

8

7

8

8

8

8

12.7

11.9

11.7

12.2

12.3

11.8

12.3

11.5

12.3

12.1

1.0

1.0

1.0
0.9
0.9
0.7

0.8

0.8

2.1

1.1

0.38

0.36

0.34
0.38

0.32
0.27
0.29
0.28

0.74
0.38

8

9

9

9

8

8

9

9

L
8

8

12.1

11.3

11.6

11.7

11.6

11.1

11.7

11.2

11.6

11.9

1.8

1.0

0.8
1.0

2.0
1.5

1.1

1.5

1.2

2.2

0.65

0.34

0.26

0.35

0.71

0.53

0.35

0.49

0.41

0.76



Appendix Table 25. Arterial 02 Saturation (%).

Stage of
pregnancy

Study
interval Pregnant does

1

Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-x
2)4 1-3 0 6 93.0 3.4 1.37 8 93.8 6.5 2.2944

1-3 1 8 91.3 3.5 1.24 9 93.3 3.2 1.07-i
0 4-6 2 8 93.1 3.3 1.16 9 92.4 2.4 0.79Z
.,4 7-9 3 6 92.5 4.3 1.76 9 93.5 2.4 0.79
0 10-12 4 8 92.6 3.6 1.29 8 93.8 5.5 1.94
W 13-15 5 7 92.4 5.3 1.98 8 91.6 2.7 0.97
Pi 16-18 6 8 95.3 2.5 0.90 9 95.8 5.8 1.92

19-21 7 8 93.1 1.3 0.44 9 91.6 5.0 1.67

.w
m

1-3 8 8 92.9 2.7 1.03 8 93.3 6.1 2.16

ffi 4-6 9 8 91.7 2.8 1.00 8 94.2 4.4 1.55



Appendix Table 26. Mixed Venous 02 Concentration (vols %).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SEx

a.,

-I
U
Z
<1

Z
0
ril
r4
P4

U)
0a

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

7

8

8

6

8

6

8

8

8

8

7.9

7.7

7.4
8.0
7.9
7.1

7.7
7.3

7.6

7.5

0.9

0.7
0.7
0.8

0.7
0.8

1.3
0.7

1.4
1.2

0.34

0.23

0.26

0.31

0.25

0.34

0.47

0.24

8

9

9

9

8

8

9

9

7.4

7.5

7.2
7. 2

7.0
6.6
6.9
6.6

7.2
7.7

1.6

1.6

1.0

O. 8

1.6

1.3

1.1

1.5

1.3

2.3

0.57

0.52

0.34
0.27
0.56
0.45

0.38

0.49

0.47

0.80

0.49

0.44
8

8

O
O



Appendix Table 27. Mixed Venous 02 Saturation (%).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SEx

z

0

0.4

4->

0
1:14

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

6

8

8

6

8

7

8

8

7

8

57.8

59.0
59.0

60.5

59.7
56.4
59.4

58.6

57.2
56.6

4. 7

4.8
5.2
4.7
4.2
4.5
8.9
2.3

2.8

6.3

1.90

1.69

1.85

1.92
1.49

1.69

3.14
0.80

1.07

2.22

8

9

9

9

8

8

9

9

8

8

56.8

61.5
57.3
57.6
56.1

54.5

56.0

53.3

57.4

60.4

6. 3

11.1

6. 0

5. 2

7. 3

5. 0

5. 5

6. 4

4. 2

10.3

2. 22

3. 68

2. 00

1.72
2.59
1.76

1.83

2. 13

1.48

3.63



Appendix Table 28. Arterio-venous 02 Concentration Difference (vols %).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE -x
1),

a,
1-3 0 6 4.9 0.3 0.11 8 4.7 0.9 0.32

1-3 1 8 4.2 0.8 0.28 9 4.2 0.9 0.31
-1
U 4-6 2 8 4.3 0.7 0.25 9 4.4 0.6 0.20
Z 7-9 3 6 4.2 0.4 0.15 9 4.5 0.7 0.24
Z 10-12 4 8 4.4 0.6 0.23 8 4.7 1.1 0.40
W 13-15 5 7 4.6 1.0 0.39 8 4.5 0.6 0.20
al 16-18 6 8 4.6 1.1 0.40 9 4.8 0.4 0.13

19-21 7 8 4.3 0.3 0.10 9 4.7 0.9 0.29

1-3 8 8 4.7 0.9 0.33 8 4.4 0.3 0.12
0

a, 4-6 9 8 4.6 0.8 0.28 8 4.1 0.5 0.18



Appendix Table 29. Mixed Venous P02 (mm Hg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE -x

a,
1-3 0 6 35.0 2.4 0.97 8 35.4 3.8 1.35

I-
1-3 1 8 37.1 2.9 1.03 8 36.5 3.9 1.39
4-6 2 8 36.5 2.8 1.00 9 36.1 4.0 1.34

U
Z 7-9 3 5 38.4 3.4 1.50 7 37.6 3.0 1.13

Z 10-12 4 8 39.3 2.9 1.01 8 36.8 3.9 1.36

W
13-15 5 7 36.6 3.6 1.34 8 34.6 2.3 0.82

r=4

a.,
16-18 6 8 38.6 5.7 2.01 9 35.7 3.5 1.16
19-21 7 8 37.9 1.4 0.48

r
9 35.4 3.0 1.00

co

a,

1-3

4-6
8

9

8

8

37.1

36.8

1.6

4.5
0.55

1.58

8

7

36.8

38.6

2.8

6.4
1.00

2.43



Appendix Table 30. Coefficient of 02 Utilization (%).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-
x

2

L.)

Z
<4

Z
0
W

ra.

PC21

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

6

8

8

6

8

7

8

8

8

8

38.0

35.3

36.6

34.5

35.5

38.7

37.6

36.9

38.4
38.1

3.5

4.6
4.3
2.4
4.3
7.6

9.4
2.3

4.1

6.9

1.41

1.61

1.51

0.99
1.52

2.86

3.32
0.81

1.44

2.44

8

9

9

9

8

8

9

9

8

8

39.1

33.9

27.8

38.4
40.0
40.5
41.4
41.6

38.5

36.0

7.0

12.8

6.5

4.6
7.5

5.2
5.5

8.3

5.9
9.5

2.46

4.28

2.17

1.54
2.63

1.83

1.82

2.77

2.09

3.34



Appendix Table 31. Maternal 02 Consumption (ml/min).

Stage of

pregnancy
Study

interval
Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE-x

1 3 0 7 149 44 17.8 8 140 32 11.3

4-

1-3 1 8 147 53 16.5 9 119 25 8.3

4-6 2 8 142 38 13.6 9 131 29 9.6
U
Z 7-9 3 6 145 22 9.0 9 150 31 10.3
.'

Z 10-12 4 8 157 48 16.9 8 160 29 10.2

0
fil

13-15 5 6 171 33 13.3 8 152 32 11.2

a,
16-18 6 8 224 48 16.9 9 166 33 11.1

19-21 7 8 227 47 16.7 9 162 26 8.7

L
4-3 1-3 8 8 162 36 12.6 8 150 18 6.5
0

4-6 9 8 171 41 14.4 8 150 29 10.4



Appendix Table 32. Maternal 02 Consumption Per Kilogram (ml/min/kg).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-
x n x SD SE-

x

a,
1-3 0 7 7.5 2.1 0.80 8 9. 0 2.4 0.86

1-3 1 8 7.8 3.2 1.13 8 7.9 2.1 0.74
-f 4-6 2 8 7.2 1.5 0.52 9 8.2 1.5 0.50
U
Z 7-9 3 6 7.3 1.6 0.65 9 8.9 1.6 0.53
c
Z 10-12 4 8 7.1 2.2 0.79 8 9. 0 2.0 0.70
0
ril

13-15 5 6 6.8 1.5 0.60 8 7.9 1.2 0.42
r4
a,

16-18 6 8 8.5 3.0 1.07 9 8.2 1.2 0.39
19-21 7 8 7.7 1.6 0.55 9 7.6 1.2 0.39

1
cr)

1-3 8 8 6.7 2.7 0.94 8 6.8 1.0 0.34

(14
4-6 9 8 6.6 1.7 0.61 8 6.2 1.0 0.35



Appendix Table 33. Arterial CO2 Concentration (vol °70).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-
x

1-3 0 7 47.1 2.5 0.95 8 46.0 2.6 0.93
H

1-3 1 8 46.6 2.6 0.91 9 47.6 2.0 0.68
>- 4-6 2 8 46.2 2.2 0.78 9 46.6 3. 9 1.30
0
Z 7-9 3 6 45.4 1.7 0.70 9 45.6 3.2 1.08
<4

Z 10-12 4 8 43.2 1.4 0.51 8 43.8 3.4 1.19
0 13-15 5 6 43.6 2.9 1.17 8 47.5 3.1 1.09
W
1:4

a,
16-18 6 8 41.3 2.5 0.89 9 45.8 3.3 1.09
19-21 7 8 41.6 3.3 1.15 9 45.4 4.3 1.44

co

1-3 8 8 46.0 4.2 1.47 8 47.3 4.3 1.52
0

fai
4-6 9 8 48.3 4.9 1.72 8 46.8 2.5 0.87



Appendix Table 34. Mixed Venous CO2 Concentration (vol %).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE x n x SD SE -
x

'1)4

0
Z
<4

Z
0
W
c14

a,

,..
En

o
a,

1-3

1-3

4-6

7-9

10-12

13-15

16-18

19-21

1-3

4-6

0

1

2

3

4

5

6

7

8

9

7

8

8

6

8

6

8

8

8

8

50.7

49.7
49.1

48.6
45.0
46.8
43.6
44.8

49.6
51.7

3.0

2.7
2.3

2.2
1.1

2.2
2.4
3.4

3.4
4.8

1.13

0.94

0.80
0.91

0.39
0.90

0.86
1.21

1.21

1.70

1-

8

9

9

9

8

8

9

9

18
8

49.4

50.4
49.4
48.9
46.7
49.9
49.0
48.5

50.3

48.9

2.6

2.7

3.6

3.3

2.8

3.0
2.7
5.0

4.6
2.3

0.92

0.90
1.20

1.10

0.98
1.05

0.90
1.65

1.61

0.82



Appendix Table 35. Venous-arterial CO2 Concentration Difference (vol %).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-x
(4'1 1-3 0 7 3.6 1.3 0.49 8 3.3 1.1 0.38

-4

1-3 1 8 3.1 1.2 0.43 9 2.8 1.6 0.53
"' 4-6 2 8 2.9 0.8 0.27 9 2.9 1.4 0.47U
Z 7-9 3 6 3.1 1.6 0.64 9 3.3 0.9 0.30
<4
Z 10-12 4 7 2.1 0.9 0.33 8 2.9 1.0 0.35
0
41

13-15 5 6 3.6 1.6 0.67 8 2.4 1.0 0.35

a 16-18 6 8 2.3 1.1 0.39 9 3.2 1.0 0.33
19-21 7 8 3.2 0.4 0.15 9 3.0 1.7 0.57

1.,
cn

fft

1-3

4-6
8

9

8

8

3.6

3.5

1.0

1.0

0.36

0.35

8

8

3.0
2.2

0.8
1.3

0.28

0.45



Appendix Table 36. Arterial Pco (mm Hg).
2

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE -x
1-3 0 6 32.7 2.9 1.17

k
8 34.4 1. 9 0.68

1-3 1 8 34.5 3.0 1.05 8 35.0 2.7 0.95
4-6 2 8 35.6 3.9 1.39 9 35.2 4.8 1.59
7-9 3 5 35.6 2.9 1.30 7 35.9 2.1 0.83

10-12 4 8 36.0 2.9 1.04 8 35.4 1.8 0.65
13-15 5 6 34.0 4.1 1.67 8 36.8 2.5 0.88

a,
16-18 6 8 33.8 1.0 0.37 9 35.1 2.2 0.72
19-21 7 8 32.3 3.3 1.16 9 36.7 2.1 0.71

1-3 8 8 36.0 4.3 1.52 I. 8 37.0 2.8 1.00
0

13-1
4-6 9 8 38.3 2.8 1.00 8 37.4 1.8 0.63



Appendix Table 37. Mixed Venous Pco (mm Hg).
2

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -
x

n x SD SE
x

1-3 0 6 36.7 2.6 1.05 8 38.4 2.2 0.78

1-3 1 8 38.9 3.4 1.23 8 38.9 2.2 0.79

0 4-6 2 8 39.4 4.7 1.67 9 38.4 4.4 1.47
Z 7-9 3 5 38.2 3.0 1.36 7 39.7 3.3 1.23
Z 10-12 4 8 38.6 3.0 1.07 8 38.6 1.6 0.57
W 13-15 5 6 38.2 2.9 1.20 8 39.9 2.0 0.69
P, 16-18 6 8 36.6 2.0 0.71 9 38.6 2.2 0.75

19-21 7 8 36.9 2.7 0.97 9 40.8 3.3 1.09
4-

1-3 8 8 40.6 3.4 1.19 8 40.6 3.5 1.24
0

C14
4-6 9 8 42.0 2.5 0.89 7 40.4 2.4 0.90



Appendix Table 38. Arterial Plasma [HCO3] (mEq/L).

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE -x
1-3 0 6 22.3 2.2 0.88 8 22.3 1.3 0.45a,

1-3 1 8 22.8 1.3 0.45 8 23.1 1.0 0.35
4-60 2 8 22.4 1.1 0.37 9 22.3 2.0 0.67

Z 7-9 3 5 22.0 1.2 0.55 7 21.4 1.6 0.61
z 10-12 4 8 20.9 0.8 0.30 8 20.9 2.0 0.69
41 13-15 5 6 20.8 1.5 0.60 8 22.8 1.4 0.49
r4
f24

16-18 6 8 20.0 1.2 0.42 9 21.9 1.8 0.59
19-21 7 8 20.0 1.6 0.57 9 21.9 2.3 0.77

1-3 8 8 22.3 2.0 0.70 8 22.9 2.5 0. 90
4-6 9 8 23.1 2.3 0.81 8 22.3 1.5 0.53



Appendix Table 39. Mixed Venous Plasma [HCO3] (mEq /L).

Z

Z
0
W
f4
ri

64)

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE -x n x SD SE-x
1-3 0 6 23.5 1.9 0.76 8 23.3 1.2 0.41

-1

1-3 1 8 23.4 1.3 0.46 8 23.6 0.9 0.32
4-6 2 8 23.1 0.8 0.30 9 23.1 1.5 0.51
7-9 3 5 22.6 1.1 0.51 7 22.4 2.1 0.78

10-12 4 8 21.0 0.5 0.19 8 21.6 1.5 0.53
13-15 5 6 21.8 1.0 0.40 8 23.3 1.4 0.49
16-18 6 8 20.4 1.4 0.50 9 22.8 1.4 0.46
19-21 7 8 20.9 1.5 0.52 9 22.6 2.3 0.77

1-3 8 8 23.1 1.7 0.61 8 23.4 2.5 0.86
4-6 9 8 24.0 2.2 0.78 7 23.1 1.2 0.46



Appendix Ta hle 40_ Arterial-Plasma pH.

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-
x

a)

a,
1-3

1-3

0

1

7

8

7.458

7.439

0.034

0.034

0.013

0.012

8

8

7.435

7.443

0.022

0.025

0.008

0.009
-1 4-6 2 8 7.421 0.050 0.018 9 7.426 0.030 0.010Uz 7-9 3 5 7.416 0.036 0.016 8 7.403 0.036 0.012

10-12 4 8 7.389 0.031 0.011 9 7.397 0.031 0.010
0 13-15 5 6 7.400 0.045 0.017 8 7.415 0.023 0.008

16-18 6 8 7.397 0.024 0.008 9 7.421 0.021 0.007
19-21 7 8 7.407 0.017 0.006 9 7.396 0.037 0.012

J_

1-3 8 8 7.414 0.035 0.012 9 7.418 0.041 0.0140
4-6 9 8 7.405 0.022 0.008 8 7.400 0.030 0.011



Appendix Table 41. Mixed Venous Plasma pH.

Stage of
pregnancy

Study
interval Pregnant does Nonpregnant control

Weeks No. n x SD SE-x n x SD SE-
x

L4) 1-3 0 7 7.432 0.030 0.011 8 7.404 0.025 0.009

1-3 1 8 7.398 0.047 0.017 8 7.410 0.021 0.007
4-6 2 8 7.399 0.051 0.018 9 7.400 0.029 0.010

0
Z 7-9 3 5 7.392 0.034 0.015 8 7.376 0.043 0.015

Z 10-12 4 8 7.359 0.032 0.011 9 7.370 0.037 0.012
0 13-15 5 6 7.386 0.032 0.016 8 7.387 0.030 0.011
41

a.,
16-18 6 8 7.371 0.027 0.010 9 7.392 0.019 0.006
19-21 7 8 7.373 0.020 0.007 9 7.364 0.036 0.012

4
1-3 8 8 7.375 0.018 0.006 9 7.385 0.031 0.010

0 4-6 9 8 7.379 0.025 0.009 7 7.370 0.033 0.013



216

"My dear colleagues, I had no purpose to swell this

treatise into a large volume by quoting the names

and writings of anatomists, or to make a parade of

the strength of my memory, the extent of my reading,

and the amount of my pains: because I profess both

to learn and to teach . . not from the position of

philosophers but from the fabric of nature .

I avow myself the partisan of truth alone; and I can

indeed say that I have used all my endeavours, be-

stowed all my pains on an attempt to produce some-

thing that should be agreeable to the good, profitable

to the learned, and useful to letters." (Harvey, 16?Q, p. 6)


