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PHYSIOLOGIC MECHANISMS OF 
ADAPTATION IN THE FETAL 

CALF AT BIRTH 

Thomas R. Kasari, DVM, MVSc 

' 
From approximately 12 days after conception through the first 42 

days of gestation, the bovine embryo exhibits an intense period of or­
ganogenesis?7 Beyond this gestational age, in utero life is marked by 
limited changes in the differentiation of these organs, tissues, and sys­
tems, as well as remarkable growth. To support fetal growth, a highly 
efficient maternal and fetal placenta must be present, particularly during 
the last 2 to 3 months of gestation, when the fetus triples in body weight. 
The fetal membranes provide protection and serve as a means of trans­
ferring oxygen and nutrients from the dam to the fetus, a conduit for 
elimination of fetal waste products, and a source of enzymes and hor­
mones. In addition, the uterus furnishes warmth to the fetus. 

At the moment the umbilicus separates from the fetus during the 
birthing process, several physiologic functions formerly supported by 
the dam must become operational in the neonate almost instantaneously 
to ensure survival. These include the ability to maintain adequate oxygen 
saturation of blood, regulate acid-base balance, engage endogenous met­
abolic pathways for energy production, and preserve body temperature 
within critical limits. The calf also must absorb maternal antibodies con­
tained in colostrum to protect it from infections during the early neonatal 
period. 

For an in-depth discussion of thermoregulation and the importance 
of colostrum to calf health, see the articles in this issue by Carstens, and 
Besser and Gay, respectively. This article reviews in greater detail car-
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diopulmonary function, acid-base balance, and energy metabolism in 
the fetus and neonate. Much of our understanding of these processes has 
come from studies involving fetal lambs, but this information should 
have general application to the calf, given that both are ruminant species. 

IN UTERO CARDIOPULMONARY FUNCTION 

In each of more than 100 placentomes distributed over the endome­
trial surface of the uterus, a portion of the oxygen and nutrients in blood 
supplying the maternal placenta (endometrial crypts) traverses the inter­
villous space to the fetal placenta (chorioallantois) to recharge fetal blood 
returning via umbilical arteries.37 This newly oxygenated (80% 0 2 satu­
ration versus 58% 0 2 saturation of blood in umbilical arteries5

• 
11

) and 
nutrient-enriched blood is carried back to the fetus via the umbilical vein 
(Fig. 1).37 The umbilical vein anastomoses with the portal vein near the 
liver, although some blood flow is shunted (ductus venosus) directly into 
the caudal vena cava. From the caudal vena cava, blood enters the right 
atrium, where over 50% of the volume is shunted directly into the left 
atrium via the foramen ovale. Flow is directed into the left ventricle and 
out the aorta for distribution to arteries of the various organs and tissues 
of the body. Two large umbilical arteries arise from the aorta in the 
region of the last lumbar vertebra to carry predominantly venous blood 
back into the umbilicus for presentation to the fetal placenta, where 
waste products and carbon dioxide can be exchanged again for nutrients 
and oxygen supplied by the maternal placenta. 

Figure 1. Fetal blood circulation in utero. Arrows indicate direction of blood flow through the 
liver, heart, and lungs for oxygenated blood carried by the umbilical vein before exiting from 
the fetus via umbilical arteries. (From Roberts SJ: Gestation period-embryology, fetal mem­
branes, and placenta-teratology. In Veterinary Obstetrics and Genital Diseases: Theriogen­
ology. ed 3, Woodstock, VT, Stephen J Roberts, 1986, p 40; with permission) 

PHYSIOLOGIC MECHANISMS OF ADAPTATION IN THE FETAL CALF AT BIRTH 129 

The blood in the right atrium that did not initially course through 
the foramen ovale mixes with less oxygenated blood returning from the 
anterior vena cava and coronary vessels. This blood, albeit now at a 
lower partial pressure of oxygen (Po2) concentration, delivers nutrients 
and oxygen to the lung and heart musculature. Because pulmonary ar­
terial resistance is approximately 5 mm Hg higher than that in the aorta,11 

nearly 70% of the blood that would normally flow into the lung through 
the pulmonary artery is shunted (ductus arteriosus) directly into the 
aorta. Only approximately 30% of blood perfuses lung parenchyma for 
support of metabolic needs. Pulmonary veins collect this blood and re­
turn it to the left atrium for mixing with highly oxygenated blood coming 
through the foramen ovale. Overall, approximately 57% of the cardiac 
output of the bovine fetus goes to the placenta, 10% of flow is directed 
to the lungs, and the remainder is distributed to the other fetal tissues.11 

Pulmonary circulation in the fetus is under a high pressure, low 
flow system because the relatively hypoxic in utero environment (ap­
proximately 80% 0 2 sa~uration and Po2 of 38 mm Hg21 versus 98% o

2 
saturation and Po2 of 100 mm Hg in adults5

• 
11

) causes constriction of 
lung vessels, especially the pulmonary artery, and dilation of the ductus 
arteriosus. This interaction effectively shunts blood away from the lungs. 
Consequently, the fetal lung is not used to oxygenate blood until the 
time of birth. Breathing motions do occur, however.8 These are character­
ized by a contraction of diaphragm and chest wall muscles, with associ­
ated swings of positive and negative pressures in the pleural cavity (but 
without aspiration of material into the lungs). The fetus will "breathe" 
almost continually from mid-gestation to near term, at which time move­
ments become episodic, particularly at times associated with sleep, and 
finally, within 48 hours of delivery, an increasing proportion of time is 
marked by apnea.8 

In the fetus, 0 2 delivery is the product of umbilical blood flow and 
umbilical venous 0 2 content. Hence, any reduction in either or both of 
these variables results in decreased 0 2 delivery to the fetus, which, if 
severe enough, could lead to hypoxia from a drop in overall 0

2 
consump­

tion. Fortunately, the ruminant fetus appears able to compensate for 
sizable acute reductions in 0 2 delivery by extracting 0 2 more efficiently 
from maternal placental blood. In one study39 with fetal lambs, for in­
stance, 0 2 consumption was maintained at the control level until 0

2 

delivery had fallen by 72.5% and arterial pH was 6.843, at which time 0
2 

consumption decreased by an average of 37.5%. This apparent ability of 
the fetus to withstand dramatic reductions (usually up to 50%) in uterine 
blood flow without any detrimental physiologic effects is thought to be 
related, in part, to the dam supplying the fetal placenta with approxi­
mately twice the amount of 0 2 ordinarily needed to maintain an adequate 
fetal 0 2 uptake (and acid-base balance).46 The fetus also adjusts its cardio­
vascular responses to reduce blood flow and, thereby, 0

2 
delivery to 

tissues and organs (e.g., skeletal muscle, spleen, and kidney) nonessential 
for in utero life while increasing blood flow and 0 2 delivery to the brain, 
myocardium, and adrenal glands.38 
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Uterine contractions have an impact on availability of oxygen to the 
fetus. 27

• 
30 Uterine blood flow is reduced with each wave of spontaneous 

uterine contractions during stage I and II of parturition. In sheep, the 
average duration of a contraction is approximately 7 rninutes.31 In exper­
iments designed to take continuous measurements of uteroplacental 0 2 

uptake, uterine blood flow and uteroplacental 0 2 uptake typically decline 
approximately 10% from baseline levels at the initiation of each contrac­
tion, whereas 0 2 uptake surpasses baseline 0 2 concentrations near the 
end.30 A transient drop in fetal arterial Po2 closely follows the onset of a 
uterine contraction.27

• 
30 The work of Longo and coworkers,30 however, 

shows that the systemic changes in both uterine blood flow and uteropla­
cental 0 2 uptake during contractions do not appear to be any larger than 
some of the random daily variations that take place during uterine qui­
escence. This finding reflects that uteroplacental 0 2 uptake is in a dy­
namic state throughout each day, varying with spontaneous changes in 
uterine blood flow (e.g., changes in maternal and fetal heart rates and 
arterial blood pressures) and fetal 0 2 requirements (e.g., muscular and 
respiratory-like activity). Although uterine contractility has a definite 
effect on fetal neuronal activity with respect to sleep and breathing 
activity in late gestation,33 the overall clinical impact of a transient hy­
poxemia in the fetus probably is minimal during every uterine contrac­
tion of stage II of parturition. Acid-base determinations in these animals 
indicate that respiratory acidosis and metabolic acidosis are not present 
prior to rupture of the umbilical cord.10

a· 
13

• 
30 

Fetal hemoglobin has a higher oxygen affinity than maternal 
blood. 11

• 
21 Consequently, at any given uteroplacental 0 2 tension, fetal 

capabilities are enhanced to maximize 0 2 extraction per unit of uterine 
blood flow. 

CARDIOPULMONARY CHANGES AT BIRTH 

The fetus is not normally hypoxic at the time of birth, provided an 
intact umbilical cord is rnaintainedY In response to rupture of the um­
bilical cord, however, marked changes do occur in the aforementioned 
pattern of fetal circulation, systemic 0 2 saturation, and acid-base balance. 
Arguably, the most critical function that the newborn calf must master is 
the initiation of respiration and subsequent oxygenation of its blood. For 
this transition to be successful, lungs must now accommodate the major­
ity of cardiac output instead of the 10% that occurred in utero. This 
requires that the lungs quickly aerate to change pulmonary function 
from a high pressure, low flow system to a low pressure, high flow 
system. 

With loss of oxygenated umbilical blood to supply fetal needs, 
asphyxia arises, 11 and reflexes occur to initiate gasping respiratory move­
ments and increase peripheral vascular resistance. Lung inflation causes 
pulmonary vascular resistance to fall to about one fifth the level observed 
in utero, which allows perfusion of alveolar tissue and oxygenation of 
the neonate's blood. 
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In response to increased 0 2 tension of blood, the ductus arteriosus 
functionally closes within 4 to 5 minutes after birth. 11

•
37 When pulmonary 

venous return raises blood pressure sufficiently in the left atrium to 
reverse the right-to-left shunt, the lumen of the foramen ovale is oc­
cluded by a thin fold of tissue lying in close apposition to the foramen. 
This occurs within 5 to 20 minutes after birth. The ductus venosus closes 
within 30 minutes to several hours postpartum. Subsequently, liver pa­
renchyma receives the entire volume of portal blood flow instead of the 
approximate one third the volume it received in utero. Anatomic closure 
of the foramen ovale and ductus arteriosus may take several weeks.11 

Initial expansion of lungs by the neonate also serves to force fluid 
from pulmonary tissues. The potential air spaces of alveoli and the tra­
cheobronchial tree in utero are normally distended with fluid actively 
secreted by pulmonary tissue.2

• 
3 This alveolar liquid is a unique sub­

stance elaborated by the fetal lung, and is neither a simple ultrafiltrate 
nor a mixture of amniotic fluid and ultrafiltrate.3 In the fetal lamb, the 
quantity of fluid appro(f(:hes 30 rnL/kg body weight and secretion occurs 
at 3 to 4 rnL/kg/hour.34

• 
35 

Lung distention is maintained as a result of a laryngeal "sphincter." 
The epiglottis rests above the soft palate and combines with arytenoids 
to form this physiologic sphincter at the entrance to the trachea.1 Under 
physiologic conditions, the larynx opens periodically only to release fluid 
into the amnion. In the fetal lamb, the overall flow of fluid away from 
the lungs is approximately 14 rnL/hour.2° Furthermore, flow increases 
over fivefold whenever periodic breathing motions occur. Amniotic fluid 
does not normally enter the trachea/ so aspiration of amniotic fluid and 
other material (e.g., meconium) into the trachea and lungs should be 
considered abnormal. 

Although some of the fluid in the tracheobronchial tree is evacuated 
through the trachea during spontaneous delivery, the majority is ab­
sorbed through alveolar walls in the initial stages of ventilation.14 This 
mechanism is prompted by activation of adrenaline-mediated 13-adrener­
gic receptors in the pulmonary epitheliurn9 and probably is aided by an 
opening of water-filled channels between alveolar epithelial cells, suffi­
cient to allow for rapid liquid absorption, but not so great as to permit 
significant penetration by plasma alburnin. 14 Actually, absorption of lung 
fluid begins during the early stages of labor, when the fetus is still in an 
in utero environrnent.9 Thyroid hormone appears to be critical to the 
maturation of the adrenaline-mediated absorption of fetal lung fluid.6 

The practice used by some people "to stimulate respiration"- elevating 
a calf above ground level by its hind legs immediately after delivery­
would appear to have some merit because some of the fluid in the 
tracheobronchial tree (60-100 rnL in the larnb1

) that otherwise would 
have to be absorbed across alveolar cell walls could flow directly out the 
trachea. 

The rapidity of lung fluid absorption by the body is optimized at 
thoracic pressures between 35 and 40 ern H20. 14 Although fluid disap­
pears from alveolar air spaces into the pulmonary interstitium within 
minutes, complete elimination of fluid from pulmonary interstitium 



132 KASARI 

takes 4 to 6 hours.25 Shallow breathing that does not attain 35 to 40 em 
H20 intrathoracic pressure would likely delay complete fluid absorption 
from the lungs. In contrast, resuscitation of calves with mechanical ven­
tilation equipment that exceeds 40 em H20 increases the risk of damag­
ing the alveolar epithelium.14 

The fluid that once occupied alveoli is replaced with air during 
inspiration. Upon exhalation, the lungs deflate only partially; a residual 
volume of air is retained in the lung, allowing reinflation with less 
pressure. Residual air volume is retained as a result of surfactant, pre­
dominantly composed of phospholipid, particularly dipalmitoyl phos­
phatidylcholine, secreted into the alveoli by type II pneumocytes.2 Sur­
factant alters the surface tension of the thin layer of fluid overlying the 
alveolar surfaces, thereby inhibiting closure of alveolar air spaces be­
cause of elastic recoil of lung tissue. Numerous granules observed lying 
either in pneumocytes or free in alveoli of fetal lungs are the likely source 
of this surface-active substance.2 It is speculated that these granules break 
down and form a thin coating over the alveoli after the onset of respira­
tion. 

Healthy calves have mean pulmonary arterial (P A) pressures rang­
ing from 40 to 82 mm Hg immediately after birth.36 The PA pressure 
continues a steady decrease until 2 weeks of age, when it averages 22 to 
25 mm Hg. The systemic arterial pressure is maintained at approximately 
100 mm Hg and arterial oxygen saturation is 90% or greater. Heart rate 
is approximately 120 beats/minute (range: 100-140) and respiratory rate, 
48 breaths / minute (range: 30-60).44 At birth, calves exhibit an average 
tidal volume of 220 mL/breath.36 Between 2 hours and 2 weeks of age, 
minute volume is maintained at 6.9 to 8 L/minute.36 

In the first month of life, considerable changes occur in 0 2 affinity 
and consumption, and percent fetal hemoglobin and hemoglobin concen­
tration.40 In lambs, resting 0 2 consumption is high during the first week 
of life and the presence of fetal hemoglobin hinders tissue 0 2 delivery. 
By the fourth week, physiologic anemia decreases the 0 2 carrying capac­
ity via a combination of shortened lifespan of erythrocytes formed in 
utero, decreased erythrocyte production related to immaturity of eryth­
ropoietin formation, and rapid growth with hemodilution resulting from 
a more rapid expansion of total plasma volume than total erythrocyte 
mass.21 

ACID-BASE BALANCE 

Transient mild metabolic acidosis and respiratory acidosis typically 
are observed in the calf following rupture of the umbilical cord. This 
change in acid-base balance is attributed to temporary anaerobic glycol­
ysis initiated by poorly perfused tissues attempting to maintain active 
energy metabolism during the transition between loss of maternal blood 
supply and establishment of respiratory function.43 The reader is referred 
elsewhere for a review of basic acid-base physiology in the calf.28 
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High lactate concentrations (from approximately 5 mg/ dU9·32 to 15-
40 mg/ dU2) also are present in the newborn calf. Lactic acidemia is 
considered a sequela to glucose metabolism via anaerobic glycolysis 
prompted by the poor tissue perfusion following loss of umbilical blood 
flow .19· 43 Based on (1) studies that show lactate concentrations remain 
elevated (5- 15 mg/ dL) for at least 7 days in the calf12 despite a normal­
ized acid-base status/ 3

• 
45 (2) information that highlights the importance 

of lactate as an energy substrate for aerobic and anaerobic metabolism 
for the fetal calf,4· 10 and (3) results that indicate lactate can be generated 
in the fetus from substrates other than glucose,42 however, it is unclear 
whether an elevated blood lactate concentration in a newborn calf should 
be view€d entirely as a physiologic abnormality in cardiopulmonary 
function of pathologic significance. 

In calves, representative values for venous pH are 7.22 ± 0.05 to 
7.24 ± 0.08; Pco2, 41.0 ± 5.9 to 67.4 ± 7.2 mm Hg; Hco3, 24.2 ± 2.7 to 
28.2 ± 4.4 mmol/L, and base excess (BE), -2.9 ± 3.2 mmol/L immedi­
ately postpartum.32· 43 in calves, at the start of spontaneous regular 
breathing, acidosis tends to worsen slightly during the first 10 minutes 
postpartum.45 Presumably, the improvement in systemic circulation facil­
itates the release of lactic acid from nonessential tissues (e.g., skeletal 
muscle) that had utilized anaerobic glycolysis as a means of energy 
production when tissue 0 2 delivery was reduced in utero. The mild 
metabolic acidosis in these calves normally is corrected within 1 to 4 
hours43· 45 after birth, however, whereas the respiratory acidosis often 
persists for 48 hours or longer postpartum.43 

Persistent acidosis has a detrimental effect on pulmonary function 
because pulmonary arterioles remain constricted.45 The limited blood 
flow through the lungs that occurs under this circumstance favors a 
continuation of vascular shunts that operated during in utero life. With­
out correction, asphyxiation and death ensue. 

ENERGY METABOLISM 

The fetal calf and lamb predominantly utilize glucose and lactate as 
energy sources during late gestation.10

• 
22· 42 Glucose is critical for fetal 

brain metabolism and is available for use by most other tissues. In con­
trast, there is no known obligatory requirement for lactate by any organ, 
although heart, liver, portal drained viscera, and, perhaps, kidney are 
capable of oxidizing lactate.4·42 

In the fetus, the liver ordinarily is in approximately zero glucose 
balance-i.e., glucose is not released from the liver to maintain eugly­
cemia4 unless maternal starvation is present, at which time fetal gluco­
genesis increases.23 Consequently, virtually all glucose utilized by the 
fetus is obtained from umbilical uptake.23 In contrast, approximately 
three times more lactate, primarily from metabolism of glucose, is sup­
plied by the fetus than comes exogenously from the dam.42 Placental 
lactate uptake is even more pronounced in fetal calves.10 The importance 
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of each substrate to fetal energy balance is highlighted by separate stud­
ies with lambs that indicate glucose utilization rates of 5.58 mg/kg/ 
minute23 and lactate 6 mg/kg/minute.42 Each substrate may be used by 
the fetus as a fuel for oxidation or as a source of carbon for net tissue 
accretion and glycogen formation in the liver. 

Amino acids appear to be the predominant alternate fuel source for 
the fetus.22

•
41 Amino acid uptake by umbilical blood typically exceeds the 

requirements for tissue accretion by approximately 50%.22
• 

24
• 

41 Fat accu­
mulation in the fetal lamb is not extensive (approximately 3% of body 
weight) .26 Consequently, other alternative energy substrates such as fatty 
acids, ketoacids, acetate, and glycerol are used sparingly. The apparent 
lack of fat utilization for energy production in utero actually may be a 
mechanism used by the fetus to ensure that adequate fat stores are 
available at birth for thermoregulation purposes (see article by Carstens). 

The amount of aerobic metabolism of glucose and lactate depends 
on their concentrations.22 When liberal quantities of glucose and lactate 
are supplied to the fetus from maternal circulation, these two substrates 
can spare the oxidation of other substrates, such as amino acids. In 
contrast, at lower glucose and lactate concentrations, obligatory nonoxi­
dative requirements for these substrates take priority, and other sub­
strates such as amino acids are oxidized preferentially. 

As in in utero life, the newborn utilizes glucose as the major sub­
strate for energy metabolism . To ensure a ready supply of this com­
pound, the fetus increases its stores of liver glycogen with advancing 
gestational age. In experiments with fetal lambs, hepatic glycogen in­
creased from 40 to 60 mg/ g wet weight at approximately 127 days of 
gestation to 90 to 110 mg/g wet weight at around 142 days of gestationY 
At birth, stored glycogen can contribute almost 10% of total liver weight? 
This surge in glucogenic capacity appears to be stimulated by a prepar­
tum surge in fetal cortisol and circulating levels of insulin.15

-
17 Concomi­

tant with the increase in glycogen stores is a marked rise in glucose-6-
phosphatase activity, a pivotal enzyme for initiation of glycogenolysisY 
Appreciable quantities of lactate also are metabolized by the liver for 
hepatic oxidative metabolism, and perhaps as a building block for fatty 
acid and amino acid production.4 

The average blood glucose concentration in the newborn calf at 
parturition ranges between 50 and 60 g/dL.19 Plasma glucose concentra­
tion tends to rise immediately after birth, probably mediated by high 
circulating catecholamine levels and intensity of liver glycogenolysis. 
Blood glucose ultimately reaches concentrations between 110 and 130 mg/ 
dL before stabilizing at 100 mg/ dL by the end of the first day of life.19 

Glycogen stores can be depleted within 4 to 6 hours after birth.4 The 
apparent short time frame in which endogenous energy stores support 
the newborn nutritionally lends additional impetus to the recommenda­
tion (see the article by Besser and Gay) to feed colostrum to the calf 
within 6 hours of birth. Early ingestion of colostrum would help 
replenish energy substrates already metabolized by the newborn. Fortu­
nately, the bovine neonate shows remarkable resistance to clinical hypo­
glycemia even under conditions of starvation and cold stressP· 18 This 
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may be due to its ability to make efficient use of alternate energy sources 
such as amino acids and lactate. 
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' 

Perinatal calf deaths result in major economic losses to the beef cattle 
industry, second only to lost production due to pregnancy failure. A US 
Department of Agriculture summary report showed that 2,786,300 head 
of calves were lost in 1991, resulting in $976 million of lost income.16 In 
North America, approximately 10% of the calf crop is lost between preg­
nancy diagnosis and weaning?· 3• 

8
• 

10
-

12 The majority of calf deaths occur 
during the perinatal period, the forty-second day of pregnancy to the 
twenty-eighth day of life, which is divided into the prenatal period 
(forty-second day of pregnancy to birth), the natal period (birth to 24 
hours), and the neonatal period (1-28 days).5 

INCIDENCE OF PERINATAL CALF MORTALITY 

A 15-year Montana study of 13,296 calvings in the beef herd at the 
Fort Keogh Livestock and Range Research Laboratory revealed that calf 
losses from birth to weaning were 5.4% for mature cows and 10.8% for 
2-year-old heifers.1 Surveys of commercial beef herds recorded calf losses 
from pregnancy diagnosis to weaning to be 8% in Kansas/ 13.2% in 
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