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Abstract: High-altitude exposure is physiologically challenging. This is particularly true for 

animals native to low-altitude environments, such as British breeds of cattle. The objective of 

this study was to document the effect of high altitude on select physiological parameters of 

healthy beef calves (Bos taurus) born and raised on a high-altitude ranch typical of the Rocky 

Mountain region. Pulmonary arterial pressures, arterial blood-gas tensions, serum biochemistry, 

and hematocrit were evaluated. The calves studied were a composite of British (50%–75%) 

and Continental (25%–50%) breeds born on one ranch at an altitude of 2410 m. Calves were 

sampled at an altitude of 2410 m when 1 month old and again at an altitude of 2730 m when 3  

and 6 months old. Between 3 and 6 months of age, calves had access to grazing from 2730 m to 

approximately 3500 m above sea level. On each occasion, 16 to 50 calves were sampled. Only 

calves that remained healthy throughout all three testing periods were included in the dataset. 

Calves with the highest pulmonary arterial pressures at 1 month of age tended to have the highest 

pressures at 6 months of age (r = 0.43, P = 0.16, n = 12). Respiratory alkalosis was greatest at 

6 months of age (pH 7.48 ± 0.06). Mean alveolar-arterial oxygen pressure gradients were 11.7 

and 11.6 mmHg at 3 and 6 months of age, indicating poor transfer of oxygen from the alveoli into 

the pulmonary blood. Median values for blood lactate ranged from 1.4 to 3.4 mmol/L indicat-

ing substantial anaerobic respiration at all ages. Mean hematocrits were # 35.7%, only slightly 

higher than values obtained from age-matched calves at sea level. These results suggest that the 

provision of oxygen to the peripheral tissues of beef calves may be compromised at altitudes 

over 2410 m. This may have implications for diseases of the cardiopulmonary system.

Keywords: altitude, pulmonary artery pressure, biochemistry, blood gas, hypertension, 

calves

Introduction
Extreme physiological stressors such as fluctuating temperatures, low-oxygen 

tension, rugged terrain, and intense solar radiation are characteristic of high-altitude 

environments. Species that have inhabited such environments over thousands of years 

have evolved to cope with these stressors. For example, the Himalayan yak (Bos 

grunniens), in the same genus as domestic European cattle (Bos taurus), has, among 

other adaptations to high altitude, a thick hair coat, a blunted hypoxic pulmonary 

vasoconstrictive response, and thin-walled pulmonary vessels.1

There are six US states with a mean altitude of 1500 m (5000 ft) or higher: 

Colorado, Idaho, Nevada, New Mexico, Utah, and Wyoming. These six states, which 

encompass the central and southern aspect of the Rocky Mountain range, are home 

to 2.9 million beef cows and primiparous heifers.2 British breeds of cattle (B. taurus) 
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were the first cattle to be introduced to the Rocky Mountain 

region in the mid-19th century. These lowland cattle breeds, 

such as Hereford and Aberdeen Angus, originate from, and 

are accustomed to, altitudes that are marginally above sea 

level. They have been afforded little evolutionary time to 

adapt to the stressors of high altitude. Consequently, there 

are drawbacks to the production of cattle at high altitude. 

B. taurus cattle are prone to developing pulmonary hyperten-

sion at high altitude.3 Indian cattle (Bos indicus, the zebu) 

tolerate the high-altitude regions of the Himalayas and 

Ethiopia without problems.4

An investigation of beef calf mortality on high-altitude 

ranches revealed a high risk of calf mortality due to 

respiratory disease and/or pulmonary hypertension.5 In order 

to meet oxygen requirements in a high-altitude environment, 

the stress on a growing calf’s cardiopulmonary system may 

be considerable. Despite the health and economic livelihood 

implications, there has been little attention paid to the effect 

of high altitude on bovine calf physiology. The objective of 

this study was to characterize select physiological parameters 

of beef calves born and raised in a high-altitude environment. 

In this study, pulmonary arterial pressures, arterial blood 

gases and serum biochemistries were determined for beef 

calves at 1, 3, and 6 months of age at altitudes ranging from 

2410 m to 2730 m.

Methods
Study site and herd management
The study was conducted on one ranch in Gunnison County, 

CO, USA and approved by the Colorado State University 

Animal Care and Use Committee. The calves studied were 

a composite breed of British (50%–75%) and Continental 

(25%–50%) genetics. Calves were tagged at birth. Calves 

were born from 20 March to 25 April, 2010. A clostridial vac-

cine containing Mannheimia haemolytica bacterin (One Shot 

Ultra 8; Pfizer Animal Health, Inc, Madison, NJ, USA) plus 

growth hormone implant (Synovex C; Pfizer Animal Health, 

Inc) was given at branding to both heifers and steers (15–17 

May, 2010). Cows and heifers were given a prebreeding 

modified live respiratory disease vaccine offering protection 

against bovine herpesvirus 1 (infectious bovine rhinotrache-

itis), bovine viral diarrhea (BVD) virus, bovine respiratory 

syncytial virus (BRSV), and bovine parainfluenza virus 3 

(BoviShield Gold 5; Pfizer Animal Health, Inc). Calves were 

not given a respiratory disease vaccine until 2 weeks prior to 

weaning (5 October, 2010). Ear notch samples are routinely 

taken every year from all calves kept as replacement heifers 

on the study ranch for individual BVD virus enzyme-linked 

immunosorbent assay testing. No calves persistently infected 

with BVDV have been detected to date.

Bulls must have a mean pulmonary arterial pressure 

#42 mmHg when measured at 2410 m to be a herd sire 

on the study ranch. This selection criterion has been used 

on all potential herd sires since 1981, when pulmonary 

arterial pressure testing was first performed. Each year, 

250–350 female calves are retained as replacement heifers – 

that is, females for future breeding. No females are brought 

in from an outside herd. Therefore, all females within the 

herd are progeny of low pulmonary arterial pressure bulls 

and have genetics predisposing to low pulmonary arterial 

pressure. Females are not pulmonary arterial pressure tested. 

Low pulmonary arterial pressure (#42 mmHg)  composite 

bulls (50%–75% British and 25%–50% Continental 

 genetics) were bred to the dams used in this study: one bull 

for every 15 heifers, on average. The bulls were removed 

after 30 days’ exposure to the heifers. Non-pregnant heifers 

are typically sold. All bulls are kept at an elevation of at least 

2410 m year round.

Sampling procedure
Calves studied were born to primiparous 2-year-old heifers. 

All dams were healthy at calving time and during the testing 

period. All calves were born with minimal or no assistance. 

Calves were born at 2410 m and transported to summer 

grazing at 2730 m on 25 June, 2010. From this date until late 

September, the cow–calf pairs had access to grazing from 

2730 m to approximately 3500 m above sea level. In early 

October, all animals were moved from the grazing permits 

to private land at a lower elevation of 2730 m.

The calf-testing schedule is outlined in Table 1. The dams 

of the calves tested at age 3 months were also tested on the 

same day: 2 July, 2010. Repeat measures were performed 

on calves at 3 and 6 months of age, on 2 July and 5 October, 

2010 respectively, unless they were excluded from the study 

due to ill health or death. If excluded, all values associated 

with that individual were excluded from the dataset. Calves 

were restrained in a chute for sampling.

Pulmonary arterial pressure testing
Pulmonary arterial pressure testing is used as a screening 

test in cattle for pulmonary hypertension so that 

appropriate  management and breeding decisions can 

be made.  Flexible saline-filled catheter tubing is passed 

through a large bore needle inserted into the jugular vein 

down through the right atrium, into the right ventricle, 

and then into the  pulmonary artery. A pressure transducer 
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connecting the catheter to an oscilloscope provides a 

reading of the mean, systolic, and diastolic pulmonary 

artery pressures. The jugular vein, atrium, ventricle, and 

pulmonary artery have distinct pressure waveforms from 

which it is possible to determine catheter placement.6 

A full description of the equipment, materials, and 

facilities required for pulmonary arterial pressure testing 

is provided elsewhere.6

Alveolar-arterial oxygen pressure 
gradient
Blood-gas analysis was performed using a handheld analyzer 

(VetScan i-STAT 1; Abaxis, Union City, CA, USA). Sample 

analysis takes 2 minutes and the results are automatically 

stored under the animal identification number.

Arterial blood was collected from the coccygeal artery 

using a 22-gauge, 2.54 cm (1″) hypodermic needle. The coc-

cygeal artery is a suitable source of blood from bovines for 

blood-gas analysis.7,8 Arterial blood, unlike venous blood, 

can fill a preheparinized syringe without applying suction. 

Therefore, minimal, if any, negative pressure was applied 

to the syringe chamber by drawing on the plunger when 

obtaining a sample. Approximately 2–2.5 mL of blood was 

collected in a 3 mL syringe. Syringes were heparinized with 

approximately 0.25 mL of sodium heparin (1000 IU/mL). The 

plunger of each syringe was pulled back to the 3 mL mark, 

coating the inner chamber surface with heparin. Heparin was 

then expelled so that only the needle hub contained heparin. 

Collection of blood up to the 2 mL mark results in dilution 

of the blood sample by ,5%.9 This is sufficient to minimize 

preanalytic error associated with dilution.10 The sample was 

discarded if, during collection, the flow of arterial blood was 

interrupted. Air bubbles within the blood were immediately 

expelled and the first several drops of blood discarded before 

one to three drops of blood (95 µL required) were placed on 

an i-STAT cartridge. A temperature “correction” algorithm 

was used to adjust blood-gas tensions according to rectal 

temperature.11

The alveolar-arterial oxygen pressure gradient is an 

indicator of the ease of oxygen transfer from the alveoli to 

the pulmonary blood. An alveolar-arterial oxygen pressure 

gradient .10 mmHg is an indicator of poor oxygen transfer 

due to ventilation–perfusion  mismatching,  diffusion impair-

ment, or right-to-left vascular shunt.12 The alveolar-arterial 

oxygen pressure gradient is calculated using the following 

formulae:

 A-a O
2
 pressure gradient = P

A
O

2
 – PaO

2 
(1)

 P
A
O

2
 = FiO

2
(BP- pH

2
O) – (PaCO

2
/R), (2)

where P
A
O

2
 = alveolar O

2
 tension (mmHg); PaO

2
 = arterial 

O
2
 tension (mmHg); PaCO

2
 = arterial CO

2
 tension (mmHg); 

R = respiratory exchange ratio (0.9); FiO
2
 = fraction of 

inspired O
2
 (0.21); BP = barometric pressure (mmHg); 

and pH
2
O = water vapor pressure at body temperature 

(52.4 mmHg at 39°C).

The respiratory exchange ratio, determined by dividing 

VCO
2
 exhaled by VO

2
 inhaled, varies according to 

energy source (pure carbohydrate R = 1, pure fat R = 0.7). 

A study of seven cows at least 2 years old reported a mean 

respiratory exchange ratio of 0.91 (±0.05).13 A respiratory 

exchange ratio for pre-weaned calves could not be found, 

therefore, a value of 0.9 was used in this study. Previous 

studies14,15 have used a respiratory exchange ratio of 1.0, 

which increases their estimates of alveolar-arterial oxygen 

pressure gradient relative to the present study.

Biochemistry and hematocrit
Approximately 8 mL of blood was acquired from the jugular 

vein using the same large-bore needle as in pulmonary 

arterial pressure testing. Of that blood, 3–4 mL was placed 

into 5 mL ethylenediaminetetraacetic acid (EDTA) tubes and 

inverted several times. The remaining blood was placed into 

a 10 mL glass collection tube. After allowing for clotting 

(30–60 minutes), the blood, in 10 mL glass collection tubes, 

was spun at 1100 × g for 15 minutes (Clay Adams Dynac 

Table 1 Animal-testing schedule

Date Animal  
tested

Average age,  
months

n1 n Reason for exclusion Number of calves  
previously tested

Altitude, m (ft)

15 May Calves 1 16 12 1. Septic joint (n = 1)  
2. Died (n = 3)

– 2410 m (7907)

2 July Calves 3 24 21 1. Died (n = 3) 12 from May 2730 m (8957)
Cows 24–27 23 23 – – 2730 m

5 October Calves 6 50 48 1. Clinical signs of pulmonary hypertension 
2. Died (n = 1)

11 tested in May and July 
8 tested in July only

2730 m

Abbreviations: n, total number of animals included in the analysis; n1, total number of animals sampled.
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centrifuge, BD, Franklin Lakes, NJ, USA). Serum was stored 

at 5°C. Serum biochemistry (Hitachi 917; Roche Diagnostics 

Inc, IN, USA) and complete blood counts (Advia 120; Sie-

mens Healthcare Diagnostics Inc, NY, USA) were performed 

the following morning.

Statistical analysis
All statistical analyses were performed using STATA 

version 12 (Stata Corporation, College Station, TX, USA). 

Since a proportion of calves were tested on more than one 

occasion, generalized estimating equations were performed 

to determine significant differences in the dependent 

physiological variables according to the independent 

variable, the month of testing. Generalized estimating 

equations account for repeat measures taken from the same 

calves tested in different months and also account for calves 

not tested on more than one occasion. An exchangeable 

correlation matrix was used.

Results
Pulmonary arterial pressure
The average pulmonary arterial pressure for all calves trended 

upwards from 1 month of age to 6 months of age (P , 0.001). 

Autocorrelation of mean pulmonary arterial pressure was 

moderately high between 1 and 6 months of age (r = 0.43, 

P = 0.16, n = 12) and between 3 and 6 months of age (r = 0.44, 

P = 0.05, n = 20), but considerably lower between 1 and 

3 months of age (r = 0.18, P = 0.55, n = 14).

Steers tended to have higher mean pulmonary arterial 

pressures than heifers at all ages (Table 2) (P = 0.16). There 

was no difference in mean pulmonary arterial pressure scores 

between the 3-month-old calves and their dams (P = 0.78).

Pulmonary gaseous diffusion  
and hematocrit
Table 3 summarizes measures of pulmonary gaseous diffusion 

for calves and cows. Both calves and cows showed respiratory 

alkalosis. The pH of arterial blood from calves increased from 

1 month to 6 months of age (P , 0.001). Mean arterial CO
2
 

tension decreased from 1 month to 3 months (P , 0.001) 

and from 1 month to 6 months of age (P = 0.006), indicating 

more pronounced hyperventilation, and therefore respiratory 

alkalosis, with increasing age.

Cows had a lower alveolar-arterial oxygen pressure 

gradient than their calves (P = 0.02) (Table 3). L-lactate, an 

indicator of anaerobic respiration, was high for both calves 

and cows.

Both hematocrit and hemoglobin concentrations were 

lower for cows than calves (P = 0.05). Oxyhemoglobin satura-

tion was higher for calves at 3 (P = 0.005) and 6 (P = 0.007) 

months of age than for calves at 1 month of age.

Biochemistry
Serum biochemical parameters are summarized in Table 4. 

Calf total calcium concentrations were higher than that of 

cows (P , 0.001). Total calcium concentrations were higher at 

1 (P = 0.04) and 6 (P = 0.007) months of age than at 3 months 

of age. Calf serum phosphorous was higher than that of cows 

(P , 0.001). In calves, average phosphorous concentrations 

increased significantly from 1 month to 3 months of age 

(P = 0.006) before dropping to a lower average at 6 months of 

age. Average creatinine concentrations were similar between 

calves at 3 months old and their dams. In calves, average 

creatinine concentrations were higher at 6 months of age 

than at either 1 (P , 0.001), or 3 (P , 0.001) months of age. 

Sodium, chloride, and magnesium concentrations are similar 

to prior studies.16,17

Discussion
High-altitude environments pose physiological stressors to 

all animals, but particularly to lowland breeds of livestock 

such as British breeds of cattle. Physiological parameters of 

calves born and raised at an altitude over 2410 m (7907 ft) 

may differ from calves raised at a lower altitude. Few studies 

of calf physiology have been conducted at high altitude. 

For this reason, we determined the pulmonary arterial pres-

sures, arterial blood gases, and serum biochemistries of 

healthy calves born and raised on one ranch over 2410 m. 

Samples were taken at 1, 3, and 6 months of age.

Mean pulmonary arterial pressure trended upwards with 

age, supporting the observation that the risk of pulmonary 

hypertension, or high altitude disease in calves is greatest 

in the autumn months.18 Age was confounded by seasonal 

climate change and altitude variation. However, the pattern of 

events documented in this study is common for calves raised 

Table 2 Mean pulmonary arterial pressures by age and sex

Age, months Sex n Mean pulmonary arterial 
pressure, mmHg

SD

1 Heifer 4 34.3 4.2
Steer 8 34.9 7.6

3 Heifer 8 41.9 5.4
Steer 13 42.6 9.0

6 Heifer 25 50.5 10.5
Steer 23 54.4 10.6

24–27 Cow 23 45.6 9.6

Abbreviations: n, number of animals tested; SD, standard deviation.
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in the Rocky Mountains. Springtime calving is most common 

in Colorado,19 and takes place within close proximity of a 

stockman’s house so that feed and assistance can be provided. 

Cows are grazed with calves on higher-altitude mountainous 

pastures during the summer months after the winter snow has 

melted. In the autumn, cows and newly weaned calves are 

brought down to the sheltered overwintering pastures located 

at lower altitudes.

Pulmonary arterial pressure was moderately autocorrelated: 

calves with the highest pulmonary arterial pressures at 

Table 3 Arterial blood variables associated with pulmonary function and acid-base status

Variable Cow/calf Age, months n Mean SD Reference interval

paCO2, mmHg Calf 1 11 40.9a 4.0 42.9 ± 0.8 (sea level, n = 11)23  
45.8 ± 3.0 (sea level, n = 6, sea level)14  
42.8 ± 3.315

3 13 34.5b (P , 0.001) 3.2 45.8 ± 2.314

6 37 37.0b (P = 0.006) 4.3 47.3 ± 3.014

Cow 24–27 11 34.6 6.3
pH Calf 1 11 7.41a 0.07 7.36 ± 0.0114

3 13 7.45 0.04 7.39 ± 0.0114

6 37 7.48b (P , 0.001) 0.06 7.41 ± 0.0314

Cow 24–27 11 7.47 0.13
paO2, mmHg Calf 1 11 52.6 7.3 100 ± 2.323 

87.0 ± 5.314 
93.6 ± 7.715

3 13 56.6 7.2 105.8 ± 5.314

6 37 53.9 10.9 103.5 ± 2.314

Cow 24–27 11 59.4 9.0
Alveolar-arterial O2  
pressure gradient, 
mmHg

Calf 1 11 8.5 5.6 15.8 ± 5.314 
17.3 ± 1.5 (17 days old, sea level, n = 5)23 

3 13 11.7 5.4 1.5 ± 3.014 
11.3 ± 0.8 (135 days, n = 11)23

6 37 11.6 9.1 7.5 ± 0.8 (228 days, n = 5)23 
0.8 ± 0.814

Cow 24–27 11 6.1* (P = 0.02) 5.0 1.5 ± 0.4 (.1 year old, n = 19)23 
18.0 ± 3.8 (HF cows, n = 7)24 

Oxyhemoglobin  
saturation, %

Calf 1 11 80.3a 10.3 95.0 ± 0.414

3 13 91.3b (P = 0.005) 3.2 96.9 ± 0.414

6 37 89.2b (P = 0.007) 9.1 96.3 ± 0.314

Cow 24–27 11 92.9 2.7
L-lactate† 
mmol/L

Calf 1 12 3.2 
Median = 1.9

2.8 ,1.3 (3–4 days old, n = 16)34  

3 5 2.7 
Median = 1.42

2.5

6 18 3.4 
Median = 3.0

3.0

Cow 24–27 9 6.5 
Median = 3.42

6.3 0.54 (n = 34)35

Hematocrit, % Calf 1 0 – – 34.8 ± 7.3 (sea level, n = 20)15

3 9 35.7 2.7
6 26 35.6 3.6 33 ± 4.6 (n = 41)17 

Cow 24–27 5 31.4* (P = 0.05) 3.4 38 ± 4.136 
38 ± 531

Hemoglobin, g/L Calf 1 0 – – 110 ± 22.115

3 9 121.2 8.7
6 25 121.1 11.5 113 ± 14 (n = 41)17

Cow 24–27 5 107.0* (P = 0.05) 10.6 128.0 ± 12.8 (elevation 520 m, n = 59)36 
138.0 ± 21.031

Notes: a,bMean calf values that lack a common superscript (a or b) differ statistically (P # 0.05). Mean calf values without a superscript do not differ statistically from mean 
values at any other age (P . 0.05); *The mean value for 3 month old calves differs statistically from the mean value of their dams (P # 0.05). †Median averages are provided 
for L-lactate due to the lack of a normal distribution.
Abbreviations: n, number of calves sampled; SD, standard deviation.
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Table 4 Serum biochemical values for calves and cows

Variable Cow/calf Age, months n Mean SD Reference

Total calcium, mmol/L Calf 1 14 2.76b 
(P[b = a] = 0.04)

0.11 2.60 ± 0.22 (n = 43)29

3 17 2.68a 0.08 2.62 ± 0.21 (n = 53)29 
2.27 (n = 20)30 
2.8 ± 0.3 (n = 46)31

6 44 2.76b 
(P[b = a] = 0.007)

0.07 2.66 ± 0.18 (n = 39)29 
2.54 ± 0.10 (n = 42)17 
2.5 ± 0.2 (n = 46)31

Cow 24–27 25 2.53* (P , 0.001) 0.1 2.0 ± 0.236 
2.3 ± 0.231 
2.3 ± 0.137

Ionized calcium, mmol/L Calf 1 – – – 1.34 ± 0.08 (n = 43)29

3 10 1.34 0.03 1.33 ± 0.08 (elevation ≈120 m, n = 53)29 
6 25 1.33 0.1 1.27 ± 0.05 (n = 39)29

Cow 24–27 5 1.20* (P , 0.001) 0.02 1.18 ± 0.06 (n = 141)37

Phosphorous, mmol/L Calf 1 14 2.86a 0.26
3 17 3.16b 

(P[b = a] = 0.006)
0.21 2.13 (n = 20)30 

3.0 ± 0.4 (n = 46)31

6 44 2.23c 
(P[c = a] , 0.001) 
(P[c = b] , 0.001)

0.33 2.61 ± 0.32 (n = 42)17 
2.6 ± 0.2 (n = 46)31

Cow 24–27 25 2.40* (P , 0.001) 0.45 1.4 ± 0.436 
1.6 ± 0.331

Creatinine, µmol/L Calf 1 13 110.2a 18.7
3 17 93.1b 

(P[b = a] = 0.02)
14.8 81 (n = 20)30 

97.2 ± 12.3 (n = 46)31

6 44 137.6c 
(P[c = a] , 0.001) 
(P[c = b] , 0.001)

21.9 71 ± 9 (n = 41)17 
92.3 ± 9.4 (n = 46)31

Cow 24–27 25 94.8 36.5 120 ± 27.736 
103.2 ± 17.931

Sodium, mmol/L Calf 1 18 138.1a 2.1
3 20 143.6b 

(P[b = a] , 0.001)
2.2 142 (n = 20)30

6 47 140.0c 
(P[c = a] , 0.001) 
(P[c = b] , 0.001)

2.1 141 ± 2.3 (n = 42)17

Cow 24–27 25 141.3* (P = 0.001) 2.0 144 ± 17.136

Potassium, mmol/L Calf 1 18 5.1a 0.3
3 20 5.0a 0.4
6 47 4.4b 

(P[b = a] , 0.001)
0.5 4.2 ± 0.4 (n = 42)17

Cow 24–27 25 4.8 0.4 5.1 ± 0.836

Chloride, mmol/L Calf 1 18 101.2a 2.5
3 20 101.2b 3.1 103.6 (n = 20)30

6 47 99.5c 
(P[c = a] = 0.004) 
(p[c = b] = 0.005)

2.1 99 ± 2.6 (n = 42)17

Cow 24–27 25 98.6* (P = 0.004) 2.0 105 ± 13.936

Magnesium, mmol/L Calf 1 18 0.78a 0.08
3 20 0.89b 

(P[b = a] , 0.001)
0.09

6 47 0.97c 
(P[c = a] , 0.001) 
(P[c = b] , 0.001)

0.07 0.90 ± 0.08 (n = 42)17

Cow 24–27 25 1.15* (P , 0.001) 0.1 1.2 ± 0.336

Notes: a–cMean calf values that lack a common superscript (a, b, or c) differ statistically (P # 0.05). Mean calf values without a superscript do not differ statistically from mean 
values at any other age (P . 0.05); *The mean value for 3-month-old calves differs statistically from the mean value of their dams (P # 0.05).
Abbreviations: n, number of calves sampled; SD, standard deviation.
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1 month of age tended to have the highest pulmonary arterial 

pressures at 6 months of age. This may be because the effects 

of lung pathology on pulmonary arterial pressure in early 

life persist, or a genetic susceptibility to higher pulmonary 

arterial pressure exists from birth. Pulmonary arterial pres-

sure is moderately heritable (0.34 ± 0.05),20 but maternal 

pulmonary arterial pressure was not predictive of a calf’s 

pulmonary arterial pressure at 3 months old. However, the 

phenotypic expression of pulmonary arterial pressure herita-

bility increases from birth to weaning.21 Steers tended to have 

higher pulmonary arterial pressures than heifers at all ages. 

The difference became more pronounced with increasing 

age. A phenomenon known as “fat steer disease” has been 

reported in feedlot steers with similar manifestations to high-

altitude disease, and this may reflect the greater tendency of 

steers to show elevated pulmonary arterial pressure relative 

to heifers found in this study.

Both calves and cows exhibited respiratory alkalosis 

due to hyperventilation, a classic response of lowland 

natives to high altitude.22 Alveolar-arterial oxygen pressure 

gradients .10 mmHg indicate that transfer of alveolar oxygen 

into the blood is impaired. A high alveolar-arterial oxygen pres-

sure gradient is expected in young calves, but this should fall 

with increasing age as the efficacy of gas exchange improves 

concurrently with functional maturation of the lung.14,23 How-

ever, this was not the case. High mean alveolar-arterial oxygen 

pressure gradients were found in clinically healthy calves 

(8.5–11.7 mmHg), indicating poor transfer of oxygen from 

the alveoli into the pulmonary blood. Previous estimates of 

alveolar-arterial oxygen pressure gradients vary greatly,14,23,24 

but generally agree that alveolar-arterial oxygen pressure is 

above what should be expected (,10 mmHg), even in healthy 

calves at sea level. The underlying physiological reason for 

this is not clear. Remarkably, hematocrit and hemoglobin 

concentrations were no more than 5% and 10 g/L higher than 

age-matched calves at sea level, respectively.16,17,25 This is not 

sufficient to counter the reduction in atmospheric oxygen 

tension associated with high altitude and the poor transfer 

of oxygen from the alveoli into the pulmonary blood. High 

lactate levels due to substantial anaerobic respiration were 

found despite the low-stress handling of calves throughout 

the sampling process.

Cows had higher oxyhemoglobin saturation but a 

lower hematocrit than calves. This is important because 

low oxyhemoglobin saturation is predictive of pulmonary 

hypertension in both cattle26 and broiler chickens.27 One 

might anticipate calves to have higher oxyhemoglobin 

saturation than cows, since fetal hemoglobin, which has 

high affinity for oxygen, is detectable in calf blood until 

6–7 months after birth.28 However, the oxyhemoglobin dis-

sociation curve is sigmoidal. Oxyhemoglobin saturation 

drops precipitously below an oxygen tension of 60 mmHg. 

Mean calf p
a
O

2
 tensions were as low as 52.6 ± 7.3 mmHg 

(1 month) and consistently lower than 59.4 mmHg, the 

mean value for cows.

The concentrations of serum calcium and phosphorous 

in calves were higher than in cows, reflecting increased 

turnover of skeletal mineral during growth. The concentra-

tions of calcium and phosphorous in calves reported here 

are typically higher than in most prior studies.16,17,29–31 This 

may be related to rate of growth. High calcium and phos-

phorous concentrations may predispose calves to develop 

soft-tissue mineralization under certain pathologic states, 

such as pulmonary hypertension.5,32 Alkaline blood condi-

tions, tissue injury, and hypoxia are all predisposing factors 

for mineralization of tissues.33

Conclusion
Beef calves 1, 3, and 6 months old at altitudes over 2410 m 

showed respiratory alkalosis and poor transfer of oxygen 

from the alveoli to the pulmonary blood. Anaerobic respira-

tion in calves at rest suggests that the provision of oxygen 

to peripheral tissues may be compromised at altitudes over 

2410 m. Adequacy of oxygen delivery should be evaluated 

in future studies by estimating oxygen extraction ratio. High 

oxygen demand relative to supply may have implications 

for cardiopulmonary disease susceptibility. Further studies 

are needed to determine whether these findings are unique 

to the high-altitude environment or are shared by calves at 

more moderate altitudes.
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