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ABSTRACT: Altitude-induced pulmonary hyper-
tension is a disease once thought to only occur at
extremely high elevations (>1,600 m), but recently,
it has been observed at moderate elevations of
1,200 to 1,600 m. Pulmonary arterial pressure
(PAP) has been used as an indicator of tolerance
to high altitude in mountainous beef production
systems for over 30 yr. The trait is typically meas-
ured on yearling bulls and heifers with values <
41 mmHg being favorable. These observations
were historically only considered valid when they
were recorded at elevations > 1,600 m; however, if
observations from lower (i.e., moderate) elevations
were reliable indicators, a greater number of cattle
records could be used in genetic improvement pro-
grams for high-altitude beef systems. The objec-
tives of this study were to evaluate the relationship
between PAP and elevation, as well as to determine
whether PAP measures obtained at moderate ele-
vations (ME) less than 1,600 m have a genetic rela-
tionship with PAP observations obtained at high
elevations (HE) 1,600 m or greater. Elevation and
PAP data from purebred Angus cattle (n = 14,665)
from 349 contemporary groups were used in the
analyses. Elevation and PAP averaged 1,887 * 1.8

m and 43.0 £ 0.1 mm Hg, respectively. A univari-
ate model containing the effects of sex, age, eleva-
tion category (HE vs. ME), elevation (continuous),
and elevation category by elevation interaction
along with a random direct genetic effect was uti-
lized to determine the relationship between PAP
and elevation. In this model, all main effects were
found to be significant contributors of variation
in PAP (P < 0.001). The interaction between ele-
vation category and elevation was not a signifi-
cant contributor to variability of PAP (P > 0.05).
A bivariate animal model was then used to evalu-
ate the relationship between PAP observations
obtained between HE and ME groups. Heritability
estimates for these 2 groups were 0.34 = 0.03 and
0.29 + 0.09, respectively, and their genetic correl-
ation was 0.83 £ 0.15. Even though this is a strong
genetic relationship, results of this study support
the hypothesis that PAP observations collected at
HE and ME are not perfectly, genetically related.
Results suggest that PAP measures collected from
1,219 to 1,600 m may be useful as a correlated trait
in a multitrait genetic evaluation to produce EPD
useful for selection of animals with reduced sus-
ceptibility to pulmonary hypertension.
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INTRODUCTION

Pulmonary hypertension is a physiological
state that affects cattle in high (>1,600 m) elevation
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production systems. This condition manifests from
reduced atmospheric oxygen as elevation increases,
which causes the cardiopulmonary system to com-
pensate in order to supply sufficient oxygen to the
body. The healthy bovine cardiopulmonary system
does not utilize oxygen efficiently; subsequently,
alveolar-hypoxia induces pulmonary arterial vaso-
constriction and, ultimately, vascular wall remode-
ling, which could also yield right-side heart failure
and death (Viet and Farrell, 1978; Holt and Callan,
2007; Stenmark et al., 2013).

Pulmonary arterial pressure (PAP) is often
measured in cattle located at high elevation as a
measure of pulmonary hypertension. Most beef
producers at low elevations do not PAP test their
cattle, as these animals do not commonly experi-
ence pulmonary hypertension, and historically,
PAP observations collected at these elevations have
not been considered a reliable predictor of an indi-
vidual’s susceptibility to pulmonary hypertension
(Holt and Callan, 2007).

However, beef production systemsin the Western
United States typically move cattle from moderate
to high elevations and vice versa for many reasons,
such as summer vs. winter grazing locations, year-
ling heifer, and bull replacement procedures, etc.
The latter often means that herd replacements are
PAP tested at moderate elevations (approximately
1,200 to 1,600 m) before being moved to higher
elevations. The relative value of PAP observations
collected from cattle located at moderate elevations
to improve tolerance to high elevation is unknown.
Therefore, the first objective of this study was to
evaluate the relationship between PAP values and
elevation in Angus cattle. The second objective was
to quantify the genetic relationship between high
elevation PAP (HE-PAP) observations and moder-
ate elevation PAP (ME-PAP) observations. An out-
come of these assessments determined the level of
sire re-ranking across elevations.

MATERIALS AND METHODS

Animal care and use committee approval was
not obtained because the data used in this study
were obtained from existing historical databases.

Data

Pulmonary arterial pressure observations,
elevation, and management data were obtained
from the American Angus Association (AAA;
St. Joseph, MO), the Colorado State University
Beef Improvement Center (CSU-BIC; Saratoga,
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WY), and Dr. Timothy Holt, DVM (TH; College
of Veterinary Medicine and Biomedical Sciences,
Colorado State University, Fort Collins, CO) his-
torical databases.

Angus cattle were born during the years 1985
and 2015. The initial data contained individuals
that were PAP tested at an average elevation of
1,994 m with minimum and maximum elevations
of 1,219 to 2,896 m, respectively. Pulmonary arter-
ial pressure observations were recorded on ani-
mals whose age ranged from 180 to 3,600 d of age.
Holt and Callan (2007) suggested that PAP meas-
urements are most accurate at indicating an ani-
mal’s susceptibility to high-altitude disease when
they are measured on individuals over 16 mo of
age. Typical ranch management practices, how-
ever, dictate the measurement of PAP on potential
replacement animals at or around a year of age. As
such and given the age range of these data, only
observations recorded between 270 and 720 d of
age were used in this study. This age requirement
was implemented in an effort to be consistent with
ages typical of replacement bulls and heifers for
herds in the Western United States. In addition,
use of PAP measurements from this age range
helped to ensure observations was used on cattle
that had fully developed cardiopulmonary systems
thereby avoiding those cattle that could potentially
be experiencing age-induced pulmonary arterial
remodeling or loss of pulmonary arterial elasti-
city that results in increased PAP measurements
(Neary et al., 2015a,b). Following the imposed age
restrictions, the average age at PAP collection was
402 + 102 d.

The distribution of phenotypic PAP observa-
tions has been shown to be a skewed right-tailed
distribution (Zeng, 2016). In that body of work,
the most effective transformation procedure to
correct the non-normality and heterogeneous var-
lance structure associated with nontransformed
PAP observations was the power transformation.
To determine the most appropriate power, a Box—
Cox analysis was used (Box and Cox, 1964). In this
study, violations of assumptions of normality were
investigated using quantile-quantile plots, and fol-
lowing the work of Zeng (2016), a Box—Cox ana-
lysis was used to determine the most appropriate
power transformation.

Given the differing entities from which the data
in this study originated, a contemporary group
(CG) definition using information common to each
of the 3 data sources was used. In these data, CG
was defined as the combination of herd, PAP date,
and yearling date. In an effort to ensure the accuracy
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of the information in these groups, observations
on individual animals were converted to unknown
whether the particular group only contained the
offspring of a single sire. Observations in CG with
no variance for PAP observations were removed
from the analysis. Formation of CG in this manner
resulted in 349 unique groups with an average of
42 individuals per group. A 3-generation ancestral
pedigree (n = 25,226) was constructed from individ-
ual animals in the final data file (n = 14,665). In this
pedigree, there were 2,299 unique sires and 9,743
unique dams with an average inbreeding coefficient
of 0.016.

Statistical Analysis

The statistical software package ASREML 3.0
(Gilmour et al., 2009) was used to implement mod-
els used in this study. Two separate evaluations were
performed. First, because PAP observations were
recorded in a number of different elevations, to dif-
ferentiate between HE-PAP and ME-PAP, a uni-
variate model was used to quantify the phenotypic
relationship among PAP observations and various
elevations. In this first objective, PAP was classified
as having been observed in either HE (21,600 m)
or ME (<1,600 m) based on observations of Holt
and Callan (2007), to test whether PAP was statis-
tically different between the 2 elevation categories
(Objective 1). This first objective was subsequently
followed with a bivariate analysis to determine
the genetic relationship between PAP observa-
tions obtained from moderate and high elevations
(Objective 2).

Univariate Analysis

A univariate mixed model was utilized to
describe the relationship between elevation and
PAP. This model is presented in matrix form below.

y=Xb+Zu+e

In the above equation, y was a vector of power
transformed PAP observations; X and Z were
known incidence matrices relating observations in
y to fixed and random effects in b and u, respec-
tively; and e was a vector of random residual errors
unique to each observation. Fixed effects included
in the aforementioned model consisted of sex (bull
or heifer), a linear age of PAP measurement, an
elevation class variable (HE or ME), a linear ele-
vation covariate, and the interaction between eleva-
tion class and elevation covariate. The sole random
effect included in this model consisted of a direct
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genetic effect for PAP. Wald F statistics were used
to test the significance of fixed effects in the ana-
lysis. There were 147 distinct elevation levels, with a
mean of 1,887 = 1.8 m and a minimum and maxi-
mum of 1,219 and 2,896 m, respectively.

Bivariate Analysis

Subsequently, a bivariate animal model was
used to estimate the genetic relationship between
HE- and ME-classified phenotypes. This model is
presented below in matrix form.

Y1:X1 0 b1+
Yy, 0 X,|b,

Z, 0 |lu|,|e
0 Z,|lu, e,

In the above equation, y, and y, were vectors of
HE-PAP and ME-PAP observations, respectively;
X, and X, were known incidence matrices relat-
ing the observations in y, and y, to unknown fixed
effectsinb, and b,; Z, and Z, were known incidence
matrices relating observations in y, and y, to ran-
dom additive genetic effects in u, and u,; and e, and
e, were vectors of random residual errors unique to
observations in y, and y,. In the above model, ran-
dom effects were assumed to have a mean of 0 and
variances as presented below:

u Acl Ao, 0 0
1 1 1t
Var u, (= O-ulu2 6132 0
€ 0 0 Io;
€
? 0 0 0 Lo,

In the above equation A was Wright’s numera-
tor relationship matrix, 6> was the direct additive
genetic variance for HE- PAP 6 , was the direct
genetic variance for ME-PAP, G, Was the additive
genetic covariance between HE-PAP and ME-PAP,
I, was an identity matrix with an order equal to the
number of HE-PAP observations, I, was an iden-
tity matrix with an order equal to the number of
ME-PAP observations, G - was the residual vari-
ance for HE-PAP, and 0' 'was the corresponding
residual variance for ME- PAP. In these data, indi-
vidual animals only had 1 PAP observation; there-
fore, once they were classified into either HE-PAP
or ME-PAP, no animal had a PAP observation in
both elevation categories. Given the structure of
the data, the residual covariance was set to 0.

Fixed effects included in the bivariate ana-
lysis were sex (bull or heifer), a linear age of PAP



3602

measurement, and CG. Additive direct genetic
effects were included as a random effect. Estimated
breeding values for sires in the pedigree were
obtained from the results of the bivariate analysis
of HE-PAP and ME-PAP groups. Spearman rank
correlations were used to rank sires across each ele-
vation classification.

RESULTS AND DISCUSSION

Table 1 summarizes the performance records
for PAP from each of the 3 data sources. There
were 14,6065 PAP observations in the data, with
each source approximately contributing a third of
the total number of observations. The overall aver-
age PAP observation was 43 mmHg with minimum
and maximum observations of 22 and 180 mmHg,
respectively. The average observations (43 = 10.72;
42 £9.79; 44 £ 11.94 mmHg) from each of the 3
independent data sources were similar.

Figures 1 and 2 present the quantile—quan-
tile plot and histogram of the raw pap observa-
tions, respectively. Similar to the results presented
by Zeng (2016), PAP observations violated the
assumption of normality due to the long, thin
tail of extreme PAP measurements present on the
right side of the distribution. We made the deci-
sion, following the recommendations of Zeng
(2016), to not remove these extreme observations
because these phenotypes are valuable to the
understanding of the relationship between PAP
and risk of high-altitude disease. Therefore, in an
effort to accommodate this non-normality, data
were transformed using a power transformation
calculation. The most appropriate power transfor-
mation was determined using a Box—Cox analysis
and suggested that raw PAP observations be raised
to the power of —2.6.

Table 1. Descriptive statistics of mean pulmonary
arterial pressure (mmHg) observations in Angus
cattle

Source N Minimum  Mean Maximum SD

AAA! 4,511 30 43 180 10.72
CSU-BIC? 5,344 22 42 139 9.79
TH3 4,810 31 44 164 11.94
Combined* 14,665 22 43 180 10.83

'Data obtained from the American Angus Association.

’Data obtained from Colorado State University Beef Improvement
Center.

*Data obtained from Dr. Tim Holt, DVM.
“All 3 data sources combined.
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Univariate Analysis

In the univariate analysis, transformed PAP
observations were evaluated using a model that
contained sex, age, elevation class, elevation (con-
tinuous), and the interaction between elevation and
elevation class. In this model, all main effects were
found to be significant (P < 0.001). Specifically, ele-
vation class solutions and elevation regression coeffi-
cients were found to be different from zero, meaning
the intercept of the regression of PAP on elevation
differed by elevation classification (HE or ME). In
other words, based on these data, the average PAP
phenotype observed at ME was different (P < 0.001)
than the average PAP phenotype observed at HE.
The interaction between elevation class and eleva-
tion was not significant (P > 0.05), which suggested
that the slope of the regression line of PAP on eleva-
tion was similar between elevation classes.

In summary, these results indicate that PAP
observations tended to be greater at higher cleva-
tions and a higher proportion of cattle located at
elevations above 1,600 m most likely experienced
pulmonary hypertension as was observed in prior
research (Holt and Callan, 2007; Neary et al.,
2013a,b). However, right-sided heart failure may
occur at altitude levels less than 1,600 m (Neary
et al., 2016) where PAP is only an indicator of
high-altitude disease. As such, additional analyses
were conducted to determine the genetic relation-
ship between PAP measurements collected at high
vs. moderate elevations.

Bivariate Analysis

Summary statistics of PAP observations made
above and below 1,600 m of elevation are presented
in Table 2. Raw unadjusted phenotypic mean PAP
observations from both categories were the same
(43 mmHg), whereas HE-PAP had a slightly larger
range in observations than ME-PAP. As expected
given historical emphasis and measurement of PAP at
higher elevations, the majority (8§9%) of the recorded
observations were classified into HE-PAP. As previ-
ously stated, PAP is an indicator of an individual ani-
mal’s susceptibility to pulmonary hypertension and is
used as a tool to indicate whether or not an individual
animal can adapt to lower oxygen environments asso-
ciated with higher altitudes (Holt and Callan, 2007).

Table 3 presents the number of sires by ele-
vation, as well as average number of progeny per
sire. Data classified into HE-PAP contained the
largest number of sires, which is not surprising
given the category also had the largest number of
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Figure 1. Pulmonary arterial pressure quantile—quantile plot with the theoretical normal distribution represented by the red line.
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Figure 2. Histogram of pulmonary arterial pressure measurements, with the blue line representing the corresponding probability density plot.

Table 2. Descriptive statistics of pulmonary arterial
pressure (PAP; mmHg) at high elevation (HE) and
moderate elevation (ME) in Angus cattle

Ttem N Minimum Mean Maximum SD
HE-PAP! 13,088 22 43 180 10.87
ME-PAP? 1,577 32 43 144 10.52

'PAP observations from elevations > 1,600 m.
2PAP observations from elevations < 1,600 m.

observations. There were a 112 sires represented in
the ME-PAP category, and 74 sires had progeny in
both categories.

Heritabilities and genetic correlations from
the bivariate analysis of HE-PAP and ME-PAP

are presented in Table 4. The heritability esti-
mate for HE-PAP observations was 0.34 £ 0.03,
whereas the heritability estimate for ME-PAP
observations was 0.29 * 0.09. Both estimates
were within the range of previously reported esti-
mates in Angus cattle (0.20 to 0.46; Enns et al.,
1992; Shirley et al., 2008; Crawford et al., 2016).
Similar research by Williams et al. (2012) eval-
uated the genetic relationship between growth
traits (weaning weight and postweaning gain)
at differing altitudes in Angus cattle. In that
study, the authors utilized the recommendation
of Robertson (1959) that a genetic correlation
coefficient less than 0.80 would be considered a
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Table 3. Number of sires with progeny represented
in high and moderate elevations, along with the
average number of progeny per sire in each eleva-
tion category

Elevation N Average number of progeny
High! 635 21
Moderate? 112 14
Both® 74 62

'Elevation > 1,600 m.
2Elevation < 1,600 m.
3Sires with offspring in both elevation categories.

Table 4. Heritability (diagonal; SE) and genetic
correlation (above diagonal; SE) for HE-PAP and
ME-PAP

Item HE-PAP! ME-PAP?
HE-PAP! 0.34(0.03) 0.83(0.15)
ME-PAP? 0.29 (0.09)

"Pulmonary arterial pressure observations from elevations > 1,600 m.
2Pulmonary arterial pressure observations from elevations < 1,600 m.

biologically significant genotype by environment
interaction. The estimate of the genetic correl-
ation between HE-PAP and ME-PAP in the cur-
rent study was 0.83 £ 0.15. When compared with
the recommendation of Robertson (1959), the
estimate obtained in this study was very close to
the suggested threshold. An argument could be
made cither way as to whether or not HE-PAP
and ME-PAP are distinct traits. An issue with
these data is the minimum elevation of PAP
observations used in this study at 1,219 m, which
is still a greater elevation than most beef cattle
production environments in the United States.
Because of this, the relatively small number of
ME-PAP observations (n = 1,577) may not be a
thorough representation of PAP measured below
the demarcation line of 1,600 m.

Holt and Callan (2007) suggested that PAP
observations are only a reliable predictor of an
animal’s susceptibility to pulmonary hypertension
when obtained at elevations > 1,600 m. It has been
reported in additional studies that PAP observa-
tions on calves, at or around a year of age, increase
as altitude increases (Neary et al., 2015a,b). Because
of this altitude-associated increase, if the recorded
PAP observations are true indicators of an animal’s
high-altitude adaptability, observations should be
recorded at high elevation. These results do suggest,
however, that PAP observations obtained below
1,600 m are useful at indicating an animal’s genetic
merit for risk of developing high-altitude disease,
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but additional data and research are needed to bet-
ter understand the genetic influences on PAP meas-
ured at various altitudes.

Pearson and Spearman’s rank correlation
coefficients between sires HE-PAP EBV and
ME-PAP EBV were 0.95 and 0.89, respectively.
These values are high, yet suggest there was
re-ranking among sires between environmental
categories. In these data, there were only 27 sires
with at least 10 progeny PAP tested in high and
moderate elevations. Those sires with the great-
est EBV re-ranking between elevations would be
those individuals with progeny observations in
the ME-PAP category and not represented in the
HE-PAP category.

CONCLUSIONS

Results from this study indicated that both
HE-PAP and ME-PAP are moderately heritable.
These results also indicate a moderate to strong
genetic relationship exists between the 2 traits. This
relationship does result in some re-ranking of sires
among groupings separated at 1,600 m and rein-
forces the heretofore perception that PAP observa-
tions recorded in lower elevations are not as useful as
an indicator of pulmonary hypertension as are PAP
observations recorded at higher elevations (Holt and
Callan, 2007). Even though the genetic correlation
between HE-PAP and ME-PAP was high, the use of
a bivariate model for the prediction of a sire’s genetic
merit for HE-PAP supported the use of observations
recorded at lower elevations to predict an individu-
al’s potential for use in higher elevations where pul-
monary hypertension is a larger issue.
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