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Simple Summary: Accurate and precise estimation of changes in body weight and chemical composi-
tion (i.e., water, fat, protein, and ash) are necessary to determine nutrient requirements of cattle. Many
of the methods to measure and equations relating different measures of body weight and different
chemical components of the body were established over 40 years ago, but beef cattle genetics and
production systems have changed substantially in the last 40 years. Additionally, published equations
do not account for sex or breed differences. The current study analyzed published equations using
body weight and chemical composition data over the last 40 years from different sexes and breed
types. There are differences in the accuracy and precision of the different published equations and
no one equation or set of equations was best for all situations (sex, breed type, production system).
Additionally, all equations poorly predicted some chemical components (protein and ash) of the
body. The results of this analysis indicate that estimation of changes in body weight and chemical
composition could be improved by including other factors such as sex and breed type, and that
prediction equations may need to be re-evaluated periodically as cattle genetics and production
systems change.

Abstract: Body weight and chemical composition are important aspects of beef cattle nutrition
and management; however, existing equations estimating relationships among empty body and
carcass chemical components were developed over 40 years ago using different cattle genetics and
production systems. The objective of this analysis was to evaluate existing equations in predicting
empty body and carcass chemical composition and determine the effect of sex, breed type, and
publication year. A dataset was developed from published literature that contained 388 treatment
means from 46 studies published between 1970 and 2020. Two equations relating shrunk body weight
(SBW) to empty body weight (EBW), and 8 equations relating EBW and hot carcass weight (HCW)
were found in the literature and evaluated using the developed dataset. Three sets of equations
relating empty body chemical components, 4 sets of equations relating carcass chemical components,
and 2 sets of equations relating carcass with empty body chemical components were found in the
literature and evaluated using the dataset. Precision and accuracy of the equations were evaluated
by simple linear regression of observed on predicted values, mean bias (MB), and concordance
correlation coefficient (CCC). Additionally, the fixed effects of publication year, sex, and breed type
on the deviation from observed values were evaluated using a general linear model. Both equations
relating SBW to EBW and all equations relating EBW to HCW had high precision, but accuracy varied
from −3.22 to −0.11% and −9.35 to −3.73% MB, respectively, and all the equations were affected
by sex and breed type with 8 out of the 10 equations affected by publication year. For prediction of
empty body chemical composition assuming empty body water is known, the 3 sets of equations
varied in precision for protein (0.18 to 0.46), but not for fat (0.88 to 0.96) or ash (0.06 to 0.13) based on
CCC, although the precision of prediction of protein and ash were poor. Accuracy of the 3 sets of
equations varied for predicting empty body fat, protein, and ash with MB of −19.73 to −3.81, 1.67 to
15.91, and −0.16 to 15.75%, respectively. All 3 sets of equations were affected by publication year
and breed type for predicting empty body fat, protein, and ash, and by sex for ash. For prediction of
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carcass chemical components assuming carcass water is known, the precision was similar among
the 4 sets of equations for predicting fat (0.92 to 0.95), protein (0.34 to 0.40), and ash (−0.02 to −0.01)
based on CCC, although precision was poor for protein and ash, but accuracy varied for prediction of
carcass fat, protein and ash with MB of −11.20 to −2.52, 2.72 to 8.92, and −4.66 to 20.12%, respectively.
Publication year and breed type affected the prediction of carcass fat and protein, and publication
year, sex, and breed type affected the prediction of carcass ash for all 4 sets of equations. The precision
of predicting empty body chemical components assuming carcass chemical components are known
was high for water (0.96 and 0.98), fat (0.97 and 0.98), protein (0.97 and 0.97), and ash (0.98 and
0.96) and similar between the 2 sets of equations based on CCC. The accuracy of predicting empty
body water (−1.68 and −0.33%), fat (6.38 and 2.70%), protein (0.85 and −0.54%), and ash (−0.65 and
−4.54%) was moderate to high, but differed between sets of equations for fat and ash. Publication
year influenced the prediction of empty body water for both sets of equations and ash for one of
the equations, whereas, breed type influenced the prediction of water, protein, and ash, but not
fat for both equations. Overall, existing equations may have major limitations to predicting empty
body protein and ash unless carcass protein and ash are known. Additionally, all the equations were
affected by some combination of publication year, sex, and breed type for one or more chemical
components. Thus, a more robust set of equations should be developed to account for sex, breed type,
and more recent cattle genetics and management systems.

Keywords: beef cattle; carcass; empty body; fat; protein

1. Introduction

Body weight and chemical composition are instrumental in determining nutrient
requirements, estimating rate of gain, and predicting feed intake of growing and finish-
ing cattle [1–3]. Body composition can affect energy requirements for maintenance [4],
especially visceral organ mass [5–8]. Additionally, body chemical composition can impact
energy requirements for maintenance as the energy required to maintain a gram of chemical
fat is from a practical aspect zero (−0.003 kcal/g) but to maintain a gram of chemical protein
is on average 0.245 kcal [9–13].

In earlier versions of the Nutrient Requirements of Beef Cattle [14,15] separate equa-
tions to predict rate of gain were used for calves vs. yearlings, steers vs. heifers, and
medium vs. large frame size due to differences in composition of gain at a given body
weight, which impacts the relationship between retained energy and weight gain. In later
versions [16,17], the equation predicting rate of gain uses equivalent shrunk body weight,
which is body weight adjusted for body composition to a standard reference animal, to
achieve a constant relationship between retained energy and weight gain. Of the chemical
components of the body, fat is the most critical for estimating retained energy due to the
caloric content being almost twice that of protein (9.37 to 9.55 vs. 5.33 to 5.76 kcal/g) [18–22].

The latest version of the Nutrient Requirements of Beef Cattle [16,17] provides ad-
justments to feed intake prediction equations based on body fat, and although crude
adjustments, indicate the influence of body chemical composition on feed intake. At ap-
proximately 350 kg equivalent weight, feed intake begins to decline in relation to degree of
maturity [23].

As the beef industry moves toward individual cattle management, the relationships
among chemical components of the body become of greater importance. Systems to
estimate individual animal growth and feed intake rely heavily on estimates of body
chemical composition [1,3,24–27]. Sorting individual cattle by weight, body composition,
and/or genetic markers to better achieve optimal carcass endpoints also relies heavily on
estimates of body chemical composition [28–30].

Therefore, accurate and precise estimation of body weight and chemical composition
is critical in beef cattle nutrition and management. However, existing equations estimating
relationships among empty body and carcass chemical components were developed over
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40 years ago using different cattle genetics and production systems. The objective of this
analysis was to evaluate existing equations in predicting empty body and carcass chemical
composition and determine the effect of sex, breed type, and publication year.

2. Materials and Methods

No animals were used in this analysis and no Institutional Animal Care and Use
Committee approval was required.

2.1. Database Creation

A literature search was performed to identify experiments measuring shrunk body
weight (SBW), empty body weight (EBW), and carcass weight (HCW) of growing/finishing
cattle along with empty body, carcass, and offal chemical composition using PubMed and
Google Scholar. Multiple searches were used to find studies with body weight measure-
ments, empty body chemical composition measurements, and carcass chemical composition
measurements. Search terms cattle, “empty body weight”, and “shrunk body weight” re-
turned 3 and 92 records in PubMed and Google Scholar (excluding terms sheep, goat,
lamb, pig), respectively. Search terms cattle, “empty body weight”, and “carcass weight”
returned 8 and 477 records in PubMed and Google Scholar (excluding terms sheep, goat,
lamb, pig), respectively. Search terms cattle, “empty body”, and “chemical composition”
returned 22 and 677 records in PubMed and Google Scholar (excluding terms sheep, goat,
lamb, pig), respectively. Search terms cattle, “carcass fat”, and “carcass protein” returned
19 and 419 records in PubMed and Google Scholar (excluding terms sheep, goat, lamb,
pig), respectively. Additionally, studies in the gray literature (theses, dissertations, research
reports, etc.) known to the authors, but not returned in a database search, were evaluated.
Records that were screened first by title, second by species, breed, and sex, and third by
methodology. Records using species other than cattle were excluded. Records on various
breeds were included and categorized into beef, indicus, and dairy categories; studies and
treatments using breed crosses of these categories were excluded. The beef breed type
consisted of Angus, Charolais, Belgian Blue, Gelbvieh, Hereford, Limousin, Piedmontese,
and Simmental breeds, indicus breed type included Boran, Brahman, Nellore, and Tuli
breeds, and dairy breed type included Friesian, Holstein, and Jersey breeds. Records on
growing/finishing bulls, steers, and heifers were included in the dataset, but studies or
treatments using mature cows or bulls and treatment means based on mixed sex groups
were excluded. Only records using direct measurement of all body components to compute
empty body weight and proximate chemical analyses to determine empty body, carcass,
and offal chemical composition were included; studies using estimating equations to com-
pute empty body weight and body chemical composition were excluded. The final dataset
contained 388 treatment means from 46 studies published between 1970 and 2020. Treat-
ment means were further subdivided into a Weight dataset, Empty Body dataset, Carcass
dataset, and Empty Body-Carcass dataset based on the type of data available.

2.2. Body Weight Relationships

The Weight dataset contained 388 treatment means from 46 studies published between
1970 and 2020, and was used to evaluate published equations to predict EBW from SBW, and
HCW from EBW. Shrunk body weight is defined as live body weight following overnight
feed withdrawal. Empty body weight is defined as live body weight minus gastrointestinal
tract contents. Hot carcass weight is defined as the weight of the carcass after evisceration but
prior to cooling. A literature search found 10 published equations relating SBW, EBW, and
HCW [17,21,22,31–35]. Two equations were used to compute EBW from SBW: (1) Gil et al. [33];
Gil1970 and (2) NASEM [17]; NRC2016. Eight equations were used to compute HCW from
EBW: (1) Lofgreen et al. [31]; Lofgreen1962, (2) Garrett and Hinman [21]; GH1969, (3) equation
1 of Holzer and Levy [32]; HL1969_1, (4) equation 2 of Holzer and Levy [32]; HL1969_2,
(5) Gil1970, (6) Alhassan et al. [34]; Alhassan1975, (7) Ferrell et al. [22]; Ferrell1976, and
(8) Fox et al. [35]; Fox1976. Equations are presented in Table S1.
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2.3. Empty Body Chemical Composition Relationships

The Empty Body dataset contained 223 treatment means from 30 studies published
between 1976 and 2020, and was used to evaluate published equations relating chemical
components of the empty body. Observed fat-free dry matter was computed as 100 minus
observed empty body water and fat percentage. Observed empty body energy was com-
puted using the reported energy concentrations for fat and protein and the observed empty
body fat and protein percentages. A literature search found 3 published sets of equations
relating empty body chemical components [21,22,33]. Each set of equations was used to
compute empty body chemical composition (fat, fat-free dry matter, protein, ash, and
energy): (1) GH1969, (2) Gil1970, and (3) Ferrell1976. Computation of predicted chemical
components started assuming empty body water was known to predict empty body fat,
then empty body fat-free dry matter, protein and ash were sequentially computed from
predicted values. Predicted empty body fat-free dry matter was computed as 100 minus
observed empty body water and predicted empty body fat percentages. Predicted empty
body protein was computed from observed empty body water or predicted fat-free dry mat-
ter using the published equations. Predicted empty body ash was computed as 100 minus
observed empty body water and predicted empty body fat and protein percentages. Empty
body energy was predicted using two methods: (1) predicted from observed empty body
fat percentage using the published equations (Energy1), and (2) computed from predicted
empty body fat and protein percentages using the reported energy concentrations for fat
and protein (Energy2). Equations are presented in Table S2.

2.4. Carcass Chemical Composition Relationships

The Carcass dataset contained 127 treatment means from 15 studies published between
1976 and 2020, and was used to evaluate published equations relating chemical components of
the carcass. Observed fat-free dry matter was computed as 100 minus observed carcass water
and fat percentages. Observed carcass energy was computed using the reported energy concen-
trations for fat and protein and the observed carcass fat and protein percentages. A literature
search found 4 published sets of equations relating carcass chemical components [21,22,33,36].
Each set of equations was used to compute carcass chemical composition (fat, fat-free dry
matter, protein, ash, and energy): (1) GH1969, (2) Gil1970, (3) Preston et al. [36]; Preston1974,
and (4) Ferrell1976. Computation of predicted chemical components started assuming carcass
water was known to predict carcass fat, then carcass fat-free dry matter, protein and ash
were sequentially computed from predicted values. Predicted carcass fat-free dry matter
was computed as 100 minus observed carcass water and predicted carcass fat percentages.
Predicted carcass protein was computed from observed carcass water or predicted carcass
fat-free dry matter using the published equations. Predicted carcass ash was computed as
100 minus observed carcass water and predicted carcass fat and protein percentages. Carcass
energy was predicted using two methods: (1) predicted from observed carcass fat percentage
using the published equation (Energy1), and (2) computed from predicted carcass fat and
protein percentages using the reported energy concentrations for fat and protein (Energy2).
Equations are presented in Table S3.

2.5. Relationships between Carcass and Empty Body Composition

The Empty Body-Carcass dataset contained 101 treatment means from 12 studies
published using steers only between 1981 and 2020, and was used to evaluate published
equations relating chemical components (water, fat, fat-free dry matter, protein, ash, and
energy) of the carcass to the same chemical component of the empty body. Observed empty
body, carcass, and offal fat-free dry matter were computed as 100 minus observed water and
fat percentages. Observed empty body, carcass, and offal energy were computed using the
reported energy concentrations for fat and protein and the observed empty body, carcass,
and offal fat and protein percentages, respectively. A literature search found 2 published
sets of equations relating carcass and empty body chemical composition [21,22]. Each
set of equations was used to compute empty body chemical components assuming all
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carcass chemical components were known: (1) GH1969 and (2) Ferrell1976. Empty body
chemical components were predicted from the corresponding carcass chemical component.
Predicted empty body fat-free dry matter was computed as 100 minus predicted empty
body water and fat percentages. Equations are presented in Table S4.

2.6. Statistical Analyses

Evaluation of published equations to predict body composition was performed using
R statistical software (version 4.0.4) with published functions and packages (https://www.
rdocumentation.org/ (accessed on 1 December 2022)). Linear regression of observed values
on predicted values was performed using the lm function of the base statistical package.
The model was considered significant at p ≤ 0.05. The intercept and slope of the linear
regression model were tested equal to zero and one, respectively, using 95% confidence
intervals, and the linear hypothesis test simultaneously testing intercept equal to zero and
slope equal to one was performed using the linearHypothesis function in the car package.
The mean bias (MB), concordance correlation coefficient (CCC), and bias correction factor
(Cb) were computed between observed and predicted values using the epi.ccc function in
the epiR package. The root mean square error of prediction (RMSEP) and the coefficient of
model determination (CD) were computed according to Tedeschi [37].

Factors influencing the deviation between observed and predicted values were iden-
tified using the lm function in the base statistical package and Anova function in the car
package. The model included fixed effects of publication year, sex, and breed type, where
publication year was a continuous variable and breed type and sex were categorical vari-
ables. For prediction of empty body and carcass chemical composition independently,
observed EBW and HCW, respectively, were used as a covariate to evaluate bias at extreme
body weights. For prediction of empty body chemical composition from carcass chemical
composition, offal chemical composition was used as a covariate, and the effect of sex was
not evaluated because all studies were based on steers. Least square means for categorical
variables of sex and breed type were computed using the emmeans function in the emmeans
package. Additionally, least square means were computed at the minimum and maximum
values of covariates to visualize differences. Differences among least square means were
considered significant at p ≤ 0.05 with tendencies at 0.05 < p ≤ 0.10.

3. Results
3.1. Body Weight Relationships

Mean (SD) shrunk, empty, and carcass weight were 373 (145), 338 (135), and 221 (95) kg,
respectively, (Table 1) and were strongly correlated (>0.98). For predicting EBW, both
equations, Gil1970 and NRC2016, had large coefficients of determination, but the intercept
of linear regression was closer to zero for Gil1970 than NRC2016 (Table 2). The slope of
linear regression was different from one for NRC2016, but not for Gil1970. Thus, the linear
hypothesis test indicated that neither equation met the criteria for unity. However, the MB
was greater for Gil1970 than NRC2016 (−3.22 vs. −0.11%, respectively). The RMSEP and
Cb, which was very near one, was similar for both equations, but the CD was closer to one
for Gil1970 than NRC2016.

Sex and breed type accounted for significant variation in the deviation between ob-
served and predicted EBW for both Gil1970 and NRC2016, and publication year accounted
for significant variation for NRC2016 explaining 27 and 32% of the variation for Gil1970 and
NRC2016, respectively. Based on F-values of the ANCOVA, NRC2016 was more affected by
sex and breed type than Gil1970. For Gil1970, the equation overpredicted EBW for steers
and heifers and underpredicted EBW for bulls with a greater deviation from zero for steers
and heifers than bulls. In contrast, NRC2016 underpredicted EBW for bulls to a greater
degree than the overprediction for steers and heifers. The Gil1970 equation overpredicted
EBW for all breed types, but to a greater degree in dairy type cattle. In contrast, NRC2016
overpredicted EBW in dairy breed types, but underpredicted EBW in indicus and beef
breed types.

https://www.rdocumentation.org/
https://www.rdocumentation.org/
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Table 1. Summary statistics of body weight and chemical composition of cattle in the Weight dataset.

Item 1 N Mean SD Min Max

Shrunk body wt., kg 359 372.8 144.5 32.6 787.7
Empty body wt., kg 388 338.2 135.3 31.2 729.4
Hot carcass wt., kg 352 221.3 95.4 18.2 539.6
EB fat, % EBW 254 18.20 7.62 2.00 34.92
EB protein, % EBW 238 18.00 2.08 13.47 24.06

1 EB, empty body; EBW, empty body weight.

Table 2. Model evaluation of equations in predicting empty body weight computed from shrunk
body weight, and predictive variables of the deviance between observed and predicted empty body
weight using the Weight dataset.

Item 1 Gil1970 NRC2016

SRC β0 −10.65 ± 2.56 * −18.41 ± 2.61 *
SRC β1 1.00 ± 0.01 1.05 ± 0.01 *
r2 0.9830 0.9830
Pr > F <0.0001 <0.0001
RMSE 17.85 17.85
RMSEP 20.87 19.12
CCC 0.988 0.989
Cb 0.997 0.998
MB −10.89 −0.38
% MB −3.22 −0.11
CD 1.009 1.130
Deviance Predictors 2

F values
Year 0.21 4.39
Sex 39.97 52.79
Breed 11.26 24.05

R2 0.2685 0.3249
Year MRC β1 −0.038 ± 0.082 0.178 ± 0.085 *
Year means

1970 −12.90 −2.98
2020 −12.10 5.95

Sex means
Bull 5.11 b 17.46 b

Heifer −14.21 a −6.01 a

Steer −15.69 a −7.17 a

Breed means
Dairy −14.15 a −6.04 a

Indicus −5.36 b 2.84 b

Beef −5.28 b 7.47 b

1 Gil1970, equation of Gil et al. [33]; NRC2016, equation of NASEM [17]; SRC, simple linear regression coefficient; r2,
simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1; RMSE = root
mean square error; RMSEP = root mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias
correction factor; MB = mean bias; CD = coefficient of model determination. 2 R2, multiple coefficient of determination;
Year, publication year; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from
zero or one at p < 0.05. ab Means without a common superscript differ at p < 0.05.

The prediction of HCW from EBW had a strong coefficient of determination (0.986) for
all equations, but the intercept of linear regression was different from zero for all equations
except Gil1970 and the slope of linear regression was different from one for all equations
except Lofgreen1962 and HL1969_1 (Table 3). Thus, the linear hypothesis test indicated
a difference from unity for all equations. The CCC was high (>0.95) for all equations, but
Ferrell1976 had the MB closest to zero (−0.84%). The RMSEP was larger for HL1969_2 and
Alhassan1975 than the other equations, but the Cb was high for all equations. The CD was
1.00 for Gil1970, whereas the other equations were less than one with Lofgreen1962 being
the next closest to one.
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Table 3. Model evaluation of equations predicting carcass weight computed from empty body weight, and predictive variables of the deviance between observed
and predicted carcass weight in the Weight dataset.

Item 1 Lofgreen1962 GH1969 HL1969_1 HL1969_2 Gil1970 Alhassan1975 Ferrell1976 Fox1976

SRC β0 9.66 ± 1.46 * 8.61 ± 1.47 * 16.14 ± 1.43 * 29.48 ± 1.35 * −1.50 ± 1.53 24.23 ± 1.38 * 4.39 ± 1.49 * 15.45 ± 1.43 *
SRC β1 1.00 ± 0.01 0.94 ± 0.01 * 0.99 ± 0.01 0.96 ± 0.01 * 1.03 ± 0.01 * 0.86 ± 0.01 * 0.97 ± 0.01 * 0.96 ± 0.01 *
r2 0.9862 0.9862 0.9862 0.9862 0.9862 0.9862 0.9862 0.9862
Pr > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RMSE 11.21 11.21 11.21 11.21 11.21 11.21 11.21 11.21
RMSEP 13.74 13.41 17.22 22.77 8.866 19.89 11.10 13.30
CCC 0.988 0.990 0.982 0.970 0.992 0.979 0.992 0.989
Cb 0.995 0.996 0.989 0.977 0.998 0.986 0.999 0.996
MB 9.110 −5.716 14.178 20.684 4.286 −8.258 −1.867 7.546
% MB 4.12 −2.58 6.41 9.35 1.94 −3.73 −0.84 3.41
CD 0.936 0.834 0.911 0.829 1.000 0.698 0.899 0.876
Deviance Predictors
2

F values
Year 25.82 5.36 22.94 10.23 37.26 0.15 15.56 12.41
Sex 6.58 11.60 7.31 10.45 3.60 12.57 9.15 9.93
Breed 10.67 3.53 9.03 4.01 18.96 9.61 5.62 4.56

R2 0.2016 0.1338 0.1920 0.1494 0.2395 0.1257 0.1672 0.1566
Year MRC β1 0.256 ± 0.050 * 0.139 ± 0.060 * 0.243 ± 0.051 * 0.178 ± 0.055 * 0.307 ± 0.050 * −0.035 ± 0.090 0.209 ± 0.053 * 0.192 ± 0.054 *
Year means

1970 1.09 −9.92 6.57 15.20 −5.42 −6.72 −8.34 1.63
2020 13.87 −2.94 18.73 24.10 9.92 −8.47 2.09 11.21

Sex means
Bull 2.92 a −13.36 a 7.83 a 13.50 a −1.26 a −18.09 a −8.65 a 0.55 a

Heifer 10.46 ab −1.42 b 15.85 ab 24.00 b 4.34 ab 0.46 b 0.68 b 10.53 b

Steer 8.17 b −4.99 b 13.42 b 20.90 b 2.62 b −5.03 b −2.13 b 7.53 b

Breed means
Dairy 7.71 b −3.70 a 13.14 b 21.60 b 1.38 a −1.10 b −1.88 b 8.03 b

Indicus 2.76 a −10.52 b 7.99 a 15.40 a −2.75 a −10.70 a −7.59 a 2.05 a

Beef 11.09 c −5.55 ab 15.96 b 21.50 b 7.07 b −10.80 a −0.62 b 8.52 b

1 Lofgreen1962, equation of Lofgreen et al. [31]; GH1969, equation of Garrett and Hinman [21]; HL1969_1, Equation 1 of Holzer and Levy [32]; HL1969_2, Equation 2 of Holzer and
Levy [32]; Gil1970, equation of Gil et al. [33]; Alhassan1975, equation of Alhassan et al. [34]; Ferrell1976, equation of Ferrell et al. [22]; Fox1976, equation of Fox et al. [35]; RC,
simple linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error;
RMSEP = root mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean bias; CD = coefficient of model determination. 2 R2,
multiple coefficient of determination; Year, publication year; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at p < 0.05.
abc Means without a common superscript differ at p < 0.05.
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Publication year accounted for a significant amount of variation in the deviation
between observed and predicted HCW for all equations except Alhassan1975, and sex and
breed type accounted for significant variation for all equations explaining 12 (Alhassan1975)
to 24% (Gil1970) of the variation. Based on F-values, publication year affected Lofgreen1962,
HL1969_1, and Gil1970 more than GH1969 and Alhassan1975 with the other equations in
between. For all equations, the deviation shifted toward underprediction with increasing
publication year. The HCW of steers had greater underprediction than bulls with heifers
being not different from steers or bulls for Lofgreen1962, HL1969_1, and Gil1970. For
HL1969_2 and Fox1976, underprediction of HCW was greater for steers and heifers than
bulls, and the overprediction of HCW was lesser for steers and heifers than bulls for
GH1969, Alhassan1975, and Ferrell1976. Breed type had varying effects on the deviation
between observed and predicted HCW among equations. Beef breed types had greater
underprediction than dairy which was greater than indicus for Lofgreen1962. For GH1969,
overprediction was greater for indicus breed types than dairy breed types with beef breed
types being intermediate. Dairy and beef breed types had greater underprediction for
HL1969_1, HL1969_2, Gil1970, and Fox1976, and lesser overprediction for Ferrell1976
than indicus breed types. For Alhassan1975, indicus and beef breed types had greater
overprediction than dairy breed types. It appears that Gil1970 and Ferrell1976 were the
least affected by sex and breed type based on the average absolute deviation.

3.2. Empty Body Chemical Composition Relationships

Mean (SD) empty body water, fat, protein, and ash were 59.49 (6.41), 18.03 (7.82), 18.16
(1.95), and 4.33 (1.11) % of EBW, respectively. Mean (SD) empty body protein and ash were
80.83 (4.66) and 19.23 (4.60) % of fat-free dry matter, respectively, ranging from 70.00 to
94.32 % for protein and 6.42 to 30.25 % for ash (Table 4). For prediction of empty body fat
from empty body water, the intercept of simple linear regression was different from zero
for Gil1970 and Ferrell1976, but not for GH1969; however, the slope of linear regression
was different from one for all equations resulting in the linear hypothesis test indicating
lack of unity for all equations (Table 5). The CCC was least and MB the greatest for Gil1970
and similar between GH1969 and Ferrell1976. The RMSEP was greater, Cb lesser, and CD
further from one for Gil1970 than GH1969 and Ferrell1976.

Table 4. Summary statistics of empty body chemical composition of cattle in the Empty Body dataset.

Item 1 N Mean SD Min Max

Empty body wt., kg 218 304.2 127.4 31.2 729.4
EB water, % EBW 223 59.49 6.41 45.50 73.40
EB fat, % EBW 223 18.03 7.82 2.00 35.00
EB FFDM, % EBW 223 22.48 2.22 15.48 30.40
EB protein, % EBW 223 18.16 1.95 13.85 24.06
EB ash, % EBW 223 4.33 1.11 1.45 6.64
EB protein, % FFDM 223 80.83 4.66 70.00 94.32
EB ash, % FFDM 223 19.23 4.60 6.42 30.25

1 EB, empty body; EBW, empty body weight; FFDM, fat free dry matter.

Table 5. Model evaluation of predicting empty body chemical fat and fat-free dry matter assuming
empty body water is known, and predictive variables of the deviance between observed and predicted
empty body chemical components in the Empty Body dataset.

Fat Fat-Free Dry Matter
Item 1 GH1969 Gil1970 Ferrell1976 GH1969 Gil1970 Ferrell1976
SRC β0 0.23 ± 0.32 −1.07 ± 0.34 * 0.97 ± 0.31 * 7.46 ± 1.59 * 12.14 ± 0.55 * 9.03 ± 1.43 *
SRC β1 0.94 ± 0.02 * 0.88 ± 0.01 * 0.91 ± 0.02 * 0.70 ± 0.07 * 0.55 ± 0.06 * 0.62 ± 0.07 *
r2 0.9429 0.9429 0.9429 0.2887 0.2887 0.2887
Pr > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RMSE 1.873 1.873 1.873 1.873 1.873 1.873
RMSEP 2.167 4.135 2.08 2.167 4.135 2.12
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Table 5. Cont.

Fat Fat-Free Dry Matter
Item 1 GH1969 Gil1970 Ferrell1976 GH1969 Gil1970 Ferrell1976

CCC 0.963 0.884 0.966 0.462 0.232 0.504
Cb 0.992 0.910 0.994 0.861 0.432 0.939
MB −0.978 −3.556 −0.686 0.978 3.556 0.686
% MB −5.43 −19.73 −3.81 4.35 15.82 3.05
CD 0.917 0.708 0.875 1.267 0.281 1.171
Deviance
Predictors 2

F values
EBW 0.34 11.61 3.80 0.54 11.61 3.80
Year 60.67 53.22 57.18 60.67 53.22 57.18
Sex 0.50 1.26 0.82 0.50 1.26 0.82
Breed 6.70 6.20 6.46 6.70 6.20 6.46

R2 0.2712 0.3364 0.2979 0.2712 0.3364 0.2979
EBW MRC β1 −0.0006 ± 0.001 −0.004 ± 0.001 * −0.002 ± 0.001 * 0.0006 ± 0.001 0.004 ± 0.001 * 0.002 ± 0.001 *
EBW means

35 −0.30 −1.96 0.43 0.30 1.96 −0.43
725 −0.73 −4.61 −1.05 0.73 4.61 1.05

Year MRC β1 −0.090 ± 0.01 * −0.088 ± 0.01 * −0.089 ± 0.01 * 0.090 ± 0.01 * 0.088 ± 0.01 * 0.089 ± 0.01 *
Year means

1976 1.19 −1.37 1.49 −1.29 1.37 −1.49
2020 −2.77 −5.24 −2.43 2.77 5.24 2.43

Sex means
Bulls −0.08 −2.32 0.37 0.08 2.32 −0.37
Heifers −0.83 −3.57 −0.62 0.83 3.57 0.62
Steers −0.50 −3.08 −0.21 0.50 3.08 0.21

Breed means
Dairy −0.93 a −3.38 a −0.58 a 0.93 b 3.38 b 0.58 b

Indicus 0.72 b −1.85 b 1.02 b −0.72 a 1.85 a −1.02 a

Beef −1.20 a −3.75 a −0.89 a 1.20 b 3.75 b 0.89 b

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Ferrell1976, equation of
Ferrell et al. [22]; SRC, simple linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value
for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root mean
square error of prediction; CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean
bias; CD = coefficient of model determination. 2 EBW, empty body weight; Year, publication year; R2, multiple
coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly
different from zero or one at p < 0.05. ab Means without a common superscript differ at p < 0.05.

The deviation between observed and predicted empty body fat was affected by publi-
cation year and breed type for all equations, and by EBW for Gil1970 and Ferrell1976 but
not GH1969; sex did not influence the deviation for any equation. Publication year, EBW,
sex, and breed type explained 27, 28, and 33% of the variation for GH1969, Ferrell1976,
and Gil1970, respectively, but all equations were similarly affected by publication year
and breed type based on F-values. For both Gil1970 and Ferrell1976, empty body fat was
overpredicted to a greater degree at heavier EBW. For all equations, empty body fat was
overpredicted to a greater degree in more recent publication years. Dairy and beef breed
types were overpredicted by all equations compared to lesser overprediction (Gil1970) or
underprediction (GH1969 and Ferrell1976) for indicus breed types.

The prediction of fat-free dry matter was poor for all equations with coefficient of
determination of 0.29, CCC ≤ 0.50, and intercept and slope of linear regression different
from zero and one, respectively. The CCC was least and MB greatest for Gil1970 and similar
between GH1969 and Ferrell1976. The Gil1970 equation also had the intercept furthest from
zero and slope furthest from one compared with GH1969 and Ferrell1976. Additionally,
Gil1970 had the largest RMSEP, least Cb, and CD furthest from one of all equations.

Similar to empty body fat, the deviation between observed and predicted empty body
fat-free dry matter was affected by publication year and breed type for all equations, and
by EBW for Gil1970 and Ferrell1976 but not GH1969; sex did not influence the deviation for
any equation. These factors explained 27, 29, and 33% of the variation in the deviation for
GH1969, Ferrell1976, and Gil1970, respectively. Empty body fat-free dry matter had greater
underprediction at heavier EBW for Gil1970 and Ferrell1976, and greater underprediction
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in more recent publication years for all equations. Dairy and beef breed types had greater
underprediction of empty body fat-free dry matter than indicus breed types for all equations.

The prediction of empty body protein was poor for all equations (Table 6). The in-
tercept of linear regression was different from zero and the slope of linear regression was
different from one for all equations, but were relatively similar among equations. Thus,
the linear hypothesis test indicated a lack of unity for all equations. The CCC and Cb were
least and MB greatest for Gil1970 and similar between GH1969 and Ferrell1976. The CD
was closest to one for Ferrell1976 and furthest from one for GH1969.

Table 6. Model evaluation of predicting empty body chemical protein and ash assuming empty body
water is known, and predictive variables of the deviance between observed and predicted empty
body chemical components in the Empty Body dataset.

Protein Ash
Item 1 GH1969 Gil1970 Ferrell1976 GH1969 Gil1970 Ferrell1976

SRC β0 5.75 ± 1.45 * 6.58 ± 1.36 * 6.46 ± 1.37 * 2.11 ± 0.88 * 3.57 ± 0.31 * 2.65 ± 0.67 *
SRC β1 0.69 ± 0.08 * 0.76 ± 0.09 * 0.67 ± 0.08 * 0.61 ± 0.24 0.21 ± 0.08 * 0.39 ± 0.15 *
r2 0.2485 0.2485 0.2485 0.0280 0.0280 0.0280
Pr > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0005
RMSE 1.693 1.693 1.693 1.100 1.100 1.100
RMSEP 1.765 3.359 1.887 1.29 1.468 1.133
CCC 0.465 0.180 0.441 0.063 0.134 0.121
Cb 0.932 0.361 0.884 0.378 0.799 0.726
MB 0.303 2.889 0.701 0.682 0.674 −0.007
% MB 1.67 15.91 3.86 15.75 15.56 −0.16
CD 1.854 0.379 1.464 2.21 0.981 5.397
Deviance
Predictors 2

F values
EBW 0.62 0.00 1.27 0.01 34.64 3.67
Year 19.72 20.33 19.45 38.14 27.66 35.06
Sex 0.17 0.23 0.16 3.13 6.10 3.97
Breed 16.64 16.69 16.61 7.97 5.83 7.29

R2 0.2190 0.2027 0.2274 0.2447 0.3513 0.2544
EBW MRC β1 0.0008 ± 0.001 0.0000 ± 0.001 0.0011 ± 0.001 0.00005 ± 0.001 0.0040 ± 0.001 * 0.0012 ± 0.001 †
EBW means

35 −0.49 2.32 −0.19 0.72 −0.44 −0.31
725 0.06 2.32 0.59 0.75 2.36 0.54

Year MRC β1 0.048 ± 0.01 * 0.048 ± 0.01 * 0.047 ± 0.01 * 0.041 ± 0.01 * 0.039 ± 0.01 * 0.041 ± 0.01 *
Year means

1976 −1.16 1.43 −0.76 −0.03 −0.06 −0.73
2020 0.95 3.56 1.33 1.79 1.64 1.06

Sex means
Bulls −0.18 2.49 0.18 0.15 a −0.28 a −0.66 a

Heifers −0.24 2.31 0.18 1.02 ab 1.21 b 0.39 b

Steers −0.42 2.16 −0.02 1.02 b 1.02 b 0.33 b

Breed means
Dairy 0.16 b 2.78 b 0.54 b 0.65 b 0.48 ab −0.08 ab

Indicus −1.85 a 0.73 a −1.46 a 1.30 b 1.28 b 0.61 b

Beef 0.86 c 3.45 c 1.25 c 0.23 a 0.19 a −0.47 a

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Ferrell1976, equation of
Ferrell et al. [22]; SRC, simple linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value
for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root mean
square error of prediction; CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean
bias; CD = coefficient of model determination. 2 EBW, empty body weight; Year, publication year; R2, multiple
coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly
different from zero or one at p < 0.05. † Regression coefficient is significantly different from zero at p < 0.10.
abc Means without a common superscript differ at p < 0.05.
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Publication year and breed type affected the deviation between observed and predicted
empty body protein for all equations similarly based on F-values, whereas EBW and sex
did not affect the deviation for any equation. Publication year and breed type explain
approximately 20% of the variation in the deviation for all equations. As publication year
increased, the underprediction of the deviation became greater for all equations. For all
equations, protein was overpredicted (GH1969 and Ferrell1976) or less underpredicted
(Gil1970) in indicus than dairy and beef breed types, and beef breed types had greater
overprediction than dairy breed types.

Empty body ash was also poorly predicted by all three equations with coefficient of
determination of 0.028 and CCC < 0.150. The intercept of linear regression was different
from zero for all equations, the slope was different from one for Gil1970 and Ferrell1976,
but not GH1969 which was due to a large standard error, and the linear hypothesis test
indicated lack of unity for all equations. Additionally, the MB for GH1969 and Gil1970 was
large (>15%), but not for Ferrell1976 (<1%). The RMSEP and Cb were larger, and CD closer
to one for Gil1970 than GH1969 and Ferrell1976.

Publication year, sex, and breed type affected the deviation between observed and
predicted empty body ash for all three equations, and EBW accounted for significant
variation for Gil1970 and tended to for Ferrell1976, which explained 25 (GH1969 and
Ferrell1976) to 35% (Gil1970) of the variation. Based on F-values, publication year and
breed type affected the deviation similarly for all equations, but Gil1970 was affected by
sex more than the other equations. The equations of Gil1970 and Ferrell1976 overpredicted
empty body ash at lighter EBW and underpredicted at heavier EBW. For all equations,
empty body ash was underpredicted to a greater degree in more recent publication years.
Empty body ash was underpredicted for steers more than bulls with heifers being similar
to steers (Gil1970 and Ferrell1976) or intermediate (GH1969). For GH1969, empty body ash
was overpredicted to a lesser degree in beef compared with dairy and indicus breed types,
whereas for Gil1970, beef breed types were overpredicted to a lesser degree than indicus
breed types with dairy breed types being intermediate. For Ferrell1976, beef breed types
were overpredicted which was different than indicus breed types that were underpredicted,
and dairy breed types were intermediate.

Energy predicted from observed fat percentage (Energy1) had a large CCC (>0.98) with
slope of linear regression not different from one for both GH1969 and Ferrell1976, and the
intercept of linear regression was not different from zero for GH1969, but the intercept was
different from zero for Ferrell1976 (Table 7). However, the linear hypothesis test indicated
lack of unity for both equations. The MB and RMSEP were small, Cb was large, and CD
close to one for both equations indicating similar predictive ability.

Table 7. Model evaluation of predicting empty body energy assuming empty body water is known,
and predictive variables of the deviance between observed and predicted empty body chemical
components in the Empty Body dataset.

Energy1 Energy2
Item 1 GH1969 Ferrell1976 GH1969 Gil1970 Ferrell1976

SRC β0 0.02 ± 0.02 0.09 ± 0.02 * 0.02 ± 0.03 0.12 ± 0.03 * 0.14 ± 0.03 *
SRC β1 1.00 ± 0.01 0.99 ± 0.01 0.96 ± 0.01 * 0.90 ± 0.01 * 0.94 ± 0.01 *
r2 0.9850 0.9849 0.9709 0.9709 0.9709
Pr > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RMSE 0.082 0.083 0.115 0.115 0.116
RMSEP 0.086 0.103 0.138 0.222 0.125
CCC 0.991 0.988 0.979 0.952 0.984
Cb 0.999 0.996 0.994 0.966 0.998
MB 0.028 0.061 −0.075 −0.174 −0.026
% MB 1.03 2.23 −2.78 −6.42 −0.94
CD 1.017 0.987 0.946 0.785 0.907
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Table 7. Cont.

Energy1 Energy2
Item 1 GH1969 Ferrell1976 GH1969 Gil1970 Ferrell1976

Deviance
Predictors 2

F values
EBW 0.11 0.69 0.05 25.66 4.25
Year 12.82 14.33 69.04 53.54 63.41
Sex 0.32 0.47 0.21 3.42 2.07
Breed 17.70 17.58 1.38 0.36 0.63

R2 0.1961 0.1794 0.2683 0.3702 0.2923
EBW MRC β1 0.00002 ± 0.0001 0.0004 ± 0.0001 0.00001 ± 0.0001 −0.0003 ± 0.0001 * −0.0001 ± 0.00001 *
EBW means

35 −0.004 0.04 −0.05 −0.06 0.03
725 0.007 0.02 −0.06 −0.31 −0.07

Year MRC β1 0.0018 ± 0.001 * 0.0020 ± 0.001 * −0.0058 ± 0.001 * −0.0056 ± 0.001 * −0.0057 ± 0.001 *
Year means

1976 −0.03 0.00 0.05 −0.05 0.10
2020 0.05 0.08 −0.21 −0.29 −0.15

Sex means
Bulls 0.011 0.05 −0.02 −0.08 b 0.04
Heifers −0.002 0.03 −0.09 −0.21 a −0.05
Steers −0.008 0.02 −0.07 −0.17 a −0.02

Breed means
Dairy 0.02 b 0.06 b −0.08 −0.16 −0.02
Indicus −0.08 a −0.05 a −0.04 −0.13 0.01
Beef 0.06 c 0.09 c −0.06 −0.16 −0.01

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Ferrell1976, equation
of Ferrell et al. [22]; Energy1, energy concentration predicted from observed fat percentage; Energy2, energy
concentration calculated from predicted fat and protein percentages; SRC, simple linear regression coefficient;
r2, simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1;
RMSE = root mean square error; RMSEP = root mean square error of prediction; CCC = concordance correlation
coefficient; Cb = bias correction factor; MB = mean bias; CD = coefficient of model determination. 2 EBW, empty
body weight; Year, publication year; R2, multiple coefficient of determination; MRC, multiple linear regression
coefficient. * Regression coefficient is significantly different from zero or one at p < 0.05. abc Means without
a common superscript differ at p < 0.05.

The deviation between observed and predicted energy was influenced by publication
year and breed type having similar influence on both equations, but EBW and sex did not
influence either equation. Publication year and breed type explained approximately 18% of
the variation in the deviation between observed and predicted Energy1 for both equations.
Empty body energy was underpredicted to a greater degree in more recent publication
years for both equations. Both equations overpredicted Energy1 to a greater degree in
indicus than dairy breed types, which were overpredicted to a greater degree than beef
breed types.

Energy predicted from predicted fat and protein percentages (Energy2) had a large
coefficient of determination (>0.97) and CCC (>0.95), but the slope of linear regression was
different than one for GH1969, Gil1970, and Ferrell1976. The intercept of linear regression
was not different from zero for GH1969, but was for Gil1970 and Ferrell1976. Thus, the
linear hypothesis test indicated lack of unity for all equations. The MB and RMSEP were
larger and the Cb and CD further from one for Gil1970 than GH1969 and Ferrell1976.

Publication year accounted for significant variation in the deviation between observed
and predicted Energy2 for all equations, and EBW and sex affected the deviation for
Gil1970 and Ferrell1976, but breed type did not influence the deviation for any equation.
The amount of variation explained by these variables was 27, 29, and 37% for GH1969,
Ferrell1976, and Gil1970, respectively. Based on F-values, EBW had a greater influence on
Gil1970 than the other equations, whereas publication year and sex affected all equations
similarly except that GH1969 was not affected by sex. As EBW increased Gil1970 and
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Ferrell1976 had greater overprediction of the deviation in Energy2, and all equations had
greater overprediction in more recent publication years. For Gil1970, bulls had lesser
overprediction than steers and heifers, which were similar.

3.3. Carcass Chemical Composition Relationships

Mean (SD) carcass water, fat and protein were 56.35 (7.67), 21.07 (9.10), and 17.62 (2.82) %
of HCW, respectively (Table 8). Protein and ash ranged from 58.46 to 93.75 and 6.25 to 37.25 %
of fat-free dry matter, respectively. Prediction of carcass fat from known carcass water was
precise with coefficient of determination of 0.905 and CCC > 0.90, but only marginally accurate
with MB < −5.00% except for Preston1974 which had a MB of −2.52% (Table 9). The intercept
and slope of linear regression were different from zero and one, respectively, for all equations
resulting in the linear hypothesis test indicating a lack of unity for all equations. The RMSEP
was slightly greater for Gil1970 than the other equations, but the Cb and CD were similar
among equations.

Table 8. Summary statistics of carcass chemical composition of cattle in the Carcass dataset.

Item 1 N Mean SD Min Max

Carcass wt., kg 122 227.7 98.2 18.2 539.6
Water, % HCW 127 56.35 7.67 37.78 74.30
Fat, % HCW 127 21.07 9.10 1.80 40.75
FFDM, % HCW 127 22.57 2.97 14.96 30.49
Protein, % HCW 127 17.62 2.82 12.66 24.38
Ash, % HCW 127 4.80 1.74 1.45 8.17
Protein, % FFDM 127 78.18 8.16 58.46 93.75
Ash, % FFDM 127 21.18 7.22 6.25 37.25

1 HCW, hot carcass weight; FFDM, fat free dry matter.

For all equations, HCW, publication year, and breed type, but not sex, were significant
factors affecting the deviation between observed and predicted carcass fat. These factors
explained approximately 60% of the variation in the deviation between observed and
predicted carcass fat. Based on F-values, Preston1974 was least affected by HCW but most
affected by publication year among the 4 equations. All equations overpredicted carcass
fat to a greater degree as HCW became heavier and in more recent publication years. All
equations overpredicted carcass fat to a greater degree in beef breed types than indicus
breed types with dairy breed types being intermediate.

Carcass fat-free dry matter was poorly predicted from known carcass water with coef-
ficient of determination of 0.11 and CCC < 0.40, and MB > 5.00% for all equations except
Preston1974. For all equations, the intercept and slope of linear regression were different from
zero and one, respectively, and the linear hypothesis test indicated lack of unity. The RMSEP
was slightly greater and the Cb lesser for Gil1970 than the other equations. The CD was closer
to one for GH1969 and Ferrell1976 than for Gil1970 and Preston1974.

Similar to carcass fat, the deviation between observed and predicted carcass fat-
free dry matter was affected by HCW, publication year, and breed type which explained
approximately 60% of the variation for all equations. Publication year affected Preston1974
the most and HCW affected Preston1974 the least based on F-values. In contrast to carcass
fat, all equations underpredicted fat-free dry matter to a greater degree with increasing
HCW and more recent publication years. Additionally, all equations underpredicted carcass
fat-free dry matter to a greater degree in beef breed types than indicus breed types with
dairy breed types being intermediate.

Carcass protein was imprecisely predicted by all equations with coefficient of determi-
nation of 0.196 and CCC ≤ 0.40, and inaccurately with MB > 5.00% except for Preston1974
(Table 10). All equations had intercept and slope of linear regression different than zero
and one, respectively, and lacked unity according to the linear hypothesis test. The RMSEP
was slightly greater, but CD was closer to one for Ferrell1976 than the other equations. The
Cb was closer to one for GH1969 and Preston1974 than Gil1970 and Ferrell1976.
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Table 9. Model evaluation of predicting carcass chemical fat and fat-free dry matter assuming carcass water is known, and predictive variables of the deviance
between observed and predicted carcass chemical components in the Carcass dataset.

Fat Fat-Free Dry Matter
Item 1 GH1969 Gil1970 Preston1974 Ferrell1976 GH1969 Gil1970 Preston1974 Ferrell1976

SRC β0 2.14 ± 0.60 * 1.48 ± 0.62 * 2.41 ± 0.59 * 1.88 ± 0.61 * 14.45 ± 2.07 * 15.12 ± 1.90 * 13.32 ± 2.36 * 14.29 ± 2.11 *
SRC β1 0.84 ± 0.02 * 0.84 ± 0.02 * 0.86 ± 0.02 * 0.85 ± 0.02 * 0.38 ± 0.10 * 0.37 ± 0.09 * 0.42 ± 0.11 * 0.39 ± 0.10 *
r2 0.9052 0.9052 0.9052 0.9052 0.1109 0.1109 0.1109 0.1109
Pr > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RMSE 2.812 2.812 2.812 2.812 2.812 2.812 2.812 2.812
RMSEP 3.481 4.026 3.149 3.514 3.481 4.026 3.149 3.514
CCC 0.936 0.916 0.945 0.934 0.295 0.245 0.318 0.286
Cb 0.983 0.963 0.994 0.982 0.886 0.737 0.955 0.858
MB −1.343 −2.361 −0.531 −1.500 1.343 2.361 0.531 0.1.500
% MB −6.37 −11.20 −2.52 −7.12 5.95 10.46 2.35 6.65
CD 0.774 0.804 0.822 0.781 1.038 0.688 1.512 1.026
Deviance Predictors
2

F values
HCW 12.59 15.70 6.60 10.61 12.59 15.70 6.60 10.61
Year 101.15 98.61 107.06 102.93 101.15 98.61 107.06 102.93
Sex 1.95 2.08 1.66 1.86 1.95 2.08 1.66 1.86
Breed 3.37 3.26 3.63 3.45 3.37 3.26 3.63 3.45

R2 0.6050 0.6108 0.5920 0.6010 0.6050 0.6108 0.5920 0.6010
HCW MRC β1 −0.007 ± 0.002 * −0.009 ± 0.002 * −0.005 ± 0.002 * −0.007 ± 0.002 * 0.008 ± 0.002 * 0.0087 ± 0.002 * 0.0055 ± 0.002 * 0.007 ± 0.002 *
HCW means

20 1.39 0.59 1.68 1.07 −1.39 −0.59 −1.68 −1.07
535 −2.59 −3.89 −1.15 −2.56 2.59 3.89 1.15 2.56

Year MRC β1 −0.178 ± 0.02 * −0.177 ± 0.02 * −0.180 ± 0.02 * −0.179 ± 0.02 * 0.178 ± 0.02 * 0.177 ± 0.02 * 0.180 ± 0.02 * 0.179 ± 0.02 *
Year means

1976 3.33 2.32 4.13 3.17 −3.33 −2.32 −4.13 −3.17
2020 −4.51 −5.48 −3.80 −4.70 4.51 5.48 3.80 4.70

Sex means
Bulls 0.52 −0.44 1.21 0.32 −0.52 0.44 −1.21 −0.32
Steers −0.96 −1.98 −0.13 −1.11 0.96 1.98 0.13 1.11

Breed means
Dairy −0.48 ab −1.46 ab 0.26 ab −0.65 ab 0.48 ab 1.46 ab −0.26 ab 0.65 ab

Indicus 0.85 b −0.15 b 1.64 b 0.69 b −0.85 a 0.15 a −1.64 a −0.69 b

Beef −1.03 a −2.02 a −0.29 a −1.21 a 1.03 b 2.02 b 0.29 b 1.21 a

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Preston1974, equation of Preston et al. [36]; Ferrell1976, equation of Ferrell et al. [22]; SRC, simple
linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root
mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean bias; CD = coefficient of model determination. 2 HCW, hot carcass
weight; Year, publication year; R2, multiple coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at
p < 0.05. ab Means without a common superscript differ at p < 0.05.
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Table 10. Model evaluation of predicting carcass chemical protein and ash assuming carcass water is known, and predictive variables of the deviance between
observed and predicted carcass chemical components in the Carcass dataset.

Protein Ash
Item 1 GH1969 Gil1970 Preston1974 Ferrell1976 GH1969 Gil1970 Preston1974 Ferrell1976

SRC β0 7.45 ± 1.85 * 5.49 ± 2.21 * 6.45 ± 2.03 * 7.06 ± 1.92 * 5.21 ± 1.33 * 4.99 ± 0.62 * 5.34 ± 1.74 * 5.19 ± 1.27 *
SRC β1 0.61 ± 0.11 * 0.74 ± 0.13 0.65 ± 0.12 * 0.66 ± 0.12 * −0.09 ± 0.29 * −0.05 ± 0.15 * −0.11 ± 0.35 * −0.08 ± 0.25 *
r2 0.1961 0.1961 0.1961 0.1961 0.0008 0.0008 0.0008 0.0008
Pr > F <0.0001 <0.0001 0.0018 <0.0001 0.0003 <0.0001 0.0072 0.0003
RMSE 2.539 2.539 2.539 2.539 1.741 1.741 1.741 1.741
RMSEP 2.791 2.842 2.649 3.038 1.845 2.236 1.797 1.864
CCC 0.395 0.341 0.404 0.337 −0.015 −0.019 −0.013 −0.017
Cb 0.892 0.770 0.912 0.762 0.546 0.699 0.474 0.622
MB 0.897 1.241 0.478 1.571 0.293 0.966 −0.101 −0.224
% MB 5.09 7.04 2.72 8.92 6.09 20.12 −2.10 −4.66
CD 1.582 1.808 2.036 1.306 8.167 1.556 14.560 6.976
Deviance Predictors
2

F values
HCW 2.86 0.01 1.23 1.06 2.80 20.19 1.16 4.91
Year 23.00 24.94 23.72 23.83 32.44 26.41 33.70 31.29
Sex 2.17 2.84 2.41 2.44 14.68 16.18 14.33 14.99
Breed 14.87 15.53 15.13 15.16 12.36 11.95 12.41 12.30

R2 0.3662 0.3327 0.3520 0.3501 0.4204 0.4815 0.4118 0.4298
HCW MRC β1 0.004 ± 0.002 0.0003 ± 0.002 0.0025 ± 0.002 0.0023 ± 0.002 0.0025 ± 0.001 0.007 ± 0.001 * −0.0016 ± 0.001 0.0033 ± 0.002 *
HCW means

20 −0.26 0.91 −0.37 0.76 −0.89 −1.28 −1.08 −1.61
535 1.72 1.05 0.92 1.96 0.39 2.35 −0.26 0.11

Year MRC β1 0.088 ± 0.02 * 0.091 ± 0.02 * 0.090 ± 0.02 * 0.090 ± 0.02 * 0.069 ± 0.01 * 0.065 ± 0.01 * 0.070 ± 0.01 * 0.068 ± 0.01 *
Year means

1976 −1.23 −0.86 −1.64 −0.55 −1.76 −1.12 −2.14 −2.28
2020 2.67 3.17 2.31 3.41 1.29 1.77 0.94 0.74

Sex means
Bulls 1.35 1.89 1.00 2.10 −1.77 a −1.34 a −2.11 a −2.33 a

Steers −0.28 0.04 0.70 0.39 1.01 b 1.72 b 0.62 b 0.50 b

Breed means
Dairy 1.20 b 1.66 b 0.82 a 1.92 b −1.10 a −0.57 a −1.46 a −1.64 a

Indicus −1.88 a −1.49 a −2.28 b −1.19 a 1.25 b 1.87 b 0.87 b 0.72 b

Beef 2.28 b 2.73 b 1.90 a 3.00 b −1.28 a −0.74 a −1.64 a −1.82 a

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Preston1974, equation of Preston et al. [36]; Ferrell1976, equation of Ferrell et al. [22]; SRC, simple
linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root
mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean bias; CD = coefficient of model determination. 2 HCW, hot carcass
weight; Year, publication year; R2, multiple coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at
p < 0.05. ab Means without a common superscript differ at p < 0.05.
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The deviation between observed and predicted carcass protein was affected by publi-
cation year and breed type, but not HCW or sex for all equations explaining approximately
35% of the variation. Based on F-values, all equations were similarly affected by publication
year and breed type. For all equations, carcass protein was underpredicted to a greater
degree in more recent publication years, and overpredicted to a greater degree in indicus
breed types than beef and dairy breed types, which were similar.

Predicted carcass ash explained none (r2 = 0.00 and CCC < 0.00) of the variation in
observed carcass ash for any equation. The GH1969 and Gil1970 equations underpredicted
carcass ash on average with MB of 6 and 20%, respectively, whereas Preston1974 and
Ferrell1976 overpredicted with MB of −2.1 and −4.6%, respectively. The intercept and
slope of linear regression were different than zero and one, respectively, and the linear
hypothesis test indicated a lack of unity for all equations. The RMSEP was greater, but the
Cb and CD were closer to one for Gil1970 than the other equations.

The deviation between observed and predicted carcass ash was affected by pub-
lication year, sex, and breed type for all equations, and by HCW for Gil1970 and Fer-
rell1976. These factors explained approximately 40 (GH1969, Preston1974, and Ferrell1976)
to 48 (Gil1970) % of the variation in the deviation between observed and predicted carcass
ash. The equation of Gil1970 was most affected by HCW and least affected by publication
year, whereas all equations were affected similarly by sex and breed type based on F-values.
Carcass ash was underpredicted to a greater degree with increasing HCW for Gil1970 and
Ferrell1976, and in more recent publication years for all equations. For all equations, carcass
ash was overpredicted in bulls and underpredicted in steers, and underpredicted in indicus
breed types compared with beef and dairy breed types which were similar.

Carcass energy (Energy1 and Energy2) was predicted with high precision (r2 > 0.94
and CCC > 0.94) and high accuracy (MB < ±3.0%) except for Gil1970 with a MB of −5.21%
for Energy2 (Table 11). The intercept and slope of linear regression were different from
zero and one, respectively, for Ferrell1976 for Energy1 and all equations for Energy2, but
not for GH1969 for Energy1. However, the linear hypothesis test indicated a lack of unity
for all equations for Energy1 and Energy2. The RMSEP, Cb, and CD were similar among
equations for Energy1, but for Energy2, Gil1970 had Cb and CD further from one, and
RMSEP slightly greater than the other equations.

For Energy1, the deviation between observed and predicted carcass energy was af-
fected by publication year, sex, and breed type, but not HCW for GH1969 and Ferrell1976
which explained approximately 28% of the variation. Both equations were similarly af-
fected by sex and breed type, but Ferrell1976 was more affected by publication year than
GH1969 based on F-values. Carcass Energy1 was underpredicted to a greater degree in
more recent publication years, underpredicted to a greater degree in bulls than steers, and
overpredicted to a greater degree in indicus breed types than beef and dairy breed types,
which were similar, for both equations.

For Energy2, HCW, publication year, and sex, but not breed type, affected the deviation
between observed and predicted carcass energy for all equations explaining approximately
60% of the variation. Based on F-values, Gil1970 was most affected by HCW and least
affected by publication year, and Preston1974 was least affected by HCW and most affected
by publication year, whereas all equations were similarly affected by sex. All equations
overpredicted carcass Energy2 to a greater degree at heavier HCW, and in more recent
publication years. Again, all equations overpredicted carcass energy in steers and under-
predicted carcass energy in bulls.
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Table 11. Model evaluation of predicting carcass energy content assuming carcass water is known, and predictive variables of the deviance between observed and
predicted carcass chemical components in the Carcass dataset.

Energy1 Energy2
Item 1 GH1969 Ferrell1976 GH1969 Gil1970 Preston1974 Ferrell1976

SRC β0 0.03 ± 0.04 0.16 ± 0.04 * 0.30 ± 0.06 * 0.32 ± 0.06 * 0.30 ± 0.06 * 0.33± 0.06 *
SRC β1 1.00 ± 0.01 0.97 ± 0.01 * 0.88 ± 0.02 * 0.85 ± 0.02 * 0.89 ± 0.02 * 0.87 ± 0.02 *
r2 0.9746 0.9755 0.9408 0.9407 0.9407 0.9406
Pr > F 0.0043 <0.0001 <0.0001 <0.0001 <0.0001 0.0006
RMSE 0.123 0.122 0.187 0.188 0.188 0.189
RMSEP 0.127 0.147 0.226 0.277 0.209 0.224
CCC 0.986 0.982 0.961 0.944 0.966 0.962
Cb 0.999 0.994 0.990 0.974 0.996 0.992
MB 0.027 0.080 −0.076 −0.154 −0.024 −0.055
% MB 1.24 2.71 −2.58 −5.21 −0.80 −1.88
CD 1.030 0.955 0.809 0.739 0.842 0.808
Deviance Predictors 2

F values
HCW 1.07 1.70 12.44 27.98 6.99 13.44
Year 10.98 16.17 99.84 88.74 106.10 99.99
Sex 4.00 4.78 10.51 11.15 10.03 10.39
Breed 16.09 16.68 0.58 0.60 0.51 0.51

R2 0.2968 0.2807 0.6011 0.6261 0.5915 0.6045
HCW MRC β1 0.00011 ± 0.0001 0.0001 ± 0.0001 −0.00051 ± 0.0001 * −0.0008 ± 0.0001 * −0.0004 ± 0.0001 * −0.0005 ± 0.0001 *
HCW means

20 0.01 0.11 0.12 0.11 0.14 0.14
535 0.06 0.03 −0.15 −0.31 −0.06 −0.13

Year MRC β1 0.0030 ± 0.001 * 0.0037 ± 0.001 * −0.0118 ± 0.001 * −0.012 ± 0.001 * −0.012 ± 0.001 * −0.012 ± 0.001 *
Year means

1976 −0.03 0.00 0.24 0.17 0.30 0.27
2020 0.10 0.16 −0.28 −0.34 −0.23 −0.26

Sex means
Bulls 0.08 b 0.14 b 0.12 b 0.06 b 0.17 b 0.15 b

Steers −0.02 a 0.02 a −0.10 a −0.18 a −0.05 a −0.08 a

Breed means
Dairy 0.06 b 0.11 b 0.02 −0.05 0.07 0.04
Indicus −0.09 a −0.05 a −0.02 −0.10 0.03 0.00
Beef 0.12 b 0.17 b 0.03 −0.04 0.08 0.05

1 GH1969, equation of Garrett and Hinman [21]; Gil1970, equation of Gil et al. [33]; Preston1974, equation of Preston et al. [36]; Ferrell1976, equation of Ferrell et al. [22]; Energy1, energy
concentration predicted from observed fat percentage; Energy2, energy concentration calculated from predicted fat and protein percentages; SRC, simple linear regression coefficient; r2,
simple coefficient of determination; Pr > F, p-value for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root mean square error of prediction;
CCC = concordance correlation coefficient; Cb = bias correction factor; MB = mean bias; CD = coefficient of model determination. 2 HCW, hot carcass weight; Year, publication year;
R2, multiple coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at p < 0.05. ab Means without
a common superscript differ at p < 0.05.
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3.4. Relationships between Carcass and Empty Body Composition

Mean (SD) carcass water, fat, and protein were 56.81 (8.12), 20.14 (9.15), and 17.87
(2.97) % of HCW, respectively, and empty body water, fat, and protein were 58.05 (6.97),
19.20 (8.01), and 18.51 (2.25) % of EBW, respectively (Table 12). As a percentage of fat-free
dry matter, carcass protein ranged from 58.46 to 93.75%, and empty body protein ranged
from 70.63 to 93.58%.

Table 12. Summary statistics of empty body and carcass chemical composition of cattle in the Empty
Body-Carcass dataset.

Item 1 N Mean SD Min Max

Empty body wt., kg 96 327.1 145.7 31.2 729.4
EB water, % EBW 101 58.05 6.97 45.50 73.40
EB fat, % EBW 101 19.20 8.01 2.00 33.50
EB FFDM, % EBW 101 22.74 2.17 17.93 30.41
EB protein, % EBW 101 18.51 2.25 14.08 24.06
EB ash, % EBW 101 4.27 1.25 1.45 6.55
EB protein, % FFDM 101 81.32 5.34 70.63 93.58
EB ash, % FFDM 101 18.86 5.45 6.42 30.25
Carcass wt., kg 96 220.1 106.2 18.2 539.6
Carcass water, % HCW 101 56.81 8.12 37.78 74.30
Carcass fat, % HCW 101 20.14 9.15 1.80 40.75
Carcass FFDM, %
HCW 101 23.05 2.64 17.89 30.49

Carcass protein, %
HCW 101 17.87 2.97 12.66 24.38

Carcass ash, % HCW 101 5.01 1.70 1.45 8.17
Carcass protein, %
FFDM 101 77.45 8.54 58.46 93.75

Carcass ash, % FFDM 101 21.88 7.53 6.25 37.25
1 EB, empty body; EBW, empty body weight; FFDM, fat free dry matter.

Prediction of empty body water from carcass water was precise with coefficient of
determination of 0.956 and CCC > 0.96, and accurate with MB < ±2.0% for both equations
(Table 13). The intercept and slope of the simple linear regression was different from
zero and one, respectively, for GH1969, but not for Ferrell1976. The linear hypothesis test
indicated a lack of unity for GH1969, but not for Ferrell1976. The RMSEP was less and
CD closer to one for Ferrell1976 than GH1969, and the Cb was nearly perfect (1.00) for
Ferrell1976 at 0.999.

The effect of sex was not evaluated in the Empty Body-Carcass dataset because all
observations were using steers. The water concentration of offal, EBW, publication year,
and breed type explained approximately 30 to 40% of the variation in the deviation between
observed and predicted empty body water with these variables explaining more variation
for GH1969 than Ferrell1976. Based on F-values, Ferrell1976 was more affected by offal
water percentage than GH1969, but both equations were similarly affected by EBW and
publication year. Empty body water was underpredicted to a greater degree as offal
water increased for Ferrell1976. For both GH1969 and Ferrell1976, empty body water was
underpredicted to a greater degree as EBW increased. For both equations, empty body
water was underpredicted to a greater degree in more recent publication years. Breed type
did not influence prediction of empty body water.

Empty body fat was predicted with high precision having coefficient of determination of
0.961 and CCC > 0.96 for both equations, but Ferrell1976 had better accuracy than GH1969
(MB = 2.70 vs. 6.38%, respectively). Additionally, the intercept and slope of linear regression
was not different from zero and one, respectively, for Ferrell1976, but were different for
GH1969. However, the linear hypothesis test indicated lack of unity for both equations.
The RMSEP was less, and the Cb and CD were closer to one for Ferrell1976 than GH1969.
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Table 13. Model evaluation of predicting empty body chemical water, fat, and fat-free dry matter assuming carcass chemical composition is known, and predictive
variables of the deviance between observed and predicted empty body chemical components in the Empty Body-Carcass dataset.

Water Fat Fat-Free Dry Matter
Item 1 GH1969 Ferrell1976 GH1969 Ferrell1976 GH1969 Ferrell1976

SRC β0 6.95 ± 1.10 * 0.42 ± 1.24 2.51 ± 0.37 * 0.18 ± 0.41 3.52 ± 0.86 * 1.47 ± 0.77
SRC β1 0.86 ± 0.02 * 0.99 ± 0.02 0.93 ± 0.02 * 1.02 ± 0.02 0.84 ± 0.04 * 0.92 ± 0.03 *
r2 0.9566 0.9566 0.9617 0.9617 0.8371 0.8861
Pr > F <0.0001 0.3666 <0.0001 0.0038 <0.0001 <0.0001
RMSE 1.461 1.461 1.575 1.575 0.880 0.736
RMSEP 2.039 1.461 2.072 1.650 0.985 0.816
CCC 0.962 0.977 0.968 0.978 0.906 0.931
Cb 0.984 0.999 0.987 0.997 0.990 0.989
MB −0.977 −0.194 1.224 0.519 −0.247 −0.325
% MB −1.68 −0.33 6.38 2.70 −1.09 −1.431
CD 0.771 1.023 0.878 1.073 0.826 0.939
Deviance Predictors 2

F values
Offal 1.32 11.98 1.85 8.08 14.53 33.14
EBW 8.08 5.74 5.26 3.20 0.40 3.02
Year 8.11 7.60 0.03 0.21 46.59 32.08
Breed 1.97 1.85 0.79 0.95 1.37 0.84

R2 0.4102 0.3057 0.1177 0.1521 0.6075 0.5464
Offal MRC β1 0.060 ± 0.05 0.157 ± 0.04 * 0.068 ± 0.05 0.130 ± 0.04 * 0.141 ± 0.04 * 0.179 ± 0.03 *
Offal means

Min −1.88 −2.21 0.27 −1.41 −0.58 −0.86
Max −0.32 1.87 2.46 2.76 0.98 1.11

EBW MRC β1 0.007 ± 0.002 * 0.005 ± 0.002 * −0.007 ± 0.003 * −0.005 ± 0.003 −0.0004 ± 0.001 0.001 ± 0.001
EBW means

35 −3.29 −1.86 3.30 2.00 0.01 −0.54
725 1.78 1.87 −1.37 −1.32 −0.27 0.10

Year MRC β1 0.047 ± 0.02 * 0.040 ± 0.01 * 0.003 ± 0.02 −0.008 ± 0.02 −0.048 ± 0.01 * −0.033 ± 0.006 *
Year means

1981 −1.91 −0.93 1.27 0.72 0.67 0.28
2020 −0.06 0.63 1.40 0.42 −1.20 −1.03

Breed means
Dairy −0.53 0.32 0.83 0.08 −0.11 −0.36
Indicus −1.94 −0.98 1.91 1.18 0.08 −0.10
Beef −0.96 −0.19 1.23 0.52 −0.29 −0.34

1 GH1969, equation of Garrett and Hinman [21]; Ferrell1976, equation of Ferrell et al. [22]; SRC, simple linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value
for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias
correction factor; MB = mean bias; CD = coefficient of model determination. 2 Offal, head, hide, feet and ears, blood, internal organs and fat; EBW, empty body weight; Year, publication
year; R2, multiple coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at p < 0.05.
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The deviation between observed and predicted empty body fat was affected by offal
fat percentage for Ferrell1976, and EBW for GH1969, but was not affected by publication
year or breed type for GH1969 and Ferrell1976, which explained 12 and 15% of the variation
for GH1969 and Ferrell1976, respectively. Empty body fat was underpredicted to a greater
degree with increasing offal fat percentage for Ferrell1976, and was overpredicted to
a greater degree with increasing EBW for GH1969.

Empty body fat-free dry matter was predicted with high precision with coefficient
of determination of 0.837 and 0.886, and CCC of 0.906 and 0.931, and with high accuracy
having MB −1.1 and −1.4% for GH1969 and Ferrell1976, respectively. The intercept of
linear regression was different from zero for GH1969, and slope was different from one
for GH1969 and Ferrell1976. The linear hypothesis test indicated a lack of unity for both
equations. The RMSEP and Cb were lesser, but CD greater for Ferrell1976 than GH1969.

Offal fat-free dry matter percentage and publication year, but not EBW or breed type,
significantly influenced the deviation between observed and predicted empty body fat-free
dry matter for both equations explaining 60 and 54% of the variation for GH1969 and
Ferrell1976, respectively. The F-value for offal fat-free dry matter was larger for Ferrell1976
than GH1969, but for publication year the F-value was larger for GH1969 than Ferrell1976
indicating greater influence on the deviation between observed and predicted values. For
both equations, empty body fat-free dry matter was underpredicted to a greater extent with
increasing offal fat-free dry matter percentage, and was overpredicted to a greater extent in
more recent publication years.

Empty body protein was predicted with high precision having coefficient of determi-
nation of 0.944 and CCC of 0.96, and high accuracy with MB of 0.85 and −0.54% for GH1969
and Ferrell1976, respectively (Table 14). The intercept and slope of linear regression were
different from zero and one, respectively, for both equations, and the linear hypothesis test
indicated lack of unity for both equations. The RMSEP was low and Cb was high and both
were similar between equations, but the CD was closer to one for GH1969 than Ferrell1976.

Percentage of protein in offal, but not EBW, publication year, or breed type, accounted
for significant variation in the deviation between observed and predicted empty body
protein for both equations explaining 23 and 14% of the variation for GH1969 and Fer-
rell1976, respectively. Based on F-values, offal protein percentage had more influence on
the deviation for GH1969 than Ferrell1976. For both equations, the deviation between
observed and predicted protein was underpredicted to a greater degree as offal protein
percentage increased.

Empty body ash was predicted with high precision with coefficient of determination
of 0.958 and CCC > 0.95 for both equations, and with high accuracy for GH1969 with MB of
−0.65%. The intercept and slope of linear regression was not different from zero and one,
respectively, and the linear hypothesis test indicated unity for GH1969, but the intercept
and slope were different from zero and one, respectively, for Ferrell1976. The RMSEP was
less and Cb was greater for GH1969 than Ferrell1976, but the CD was similar.

The deviation between observed and predicted empty body ash was influenced by
offal ash percentage and breed type for both equations, and by publication year for GH1969
explaining 87 and 53% of the variation for GH1969 and Ferrell1976, respectively. The F-values
for offal ash percentage and publication year were larger for GH1969 than Ferrell1976, but
the F-value for breed type was larger for Ferrell1976 than GH1969. Empty body ash was
underpredicted to a greater degree as offal ash percentage increased for both equations and
underpredicted to a greater degree in more recent publication years for GH1969. For GH1969,
ash was overpredicted more in indicus than beef breed types with dairy breed types being
intermediate, whereas, for Ferrell1976, indicus breed types were more overpredicted than beef
and dairy breed types which were similar.
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Table 14. Model evaluation of predicting empty body chemical protein, ash, and energy assuming carcass chemical composition is known, and predictive variables
of the deviance between observed and predicted empty body chemical components in the Empty Body-Carcass dataset.

Protein Ash Energy
Item 1 GH1969 Ferrell1976 GH1969 Ferrell1976 GH1969 Ferrell1976

SRC β0 1.09 ± 0.43 * 1.78 ± 0.41 * −0.21 ± 0.10 * 0.55 ± 0.08 * 0.32 ± 0.05 * −0.02 ± 0.06
SRC β1 0.95 ± 0.02 * 0.90 ± 0.02 * 1.04 ± 0.02 0.83 ± 0.02 * 0.92 ± 0.02 * 1.03 ± 0.02
r2 0.9445 0.9445 0.9583 0.9583 0.9636 0.9636
Pr > F 0.0017 <0.0001 0.0841 <0.0001 <0.0001 <0.0001
RMSE 0.534 0.534 0.257 0.257 0.132 0.133
RMSEP 0.563 0.591 0.260 0.402 0.187 0.147
CCC 0.969 0.968 0.977 0.957 0.965 0.976
Cb 0.997 0.996 0.998 0.977 0.983 0.995
MB 0.157 −0.101 −0.028 −0.194 0.122 0.062
% MB 0.85 −0.54 −0.65 −4.54 4.33 2.17
CD 0.949 0.854 1.135 1.135 0.863 1.089
Deviance Predictors 2

F values
Offal 17.64 6.39 541.70 42.43 4.69 14.19
EBW 2.38 2.21 0.27 0.46 10.72 5.81
Year 0.09 0.15 30.40 3.33 0.00 0.30
Breed 1.72 2.87 8.10 17.82 2.50 2.12

R2 0.2286 0.1443 0.8686 0.5347 0.2249 0.2559
Offal MRC β1 0.162 ± 0.04 * 0.112 ± 0.04 * 0.262 ± 0.01 * 0.189 ± 0.03 * 0.099 ± 0.04 * 0.156 ± 0.04 *
Offal means

Min −0.37 −0.44 −0.52 −0.65 0.01 −0.13
Max 0.93 0.46 0.52 0.11 0.29 0.30

EBW MRC β1 0.001 ± 0.000 0.001 ± 0.001 0.000 ± 0.000 0.000 ± 0.000 −0.001 ± 0.000 * −0.001 ± 0.000 *
EBW means

35 −0.05 −0.32 −0.09 −0.37 0.36 0.22
725 0.52 0.31 −0.05 −0.26 −0.16 −0.13

Year MRC β1 0.002 ± 0.005 −0.002 ± 0.006 0.006 ± 0.001 * −0.005 ± 0.003 0.000 ± 0.001 −0.001 ± 0.001
Year means

1981 0.17 −0.01 −0.18 −0.23 0.14 0.08
2020 0.23 −0.10 0.07 −0.44 0.14 0.06

Breed means
Dairy −0.03 −0.35 −0.05 ab −0.12 a 0.08 0.01
Indicus 0.44 0.31 −0.16 a −0.68 b 0.22 0.14
Beef 0.16 −0.10 −0.02 b −0.15 a 0.12 0.06

1 GH1969, equation of Garrett and Hinman [21]; Ferrell1976, equation of Ferrell et al. [22]; SRC, simple linear regression coefficient; r2, simple coefficient of determination; Pr > F, p-value
for simultaneous test of intercept = 0 and slope = 1; RMSE = root mean square error; RMSEP = root mean square error of prediction; CCC = concordance correlation coefficient; Cb = bias
correction factor; MB = mean bias; CD = coefficient of model determination. 2 Offal, head, hide, feet and ears, blood, internal organs and fat; EBW, empty body weight; Year, publication
year; R2, multiple coefficient of determination; MRC, multiple linear regression coefficient. * Regression coefficient is significantly different from zero or one at p < 0.05. ab Means without
a common superscript differ at p < 0.05.
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Both equations predicted empty body energy with high precision having coefficient
of determination of 0.963 and CCC > 0.96, but Ferrell1976 predicted energy with more
accuracy (MB = 2.17 vs. 4.33%) than GH1969. The intercept and slope of linear regression
were not different from zero and one, respectively, for Ferrell1976, but were for GH1969.
However, the linear hypothesis test indicated lack of unity for both equations. The RMSEP
and Cb were similar between equations, but Ferrell1976 had CD closer to one than GH1969.

Offal energy concentration and EBW affected the deviation between observed and
predicted empty body energy for both equations explaining 22 and 25% of the variation for
GH1969 and Ferrell1976, respectively. Based on F-values, Ferrell1976 was more influenced
by offal energy concentration than GH1969, whereas GH1969 was more influenced by
EBW than Ferrell1976. Energy was underpredicted to a greater degree as offal energy
concentration increased, and overpredicted to a greater degree as EBW increased for both
equations. Publication year and breed type did not influence the prediction of energy.

4. Discussion
4.1. Relationship among Body Weights

The precision among SBW, EBW, HCW is high, and the relationship is near 1, but the
accuracy is variable with large intercepts and MB. The NRC2016 uses a constant proportion
(0.891) of SBW to estimate EBW, whereas Gil1970 uses an equation with slope less than
one and negative intercept suggesting that EBW is not a constant proportion of SBW,
which is supported by the simple linear regression slope of one for Gil1970 versus a slope
greater than one for NRC2016. Additionally, Williams et al. [38], Owens et al. [39], and
Owens and Hicks [40] demonstrate that EBW is not a constant proportion of SBW, and that
the difference (i.e., gut fill) depends upon several dietary factors and age and weight of
the cattle where lighter calves consume more feed as a percentage of SBW than heavier
yearlings [17,41].

Similarly, many of the equations to predict HCW from EBW had simple linear re-
gression slopes less than one and positive intercepts indicating that carcass is a lesser
proportion of EBW at lighter body weights. This is supported by the slope coefficients of
published equations being greater than one [39]. Additionally, previous research indicates
that carcass weight is a greater proportion of live weight with increasing live weight and
days on feed [42–46], which is supported in our data where dressing percentage increased
2 percentage units for each 100 kg increase in SBW.

Publication year affected many of the equations to predict EBW from SBW and HCW
from EBW where EBW and HCW were underpredicted to a greater degree in more recent
publication years which indicates that EBW is a greater proportion of SBW and HCW is
a greater proportion of EBW in more recent publication years. In our data, the heaviest
SBW tended to be in more recent publication years, and EBW and HCW as a proportion of
SBW increased as SBW increased. Thus, the effect of publication year may be an indirect
effect of SBW.

Empty body weight of bulls was underpredicted compared with steers and heifers
suggesting that bulls have greater EBW as proportion of SBW as the published equations
were developed using steers and heifers. In our data, EBW (0.93 vs. 0.87 and 0.86) was
a greater proportion of SBW in bulls than steers and heifers, respectively, after adjustment
for publication year and breed type. However, HCW was overpredicted in bulls compared
with steers and heifers suggesting that bulls have lesser HCW as a proportion of EBW,
which was found in our data (0.63 vs. 0.65 and 0.64, respectively). Few studies have
evaluated the effect of sex on EBW as proportion of SBW or HCW as proportion of EBW,
but several have evaluated dressing percentage with mixed results. Hedrick et al. [47]
and Nichols et al. [48] reported lesser dressing percentage, Vanderwert et al. [49] reported
no difference in dressing percentage, and others [50–56] have reported greater dressing
percentage in bulls than steers and/or heifers particularly at heavier live weight. In our
data, dressing percentage (0.58 vs. 0.57 and 0.56) was slightly greater in bulls than steers
and heifers, respectively.
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The overprediction of EBW in dairy compared with indicus and beef breed types may
be due to differences in feed intake and gastrointestinal fill. However, data are conflicting
whether Holstein steers eat more [57,58] or the same [59] as beef steers. In a summary
of published studies, Rust and Abney [60] reported greater feed intake as a percentage
of body weight in Holstein steers compared with Hereford steers, but not Angus steers.
Additionally, Holstein steers had greater feed intake compared with beef steers in the
VetLife Benchmark data [60].

In contrast to EBW, the MB for dairy breed types was similar to beef breed types
for most equations to predict HCW, and the indicus breed types were overpredicted
compared with dairy and beef breed types. The difference in breed type rankings between
prediction of EBW and HCW is interesting and suggests differences in relationships between
gastrointestinal fill and visceral organ mass/offal mass. In our data, dairy had lesser EBW as
a proportion of SBW (0.86 vs. 0.91 and 0.91) than indicus and beef breed types, respectively,
and similar HCW as a proportion of EBW (0.63 and 0.64 vs. 0.66) to indicus, but less than
beef breed types, respectively. However, the magnitude of difference was less for HCW
than EBW proportions in dairy compared with other breed types.

Overall mean deviations for sex and breed type are within reasonable limits ranging
from −4.6 to 5.2% of EBW with similar magnitude of mean bias between sexes and breed
types for both equations. However, the impact on accuracy of predicting HCW could be
quite large in some situations (e.g., dairy heifers in recent years using HL1969_2), but minor
in other situations (e.g., beef steers in recent years using Ferrell1976). Holzer and Levy [32]
did not include kidney, pelvic and trim fat in carcass weights and these equations had the
greatest MB as well as the largest effects of publication year, sex, and breed type. Excluding
HL1969_1 and HL1969_2, prediction of HCW was within reasonable limits among sexes and
breed types having mean deviations ranging from −8.17 to 5.01%. However, none of the
equations evaluated would be the single best choice to predict EBW or HCW in all situations.

4.2. Relationship among Components of Empty Body and Carcass

For both empty body and carcass composition, the prediction of fat from water percentage
was highly precise, although not always highly accurate, for all equations. The coefficients of
the published equations are very similar suggesting a tight relationship between body water
and fat percentage. Reid et al. [61] reported a strong inverse relationship between empty body
water and fat percentage in male and female dairy and beef cattle, which they demonstrated
to be curvilinear with extreme empty body fat percentages ranging from 1.8 to 44.6%—much
fatter than typical endpoints of cattle fed today. Overall, GH1969 and Ferrell1976 similarly
predict empty body fat and appear to better predict empty body fat than Gil1970. There
appears to be little difference among equations to predict carcass fat, but Preston1974 is
slightly more accurate.

Empty body and carcass fat-free dry matter were predicted with very poor precision,
and poor to high accuracy. Predicted fat-free dry matter was computed as 100 minus
observed water and predicted fat and such the only difference between observed and
predicted fat-free dry matter was predicted fat, which is reflected in the exact same values
for RMSE and RMSEP for predicted fat and predicted fat-free dry matter as well as the
MB for sex and breed types being the negatives of each other. Thus, all of the error in
predicted fat was captured in predicted fat-free dry matter. The correlation of empty body
water and fat-free dry matter was 0.54 and between empty body fat and fat-free dry matter
was −0.72 indicating a considerable degree of variation in the relationships. Additionally,
the correlation of carcass fat-free dry matter with water was 0.33 and with fat was −0.61.
Because predicted fat is predicted from observed water, predicted fat accounts for no
additional variation in fat-free dry matter only adjusting the mean fat-free dry matter,
which was reflected in the high accuracies of some equations, thus fat-free dry matter is
essentially being predicted from water which has poor correlation with fat-free dry matter
in our dataset. However, Gil et al. [33], Ferrell et al. [22], and Preston et al. [36] reported
strong correlations between water and protein in the empty body (0.85 to 0.95) and carcass
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(0.92 to 0.95). Preston et al. [36] reported a correlation of 0.79 between carcass water and ash.
Additionally, the imprecision of predicting fat-free dry matter could be due to differences
in the cattle used to develop the equations compared with the current dataset. Our dataset
contained data from bulls, steers, and heifers of diverse breed types, whereas the cattle
used to develop the equations were steers (GH1969 and Preston1974), heifers (Ferrell1976),
or bulls, steers, and heifers (Gil1970) of Hereford (Gil1970, Ferrell1976, and GH1969) or
Hereford and Angus breeding (Preston1974). The range of values for empty body water,
fat, and protein in our dataset were greater than for GH1969 (water ~ 45 to 64% EBW;
fat ~ 13 to 36% EBW; protein ~ 14 to 19% EBW, based on ±2 SD from the mean), Gil1970
(water ~ 49 to 69% EBW; fat ~ 8 to 34% EBW; protein ~ 13 to 18% EBW), and Ferrell1976
(water ~ 49 to 61% EBW; fat ~ 16 to 33% EBW; protein ~ 15 to 18% EBW), and the range
of values for carcass water, fat, and protein in our dataset were greater than Preston1974
(water ~ 40 to 61% EBW; fat ~ 15 to 43% EBW; protein ~ 12 to 18% EBW, based on ±2 SD
from the mean).

Empty body and carcass protein were predicted with poor precision in all equations, and
poor to high accuracy among equations. For Gil1970, Preston1974, and Ferrell1976, protein is
predicted from water, which only had a moderate correlation (0.50 and 0.44) with protein in
the empty body and carcass, respectively, in our dataset. For GH1969, protein is predicted
from fat-free dry matter and thus, some of the poor prediction of protein was due to the poor
prediction of fat-free dry matter, which was essentially predicted from water as discussed
above. Using observed fat-free dry matter in GH1969 substantially improved the prediction of
empty body and carcass protein with CCC of 0.826 and 0.753 and MB of −2.75 and −0.96%,
respectively, although not to the level of precision of the relationship between water and fat.
Garrett and Hinman [21] reported correlations of 0.99 and 0.98 between fat-free dry matter
and nitrogen in the empty body and carcass, respectively, compared to 0.85 and 0.77 in our
dataset. In most situations observed fat-free dry matter is not known such as when estimating
carcass fat from specific gravity and empty body water from urea space of the body resulting
in essentially predicting protein from water as the equations of Gil1970, Preston1974, and
Ferrell1976. The principle that protein can be predicted from water or fat-free dry matter
is reliant on the assumption that protein is a consistent proportion of the fat-free matter or
fat-free dry matter, respectively. Murray [62] and Garrett and Hinman [21] reported protein
was approximately 21% of the fat-free matter of the empty body and carcass. In our dataset,
mean (SD) protein was 22.30 (1.93) and 22.35 (2.82)% of fat-free matter in the empty body and
carcass, respectively, which agrees well with Murray [62] and Garrett and Hinman [21] but the
standard deviations are 3 times the standard deviation reported by Garrett and Hinman [21].
Additionally, mean empty body and carcass protein as a percentage of fat-free dry matter
in our dataset was similar to Reid et al. [61] and Garrett and Hinman [21] but the standard
deviations are 3 times larger. Our dataset has more diversity of breed types and greater ranges
in body composition than datasets used to derive equations. Thus, predicting empty body
and carcass protein with high precision may be difficult, and requires further study.

Similar to protein, prediction of empty body and carcass ash had very poor precision
and in several cases poor accuracy. In fact, the slope for simple linear regression of observed
on predicted carcass ash values was not different from zero for all equations. Predicted ash
was computed as 100 minus observed water and predicted fat and protein resulting in all the
error in predicting fat and protein accumulating in predicted ash. Preston et al. [36] reported
a correlation of 0.79 between carcass water and ash, but in our dataset the correlation between
carcass water and ash was −0.02 and between empty body water and ash was 0.16. Similar
to protein, mean ash as a percentage of fat-free matter in the empty body and carcass in
our dataset were similar to Reid et al. [61] and Garrett and Hinman [21] but the standard
deviations were 6 times greater. Although ash is probably the least important chemical
component in nutritional studies, better knowledge of the relationship of ash with other
chemical components is warranted.

Both methods of predicting empty body and carcass energy were highly precise and
accurate with little difference between methods except the RMSEP was slightly greater
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for Energy2. The likely reason for this is due to fat explaining > 95% of the variation in
energy concentration, thus, even though protein concentration explains 58% of the residual
energy concentration, protein only explains an additional 3% of the total variation in energy.
Additionally, empty body and carcass fat were predicted with high precision. With the
poor prediction of empty body and carcass protein, predicted protein negatively impacted
the precision of predicting energy concentration as r2 and CCC were lesser for Energy2
than Energy1. Both Garrett and Hinman [21] and Ferrell et al. [22] reported very strong
correlations (0.99) of empty body and carcass energy with water and fat. Given that empty
body and carcass fat are predicted with high precision and accuracy, estimating energy
retention in nutrition studies from known empty body water or carcass specific gravity is
likely to be highly precise and accurate.

4.2.1. Effect of Weight

The overprediction of empty body and carcass fat composition at heavier weights is
possibly due to a greater range in body weights and fat percentage in the current dataset
than those used to develop the equations, but may also be due to selection for increased
muscling of cattle [63]. The effect of increased muscling can be seen in the underprediction
of empty body and even more so carcass fat-free dry matter at heavier weights. Interestingly,
protein was not affected by empty body or carcass weight, but empty body and carcass ash
were underpredicted at heavier weights indicating that ash may be a lesser percentage of
body weight at the heavier finishing weights in more recent publication years.

The overprediction of empty body and carcass Energy2 at heavier weights is likely
a reflection of the overprediction of fat at heavier weights. The lack of influence of weight
on Energy1 is likely due to predicting energy from observed rather than predicted fat
percentage. Energy was not predicted from predicted fat percentage alone as this would
provide similar results as predicting fat percentage from water as energy is observed fat
multiplied by a constant value.

The effect of weight on predicted fat in the carcass (−18.5 to 7.97%) and empty body
(−25.5 to 2.4%) was considerable. The magnitude of the deviations could significantly
impact estimates of retained energy where initial harvest cattle are considerably lighter
than final harvest cattle.

4.2.2. Effect of Publication Year

The use of the equations evaluated in current beef cattle production systems could
result in significant errors overpredicting empty body and carcass fat from 2 to 6% units.
As discussed above, publication year and body weight are somewhat linked in this dataset,
but the effect of publication year is also likely a reflection of changes in cattle genetics
and management systems. This suggests that the relationship between water and fat
percentage has changed over time, which we expect is a change in the intercept rather than
the slope as the displacement of water with fat is consistent among published equations,
although we do not have enough data to test this hypothesis. In our dataset, empty
body fat decreased (p < 0.01) −0.125 ± 0.023% units and carcass fat decreased (p < 0.01)
−0.260 ± 0.029% units with each publication year after adjusting for weight, sex, and breed
type. Additionally, the ratio of empty body fat to empty body water (−0.0023 ± 0.0005
for each year; p < 0.01) and carcass fat to carcass water (−0.0046 ± −0.0007 each year;
p < 0.01) decreased with increasing publication year even after adjusting for fat, weight,
sex, and breed type. Selection for increased muscling and finishing cattle at heavier weights
while maintaining similar fat composition at finish has likely altered the relationship of
water with fat assuming fat-free matter is a relatively constant proportion of water, protein,
and ash. Calculated from the data of Ferrell and Jenkins [64], more muscled Belgian Blue
and Peidmontese-sired steers (0.50) had lesser ratios of empty body fat to water then less
muscled Angus/Hereford-sired steers (0.61). To this point, empty body and even more so
carcass fat-free dry matter were underpredicted in more recent publication years indicating
a difference in the relationship of water with fat. Additionally, growth promoting implants
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alter the relationship between fat and water [65–68] with the more aggressive implants
used in more recent publication years having a greater impact [69] which is likely part of
the influence of publication year. Empty body and carcass protein and ash follows the same
trend as fat-free dry matter likely for the same reasons.

Given that observed empty body and carcass energy is computed from energetic values
of fat and protein, the underprediction of Energy1 in more recent publication years indicates
that protein is having a greater impact on energy concentration. In contrast to fat, empty
body protein increased (p < 0.01) 0.054 ± 0.011% units and carcass protein increased (p < 0.01)
0.105 ± 0.018% units with each publication year after adjusting for weight, sex and breed
type indicating a changing ratio of fat to protein that likely affected the prediction of energy.
The influence of publication year on Energy2 is opposite that of Energy1 indicating that the
overprediction of fat in more recent publication years is affecting prediction of energy.

The magnitude of the deviations for empty body fat (−29.1 to −13.5%) and protein
(5.2 to 19.6%) in more recent publication years could significantly affect estimates of retained
energy. Fat was overpredicted indicating that energy estimated from fat alone would be
overestimated; however, protein was underpredicted compensating for the overestimation of
energy although protein, having 60% the energy value of fat, does not fully compensate.

4.2.3. Effect of Sex

Sex only affected the prediction of empty body ash and carcass ash and energy.
The overprediction of ash in bulls compared with steers and heifers suggests that ash
is a lesser percentage of weight than in steers and heifers as equations were developed
using data from steers or heifers with the exception of Gil1970 which used bulls, steers,
and heifers. Interestingly, Gil1970 did not predict ash of bulls, steers, and heifers any more
accurately than the other equations. Previous studies indicate that bulls do not have lesser
ash [70] or bone [52,71,72] percentage of the empty body or carcass, but in our dataset, bulls
had lesser (p < 0.05) carcass ash than steers (3.03 vs. 5.49%, respectively), but not empty
body ash than steers or heifers (4.02, 4.66, and 4.57%, respectively) after adjustment for
weight, publication year, and breed type.

Carcass energy of bulls was underpredicted by observed carcass fat percentage alone
most likely due to greater proportion of protein than steers [52,70,71], but prediction of
Energy2, which considers predicted fat and protein, was not improved compared with
Energy1. The lack of improvement in prediction of energy with inclusion of protein could
be due to the poor precision of predicting protein, but sex did not influence prediction of
carcass protein.

The magnitude of the effect of sex on empty body and carcass ash was considerable
ranging from −2 to +2% units corresponding to approximately a ±50% error. The mag-
nitude of the effect of sex on carcass energy is relatively small with the largest deviation
(−0.18) corresponding to a 6.6% error. Thus, sex may not be a major factor in predicting
empty body or carcass fat, protein, and energy.

4.2.4. Effect of Breed Type

The underprediction of empty body and carcass fat in indicus breed types compared
with beef and dairy breed types is opposite of what might be expected. Indicus breed
types have less body fat than British breed types [73–77], but more than Continental breed
types [78]. Predictive equations were developed from beef breed types, primarily Hereford,
and thus would be expected to overpredict fat percentage in leaner indicus breed types. To
this point, fat-free dry matter and protein were overpredicted in indicus compared with
dairy and beef breed types. The relationship between water and fat may be different in
indicus breed types, and as mentioned above is likely a difference in the intercept rather
than the slope.

Differences in mean bias of ash among breed types did not follow a similar pattern
in the empty body and carcass. In the carcass, ash percentage of indicus breed types was
underpredicted compared with dairy and beef breed types, which is the opposite trend
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observed with carcass protein suggesting that indicus breed types may have a greater
percentage of bone or lesser muscle-to-bone ratio in the carcass. Huffman et al. [79] and
Bidner et al. [77] reported greater longissimus muscle area per kg of HCW in Angus than
indicus breed types, and Cole et al. [80] reported greater separable bone percentage of the
carcass in indicus than beef breed types. However, Lunt et al. [81] reported no difference in
separable muscle or bone percentage of the carcass and no difference in the muscle to bone
ratio of Angus and Brahman steers. Interestingly, the mean bias of dairy breed types was
similar to beef breed types, which is somewhat unexpected as dairy breed types typically
have greater percent bone in the carcass [80,82–84].

In contrast to the carcass, ash was underpredicted in the empty body of indicus and
dairy breed types compared with beef breed types. Ferrell and Jenkins [73] reported similar
amounts (kg) of ash that correspond to similar percentages in the carcass (6.2 and 6.2%), offal
(2.5 and 2.4%), and empty body (4.9 and 4.9%) of Angus and Brahman steers, respectively.
In our dataset, indicus breed types had greater (p < 0.05) empty body (5.31 vs. 4.12 and
3.83%) and carcass (5.82 vs. 3.57 and 3.38%) ash than dairy and beef breed types, but offal
ash was similar. These results explain similarity in mean bias between dairy and beef
breed types for carcass ash, but not the similarity between dairy and indicus in empty
body ash. In the empty body, fat was underpredicted and protein overpredicted in indicus
compared with dairy breed types likely resulting in similar mean bias as ash was computed
as 100 minus observed water and predicted fat and protein, whereas in the carcass the
mean bias of protein, but not fat, was different between indicus and dairy breed types.

The overprediction of empty body and carcass energy in indicus compared with dairy
and beef breed types when based on observed fat percentage may reflect differences in
proportion of fat and protein in the carcass and offal. Several studies have indicated that
indicus breed types have less fat and more or similar muscle/protein in the carcass compared
with beef breed types [73,77,80,81]. Ferrell and Jenkins [73] reported no difference in fat and
protein composition of the offal in indicus and beef breed types suggesting that differences in
offal composition is not impacting prediction of empty body energy. The lack of breed type
effect when energy is predicted from fat and protein supports the idea that indicus cattle have
a difference in fat to protein ratio compared with beef and dairy breed types.

4.3. Relationship of Empty Body with Carcass Composition

Overall, the prediction of empty body chemical components from known carcass
chemical components was highly precise and accurate indicating that if carcass composition
is measured via proximate analysis, empty body composition can be predicted. In general,
the mean bias of empty body chemical components was less than when predicting empty
body composition from known empty body water. Only empty body fat using GH1969 had
what might be consider unacceptable mean bias. Additionally, the amount of variation in
the deviation explained by offal chemical composition, publication year, sex and breed type
was low for fat, protein, and energy, high for fat-free dry matter and ash, and intermediate
for water. The most likely reason for deviation between the carcass and empty body is
chemical composition of the offal, and offal chemical components generally had the largest
F-values in models to explain the deviation. Offal water, fat, protein, and ash in our dataset
was highly variable (coefficient of variation = 11.22, 43.03, 9.02, and 37.45%, respectively).

Offal protein was the only significant factor explaining variation in the deviation be-
tween observed and predicted empty body protein. Based on data from Coleman et al. [85],
Hersom et al. [86], and McCurdy et al. [87] offal protein as a percentage of total empty body
protein decreases with increasing weight, whereas, carcass protein increases, which explains
the over and underprediction at low and high percentages of offal protein, respectively.
Thus, more precise prediction of empty body protein will require development of equations
to predict variation in offal protein. Mass of visceral and splanchnic tissues is likely the
most variable component of offal protein [8,88], and is the most important from an energy
expenditure standpoint [4]. Visceral and splanchnic tissues vary with nutrition [5,8,89–93]
and breed [64,73,90,94]. Developing equations to predict mass of visceral and splanchnic
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tissues would improve predictions of empty body protein and estimates of maintenance
energy requirements.

Generally, empty body composition was overpredicted at lower offal chemical con-
centration and underpredicted at greater offal chemical concentration, which is logical if
accurately predicting the mean; however, it indicates a lack of adjusting for the changing
chemical composition and relative proportion of offal chemical components in the empty
body. Growth coefficients of different fat depots suggest that carcass fat becomes a greater
percentage of total body fat as weight increases [95,96], which agrees with discussion above
that carcass weight becomes a greater percentage of the empty body as weight increases.
Thus, the distribution of fat between carcass and offal is changing indicating a more sophis-
ticated prediction is necessary. McPhee et al. [27] developed a model to estimate empty
body fat distribution among four fat depots—intermuscular, intramuscular, subcutaneous,
and visceral—with model mean biases of 0.34, −13.81, 17.75, and 16.56%, respectively.
Development of such models could potentially improve prediction of empty body fat,
particularly if carcass fat is already known.

Changes in proportion of offal in the empty body as empty body weight increases
is likely the reason for the underprediction of empty body water and overprediction of
empty body fat and energy at heavier empty body weights. Additionally, changes in the
proportion of empty body water between carcass and offal due to genetic selection for
increased muscling and/or management practices resulted in publication year impacting
prediction of empty body water, which is supported by the opposite effect of publication
year on fat-free dry matter. As discussed previously, carcass weight becomes a greater
proportion of empty body weight, and carcass fat becomes a greater proportion of empty
body fat as empty body weight increases.

Sex was not a factor in the analysis relating carcass chemical components to empty
body chemical components as all studies used steers. Breed type had no effect on prediction
of empty body chemical components except for ash. The overprediction of empty body ash
in indicus compared with beef breed types is likely due to differences in carcass weight
as a percentage of empty body weight as HCW of indicus breed types was overpredicted
compared with beef breed types in the Weight dataset. In our dataset, carcass ash was
a greater (p < 0.01) percentage of empty body ash (81.2 vs. 67.1 and 75.5%) in indicus than
dairy and beef breed types, respectively.

Overall, the magnitude of the errors for predicting empty body chemical components
were small (MB < 5%) with exception of fat for GH1969. Although offal (−3.81 to 3.22%) and
EBW (−5.67 to 3.22%) affected prediction of empty body water, and offal (−3.78 to 5.02%)
impacted prediction of empty body protein the magnitude of the errors were small to
moderate. However, the magnitude of the errors associated with offal to predict empty
body fat (−7.34 to 14.38%) and ash (−15.22 to 12.18%) were large. Additionally, the
magnitude of the errors associated with EBW for prediction of empty body fat (−7.14 to
17.19%) were large.

4.4. Implications and Future Research

As the beef cattle industry looks to improve efficiency and sustainability, continued
improvement in cattle nutrition will be necessary. Equations to predict body weight
and chemical composition are used to determine nutrient requirements of cattle from
nondestructive methods (i.e., carcass specific gravity, urea space, etc.). The inaccuracy of
these equations negatively impacts estimates of nutrient requirements and predictions of
feed intake and rate of gain, as these are based on data collected using these equations.
Factors such as sex, breed type, genetic potential, and/or management system should be
considered to improve prediction equations. Equations should be more robust across the
full weight range of cattle production (birth to harvest) and likely need to be re-evaluated
periodically as cattle genetics and production systems change.

One particularly concerning result of this analysis was the very poor prediction
of empty body and carcass protein suggesting that estimates of metabolizable protein
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requirements may be inaccurate and imprecise for different phases of growth. This is
supported by the poor coefficient of determination (R2 = 0.34) relating protein accretion
with retained energy (i.e., fat accretion) [17]. Given that empty body protein was adequately
predicted from known carcass protein, prediction of empty body protein may be improved
by including anatomical measurements on the carcass. For example, separable lean of the
9–11th rib section is strongly related to protein of the carcass [97], thus measurements of
longissimus muscle area may improve the prediction of carcass and empty body protein.

For 5 decades the constant of 0.077 Mcal/kg.75 has been used to estimate net energy
for maintenance requirements for all classes of cattle with some crude adjustment factors
for breed type [14–17], but maintenance energy requirements are also affected by sex, age,
season, ambient temperature, physiological state, and previous nutrition [17]. Chemical
protein composition is likely a primary driver of variation in maintenance energy require-
ments [11,98] in the form of visceral organs [7,8] but also skeletal muscle [4]. Chemical
water, fat, and ash are metabolically inert substances being acted upon by enzymes, thus
chemical protein is likely more strongly associated with net energy for maintenance re-
quirements. In support of this hypothesis, chemical protein is associated with a greater
maintenance energy requirement than chemical fat (188 vs. 20 kcal/kg, respectively) [9–13].
Thus, improved predictions of chemical protein composition could be used to increase
our understanding of maintenance energy requirements leading to improved estimates
of maintenance energy requirements according to sex, age, season, ambient temperature,
physiological state, and previous nutrition.

5. Conclusions

Existing equations to predict body weight were highly precise, but were somewhat
lacking in accuracy. Additionally, equations were generally adequate to predict fat concen-
tration from known water concentration, but subsequent prediction of body composition
was woefully inadequate. To better predict body chemical composition, a better understand-
ing of the relationship of fat-free dry matter with protein and ash is needed. Prediction of
chemical components was impacted by body weight and offal chemical composition, some-
times with considerable magnitude, indicating that current equations may not accurately
adjust for changes in proportion of chemical components in the carcass and offal. Current
equations were also frequently affected by sex and breed type indicating that adjustments
should be made for these factors. Overall, the significant effect of publication year on
prediction of weight, fat, protein, and ash concentrations indicates the compositional rela-
tionships among chemical components of the body have changed due to genetics and/or
management of growing/finishing cattle, and that relationships need to be re-evaluated in
current beef cattle production systems.
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