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Relationships of retained energy and retained protein that influence the  
determination of cattle requirements of energy and protein using the California 

Net Energy System

Luis O. Tedeschi1

Department of Animal Science, Texas A&M University, College Station, TX 77845

ABSTRACT: Interrelationships between retained 
energy (RE) and retained protein (RP) that are essen-
tial in determining the efficiency of use of feeds and 
the assessment of energy and protein requirements 
of growing cattle were analyzed. Two concerns were 
identified. The first concern was the conundrum of 
a satisfactory correlation between observed and pre-
dicted RE (r = 0.93) or between observed and pre-
dicted RP when using predicted RE to estimate RP 
(r  =  0.939), but a much lower correlation between 
observed and predicted RP when using observed RE to 
estimate RP (r = 0.679). The higher correlation when 
using predicted vs. observed RE is a concern because 
it indicates an interdependency between predicted RP 
and predicted RE that is needed to predict RP with a 
higher precision. These internal offsetting errors cre-
ate an apparent overall adequacy of nutrition mod-
eling that is elusive, thus potentially destabilizing the 
predictability of nutrition models when submodels 
are changed independently. In part, the unsatisfactory 
prediction of RP from observed RE might be related 
to the fact that body fat has a caloric value that is 1.65 
times greater than body protein and the body dep-
osition of fat increases exponentially as an animal 

matures, whereas body deposition of protein tends to 
plateau. Thus, body fat is more influential than body 
protein in determining RE, and inaccuracies in meas-
uring body protein will be reflected in the RP com-
parison but suppressed in the RE calculation. The 
second concern is related to the disconnection when 
predicting partial efficiency of use of metabolizable 
energy for growth (kG) using the proportion of RE 
deposited as protein—carcass approach—vs. using the 
concentration of metabolizable energy of the diet—
diet approach. The culprit of this disconnection might 
be related to how energy losses that are associated 
with supporting energy-expending processes (HiEv) 
are allocated between these approaches. When com-
puting kG, the diet approach likely assigns the HiEv to 
the RE pool, whereas the carcass approach ignores the 
HiEV, assigning it to the overall heat production that is 
used to support the tissue metabolism. Opportunities 
exist for improving the California Net Energy System 
regarding the relationships of RE and RP in comput-
ing the requirements for energy and protein by grow-
ing cattle, but procedural changes might be needed 
such as increased accuracy in the determination of 
body composition and better partitioning of energy.

Key words: bioenergetics, body composition, calorimetry, growth and development, modeling 
and simulation, ruminants

© The Author(s) 2018. Published by Oxford University Press on behalf of the American Society of 
Animal Science. This is an Open Access article distributed under the terms of the Creative Commons 
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is prop-
erly cited. For commercial re-use, please contact journals.permissions@oup.com

Transl. Anim. Sci. 2019.3:1029–1039
doi: 10.1093/tas/txy120

INTRODUCTION

The determination of the amounts of retained 
fat (RF) and retained protein (RP) is the objective 
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of the California Net Energy System (CNES) com-
parative slaughter technique, and their accurate 
measurement is the most critical step in calculating 
the retained energy (RE) by growing cattle consum-
ing known amounts of feeds (Lofgreen, 1965). The 
RE and RP are essential variables in determining 
the efficiency of use of feeds and the requirements 
of energy and protein for maintenance and growth 
of growing animals (Meyer and Garrett, 1960; 
Lofgreen and Garrett, 1968). As with any scientific 
method, standard and reliable methods for measur-
ing body fat and protein are needed to ensure the 
accurate calculation of RE.

In recent years, two major concerns have been 
raised regarding the use of RE and RP in comput-
ing energy and protein requirements of growing 
cattle. The first concern was recently described in 
the publication of the Nutrient Requirements of 
Beef Cattle by the National Academies of Sciences, 
Engineering, and Medicine (NASEM, 2016, Ch. 
12), which reported a less-than-expected correlation 
between observed and predicted RP (r = 0.86), but a 
satisfactory correlation between observed and pre-
dicted RE (r = 0.975) when evaluating seven inde-
pendent studies. The NASEM’s (2016) evaluation, 
however, used means of animal groups rather than 
individual values. When the values of individual 
animals were investigated, the correlation between 
observed and predicted RE (Figure 1A) decreased 
slightly from 0.975 to 0.93. In contrast, the 

correlation between observed and predicted RP was 
much lower when using observed RE to predict RP 
(r = 0.679; Figure 1B) than when using predicted RE 
to predict RP (r = 0.939). These disturbing findings 
were initially reported by Tedeschi and Fox (2018) 
and discussed in a subsequent review of advances 
in estimating protein and energy requirement of 
ruminants (Tedeschi et  al., 2017). These authors 
also highlighted additional areas of research that 
need clarifications. The greater correlation between 
observed and predicted RP when using predicted 
RE (r = 0.939) to predict RP vs. using observed RE 
(r = 0.679) is, by itself, a concern because it indi-
cates a clear interdependency between predicted 
RP and predicted RE that is needed to predict RP 
with a higher precision. These internal offsetting 
errors result in an apparent overall adequacy of the 
CNES to predict net energy (NE) and net protein 
(NP) requirements, thereby potentially destabi-
lizing the predictability of nutrition models when 
submodels are changed independently (Tedeschi 
et  al., 2017). The second concern was previously 
raised by Tedeschi (2001) and recently discussed 
by Tedeschi et  al. (2002), Williams and Jenkins 
(2003b), and Tedeschi et al. (2004). These authors 
independently indicated that the partial efficiency 
of use of metabolizable energy (ME) for growth 
(kG) could be estimated based on the proportion 
of RE deposited as protein (REP) rather than using 
the concentration of ME of the diet as proposed by 

Figure 1. (A) Relationship between observed and predicted RE (Mcal/d) and (B) relationship between observed and predicted RP (g/d) using 
observed RE (Mcal/d) for the Brazilian (circles), USA (triangles), and western Canadian (squares) datasets. The solid red lines represent the linear 
regression of observed on predicted values, the shaded areas represent the 95% confidence interval, and the dashed lines define the 95% prediction 
interval of all data points. The top- and right-side histograms represent the distribution of the predicted and observed values, respectively. The 
dashed gray lines represent the y = x, unity line. The adequacy statistics shown at the top grid were computed with the Model Evaluation System 
[http://www.nutritionmodels.com/mes.html; (Tedeschi, 2006)]. Panels were reproduced from Tedeschi and Fox (2018) with permission.

http://www.nutritionmodels.com/mes.html
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Garrett (1980) and adopted by the NRC (1984) and 
its subsequent revisions. However, intrinsic differ-
ences exist between these options in computing kG. 
The objective of this paper is to provide discussion 
points and opportunities for improving the CNES 
regarding the relationships of RE and RP in com-
puting the requirements for energy and protein by 
growing cattle.

UNDERSTANDING THE RELATIONSHIP 
BETWEEN RETAINED ENERGY, BODY FAT, 

AND BODY PROTEIN

The prediction of  RE requires accurate assess-
ment of  body composition, more specifically fat 
and protein, so the amount of  RF and RP can 
be estimated. Besides having a different heat of 
combustion (i.e., gross energy), however, the rela-
tionship between body fat and protein is not lin-
ear; it changes as the animal matures. One way 
to assess body fat and protein is to relate them to 
body weight (BW). Simpfendorfer (1974) devel-
oped empirical regressions to determine chem-
ical body compositions (e.g., fat, protein, ash, 
and water) at different empty BW (EBW) of 101 
British beef  steers from five studies, varying from 
birth to maturity. The author reported that within 
cattle of  similar mature size, 95.6% to 98.9% of 
the variation in chemical composition was asso-
ciated with the variation of  EBW. More recently, 
Tedeschi and Fox (2018) updated Simpfendorfer’s 
original database by including two additional stud-
ies (Simpfendorfer, 1974; Tedeschi et al., 2002) and 
developed Equations 1 and 2 for predictive pur-
poses of  empty body fat (EBF) and empty body 
protein (EBP) contents from EBW, respectively. 
The revised dataset contains an unbalanced num-
ber of  steers, heifers, and bulls of  Angus, Hereford, 
Holstein, Nellore, and Shorthorns purebreds, and 
Angus x Jersey or Hereford x Shorthorn crossbreds. 
In this database, there were no major differences 
in body composition among Bos taurus, Holsteins, 
and Nellore breeds (Tedeschi and Fox, 2018),
EBF EBW

EBW

= + × + ×

= =

0 91524 0 01286 0 00054

02

. . .

( . , .R  936  SE  13 652 22  n  265, ),=  
(1)

EBP EBW

EBW

= − + × − ×

= =

2 95772 0 2305 0 00012

0 02

. . .

( . , .R  973  SE  3 5 92 ,, ), n  264=  
(2)

where EBF is empty body fat, kg; EBP is empty 
body protein, kg; EBW is empty body weight, kg; 
and SE is standard error, kg.

Equations 1 and 2 are not based on longitudi-
nal data in which data are obtained on the same 

individual multiple times over a period of interest. 
Rather, these equations are from cross-sectional 
data in which the points reflect the body compos-
ition (e.g., fat and protein) of different animals at 
different stages of growth, and one point does not 
have a relationship with another point. Therefore, 
temporal changes in body composition (and sub-
sequently RE) may not be predicted correctly. But, 
it can be used to illustrate the aforementioned con-
cept. Eventually, the inclusion of degree of maturity 
(or equivalent BW) would likely increase the good-
ness of fit of Equations 1 and 2, but for predictive 
purposes, it would add another hurdle in predicting 
body composition because the degree of maturity is 
not surely known a priori, and it would cause a cyc-
lic dilemma because predicted EBF would depend 
on maturity degree and vice versa.

Developing a Synthetic Database for Empty Body 
Fat and Protein Contents

The relationship between RE and RP vs. EBW 
was evaluated using Monte Carlo simulations 
(Tedeschi and Fox, 2018) to reconstruct the EBF, 
EBP, and EBW databases. In a Monte Carlo simula-
tion, the probability density functions of key inputs 
are used to draw samples to build the desired distri-
butions (McKay et al., 1979; Law, 2007). For EBF 
and EBP, normal distributions assuming means 
zero and SE of 13.652 and 3.509 kg, respectively, 
were used to randomly draw 5,000 points to obtain 
the uncontrolled, random residue associated with 
Equations 1 and 2. For EBW, a logistic distribution 
assuming a mean of 279 kg and a scale parameter 
of 75.7 kg was used to randomly draw 5,000 points, 
but negative values were later removed. The Monte 
Carlo analyses were conducted with Mathematica 
11.2 (Wolfram Research Inc., Champaign, IL). 
The logistic distribution parameters for the EBW 
were obtained by fitting the original EBW values 
to different distributions using the @Risk for Excel 
7.5 (Palisade Corp., Ithaca, NY). Then, EBF and 
EBP were estimated for each EBW, using Equations 
1 and 2, respectively, and the uncontrolled, ran-
dom residues obtained with the normal distribu-
tions were added to the EBF and EBP estimates. 
Figure 2A shows the relationship between EBF and 
EBP vs. EBW of the synthetic database (n = 4,898). 
For comparative purposes, Figure 2A also depicts 
the polynomial regressions derived by Owens et al. 
(1995) from the average means of 12 studies to pre-
dict EBF and EBP. For the most part, the Owens 
et  al. (1995) regressions overlap the confidence 
interval of Equations 1 and 2.
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Computing Retained Energy and Retained Protein

The body RE was computed assuming the heat 
of combustion of fat is 9.367 Mcal/kg and protein 
is 5.686 Mcal/kg (Garrett et  al., 1959), yielding 
Equation 3, which can be used to estimate body 
RE. Different caloric values for fat and protein have 
been reported (Tedeschi and Fox, 2018, p.  379), 
ranging from 9.368 to 9.499 and 5.447 to 5.7 Mcal/
kg, respectively. Although this difference might not 
drastically alter the prediction of RE, it is impor-
tant to determine the caloric value of the fat and 
protein and use similar values across studies,

 
RE EBW

EBW

= + × + ×

= =

77 886 0 986962 0 00489

02

. . .

( . , . )R  985  SE  124 72 ..  (3)

Equation 3 might not be suitable to predict 
RE for empty weight gain (EWG) because it does 
not take into account the greater energy density 
of faster rates of EWG at the same BW. Owens 
et al. (1995) indicated that the rate of fat accretion 
increased at different levels of intensity as the rate 
of EWG increased up to 1.9 kg EBW/d, after which 
it tended to decrease (Owens et al., 1995).

Figure  2B shows the percentage of RE as fat 
and as protein across EBW, assuming Equations 
1 and 2 and the caloric values of fat (9.367 Mcal/
kg) and protein (5.686 Mcal/kg). Equations 4 and 
5 have the predicted RF and RP as a percentage of 
RE, respectively; they were derived based on average 
values shown in Figure 2B. There is a considerable 
variation in RF and RP (% of RE) for animals that 
have an EBW of less than about 250 kg, but there 
is a clear linear tendency of increasing RF (% of 
RE) and decreasing RP (% of RP) as EBW exceeds 
the 250-kg threshold. Many factors can affect the 
large variation observed in the synthetic database. 

Different breeds and mature weight influence the 
rate of deposition of fat and protein. Bailey and 
Mears (1990) reported that large mature-size calves 
tend to gain more and deposit less fat than cattle 
of small mature size at the same BW. Energy level 
and composition of the diet (Greenwood and Cafe, 
2007) and milk intake (Robelin and Chilliard, 1989) 
also influence the lean-to-fat ratio during the post-
natal phase of young calves,
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where EBW is the empty body weight, kg; LN is the 
natural log; RF is the retained fat, % of RE; and 
RP is the retained protein, % of RE.

Despite the large variation, the patterns of RE 
and RP (%  of RE) pre-250  kg EBW (Figure  2B) 
suggest that preweaned calves tend to mobilize adi-
pose tissue (i.e., fat) and gain muscle (i.e., protein) 
until about 113  kg EBW, after which they start 
depositing more fat than protein. This suggests that, 
on average, for a short period (from approximately 
72 to 180 kg EBW), the energy cost of depositing 
muscle (i.e., protein) is greater than depositing adi-
pose tissue (i.e., fat). In agreement with this finding, 
Bonnet et al. (2010) indicated that although fat and 
protein accretions are concomitant during the post-
natal growth of calves, protein accretion has pref-
erence over fat accretion during early growth but 
is reversed later. In part, the loss of adipose tissue 
could be a result of the oxidation of fat from the 

Figure 2. (A) Predicted empty body fat (blue) and empty body protein (orange) vs. empty body weight (EBW). The solid and dashed black lines 
represent the polynomial equations 1 and 2, respectively; and the solid and dashed red lines represent the polynomial regressions derived by Owens 
et al. (1995) to predict fat and protein, respectively. The shaded areas represent the 95% confidence interval. (B) depicts the percentage of energy 
retained as fat (blue points and solid black line) or protein (orange points and dashed black line) vs. EBW.
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brown adipose tissue in support of nonshivering 
thermogenesis (Carstens, 1994), but this fat depot 
represents about 2% of BW (Alexander et al., 1975). 
Additionally, animals that undergo feed restrictions 
also deposit more protein than fat during the com-
pensation period (Fox et al., 1972; Ryan, 1990), but 
they usually achieve the same body composition 
at a later stage of growth if  adequate nutrition is 
provided during the compensatory growth. Based 
on these facts, the pattern of fat and protein depos-
ition (%  of RE) shown in Figure  2B seems to be 
reasonable.

Assuming that the pattern in Figure 2B repre-
sents the changes in body RE from RF and RP, as 
the animal grows, fat deposition will account for 
the majority of RE (up to 80%) closer to maturity 
(approximate EBW > 600  kg). This suggests that 
prediction of fat composition based on RE should 
have a greater correlation with the amount of fat 
being retained. Therefore, without accounting for 
the impact of the rate of gain on body composition 
as discussed above, accuracy in predicting RE will 
increase as the accuracy in measuring RF increases 
and for animals that are heavier than 180 kg EBW. 
Because the majority of data points are above this 
threshold, one would expect a greater precision 
and accuracy in predicting RE (Figure 1A) rather 
than predicting RP (Figure  1B). The precision in 
predicting RP shown in Figure  1B is lower than 
the precision previously reported by Tylutki et al. 
(1994) and the National Research Council (NRC, 
1996, 2000) of 91% with an underprediction of 2% 
(i.e., mean bias).

THE RETAINED PROTEIN PREDICTION 
THAT YIELDS DISPARATE OUTCOMES

Perhaps the major discrepancy in the relation-
ships among RE, RF, and RP for growing cattle is 
the prediction of RP. The NRC (1996, 2000) and 
the NASEM (2016) compute the requirement of 
NP for growth (i.e., RP, g/d) from RE and shrunk 
weight gain (SWG), as shown in the following 
equation:

 RP SWG RE SWG= × − ×( )268 29 4. / , (6)

where RE is the retained energy, Mcal/d; RP is the 
retained protein, g/d; and SWG is the shrunk weight 
gain, kg/d. The RE/SWG is also known as the con-
centration of retained energy (REc, Mcal/kg).

As reported by Garrett (1987) and derived by 
Tedeschi and Fox (2018, pp. 378–379), the propor-
tion of protein in the gain (PIG) can be theoretically 
established. Assuming that the daily RE (Equation 

7) is a function of PIG and fat in the gain (FIG), 
and their caloric values are constant at 5.686 and 
9.367 Mcal/kg, respectively, and that fat-free mat-
ter deposition contains water, protein, and ash 
with only protein deposition  contributing energy, 
PIG can be computed from FIG and protein in the 
fat-free matter (Equation 8), yielding Equations 9 
and 10,

 RE EWG FIG PIG= × × + ×( )9 367 5 868. . , (7)

 PIG FFMP FIG= × −( )1 , (8)

 PIG
FFMP REc
FFMP

= × −
× −

( . )
. .

,
9 367

5 686 9 367  
(9)

 FIG
REc FFMP

FFMP
= − ×

− ×
5 686

9 367 5 686
.

. .
,
 

(10)

where EWG is the empty weight gain, kg/d; FFMP 
is the fat-free matter protein, g/g; FIG is the pro-
portion of fat in the gain; PIG is the proportion 
of protein in the gain; RE is the retained energy, 
Mcal/d; and REc is the concentration of retained 
energy in the EWG, Mcal/kg.

Therefore, assuming that fat-free matter of 
empty body is constant and approximately 73% 
water, 22% protein, and 5% ash (Reid et al., 1955; 
Garrett and Hinman, 1969), RP can be theoret-
ically derived from PIG (Equation 9), as shown 
in Equation 11. Assuming that EWG is 95.6% 
of SWG, Equation 11 collapses to Equation 12. 
Similarly, RF can be theoretically derived from FIG 
(Equation 10), as shown in Equations 13 and 14,

 RP EWG RE EWG= × − ×( )253 9 27 11. . / , (11)

 RP SWG RE SWG= × − ×( )242 7 27 11. . / , (12)

 RF EWG RE EWG= × × −( )123 2 154 1. / . , (13)

 RF SWG RE SWG= × × −( )123 2 147 3. / . , (14)

where EWG is the empty weight gain, kg/d; RE 
is the retained energy, Mcal/d; RF is the retained 
fat, g/d; RP is the retained protein, g/d; and SWG 
is the shrunk weight gain, kg/d. The RE/SWG is 
also known as the concentration of retained energy 
(REc, Mcal/kg).

Figure  3 depicts the RF and RP in the gain 
(dashed lines; i.e., Equations 11 and 14 divided 
by EWG), and the percentage of RF or RP in the 
gain as RE (solid lines). When the RE concentra-
tion (REc, RE/SWG, Mcal/kg) is about 2.71 Mcal/
kg EWG, both fat and protein are deposited at the 
same proportion (i.e., 18%) that means 18% of the 
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EWG is fat and 18% is protein. Nonetheless, because 
fat has 1.65 times more energy than protein (9.367 
vs. 5.686 Mcal/kg), at 2.71 Mcal/kg EWG, 62% of 
the RE is used for fat deposition, and the remaining 
(38%) is protein. When REc is 2.21 Mcal/kg EWG, 
50% of the RE is used for fat, and the other 50% is 
used for protein.

Failures in data collection and analysis at the 
experimental level might partially explain the inad-
equacy in predicting RP and RF (Tedeschi et al., 
2017). Most of the experiments used in the eval-
uation of RE (Figure  1A) and RP (Figure  1B) 
used the comparative slaughter technique in which 
the amounts of RE (Mcal) and RP (kilograms) 
are determined by difference (final minus initial 
amounts over a feeding period of at least 30 d), 
assuming a predetermined initial body composition 
of the animals slaughtered at the end of the feed-
ing period, and RE and RP are computed by differ-
ence. The initial body composition of the animals 
relies on the body composition of the baseline (i.e., 
reference group), which is selected to be represent-
ative of all animals in the study and is slaughtered 
at the beginning of the feeding period. The initial 
composition of the remaining animals is then pre-
dicted using either the average of the body compo-
sition of the baseline or regressions that relate the 
body component of interest and EBW or shrunk 
body weight (SBW) obtained with the baseline ani-
mals (Tedeschi et al., 2002). Most experiments have 
around 5 to 10 animals in the baseline, which may 
not adequately represent the actual body compo-
sition of the remaining animals. Figure 2A clearly 
shows the variation associated with EBF and EBP 
around 200 kg, which is a good approximation of 
the initial BW of animals in many comparative 

slaughter trials. Scanning technologies such as 
the computerized tomography (Font-i-Furnols 
et  al., 2014) and dual-energy X-ray absorptiome-
try (Ribeiro et al., 2011) have been used to estimate 
body composition of rib sections, but might also 
be used in determining the composition of live ani-
mals in the near future (Scholz et al., 2015).

Another factor affecting the predictability of RE 
and RP is variability in EWG throughout the feeding 
period. Animals could have a variable EWG through-
out the feeding period because of either receiving 
different diets or other exogenous factors that affect 
animal performance, including variable feed intake 
and environment. Thus, the predicted RF and RP for 
the whole period do not match the sum of the RF 
and RP for each period. In part, this difference stems 
from the nonlinearity associated with the equations 
used to predict growth requirements (NASEM, 2016). 
A Monte Carlo simulation (n = 10,000) was used to 
test this hypothesis and assess the size of the discrep-
ancy in predicting RF and RP either using the EWG 
and different days on feed (DOF) of four feeding peri-
ods or the average EWG and the sum of DOF for the 
whole period. The initial SBW, EWG, and DOF were 
assumed to follow normal distributions with means 
and standard deviations of 200 and 20 kg, 1.5 and 
0.1 kg/d, and 50 and 10 d (for each feeding period), 
respectively. The difference (Δ) was computed as the 
sum of RF and RP accumulated over the four feed-
ing periods minus the RF and RP predicted for the 
whole feeding period. The ΔRF was mostly negative 
(−0.823 ± 0.26 kg) indicating that predicted RF for 
the whole feeding period was greater than the sum 
of RF across the four feeding periods. In contrast, 
the ΔRP was mostly positive (0.181 ± 0.058 kg), but 
the ΔRE was negative (−6.68  ±  2.14 Mcal). These 

Figure 3. Partitioning of retained energy (REc, Mcal/kg) into retained fat and retained protein in the gain. Adapted from Tedeschi and Fox 
(2018) with permission.
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findings support the idea that dynamic growth 
models might likely be more sensitive to variation 
in body composition, possibly yielding improved 
predictions of feed intake, than steady-state growth 
models. When expressed on a daily and average 
EBW basis, the ΔRF was −0.00405 ± 0.00102 kg/d 
and −0.268  ±  0.0805% EBW, the ΔRF was 
0.000892  ±  0.000223  kg/d and 0.059  ±  0.0177% 
EBW, and the ΔRE was −0.0329 ± 0.00824 Mcal/d 
and −0.0218 ± 0.00653 Mcal/kg EBW, respectively. 
Although these values might not improve the predict-
ability of RE (Figure 1A) and RP (Figure 1B), they 
are a source of variation when using long feeding 
periods to compute RF and RP because body depos-
ition is not linearly correlated with EWG, as shown 
in Figure 3.

DETERMINING THE PARTIAL EFFICIENCY 
OF USE OF METABOLIZABLE ENERGY 

FOR GROWTH

If  the amounts of fat and protein deposited per 
unit of gain and their efficiencies of deposition are 
known, a generalized efficiency of energy depos-
ition can be computed. For quite some time, it has 
been known that the utilization of ME in nonru-
minants depends on the composition of the gain 
(Thorbek, 1977; Roberts and Young, 1988). Since 
the 1970s, the fractionation of RE into RF and RP 
has been proposed to improve the assessment of the 
maintenance requirements (Van Es, 1980) because 
variations in maintenance requirement have been 
associated with levels of protein accretion (Geay 
and Robelin, 1979). The variability associated with 
the efficiency of deposition of fat and protein (Reid 
et al., 1980; Rompala et al., 1987) was small, likely 
as a result of the high collinearity among RF, RP, 
and RE (Roux et al., 1982). Average efficiency val-
ues of 75% and 20% have been proposed for fat and 
protein, respectively (Geay et al., 1980).

The amount of ME needed for growth can, 
therefore, be computed by assuming the amounts 
of RE deposited as fat and protein, divided by their 
efficiencies of deposition, as shown in Equation 15. 
Assuming that REP represents the proportion of 
energy that was retained as protein (Equation 16), 
the amount of RE as fat can be computed as shown 
in Equation 17, and the partial efficiency of ME 
used for growth (i.e., kG) can be computed as shown 
in Equation 18 when replacing kFat by 0.75 and kProt 
by 0.20 (Tedeschi and Fox, 2018),

 ME
RE
k
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where kFat is the net efficiency of deposition of fat, 
Mcal/Mcal; kG is the partial efficiency of use of ME 
for growth, Mcal/Mcal; kProt is the net efficiency 
of deposition of protein, Mcal/Mcal; ME is the 
metabolizable energy, Mcal/d; RE is the retained 
energy, Mcal/d; REFat is RE as fat, Mcal/d; REP is 
the proportion of RE deposited as protein, kg/kg; 
and REProt is RE as protein, Mcal/d.

The efficiency of protein deposition from dietary 
sources (i.e., kProt) varies greatly, however, depending 
on the physiological stage, feeding level, feed quality, 
and amino acid profile (Commonwealth Scientific 
and Industrial Research Organization, 1990, 2007). 
Unlike protein, the efficiency of fat deposition from 
dietary sources (i.e., kFat) is believed to have a lower 
variability and a greater value (97% to 98.9%) than 
protein, based on biochemical pathway calcula-
tions (Armstrong, 1969; Baldwin, 1995, p. 4; Wu, 
2017, p. 465), but it varies depending on the sub-
strate it is synthesized from. Therefore, the 20% and 
75% efficiencies of deposition of protein and fat, 
respectively, do not represent all types of feeds. In 
fact, empirical determination of these efficiencies 
has led to different values, and the calculation of 
kG using Equation 18 resulted in different patterns 
(Figure 4A). Besides the difference between kFat and 
kProt, the ratio of kFat to kProt (Equation 18) varies as 
follows: 3.75 (Tedeschi et al., 2004), 2.52 (Cannas 
et al., 2006; Tedeschi et al., 2010), 2.32 (Chizzotti 
et  al., 2008), and 2.85 (Marcondes et  al., 2013). 
Although the empirically derived values are closer 
among themselves and lesser (2.32 to 2.85) than 
the 3.75 kFat-to-kProt ratio, they are relatively greater 
than previously reported values of 1.856 for grow-
ing bulls (Schiemann et al., 1976), likely because the 
efficiency of protein is being overpredicted (i.e., not 
accounting for protein turnover inefficiencies).

For growing pigs, Koong (1980) estimated the 
maximum deposition of fat and the partial efficien-
cies of depositing fat and protein by solving two 
nonlinear equations (one for fat gain and another 
for protein gain) simultaneously and assuming a 
Michaelis–Menten relationship between fat or pro-
tein gains and ME intake. The author also assumed 
that the partial efficiencies of fat and protein depos-
ition (i.e., kFat and kProt, respectively) were linearly 
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correlated with BW. Equations 19 and 20 indicate 
that although kFat may increase with BW, kProt likely 
decreases. This result indicated that kFat and kProt 
might not be constant throughout the growing and 
finishing phases; they depend on BW. Furthermore, 
the proportion of ME used for fat deposition fol-
lowed a goal-seeking pattern with MEI, reaching 
a plateau around 84.6%, corroborating with the 
trend observed in Figure 2B,

 k BWFat = + ×0 715 0 00014. . , (19)

 k BWProt = − ×0 573 0 00092. . . (20)

Recently, the work of Marcondes et al. (2013) 
provided additional insights about the variabil-
ity of kFat and kProt in which they are not constant; 
they rather vary (linearly) with EWG (Equations 
21 and 22, respectively). Based on these Equations, 
when EWG is zero, the efficiencies become 0.691 
and 0.198, respectively, with a ratio of 3.49, closer 
to the values of 3.75 adopted by Tedeschi et  al. 
(2004). The range of EWG was −0.164 to 2.3 kg/d 
(Marcondes et  al., 2013), but extrapolations of 
Equations 21 and 22 will yield unrealistic efficiency 
values. Figure  4B depicts the impact of variables 
kFat and kProt predicted with Equations 21 and 22, 
respectively, and RE as protein on the calculation 
of kG, assuming a maximum kFat of 98%. For the 
same RE as protein, animals with greater EWG 
had greater kG, suggesting that regardless the RE 
as protein, animals can achieve the same kG with 
different EWG because the efficiency of deposition 
of fat and protein increases as EWG increases,

 k EWGFat = × + =0 1836 0 691 0. . ,; . r  9162  (21)

 k EWGProt = × + =0 1764 0 198 0. . ; . r  951.2
 (22)

Equation 18 assumes that kG can be predicted 
based on the composition of the gain—carcass 
approach—whereas Garrett (1980) developed 
empirical equations to compute NE available for 
growth (NEg, Mcal/kg) from ME (Mcal/kg), thus 
leading to the calculation of kG when NEg was 
divided by dietary ME—dietary approach. The 
dietary approach assumes that diet ME is the major 
component in dictating the partial efficiency of use 
of ME for growth (i.e., kG) regardless of the com-
position of the gain, or that the composition of the 
gain is largely dictated by the dietary ME.

As discussed by Tedeschi and Fox (2018, 
p.  382), additional inconsistencies exist between 
these approaches in computing kG. The inconsist-
ency of  interest here is the possible incorrect allo-
cation of  additional energy necessary to support 
growth that is not part of  the RE (i.e., it neither 
belongs to the RE component nor it is used with 
the same efficiency). Animals at higher planes of 
nutrition (and greater rate of  gain) have greater 
maintenance requirement than animals fed at 
maintenance level (Ferrell et  al., 1986; Milligan 
and Summers, 1986), suggesting the existence 
of  an additional energy expenditure to support 
growth that does not directly contribute to RE. 
Williams and Jenkins (2003a) divided the heat 
increment associated with production (HiEg) into 
two parts, as follows: 1) energy costs that are dir-
ectly involved in the synthesis of  RE (HiEr) and 
2) energy costs that are associated with supporting 
energy-expending processes that are not directly 
part of  the pathways from precursors absorbed 
to products synthesized, meaning they are associ-
ated with maintenance to support growth (HiEv). 
As shown by Tedeschi and Fox (2018, p. 376), the 
CNES assigns both HiEr and HiEv into RE because 

Figure 4. The relationship between the predicted efficiency of use of metabolizable energy (ME) for growth (kG) and RE as a protein. (A) 
Comparison of different studies: the ratio of kFat to kProt (equation 18) was 3.75 (Tedeschi et al., 2004), 2.52 (Cannas et al., 2006; Tedeschi et al., 
2010), 2.32 (Chizzotti et al., 2008), and 2.85 (Marcondes et al., 2013). (B) Assuming variable kFat to kProt as a function of EWG based on equations 
21 and 22, and assuming a maximum kG of 98%. (A) was adapted from Tedeschi and Fox (2018) with permission.
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it computes RE by the difference (Equation 23). In 
contrast, Equations 15 to 18 correctly assign only 
the HiEr into RE because it computes RE from 
the efficiency of  tissue deposition and so does not 
include the HE used to support the tissue metab-
olism (i.e., HiEv). That is why Equations 15 to 18 
overpredicted the kG measured by Marcondes et al. 
(2013). Their kG values were estimated using the 
NE system with the approach derived by Lofgreen 
and Garrett (1968). Consequently, if  computing a 
fixed ME required for maintenance with the NE 
system, the kG as predicted by Equations 15 to 18 
cannot be used because they will not account for 
HiEv, likely resulting in an underfeeding situation. 
Furthermore, as expected, HiEv increases with the 
rate of  gain, so the greater the gain, the greater the 
underprediction of  energy requirement. Equation 
24 shows the correct calculation for RE given the 
calculations of  kG when using Equations 15 to 18,

 RE k MEI MEG mr= × −( ), (23)

 RE k MEI ME H EG mr i v= × − −( ), (24)

where HiEv is the energy necessary to support the 
growth of the animal that is associated with main-
tenance, Mcal/d; kG is the partial efficiency of use 
of ME for growth, Mcal/Mcal; MEI is the metab-
olizable energy (ME) intake, Mcal/d; MEmr is the 
ME required for maintenance, Mcal/d; and RE is 
the retained energy, Mcal/d.

Williams and Jenkins (2003c) provided a way 
to account for the HiEv component as shown in 
Equation 24. Through a series of mathemati-
cal manipulations, Williams and Jenkins (2003a, 
2003c) obtained Equation 25 to predict RE and 
Equation 26 to predict an adjustment factor that is 
a function of the ratio of HiEv to ME required for 
maintenance. Williams and Jenkins (2003a) listed 
different fixed values of C for different breeds. In 
their derivation; however, HiEv is a function of 
BW. A cautionary note for the C adjustment factor 
(Equation 26)  is that the NE required for mainte-
nance (NEmr, Mcal/d) is also adjusted for different 
breeds (NASEM, 2016), so simultaneously adjust-
ing NEmr and kG might not be appropriate. One 
might suspect that the composition of the gain 
would affect the heat production of support metab-
olism (i.e., HiEv). Thus, an adjustment for degree of 
maturity rather than breeds might be warranted in 
future derivations,

 RE C k MEI MEG mr= × × −( ), (25)

 C H E MEi v mr= −( / ).1  (26)

In conclusion, two main concerns that plague 
the CNES were discussed. The first concern was 
related to the unsatisfactory correlation between 
observed and predicted RP when using observed 
RE to predict RP (r = 0.679). It highlighted some 
inconsistencies in the CNES that may not be eas-
ily isolated because of  internal offsetting errors 
that create apparent overall adequacy of  nutri-
tion modeling that could potentially destabilize 
their predictability when submodels are changed 
independently. The second concern might be more 
critical as it exposed the disconnection when kG 
using the proportion of  RE deposited as protein—
carcass approach—vs. using the concentration of 
dietary ME—diet approach. This discrepancy 
essentially illustrated the situation in which the 
sum of  the parts does not add up to the whole, 
and when the sum of  the parts is initiated from 
different ends (from diet-based vs. carcass-based 
energetics), the whole differs. It was discussed that 
this disconnection might be related to how energy 
losses that are associated with supporting ener-
gy-expending processes (i.e., HiEv) are allocated 
between these approaches. When computing kG, 
the diet approach likely assigns the HiEv to the RE 
pool, whereas the carcass approach ignores the 
HiEV, assigning it to the overall heat production 
that is used to support the tissue metabolism. The 
diet approach, however, seems relatively easier to 
calculate than the carcass approach in practice, 
although advancements in scanning technolo-
gies might facilitate the assessment of  body com-
position. On the other hand, the diet approach 
requires knowledge of  dietary ME that is often 
calculated from predicted total digestible nutri-
ents of  the diet, and in many instances, this pre-
diction raises concerns about its appropriateness 
in predicting kG. Opportunities exist for improving 
the CNES regarding the relationships of  RE and 
RP in computing the requirements for energy and 
protein by growing cattle, but procedural changes 
might be needed, such as increased accuracy in 
the determination of  body composition and bet-
ter partitioning of  energy. Further modifications 
in the conceptual partitioning of  energy might be 
needed to eliminate offsetting errors in the CNES 
calculations, and complete and robust sets of  com-
parative slaughter data will be necessary to evalu-
ate the challenger–defender approach.
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