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The metabolic basis of feed-energy efficiency in swine

N. A. Gutierrez; J. F. Patience
lowa State University, Ames, lowa

Introduction

It is estimated that feed comprises up to 75% of livestock
production costs, and energy is the greatest single cost
of diets in swine (Noblet et al., 1993). Energy yielding
substances make up 70 to 90% of dietary DM, and car-
bons from these compounds are oxidized by the animal
to produce energy needed to perform biochemical work,
in the form of biosynthesis of protein and lipids, active
ion transport and regulation of membrane potential, and
mechanical work (muscle movement). Understanding
energy supply and metabolic transformations of dietary
energy in the whole animal is, therefore, of critical im-
portance to adequately supply energy to the animal for
production. It is also critical to our understanding of feed
efficiency in swine.

In general, animals eat to fulfill their energetic needs when
voluntary feed intake is not limited by essential nutrient
deficiencies, gut capacity, disease, the physical environ-
ment and social environment. Genotype and live weight
determine the potential rate of energy retention in the
body and, as a consequence, the energetic needs of the pig.
Energy intake and its modulation, as a consequence, often
affect utilization of other nutrients and limit performance.

Prediction, optimization, and formulation of diets to
achieve maximum performance, and the ability to alter
product composition highlight the importance of knowl-
edge of nutritional energetics in animal production. Ad-
ditionally, many human health issues center around energy
intake, such as obesity, heart disease, type II diabetes,
and malnutrition.

In this chapter, aspects of partition of intake energy to fill
maintenance and production demands, systems used to ac-
count for delivery and use of dietary energy, and sources
of metabolic variation of energy required for maintenance
and growth that will impact the efficiency of use of dietary
energy are discussed. Special emphasis will be placed on
sources of variation in current energy systems used for
diet formulation, which will have an impact on the estima-
tion of energy requirements and determination of usable
energy from a feedstuff. For simplicity, we will restrict
our review to the energy needs and metabolic efficiency

of use of energy in a growing pig, and will obviate other
physiological states such as lactation and reproduction.

Laws of thermodynamics

The laws of thermodynamics are fundamental in nutri-
tional energetics for the understanding of energy flux from
feed ingredients to animal tissue and fuel to support life.
These laws are the basis for the development of energy
models used in commercial farm animal production with
the objective of supplying energy to the animal most ef-
ficiently and achieving predictable performance outcomes.

As outlined by Baldwin (1995), the first law of thermody-
namics states that energy can change form, but cannot be
created nor destroyed. This law is essential for assump-
tions and calculations utilized in nutrition, and gives rise
to the factorial approach to metabolic partitioning of
energy intake:

MEI = TE + HE (1)

where MEI is defined as total metabolizable energy
(ME) intake, or energy consumed by an animal, and
not excreted in feces or urine or lost in the form of
hindgut fermentation gases; TE is energy retained in
animal tissues (primarily adipose and protein); HE is
the total heat released by the animal.

The second law states that all forms of energy are convert-
ible to heat or, in the context of nutritional energetics, the
driving force in all systems is to release energy as heat.
In addition to the second law, the law of Hess states that
heat lost in a net chemical transformation is independent
of metabolic path. These are the basis of all measurements
made in nutritional energetics. In brief, when these laws
are taken together, “if one were to measure the heat release
from a gram of fat upon total oxidation to CO, and H,O in
a laboratory calorimeter, the result will be exactly equal
to the heat released when a gram of fat is total oxidized
by an animal” (Baldwin, 1995).

Classical partitioning of energy

For optimization of energy content in a feed ingredient and
its delivery for metabolic use in farm animal production,
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different energy systems have been developed and used
in practice.

The concentration of gross energy (GE) in a feed ingredi-
ent is usually expressed as kilocalories (kcal) per gram,
and depends on the concentration of carbohydrates, lipids,
proteins and minerals in the ingredient. The heat released
after combustion of 1 g of carbohydrates, lipids, or protein
is 4.15, 9.50, and 5.65 kcal/g, respectively (Ewan, 2001).
Gross energy is usually measured using bomb calorim-
etry. Gross energy intake is the total amount of energy
consumed by an animal, and it represents the maximum
amount of energy that is available for use by the animal.

After ingestion, only a part of the GE will be absorbed,
and the remaining portion is excreted in the feces. The
amount of GE in the feed that is absorbed from the gas-
trointestinal tract and is available for utilization by the
pig is called digestible energy (DE), and is calculated by
subtracting the total energy in feces from the GE content
of the feed ingredient.

The metabolizable energy (ME) concentration of a feed
ingredient is calculated by subtracting urinary energy
(UE) and energy from fermentation gases (FE) from DE
(Ewan, 2001):

ME = DE - UE - FE @)

The ME content of a feedstuff can be calculated after plac-
ing an animal in a closed cage designed to individually
deliver feed and allowing for the determination of energy
lost in the urine and in the feces. Fermentation energy
represents the energy in methane produced by the animal,
but in most cases, the loss of energy in gas is ignored when
ME is calculated, because it is negligible and difficult
to measure (Chiba, 2000). The ME of a feed ingredient
is, therefore, a measure of the amount of energy that is
available for metabolic processes in the pig (Just, 1982b).

The ME from the feed can be lost as heat or recovered as
body tissue energy (TE). The energy lost as heat is com-
monly referred to as heat increment (HI). This division
requires either the measurement of heat loss or retained
energy. Heat increment is the increase in heat production
following consumption of feed when the animal is in a
thermoneutral environment (Baldwin, 1995). Brody (1945)
described the components of heat increment as the heat pro-
duced from the work associated with physical and chemical
processes involved in mastication, digestion, absorption,
and metabolism of ingested food. Baldwin (1995) divided
the heat increment into 2 portions: i) the heat needed for
digestion and assimilation of feed for maintenance and ii)
the heat increment associated with maintaining a constant
body temperature and with product synthesis.

By definition, the net energy (NE) content of a feedstuff
is the energy needed for maintenance of body tissues and

that accumulated in products of gain (muscle and fat). It
can be calculated as the difference between ME and HI,
or the heat lost in the metabolic utilization of ME (HI is
an expression of the metabolic efficiency of use of ME to
support maintenance functions and growth):

NE = ME - HI 3)

Heat increment includes energy lost as heat due to costs
associated with digestion, absorption and assimilation of
meals used for maintenance and growth, energy costs of
product synthesis, synthesis of waste products, and energy
lost in fermentation gases.

The NE from a feedstuff can be used for maintenance or
production. Net energy for maintenance is energy used to
maintain the physiological functions of the animal, e.g.,
to keep the animal alive and maintain a constant body
temperature. The NE for production represents the NE
supplied in excess of the NE of maintenance and that is
used for growth or milk production (Baldwin, 1995).

The total NE of a given feed intake can, therefore, be
expressed as:

NE=M+P @)

Where M (maintenance) is an expression of NE intake
used to fuel maintenance functions, and P (produc-
tion) is an expression of NE intake deposited in animal
tissue.

The NE system is believed to more accurately predict the
energy value of high fiber feedstuffs than DE and ME sys-
tems (Patience et al., 2006) because it accounts for the lower
efficiency of utilization of ME originating from hindgut
fermentation than for enzymatically degraded carbohy-
drates (Noblet et al., 1994). Lower efficiency of use of ME
from protein in feedstuffs with high protein concentration
is also accounted for in the NE system. Although the NE
system predicts more accurately the true energy value of a
feed ingredient in pigs (Noblet et al., 1994), the ME system
is most frequently used in the U.S. Given the above, it is
increasingly accepted that the NE system will result in a
more predictable feed efficiency outcome than either DE
or ME (Patience et al., 2004).

Current estimation of maintenance
requirements and costs of production

Partitioning of heat (energy used for maintenance and de-
posited in animal tissues) into meaningful physiologic or
metabolic components is the most complex and controver-
sial aspect of all systems and nomenclature (Baldwin, 1995).

There are multiple definitions, and dissimilar assump-
tions, for an animal to be considered “at maintenance”.
The maintenance requirement represents the ME intake
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required to maintain an energy balance of zero, when the
animal is not thermo regulating (Baldwin, 1995). Armsby
and Moulton (1925) describe maintenance as “the idea of
conserving the existing status of the animal while doing
no work and producing no product” and restricted main-
tenance to a true steady-state where “strictly there should
be no translocation of material within the animal” so that
protein and lipid deposition rates are zero”. For animals at
maintenance, Emmans (1994) also assumed a steady state
with zero protein and lipid deposition. Close and Fowler
(1982) stated that maintenance relates to an animal in en-
ergy equilibrium, neither losing nor gaining energy, and the
energetic equivalents of body protein and lipid deposition
(energy retention) is zero, but not necessarily that protein
and lipid deposition rates are zero. They also reference stud-
ies that have shown the tendency in immature animals to
deposit some protein and catabolize body lipids when fed
near to maintenance.

For practical reasons and convenience of application, the
“surface law” has traditionally been applied to calculate
the maintenance requirement for energy. Heat loss is be-
lieved to be proportional to the surface area of the animal.
Therefore, heat production is also proportional to the surface
area because heat loss equals heat production (Brody, 1945)
in homoeothermic animals. The surface law dictates that
basal heat produced per unit of body weight decreases with
increasing body weight (BW); hence, larger animals have
lower basal metabolic rates per kilogram than do small ani-
mals (Kleiber, 1975). The allometric relationship between
FHP and surface area can be described as:

FHP = (a)BW® Q)

Where, FHP is a function of body weight (BW) raised
to a power, and (a) is a constant. The (b) exponent var-
ies when determined in animals of different species,
sex, and age (Brody, 1945), and is determined based
on actual data.

For a number of years, in nutritional energetics, the ex-
ponent (b), and as a consequence the coefficient (a), were
allowed to vary from study to study and comparisons were
difficult because results from the literature had to be con-
verted to a common base. For convenience, the exponent
(b) was forced, in order to attribute all variance to the
coefficient (a) and to base the discussion on coefficient (a)
rather than (a) and (b) (Baldwin, 1995). An initial exponent
(b) of 0.75 was then used as a convention for a wide range
of species. The NRC (2012) later adopted an exponent of
0.60 (Noblet et al., 1994) to estimate FHP in growing pigs
but not in sows. These exponents were obtained from fit of
data that best described the relationship of FHP and body
weight. Fixed exponents were adopted to standardize the
expression of data. However, this approach is based on
empirical best-fit relationships of data and, therefore, is

inappropriate to speculate on the physiological meaning
of the exponents and coefficients.

To determine the maintenance energy requirement in
pigs, measurements of heat production can be obtained
either directly or indirectly using calorimeters (respira-
tion chambers). Another approach is to estimate energy
retention by comparing the total energy content of groups
of animals before and after an experimental period using
comparative slaughter (Just et al., 1982a,b).

When values from indirect calorimetry and compara-
tive slaughter are compared, it should be considered that
animals are restrained in environmentally controlled
respiration chambers, limiting activity, social interaction,
and temperature regulation. As a consequence, energy
retention tends to be lower if measured using comparative
slaughter procedures compared with indirect calorimetry
(Reynolds, 2000). Values of FHP determined in respira-
tion chambers tend to overlook major environmental fac-
tors that may influence heat production, such as ambient
temperature and physical activity of the animal (NRC,
2012). Therefore, a decrease in environmental temperature
below the critical temperature results in an increase in
energy expenditure because of the necessity to produce
heat (Noblet et al., 1985).

In order to undertake statistical analysis of relationships
between ME intake (MEI) and body energy changes, basic
equations have been developed. According to Baldwin
(1995):

ME_=FCAT/k ©)

Where MEm is the ME required for maintenance; fast-
ing catabolism (FCAT) is an estimate of total energy
loss of a fasting animal and comprises FHP plus fecal
and urine energy of endogenous origin, and costs of
waste synthesis of an animal fed at maintenance; km
is the efficiency of use of ME for maintenance.

TE, = (MELI-ME, )k, 7)

Where TEg represents the energy from feed, sup-
plied above maintenance, that is retained in muscle
and adipose tissue; kg is the efficiency of use of ME
provided above maintenance for tissue energy gain.
Thus, from equations (6) and (7), the intake of ME
(MEI) of a growing pig can be expressed as:

MEI = FCAT/k_+ TEg/k ®)
m g

The factorial approach, as is widely used in nutritional
energetics, is a statistical model designed to interpret the
energy content of a feedstuffin relation to its metabolic use.

The empirical nature of the values of FCAT and TE, and
the methodology used to determine the values, restrict the
application of energy partition models to similar conditions
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under which they were determined. Efficiency of utilization
of energy in a feedstuff or diet can be affected by the poor
interpretation or application of energy systems.

It can therefore be seen that measurement of feed efficiency
is rather more complex and simply dividing growth rate
for a given period by feed consumption during the same
period. Differences in feed efficiency can quite simply be
the result of changing dietary energy content, when the more
important considerations are how much energy is used for
maintenance and how much dietary energy consumed is
actually available for growth.

Problems of the factorial approach

When estimating energy required for maintenance func-
tions by the pig, the factorial/empirical approach can
describe carefully collected experimental data very well,
because estimates of FHP are the product of best fit rela-
tionships with BW. The use of the allometric relationship
to express energy needed to support maintenance func-
tions is, however, a major over-simplification of reality.
Maintenance involves several significant body processes
including those associated with FHP measured when
the pig is lying in a recumbent position, normal activity,
and activity associated with feeding, the maintenance of
body temperature, and changes related to disease (Black,
1995). Additionally, Brody (1945) argued that surface area
might not be the driving force in evolution because of the
big differences among species in subcutaneous fat, skin
thermo conductivity, covering of hair, fur and/or feathers,
and mechanisms developed for thermoregulation.

Young et al. (1989) reported elevated metabolic rates dur-
ing the stage of highest growth of growing sheep. These
elevated physiological process are mainly related to in-
creased nutrient intake (foraging and feed intake activity;
digestion and its associate enzyme production; sloughing
and turnover of GIT; and excretion) and intensified cel-
lular functions such as membrane transport and associated
protein turnover (Knap, 2009). In pigs, modern fast grow-
ing genotypes selected to deposit more protein have been
associated with an increased metabolic intensity, and as
a consequence, the metabolic costs of maintenance have
also increased (Kolstad and Vangen, 1996).

Current estimates of FHP using calorimetry, however,
are carried out in animals fed at maintenance, or at zero
energy retention. Animals fed at zero energy retention,
however, can make metabolic adjustments to mimic ma-
ture animals because of the necessity to reduce energy
needs due to growth, and can be considered at “steady
state”. Therefore, energy models constructed with data
from FHP at zero energy retention, and designed to in-
clude all the energy needs for maintenance work at zero
energy retention well for an animal in “steady state”.

But this is not the case of a normal immature animal,
because the steady state situation excludes ongoing dy-
namic processes such as growth, reproduction, lactation,
and physical work beyond that of apprehension of feed. As
a consequence, maintenance needs of immature animals
fed to maintain zero energy retention give suspicious
estimates, or more representative of animals at maturity
rather than the elevated metabolic intensity of growing
animals (Knap, 2009).

The variability of maintenance requirements is high and
also known to be affected by sex, age, genetics, and envi-
ronment. The exponents and coefficients of the allometric
relationship are based on a pure empirical fit of data, result-
ing in the impossibility of assigning a biological meaning
to the coefficients. The empirical nature of the values for
FHP, and the methodology used for determination, restrict
the application of energy partition models to conditions
similar to which they were derived. The same situation
occurs for empirically derived efficiencies of utilization of
lipids and protein for growth when feed is supplied above
maintenance. As a consequence, efficiency of utilization of
energy in a feedstuffis affected by the poor interpretation
or application of energy systems.

One solution has been to develop more complex statistical
models, including more variables, with the objective to
account for factors which may contribute to variation in
energy required for maintenance functions. Parameters ac-
companying these variables are derived empirically from
multiple regression analysis of large data sets. The statisti-
cal approach, however, has some limitations, as outlined
by Knap (2009): 1) The number of parameters that can be
incorporated into the model to make it more mechanistic is
limited; 2) the independent variables (i.e. k _, kg) are highly
inter-correlated, violating the assumption of independence
of variance of the multiple regression analysis 3) as a result
of the inter-correlation, partial protein and lipid accretion
are highly variable (larger error of independent variables).
These disadvantages cause the associated parameter es-
timates of the model to be confounded and biased, which
makes interpretation hazardous.

Additionally, actions such as immune response, thermo-
regulation and coping with other stressors are usually
excluded from FHP because of the methodology used
for determination. A similar situation applies to physical
activity beyond the basic level (especially in young ani-
mals) and for physiological service and cell maintenance
functions in feeding levels above maintenance. This im-
plies a difficulty of separating out the costs involved in
maintenance (FHP) and growth in the factorial approach.

The picture that arises is one of confusion. There is neither
general agreement about what maintenance represents
nor about its components, and most descriptions are of
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qualitative nature. Rather than best fit relationships of data,
Baldwin (1995) favors, over the long term, the explicit
consideration of physiological and metabolic functions
to better explain variance in FHP due to the influence of
age, physiological state, previous and current planes of
nutrition etc., and its interaction with growth processes.
Progress has been made, but the goal of understanding-
mechanisms and relationships has not yet been achieved.
The current situation is not likely to change in the future
and, therefore, the main issue is to understand which
metabolic processes contribute to variation in main main-
tenance and growth supporting functions (Knap, 2009).

Metabolic sources of variation in energy
expenditure

Costs of digestion and assimilation

The energy lost as heat due to the cost of digestion,
absorption and assimilation (storage) of a carbohydrate
meal fed at maintenance in monogastric animals were
outlined by Baldwin (1995) and are presented in Table 1.
From the table, it can be concluded that the energy costs
of absorption of a meal varies depending on its carbohy-
drate, lipid, and AA composition. The number of high
energy phosphates (ATP) expended per mole of nutrient
absorbed vary from 0.5 ~ P per mole of AA, 1 ~ P per
mole of glucose, to 4 ~ P per mole of TAG. As a result, the
energy lost as a % of the GE in the nutrient is 2.6, 0.6, and
1.9 % for glucose, tripalmitin, and A A, respectively. The
energy cost of synthesis of digestive proteins is minor, but
changes depending on the methodology used to calculate
it (indirect calorimetry vs. comparative slaughter).

To exemplify the effect on energy costs of assimilation/
storage of different dietary nutrients, Baldwin (1995)
calculated theoretically, for single stomached animals,
the energy losses due to metabolic costs for synthesis of
end products, and found that when glucose is stored as
glycogen in liver and muscle, 5.2 and 2.6% of glucose
energy is lost, respectively. The energy losses associated
with the conversion of glucose to fat, are 16.2 and 22.8%
in short term and long term studies, respectively. On the
other hand, when AA are used to produce high energy
phosphates, the associated energy costs were estimated
at 15% of the GE contained in AA, mostly driven by the
cost of gluconeogenesis in the liver.

After digestion and absorption, when nutrients are used
to fulfill maintenance functions, the heat released varies
depending on the substrate oxidized. This is an important
source of variation in feed efficiency, because heat released
from dietary glucose, lipids or protein is used to produce
ATP, which is the energy currency to fuel maintenance
functions. The amount of energy needed to produce ATP
can vary significantly dependent upon the substrate oxi-
dized to support that process (Table 2). The organization
of substrate oxidation presented in Table 2 clearly illus-
trates the effect of differing nutrients used to fill energy
requirements. For example, when protein and acetate are
used as energy sources to produce ATP, respective heat
losses relative to glucose are 28 and 18% greater.

Black (1995), summarized the theoretical efficiencies of
utilization of major nutrients absorbed for maintenance
functions and lipid retention in growing pigs (Table 3). He
based his calculations on the stoichiometry of biochemi-

Table 1: Estimated costs of digestion, absorption, and assimilation of meals fed at maintenance.

1,23

Carbohydrate meal

Process Short % Long %
Bond breakage 0.5 0.5
Absorption (active transport) 2.6 2.6
Digestive secretions 2.0 4.0
Assimilation (storage)

Glucose as glycogen 1.5 1.5

Glucose as fat 8.0 11.0

Fat as fat - -
Theoretical energy cost of digestion for maintenance 14.6 19.6
Observed energy cost of digestion for maintenance 10-15 18.22

! (Adapted from Baldwin, 1995).
2 Cost of digestion are expressed as % of FHP

3 Short-term experiments conducted using indirect calorimetry while long-duration experiments involved comparative slaughter.
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Table 2: Heat production associated with the formation
tenance processes"

and use of high energy ATP bonds in support of main-

Substrate oxidized ~P/mole Heat losses

MJ/mole kJ/mole ~P
Glucose 36-38 2.82 78.2-74.1
Stearic acid 146 11.35 777
Acetate 10 0.87 874
Protein (100 g) 22.6 2.14? 94.8

! (adapted from Baldwin, 1995).
2 Heat of combustion adjusted for energy excreted as urea when

protein is oxidized

Table 3: Estimates of the biochemical efficiency with which different nutrient classes are used for different meta-

bolic purposes (Black, 1995).

Nutrient class Energy yield (%)
Microbial fermentation ATP Lipid
heat methane production retention
Fatty acids - - 66 90
Glucose - - 68 74
Amino acids - - 58 53
Digested fiber 6 10 50 62

cal reactions to calculate the average efficiency of use of
the total energy of different nutrients for different body
functions. This type of calculation is of critical importance
because energy models used today assume a constant
efficiency of use of available energy (from dietary nutri-
ents) for maintenance and growth. The initial approach
proposed by Black is important in understanding possible
ways to improve feed efficiency, because it is necessary
for energy models to be capable of predicting which nu-
trients are used for particular purposes and to apply the
appropriate energetic efficiencies.

Components of fasting heat production

Breed, age, sex, physiological state, previous and current
planes of nutrition, etc., contribute to big differences
observed in requirements for ME _ in pigs. Differences in
efficiency may be explained by determining components
of FHP as well as their contribution to the aggregate. They
can also be explained by analysis of tissue-by-tissue func-
tions and its relation with any of the factors contributing
with variance of ME .

Baldwin (1995) reported the energy expenditures in sev-
eral maintenance functions, calculated for a 70 kg man at
a basal metabolic rate (equivalent of FHP) of 7.1 MJ/d, as
summarized in Table 4. These functions agree with the

tentative partitioning of ME_reported by Knap (2009),
after conducting simulation studies in growing pigs under
thermoneutral, welfare-friendly, and healthy individual
housing conditions. The author reported five main com-
ponent processes of the maintenance aggregate: 1) Service
functions, 2) membrane transport, 3) protein turnover, 4)
basal activity and 5) additional functions, such as social
stress, extra activity, immune response, and cold stress.

Service functions are performed by an organ or tissue,
in support of another organ function or performance of
the whole organism. From Table 4, heat production from
service functions accounts for approximately 40% of
total energy expenditure. Ion transport is a significant
contributor to FHP and constitutes approximately 25%.
The sum of service, ion transport, and turnover functions
is approximately 80% of FHP.

According to Baldwin, (1995), energy expenditures for
service functions such as blood flow and respiration are
dynamic, because they vary with food intake, activity,
and rate of production. Both functions vary continuously
and manifest as components of both maintenance energy
expenditure and cost of production in animals on low
and high planes of nutrition. Protein turnover and active
transport of ions (both part of repair functions) have the
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Table 4: Energy expenditure in several maintenance functions (Baldwin, 1995).

Functions BMR (%)
Service
Kidney work (Na+ transport) 6-7
Heart work 9-11
Nervous functions 15-20
Respiration (muscle work) 6-7
Repair
Protein re-synthesis (turnover) 10-15
Triacylglycerol re-synthesis 1-2
Na+ transport (membrane potential) 20-25

same problem. Others functions such as kidney work
and nervous functions remain constant. In the statistical
approach, blood flow and protein turnover are usually
partitioned between maintenance and costs associated
with production. This constitutes a problem, because it
is not possible to relate the dynamic effects of growth on
cardiac output and protein turnover to the estimates of
efficiency for maintenance or for growth.

An alternative approach to analyses of contributors to
FHP is to undertake a tissue-by-tissue evaluation, in which
estimates of weight of organs and/or tissues, and energy
expenditures by organs and/or tissues are analyzed. Bald-
win (1995) reported a tremendous range of heat production
(as % FHP) per unit of weight of a given tissue or organ.
Although muscle and liver account for almost 20% of total
FHP each, and muscle accounts for almost 41% of empty
body mass whereas liver accounts for only 1.6%, heat
production of liver per unit weight is 25 times greater than
muscle. Among tissues and organs, heat production per
unit weight ranged from 0.22 to 23. The overall estimate of
FHP is an average of energy expenditure per unit weight
of diverse tissues, and nutritional and physiological factors
that can cause changes in relative weights of organs and
tissues can cause significant changes in the FHP estimate
(Baldwin, 1995). Smith and Baldwin (1974) reported an
increase of 10% in FHP due to the change in relative organ
weights associated with lactation in cows.

The effects of feed intake on the maintenance require-
ments of energy were studied by Ferrel (1978) when rats
previously provided high as compared to low planes of
nutrition were studied. Rats under a high plane of nutri-
tion had 38% greater maintenance requirements than
rats under a low plane of nutrition. Besides the effect of
increased organ size per se on FHP increase, changes in
tissue function ma also impact FHP (previous plane of
nutrition), physiological and hormonal state, and relative

organ weights.

Conclusion

We have tried to identify, in spite of the enormous dis-
parity and lack of knowledge in the use and partition of
dietary energy, a large proportion of energy costs associ-
ated with energy requirements and causes of variation of
these. Further experimentation and modeling exercises
are necessary to develop systems in which energy costs of
maintenance and production do not need to be considered
separated and excluded, but as a continuous function of
underlying processes, which are known and characterized
to the extent that they can be expressed mathematically,
and be used in the development of systems for optimization
of feed resources for use in animal production.

With this in mind, we can see the tremendous challenge
in understanding the scientific basis of feed efficiency.
Since maintenance utilizes up to 35% of total energy
intake (Oresanya et al., 2008), it is apparent that greater
attention must be paid to barn management procedures
that minimize maintenance energy utilization.

Finally, “feed efficiency” embraces the utilization of
amino acids as well as energy in growth and maintenance.
We have simply restricted this discussion to energy, be-
cause it appears to be the least understood component of
the diet, but also by far the most costly to supply to the pig.
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