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The objective of the present paper was to evaluate a dynamic mechanistic model for growing and fattening pigs presented in a companion
paper. The model predicted the rate of protein and fat deposition (chemical composition), rate of tissue deposition (anatomical compo-
sition) and performance of pigs depending on nutrient intake. In the model evaluation, the predicted response of the pig to changes in
model parameters and to changes in nutrient intakes is presented. As a result of the sensitivity analysis, changes in the maintenance
energy requirements and the fractional degradation rate of muscle protein had the greatest impact on tissue deposition rates. The
model was also highly sensitive to changes in the maximum velocity and steepness parameter of the lysine utilisation for muscle protein
synthesis. The model was further tested by independent published results. The model successfully predicted the response of pigs to a wide
range of variation in nutrient composition. Consequently, the model can be applied to develop feeding strategies to optimise pig pro-
duction. It also enables prediction of the slaughter performance and the meat quality.

Evaluation: Anatomical body composition: Chemical body composition: Pig model

A dynamic mechanistic model for growing and fattening
pigs has been described in a companion paper (Halas
et al. 2004). The aim of the model was to predict the
rate of protein and fat deposition (chemical composition),
rate of tissue deposition (anatomical composition) and per-
formance of gilts of 20–105 kg live weight depending on
nutrient intake. Model evaluation is concerned with estab-
lishing the appropriateness and accuracy of predictions
over a wide range of simulated conditions. The wider the
circumstances under which the model predictions are accu-
rate, the more confidence is developed in the appropriate-
ness of the concepts and accuracy of parameters upon
which it is based and the more useful will its predictions
be (Black, 1995).

The objective of the present paper is to evaluate the
response of the pig, as predicted by the growth model, to
changes in model parameters and in nutrient intakes.
First, the sensitivity of predictions to changes in the main
model parameters is evaluated. Second, a comparison of
the model predictions with observations from independent
published trials is presented.

Sensitivity analysis

A reference simulation was chosen as a starting point for
the sensitivity analyses. The initial live weight was 20 kg

and the simulation was performed for 30 d. The pig
response to a normal diet (digestible energy 15·1 MJ/kg,
ileal digestible lysine 11·2 g/kg, ileal digestible amino
acids 157·8 g/kg, digestible fat 53 g/kg, starch 404 g/kg,
sugar 25 g/kg, fermentable cell wall components 67 g/kg)
was predicted. The animals were fed at 3·2 £ maintenance
energy requirements.

Sensitivity to changes in maintenance protein and
maintenance energy requirements

As discussed in the companion paper, maintenance protein
and energy requirements are accounted for (Halas et al.
2004). Obligatory N losses in urine and endogenous gut
protein losses are considered implicitly in the model. The
daily integument loss was assumed to be 0·094 g protein/
kg metabolic body weight (kg0·75). Multiplying the default
value of skin and hair loss by 0·4 or 2·0 gave a small
change in protein and fat deposition rates and average
body gain. Although these changes are negligible, the
model predictions are reasonable. An increased value of
integument loss increases the utilisation of lysine and
other amino acids to hide protein synthesis. A larger
drain to protein synthesis reduces the lysine concentration
and hence reduces the utilisation of lysine and other
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amino acids for body protein synthesis or for oxidation to
acetyl-CoA.

The maintenance energy requirements are considered to
be related to carcass protein mass, organ protein mass and
body fat mass (Halas et al. 2004). In the reference simu-
lation, the maintenance energy requirements corresponded
to 443 kJ/kg0·75 per d. Maintenance energy requirements
were varied between 0·7 and 1·6 £ default value, and
results are presented in Fig. 1. As expected, increasing
maintenance energy requirements by 50 % decreases depo-
sition rates of protein, fat and body gain by 7, 28 and 11 %
respectively. Maintenance energy in the model is provided
by ATP-yielding transactions and by acetyl-CoA oxidation.
Increasing the maintenance energy expenditure increases
acetyl-CoA oxidation and lowers its concentration. Sub-
sequently, protein synthesis and de novo fat synthesis are
reduced, resulting in lower deposition rates of protein
and fat.

Sensitivity to changes in fractional degradation rates

The accretion rate of muscle protein determines the organ,
hide and bone protein accretion rates (Halas et al. 2003).
Deposition is defined as the difference between synthesis
and degradation, where fractional degradation rates
(FDR) are assumed constant for each tissue. By changing
the FDR of protein pools, protein turnover can be manipu-
lated. As discussed by Gerrits et al. (1997), who used a
similar approach, testing the sensitivity of model predic-
tions to changes in the FDR of muscle protein is compli-
cated by the relationships between muscle protein
deposition and protein deposition in organs, bone and
hide. Therefore, the results of testing model responses to
changes in the FDR of muscle protein are similar to
those of Gerrits et al. (1997). An increase in the FDR of
muscle protein from 0·010 to 0·030/d (default 0·0223/d)
decreases body protein deposition rate and average daily
gain from 199 to 100 g/d and from 1056 to 626 g/d respect-
ively. The body fat deposition rate decreases slightly from
162 to 159 g/d. It can be concluded that the parameters are

interrelated. Changes in the FDR of muscle protein are
logically accompanied by changes in transactions related
to total body protein rather than only muscle protein
metabolism.

Model responses to changes in the FDR of organ, hide
and bone protein and body fat are given in Fig. 2. Gener-
ally, the rate of body protein deposition is hardly influ-
enced by the FDR of organ, hide and bone protein,
because the deposition rates of these protein pools are
related to the rate of muscle protein deposition (Halas
et al. 2004). In contrast, fat deposition rates decrease,
because of an increased energy expenditure from protein
turnover. Increasing the FDR of organ protein from
0·178 to 0·356/d reduces the protein and fat deposition
rates by 0·7 and 5·5 % respectively. Due to the decreasing
protein and fat deposition rates, average daily gain also
decreases with increasing FDR (Fig. 2). The minor
change in body protein deposition is caused by the slight
change in amino acid oxidation with changing FDR, as dis-
cussed by Gerrits et al. (1997). Increasing the FDR of hide
protein from 0·020 to 0·040/d decreases protein and fat
deposition rates by 0·2 and 1·2 % respectively. Increasing
the FDR of bone protein from 0·050 to 0·100/d decreases
protein and fat deposition rates by 0·2 and 1·1 %
respectively. Model sensitivity to changes in the FDR of
body fat was examined in the range 0·000–0·040/d (default
0·010/d). Protein deposition rate increased from 135 to
137 g/d and fat deposition rate decreased from 161 to
151 g/d (Fig. 2). Unlike the results obtained in a veal
calf model of Gerrits et al. (1997), changing the FDR of
body fat only has a small impact on the acetyl-CoA con-
centration via the fatty acid pathway and results in a
slightly changed protein and fat synthesis. In the measured
period (20–46 kg body weight), the fat content of the body
is small compared with a larger body weight. Increasing
the FDR of the fat pool would not yield much extra fatty
acid. On the other hand, the increased fatty acid concen-
tration also increases the body fat synthesis. Hence, a
large effect of a change in the FDR of body fat was not
expected.

Sensitivity to changes in kinetic parameters

The sensitivity of the model predictions to changes in kin-
etic parameters of protein and energy metabolism is given
in Table 1. Default model values of all kinetic parameters
(maximum velocity Vij, affinity constants Mijk, inhibition
constants Jkjk, steepness parameters Sij) were used in the
reference simulation and changed by 220 and þ20 %.
The response of the flux as well as effects on body protein
and fat deposition rates and the average daily gain were
examined.

Changing the maximum velocity of lysine utilisation to
muscle protein (Vlymp) has the largest influence on protein
deposition (Table 1). A reduced maximum velocity of
muscle protein synthesis rate obviously decreases the pro-
tein and increases the fat deposition rate. According to the
decreased protein synthesis, more lysine and other amino
acids are oxidised and yield acetyl-CoA for de novo fatty
acid and body fat synthesis. The average daily gain was
expected to reflect the protein deposition rate to a large

Fig. 1. Sensitivity of predicted average daily gain (g/d, O), protein
deposition rate (g/d, X) and fat deposition rate (g/d, A) to changes
in maintenance energy requirement. ..

.
, Default value. For details of

the model and procedures, see Halas et al. (2004) and p. 726.
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extent, since protein gain is accompanied by deposition of
water and minerals. A 20 % increase in Vlymp increases
the simulated protein synthesis and slightly decreases the
simulated fat synthesis. Therefore, a higher body weight
at day 30 of simulation was obtained compared with the

reference situation. The nutrient intake increased propor-
tionally with metabolic body weight. Hence, at higher
body weight the pig received more feed per d, leading to
an increased rate of fat deposition. This completely
compensates the reduced energy available for fatty acid

Fig. 2. Sensitivity of predicted average daily gain (g/d, O), protein deposition rate (g/d, X) and fat deposition rate (g/d, A) to changes in frac-
tional degradation rates (FDR) of the organ protein pool (A), hide protein pool (B), bone protein pool (C) and body fat pool (D). ..

.
, Default value.

For details of the model and procedures, see Halas et al. (2004) and p. 726.

Table 1. Sensitivity of predicted body protein and fat deposition, average daily gain and the size of the transaction to changes in
kinetic parameters*

Change in protein
deposition (g/d)

Change in fat
deposition (g/d)

Change in average
daily gain (g/d)

Effect on the flux
(mmol/d)

220 % 20 % 220 % 20 % 220 % 20 % 220 % 20 %

Vlymp 248·9 46·7 1·1 0·3 2211 200 229·5 30·4
Mly,lymp 5·8 25·6 0·0 0·1 25 224 3·5 23·4
May,lymp 2·9 22·6 20·1 0·1 11 211 1·9 21·8
Slymp 211·0 7·8 0·2 20·1 247 34 26·7 4·8
Vlyay 3·0 22·7 22·6 2·2 10 29 21·3 1·2
Mly,lyay 26·3 4·2 4·9 23·7 222 14 2·7 21·8
Slyay 27·6 4·3 5·8 23·8 227 15 3·0 21·8
Vayfa 3·5 23·3 24·3 3·6 11 211 2404·6 333·1
May,ayfa 22·0 1·5 2·2 21·8 26 5 226·4 2178·3
Jfa,ayfa 0·0 0·0 0·0 0·0 0 0 21·7 1·2
Vaygr 1·4 21·5 9·7 29·0 16 216 2536·0 493·6
May,aygr 20·5 0·4 23·3 2·9 26 5 217·7 2185·0
Mly,aygr 20·7 0·6 24·4 3·9 28 7 216·2 2194·8
Vfaay 20·7 0·6 1·8 21·6 21 1 219·5 18·3
Mfa,faay 0·2 20·2 20·4 0·4 0 0 6·7 26·1
Jay,faay 20·5 0·4 1·3 21·1 21 1 212·5 10·5
Vfatf 0·5 20·4 21·5 1·0 1 21 27·2 5·9
Mfa,fatf 20·2 0·2 0·6 20·4 0 0 3·9 22·9

V, maximum velocity of the transaction; M, affinity constant; J, inhibition constant; S, steepness parameter; ly, lysine; mp, muscle protein; ay, acetyl-CoA; fa, fatty
acid; gr, extra energy for growth; tf, total body fat.

* For details of the model and procedures, see Halas et al. (2004) and p. 726.
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synthesis as a result of increased energy expenditure on
protein deposition. Consequently, both the body protein
and body fat deposition rate increases with increasing
Vlymp due to a higher intake at higher body weight
(Table 1).

Increasing the affinity constants for lysine or acetyl-CoA
use in muscle protein synthesis (Mly,lymp and May,lymp)
reduces protein synthesis and thereby protein deposition
(Table 1). Changing the steepness parameter (Slymp)
changes the steepness of the saturation curve. However,
the effect of changing a steepness parameter generally
depends on metabolite concentrations. Considering the
rate of the flux is about half of its maximum (with substrate
concentration close to the value of the affinity constant),
the transaction is sensitive to changes in Sij. Changing
Slymp by ^20 % results in 211·0 and þ7·8 g/d change
in the rate of protein deposition. The affinity constants
and the steepness parameter related to protein synthesis
slightly influence the fat deposition as well.

As expected, the rate of lysine oxidation (Uly,lyay) is
increased by either a higher maximum velocity, a
lower affinity constant or a lower steepness parameter
(Table 1). Increasing oxidation reduces protein synthesis
and daily protein deposition and increases acetyl-CoA
concentration. It thereby increases de novo fatty acid
synthesis and results in an increased rate of fat deposition.

Generally, changing the maximum velocity of the reac-
tion has the largest impact on the flux and on predicted pro-
tein and fat deposition rates (Table 1). Increasing Vij values
of the fatty acid or the fat synthesis decreases the protein
deposition rate slightly, while the increase of fat deposition
rates are more pronounced. By increasing Vayfa, the
acetyl-CoA pool decreases due to the larger drain on the
fatty acid pool. The resulting increase in fatty acid pool
size increases the synthesis rate of body fat, while the
lower acetyl-CoA concentration slightly reduces the rate
of protein synthesis. Increasing Vfatf increases the rate of
body fat synthesis and reduces the fatty acid pool size. Con-
sequently, the rate of fatty acid oxidation is reduced as well
as the acetyl-CoA pool size, which, in turn, reduces the rate
of protein synthesis. Changing kinetic parameters of fatty
acid oxidation generally results in effects opposite to
those resulting from changing kinetic parameters of fatty
acid synthesis. Increasing Vfaay results in slightly higher
protein and lower fat deposition rates.

In general, the mechanisms discussed earlier in protein
or in energy metabolism result in opposite changes of pro-
tein and fat deposition rates. An exception to this general
observation is the response to a change in ‘additional
energy for growth’. Increasing the maximum velocity of
this transaction (Vaygr) reduces both the protein and fat
deposition rates by reducing acetyl-CoA pool size and sub-
sequently acetyl-CoA concentration (Table 1).

Results of changes in Mijk values are in the opposite
direction to those of changes in Vij, because a higher affi-
nity constant reduces the particular flux rate (Table 1). The
flux of fatty acid oxidation is regulated by affinity and inhi-
bition constants (Mfa,faay and Jay,faay). The purpose of
the inhibition constant is to prevent acetyl-CoA accumulat-
ing in the model. In changing Jay,faay by ^ 20 %, the
change in deposition rate is 20·5 v. 0·4 g/d and that in

the fat deposition rate is 1·3 v. 21·1 g/d. The effect of
the inhibition constant in fatty acid synthesis is negligible.
Changing kinetic parameters involved in glucose and vol-
atile fatty acid metabolism only marginally affect fluxes
of related metabolites. This is expected, as these para-
meters were set to prevent accumulation of these metab-
olites. Therefore, results of these sensitivity analyses are
not presented.

Sensitivity to changes in energy requirements for tissue
deposition

The effect of changing some of the main stoichiometric
assumptions was tested using the reference simulation as
a starting point. The energy costs of protein synthesis, pro-
tein degradation, fat synthesis and Ca and P incorporation
in bone were varied. Table 2 presents the changes in pre-
dicted deposition rates and heat production compared
with the reference simulation. Increasing the ATP require-
ment for peptide bond formation (default is 4 ATP per pep-
tide bond) or hydrolysis (default is 1 ATP per peptide bond
cleavage) decreases protein and fat deposition rates and
hence the average daily gain. Total heat production
increases with increasing energy cost of the protein turn-
over. The ATP requirement for fat synthesis is 4 mol
ATP for glycerol phosphate production and 2 mol ATP
for fatty acid activation. An increase in the default
energy cost of fat synthesis and bone mineralisation
(default is 2 ATP per mol Ca and P incorporation) hardly
changes the heat production (Table 2). In general, increas-
ing the energy cost of the intermediary transactions will
increase the drain of acetyl-CoA oxidation and the model
responses are similar to increasing ‘additional energy
cost for growth’.

It has been suggested that the energy content of ATP is
different depending on the metabolite (i.e. glucose, tripal-
mitin, amino acids) from which it was generated (van
Milgen, 2002). Thus, due to the uncoupling of ATP syn-
thesis in the mitochondrion, 1 mol acetyl-CoA may give
less ATP than assumed previously. Considering that
assumption in the context of the model, the reduction of
ATP production potential of acetyl-CoA results in a
reduced production of acetyl-CoA equivalents, since the
transactions in which ATP are produced supply less
acetyl-CoA. A decrease in acetyl-CoA concentration,
such as in cases of increasing maintenance energy require-
ment and ‘additional energy for growth’, the fat synthesis
decreases with a slight reduction in protein synthesis as
well.

Conclusion of the sensitivity analyses

In conclusion, the growth model for fattening pigs is
sensitive to changes in a number of the examined model
parameters. Changes in the maintenance energy require-
ments and the FDR of muscle protein have the greatest
impact on tissue deposition rates. The model is highly sen-
sitive to changes in the maximum velocity and steepness
parameter of the lysine utilisation for muscle protein syn-
thesis. Those parameters directly affecting the size of
the lysine pool generally have a considerable influence
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on the model predictions. Furthermore, it should be noted
that the results of this sensitivity analysis depend on the
nutrient intakes of the reference simulation. The reason
for the relative insensitivity of the model to the changes
of parameters related to energy metabolism is probably
that protein and/or lysine is more limiting within the simu-
lated circumstances.

Comparison of model predictions with published trials

Independent data sets of published experiments were used
to evaluate model performance. The literature studies were
selected based on the following principles: (1) representing
a large variation of nutrient intakes; (2) a high genetic
potential population was used in the trial; (3) the chemical
composition of the body was determined by comparative
slaughter techniques. The digestible nutrient compositions
of the diets were recalculated based on a Dutch table of
values (Central Veevoeder Bureau, 1998). Data from
different studies were simulated and the model predictions
were compared with experimental observations. As an indi-
cator for the error of predicted values relative to the
observed values, the mean square prediction error
(MSPE) was calculated:

MSPE ¼ SðOi–PiÞ2=n;

where Oi and Pi are the observed and predicted values;
i ¼ 1, . . ., n; n is number of experimental observations
(Bibby & Toutenburg, 1977). The root MSPE is a measure
in the same units as the output and is expressed as a per-
centage of the observed mean. The MSPE may be decon-
structed into three fractions. First, errors attributed to
overall bias (B %) represent the proportion of MSPE due
to a consistent over- or underestimation of the experimen-
tal observations by the model predictions. Second, devi-
ation of regression slope from 1, being the line of perfect
agreement (R %) represents the proportion of MSPE due
to inadequate simulation of differences between experi-
mental observations. Third, disturbance proportion (E %)
represents the proportion of MSPE unrelated to the errors
of model prediction. The prediction is very good if the

MSPE is small and if a small proportion of MSPE is
explained by the regression error and the deviance in bias.

Model response to variation in dietary protein content

Chen et al. (1999) evaluated the effect of increasing pro-
tein intake on growth performance and carcass character-
istics of finishing gilts. The animals received one of five
dietary treatments: 130, 160, 190, 220 and 250 g crude pro-
tein (N £ 6·25)/kg diet (five per group). Pigs were allowed
ad libitum access to the diets, which were formulated to be
equal in metabolisable energy content (13·74 MJ/kg), and
dietary protein was exchanged for starch. Initial body
weight was 51 kg and the trial was conducted on time con-
stant basis of 75 d. The observed nutrient intakes were con-
sidered in the simulation.

The predictions of average daily gain, the carcass gain
and carcass protein and fat deposition rates are shown in
Fig. 3. The MSPE and the decomposition of MSPE are pre-
sented in Table 3. The root MSPE of average daily gain,
carcass weight gain, carcass protein and fat deposition
rates varied between 39 and 71 % of the observed mean
value (Table 3). For average daily gain, carcass weight
gain and carcass protein gain, most (.90 %) of this error
was attributed to an overall bias, and these gains were
over-predicted by 356, 405 and 72 g/d respectively. For
carcass fat deposition, a higher proportion of MSPE was
attributed to deviation in slope, and less to overall bias
(R % 29, B % 68) compared with the other parameters.

Experimental variations in average daily gain, carcass
weight gain and carcass protein gain were well predicted
by the model. The consistent overestimation can be
caused by erroneous model predictions, or alternatively
reflects a real difference in experimental conditions
between Chen et al. (1999) and our calibration datasets
(Bikker et al. 1994, 1995, 1996a,b). At ad libitum feed
intake the pigs gained on average 1307 g/d between 45
and 85 kg body weight in the trial of Bikker et al.
(1996b). However, the average daily gain was only 817–
926 g/d in the 51–110 kg weight range in the trial of
Chen et al. (1999). Experimental variation in the rate of
carcass fat deposition was less well predicted. This is

Table 2. The effect of changing stoichiometric assumptions in the model simulating metabolism of growing pigs on the energy
costs of protein synthesis, protein degradation, fat synthesis and mineralisation*

Change in protein
deposition (g/d)

Change in fat
deposition (g/d)

Change in average
daily gain (g/d)

Change in heat
production ( %)

Protein synthesis 4 ATP†
3 ATP 0·7 4·4 7·5 21·7
5 ATP 20·7 24·4 27·6 1·6

Protein degradation 1 ATP†
0 ATP 0·4 2·9 4·9 21·2
2 ATP 20·5 22·9 24·9 1·2

Fat synthesis 6 ATP†
3 ATP 0·3 1·7 2·9 20·7
9 ATP 20·3 21·6 22·8 0·7

Mineralisation 2 ATP†
0 ATP 0·2 1·1 1·9 20·4
4 ATP 20·2 21·1 21·9 0·4

* For details of the model and procedures, see Halas et al. (2004) and p. 726.
† Reference values.
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likely to be related to the low variation in the carcass
fat deposition rate (85 g/d) between the experimental
treatments of Chen et al. (1999). Considering that the
experimental contrast was 130 v. 250 g crude protein
(N £ 6·25)/kg in the diets, one would expect a large vari-
ation in fat deposition rate within the trial. Furthermore,
it illustrates the complexity of good predictions of fat depo-
sition rates. Generally, fat deposition is considered a depot
for nutrients remaining after meeting maintenance require-
ments and providing nutrients and fuel for protein depo-
sition (Whittemore & Fawcett, 1976). Therefore, any
difference in experimental conditions between the experi-
ment of Chen et al. (1999) and our present calibration data-
sets would be expected to be reflected first in differences in
fat deposition rates. The model over-predicted the fat and
protein deposition rates. The pigs in the trial of Bikker
et al. (1996b) were more efficient than those in the trial
of Chen et al. (1999). The energetic efficiency of energy
retention in the carcass from daily metabolisable energy
intake was on average 44·4 % in the trial of Bikker et al.

(1996b) and in a range of 26·6–31·9 % in the trial of
Chen et al. (1999).

Model response to variation in dietary lysine and protein
level

Noblet et al. (1987) studied the effect of a reduction in pro-
tein level with or without lysine supplementation on energy
and N balance. Thirty-two female Large White pigs with
an initial body weight of 20 kg were used in the experi-
ment. The pigs were assigned to three treatment groups
(eight animals per treatment) and fed for 7 weeks. The diet-
ary crude protein (N £ 6·25) and lysine contents of the
diets were 153·0 and 6·7 g/kg (diet 1), 153·0 and 8·0 g/kg
(diet 2) or 178·0 and 8·1 g/kg (diet 3) respectively. The
diets were based on maize and soyabean meal. The compo-
sition of diets 1 and 2 were similar, except that diet 2 was
supplemented with lysine. A small proportion of maize was
replaced by soyabean meal in diet 3. Diets were iso-
energetic on a gross energy basis and the pigs received
120 g diet/kg0·75 per d. A digestibility study was also per-
formed to define the digestible protein, lysine and energy
contents of the diets. The digestible energy contents of
the diets were 14·2, 14·2 and 14·4 MJ/kg for diets 1, 2
and 3 respectively on an as-fed basis. The higher digestible
energy content of diet 3 was caused by the higher protein
content and its associated higher digestibility. At the end
of the fattening trial (at about 53 kg body weight) the
pigs were slaughtered. The bodies were dissected and the
chemical composition was measured in different fractions.

The experimental observations and the model predic-
tions and the prediction errors are presented in Table 4.
The average daily gain, the empty body gain and the car-
cass gain are overestimated. The prediction errors are due
to the overall bias in all cases (B % 99). However, the pre-
dicted increase in gain following an increase in lysine con-
tent (diet 1 v. diet 2) was qualitatively in line with observed
values, and similarly both observations and predictions
indicate the absence of an effect of increasing protein con-
tent (diet 2 v. diet 3) on gain. Although the muscle gain is
underestimated by on average 17 g/d, the relative MSPE is
only 5 % of the observed mean value. In contrast, the organ
and adipose tissue gains are overestimated by 13 and 11 g/d
respectively, with a relative MSPE of 15 and 9 % of the

Table 3. Mean square prediction error (MSPE) and decomposition of the MSPE*

rootMPSE relMPSE % B % R % E %

Chen et al. (1999)
Average daily gain (kg/d) 0·356 41·6 98·0 0·8 1·2
Carcass weight gain (kg/d) 0·405 61·1 99·1 0·1 0·8
Carcass protein deposition (g/d) 71·7 71·1 94·4 5·0 0·6
Carcass fat deposition (g/d) 99·4 38·9 68·3 28·5 3·2

Van Lunen & Cole (1996)
Average daily gain (kg/d) 0·086 9·7 17·9 6·9 75·2
Feed conversion ratio (kg/kg) 0·219 10·3 10·7 2·3 87·0
Protein deposition (g/d) 16·2 11·3 2·7 1·7 95·6
Fat deposition (g/d) 22·6 12·6 0·5 22·6 76·9

rootMPSE, root MSPE; relMSPE %, root MSPE expressed as a percentage of the observed mean; B %, error attributed to
overall bias of prediction; R %, error attributed to the deviation of the regression slope from 1; E %, error due to the data
disturbance.

* From Chen et al. (1991) and Van Lunen & Cole (1996).

Fig. 3. Comparison of experimental observations with model of
average daily gain (kg/d, B) and carcass gain (kg/d, D) ((A), x ¼ y),
and carcass protein deposition rate (g/d, X) and carcass fat depo-
sition rates (g/d, A) ((B), x ¼ y) in the experiment of Chen et al.
(1991). For details of the model and procedures, see Halas et al.
(2004) and p. 729. For the mean square prediction error analysis
performed for each parameter, see Table 3.
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observed mean respectively. Again, the overall bias pro-
portion was the major contributor to the MSPE, whilst
the deviation of regression slope from one had a minor
contribution to the MSPE. The model predicts the muscle
protein deposition correctly. The 5 % relative MSPE is pri-
marily caused by the 5 g/d overestimation with diet 1. Car-
cass protein, body protein and body fat deposition rates are
overestimated by 30, 25 and 17 g/d respectively. More than
90 % of the MSPE was attributed to the overall bias. As
before, the predictions were qualitatively in line with
observations. The distribution of protein and fat in the
empty body and the carcass are predicted satisfactorily,
with root MSPE values being #10 % of the observed
mean value. The differences between observations and pre-
dictions are 1·6, 1·0, 1·3 and 2·7 % for percentage protein
and fat deposition in empty body gain, and percentage pro-
tein and fat deposition in carcass gain respectively. The
overall bias contributed most to the MSPE.

The daily muscle protein deposition rate is slightly over-
estimated (root MSPE expressed as a percentage of the
observed mean value is 5), while the predicted daily pro-
tein deposition rates in carcass and body are 37 and 25 %
greater than observed in the trial. This suggests that the
protein deposition rates in non-muscle fractions are over-
predicted, especially in bone and hide. This in turn will
give rise to a much higher carcass weight and carcass
gain at the end of the simulation than observed in the
experiment. Alternatively, the dissection method could
cause a difference in anatomical composition between
observation and prediction.

Overall, the qualitative behaviour of the model was very
much in accordance with observations. In particular, the
muscle and adipose tissue gain, and muscle protein depo-
sition and body fat deposition, and the percentage of pro-
tein and fat deposition in gains, were predicted
accurately (root MSPE #10 % of observed mean value).
In general, the overall bias was the most significant contri-
butor to the MSPE. Regarding muscle protein deposition,
the R % is quite high, but the prediction error is small.

Model response to variation in lysine:digestible energy
ratio

Van Lunen & Cole (1996) examined the effects of the diet-
ary lysine:digestible energy ratio on growth performance
and body composition of boars, gilts and barrows from
25 to 90 kg live weight. Twelve pigs (four of each
gender) were assigned to each dietary treatment consisting
of lysine:digestible energy ratios from 0·4 to 1·4, in
0·2 g/MJ increments. Feed was provided at about 09.00
hours ad libitum. The chemical body composition of two
pigs per gender per treatment was determined. In the
experiment, the feed intake, daily gain, feed conversion
and the daily protein gain were not affected by gender.
Lipid gain, however, was influenced by gender, and the
gilts had a lipid deposition rate in between barrows and
boars. The simulations were conducted for a fixed body
weight range (25–90 kg) and the feed intake was adjusted
to the observed feed consumption in the experiment.

The general agreement of the observed and predicted
average daily gain and feed conversion, and daily proteinT
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and fat deposition rates, can be seen in Fig. 4. The MSPE
and the decomposition of the MSPE are presented in Table
3. The model predicted the average daily gain and the feed
conversion satisfactorily, with a root MSPE of 10 % of the
observed mean value; these errors are mainly due to the
disturbance, attributing 75·2 and 87·0 % MSPE respectively
(Table 3). The overall bias of body protein and fat depo-
sition rates are estimated correctly. In daily protein depo-
sition, 95·6 % of the prediction error of 16·2 g/d is
attributed to the disturbance proportion and 2·7 % of it to
the overall bias (Table 3). For daily fat deposition, the
root MSPE is 12·6 % of the observed mean value, and
this error is almost completely attributed to the data dis-
turbance (76·9 %) and to deviation of the regression slope
from 1 (22·6 %).

The study of Van Lunen & Cole (1996) was convenient
for several reasons. (1) The aim of the trial (to study the
effect of increasing lysine:digestible energy ratio on
the performance) was in line with the basic approach of

the model. According to that, lysine is considered the
first limiting amino acid in protein synthesis and the
energy supply has an impact on protein synthesis. (2)
The weight range of the pigs in the trial represented the
whole growing and fattening period. (3) The number of
dietary treatments and the experimental contrast were suf-
ficient. The model quantitatively predicted the examined
parameters with regard to average daily gain, feed conver-
sion ratio, daily body protein and fat deposition. The errors
of prediction were substantially explained by the intra-
experimental variance within the trial.

Model response to variation in energy sources

Beech et al. (1991) determined the utilisation of nutrients
for energy retention, as affected by the daily fat and
starch intake. In that study, three diets were used. Diet 1
was based on wheat and soyabean meal; in diet 2 the
wheat was totally replaced by sucrose; diet 3 was formu-
lated using wheat and soyabean oil. The digestible
energy and crude protein (N £ 6·25) content of the diets
were 14 MJ/kg and 207 g/kg for diet 1, 15 MJ/kg and
174 g/kg for diet 2, and 15 MJ/kg and 213 g/kg for diet 3
respectively. The diets were fed at 3 £ digestible energy
maintenance requirement. The trial was carried out with
Large White males with an initial body weight of 20 kg.
Five pigs were slaughtered at 20 kg and ten pigs per treat-
ment slaughtered at 50 kg body weight. Considering that
lysine was not the first limiting amino acid in the sucrose
diet, the simulations were run for diet 1 (starch) and diet
3 (oil) only. In our simulations, the digestible nutrient con-
tent of the diets was recalculated from the Central Veevoe-
der Bureau (1998) table. The experimental contrast in daily
nutrient intakes was 1·82 v. 5·47 g digestible fat/kg0·75 and
46·0 v. 38·9 g digestible carbohydrate/kg0·75 in diets 1 and 3
respectively.

Experimental observations and model predictions are
presented in Table 5. In the present experiment, the
decomposition of MSPE is not relevant according to the
low number of treatments (n 2). However, the model pre-
dictions are generally in line with the observed values.
The model predicts the average daily gain and the carcass
gain correctly (MSPE ,5·0 % of observed mean value). In
both observations and predictions, the energy source
affected the fat deposition and the carcass fat content.
The model, however, predicts a larger increase in fat depo-
sition and fat content upon exchanging carbohydrate with
fat. Observed and predicted fat deposition rate increase
10 and 19 g/d respectively. Observed and predicted differ-
ences of carcass fat content between pigs fed starch and oil
diets are 12 and 23 g/kg respectively. The protein depo-
sition and the carcass protein content are overestimated
by 18 and 17 %. Meanwhile the simulations show slight
change between starch and oil treatments in agreement
with the observations. The size of prediction errors is
within the range of normal inter-experimental variation.
The largest difference between observed and predicted
values occurred in protein deposition rate and carcass pro-
tein content. This was because the real intake of ileal diges-
tible lysine and other amino acids was probably reduced in
the experiment, due to a lower digestibility than was

Fig. 4. Comparison of experimental observations with model predic-
tions of average daily gain (kg/d, K) and feed conversion ratio
(kg/kg, B) ((A), x ¼ y), and carcass protein deposition rate (g/d, X)
and carcass fat deposition rates (g/d, A) ((B), x ¼ y) in the exper-
iment of Van Lunen & Cole (1996). For details of the model and
procedures, see Halas et al. (2004) and p. 731. For the mean
square prediction error analysis performed for each parameter, see
Table 3.
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presumed during the simulation. The difference in
observed and predicted values can also result from, for
example, a different genotype, gender or effect of climatic
differences.

In order to study the effect of different energy sources on
protein and energy metabolism further, a hypothetical
starch–fat exchange was performed. The reference simu-
lation used in sensitivity analysis was chosen as a starting
point. The daily fat, starch and digestible energy intakes
were 5·4 g/kg0·75, 41·1 g/kg0·75 and 1·48 MJ/kg0·75 respect-
ively. The fat intake was changed by increments of
1 g/kg0·75 per d and the starch intake was adjusted to
keep the digestible intake constant. No other nutrient
intake was modified; thus, protein intake was the same in
each simulation. The simulation was started at 20 kg
body weight and it was run for 58 d. At this point, the
cumulative feed intake was very close to 100 kg. The
effect of increasing fat intake on average daily gain, pro-
tein and fat deposition rates is presented in Fig. 5. As
expected, increasing fat intake decreases the daily protein
deposition rate and the average body gain, and increases
the fat deposition rate. The protein deposition rate
decreases from 163 to 140 g/d upon an increase in daily
fat intake from 1·4 to 9·4 g/kg0·75 (Fig. 5). In the model,
glucose arising from starch is metabolised through the
acetyl-CoA pool or is linked directly to fat synthesis in
the requirements for glycerol and NADPH, whilst fatty

acids can be metabolised through acetyl-CoA or directly
to body fat. Thus, with increasing dietary fat, the acetyl-
CoA concentration probably decreases. Since the protein
synthesis is energy dependent, a reduced acetyl-CoA con-
centration reduces the protein synthesis as well. A decreas-
ing protein synthesis results in a decreasing protein
deposition. In the simulations the oxidation of fatty acids
hardly changes, even at extreme fat:starch ratios. This is
in accordance with the results obtained by indirect calori-
metry (Chwalibog et al. 1992, 2001). They found that diet-
ary fat was not oxidised when the energy from
carbohydrate was sufficient to cover the energy require-
ments for growth. Consequently, fatty acids are almost
quantitatively deposited. Hence, with a high fat intake, a
substantial amount of dietary fat is deposited as body fat.
As a result of exchanging starch for fat, the decrease in
protein deposition, with associated water deposition, is
more pronounced than the increase in fat deposition,
giving rise to reduced growth rates. In the pig model of
Lizardo et al. (2002) the conversion of dietary fatty acids
to body fat was considered to be 0·85, indicating that
some part of dietary fat is used for energy production as
well. As they concluded, the literature is not convincing
as regards the efficiency of fat utilisation; therefore, more
studies are needed for clarification.

The growth model was not calibrated directly to simu-
late the pig response to different energy sources; however,
the model was also evaluated upon exchanging starch for
lipids. There are only a few studies presenting the effect
of energy source on protein and fat deposition. Some of
these studies (Chwalibog et al. 1992, 2001) show a ten-
dency for fat retention to increase upon feeding dietary
fat or oil compared with pigs receiving an isoenergetic
starch diet. According to indirect calorimetry studies, the
mechanism of the energy metabolism seems to be pre-
sented reasonably in the model. It has to be noted, how-
ever, that more data are needed to quantitatively predict
the pig’s response to changes in dietary non-protein
energy sources.

Conclusion of model testing with independent results

In general, the model satisfactorily predicts the qualitative
pig responses to variations in nutrient supply. The pre-
dicted chemical and anatomical body composition and
also the distribution of protein and fat were sufficient in

Table 5. Comparison of experimental observations of Beech et al. (1991) with model predictions of
average daily gain, carcass gain, protein and fat deposition rates and carcass protein and fat content*

Starch Oil
RelMSPE %

Observed Predicted Observed Predicted

Average daily gain (g/d) 668 637 672 638 4·9
Carcass gain (g/d) 528 528 525 527 2·0
Protein deposition (g/d) 98 117 96 112 18·1
Fat deposition (g/d) 109 101 119 122 5·2
Carcass protein content (g/kg) 157 184 154 179 16·8
Carcass fat content (g/kg) 180 156 192 179 10·4

relMSPE %, root mean square prediction error expressed as a percentage of the observed mean value.
* For details of the model and procedures, see Halas et al. (2004) and p. 732.

Fig. 5. Effect of variation in the fat:starch ratio on predicted average
daily gain (g/d, O), protein deposition rate (g/d, X) and fat depo-
sition rate (g/d, A). For details of the model and procedures, see
Halas et al. (2004) and p. 733.
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model testing. In most cases, the errors due to the deviation
of the regression slope from 1 were minor. A major factor
contributing to the large bias observed for most growth
characteristics is the variation in pig performance among
genotypes. Adopting the model for different strains can
solve that problem (discussed in Halas et al. 2004).
Based on the comparison of the model simulations with
independent data sets, it is important to improve the
model regarding the effect of energy sources on deposition
rates.

Implication of the growth model

The model presented in the companion paper (Halas et al.
2004) successfully predicts the qualitative response of pigs
to a wide range of variation in nutrient composition. Con-
sequently, the model can be applied to develop feeding
strategies to optimise pig production, keeping in mind the
restrictions under which it can be applied (see Halas et al.
2004). The model predicts the amount and chemical com-
position of different body parts, such as lean meat, backfat
and organs. For this reason, the model enables prediction
of the slaughter performance and also provides a first
attempt to simulation of important aspects of meat quality.
It simulates the influences of differences in energy sources
on energy utilisation in the body and the fat:protein ratio in
the meat. However, that prediction should be evaluated
with experimental data. With further studies, the model
can be improved, especially regarding the rates of protein
and energy metabolism in different genotypes.
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