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Knowledge of the amounts and digestibility of amino acids in pig feedstuffs is essential for calculating
the appropriate inclusion level in a complete diet. Wet chemical analysis and in vivo digestibility trials
are time-consuming and costly and cannot be used for routine assessment. Near-infrared spectroscopy
(NIRS) offers a rapid, cost effective and environmentally friendly method for evaluating feedstuffs.
Calibrations models were developed using NIRS to predict the content of crude protein and 18 amino
acids from a wide range of feedstuffs used in pig production (n ¼ 607). The samples ranged from single
feed ingredients (containing amino acids from 0.3 to 129.8 g/kg of dry matter) to feed mixtures
(containing amino acids from 1.2 to 53.2 g/kg of dry matter). The predictive ability of the calibrations
was tested with an independent dataset (n ¼ 150) and with cross-validation. Furthermore, we compare
these calibrations with calibrations developed on more narrowly defined groups of samples and with
predictions from regression analysis of crude protein. The models were able to predict the concen-
trations of crude protein and 18 amino acids with good levels of precision and high coefficients of
determination for calibration (RSQ CAL) from 0.91 to 0.99 and validation (RSQVAL) from 0.87 to 0.97.
Calibration models were able to predict all amino acids except tryptophan and valine with greater
accuracy than those from protein regression. We also developed calibration models to predict the
apparent ileal and total tract digestibility of protein and amino acids. With the exception of tryptophan,
RSQ values (>0.7) and standard error of cross validation (SECV) values (<5%) were obtained for the
digestibility of most of the amino acids. In conclusion, NIRS can be used to predict crude protein and
amino acid concentrations from a wide range of single ingredients and feed mixtures used for pig diets
without separate models for each feedstuff. The digestibility of protein and amino acids can be pre-
dicted with an acceptable accuracy to be useful in formulating pig diets.
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1. Introduction

A correct supply of dietary protein and amino acids is important
for optimal growth and protein accretion in pigs (Moughan et al.,
2018a) as undersupply will have a strong negative impact on ani-
mal performance and oversupply a negative impact on the envi-
ronment in terms of nitrogen leaching to the aquatic environment, to
drinking water, and nitrogen fallout from evaporation from pig
housing and slurry storage facilities (Millet et al., 2018). Protein
quality evaluation aims to determine the capacity of the feedstuffs
and diets to meet the protein and essential amino acid requirement,
which is determined by the absolute and relative quantities of di-
etary indispensable amino acids in feeds, the digestibility of protein
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in the gastrointestinal tract, and the bioavailability of amino acids
(Moughan et al., 2018a;Moughan et al., 2018b). Cereals are in general
low in lysine whereas legumes are low in sulphur containing amino
acids, methionine and cysteine, but combined they may provide a
better balance (Jezierny et al., 2010; Rosenfelder et al., 2015; Spindler
et al., 2016). However, because of a general wish to reduce the pro-
tein content of diets it is often necessary to supplement diets with
synthetic amino acids, the most important being lysine, methionine,
threonine, tryptophan and valine (Han et al., 2001). Optimizing the
amino acid composition is mostly done on the basis of table values
with average values from each feed type, but crops will vary in their
amino acid content due to growing conditions, harvest year and
processing (van Barneveld, 1999; Rosenfelder et al., 2015; Spindler
et al., 2016). Measurement of the amino acid profiles by chemical
methods is time-consuming and expensive for routine use and
obtaining information of the nutritional value of feedstuffs by
measuring the digestibility of the protein and amino acids are even
more difficult to obtain, as it requires lengthy and expensive di-
gestibility experiments (Just et al., 1985; Rosenfelder et al., 2015;
Spindler et al., 2016).

The use of near-infrared spectroscopy (NIRS) to predict amino
acid composition in cereals and feedstuffs has been widely
accepted as an alternative to wet chemistry methods (Chen et al.,
2013). Near-infrared spectroscopy has the benefit of being
cheaper, faster and non-destructive and with a potential of being
implemented in real-time for precision livestock feeding. A lim-
itation, however, is that NIRS cannot directly measure crude
protein or amino acid concentrations and therefore is a secondary
method relying on calibration with a database of samples with
known values (Shenk and Westerhaus, 1991). Another limitation
is that the prediction models are only valid for the types of
samples that have been used in the development of the models
and these samples must represent the range of diversity available
to be able to make robust predictions. Today, many models exist
for different types of samples for example; sunflower meal
(Fontaine et al., 2001), peas (Fontaine et al., 2001), cereal in-
gredients (Fontaine et al., 2002; Hoehler et al., 2005), millet (Yang
et al., 2013), dried distillers grains with solubles (DDGS) (Zhou
et al., 2012), processed animal proteins or meals (Fontaine
et al., 2001; Hoehler et al., 2005; De La Haba et al., 2006), rice
(Fontaine et al., 2002; Wu et al., 2002; Zhang et al., 2011), rape-
seed (Fontaine et al., 2001; Chen et al., 2011), quinoa (Escuredo
et al., 2014), animal feed (Gonzalez-Martin et al., 2006), pea-
nuts (Wang et al., 2013) and soybean (Pazdernik et al., 1997;
Fontaine et al., 2001). However, in this project we wished to
assess whether one model could be developed to predict feed
ingredients andmixed diets used in Danish pig production. It is to
be expected that models built with similar types of samples will
be more accurate (lower prediction error) but less robust (valid
with a smaller range of sample types and values) than models
built with all the samples types together (Shenk et al., 2001;
Perez-Marin et al., 2007). Therefore, we tested models built with
all feed types against those built from groups of similar sample
types. On a subset of samples, we also investigated the possibility
of developing a model for predicting ileal and total tract di-
gestibility of protein and amino acids. Due to the lower number of
feedstuffs with measured digestibility, models were only built on
the total dataset.
2. Materials and methods

The animal experiments were performed in concordance with
The Animal Experiments Inspectorate, Danish Veterinary and Food
Administration, Ministry of Environment and Food of Denmark.
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2.1. Sample description

We assessed both conventional and unconventional feedstuffs
that have been evaluated for nutritive value in the Danish Feed
Evaluation system (Just, 1982; Just et al., 1983). The feedstuffs rep-
resenting a diverse range of feed types have been collected since
1975 and onwards and stored at �20 �C. Additionally, 353 common
and experimental feed mixture samples used in experiments with
pigs were also included. Samples were classified into groups of
similar types including: cereals, supplemental feed ingredients,
which included all the remaining plant-based single ingredient
feedstuffs (i.e. cereal co-products, cereal substitutes, protein
concentrate, grass meal, fiber-rich by-products and other) and feed
mixtures (diets). The cereal group included oats, maize, wheat,
barley, rice and triticale and were all but maize and rice of Danish
origin. The supplemental ingredient group included cereal co-
products: corn gluten feed, malt sprouts, maize middlings, maize
bran, wheat middlings, wheat bran, rice middlings, rice bran, barley
protein, and barley groats; protein concentrates: soybean meal,
linseed meal, peas, faba beans, cottonseed meal, cottonseed cake,
coconut cake, palm cake, lupin, potato protein, sunflower seed,
rapeseed meal and rapeseed cake; andmiscellaneous: tapioca, citrus
pulp, apple pomace, maize silage, lucerne, guarmeal, and grassmeal.
All samples in the supplemental ingredient group were imports
except co-products from barley and wheat, peas, faba beans, lucerne
and grass meals which originated in Denmark. The feed mixtures
group includedmany formulations of pig diets including commercial
diets and balanced diets formulated for use in different experiments
(Just, 1982; Just et al., 1983a, 1983b, 1985; Fernandez et al., 1986).

2.2. Sample selection for predicting protein and amino acid content

Sample spectra were assessed with principal component analysis
(PCA) plots to determine the spectral outliers and assess the diversity
of spectra within sample groups. Outlier samples were determined
as one or more of the following criteria; spectral outliers, the
normalized difference between the reference and the predicted
value (critical T) was high (>2.5) in most of the constituents (>40%)
indicating an error in sample classification and sample types that
were underrepresented or too different from the total sample pool
(e.g., nitrogen-free-diets, sodium hydroxide treated barley straw,
pectin and brewer's yeast). From 791 samples with measured
chemical composition in at least 1 of the constituents (protein or
amino acid), 34 samples were removed as outliers leaving 757
samples to build and test the models. Samples were then randomly
divided into samples for calibration and samples for validation
(80:20 split). This data set was labelled the total data set. As not all
samples hadmeasured values for each constituent (protein or amino
acid), each model was built with different numbers of observations.
The actual number of samples used for model development and
validation is shown in Table 1. The validation set contained similar
proportions of the 3 sample groups and similar ranges of values for
the constituents thereby representing the range of variation seen in
the samples. The samples were then further divided into 3 data sets
(eachwith a calibration and validation set each, 80:20 split) based on
the sample types, cereals, supplemental ingredients and feed mix-
tures. The actual number of samples used for model development
and validation of cereals, supplemental ingredients and feed mix-
tures are shown in Tables 2e4 respectively.

2.3. Sample selection for predicting protein and amino acid
digestibility

On a subset of samples, ileal and total tract digestibility of
protein and amino acids were studied. The number of samples



Table 1
Summary statistics for calibration (CAL) and validation (VAL) of crude protein and the amino acid composition (g/kg of dry matter) of total (individual ingredient and feed
mixtures) pig feedstuffs.

Item CAL statistics VAL statistics

N CAL Range CAL Mean SD Factors RSQ CAL SECV N Val Range VAL RSQ VAL SEP RPD

CP 607 27.7 - 708.2 180.8 86.2 13 0.98 15.73 150 88.6 - 506.3 0.95 16.87 5.11
Indispensable amino acids
LYS 395 0.9 - 44.4 7.9 6.7 14 0.98 1.30 94 2.8 - 28.3 0.96 1.05 6.39
MET 395 0.3 - 9.7 2.8 1.6 13 0.97 0.41 94 1.3 - 9.7 0.94 0.42 3.84
CYS 395 0.3 - 11.1 3.3 1.6 8 0.95 0.44 94 1.1 - 11.8 0.94 0.44 3.58
THR 395 0.8 - 27.9 6.1 4.1 16 0.99 0.71 94 3.2 - 21.8 0.96 0.68 6.09
ILE 387 0.8 - 34.6 6.8 4.9 8 0.98 0.84 94 3.2 - 22.6 0.97 0.71 6.94
LEU 387 1.4 - 55.4 12.1 7.7 8 0.98 1.43 94 5.4 - 38.9 0.95 1.42 5.43
HIS 387 0.4 - 19.3 4.0 2.7 7 0.97 0.54 94 2.0 - 14.3 0.97 0.44 6.26
PHE 387 0.6 - 36.6 8.1 4.8 5 0.97 0.95 94 4.1 - 22.1 0.96 0.85 5.69
VAL 387 1.0 - 36.2 8.5 5.2 8 0.98 0.84 95 1.1 - 28.3 0.94 1.13 4.59
ARG 387 1.2 - 52.7 10.5 8.8 15 0.99 1.89 94 2.8 - 46.6 0.97 1.57 5.62
TRP 163 0.2 - 9.1 2.2 1.6 2 0.93 0.45 37 0.8 - 6.0 0.87 0.45 3.62

Dispensable amino acids
ALA 387 1.1 - 30.0 7.3 4.7 13 0.98 1.01 94 4.0 - 23.5 0.96 0.84 5.58
ASP 387 1.8 - 79.4 13.2 12.4 14 0.99 1.85 94 5.6 - 39.2 0.97 1.69 7.30
GLU 387 3.4 - 129.8 37.4 18.3 10 0.97 4.22 94 12.8 - 98.9 0.96 3.30 5.56
GLY 387 1.0 - 29.2 7.5 5.0 5 0.97 0.93 94 3.6 - 27.6 0.96 0.96 5.21
PRO 387 1.0 - 36.1 13.5 5.2 10 0.91 1.91 94 6.3 - 32.5 0.92 1.36 3.80
SER 387 0.9 - 38.3 8.0 5.2 7 0.98 0.94 94 4.0 - 23.5 0.97 0.78 6.65
TYR 369 0.5 - 26.5 5.5 3.9 8 0.98 0.72 92 2.6 - 16.5 0.96 0.58 6.70

N¼ the number of samples; RSQ¼ regression coefficient; SECV¼ standard error of cross validation; SEP¼ standard error of prediction; RPD¼ ratio of performance deviation;
CP ¼ crude protein; LYS ¼ lysine; MET ¼methionine; CYS ¼ cysteine; THR ¼ threonine; ILE ¼ isoleucine; LEU ¼ leucine; HIS ¼ histidine; PHE ¼ phenylalanine; VAL ¼ valine;
ARG ¼ arginine; TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid; GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.

Table 2
Summary statistics for calibration (CAL) and validation (VAL) of crude protein and amino acid composition (g/kg of dry matter) of cereals.

CAL statistics VAL statistics

N CAL Range CAL Mean SD Factors RSQ CAL SECV N Val Range VAL RSQ VAL SEP RPD

CP 211 90.6 - 176.7 127.0 17.8 9 0.95 5.47 59 88.6 - 161.1 0.91 5.47 3.26
Indispensable amino acids
LYS 194 2.5 - 8.8 4.3 0.7 8 0.83 0.37 55 2.8 - 6.3 0.67 0.35 1.97
MET 192 1.4 - 3.1 2.1 0.3 7 0.84 0.14 55 1.3 - 2.6 0.59 0.19 1.45
CYS 194 2.0 - 4.6 2.7 0.4 8 0.88 0.18 55 2.0 - 4.5 0.73 0.25 1.57
THR 194 3.0 - 6.4 4.0 0.5 10 0.92 0.25 55 3.2 - 5.0 0.72 0.27 2.02
ILE 194 1.4 - 6.8 4.6 0.7 7 0.88 0.30 55 3.2 - 6.0 0.77 0.35 2.00
LEU 191 5.6 - 13.5 8.7 1.4 11 0.96 0.49 55 5.4 - 13.8 0.69 0.93 1.47
HIS 193 2.0 - 4.0 2.8 0.4 5 0.76 0.23 55 2.0 - 3.8 0.72 0.24 1.71
PHE 194 3.8 - 9.1 6.1 1.1 9 0.93 0.39 55 4.1 - 8.5 0.87 0.40 2.64
VAL 195 4.4 - 9.4 6.2 0.9 7 0.87 0.42 55 4.8 - 8.2 0.73 0.49 1.89
ARG 192 4.4 - 12.1 6.3 1.0 8 0.89 0.41 55 4.4 - 10.2 0.78 0.53 1.81
TRP 64 0.8 - 2.1 1.5 0.3 3 0.65 0.18 15 0.8 - 1.9 0.52 0.20 1.29

Dispensable amino acids
ALA 192 2.5 - 8.4 5.0 0.7 9 0.90 0.32 55 4.0 - 8.0 0.76 0.42 1.70
ASP 192 5.1 - 14.1 7.2 1.1 8 0.87 0.51 55 5.6 - 11.7 0.76 0.57 1.87
GLU 193 13.7 - 53.3 31.7 7.7 11 0.98 1.93 55 17.4 - 44.4 0.88 2.32 3.31
GLY 192 3.7 - 8.2 5.1 0.7 8 0.88 0.32 55 3.9 - 7.4 0.80 0.34 2.07
PRO 194 5.7 - 28.7 12.7 2.8 10 0.96 0.88 55 6.3 - 18.9 0.89 0.93 3.00
SER 192 3.9 - 8.0 5.7 0.9 10 0.94 0.34 55 4.0 - 7.7 0.82 0.41 2.14
TYR 193 2.4 - 5.8 3.9 0.7 9 0.93 0.25 55 2.6 - 5.7 0.81 0.31 2.16

N¼ the number of samples; RSQ¼ regression coefficient; SECV¼ standard error of cross validation; SEP¼ standard error of prediction; RPD¼ ratio of performance deviation;
CP ¼ crude protein; LYS ¼ lysine; MET ¼methionine; CYS ¼ cysteine; THR ¼ threonine; ILE ¼ isoleucine; LEU ¼ leucine; HIS ¼ histidine; PHE ¼ phenylalanine; VAL ¼ valine;
ARG ¼ arginine; TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid; GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.
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was too low to split the samples into groups or an external
validation and calibration set. Therefore, for these models we
used only cross-validation to validate the models. The 2 data sets
are referred to as the ileal digestibility data set and the total tract
digestibility data set. The proportions of sample types with ileal
digestibility measurements were 15% cereals, 17% supplemental
feed ingredients and 68% feed mixtures. The proportion of
sample types with total tract digestibility measurements were
13% cereals, 14% supplemental feed ingredients and 73% feed
mixtures.
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2.4. Chemical analysis

The chemical analysis of the samples was undertaken at the
time of the sample collection i.e. from 1975 onwards. Crude protein
(N � 6.25) was determined by the Kjeldahl method using a Kjell-
Foss 16,200 autoanalyzer and recorded as grams per kilogram of
dry matter (DM). Twenty selected samples with the original crude
protein measurement made from 1975 to 1996 were reanalyzed by
the Kjeldahl method. Amino acids were analyzed as described by
Mason et al. (1980) and recorded as g/kg of DM. This method is



Table 3
Summary statistics for calibration (CAL) and validation (VAL) of crude protein and amino acid composition (g/kg of dry matter) of supplemental feed ingredients.

Item CAL statistics VAL statistics

N CAL Range CAL Mean SD Factors RSQ CAL SECV N Val Range VAL RSQ VAL SEP RPD

CP 101 27.7 - 708.2 269.3 155.3 7 0.99 18.46 23 103.1 - 506.3 0.99 16.93 9.17
Indispensable amino acids
LYS 92 0.9 - 44.4 14.2 10.5 7 0.98 2.33 20 2.8 - 28.3 0.97 1.27 8.29
MET 92 0.3 - 9.7 4.2 2.7 8 0.98 0.60 20 1.8 - 9.7 0.98 0.43 6.20
CYS 92 0.3 - 11.1 4.6 2.7 7 0.97 0.60 20 1.1 - 11.8 0.96 0.63 4.33
THR 92 0.8 - 27.9 10.2 6.4 6 0.99 1.07 20 3.8 - 21.8 0.97 1.00 6.44
ILE 92 0.8 - 34.6 11.5 7.7 6 0.99 1.09 20 3.7 - 22.6 0.96 1.24 6.20
LEU 92 1.4 - 55.4 19.7 12.0 9 0.99 1.88 20 8.2 - 38.9 0.96 1.74 6.87
HIS 92 0.4 - 19.3 6.7 4.3 6 0.98 0.83 20 2.5 - 14.3 0.96 0.75 5.71
PHE 92 0.6 - 36.6 12.5 7.7 5 0.98 1.41 20 4.7 - 22.1 0.94 1.43 5.37
VAL 92 1.0 - 36.2 13.7 8.0 5 0.99 1.15 20 5.4 - 28.3 0.93 1.85 4.36
ARG 92 1.2 - 52.7 19.9 13.3 9 0.99 3.45 20 2.8 - 46.6 0.96 2.64 5.03
TRP 47 0.2 - 9.1 3.6 2.4 1 0.93 0.66 9 2.0 - 6.0 0.85 0.52 4.63

Dispensable amino acids
ALA 92 1.1 - 30.0 12.4 6.7 7 0.98 1.58 20 4.8 - 23.5 0.94 1.20 5.63
ASP 92 1.8 - 79.4 26.2 18.4 7 0.99 3.28 20 6.8 - 39.2 0.92 3.84 4.80
GLU 92 3.4 - 129.8 50.1 30.6 8 0.98 6.26 20 12.8 - 98.9 0.98 4.12 7.43
GLY 92 1.0 - 29.2 12.7 7.4 6 0.98 1.54 20 3.6 - 27.6 0.95 1.67 4.41
PRO 92 1.0 - 36.1 15.1 8.7 9 0.98 2.51 20 7.2 - 32.5 0.93 2.13 4.10
SER 92 0.9 - 38.3 12.9 8.2 8 0.99 1.28 20 4.7 - 23.5 0.97 1.16 7.04
TYR 92 0.5 - 26.5 9.1 5.9 4 0.97 1.23 20 3.4 - 16.5 0.97 0.76 7.82

N¼ the number of samples; RSQ¼ regression coefficient; SECV¼ standard error of cross validation; SEP¼ standard error of prediction; RPD¼ ratio of performance deviation;
CP ¼ crude protein; LYS ¼ lysine; MET ¼methionine; CYS ¼ cysteine; THR ¼ threonine; ILE ¼ isoleucine; LEU ¼ leucine; HIS ¼ histidine; PHE ¼ phenylalanine; VAL ¼ valine;
ARG ¼ arginine; TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid; GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.

Table 4
Summary statistics for calibration (CAL) and validation (VAL) of crude protein and amino acid composition (g/kg of dry matter) of pig feed mixtures.

Item CAL statistics VAL statistics

N CAL Range CAL Mean SD Factors RSQ CAL SECV N Val Range VAL RSQ VAL SEP RPD

CP 284 102.6 - 299.3 189.2 40 7 0.92 12.82 69 108.3 - 271.3 0.78 17.89 2.24
Indispensable amino acids
LYS 98 3.2 - 15.5 9.0 2.3 8 0.87 1.26 20 7.4 - 13.0 0.30 1.66 1.41
MET 100 1.2 - 4.5 2.8 0.7 9 0.88 0.42 20 1.6 - 3.9 0.16 0.84 0.78
CYS 100 2.1 - 4.7 3.1 0.6 5 0.83 0.29 20 2.3 - 4.2 0.75 0.27 2.10
THR 101 3.3 - 10.4 6.3 1.5 2 0.60 0.97 20 3.7 - 9.5 0.43 0.88 1.64
ILE 91 3.7 - 12.5 6.6 2.1 3 0.94 0.63 20 3.7 - 11.4 0.84 0.84 2.56
LEU 91 6.8 - 20.3 11.7 3.4 6 0.96 0.93 20 6.9 - 18.7 0.84 1.34 2.57
HIS 93 2.2 - 8.1 4.0 1.1 7 0.93 0.42 20 2.4 - 6.3 0.61 0.68 1.64
PHE 90 4.7 - 14.1 7.9 2.2 5 0.95 0.62 20 4.9 - 13.3 0.84 0.88 2.54
VAL 91 5.1 - 14.2 8.1 2.3 8 0.97 0.63 20 5.2 - 13.1 0.83 0.91 2.54
ARG 93 5.0 - 20.1 9.7 3.9 8 0.97 1.09 20 5.0 - 17.0 0.68 2.44 1.60
TRP 45 1.3 - 3.3 1.9 0.6 7 0.97 0.18 14 1.3 - 3.1 0.81 0.26 2.15

Dispensable amino acids
ALA 92 4.1 - 13.6 6.8 2.2 9 0.97 0.65 20 4.2 - 10.7 0.88 0.72 3.06
ASP 92 5.9 - 26.5 12.5 5.6 9 0.98 1.24 20 5.9 - 23.2 0.81 2.54 2.23
GLU 93 22.7 - 53.2 37.3 7.9 3 0.86 3.52 20 23.4 - 55.0 0.79 4.00 1.97
GLY 92 4.0 - 16.8 7.0 2.3 4 0.92 0.75 20 4.1 - 10.9 0.83 0.95 2.40
PRO 93 6.5 - 21.6 13.5 2.9 3 0.75 1.66 20 8.5 - 20.5 0.75 1.45 2.00
SER 93 4.4 - 14.7 7.9 2.3 5 0.91 0.87 20 4.6 - 13.1 0.77 1.04 2.21
TYR 74 3.1 - 10.4 5.3 1.8 8 0.98 0.50 18 3.2 - 9.2 0.68 1.01 1.76

N¼ the number of samples; RSQ¼ regression coefficient; SECV¼ standard error of cross validation; SEP¼ standard error of prediction; RPD¼ ratio of performance deviation;
CP ¼ crude protein; LYS ¼ lysine; MET ¼methionine; CYS ¼ cysteine; THR ¼ threonine; ILE ¼ isoleucine; LEU ¼ leucine; HIS ¼ histidine; PHE ¼ phenylalanine; VAL ¼ valine;
ARG ¼ arginine; TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid; GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.
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based on the same principles in term of hydrolysis, detection and
instrumentation as described by the European Commission (1998;
2009).

2.5. Determination of ileal and fecal digestibility of amino acids

The experiments for the determination of the ileal and fecal
digestibility of protein and amino acids have been performed over
time but comprise of 6 (40 to 50 kg) pigs per group, cannulated at
the end of the small intestine as described by Just at al (1985). In
brief, surgery was performed at 30 to 35 kg and a T-cannula was
1245
placed in the ileum approximately 150 mm anterior to the ileo-
caecal junction. The animals were fed 3 times daily at 07:00,
15:00 and 23:00 with 1.6 to 2.0 kg/d of diet adjusted to give the
same amount of net energy per day (Just et al., 1983). The feed was
thoroughlymixed with water before feeding. After a 7-d adaptation
period, feces were collected quantitatively on d 7 to 11 and ileal
digesta on d 12 to14. Ileal digestawere collected for a total period of
12 h, on d 12 from 09:00 to 11:00 and 13:00 to 15:00, on d 13 from
08:00 to 10:00 and 12:00 to 14:00 and on d 14 from 07:00 to 09:00
and 1l:00 to 13:00. Feces were collected twice daily, frozen and
stored at�20 �C. At the end of the experiment, the feces was mixed
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before sampling for analysis. The ileal digesta were collected on ice,
frozen immediately after collection, stored at e 20 �C and mixed
thoroughly before samples were taken for analysis. Three samples
of each diet, ileal digesta and feces samples were subjected to a
chemical analysis of crude protein and amino acids. Two samples of
each diet were analyzed for DM.

2.6. NIRS analysis

Feed samples were stored at �20 �C in airtight containers until
needed. To ensure therewas nomoisture build-up in the containers
that could ruin the samples upon defrosting, samples were dried at
60 �C in an air-forced oven for 48 h. Over 50% of the samples were
stored already ground (1 mm) and the remaining samples were
milled to a 1-mm particle size in an ultra-Centrifugal Mill ZM 200
(Retsch, Haan, Germany). Dried and ground feed samples were left
to equilibrate to ambient moisture levels at room temperature for a
minimum of 48 h prior to scanning. Ground samples were packed
into a sample cup with quartz window and scanned using a Foss
NIRS DS2500 feed analyzer (FOSS Analytical A/S, Silver Springs, MD,
USA). Each scan was the average of 32 scans from various positions
on the sample cup using the wavelength range from 400 to
2,500 nm with data recorded every 0.5 nm. Each sample was
scanned in duplicate from 2 separate samplings and the duplicate
spectra averaged.

2.7. Spectral pretreatment and calibration development

Calibrations for crude protein, amino acids and digestibility of
protein and amino acids were developed with WinISI version 4.9.0
(FOSS Analytical A/S, Hillerød, Denmark). Different spectral pre-
processing methods and model types (including non-linear) were
investigated (data not shown) and the methods that produced the
best models are described here. Sample spectra were mathemati-
cally preprocessed and the spectral range reduced prior to model
development. The spectra were preprocessed using the standard-
normal-variate (SNV) method along with detrending (D) (Barnes
et al., 1989) to minimize baseline offset and reduce scatter. A sec-
ond order derivative with a gap of 8 and 4 points of smoothing was
then applied (math treatment 2, 8, 4, 1). The spectral range was
reduced to remove spectra in the visible light region to include
wavelengths between 780 and 2,500 nm with data points every
0.5 nm resulting in 1,698 data points per scan. Calibration models
were built with the modified partial least squares method (mPLS).
No further outlier removal was used for digestibility models or the
total and supplemental ingredients datasets as these included a
very diverse range of samples and the outlier samples were iden-
tified in the prescreening procedure. For the cereals and feed
mixture, datasets models were improved with 1 round of outlier
removal a conservative critical T value of 3 as the cutoff (0 to 3
outliers removed per constituent). Cross-validation was performed
to determine the number of factors to include in the model and to
validate the models in the case of the digestibility models. Cross-
validation was performed by dividing the calibration samples that
were ranked on their values into groups of 8 and building succes-
sive models with 1 group left out. Each group is then evaluated
using the model developed on the other samples. The number of
factors to be included in the models were chosen to include as
much information as possible without overfitting by assessing
when the standard error of cross validation (SECV) reached its
lowest value. For amino acid content predictions, calibration
models were built using the total dataset as well as the 3 groups of
similar sample types i.e. cereal, supplemental ingredients and feed
mixtures. To assess whether using the entire quite dissimilar
sample types together could make a stronger model the equations
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developed with the total dataset was then evaluated with four
validation sets, total, cereal, supplemental ingredients and feed
mixtures. The models developed for the 3 groups (cereals, sup-
plemental ingredients and feed mixtures) were evaluated with
their corresponding validation set.

2.8. Equation evaluation

The regression coefficient (RSQ), standard error of calibration
(SEC), standard error of cross validation (SECV), standard error of
prediction corrected for bias (SEP) and ratio of performance devi-
ation (RPD) were used to evaluate calibration performance
(Sapienza et al., 2008; ISO, 2017). The RSQ describes the fit when
the reference values are plotted against the predicted values. The
higher the RSQ value the better the fit; 1 equals a perfect fit. Values
for RQS were determined for the calibration and the external
validation samples. The SECV shows how well the calibration
model predicts the reference values when some samples are
selectively removed. Lower SECV values indicate higher precision in
the models accuracy. The SEP evaluates the performance of the
model on a set of independent samples. This is the most important
indication of the precision of a calibration model to predict new
samples. The international standard (ISO 12099:2017) recommends
that there should be at least 20 samples in a validation set. The RPD
was calculated by dividing the standard deviation (SD) by the SEP.
The RPD gives an indication on whether the SEP values are low
enough in comparison to the variation seen in the population used
to make the model. Relative SEP was also calculated by dividing the
SEP by the mean of the lab values for the measured amino acid and
multiplying by 100. Coefficient of variation (CV) was calculated for
the lab values by dividing the SD by the mean and multiplying by
100. The CV is an independent measure of the variation that en-
ables the different amino acids with different means to be
compared.

3. Results and discussion

3.1. Sample variability for the total, cereal, supplemental ingredient
and mixtures data sets

The crude protein and amino acid compositions for all pig feed
samples are shown in Table 1, for cereals in Table 2, for supple-
mental ingredients in Table 3 and feed mixtures in Table 4. The
crude protein content in all the samples ranged from 27.7 to
708.2 g/kg of DM and for the individual groups; cereals 90.6 to
176.7 g/kg of DM, supplemental ingredients 27.7 to 708.2 g/kg of
DM and feed mixtures 102.6 to 299.3 g/kg of DM. Overall the values
for the 18 amino acids had the lowest range andmean values for the
cereal samples followed by the feedmixtures and the supplemental
ingredients had by far the largest range also the highest mean
values reflecting the diversity of samples in this group. The cereal
and feed mixtures groups also showed a high level of diversity
albeit less than the supplemental ingredients as they contained
broad variability in species and cultivar, harvest year and formu-
lation (for the mixtures) which is important for developing cali-
bration equations to predict future samples. Furthermore, the small
differences in range between the calibration and validation set
indicate that both sets are representative of the overall variation in
the samples making them suitable for NIRS calibrations.

3.2. Method development

To determine the best mathematical treatment and spectral
pretreatment to develop equations on the total, cereal, supple-
mental ingredient and feed mixture data sets, many different
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combinations were tested (not shown). The best combination of
SNV þ D with wavelength reduction to 780 to 2,500 nm and
mathematical treatment of 2, 8, 4, 1 was chosen as this produced
equations with overall the highest RSQ and lowest SECV and SEP
values. In addition to this, different model methods were tested.
The mPLS method produced the best performing models with this
data. Indeed, PLS regression methods are the most widely used for
NIR models for agro-food applications (Perez-Marin et al., 2007).
3.3. Calibration equations with the total samples

Calibration equations were developed using 607 samples of all
samples types, and the remainder were used to test the model in
the validation set. The statistics describing the calibration model
and validation of the total samples are shown in Table 1. Addi-
tionally, the equations developed from the total dataset were tested
with the separate validation sets used for the cereal, supplemental
feed ingredients and feed mixtures datasets to make a comparison
of the total model with the models of the separate groups (Table 5).
The equations for crude protein and 18 amino acids showed high
coefficients of determination for calibration (RSQ CAL 0.91 to 0.99)
and almost as good for validation (RSQVAL 0.87 to 0.97). It is normal
to find the RSQ values found by validation a little lower than those
obtained by calibration (Fearn, 2014). The SECV and SEP were low
and in good agreement with each other. The RSQ values for the total
validation set were much better than the cereal and feed mixtures
validation sets and similar to the supplemental ingredients
(Tables 1e4). This can be partly explained by the lower number of
samples in the individual group validation datasets. The compari-
son of the performance of the models developed on the total
dataset with the four different validation sets in Table 5 shows how
the validation set affects the perceived model performance. Rela-
tive SEP (SEP/mean � 100) puts the SEP in context with the mean
value of the amino acid being estimated, with larger SEP values
expected for higher measured values and makes it easier to
compare between studies that may have used different units to
report amino acid values. The relative SEP, shown for the
Table 5
Summary statistics for equations built on the all sample types with independent validatio
mixtures (g/kg of dry matter).

Item Total Cereals

N RSQ SEP N RSQ SEP

CP 150 0.95 16.87 59 0.85 7.71
Indispensable amino acids
LYS 94 0.96 1.05 55 0.62 0.52
MET 94 0.94 0.42 55 0.59 0.19
CYS 94 0.94 0.44 55 0.61 0.30
THR 94 0.96 0.68 55 0.72 0.29
ILE 94 0.97 0.71 55 0.76 0.36
LEU 94 0.95 1.42 55 0.56 1.03
HIS 94 0.97 0.44 55 0.71 0.24
PHE 94 0.96 0.85 55 0.86 0.42
VAL 95 0.94 1.13 55 0.72 0.47
ARG 94 0.97 1.57 55 0.63 0.91
TRP 37 0.87 0.45 15 0.42 0.24

Dispensable amino acids
ALA 94 0.96 0.84 55 0.75 0.40
ASP 94 0.97 1.69 55 0.82 0.60
GLU 94 0.96 3.30 55 0.91 1.94
GLY 94 0.96 0.96 55 0.68 0.43
PRO 94 0.92 1.36 55 0.90 0.98
SER 94 0.97 0.78 55 0.84 0.38
TYR 92 0.96 0.58 55 0.65 0.41

N ¼ the number of samples; RSQ ¼ regression coefficient; SEP ¼ standard error of pr
THR¼ threonine; ILE¼ isoleucine; LEU¼ leucine; HIS¼ histidine; PHE¼ phenylalanine; V
GLU ¼ glutamic acid; GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.
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indispensable amino acids in Fig. 1., ranges between 9.3 and 20.5%
with amean of 12.8%. Arginine andmethionine have higher relative
SEP of 15% and tryptophan has the highest of 20.5%. Overall the
relative SEP values are higher than those found in calibration
derived from single sample types; wheat or corn (3% to 6.7%)
(Fontaine et al., 2002), soybean/soybean meal (1.75% to 4.38%)
(Fontaine et al., 2001), brown rice flour (3% to 15%) (Zhang et al.,
2011), soybean (FOSS instrument, PLS model 2% to 16%)
(Kovalenko et al., 2006). However, our calibrations were made with
many different samples and the amino acids were not all analyzed
in the same laboratory which could have increased the variability in
the measurements and thereby the SEP. Our relative SEP, however,
compared favorably with the reproducibility of the method for
determining 16 amino acids in various chicken feed and cornwhich
varied in the range between 6.2% and 23.3% (ISO, 2005) but higher
than the reproducibility of 2% to 5% for amino acids of the reference
method reported by Fontaine et al. (2001). The RPD and the ratio of
the SD of the amino acid in the calibration population to the SEP,
were all high (>3) indicating that the models are adequate for
screening for improved selection and 14 amino acids (all excluding
cysteine, methionine, valine, proline and tryptophan) as well as
crude protein had values > 5 indicating the model is very precise
(Sapienza et al., 2008). Together, the results indicate the values
obtained by NIR calibrations are meaningful and useful for the total
dataset (Fearn, 2002).
3.4. Calibration equations with the cereal samples

Calibrations equations were developed using only the cereal
samples including varieties of oats, maize, wheat, barley, rice and
triticale (Table 2). The equations for crude protein and 18 amino
acids showed high coefficients of determination for calibration
(RSQ CAL 0.76 to 0.98) and low standard errors of cross validation
SECV and prediction SEP except for tryptophan. Tryptophan had a
lower RSQ CAL of 0.65 indicating a poorer fit of the predicted values.
The SECV and SEP of the amino acids were comparable to those
from NIRS prediction models for brown rice (Zhang et al., 2011) but
n samples representing the total samples, cereals, supplemental ingredients or feed

Supplemental ingredients Feed mixtures

N RSQ SEP N RSQ SEP

23 0.98 18.26 69 0.72 21.47

20 0.96 1.50 20 0.24 1.53
20 0.95 0.61 20 0.36 0.54
20 0.94 0.75 20 0.70 0.34
20 0.97 0.94 20 0.30 1.06
20 0.96 1.14 20 0.85 0.84
20 0.95 1.93 20 0.80 1.54
20 0.96 0.66 20 0.75 0.52
20 0.94 1.45 20 0.82 0.93
20 0.93 1.76 20 0.78 1.05
20 0.98 2.18 20 0.76 2.13
9 0.73 0.72 14 0.54 0.41

20 0.94 1.34 20 0.78 1.04
20 0.95 2.92 20 0.87 2.09
20 0.98 4.26 20 0.72 4.84
20 0.94 1.70 20 0.80 1.01
20 0.93 1.95 20 0.80 1.30
20 0.97 1.24 20 0.82 0.92
20 0.98 0.65 18 0.79 0.83

ediction; CP ¼ crude protein; LYS ¼ lysine; MET ¼ methionine; CYS ¼ cysteine;
AL¼ valine; ARG¼ arginine; TRP¼ tryptophan; ALA¼ alanine; ASP¼ aspartic acid;



Fig. 1. Relative standard error of prediction of Near-infrared spectroscopy (NIRS) predictions of crude protein and indispensable amino acids developed on the total dataset or the 3
subgroups, cereals, mixtures and supplemental feed ingredients. CV of reproducibility is the coefficient of variation (%) for between laboratory standard deviation from 36 to 46
single determinations of amino acids in broiler finisher feed reported in the method standard ISO 13903:2005 e Determination of amino acid content. Relative standard error of
prediction ¼ SEP/mean of lab values � 100.
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were higher than those reported for wheat, barley, corn, triticale,
wheat bran/middling, rice bran and sorghum (Fontaine et al.,
2002). Methionine, leucine and lysine had only moderate RSQVAL

values of 0.59, 0.69 and 0.67 respectively, and tryptophan was
poorly predicted in the independent samples (RSQVAL 0.52). How-
ever, the SECV and SEP values were low for all amino acids with
relative SEP ranging from 6.6% to 13.3% (Fig. 1). Relative SEP were
the lowest in the cereal group compared to all other groupings.
Interestingly models built using just the cereals, estimate with
roughly the same precision as models built on the whole range of
samples for most amino acids except for arginine, lysine and
tryptophan where the models build on just the cereal samples had
an advantage for predicting cereals over the total models (Tables 2
and 5). The reason for that is unknown but could be that a relatively
large proportion of indispensable amino acids, e.g., lysine, in cereals
are present in the outer part of the grain tissue, which may provide
specific spectral information that cannot be obtained in a general
model.

The RPD values were >2 for glutamic acid, glycine, isoleucine,
phenylalanine, proline, serine, threonine, tyrosine and crude pro-
tein indicating these models are good enough for adequate
screening. Overall, the RSQCAL and RSQVAL values were less than
those from the total models were and the RPD values were lower.
However, the SEP were also lower indicating that even though
there is less variability explained by the model, this model is more
precise. The models developed with the cereal samples for leucine,
lysine, tryptophan and methionine might not be accurate enough
for all purposes.
3.5. Calibration equations with the supplemental ingredient
samples

The supplemental ingredients group represents the most di-
versity of the subgroups and spans the range of measured values
seen in the total dataset. The supplemental ingredient samples, like
the total of the samples, produced equations for amino acids and
crude protein with very high correlation coefficients (RSQ 0.93 to
0.99) for calibration and for validation (RSQ 0.85 to 0.99) as shown
in Table 3. They had low standard errors, SECV and SEP and high
RPD values (>4) indicating these models can predict with high
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precision. The relative SEP values were also low and compared
favorably with those from the total dataset models (Fig. 1). When
the total and supplemental models were tested with the same
group of validation samples (n ¼ 20 supplemental ingredients), the
models built with the supplemental ingredients subgroup out-
performed the total group models with higher RSQ and lower SEP
for tryptophan, but did not perform as well as the total group
models for aspartic acid and were very similar for all other amino
acids and crude protein (Tables 3 and 5).
3.6. Calibration equations with the feed mixture samples

Calibration equations were developed for the diverse mixtures
of pig diets. The statistics for the calibrations developed on the diet
mixtures are shown in Table 4. The coefficients of determination for
calibration (RSQ CAL 0.75 to 0.98) were high for all amino acids and
crude protein except for threonine with an RSQ CAL of 0.6. The co-
efficient of determination for validation (RSQ VAL 0.16 to 0.88) was
lower than for calibration; however, the validation set only con-
tained 20 samples, which is the recommended minimum number.
The RSQVAL values for lysine and methionine were �0.3 whereas
arginine, histidine, threonine and tyrosine were <0.7 and their RPD
values were <2 indicating these models are not suitable for
screening purposes. Overall, models built using the mixtures were
the poorest performing of all the datasets. This is presumably
because pig diets are formulated to meet minimum amino acids
requirement of the indispensable amino acids and if the raw in-
gredients do not contain enough to meet the requirements, the
diets are supplemented with free amino acids. Spectra in the near
electromagnetic range measures the vibrations of molecular bonds
and their overtones due to the matrix that surrounds them.
Therefore, it could be expected that amino acids contained within
plant material and free amino acids would not create the same
spectral pattern. This could explain why it is more difficult to
develop accurate models from the mixture samples. It is also
possible that adding more samples and having a larger validation
set will result in better calibrations. Good models were produced
for predicting alanine, aspartic acid, cysteine, glutamic acid, glycine,
isoleucine, leucine, phenylalanine, proline, serine, tryptophan and
valine.
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Compared to the other sample groupings, the mixture models
also had the highest relative SEP from 8.7% to 30.0% (Fig. 1). In
addition, the values for SEP were not in good agreement with the
SECV for most amino acids (greater than 30% difference). This could
also be due to large variation in a small validation set. Relative SEP
calculated from the reported values in animal meals were generally
less than our study with 7% to 13% for 9 amino acids on 40 to 50
samples (Qiao and van Kempen, 2004), and 9% to 18% for 4 amino
acids on 50 samples (Gonzalez-Martin et al., 2006). The differences
between these studies and ours are perhaps that we have included
both conventional and experimental feed mixtures in the model,
increasing the variability. When comparing relative SEP (Fig. 1) and
RSQval (Tables 4 and 5), models developed using just the mixtures
samples outperformed the total models on the mixture validation
samples for alanine, cysteine, glutamic acid, leucine, threonine,
tryptophan, valine and crude protein but the total sample models
were more precise for arginine, aspartic acid, histidine, lysine,
proline, serine, tyrosine and especially methionine. This may be
because more accuracy was gained by having a larger range of
samples in the calibration development making it possible to
explain more variation in the mixtures.
3.7. Comparison with linear regression of crude protein

A cheap and quick method utilized by some feed mills to esti-
mate amino acid content of feed ingredients is to calculate them
from the protein values. Here we performed a linear regression
between crude protein and amino acids for the total calibration set.
Statistics for linear regression and the covariance (CV) calculated
for the calibration set are shown in Table 6. The composition of
protein is not similar over all the sample types as the CV for crude
protein and all the amino acids vary markedly from 39% to 94%.
Consequently, the RSQreg is lower than or equal to the RSQ from
NIRS total equations. The mean of the difference between the
measured values and the predicted values from the protein
regression equation and the NIRS total equation is shown in Fig. 2.
Table 6
Linear regression of amino acids to crude protein for samples used in the total
calibration (CAL).

Item Sample statistics Linear regression to CP

NCAL CV, % Intercept Slope RSQreg

ALA 387 64.38 �0.51 0.44 0.94
ARG 387 83.81 �4.03 0.08 0.91
ASP 387 93.94 �7.32 0.12 0.93
CYS 395 48.48 0.76 0.01 0.83
GLU 387 48.93 8.14 0.17 0.86
GLY 387 66.67 �0.89 0.05 0.95
HIS 387 67.50 �0.56 0.03 0.96
ILE 387 72.06 �1.57 0.05 0.97
LEU 387 63.64 �0.94 0.08 0.96
LYS 395 84.81 �3.08 0.06 0.87
MET 395 57.14 0.23 0.01 0.85
PHE 387 59.26 �0.11 0.05 0.96
PRO 387 38.52 6.85 0.04 0.56
SER 387 65.00 �0.83 0.05 0.97
THR 395 67.21 �0.93 0.04 0.96
TRP 163 72.73 �0.15 0.01 0.94
TYR 369 70.91 �0.81 0.04 0.95
VAL 387 61.18 �0.38 0.05 0.98
CP 607 47.68 e e e

CP ¼ crude protein; N ¼ the number of samples; CV ¼ (the SD of the measured
values/mean of measured values) � 100; RSQ ¼ regression coefficient;
ALA¼ alanine; ARG¼ arginine; ASP¼ aspartic acid; CYS¼ cysteine; GLU¼ glutamic
acid; GLY ¼ glycine; HIS ¼ histidine; ILE ¼ isoleucine; LEU ¼ leucine; LYS ¼ lysine;
MET ¼ methionine; PHE ¼ phenylalanine; PRO ¼ proline; SER ¼ serine;
THR ¼ threonine; TRP ¼ tryptophan; TYR ¼ tyrosine; VAL ¼ valine.
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The NIRS predictions are superior to protein regression for most
amino acids apart from tryptophan and had a similar accuracy in
cysteine, histidine, leucine, serine and valine. In other studies, NIRS
predictions have been found to be more accurate than protein
regression in various cereals (Fontaine et al., 2002) high protein
feedstuffs (Fontaine et al., 2001) and poultry diets (van Kempen and
Bodin, 1998). If the amino acids and crude protein are highly
correlated as it may be within specific groups, the relationship
could be predicted as well as NIRS but overall NIRS is a more ac-
curate method as it derives more information from the spectra than
protein alone can explain.

3.8. Prediction of amino acid digestibility

In a nutritional context, it is important to know the digestibility,
as the capacity of protein sources to meet the demand of animals is
determined not only by the absolute and relative quantities of di-
etary indispensable amino acids in feed but also the digestibility of
the protein in the gastrointestinal tract, and the bioavailability of
amino acids (FAO, 2013). Estimates from NIRS calibrations has been
used to predict the digestibility of poultry feed ingredients for some
amino acids, allowing for more precise formulations on different
batches (van Kempen et al., 1996; van Kempen and Simmins, 1997;
Hoehler et al., 2005) than is possible using crude protein as a proxy
(van Kempen and Simmins, 1997). A preliminary study with 20
barley samples demonstrated NIRS to be able to predict the di-
gestibility of lysine, methionine and cysteine in pigs (Pujol et al.,
2007) but the current study is the first to apply NIRS to predict
amino acid digestibility of different cereals, supplemental feed in-
gredients and mixed diets. In the nutrition of pigs, lysine, the
sulphur-containing amino acids and threonine are in most cases
the limiting amino acids and the prediction of these amino acids is
therefore more important than the prediction of the dispensable
amino acids. Summary statistics for the predicted apparent ileal
digestibility of crude protein and amino acids are shown in Table 7
for 151 samples which have been evaluated in experiments with
ileal cannulated pigs. The feedstuffs covered a large range of di-
gestibility, especially for the dispensable amino acids glutamic acid
and proline. The RSQ values are expected to be lower for the pre-
dictions of digestibility than the quantity of amino acids as the
digestibility not only measures the contribution from the feedstuff
but also the contribution from the variability in the pigs ability to
digest food. This is determined by the structure of the protein and
the presence of antinutritional factors as well as the influence of the
endogenous secretion. Despite this, the RSQ for the ileal di-
gestibility of most of the amino acids is in general high, with values
mostly >0.75 and with low SECV values (<5%). It is particularly
encouraging that the RSQ of lysine, methionine and threonine all
are higher than 0.83. The developed models can therefore be
considered good enough to give useable estimates on the ileal di-
gestibility and although the modeling have been performed on
apparent ileal digestibility data we expect the results to be trans-
ferable to standardized ileal digestibility (SID) of amino acids as the
conversion from apparent to SID values are done by factors (Stein
et al., 2007). The predictions for total tract digestibility (Table 8)
have similar ranges as of the apparent ileal digestibility but the RSQ
values are overall better for the total tract than the apparent ileal
digestibility parameters, however, the SECV are similar. The most
likely reason for that is that the total tract digestibility is a closer
reflection of the influence of the feed whereas with the ileal di-
gestibility the endogenous contribution would be larger. Moreover,
sampling of ileal digesta is more variable compared to sampling of
feces.

Tryptophan had lower RSQ values than the other amino acids for
both the ileal and total tract digestibility. Tryptophan had less than



Fig. 2. Mean of the difference in amino acids predicted by protein linear regression or by NIRS calibration model compared to the measured value for the total dataset. Mean
difference ¼ Mean of [jLabn e P-Regnj/Labn � 100] or Mean of [jLabn e NIRSnj/Labn � 100], where Labn is the measured value, P-Regn is the value predicted by protein regression
and NIRSn is the value predicted by the NIRS calibration.

Table 7
Summary statistics for prediction of the apparent ileal digestibility (percentage of
intake) of crude protein and amino acids in pig feedstuffs.

Item N Min Max Mean SD Factors SEC RSQ SECV

CP 144 34.9 93.7 73.4 7.2 6 3.12 0.81 4.03
Indispensable amino acids
LYS 102 62.4 97.7 84.0 7.9 8 2.60 0.89 3.67
MET 102 55.0 97.6 85.4 6.2 9 2.31 0.86 4.17
CYS 102 15.0 93.1 74.4 10.1 4 4.99 0.76 6.04
THR 102 47.4 90.4 72.9 8.3 7 3.41 0.83 4.68
ILE 94 64.1 94.2 80.2 5.7 4 2.73 0.77 3.25
LEU 94 67.0 96.7 82.5 5.8 7 2.13 0.86 2.90
HIS 94 64.3 97.1 83.5 5.2 6 2.04 0.85 2.67
PHE 94 54.2 96.1 83.1 6.6 5 2.68 0.83 3.22
VAL 94 61.4 94.7 78.4 6.3 9 2.21 0.88 3.64
ARG 94 70.6 96.3 87.7 5.5 9 2.03 0.86 3.42
TRP 38 66.5 94.7 81.8 7.0 2 3.98 0.68 4.93

Dispensable amino acids
ALA 94 50.7 91.4 72.4 7.0 7 3.47 0.76 4.79
ASP 94 58.9 93.2 74.8 7.4 4 3.72 0.75 4.39
GLU 94 62.9 95.6 87.6 5.4 5 2.20 0.83 3.07
GLY 94 23.5 85.2 64.7 11.1 5 6.09 0.70 7.68
PRO 94 6.5 96.6 79.3 13.1 8 4.90 0.86 8.54
SER 94 49.4 93.3 78.0 8.2 5 3.65 0.80 4.15
TYR 80 53.9 93.2 82.3 6.6 4 2.96 0.80 3.43

N ¼ the number of samples; SEC ¼ standard error of calibration; RSQ ¼ regression
coefficient; SECV ¼ standard error of cross validation; CP ¼ crude protein;
LYS¼ lysine; MET¼methionine; CYS¼ cysteine; THR¼ threonine; ILE¼ isoleucine;
LEU¼ leucine; HIS¼ histidine; PHE¼ phenylalanine; VAL¼ valine; ARG¼ arginine;
TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid;
GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.

Table 8
Summary statistics for prediction of total tract digestibility (percentage of intake) of
crude protein and amino acids in pig feedstuffs.

Item N Min Max Mean SD Factors SEC RSQ SECV

CP 151 35.5 96.3 80.8 8.0 10 2.38 0.91 3.68
Indispensable amino acids
LYS 72 24.3 97.8 79.0 11.8 8 3.16 0.93 5.36
MET 72 19.0 97.4 78.7 11.6 8 3.21 0.92 6.09
CYS 72 22.8 92.0 84.2 8.2 8 1.61 0.96 4.47
THR 72 37.3 96.1 78.3 9.8 7 3.23 0.89 4.95
ILE 64 37.5 95.9 80.4 10.0 7 2.47 0.94 3.77
LEU 64 47.0 97.5 83.7 8.4 6 2.23 0.93 3.48
HIS 64 54.5 98.0 87.8 6.8 7 1.69 0.94 3.09
PHE 64 40.6 98.1 84.2 8.7 8 1.68 0.96 2.76
VAL 64 42.4 96.8 81.4 9.0 7 2.33 0.93 3.56
ARG 64 56.4 96.6 88.0 6.5 8 1.61 0.94 2.71
TRP 23 66.2 94.5 85.3 7.2 4 2.48 0.88 6.20

Dispensable amino acids
ALA 64 34.2 93.6 74.5 11.0 5 3.58 0.89 5.02
ASP 64 46.1 95.6 78.5 10.8 4 3.73 0.88 4.19
GLU 64 44.0 97.4 90.7 7.0 8 1.11 0.97 3.96
GLY 64 34.0 92.2 78.8 9.5 7 2.60 0.92 4.53
PRO 64 60.5 98.6 90.9 5.7 7 1.25 0.95 2.06
SER 64 47.6 95.0 84.0 8.0 7 2.01 0.94 2.80
TYR 57 27.4 95.0 80.4 10.4 7 2.37 0.95 4.96

N ¼ the number of samples; SEC ¼ standard error of calibration; RSQ ¼ regression
coefficient; SECV ¼ standard error of cross validation; CP ¼ crude protein;
LYS¼ lysine; MET¼methionine; CYS¼ cysteine; THR¼ threonine; ILE¼ isoleucine;
LEU¼ leucine; HIS¼ histidine; PHE¼ phenylalanine; VAL¼ valine; ARG¼ arginine;
TRP ¼ tryptophan; ALA ¼ alanine; ASP ¼ aspartic acid; GLU ¼ glutamic acid;
GLY ¼ glycine; PRO ¼ proline; SER ¼ serine; TYR ¼ tyrosine.
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half the number of samples than the other amino acids as this
amino acid has to be analyzed separately (alkaline instead of acid
hydrolysis) (Mason et al., 1980) and therefore was not included in
all studies.
3.9. Sources of error

To develop accurate NIRS calibrations it is essential to have very
accurate referencemeasurements. Measurements done in the same
laboratory with a standardized protocol are therefore preferable.
This is also almost what has been the case in the current project but
as the samples have been collected and measured over a long
period of time small deviations due to improvements in methods
and instrumentations have occurred. It is also generally recom-
mended to scan the samples within a small timeframe relative to
1250
the measurements taken by wet chemistry. This was not the case in
the present study as some of the samples have been stored for a
very long time and the chemical analysis completed at the time of
the experiment, the earliest in 1975 whereas the NIRS scans were
all performed in 2018. The high accuracy of the developed cali-
bration equations, however, demonstrates that historical samples
can be successfully used. To check if the nutritional composition of
the stored samples had altered over timewe used crude protein as a
marker. The crude protein content was remeasured from 20
selected samples, stored from 22 to 43 years (Appendix Table 1).
The new crude protein measurements were very close to the
original measurement for 17 of the samples (5% difference or less)
whereas 3 samples had a larger discrepancy of 7% to 15% between
measurements. However, the new measurement was higher than
the original indicating that crude protein had not been lost during
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storage. Overall, however, it is our belief that the SEP, SECV and RSQ
values could have been improved even further if the NIRS scans
were undertaken at the same time as the chemical analysis.

4. Conclusions

Precise and accurate estimates of crude protein and amino acids
can be made on both raw ingredients and diet mixtures of plant-
based pig feeds with one calibration model. For some amino
acids, however, increased precision could be obtained by using
groups that are more specific but as these groups also contained a
mixture of sample types a fair comparison of specific versus general
could not be made. Overall, the models developed with the total
sample dataset provide greater robustness, i.e. able to be used on a
wider range of measured values and sample types, and good ac-
curacy.We also found that useable predictions of the digestibility of
amino acids could be made for both ileal and total digestibility,
which can be used to guide the formulation of pig feed to meet
nutrient requirements allowing for better production and less
environmental pollution.
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