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It has been demonstrated that the fiber content of oilseed meals and total amino acids (AA) in distillers’
grains products affects standardized ileal digestibility (SID) values from swine assays and that total
protein concentration affects the AA digestibility in assays using chickens. This analysis was conducted to
test the hypothesis that the total AA content of test samples affects the SID assay results. Databases
containing total AA profiles and SID values of 20 feedstuffs commonly fed to pigs from 2 sources,
AMINODat 5.0 (Evonik Industries, 2015) and the Nutrient Requirements of Swine, 12th edition (NRC,
2012) were used to compare AA concentration effects on standardized ileal digestibility coefficients.
Databases were compared with AA and SID available in both data sets. The total AA values were similar
for the 2 databases with an R? of 0.979 (P < 0.001). The linear relationship between digestibility co-
efficients from the 2 databases was highly significant, an R? of 0.810 (P < 0.001). Both databases had
increased SID values with increasing AA contents within and across feed ingredients. The SID = flAA
concentration) relationship was confirmed with an individual paper. Since SID, as typically measured, is a
function of both digestion and absorption, both processes following Michaelis—Menten Kkinetics,
SID = flAA concentration) may simply be a natural phenomenon. Other reasons for the relationship were
explored. Methods of estimating endogenous AA losses and misapplication statistical procedures may
contribute to variation in results and at least partially explain why SID = f{AA concentration).
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

ileal digestibility (TID) and SID are assumed to be independent of
AA concentration (Stein et al., 2007a). The digestibility of SID AA in

Standardized ileal digestibility (SID) has become the accepted
standard to measure amino acid (AA) digestibility (Stein et al.,
2007a; Levesque et al, 2010). In nutrition, apparent ileal di-
gestibility (AID) increases with dietary AA concentration while true
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feed ingredients is important to the swine industry, and many peer-
reviewed studies were conducted to find the SID of various feed
ingredients (Jacela et al., 2010; Li et al., 2015). The results from these
studies have been compiled into databases for nutritionists to use
when formulating diets on a digestible basis (Stein et al., 2007a;
NRC, 2012). Swine diets that are formulated on a digestible basis are
expected to increase nitrogen (N) absorption, thus decreasing
pollution and dietary costs (Lee et al., 2017). Standardized ileal di-
gestibility should be an indicator of what the animal can use for
maintenance and growth, so having reliable digestibility values for
feed ingredients is necessary to formulate cost-effective diets, and
maximize growth performance (Stein et al., 2007b).

True ileal digestibility (TID) reflects total AA disappearance from
the digestive tract to the distal ileum. True ileal digestibility cor-
rects for endogenous losses due to specific feed ingredient differ-
ences, as well as basal losses from the digestive tract. Specific
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endogenous losses can increase due to fiber or other antinutritional
factors. This can increase AA digestibility estimates of proline and
glycine disproportionately high (>100%) compared to other AA
(Nyachot et al., 1997). Since SID and TID are assumed to be parallel,
and SID is easier to measure, it is the preferred measure of AA
availability (Stein et al., 2007a; Urbaityte et al., 2009). The use of SID
is based on the assumption that AA digestibility is independent of
the concentration of AA in the finished feed (Stein et al., 2005).

To be additive, results from the SID technique should account
for basal endogenous losses that are not influenced by the type
of test material, but the SID assay is not designed to measure
such losses (Saucer and Ozimek, 1986; Stein et al., 2007b). The
fiber content of oilseed meals affects the SID of AA in swine
assays (Messad et al., 2016). Zeng et al. (2017) demonstrated that
the AA concentration of individual AA affects SID measurements
in some distillers' grains products. Therefore, there is evidence
that SID values may be affected by other constituents in the test
materials.

If the fiber in oilseed meals affect SID values for the oilseed
meals, they may be expected to affect the AA absorption from other
components when the oilseed meals are part of a mixed feed.
Similarly, the AA concentration in a mixed feed may affect AA ab-
sorption in a mixed feed. From databases of SID values for poultry
(called true amino acid availability [TAAA]), positive relationships
between SID and AA concentration have been found for both broiler
chick assay and caecectomized rooster assay databases (Tahir and
Pesti, 2012). True digestibility measurements may be a property
of the assay as well as the feed ingredient (Sibbald, 1987; Tahir and
Pesti, 2012).

The primary objective of this study was to test the hypothesis
that there is relationship between an ingredient's AA concentration
(or level) and SID values in databases for formulating swine feeds.
This was done by testing 3 databases, 2 compiled from various
studies (National Research Council [NRC], 2012; Evonik Industries,
2015), and 1 research report (Urbaityte et al., 2009). When a sig-
nificant effect of dietary AA concentration on SID values was
observed, the secondary objective became to explore reasons for
SID = flconcentration) relationship. Next, equations to calculate SID
from experimental data were compared.

Table 1
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2. Materials and methods

The databases examined were: The Nutrient Requirements of
Swine, 12th edition (NRC, 2012); and Evonik Industries’ AMINODat
5.0 (Evonik Industries, 2015). Twenty common feed ingredients
were chosen based on corresponding ingredients from both data-
bases (Table 1). Data were analyzed using PROC GLM of SAS (9.4)
(SAS Institute, 2008). The effects of database, ingredient, total AA
concentration in the ingredient (AA level) and their second and third
order interactions on SID values were tested. Only significant terms
at P < 0.05 were included in the final model. The data from Urbaityte
et al. (2009) were analyzed using PROC GLM of SAS (9.4) (SAS
Institute, 2008). The effects of ingredient, AA, and AA level and
their second and third order interactions on SID values were tested.
Only significant terms at P < 0.05 were included in the final model.
Simple linear regressions were calculated by ingredient and AA for
SID = f{AA level) for the NRC (2012) and Evonik Industries (2015)
databases using PROC GLM of SAS (9.4) (SAS Institute, Inc., 2008).
Linear and cubic regressions were calculated to determine the in-
fluence of dietary AA level on the distal ileal AA from the data of Fan
et al. (1995) using PROC GLM of SAS (9.4) (SAS Institute, 2008).
Average and least-squares means of AA contents were computed for
the data in Urbaityte et al. (2009) using PROC MEANS AND PROC
GLM of SAS (9.4) (SAS Institute, Inc., Cary, NC) using the model: data
a; input AAS Ingred$ SID AALevel; cards; Proc glm; class AA Ingred;
Model SID = AA Ingred AALevel AALevel*AALevel Ingred*AALevel;
Ismeans AA. The model was run a second time with AALe-
vel*AALevel eliminated, and a third time with 7 non-essential AA
eliminated.

The normal quantile (QQ) plot analysis was performed on the
data to test for normality. Breusch—Pagan Tests (Breusch and Pagan,
1979) were performed on the SID = f{Level) data for each AA to
check for heteroskedasticity of variances.

3. Results
The normal quantile (QQ) plot analysis determined the R? of the

data was 0.983, confirming the normality of the data. The
Breusch—Pagan Tests for SID = f{Level) for each AA had probabilities

A comparison of the arithmetic mean amino acid (AA) contents and digestibility coefficients of feedstuffs for swine in 2 commonly used databases (%).!

Ingredient Average AA content Average digestibility coefficient
NRC Evonik Difference NRC Evonik Difference

Barley 0.565 0.559 0.006 81.818 80.333 1.485
Canola meal 1.833 1.737 0.096 76.909 77.833 -0.924
Casein 5.060 3.892 1.168 97.182 94.556 2.626
Corn 0.437 0.412 0.024 84.091 82.333 1.758
Corn distillers' grain 1.399 1.408 —0.009 75455 75.444 0.010
Corn gluten meal 3.114 2431 0.684 90.636 89.778 0.859
Cottonseed meal 1.927 2.161 -0.234 78.727 75.111 3.616
Field peas 1.172 1.117 0.055 79.091 80.278 -1.187
Fish meal 3.171 2431 0.740 87.364 79.889 7.475
Full fat soybeans 1.884 1.930 —-0.046 83.273 81.056 2217
Hard wheat 0.722 0.513 0.209 88.727 88.611 0.116
Lupins 1.751 1.781 —0.029 86.455 84.278 2177
Meat and bone meal 2.588 2.344 0.244 77.909 73.278 4.631
Meat meal 2.791 2.679 0.112 70.545 77.111 —6.566
Sorghum 0.502 0.509 —0.007 77.000 76.667 0.333
Soy protein concentrate 3.592 2.531 1.061 91.455 90.222 1.232
Soybean meal (44%) 2394 1.865 0.529 89.909 87.389 2.520
Soybean meal (48%) 2.580 2.003 0.577 89.909 88.722 1.187
Sunflower meal 1.592 1.672 —0.081 82.818 83.389 -0.571
Wheat distillers’ grain 1.826 1.522 0.303 76.182 75.333 0.848
Average 2.045 1.775 0.270 83.273 82.081 1.192

! The original data were compiled from AMINODat 5.0 (Evonik Industries (EI), 2015) and The Nutrient Requirements of Swine (2012) edition (NRC).
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Fig. 1. Relationship between amino acid levels in National Research Council (2012) and Evonik AMINODat 5.0 (2015) databases.

between 0.2494 (Gly) and 0.9741 (Arg), confirming the null hy-
pothesis that the regressions do not exhibit heteroskedasticity.
The average AA concentration in the NRC (2012) and Evonik
Industries (2015) databases differed by 0.27% and the average SID
values differed by 1.19% (Table 1, Figs. 1 and 2). Significant con-
tributors to variation in AA SID values were database, ingredient,
AA, and AA concentration (as indicated by the significant AA con-
centration by database interaction; Table 2, Figs. 3 and 4). Other

100

interactions were between ingredient and database and AA and
concentration. Significant contributors to the variation in SID in the
data of Urbaityte (2009) were the AA, ingredient and AA concen-
tration (Table 3); There was also a significant (P < 0.05) second
order effect of AA concentration on AA SID, and an ingredient by AA
concentration interaction. The slopes relating SID values to total AA
in the feed ingredients were all positive with 8 of 20 so at P < 0.05.
The probability of all 20 slopes being positive if there were no effect
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Fig. 2. Relationship between amino acid standardized ileal digestibilities (SID) in the National Research Council (2012) and Evonik AMINODat 5.0 (2015) databases.
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Analysis of variance for the effects of database (NRC, 2012) versus Evonik AMINODat 5.0, ingredient, amino acid (AA) and AA level (g/kg) on the standardized ileal digestibility

(SID) by piglets.

Source DF Sum of squares Mean square F-value P>F
Model 381 36,952 96.989 26.04 <0.0001
Error 198 737.41 3.7243

Corrected total 579 37,690

R? Coeff Var Root MSE SID mean

0.980435 2.338285 1.9298 82.532

Source DF Type Il SS Mean square F-value P>F
DB 1 213.99 213.99 57.46 <0.0001
Ingredient 19 12,143 639.14 171.61 <0.0001
AA 17 5476.3 322.13 86.49 <0.0001
AA level 1 2.7537 2.7537 0.74 0.3909
Ingredient x DB 19 692.49 36.446 9.79 <0.0001
AA level x DB 1 26.277 26.277 7.06 0.0085
AA x ingredient 323 7578.1 23.461 6.3 <0.0001

DF = degrees of freedom; Coeff Var = coefficient of variation; MSE = mean square error.

(half positive and half negative) of AA concentration on SID is
(0.5)%, or 9.54 x 10~°. Seventeen of the 18 AA had positive slopes,
with 13 of 18 being significant at P < 0.05 (Table 4, examples in
Figs. 3 and 4).

Of the 16 AA concentrations studied by Fan et al. (1995), 15 had
positive linear slopes. Only 3 of 16 cubic coefficients had proba-
bilities greater than P = 0.10, demonstrating that the linear co-
efficients are overestimating endogenous losses by 0.486% (Table 5,
Fig. 5).

The method of mean calculation (arithmetic versus least-
squares) and model for least-squares means calculation (liner
versus quadratic) changed the results (Table 6). Differences be-
tween arithmetic and least-squares means ranged from —30.06 for
glutamic acid to +12.15 for tryptophan (Table 6). When 8 AA were
removed from the model, the least-squares means for the

105

remainder were different from when all the AA were included
(from +5.87% for leucine to —3.16% for tryptophan, Table 7).

4. Discussion
4.1. Demonstration that SID = f(AA concentration)

The databases studied are ideal for testing the hypothesis that
SID values are influenced by the AA concentration in the test feed.
They represent both a compilation of SID values from various peer-
reviewed studies, chosen by an expert committee (NRC, 2012), and
SID values based on internal research by a commercial company
supplemented with values from peer-reviewed literature (Evonik
Industries, 2015). The nutrient values used in both databases are
a compilation of feed ingredients from various sources around

100

95

90

85

80

75

Standardized lleal Digestibility (%)

70

65

60

y =7.1357 x AA gy, + 80.889
R? = 0.4214

Amino Acid Level (%)

1.5 2 2.5 3

Fig. 3. Relationship between methionine standard ileal digestibilities (SID) and methionine level in 20 common feed ingredients in the National Research Council (2012) and Evonik
AMINODat 5.0 (2015) databases. The probability that the slope is different from zero by chance is less than 0.001.
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Fig. 4. Relationship between amino acid standard ileal digestibilities (SID) and their levels in field peas in the National Research Council (2012) and Evonik AMINODat 5.0 (2015)
databases. The probability that the slope is different from zero by chance is less than 0.001.

North America and the world, respectively. The databases studied
do represent very similar ingredients and the overall AA compo-
sition and SID values are very similar (Table 1 and Figs. 1 and 2). By
comparing results of the database compilations to individual
research studies, the possibility of observed effects being an artifact
of compilation was eliminated.

The probabilities for the effects of AA concentration on AA SID
values leave little doubt that SID values are partially dependent on
AA concentration between ingredients (Tables 2 and 3) and the null
hypothesis: that there is no relationship between AA concentration
on SID with increasing AA concentration should be rejected
(P < 0.001). The effects of ingredients are quantitatively different
between the 2 databases (Ingredient x DB, P < 0.001, Table 2), and
responses to AA are quantitatively different for various ingredients
(AA x Ingredient, P < 0.001, Table 2). And the effects of AA con-
centration are quantitatively different for the 2 databases
(AA x Ingredient, P < 0.001, Table 2). The quantitative effects of AA
concentration are different for the 2 databases (AA Concentration x

DB, P < 0.001, Table 2) but still highly significant. The results of the
individual research trial confirm SID = f(AA Concentration)
although in that trial the linear (P < 0.001) and quadratic (P < 0.03)
coefficients were both significant (Table 3). The assumption that SID
is independent of level is ruled out by the probabilities for the ef-
fects of Level x Database in Table 2 (P < 0.01) and the probabilities
for AA level (P < 0.001) in Table 3. Since these probabilities are from
different sources, they may be multiplied to show that the overall
probability of finding the observed effects 3 times is P < 0.001.
Standard ileal digestibility and AA concentration are highly
related. That there is a relationship does not prove causation, yet
relationship is the first step to identify potential issues that need to
be investigated and studied further. The relationship is persistent
and cannot yet be corrected for by considering protein source, feed
ingredient, or database. A meta-analysis by Zeng et al. (2017)
showed that there was a relationship between AA content and
SID; This study was limited to various kinds of distillers dried grains
(DDGS). Zeng et al. (2017) showed a negative relationship between

Table 3

Analysis of variance for the data of Urbaityte et al. (2009) for the amino acid (AA) standardized ileal digestibility (SID) of feed samples.
Source DF Sum of squares Mean square F-value P>F
Model 28 5682.1 202.93 13.48 <0.0001
Error 73 1099.0 15.055
Corrected total 101 6781.1
R? Coeff Var Root MSE SID Mean
0.837931 4.7642 3.8800 81.441
Source DF Type Il SS Mean Square F-value P>F
AA 16 23999 149.99 9.96 <0.0001
Ingredient 5 860.95 172.19 11.44 <0.0001
AA level 1 992.05 992.05 65.9 <0.0001
AA level x AA level 1 75.068 75.068 499 0.0286
AA level x ingredient 5 212.59 42.518 2.82 0.0219

DF = degrees of freedom; Coeff Var = coefficient of variation; MSE = mean square error.
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Table 4

Estimates of the slopes of digestible amino acids (AA) as functions of the concertation of AA in feed ingredients common to 2 data sets.!
Ingredient Slope P>F R? AA Slope P>F R?
Barley 3.1714 0.038 0.149 Ala 2.368 0.039 0.216
Canola meal 1.369 0.135 0.081 Arg 1.927 0.002 0.219
Casein 0312 0.079 0.110 Asp 1.582 0.125 0.126
Corn 5.501 0.047 0.138 Cys 4.706 0.506 0.012
Corn distillers' grain 2.353 0.113 0.092 Glu 0.736 0.019 0.271
Corn gluten meal 0.845 0.011 0.215 Gly —0.205 0.965 0.003
Cottonseed meal 2.462 0.002 0.301 His 6.705 <0.001 0.281
Field peas 4471 0.001 0319 lle 3.952 <0.001 0.320
Fish meal 0.206 0.782 0.003 Leu 1.697 <0.001 0.366
Full fat soybeans 0.397 0.616 0.009 Lys 4,037 <0.001 0.364
Hard wheat 0.870 0.024 0.176 Met 6.940 <0.001 0.413
Lupins 1.406 0.007 0.243 Phe 3.195 <0.001 0373
Meat and bone meal 1.293 0.123 0.086 Pro 0.575 <0.539 0.021
Meat meal 1.520 0.082 0.108 Ser 0.084 0.084 0.157
Sorghum 5.425 0.006 0.245 Thr 4.269 <0.001 0.259
Soy protein concentrate 0.336 0.280 0.043 Trp 17.192 <0.001 0.370
Soybean meal (44%) 0.169 0.700 0.006 Tyr 4371 0.003 0.389
Soybean meal (48%) 0.199 0.615 0.009 Val 3.167 0.001 0.239
Sunflower meal 0.165 0.132 0.082
Wheat distillers’ grain 1.788 0.071 0.116
Average 1.729 3.752

! The original data were compiled from AMINODat 5.0 (Evonik Industries, 2015) and The Nutrient Requirements of Swine (2012) edition (NRC).

NDF and AA digestibility. A similar meta-analysis by Messad et al.
(2016) showed a similar relationship between NDF and AA SID in

oilseed meals.

4.2. Potential reasons for SID = f(AA concentration)

4.2.1. Kinetics of digestion and absorption

This study shows that the AA SID assay results with swine are

similar to those results with poultry (Tahir and Pesti, 2012). Is this
relationship then a natural phenomenon or an artifact of the as-
says? Due to the complex nature of “digestibility”, there may be no
one simple answer. Indeed, “digestibility” as commonly used in
“digestibility” assays is really the product of digestion and ab-
sorption. Thus, anything that has an effect on either will impact
results of SID assays. Digestion, in its classical definition, refers to an
enzyme catalyzed process subject to Michaelis—Menten kinetics
(Michaelis and Menten, 1913). The velocity of digestion reactions is
expected to be low at low substrate concentrations and increase to
a plateau. This has been demonstrated for methionine in chickens

(Knight and Dibner, 1984). Thus the kinetics of digestion appear
similar to the kinetics of AID = f{AA intake), but they are a totally
different phenomenon and unrelated to any assay method: They
are not subject to endogenous losses in any way, for example. For
proteins not completely digested or at low concentrations, the re-
actions may simply be incomplete by the time they reach the distal
ileum, accounting for low SID values. Amino acid absorption in the
ileum is also subject to Michaelis—Menten kinetics, with low rates
at low concentrations and rates reaching a plateau (Fig. 6).

4.2.2. Overestimation of endogenous losses

There are different ways to directly measure endogenous losses.
The most common are feeding reference pigs a protein-free diet,
feeding a highly digestible, perhaps enzyme hydrolyzed, protein
source that is assumed to be 100% digested and feeding several
protein/amino levels and extrapolating to zero. Protein-free diets
are fed for a period of time, usually between 3 and 6 days, and any
AA that are collected are thought to be from the gut and not the
diet since there is no protein added to the diet (Gowalock et al.,

Table 5
Comparison of intercepts from linear and cubic models of ileal amino acids (AA) from Fan et al. (1995).
AA Linear model Delta Cubic model
Estimate + SEM R? Prob. linear Estimate + SEM R? Prob. cubic

Ala 0.560 + 0.065 0.965 0.005 0310 0.250 + 0.110 0.997 0.057
Arg 0.670 + 0.099 0.270 0.287 0.607 0.063 + 0.174 0.924 0.054
Asp 0.914 + 0.223 0.938 0.002 0.574 0.340 + 0.279 0.996 0.048
Cys 0.279 + 0.073 0.810 0.014 0.372 —0.093 + 0.240 0.951 0.147
Glu 0.547 + 0.619 0.852 0.009 0.607 —0.060 + 0.753 0.993 0.075
Gly 1.175 + 0.199 0.723 0.032 1.258 —0.083 + 0.188 0.998 0.004
His 0.232 + 0.071 0.695 0.039 0.235 —0.003 + 0.197 0.922 0.181
Ile 0.409 + 0.050 0.961 <0.001 0316 0.093 + 0.100 0.995 0.069
Leu 0.660 + 0.090 0.958 <0.001 0.563 0.097 + 0.051 1.000 0.004
Lys 0.422 + 0.113 0.902 0.004 0.545 -0.123 + 0.037 1.000 0.002
Met 0.109 + 0.043 0.839 0.01 —0.002 0.111 + 0.164 0.923 0.600
Phe 0.373 + 0.074 0.898 0.004 0.396 —0.023 + 0.087 0.995 0.026
Ser 0.716 + 0.130 0.870 0.007 0.626 0.090 + 0.168 0.993 0.033
Thr 0.685 + 0.065 0.966 <0.000 0.392 0.293 + 0.049 0.999 0.010
Trp 0.570 + 0.052 0.969 0.011 0.600 —0.030 + 0.138 0.974 0.085
Val 0.570 + 0.052 0.969 <0.000 0377 0.193 + 0.063 0.998 0.034
Mean 0.556 0.486 0.070

SEM = standard error of each mean; Delta = difference between linear and cubic.
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Fig. 5. Example relationship between ileal basal amino acids (IBAA) and crude protein level of the diet, from the data of Fan et al. (1995). The red line represents the best fit linear

response model, and the blue line represents the best fit cubic response model.

2016; Kong and Adeola, 2014). Protein-free diets are not ideal for
measuring endogenous losses: Reference animals are in a protein-
deficient state compared to test animals eating a diet adequate in
protein (Low, 1980). When endogenous losses are found using a
protein-free diet, animals are in negative protein balance and may
not secrete the same digestive juices as those fed protein (Urbaityte
et al., 2009; Maughan and Rutherfurd, 2012). Alternatively, refer-
ence animals are sometimes fed an enzyme hydrolyzed diet based
on a highly digestible feed ingredient like casein. When comparing
these 2 methods, enzyme hydrolyzed reference diets have
consistently led to higher digestibility coefficients than a protein-

Table 6

free reference diet (Yin et al, 2008). The protein-free diet
method is the most widely accepted method for determining SID,
for swine, despite the well-known shortcomings (Kong and Adeola,
2014). Also, the protein-free method may overestimate Pro and Gly
and underestimate all other AA (Urbaityte et al., 2009). Feeding a
diet with highly digestible nitrogen sources, like casein, wheat
gluten, and crystalline AA may alter the endogenous losses to
better mimic the effect of a typical diet (Jansman et al., 2002;
Pedersen and Boisen, 2002). The ingredients in this type diet may
not be as highly digestible as assumed. Therefore, this would
overestimate endogenous losses (Nyachot et al., 1997). It has been

Comparison of arithmetic and least-squares means of standardized ileal digestibility (SID) data of Urbaityte et al. (2009).!

Amino acids ANOVA model Difference from arithmetic mean
Arithmetic mean Linear LSMeans? Quadratic LSMeans> Linear LSMeans? Quadratic LSMeans>
Ala 81.83 84.23 83.85 2.39 2.02
Arg 88.33 86.82 86.38 —-1.52 -1.95
Asp 79.50 68.86 69.14 -10.64 -10.36
Cys 66.33 78.34 78.04 12.00 11.71
Glu 85.67 55.61 58.46 —30.06 -27.21
Gly 81.17 84.00 83.46 2.84 2.30
His 85.17 93.76 93.39 8.60 8.22
lle 82.50 85.94 85.34 3.44 2.84
Leu 83.83 78.98 78.19 —4.85 -5.64
Lys 81.50 78.96 78.95 —2.54 -2.55
Met 87.17 96.95 96.75 9.78 9.58
Phe 80.17 83.16 82.32 2.99 2.15
Pro 83.50 82.98 81.31 -0.52 -2.19
Ser 80.67 84.06 83.26 3.39 2.59
Thr 76.83 81.55 81.13 472 430
Trp 79.00 91.15 91.09 12.15 12.09
Val 81.33 83.58 82.95 2.25 1.61

T Means are of each of 17 AA across 6 ingredients that were tested.
2 Model SID = AA, ingredient, AA level, AA level x AA level, AA level x ingredient.
3 Model SID = AA, ingredient, AA level, AA level x ingredient.
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Table 7
Comparison of arithmetic and least-squares means (LSMeans) of standardized ileal
digestibility (SID) data of Urbaityte et al. (2009).!

Difference from  Difference
arithmetic mean

Amino acids Arithmetic mean LSMeans?

10AA  17AA 10AA 17AA 10AA 17AA 10to 17 AA
Leu 83.83  83.83 73.11 7898 10.72  4.85 5.87
Ile 82,50 8250  82.03 85.94 047 3.44 -2.97
Lys 8150 81.50 77.03 78.96 4.47 2.54 1.93
Met 8717 87.17 9831 9695 -11.14 -9.78 -1.36
Phe 80.17  80.17 78.04 83.16 2.13 -299 5.12
Pro 8350 83,50 78.86 82.98 4.64 0.52 4.12
Ser 80.67  80.67 79.23 84.06 1.44 -339 4383
Thr 76.83 76.83 79.04 8155 -221 -472 251
Trp 79.00 79.00 9431 91.15 -1531 -12.15 -3.16
Val 8133 8133 79.23 83.58 2.1 —-225 435
Ala 81.83 84.23 —-24
Arg 88.33 86.82 1.51
Asp 79.50 68.84 10.66
Cys 66.33 78.34 -12.01
Glu 85.67 55.61 30.06
Gly 81.17 84.00 -2.83
His 85.17 93.76 -8.59

! Means are from including either 9 or all 17 AA across 6 ingredients that were
tested.
2 Model SID = AA, ingredient, AA level, AA level x ingredient.

suggested that endogenous losses determined by a protein-free
diet or regression method can underestimate endogenous losses
(Sauer and Ozimek, 1986).

Three papers are commonly cited for demonstrating the rela-
tionship (or lack thereof) between dietary protein concentration
and endogenous AA losses, Fan et al. (1995), Eklund et al. (2008a)
and Eklund et al. (2008b). Fan et al. (1995) estimated the concen-
trations of endogenous AA: “Intercepts of the linear regression
equations provide the estimated levels of amino acids of endoge-
nous origin. The principle for estimating these levels is illustrated in
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Fig. 7. Relationships of true, standardized, apparent amino acid (AA) digestibilities and
dietary intake after Stein et al. (2005). The red line represents the best fit standardized
digestibility response model, and the blue line represents the best fit apparent di-
gestibility response model.

Figure 1.” The y axis in Fig. 1 of Fan et al. (1995) contains data for the
apparent ileal digestible Met, not the ileal AA. It is the ileal AA that
should be regressed on dietary AA concentrations to estimate
endogenous AA losses (the intercept). Similarly, the x axis in their
Figure 2 is mislabeled. Their further calculations that they claim to
justify Fig. 7 (Fig. 3 of Fan et al., 1995) are therefore not justified. If
the reported data of dietary AA concentrations and apparent ileal
digestibility in Tables 1 and 2 of Fan et al. (1995) are used to find
ileal AA by difference, then the relationship between ileal AA and
dietary AA are found to have cubic, not linear, relationships for all
the AA except Met, Cys and His (P < 0.10) (Table 5, Fig. 5). Since the
ileal AA = fldietary AA) is not linear, using the intercepts to esti-
mate endogenous AA is not justified (Table 5).
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Fig. 6. Relationship between the velocity of intestinal methionine uptake and methionine concentration. Redrawn from Knight and Dibner's Figure 3 (1984). Vax is the maximum
velocity of intestinal uptake (v), Ky is the Michaelis constant, and [S] is the concentration of the substrate methionine.
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4.2.3. Statistical misinterpretation of raw data

Although commonly cited for demonstrating the relationship
(or lack thereof) between dietary protein concentration and
endogenous AA losses, the results of the studies of Eklund et al.
(2008a,b) are impossible to interpret. The data on responses from
different concentrations of AA is presented as least-squares means.
Least-squares means are never appropriate for regression data. The
presented “means” are already adjusted for some model and
readers neither know what that model might be nor any justifica-
tion to apply least-square means to “continuous”, that is not clas-
sification, regression data.

The effects of using least-squares in lieu of arithmetic means can
be illustrated using the data of Urbaityte et al. (2009). The seem-
ingly simple question, “What is the average AA SID for the in-
gredients assayed?” has quite different answers depending on
whether arithmetic means or least-squares means are calculated
(Table 6) and how many AA are included in the model (Table 7).
When only half of the AA were included in the analysis, the least-
squares means of AA remaining in the analysis were changed!
Least-squares means can clearly be misleading, especially when the
reader does not appreciate all influences on their values (Fig. 8).
Depending on the model used, there can be no obvious relationship
between arithmetic and least-squares means. Least-squares means
use should clearly be limited to classification data, never for re-
gressions, and then the model used to weight the least-squares
means should be clearly stated. When regression data is calcu-
lated using least-squares means the reader can have no idea what
the summary data really represents. Least-squares means should
only be included in formulation models when the implications of
how they were calculated is understood and accounted for.

4.2.4. Misinterpretation of raw data
The purpose of determining SID values is to improve the effi-
ciency of blending ingredients for feed formulation. When SID
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values are consistently found to be nonsensical, it raises the ques-
tion of the validity of using SID values at all.

The NRC (2012) report lists SID of 113%, 102%, and 105% for
proline in 48% CP SBM, soy protein concentrate and hard wheat,
respectively. Standardized ileal digestibility estimates above 100%
can only result if the AA in the distal ileum of test pigs (IAAeng) are
lower than those in the reference pigs (Table 7; basal [AAenq, used to
determine basal endogenous losses).

SID = [AAintake — (IAAend — basal I1AAend)]/AAintake

Therefore, it is clear that whatever physiological activities in-
gredients might have to increase SID values above 100%. They may
only be due to the ability to slow gut passage rates in test pigs
versus reference pigs, not their proline or glycine compositions;
and not for any excretions that the ingredient stimulates that would
be expected to lower AA levels in the test pigs.

Speculation of how assays could result in SID values above 100%
have centered around the physiological activities of the feed in-
gredients (de Lange et al., 1989; Low, 1982; NRC, 2012; Nyachot
et al,, 1997; Stein et al., 2007b). Feed ingredients that increase
mucin production can increase the amount of proline and glycine in
the gut (Nyachot et al., 1997). Increasing mucin production would
increase the specific endogenous contributions, which is not taken
into account when calculating SID (Fig. 9, Stein et al., 2007b). A
contributor to proline and glycine digestibility exceeding 100%
(NRC, 2012) could also be binding in the gut, taking the AA past the
distal ileum without absorption. Pectin (or other gel-forming com-
pounds) present in feed ingredients may bind with bile constituents
and not allow for AA reabsorption (de Lange et al., 1989). Bile is high
in Pro and Gly (Low, 1982). If that were the case, they would also be
expected to increase the error in SID of all other AA in bile.

It is impossible for there to be less than zero concentrations of
AA in the digesta of pigs, or perhaps it would be easier to under-
stand that it is impossible for more AA to disappear than were fed.
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Fig. 8. The (lack of) relationship between arithmetic and least-squares means for average amino acid standardized ileal digestibility values in the study of Urbaityte et al. (2009).
The terms Linear and Quadratic in this figure refer to the regression models used to determine the least-squares means in Table 6. The black line represents the best fit linear

response model, and the blue line represents the best fit quadratic response model.
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Feed Distal lleum
AA, AID
AABEO
b AAgo
AAp,
e

il AA = Amino Acid
AID = Apparent
lleal Digestibility
SID = Standardized
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TID = True
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= Endogenous Origin
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~AAp, Endogenous Origin
DO = Dietary Origin
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Fig. 9. Graphic depiction of feed ileal digestibility measurements using the nomenclature proposed in Table 7.

Therefore, the estimates of the basal AA used were not appropriate.
Any AA SID values for an ingredient with any SID values greater
than 100% are excessive and simply not valid by definition. Stan-
dard ileal digestibility values are determined as a component of a
single ingredient by definition. If values in excess of 100% are
observed because of synergism between ingredients, then the
definition does not apply to the results. If the SID value of proline in
SBM really is 113%, then the assay itself provides evidence that all
estimates of AA digestibility may be high by as much as 13% and
there is no way to know which other ones are, or are not, off by 13%.

Table 8

4.3. Experimental design and purpose

It should also be noted that the purpose and design of many
studies like the one of Urbaityte et al. (2009) were not to determine
SID values for application to practical feed formulation. Such ex-
periments were only designed to compare feed ingredients and find
differences at some specified level of probability. Least squares
means are reported indicating that adjustments have been made for
individual pigs and time period, as whenever Latin Square Designs
are used. For feed formulation it would be more interesting to know

Comparison of terminology used by the Committee on Terminology (Stein et al., 2007), Urbaityte et al. (2009) and definitions of apparent ileal digestibility (AID) and stan-

dardized ileal digestibility (SID) for amino acids (AA).

Item Diet marker Ileal nutrients or outflow Feed nutrients Ileal marker Endogenous AA Diet induced
endogenous AA
Nomenclature of committee Muiet Ileal AA outflow AA intake Maigesta Basal 1AAcnd Specific
on terminology endogenous AA
AAdigesta AAintake Total IAAend
Nomenclature of urbaityte Ip Ar Ap AAp Ip IAALg
Proposed standard nomenclature Ip AAp; AAp Ip AAggo AAsgo
Example calculations 0.10 0.40 4.00 0.05 0.30 0.10

Equation from definition

Example calculation

Equation from urbaityte

Example calculation

Committee on terminology
Application (Eq. 1)

Example calculation

Committee on Terminology (Eq. 2)
Example calculation

Standardized ileal digestibility
Equation from definition

Example calculation

Equation from Urbaityte

Example calculation

Committee on Terminology
Application SID directly (Eq. 6)
Example calculation

Committee on Terminology AID (Eq. 7)
Example calculation

AID = [AAp — (Ip/lr) x AApi]/AAp

SID = AID + AAgo
87.50 = 3.20 + 0.30

SID = AID + [(IAALg/AAp) x 100]
87.50 = 80.00 + [(0.30/4.00) x 100]

87.50 = 80.00 -+ [(0.30/4.00) x 100]

80.00 — [4.00 — (0.10/0.05) x 0.400]/4.00

AID = 100 — {[(ID x Ag)/(AD x Ig)] x 100}

80.00 = 100 — {[(0.10 x 0.40)/(4.00 x 0.05)] x 100}

AID = [(AAintake — AAdigesta)/AAintake] x 100

AID = {[AAintake — (Mdiet/Mdigesta) X AAdigesta]/AAintake} x 100
80.00 = {[4.00 — (0.10/0.05) x 0.40]/4.00} x 100

AID = [1 — (AAdigesta/AAdiet) X (Mdiet/Mdigesta)] x 100

80.00 — [1 — (0.40/4.00) x (0.10/0.05)] x 100

SID = {AAintake — [[AAena — (basal IAAena/AAintake)] x 100} x basal IAAend
SID = {AAintake — [[AAend x (Mdiet/Mdigesta) — basal IAAcna]}/AAintake x 100
87.50 — {4.00 — [0.40 x (0.30/0.10) — 0.05]}/4.00 x 100

SID = AID + [(basal IAAena/AAintake) x 100]

[ = indicator, D = diet; DI = distal ileum; EO = endogenous origin; BEO = basal endogenous origin; SEO = specific endogenouse origin; IAA¢ng = the amino acids in the distal

ileum.

Rows 2 to 5 contain the abbreviations used by the original authors, e.g. the Committee on Terminology used Mgier to stand for the diet marker, etc.
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the actual means and confidence intervals for the various AA or
crude protein SID. The various measurements in such studies are
taken over time and with a few pigs each subjected to the same
treatments. It is usually reported that there is variation in the results
that may have resulted in differences over time and between pigs,
but the actual variation is rarely reported. The least-squares means
reported do not reflect the mean with variation from different pigs
and time. For feed formulation it would be very helpful to know the
magnitude of genetic (pig) variation and how much variation can be
expected to have resulted from time (environmental) changes that
the pigs were subjected to. Further, knowing the average SID
without expected variation is not helpful for formulation since only
50% of diets formulated based on averages would contain the
minimal requirement as specified in industry standard linear-
programming least-cost feed formulation models.

4.4. Further research

Taken together, the results presented here and those of Messad
et al. (2016) and Zeng et al. (2017) raise serious questions about the
additivity of digestible AA values. Messad et al. (2016) demon-
strated that the fiber in oilseed meals affects the digestibility of AA
in the oilseed meals. Zeng et al. (2017) showed that fiber affects AA
digestibility in DDGS as well. Should the fiber in soybean meal, for
instance, not then also affect the AA digestibility of AA in the maize
in a mixed soy-maize diet? Should not then the fiber and AA con-
centration in the mixed diet be the critical variables that need to be
studied? Further studies, with improved designs and appropriate
mathematical and statistical interpretations, could develop the
expected AA SID from constituents of the ingredients and con-
centration fed in mixed diets.

Because of inconsistencies we have observed in the scientific
literature, even within the same papers, we suggest the future use
of the terminology proposed in Table 8 and illustrated in Fig. 9. It
could facilitate understanding between readers and writers.

5. Conclusions

Feed ingredients with higher AA contents have higher SID. The
reasons SID = f(AA concentration) are complex since SID measures
the product of protein digestion and AA absorption. Protein
digestion is subject to Michaelis—Menten enzyme Kkinetics so
SID = f(AA concentration) may be expected, especially for proteins
not completely digested at the distal ileum. Other factors influ-
encing SID measurement techniques include the following: 1)
difficulties of measuring endogenous losses, especially over-
estimation; 2) presenting least-squares means that are subject to
the statistical model chosen in lieu of arithmetic means; 3)
defining basal endogenous losses as unrelated to feed AA con-
centrations, but then mathematically adjusting basal endogenous
losses for feed intake. There are good reasons to standardize assays
for comparing bioavailability, that does not eliminate drawbacks
from the method decided on. One aspect of current SID AA assays
that needs further development is how to apply results deter-
mined with different AA concentrations to the concentrations
found in practical feeds.

Author contributions

D.J. Bloxham: Conceptualization, Methodology, Formal analysis,
Validation, Investigation, Writing — Original Draft. M. Azain: Re-
sources Supervision, Writing — Review & Editing. G. M. Pesti:
Conceptualization, Methodology, Formal analysis, Validation,
Investigation, Writing — Review & Editing. S.-B. Wu: Writing —
Review & Editing.

29

Animal Nutrition 13 (2023) 19—30
Declaration of competing interest

We declare that we have no financial and personal relation-
ships with other people or organizations that can inappropriately
influence our work, and there is no professional or other personal
interest of any nature or kind in any product, service and/or
company that could be construed as influencing the content of
this paper.

References

Breusch TS, Pagan AR. A simple test for heteroskedasticity and random coefficient
variation. Econometrica 1979;47:1287—94. https://doi.org/10.2307/1911963.
de Lange CFM, Sauer WC, Mosenthion R, Souffrant WB. The effect of feeding
different protein- free diets on the recovery and amino acid composition of the
endogenous protein collection from the distal ileum and feces in pigs. ] Anim

Sci 1989;67:746—54.

Eklund M, Mosenthin R, Piepho HP, Rademacher M. Estimates of basal ileal
endogenous losses of amino acids by regression analysis and determination of
standardised ileal amino acid digestibilities from casein in newly weaned pigs.
J Sci Food Agric 2008a;88:641-51.

Eklund M, Mosenthin R, Piepho HP, Rademacher M. Effect of dietary crude protein
level on basal ileal endogenous losses and standardized ileal digestibilities of
crude protein and amino acids in newly weaned pigs. ] Anim Phys Anim Nutr
2008b;92:578—-90.

Fan MZ, Sauer WC, McBurney MI. Estimation by regression analysis of endogenous
amino acid levels in digesta collected from the distal ileum of pigs. ] Anim Sci
1995;73:2319-28.

Gowalock DW, Mahan DC, Samuel RS. Evaluating dietary adjustment and collection
times for total tract digestibility of Ca, P, and the essential microminerals with
grower swine. ] Anim Sci 2016;94:3264—70.

Industries Evonik. AMINODat® 5.0 Evonik Industries AG essen Germany. https://
animal-nutrition.evonik.com/zh/services/animal-nutrition/aminodat; 2015.
Jacela Y, Frobose HL, DeRouchey JM, Tokach MD, Dritz SS, Goodband RD, Nelssen L.
Amino acid digestibility and energy concentration of high-protein corn dried
distillers grains and high-protein sorghum dried distillers grains with solubles

for swine. ] Anim Sci 2010;88:3617—23.

Jansman AJM, Smink W, van Leeuwen P, Rademacher M. Evaluation through liter-
ature data of the amount and amino acid composition of basal endogenous
crude protein at the terminal ileum of pigs. Anim Feed Sci Technol 2002;98:
49-60.

Knight CD, Dibner JJ. Comparative absorption of 2-hydroxy-4-(methylthio)-buta-
noic acid and I-methionine in the broiler chick. ] Nutr 1984;114:2179—86.
Kong C, Adeola O. Evaluation of amino acid and energy utilization in feedstuff for

swine and poultry diets. Asian Aust ] Anim Sci 2014;27:917-25.

Lee SA, Jo H, Kong C, Kim BG. Use of digestible rather than total amino acid in diet
formulation increases nitrogen retention and reduces nitrogen excretion from
pigs. Livest Sci 2017;197:8—11.

Levesque CL, Soenke M, Pencharz PB, Ball RO. Review of advances in metabolic in
metabolic bioavailability of amino acid. Livest Sci 2010. https://doi.org/10.1016/
jlivsci.2010.06.013.

Li P, Wu F, Chen YF, Wang JP, Gou PP, Li ZC, Liu L, Lai C. Determination of the energy
content and amino acid digestibility of double-low rapeseed cakes fed to
growing pigs. Anim Feed Sci Technol 2015. https://doi.org/10.1016/
j-anifeedsci.2015.10.012.

Low AG. Nutrient absorption in pigs. ] Sci Food Agric 1980;31:1087—300.

Low AG. Endogenous nitrogen evaluation from absorption studies. In: Physiology
digestive chez le pore. Jouy-en-Josas: Les Colloques de I'INRA; 1982. p. 12—189.

Messad F, Letourneu-Montminy MP, Charbonneau E, Sauvant D, Guay F. Meta-
analysis of the amino acid digestibility of oilseed meal in growing pigs. Animal
2016;10:1635—44.

Michaelis L, Menten ML. Die Kinetik der Invertinwirkung. Biochem Z 1913;49:
333-69.

Moughan PJ, Rutherfurd SM. Gut luminal endogenous protein: implications for the
determination of ileal amino acid digestibility in humans. Br J Nutr 2012.
https://doi.org/10.1017/S0007114512002474.

National Research Council. Nutrient requirements of swine. 10th ed. Washington:
National Academy Press; 2012.

Nyachot CM, de Lange CFM, McBride BW, Schulze H. Significance of endogenous gut
losses in the nutrition of growing pigs: a review. Can J Anim Sci 1997;77:
149-63.

Pedersen C, Boisen S. Establishment of tabulated values for standardized ileal di-
gestibility of crude protein and essential amino acids in common feedstuffs for
pigs. Acta Agric Scand 2002;52:121—40.

SAS Institute. SAS user's guide: statistics. Version 9. 4th ed. Cary NC: SAS Institute
Inc.; 2008.

Saucer W, Ozimek L. Digestibility of AA in swine: results and their practical ap-
plications. A review. Livest Prod Sci 1986;67:367—88.

Sibbal IR. Estimation of bioavailable amino acids in feedingstuffs for poultry and
pigs: a review with emphasis on balance experiments. Can ] Anim Sci 1987;67:
221-300.



D.J. Bloxham, M. Azain, G.M. Pesti et al.

Stein HH, Pederson C, Wirt AR, Bohlke RA. Additivity of values for apparent and
standardized ileal digestibility of amino acids in mixed diets fed to growing
pigs. ] Amin Sci 2005;83:2387—95.

Stein H, Seve B, Fuller MF, Moughan PJ, de Lange CFM. Invited review: amino acid
bioavailability and digestibility in pig feed ingredients: terminology and
application. ] Anim Sci 2007a;85:172—80.

Stein HH, Fuller MF, Moughan P, Seve B, Mosenthin R, Jansman JM, Fernandez JA, de
Lange CFM. Definition of apparent, true, and standardized ileal digestibility of
amino acids in pigs. Livest Sci 2007b;109:282—5.

Tahir M, Pesti GM. A comparison of digestible amino acid databases: relationship be-
tween amino acid concentration and digestibility. ] Appl Poult Res 2012;21:1-12.

30

Animal Nutrition 13 (2023) 19—30

Urbaityte R, Mosenthin R, Eklun M. The concept of the standardized ileal amino
digestibilities: principles and application in feed ingredients for piglets. Asian
Aust ] Anim Sci 2009;22:1209—-23.

Yin L, Li TJ, Huang RL, Liu ZQ, Kong XF, Chu WY, Tan B, Deng D, Yi FG. Evaluating the
standardized ileal digestibility of amino acids in growing pigs. Anim Sci Technol
2008;140:385—-401.

Zeng ZK, Shurson GC, Urriola PE. Prediction of the concentration of standardized
ileal digestible amino acids and safety margins among sources of distillers dried
grains with solubles for growing pigs: a meta-analysis approach. Anim Feed Sci
Technol 2017;231:150—-9.



