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Introduction

Bioavailability of dietary AA is an important aspect 
for the determination of the nutritional quality of ani-
mal diets including those for dogs and cats. Amino acid 
bioavailability can be defined as the proportion of an 
ingested AA absorbed from the gastrointestinal tract in 
a form that can potentially be utilized by metabolism 
(Batterham, 1992). Although not directly measurable, 
dietary AA bioavailability includes not only digestibil-
ity of dietary AA but also the chemical form absorbed 
(Stein et al., 2007). Bioavailability of dietary AA should 
be estimated from digestibility measurements obtained 
at the ileal level corrected for endogenous AA losses, 

as the large intestine makes an insignificant contribu-
tion to overall AA supply but the microflora in the large 
intestine do metabolize dietary and endogenous AA 
(Hendriks et al., 2012). However, as ileal digestibility 
measurement in dogs is difficult in terms of ethics and 
economics, its routine measurement is not feasible.

Based on a typical estimated bioavailability of 
0.80, a constant value of 1.25 (1/0.8) is used by the 
NRC (2006) to convert minimal requirements based 
on bioavailable dietary nutrient levels to “allowances” 
or “minimal inclusion estimates” based on total di-
etary nutrient levels. This estimate of bioavailability 
is suggested to reflect observations that commercial 
pet foods rarely have apparent fecal CP digestibility 
values below 0.80 (Q. R. Rogers formerly employed 
at UC Davis, retired; personal communication). Two 
other authoritative associations in companion animal 
nutrition (AAFCO, 2011; FEDIAF, 2012) use different 
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estimates (1.0–2.25) to derive minimal CP and AA in-
clusion estimates from minimum nutrient requirement 
estimates of the NRC (1995, 2006). As already identified 
by Morris and Rogers (1994), bioavailability estimates 
for most nutrients (including CP and AA) as used by the 
NRC (2006), the Association of American Feed Control 
Officials (2011), and the European Pet Food Industry 
Federation (2012) are inadequately referenced, not citing 
scientific studies, and still lack scientific veracity.

This study aimed to generate estimates for the bio-
availability of dietary CP and AA for adult dogs using 
existing literature data and to evaluate the accuracy of 
estimates currently used in authoritative publications.

Materials and methods

Approach
Existing literature data were used to generate es-

timates for the bioavailability of CP and AA in diets 
for adult dogs. For this, one regression equation was 
developed to predict standardized ileal N digestibility 
based on fecal CP digestibility and one was developed 
to predict standardized ileal AA digestibility based 
on standardized ileal N digestibility. To gain insight 
into the precision of the bioavailability estimates for 
10 different hypothetical diets, confidence limits were 
calculated using a simulation procedure. The lower 
limits of the bioavailability estimates for these diets 
were compared with the safety estimates currently 
used by the NRC (2006), the Association of American 
Feed Control Officials (2011), and the European Pet 
Food Industry Federation (2012).

Data used to Derive Equations

A previously reported data set (Hendriks et al., 
2012) was supplemented with data from 5 studies 
(Zentek, 1995; Johnson et al., 1998; Gajda et al., 2005; 
Hendriks et al., 2013; Tjernsbekk et al., 2014) to con-
tain data on 158 canine diets used in fundamental nutri-
tional research, formulated to evaluate specific ingre-
dients or investigate specific technological treatments. 
The data set contained information on BW, food intake, 
dietary N content, and apparent fecal and apparent ileal 
digestibility of N. From 24 diets reported in 6 stud-
ies (Bednar et al., 2000; Clapper et al., 2001; Hendriks 
and Sritharan, 2002; Gajda et al., 2005; Hendriks et 
al., 2013; Tjernsbekk et al., 2014), apparent ileal di-
gestibility values of individual AA were also collect-
ed. Studies where diets were used composed of only 
1 protein source (e.g., soybean meal, meat meal) were 
excluded as these were considered to be not represen-
tative for commercial diet compositions.

Regression Equations to Predict  
CP and AA Bioavailability

Nitrogen intake (INN), apparent ileal outflow of N 
(aION), standardized ileal outflow of N (sION), and 
apparent fecal outflow of N (aFON) were calculated 
and expressed on a grams per (kilogram BW0.75 per 
day) basis. The aION was calculated as

aION = INN × (100 – aIDN)/100, 	 [1]

in which INN is the reported average intake of N in 
grams per (kilogram BW0.75 per day) and aIDN is the 
reported apparent ileal digestibility of N value for the 
diet in percent. The ileal outflows were corrected to stan-
dardized values using endogenous N excretions [g/(kg 
BW0.75∙d)] of dogs fed a protein-free diet as reported by 
Hendriks et al. (2002). Endogenous losses (expressed 
per unit DMI) were converted to kilograms BW0.75 per 
day using the actual feed intake and BW data of dogs 
for each diet. The relationship between sION and aFON 
was estimated using the linear regression model

sION = AN + BN × aFON + ε1, 	 [2]

in which AN is the intercept in grams per (kilogram 
BW0.75 per day), BN is the slope of the regression, and 
ε1 is the error term.

For each of the 158 diets, the standardized ileal 
digestibility (sID) of N (sIDN; %) was calculated as

sIDN = 100 × (INN – sION)/INN, 	 [3]

in which INN is the measured intake of N in grams per 
(kilogram BW0.75 per day) and sION is the calculated 
standardized ileal outflow of N in grams per (kilogram 
BW0.75 per day).

For each AA, the standardized ileal outflow and 
sID of AA (sIDAA) values were calculated for the 24 
diets using the same approach as for sIDN and sION. 
Ileal endogenous Cys excretion of dogs fed a protein-
free diet was assumed to be 239.4 μg/g DMI (Hendriks 
et al., 2013). The relationship between the sIDN and the 
sID of the sum of N of AA (sIDΣAAN) was determined 
by linear regression analysis where sIDΣAAN was cal-
culated using the dietary intake, apparent ileal digest-
ibility, endogenous losses, molecular weight, and molar 
percentage of N of individual AA. Aspartic acid and 
Glu were assumed to contain 1.5 mol N/mol AA, as it 
is unknown which fraction of these AA were present as 
Asn and Gln in the diets. For each of the AA and N of 
AA, the (mean) sID of the AA or N of AA (sIDAA; %) 
was assumed to be linearly related to sIDN (%):

sIDAA = AAA + BAA × sIDN + ε2, 	 [4]
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in which AAA is the intercept in percent, BAA is the 
slope of the regression line, and ε2 is the error term.

Crude Protein and AA Bioavailability  
Estimates of Hypothetical Diets

The above derived relationships were used to pre-
dict the sIDN and sIDAA of 10 hypothetical diets for 
adult dogs with a preset CP content (180, 240, 300, 
360 or 420 g/kg) and an apparent fecal digestibility of 
N (aFDN; 80 or 70%). In these calculations, all diets 
were assumed to contain 16.75 MJ ME/kg DM and 
consumed by an adult dog with a BW of 20 kg to meet 
energy requirements for maintenance (544 kJ ME/kg 
BW0.75∙d; NRC, 2006). Based on the dietary CP con-
tent, the daily energy intake, and the aFDN, values for 
INN and aFON were calculated. With relationship [2], 
the sION value was predicted, and using Eq. [3] and 
[4], the sIDAA values were predicted for 11 AA.

Precision of Predicted CP and AA  
Bioavailability Estimates of Hypothetical Diets

To gain insight in the precision of the bioavailability 
estimates based on the regression Eq. [2] and [4], 0.95 
confidence limits for the predicted value using a simula-
tion procedure were derived. Standard formulas cannot 
be used here because the predicted value for sIDAA is 
based on 2 consecutive regression formulas and a calcu-
lation of sIDN in between. For each of the 10 standard 
diets and each of 11 AA, the full prediction process was 
simulated 5,000 times, including obtaining the necessary 
data sets for sION and sIDAA. The whole procedure con-
sists of 3 steps, with, in total, 8 substeps. The first step is 
to simulate new data assuming we know the true models 
for Eq. [2] and [4], estimate the model parameters, and 
calculate a prediction. The second step is to simulate a 
“real” value for sIDAA, assuming the same true models. 
Step 3 is to calculate the difference between the 2 values, 
which is the (simulated) prediction error. Then, based on 
5,000 values, calculate the 95% range of prediction er-
rors for individual dogs. Note, in the description of the 
steps below, that, for each diet, aFON and INN are known.

Step 1.1: Obtain data on which estimates of AN 
and BN in Eq. [2] can be can based. These 
data are “obtained” by simulating a data set 
for sION of the same size (n = 158), using the 
same aFON values as in the real data set and 
assuming Eq. [2] as the true model with AN = 
–0.0345 and BN = 1.3967 and σ1 = 0.08632, 
the SD of ε1.

Step 1.2: From this data set, derive the estimates 


NA , NB , and 1ó̂  and predict sION (minimum 
0.01), given aFON for the specific diet.

Step 1.3: Calculate sIDN, using Eq. [3].
Step 1.4: Obtain data on which estimates of AAA 

and BAA in Eq. [4] can be based. These data are 
“obtained” by simulating a data set of 24 obser-
vations on sIDAA based on Eq. [4] with AAA, 
BAA, and the SD of ε2, σAA, given in Table 1 
for each AA. The first 24 simulated sIDN val-
ues of step 1.3 are used as sIDN values.

Step 1.5: From this data set, derive AAA , AAB  and 2ó̂  
and use these to predict sIDAA.

Step 2.1: Using the assumed true model of step 1.1, 
simulate the “true” value of sION (minimum 
value 0.01) with for ε1, a value from a normal 
distribution with mean of zero and SD σ1.

Step 2.2: Calculate the corresponding value of 
sIDN (maximum value 99) using Eq. [3].

Step 2.3: Calculate a simulated “true” value for 
sIDAA using Eq. [4] and AAA and BAA as in 
Table 1 with, for ε2, a value from a normal dis-
tribution with mean of zero and SD σ2 = σAA, 
as shown in Table 1.

Step 3: Derive the prediction error as the differ-
ence between simulated true value (step 2.3) 
and prediction (step 1.5) for sIDAA.

From the 5,000 simulated values, the error margin 
for the prediction as half of the difference between the 
0.975 percentile (125th but highest value) and 0.025 
percentile (the 125th but lowest value) was derived and 
these were used to calculate the 95% limits for the con-
fidence intervals for individual prediction. This method 
assumes symmetry in the prediction errors, so we tested 
for normality of these errors using 110 quantile-quantile 
plots (10 diets for each of 11 AA).

Table 1. Coefficients of the linear relationships1 between 
standardized ileal digestibility of individual essential and 
the sum of nonessential AA (∑NEAA) and the standard-
ized ileal digestibility of N (sIDN; %) in adult dogs
AA AAA BAA R2 σAA
Arg 35.86 0.658 0.912 1.846
Cys –84.73 1.800 0.934 4.425
His –14.35 1.140 0.664 7.335
Ile 11.82 0.882 0.925 2.275
Leu 13.29 0.868 0.919 2.329
Lys 5.10 0.964 0.883 3.177
Met 49.35 0.459 0.612 3.303
Phe 21.24 0.758 0.837 3.021
Thr –8.89 1.090 0.817 4.669
Tyr 12.42 0.849 0.679 5.271
Val 6.09 0.918 0.797 4.191
ΣNEAA2 2.04 0.967 0.953 1.977

1The standardized ileal digestibility of AA = the intercept in percent (AAA) 
+ the slope of the regression line (BAA) × sIDN. σAA = SD of error term.

2Ala + Asp + Glu + Gly + Pro + Ser.
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Results

The aFON data for 158 canine diets ranged from 
0.06 to 0.55 g/(kg BW0.75∙d) and the range for sION 
was from 0.01 to 0.84 g/(kg BW0.75∙d). The significant 
(P < 0.001) linear relation between the aFON and sION 
in adult dogs is shown in Fig. 1. The ranges of the 24 di-
ets for which the apparent ileal digestibility of AA were 
also reported ranged from 0.12 to 0.31 and from 0.11 to 
0.44 g/(kg BW0.75∙d), respectively. The aFON was gen-
erally lower than the corresponding sION and the differ-
ences between aFON and sION as well as the variability 
increased with increasing aFON (slope regression line 
1.397; P < 0.001). The intercept was significant at P < 
0.05 with the residual SD for sION being 0.0863.

The sIDN values of the 24 diets to correlate sIDN to 
sIDΣAAN ranged from 61 to 90% (Fig. 2). The sIDN was 
highly correlated with sIDΣAAN (R2 = 0.958) and the re-
gression line (P < 0.001) showed a strong concordance 
between both parameters (sIDN = –1.580 + 1.006  × 
sIDΣAAN). The linear regression parameters (AAA and 
BAA) and the R2 of the regression equations for each 
essential AA (EAA) and the sum of nonessential AA 
(NEAA) are presented in Table 1. A strong relationship 
(R2 > 0.90) was obtained for Arg, Cys, Ile, Leu, and the 
sum of NEAA (ΣNEAA), with Met, His, and Tyr hav-
ing coefficients of determination between 0.60 and 0.70.

The simulated sID of N, EAA, and NEAA for the 
10 diets varying in CP content and aFDN are present-
ed in Table 2. Standardized ileal N digestibility val-
ues were 4.7 to 10.3 percentage units lower than the 
set aFDN values used (80 or 70%) for the simulation. 
Arginine and Met had a higher sID than for the fecal set 
point (i.e., 80 and 70%), whereas other AA had lower 
values, with Cys having a sID of 22.7% for the diet 
with a 70% aFDN and 42% CP. Increasing dietary CP 

content resulted in minimal change of the estimates of 
sIDAA but decreased the range of the 95% confidence 
interval. Cysteine and His had the largest 95% confi-
dence intervals of all AA. Finally, it appeared that the 
prediction error values were very close to being nor-
mally distributed. The 110 normality tests, each using 
1,000 prediction errors, showed significant deviation 
from normality in only 10 cases. Even in these cases, 
the quantile-quantile plot showed near normality.

Discussion

The present study derived bioavailability estimates 
for CP and AA to convert minimum, physiological re-
quirements to practical allowance estimates of these 
nutrients in maintenance dog foods. Bioavailability es-
timates are used in nutrient requirement tables for dogs 
and cats to derive nutrient requirement estimates for 
foods manufactured using various heat treatments, less 
digestible ingredients, and extended periods of storage, 
that is, commercial diets. As the physiological minimum 
CP and AA requirement estimates of the NRC (1995, 
2006) have been determined using unprocessed diets 
formulated from highly digestible ingredients and ex-
pressed in (units of) bioavailable nutrients, these values 
can be considered to represent the minimum physiologi-
cal requirements. A correction factor, therefore, needs to 
account for the difference in bioavailability of nutrients 
between the highly digestible diets used to determine the 
physiological minimal requirements and the relatively 
lower digestibility of nutrients in commercial diets.

All studies from which the minimum AA require-
ment estimates for adult dogs have been derived (NRC, 
1995, 2006) have used AA mixtures. The use of an AA 
mixture or protein-free diet to determine endogenous 
ileal AA losses results in lower values compared with 
diets containing peptides or protein (Butts et al., 1992; 
Hendriks et al., 2002). Additional endogenous losses 

Figure 1. Relation between apparent fecal outflow of N (aFON) and 
standardized ileal outflow of N (sION) in adult dogs. Data points indicated 
with open circles (○; n = 134 diets) are derived from 30 studies reporting 
apparent ileal and fecal N digestibility values whereas data points with 
solid markers (●; n = 24 diets) are derived from 6 studies also reporting 
ileal AA digestibility values. 

Figure 2. Relationship between standardized ileal digestibility of 
N (sIDN) and the standardized ileal digestibility of the sum of N of AA 
(sIDΣAAN) in adult dogs (n = 24 diets). 
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not related to DMI, for example, protein, fiber, and nu-
tritionally active factors, are, therefore, not part of the 
minimum requirement estimates of the NRC (1995, 
2006) and should, as such, be taken into account as an 
integral component of a bioavailability factor. As such, 
aFON was related to sION and not to true ileal outflow 
of N or aION. The additional endogenous ileal losses 
due to various dietary factors as well as endogenous 
large intestinal losses in the approach used here are now 
represented in the relationship between aFON and sION. 
As the latter relationship is based on 158 values derived 
from diets varying in composition, ingredients used, 
type, and processing, specific endogenous losses gen-
erated by commercial diets are represented in this re-
lationship and contained within the variation observed.

Bioavailability of dietary AA should be measured 
at the terminal ileum as AA absorption occurs almost 
exclusively in the small intestine of dogs, with the large 
intestine making an insignificant contribution to over-
all AA supply. In the large intestine, however, signifi-
cant metabolism of dietary and endogenous AA occur, 
making measurement of total tract CP and AA digest-
ibility incorrect as an estimate of absorption (Hendriks 
et al., 2012). The large intestine of dogs is, compared 
with that of pigs and rats, relatively “underdeveloped” 
(Snipes and Kriete, 1991; Snipes, 1997) and one can 
argue that metabolism of N would be minimal. The 
latter, however, is not the case, and experimental evi-
dence shows significant microbial catabolism of undi-

gested and endogenous N components, utilization of N 
components for microbial growth, and absorption of 
NH3 from catabolized AA in the large intestine of dogs 
(Hendriks et al., 2012). The relationship between aFON 
and sION indicates that the net result of these processes 
is generally a disappearance of N in the large intestine 
and, hence, that the apparent fecal digestibility method 
significantly overestimates the digestibility at the ter-
minal ileum especially when INN is high (Fig. 1).

Based on the 24 diets for which ileal AA and N di-
gestibility data were available, the sIDN was shown to 
be nearly perfectly correlated to sIDΣAAN, indicating 
that at the terminal ileum, the digestibility of N is a high-
ly accurate estimate of the digestibility of the sum of N 
of AA. The digestibility of individual AA, however, can 
vary markedly. Some AA showed a strong (R2 > 0.90) 
linear relationship with sIDN, such as Arg, Cys, Ile, Leu, 
and ΣNEAA (Table 2). The latter relationships are based 
on a limited data set consisting of 24 diets ranging from 
commercial dry foods to experimental diets containing 
2 or more protein sources. In order to derive accurate 
bioavailability estimates, the relationship between sIDN 
and sID of individual AA should preferably be based 
on a larger data set of representative commercial ca-
nine foods of various types. Such a database, however, 
is not available and unlikely to become available in the 
future unless new, minimally invasive methodologies 
are developed that allow accurate measurement of AA 
and N digestibility at the terminal ileum of dogs. As 

Table 2. Simulated standardized ileal digestibility (sID; %) of N and essential and nonessential AA for 10 diets 
varying in CP content (g/kg) and apparent fecal digestibility of N (aFDN; %) fed to an adult dog1 of 20 kg BW. 
Values are estimate ± error margin for 95% prediction interval
 
 
 
 
 
 
Parameter

Diet2

1 2 3 4 5 6 7 8 9 10
aFDN

80 70
CP content

180 240 300 360 420 180 240 300 360 420
sID

N 75.3 ± 18.2 74.4 ± 13.7 73.8 ± 11.5 73.5 ± 9.9 73.2 ± 8.6 61.8 ± 18.3 60.9 ± 13.9 60.3 ± 11.5 60.0 ± 10.1 59.7 ± 9.1
Arg 85.7 ± 12.4 85.1 ± 9.8 84.7 ± 8.3 84.5 ± 7.1 84.3 ± 6.3 76.5 ± 12.7 75.9 ± 9.9 75.5 ± 8.4 75.3 ± 7.5 75.1 ± 6.7
Cys 51.6 ± 33.6 50.0 ± 26.4 49.0 ± 21.6 48.3 ± 18.7 47.8 ± 17.2 26.5 ± 34.4 24.8 ± 26.3 23.8 ± 22.2 23.2 ± 19.4 22.7 ± 17.6
His 72.0 ± 25.5 71.0 ± 21.5 70.3 ± 19.6 69.9 ± 18.1 69.6 ± 17.4 56.1 ± 26.0 55.0 ± 22.1 54.4 ± 19.5 54.0 ± 19.0 53.7 ± 18.3
Ile 78.7 ± 16.6 77.9 ± 13.0 77.4 ± 10.8 77.0 ± 9.4 76.8 ± 8.5 66.3 ± 16.9 65.5 ± 13.1 65.0 ± 11.1 64.7 ± 9.6 64.5 ± 8.9
Leu 79.0 ± 16.3 78.2 ± 12.8 77.7 ± 10.8 77.4 ± 9.5 77.2 ± 8.4 66.9 ± 16.7 66.1 ± 13.0 65.6 ± 10.7 65.3 ± 9.6 65.1 ± 8.7
Lys 78.1 ± 18.9 77.3 ± 14.5 76.7 ± 12.5 76.4 ± 10.8 76.1 ± 10.1 64.7 ± 19.1 63.8 ± 14.9 63.3 ± 12.7 62.9 ± 11.2 62.7 ± 10.7
Met 84.1 ± 10.7 83.7 ± 8.9 83.4 ± 8.3 83.3 ± 8.1 83.1 ± 7.5 77.7 ± 11.0 77.3 ± 9.3 77.0 ± 8.8 76.8 ± 8.2 76.7 ± 7.9
Phe 78.7 ± 15.2 78.0 ± 12.0 77.6 ± 10.4 77.3 ± 9.3 77.1 ± 8.5 68.1 ± 15.4 67.4 ± 12.4 67.0 ± 10.6 66.7 ± 9.6 66.5 ± 9.0
Thr 73.7 ± 21.7 72.7 ± 18.0 72.1 ± 15.1 71.7 ± 13.9 71.4 ± 12.7 58.5 ± 22.2 57.5 ± 18.1 56.9 ± 16.0 56.4 ± 14.3 56.2 ± 13.5
Tyr 76.7 ± 19.0 76.0 ± 15.7 75.5 ± 14.0 75.2 ± 13.3 75.0 ± 12.9 64.9 ± 19.0 64.1 ± 16.4 63.6 ± 14.6 63.3 ± 13.8 63.1 ± 13.4
Val 75.6 ± 18.6 74.8 ± 15.1 74.3 ± 13.2 73.9 ± 12.0 73.7 ± 11.1 62.8 ± 19.4 61.9 ± 15.4 61.4 ± 14.0 61.1 ± 12.6 60.9 ± 11.7

1Daily energy requirements estimated as 544 kJ ME/kg BW0.75 (130 kcal ME/kg BW0.75; NRC, 2006).
2Diets are assumed to contain 16.75 MJ ME/kg (4,000 kcal ME/kg).
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such, the approach taken here was to use studies report-
ing sID of individual AA where the protein originated 
from 2 or more sources as the protein in the majority of 
commercial pet foods originates from various ingredi-
ents. This approach can be critiqued just as the approach 
to include data from studies where pure starch and fat 
sources were used in combination with 1 protein source. 
The latter data can be considered to be not representative 
of commercial diets. Studies used to derive the relation-
ship included data from Hendriks and Sritharan (2002) 
and who reported the digestibility of 6 commercial ca-
nine dry foods, and Tjernsbekk et al. (2014), who also 
used, besides a protein source (lamb, poultry, or fish 
meal), wheat and corn. Bednar et al. (2000) used vari-
ous ingredients that contained protein including wheat, 
corn, wheat gluten meal, beef and bone meal, poultry 
byproduct meal, or poultry meal. Diets used by Clapper 
et al. (2001) contained chicken bone residue next to 
a protein source and Gajda et al. (2005) used various 
protein sources. Although 5 other studies were found to 
report apparent ileal CP and AA digestibility values in 
adult dogs, their data were not used in the present study. 
Zuo et al. (1996) did not report the DM content of the 
diets and Hill et al. (2001), Yamka et al. (2003, 2005), 
and Johnson et al. (1998) investigated the digestibility of 
diets containing only a single protein source.

A simulation model was developed, using the vari-
ous relationships derived, to estimate sID of N, EAA, 
and NEAA for 10 diets varying in CP content and ap-
parent aFDN for an adult dog of 20 kg BW. Mean values 
and the 95% confidence intervals are provided in Table 2. 
The aFDN of 80% was used as this is the lower level con-
sidered to be normal for canine maintenance diets by the 
European Pet Food Industry Federation (2012) and to al-
low direct comparison with values from the NRC (2006). 
The use of 80% as an average aFDN for commercial pet 
foods is supported by Hervera (2011) and Hendriks et 
al. (2013), who reported mean values for commercial 
dry foods close to 80% (82.4 and 81.9%, respectively). 
Kendall et al. (1982) reported mean values (n = 106) of 
83, 84, and 77% for wet, intermediate, and dry commer-
cial canine foods. Hall et al. (2013) reported standard-
ized total tract protein digestibility coefficients for 331 
dry and moist canine foods of 89.7 and 88.0%, respec-
tively. Expression to apparent digestibility values yields 
estimates that are approximately 6 percentage units low-
er. Although the apparent digestibility values reported 
by Hall et al. (2013) are approximately 83%, two-thirds 
of the foods were not commercially available and pre-
mium foods were overrepresented (D. E. Jewell, Hill’s 
Pet Nutrition, Topeka, Kansas, personal communication). 
Although a value of 70% appears to be low, Hervera 
(2011) reported an aFDN value in commercial dog foods 
of 71%. Table 2 shows that sIDN values decrease as the 

CP content of a diet increases. The latter is explained by 
the increased large intestinal N fermentation as seen in 
diets with a higher aFDN. Yamka et al. (2003) showed 
an increased large intestinal digestibility with increasing 
INN in dogs fed low-ash poultry meal as a protein source. 
As increased large intestinal fermentation occurs with in-
creasing INN, sIDN is lower at the same aFDN. The sID 
of Cys (sIDCys) was lowest of all AA with values as low 
as 22.7% obtained for diets containing 42% CP and a 
70% aFDN. The latter is largely due to the observed rela-
tionship between sIDN and sIDCys, which had the highest 
slope (1.800) of all AA. The data in Table 2 indicates that 
diets with a lower sIDN contain relatively more Cys, His, 
and Thr. There was no apparent relationship between in-
take of Cys and sIDCys, indicating that the lower digest-
ibility of Cys is not caused by endogenous Cys losses.

The bioavailability estimates for CP and AA used 
by the NRC (2006), the Association of American Feed 
Control Officials (2011), and the European Pet Food 
Industry Federation (2012) and the diets with an assumed 
aFDN of 80 and 70% are presented in Table 3. The NRC 
(2006) uses a standard correction factor of 1.25 (1/0.8) 
for CP and AA based on the observation that good qual-
ity commercial canine diets can be expected to have an 
apparent fecal N digestibility in excess of 80%. Hervera 
(2011), however, reported aFDN values of commercial 
canine diets as low as 71%. In addition to the inaccu-
racy of the apparent fecal digestibility assay, the fecal 
digestibility of individual AA is not equal to that of N 
for the majority of the AA. As such, when the lower con-
fidence limit of the sID estimates for the various diets 
in the present study are compared, it is clear that, over-
all, the values of the NRC (2006) are erroneous. The 
Association of American Feed Control Officials (2011) 
and the European Pet Food Industry Federation (2012) 
use different estimates depending on the AA without 
citing scientific studies consulted or clear argumenta-
tion to derive different estimates. The larger estimate 
of the European Pet Food Industry Federation and the 
Association of American Feed Control Officials for CP 
seems to be close to the value observed in the present 
study for the low digestible diets (70%). The Association 
of American Feed Control Officials estimates for Arg 
and Lys are higher and the estimates for His, Ile, Leu, 
Thr, and Val are lower than diets 1 through 10. For the 
European Pet Food Industry Federation, only the esti-
mate for Arg is higher; the others are either similar to 
the lowest estimate (Diet 1) or lower than the estimates 
calculated here. Inaccurate bioavailability estimates may 
lead to recommended nutrient concentrations that, when 
used in the formulation of commercial diets, will not en-
sure that minimum physiological requirements are met.

Two main factors can contribute to differences be-
tween bioavailability and sID of CP and AA, namely 
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the chemical form in which the AA is absorbed com-
pared with which it is measured and fermentation in 
the upper digestive tract (Stein et al., 2007). Assuming 
fermentation of dietary AA in the upper digestive tract 
of dogs is minimal, ileal digestibility equals bioavail-
able for the majority of AA. The exceptions are AA that 
are absorbed in a chemical form that are utilized to a 
different extent by metabolism compared with mea-
surement by the ileal digestibility assay. The classic ex-
ample is Lys, the most reactive AA to form early, and 
advanced Maillard reaction products, which, under the 
hydrolysis conditions with strong acid, reverts back to 
Lys. Estimates of the sID of Lys (sIDLys) in diets with 
significant amounts of Lys involved in the Maillard 
reaction, therefore, are inaccurate to provide bioavail-
ability estimates for Lys. Determination of sIDLys with 
a free ε-amino group (i.e., reactive Lys) circumvents 
this inaccuracy and provides a more reliable bioavail-
ability estimate (Stein et al., 2007). In commercial dog 
foods, several studies as reviewed by Van Rooijen et 
al. (2013) have shown a large difference between reac-
tive and total Lys content. In commercial cat foods, the 
standardized ileal reactive Lys content is significantly 
lower compared with standardized ileal total Lys con-
tent (Rutherfurd et al., 2007). Therefore, the bioavail-
ability estimates calculated for total Lys in the present 
study (1.52–1.69 for the 80% aFDN) are likely too low.

In addition to Lys, other AA may be absorbed in a 
form that is not fully utilized by metabolism, such as Met 
and Cys. The sID assay does not account for the various 
oxidation states of dietary Met and Cys as during chemi-
cal analysis, these AA are completely oxidized to me-
thionine sulfone and cysteic acid, respectively. Dietary 
methionine sulfone and cysteic acid are completely nutri-

tionally unavailable in rats, chickens, and turkeys where-
as cysteic acid can be used for taurine synthesis in several 
species including cats (Rutherfurd and Moughan, 2008). 
The various oxidation states of Met and Cys in dog foods 
are largely unknown as well as the utilization of oxidized 
Met and Cys by the dog’s metabolism.

Conclusions

The present study derived bioavailability estimates 
for CP and AA to convert minimum physiological require-
ments to practical allowance estimates for maintenance 
dog foods using literature data. The generated bioavail-
ability estimates show that estimates currently used by the 
NRC (2006) are too small. In general, the estimates used 
by the European Pet Food Industry Federation (2012) 
and the Association of American Feed Control Officials 
(2011) are too small as well, with the exception of N, Arg, 
and Lys. Additional research on the chemical form of spe-
cific AA (e.g., Lys, Met, and Cys) present in diets for dogs 
is required to provide more robust estimates.
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