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a b s t r a c t

The objective of this study was to develop equations for estimating ileal digestible crude protein (CP) and
metabolizable energy (ME) contents of meat meal (MM) and meat and bone meal (MBM) as feed in-
gredients for pigs based on in vitro assays. Test ingredients were 4 sources of MM and 3 sources of MBM.
Ash and CP contents of the ingredients ranged from 3.8% to 33.1% and 46.8% to 82.9% (as-is basis),
respectively. In vitro ileal disappearance (IVID) of CP was determined and ileal digestible CP content was
calculated by multiplying CP content by IVID of CP. In vitro total tract disappearance (IVTTD) of dry
matter (DM) was determined and ME was calculated using gross energy, CP contents, and IVTTD of DM.
The IVID of CP and IVTTD of DM ranged from 77.2% to 88.7% and from 82.7% to 92.4%, respectively.
Calculated ileal digestible CP and ME contents ranged from 37.8% to 73.5% DM and 2,405 to 3,905 kcal/kg
DM, respectively. Ash contents were negatively correlated (P < 0.001) with CP (r ¼ �0.99), in vitro ileal
digestible CP (r ¼ �0.97), gross energy (r ¼ �1.00), in vitro digestible energy (r ¼ �0.97), and adjusted
ME (r ¼ �0.97). The most fitting equations for ileal digestible CP and adjusted ME were: ileal digestible
CP (% DM) ¼ 11.91 � 0.90 � Ash (% DM) þ 0.74 � IVID of CP (%) (R2 ¼ 0.99) and adjusted ME (kcal/kg
DM) ¼ 130.85 � 50.90 � ash (% DM) þ 47.06 � IVTTD of DM (%) (R2 ¼ 0.99). To validate the accuracy of
the prediction equations for ME, mean bias and linear bias were determined using a regression analysis.
Calculated ME values of MM and MBM were in a good agreement with data obtained from animal ex-
periments based on a statistically insignificant bias in the models. In conclusion, ME concentrations of
MM and MBM as swine feed ingredients can be calculated using ash concentration and in vitro disap-
pearance of dry matter.

© 2021, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
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

Animal offal is defined as rendered products from mammal
tissues with or without bone, exclusive of blood, hair, hoof, horn,
hide trimmings, manure, stomach, and rumen contents (AAFCO,
2016). As rendered products including meat meal (MM) and meat
and bone meal (MBM) contain high energy and crude protein (CP)
iation of Animal Science and
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concentrations, these ingredients can be used as energy and protein
sources in swine diets (Hendriks et al., 2002). In addition, the
indispensable amino acid proportions in MM and MBM are very
similar to the requirements of pigs (NRC, 2012).

An accurate nutritional evaluation for swine diets is important
to maximize growth performance and to minimize nitrogen
excretion and feed costs (Kil et al., 2013; Lee et al., 2017; Son et al.,
2019). Nutritional values of MM andMBM reported in the literature
are highly variable likely due to different processing methods and
sources of raw material (Adedokun and Adeola, 2005; Olukosi and
Adeola, 2009; Wang and Parsons, 1998). For this reason, prediction
equations for estimatingmetabolizable energy (ME) of MBM in pigs
have been developed using chemical compositions of MBM
(Castilho et al., 2015; Olukosi and Adeola, 2009).

In vitro assays are highly correlated with data obtained from
animal experiments and are time-saving and inexpensive for esti-
mating ileal digestible amino acids (AA; Boisen and Fern�andez,
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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1995) and energy digestibility values (Boisen and Fern�andez, 1997;
Park et al., 2012) of feed ingredients. To our knowledge, very limited
information is available on the relationship between nutritional
values and in vitro disappearance of nutrients in MM and MBM
with a wide range of nutrient compositions. Therefore, the objec-
tive of the present study was to develop novel prediction equations
for estimating ileal digestible CP and ME concentrations in MM and
MBM fed to pigs based on in vitro assays.

2. Materials and methods

2.1. Test ingredients and in vitro disappearance assays

The ingredients tested in the present work were 4 sources of
MM and 3 sources of MBM originated from pig offal. These samples
were finely ground using a coffee grinder and used for in vitro as-
says and chemical analyses. To simulate digestion and absorption
processes in the stomach and the small intestine, in vitro ileal
disappearance (IVID) of dry matter (DM) in the test ingredients was
determined using a 2-step procedure (Boisen and Fern�andez,1995).
Briefly, 1 g of a ground ingredient sample was transferred into 100-
mL conical flasks. A 25 mL of sodium phosphate buffer solution
(0.1 mol/L, pH 6.0) and 10mL of HCl (0.2 mol/L, pH 0.7) were added.
To simulate digestion conditions in the stomach, the pH was
adjusted 2.0, and 1 mL of freshly prepared pepsin solution (10 mg/
mL; �250 units/mg solid, P7000, pepsin from porcine gastric mu-
cosa, SigmaeAldrich, St. Louis, MO, USA) was added to the samples.
Test flasks were incubated in a shaking incubator at 39 �C for 6 h as
the final procedure of the first step. After the incubation, 10 mL of
sodium phosphate buffer solution (0.2 mol/L, pH 6.8) and 5 mL of
NaOH (0.6 mol/L, pH 13.8) were added. Then, the pH was adjusted
to 6.8. Thereafter, 1 mL of freshly prepared pancreatin solution
(50 mg/mL; 4 � USP, P1750, pancreatin from porcine pancreas,
SigmaeAldrich, St. Louis, MO, USA)was added. After incubation in a
shaking incubator at 39 �C for 18 h, 5 mL of 20% sulfosalicylic acid
solution was added and samples were left for 30 min at room
temperature to precipitate the indigestible protein. The samples
were then filtered through pre-dried and pre-weighed glass filter
crucibles (Filter Crucibles CFE Por. 2, Robu, Hattert, Germany)
containing 400 mg of celite. Test flasks were rinsed twice with 1%
sulfosalicylic acid solution, and 20 mL of 95% ethanol and 99.5%
acetone were added twice to the glass filter crucibles. Glass filter
crucibles with undigested residues were dried at 80 �C for 24 h.
After conducting the 2-step procedure, undigested residues on fil-
ter crucibles were collected for analyzing CP concentration to
determine IVID of CP (Akonjuen et al., 2019).

To simulate total tract digestion and absorption, in vitro total
tract disappearance (IVTTD) of DM in the ingredients was deter-
mined using 3-step procedure (Boisen and Fern�andez, 1997). The
first and second steps were similar to the IVID procedure. In the
third step of the IVTTD procedure, 10 mL of 0.2 mol/L EDTA solution
was added to the samples. The pH was then adjusted to 4.8. Sam-
ples were supplemented with 0.5 mL of multi-enzyme (V2010,
Viscozyme, SigmaeAldrich, St. Louis, MO, USA) as a substitute for
microbial enzymes, and incubated in a shaking incubator for 18 h at
39 �C. After incubation, the samples were then filtered and the
undigested residues were collected and dried as previously
described in the IVID procedure except for the drying condition (at
130 �C for 6 h).

2.2. Chemical analysis

The test ingredients were analyzed for gross energy (GE) using a
bomb calorimetry (Parr 1261, Parr Instrument Co., Moline, IL, USA).
Dry matter in the test ingredients was analyzed (Ahn et al., 2014).
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Crude protein (method 990.03), ether extract (EE; method 920.39),
and ash (method 942.05) in the test ingredients were also analyzed
as described in AOAC International (2016). The test ingredients
were also analyzed for calcium (Ca; method 978.02) and phos-
phorus (P; method 946.06) concentrations using a Perkin Elmer
Avio 200 ICP-OES (Perkin Elmer, Shelton, CT, USA) as described in
AOAC International (2016). Amino acids in the test ingredients were
liberated from the protein by hydrolysis with 6 mol/L HCl at 110 �C
for 24 h under nitrogen atmosphere. Performic acid oxidation
occurred before acid hydrolysis for methionine and cysteine. Amino
acids in hydrolysates were determined by HPLC after post-column
derivatization (method 982.30; AOAC International, 2016).

2.3. Calculation and statistical analysis

The IVID or IVTTD of DM and IVID of CP were calculated with the
following equations (Akonjuen et al., 2019):

IVID or IVTTD of DM (%) ¼ [(DMTI � DMUR)/DMTI] � 100 ,

where DMTI and DMUR are the weight (g) of DM concentrations in
the test ingredient and undigested residues, respectively.

IVIDof CP (%)¼ [(DMTI�CPTI)� (DMUR�CPUR)]/(DMTI�CPTI)�100,

where CPTI and CPUR are CP concentrations (%) expressed as DM
basis in the test ingredient and undigested residues, respectively.

Based on the determined IVTTD of DM and GE values, in vitro
digestible energy (IVDE) in the feed ingredient was calculated with
the following equation:

IVDE (kcal/kg DM) ¼ IVTTD of DM (%) � GE (kcal/kg DM).

Metabolizable energy was calculated using an equation as fol-
lows (Sung and Kim, 2021):

ME (kcal/kg DM) ¼ 0.97 � IVDE (kcal/kg DM) e 3.86 � CP (% DM).

A correction factor based on the average value of ME:GE (0.652)
of MBM (Adedokun and Adeola, 2005; Olukosi and Adeola, 2009)
was used to make an adjusted ME value with a following equation:

Adjusted ME (kcal/kg DM) ¼ ME (kcal/kg DM) e 659.

Data were analyzed using Mixed procedure of SAS (SAS Inst.
Inc., Cary, NC, USA). The model included a test ingredient as a fixed
variable. Least square means for IVID of DM, IVID CP, and IVTTD of
DM for each test ingredient were calculated. Correlation co-
efficients among the chemical compositions (GE, CP, and ash), IVID
of DM and CP, IVTTD of DM, in vitro ileal digestible crude protein
(IVID CP), IVDE, and adjusted ME in the test ingredient were
determined by CORR procedure of SAS. Prediction equations for
ileal digestible CP andME of the test ingredient were generated by
PROC REG of SAS using ileal digestible CP or ME as a dependent
variable and in vitro disappearance of CP or DM and ash in the test
ingredients as independent variables. The statistical significance
and tendency were determined as P < 0.05 and P < 0.10, respec-
tively. Redundant variables were excluded based on root mean
square error, R2, and P-values. The accuracy of prediction equa-
tions for ME concentrations of the present work was assessed by
regressing the published ME values (Adedokun and Adeola, 2005;
Olukosi and Adeola, 2009) of MM and MBM minus the calculated
ME values on each calculated value centered to the mean (Sung
and Kim, 2019). To validate the accuracy of prediction equations
for ME, only data corresponding to the range of nutrient
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compositions used for developing equations of the present work
were employed.

3. Results

Gross energy, CP, and ash concentrations in 4 sources of MM and
3 sources of MBM ranged from 3,701 to 5,912 kcal/kg, 46.8% to
82.9%, and 3.8% to 33.1% (as-is basis), respectively (Table 1). The AA
contents in MM were greater than those in MBM. However, the
concentrations of Ca and P of MM were less than those of MBM.
In vitro ileal disappearance of CP and IVTTD of DM in MM andMBM
ranged from 77.2% to 88.7% and from 82.7% to 92.4%, respectively
(Table 2). Ileal digestible CP and adjusted ME concentrations of MM
and MBM ranged from 37.8% to 73.5% DM and 2,405 to 3,905 kcal/
kg DM, respectively (Table 3).

Ash was negatively correlated (P < 0.001) with CP (r ¼ �0.99),
IVID CP (r ¼ �0.97), GE (r ¼ �1.00), IVDE (r ¼ �0.97), and adjusted
ME (r ¼ �0.97; Table 4). The most fitting equations for ileal
digestible CP and ME of MM and MBM were as follows:

Ileal digestible CP (% DM)¼ 11.91�0.90� ash (% DM)þ 0.74� IVID
of CP (%) (R2 ¼ 0.99; Eq. 1 in Table 5)

Adjusted ME (kcal/kg DM) ¼ 130.85 e 50.90 � ash (% DM)
þ 47.06� IVTTD of DM (%) (R2 ¼ 0.99;
Eq. 3 in Table 5).

Based on the publishedME values (Adedokun and Adeola, 2005;
Olukosi and Adeola, 2009) of MM and MBM, the values were
plotted against calculated ME values using an equation developed
in the present work employing ash as an independent variable
(Fig. 1). When the prediction equation was tested using the deter-
mined ME data, the intercept (e57.66 ± 79.74; P ¼ 0.475) and the
slope (e0.07 ± 0.40; P ¼ 0.859) were not different from 0.
Table 1
Analyzed energy concentration and chemical composition of 4 sources of meat meal and

Item Meat meal

1 2 3 4

Dry matter 98.54 98.41 97.93 97.84
GE, kcal/kg 5,857 5,912 4,843 4,797
CP 82.58 82.92 65.72 62.91
Ether extract 16.16 15.20 12.56 12.38
Ash 3.80 4.19 17.41 20.25
Indispensable amino acid
Arginine 5.45 5.28 4.35 4.12
Histidine 1.65 1.69 1.20 1.23
Isoleucine 2.06 2.09 1.69 1.67
Leucine 4.52 4.58 3.84 3.72
Lysine 4.11 4.08 3.26 3.12
Methionine 1.27 1.23 1.01 0.95
Phenylalanine 2.48 2.49 2.13 2.05
Threonine 2.50 2.54 2.15 2.05
Valine 2.91 2.92 2.50 2.42

Dispensable amino acid
Alanine 5.81 5.62 4.65 4.57
Aspartic acid 5.70 5.70 4.77 4.55
Glutamic acid 9.78 9.77 7.97 7.81
Glycine 10.83 10.12 8.39 7.98
Proline 7.05 6.64 5.40 5.08
Serine 2.92 2.91 2.52 2.31
Tyrosine 1.69 1.71 1.47 1.40

Calcium 0.32 0.47 5.70 6.67
Phosphorus 0.62 0.73 3.13 3.59

GE ¼ gross energy; CP ¼ crude protein.
1 Meat and bone meal was defined as rendered product from mammal tissues contain
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4. Discussion

Considering high CP and AA contents in MM and MBM, these
ingredients can be used as protein and energy sources in swine
diets. Although standardized ileal digestible CP (Kong et al., 2014;
Navarro et al., 2018; Stein et al., 2001) and energy concentrations
(Adedokun and Adeola, 2005; Olukosi and Adeola, 2009) in MM
and MBM have been reported, the nutritional values were largely
variable. In addition, very little information on estimating digest-
ible CP and ME concentrations with a wide range of nutrient
compositions of MM and MBM is available. Therefore, the objective
of the present study was to develop equations for estimating ileal
digestible CP and ME contents of MM and MBM by pigs based on
in vitro assays.

The samples of animal offal in the present work were divided
into 2 groups according to the definition of MM andMBM in AAFCO
(2016). The rendered products containing less than 4.0% of P were
considered as MM. The animal offal that contained over 4.0% of P
and had Ca:P less than 2.2 were considered as MBM.

The chemical compositions of CP, ash, Ca, P, and AA concentra-
tions of 3 sources of MBM used in the present workwerewithin the
range of the previous data (Adedokun and Adeola, 2005; Olukosi
and Adeola, 2009; Sulabo and Stein, 2013). However, the CP and
AA concentrations of MM were relatively greater compared with
the values in a previous study (Cromwell et al., 1991). The de-
viations of nutrient compositions amongMM sources are likely due
to the inclusion rate of soft tissues and bone fractions of animals.
These results were supported by the relatively greater coefficient of
variation values in nutrients of MM with different ratios of soft
tissues and bones (Fontaine et al., 2001).

A negative correlation between ash and GE was observed
(Adedokun and Adeola, 2005; Olukosi and Adeola, 2009; Wang and
Parsons, 1998), which is in agreement with the present work. This
observation is reasonable because ash content is not an energy
3 sources of meat and bone meal (as-is basis, %).

Meat and bone meal1

Mean 1 2 3 Mean

98.18 97.44 97.02 95.56 96.67
5,352 4,573 4,180 3,701 4,151
73.53 61.65 55.68 46.82 54.71
14.07 12.39 10.95 13.81 12.38
11.41 22.03 29.58 33.07 28.23

4.80 3.98 3.67 3.17 3.60
1.44 1.18 0.98 0.70 0.95
1.87 1.57 1.31 0.87 1.25
4.16 3.54 2.96 2.10 2.87
3.64 2.99 2.67 1.84 2.50
1.11 0.94 0.81 0.57 0.77
2.29 1.96 1.68 1.26 1.63
2.31 1.97 1.69 1.24 1.63
2.69 2.29 1.99 1.47 1.92

5.16 4.35 4.08 3.46 3.96
5.18 4.39 3.87 3.00 3.75
8.83 7.55 6.63 5.26 6.48
9.33 7.68 7.67 7.29 7.55
6.04 4.90 4.84 4.48 4.74
2.66 2.24 2.03 1.64 1.97
1.57 1.36 1.06 0.74 1.05
3.29 8.28 11.03 14.37 11.23
2.02 4.36 5.41 6.97 5.58

ing minimum of 4.0% phosphorus (AAFCO, 2016).



Table 2
In vitro ileal disappearance (IVID) of crude protein (CP) and in vitro total tract disappearance (IVTTD) of DM in meat meal and meat and bone meal (%).1

Item Meat meal Meat and bone meal SEM P-value

1 2 3 4 1 2 3

IVID of DM 87.0ab 85.1b 88.8a 81.8c 82.6c 86.7ab 78.0d 0.47 <0.001
IVID of CP 87.7ab 84.7b 88.7a 80.4c 80.1c 88.0ab 77.2c 0.74 <0.001
IVTTD of DM 84.8cd 82.7d 89.5b 85.2c 85.0c 92.4a 86.6c 0.46 <0.001

SEM ¼ standard error of the mean.
a-d Within a row means without a common superscript differ (P < 0.05).

1 Each least square mean represents 3 observations.

Table 3
Calculated energy (kcal/kg DM) and in vitro ileal digestible crude protein (IVID CP, %
DM) concentrations of 4 sources of meat meal and 3 sources of meat and bone meal.

Item Meat meal Meat and bone meal

1 2 3 4 1 2 3

IVID CP1 73.5 71.3 59.5 51.7 50.7 50.5 37.8
IVDE2 5,040 4,966 4,426 4,179 3,988 3,979 3,355
ME3 4,565 4,492 4,034 3,806 3,624 3,638 3,065
Adjusted ME4 3,905 3,832 3,375 3,146 2,964 2,979 2,405

IVDE ¼ in vitro digestible energy; ME ¼ metabolizable energy.
1 IVID CP ¼ concentration of CP � in vitro ileal disappearance of CP.
2 IVDE ¼ concentration of gross energy� in vitro total tract disappearance of DM.
3 ME ¼ 0.97 � IVDE (kcal/kg DM) e 3.86 � CP concentration (% DM) (Sung and

Kim, 2021).
4 Adjusted ME energy was calculated using gross energy-to-ME ratio (0.652)

based on in vivo data (Adedokun and Adeola, 2005; Olukosi and Adeola, 2009).

Table 4
Correlation coefficients between chemical components and in vitro ileal disappearance
disappearance of dry matter (DM), in vitro digestible energy (IVDE), and adjusted metab

Item Correlation coefficient (r)

EE CP IVID of CP IVID CP

Ash e0.68 e0.99*** 0.47 e0.97***

EE 0.65 0.00 0.59
CP 0.51 0.98***

IVID of CP 0.66
IVID CP
GE
IVTTD of DM
IVDE

EE ¼ ether extract; GE ¼ gross energy.
***P < 0.001.

Table 5
Regression equations for ileal digestible crude protein (CP, % DM) and metabolizable ene

Item Regression coefficient parameter

Intercept Ash

Ileal digestible CP Eq. 1 11.91 e0.90
SE 11.06 0.05
P-value 0.342 <0.001
Eq. 2 76.29 e1.04
SE 2.63 0.12
P-value <0.001 <0.001

Adjusted ME Eq. 3 130.85 e50.90
SE 744.58 8.91
P-value 0.869 0.006
Eq. 4 4,055.20 e43.04
SE 110.42 5.00
P-value <0.001 <0.001

RMSE ¼ root mean square error; SE ¼ standard error.
1 In vitro disappearance represents in vitro ileal disappearance of CP in ileal digestible
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source due to the lack of organic compounds. Therefore, the in-
clusion rate of bone fractions relative to soft tissues in animal offal
results in greater ash concentrations but less CP and GE concen-
trations (Garcia and Phillips, 2009). In previous studies, the nega-
tive correlation between ash and GE (r ¼ e0.93) was stronger than
that between ash and CP (r¼ e0.59) (Adedokun and Adeola, 2005).
In the present work, however, the correlation coefficient between
ash and GE (r ¼ e1.00) and ash and CP (r ¼ e0.99) were very
similar. The reason for this discrepancy appears to be due to the
range in nutrient compositions of MM and MBM employed in the
experiments. While CP ranges from 49.7% to 61.9% DM in the work
by Adedokun and Adeola (2005), CP ranged from 49.0% to 84.3% DM
in the present work. A wide range of nutrient compositions results
in stronger correlation coefficients (Choi et al., 2020). In the present
(IVID) of crude protein (CP), in vitro ileal digestible CP (IVID CP), in vitro total tract
olizable energy (ME) of meat meal and meat and bone meal (n ¼ 7).

GE IVTTD of DM IVDE Adjusted ME

e1.00*** 0.60 e0.97*** e0.97***

0.65 e0.71 0.55 0.54
1.00*** e0.56 0.98*** 0.98***

0.48 0.42 0.65 0.66
0.97*** e0.40 1.00*** 0.99***

e0.59 0.98*** 0.97***

e0.41 e0.39
1.00***

rgy (ME, kcal/kg DM) concentration of meat meal and meat and bone meal.

Statistical parameter

In vitro disappearance1 RMSE R2 P-value

0.74 1.25 0.99 <0.001
0.13 e e e

0.004 e e e

e 3.45 0.94 <0.001
e e e e

e e e e

47.06 57.36 0.99 <0.001
2.48 e e e

<0.001 e e e

e 144.84 0.94 <0.001
e e e e

e e e e

CP and in vitro total tract disappearance of dry matter in adjusted ME.



Fig. 1. Comparison of determined and calculated metabolizable energy (ME, kcal/kg
DM) of meat meal and meat and bone meal using the determined ME values
(Adedokun and Adeola, 2005; Olukosi and Adeola, 2009; n ¼ 32). The prediction
equation ME (Eq. (4)) was: ME (kcal/kg DM) ¼ 4,055.20 e 43.04 � ash (% DM). Using
the regression analysis (determined e calculated ME vs. calculated ME e average of
calculated ME), the intercept (e 57.66 ± 79.74; P ¼ 0.475) and slope (e 0.07 ± 0.40;
P ¼ 0.859) were not different from 0.
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work, the samples of MM and MBM were selected to maximize
nutrient variability.

In the present work, strong correlations between ash and other
nutrients were observed. However, in vitro disappearance of CP and
DM was not correlated with nutrients. As MM and MBM contains a
very limited quantity of fibers, the insignificant correlation be-
tween in vitro CP and DM disappearance and nutrients is reason-
able. Similarly, the variability of ileal digestibility of CP (Wang and
Parsons, 1998) and total tract digestibility of energy (Adedokun and
Adeola, 2005) in MBM could not be explained by nutrient com-
positions. The potential reasons for the digestibility variation in
MM and MBM include the protein quality produced by processing
methods (Hendriks et al., 2004) and the raw materials of soft tis-
sues (poultry, swine, and beef; M�arquez et al., 2005). Protein in
bone fractions contains relatively greater collagen concentrations
than soft tissues, which results in low digestibility of AA (Garcia and
Phillips, 2009). Further research is warranted to determine the
relationship between nutrient composition and digestibility co-
efficients. In addition, high-temperature processing is conducted to
prevent pathogenic bacteria and viruses from contaminating MM
and MBM (Meeker and Meisinger, 2015), which potentially de-
creases the ileal AA digestibility by lowering protein quality
(Johnson et al., 1998).

Digestible CP and AA (Hendriks et al., 2002; Wang and Parsons,
1998) and energy concentrations (Castilho et al., 2015; Wang and
Parsons, 1998) of MM and MBM were negatively correlated with
ash, which agrees with the present work. This observation is likely
due to the fact that ash is negatively correlated with GE and CP.

The IVID of DM and IVTTD of DM simulate the 2-step digestion
and 3-step digestion of pigs, respectively (Boisen and Fern�andez,
1995, 1997). In vitro ileal disappearance of CP was greater than
the apparent ileal digestibility of CP from in vivo (Akonjuen et al.,
2019; Cho and Kim, 2011). The reason for the inconsistency be-
tween the in vitro and in vivo data may be the basal endogenous
losses of CP and energy (Boisen and Fern�andez, 1995, 1997).
Apparent ileal digestibility of CP and total tract digestibility of
256
energy do not consider the basal endogenous losses of CP and en-
ergy, but the in vitro assay may represent the standardized ileal or
total tract digestibility that was not affected by the basal endoge-
nous losses of CP and energy, respectively. Standardized ileal di-
gestibility values of CP in MM and MBM were reported in previous
studies (Kong et al., 2014; Navarro et al., 2018; Stein et al., 2001).
However, the basal endogenous loss of energy was not reported.
Therefore, to estimate in vivo energy digestibility data from the
in vitro disappearance values, we used a correction factor (659 kcal/
kg DM) to estimate the ME value based on the data in the literature
(Adedokun and Adeola, 2005; Olukosi and Adeola, 2009).

In the present work, the ash concentration was used as a main
independent variable to develop the prediction equations for ileal
digestible CP and adjusted ME concentrations in MM and MBM
(Table 5). The addition of CP and GE in the models did not improve
the accuracy of the predictions as ash was very strongly correlated
with CP and GE. In addition, ash is practically very convenient as an
independent variable because ash content is easy to determine.

The ME values of MM andMBM calculated by using equation (4)
in Table 5 were relatively in agreement with the determined ME
values (Fig. 1). As the number of determined ileal digestible CP of
MM andMBMwas very limited compared with that of ME values in
the literature, the equation for ileal digestible CP was not validated.

5. Conclusions

Ash contents in MM and MBM from pig offal have a very strong
negative correlation with protein and energy contents. Metaboliz-
able energy concentrations of MM and MBM as swine feed in-
gredients can be estimated using ash concentration and in vitro
disappearance of DM.
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