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ABSTRACT Two experiments were conducted to
validate the sensitivity and accuracy of in vitro digestible
energy (IVDE) determined with a computer-controlled
simulated digestion system (CCSDS) to predict metabo-
lizable energy (ME) of diets for roosters. In experiment 1,
soybean hulls were added to a basal diet (calibration diet
1) at 2.06, 4.12, 6.17, 8.23, 10.28, 12.32, or 14.37% of the
diets (calibration diets 2–8) to produce an interval of
approximately 80 kcal ME/kg. The sensitivity was
measured by comparing the determined and actual IVDE
of the diets.With these data, a linearmodel was developed
to predict ME from IVDE. In experiment 2, validation
diets were identical except they were composed of
different cereal ingredients. For each diet, the correlations
and ratios between IVDE and ME were analyzed to test
the sensitivity of IVDE to predict ME across different
ingredients. In experiment 1, a slope of 0.9899 was
calculated in a linear regression of determined IVDE on
actual IVDE (R2 5 0.9998; P , 0.01). The ratio of
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determined IVDE to actual IVDEwas 0.9878.The ratio of
IVDE to apparent metabolizable energy (AME) and to
nitrogen-corrected AME (AMEn) was 1.03 and 1.05,
respectively. The linear models to predict ME from IVDE
were AME 5 0.8449 ! IVDE 1 451 (R2 5 0.9812, re-
sidual standard deviation [RSD]5 28 kcal/kg; P, 0.01)
and AMEn 5 0.8357 ! IVDE 1 436 (R2 5 0.9821,
RSD 5 27 kcal/kg; P , 0.01). In experiment 2, a signif-
icant simple correlation was observed between the IVDE
and AME or AMEn of validation diets (r . 0.97;
P, 0.01). The ratio of IVDE to AME and to AMEn was
1.04 and 1.05, respectively. Predicted and determined
AME or AMEn of 8 validation diets differed by less than
100 kcal/kg. The regression of determinedAMEor AMEn
against predicted AME or AMEn (R2� 0.9466;P, 0.01)
resulted in an overlapped line where Y5 X. These results
suggest the IVDE determined with CCSDS is highly
sensitive and can be used to accurately predict the ME of
diets for roosters across a wide range of cereal grains.
Key words: diet, in vitro digestible energy, metabo
lizable energy, rooster, simulated digestion system
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INTRODUCTION

Dietary metabolizable energy (ME) strongly influ-
ences the cost of feed for poultry, and it is the first
consideration for formulation. Under many practical
conditions, the ME of commercial diets is calculated
from tabulated energetic values of individual ingredients
and their concentrations (Mateos et al., 2018) and can be
confirmed using in vivo energy balance experiments (Hill
and Anderson, 1958; Sibbald, 1976; Farrell, 1978;
Sibbald, 1983; Bourdillon et al., 1990). However, the
in vivo procedures are inefficient, time-consuming,
expensive, and consequently insufficient to rapidly
determine ME values when producing commercial diets
(Mateos et al., 2018). Therefore, the development of a
rapid, standardized laboratory procedure to estimate
the ME of diets is of interest to poultry nutritionists
(Jha and Tiwari, 2016; �Swięch, 2017; Mateos et al.,
2018).
In vitro digestion can predict nutrient digestibility of

feed for poultry because it mimics the major process of
in vivo digestion (Sakamoto et al., 1980; Clunies et al.,
1984; Valdes and Leeson, 1992; Losada et al., 2009,
2010; Yegani et al., 2013; Zhao et al., 2014; Bryan
et al., 2018; Pan et al., 2018). However, conventional
in vitro digestion has redundant steps that are subject
to an operator who must manually adjust the digestion
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Table 1. Composition and nutrient content of diets for roosters (DM basis).

Items

Calibration diets in experiment 1 Validation diets in experiment 2

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Ingredients, %
Corn 64.26 62.93 61.61 60.29 58.97 57.65 56.34 55.02 - - - - 25.70 25.70 - 25.70
Wheat - - - - - - - - 64.26 - - - 38.56 - - -
Barley - - - - - - - - - 64.26 - - - 38.56 32.13 19.28
Rough rice - - - - - - - - - - 64.26 - - - - -
Paddy - - - - - - - - - - - 64.26 - - 32.13 19.28
Soybean meal 20.06 19.64 19.23 18.82 18.40 18.00 17.59 17.18 20.06 20.06 20.06 20.06 20.06 20.06 20.06 20.06
Corn gluten meal 6.29 6.16 6.03 5.90 5.77 5.64 5.51 5.39 6.29 6.29 6.29 6.29 6.29 6.29 6.29 6.29
Soybean oil 5.18 5.07 4.97 4.86 4.76 4.64 4.54 4.43 5.18 5.18 5.18 5.18 5.18 5.18 5.18 5.18
Sodium chloride 0.34 0.33 0.33 0.32 0.31 0.31 0.29 0.29 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34
Limestone 1.32 1.30 1.26 1.24 1.21 1.18 1.15 1.13 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32
Dicalcium phosphate 1.85 1.82 1.77 1.74 1.70 1.66 1.63 1.59 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
Lysine-sulphate 0.31 0.30 0.30 0.29 0.29 0.28 0.28 0.26 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31
DL-Methionine 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Vitamin-mineral premix1 0.22 0.22 0.21 0.21 0.20 0.20 0.20 0.19 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Choline chloride 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Soybean hulls 0.00 2.06 4.12 6.17 8.23 10.28 12.32 14.37 - - - - - - - -

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Nutrient content2

DM, % 91.22 88.55 88.41 89.44 89.91 90.32 89.56 91.07 90.01 90.80 88.77 89.72 88.44 89.40 89.13 89.08
GE, kcal/kg 4,732 4,718 4,658 4,690 4,685 4,620 4,613 4,602 4,668 4,677 4,639 4,668 4,670 4,698 4,679 4,611
CP, % 21.07 20.57 20.49 20.63 20.08 20.18 19.49 19.12 24.39 22.60 20.76 20.30 22.95 21.75 21.83 20.90
Ether extract, % 5.64 5.84 5.64 4.82 4.56 3.39 4.73 3.35 5.11 5.84 5.89 2.75 5.83 5.79 2.81 2.96
Crude fiber, % 2.91 4.19 4.81 5.91 6.51 7.54 7.85 8.76 3.38 5.30 2.51 9.14 2.82 4.34 7.47 5.47
Crude ash, % 5.33 5.38 5.35 5.29 5.31 5.36 5.26 5.21 5.65 6.11 5.27 6.22 5.53 5.84 6.17 5.89

Abbreviation: GE, gross energy.
1Supplied per kilogram of diet 1: vitamin A, 5,000 IU; vitamin D3, 1,000 IU; vitamin E, 10.0 IU; vitamin K3, 0.50 mg; thiamine, 1.8 mg; riboflavin, 3.0 mg; vitamin B6, 3.0 mg; vitamin B12, 10.0 mg; pantothenic

acid, 10.0 mg; nicotinic acid, 25.0 mg; folic acid, 0.55 mg; biotin, 0.15 mg; Cu (as copper sulfate), 8.0 mg; Fe (as ferrous sulfate), 80 mg; Mn (as manganese sulfate), 80 mg; Zn (as zinc sulfate), 60 mg; I (as calcium
iodate), 0.35 mg; Se (as sodium selenite), 0.15 mg.

2Values were determined values (DM basis).
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Table 2. Chemical composition of cereal grains for formulating validation
diets in the experiment 2 (DM basis).

Item Corn Wheat Barley Rough rice Paddy

DM, % 87.53 89.16 90.14 86.48 89.64
GE, kcal/kg 4,470 4,466 4,403 4,368 4,419
CP, % 8.79 14.86 11.97 8.61 7.95
Ether extract, % 4.34 2.41 2.68 3.11 2.06
Crude fiber, % 2.42 3.04 6.40 1.62 12.34
Crude ash, % 1.42 1.89 2.56 1.59 2.70

Abbreviation: GE, gross energy.
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conditions and separate the digested byproduct
(Sakamoto et al., 1980; Clunies et al., 1984; Clunies and
Leeson, 1984; Valdes and Leeson, 1992; Boisen and
Fern�andez, 1997; Yegani and Korver, 2012). Recently,
we developed a novel, computer-controlled simulated
digestion system (CCSDS) to automatically predict the
digestibility of feed for roosters (Zhao et al., 2014). The
in vitro digestible energy (IVDE) determined with
CCSDS was highly correlated with ME across 16 feed in-
gredients (Zhao et al., 2014). However, little work has
verified these findings in compound diets. Furthermore,
the sensitivity of IVDE is unknown when the dietary
ME values vary by 50 to 100 kcal/kg. Using rooster as
an animal model, the objectives of this study were to 1)
test the sensitivity of IVDE of diets across a wide range
of ME and 2) establish and validate a prediction model
of ME from IVDE in compound diets made with various
cereal grains.
MATERIALS AND METHODS

All experimental procedures were approved by the an-
imal care and welfare committee of the Institute of Ani-
mal Sciences, Chinese Academy of Agricultural Sciences
(Beijing, China). The code of ethical inspection was IAS
2019-53.

Experimental Design

Experiment 1 The objective of this experiment was to
measure the sensitivity of IVDE across diets diluted by
Figure 1. Linear model of in vitro digestible energy (IVDE) regressed
on soybean hulls concentration in 8 calibration diets. Means with no
common superscripts differ significantly (P , 0.05). IVDE value was
mean of 5 replicates per sample and expressed as mean 6 SD. Abbrevi-
ation: RSD, residual standard deviation.
increasing levels of soybean hulls (Table 1) and estab-
lish a prediction model of ME from IVDE. Calibration
diet 1 was formulated to exceed the nutrient re-
quirements of yellow-feathered chicken (China
Agricultural Industry Standard, 2004). Soybean hulls
were added into the basal diet at 2.06, 4.12, 6.17, 8.23,
10.28, 12.32, or 14.37% to produce calibration diets 2 to
8 resulting in an interval of about 80 kcal ME/kg across
diets calculated on the tabulated ME value of in-
gredients in China (Institute of Animal Sciences of
CAAS, 2019). The IVDE was determined with CCSDS
in 5 replicates, and ME was determined in 4 replicates of
3 yellow-feathered roosters. The sensitivity was
measured by comparing the determined and actual
IVDE of the diets. With these data, a linear model was
developed to predict ME from IVDE.
Experiment 2 The objective of this experiment was to
test the sensitivity of IVDE and accuracy of ME predic-
tion model using 8 validation diets (Table 1). Eight
validation diets were formulated to meet or exceed the
nutrient requirement of yellow-feathered chicken (China
Agricultural Industry Standard, 2004). Validation diets
1 to 8 were identical except contained different compo-
sitions of cereal grains (Table 2). Dietary IVDE was
assessed in 5 replicates, and dietary MEwas assessed in 4
replicates of 3 yellow-feathered roosters. The relation-
ship between dietary IVDE andME was analyzed to test
the sensitivity of IVDE to predict ME. The difference
between predicted and determined ME of validation
Figure 2. Linear model of AME regressed on soybean hulls concen-
tration in 8 calibration diets. Means with no common superscripts differ
significantly (P, 0.05). AME value was determined with 12 roosters for
each sample and expressed as mean 6 SD. Abbreviations: AME,
apparent metabolizable energy; RSD, residual standard deviation.



Figure 3. Linear model of AMEn regressed on soybean hulls concen-
tration in 8 calibration diets. Means with no common superscripts differ
significantly (P , 0.05). AMEn value was determined with 12 roosters
for each sample and expressed as mean 6 SD. Abbreviations: AMEn,
nitrogen-corrected apparent metabolizable energy; RSD, residual stan-
dard deviation.

Figure 5. Linear model to predict AME from in vitro digestible en-
ergy (IVDE) of 8 calibration diets contained 0, 2.06, 4.12, 6.17, 8.23,
10.28, 12.32, or 14.37% soybean hulls. AME value was determined
with 12 roosters for each sample and expressed as mean 6 SD. IVDE
value was mean of 5 replicates per sample. Abbreviations: RSD, residual
standard deviation; IVDE/AME, ratio of IVDE to AME.

PREDICTION OF METABOLIZABLE ENERGY 209
diets was used to test the accuracy of ME prediction
model established in experiment 1.
IVDE Determination

The CCSDS automatically simulated the in vivo
digestion processes of gizzard intestine as described by
Zhao et al. (2014). Parameters for controlling the mix
frequency, digestion temperature, digestion time for
gastric or small intestinal phase, liquid waste removal,
and wash procedures for byproducts were set in accor-
dance with those described by Zhao et al. (2014).
The gastric buffer solution was composed of

16.9 mmol/L NaCl, 9.6 mmol/L KCl, and 10 mmol/L
HCl and adjusted to pH 2.0 at 41�C by the addition of
200 mmol/L HCl to correspond with in vivo digestion
conditions of roosters (Sturkie, 1976). The simulated
gastric fluid was made of 1,550 U/mL pepsin (Sigma
10,070; Sigma-Aldrich Co., St. Louis, MO). The anterior
intestinal buffer solution was prepared with 85.8 mmol/
Figure 4. Linear model of determined in vitro digestible energy
(IVDE) regressed on actual IVDE in 8 calibration diets. Determined
IVDE value was mean of 5 replicates per sample. Actual IVDE value
was calculated according to the determined IVDE of basal diet or
soybean hulls and their concentrations in the calibration diet. Abbrevi-
ations: RSD, residual standard deviation; H0: slope 5 1; Ha: slope s 1.
L NaCl, 18.7 mmol/L KCl, 170 mmol/L NaH2PO4, and
30 mmol/L Na2HPO4 and adjusted to pH 6.50 at 41�C
by the addition of 200 mmol/L NaOH. The posterior in-
testinal buffer solution was composed of 85.8 mmol/L
NaCl, 18.7 mmol/L KCl, 30 mmol/L NaH2PO4, and
170 mmol/L Na2HPO4 and adjusted to pH 7.99 at
41�C by the addition of 200 mmol/L NaOH. The concen-
trated simulated intestinal fluid was composed of 4,416
U/mL amylase (Sigma A3306), 542 U/mL trypsin
(A600626; BBI Co. Ltd., Shanghai, China), and 124
U/mL chymotrypsin (Amresco 0164; Amresco Inc.,
Solon, OH) according to the digestive enzyme activities
in the small intestinal fluid of roosters (Zhao et al.,
2010).

In brief, 2 g of diet and 20 mL simulated gastric fluid
were added into the dialysis tubing of the digestion
chamber of the CCSDS. The gastric buffer circulated
for 4 h outside of dialysis tubing, then digested product
was washed with deionized water to simulate the diges-
tive processes of the gizzard. Subsequently, concentrated
Figure 6. Linear model to predict AMEn from in vitro digestible en-
ergy (IVDE) of 8 calibration diets contained 0, 2.06, 4.12, 6.17, 8.23,
10.28, 12.32 or 14.37% soybean hulls. AMEn value was determined
with 12 roosters for each sample and expressed as mean 6 SD. IVDE
value was mean of 5 replicates per sample. Abbreviations: RSD, residual
standard deviation; IVDE/AMEn, ratio of IVDE to AMEn.



Table 3. The determined and predicted values for ME in 8 validation diets in the experiment 2.

Validation diets IVDE1, kcal/kg

AME, kcal/kg

IVDE/AME7

AMEn, kcal/kg

IVDE/AMEn7Determined2 Predicted3 Difference4 CI6 Determined2 Predicted5 Difference4 CI6

1 3,847c 3,607c 3,701 294 3,627–3,921 1.07 3,569c 3,651 282 3,579–3,919 1.08
2 3,513g,f 3,394e 3,419 225 3,344–3,588 1.04 3,370e 3,372 22 3,299–3,586 1.04
3 4,096a 3,929a 3,912 17 3,826–4,182 1.04 3,886a 3,859 27 3,776–4,179 1.05
4 3,498g 3,348e 3,406 258 3,331–3,574 1.04 3,316f 3,359 243 3,286–3,571 1.05
5 3,899b 3,671b 3,745 274 3,669–3,975 1.06 3,644b 3,694 250 3,621–3,972 1.07
6 3,715d 3,570c 3,590 220 3,518–3,787 1.04 3,533c 3,541 28 3,471–3,785 1.05
7 3,531f 3,458d 3,434 24 3,360–3,606 1.02 3,406e 3,387 19 3,315–3,603 1.04
8 3,619e 3,505d 3,509 24 3,436–3,692 1.03 3,466d 3,460 6 3,390–3,689 1.04
Mean 3,715 3,560 3,590 229 1.04 3,524 3,540 217 1.05
Minimum 3,498 3,348 3,406 294 1.02 3,316 3,359 282 1.04
Maximum 4,096 3,929 3,912 24 1.07 3,886 3,859 27 1.08
Range8 598 581 506 0.05 570 500 0.04
SEM 11 20 16
ANOVA, P value ,0.0001 ,0.0001 ,0.0001
r 0.9727 0.9781
P value ,0.0001 ,0.0001

Estimates of regression9

Intercept10 48 36
P-value 0.8932 0.9085
Slope11 0.9786 0.9851
P value 0.8286 0.8669
R2

0.9466 0.9568

a-gMeans within a column with different superscripts differ significantly (P , 0.05).
Abbreviations: AME, apparent metabolizable energy; AMEn, nitrogen-corrected apparent metabolizable energy; IVDE, in vitro digestible energy; ME, metabolizable energy; RSD, residual standard deviation.
1IVDE 5 in vitro digestible energy, mean of 5 determinations per sample.
2The value was determined with 12 roosters for each sample.
3The value was calculated based on: AME 5 0.8449 ! IVDE 1451 (R2 5 0.9812, RSD 5 28 kcal/kg; P , 0.01).
4Difference was calculated as Determined-Predicted.
5The value was calculated based on: AMEn 5 0.8357 ! IVDE 1436 (R2 5 0.9821, RSD 5 27 kcal/kg; P , 0.01).
695% confidence intervals for the predicted values of ME.
7IVDE/ME 5 Ratio of IVDE to determined ME.
8Range 5 maximum - minimum.
9Regression of determined values on predicted values for ME.
10H0: intercept 5 0; Ha: intercept s 0.
11H0: slope 5 1; Ha: slope s 1.
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PREDICTION OF METABOLIZABLE ENERGY 211
simulated intestinal fluid was injected into the dialysis
tubing by peristalsis pump. Anterior and posterior intes-
tinal buffers continuously circulated for 7.5 h to simulate
the digestive processes of the small intestine. After
completion of the simulated digestion, the undigested
residues were transferred to a preweighed vessel and
dried at 65�C overnight followed by 5 h at 105�C. Dry
residues were then transferred to a preweighed sintered
glass crucible (G4) to extract fat with 45 mL of ethanol
4 times. Finally, defatted residues were dried at 105�C
for 5 h to constant weight.
In Vivo ME Assay

In experiment 1, 96 Chinese yellow-feathered roosters
(Wen’s Yellow A; BW 5 3.48 6 0.14 kg; 21.5-week-old)
were individually weighed and allocated to 8 calibration
diets in a randomized complete block design. Roosters
were blocked into 4 bodyweight blocks, and 3 cages repre-
sented each of the 8 calibration diets. In experiment 2,
another 96 Chinese yellow-feathered roosters (Wen’s Yel-
low A; BW5 3.956 0.17 kg; 24-week-old) were allocated
to 1 of 8 validation diets with 4 replicates of 3 roosters
for each diet similar to the experiment design of experi-
ment 1. All roosters were individually housed
(0.45 ! 0.45 ! 0.55 m) and provided with free access to
water via a suspended nipple drinker line in an environ-
mentally controlled room (23�C)with16h of light per day.
The ME bioassay was adopted from methods

described by Bourdillon et al. (1990). Roosters were
acclimated for 55 h after which the experimental diet
was withdrawn for 17 h. Roosters were then allowed
free access to experimental diet for 79 h, deprived of
feed for 17 h, and excreta was collected for 96 h to deter-
mine the apparent metabolizable energy (AME). The
nitrogen-corrected apparent metabolizable energy
(AMEn) was calculated by AME corrected to zero nitro-
gen balance according to Hill et al. (1960).
Chemical Analysis

Samples were ground finely in a laboratory mill fitted
with a 0.3-mm mesh screen before chemical analysis.
The DM content (method 934.01; AOAC, 1990) was
determined by oven drying at 105�C for 5 h. Diet, excreta,
and residue samples were analyzed for gross energy (GE)
by a Parr 6400 automatic adiabatic calorimeter (Parr In-
strument Co., Moline, IL) with benzoic acid as the cali-
bration standard. Diets were analyzed for CP (Kjeldahl
N; method 954.01; AOAC, 1990), ether extract (method
920.39; AOAC, 1990), crude fiber (method 962.09;
AOAC, 1990), and ash (method 942.05; AOAC, 1990).
Calculation and Statistical Analysis

The IVDE was calculated using the following formula
described by Zhang et al. (2019): IVDE 5 [(sample DM
weight ! sample GE) 2 (defatted residue DM
weight ! defatted residue GE) 1 GE of dry residue of
digestive enzymes]/sample DM weight. The ME was
calculated as follows: AME (kcal/kg of DM) 5 (energy
intake – energy output)/feed intake. AMEn (kcal/kg
of DM) 5 [AME – 8.22 ! (nitrogen intake – nitrogen
output)]/feed intake.

The mean, SD, and range for IVDE or ME were calcu-
lated with the MEANS procedure of SAS 9.0 (SAS Inst.
Inc., Cary, NC). The GLM procedure of SAS 9.0 (SAS
Inst. Inc., Cary, NC) was used to assess the effect of soy-
bean hulls and diet on IVDE and ME. Duncan’s test for
multiple comparisons was conducted (a 5 0.05). The
regression of IVDE or ME on soybean hulls concentra-
tion was developed in the REG procedure of SAS 9.0
(SAS Inst. Inc., Cary, NC). The determined IVDE was
compared to actual IVDE calculated according to the
IVDE of basal diet and concentration of soybean hulls
to establish sensitivity. A linear regression of determined
and actual IVDE and prediction model of ME from
IVDE was established using the REG procedure. The
ME prediction models were used to predict ME of valida-
tion diets, and the relationship between determined and
predicted ME was evaluated using the REG procedure.
Evaluation of slope (equal to 1) and intercept (equal to
0) was conducted using the TEST selection of REG pro-
cedure. The coefficient of determination (R2) and resid-
ual standard deviation (RSD) indicated quality of the
regression models with a lower RSD indicating a better
fit model (Kaps and Lamberson, 2004). If determined
and predicted ME differed by less than 100 kcal/kg of
DM, it was considered to be acceptable accuracy
(Valdes and Leeson, 1992).
RESULTS

Sensitivity of IVDE for Diet and Regression
Models of ME on IVDE

In experiment 1, dietary energy values declined linearly
with increasing soybean hulls from 3,982 to 3,373 kcal/kg
for IVDE, 3,857 to 3,324 kcal/kg for AME, or 3,802 to
3,277 kcal/kg for AMEn in diets with 0 to 14.37% soy-
bean hulls (P , 0.01; Figures 1–3). The regression
model of dietary IVDE, AME, and AMEn on soybean
hulls concentration was IVDE 5 24,333 ! soybean
hulls % 1 4,009 (R2 5 0.9811, RSD 5 33 kcal/kg;
P , 0.01; Figure 1), AME 5 23,708 ! soybean hulls
% 1 3,842 (R2 5 0.9874, RSD 5 23 kcal/kg; P , 0.01;
Figure 2) or AMEn 5 23,665 ! soybean hulls
% 1 3,790 (R2 5 0.9868, RSD 5 23 kcal/kg; P , 0.01;
Figure 3). Therefore, with each 1% of dietary soybean
hulls, the dietary IVDE declined by 43.33 kcal/kg,
AME declined by 37.08 kcal/kg, and AMEn declined by
36.65 kcal/kg. The actual value of dietary IVDE could
be calculated according to the IVDE values of the basal
diet and soybean hulls and their dietary concentrations.
The actual IVDE ranged from 3,493 to 3,982 kcal/kg,
and determined IVDE ranged from 3,373 to 3,982 kcal/
kg across 8 calibration diets. The relationship of deter-
mined IVDE with actual IVDE can be expressed as
IVDE 5 0.9899 ! actual IVDE (R2 5 0.9998,
RSD 5 57 kcal/kg; P , 0.01; Figure 4). However, the
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slope was not different from 1 (P 5 0.1044). The ratio of
determined IVDE to actual IVDE was 0.9889
(SD 5 0.0157). In the 8 calibration diets, the ratio of di-
etary IVDE to AME or AMEn was 1.0339 (SD5 0.0112)
and 1.0483 (SD 5 0.0111), respectively. Dietary IVDE,
AME, and AMEn values ranged by 609, 533, or
525 kcal/kg across 8 diets. The IVDE and AME or
AMEn were correlated linearly (r . 0.99，P , 0.01；
Figures 5 and 6). The linear models to predict ME from
IVDE were AME 5 0.8449 ! IVDE 1 451
(R2 5 0.9812, RSD 5 28 kcal/kg; P , 0.01; Figure 5)
and AMEn 5 0.8357 ! IVDE 1 436 (R2 5 0.9821,
RSD 5 27 kcal/kg; P , 0.01; Figure 6).

Validation for Sensitivity of IVDE and
Accuracy of ME Prediction Models

In experiment 2 (Table 3), validation diet 3 had the
greatest IVDE, AME, and AMEn relative to other diets
(P , 0.05), and diet 5 had the second greatest AME
and AMEn. Dietary IVDE and AME were lower for diets
2 and 4 relative to other diets (P, 0.05), and AMEn was
lowest for validation diet 4 (P , 0.05). The IVDE values
of validation diet 5, 1, 6, 8, and 7 significantly decreased in
sequence (P, 0.05). The AME of validation diets 1 and 6
or 7 and 8 did not differ (P . 0.05), but AME of valida-
tion diets 1 and 6 was greater than that of diets 7 and 8
(P , 0.05). Dietary AMEn of validation diets 1 and 6
or 2 and 7 did not differ (P. 0.05), but AMEn of valida-
tion diets 1 and 6 were greater than those of 2 and 7
(P , 0.05). The AMEn of validation diet 8 was less
than that of 1 and 6 but greater than that of 2 and 6. Di-
etary IVDE, AME, or AMEn varied by 598, 581, or
570 kcal/kg, respectively, across 8 validation diets. The
ratio of IVDE to AME or AMEn was 1.04 or 1.05. The
IVDE was highly correlated with AME or AMEn of the
validation diets (r . 0.97; P , 0.01).

TheME values for 8 validation diets could be predicted
by theME predictionmodels from IVDE of calibration di-
ets in experiment 1 (Table 3). Predicted and determined
ME differed by less than 100 kcal/kg, which accounts for
2.6 to 3.0% of AME andAMEn. In the regression of deter-
mined ME against predicted ME (R2 . 0.94; P , 0.01),
the slope was not significantly different from 1
(slope 5 0.9786, P 5 0.8286 for AME; slope 5 0.9851,
P 5 0.8669 for AMEn), and intercept was not significant
different from 0 (intercept 5 48, P 5 0.8932 for AME;
intercept 5 36, P 5 0.9085 for AMEn).

DISCUSSION

Previous studies randomly selected calibration sam-
ples to establish energy prediction equations for swine
(Boisen and Fern�andez, 1997; Noblet and Jaguelin-
Peyraud, 2007; Regmi et al., 2008; Sol et al., 2017; Pan
et al., 2018) or poultry (Wiseman et al., 2000; Zhao
et al., 2014). Generally, energy values are normally
distributed (Boisen and Fern�andez, 1997; Wiseman
et al., 2000; Noblet and Jaguelin-Peyraud, 2007; Zhao
et al., 2014; Sol et al., 2017), and as a result, extreme
data points can create leverage (Regmi et al., 2008)
and influence regression estimations (Kaps and
Lamberson, 2004). In the use of near-infrared reflectance
spectroscopy to predict chemical composition of feeds,
calibration samples were selected according to score
values of principal component analysis or distance in a
cluster analysis for samples scanned by 1,100 to
2,500 nm spectroscopy (China National Standard,
2002). This method eliminates repeated observations in
the calibration samples and the risk of high leverage.
In experiment 1, the energetic values of calibration diets
declined linearly with increasing dietary levels of soy-
bean hulls. The determined IVDE of soybean hull was
578 kcal/kg, which is similar to values of 480 kcal/kg re-
ported by Wei et al. (2019). Others have reported the
AME and AMEn of soybean hulls are 134 and
125 kcal/kg, respectively, using the extrapolation
method (Kong and Adeola, 2014). These results indicate
that the energetic value of soybean hulls is relatively low,
which is in accordance with views expressed by others
(Stein et al., 2008; Wei et al., 2019). Therefore, the die-
tary addition of soybean hulls generated calibration di-
ets with a wide range of energetic values to eliminate
leverage in developing ME and IVDE prediction equa-
tions. The actual IVDE values of calibration samples
can be calculated by the concentrations of dietary ingre-
dients and their IVDE values. A high degree of sensi-
tivity is evident when the determined IVDE is similar
to actual IVDE, which is in accordance with definitions
of sensitivity described by others (Ahmadi and Golian,
2010; St-Pierre, 2015). In our data, the range of deter-
mined IVDE was comparable with that of actual IVDE
across 8 calibration samples, and the ratio of determined
IVDE to actual IVDE was close to 1. Furthermore, the
regression of determined IVDE on actual IVDE was
consistent with the line of Y 5 X. These results indicate
the IVDE determined by CCSDS is highly sensitive. The
source of cereal grains differed across calibration diets,
but other ingredients remained the same. The range of
IVDE was very close to that of AME or AMEn across di-
ets. A high correlation was also observed between IVDE
and ME of diets. These results further support the
conclusion that the sensitivity of IVDE determined
with CCSDS is comparable to that established using
in vivo techniques (Bourdillon et al., 1990).
A high correlation must exist between in vitro and

in vivo values when establishing in vitro methods to pre-
dict digestibility of feedstuffs to gain acceptability
among nutritionists (Boisen and Eggum, 1991). Further-
more, there must be minimal differences and similar
ranges of in vitro and in vivo values across feed samples
(Valdes and Leeson, 1992; Zhao et al., 2014; Zhang et al.,
2019). The IVDE value determined in the present study
was equal to 1.03 or 1.05 times of AME or AMEn value,
and the range of IVDE (609 kcal/kg) was very close to
that of AME (533 kcal/kg) or AMEn (525 kcal/kg) in
the calibration diets. Moreover, IVDE was highly corre-
lated with ME. The R2 for predicting AME and AMEn
from IVDE was quite high in the current trial
(R2 5 0.9812 and 0.9821 and RSD 5 28 and 27 kcal/
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kg). Across 71 diets, others have reported the ratio of
IVDE to AMEn to be 1.04, and the ranges of IVDE or
AMEn were 1,135 or 1,219 kcal/kg, respectively; the
model to predict AMEn from IVDE had a R2 of 0.71
and RSD of 152 kcal/kg using manual, in vitro digestion
processes (Valdes and Leeson, 1992). These findings sug-
gest that the novel CCSDSmethod is superior to manual
in vitro digestion method (Valdes and Leeson, 1992).
Our results indicate that in vitro digestion progressed
by CCSDS can simulate major in vivo digestion pro-
cesses and accurately measure the variation in energetic
values of diets and support our earlier findings (Zhao
et al., 2014).
To further validate the accuracy of prediction models,

others have used unknown samples which were absent in
the calibration samples as validation samples (Meloche
et al., 2014; Urriola et al., 2014). In general, the accuracy
was validated by comparing the difference between pre-
dicted and determined values (Urriola et al., 2014; Zhao
et al., 2014; Shi et al., 2015) or testing whether regression
of determined on predicted values was consistent with
the line of Y 5 X (Boisen and Fern�andez, 1997;
Alvarenga et al., 2015). Others have established that
the efficacy of prediction is satisfactory when predicted
and determined ME differed by less than 100 kcal/kg
(Valdes and Leeson, 1992) or regression models of deter-
mined on predicted ME overlapped with the line of
Y5X (Boisen and Fern�andez, 1997). We observed com-
parable ratios of IVDE to ME for 8 calibration diets,
similar ranges in IVDE and ME across diets, a difference
of less than 100 kcal/kg between predicted and deter-
mined ME, and the regression of determined on pre-
dicted ME overlapped with the line of Y 5 X. These
results further support the accuracy of the model to
predict dietary ME from IVDE.
In conclusion, the IVDE of compound diets deter-

mined with CCSDS is highly sensitive. The IVDE
measured with CCSDS is predictive of ME in diets.
Therefore, IVDE determined with CCSDS is an effective
method to predict the ME of diets for roosters, and it
may offer benefits of being more efficient and cost-
effective than in vivo techniques.
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