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Two experiments were conducted to study the accuracy of predicting true metabolizable energy (TME) of
ingredients for ducks from in vitro digestible energy (IVDE) determined with a computer-controlled
simulated digestion system. Experiment 1 was to establish TME prediction models from the IVDE of 9
energy feed ingredients and 12 protein feed ingredients using regression analysis. Experiment 2 was to
validate the accuracy of the predicted ME of 10 ingredients randomly selected from Exp. 1. Ten diets were
formulated with 2 to 6 of 10 ingredients. Dietary in vivo TME values were compared with calculated
values based on the TME predicted in Exp. 1. In Exp. 1, the correlation coefficients between TME and IVDE
were 0.9339 (P < 0.05) in 9 energy feed ingredients and 0.8332 (P < 0.05) in 12 protein feed ingredients.
No significant difference was observed on the slope and intercept of TME regression models between 9
energy feed ingredients and 12 protein feed ingredients. Therefore, the regression model of TME on IVDE
for 21 feed ingredients was TME ¼ 0.7169 � IVDE þ1,224 (R2 ¼ 0.7542, P < 0.01). Determined and
predicted TME differed by less than 100 kcal/kg of DM in 11 ingredients, and the difference ranged from
100 to 200 kcal/kg of DM in 5 ingredients. However, the difference between determined and predicted
TME varied from 410 to 625 kcal/kg of DM in rice bran, rapeseed meal, corn gluten meal, and citric acid
meal. In Exp. 2, the determined and calculated TME were comparable (3,631 vs. 3,639 kcal/kg of DM) and
highly correlated (r ¼ 0.9014; P < 0.05) in 10 diets. Determined and calculated TME differed by less than
100 kcal/kg of DM in 7 diets and by 106 to 133 kcal/kg of DM in 3 diets. These results have demonstrated
that TME can be accurately predicted from IVDE in most feed ingredients, but it is less accurate for rice
bran, rapeseed meal, corn gluten and citric acid meal.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. 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

In vitro simulated digestion is an efficient, simple, and precise
method to evaluate feed quality, but it is imperative that methods
are validated and accurate for particular species. The in vitro
iation of Animal Science and
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digestion procedure developed by Boisen and Fernandez (1997) is
commonly used to predict available energy of feed ingredients for
pigs (Woyengo et al., 2016; Sol et al., 2017). But these simulated
digestion processes for swine are often used to represent poultry
(Yegani et al., 2013), which may not be the best approach. Recently,
a computer-controlled simulated digestion system (CCSDS) was
developed to determine in vitro digestible energy (IVDE) to predict
ME of corn for ducks using simulated intestinal fluid that matches
the in vivo composition in ducks (Zhao et al., 2014). The ME was
highly correlated with the IVDE, as determined by this in vitro
digestion system, in 9 feed ingredients (Zhang et al., 2019) and 6
diets (Wei et al., 2020) for ducks. Therefore, this novel in vitro
digestion method can rapidly determine the energy digestibility of
some ingredients for ducks, but it must be validated across a greater
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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variety of feed ingredients. In previous studies, the extent of the
correlation of in vitro and in vivo digestion has varied (Cone and
Van Der Poel, 1993; Boisen and Fernandez, 1997; Regmi et al.,
2009). The correlation coefficients are dependent on the precision
of in vivo and in vitro methods and the range of determined values
in calibration samples. Several studies have developed linear
models of MEwith IVDE based on the values of all samples together
(Valdes and Leeson, 1992; Zhao et al., 2014; Zhang et al., 2019),
which is subjective because all feeds are assumed to have a
consistent relationship between in vitro and in vivo values. In
consideration of these problems and to validate the accuracy of
predicting ME from in vitro digestion of a wide range of feed in-
gredients, the objective of this study was to 1) test whether
regression models of ME from IVDE was similar between 9 energy
feed ingredients and 12 protein feed ingredients to decide to pool
or separate the samples to establish models of ME on IVDE and 2)
validate the accuracy of predicted ME of feed ingredients by
comparing dietary in vivoME and calculatedME from the predicted
ME of feed ingredients and its concentration in diets.

2. Materials and methods

Experimental procedures were approved by the animal care and
welfare committee of the Institute of Animal Sciences, Chinese
Academy of Agricultural Sciences (Beijing, China).

2.1. Experimental design

Two experiments were conducted in this study. Experiment 1
was to establish prediction equations for true metabolizable energy
(TME) from the IVDE of 9 energy feed ingredients and 12 protein
feed ingredients. The slopes and intercepts were compared across
ingredients in these two prediction models. If there was no sig-
nificant difference in each of the slopes and intercepts, the 21 feed
ingredients were pooled to establish the TME prediction models for
IVDE. Each sample was determined for TME in 4 replicates of 3
ducks, and for IVDE in 5 replicates of 1 digestive tube. The rela-
tionship of TME and IVDE was evaluated by regression analysis.
Experiment 2 was to validate the accuracy of predicted TME in Exp.
1. Ten out of the 21 feed ingredients were randomly selected to
formulate 10 diets with 2 to 6 ingredients. Dietary calculated TME
was the sum of predicted TME of individual ingredient from the
model established in Exp. 1 multiplying its concentration in the
diet. The in vivo TME value of each diet was determined in 4 rep-
licates of 3 ducks. The in vivo and calculated TME values of diets
were compared to test the accuracy of predicted TME in Exp. 1.

2.2. Feed ingredients and experimental diets

A total of 21 samples were obtained from a feed company in
China (Newhope Liuhe Co. Ltd., Beijing, China). The samples repre-
sented a variety of ingredients (Table 1) common to ducks in China,
including 9 energy feedstuffs (corn 1, corn 2, wheat 1, wheat 2,
barley, sorghum, wheat flour, rice bran, and rice bran meal) and 12
protein feedstuffs (wheat middling, wheat bran, soybean meal, cot-
tonseed meal, peanut meal 1, peanut meal 2, rapeseed meal, corn
distillers dried grains with solubles (DDGS) 1, corn DDGS 2, corn
gluten meal, citric acid meal (a by-product in citric acid production
from the fermentation of corn or cassava), and monosodium gluta-
mate meal (a by-product in the extraction of monosodium gluta-
mate, composed of a high content of non-protein nitrogen).

In Exp. 1, diets 1 to 7 were formulated with the test ingredient
and premix of minerals and vitamins, whereas the diets 8 to 21
were formulated with corn 2, the test ingredient, and premix
(Table 2). In Exp. 2, validation diets 1 to 3 were composed of 2 to 4
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feed ingredients of corn 2, soybean meal, wheat 1, and wheat bran
(Table 3). Validation diets 4 to 8 were composed of 2 to 6 feed in-
gredients of corn 2, corn DDGS 2, rice bran, cottonseed meal,
rapeseed meal, and wheat bran (Table 3). Validation diets 9 and 10
were composed of 3 or 4 feed ingredients of corn 2, wheat 1, sor-
ghum, and barley (Table 3). About 5 kg of each diet was ground and
pelleted. All pelleted diets were air-dried until the water content
was less than 14% for the bioassay.

2.3. In vivo true metabolizable energy assay

The ME values were determined for 21 diets in Exp. 1 and 10
diets in Exp. 2 at the experimental base of the Institute of Animal
Sciences, Chinese Academy of Agricultural Sciences (Beijing, China).
The procedure for the TME assay followed the China Agricultural
Industry Standard (NY/T 2122-2012) and Zhao et al. (2008).
Briefly, after 5 d adaptation period, the drakes were deprived of
feed for 36 h and force-fed with 60 g experimental diet. After force-
feeding, excreta was collected for 36 h to determine the apparent
metabolizable energy (AME). The endogenous energy loss (EEL)
was determined by excreted energy in the feed-deprived drakes.
The TME was calculated by AME plus the EEL.

A total of 24 determinations for 21 diets and 3 EEL were
randomly assigned to 6 metabolic trials in Exp. 1. Another 12 de-
terminations for 10 diets and 2 EEL were randomly assigned to 3
metabolic trials in Exp. 2. In each metabolic trial, 48 Cherry Valley
drakes (average BW ¼ 3.7 kg) were divided into 4 groups. Each
group contained 4 replicates of 3 drakes for a single determination.

2.4. In vitro digestible energy determined by the computer-
controlled simulated digestion system

The IVDE of feed ingredients and diets was determined ac-
cording to the procedure described by Zhao et al. (2014). The
digestive chamber, simulated gastric fluid, simulated small intes-
tinal fluid, gastric buffer solution, and small intestinal buffer solu-
tion were all prepared in accordance with the procedures reported
by Zhao et al. (2014). The CCSDS is illustrated in Fig. 1. Before the
run, 2 g of grain feed ingredient or diet, or 1 g of another feed
ingredient and 20 mL of simulated gastric fluid, were added into
each digestion chamber. Two groups of 5 replicated digestive
chambers were fixed on a platform and connected with middle
silicone tubes, and then fixed in the reactor cabinet (1 in Fig. 1). The
solution entry of the first digestion chamber (2 in Fig. 1) was con-
nected to buffer bottles (3 in Fig.1) by electric valves (4 in Fig.1) and
a peristaltic pump (5 in Fig. 1) to circulate the buffer solution. The
solution exit of the fifth digestion chamber was connected to the
buffer bottle (3 in Fig. 1) by electric values. Entry of the simulated
small intestinal fluid in each digestion chamber was connected to a
small bottle in the low temperature storage cabinet (6 in Fig. 1) for
digestive fluid by small silicone tubes and a multiple channel
peristaltic pump (7 in Fig. 1). Bottles (3 in Fig. 1) filled with buffer
solution were fixed in a water-warmed bath (8 in Fig. 1). After the
gastric or small intestine digestion, 1,500 mL of deionized water
was pumped into each bottle (9 in Fig. 1), and then pumped into the
digestive chambers and circulated for cleaning the digestion by-
product. A shaker (10 in Fig. 1) responsible for mixing the sample
was fixed under the platform for the digestive chambers in the
reactor cabinet (1 in Fig. 1). The reactor cabinet was maintained at
42 �C using awarm-air recycling system (11 in Fig. 1) composed of a
heat pipe and a computer-controlled circuit box (12 in Fig. 1). The
parameters included 4 h for gastric digestion, 7.5 and 7.5 h for
upper- and lower-intestinal digestion respectively, 2 mL of
concentrated simulated small intestinal fluid, 42 �C for the buffer
solution and reactor cabinet, 180 rpm of shaking speed, an



Table 1
Nutrient content of feed ingredients (DM basis, %).

Item DM GE, cal/g CP Ash Ether extract Crude fiber

Energy ingredient
Corn 1 87.24 4,483 8.71 1.31 4.13 1.85
Corn 2 86.80 4,502 9.53 1.38 4.42 2.07
Wheat 1 88.56 4,469 15.09 1.83 2.15 2.06
Wheat 2 87.56 4,432 16.04 1.68 1.60 2.30
Barley 88.79 4,383 10.28 2.31 2.59 4.35
Sorghum 87.92 4,468 10.87 1.56 3.64 1.90
Wheat flour 86.91 4,444 16.50 1.06 1.84 0.54
Rice bran 90.08 5,176 15.05 8.17 18.43 7.83
Rice bran meal 89.47 4,195 18.51 12.11 1.12 10.15

Protein ingredient
Wheat middling 87.81 4,586 20.43 3.43 4.67 3.87
Wheat bran 87.12 4,554 21.01 6.13 3.90 10.34
Soybean meal 88.38 4,650 53.71 7.03 1.24 4.55
Cottonseed meal 90.48 4,780 52.05 6.41 2.87 11.84
Peanut meal 1 91.31 4,666 58.13 7.23 1.31 4.75
Peanut meal 2 91.54 5,065 51.48 5.02 8.74 5.17
Rapeseed meal 93.13 5,000 36.08 9.27 11.81 10.63
Corn DDGS 1 88.75 5,088 30.52 5.14 9.58 6.86
Corn DDGS 2 88.55 4,986 30.37 4.58 9.94 7.29
Corn gluten meal 91.19 5,723 66.42 1.09 1.54 1.62
Citric acid meal 90.34 5,491 28.60 1.23 12.40 15.50
Monosodium glutamate meal 93.14 5,145 75.40 2.87 6.33 1.16

DDGS ¼ distillers dried grains with solubles.
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emptying solution procedure and 3 replicated wash procedures
after gastric digestion, and 6 replicatedwash procedures after small
intestine digestion was set in the computer to automatically pro-
cess in vitro digestion for ducks. After completing the simulated
digestion, the undigested residues were dried, defatted, and then
dried to constant weight.

2.5. Chemical analysis

Samples were ground finely in a laboratory mill that was fitted
with a 0.3-mm mesh screen prior to chemical analysis. The DM
content (Method 930.15; AOAC, 2007) was determined by an oven
set at 105 �C for 5 h. Feed ingredients were analyzed for CP (Method
990.03; AOAC, 2007), ether extract (method 920.39; AOAC, 2007),
crude fiber (method 978.10; AOAC, 2007), and ash (method 942.05;
AOAC, 2007). Diet, excreta, and residue samples were analyzed for
gross energy (GE) using an IKA C2000 adiabatic calorimeter (GmbH
& Co. KG, Staufen, Germany) with benzoic acid as the calibration
standard.

2.6. Data calculation and statistical analysis

The TME of corn, wheat, barley, sorghum, and wheat flour was
calculated as follows: TME (kcal/kg) ¼ (Ein - Eout þ EEL)/Ein � GEt,
where Ein is the GE intake (kcal) in the diet, Eout is the GE output
(kcal) in the feces, EEL is the EEL (kcal) in the feces, and GEt is the GE
per unit weight (kcal/kg) in the test feed ingredient.

The TME of other feed ingredients was calculated by a difference
method according to the following formulas described byWoyengo
et al. (2010): TRGEt (%) ¼ TRGEcorn þ (TRGEe - TRGEcorn)/ECt, TME
(kcal/kg) ¼ TRGEt � GEt, where t and r represent the test feed and
experimental diet, respectively. Additionally, TRGEt, TRGEcorn, and
TRGEe are the true retention rate (%) of GE for the test ingredient,
corn 2, and experimental diet, respectively, and ECt denotes the
proportion (%) of GE from the test feed ingredient in the experi-
mental diet.

The IVDE was calculated as follows: IVDE (kcal/kg) ¼ [(Et e

Er) þ Ee]/Wt, where t, r and e represent the test feed, defatted res-
idue of feed and dry residue of enzyme, respectively. Additionally,
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Et is the GE (kcal) of the test feed ingredient added in each digestion
chamber, Er is the GE (kcal) of the defatted residue output in each
digestion chamber, Ee is the GE (kcal) of the dry residue of digestive
enzymes, and Wt is the DM weight (kg) of the test feed ingredient
added in each digestion chamber.

Means and ranges for IVDE or ME were calculated with the
MEANS procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC). The simple
correlation between TME and IVDE was analyzed using the CORR
procedure. Models of TME predicted from IVDE were developed by
the REG procedure. Significant differences in intercepts or slopes of
the TME prediction models between 9 energy feed ingredients and
12 protein feed ingredients were tested using the GLM procedure
according to the statistical principle described by Kaps and
Lamberson (2017).

3. Results

3.1. Correlation between the in vitro digestible energy and true
metabolizable energy of feed ingredients

As shown in Table 4, themean IVDEwas 3,561 kcal/kg of DM in 9
energy feed ingredients, and ranged from 2,007 to 4,085 kcal/kg of
DM. The mean TME was 3,731 kcal/kg of DM, ranging from 2,568 to
4,104 kcal/kg of DM. TME and IVDE were highly correlated
(r ¼ 0.9339, P < 0.05). The mean IVDE of the 12 protein feed in-
gredients was 3,255 kcal/kg of DM (range: 2,324 to 4,682 kcal/kg of
DM). The mean TME of the protein ingredients was 3,592 kcal/kg of
DM (range: 2,760 to 4,991 kcal/kg of DM). A correlation coefficient
of 0.8332 (P < 0.05) was observed between TME and IVDE. The
correlation coefficient (r¼ 0.8684, P < 0.05) between TME and IVDE
for all 21 feed ingredients pooled was lower than that in the 9
energy feed ingredients (r¼ 0.9339), but greater than that in the 12
protein feed ingredients (r ¼ 0.8332).

3.2. Regression models of true metabolizable energy against in vitro
digestible energy for feed ingredients

The models to predict TME from IVDE in 9 energy feed in-
gredients and 12 protein feed ingredients are shown in Fig. 2:



Table 2
The composition of the experimental diets (Exp. 1, DM basis, %).

Feed ingredient Experimental diet

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Corn 1 95.15
Corn 2 95.19 55.06 55.32 55.65 56.12 55.53 54.85 54.72 54.59 54.20 55.22 55.31 54.71 54.82 54.06
Wheat 1 95.22
Wheat 2 95.20
Barley 95.25
Sorghum 95.15
Wheat flour 95.10
Rice bran 40.16
Rice bran meal 39.88
Wheat middling 39.52
Wheat bran 39.01
Soybean meal 39.65
Cottonseed meal 40.39
Peanut meal 1 40.53
Peanut meal 2 40.67
Rapeseed meal 41.09
Corn DDGS 1 39.99
Corn DDGS 2 39.88
Corn gluten meal 40.53
Citric acid meal 40.42
Monosodium glutamate meal 41.24
Premix1 4.85 4.81 4.78 4.80 4.75 4.85 4.90 4.78 4.80 4.83 4.87 4.82 4.76 4.75 4.74 4.71 4.79 4.81 4.76 4.76 4.70

DDGS ¼ distillers dried grains with solubles.
1 The premix provided the following per kilogram of diets (as-fed basis): monocalcium phosphate, 18.0 g, limestone, 19.0 g, sodium chloride, 4.0 g, vitamin A 2,500 IU, vitamin D3 400 IU, vitamin E 10 IU, vitamin K3 0.5 mg,

vitamin B1 1.8 mg, vitamin B2 1 mg, vitamin B6 3 mg, vitamin B12 7 mg, pantothenic acid 11 mg, nicotinic acid 55 mg, folic acid 0.5 mg, biotin 0.12 mg, choline chloride 750 mg, Cu (as copper sulfate) 8 mg, Fe (as ferrous sulfate)
80 mg, Zn (as zine sulfate) 40 mg, Mn (as manganese sulfate) 60 mg, Se (as sodium selenite) 0.15 mg, I (as potassium iodide) 0.35 mg.
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Table 3
The composition of the validation diets (Exp. 2, DM basis, %).

Feed ingredient Validation diet

1 2 3 4 5 6 7 8 9 10

Corn 2 75.46 35.04 42.02 69.92 62.58 57.11 49.99 40.34 45.52 39.43
Wheat 1 51.00 22.62 12.05 10.44
Barley 12.75
Sorghum 37.64 32.59
Soybean meal 19.78 9.19 11.01
Cottonseed meal 8.33 7.29 11.00
Rice bran 10.00 9.13 8.00 6.45
Rapeseed meal 11.88 11.22
Corn DDGS 2 25.32 22.66 20.68 18.11 14.60
Wheat bran 19.52 11.62
Premix1 4.76 4.77 4.83 4.76 4.76 4.75 4.73 4.77 4.79 4.79

DDGS ¼ distillers dried grains with solubles.
1 The premix provided the following per kilogram of diets (as-fed basis): dicalcium phosphate, 18.0 g, limestone, 19.0 g, sodium chloride, 4.0 g, vitamin A 2,500 IU, vitamin

D3 400 IU, vitamin E 10 IU, vitamin K3 0.5 mg, vitamin B1 1.8 mg, vitamin B2 1 mg, vitamin B6 3 mg, vitamin B12 7 mg, pantothenic acid 11 mg, nicotinic acid 55 mg, folic acid
0.5 mg, biotin 0.12 mg, choline chloride 750 mg, Cu (as copper sulfate) 8 mg, Fe (as ferrous sulfate) 80 mg, Zn (as zine sulfate) 40 mg, Mn (as manganese sulfate) 60 mg, Se (as
sodium selenite) 0.15 mg, I (as potassium iodide) 0.35 mg.

Fig. 1. Structure of computer-controlled simulated digestion system. (1) Reactor cab-
inet, (2) digestion chamber, (3) buffer bottle, (4) electric value, (5) peristaltic pump, (6)
low-temperature storage cabinet, (7) multi-channel peristaltic pump, (8) water-
warmed bath, (9) wash bottle, (10) shaker, (11) warmed-air recycle system, (12)
computer.

Table 4
Simple correlation between the IVDE and TME of feed ingredients (Exp. 1, kcal/kg of DM

Feed ingredients Determined variable r1

Nine energy ingredients IVDE
TME 0.9339*

Twelve protein ingredients IVDE
TME 0.8332*

All ingredients IVDE
TME 0.8684*

IVDE ¼ in vitro digestible energy; TME ¼ true metabolizable energy.
*P < 0.05.

1 Correlation between IVDE and TME.

Fig. 2. Predictions of TME from IVDE of 9 energy feed ingredients and 12 protein feed
ingredients. The TME values were determined with 4 replicates of 3 drakes for each
sample, and IVDE values were determined based on the mean of 5 replicates per
sample. IVDE ¼ in vitro digestible energy; TME ¼ true metabolizable energy.
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TME ¼ 0.7451 � IVDE þ1,078 (R2 ¼ 0.8722, residual SD
[RSD] ¼ 187 kcal/kg, P < 0.01) and TME ¼ 0.7255 � IVDE þ 1,230
(R2 ¼ 0.6943, RSD ¼ 332 kcal/kg, P < 0.01), respectively. No sig-
nificant difference was observed on the slopes (P ¼ 0.9256) or in-
tercepts (P ¼ 0.5022) between the TME prediction models of 9
energy feed ingredients and 12 protein feed ingredients. Therefore,
data from all 21 feed ingredients were pooled to establish the
model as TME ¼ 0.7169 � IVDE þ1224 (R2 ¼ 0.7542,
RSD ¼ 270 kcal/kg, P < 0.01, Fig. 3).
).

Minimum Maximum Mean Range

2,007 4,085 3,561 2,078
2,568 4,104 3,731 1,536
2,324 4,682 3,255 2,358
2,760 4,991 3,592 2,231
2,007 4,682 3,386 2,675
2,568 4,991 3,651 2,423



Fig. 3. Prediction of TME from IVDE of 21 feed ingredients. The TME values were
determined with 4 replicates of 3 drakes for each sample, and IVDE values were
determined based on the mean of 5 replicates per sample. IVDE ¼ in vitro digestible
energy; RSD ¼ residual standard deviation; TME ¼ true metabolizable energy.
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3.3. Accuracy of true metabolizable energy predicted from in vitro
digestible energy

The determined and predicted TME differed by less than
100 kcal/kg in 11 samples and ranged from 100 to 200 kcal/kg in 5
samples (Table 5). In 9 energy feed ingredients, the determined and
predicted TME differed by 457 kcal/kg of DM for rice bran, whereas
the difference was below 134 kcal/kg of DM for the remaining 8
ingredients. In the 12 protein feed ingredients, the determined and
predicted TME differed by 273 to 625 kcal/kg of DM in rapeseed
meal, corn DDGS 2, corn gluten meal, and citric acid meal, but the
Table 5
The accuracy of predicting the TME from the IVDE in feed ingredients for ducks (Exp. 1)

Feed ingredient IVDE, kcal/kg TME, kcal/kg

Determined

Corn 1 3,762 4,055
Corn 2 3,811 4,029
Wheat 1 3,731 3,799
Wheat 2 3,665 3,919
Barley 3,340 3,557
Sorghum 3,850 4,057
Wheat flour 4,085 4,104
Rice bran 3,794 3,487
Rice bran meal 2,007 2,568
Wheat middling 3,302 3,530
Wheat bran 2,324 2,760
Soybean meal 3,528 3,836
Cottonseed meal 2,659 3,125
Peanut meal 1 3,591 3,626
Peanut meal 2 3,978 3,928
Rapeseed meal 3,277 2,958
Corn DDGS 1 3,234 3,691
Corn DDGS 2 3,156 3,760
Corn gluten meal 4,682 4,991
Citric acid meal 2,487 3,632
Monosodium glutamate meal 2,840 3,261
Mean 3,386 3,651
SEM 61 59
ARD4, %
Mean5 3,345 3,624
ARD5, %

IVDE ¼ in vitro digestible energy; TME ¼ true metabolizable energy; DDGS ¼ distillers d
1 The values were predicted according to TME ¼ 0.7169 � IVDE þ1,224 (R2 ¼ 0.7542,
2 Difference ¼ Determined - Predicted.
3 Confidence intervals (CI), 95% confidence intervals for the mean value of the predict

4 Average relative difference (ARD) ¼ .

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðDetermined� predictedÞ2
n

2

s

Mean of the determined
� 100%

5 The values that rice bran, rapeseed meal, corn gluten meal and citric acid meal are e
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difference was less than 200 kcal/kg of DM for the remaining in-
gredients. Additionally, the predicted TME of all 21 feed ingredients
was within the 95% confidence interval. The average relative dif-
ference (ARD) between the predicted and determined TME of all 21
feed ingredients was 7.02%. However, the ARD between the pre-
dicted and determined TME of 17 feed ingredients decreased to
3.24%when data for rice bran, rapeseedmeal, corn glutenmeal, and
citric acid meal were excluded.

The IVDE of 10 validation diets varied from 3,104 to 3,523 kcal/
kg of DM. The determined TME ranged from 3,324 to 3,834 kcal/kg
of DM, and the calculated TME ranged from 3,440 to 3,770 kcal/kg
of DM (Table 6). The IVDE was strongly correlated with the deter-
mined TME (r ¼ 0.9053, P < 0.05). The determined and calculated
TME were comparable (3,631 vs. 3,639 kcal/kg of DM) and highly
correlated (r ¼ 0.9014, P < 0.05). The determined and calculated
TME differed by less than 100 kcal/kg of DM in 7 of 10 diets and
differed by 106 to 133 kcal/kg of DM in 3 of 10 diets, and the
calculated values were all within the 95% confidence intervals for
the mean values of the predicted TME. The slope of the regression
for the calculated vs. the determined TME was not different from 1,
and the intercept was not different from 0. The ARD between the
calculated and determined TME of 10 diets was 2.24%.
4. Discussion

4.1. Correlation between the in vitro digestible energy and true
metabolizable energy of feed ingredients

In the current study, the TME values of corn, barley, and corn
gluten were greater (over 182 to 256 kcal/kg of DM), that of wheat
.

Predicted1 Difference2 CI3

3,921 134 3,777 to 4,064
3,956 73 3,807 to 4,105
3,899 �100 3,758 to 4,039
3,851 68 3,716 to 3,986
3,618 �61 3,495 to 3,742
3,984 73 3,831 to 4,137
4,153 �49 3,968 to 4,337
3,944 �457 3,797 to 4,091
2,663 �95 2,365 to 2,960
3,591 �61 3,467 to 3,715
2,890 �130 2,648 to 3,132
3,753 83 3,627 to 3,829
3,130 �5 2,941 to 3,319
3,798 �172 3,669 to 3,928
4,076 �148 3,906 to 4,245
3,573 �615 3,448 to 3,698
3,542 149 3,416 to 3,669
3,487 273 3,355 to 3,617
4,581 410 4,297 to 4,863
3,007 625 2,791 to 3,222
3,260 1 3,096 to 3,423
3,651

7.02
3,622

3.24

ried grains with solubles.
RSD ¼ 270 kcal/kg, P < 0.01).

ed TME.

xcluded from the above 21 feed ingredients.



Table 6
The differences between the determined and calculated TME in 10 diets for ducks (Exp. 2).

Diet IVDE TME, kcal/kg

Determined Calculated1 Difference2 CI3

1 3,482 3,834 3,728 106 3,683 to 3,832
2 3,492 3,807 3,720 87 3,674 to 3,818
3 3,178 3,543 3,522 21 3,376 to 3,549
4 3,438 3,733 3,649 84 3,588 to 3,700
5 3,480 3,657 3,660 �3 3,603 to 3,717
6 3,315 3,468 3,601 �133 3,516 to 3,635
7 3,262 3,497 3,577 �80 3,475 to 3,607
8 3,104 3,324 3,440 �116 3,220 to 3,470
9 3,523 3,758 3,770 �12 3,726 to 3,910
10 3,433 3,684 3,727 �43 3,682 to 3,830
Mean 3,371 3,631 3,639 �9
SEM 22 27
ARD4, % 2.24
r 0.9053* 0.9014*
T-test5, P value 0.7482
Regression analysis6

P-value7 0.1119
Slope 1.4323
P-value8 0.1136
R2 0.8124
P-value9 0.0004

IVDE ¼ in vitro digestible energy; TME ¼ true metabolizable energy.
*P < 0.05.

1 The values of 10 diets were calculated according to the predicted TME of the feed ingredient and its concentration in the diet.
2 Difference ¼ Determined - Predicted
3 Confidence intervals (CI), 95% confidence intervals for the mean value of the predicted TME.

4 Average relative difference (ARD) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðDetermined� calculatedÞ2
n

2

s

Mean of the determined
� 100%

5 Significant differences between determined TME and calculated TME of 10 diets were tested using paired T-TEST procedure.
6 Regression of determined on calculated TME.
7 Significance of the difference between the intercept and 0 in the regression model.
8 Significance of the difference between the slope and 1 in the regression model.
9 Significance of regression model
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bran was lower (371 kcal/kg of DM), and the TME of sorghum,
wheat, wheat middling, soybean meal and rapeseed meal were
similar (with differences of <126 kcal/kg of DM) to values published
in the Chinese Feed Database (Institute of Animal Sciences of CAAS,
2019). Compared with the TME reported by Ragland et al. (1997)
and Hong et al. (2002), the TME of corn, sorghum, and wheat
middling was similar (with differences of <123 kcal/kg of DM), but
that of soybean meal was greater (with differences of >701 kcal/kg
of DM). The considerable difference in the TME of soybean meal
could be that Hong et al. (2002) used a direct method, whereas we
used a substituted method. Hong et al. (2002) reported the deter-
mined TMEwas 72 kcal/kg higher than the expected TME in a corn-
soybean meal diet. This indicated that the direct method may un-
derestimate the TME of soybean meal. These data suggested that
TME not only varied in feed ingredients with the same name
(Karunaratne et al., 2018; Wei et al., 2019, 2020), but also that TME
was influenced by different bioassay procedures.

The current results indicated the TME and IVDE were highest in
wheat flour, but lowest in rice bran amongst the 9 energy feed
ingredients. The TME of sorghum and corn were relatively close to
the IVDE, but the TME was slightly higher than the IVDE for wheat
1, and obviously higher for barley. This variation was in accordance
to that reported by the Chinese Feed Database (Institute of Animal
Sciences of CAAS, 2019), as well as to the study of Ragland et al.
(1997), Hong et al. (2002), and Zhang et al. (2019). Thus, IVDE
was highly correlated with TME in 9 energy feed ingredients
(r ¼ 0.9339). In the 12 protein feed ingredients, the TME and IVDE
were highest in corn gluten meal and lowest in wheat bran. The
TME and IVDE of peanut meal 2 were higher than for soybeanmeal.
The TME of peanut meal 1, corn DDGS, citric acid meal, and wheat
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middling were similar to each other (with differences of <230 kcal/
kg of DM) but all were less than that of soybean meal. However, the
IVDE of these 4 ingredients varied considerably (range: 1,140 kcal/
kg of DM). Similarly, the cottonseed meal, rapeseed meal, and
monosodium glutamate meal were similar in terms of TME (with
differences of <303 kcal/kg of DM), but there was a wider range
amongst the IVDE of these 4 ingredients (range: 618 kcal/kg of DM).
These results indicated the relationship between TME and IVDE
was inconsistent in some protein ingredients. The IVDE was highly
lower than the TME of citric acid meal, but the IVDE was greater
than the TME of rapeseed meal with a high fat content. As a result,
the correlation between TME and IVDE deviated for these 2 in-
gredients relative to the others. Consequently, the correlation co-
efficient between TME and IVDE was lower in the 12 protein feed
ingredients than in the 9 energy feed ingredients.

4.2. Establishing a true metabolizable energy prediction model from
in vitro digestible energy

Cone and Van Der Poel (1993) developed unique regressions
between ileal and in vitro CP digestibility for each of concentrated
feeds, pea, rapeseed products, and soybean products. Wei et al.
(2019) selected 5 of 11 corn DDGS of variable IVDE to establish a
model to predict TME from IVDE. However, other researchers
developed only one model for all samples to predict in vivo values
from in vitro values (Valdes and Leeson, 1992; Regmi et al., 2009;
Zhao et al., 2014). Consequently, the establishment of prediction
model is subjective. It is challenging to assess whether regression
models for predicting in vivo from in vitro values are statistically
valid and whether they can represent multiple types of feed
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ingredients. In this study, the prediction models of TME from IVDE
between 9 energy feed ingredients and 12 protein feed ingredients
did not differ in slopes or intercepts. This indicates that the rela-
tionship between TME and IVDE is the same for both energy and
protein ingredients. Consequently, the 21 feed ingredients could be
combined to establish a regression model of TME on IVDE. In the
CCSDS, pepsin, trypsin, and chymotrypsin were responsible for
protein digestion; amylasewas responsible for starch digestion. The
digestibility of fat was estimated by ethanol extract (Zhao et al.,
2014). The relationship between TME and IVDE was similar for
both energy and protein feed ingredients, because of the specificity
of the digestive enzymes for each of the chemical structures.
4.3. Accuracy of predicted true metabolizable energy for feed
ingredients

The RSD of the regression model to predict ME from IVDE
(270 kcal/kg) for all 21 feed ingredients was greater than that of the
TME prediction models from IVDE for the corn samples and the 10
feed ingredients (Zhao et al., 2014; Zhang et al., 2019). The wider
range of IVDE and TME of the 21 feed ingredients used in the cur-
rent study could increase the RSD. Accordingly, this RSD was
numerically similar to the model that predicted AME from IVDE
determined with manual in vitro digestion for 94 grains and by-
products (265 kcal/kg of DM; Losada et al., 2009), but it was less
than that for 52 oilseed and by-products (379 kcal/kg of DM; Losada
et al., 2010). In the current study, the difference between the
determined and predicted TME was less than 100 kcal/kg of DM in
52.4% of samples, ranging from 100 to 200 kcal/kg of DM in 23.8% of
samples, and differing by more than 200 kcal/kg of DM in the
remaining 23.8% of samples. This accuracy was better than that of
Valdes and Leeson (1992), where the determined and predicted
AME differed by less than 100 kcal/kg of DM in 42.2% of samples,
ranging from 100 to 200 kcal/kg of DM in 28.2% of samples, and
differing by more than 200 kcal/kg of DM in the remaining 29.6% of
samples.

The substitutionmethod of TME bioassay determines the TME of
both basal and experimental diets, and this leads to more errors
when determining the TME of test ingredients. The range
(maximum - minimum) of TME in 4 replicates for each sample was
139 kcal/kg of DM, 192 kcal/kg of DM, 122 kcal/kg of DM, and
111 kcal/kg of DM in metabolic trials to directly determine the TME
of corn for ducks in the research of Adeola et al. (1997), King et al.
(1997), Ragland et al. (1997), and Adeola (2003), respectively.
Adedokun and Adeola (2005) also described a high standard error
(190 to 457 kcal/kg of DM) of AME for meat and bone meal in ducks
when using the substitution method. Therefore, the ME values of
feed ingredients are more precise when they are determined by the
directmethod rather than by the substitutionmethod. In this study,
the TME of corn, wheat, barley, sorghum, and wheat flour was
determined using the direct method, but the substitution method
was used for other samples due to poor palatability issues or the
test ingredients being unable to be fed for a long enough period of
time to determine the digestibility. As a result, there was less error
in the TME and more homogeneity between the determined and
predicted TME for energy ingredients compared to protein in-
gredients. In the 12 protein ingredients, a substantial difference
between the determined and predicted TME was observed in rice
bran, rapeseed meal, corn gluten meal, and citric acid. This indi-
cated that in vitro digestion for these 4 ingredients may not be
consistent with the other 17 ingredients.

The idea that the sum of digestible nutrients in a complete diet
is equal to the sum of those from the single ingredients is known as
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the additivity rule (Hong et al., 2002). This concept is usually used
to validate a new method of determining ME and amino acid di-
gestibility in feed ingredients (Sibbald, 1977; Cowieson et al., 2019;
Osho et al., 2019). Accordingly, we used the additivity rule to vali-
date the accuracy of the predicted TME for feed ingredients. Dif-
ferences of less than 100 kcal/kg of DM between the determined
and calculated dietary ME were considered to be of an acceptable
accuracy according to the error in the bioassay of ME (Valdes and
Leeson, 1992). Many unconventional feed ingredients are used to
formulate diets for ducks in China, but grains and soybean meal
account for the majority of the diets. In this study, validation diets 1
to 3 and 9 to 10 contained corn, soybean meal, wheat bran, wheat,
barley, and sorghum. The determined and calculated TME differed
by less than 106 kcal/kg of DM, which indicated that the TME
predicted from the regression model was accurate for these 6 in-
gredients. Diets 4 and 5 contained corn, corn DDGS 2, and cotton-
seed meal. The data in Exp. 1 showed that the predicted TME was
similar to the determined TME in corn and cottonseed meal,
although the predicted TMEwas lower than the determined TME in
corn DDGS 2. The determined and calculated TME of validation
diets 4 and 5 differed by less than 100 kcal/kg of DM, which indi-
cated that the predicted TME for corn DDGS 2 did not affect the
accuracy of the calculated dietary TME. Validation diets 6 to 8
contained corn, cottonseed meal, rice bran, rapeseed meal, corn
DDGS 2, and wheat bran. Data in Exp. 1 showed that the predicted
TME exceeded the determined TME in rice bran and rapeseed meal.
Accordingly, the calculated TME was greater than the determined
TME in validation diets 6 to 8. These results indicated that the
predicted TME values were overestimated for rice bran and rape-
seed meal. The high correlation coefficient (r > 0.90) between the
determined TME and IVDE or calculated TME values in 10 validation
diets indicated that the changes in the IVDE and calculated TME
values were consistent with the variation of in vivo TME. Our study
showed that the difference between the determined and calculated
TME was less than 133 kcal/kg of DM in all 10 validation diets,
whereas the results of Valdes and Leeson (1992) showed differ-
ences of less than 200 kcal/kg of DM in 70.4% of samples. This
further indicated that the CCSDS was more accurate than manual
in vitro digestion when predicting the ME for ducks.

5. Conclusion

Our results showed that the determined and predicted TMEwas
highly correlated for 9 energy ingredients and 12 protein in-
gredients, respectively. Additionally, no difference was observed on
the slopes or intercepts between the prediction model of energy
and protein ingredients, which implied that the prediction model
can be established for all 21 feed ingredients together. The pre-
diction model was further validated through 10 diets formulated
with the above feed ingredients. Further studies should focus on
optimizing the process of CCSDS for ingredients with a high fat or
protein content, due to the less accurately predicted TME of rice
bran, rapeseed meal, corn gluten and citric acid meal.
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