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ABSTRACT 

 

Co-products are increasingly used as alternative feedstuffs for pigs, but 

their nutritional quality varies largely. Rapid evaluation of energy digestibility of 

co-products is important for the feed industry and pork production. In vitro 

digestion (IVD) models have been used to evaluate nutritional quality of 

feedstuffs, but not rigorously tested on co-products. In study 1, we examined the 

performance of an IVD model to predict the apparent total tract digestibility 

(ATTD) of energy of 30 co-product samples of canola meal, corn dried distillers 

grain with solubles (DDGS), soybean meal, and wheat millrun, and compared 

with the predictions based on chemical analyses. The IVD model explained 69% 

of the variation in ATTD of energy among the co-products, but the prediction 

error was large. Furthermore, the IVD model underestimated the ATTD of energy 

of corn DDGS and wheat millrun, and poorly described the variation of the ATTD 

of energy within co-products of canola meal, corn DDGS, and soybean meal. 

Currently, chemical analyses had greater accuracy than the IVD model to predict 

the ATTD of energy of co-products, but its prediction based on multiple chemical 

analyses is not favorable. To determine issues of IVD model for its further 

improvement, identification of discrepancies between IVD and in vivo digestion 

of nutrients is essential. In study 2, a novel approach of using functional group 

digestibility (FGD) was proposed to estimate crude protein (CP) digestibility. The 

apparent ileal digestibility (AID) of CP of wheat was accurately estimated (R
2
 = 

0.99) using the FGD determined with the absorbance in the amide I region (1,689-

1,631 cm
-1

) of Fourier transform infrared (FT-IR) spectra scanned with an 



 

 

 

attenuated total reflection (ATR) attachment and ratio of an inorganic indigestible 

marker in diet and digesta. In study 3, a spectroscopic method was proposed to 

evaluate fat digestibility. The AID of total fatty acids (R
2
 = 0.75) and ATTD of 

ether extract (R
2
 = 0.90) of flaxseed and field pea were estimated with the FGD at 

ca. 2,923 cm
-1

 and 1,766-1,695 cm
-1

 of ATR FT-IR spectra, respectively. Our 

findings can assist the further improvement of IVD model to evaluate energy 

digestibility of co-products.  
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Chapter 1 Introduction 

 

Established in vitro digestion (IVD) models accurately predicted energy 

digestibility of cereal grains and among feedstuffs in pigs (Chapter 2). Likewise, 

chemical analyses accurately predicted digestible energy (DE) value of wheat 

grain and apparent total tract digestibility (ATTD) of energy for 114 mixed diets 

(Noblet and Perez, 1993; Zijlstra et al., 1999). However, IVD models and 

predictions based on chemical analyses have not been rigorously tested for co-

products. Co-products of cereal grains, legumes, and oilseeds are increasingly 

used as alternative feedstuffs, but they are rich in fiber, protein, or fat. It remains 

unclear if IVD or proximate analyses can predict energy digestibility of co-

products.  

Identification of discrepancies between IVD and in vivo digestion of 

nutrients is essential to improve IVD techniques. However, the small quantity of 

undigested residue of IVD hampers chemical analyses to determine nutrient 

concentration and digestibility. Spectroscopy can predict nutrient concentration or 

digestible nutrient content, but calibrations require reference data, and those are 

not available in this particular situation (Chapter 3). Thus, the ideal methods need 

to be applicable for small sample quantities and do not rely on reference data from 

chemical analyses to build calibrations. The Fourier transform infrared (FT-IR) 

spectrometer with an attenuated total reflection (ATR) accessory permits analysis 

on small quantity of samples (Chapter 3). It remains unknown if nutrient 

digestibility can be estimated using ATR FT-IR spectroscopy without calibration. 
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1.1 Hypotheses 

The hypotheses of the thesis were: 

a) IVD and chemical analyses can predict the ATTD of energy of co-products of 

cereal grains and oilseeds in pigs; 

b) Absorbance of ATR FT-IR spectra in the amide I region, methylene stretching 

region, and carbonyl in free fatty acids (FFA) and ester region reflects 

concentration of crude protein (CP), fatty acids (FA), ether extract (EE), 

respectively; 

c) Digestibility of CP, FA, and EE can be estimated using ATR FT-IR spectra 

and the ratio of an indigestible marker in diet and undigested residue without 

calibration. 

 

1.2 Objectives 

The objectives were to examine if IVD and chemical analyses can predict 

energy digestibility of co-products in pigs, and to develop non-calibration 

spectroscopic methods to estimate digestibility of CP, FA, and EE for 

identification of discrepancies between IVD and in vivo digestion of nutrients. 

Specific objectives were: 

1. To examine if IVD and chemical analyses can predict the ATTD of energy of 

co-products from canola, corn, wheat grain, and soybean in pigs (Chapter 4); 

2. To examine relationships between absorbance of ATR FT-IR spectra and 

concentration of CP of digesta samples of wheat grain (Chapter 5), 

concentration of FA of ingredients, diets, and digesta samples of co-extruded 
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flaxseed and field pea, and concentration of EE of ingredients, diets, and fecal 

samples of co-extruded flaxseed and field pea (Chapter 6); 

3. To develop a non-calibration spectroscopic method to estimate apparent ileal 

digestibility (AID) of CP of diet containing wheat grain in pigs (Chapter 5); 

4. To develop a non-calibration spectroscopic method to estimate AID of FA and 

ATTD of EE of diets containing co-extruded flaxseed and field pea in pigs 

(Chapter 6). 

 

1.3 References 

Noblet, J., and J. M. Perez. 1993. Prediction of digestibility of nutrients and 

energy values of pig diets from chemical analysis. J. Anim. Sci. 71:3389–

3398. 

Zijlstra, R. T., C. F. M. de Lange, and J. F. Patience. 1999. Nutritional value of 

wheat for growing pigs: chemical composition and digestible energy 

content. Can. J. Anim. Sci. 79:187–194. 
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Chapter 2 In vitro digestion model to simulate nutrient digestion of feedstuffs 

in monogastric animals: A review  

 

2.1 Abstract 

In vitro digestion (IVD) models mimic in vivo digestion and are promising 

as an alternative to using animals to evaluate feed quality. A detailed 

understanding of IVD technique to evaluate nutrient digestion of feedstuffs for 

monogastric animals is required. Therefore, key steps of IVD models were 

compared with in vivo digestion of nutrients at each section of digestive tract. The 

lack of fat digestion in the second step and enzymatic digestion of fiber in the 

third step of IVD models do not match with in vivo digestion. Apart from 

digestion, fermentation by microbiota in the digestive tract of animals poses a 

challenge for using IVD models to simulate protein and fat digestion. The IVD 

models predicted energy digestibility within cereal grains and among feedstuffs, 

but not for co-products of cereal grains and oilseeds rich in fiber, protein, and/or 

fat. Characterization of discrepancies between in vitro and in vivo digestion of 

energy-yielding nutrients are essential to improve IVD technique for accurate 

evaluation of energy digestibility. 

 

2.2 Introduction 

Feed accounts for more than 65% of the total cost of monogastric 

livestock production (Steiner and Aufy, 2011; Williams et al., 2011); thus, 

accurate feed quality information is important. However, nutritional value varies 
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largely even within feedstuffs (Yin et al., 1993; Zijlstra and Beltranena, 2008) due 

to genetics, agronomics, harvest, storage (Canibe and Eggum, 1997; van 

Barneveld, 1999), and processing conditions (Hernot et al., 2008). For example, 

the digestible energy (DE) value varied by up to 3.7 MJ/kg DM for wheat grain 

and 4.3 MJ/kg DM for barley grain in pigs (van Barneveld, 1999; Zijlstra et al., 

2011). Such magnitude of variation in DE is economically important to livestock 

producers. Feed producers need timely feed quality information to formulate 

production diets close to target nutrient requirements and to properly determine 

cost of feedstuffs. Thus, rapid and accurate feed quality assessment of digestible 

nutrient content of feedstuffs is important (Noblet and Henry, 1993). Poor 

estimation of digestible nutrient content in feedstuffs may reduce predictability of 

animal performance (Boisen, 2000), increase feed cost, reduce profit margin (de 

Lange and Birkett, 2005), and may cause environmental issues (Dourmad et al., 

1999; Boisen, 2007a). 

Among feed quality evaluation methods, physical measurements such as 

density or 1,000-kernel weight were used traditionally to describe feed quality, 

but do not predict DE or metabolizable energy (ME) values of cereal grains, and 

are inferior to predictions based on chemical measurements (Fairbairn et al., 1999; 

Zijlstra et al., 1999). Although equations exist to predict DE or ME values based 

on proximate analysis (Noblet and Perez, 1993; Goff and Noblet, 2001), time 

required for acquiring data and analytical error especially for fiber limits accuracy 

of prediction. Modern technologies, such as near-infrared reflectance 

spectroscopy (NIRS), can predict DE of cereal grains in pigs (van Barneveld et al., 
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1999; Zijlstra et al., 2011); however, NIRS must be supported by reference data to 

develop calibrations. Using in vivo data as reference is expensive and time 

consuming. The IVD models are promising for feed quality assessment (Boisen 

and Fernandez, 1997; Moughan, 1999), and may replace predictions based on 

proximate analyses (Spanghero and Volpelli, 1999; Mould, 2002). The mobile 

nylon bag technique (MNBT) has also been used to evaluate nutrient digestibility 

(Sauer et al., 1983; Thacker and Qiao, 2001). This technique offers advantages 

over conventional digestibility methods, such as fast turnover, fewer pigs required, 

and exclusion of basal diet and indigestible marker (Qiao and Thacker, 2004). 

However, this technique is affected by wash time and mesh size of nylon bags 

(Yin et al., 2002) and prediction accuracy was similar to IVD models (Beames et 

al., 1996). Historical development of IVD models to estimate digestibility of 

foods and feed grains for pigs has been reviewed (Boisen and Eggum, 1991; 

Savoie, 1994; Moughan, 1999). Thus, the present review focuses on the 

identification of weaknesses of IVD models to evaluate nutrient digestibility with 

emphasis on pigs. 

 

2.3 Overview of in vitro digestion systems 

More than 50 years have passed since the first use of pepsin to predict the 

biological value of egg protein (Sheffner et al., 1956). Many IVD models have 

been developed, but need to be characterized for their efficacy to describe feeding 

value for animals and their practical application. A 2-step IVD model is 

commonly used to simulate nutrient digestion in stomach (Step 1) and the small 
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intestine (Step 2), plus Step 3 to simulate digestion in the large intestine 

accounting for total tract digestion. Three categories of IVD system exist (Table 

2.1): 

1. Use of digestive fluid or microflora collected from living animals for all 

digestion simulation steps of an IVD model, such as the use of duodenal or 

fecal extractions for entire digestion simulation (Lowgren et al., 1989); 

2. Use of digestive fluid or microflora in part of simulation steps, such as the 

IVD models using pepsin in Step 1 and intestinal fluid of pigs in Step 2 to 

predict ileal dry matter (DM) and crude protein (CP) digestibility (Furuya, 

1979); or using fecal inocula in Step 3 for in vitro fermentation trials (Gajda et 

al., 2005); 

3. Use of commercially-available purified enzymes for all simulation steps, as 

represented by a 3-step IVD procedure (Boisen and Fernandez, 1997) to 

predict the apparent total tract digestibility (ATTD) of energy. 

To evaluate the extent of digestion or absorption, four types exist (Table 

2.2): 

I. Measure digesta directly for liberated H
+
 as peptide bonds split, e.g., pH 

change or concentration change, for instance, pH-drop (Hsu et al., 1977) or 

pH-stat method (Pedersen and Eggum, 1983) to predict protein digestibility, 

by regressing in vivo data against uptake of alkali titrant; 

II. Separate the undigested from the digested fractions by filtration or 

centrifugation and measure undigested mass or nutrients; 
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III. Mimic absorption by dialysis with a cut-off molecular weight (MW) and 

then measure concentration of absorbed nutrients to assess protein or AA 

digestibility (Gauthier et al., 1982; Savoie and Gauthier, 1986); 

IV. Measuring products from digestion, such as gas production during 

fermentation (Coles et al., 2005). This type of measurement is not discussed 

in this review. 

According to the control of the digestion process, IVD models can be 

divided into static models that represent most, and dynamic models that represent 

a few (Moughan, 1999; Smeets-Peeters et al., 1999; Chiang et al., 2008). 

Use of Categories 1 (Table 2.3) and 2 (Table 2.4) IVD models has 

decreased, while use of Category 3 (Table 2.5) models has increased in the last 

decade. This change reflects that IVD models exist to enable rapid evaluation of 

nutritional quality of feedstuffs with minimal use of animals. Purified microbial 

enzyme complexes (e.g., Viscozyme, a mixed multi-enzyme complex containing a 

wide range of microbial carboanhydrases including arabinase, cellulase, β-

glucanase, hemicellulase, xylanase, and pectinase) can be used to mimic digestion 

of fiber in the hind gut (Boisen and Fernandez, 1997). Similarly, cellulase can 

also be used to mimic fiber digestion and support accurate prediction of ATTD of 

energy for barley grain in pigs (van der Meer and Perez, 1992; Huang et al., 

2003a). Thus, hind gut digestion can be simulated without living microflora. 

Benefits of using purified enzymes include avoiding use of animal and greater 

repeatability among batches of IVD measurements (Noblet and Jaguelin-Peyraud, 

2007; Regmi et al., 2008, 2009). Regarding using digestive fluid, concerns exist 
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about efficiency of digestive enzymes, because diets fed to donor animals may 

influence enzyme composition and activity (Furuya et al., 1979; Corring, 1980). 

Fluctuating enzyme activity hampers standardization of IVD models among 

batches and laboratories. 

Dynamic in vitro systems, with sophisticated control of pH, secretion of 

enzymes and simulated movement of gut were proposed (Minekus et al., 1995, 

1999; Smeets-Peeters et al., 1999). However, dynamic in vitro systems are used 

less for feed quality evaluation and more for functional food and pharmaceutical 

research (Marteau et al., 1997; Venema et al., 2000, 2003). Ileal organic matter 

(OM) digestibility (65.1%) was severely underestimated by a dynamic in vitro 

system (24.0%) for fibrous feedstuffs as compared with a static 3-step IVD model 

(74.0%; Meunier et al., 2008). The reason for the underestimation is not clear. It is 

unknown whether inclusion of simulation of large intestine digestion into 

dynamic in vitro systems can improve their accuracy (Minekus et al., 1999). With 

simple static or sophisticated dynamic in vitro models, simulation of all digestion 

and absorption processes within the gut is too complex and nearly impossible. 

However, with defined goals, IVD models can estimate the nutritive value of 

feedstuffs. Encouraging examples do exist. The IVD models described 81-98% 

variation of CP digestibility and 82-97% variation of energy digestibility of 

feedstuffs for monogastric animals (Table 2.6). 

Some IVD models have been used for practical routine evaluation. 

Notably, the feed evaluation system for pigs based on an IVD model became 

official in Denmark in 2004 (Boisen and Tybirk, 2005). Among IVD models, the 
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3-step IVD model developed by Boisen and Fernandez (1997) received wide 

attention (Moughan, 1999). However, IVD models require improvements, 

because conflicting or less satisfactory data exist. For example, predictions had 

high accuracy (R
2
 = 0.93) for the apparent ileal digestibility (AID) of CP of wheat 

grain in pigs with a 2-step IVD model, but were low (R
2
 = 0.03-0.60) for 

Phaseolus bean, pea, rapeseed meal, and soybean meal (Cone and Vanderpoel, 

1993). 

Prediction accuracy for CP and AA digestibility of feedstuffs and feed 

mixtures for pigs was so high (Boisen and Fernandez, 1995) that future studies 

with surgically-modified pigs to analyze AID of AA in protein sources were 

questioned (Boisen, 2007b). However, poor to moderate accuracy to predict 

protein digestibility for soybean meal (R
2
 = 0.59), rapeseed meal (R

2
 = 0.33; 

Swiech et al., 2001) and feather meal for poultry (R
2
 < 0.16) was also reported 

(Papadopoulos, 1987). Moreover, validation of the IVD model with 48 feed 

mixtures had moderate prediction accuracy (R
2
 = 0.57) for protein digestibility 

(Boisen and Fernandez, 1995). 

A linear relation between IVD of OM and in vivo ATTD of energy was 

achieved with a 3-step IVD model, but five samples of meat and bone meal and 

raw potato starch were overestimated or underestimated, respectively (Boisen and 

Fernandez, 1997). Using the same IVD model for corn co-products, including 

corn distillers dried grain with solubles (DDGS), the accuracy of using in vitro 

digestibility of OM to predict in vivo DE value was moderate (R
2
 = 0.63). The 

relation was reduced (R
2
 = 0.29) when corn oil was removed from regression 
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analysis, because corn oil was washed away by filtration with acetone (Anderson, 

2009). In a validation of the IVD model on 113 compound feeds and 66 

ingredients, full-fat rapeseed was excluded for the regression as an outlier (Noblet 

and Jaguelin-Peyraud, 2007). The IVD model poorly (R
2
 = 0.12) predicted the 

ATTD of neutral detergent fiber (NDF) of DDGS from corn, sorghum, or blended 

corn and sorghum in growing pigs (Urriola, 2010). 

All these poor results indicate that IVD models are far from robust. We 

need to review whether IVD models properly simulate nutrient digestion in 

monogastric animals. 

 

2.4 In vitro simulation of gastric digestion 

Simulation of oral digestion is omitted from IVD models, because minimal 

amounts of starch and fat are digested in the mouth due to limited activity of 

salivary amylase (Hudman et al., 1957) and lingual lipase (Dicklin et al., 2006). 

Optimal pH for salivary α-amylase is 6.7 and pH is above 5.0 in the cardiac gland 

region of stomach; thus, gastric starch digestion may continue temporarily and 

then stop in the gastric fundus with a pH below 3.6 (Yen, 2001). In static IVD 

models, pH is normally around 2.0 in Step 1; thus, starch digestion is not 

simulated. Among macronutrients, protein digestion is initiated in the stomach by 

gastric proteases and HCl. The step simulating gastric digestion is often Step 1 in 

3-step IVD models. 
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2.4.1 Enzyme, pH and digestion time 

Gastric proteases produced in the porcine gastric mucosa are pepsins A, B 

and C and chymosin (Yen, 2001). Pepsins have two pH optima, one at pH 2 and 

one near 3.3 (Bottger and Holler, 1974). Most IVD models using pepsin have a 

pH around 2. 

Incubation time to simulate gastric digestion varies greatly among 2- or 3-

step IVD models and lacks standardization. Among studies, digestion time ranged 

from 0.5 to 6 h: 0.5 h (Savoie et al., 2005), 1 h (van der Meer and Perez, 1992), 

1.5 h (Cone and Vanderpoel, 1993), 2 h (Boisen and Fernandez, 1997) and 6 h 

(Boisen and Fernandez, 1995; Huang et al., 2003a). Because digestion is a 

function of enzyme activity and time, increased digestion time will increase 

protein or AA digestibility. Information about length of simulation of gastric 

digestion is not conclusive for in vivo digestion. Mean retention time (MRT) was 

1 h in the stomach (Wilfart et al., 2007) and increasing dietary insoluble fiber did 

not affect gastric MRT. But, the MRT ranged from 3 h for a maize starch-based 

diet to 12.8 h for a soy hull diet (van Leeuwen and Jansman, 2007). Enzyme 

activity and concentration drastically influence digestion of substrates and are 

difficult to compare, because enzyme sources differ among studies. With excess 

enzyme concentration, enzyme specificity is likely more important. 

2.4.2 Protein digestion 

Pigs are normally cannulated at the ileum; thus, gastric digestibility of CP 

is rarely reported. Protein digestibility estimates at 2 to 4 h of incubation time in a 

static IVD model were similar to in vivo digestibility when concentration of 
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pepsin (1,000 units/mL 0.1 M HCl) was close to stomach concentration of pigs 

(Chiang et al., 2008). Digestibility of CP in the dynamic IVD model increased 

with time similar to in vivo studies in pigs (Chiang et al., 2008). 

2.4.3 Fat digestion 

Similar to protein, digestion of fat is initiated in the stomach with lipase 

secreted from gastric mucosa in the fundic region (Armand et al., 1992). Although 

lipase activity in gastric tissue is 3% of that of pancreas, it has broad optimal pH 

ranging from 2.2 to 6.4. About 25 to 50% of dietary lipid in newborn pigs is 

hydrolyzed in the stomach into diacylglycerols, monoacylglycerols and free fatty 

acids (FFA; Gu and Li, 2003). About 10 to 30% of fat is hydrolyzed in the 

stomach by lingual lipase with substrate specificity. Medium-chain triglycerides 

were hydrolyzed at rates 5 to 8-fold greater than long-chain triglycerides (Liao et 

al., 1984). An IVD model using lipase with simulated gastric conditions released 

enzymatically up to 20% of medium-chain fatty acids (MCFA) into the medium 

(Dierick et al., 2002). For IVD models with only pepsin included in Step 1 and 

lacking gastric movement, fat digestion in Step 1 of IVD model remains unknown. 

 

2.5 In vitro simulation of digestion in small intestine 

2.5.1 Enzyme, pH and digestion time 

The small intestine is the major site of digestion for starch, fat, protein, but 

not for non-starch polysaccharides (NSP). Simulation of this digestion is often 

Step 2 of the IVD model. In contrast to the low pH in the stomach, the pH is 

neutral in the small intestine and also in the Step 2 of most IVD models. Enzymes 
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secreted into small intestine are complex, including pancreatic amylase, trypsin, 

chymotrypsin and lipase for luminal digestion (Yen, 2001). Apart from these 

enzymes, brush border enzymes further cleave peptides and dextrin, etc. (Yen, 

2001). These enzymes are not included in most 3-step IVD models. Thus, the IVD 

end-products are not the same as those of in vivo digestion. 

Time to simulate the small intestine digestion in Step 2 of IVD models 

varies considerably, ranging from 1 h (van der Meer and Perez, 1992), 4 h (Boisen 

and Fernandez, 1997), 12 h (Graham et al., 1989) to 18 h (Huang et al., 2003a). 

For in vivo digestion, MRT averaged 4 h in the small intestine and decreased with 

increasing dietary insoluble fiber content (Wilfart et al., 2007). However, the 

MRT in the small intestine ranged from 5 h for a corn starch-based control diet to 

21 h for a diet with high water-holding capacity (van Leeuwen and Jansman, 

2007). Optimum IVD time to simulate digestion in the small intestine requires 

further investigation. 

Enzyme activity seems less of a concern, as pancreatic enzymes can digest 

about 10 times the quantity of feed typically ingested by pigs under normal 

physiological conditions (Corring, 1980). Moreover, a great surplus of enzyme 

activity is added in most IVD models (Boisen and Eggum, 1991). 

The physical environment of IVD models differs from in vivo digestion. 

For IVD models, the constant watery digestion condition does not reflect viscosity 

of the intestinal tract, as increasing viscosity of gastrointestinal tract contents 

alters physiologic responses in many species (Dikernan et al., 2007). 
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2.5.2 Protein digestion 

Comparing digestibility of CP among various digestion times in IVD 

models is difficult, as digestibility of CP varies with digestion time. For example, 

digestion of CP of rapeseed protein increased linearly for 18 h (Gauthier et al., 

1982). With trypsin incubation, CP digestibility was greater at 24 h than at 4 h, 

and increased continually from 4 h to 24 h. The IVD of CP also increased with 

trypsin concentration increasing from 0.1 to 2 mg/mL (Huang et al., 2000). These 

examples indicate that selection of digestion time requires further study. 

In vitro protein digestion with 4 h in Step 2 is less complete when 

comparing digestion end products with in vivo digestion (Qiao et al., 2004). For 

in vivo digestion, soluble but unabsorbed peptides were smaller than 1 kDa, 

indicating that size of soluble peptides prevents their absorption. For IVD, 88% of 

soluble peptides were smaller than 1 kDa and 12% between 1 and 5 kDa. Thus, 

soluble peptides in IVD could be considered digested, because large soluble 

peptides whose size prevented absorption were not observed for in vivo digestion 

(Qiao et al., 2004). Based on a dialysis system, precision was lacking for highly 

water-soluble AA, especially lysine, and digestibility for less water-soluble AA 

was underestimated, e.g., histidine, isoleucine, leucine and phenylalanine. 

However, the peptides with larger MW might not be a problem for IVD models 

using filtration systems with a large pore size. 

Substrate specificity also exists for protein digestion. For example, 

rapeseed protein that is poor in aromatic AA is a poor substrate for pepsin 

(Gauthier et al., 1982). Generally, animal proteins were digested at a greater rate 
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than plant proteins (Savoie et al., 2005). For protein sources with peptide fractions 

with a MW exceeding 10 kDa (basic-neutral, BN > 10), protein was hydrolyzed 

rapidly during the first 2 h of pancreatin digestion, except for gluten (Savoie et al., 

2005). Specificity also exists for AA. Peptides rich in proline and glutamic acid 

are more resistant to digestion; threonine and proline proportions were relatively 

high in BN > 10 and in peptide fractions with MW between 10-1 kDa (BN 10-1), 

while fractions with tyrosine, phenylalanine, lysine, and arginine dominated in the 

low MW (<1 kDa) fraction (Savoie et al., 2005). 

2.5.2.1 Endogenous N 

For protein digestion in the small intestine, ileal digestibility is often used. 

Many studies have correlated AID of CP or AA to IVD of protein or AA. Some 

may attribute the discrepancy of CP or AA digestibility between in vivo digestion 

and IVD entirely to the endogenous N loss, but neither is appropriate. The IVD 

model does not have the same endogenous losses that occur in vivo. In young pigs, 

the epithelium of small intestine is replaced every 3 to 4 days and that of large 

intestine every 4 to 8 days (Yen, 2001). However, the IVD model is not void of 

endogenous protein. Enzymes added are equivalent to endogenous, and surplus 

enzyme is added in most IVD models (Boisen and Eggum, 1991). For in vivo 

digestion, 70 to 80% of endogenous N is digested and reabsorbed (Souffrant et al., 

1993). For IVD, especially for filtration units with a large pore size, enzyme 

would be ‘absorbed’; thus, in vitro digestibility should be deemed as true ileal 

digestibility (TID) of protein. 
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Evaluated using a casein-based diet, basal endogenous loss reached 63 mg 

total N/g digesta DM at the distal ileum and 73% was proteinaceous (Miner-

Williams et al., 2009). Mucin contributed 10% of N lost and was the most 

abundant endogenous loss. Bacterial N (45%) combined with ammonia and urea 

N represented 61% of total N lost (Miner-Williams et al., 2009). Gut microflora 

of pigs synthesize essential AA and microbial AA that can be absorbed 

(Torrallardona et al., 2003). The largest proportion of endogenous protein is due 

to microbial activity in the stomach and small intestine of the pig (Miner-

Williams et al., 2009). The composition of endogenous protein was relatively 

constant (Pedersen et al., 2002). Using the 
15

N-isotope dilution technique, the 

ingredient-specific endogenous loss induced was characterized (de Lange, 1989). 

Dietary pectin can induce greater endogenous protein losses at the distal ileum (24 

g/kg DM intake) comparing with endogenous protein losses (20, 23, 20 g/kg DM 

intake, respectively) for diets based on N-free, cellulose, and canola oil. Pectin 

thus increases microbial activity and thereby microbial contributions in the 

endogenous loss. Canola meal induced greater endogenous loss (31 g/kg DM 

intake) than soybean meal, wheat, and barley (26, 27, 28 g, respectively; de Lange, 

1989). The mechanical effect of fiber may stimulate mucosa production and 

increase sloughed-off mucosal cells (Bergner et al., 1975; Farness and Schneeman, 

1982). Regarding this loss, digestibility of threonine of IVD may not match in 

vivo digestion (Pujol and Torrallardona, 2006). Endogenous losses have been 

reviewed (Boisen and Moughan, 1996; Nyachoti et al., 1997; Stein et al., 2007). 

Thus, for fibrous and highly fermentable feedstuffs, endogenous losses may be 
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underestimated with the correction of basal endogenous and the TID of protein or 

AA might be overestimated. Microbial activity has thus not been considered in 

IVD models using purified enzymes; and this activity should be considered. In 

summary, IVD should be compared with the TID or, as a minimum, with the 

standard ileal digestibility (SID) of CP or AA (Moughan, 1999). 

2.5.3 Starch digestion 

For in vivo digestion, pancreatic α-amylase is the sole active luminal 

carbohydrase. Digestion end products include maltose, maltotriose, α-limit dextrin 

and some glucose (Yen, 2001). The end products of the IVD model using 

pancreatin would be similar to digesta of in vivo digestion. However, for in vivo 

digestion, maltose, maltotriose, and α-limit dextrin from luminal starch digestion 

are further degraded into monosaccharides by brush border enzymes, including 

sucrase, isomaltase and maltases II and III (Yen, 2001). For IVD, mucosal 

digestion is lacking, thus, digestion end products might be a mix of 

monosaccharide, disaccharides and low-MW polymers of carbohydrates. 

However, the lack of simulation of mucosal digestion in IVD models is likely not 

a major issue, except in dialysis systems with restricting cut-off MW. 

From the literature, IVD digestion of starch in cereal grains does not seem 

a problem. Starch is a high-molecular carbohydrate composed of linear (amylose) 

and branched (amylopectin) chains of glucose residues. Raw plant starch, e.g. 

from cereals, is subject to complete but slow digestion. The 4 h IVD of starch was 

well correlated (r = 0.96) to in vivo ileal digestion of starch in poultry. Also, 

digestion rate was well correlated to in vivo digestion (r = 0.87) among starch of 
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potato, legume, cereal grains, and rapidly-digestible tapioca (Weurding et al., 

2001), indicating that IVD of starch could describe in vivo starch digestion. The 

in vivo portal glucose appearance data can be predicted effectively (R
2
 = 0.95) 

from IVD data after correction for gastric emptying for in vivo digestion of four 

heterogeneous starch sources (Kempen et al., 2010). However, other results exist. 

Rate of disappearance of starch between in vivo digestion and IVD models agreed 

minimally (Bauer et al., 2003). The classification of starch into rapidly digestible 

starch (RDS) and slowly digestible starch (SDS) components was not 

accomplished for a range of starch sources, in particular for corn starch (Bauer et 

al., 2003). In addition, starch may occur in a form incapable of enzymatic 

hydrolysis, referred to as resistant starch (RS; Leszczynski, 2004). The amount of 

RS that cannot be digested in the small intestine can be predicted from IVD 

measurements, but RS is fermentable (Silvester et al., 1995). The fractions of 

RDS, SDS and RS may have less biological relevance in pigs and thus have little 

value to predict in vivo responses among starch sources (Kempen et al., 2010). 

Enzyme access issues occasionally occur for starch digestion, because digestion 

for one nutrient may affect digestion for others. For example, pepsin and bile may 

enhance IVD of slowly-digestible starch, as starch encapsulated in the endosperm 

protein matrix was released, making starch accessible to amylolytic enzymes 

(Aura et al., 1999). 

2.5.4 Fat digestion 

For most 3-step IVD models, simulation of fat digestion is probably the 

weakest component. Few investigations included a fat digestion simulation step, 
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or fat was inadequately washed out with acetone at the end of Step 3 of IVD 

model. Fat digestion may have little effect on protein digestion. In 23 food 

samples, fat extraction prior to IVD did not increase protein digestibility (Hsu et 

al., 1977). Thus, removal of fat might not be needed for IVD models to evaluate 

protein digestibility. The enzymatic digestion of fat is not critical in IVD models 

to predict in vivo digestible CP content. Moreover, enzymatic IVD of fat is 

laborious (Babinszky et al., 1990). However, fat may still affect digestion of other 

nutrients. The addition 0.3 g fat to 1 g of a cereal/legume sample during 

gelatinization decreased in vitro digestibility of carbohydrates (Madhuri et al., 

1996). The affected digestion of one nutrient may hinder digestion of other 

nutrients. The matrix of fat with other nutrients required further research. 

For simulation of fat digestion, efficacy of fat digestion by including 

pancreatic lipase and bile salts was not determined. Using IVD model, long-chain 

triglycerides emulsified with phospholipid were not available for hydrolysis by 

pancreatic lipase even with bile salts and colipase present (Borgstrom, 1980). The 

inhibition could be overcome by pancreatic phospholipase A2. In contrast, non-

oxidized fat was rapidly hydrolyzed in an IVD model using pancreatic lipase, but 

fat digestion was severely inhibited by oxidized oil (Verleyen et al., 2006). 

For in vivo digestion, the main digestion site of fat is the small intestine 

(Embleton and Pouton, 1997). Complete hydrolysis of fat may take 12 h 

(Borgstrom, 1952). Optimal pH for digestion of fat is 8.1-9.0 (Hamosh and Scow, 

1971; Gargouri et al., 1990). In contrast to lingual lipase cleaving FA at the sn-3 

ester linkage in preference to the sn-1 position (Staggers et al., 1981), sn-2 
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monoglycerides and FA are the final products of pancreatic lipase hydrolysis 

(Paltauf et al., 1974). The hydrolysis is fully functional only in the presence of oil-

water emulsions. Pure bile salts are extremely poor emulsifiers of fat. Its 

combination with lipolytic products present in intestine may participate in 

triglyceride emulsification (Linthorst et al., 1977). Bile salts inhibit lingual and 

pancreatic lipase to various degrees (Liao et al., 1984). With bile salts and 

phospholipids absent, lipase can bind to the triglyceride-water interface by 

hydrophobic interactions. Pancreatic lipase, colipase, phospholipase A2, calcium 

and bile salts act synergistically in the small intestine (Carey et al., 1983). Size of 

emulsion particles was less than 0.6 μm (Linthorst et al., 1977). Products of 

partial digestion of lipids are negatively charged polymolecular aggregates called 

micelles with a 5 nm diameter, much smaller than un-hydrolyzed precursor 

particles. This size will allow the micelles access to intramicrovillus spaces 

(50~100 nm) of intestinal membranes (Groff and Gropper, 1999). In the IVD 

models with large pore size (25 to 90 μm) filtration system, the emulsified droplet 

can pass through filtration device theoretically without digestion. 

Purified enzymes may replace gastric or pancreatic fluid to simulate fat 

digestion. The in vitro specific activity of human gastric and pancreatic lipase in 

the gastric or pancreatic juice and their purified form with co-lipase were in the 

same range with in vivo values, only lower for solid meals comparing with in vivo 

digestion, but still enough for fat digestion (Carriere et al., 2000). 

An emulsifier is needed to digest fat in a sophisticated IVD model to 

simulate fat digestion in mouth, stomach and small intestine with various 
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emulsifiers. The initial emulsifier used to stabilize oil-in-water emulsions had a 

limited effect on microstructure changes that occurred during digestion of lipid 

droplets, though appreciable differences occurred among behaviour of emulsions 

within the IVD model. Simulating the complex physicochemical and 

physiological processes in the gastrointestinal tract remains difficult (Hur et al., 

2009). 

The IVD of fat was emphasized, because fat may limit digestion of other 

nutrients. Fat reduced IVD of DM with olive cake, added fat reduced OM 

digestibility of oat hay, and extraction of fat with acetone increased OM 

digestibility (Zaidi et al., 2008). If fat digestion limits digestion of other nutrients, 

removal of fat at the end of Step 3 of IVD models will not alleviate reduced 

nutrient digestion in Steps 2 or 3. The effect might be pronounced for high fat co-

products, such as corn DDGS. Prediction accuracy of IVD model for corn co-

products is poor (Urriola, 2010). As fat was mostly digested before the distal 

ileum (Shi and Noblet, 1994), using acetone to remove fat is an alternative to 

replace enzymatic digestion of fat in IVD model. 

2.5.5 Fiber fermentation 

Fiber digestion is not simulated in Step 2 of most IVD models. Although 

certain NSP ferment in small intestine, the large intestine is the major site for NSP 

fermentation. 
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2.6 In vitro simulation of digestion in the large intestine 

2.6.1 Hydrolysis vs. fermentation 

Without Step 3 simulating digestion in the large intestine, evaluation of 

energy digestion is not complete, because hindgut fermentation contributes 7 to 

40% to energy maintenance requirement of pigs, depending on body weight of 

pigs and dietary fiber content (Breves et al., 1993; Shi and Noblet, 1994). 

Digestion in the large intestine is simulated using living microflora or purified 

microbial enzymes. Generally, purified microbial enzyme is used to investigate 

digestibility of energy or OM, whereas living microflora are used to determine 

fermentability using gas or short-chain fatty acid (SCFA) production, or 

disappearance of NSP or OM. Using purified enzymes to digest fiber is a simple 

approach to replace living microflora. The advantages of using purified enzymes 

include standardized enzyme activity, without using living animals and higher 

repeatability with great potential to evaluate energy digestibility. However, we 

need to scrutinize the potential drawbacks of using purified enzymes. 

For in vivo digestion, microflora in the large intestine contains highly 

active cellulolytic and hemicellulolytic bacterial species, including Fibrobacter 

succinogenes (intestinalis), Ruminococcus albus, Ruminococcus flavefaciens, 

Butyrivibrio spp., Prevotella ruminicola, and a cellulolytic bacterium, Clostridium 

herbivorans (Varel and Yen, 1997). For IVD models, two commonly used 

purified enzymes are Viscozyme (Boisen and Fernandez, 1997) and cellulase 

(Huang et al., 2003b). Viscozyme is a multi-enzyme complex containing 

carbohydrases, including cellulase, hemicellulase, arabinase, xylanase, P-
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glucanase and pectinase, produced from a selected strain of Aspergillus (Boisen 

and Eggum, 1991). Cellulase is obtained from specific bacterial species such as 

Aspergillus sp. or Trichoderma viridae etc. (Regmi et al., 2008). Bacterial species 

involved to produce purified enzyme is limited. For in vivo digestion, 

oligosaccharides are rapidly fermented by intestinal bacteria such as 

Bifidobacteria (Smiricky-Tjardes et al., 2003; Hernot et al., 2009). The B. 

adolescentis utilized a range of oligosaccharides with a wide range of 

glycosidases. Enzymes purified from B. adolescentis can degrade arabinoxylan 

(Laere, 2000). Whether purified enzyme from a narrow band of bacterial species 

will degrade various substrates, including types of NSP, undigested starch and 

protein is not clear. In an IVD model using purified cellulase to simulate digestion 

of 89 diets in the large intestine, the natural logarithm of crude fiber as an 

additional variable together with in vitro OM digestibility in the regression model 

increased the prediction accuracy (R
2
 = 0.90) of OM digestibility, indicating that 

the IVD model did not simulate fiber digestion in pigs (van der Meer and Perez, 

1992). A 3-step IVD model severely underestimated OM digestibility of raw 

potato starch in pigs (Boisen and Fernandez, 1997). Raw potato starch contains 

more RS, therefore, its underestimation is indicative of short digestion time of 

Step 2 or inability of purified Viscozyme in Step 3 to hydrolyze raw potato starch. 

For in vivo digestion, starch and mixed-linked β-glucans can be degraded rapidly 

and pectic substances are also easily metabolized by human fecal flora (Lebet et 

al., 1998). However, degradation of NSP varies for different types of fiber. Uronic 

acid and arabinose were the most extensively fermented sugars, whereas xylose 
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and glucose were the least fermented by human fecal microflora (Guillon et al., 

1995). In contrast to arabinose, uronic acids and galactose are fermented mostly in 

the proximal large intestine and xylose and glucose are fermented more distally in 

the colon of pigs to a lower extent at a slower rate (Canibe et al., 1997). Barley 

fiber concentrate was poorly fermented using human fecal inocula and its in vitro 

fermentability did not predict NSP degradability in humans (Daniel et al., 1997), 

Fiber of corn co-products from ethanol production is mostly insoluble, with 

cellulose being predominant followed by xylose, and is poorly fermented by dog 

microbiota (Guevara et al., 2008). The residue left after hydrolytic digestion of 

corn was also poorly fermented using canine fecal inoculum (Gajda et al., 2005). 

Type and extent of links between polymers and lignin rather than amount of lignin 

are important to determine degradability of carbohydrates in pigs (Glits et al., 

2000). 

In vitro fermentation has been validated with in vivo digestion. For 

example, net disappearance of NSP during in vitro fermentation is highly 

correlated (r = 0.96) with in vivo digestion of NSP by pigs (Anguita et al., 2006). 

Disappearance of OM (r = 0.77), NSP (r = 0.89), arabinose (r = 0.65), xylose (r = 

0.81) and glucose (r = 0.96) in the large intestine matched in vitro data of NSP 

digestion in pigs (Christensen et al., 1999). However, hydrolysis using purified 

fiber-degrading enzyme to simulate digestion in the large intestine was not 

validated with in vivo digestion. 

As digestion of one nutrient may influence digestion of other nutrients, 

multi-enzyme methods may be most reliable (Boisen and Eggum, 1991). Thus, 
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more attention should be paid to specificity of microbial enzyme used. However, 

use of purified enzymes was rarely compared with in vivo digestion.  

For IVD model using purified enzymes, hydrolysis but not fermentation 

occurs (Cores et al., 2005). Two methods yielded different digestion end-products. 

For fermentation using microflora, the end products are SCFA and gases 

(Jørgensen et al., 1997). For purified enzymes, the end digestion products are 

simple sugars or low MW polymers. Thus, using microflora for fermentation is 

closer to in vivo digestion. Nevertheless, using purified enzymes is promising 

(Boisen and Fernandez, 1997; Huang et al., 2003a; Noblet and Jaguelin-Peyraud, 

2007; Regmi et al., 2008; Regmi et al., 2009) but should be validated with in vivo 

digestion. 

2.6.2 Repeatability 

Using living microflora is not free from problems. Dietary fiber level may 

affect cecal cellulolytic fungal counts, and specific activity of the cellulase 

enzyme complex and cellulolytic fungi in the pig caecum (Rodriguez et al., 2000). 

The rate of degradation of fiber using an IVD model can be affected by donor 

animal (Dung and Udén, 2002). The antibiotic Nebacitin can reduce microbial 

activity and may reduce energy digestibility of a barley diet in rats (Eggum et al., 

1984). The degradation of carbohydrates in poultry can be affected by antibiotics 

(Marounek et al., 1999). These factors may compromise repeatability among 

measurements. For instance, amounts of SCFA produced from feces varied 

considerably among pigs fed the same diet, and feces from the same pig adapted 

to different diets (Christensen et al., 1999). Colonic inoculum sources influenced 
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profiles of SCFA. Extent of substrate fermentation varied among inoculum donors, 

indicating that colonic microbial activities differ among individuals (Bourquin et 

al., 1992). The fermentation method is qualified for ranking digestibility, but 

differences occurred with respect to absolute values (Barry et al., 1995). 

Adaptation of donors to experimental diets was not an influential factor, and inter-

laboratory differences were reduced by adding less substrate during incubations or 

using less-diluted inocula (Barry et al., 1995). 

In vitro fermentation can use fecal, cecal, or rectal inocula to simulate 

digestion in the large intestine. Rectal contents could replace cecum-colon 

contents as inocula sources to measure NDF degradation without impact on 

estimations of NDF degradation kinetics (Dung and Uden, 2002). Equine feces 

could be suitable as microbial inoculum for in vitro gas production studies 

(Lowman et al., 1999). Pig fecal inoculum might be used to simulate digestion of 

fiber in broiler diets (Marrero et al., 1998). However, using cecal microflora as 

inoculum provided a more accurate index of fermentation during transit through 

the large intestine (Monsma and Marlett, 1996). 

2.6.3 Digestion time 

Digestion time of Step 3 to simulate digestion in the large intestine varies. 

For IVD models using purified enzymes, Step 3 usually lasts 18 h (Boisen and 

Fernandez, 1997) or 24 h (Huang et al., 2003a), but 2 h also exists (van der Meer 

and Perez, 1992). For fermentation with living microflora, in vitro fermentation 

time also varies. A 24-h in vitro incubation was sufficient to mimic NSP 

degradation in humans (Wisker et al., 1998) while 36-h incubation had the best 
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relation between the IVD and in vivo digestion for NDF (Dung et al., 2002). 

Longer incubation time using pig fecal inocula exists, such as 48 h (Graham et al., 

1989; Anguita et al., 2006) and 72 h (Christensen et al., 1999) and both had good 

results, although the best time to reflect in vivo digestion is not clear. The 48-72 h 

incubation simulated digestion in the large intestine of pigs (Lowgren et al., 1989); 

and 36-48 h incubation was recommended to estimate fermentation kinetics of 

non-lignified samples (Dung and Udén, 2002). 

For in vivo digestion, MRT averaged 38 h in the large intestine of pigs 

(Wilfart et al., 2007). Increase in either soluble or insoluble dietary fiber content 

decreased MRT of both solid and liquid phases in the large intestine (43 to 29 h). 

Similarly, total tract MRT for banana sheaths solid diet in pigs were 22 h and 

ranged from 33-39 h for five other tropical fiber source diets (Dung et al., 2002). 

However, the MRT in the large intestine was 45 h for a high water holding 

capacity diet and 73 h for a maize starch-based control diet in pigs (van Leeuwen 

and Jansman, 2007). The 3-step IVD model for pigs used 18 h in Step 3 to 

simulate fiber digestion in the large intestine, seems not enough for certain fibrous 

feedstuffs. However, the proper digestion time needs further investigation. 

2.6.4 Fat modification 

Fat is almost completely digested by the distal ileum of pigs (Shi and 

Noblet, 1994). However, digesta stearic acid increased by the distal ileum with a 

greater increase in the large intestine. These trends did not occur in germ-free pigs 

(Carlson and Bayley, 1968). This phenomenon might be caused by bio-

hydrogenation of unsaturated FA in the large intestine (Duran-Montgé et al., 
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2007). The antibiotic Nebacitin considerably reduced hydrogenation of 

unsaturated FA, especially linoleic acid (Eggum et al., 1982). Intestinal bacteria 

can metabolize undigested unsaturated FA, such as linoleic acid, into stearic acid 

or conjugated linoleic acid (CLA; Devillard et al., 2009) in a process similar to 

rumen hydrogenation. Thus AID might be greater than ATTD of FA (de Souza et 

al., 1995), notably of palmitic and stearic acids (Hamilton, 1968; Hamilton and 

McDonald, 1969; Fakler, 1992; Mountzouris et al., 1999). However, bio-

hydrogenation is not that simple, because hydrogenation only changes double 

bonds to single bonds by adding hydrogen to unsaturated FA, which means 

shifting digestibility between saturated and unsaturated FA. For IVD models 

using purified enzymes, hydrogenation did not occur during IVD. Because less 

microbial activity exists in the small intestine than in the large intestine and 

absorption of long-chained lipids in the colon does not occur (Carey et al., 1983), 

IVD of fat should be compared with AID of fat and FA. 

The property of fecal fat differs from fat in diets. In humans, fat content 

was high in feces and soap form could account for more than 60% of total fat 

(Tidwell and Holt, 1936). Most Ca soaps are absorbed, particularly Ca oleate 

(91%), palmitate (65%), and stearate (45%; Boyd et al., 1932). Absorption of Ca 

was inversely correlated with chain length and saturation of FA (Gacs and 

Barltrop, 1977). 

For in vitro fermentation with living microflora, hydrogenation was 

simulated somewhat, but the formation of oil soaps was not. Polyunsaturated fatty 

acids (PUFA) were extensively bio-hydrogenated in an in vitro fermentation 
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model. Bio-hydrogenation of PUFA is more complete for C18:0 in full-fat 

soybean than linseed, reflecting PUFA composition (Lee et al., 2003). Factors 

affecting fat digestion cannot be examined by measuring apparent or corrected FA 

digestibility (Carlson and Bayley, 1972); thus, whether IVD models using purified 

enzyme instead of living microflora properly simulate fat saturation in the hind 

gut is unknown. Currently, an effective correction does not exist, especially to 

evaluate fat or energy digestibility, as fecal energy excretion increased in parallel 

with total fecal fat excretion in the form of Ca soap (Bendsen et al., 2008). 

 

2.7 Separation of digesta and measurement of in vitro digestibility  

Next to simulation of digestion, measurement of digestibility is a critical 

part of an IVD model that may require digesta separation. Digestibility can be 

predicted without separation of digested from undigested digesta. For instance, 

pH change can be measured during protein digestion due to formation of carboxyl 

groups after liberation of AA released following protein hydrolysis. The pH 

change of initial digestion with proteolytic enzymes after 10 min was a good 

indicator (r = 0.90) of CP digestibility (Hsu et al., 1977; Pedersen and Eggum, 

1981). Interestingly, correlations between IVD and in vivo CP digestibility for pH 

at 10 min (r = 0.75) was stronger than for pH at 20 min (r = 0.52; Moughan et al., 

1989). Alternatively, pH can be kept constant by neutralizing digesta with alkali. 

Prediction accuracy of CP digestibility using pH-stat was greater than pH-drop 

method (Pedersen and Eggum, 1983). However, released AA is not the only cause 

for pH changes. Free fatty acids can change pH, and indicate fat digestion using 
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the pH-stat method (Carriere et al., 2000), which may confound prediction of 

protein digestibility. 

Another method without separation of undigested or digested fractions 

from digesta is measuring gas production. This method is limited to in vitro 

fermentation using living microflora. Although the gas production model was 

primarily developed to evaluate ruminant feedstuffs, it is also applied to hindgut 

fermentation of monogastric animals (Krishnamoorthy et al., 2005). Automated 

gas production apparatuses using electronic pressure transducers with electric 

valves to release overpressure during incubation is helpful to study fermentation 

kinetics (Cone et al., 1996). The in vitro gas production model can study 

microbial fermentation in pig cecum, but composition of ileal content as affected 

by feed composition and self-fermentation of cecal contents must be considered 

(Fondevila et al., 2002). Methane production to indicate extent of fermentation 

might be misleading (Zhu et al., 1988), because methane production in pigs does 

not reliably predict fermentation rate in the digestive tract (Shi and Noblet, 1994). 

Minimal separation is often needed to measure digested or undigested 

fractions. Using centrifugation, supernatant or residues can be analyzed. For 

example, SCFA concentration is used to indicate fermentation extent. Total SCFA 

production was highly correlated with OM digestibility (Bourquin et al., 1996), 

energy absorption (McBurney and Sauer, 1993) and disappearance of NSP, thus 

allows rapid prediction of energy values of dietary fiber (Barry et al., 1995). 

Fourier transform infrared (FT-IR) transmission spectroscopy can measure 

nutrients in supernatant and predict starch digestion extent (Uden, 2009). 
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Measurements of pH, gas production and SCFA are indirect, and require 

regression analyses to predict digestibility or without regression analyses to rank 

feedstuffs. Concentrations of nutrients can be measured in residues, e.g., protein, 

starch, fat, and fiber. But, crude fiber (CF), NDF and acid detergent fiber (ADF) 

did not accurately describe fiber digestion. Fiber degradation in the hindgut could 

be underestimated by 100% compared with using NSP values (Vervaeke et al., 

1991). 

A common method to separate the undigested from the digested fractions 

is filtration, either with filter paper (Regmi et al., 2008) or with glass fiber 

crucibles (Boisen and Fernandez, 1997). Media for filtration includes water 

(Regmi et al., 2008), or sequential use of water, ethanol and acetone (Boisen and 

Fernandez, 1997). Filtration using acetone may remove fat from undigested 

residues depending on duration. The proper filtration method for IVD model 

requires further investigation. 

A key point for filtration in IVD model is selection of correct pore size. 

The selection of pore size was discussed for the MNBT, but is also applicable to 

IVD models. The upper pore size limit is mainly set by sample particle size and 

risk of losing undegraded feed particles. A pore size of 20 µm permits bacterial 

exchange (Lindberg et al., 1984). In a MNBT study with pigs, increasing bag pore 

size from 10 to 36 µm did not influence DM disappearance of barley or whole-

crop pea (Graham et al., 1985). Using bags with 5-µm pores reduced OM 

digestibility by 3% and increased protein digestibility by 17% compared with in 

vivo values (Petry & Handlos, 1978). In contrast, protein degradability 
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determined with bags of 50 µm pore size was similar to traditional cannulation 

(Sauer et al., 1983). However, larger pores may lose undigested feed particles, as 

evidenced by washing bags with pore size of 48 µm, which greatly overestimated 

nutrient digestibility obtained with MNBT (Qiao and Thacker, 2001). 

For 3-step IVD models, the pore size was 20~25 µm for filter paper 

(Regmi et al., 2008) and 40~90 µm for glass fiber crucible (Boisen and Fernandez, 

1997). In terms of digestion end products, the pore size, especially for 40~90 µm, 

seems too big, with higher risks of losing undigested fine feed particles and may 

overestimate digestibility (Boisen and Fernandez, 1997). 

The ultimate separation method is dialysis that rigorously tests digestion 

and absorption. However, this method is not simple or rapid. With a cut-off MW 

of 12,000 Da, digestibility of CP and AA for four feedstuffs used for growing pigs 

was accurately predicted (R
2
 = 0.92-0.98; Huang et al., 2000). Similar to pore size, 

MW cut-off size varies. A MW cut-off of 3000 Da to determine ileal endogenous 

N and AA was recommended (Hodgkinson and Moughan, 2003). The MW of 

digestion products ranged from 500 to 10 000 Da, with a cut-off of 6 to 8 residues 

for proteins (around 1000 Da; Savoie, 1994). For in vivo digestion, soluble but 

unabsorbed peptides were smaller than 1000 Da; but for IVD, only 88% was 

smaller than 1000 Da (Qiao et al., 2004). Different selection of MW cut-off may 

under- or over-estimate digestibility. Dialysis methods were not commonly used 

for digestibility analyses, possibly for its greater cost, more sophisticated 

instrumentation and more time for separation (24 h; Savoie and Gauthier, 1986). 
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2.8 Evaluation of energy digestibility 

2.8.1 Two- or three-step in vitro model 

Energy is not a nutrient, but yields from nutrients, e.g., fat, starch, protein 

and fiber. Energy represents the greatest single factor of feed cost (de Lange and 

Birkett, 2005). Thus, evaluation of energy digestibility is important. Some may 

evaluate IVD of DM (Lowgren et al., 1992) or OM (Boisen and Fernandez, 1997) 

to predict energy digestibility. The in vitro DM digestibility of barley was 

strongly correlated to in vitro energy digestibility in pigs (Regmi et al., 2008). 

Simulation of energy digestion involves digestion in the entire digestive tract. The 

3-step IVD model is superior to the 1- or 2-step model, as validated using an IVD 

of energy for hull-less barley (Beames et al., 1996). The one step digestion system 

with two enzymes only correlated moderately to energy digestibility for corn in 

swine and poorly for poultry (Kim, 2001). The OM digestibility of 39 mixed pig 

feeds was predicted within 2% accuracy using a multi-step IVD model, but not 

the HCl-pepsin/cellulase method (Kirchgessner et al., 1992). Overall, a 3-step 

IVD model worked well to predict energy digestibility for cereal grains, as tested 

in wheat, barley and hull-less barley (Beames et al., 1996; Huang et al., 2003a; 

Regmi et al., 2008; Regmi et al., 2009). However, a 3-step IVD model worked 

well for mash feed, but not for pelleted feed (Noblet and Jaguelin-Peyraud, 2007). 

2.8.2 Test on diets or ingredients 

Single ingredients and mixed diets have been used for IVD trials. As 

starch in cereal grains is easily digested, tests on compound diets might be less 

rigorous than on ingredients and may hide underlining drawbacks of IVD models. 
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The IVD models worked well among ingredients, but few have been tested within 

ingredients. The purpose of energy digestibility evaluation is not to identify feeds, 

but to detect small differences in energy digestibility within ingredients (Moughan, 

1999), thus, IVD models should be tested rigorously within ingredients. 

2.8.3 Special concerns for co-products of grains and oilseeds 

Co-products of grains and oilseeds are characterized by high protein, high 

fiber, and/or high fat, and are increasingly used as animal feed. Existing IVD 

models are not accurate to evaluate energy digestibility of co-products. Prediction 

accuracy for co-products was poor or co-products were excluded as outliers. For 

example, rapeseed meal and lupin meal were excluded from statistical analysis as 

outliers (Graham and Lowgren, 1991; Noblet and Jaguelin-Peyraud, 2007). 

Likewise, prediction accuracy for energy digestibility was poor for corn DDGS 

(R
2
 = 0.29; Anderson, 2009). 

The IVD model could not predict energy digestibility of DDGS, whereas it 

accurately evaluated their parent grains. Ethanol production removes most starch 

while the remaining is mostly fiber, protein, fat and RS. This combination may 

pose a serious challenge for IVD models. Although bioethanol processing may 

change the structure of nutrients (Yu et al., 2010, 2011), pigs have the capacity to 

utilize these feedstuffs (Stein and Shurson, 2009; Urriola, 2010; Kandel, 2011). 

Fiber digestion seems a major complication of IVD models for co-products. An 

IVD model explained only 12% variation of in vivo ATTD of NDF of corn 

DDGS, sorghum DDGS and a blend of corn and sorghum DDGS in growing pigs 

(Urriola, 2010). As digestion of one nutrient may affect digestion of other 
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nutrients, the lack of fat digestion simulation in IVD models might affect fiber 

digestion. The issue of enzyme lacking access may exist. Fat as a coating 

substance may reduce total gas production and speed of fermentation for cereal 

grains (Mohammadian-Tabrizi et al., 2011). In vitro degradable N, total gas and 

methane production declined with increasing fat content (Lovedeep et al., 1999). 

The enzyme access issue did not occur with oil supplementation, which did not 

affect basal parameters (pH, total SCFA production, digestibility of DM and fiber) 

of rumen fermentation (Jalc et al., 2006). Conversely, for nutrients entrapped in 

the fiber matrix, fiber prevents enzymes access to digest other nutrients. 

Obviously, existing IVD models are not suitable for the evaluation of energy 

digestibility for co-products. 

 

2.9 Other considerations for the simulation of digestion 

2.9.1 Age and physiological states of animal 

Existing IVD models are static. Enzyme and incubation time remain 

unchanged once procedures are developed and validated. Adult pigs have greater 

capacity to digest fiber (Etienne et al., 1997; Noblet, 2000), especially in 

feedstuffs with a higher degree of lignification (Noblet and Bach Knudsen, 1997). 

A static IVD model will not work for both growing and adult pigs as 

demonstrated with 113 compound feeds and 66 ingredients (Noblet and Jaguelin-

Peyraud, 2007). A change of Step 3 digestion time might be needed, because the 

greater ability of heavy pigs or adult sows than lighter growing pigs to digest fiber 

may be not due to an increased intrinsic ability of microbial flora to degrade fiber 
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(Goff et al., 2003). Even for pigs with similar age, MRT also differs among fiber 

types or amount of fiber included. 

2.9.2 Animal response to diets, group feedstuffs 

Pigs can respond well to feeds, regarding enzyme secretion, activity and 

digestion time etc. There is adaptive mechanism when pigs encounter diet change. 

For instance, pancreatic amylase of pig is very sensitive to any change in starch 

intake. Specific amylase activity in rat pancreatic tissue can increase 6-fold 

(Corring, 1980). The specific lipase activity in pig pancreatic juice is 7 times 

higher when the daily amount of dietary triglyceride intake increases from 30 to 

220 g (Corring, 1980). Are these responses of the pig to diet change futile? 

Should IVD models also respond to different feedstuffs? Is the excess use of 

enzyme in the static IVD models able to explain the nutritive values of all kinds of 

feedstuffs? It might be a safe approach to develop IVD models for specific 

feedstuff or group of feedstuffs with similar properties. For example, a better in 

vitro prediction of protein digestibility was obtained when the specific protein 

category regression equation was used, because the digestion of animal proteins 

was different from the digestion of plant proteins (Marshall et al., 1979). 

2.9.3 Is in vitro digestion more susceptible to anti-nutritional factors? 

Pigs respond to nutrient content in diet, but also to anti-nutritional factors 

(ANF). Many feedstuffs for monogastric animals, such as barley, rye, wheat, 

triticale, maize, rice, sorghum, oats, contain ANF (Boisen, 1983) that may 

interfere with digestion and utilization of dietary nutrients (Hedemann et al., 1999; 

de Lange et al., 2000). The IVD model can detect effects of trypsin inhibitor and 
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heat treatment on protein digestibility of various protein sources (Hsu et al., 1977). 

It is unclear if IVD models are more susceptible to anti-nutritional factors than 

animals. A 1% increase in tannic acid content added to barley diet decreased in 

vitro digestibility of protein by 3-4 %, whereas 1% increase in tannic acid content 

added to soybean protein diet decreased in vivo digestibility of protein by 6% 

(Pedersen and Eggum, 1981). Although not a side-by-side comparison, the IVD 

model and in vivo digestion suffered from ANF. Unlike the response in animal, 

such as increased pancreas weight and trypsin activity (Pedersen and Boisen, 

1982), IVD model would remain static to ANF in terms of the amount and activity 

of enzymes. 

2.9.4 Particle size 

To compare with in vivo digestibility, the particle size used for IVD model 

should be scrutinized. For in vivo digestion, particle size is reduced through 

mastication (pigs) or gizzard action (poultry); while it remains static for IVD 

model. Beads may be used in an IVD model, but it remains unknown if this could 

achieve equivalent particle size reduction to that of animals. As we know, smaller 

particle size will result in higher digestibility values for both in vivo digestion and 

IVD. Reducing particle size from 900 to 600 μm increased the ATTD of N and 

energy by 3%, and increased the AID of N by 9% and energy by 11% (Oryschak 

and Zijlstra, 2002). Increase of particle size from 1 mm to 3 mm resulted in a 

decrease of OM digestibility by 2.3 for barley and 3.8 for peas in %-units (Boisen 

and Fernandez, 1997). The rate for starch digestion decreases with grain particle 

size, and starch digestion in IVD models might be controlled by diffusion of 
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enzyme through grain fragment (Al-Rabadi et al., 2009). In IVD models, energy 

digestibility and average geometric particle size were negatively and linearly 

correlated for maize, wheat bran, dehulled soybean meal, cotton seed meal and 

rapeseed meal (Wang et al., 2003). Thus, to achieve similar digestibility, the 

particle size of feed for IVD should be same as or smaller than that for in vivo 

digestion. 

2.9.5 Inhibition by digestion end products 

Inhibition by digestion end products are not considered in most IVD 

models. The inhibition might be minor, for the enzyme used in IVD models is 

often in excess. Inhibition of enzyme can be reversible or irreversible. For 

reversible inhibition, it can be competitive or non-competitive. A competitive 

inhibitor has a shape and structure similar to substrate, so it competes with 

substrate for binding to the active site of enzyme (Smith, 2010). The inhibition of 

digestion end products seems mostly competitive, if there are any. However, it is 

a normal digestion process that substrate, e.g. intermediate digestion product, 

binds to enzyme. The inhibition effect of IVD end product is still controversial. 

The increased frequency of buffer replacement was reported as improving dialysis 

speed, and was claimed as alleviation of possible inhibition of enzyme action by 

digestion products (Gauthier et al., 1982). However, it is questionable as to 

whether digestion or absorption is increased. The inhibition effect of digestion 

end products appears to be a non-issue in a closed-system with excess enzyme 

concentration. In vitro protein digestibility of meat and bone meal was 87.5%, 

much higher than the in vivo protein digestibility of 55.5% (Boisen and Fernandez, 
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1995); thus, this sample was excluded from regression as an outlier. However, 

using living microflora, there is a possibility of inhibition of microbial growth by 

the accumulation of fermentation end products (Abe and Kumeno, 1973). 

 

2.10 Methodologies to improve in vitro digestion models 

Due to the nature of IVD models, amounts of undigested residue are often 

limited; thus, posing a challenge for using proximate analyses to determine 

nutrient digestibility. For instance, to evaluate IVD of energy, we need to examine 

if macronutrients were digested similarly to in vivo digestion, rather than simply 

oxidize undigested residues for calorimetry, leaving macronutrient digestibility 

unknown. Spectroscopy is a non-destructive method to obtain qualitative and 

quantitative chemical information, and may assist to identify limits of IVD 

models in simulating in vivo digestion (Chapter 2). Mathematical modelling 

might assist design of IVD models to define optimum digestion parameters, by 

describing kinetics of digestion and absorption in growing pigs (Strathe et al., 

2008). 

 

2.11 Conclusions 

In vitro simulation of in vivo digestion is a challenge, especially for 

microbial modification of fat, microbial contribution of endogenous protein losses 

and simulation of fat digestion. As a result, existing IVD models do not evaluate 

co-products of cereal grains and oilseeds correctly. Specificity of enzyme is more 

important than amount of enzyme. Specifically, digestibility increases with 
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increasing enzyme concentration, but will plateau and then not respond to excess 

enzyme (Huang et al., 2000). Synergistic effects should be studied, because one 

undigested nutrient may prevent digestion of other nutrients. The instrumentation, 

such as proper pore size of filtration units, should be studied to avoid 

overestimation of digestibility. Finally, in vivo digestibility should be the 

reference for IVD models. New technologies, such as spectroscopy may assist to 

identify issues in IVD models for their further improvements. Refined IVD 

models can then evaluate feed quality, but also provide reference data for more 

rapid techniques, such as NIRS, which might be more desirable for commercial 

application to support decision making. 
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Table 2.1 Categories of enzyme origin for simulation of digestion with examples for each step 

Step
a
 All from living animal Partly from living animal Purified enzyme 

1 Jejunum fluid Pepsin Pepsin 

2 Intestinal fluid Pancreatin Pancreatin 

3 Fecal inocula Fecal inocula Viscozyme
b
, cellulase 

a
 Step 1 represents in vitro digestion simulating digestion in stomach of pigs; Step 2 represents in vitro digestion simulating 

digestion in small intestine of pigs; and Step 3 represents in vitro digestion simulating digestion in large intestine of pigs (Boisen and 

Fernandez, 1997). 

b
 Viscozyme is a mixed multi-enzyme complex containing a wide range of microbial carboanhydrases including arabinase, 

cellulase, β-glucanase, hemicellulase, xylanase, and pectinase. 
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Table 2.2 Type of measurement of digestion or absorption 

 Type 

Item I II III IV 

Measure approach Digested
a
 Undigested

b
 Absorbed

c
 Produced

d
 

Example Digesta, 

centrifuged digesta 

Residue after filtration 

or centrifuge 

Digestion product 

with dialysis 

Gas production 

during fermentation 

Measurements pH, concentration 

of nutrients 

Weight, concentration 

of nutrients 

Concentration of 

nutrients 

Gas production 

a
 Hsu et al., 1977. 

b
 Boisen and Fernandez, 1997. 

c
 Savoie and Gauthier, 1986. 

d
 Coles et al., 2005. 
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Table 2.3 In vitro digestibility studies using digestive fluid or microflora collected from animals for all digestion simulation steps
a
 

Author and year In vitro model brief Substrates Nutrients Model Type
b
 

Lowgren et al., 1989 Duodenal, ileal, fecal inocula sugar-beet pulp, wheat bran CP Pig II 

Graham et al., 1989 Duodenal, ileal, fecal inocula wheat bran, sugar-beet pulp, 

pea 

CP, starch, 

energy, DM 

Pig II 

McBurney and Thompson, 

1989 

Fermentation: fecal inocula food Energy Human II 

Titgemeyer et al., 1991 Fecal inocula various fiber sources  Human I 

Graham and Lowgren, 1991 Intestinal fluid non-ruminant feeds Energy Pig, poultry II 

Guillon et al., 1992 Fecal inocula sugar-beet fiber  Human I 

Lowgren et al., 1992 Ileal or fecal inocula cereals, lupin, rapeseed meal ME, DE Pig II 

Salvador et al., 1993 Fermentation: fecal inocula wheat bran, sugar beet, maize, 

pea hulls 

SCFA Human I 

Bourquin et al., 1993 Fermentation: fecal inocula 8 vegetables  DM Human I, II 

Silvester et al., 1995 Fermentation: fecal inocula starchy foods RS Human I 

Sunvold et al., 1995a Fermentation: fecal inocula fibrous substrates OM, SCFA Dog, cat I, II 
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Author and year In vitro model brief Substrates Nutrients Model Type
b
 

Sunvold et al., 1995b Fermentation cellulose, beet pulp, citrus pulp OM, SCFA Pig, etc. I, II 

Barry et al., 1995 Fermentation: fecal inocula 5 fiber sources SCFA, NSP Human I, II 

Bourquin et al., 1996 Fermentation: fecal inocula 11 fiber-rich substrates OM, SCFA Human I, II 

Monsma and Marlett, 1996 Caecal or fecal inocula dietary fiber Carbohydrates Mouse II 

a 
CP, crude protein; DE, digestible energy; DM, dry matter; SCFA, short-chain fatty acid; ME, metabolizable energy; NSP, non-

starch polysaccharides; OM, organic matter; RS, resistant starch. 

b 
Types for measurement of digestion or absorption were defined in Table 2.2. 
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Table 2.4 In vitro digestibility studies using digestive fluid or microflora in part of simulation steps
a
 

Author and year In vitro model brief Substrates Nutrients Model Type
b
 

Furuya et al., 1979 Pepsin + jejunum intestinal fluid grain, soybean meal CP Pig II 

Hoebler et al., 1998 Fermentation wheat bran, barley bran, beet fiber Polysaccharides Pig II 

Dung, 2001 Caecum-colon and rectal inocula green plants, by-products OM, NDF Pig II 

Dung et al., 2002 Caecum-colon and rectal inocula tropical fiber sources Fiber  Pig II 

Dung and Udén, 

2002 

α-amylase; pepsin; caecum-colon or 

inoculum from rectum  

rice bran, tofu residue, water 

spinach 

NDF Pig II 

Guo et al., 2004 Filter bag and dialysis 10 corn by-products Energy, CP, DM Pig III 

Guevara et al., 2008 Fecal inocula corn co-products  Fiber Dog I 

Urriola, 2010 Fecal inocula DDGS OM Pig II 

a 
CP, crude protein; DDGS, dried distillers grains with solubles; DM, dry matter; OM, organic matter. 

b 
Types for measurement of digestion or absorption were defined in Table 2.2. 
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Table 2.5 In vitro digestibility studies using commercially-available purified enzymes for all simulation steps
a
 

Author and year In vitro model brief
b
 Substrates Nutrients Model Type

c
 

Sheffner et al., 1956 Pepsin; pancreatin; erepsin casein, whole egg Protein, AA Human, mouse I 

Hsu et al., 1977 pH drop (10 min) 23 protein sources Protein Mouse I 

Marshall et al., 1979 Pancreatin  33 foods  Protein Pig, human, mouse I 

Satterlee et al., 1979 pH drop (20 min) foods Protein, AA Human, mouse I 

Decuypere et al., 1981 Pepsin; trypsin soy protein isolate CP Pig II 

Pedersen and Eggum, 1983 pH state, 10 min 30 protein samples Protein Mouse I 

Hsu, 1983 Pepsin, amylase, pancreatin 9 ingredients, 12 diets N, DM, energy Pig II 

Moughan et al., 1989 pH-drop  20 meat and bone N, Lysine Mouse I 

Wiesemuller and Poppe, 1990 Pepsin-HCl or pepsin + trypsin soybean meal CP, AA Pig I 

Babinszky et al., 1990 A:Fat-extracted feed samples  

B: pancreatic lipase, bile salts 

7 feedstuffs, 16 diets CP Pig II 

Valdes and Leeson, 1992 Pepsin; pancreatin; bile salts, etc. 71 diets AME Poultry II 

Kirchgessner et al., 1992 HCl-pepsin/cellulase 39 mixed pig feeds OM Pig II 

van der Meer and Perez, 1992 Pepsin; pancreatin, cellulase 89 samples of diets OM Pig II 
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Author and year In vitro model brief
b
 Substrates Nutrients Model Type

c
 

Cone and Vanderpoel, 1993 Pepsin/HCl, pancreatin, amylase 5 common feedstuffs  CP Pig II 

Boisen and Fernandez, 1995 Pepsin 6h, pancreatin 18h 15 common feedstuffs CP, AA  Pig II 

Madhuri et al., 1996 Salivary, pancreatic amylases cereals, legumes Carbohydrates  I 

Pettersson et al., 1996 Pepsin; pancreatin; Viscozyme oats DM, CP Mouse II 

Beames et al., 1996 Pepsin; pancreatin; Viscozyme barley Energy, protein  Pig, mouse II 

Boisen and Fernandez, 1997 Pepsin; pancreatin; Viscozyme 31 feeds Energy Pig II 

Aura et al., 1999 Amylase; pepsin; pancreatin; 

bile 

cereal samples Starch, CP  I 

Spanghero and Volpelli, 1999 Pepsin; pancreatin; Viscozyme compound pig feeds DE Pig II 

Huang et al., 2000 Dialysis 4 feedstuffs CP AA Pig III 

Weurding et al., 2001 In vitro starch digestion, kinetics 12 starch sources Starch Poultry I 

Kim, 2001 One step, 2 enzymes  corn hybrids Energy Pig, poultry II 

Bauer et al., 2003  starch sources Starch  Mouse I 

Huang et al., 2003b Pepsin, pancreatin; cellulase barley Energy Pig II 

Huang et al., 2003a Pepsin, pancreatin; cellulase barley Energy, CP Pig II 
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Author and year In vitro model brief
b
 Substrates Nutrients Model Type

c
 

Qiao et al., 2004 Pepsin; pancreatin animal proteins Protein, peptide Pig I 

Savoie et al., 2005 Dialysis cell with continuous 

removal of digestion products 

casein, cod protein, 

soy protein, gluten 

Peptide  III 

Verleyen et al., 2006 Pancreatic lipase oxidized lard Lipids  I 

Sun et al., 2006 Amyloglucosidase; invertase barley, pea, etc.  Starch Pig I 

Pujol and Torrallardona, 2006 Pepsin and pancreatin barley AA, CP; OM  Pig II 

Boisen, 2007b Pepsin and pancreatin feedstuffs, diets CP, AA Pig II 

Swiech and Buraczewska, 2006 Pepsin; pancreatin; Viscozyme 29 formulated diets DE, ME Pig II 

Wilfart et al., 2006 Pepsin; pancreatin; Viscozyme wheat, barley, wheat 

bran, soybean meal 

OM, N, starch Pig II 

Noblet and Jaguelin-Peyraud, 

2007 

Pepsin; pancreatin; Viscozyme 113 compound feeds, 

66 ingredients 

OM, energy Pig II 

Schmidt et al., 2007 Dialysis system egg by-products CP Mouse III 

Chiang et al., 2008 Dynamic gastric digestion grower diet CP Pig II 

Regmi et al., 2008 Pepsin; pancreatin, cellulase barley Energy Pig II 

Wilfart et al., 2008 Pepsin; pancreatin; Viscozyme 4 common feedstuffs OM, N, starch Pig II 



 

79 
 

Author and year In vitro model brief
b
 Substrates Nutrients Model Type

c
 

Meunier et al., 2008 Dynamic vs. static in vitro  fibrous diets OM, CP, starch Pig III 

Regmi et al., 2009 Pepsin; pancreatin; Viscozyme wheat Energy Pig II 

Villamide et al., 2009 Pepsin; pancreatin; Viscozyme 164 rabbit diets Energy Rabbit II 

Losada et al., 2009 Pepsin; pancreatin; Viscozyme grains, by-products ME Poultry II 

Anderson, 2009 Pepsin; pancreatin; Viscozyme corn co-products OM Pig II 

Cho and Kim, 2011 Pepsin and pancreatin nursery diets CP, AA Pig II 

Anderson et al., 2012 Pepsin; pancreatin; Viscozyme corn co-products  OM  Pig II 

a 
AA, amino acids; AME, apparent metabolizable energy; CP, crude protein; DE, digestible energy; DM, dry matter; ME, 

metabolizable energy; NDF, neutral detergent fiber; OM, organic matter. 

b 
Viscozyme is a mixed multi-enzyme complex containing a wide range of microbial carboanhydrases including arabinase, 

cellulase, β-glucanase, hemicellulase, xylanase, and pectinase. 

c
 

Types for measurement of digestion or absorption were defined in Table 2.2. 
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Table 2.6 Example performance of in vitro digestibility assays to predict digestibility of CP, starch, OM, and energy
a
 

Author and year Nutrients Feedstuffs  Animal model R
2
 

Hsu et al., 1977 CP 23 protein sources rat 0.81 

Furuya et al., 1979 CP grains and soybean meal pig 0.96 

Pedersen and Eggum, 1983 CP 30 protein samples rats 0.92 

Babinszky et al., 1990 CP 7 feedstuffs and 16 diets pig 0.98 

Huang et al., 2000 CP and AA 4 feedstuffs pig 0.92-0.98 

Weurding et al., 2001 Starch 12 diets chicken 0.92 

Lowgren, 1992 DE and ME cereals, lupin, rapeseed oilmeal pig 0.94 

van der Meer and Perez, 1992 OM 89 samples pig 0.85 

Boisen and Fernandez, 1997 energy 90 samples of 31 feeds pig 0.88 

Huang et al., 2003a energy hulled and hull-less barley pig 0.93 

Noblet and Jaguelin-Peyraud, 2007 OM and energy 113 compound feeds pig 0.83 

Regmi et al., 2008 energy barley pig 0.97 

Regmi et al., 2009 energy wheat pig 0.82 

a 
AA, amino acids; CP, crude protein; DE, digestible energy; ME, metabolizable energy; OM, organic matter. 
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Chapter 3 Application of vibrational spectroscopy to characterize nutrient 

digestion discrepancies between monogastric animals and in vitro digestion 

models: Critical review and research perspectives 

 

3.1 Abstract 

To select infrared instrumentation to identify discrepancies in nutrient 

digestion between in vitro and in vivo digestion models, the application of near-

infrared (NIR) and mid-infrared (MIR) spectroscopy was reviewed. The 

capability, advantages, and limitations of NIR and MIR to identify nutrients and 

their structural changes during digestion and to predict nutrient content or 

digestibility are discussed. The small amount of residue following in vitro 

digestion means that a Fourier transform infrared (FT-IR) spectrometer with 

attenuated total reflection (ATR) is a feasible option to qualitatively identify 

discrepancies in digestion using MIR spectroscopy. Then, a non-calibration 

method is desired to quantitatively characterize discrepancies between in vitro and 

in vivo digestion. 

 

3.2 Introduction 

3.2.1 A need to characterize in vitro digestion 

Simulation of digestion with in vitro digestion (IVD) models is a 

promising approach to evaluate nutrient and energy digestibility of feedstuffs 

(Boisen and Fernandez, 1997; Moughan, 1999; Noblet and Jaguelin-Peyraud, 

2007; Regmi et al., 2008; Regmi et al., 2009). A validated IVD model might be 
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attractive to supply reference data to develop near-infrared (NIR) reflectance 

spectroscopy (NIRS) calibrations (Regmi et al., 2008; Losada et al., 2010). 

However, established IVD models did not accurately predict digestible energy 

(DE) for corn co-products in pigs (Anderson, 2009). To determine energy 

digestibility in these IVD studies, undigested residues of the IVD model were 

burnt using bomb calorimetry (Regmi et al., 2009). Thus, information about 

digestion of energy yielding macronutrients was not obtained. To improve the 

IVD technique, identification of discrepancies between IVD and in vivo digestion 

of nutrients is essential. However, the small quantity of undigested residue 

following IVD (50 to 200 mg) is not sufficient for conventional chemical analysis; 

thus, characterization of problems with IVD models is limited. 

3.2.2 Vibrational spectroscopy, a promising method 

To identify discrepancies between IVD and in vivo digestion of nutrients, 

candidate methods must be able to detect nutrients qualitatively and quantitatively 

in small amounts of sample. Vibrational spectroscopy, measuring molecular 

vibrations (Griffiths, 2002b), may assist to unveil these discrepancies. Spectra that 

are induced by molecule vibrations contain a wealth of chemical information. 

Equipment such as Fourier transform infrared (FT-IR) equipped with attenuated 

total reflection (ATR) permits acquisition of information on small amounts of 

residues from IVD models (Hannah, 2002; Milosevic, 2004). Other vibration 

techniques, such as nuclear magnetic resonance (NMR) spectrometry, X-ray 

diffraction, and mass spectrometry may take precedence over infrared (IR) 

spectrometry to determine molecular structure. However, IR spectrometry 
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requires less expensive instrumentation (Griffiths, 2002b) and is not limited by 

molecular weight of an analyte. For instance, NMR spectroscopy can only be 

applied to proteins with molecular weights less than 20,000 Da (Jackson and 

Mantsch, 1995). 

Vibrational spectroscopy has wide application in pharmaceutical, and 

natural sciences (Chalmers and Griffiths, 2002). In agriculture, NIRS has been 

used for several decades to predict quality of agricultural products, such as grain 

moisture (Williams, 1975), wheat protein (Williams and Cordeiro, 1979), wheat 

amino acids (AA) (Williams et al., 1984), wheat hardness (Norris et al., 1989), 

and acid detergent fiber (ADF) in forages (Barton, 1991). The NIRS methods to 

determine moisture (forage), ADF (forage) and protein (forage, wheat) did 

become official methods (AOAC, 2006). The use of NIRS can also predict 

digestible nutrient values of feed, such as dry matter (DM) digestibility of forages 

(Norris et al., 1976), crude protein (CP) digestibility of silage (Swift, 2003), 

digestible AA of feedstuffs in poultry (van Kempen and Bodin, 1998) and DE 

value of barley in pigs (McCann et al., 2006; Zijlstra et al., 2011). Applications of 

NIRS in animal nutrition have been reviewed previously (Givens and Deaville, 

1999). 

For most applications, spectroscopy was a secondary method to predict 

chemical content or nutritive values of feed, rather than to evaluate nutrient 

digestion using digesta or feces. Still, fecal spectra were used to investigate 

nutrient digestion in herbivores (Dixon and Coates, 2009), cattle (Coleman and 

Murray, 1993; Purnomoadi et al., 1998; Boval et al., 2004; Garnsworthy and Unal, 
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2004), rabbit (Meineri et al., 2009), and sheep (Decandia et al., 2009). Mid-

infrared (MIR) spectroscopy, such as ATR FT-IR spectroscopy and diffuse 

reflectance FT-IR spectroscopy (DRIFTS), was widely used to characterize 

nutritive quality of feed (Mahesar et al., 2011; Yu, 2011). To evaluate IVD, FT-IR 

has been used rarely, such as prediction of residual starch from in vitro 

fermentation (Udén, 2009), volatile fatty acid (VFA) concentrations (Udén and 

Sjaunja, 2009), and starch crystallinity changes during enzymatic IVD (Shrestha 

et al., 2010). To our knowledge, the application of IR spectroscopy to characterize 

undigested residues from IVD simulating nutrient digestion in pigs has not been 

reported. 

As each type of spectroscopy has its particular characteristics, a critical 

review with a research perspective is needed to scrutinize if available IR 

spectroscopy fulfills the need to characterize nutrient digestion discrepancies 

between IVD and in vivo digestion. 

 

3.3 General considerations on the selection of infrared spectroscopy 

Each type of spectroscopy has strengths and weaknesses. The infrared 

spectrum is divided into 3 wavelength regions (Osborne et al., 1993), NIR (750–

2,500 nm or 13,333–4,000 cm
-1

), MIR (2,500–25,000 nm or 4,000–400 cm
-1

), and 

far-infrared (FIR; 25–1,000 μm or 400–10 cm
-1

). The NIR, MIR, and FIR differ 

in wavelength, and also in transitions between quantized vibrational energy states 

(Griffiths, 2002b). When molecules are excited by IR radiation energy, the 

vibrational frequencies change to higher states (ν0 to νn). Fundamental energy 
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differences (ν0 to ν1) are measured in the MIR spectrum (Griffiths, 2002b). The 

MIR spectra are easy to interpret, because peaks above 1,500 cm
-1

 of MIR spectra 

can be assigned confidently to specific functional groups, e.g. O-H, C-H, N-H, 

C=O etc. (Miller, 2004b). Samples for MIR measurement using DRIFTS often 

need dilution to avoid specular reflection (Yu, 2011), which may distort band 

intensity in the fingerprint region (Olinger and Griffiths, 1993; Pandey and 

Theagarajan, 1997). The dilution process is inconvenient. The ATR technique 

requires minimal sample preparation and permits gathering quantitative 

information on small quantities of sample; thus, it is more convenient than 

DRIFTS (Kos et al., 2004). However, ATR has a shallow penetration depth, 

usually only a couple of micrometers (Ekgasit and Ishida, 2002), which is smaller 

than the particle size (4.8-60.0 µm) of starch granules (Sevenou et al., 2002; 

Warren et al., 2011; Uarrota et al., 2013). The small quantity of sample and 

shallow penetration depth may raise a concern regarding sample homogenization. 

Nevertheless, ATR can be used for quantitative analysis (Coates, 2002). 

In the NIR region, the spectrum is mainly composed of overtone and 

combination bands of fundamental frequencies measured in the MIR region. 

Overtones are higher vibrational frequencies of molecule (≥ν2) and have weaker 

intensity compared with fundamental bands. Samples can be measured without 

dilution; thus, require minimal sample preparation. Another advantage of NIRS 

over MIR is that NIR light penetrates deeper into a sample than MIR radiation. 

For NIRS measurements, penetration depth, also known as path length, depends 

on particle size and packing density, but starts at 0.1 mm for most powders and 
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increases to several millimeters as the visible region (700 nm) is approached 

(DeThomas and Brimmer, 2002). However, in contrast to the small quantity of 

sample used for ATR FT-IR, NIR requires more sample for analysis, which limits 

investigation of undigested residues of IVD, because it may require pooling from 

many replicates just for one scan (Wilman et al., 2000). The NIR spectra are not 

as easy to interpret as MIR spectra, because broad bands are derived from several 

functional groups, but they are amenable to multivariate statistical analysis 

(Griffiths, 2002b). The NIRS predictions rely on multivariate calibration and also 

accurate reference analysis (Blakeney and Flinn, 2005). 

For quantitative analysis, Beer’s law is the fundamental law of quantitative 

absorption spectroscopy, and denotes that absorbance is proportional to 

concentration of an analyte (Griffiths, 2002b). Notably, linear absorbance of IR 

spectra is rarely measured directly (Griffiths, 2002b). Some factors may cause 

deviation of Beer’s law, such as variation of absorptivity caused by high 

concentration and intermolecular interactions, detector nonlinearity with FT-IR 

spectrometers, etc. (Griffiths, 2002a). These factors may guide the selection of 

FT-IR instrument and proper spectra acquisition. For instance, response linearity 

of FT-IR spectrometer equipped with deuterated triglycine sulfate pyroelectric 

detectors is better than that with mercury cadmium telluride detectors, especially 

if the sample has several strongly absorbing bands for which a linear variation of 

absorbance with concentration is desired (Griffiths, 2002a). Peak absorbance is 

also meaningful for Beer’s law, and should not be greater than 4 absorbance units 

(AU), and ideally less than 1 AU, to ensure Beer’s law is obeyed (Griffiths, 
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2002a). Beer’s law assumes that the absorbing medium is homogeneous and does 

not scatter radiation. When samples scatter incident radiation, the effective path 

length can vary drastically and may cause deviations from Beer’s law. To consider 

this potential deviation, samples being prepared as KBr disks or mineral oil mulls 

should be ground finely, ideally to a particle size of less than 1 μm (Griffiths, 

2002a). 

To grind small amounts of IVD residue to such a fine particle size is a 

challenge. Using ATR FT-IR, very fine particles in mixtures with coarse particles 

may result in a non-linear relation between absorbance (peak height) and 

concentration of a component (Planinšek et al., 2006). Other factors, such as a 

small air gap between the internal reflection element (IRE) of ATR, may cause a 

large decrease in spectral intensity, according to the nature of the mean square 

electric field; thus, perfect optical contact between the IRE of ATR and sample is 

required (Ekgasit and Ishida, 2002). Beer’s law also indicates that absorbance is 

proportional to path length; thus, the use of band ratios for applications involving 

an indeterminate path length (variations in sample thickness) is common practice 

(Coates, 2002). 

To investigate nutrient digestion quantitatively, high quality of spectra is 

essential. Normally, the detector of NIR spectrometers is more sensitive than that 

of MIR spectrometers. The signal to noise ratio of NIR spectra could be as high as 

10,000:1, whereas MIR was questioned in the past for quantitative analysis 

because of a low signal to noise ratio (Givens and Deaville, 1999). With improved 

technology (Milosevic, 2004), the ATR FT-IR instrument could nowadays have a 
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signal to noise ratio as high as 50,000:1 (ABB, 2011). As most quantitative 

measurements can be accomplished with a signal-to-noise ratio in the range 

1,000:1 to 5,000:1 (Coates, 2002), the ATR FT-IR ought to be capable of 

quantitative analysis. This capability was evidenced by slightly better calibrations 

using MIR than NIRS for predicting carbon content in soils (McCarty and Reeves, 

2006; Bellon-Maurel and McBratney, 2011), and for AA content in 141 meat and 

bone meal samples (Qiao and van Kempen, 2004). However, single reflection 

ATR is signal-limited when compared with transmission spectroscopy (van de 

Voort et al., 2007), and multiple reflection ATR FT-IR could extend the detection 

limit (Mossoba et al., 2012). Both NIR and MIR spectroscopy have potential for 

quantitative analysis (Reeves, 2010). However, a high detection limit of NIRS 

means NIRS is not suitable for trace analysis (Luypaert et al., 2007). Because 

NIRS is sensitive to water content (Munck et al., 2004), analysis of dried 

undigested residue for IVD and in vivo digestion is practical. An NIRS calibration 

on dried silage samples was more accurate than a calibration based on undried 

silage samples (Castro et al., 2002). Methods to prepare dry samples, e.g., oven- 

or freeze-drying, can affect NIR spectra; thus, consistent sample preparation is 

important (Alomar et al., 1999). 

 

3.4 Qualitative characterization of digestion discrepancies 

To characterize discrepancies in nutrient digestion between IVD and in 

vivo digestion, use of spectroscopy for qualitative analysis of digesta (intermediate 

digestion product) or final undigested residue needs examination. One elemental 
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question is whether spectroscopy can detect nutrient disappearance or appearance, 

and chemical structure changes of diets during digestion. Another question would 

be how we can better characterize digestion discrepancies by applying 

spectroscopic methods. 

3.4.1 Nutrient disappearance and appearance 

Chemical composition of samples could be determined by detecting the 

position and intensity of a specific peak or area with spectroscopy. According to 

vibrational theory, spectra bands in the MIR region are well defined and linked to 

functional groups (Shurvell, 2002) and can be used to judge the absence or 

presence of specific functional groups of nutrients. Peaks of NIR spectra of 

biological samples overlap and are less distinctive than MIR spectra peaks; thus, 

to conclude the absence of certain functional groups simply by visual examination 

of NIR spectra might be difficult. Semi-empirical methods are often used to 

assign NIR bands (Weyer and Lo, 2002). Characteristic bands of macronutrients 

in MIR and NIR are outlined in Table 3.1. However, we need to scrutinize the 

application of spectroscopy to characterize the presence or absence of nutrients in 

feed and undigested residues. 

3.4.1.1 Protein 

Proteins are large polymers of AA with 4 levels of structure: primary, 

secondary, tertiary, and quaternary (Smith, 2010). In MIR, protein can be 

identified by a contour of 2 diagnostic peaks (Figure 3.1) of amide I and II 

(Miller, 2003). The amide I peak centered at ca. 1,650 cm
-1

 is induced primarily 

by carbonyl (C=O) stretching plus minor contributions from C-N stretching of 
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peptide links in the secondary amide of protein and polypeptides (Barth, 2007). 

The analyses of α-helix and β-sheet peaks in amide I region were used to 

characterize protein molecular structure of yellow and brown Brassica canola 

seed (Yu, 2008). The amide II peak centered at ca. 1,550 cm
-1

 is induced by a 

mixture of the C–N stretch and the N–H in-plane bending (Miller, 2003). The 

amide I and II peaks were used as evidence of little protein being present in 

pericarp and more protein being present in endosperm of corn (Yu et al., 2004b). 

Other protein peaks, e.g., amide A (3,300 cm
-1

), amide B (3,100 cm
-1

), and amide 

III-VII also indicated the presence of protein (Carbonaro and Nucara, 2010). The 

amide III region (1,301-1,229 cm
-1

) was used to analyze protein secondary 

structure, because this region is free from the interference of the strong absorption 

by water between 1,640 and 1,650 cm
-1

 in amide I region. However, it suffers 

from interference from the side chain of peptide in the amide III region and weak 

absorbance in this region (Fu et al., 1994; Cai and Singh, 2004). Also, the ester in 

fat has a peak in this region due to the anti-symmetric stretching of C-O-C 

(Shurvell, 2002). Thus, the amide III region is less useful for visual examination 

of protein presence or disappearance. Side chains of protein might also be 

inspected with MIR spectra, such as proteins with tyrosine residue having a strong 

peak at 1,515 cm
-1

 (Bendit, 1967). The use of MIR to characterize protein has 

been reviewed (Jackson and Mantsch, 1995; Schweitzer-Stenner, 2006; Barth, 

2007). 

The first overtone of the fundamental N-H stretch vibrational mode is in 

the NIR region. However, the first overtone of C=O in amide still occurs in the 
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MIR region, and the second overtone of C=O appears in the NIR region. Because 

intensities decrease usually by a factor of 10 to 100 for each step from 

fundamental to overtone, intensity of C=O in the NIR region is negligible (Siesler, 

2001). Thus, N-H overtones dominate the presence of protein in the NIR region. 

Important wavelengths for protein include the carbonyl stretch of the primary 

amide at 2,060 nm, and 2,168 to 2,180 nm as combination band consisting of N-H 

bending second overtone, C-H stretching, C=O stretch, N-H in-plane bending, and 

C-N stretching (Workman and Weyer, 2012). The bands at 2,050 to 2,060 nm 

indicating N-H stretching vibrations are also useful (Shenk et al., 2001). The 

2,070 nm wavelength was characteristic of N-H stretching in R-CO-NH2 in 

ammoniated barley straw (Barton et al., 1986). The NIR spectral regions of amide 

A/II at 2,055-2,065 nm and amide I/III at 2,175-2,180 nm were used to visually 

compare changes of protein content during wheat maturation (Gergely and Salgo, 

2007); bands at 1,506, 2,167 nm (amide B/II), 2,184 nm (glutamine) and 2,209 

nm (amide A/III) were also linked to protein in barley, gluten powder, and wheat 

grain (Fox et al., 2002; Bruun et al., 2007; Butkute and Ceseviciene, 2009). 

3.4.1.2 Fat and fatty acids (FA) 

Fats in animal- or plant-based feedstuffs are mainly triacylglycerols. 

Triacylglycerols, or triglycerides, are triesters of glycerol with 3 molecules of FA 

(Smith, 2010). Free fatty acids (FFA) exist in feed, such as in distillers dried 

grains with solubles (DDGS) from ethanol processing of corn (Moreau et al., 

2011). In digesta and feces, FFA also exist (Holtug et al., 1992). 

Functional groups of fat include methyl, methylene, ester, and the 
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backbone of the carbon chain with double or single bonds. In the MIR region, 

peaks of functional groups of fat are prominent. The aliphatic carbon chain 

composed of methylene has typical and prominent C-H anti-symmetric and 

symmetric stretching peaks at 2,926 ± 10 cm
-1

 and 2,853 ± 10 cm
-1

 (Figure 3.1) 

and the all-in-phase methylene rocking mode of (-CH2-)n near 720 ± 3 cm
-1

 

(Mayo, 2004). For triglyceride, the ester carbonyl (C=O) peak (Figure 3.1) 

appears at 1,742 to 1,749 cm
-1

 (Yang and Irudayaraj, 2000; Budevska, 2002; 

Larkin, 2011). The ester peak at 1,736 cm
-1

 was used as evidence of lipid presence 

in pericarp of corn (Yu et al., 2004b). For FFA, the peak of C=O in carboxylic 

acids appears at 1,710-1,712 cm
-1

 (Lanser et al., 1991; Yu et al., 2011b). For 

unsaturated fat or FA, a sp
2
 carbon (-C=C-H) peak exists at 3,010 cm

-1
 depending 

on the extent of unsaturation and polyunsaturated fatty acid (PUFA) species 

(Yoshida and Yoshida, 2003; Miller, 2004a). Combining information of these peak 

positions can give decisive information to determine the existence of fat or FFA. 

In the NIR region, the first overtones of C-H stretching occur between 

1,650 and 1,850 nm (Westad et al., 2008). The asymmetric and symmetric modes 

of the combination of C-H stretching and CH2 bending motions present 2 strong 

bands near 2,307 and 2,347 nm as Fermi resonance which occurs when an 

overtone or combination band absorbs at approximately the same frequency of a 

fundamental mode involving the same atoms (Ricard-Lespade et al., 1990). These 

bands are prominent in spectra of pig fat (Pérez-Marín et al., 2007), feces 

(Coleman and Murray, 1993), edible oils (Hourant et al., 2000), and other high fat 

products (Kays and Barton, 2002). The band with a maximum around 1,210 nm 
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and a shoulder at 1,164 nm may indicate degree of unsaturation (Hourant et al., 

2000; Westad et al., 2008). However, peaks/bands in NIR spectra were broader 

and weaker than those in MIR spectra. The NIRS was less efficient than MIR 

spectroscopy to discriminate and classify oils and fats (Yang et al., 2005). 

3.4.1.3 Starch 

Starch is a polymer of repeating glucose units joined in α-glycosidic 

linkages (Smith, 2010). In MIR, starch has strong and broad absorption bands at 

3,900 to 3,000 cm
-1

 due to O-H stretching, and at 1,200 to 900 cm
-1

 due to ring 

vibrations overlapped by stretching vibrations of C-OH side groups and C-O-C 

glycosidic bond vibration (García et al., 2009; Uarrota et al., 2013; Zhang et al., 

2013). Starch has some featured peaks, such as a peak at ca. 1,022 cm
-1

 and 

another peak at ca. 995 cm
-1

 (García et al., 2009). The peak at 1,022 cm
-1

 is also 

observed in α-D-glucose (Vasko et al., 1972), and collectively induced by C-O 

(55%), C-OH (24%), and C-C (17%; Vasko et al., 1972). The peak at 995 cm
-1

 is 

sensitive to changes in degree of crystallinity, domain size, molecular 

arrangement, and moisture content during retrogradation (van Soest et al., 1995; 

Smits et al., 1998). The peak at ca. 1,078 cm
-1

 is related to starch, starch digestion 

intermediates, or end products (Schindler et al., 1997). The peak at ca. 1,076 cm
-1

 

was also observed in α-D-glucose, and was collectively induced by C-O (57%), 

C-C (25%), and C-OH (23%; Vasko et al., 1972). The peak at ca. 1,047 cm
-1

 is 

characteristic of crystalline starch and observed in native rice starch (Smits et al., 

1998; Nakorn et al., 2009). Starch also has a glycosidic linkage peak at ca. 1,149 

cm
-1

 (Kuhnen et al., 2010). In the anomer region associated with configuration of 
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anomeric carbon (Dauchez et al., 1994), starch has peaks of α-anomers at 930 and 

857 cm
-1

 due to C-H bending (Zhbankov, 1992; Irudayaraj and Yang, 2002) that 

differ from cellulose with β-anomers at 897 cm
-1

 (Zhbankov, 1992; Kačuráková et 

al., 2000). The peaks at 1,025, 929, and 860 cm
–1

 were used as evidence of non-

structural carbohydrate such as starch in the endosperm of corn grain (Yu et al., 

2004b). Field pea starch also has peaks at 985 and 1,074 cm
-1

 that are 

characteristic of the anhydroglucose ring O-C stretch (Zhang and Han, 2006). The 

molecular structure of starch is mainly linear α-1,4 D-glucan for amylose; and α-

1,4 with branched α-1,6 D-glucan for amylopectin (Zobel, 1988). Dextran, an 

intermediate luminal digestion product (Yen, 2001), is mainly α-(1→6)-linked 

glucan (Mischnick and Momcilovic, 2010). The α-(1→4) linkage (930 ± 4 cm
-1

, 

type 1; and 758 ± 2 cm
-1

, type 3) can be distinguished from the α-(1→6) linkage 

(917 ± 2 cm
-1

, 768 ± 1 cm
-1

; Mathlouthi and Koenig, 1987). 

The first overtone of featured bands of starch in MIR at 1,200-800 cm
-1

 is 

still in the MIR region, and only the first overtone of O-H is in the NIR region. 

Thus, NIR spectra are less diagnostic for presence or disappearance of starch. 

Indeed, NIR spectra do contain information associated with starch. With 

calibrations, NIRS can predict starch content in feed grains (Kim and Williams, 

1990), wheat (Garnsworthy et al., 2000), barley grain (Byung Joo et al., 1995), 

whole kernels of maize (Wei et al., 2004; Jiang et al., 2007), alfalfa (Albrecht et 

al., 1987), and cotton leaves (Hattey et al., 1994). The NIRS can predict different 

starch types, such as resistant starch (RS) in sweet potato (Tang et al., 2011) and 

amylose content in rice starch (Jinsong et al., 2007). The NIR can evaluate starch 
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hydrolysis by monitoring the dextrose equivalent (Blanco et al., 2000; Storz and 

Steffens, 2004). Some bands related to starch were documented, such as main 

absorbance of starch in wheat at 2,060, 2,096, and 2,282 nm (Kim and Williams, 

1990); in cotton leaves at 1,548, 1,588, 2,328, and 2,338 nm (Hattey et al., 1994). 

The peaks around 700, 1,962, 2,290, and 2,330 nm have also been linked to starch 

(Butkute and Ceseviciene, 2009). Three important wavelengths at 970 nm, 1,155 

nm, and 1,395 nm were associated with amylopectin retrogradation (Xie et al., 

2004). The spectrum between waxy and non-waxy grains also displayed different 

profiles, especially in the region from 1,932 to 2,292 nm: waxy rice displayed a 

‘W’ shape of profile, while the non-waxy rice displayed relatively linear lines 

(Jinsong et al., 2007). Overall, it is less conclusive to define specific wavelengths 

for the identification of starch. 

3.4.1.4 Fiber 

Non-starch polysaccharides (NSP) are the non-α-glucan polysaccharides 

in plant tissue (Englyst et al., 1982), including cellulose, hemicellulose, and 

pectin. Unlike starch, NSP are resistant to pancreatic amylase (Englyst and 

Cummings, 1985). Globally, the amount of co-products in swine diets in expected 

to continue to increase; thus, pigs are fed diets with a greater NSP content than 

traditional cereal-based diets (Zijlstra et al., 2010). Thus, evaluation of NSP 

digestion is crucial for both IVD and in vivo digestion. 

For MIR, NSP have a broad band of O-H stretch (Mathlouthi and Koenig, 

1987), with differing band shapes for NSP (Zhbankov, 1992; Zhbankov et al., 

2002). With visual examination, the broad O-H stretch area has less diagnostic 
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value. However, NSP have distinct absorption band maxima in the MIR region at 

1,200-800 cm
-1

 (Kačuráková et al., 2000). This region is dominated by ring 

vibrations overlapped with stretching vibrations of side groups (C-OH) and the 

glycosidic (C-O-C) bond vibration (Kačuráková et al., 2000). The region at 950-

750 cm
-1

 is useful to distinguish bands characteristic for α and β anomers 

(Mathlouthi and Koenig, 1987; Kačuráková and Wilson, 2001).  

Cellulose, an unbranched polymer composed of repeating 1→4-β-linked 

glucose units (Smith, 2010) has a characteristic band at about 898 cm
-1

 (Figure 

3.1) for the β-anomer (Kačuráková et al., 2000; Yuen et al., 2009; Rana et al., 

2010). Hemicellulose also has a band at 898 cm
-1

 (Pandey and Theagarajan, 

1997). The anomer peak position differs with cellulose type as a consequence of 

rotations around C5C6 and C6O6 bonds and intra- and intermolecular hydrogen 

bonds. For celluloses I, II, and III, the anomer peaks are at 894 cm
-1

, 898 cm
-1

, 

and 894 cm
-1

 respectively (Zhbankov et al., 2002). Cellulose also has other 

featured bands. The peak at 1,106-1,107 cm
-1

 is associated with C-O, C-C, and 

ring vibrations, and was observed in spectra of wood (Pizzo et al., 2013), β-

(1→3)-D-xylan (Kačuráková et al., 1999), and carboxy-methylated NSP (Yuen et 

al., 2009). The peak at 1,113 cm
-1

 was assigned to the O-H association band in 

cellulose and hemicellulose; and at 667 cm
-1

 was assigned to C-OH out of plane 

bending in cellulose (Pandey and Theagarajan, 1997). Moreover, peak intensity at 

897 (R
2
 = 0.95) and 667 cm

-1
 (R

2
 = 0.94) correlated with percentage of cellulose 

analyzed chemically (Abidi et al., 2013). The band at 1,033 cm
-1

 is characteristic 

of native crystalline cellulose (Nakashima et al., 2008). The absence of peak at 
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1,033 cm
-1

 could indicate absence of cellulose or at low concentrations (Philippe 

et al., 2006). 

The glycosidic region at ca. 1,160 cm
-1

, induced by the glycosidic linkage 

C-O-C, is useful to distinguish fiber from starch and different NSP, such as 1,161 

cm
-1

 for β-(1→4)-glucan, 1,155 cm
-1

 for galactose, 1,153 cm
-1

 for xyloglucan, 

1,151 cm
-1

 for β-(1→4)-xylan (Kačuráková et al., 2000). The peak at 1,158 cm
-1

 

was assigned to C-O-C asymmetric stretch vibration in cellulose and 

hemicellulose (Pandey and Theagarajan, 1997), whereas the peak for starch was at 

1,149 cm
-1

 (Kuhnen et al., 2010). The vibrational modes of C-O-C in triglycerides 

have a peak at 1,159-1,161 cm
-1

 (Yoshida and Yoshida, 2003). 

Hemicelluloses include xyloglucans, xylans, glucomannans, and 

galactoglucomannans (Kačuráková et al., 2000). Arabinoxylan is a xylan-type 

hemicellulose and rich in wheat bran. Cereal arabinoxylan has main chains 

composed of (1→4)-linked β-D-xylopyranosyl residues and has typical bands at 

1,045 and 898 cm
-1

 (Hromádková et al., 2013). Two bands at 984 and 958 cm
-1

 

were highly related to degree of substitution of the xylose backbone by arabinose 

side units in wheat endosperm (Robert et al., 2005; Philippe et al., 2006). The 

ratio of peak intensity at 1,164 and 990 cm
-1

 can indicate arabinofuranosyl 

(Kačuráková et al., 1994), which is valuable to study arabinoxylan type 

polysaccharides and xylan component behaviour of plant materials. For α-linked 

arabinan, the band maximum was at 1,039 cm
-1

 (Kačuráková et al., 2000). 

The β-glucans are linear 1→4 β-linked glucose polymers and mixed 

linkage β-glucans contain 1→3 linkages interspersed with 1→4 linkages. They 
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are rich in cereal grains such as oat and barley (George et al., 2000; Izydorczyk 

and Dexter, 2008; Vasanthan and Temelli, 2008). In the anomer region, pure 

barley β-glucan shows a peak at 895 cm
-1

 (Seefeldt et al., 2009). The absorption 

bands at 1,155 and 1,078 cm
-1

 were observed in spectra of aleurone cell walls of 

wheat grain (Jamme et al., 2008). The band centered at 991 cm
-1

 characterized the 

presence of β-(1→3)(1→4) glucans in cell wall of wheat grain (Philippe et al., 

2006). The peak area at 1,420 cm
-1

 could be used to detect β-glucan in canola seed 

(Yu et al., 2005). 

Pectins are complex polysaccharides with a linear backbone built up of 

(1→4)-linked α-D-galacturonan with regions of alternating (1→4)-α-D-

galacturonic acid and (1→2)-α-L-rhamnopyranosyl residues (Kačuráková et al., 

2000). Pectin has strong bands at 1,100 and 1,017 cm
-1

 (Kačuráková et al., 2000). 

Lignins are polymeric aromatic constituents in plant cell walls and are not 

NSP (Derkacheva and Sukhov, 2008). Aromatic skeletal vibrations of lignin have 

a characteristic peak at 1,505-1,510 cm
-1

, and other bands at 1,465, 1,270, 1,140, 

and 1,030 cm
-1

 (Derkacheva and Sukhov, 2008; Gelbrich et al., 2008; Rana et al., 

2010; Zhou et al., 2011). 

For NIR, the first overtone of O-H stretch is in the NIR region, but the first 

overtone of vibrations in the anomer region of fiber is in the MIR region. The 

combination of O-H bending and C-O stretch overtones have a strong peak 

centered at 2,100 nm (Workman and Weyer, 2012), which is characteristic of 

alcohols. This peak appears in compounds possessing alcoholic OH groups, such 

as sugars, starch, and cellulose. Information from 2,000-2,200 nm is repeated at 
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1,400-1,500 nm in the second overtone region, but it may be easily confused with 

water having a similar absorbing band (Coleman and Murray, 1993). For 

cellulose, bands of functional groups include C-H at 2336 nm, CH2 at 2270 nm, 

and O-H groups at 2,044-2,164 nm (Munck et al., 2004; Modzelewska et al., 

2011). The NIRS may verify high (1→3, 1→4)-β-glucan and low starch content 

in barley (Munck et al., 2004). Wavelengths at 2,325 nm is associated with 

indigestible fiber (Barton et al., 1986). 

For lignin, the most prominent band is the first overtone of the C-H 

stretching vibration of aromatics near 1,672 nm. Another characteristic lignin 

band is located near 1,446 nm; this band is assigned to the phenolic hydroxyl 

group of lignin (Krongtaew et al., 2010). When amount of lignin in sample is 

small, lignin is difficult to detect in the NIR spectra. Absorption for lignin was 

less pronounced in the combination region at 2,260-2,280 nm. However, this 

absorption is shared with cellulose (Coleman and Murray, 1993). 

3.4.2 Identification of nutrients structural changes 

3.4.2.1 Protein structure change 

Denaturation (unfolding) of protein in a gastric acid environment involves 

disruption of hydrogen bonding interactions between polar AA (Herman, 2006; 

Smith, 2010). Denatured protein is broken down by protease into small peptides 

and free AA (Yen, 2001). Digestion of protein thus changes protein structure. The 

MIR spectroscopy is an established tool to characterize protein structure (Jackson 

and Mantsch, 1995), such as monitoring structural changes during protein folding 

and unfolding (Fabian et al., 1993; Chung et al., 2004; Buchner et al., 2011). 
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Denaturation and aggregation of protein coincided with fewer α-helices at 1,644-

1,653 cm
-1

 and turns at 1,672 cm
-1

, and a simultaneous increase of intermolecular 

anti-parallel β-sheets at 1,620-1,632 and 1,681-1,690 cm
-1

 (Fabian and Naumann, 

2004; Sokolowski and Naumann, 2005). The MIR could detect the formation of 

non-native β-sheets and provide a clearer picture of structural changes than 

circular dichroism method (Fabian et al., 2005). Two-dimensional MIR 

spectroscopy revealed that unfolding of α-helices temporally proceeds before 

temporal changes in regions of its native β-sheet structure (Fabian et al., 2010). In 

feed science, protein structure changes induced by gene-transformation, heating, 

and bio-ethanol processing were investigated (Yu, 2010). Protein structure 

changes in co-products were linked to metabolizable protein available to dairy 

cattle (Yu and Nuez-Ortin, 2010). Multi-component peak modeling is often used 

to quantify protein secondary structures. The Gaussian method is more accurate 

for fitting multi-peak curves of protein secondary structures of various plant seed 

tissues than the Lorentzian method (Yu, 2005). The method for curve-fitting is 

valuable to characterize protein secondary structure changes between IVD and in 

vivo digestion. Notably, sample moisture may affect determination of secondary 

structure of the protein, because of its interfering absorbance in amide I area 

(Wong et al., 2009; Buchner et al., 2011). 

The NIRS can monitor protein secondary changes (Bruun et al., 2007). 

The increases of peak intensity at 2,209 nm and decreases of peak intensity at 

2,167-2,182 nm in second-derivative spectra were attributed to heat denaturation 

and an indication of α-helix to β-sheet transformation. The NIR spectra were 
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interpreted by comparison to existing knowledge of gluten protein obtained in 

ATR FT-IR and NMR studies. 

3.4.2.2 Fat structure change 

Digestion of dietary fats with gastric and pancreatic lipase breaks down 

triglycerides into diglycerides, monoglycerides, and FFA; the unsaturated FFA 

may then be hydrogenated by gut microflora before forming Ca soaps (Yen, 

2001). 

Triglycerides are tri-esters of glycerol with 3 molecules of FA (Smith, 

2010), with a characteristic ester C=O peak at ca. 1,743 cm
-1

 in MIR spectra due 

to stretching vibration of the carbonyl group (Moya Moreno et al., 1999). 

Oxidation of fat broadens the band at 1,743 cm
-1

 to lower wavenumber; and the 

absorbance maximum of decomposed products of fat is between 1,700 and 1,726 

cm
-1

. Thus, the total carbonylic compounds formed after fat decomposition can be 

quantified by measuring the broadening area between 1,700 and 1,726 cm
-1

 

compared with between 1,840 and 1,743 cm
-1

 that is proportional to esters 

exclusively (Moya Moreno et al., 1999). For diacylglycerolipids, the absorption 

bands of sn-1 and sn-2 ester C=O stretching with maximum at 1,733 cm
-1

 are 

usually resolved into 2 comparably intense components that exhibit maxima near 

1,743 and 1,728 cm
-1

 (Lewis et al., 1994). The absorption band of ester C=O in 

monoglyceride is at 1,710-1,729 cm
-1

 (Das et al., 2013). When fat breaks down to 

FFA, absorption of the ester C=O stretch peak at 1,743 cm
-1

 decreases, whereas 

absorbance of the peak of C=O in carboxylic acids at 1,710 cm
-1

 increases (Jakobs 

et al., 2000). The peak of FFA at 1,712 cm
-1

 has been used in a direct method to 
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determine FFA in edible oils (Yu et al., 2011b). 

Fat changes in the hind gut can be summarized as saturation, formation of 

trans fat and oil soap (Hamilton and McDonald, 1969; Devillard et al., 2009). Fat 

saturation was monitored by the cis-alkene (H-C=C-H) absorption bands around 

3,010 cm
-1

 for the C-H stretching vibrational mode (Yoshida and Yoshida, 2003), 

because saturated fats do not have double bonds; hence, this peak is absent. The 

cis double bonds in unsaturated fat introduce kinks in the long hydrocarbon chain, 

and make close packing of molecules difficult. For saturated fat without double 

bonds, the three side chains of saturated lipid lie parallel; thus, the triacylglycerol 

molecules may pack efficiently in a crystalline lattice (Smith, 2010). The band 

position of the symmetric CH2 stretching vibration corresponds with the 

conformational state at ca. 2,850 cm
-1

 for the fully ordered state and at ca. 2,854 

cm
-1

 for the fully disordered state (Wolkers, 2009). 

For trans-fat formation during digestion, the C-H out-of-plane deformation 

band at 966 cm
-1

 is characteristic of isolated double bonds with trans 

configuration (Mossoba et al., 2007; van de Voort et al., 2008). Using this peak in 

ATR FT-IR spectra to determine total trans content in oil is an official method 

(AOCS, 1993; Mossoba et al., 1996). The ATR FT-IR spectroscopy can also 

determine trans FA in ground cereal products without oil extraction (Kim et al., 

2007). 

The MIR spectroscopy might detect oil soap formation during digestion. 

Soaps are metal salts of FA (Smith, 2010). The C=O stretch in carboxylate has a 

band at ca. 1,570 cm
-1

 (Yu et al., 2011b). Opposite to triglycerides, the FA salt, 
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e.g. Ca palmitic acid salt, does not have a peak in ester C=O region at 1,743 cm
-1

 

(Larkin, 2011). With Ca-soap formation in feces (Gacs and Barltrop, 1977), Ca 

carboxylate may contain carboxylate groups coordinated with Ca ions in 

unidentate and bidentate modes with a doublet at 1,540 and 1,575 cm
-1

 in MIR 

spectra (Lu and Miller, 2002). However, validation with feces is required. 

3.4.2.3 Starch crystallinity change 

Starch crystallinity and structure type of granule (A, B, C) differ with 

starch source and digestibility with α-amylase (Zobel, 1988; Regmi et al., 2011). 

The MIR spectroscopy can elucidate starch crystallinity. The MIR spectrum of 

starch is sensitive to changes in short-range structure in the C-C and C-O 

stretching region at 1,300-800 cm
-1

 (van Soest et al., 1995). The band at 1,047 cm
-

1
 is sensitive to crystalline starch and the band at 1,022 cm

-1
 is characteristic of 

amorphous starch (van Soest et al., 1995; Nakorn et al., 2009). Intensity of the 

band at ca. 1,022 cm
-1

 increases with decreasing crystallinity (García et al., 2009). 

The absorbance ratio at 1,045 and 1,022 cm
-1

 can follow crystallinity of starch 

components during storage, because the amount of amorphous starch decreases 

with a concomitant increase in crystallinity. When the ratio of peak intensity at 

1,045 and 1,022 cm
-1

 increased, crystallinity was greater in tortillas (Hernandez-

Uribe et al., 2010). The ratio of 1,018 and 999 cm
-1

 indicated amylose and 

amylopectin in maize flours (Kuhnen et al., 2010); and the ratio of bands at 1,022 

and 1,000 cm
-1

 can index the proportion of ordered to amorphous starch structure 

(Warren et al., 2011). With this relation, factors affecting α-amylase-catalysed 

hydrolysis kinetics of starch were investigated. Using ATR FT-IR, IVD of 
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extruded high amylose maize starch was investigated (Shrestha et al., 2010). 

However, ATR FT-IR is insensitive to long range crystalline ordering of starch 

granules. Instead, ATR FT-IR provides a measure indicating the amount of short 

range carbohydrate structuring (Warren et al., 2011). The ATR is a surface specific 

technique, because the IR beam only penetrates about 2 μm deep in the region 

1,200-800 cm
-1

 used in studies of starch structure (Sevenou et al., 2002). The ATR 

FT-IR cannot differentiate between A- and B-type crystallinity of external regions 

of starch granules (Sevenou et al., 2002). Limits of ATR FT-IR spectroscopy was 

also reported for quantifying molecular order in starches (Htoon et al., 2009). For 

gelatinized starch, peak shifts exist in FT-IR spectra compared with the native 

starch (Rashid et al., 2012). 

3.4.2.4 Fiber crystalline structures change 

Crystallinity of fiber connects to fiber digestion, because crystalline 

regions are less accessible to cellulase enzymes than amorphous regions (Cyr et 

al., 1990). The X-ray diffraction and differential scanning calorimetry can 

determine degree of crystallinity. A spectrum of a molecule depends on its 

physical state and will change depending on its crystalline state, conformation, 

configuration and method of sample preparation (Griffiths, 2002b), The MIR can 

monitor cellulose crystallinity (Ciolacu et al., 2011). The symmetric CH2 bending 

vibration band at 1,430 cm
-1

 is the “crystallinity band”; its decrease in intensity 

reflects reduced crystallinity. The β-(1→4)-glycosidic linkage band at 898 cm
-1

 is 

an “amorphous” absorption band; an increase in its intensity occurs in amorphous 

samples (Ciolacu et al., 2011). Crystallinity of cellulose may change with 
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chemical treatment (Oh et al., 2005); thus, it also changes during digestion (Cyr et 

al., 1990). Due to crystallinity change, bands of MIR spectra of cellulose may 

shift and absorbance may change after chemical treatment (Oh et al., 2005). The 

cellulose peaks at 1,431, 1,373, 1,319, 1,282, 1,236, 1,202, 1,165, 1,032, and 897 

cm
-1

 may shift to 1,419, 1,376, 1,317, 1,278, 1,228, 1,200, 1,162, 1,019, and 894 

cm
-1

; and absorbance at 1,263, 993, 897, and 668 cm
-1

 may increase (Oh et al., 

2005). These changes indicate that spectra of digested samples should be analyzed 

carefully. The ratios of CH2 bending band at 1,431 (1,419) cm
-1

, CH2 wagging 

band at 1,376 (1,373) cm
-1

 to C-O-C bands in β-glycosidic linkage at 897 (894) 

cm
-1

, C-OH bending at 1,263 cm
-1

, C-OH out of plane at 668 cm
-1

 indicated 

cellulose crystallinity (Oh et al., 2005). 

For NIR, areas with bands centered at 1,428 nm, 1,488 nm, 1,548 nm, and 

1,592 nm were assigned to amorphous, semicrystalline, and two crystalline 

regions in cellulose, respectively (Mitsui et al., 2007). Changes in lignin, 

hemicelluloses, and amorphous, semi-crystalline, and crystalline regions of 

cellulose moieties of pretreated straw were characterized by NIR (Krongtaew et 

al., 2010). 

3.4.3 Other forms of spectroscopy 

3.4.3.1 Raman 

Raman spectroscopy, measuring the energy of scattered photons, may 

complement IR (Griffiths, 2002b). First, some bands, such as S–S, C-C and C=C 

stretching, that are weak in IR spectra are strong in Raman spectra (Edwards, 

2002), which may support qualitative characterization of digestion discrepancies. 
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Second, some Raman bands have characteristic frequencies. For instance, mono-

substituted aromatic compounds, together with 1,3-disubstituted and 1,3,5-

trisubstituted aromatics, have an intense band at 1,000 cm
-1

 (Griffiths, 2002b). 

Third, Raman spectroscopy is less affected by water than IR and does not require 

sample preparation or contact with sample. Raman spectra can be obtained for 

samples in a vial (Schulz and Baranska, 2007). Thus, Raman spectroscopy may be 

applied to fresh digesta, feces, or digesta of IVD without interfering with 

digestion. Peaks in Raman spectra exhibit less overlap (Yang and Ying, 2011), 

which may facilitate quantitative analysis without calibration. Raman 

spectroscopy can support qualitative analysis, such as classifying cereal foods 

based on nutritional components (Sohn et al., 2005), discriminant analysis of 

edible oils and fats (Yang et al., 2005), and assessing cellulose for crystallinity 

and allomorph structure (Szymanska-Chargot et al., 2011). Raman spectroscopy 

can support quantitative analysis, such as predicting content of protein and 

amylose in rice (Sohn et al., 2004), unsaturation of fat in vegetable oils (Barthus 

and Poppi, 2001), total dietary fiber in cereal foods (Archibald et al., 1998), but 

cannot predict AA content in meat and bone meal (Qiao and van Kempen, 2004). 

Raman spectroscopy is applied widely in biological tissues, agricultural products, 

and food analysis (Movasaghi et al., 2007; Yang and Ying, 2011). Raman 

spectroscopy might be useful to investigate digestion process for both in vivo and 

IVD models. 

3.4.3.2 Micro-spectroscopy 

The extent of digestion is not only affected by the amount of nutrients, but 
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also by the distribution of nutrients and other constituents, such as lignin, fat, etc. 

that might restrict enzyme access to substrate. Micro-spectroscopy may supply 

information on spatial distribution of nutrients in feedstuffs, which is helpful to 

investigate the digestion of feedstuffs. Synchrotron micro-spectroscopy can 

explore the chemical makeup of intact plant tissue with a high signal to noise ratio 

at spatial resolutions as fine as 3~10 μm (Yu et al., 2004a). This technique can 

provide information related to quantity, composition, structure, and distribution of 

chemical constituents and functional groups in tissue. 

Chemical distribution of plant tissues such as lignin, cellulose, protein, 

lipid, and total carbohydrate could be mapped (Yu et al., 2003). With synchrotron 

micro-spectroscopy, the distribution of nutritional components in corn grain was 

revealed. Specifically, pericarp contains more lignin (1,510 cm
-1

), cellulose (1,246 

cm
-1

), and lipid (1,738 cm
-1

) and less protein (1,650 cm
-1

, 1,550 cm
-1

) than 

endosperm that was rich in protein and starch (1,025 cm
-1

; Yu et al., 2004b). With 

micro-spectroscopy, changes in endosperm cell wall composition were detected 

during wheat grain development for individual constituents and the fine structure 

of arabinoxylans (Philippe et al., 2006). With micro-spectroscopy, spatial 

distribution of starch, protein, and lipid in corn and oat flour-based extrudates 

were revealed, and inversely related distributions of starch and protein were 

characterized (Cremer and Kaletunç, 2003). Using micro-spectroscopy, the 

biochemical nature of aleurone cell walls of wheat grain was characterized 

(Jamme et al., 2008). 
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3.4.4 Useful spectral techniques and chemometrics 

Qualitative analysis may answer questions related to digestion, such as 

nutrients or structures that are responsible for the low digestibility. 

3.4.4.1 Difference spectroscopy 

Difference spectroscopy allows decomposition of spectra into their basic 

components (Grdadolnik and Maréchal, 2003). The NIR difference spectra 

revealed effects of ammoniation of barley straw (Barton et al., 1986). Using 

difference spectra, 2 spectral regions (1,430-1,620 and 1,960-2,230 nm) were 

associated with increased cell wall degradability of wheat silage (Wilman et al., 

2000). Difference spectra and principal component analysis (PCA) revealed 

effects of oven- and freeze-drying on chemical composition of pasture silage 

(Alomar et al., 1999). Difference spectra revealed that lignin (1,670 and 2,250 

nm) was associated with low rumen degradability of forages (Deaville and 

Givens, 1998). Feed-feces differences of NIR spectra defined nutrient digestion of 

hay by cattle (Coleman and Murray, 1993). 

Subtraction of spectra should be done carefully prior to performing the 

intensity-based calculations to prevent data distortions. Moreover, over- or under-

subtraction of spectra will cause indefinable and unquantifiable errors in analysis 

(Coates, 2002). If bands of interest in the original spectra strongly overlap and are 

extracted from difference spectra, use of second and fourth derivatives is 

mandatory (Grdadolnik, 2003). 

3.4.4.2 Simple correlation analysis 

With correlation analysis of absorbance in each wavelength with organic 
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matter digestibility, the band at 1,662 nm (supposedly close to 1,668 nm, one of 

the absorption peaks of extracted lignin) was responsible (r = -0.97) for 

digestibility change of ammonia treated cereal straw (Guzmán et al., 1996). 

3.4.4.3 Principal component analysis 

The PCA is used in analysis of spectral data. The PCA converts original 

variables of spectral data into latent variables. These latent variables, principal 

components (PC), are linear combinations of original variables, absorptions at 

different wavelengths of spectra. The first PC represents the largest variation. The 

second PC is orthogonal to the first PC and accounts for the maximum possible 

residual variance in the data set (Mark, 2008), and so on. The concept of PCA is 

to reduce dimensionality of data sets consisting of multiple interrelated variables, 

while retaining maximum variation (Jolliffe, 2002). Using PCA on second 

derivative NIR spectra, high lysine mutants were characterized in barley (Munck 

et al., 2004). With PCA, alterations of chemical structure of straw after pre-

treatment could be differentiated (Krongtaew et al., 2010). The PCA can reveal 

carbohydrate structural changes due to bioethanol processing (Yu et al., 2011a). 

3.4.4.4 Two-dimensional analysis 

Two-dimensional correlation spectroscopy (2DCOS) is a powerful 

technique applicable to vibrational spectroscopy (Noda, 2002). Statistical 2DCOS 

is based on correlation coefficient mapping. The plot of intensity in 2 orthogonal 

axes with 2 independent spectra variables (wavelength or wavenumber) can give 

intuitive relation between variables (Barton et al., 1992). It can simplify the 

complexity of spectra consisting of many overlapped peaks, also has the benefit of 
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spectral resolution enhancement and unambiguous assignments of bands. The 

2DCOS may be applied to aid the interpretation of NIR spectra of agricultural 

materials by comparing them with their MIR spectra (Aït Kaddour et al., 2008) or 

other spectra (Liu et al., 2004). It can also be used to investigate spectral 

variations based on external perturbations, such as temperature, concentration, 

chemical reactions (Isao, 2008). Using 2DCOS, interactions between and within 

the cellulose polymer chains could be revealed (Hinterstoisser and Salmén, 2000). 

 

3.5 Evaluation of nutrient digestibility with spectroscopy 

One method to determine digestibility is to predict nutrient content in diets 

and undigested residue (digesta, feces, or IVD residue) with spectroscopy, then 

calculate digestibility or digestible nutrients of diets. The other method is to 

predict digestibility directly from spectra of diets or undigested residues. 

3.5.1 Predict nutrient concentrations in feeds and undigested residues 

3.5.1.1 Protein 

In 1975, NIRS calibration was used to predict grain protein content 

(Williams, 1975). The NIRS method to predict protein content in wheat and 

forage has become official (AOAC, 2006). This AOAC method applies to wheat 

containing 9–16% protein. The NIRS can predict protein content accurately in 

whole maize kernels (Jiang et al., 2007), rice (Sohn et al., 2004), grains (Williams 

and Sobering, 1993), wheat (Garnsworthy et al., 2000), and other animal 

feedstuffs (Gonzalez-Martin et al., 2006), and may predict essential AA (Fontaine 

et al., 2004). The NIRS can predict N content in feces accurately (Picarelli et al., 

1995). However, accurate predictions were based on calibrations separate for each 
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sample set. Without reference data, building robust calibrations for undigested 

IVD residues remains a challenge. 

The MIR is often used to elucidate protein structures and less used to 

predict protein content. However, MIR spectroscopy can also predict protein 

content, e.g., for rice (Shao et al., 2011), and AA content in meat and bone meal 

(Qiao and van Kempen, 2004). 

3.5.1.2 Fat and FA 

The NIRS can predict oil content in maize (Jiang et al., 2007), total FA in 

freeze-dried poultry ileal digesta and excreta (Philipps et al., 2005), fat content in 

wet feces (Picarelli et al., 1995), and FA composition in meat (Pla et al., 2007; 

Guy et al., 2011; Zomeno et al., 2012), milk (Coppa et al., 2010), oilseed (Koprna 

et al., 2006), fish oil (Cozzolino et al., 2005), and edible oils (Azizian and Kramer, 

2005). However, prediction for certain FA was not satisfactory. The NIRS does 

not require derivatization of fats to FA methyl esters, thus has an advantage 

compared with gas chromatography (GC) method (Azizian and Kramer, 2005). 

The MIR accurately quantifies fat and FA content. Single reflection ATR 

FT-IR spectroscopy can predict (R
2
 = 0.999) the main FA groups (saturated, trans, 

mono- and poly-unsaturated) in edible oils (Sherazi et al., 2009). Quantification of 

fat and FFA with FT-IR is successful in many samples, such as high-fat products 

(van de Voort et al., 1993), trans fats (Mossoba et al., 2007), rumen samples 

(Udén and Sjaunja, 2009), fish oils (Aryee et al., 2009; Vongsvivut et al., 2012), 

and edible oils (Al-Alawi et al., 2006). First derivative transformation of the 

1,475-650 cm
-1

 spectral region best predicted unsaturated fat (Mahesar et al., 
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2011). The ATR FT-IR also predicted fecal fat using partial least squares (PLS) 

regression (Franck et al., 1996). 

3.5.1.3 Starch 

The extent of starch hydrolysis, which is characterized by the dextrose 

equivalent value, could be accurately predicted by NIRS (Storz and Steffens, 

2004). The NIRS predicted starch digestion pattern with α-amylase of rice flour 

(Osawa and Inoue, 2008) and starch content in poultry excreta (Bastianelli et al., 

2010). 

The MIR can evaluate residual starch after in vitro fermentation for 

variable lengths of time. A successful calibration of MIR absorbance spectra 

against enzymatically determined starch remaining after rumen IVD incubations 

was demonstrated (Udén, 2009). Starch analysis by MIR is precise and simplifies 

the analyses and reduces cost. However, this finding was hard to apply to 

investigate starch digestion discrepancies between IVD and in vivo digestion, 

because acquisition of digesta from different segments of the digestive tract of 

pigs is not convenient. Moreover, absorption of digestion end product of starch 

occurs, and water content is not identical in undigested residue between IVD and 

vivo digestion. A quantitative relation between specific peaks of MIR spectra and 

starch digestion exists. Peak intensity at 1,078 and 1,020 cm
-1

 identified (r = 0.99) 

enzyme activity of amyloglucosidase on starch (Schindler et al., 1997). 

3.5.1.4 Fiber 

Determination of ADF content in forages by NIRS has become an official 

method (AOAC, 2006). Moreover, NIRS can predict total dietary fiber in cereal 
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grain products and barley cultivars (Kays et al., 1996; Archibald et al., 1998; Kays 

et al., 2005). Likewise, NIRS can predict crude fiber (CF), ADF, acid detergent 

lignin (ADL) content of whole crops of oats, barley, triticale, wheat, ryegrass, and 

sorghum (Bruno-Soares et al., 1998). Finally, NIRS can predict cellulose in forage 

and feces (Decruyenaere et al., 2009), and in situ degradation characteristics of 

neutral detergent fiber (NDF) in temperate grasses and red clover (Nordheim et 

al., 2007). 

Using ATR FT-IR spectroscopy with PLS regression, lignin content in 

triticale and wheat straws could be accurately predicted (Tamaki and Mazza, 

2011). The ATR FT-IR spectroscopy can predict sugar conversions and yields 

from enzymatic hydrolysis of pretreated plant biomass (Sills and Gossett, 2012). 

The ratio of lignin (1,510 cm
-1

) and carbohydrate (1,050 cm
-1

) of MIR spectra was 

highly correlated to 48 h in sacco dry matter degradability of cell wall in cereal 

straw (Russell et al., 1989). Nevertheless, using MIR had the advantage of 

confident assignment of spectra bands to functional groups. 

3.5.2 Prediction of digestibility or digestible nutrients 

3.5.2.1 Calibration method 

Many efforts were made to predict digestibility or digestible nutrients of 

diets with NIRS (Swift, 2003; Zijlstra et al., 2011). The DE content of a range of 

cereal grains (wheat, barley, sorghum, triticale, maize) in pigs was predicted with 

a standard error of cross validation (SECV) of 96 kcal kg
-1

 (van Barneveld et al., 

1999). The quality of reference data for calibration is important. The DE content 

of barley for pigs was predicted accurately with a SECV of 67 kcal kg
-1

 (McCann 



 

114 

 

et al., 2006) and an even lower SECV of 57 kcal kg
-1

 (Zijlstra et al., 2011). The 

low SECV indicates that NIRS may predict the nutritive value of barley 

accurately for growing pigs. However, prediction accuracy was poor for DE (R
2
 = 

0.17) and N digestibility (R
2
 = 0.22) in pigs, and slightly better for true and 

apparent metabolizable energy in broiler chicks (R
2
 = 0.52, 0.45, respectively) 

(Garnsworthy et al., 2000). 

Different calibrations to predict digestible nutrients or nutrient digestibility 

are needed for different species of animals at different physiological stages and 

age, because animal maturity influences nutrient digestibility. For the IVD model, 

any adjustment of digestion environment settings, e.g., digestion time or enzyme, 

may change digestibility of the diet. Thus, predictions using diet spectra are not 

suitable to evaluate nutrient digestibility during the development of an IVD 

model. 

Fecal NIR spectra can predict nutrient digestibility of forage in ruminants 

(Givens and Deaville, 1999; Landau et al., 2006; Fanchone et al., 2007; Dixon 

and Coates, 2009). Fecal NIR spectra can better predict (R
2
 = 0.92) in vivo total 

tract organic matter digestibility in sheep than forage NIR spectra (R
2
 = 0.86) 

(Decruyenaere et al., 2009). However, supplying reference data with small 

amounts of IVD residues is a challenge for calibration; thus, a non-calibration 

method would be desirable. 

3.5.2.2 Non-calibration method 

As opposed to multivariate calibration, classical methods for quantitative 

analysis could be an alternative solution (Coates, 2002). The ideal situation is to 
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locate an isolated absorption band of the specific analyte, and to extract relevant 

intensity information by peak height or area, which varies linearly with 

concentration. For many spectra, especially for NIR, this ideal situation does not 

exist, because absorption bands are broad and diffuse (Coates, 2002). Instead, 

strong and distinct MIR spectra are more suitable to develop a non-calibration 

spectroscopic method. 

To our knowledge, non-calibration methods to predict nutrient digestibility 

for monogastric animals have not been published. The K-matrix multiple linear 

regression method using composite samples accurately predicted starch, lipid, and 

protein with less than 5% standard error of prediction (Gordon et al., 1993), which 

may give some ideas to predict digestibility. However, this method relied heavily 

on pure component spectra, which is difficult to prepare from complex digestion 

end products. An issue that requires resolution is that pigs normally eat mixed 

diets, whereas single ingredients are often used for IVD models. Adding spectra 

from component spectra may then assist to investigate discrepancies between IVD 

and in vivo digestion (Coates, 2002). The spectral additivity in the fingerprint 

region of MIR spectra has been validated with sugar mixtures in culture media 

(Hashimoto et al., 2005). 

 

3.6 Conclusions 

Both NIR and MIR can predict nutrient content. However, the use of NIRS 

is not ideal to identify or elucidate chemical structure changes of nutrients during 

digestion. The MIR has the advantage of identifying specific nutrients, and is 

expected to have adequate quantitative accuracy. For IVD models, the adoption of 
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NIRS may require pooling of IVD residues to obtain enough sample mass for 

spectra acquisition. With the ability of sampling on small quantity and without 

dilution of samples, the ATR FT-IR is a promising solution. As reference data 

from IVD residues are the bottleneck to build calibrations, the non-calibration 

method is ideal to handle small quantities of IVD residues. Thus future research 

should develop a non-calibration method to enable quantitative evaluation of 

nutrient digestibility. Discrepancies between IVD and in vivo digestion of 

nutrients can then be identified, and its resolution can supply a scientific base to 

improve IVD techniques. 
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Table 3.1 Characteristic bands of mid-infrared (MIR) and near-infrared (NIR) spectra of macronutrients 

 MIR  NIR 

Macro 

nutrient 

Wavenumber,  

cm
-1

 
Band assignment Reference  

Wavelength, 

nm 

Band 

assignment 
Reference 

Protein 
1,650 Amide I (Miller, 2003; Barth, 

2007) 

 2,175-2,180 Amide I/III (Gergely and Salgo, 

2007) 
1,550 Amide II  2,055-2,065 Amide A/II 

Fat or 

fatty 

acids 

2,926 ± 10 

2,853 ± 10 
CH2 (Mayo, 2004)  2,307, 2,347 

C-H stretch and 

CH2 bending 

(Ricard-Lespade et al., 

1990) 

1,742-1,749 Ester C=O 
(Yang and Irudayaraj, 

2000) 
    

1,710-1,712 C=O in free fatty acids (Yu et al., 2011b)     

3,010 -C=C-H 
(Yoshida and Yoshida, 

2003) 
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 MIR  NIR 

Macro 

nutrient 

Wavenumber,  

cm
-1

 
Band assignment Reference  

Wavelength, 

nm 

Band 

assignment 
Reference 

Starch 

1,076-1,079 
C-O, C-C, and C-OH of 

Glucose 
(Vasko et al., 1972)  2,280 

C-H stretching 

and CH2 

deformation 

(Kim and Williams, 

1990; Workman and 

Weyer, 2012) 

1,047 Crystalline starch (Nakorn et al., 2009)     

1,022 Amorphous starch (García et al., 2009)     

995 Crystallinity (van Soest et al., 1995)     

929, 860 C-H bending, anomer (Zhbankov, 1992)     

Fiber 

898 β-glycosidic linkage 
(Kačuráková et al., 

2000) 
 2,336 C-H, 

(Munck et al., 2004; 

Modzelewska et al., 

2011) 

1,033 Cellulose (Philippe et al., 2006)  2,270 CH2  

1,039 α-linked arabinan 
(Kačuráková et al., 

2000) 
 1,672,1,446 Lignin (Krongtaew et al., 2010) 
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 MIR  NIR 

Macro 

nutrient 

Wavenumber,  

cm
-1

 
Band assignment Reference  

Wavelength, 

nm 

Band 

assignment 
Reference 

1,505-1,510 Lignin 
(Derkacheva and 

Sukhov, 2008) 
    

 



 

155 

 

 

Figure 3.1 Example of mid-infrared (MIR) spectra of soybean meal, corn oil, and Solkfloc cellulose acquired using an attenuated total 

reflection (ATR) Fourier transform infrared (FT-IR) spectrometer 
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Chapter 4 Prediction of the apparent total tract digestibility of energy of co-

products in pigs with in vitro digestion and chemical analyses 

 

4.1 Abstract 

In vitro digestion (IVD) and chemical analyses have been used to predict 

the apparent total tract digestibility (ATTD) of energy for cereal grains. However, 

IVD and chemical analyses have not been rigorously tested for co-products rich in 

fiber, protein, and/or fat. To examine efficacy of an IVD model and chemical 

analyses on predicting ATTD of energy for co-products, 30 samples of co-

products of cereal grains (n = 17) and oilseeds (n = 13) were tested in growing 

pigs to determine the ATTD of energy, and were tested with an IVD model and 

chemical analyses. The IVD model explained 69% of the variation in ATTD of 

energy (RMSE = 3.4, root mean standard error) among the co-products. Within 

the co-products, the IVD model described the variation of ATTD of energy for 

wheat millrun (R
2
 = 0.79; n = 9), but not for canola meal (R

2
 = 0.19; n = 8), corn 

distillers dried grain with solubles (DDGS; R
2
 = 0.29; n = 8), or soybean meal (R

2
 

= 0.24; n = 5). Moreover, the IVD assay underestimated the ATTD of energy of 

co-products, especially for corn DDGS and wheat millrun. Using NDF as a single 

predictor, chemical analyses explained 66% of the variation of ATTD of energy 

of co-products (RMSE = 3.5). Using ADF, hemicellulose, ether extract, and ash as 

multiple predictors, prediction accuracy increased (R
2
 = 0.88, P < 0.01, RMSE = 

2.2) for the ATTD of energy of co-products. Chemical analyses of nutrients also 

explained the variation (R
2
 = 0.56-0.84) of ATTD of energy within co-products. 
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Overall, chemical analyses had greater accuracy than current IVD to predict 

ATTD of energy among and within the co-products. The IVD model, which 

worked well for cereal grains, requires improvement to predict energy 

digestibility for co-products with high fat and high fiber. 

 

4.2 Introduction 

Feed cost accounts for approximately two thirds of the cost of pig 

production (Williams et al., 2011), with dietary energy cost as its largest 

proportion. However, digestible energy (DE) values varied up to 25% within 

cereal grains and their co-products (van Barneveld, 1999; Zijlstra and Beltranena, 

2009). The pork industry attempts to formulate energy levels in swine diets to 

within a tolerance of 1.5% (Fairbairn et al., 1999). Such a goal is difficult to 

achieve with widely fluctuating DE values of primary ingredients. Without a 

proper strategy to manage ingredient DE variability, precision of diet formulation 

is reduced, resulting in less predictable pig growth performance, increased feed 

cost and nutrient excretion, or reduced carcass quality (Fairbairn et al., 1999). 

Thus, knowing actual DE values of feedstuffs is important to ensure that feed 

energy supply matches energy requirements of pigs (Noblet and Perez, 1993). 

Evaluation of energy digestibility is a prerequisite to determine DE values 

of feed. In vitro digestion (IVD) models are promising to evaluate feedstuffs 

quality (Boisen and Fernandez, 1997) and can predict (R
2
 = 0.82-0.97) apparent 

total tract digestibility (ATTD) of energy of cereal grains (Regmi et al., 2008, 

2009). However, IVD may lack accuracy for predicting DE value of corn co-
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products in pigs (Anderson, 2009), and thus require rigorous testing on co-

products. Chemical analyses can predict (R
2
 = 0.75-0.94) DE values of wheat 

grain and among 114 diets in pigs (Noblet and Perez, 1993; Zijlstra et al., 1999), 

but their accuracy to predict the DE value or energy digestibility of co-products 

was not tested rigorously. 

We hypothesized that both IVD and chemical analyses could predict the 

ATTD of energy of co-products from cereal grains and oilseeds in pigs. Thus, the 

objective of present study was to examine the performance of an IVD model to 

predict the ATTD of energy of co-products from corn, wheat, soybean, and canola 

in pigs, and compare these to predictions based on chemical analyses. 

 

4.3 Materials and methods 

4.3.1 Ingredients, diets, and pig trials 

The animal protocols were approved by the University of Alberta Animal 

Care Committee to ensure adherence to the Canadian Council on Animal Care 

guidelines (CCAC, 1993). The pig experiments were conducted at the Swine 

Research and Technology Centre at the University of Alberta (Edmonton, Alberta, 

Canada). 

Thirty co-product samples, including 8 solvent extracted canola meal, 8 

corn distillers dried grain with solubles (DDGS), 5 soybean meal, and 9 wheat 

millrun, were mixed with basal diets (Table 4.1) and tested in 4 pig trials to 

determine the ATTD of energy. Each diet was fed to 4 growing pigs (initial BW: 

30~52kg) in 2 periods (each period included 5 days for test diet acclimation and 5 
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days for fecal collection) following a cross-over experimental design. Diets 

contained Cr2O3 as indigestible marker. 

4.3.2 In vitro digestion 

All samples of co-products were tested in triplicate using a 3-step IVD 

model, which was used previously for wheat grain (Regmi et al., 2009) and 

adapted from its original model (Boisen and Fernandez, 1997). Briefly, 0.5 g 

sample (ground through 1 mm screen) was incubated with freshly prepared 

porcine pepsin from gastric mucosa (P-7000, Sigma-Aldrich; 800-200 units/mg 

protein) for 2 h to mimic the digestion in stomach. The slurry was then incubated 

with freshly prepared porcine pancreatin (P-7545; Sigma-Aldrich; 8 x USP 

specifications) for 4 h to mimic the digestion in small intestine. The digesta was 

then incubated with a multi-enzyme complex Viscozyme L (Sigma-Aldrich; St. 

Louis, MO; cell wall degrading enzyme complex from Aspergillus sp) for 18 h to 

mimic the digestion in large intestine. At the end of digestion, the undigested 

residues of IVD were collected after filtration using distilled water in a porcelain 

filtration funnel lined with pre-weighed filter paper (pore size, 20~25 µm; 

Whatman no. 54; Whatman Inc., Florham Park, NJ), and then dried overnight at 

80°C. 

4.3.3 Chemical analyses and calculations 

All ingredients, diets, and freeze-dried feces were ground in a centrifugal 

mill through a 1-mm screen; and analyzed for dry matter (DM; method 930.15; 

AOAC, 2006). All ingredients were analyzed for ash (method 942.05), acid 

detergent fiber (ADF; method 973.18), crude fiber (CF, method 978.10), crude 
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protein (CP; N×6.25; method 990.03), ether extract (EE, method 920.39) as 

described by AOAC (2006), and neutral detergent fiber (NDF; van Soest et al., 

1991). Hemicellulose fraction was calculated as NDF minus ADF (Noblet and 

Perez, 1993). All samples were analyzed for gross energy (GE) using an adiabatic 

bomb calorimeter (model 5003, Ika-Werke GMBH & Co. KG, Staufen, Germany). 

Chromic oxide content of diets and feces was determined by spectrophotometry at 

440 nm after ashing at 450 ˚C overnight (Fenton and Fenton, 1979). The ATTD of 

GE of test diets and basal diets was determined using the indicator method (Eq. 1); 

and the ATTD of GE of test ingredients was determined using the difference 

method (Eq. 2) according to ATTD of GE of test and basal diets (Adeola, 2001). 

                       

        
                              

                               
 
                                

                               
 (Eq. 1) 

                                 
         

  
 (Eq. 2) 

where T is the ATTD of GE of test diet (basal diet plus the test co-product 

ingredient); B is the ATTD of GE of basal diet; Bp is the proportion, %, of GE in 

the test diet contributed by the basal diet; Ap is the proportion, %, of GE in test 

diet contributed by test co-product ingredient; Tp = Bp + Ap. 

4.3.4 Statistical analysis 

The descriptive statistics, ANOVA and regression analysis were 

performed using the MEANS, MIXED and REG procedures respectively in SAS 

9.3 (SAS Inst. Inc., Cary, NC, USA). Co-product was the experimental unit. The 

in vitro energy digestibility (ivED) was compared with the ATTD of energy of 

co-products. The model used for ANOVA was: Yij = μ + Ti + eij, where Yij was an 
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observation of the dependent variable ij (energy digestibility); μ was the 

population mean for the variable; Ti was the method to determine energy 

digestibility (IVD or in vivo digestion) as a fixed effect, and eij was the random 

error associated with the observation ij. Significance was declared at P < 0.05. 

The ATTD of energy and ivED were reported as least squares means. Partial R
2
 of 

individual chemical predictor was obtained from multiple linear regression 

analyses with ‘Selection = Stepwise’ option for the predictions of the ATTD of 

energy and difference of energy digestibility (as ATTD of energy minus ivED) 

between IVD and in vivo digestion. 

According to predictors entered into the regression model using stepwise 

selection, an equation to predict the difference of energy digestibility of co-

products between IVD and in vivo digestion was generated (Eq. 3). 

                                                 

                               (Eq. 3) 

Similarly, an equation to predict ATTD of energy of co-products using 

multiple chemical predictors was generated (Eq. 4). 

                                              

                      (Eq. 4) 

 

4.4 Results 

4.4.1 Chemical characteristics of co-products 

The 4 co-products were rich in fiber, protein, and/or fat; and the nutrient 

content in the 30 samples varied widely (Table 4.2). Within co-products, soybean 
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co-products were relatively low in fiber (3.9% CF), but high in protein (48.9% 

CP); wheat co-products were relatively low in fat (4.1% EE), but high in fiber (8.3% 

CF); while corn DDGS was high in fat, fiber, and protein (12% EE; 6.0% CF; 

31.0% CP; respectively). 

4.4.2 Measurements of apparent total tract digestibility of energy and 

predictions with in vitro digestion 

The ATTD of energy of 30 co-product samples varied by 23.3 %-units; 

whereas ivED varied by 42.4 %-units (Table 4.3). Within the co-products, the 

range of ATTD of energy was small, due to limited number of samples, except for 

wheat millrun. 

Among the co-products, the ivED of co-products related (R
2
 = 0.69, P < 

0.01; Figure 4.1) to the ATTD of energy. However, the root mean standard error 

(RMSE) of prediction was large (RMSE = 3.4; Table 4.3). Furthermore, the slope 

of 0.40 of the regression equation (Figure 4.1) was less than the ideal slope of 1.0 

with a large intercept of 47.5. 

Within co-products, the IVD model severely underestimated the ATTD of 

energy for corn DDGS and wheat millrun by more than 14 %-units, but did not 

for canola meal and soybean meal (Table 4.3). The IVD model described the 

variation of ATTD of energy for wheat millrun (R
2
 = 0.79, P < 0.01; Figure 4.2A), 

but did not for canola meal (R
2
 = 0.19, P = 0.28; Figure 4.2B), corn DDGS (R

2
 = 

0.29, P = 0.17; Figure 4.2C), or soybean meal (R
2
 = 0.24, P = 0.41; Figure 4.2D). 

The difference of energy digestibility (as in vivo ATTD of energy minus ivED) 

between IVD and in vivo digestion among the co-products was predicted (R
2
 = 
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0.90, P < 0.01; Figure 4.3) by the content of hemicellulose (partial R
2
 = 0.67), EE 

(partial R
2
 = 0.20), ADF (partial R

2
 = 0.02), and CP (partial R

2
 = 0.02) of co-

products using Eq. 3. 

4.4.3 Predicting apparent total tract digestibility of energy using chemical 

analyses 

With chemical analyses, the ATTD of energy of co-products was predicted 

(R
2
 = 0.66, P < 0.01, RMSE = 3.5; Figure 4.4) using NDF as a single predictor. 

The prediction accuracy for the ATTD of energy of co-products was further 

increased (R
2
 = 0.88, P < 0.01, RMSE = 2.2; Figure 4.5) with multiple predictors 

of ADF (partial R
2
 = 0.41), hemicellulose (partial R

2
 = 0.32), EE (partial R

2
 = 

0.13), and ash (partial R
2
 = 0.03) as per Eq. 4. The combination of IVD and 

chemical analyses did not increase the prediction accuracy of ATTD of energy 

among the co-products (R
2
 = 0.88; Table 4.3) with predictors of ivED (partial R

2
 

= 0.69, P < 0.01), ADF (partial R
2
 = 0.18, P < 0.01), and ash (partial R

2
 = 0.01, P 

= 0.15). 

Within the co-products, EE content in canola meal, CF and ash content in 

corn DDGS, CP content in soybean meal, and CF content in wheat millrun 

predicted the ATTD of energy of canola meal (R
2
 = 0.56, P = 0.03; Table 4.3), 

corn DDGS (R
2
 = 0.81, P = 0.02), soybean meal (R

2
 = 0.84, P = 0.03), and wheat 

millrun (R
2
 = 0.80, P < 0.01), respectively. The combination of IVD and chemical 

analyses slightly increased the prediction accuracy of ATTD of energy only for 

wheat millrun (R
2
 = 0.86, P < 0.01). 
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4.5 Discussion 

4.5.1 Challenges of co-products 

The 30 samples of co-products covered a wide range of chemical 

composition, such as for protein, fiber, and fat, that was in agreement with other 

investigations (Serena and Knudsen, 2007; Ortin and Yu, 2009; Zijlstra and 

Beltranena, 2009). Correspondingly, the ATTD of energy of co-products varied 

widely (Landero et al., 2011; Yanez et al., 2011; Shrestha, 2012). Consequently, 

the samples were a representative set of co-products to challenge the prediction 

accuracy of IVD and predictions based on chemical analyses. 

4.5.2 In vitro digestion for co-products 

Among the co-products, the IVD model explained 69% of the variation of 

the ATTD of energy; however, that was largely attributed to the increased range 

of the ATTD of energy. In comparison, the IVD model explained 82-97% of 

variation in ATTD of energy for cereal grains (Regmi et al., 2008, 2009). The 

regression line was away from ideal (slope =1) and much smaller than the 

regression slope of 1.07 using a IVD model tested on 34 feed mixtures (Boisen 

and Fernandez, 1997), indicating inconsistent IVD of co-products. The IVD 

model was thus not sufficiently robust to evaluate energy digestibility among the 

co-products (Anderson, 2009). 

Within the co-products, the number of samples of each co-product for pig 

trials was small (n = 5-9) and the range of ATTD of energy was also narrow for 

each co-product except for wheat millrun. The IVD model underestimated the 

ATTD of energy for corn DDGS and wheat millrun. Corn DDGS is rich in fat, 
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fiber, and protein (Belyea et al., 2004); whereas wheat millrun is especially rich in 

fiber (Shrestha, 2012). Hemicellulose and EE content in the co-products explained 

most of the variation of the difference of energy digestibility between IVD and in 

vivo digestion. High partial R
2
 of hemicellulose and EE in the regression model 

indicated that IVD of fiber and fat might be an issue for the current IVD model to 

evaluate energy digestibility of co-products. The ATTD of energy was not 

underestimated for the other 2 co-products, solvent extracted canola meal and 

soybean meal. Both canola meal and soybean meal were rich in protein and 

relatively low in fat, indicating that IVD of protein might be not an issue for the 

current IVD model. Indeed, prediction accuracy for CP and amino acid (AA) 

digestibility was high with an IVD model (Boisen and Fernandez, 1995). Some 

suggest that an IVD model may replace surgically-modified pigs to analyze 

apparent ileal digestibility (AID) of AA in protein sources (Boisen, 2007). 

However, the IVD model poorly described the variation of ATTD of energy of 

canola meal, corn DDGS, and soybean meal. The range of ATTD of energy was a 

factor for the low R
2
, but not the only factor. Simulation by IVD reflecting in vivo 

digestion is important. The IVD model described the variation of ATTD of energy 

for wheat millrun. However, the ATTD of energy of wheat millrun was severely 

underestimated by the IVD model. The current IVD is incapable to detect small 

fluctuations of ATTD of energy within co-products, although this capability is 

desired for a potent IVD model (Moughan, 1999). 
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4.5.3 Limitations of the current in vitro digestion model 

Fat content of co-products was associated with discrepancies of energy 

digestibility between IVD and in vivo digestion. Digestion of fat requires 

pancreatic lipase, colipase, phospholipase, calcium, and bile salts (Carey et al., 

1983; Embleton and Pouton, 1997). The IVD model does not have a fully 

functional fat digestion step, thus, enzymatic digestion of fat is not expected to 

mimic in vivo digestion. The IVD model used in the present study has been used 

in our lab for cereal grains and did not have an additional filtration step with 

acetone at the end of IVD (Regmi et al., 2008, 2009). Thus, undigested fat was 

expected still in the undigested residues without filtration using acetone (Boisen 

and Fernandez, 1997). Cereal grains are low in fat, thus, the filtration using 

acetone might be not critical for the evaluation of energy digestibility. Indeed, the 

IVD model accurately predicted the ATTD of energy of wheat and barley grains 

(Regmi et al., 2008, 2009). For co-products rich in fat, enzymatic digestion of fat 

or removal of fat with filtration using acetone would be critical. However, even 

with filtration using acetone, the IVD model did not describe the variation of DE 

for corn co-products (Anderson, 2009), indicating that fat is not the only factor 

affecting prediction accuracy of IVD models. Fat removal is easy to fulfill with 

filtration using acetone, but would not reflect fat digestion and microflora 

modification of fat in the hindgut (Duran-Montgé et al., 2007). Major amounts of 

fat could be excreted in feces in the form of soap as a loss of dietary energy 

(Bendsen et al., 2008). 
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Fiber content might be also associated with the discrepancies of energy 

digestibility between IVD and in vivo digestion. Fat may restrict enzyme access to 

digest fiber, because the addition of 0.3 g fat to 1 g of cereal and legume samples 

during gelatinization decreased in vitro digestibility of carbohydrates (Madhuri et 

al., 1996). However, even with filtration using acetone at end of IVD (Boisen and 

Fernandez, 1997), digestion of fiber was not affected. 

Compared to other investigations not showing underestimation of ATTD 

of energy (Boisen and Fernandez, 1997), pore size of filtration unit might be a 

factor affecting the absolute value of ivED. The pore size of filter paper used in 

the present IVD model was 20~25 µm, whereas it was 40~90 µm for glass fibre 

crucible (Boisen and Fernandez, 1997). The larger pore may allow loss of 

undigested feed particles and therefore overestimate nutrient digestibility (Qiao 

and Thacker, 2001). 

4.5.4 Predictions of energy digestibility with chemical analyses 

As a single predictor, NDF can predict the ATTD of energy for co-

products, indicating fiber digestion is a major factor affecting ATTD of energy of 

co-products. Indeed, fiber analyses such as ADF and NDF best predicted the DE 

values of wheat, barley, and 40 compound pig feeds (Fairbairn et al., 1999; 

Spanghero and Volpelli, 1999; Zijlstra et al., 1999). Although multiple chemical 

predictors predicted the ATTD of energy more accurately than a single predictor, 

the use of multiple chemical analyses is a disadvantage for application. 

Within co-products, chemical analyses also predicted the ATTD of energy 

for corn DDGS, soybean meal, and wheat millrun. For corn DDGS, CF and ash 
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content best predicted the ATTD of energy. But, methods to determine CF are 

empirical and any modification (e.g., particle size of sample and pore size of filter) 

yields a different CF fraction (Thiex, 2009), and hence may affect the accuracy to 

predict the ATTD of energy of corn DDGS. Furthermore, predictors and 

corresponding predicting equations differed for each co-product, and among the 

co-products, indicating the best equation to predict the ATTD of energy for co-

products was largely dependent on the sample set used for regression analyses. 

4.5.5 Limitations of predictions based on chemical analyses 

Although predictions based on chemical analyses were more accurate than 

the IVD model for co-products, the predictions were based on the amount of 

analyzed chemical component. Chemical analyses did not account for chemical 

structure, such as for fiber and starch, and the interaction of digestion among 

nutrients. For instance, the type and extent of links between polymers and lignin 

rather than the amount of lignin are important in determining degradability (Glits 

et al., 2000). Because fiber is the main predictor for the ATTD of energy of co-

products, analytical error for fiber is a concern (Wolters et al., 1992). Unlike total 

dietary fiber or non-starch polysaccharides (NSP), NDF may not account for 

pectins, galactans, and β-glucans (van Soest et al., 1991). Thus, chemical analyses 

in the present study covered limited information of the carbohydrates profile. 

Another challenge for predictions based on chemical analyses was the 

selection of samples to cover a wide range of chemical profiles to avoid 

extrapolation of prediction equations. Although both IVD and chemical analyses 

accurately predicted DE value of 40 compound feeds in pigs (Spanghero and 
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Volpelli, 1999), the current IVD model requires improvement to achieve better 

prediction accuracy than the predictions based on chemical analyses for co-

products. 

In conclusion, the IVD model described the ATTD of energy among the 

co-products with a large error, and could not detect small fluctuations of energy 

digestibility within the co-products. The IVD model underestimated the ATTD of 

energy for corn DDGS rich in fat and wheat millrun rich in fiber, but not for 

solvent extracted canola meal and soybean meal rich in protein. Predictions based 

on chemical analyses were more accurate than the current IVD model to predict 

the ATTD of energy among and within co-products from corn, wheat, soybean, 

and canola in pigs. Nevertheless, ivED predicted the ATTD of energy among the 

co-products better than any single chemical predictor. However, IVD technique 

requires improvement to fit the evaluation of energy digestibility for co-products. 
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Table 4.1 Ingredient composition of the test and basal diets (as fed basis) for in 

vivo determination of apparent total tract digestibility (ATTD) of energy of co-

products in pigs
1
 

 
Test diets  Basal diets 

Ingredient, % CM 
Corn 

DDGS 
SBM WM 

 
CM 

Corn 

DDGS 
Others

2
 

Canola meal 40.0 – – –  – – – 

Corn DDGS – 60.0 – –  – – – 

Soybean meal – – 40.0 –  – – – 

Wheat millrun – – – 40.0  – – – 

Wheat 55.2 – – –  95.2 – – 

Corn starch
3
 – 33.9 – –  – 85.32 – 

Corn – – 56.0 56.0  – – 96.0 

Canola oil – 0.78 – –  – 2.0 – 

Sugar – 1.95 – –  – 5.0 – 

Solka-Floc
4
 – – – –  – 3.0 – 

Limestone 1.2 1.5 1.2 1.2  1.2 1.0 1.2 

Mono-dicalcium 

phosphate 
– – – – 

 
– 1.2 – 

CaHPO4 0.8 – 0.8 0.8  0.8 – 0.8 

Salt 0.4 0.5 0.5 0.5  0.4 0.5 0.5 

Mineral premix
5
 0.5 0.5 0.5 0.5  0.5 0.5 0.5 

Vitamin premix
6
 0.5 0.5 0.5 0.5  0.5 0.5 0.5 

KCO3 (56% K) – – – –  – 0.5 – 

MgO (58% Mg) – – – –  – 0.1 – 

Celite
7
 1.0 – – –  1.0 – – 

Chromic oxide 0.4 0.38 0.5 0.5  0.4 0.38 0.5 
1
CM = canola meal; DDGS = distillers dried grains with solubles; SBM = 

soybean meal; WM = wheat millrun. 

2
SBM and WM. 

3
Melojel (National Starch and Chemical Co., Bridgewater, NJ). 

4
International Fiber Corp., North Tonawanda, NY.
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5
Provided per kilogram of diet: iron, 80 mg; zinc, 100 mg; manganese, 25 

mg; copper, 50 mg; iodine, 0.5 mg; and selenium, 0.1 mg 

6
Provided per kilogram of diet: vitamin A, 8250 IU; vitamin D, 825 IU; 

vitamin E 40 IU; vitamin K, 4.0 mg; thiamine,1.0 mg; riboflavin, 5.0 mg; 

pantothenic acid, 15.0 mg; niacin, 35.0 mg; folacin, 2.0 mg; biotin, 0.2 mg; and 

vitamin B12, 0.03 mg. 

7
World Minerals Inc., Santa Barbara, CA. 
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Table 4.2 Analyzed nutrient content of canola meal, corn DDGS, soybean meal, and wheat millrun for both in vivo and in vitro trials 

(%, dry matter basis)
1
 

 
Canola meal   Corn DDGS   Soybean meal   Wheat millrun   All 

 
(n = 8) 

 
(n = 8) 

 
(n = 5) 

 
(n = 9) 

 
(n = 30) 

Item, % Min Max Mean   Min Max Mean   Min Max Mean   Min Max Mean   Min Max Mean 

Ash 6.7 8.6 7.6 
 

4.2 16.4 6.5 
 

5.8 16.7 8.6 
 

5.2 7.5 6.2 
 

4.2 16.7 7.0 

EE 2.4 4.3 3.0 
 

9.6 14.1 12.0 
 

1.0 7.5 3.8 
 

2.9 5.5 4.1 
 

1.0 14.1 5.9 

CP 36.2 41.3 39.0 
 

26.5 33.6 31.0 
 

44.3 53.3 48.9 
 

15.9 27.8 20.2 
 

15.9 53.3 32.9 

CF 8.3 10.1 9.3 
 

5.1 6.9 6.0 
 

2.7 5.1 3.9 
 

5.2 12.0 8.3 
 

2.7 12.0 7.2 

ADF 15.2 18.1 16.5 
 

9.2 16.3 12.6 
 

4.5 6.9 5.7 
 

8.0 15.5 12.3 
 

4.5 18.1 12.4 

NDF 18.7 24.9 21.4   23.4 29.6 26.5   6.6 11.3 9.2   22.9 49.1 33.4   6.6 49.1 24.3 
1
CF, crude fiber; DDGS, dried distillers grains with solubles; EE, ether extract.  
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Table 4.3 The apparent total tract digestibility (ATTD) of energy and in vitro energy digestibility (ivED) of co-products, and 

prediction performance for ATTD of energy with ivED and chemical analyses
1
 

 
Canola meal Corn DDGS Soybean meal Wheat millrun All co-products 

Item (n = 8) (n = 8) (n = 5) (n = 9) (n = 30) 

ATTD of energy, % 

Mean 73.6 68.7 83.7 71.7 73.4 

Range 70.9-76.0 67.1-70.0 81.9-85.9 62.6-81.9 62.6-85.9 

ivED, % 

Mean 74.6 53.8
*
 81.3 57.1

*
 64.9

*
 

Range 71.5-79.3 50.2-61.7 75.3-87.1 45.7-69.1 45.7-87.1 

Prediction of ATTD of energy      

Using ivED 

R
2
 0.19 0.29 0.24 0.79 0.69 

RMSE, % 1.44 0.89 1.60 2.76 3.37 

Using chemical analyses 
     

R
2
 0.56 0.81 0.84 0.80 0.88 

RMSE, % 1.07 0.50 0.74 2.66 2.17 

Predictors EE Ash CF CP CF 
Ash ADF 

Hemicellulose EE 

Using ivED and chemical analyses 
     

R
2
 0.59 0.83 0.84 0.86 0.88 

RMSE, % 1.13 0.53 0.89 2.40 2.19 

Predictors ivED EE ivED Ash CF ivED CP ivED CF ivED Ash ADF 
1
CF, crude fiber; DDGS, dried distillers grains with solubles; EE, ether extract; RMSE, root mean standard error. 

*
Within a column, means of ivED with superscript (*) differ with means of ATTD of energy  
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Figure 4.1 Relationship between in vivo apparent total tract digestibility (ATTD) and in vitro energy digestibility among co-products 

(n = 30). DDGS = dried distillers grains with solubles.  

y = 0.40x + 47.52 

R² = 0.69 

40

45

50

55

60

65

70

75

80

85

90

40 45 50 55 60 65 70 75 80 85 90

A
T

T
D

 o
f 

en
er

g
y
, 
%

 

In vitro energy digestibility, % 

Canola meal

Corn DDGS

Soybean meal

Wheat millrun



 

179 

 

  

  

Figure 4.2 Relationship between in vivo apparent total tract digestibility (ATTD) of energy and in vitro energy digestibility within co-

products: wheat millrun (A), canola meal (B), corn dried distillers grains with solubles (DDGS; C), and soybean meal (D).  
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Figure 4.3 Relationship between predicted difference of energy digestibility (as ATTD of energy minus in vitro energy digestibility) 

by ether extract (EE), acid detergent fiber (ADF), and hemicellulose (as NDF minus ADF) content and measured difference of energy 

digestibility of co-products (n = 30). DDGS = dried distillers grains with solubles.  
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Figure 4.4 Relationship between neutral detergent fiber (NDF) content and measured apparent total tract digestibility (ATTD) of 

energy of co-products (n = 30). DDGS = dried distillers grains with solubles.  
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Figure 4.5 Relationship between predicted apparent total tract digestibility (ATTD) of energy using ash, acid detergent fiber (ADF), 

hemicellulose (as NDF minus ADF), and ether extract (EE) from chemical analyses and measured ATTD of energy of co-products (n 

= 30). The ATTD of energy was predicted using: 96.06 - 0.41 ×Ash - 0.93 × ADF - 0.39 × Hemicellulose - 0.59 × EE (Eq. 4). DDGS 

= dried distillers grains with solubles. 

y = 1.00x - 0.00 

R² = 0.88 

60

65

70

75

80

85

90

60 65 70 75 80 85 90

M
ea

su
re

d
 A

T
T

D
 o

f 
en

er
g
y
, 
%

 

Predicted ATTD of energy, % 

Canola meal

Corn DDGS

Soybean meal

Wheat millrun



 

183 

 

Chapter 5 A novel approach for a functional group to predict protein in 

undigested residue and protein digestibility by mid-infrared spectroscopy
 1
 

 

5.1 Abstract 

To evaluate nutrient digestibility of feedstuffs, we propose the novel 

approach of functional group digestibility (FGD). The FGD was based on the 

absorbance of specific Fourier transform infrared (FT-IR) peaks and the ratio of 

an inorganic indigestible marker in diet and digesta, without calibration. For 

application, samples of diet and digesta of wheat with predetermined crude 

protein (CP) digestibility were scanned on an FT-IR spectrometer equipped with a 

single-reflection attenuated total reflection (ATR) attachment. The FGD in the 

amide I region (1,689-1,631 cm
-1

) of digesta spectra was strongly related (R
2
 = 

0.99) with CP digestibility. The diet CP digestibility ranged from 60.4 to 87.8% 

was predicted with a standard error of prediction of 1.09%. In conclusion, instead 

of predictions based on calibrations, FGD can be calculated directly from spectra 

provided that the ratio of marker in diet and undigested residue is known. 

 

5.2 Introduction 

Nutrient digestibility is one of key concerns of nutritionists and defines the 

quantity of a nutrient that is digested and presumably absorbed. Nutrient 

                                                           
1
 A version of this chapter has been published. Wang, L. F., M. L. Swift, and R. T. 

Zijlstra. 2013. A novel approach for a functional group to predict protein in 

undigested residue and protein digestibility by mid-infrared spectroscopy. Appl. 

Spectrosc. 67:1343–1347. 

L. F. Wang, M. L. Swift, and R. T. Zijlstra designed research; L. F. Wang 

conducted research and analyzed data; L. F. Wang, M. L. Swift, and R. T. Zijlstra 

wrote the paper. 
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concentration of undigested residue (digesta, feces) alone does not predict nutrient 

digestibility, because diet mass is reduced drastically following digestion. When 

all undigested residue mass cannot be collected, nutrient digestibility is 

determined with the indicator method by analyzing the concentration of a nutrient 

and an inorganic indigestible marker, such as chromic oxide (Cr2O3), in diet and 

undigested residue (Adeola, 2001). Due to digestion and absorption of nutrients, 

marker concentration will be higher in undigested residue than diet (reflecting 

mass change) and, combined with the ratio of nutrient in diet and undigested 

residue, nutrient digestibility can be measured. 

Spectroscopy may predict nutrient concentration of undigested residues 

and thereby assist determination of nutrient digestibility (Givens and Deaville, 

1999; Zijlstra et al., 2011). However, predictions are based on equations from 

regressing wet chemistry data on absorption data of a large number of samples. 

Occasionally, undigested residue mass is not sufficient for chemical analyses of 

nutrients, for instance, for in vitro [lab-based] assays that mimic nutrient digestion 

in animals. Due to the small quantity (< 200 mg) of residue remaining after in 

vitro digestion, chemical analyses are impossible. Fourier transform infrared (FT-

IR) spectroscopy may provide a solution, because FT-IR spectra contain a wealth 

of information about chemical structure. Strong peaks above 1,500 cm
-1

 of mid-

infrared spectra can be assigned confidently to specific functional groups (Miller, 

2004b). According to Beer’s law, absorbance of spectra is proportional to 

concentration of analytes (Griffiths, 2002a). Thus, absorbance of a peak indicates 

the molar concentration of a functional group. We proposed the term functional 
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group digestibility (FGD) to predict digestibility of specific nutrients. 

We hypothesized that 1) absorbance in the amide I region (induced by 

vibrations of protein molecules) reflects crude protein (CP) in undigested residue, 

and 2) CP digestibility of wheat grain can be predicted directly by calculating 

FGD in the amide I region using the spectra of diet and undigested residue 

multiplied by the ratio of the indigestible marker concentration in diet and digesta. 

The objective was to develop a novel approach to estimate CP digestibility of 

wheat grain in pigs using FT-IR and inorganic indigestible marker data. 

 

5.3 Materials and methods 

5.3.1 Pig trial 

The animal protocol was approved by the University of Alberta Animal 

Care Committee and Use Committee for Livestock. Experimental methods were 

described recently (Kandel, 2011). Briefly, one diet (14.5% CP) containing 96.3% 

ground wheat grain and 0.4% Cr2O3 as indigestible marker was fed to eight cross-

bred barrows (initial body weight, 80 ± 2.5 kg). Pigs were surgically fitted with a 

T-cannula at the distal ileum to collect ileal digesta. 

5.3.2 Analyses and calculations 

Ground wheat diet and ground freeze-dried ileal digesta were analyzed for 

dry matter (DM; AOAC method 930.15), CP (AOAC method 990.03) (AOAC, 

2006), and Cr2O3 using spectrophotometry (model 80-2097-62, KBUltraspec III, 

Pharmacia, Cambridge, UK) at 440 nm after ashing at 450°C overnight (Fenton 

and Fenton, 1979). Particle size of diet and digesta was measured with a laser 
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diffraction particle size analyzer (Beckman Coulter LS 13320, Mississauga, ON, 

Canada). The CP digestibility was determined using the indicator method 

(Adeola, 2001). 

5.3.3 Spectra acquisition, processing, and conversion 

Samples of ground wheat diet (mean particle size, 0.11 mm) and ground 

freeze-dried ileal digesta (mean particle size, 0.25 mm) were scanned in triplicate 

on a FT-IR spectrometer (MB 3000, ABB, Montréal, QC, Canada) equipped with 

a deuterated triglycine sulfate detector. An attachment of single-bounce attenuated 

total reflection (ATR) with a diamond internal reflection element (IRE) (MIRacle 

ATR, PIKE Technologies, Madison, WI) was installed in the FT-IR spectrometer 

for spectra acquisition. Spectra were obtained using Horizon MB FT-IR software 

(ABB) in the range of 4,000-578 cm
-1 

with a resolution setting of 4 cm
-1

 and 32 

co-added scans. The diamond IRE of ATR was cleaned carefully with lint-free 

tissue between each sample to avoid cross contamination. Constant pressure was 

applied to ensure consistent contact of the sample with the diamond plate. Spectra 

of three repacked subsamples of each individual sample were averaged into one 

spectrum. Spectra were preprocessed with Savitzky-Golay smoothing with seven 

points convolution at both sides and multiplicative scatter correction in The 

Unscrambler X (CAMO Software AS, Oslo, Norway). 

5.3.4 Statistical analyses 

Normality, correlation and linear regression analyses were performed 

using the UNIVARIATE, CORR and REG procedures, respectively, in SAS 9.2 

(SAS Inst. Inc., Cary, NC). 
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5.4 Calculation of digestibility of functional groups 

According to Beer-Lambert-Bouguer’s law (Griffiths, 2002a), the 

absorbance of spectra is proportional to the concentration of the analyte and is a 

function of pathlength, absorptivity, and concentration: 

                  (1) 

where A is the measured absorbance, K is the absorptivity, C is the 

concentration of analyte, and L is the optical pathlength (Coates, 2002). 

For FT-IR with ATR, pathlength is not constant throughout the mid-

infrared region, it is a function of the angle of incidence and wavelength (Coates, 

2002). In our approach, the angle of incidence was fixed. If we take one 

wavenumber (representing a peak induced by a functional group), the pathlength 

is theoretically the same for wheat and undigested residue. Assuming absorptivity 

is also the same, we have Kdiet = Kdigesta and Ldiet = Ldigesta. We then deduced a 

formula (Eq. 2), which means that at a specific wavenumber, the ratio of 

absorbance equals the ratio of concentration of the analyte. This also eliminates 

the effect of pathlength change for each wavenumber. 

     

        
 

     

        
                     (2) 

For nutrient digestibility using the indicator method (Adeola, 2001), the 

formula to calculate ileal digestibility of a nutrient was: 

             ( )          
               

                  
 
                    

                 
        (3) 

Mass of nutrient in undigested residue was determined with nutrient 

concentration in digesta sample and ratio of marker concentration in diet and 
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digesta samples (Stein et al., 2007): 

                         (         )  

               

                  
                       (4) 

Using Eq. 2 and 3, we calculated the FGD: 

    ( )          
               

                  
 
        

     
              (5) 

The FDG was calculated using the Visual Basic for Applications (VBA) 

Macro programming in Microsoft Excel. 

 

5.5 Results 

The undigested mass of DM and CP and CP concentrations differed among 

digesta samples collected from eight pigs fed the same wheat-based diet, resulting 

in a range of CP digestibility (Figure 5.1). Wheat diet and freeze-dried ileal 

digesta were similar in DM content (89% vs. 87%; data not shown). The 

integrated area of absorbance in the amide I region (1,689-1,631 cm
-1

) without use 

of a baseline was related (R
2
 = 0.80, P < 0.01) to the CP concentration in digesta 

samples (Figure 5.2). Absorbance in the amide I region was related weakly (R
2
 = 

0.13, P = 0.38; Figure 5.3) to CP digestibility. The FGD in the amide I region was 

related strongly (R
2
 = 0.99, P < 0.01; Figure 5.4) to CP digestibility with a 

standard error of prediction of 1.09%. 

 

5.6 Discussion 

We proposed calculating FGD from ATR FT-IR spectra to evaluate 

nutrient digestibility, without calibration. In the present study, we used the ratio of 
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absorbance in the amide I region of FT-IR spectra multiplied with the ratio of 

marker in diet and digesta to calculate FGD to predict CP digestibility. Predictions 

of the absolute concentration of CP in diet and undigested residue using FT-IR 

were thus not required. 

The FGD approach is required when the quantity of sample of undigested 

residue is not sufficient for nutrient concentration analysis. For instance, in vitro 

digestion models only leave 50-200 mg of undigested residue. To determine in 

vitro energy digestibility, this residue was used entirely for bomb calorimetry 

(Regmi et al., 2008; Regmi et al., 2009), so that mechanisms underlying changes 

in digestibility cannot be studied. The mass change after in vitro digestion could 

be measured accurately by weighing the undigested residue. In pig trials, 

indigestible markers are used to measure the mass change. Thus, concentrations of 

Cr2O3 in diets and digesta were analyzed using wet chemistry and not FT-IR 

(Fenton and Fenton, 1979). The ratio of marker concentration in diet versus 

digesta represented the change in mass of DM following digestion. The FGD 

approach must be validated with enough undigested residue to conduct chemical 

analyses; thus, we selected pig samples with determined ileal CP digestibility. 

The amide I region of spectra is an envelope containing vibrations of 

protein structures such as α-helices, β-sheets, turns, and random coils. These 

vibrations are induced primarily by carbonyl (C=O) stretching plus minor 

contributions from C-N stretching of peptide links in the secondary amide of 

protein and polypeptides (Barth, 2007a). This region might be affected by HOH 

bending vibrations at ca. 1,640–1,631 cm
-1

 from water and cis C=C double bond 
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stretching at ca. 1,653 cm
-1

 in unsaturated fat or fatty acids (Al-Alawi et al., 2005; 

Chalmers, 2002; Christy and Egeberg, 2006). However, our samples were low in 

water and fat. The amide I region may not account for other nonprotein N sources 

in digesta such as free amino acids and urea, because these do not have peptide 

links and, hence, do not have α-helix and β-sheet vibrations. Side chains of amino 

acids may absorb in the amide I region and may account for 15–20% of 

absorbance (Fabian and Mantele, 2002). Urea also has peaks adjacent to the 

amide I region (Shaw and Mantsch, 2002). However, ileal digesta contains 

minimal free amino acids and urea; thus, the error to determine CP concentration 

is small (Miner-Williams et al., 2009). Combined, the absorbance of the amide I 

region might be ideal to reflect CP concentration, according to Beer’s law 

(Griffiths, 2002a). 

The CP concentration or mass change alone is not equivalent to CP 

digestibility. The mass change is basically DM digestibility at the distal ileum. 

Combining CP concentration changes between diet and digesta with DM 

digestibility determines CP digestibility. As demonstrated, absorbance in the 

amide I region of digesta spectra was related weakly to CP digestibility, indicating 

that absorbance of spectra independently does not represent CP digestibility. 

Instead, digestibility is determined using nutrient concentration changes and 

change in mass between diet and digesta as reflected by marker ratio. Absorbance 

changes in the amide I region combined with mass change as FGD of amide I 

predicted CP digestibility of wheat diet accurately. 

Further research remains to be conducted to implement FGD. The mass 



 

191 

 

change after in vitro digestion can be measured accurately. In pig samples, in 

contrast, the poor signal to noise ratio in the cutoff region of the diamond crystal 

of ATR hampers accurate prediction of Cr2O3 concentration. Research on 

selection of instrumentation or use of distinctive markers may enable accurate 

prediction of marker concentration with FT-IR and thereby rapid determination of 

FGD in pigs using FT-IR. Finally, absorbance of amide I was used in our novel 

approach. In FT-IR spectra, peaks or regions above 1,500 cm
-1

 might be reliably 

assigned to functional groups that indicate other nutrients such as fat (Miller, 

2004b). Thus, the FGD approach may be used for other functional groups. 

In conclusion, absorbance in the amide I region of FT-IR spectra is 

indicative of CP concentration and the novel approach to calculate FGD can 

predict CP digestibility of wheat diet accurately. The proposed approach avoids 

the need for calibrations; thus, reference data are not required thereby avoiding 

the need of proximate analyses for nutrient concentration. 
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Figure 5.1 Dry matter (DM) and crude protein (CP) mass before (diet) and after digestion (digesta) and CP digestibility. Undigested 

CP mass (as % of diet) was calculated by multiplying CP % in digesta with the ratio of indigestible marker in diet and digesta. 
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Figure 5.2 Relation between crude protein (CP) concentration of undigested residue (digesta) of wheat diet and absorbance in the 

amide I region (1,689-1,631 cm
-1

). a.u. = arbitrary unit. 
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Figure 5.3 Relation between crude protein (CP) digestibility of wheat diet and absorbance of the amide I region (1,689-1,631 cm
-1

) of 

digesta spectra. a.u. = arbitrary unit. 
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Figure 5.4 Relation between functional group digestibility (FGD) of the amide I region (1,689-1,631 cm
-1

) and crude protein (CP) 

digestibility of wheat diet. 
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Chapter 6 A non-calibration spectroscopic method to estimate ether extract 

and fatty acid digestibility of feed and its validation with flaxseed and field 

pea in pigs
2
 

 

6.1 Abstract 

Digestibility of ether extract (EE) or fatty acids (FA) is traditionally 

measured by chemical analyses for EE or gas-liquid chromatography (GLC) 

method for FA combined with marker concentration in diet and digesta or feces. 

We hypothesized that digestibility of EE or FA might also be predicted by marker 

concentrations and spectral analyses of diet and digesta or feces. Based on Beer’s 

law, a non-calibration spectroscopic method, which used functional group 

digestibility (FGD) determined with marker concentration and peak intensity of 

spectra of diets and undigested residues [digesta or feces], was developed to 

predict the apparent ileal digestibility (AID) of total FA and apparent total tract 

digestibility (ATTD) of EE. To validate the proposed method, 4 diets containing 

30% flaxseed and field pea co-extruded with 4 extruder treatments and a wheat 

and soybean basal diet with predetermined AID of total FA and ATTD of EE were 

used. Samples of ingredients, diets, and freeze-dried digesta and feces were 

scanned on a Fourier transform infrared (FT-IR) instrument with a single-

reflection attenuated total reflection (ATR) attachment. The intensity of either the 

                                                           
2
 A version of this chapter has been submitted to Journal of Animal Science for 

publication: Wang, L. F., M. L. Swift, and R. T. Zijlstra. 2013. A non-calibration 

spectroscopic method to estimate ether extract and fatty acid digestibility of feed 

and its validation with flaxseed and field pea in pigs. 

L. F. Wang, M. L. Swift, and R. T. Zijlstra designed research; L. F. Wang 

conducted research and analyzed data; L. F. Wang, M. L. Swift, and R. T. Zijlstra 

wrote the manuscript. 
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methylene (CH2) anti-symmetric stretching peak at ca. 2,923 cm
-1

 (R
2
 = 0.90, P < 

0.01) or symmetric stretching peak at ca. 2,852 cm
-1

 (R
2
 = 0.86, P < 0.01) of 

ingredients, diet, and digesta spectra was related strongly to the concentration of 

total FA. The AID of total FA of diets measured using GLC was estimated by 

spectroscopic method using FGD at ca. 2,923 cm
-1

 and ca. 2,852 cm
-1

 (R
2
 = 0.75, 

P < 0.01) with a bias of 0.54 ± 3.78% and -1.35 ± 3.74%, respectively. The 

accumulated peak intensity in the region between 1,766-1,695 cm
-1

 of spectra was 

related to EE concentration in ingredients and diets (R
2
 = 0.61, P = 0.01), and 

feces (R
2
 = 0.88, P < 0.01). The relation was improved by using 2nd derivative 

spectra of the sum of peak intensity at 1,743 and 1,710 cm
-1

 for ingredients and 

diets (R
2
 = 0.90, P = 0.01), at 1,735 and 1,710 cm

-1
 for feces (R

2
 = 0.92, P < 

0.01). The ATTD of EE of test diets determined with proximate analysis was 

estimated by the FGD of non-derivative spectra with or without baseline (R
2
 = 

0.90, P < 0.01) with a bias of 3.15 ± 3.14% and 3.50 ± 3.24%, respectively. In 

conclusion, instead of using chemical analyses and GLC method for measuring 

chemical content, or predictions based on calibrations, the AID of total FA and 

ATTD of EE can be estimated directly from ATR FT-IR spectra, provided the 

ratio of marker in diets and undigested residue is known. 

 

6.2 Introduction 

Digestibility of ether extract (EE) or total fatty acids (FA) are major 

criteria for gauging fat quality of feedstuffs. However, determination of EE or FA 

is time-consuming and requires sample preparation (Sukhija and Palmquist, 
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1988). Spectroscopy may predict EE or FA concentration in feed or feces, but 

predictions are based on multivariate calibrations from regressing wet chemistry 

data on absorption data of samples (Franck et al., 1996; Jakobs et al., 2000; 

Mahesar et al., 2011). In certain situations, the amount of sample is not sufficient 

for chemical analyses, such as for the 50 to 200 mg undigested residues from in 

vitro digestion models (Regmi et al., 2009); thus, calibration development is 

limited. 

Intensity of a single peak or area under the curve in spectra reflects 

concentration of an analyte (Coates, 2002). However, the overlap of neighboring 

peaks and a baseline shift may also contribute to peak intensity and distort the 

relation to concentration of an analyte. Baseline correction or derivative 

transformation may increase prediction accuracy (Mossoba et al., 2007; Li et al., 

2011). Functional group digestibility (FGD) is calculated directly [without 

calibration] from infrared spectra peaks and indigestible marker concentration in 

diet and undigested residue and can accurately estimate protein digestibility of 

wheat in pigs (Wang et al., 2013). Whether FGD can estimate FA or EE 

digestibility is unknown. 

We hypothesized that 1) the intensity of mid-infrared spectra peaks 

induced by fat molecules reflects concentration of total FA or EE; 2) derivative 

transformation and baseline correction can increase prediction accuracy of 

concentration and digestibility of total FA and EE; and 3) FGD can estimate the 

apparent ileal digestibility (AID) of total FA and apparent total tract digestibility 

(ATTD) of EE. The objective was to test these hypotheses in diets containing co-
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extruded flaxseed and field pea ingredients, and resulting swine digesta, and 

feces. 

 

6.3 Materials and methods 

6.3.1 Animal study 

The animal protocol was approved by the University of Alberta Animal 

Care and Use Committee for Livestock, followed guidelines established by the 

Canadian Council of Animal Care (CCAC, 1993), and was described previously 

(Htoo et al., 2008). Briefly, a 50:50 (wt/wt) mix of flaxseed and field pea was co-

extruded with 3 extrusion treatments. Four test diets containing 30% raw or co-

extruded flaxseed and field pea and 1 basal diet comprised of wheat and soybean 

meal were fed to 5 barrows in a 5 × 5 Latin square. Diets contained Cr2O3 as 

indigestible marker. Pigs were fitted with a T-cannula at the distal ileum to collect 

ileal digesta. 

6.3.2 Chemical analyses 

Ingredients, diets, and freeze-dried digesta and feces were analyzed for 

DM (method 930.15; AOAC, 2006) and EE (method 920.39). The Cr2O3 in diets, 

digesta, and feces samples was determined by spectrophotometry (model 80-

2097-62, KBUltraspec III, Pharmacia, Cambridge, UK) at 440 nm after ashing at 

450°C overnight (Fenton and Fenton, 1979). Total FA in ingredients, diets, and 

freeze-dried digesta were analyzed using gas-liquid chromatography (GLC; 

Sukhija and Palmquist, 1988), as the sum of palmitic (C16:0), stearic (C18:0), 

arachidic (C20:0), oleic (C18:1ω9), vaccenic (C18:1ω7), linoleic (C18:2), and 
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linolenic (C18:3) acids. The AID of total FA and ATTD of EE were determined 

using the indicator method (Adeola, 2001). 

6.3.3 Spectra acquisition and analyses 

A total of 59 samples were used: 4 ingredients, 5 diets, 25 digesta, and 25 

feces. These samples were ground in a centrifugal mill (Retsch GmbH, Haan, 

Germany) passing through a 0.5-mm screen and were scanned in triplicate on a 

Fourier transform infrared (FT-IR) spectrometer (MB3000; ABB, Montreal, QC, 

Canada) equipped with a deuterated triglycine sulfate detector. An attachment of 

single-reflection attenuated total reflection (ATR) with a diamond internal 

reflection element (IRE; MIRacle ATR; PIKE Technologies, Madison, WI) was 

installed in the FT-IR spectrometer for spectra acquisition. 

The spectra were obtained using Horizon MB FT-IR software (ABB) in 

the range of 4,000 to 578 cm
-1 

with a resolution of 4 cm
-1

 and 32 co-added scans. 

The diamond IRE of ATR was carefully cleaned with lint-free tissue between each 

sample to avoid cross contamination. Constant pressure was applied to ensure 

consistent contact with the diamond plate. A reference scan was collected prior to 

triplicate scans of each sample. Spectra of 3 repacked sub-samples of each 

individual sample were averaged to 1 spectrum. All spectra were preprocessed 

with the Savitzy-Golay smoothing with 7 points at both sides to alleviate spectra 

noise, and with multiplicative scatter correction (MSC) to address possible path 

length variation (Isaksson and Naes, 1988). For comparison, spectra were also 

transformed using the Savitzy-Golay 2nd derivative procedure with the 3th 

polynomial order in The Unscrambler X (CAMO Software AS., Oslo, Norway). 
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We defined peak intensity without baseline correction as the absolute peak 

height, and peak intensity with baseline correction as the absolute difference 

between baseline and peak height (Li et al., 2011). Baselines were 3,045-2,777, 

2,945-2,902, 3,045-2,777, and 2,869-2,835 cm
-1

 for the peak at 2,923 cm
-1

 

without derivative or with 2nd derivative and the peak at 2,852 cm
-1

 without 

derivative or with 2nd derivative, respectively. The accumulated peak intensity in 

carbonyl (C=O) region (1,766-1,695 cm
-1

) was defined as the sum of peak 

intensity at each wavenumber in the region of non-derivative spectra. Derivative 

spectra do not preserve spectra shape; thus, the sum of intensity of the ester C=O 

peak at ca. 1,743 cm
-1

 and the carboxylic acid C=O peak at ca. 1,710 cm
-1

 was 

used as intensity of 2nd derivative spectra in the C=O region (1,766-1,695 cm
-1

). 

Baselines were 1,822 cm
-1

 for the non-derivative spectra region at 1,766-1,695 

cm
-1

, 1,753-1,722 cm
-1

 for 2nd derivative spectra at 1,735 cm
-1

, and 1,722-1,702 

cm
-1

 for 2nd derivative spectra at 1,710 cm
-1

. 

6.3.4 Calculation of digestibility of functional groups 

According to Beer-Lambert-Bouguer’s law (Griffiths, 2002), the 

absorbance of spectra is proportional to the analyte’s concentration, and is a 

function of absorptivity, concentration, and path length (Eq. 1, Coates, 2002). 

        (Eq. 1) 

where A is the measured absorbance, K is the absorptivity, C is the 

concentration of analyte, and L is the optical path length. 

However, for ATR FT-IR, the path length is not constant throughout the 

mid-infrared range, and is a function of the angle of incidence and wavenumber 
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(Coates, 2002). In our approach, the angle of incidence was fixed. For 1 

wavenumber that represents a peak induced by 1 functional group, path length is 

theoretically the same for diet and undigested residue. Assuming that the 

absorptivity is also the same, we have theoretical assumptions of Kdiet = Kdigesta 

and Ldiet = Ldigesta. We then deduced formula (Eq. 2), which means in specific 

wavenumber, the ratio of absorbance equals to the ratio of concentration of the 

analyte, and eliminates the effect of path length change for each wavenumber. 

     

        
 

     

        
 (Eq. 2) 

Using the indicator method (Adeola, 2001), the AID of FA was calculated 

as: 

          ( )          
         

            
 
                              

                           
 

 (Eq. 3) 

According to Eq. 2 and 3, we calculated the FGD: 

    ( )          
         

            
 
        

     
 (Eq. 4) 

The Eq. 3 and 4 were also applied on feces. The FGD was calculated with 

peak intensity of non-derivative or derivative spectra using the Microsoft Visual 

Basic for Applications (VBA) Macro programming in Microsoft Excel. 

6.3.5 Statistical analyses 

The difference between AID of FA or ATTD of EE and FGD, the effect of 

baseline treatment, and the effect of derivative transformation treatment were 

analyzed by paired t-test using the TTEST procedure in SAS 9.2 (SAS Inst. Inc., 

Cary, NC), respectively. Linear regression analysis was performed using the REG 
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procedure. The Pearson correlation coefficients between peak intensity at each 

wavenumber with 2 cm
-1

 interval in 4,000-578 cm
-1

 and concentrations of FA or 

EE were calculated using Microsoft VBA Macro programming in Microsoft 

Excel. The performance of the non-calibration spectroscopic method was reported 

as the coefficients of determination, and bias (mean and SD of residual as FGD 

minus AID or ATTD) between FGD and AID or ATTD. Significance was declared 

at P < 0.05. 

 

6.4 Results 

6.4.1 Concentration and digestibility of total fatty acids and ether extract 

Concentration of total FA and EE in the ingredients ranged from 12.3 to 

15.0% and 17.3 to 19.6% respectively; and in the 4 test diets ranged from 6.5 to 

7.9% and 7.2 to 8.7% respectively, and was 2.7% in the basal diet. Concentration 

of total FA in digesta ranged from 3.8 to 8.6% for the 4 test diets and from 0.8 to 

1.7% for the basal diet. Concentration of EE in feces ranged from 4.4 to 12.6% for 

the 4 test diets and from 2.4 to 3.6% for the basal diet. 

The AID of total FA was weakly related (R
2
 = 0.26, P = 0.01; data not 

shown) to AID of DM, but strongly related (R
2
 = 0.79, P < 0.01) to concentration 

of total FA in digesta. The ATTD of EE was moderately related to either ATTD of 

DM of diets (R
2
 = 0.41, P < 0.01; data not shown) or EE concentration in feces 

(R
2
 = 0.52, P < 0.01). 
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6.4.2 Relationship between spectra and concentration of total fatty acids or 

ether extract 

The concentration of total FA in ingredients, diets, and digesta, or EE in 

ingredients, diets, or feces were all strongly correlated with peak intensity of non-

derivative spectra at 2,923, 2,852, 1,744-1,710, ca. 1,460, and ca. 721 cm
-1 

(Figure 

6.1). With or without using baseline correction and using derivative spectra or not, 

the peak intensity at 2,923 cm
-1

 was strongly related (R
2
 = 0.90, P < 0.01; Figure 

6.2) to the concentration of total FA in ingredients, diets, and digesta. The peak 

intensity at 2,852 cm
-1

 was strongly related (R
2
 = 0.86, P < 0.01; Table 6.1) to 

these concentrations. 

With non-derivative spectra, accumulated peak intensity in the C=O region 

(1,766-1,695 cm
-1

) with baseline correction was strongly related (R
2
 = 0.88, P < 

0.01; Table 6.2) to the EE concentration in feces, and moderately related (R
2
 = 

0.61, P < 0.05) to the EE concentration in ingredients and diets. Diet spectra 

clearly showed 1 C=O peak at ca. 1,743 cm
-1

 that represents ester C=O in 

triglycerides and another C=O peak at ca. 1,710 cm
-1

 that represents C=O in free 

FA (FFA, Figure 6.3). Furthermore, the ester C=O peak shifted to 1,735 cm
-1

 in 

feces. 

Using 2nd derivative spectra in the C=O region, the sum of peak intensity 

at 1,743 and 1,710 cm
-1

 was highly related (R
2
 = 0.88-0.90, P < 0.05; Table 6.2) 

to EE concentration of ingredients and diets. Moreover, the sum of peak intensity 

at 1,735 and 1,710 cm
-1

 was highly related (R
2
 = 0.83-0.92, P < 0.01; Table 6.2) 

to EE concentration of feces. The slope of regression between sum of peak 
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intensity and EE concentration was higher for feces than ingredients and diets 

(Figure 6.4). The sum of peak intensity was better related to EE concentration of 

ingredients and diets than individual peak intensity at either 1,743 or 1,710 cm
-1

 

(R
2
 = 0.88-0.90 vs. 0.67, P < 0.01 or R

2
 = 0.05, P = 0.58, respectively; data not 

shown). 

6.4.3 Prediction of apparent ileal digestibility of total fatty acids 

The FGD calculated with peak intensity of non-derivative spectra at 2,923 

cm
-1

 with baseline correction was related (R
2
 = 0.75, P < 0.01; Figure 6.5) to AID 

of total FA, with a mean residual of 0.54 and SD of 3.78 (Table 6.1). Using peak 

intensity of non-derivative spectra at 2,852 cm
-1

 with baseline correction yielded 

lower (P < 0.05; Table 6.1) FGD than at 2,923 cm
-1

 but related similarly to AID of 

total FA. Using derivative spectra did not increase the relation between FGD and 

AID of total FA, but reduced the residual at 2,923 cm
-1

 (Table 6.1). Although 

relations between FGD and AID of total FA were similar for 2,923 cm
-1

 and 2,852 

cm
-1

 regardless of baseline correction, mean residual and SD were lower using 

baseline correction. Using peak intensity at 2,923 or 2,852 cm
-1

 of non-derivative 

spectra without baseline correction yielded 3 %-units lower (P < 0.05; Table 6.1) 

FGD than with baseline correction. 

6.4.4 Fecal fat and prediction of apparent total tract digestibility of ether 

extract 

Properties of fat in feces differed from fat in ingredients, diets, or digesta. 

The methylene symmetric stretching peak shifted from 2,854 to 2,848 cm
-1

, the 

anti-symmetric stretching peak shifted from 2,923 to 2,918 cm
-1

, and the ester 



 

209 

C=O peak shifted from 1,743 to 1,735 cm
-1

 (Figure 6.3). Moreover, a strong 

doublet appeared at 1,575 and 1,539 cm
-1

 whereas the olefinic hydrocarbon (-

C=C-H) peak at 3,008 cm
-1

 almost disappeared in feces spectra. Peak intensity at 

1,575 cm
-1

 was strongly related to peak intensity at 2,918 (R
2
 = 0.96, P < 0.01; 

Figure 6.6) and 721 cm
-1

 (R
2
 = 0.95, P < 0.01) of 2nd derivative fecal spectra. 

The FGD determined with accumulated peak intensity at 1,766-1,695 cm
-1

 

of non-derivative spectra with baseline correction was strongly related (R
2
 = 0.90, 

P < 0.01; Figure 6.7) to ATTD of EE of test diets, but FGD was 3.5 %-units 

higher than ATTD of EE. However, including the basal diet reduced the relation 

between ATTD of EE and FGD (R
2
 = 0.61, P < 0.01; data not shown). The use of 

2nd derivative spectra did not increase the relation between FGD and ATTD of EE 

of test diets (Table 6.2). In addition, the residual between FGD and the ATTD of 

EE was increased. 

 

6.5 Discussion 

6.5.1 Determinants for digestibility of total fatty acids or ether extract 

Concentration of indigestible marker and fat in diets and undigested 

residue are two crucial measurements needed to determine fat digestibility using 

the indicator method (Adeola, 2001). Independently, ratio of marker concentration 

reflecting DM digestibility or feces EE concentration were only moderately 

correlated with fat digestibility in the present study, indicating that these are not 

good single estimators of AID of FA or ATTD of EE. 
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6.5.2 Relation between spectra and concentration of total fatty acids and 

ether extract 

To determine the overall relationship between absorbance at each 

wavenumber in entire spectral region and concentration of EE or total FA, we did 

not check for or remove potential outliers. The intensity of peaks associated with 

fat or FA molecules was strongly correlated with concentration of EE or total FA, 

reflecting Beer’s law and vibrational theory (Griffiths, 2002; Shurvell, 2002). 

These peaks included symmetric or anti-symmetric methylene (-CH2) peaks at ca. 

2,923 and 2,852 cm
-1

, ester C=O in triglycerides and C=O stretching in FFA at 

1,744-1,710 cm
-1

, the anti-symmetric deformation modes of C-H peaks at ca. 

1,460 cm
-1

, and the all-in-phase rocking mode of methylene group with chain 

length greater than 4 ([-CH2-]n) at ca. 721 cm
-1 

(Mayo, 2004). These peaks were 

used to investigate fat structure (Abeysekara et al., 2012) and predict fat or FA 

concentrations (Yoshida and Yoshida, 2003; Christy and Egeberg, 2006). The 

symmetric and anti-symmetric methylene stretching peaks best indicated total FA 

concentration: they were strong, had less overlap with other strong peaks, and the 

strength of the 2 peaks increased with increasing hydrocarbon chain length in fat 

(Mayo, 2004). 

The peak of ester C=O at 1,748 cm
-1

 predicted fat content (van de Voort et 

al., 1993), while the peak of C=O in carboxylic acids at 1,710 cm
-1

 predicted FFA 

concentration (Yu et al., 2011). In present study, we used the spectral region 

covering both peaks to predict EE concentration, instead of the single ester C=O 

peak centered at 1,743 cm
-1

 in ingredients and diets, or 1,735 cm
-1

 in feces. We 
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did so because FFA was clearly present in ingredients, diets, and digesta or feces, 

as indicated by the peak at 1,710 cm
-1

 (Yu et al., 2011). For chemical analyses of 

EE, the solvent also extracted FFA. Thus, inclusion of the peak induced by FFA 

was necessary to represent EE concentration. Using 2nd derivative spectra, the 

sum of 2 peaks of C=O (ester and carboxylic acid) was used, rather than 

accumulated peak intensity in the C=O region, because derivative transformation 

does not preserve the integrated areas of individual components (Fabian and 

Mantele, 2002). Mathematic manipulation of peaks, e.g., ratio, addition, or 

subtraction, is commonly used in spectroscopic analyses (Moya Moreno et al., 

1999; Yu et al., 2011). For FFA present in samples, the sole use of ester C=O at 

1,743 cm
-1

 did not completely represent EE concentration, as indicated by the 

stronger relation between EE concentration and peak intensity for using the sum 

of 2 peaks as compared to using either peak individually. 

6.5.3 Non-calibration approach 

In the present study, total FA and EE concentrations were not determined 

spectroscopically following calibration to calculate AID of total FA or ATTD of 

EE. Rather, the ratio of peak intensity associated with fat determined their AID or 

ATTD. Thus, calibration development with reference data was circumvented. This 

is a useful approach in certain situations. For example, for in vitro digestibility 

assays, DM digestibility is determined by weighing the diet sample to be digested 

and its undigested residue; the resulting ratio is equivalent to the ratio of 

indigestible marker to DM in diets fed and resulting feces. With our proposed 

method, in vitro digestibility of total FA or EE can then be estimated. 
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6.5.4 Prediction of apparent ileal digestibility of total fatty acids 

The low residual and strong relation between FGD of methylene peaks at 

both 2,923 and 2,852 cm
-1

 and the AID of total FA indicated that this FGD 

estimated the AID of total FA. However, the FGD at 2,923 cm
-1

 predicted the AID 

of FA with lower residual than the FGD at 2,852 cm
-1

, a difference that might be 

attributed to stronger intensity of anti-symmetric stretching than of symmetric 

stretching of methylene. We used total FA that covered major FA in oilseeds 

(Koprna et al., 2006). However, short- or medium-chain FA, or FA with more than 

20 C were not included in our estimate of total FA, because the relative amount of 

these FA was expected to be small in the samples (Azizian and Kramer, 2005; 

Martínez-Ramírez et al., 2010). The peak of methylene stretching was induced by 

all FA presented in the samples. 

6.5.5 Fecal fat and prediction of apparent total tract digestibility of ether 

extract 

Fat present in feces differs from fat in ingredients, diets, or digesta, 

because the hind gut microflora may modify fat extensively (Devillard et al., 

2009). A major part of fecal lipids are FA in the soap form (Hamilton and 

McDonald, 1969). Fecal spectra reflected the fat property changes, e.g., the peak 

shift for ester C=O indicated possible mono- or di-glycerides in feces vs. 

triglycerides in diets (Lewis et al., 1994). The ester C=O peak of lipids in a fiber 

matrix was observed at 1,736 cm
-1

 in spectra of corn pericarp (Yu et al., 2004). 

The strong methylene stretching peak corresponded with the strong asymmetric 

carboxylate peak at 1,575 cm
-1 

in fecal spectra, indicating deprotonation of the 
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head carboxylic group (Potapova et al., 2010). Together with the strong peak at 

1,539 cm
-1

, this doublet is characteristic for dicarboxylate salt, such as Ca 

distearate (Lu and Miller, 2002). The shift of symmetric and asymmetric 

methylene stretching peaks from 2,923 to 2,918 cm
-1

 and 2,852 to 2,848 cm
-1

, 

indicated conformational packing geometry alterations (Mendelsohn and Moore, 

1998) or surface property changes (Lu and Miller, 2002; Shi et al., 2006; Lin et 

al., 2011). Saturation of fat or FA by losing double bonds may cause 

conformational change (Smith, 2010). The absent olefinic hydrocarbon (-C=C-H) 

peak at 3,008 cm
-1

, weak ester C=O peak at 1,735 cm
-1

, and strong carboxylate 

peak at 1,575 cm
-1

 indicated that in feces, saturated FA in the form of soap, and 

not unsaturated fat, mainly induced the methylene stretching peaks, which 

differed from those for ingredients, diets, and digesta. Besides, FA salts, e.g., Ca 

palmitic acid salt, do not have peaks in the ester C=O region (Larkin, 2011). Thus, 

intensity of the ester C=O peak is not affected by FA in the form of soap in feces, 

in contrast to the strong ester C=O peak induced by mono-, di-, or triglyceride as 

EE measurements. 

The strong relation between FGD of the C=O region and ATTD of EE 

indicates that FGD of C=O in ester and FFA region estimate ATTD of EE well. 

However, fecal samples from the basal diet were excluded from regression 

analysis. The EE concentration in feces from the basal diet was lower than that 

from test diets; correspondingly, the ester C=O peak was weak in fecal spectra 

from the basal diet. Using ATR FT-IR might then be an approach with limitations 

due to shallow penetration depth (Ekgasit and Ishida, 2002), while quality of 
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reference data was another concern. Comparing to total FA, EE concentration 

does not precisely define fat, as waxes and pigments in samples were extracted, 

whereas soaps were not (Sukhija and Palmquist, 1988). 

6.5.6 Baseline selection and derivative transformation 

In the present study, non-derivative and 2nd derivative spectra with or 

without baseline correction were compared. Although peak intensity 

determination without baseline correction was not advised for non-derivative 

spectra (Griffiths, 2002), relations to concentration of total FA did not change 

much either with or without use of baseline for the methylene stretching peaks at 

2,923 or 2,852 cm
-1

. Thus, baseline selection or derivative transformation was not 

critical for using peak intensity to reflect concentration of total FA. 

Using non-derivative spectra to calculate FGD, baseline correction 

reduced residuals to estimate AID of total FA as compared to without baseline 

correction, which might be attributed to removal of contributions from 

overlapping peaks and baselines. However, the baseline selected for correction is 

subjective (Griffiths, 2002). Using derivative spectra may eliminate baseline 

selection (Coates, 2002), while Beer’s law remains valid (Rieppo et al., 2012). 

Using 2nd derivative spectra without baseline correction had similar relation 

between FGD and AID of total FA compared with using non-derivative spectra 

with baseline correction, and lowered the residual between FGD at 2,923 cm
-1

 and 

AID of total FA, indicating that 2nd derivative spectra of ileal digesta can 

determine FGD. However, the baseline correction for 2nd derivative spectra did 

not further improve estimation of AID of FA in the present study. The 
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effectiveness of other novel baseline correction methods for derivative spectra to 

estimate AID of FA requires further investigation (Li et al., 2011). 

Using a 2nd derivative transformation, the relation between peak intensity 

and EE concentration in ingredients and diets was stronger than using non-

derivative spectra, because the FFA peak was pronounced in the spectra. The peak 

of C=O in FFA at 1,710 cm
-1

 could overlap with the β-sheet peak of protein 

centered at 1,684 cm
-1

 (Barth, 2007). Derivative transformation may resolve 

overlapping peaks (Saarinen and Kauppinen, 2002). Using 2nd derivative spectra 

improved an official method to predict trans FA content (Mossoba et al., 1996; 

Mossoba et al., 2007). However, FGD determined with 2nd derivative fecal 

spectra overestimated ATTD of EE, which might be due to different sensitivity of 

peak intensity changes for diets and feces after derivative transformation (Mark 

and Workman, 2007). 

6.5.7 Advantage and weakness of the proposed method 

With the proposed method, extraction or esterification of fat was not 

required. Steps not required will facilitate the use of this method for rapid 

estimation of digestibility of EE or total FA, especially to investigate in vitro 

digestion with micro amount of undigested residue. The single reflection ATR was 

signal-limited compared to transmission spectroscopy (van de Voort et al., 2007). 

Thus, use of instrumentation such as multiple-reflection ATR FT-IR for the 

extended detection limit might improve the prediction accuracy, especially for low 

fat samples (Mossoba et al., 2012). 

In conclusion, intensity of methylene stretching peaks indicated 
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concentration of total FA. Likewise, accumulated peak intensity in the C=O 

region induced by ester and FFA indicated EE concentration. Direct calculation of 

FGD using intensity of methylene stretching peaks can estimate AID of total FA. 

Baseline correction or derivative transformation of non-derivative spectra may 

improve the prediction accuracy for AID of total FA. Direct calculation of FGD 

using C=O of ester and FFA can estimate ATTD of EE, but neither baseline 

correction nor derivative transformation improved prediction accuracy. Instead of 

GLC-based methods or predictions based on calibrations, the AID of total FA and 

ATTD of EE can be estimated directly from ATR FT-IR spectra, provided the 

ratio of marker in diets and undigested residue is known. The proposed method 

was tested with a few samples; thus, further validation with more samples is 

required. 
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Table 6.1 The apparent ileal digestibility (AID) of total fatty acids (FA) measured using gas-liquid chromatography (GLC) and 

functional group digestibility (FGD) calculated using FT-IR at ca. 2,923 and ca. 2,852 cm
-1

, without derivative or with 2nd derivative, 

and with or without baseline correction (BC) of FT-IR spectra; and relationship between peak intensity and concentration of total FA 

of ingredients, diets, and digesta of pigs
1,2 

 FT-IR  GLC 

 
2,923, cm

-1
 

 
2,852, cm

-1
  AID of 

 
Without derivative 

 
2nd derivative 

 
Without derivative 

 
2nd derivative  total  

Item Without BC With BC
3
 
 
Without BC With BC 

 
Without BC With BC 

 
Without BC With BC  FA, % 

Relation to FA
4
 0.90 0.90  0.90 0.90  0.86 0.86  0.86 0.86  - 

FGD, % 80.0
cd

 83.0
a
 

 
82.7

a
 82.0

b
 

 
77.7

e
 81.1

bc
 

 
80.5

c
 80.6

cd
  82.4

ab
 

SD 3.4 5.5  6.1 6.3  3.1 6.0  7.1 7.1  7.0 

Relation to AID
5
 0.77 0.75  0.74 0.74  0.74 0.75  0.77 0.77  - 

Residual
6
              

Mean -2.46 0.54  0.24 -0.45  -4.76 -1.35  -1.92 -1.83  - 

SD 4.39 3.78  3.80 3.77  4.59 3.74  3.81 3.78  - 

a-e
Within a row, means without a common superscript differ (P < 0.05). 

1
FT-IR = Fourier transform infrared. 
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2
Total FA were defined as the sum of palmitic (C16:0), stearic (C18:0), arachidic (C20:0), oleic (C18:1ω9), vaccenic 

(C18:1ω7), linoleic (C18:2), and linolenic (C18:3). 

3
Baselines were 3,045-2,777, 2,945-2,902, 3,045-2,777, and 2,869-2,835 cm

-1
 for the peak at 2,923 cm

-1
 without derivative or 

with 2nd derivative and the peak at 2,852 cm
-1

 without derivative or with 2nd derivative, respectively. 

4
Coefficients of determination between concentration of total FA of ingredients, diets, and digesta and peak intensity of FT-IR 

spectra (n = 33, P < 0.01). 

5
Coefficients of determination between AID of total FA and FGD (n = 24, P < 0.01). 

6
Residual was defined as FGD minus AID of FA. 
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Table 6.2 The apparent total tract digestibility (ATTD) of ether extract (EE) measured using chemical analysis and functional group 

digestibility (FGD) calculated using FT-IR at ca. 1,766-1,695 cm
-1

 without or with 2nd derivative, and without or with baseline 

corrections (BC) of FT-IR spectra; and relationship between peak intensity and EE concentration of ingredients, diets, or feces
1
 

 
FT-IR; area (1,766-1,695 cm

-1
) 

 

 
Without derivative

2
 

 
2nd derivative

3
 Chemical analysis  

Item Without BC With BC
4
 

 
Without BC With BC ATTD of EE, % 

Relation to EE       

Ingredients and diets
5
 0.55 0.61  0.90 0.88 - 

Feces
6
 0.88 0.88  0.92 0.83 - 

FGD, % 88.8
d
 89.1

c
 

 

97.0
a
 94.6

b
 85.6

e
 

SD 3.3 3.3  3.0 3.4 5.1 

Relation to ATTD
7
 0.90 0.90  0.88 0.88 - 

Residual
8
       

Mean 3.15 3.50  11.41 8.98 - 

SD 3.14 3.24  3.53 4.88 - 

a-e
Within a row, means without a common superscript differ (P < 0.01). 

1
FT-IR = Fourier transform infrared. 

2
Accumulated peak intensity, defined as the sum of peak intensity at each wavenumber in the carbonyl (C=O) region (1,766-
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1,695 cm
-1

), was used to calculate FGD and for analyses. 

3
Sum of peak intensity at 1,743 and 1,710 cm

-1
 for ingredients and diets, and at 1,735 and 1,710 cm

-1
 for feces was used to 

calculate FGD and for analyses. 

4
Baselines were 1,822 for non-derivative spectra at 1,766-1,695 cm

-1
, 1,753-1,722 for 2nd derivative spectra at 1,735 cm

-1
, and 

1,722-1,702 cm
-1

 for 2nd derivative spectra at 1,710 cm
-1

. 

5
Coefficients of determination between EE concentration in ingredients and diets and peak intensity of FT-IR spectra (n = 9, P 

< 0.05). 

6
Coefficients of determination between EE concentration in feces and peak intensity of FT-IR spectra (n = 24, P < 0.01). 

7
Coefficients of determination between ATTD of EE of test diets and FGD (n = 19, P < 0.01). 

8
Residual was defined as FGD minus ATTD of EE. 
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Figure 6.1 Correlation between concentrations of ether extract (EE) and total fatty acids (FA) in ingredient, diets, and feces and peak 

intensity from 4,000 to 578 cm
-1

 with a 2 cm
-1

 interval of Fourier transform infrared spectra of ingredients, diets, and feces (n = 34). 
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Figure 6.2 Relation between peak intensity at ca. 2,923 cm

-1 
of spectra with baseline at ca. 3,045-2,777 cm

-1
 and concentrations of 

total fatty acids (FA) in ingredients, diets, and digesta (n = 34). 

  

R² = 0.90 

0

2

4

6

8

10

12

14

16

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

C
o
n

ce
n

tr
a
ti

o
n

 o
f 

to
ta

l 
F

A
, 

%
 

Peak intensity at 2,923 cm-1, arbitrary unit 

Ingredients Diets Digesta



 

229 

 

 
Figure 6.3 Example non-derivative and 2nd derivative Fourier transform infrared spectra of diet, digesta, and feces of flaxseed and 

field pea at 3,058-1,483 cm
-1

. The 2nd derivative spectra were multiplied by 50 and added offset by -0.04. 
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Figure 6.4 Relation between the sum of C=O peak intensities of 2nd derivative Fourier transform infrared spectra at ca. 1,743 and ca. 

1,710 cm
-1

 for ingredients and diets or at ca. 1,735 and ca. 1,710 cm
-1

 for feces that reflect triglyceride and FFA, respectively, and the 

concentrations of ether extract (EE). 
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Figure 6.5 Relation between functional group digestibility (FGD) determined with Fourier transform infrared spectra and apparent 

ileal digestibility (AID) of total fatty acids (FA) with gas-liquid chromatography (GLC). 
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Figure 6.6 Relation between peak intensity of carboxylate peak at ca. 1,575 cm

-1
 with methylene peak at ca. 2,918 and ca. 721 cm

-1
 of 

2nd derivative spectra of feces. 
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Figure 6.7 Relation between functional group digestibility (FGD) in carbonyl region (ca. 1,766 to 1,695 cm

-1
) with Fourier transform 

infrared (FT-IR) and the apparent total tract digestibility (ATTD) of ether extract (EE). 
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Chapter 7 General discussion 

 

7.1 In vitro evaluation of energy digestibility 

The competitive use of cereal grains, legumes, and oilseeds as food source 

by humans and as feedstock by the expanding biofuel industry has reduced their 

use in swine diets. Consequently, co-products from cereal grain, legumes, and 

oilseed processing are increasingly used as alternative feedstuffs (Zijlstra and 

Beltranena, 2013). However, the nutritional quality of these co-products varies 

widely (Zijlstra and Beltranena, 2008). For routine evaluation of a large number 

of samples of feedstuffs, the use of animal model to characterize nutritional 

quality is expensive and not practical; thus, rapid and accurate feed quality 

evaluation methods are required. The in vitro digestion (IVD) model has been 

used to evaluate feed quality and has advantages against other methods, such as 

predictions based on physical measurements or chemical analyses (Chapter 2). 

The IVD models accurately predicted the apparent total tract digestibility (ATTD) 

of energy for cereal grains (Regmi et al., 2008, 2009). However, the existing IVD 

models were inaccurate to evaluate energy digestibility for co-products (Chapter 

2). Unlike their parent cereal grains or oilseeds, co-products are rich in fiber, 

protein, or fat. Thus, efficacy of IVD models for co-products needs to be tested 

rigorously. 

A 3-step IVD model was problematic for the evaluation of ATTD of 

energy for co-products of cereal grains and oilseeds (Chapter 4). Although the 

IVD model explained 69% of the variation in ATTD of energy among 30 co-

product samples, the prediction error was large. The IVD model severely 



 

235 

underestimated ATTD of energy for co-products rich in fiber or fat, such as corn 

distillers dried grain with solubles (DDGS) and wheat millrun. Also, the IVD 

model did not detect small differences in energy digestibility within co-products. 

Chemical analyses with multiple predictors had greater accuracy than the IVD 

model to predict ATTD of energy for both among and within co-products. 

However, the IVD model explained more variation of ATTD of energy among co-

products than any single chemical predictor. Chemical predictors and 

corresponding predicting equations differed for each co-product, and among co-

products. The best equation to predict ATTD of energy or DE value of feedstuffs 

depends largely on the sample set for regression analysis (Noblet and Perez, 1993; 

Fairbairn et al., 1999; Zijlstra et al., 1999). Thus, IVD models are promising to 

evaluate energy digestibility for co-products, but requires further improvement. 

To improve IVD models, we require knowledge about digestion of 

individual energy-yielding macronutrients that do not adequately simulate in vivo 

digestion. However, the amount of undigested in vitro residue (ivR) is usually less 

than 200 mg. The small quantity of ivR limits the use of laboratory analyses to 

determine the concentration of macronutrients and hence their digestibility. 

To identify discrepancies between IVD and in vivo digestion of nutrients, 

appropriate methods are required. Infrared (IR) spectroscopy is a potential 

solution (Chapter 3). However, conventional IR spectroscopy to predict 

concentration or digestibility of nutrients is based on multivariate calibrations 

from regressing wet chemistry data on absorption data of samples (van Kempen 

and Bodin, 1998; Zijlstra et al., 2011). For IVD models, the amount of sample is 
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not sufficient for chemical analyses; thus, prediction calibrations cannot be 

developed. Non-calibration spectroscopic methods can overcome this bottleneck 

(Wang et al., 2013; Chapters 5 and 6), and may assist to identify discrepancies 

between IVD and in vivo digestion of energy-yielding macronutrients (Wang et 

al., 2012). 

 

7.2 Summary of novel findings 

We proposed a novel spectroscopic method using functional group 

digestibility (FGD) to estimate protein digestibility (Chapter 5). The FGD was 

calculated without calibration using the absorbance of specific Fourier transform 

infrared (FT-IR) peaks and the ratio of an inorganic indigestible marker in diet 

and digesta that was determined with laboratory analyses. With this approach, 99% 

of the variation in apparent ileal digestibility (AID) of CP of a wheat diet was 

explained by the FGD in the amide I region (1,689-1,631 cm
-1

). The measured 

diet CP digestibility ranged from 60.4 to 87.8% was accurately estimated. The 

sole use of the absorbance of spectra was incomplete to evaluate digestibility of 

CP and might be misleading (Chapter 5). Absorbance is proportional to 

concentration of an analyte, which is the essence of the Beer’s law (Griffiths, 

2002). The concentration of CP in digesta was also largely affected by digestion 

of other nutrients, collectively measured as DM digestibility of a diet. 

According to the concept of FGD, non-calibration methods to estimate 

digestibility of ether extract (EE) and total fatty acids (FA) were proposed and 

validated (Chapter 6). The AID of total FA was estimated with the FGD at 2,923 
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cm
-1

 or 2,852 cm
-1

. Similarly, the sum of peak intensities of ester carbonyl (C=O) 

at 1743 cm
-1

 for ingredients and diets or 1,735 cm
-1

 for feces and C=O in 

carboxylic acids at 1,710 cm
-1 

reflected the concentration of EE in ingredients, 

diets, and feces. The FGD in the C=O area (1,766-1,695 cm
-1

) was used to 

estimate the ATTD of EE. We also observed the shift of methylene stretch peaks 

and appearance of carboxylate peaks, indicating fat property of diets was changed 

through digestive tract of pigs. 

 

7.3 Challenges and limitations 

Although the tested co-product samples covered a wide range of chemical 

profiles and ATTD of energy, the sample size was small and the range of ATTD 

of energy was narrow for each individual co-product, except for wheat millrun. A 

small sample set with a narrow range is a limit to examine efficacy of IVD model 

to evaluate the ATTD of energy for within co-products. Similarly, the range of 

chemical profile of co-product samples is essential for predictions based on 

chemical analyses to avoid extrapolation of prediction equations. However, to 

prepare such ideal sample sets is a challenge. 

Another limit of the present thesis is the use of an IVD model without a 

filtration step using acetone (Boisen and Fernandez, 1997). This missing step 

might be not critical for cereal grains (Regmi et al., 2008, 2009), but might be 

important for co-products rich in fat. However, by simply including filtration with 

acetone at the end of digestion, IVD model may still not accurately predict DE 
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values of co-products rich in fat (Anderson, 2009). Thus, the IVD models either 

with or without filtration using acetone need improvement. 

The investigations of spectroscopic methods used the ATR technique. 

Working with ATR on biological samples is a great challenge, especially for ivR 

less than 0.2 g, to reach homogenized conditions. Furthermore, the penetration 

depth of ATR is typically 0.3 to 3 μm (Fitzpatrick and Reffner, 2002), which is 

smaller than the particle size of starch granules (Sevenou et al., 2002). Other types 

of IR spectroscopy may overcome this limit, such as diffuse reflectance infrared 

Fourier transformed spectroscopy (DRIFTS) with a penetration depth of 20 to 

160 μm (Zavarin et al., 1991) or near infrared spectroscopy (NIRS) with a 

penetration depth greater than 0.1 mm (DeThomas and Brimmer, 2002). 

We validated the non-calibration methods with limited number of in vivo 

samples. Thus, the proposed methods should be validated with an expanded 

sample set. 

 

7.4 Future research 

Fat has a high energy density; thus, adequate simulation of fat digestion is 

important for co-products rich in fat. For pigs, certain amount of fat could be 

excreted in feces in the form of soap and is an energy loss (Bendsen et al., 2008). 

The quantitative evaluation of fat in soap, ester, and free fatty acid form with IR 

spectroscopy would be beneficial for the characterization of discrepancies 

between 3-step IVD model and in vivo total tract digestion of fat. 

As starch and fiber are major energy-yielding macronutrients, the 

evaluation of starch and fiber digestibility with IR spectroscopy should be future 



 

239 

topics. However, similar or overlapped starch and fiber peaks in IR spectra may 

pose challenges to evaluate starch and fiber digestibility separately (Kačuráková 

and Wilson, 2001). 

For the proposed non-calibration methods, the concentration of 

indigestible marker (Cr2O3) was pre-determined with a lab-based method (Fenton 

and Fenton, 1979) other than IR spectroscopy. The poor signal to noise ratio in 

the cut-off region of diamond internal reflection element (IRE) of ATR hampered 

the estimation of concentration of the marker using spectroscopy. Further research 

on selection of instrumentation or markers that are distinctive spectroscopically 

will benefit rapid spectroscopic determination of FGD for in vivo samples. 

Finally, the ultimate goal is to develop an IVD model to evaluate energy 

digestibility for co-products. To achieve this ultimate goal, both identification of 

weakness of IVD of all energy-yielding macronutrients and understanding of 

digestion processes in pigs are essential. 

 

7.5 Conclusions and implications 

In conclusion, current IVD models do not fit to evaluate energy 

digestibility of co-products rich in fat and fiber. The non-calibration spectroscopic 

methods were capable to estimate the digestibility of CP, EE, and total FA. The 

FGD concept might be used to develop non-calibration spectroscopic methods to 

determine digestibility for other energy-yielding macronutrients such as starch 

and fiber. Thus, the discrepancies between IVD and in vivo digestion of energy-

yielding macronutrients can be revealed with the aid of IR spectroscopy. The 
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findings support the future improvement of IVD models to evaluate energy 

digestibility for co-products. Such improved IVD models may be used as an 

effective and economical method to supply reference data for NIRS calibration 

and facilitate the establishment of a rapid feed quality evaluation network. Rapid 

feed quality evaluation benefits the feed and livestock industries. 
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