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ABSTRACT 

The objective of the following thesis which includes two studies is to evaluate the 

efficacy of Intelligent Dual-energy X-ray absorptiometry (iDXA) technology as an 

alternative to the comparative slaughter technique for estimating available energy 

contents of sorghum grain and sorghum DDGS; and to evaluate the efficacy of using 

infrared imaging as an alternative for monitoring core body temperature in pigs. In Exp 1, 

twenty-nine gilts (BW 71.34 ±1.42) were randomly assigned to pens in groups of three or 

four. Pens were randomly assigned to 1 of 3 isocaloric and isonitrogenous dietary 

treatments: a conventional corn soybean based diet (n=9), 30% inclusion of sorghum 

grain (n=10), and 30% sorghum dried distiller grain solubles (n=10), and fed for 56 d. 

Initial BW, final BW, ADG, ADFI, and F:G for each treatment group was measured. The 

last 3 d of each 28 d period, fecal samples were collected for energy and nitrogen 

digestibility measurements. On d 56, blood plasma was collected and analyzed for 

antioxidant concentration. Prior to treatment application, 15 gilts from each treatment 

were scanned using iDXA, where lean mass, and lipid mass were measured to determine 

initial body composition. Body composition was analyzed again using iDXA for all gilts 

over a 2 d period, d 28 and 29, and again at, day 56 and 57. Dietary treatment GE was 

measured using bomb calorimetry, DE was determined using the indicator technique and 

TiO2 as an indigestible marker, ME was calculated by multiplying the lipid and protein 

deposition of the animal by the energetic cost of deposition, and NE was calculated by 

multiplying the lipid and protein deposition of the animal by the amount of energy in 

each g of deposition. Estimates of ME and NE for sorghum and sorghum DDGS were 

measured using a modified approach to the difference method, by subtracting the related 
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energy contribution of the basal diet in terms of ME and NE from the sorghum and 

DDGS diets. Body composition and growth performance metrics did not differ among 

treatments (P>0.05). Sorghum diet was significantly lower in digestibility of N, GE and 

DE (P<0.01). However, there was no differences in ME and NE across treatments 

(P>0.05). Estimates of ME for sorghum grain and sorghum DDGS are 3294 and 3679, 

and NE are 2590 and 2287, respectively. Antioxidant levels tended to be higher in DDGS 

and sorghum treatments (P=0.07). Concluding, iDXA technique for measuring retained 

energy can offer greater accuracy for estimating ME and NE by taking multiple 

measurements, increasing the statistical power. From these results we can conclude that 

sorghum DDGS and sorghum have the same feeding value as corn in terms of ME, NE, 

growth performance, and body composition. The use of sorghum grain or sorghum 

DDGS in finishing pigs could give producers greater economic flexibility in diet 

formulation without sacrificing growth performance or changes in body composition.  In 

study two, 23 gilts (BW 30.5 ±5.62 kg) were housed in metabolism crates in an 

environmentally controlled facility while being slightly feed restricted. After four days of 

adaptation, the febrile response was induced by intramuscular injection of E. coli 

lipopolysaccharide (LPS; 25µg/kg BW). Each pig’s BT was recorded at times 0, 2, 4, 6, 

8, 10, and 24 hours post-LPS challenge, using the following three methods: (I) RT, (II) 

IR imaging of the eye and ear, and (III) CBT.  Statistical analysis was carried out in a 

completely randomized design in SAS using Mixed, Correlation and Regression 

procedures.  Relative to time 0, LPS increased the eye temperature, CBT, and RT by 

0.92, 1.32, and 1.48 °C, respectively (P < 0.01), but had no significant effect on ear 

temperature. Eye temperature, RT, and CBT, but not ear temperature, were highly 
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correlated (r ≥ 0.96) during the course of the study (P < 0.01). Estimated regression 

parameters (α and β) for predicting CBT using eye temperature were -28.2 ±8.70 and 

1.76 ±0.221, and for RT were -24.5 ±7.69 and 1.65 ±0.196 (R2 
≥ 0.96; 95 % confidence 

interval). Collectively, these results indicated a strong relationship between eye 

temperature, RT and CBT in pigs. Therefore, IR of the eye can be used as a precise, non-

contact alternative to RT measurements for monitoring CBT in swine.  

 

Keywords: core body temperature, eye temperature, functional food, Intelligent Dual-

energy X-ray absorptiometry, metabolizable energy, pig, net energy, sorghum, and 

sorghum DDGS	
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CHAPTER I 

GENERAL INTRODUCTION 

 The most expensive cost in the production of swine is the cost related to nutrition, 

and energy sources have the greatest contribution that cost. Therefore, the swine industry 

must have a greater understanding of the energy metabolism and bioavailability of energy 

for pigs at various stages of growth, and the concentration of energy in swine diets 

needed to ensure lower production costs (NRC, 2012). Thus a multitude of energy 

systems have been developed that ultimately serve to give economic value, in terms of 

energy cost, to a variety of feed stuffs in different geographical locations (Ewan 2001; 

Patience, 2012). The majority of the swine industry in North America utilizes the 

Digestible Energy System (DE) and the Metabolizable Energy System (ME), while the 

swine industry in Europe and China almost entirely utilizes the Net Energy System (NE) 

(Van Milgen, 2006). However, the NE system has been gaining popularity in diet 

development in the United States, given that it more accurately predicts the true energy 

values of a feed ingredient by the pig (Van Milgen, 2006). Consequently, research is 

needed expand the methods in which ME and NE are measured.  

 Currently two primary methods are used for measuring NE in terms of animal 

studies: indirect calorimetry and comparative slaughter technique. However, Intelligent 

Dual Energy X-ray absorptiometry (iDXA) could potentially be used as an alternative to 

comparative slaughter technique. The use of iDXA, is a non-invasive, easy-to-operate, 

precise and relatively cheap technology that is based on differential attenuation of high 

and low-energy X-rays that analyzes the body composition of humans and animals 

(Scholz et al., 2015). The iDXA method has similar advantages to comparative slaughter 
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technique, by being able to undertake studies using animals in circumstances closer to 

commercial conditions, but also is more advantageous than the comparative slaughter 

technique by having the ability to take multiple measures increasing the statistical power, 

and requires no sacrifice of the animals. Further research is warranted to determine its 

efficacy. 

Swine producers in order to reduce their production cost have been utilizing 

alternative energy rich feedstuffs, and more producers are taking advantage of utilizing 

the increasing productions of co-products from various agriculture and ethanol industries. 

Due to the higher inclusions of fiber within these industry co-products, the NE system 

would more accurately predict the amount of energy utilized by the system for these 

feedstuffs when compared to the ME system (Ewan ,2001). Sorghum grain (SG) and 

sorghum Dried Distillers Grains Solubles (S-DDGS) have been gaining popularity in diet 

formulation in the Texas Panhandle and the Great Plains of North America. This can be 

contributed to the following:1) According to the USDA Economic Census of Grain 

Prices, SG in Texas for the past 3 years is on average $2.00 cheaper per hundred weight 

in comparison to corn (USDA, 2016); 2) In the past four decades, construction of large 

scale ethanol plants has been increasing country wide, and ethanol plants in Texas are 

able to utilize the cheaper SG for ethanol production, (Sorghum Checkoff, 2013); 3) 

Sorghum co-products have higher inclusions of fat, and thus have a higher kcal per kg.  

In addition, cultivates of SG hybrids have nonnutritive effects. High levels of 

polyflavanols and antioxidants have been reported in sorghum grain (Jambunathan, 1986; 

Waniska 1989). Meat products can be fortified through animal production with nutrients 

and phytochemicals. (Bonos, 2014; Zhang et al., 2010; Rooke, 2010). Thus, utilizing SG 
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in swine diets could give rise to functional pork products that provide additional health 

benefits.  

Body temperature (BT) is one of the main vital signs used to evaluate the health 

state of pigs and ensure appropriate diagnoses and effective care. It is assumed that rectal 

temperature (RT) is the best indicator of core body temperature (CBT) in animals (Polle, 

1976).  Rectal temperature is commonly used in animal husbandry practices and it is an 

inexpensive, easy to administer, and thermometers are widely available. However, 

obtaining rectal temperature can be time consuming, stressful for the animals, and may 

generate inaccurate results due to presence of feces (Sundi-Levander, 2009). The non-

contact Forward Looking Infrared thermography (IR) is an alternative technique for 

measuring BT in animals (Montanholi et al., 2008; Kessel et al., 2010, Rakhshandeh et 

al., 2014). Infrared imaging technique also reduces the risk of spreading infection from 

one animal to another, is quick and less variable, and does not require restraining the 

animal (Sorensen et al., 2015). Despite these potential advantages, the efficacy of IR for 

accurately measuring CBT to our knowledge has not yet been established.  

The purpose of the following thesis is to:  

• To evaluate the efficacy of iDXA to estimate the ME and NE of SG and S-DDGS 

• To evaluate the effects of feeding SG and S-DDGS on body composition  

• To explore nonnutritive value of SG and S-DDGS  

• To evaluate efficacy of IR Imaging technique as an alternative to RT for 

monitoring core body temperature in pigs 
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CHAPTER II 

REVIEW OF LITERATURE 

Section 1: The feeding value of sorghum grain and sorghum DDGS in modern swine 
diets 

Introduction  

The most expensive cost in the production of swine is related to nutrition, and 

energy sources have the greatest contribution to nutritional cost. Therefore, it is 

imperative to the swine industry to have greater understanding of the energy metabolism 

and utilization within pigs at various stages of growth, and the concentration of energy in 

swine diets to ensure lower production costs (NRC, 2012). Measuring and implementing 

nutritional strategies to meet the needs of energy metabolism effectively and efficiently 

still requires greater investigation.  

Animal nutritionists have developed and continue to improve a series of energy 

systems that ultimately serve two main purposes: 1) give economic value, in terms of 

energy cost, to a variety of feedstuffs in different geographical locations (Ewan 2001; 

Patience, 2012); 2) and establish the utilization (requirements for ATP) of pigs at various 

stages of growth (Ewan, 2001; Van Milgen, 2006; Patience, 2012). Swine producers in 

order to reduce their production costs, have been utilizing alternative energy rich 

feedstuffs, and more producers are taking advantage of utilizing the increasing production 

of co-products from various agriculture and ethanol industries. These co-products in 

general contain greater inclusions of fiber and kcal per kg of GE than their unaltered 

counterparts, due to the removal of starch or fat through the inherent processing of the 

industry utilizing the feedstuff (Sotak, 2015). Due to the higher inclusions of fiber within 

these industry co-products, the heat of digestion in the GIT is increased (Noblet, 1993), 
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The net energy system more accurately predicts the amount of energy utilized by the 

system for these feedstuffs when compared to the ME system, due to the account of 

energy loss from heat increment (Ewan, 2001).  

Sorghum grain (SG) and sorghum Dried Distillers Grain Solubles (DDGS) have 

been gaining popularity in diet formulation in the Texas Panhandle and the Great Plains 

of North America. This is can be contributed to the following: 1) According to the USDA 

Economic Census of Grain Prices, sorghum in Texas for the past three years is on 

average $2.00 less per hundred weight in comparison to corn (USDA, 2016); 2) In the 

past four decades, construction of large scale ethanol plants has increased country wide, 

and ethanol plants in Texas are able to utilize the cheaper sorghum grain for ethanol 

production, (Sorghum Checkoff, 2013); 3) Sorghum co-products have higher inclusions 

of fat, and thus have a higher kcal per kg  GE and DE.  

In addition, cultivates of sorghum grain hybrids contain high levels of a multitude 

of diverse phenolic compounds that can provide health benefits to consumers. High levels 

of polyflavanols, anthocyanins, phenolic acids, and antioxidants have been reported in 

sorghum grain (Jambunathan, 1986; Waniska 1989).  Research has provided evidence 

that meat products can be fortified, through animal production, with nutrients and 

phytochemicals that have the potential to provide positive effects in preventing or 

protecting against chronic and acute diseases (Bonos, 2014; Zhang et al., 2010; Rooke, 

2010). Thus, utilizing sorghum grain in swine diets could give rise to functional pork 

products that provide additional health benefits to consumers. 

Sorghum Grain in Swine Diets  
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 Sorghum grain, referred to as milo, is a cereal grain that is grown predominately 

in the central United States, from the southern portion of Nebraska to the Gulf Coast of 

Texas, with the greatest yield per acre in the panhandle of Texas, West Oklahoma, and 

Central Kansas (U.S. Grains Council, 2015). Sorghum is the 3rd largest cereal grain 

produced in the United States and is known for its drought tolerance, mycotoxin 

resistances, and its hardiness in relatively harsh and unpredictable climates (U.S. Grains 

Council, 2015). Sorghum has been reported to have valuable nutritional importance for 

swine diets and has the capability of being utilized to some degree in all phases of pork 

production, yet there is still a lack of research conducted on the value of sorghum grain 

and DDGS in terms of energy from animal measured studies (Sorghum Check-Off, 2013; 

Etuk 2012).  

In general, sorghum is utilized as a replacement of corn in livestock and poultry 

feeds to reduce cost.  In a study conducted by Dowling et al. (2002), the total digestible 

nutrients in sorghum grain are 95% of corn, and the reduced digestibility of nutrients is 

attributed to the lower starch availability in sorghum grain since the starch is bound in a 

thicker protein matrix (Dowling et al., 2002). Additionally, the nutrient digestibility of 

sorghum is also influenced by the level of tannin concentration in the grain (Etuk, 2012). 

Tannins are polyphenolic compounds that are considered anti-nutritional factors that 

reduce amino acid digestibility and feed intake (Awika, 2004; Etuk, 2012).  

When compared to corn, sorghum grain has greater digestible phosphorus content, 

and reduces the utilization of supplemental inorganic phosphorus sources reducing diet 

formulation cost, and decreasing the impact of phosphorus excretion on the environment 

(Pascual-Reas,1997). Furthermore, sorghum has more saturated fatty acids and less 
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polyunsaturated fatty acids than corn (Etuk, 2012).  In terms of crude protein and amino 

acid availability, sorghum is higher in crude protein and tryptophan content than that of 

corn (Etuk, 2012). However, sorghum is lower in available lysine, the first limiting amino 

acid in swine diets (Etuk, 2012; NRC, 2012).  

 From a carcass fat quality prospective, pigs fed sorghum will deposit a firmer 

carcass fat, providing an advantage relative to corn for bacon processors and in many 

fresh pork markets (Sotak et al., 2014). Additionally, sorghum is a rich source of 

numerous phytochemicals including phenolic acids, anthocyanins, phytosterols and 

policosanols which have the potential to impact human health, and contains higher 

antioxidant activity relative to other cereal grains (Awika, 2004). Thus, sorghum grain 

has the potential to be utilized in the creation of functional meat products through their 

utilization in monogastric diets. In terms of energy, Sorghum Checkoff (2013), reports 

that new research values indicate today’s sorghum varieties will contain approximately 

98-99 % the energy content compared to corn. However, it may be argued that these 

studies only utilize the factorial estimation of NE from EvaPig™ software created by Dr. 

Jean Noblet of the INRA, and not those of animal studies utilizing either the comparative 

slaughter technique or respiration chambers. Grain sorghum provides an excellent 

opportunity for swine producers to lower feed cost, yet there is an absences of studies that 

measure effective ME and NE utilizing animals studies. As the knowledge of the nutrient 

profile of sorghum increases, greater opportunities for the utilization of sorghum in swine 

diets will increase as well, which will be beneficial to the Texas swine producer.  

Sorghum DDGS in Swine Diets 
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In the 2013 state of the industry report from Sorghum Check-Off, 24 ethanol 

plants in the United States produce some portion of their ethanol production from grain 

sorghum. Furthermore, there has been continuous annual increases in the sorghum 

production used for ethanol, with an increase from 11 percent in 2004 to about 31 percent 

in 2013 (Sorghum Checkoff Program, 2013). This production trend indicates that 

sorghum DDGS availability will continue to increase as well. 

With this increase surplus of sorghum DDGS, it is only recently that research has 

been conducted with sorghum DDGS in swine diets, and like corn DDGS, the nutritional 

value of sorghum DDGS depends greatly on the oil concentration, geographical location 

of the grain production, the parent grain’s quality, and intensity of the production 

methods (NRC, 2012; Sotak et al, 2014). Sorghum DDGS appears to be similar in 

variability of oil content to that of corn DDGS (Sotak et al., 2014). Comparisons of pigs 

fed sorghum DDGS and corn DDGS must be carefully made, as both of these sources 

might contain different oil concentrations, which can be highly influenced by the ethanol 

plant in which it originated (Mehmood et al., 2008). However, Sotak et al (2014) reports 

that similar growth rates can be achieved with diets containing low concentrations of 

sorghum DDGS and with diets containing the same inclusion of corn DDGS. When the 

comparison is made between the parent grains and the co-product, sorghum DDGS could 

have a slightly lower oil content than corn DDGS (NRC, 2012; Sotak et al, 2014). 

One of the greatest concerns when utilizing sorghum DDGS in swine diets is the 

fatty acid profile. The fatty acid profiles of pork fat, particularly PUFA, reflect the 

composition of the fat consumed by the pig (Wood, et al., 2002). Almost half of the fatty 

acids in sorghum DDGS are linoleic acid, with other major fatty acids being oleic acid 
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and palmitic acid (Feoli et al., 2007).  This is in line with the parent grain, in that linoleic 

acid comprises 28-51 percent of the fatty acids in oil obtained from sorghum (Mehmood 

et al., 2008). In a study conducted by Sotak et al. (2015), where finishing pigs were fed 

either a sorghum-soybean meal diet, or a sorghum-based diet with 30 percent sorghum 

DDGS, or a corn based diet with 30 percent corn DDGS; adding 30 percent of either 

DDGS source (corn or sorghum) to the diet increased unsaturated fatty acids and iodine 

value of back fat. However, the pigs fed the sorghum-sorghum DDGS diet had 

significantly lower linoleic acid, polyunsaturated fatty acids, and firmer carcass fat than 

those fed the corn DDGS-based diet. Thus, it can be concluded that when added to 

finishing diets, sorghum DDGS may be included at higher rates compared to corn DDGS 

with less effect on carcass fat quality.  

  In terms of bioavailable energy, there are no animal studies that determine the 

effective ME or NE of sorghum DDGS or sorghum grain. In terms of GE, DDGS is 

higher in energy when compared to the grain counterpart (Sotak et al.,2014). However, 

due to the greater concentration of both NDF and ADF in sorghum DDGS, after the 

removal of starch, there is greater variability and possibly a reduction in ME and NE, due 

to the increased heat of digestion from the fiber content (Van Milgen, 2006)  

With proper diet formulation, sorghum DDGS could possibly be used as 

effectively as corn DDGS in swine diets.  However, research on the feeding value of 

sorghum DDGS in swine diets is limited. Yet, data does indicate that feeding 20-30 % 

sorghum DDGS has limited effects on growth performance in finishing pigs, and may 

offer advantages compared with corn DDGS for pigs in terms of carcass fat quality due to 

the greater saturated fatty acid content (Sorghum Check-Off, 2013).  
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Concepts of Dietary Energy 

Energy, is defined as the ability to do work.  Energy is not considered a nutrient, 

because it is not a chemical substance, but rather a property of a nutrient (McDonald et 

al., 2010). According to the National Research Council (2012), energy is supplied by the 

diet in four dietary sources: starch, protein, fat, and fiber as depicted in Figure 2.1. 

Energy is a very complex feature to a diet in that each of these sources that provide 

energy differ greatly in their molecular structure, bioavailability, and the metabolic 

processes that transform each source into useable energy for the animal. Thus, biological 

systems do not technically have a requirement for energy but for adenosine triphosphate 

(ATP).  This molecule is often referred to as the "molecular unit of currency" of 

intracellular energy transfer, and it is composed of adenine, ribose, and three phosphate 

groups.  

 
Figure 2.1 Energy input into the animal system from their diet.  

Substrate-level phosphorylation and oxidative phosphorylation in cellular 

respiration are the major mechanisms of ATP biosynthesis within an animal. Most 
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cellular functions need energy: synthesis of proteins, synthesis of membranes, cellular 

division, etc., and ATP is the molecule that provides energy, in the form of high energy 

phosphoanhydride bonds (-ΔG of -30.5 kJ/mol). When ATP is hydrolyzed into adenosine 

diphosphate and inorganic phosphate, the breakdown of the last covalent link of 

phosphate liberates energy that is used in various metabolic reactions. Additionally, this 

reaction is required for energetically unfavorable reactions, and the hydrolysis of these 

compounds drives a reaction forward. Yet, measuring total ATP synthesis and 

degradation on a daily basis in an animal is not a feasible concept, but scientist can 

measure caloric input, loss, and output (energy balance), which have given rise to our 

current array of energy systems (Oresanya, 2008). 

The method of evaluating the caloric requirements of an animal for various states 

is the empirical method. The empirical method establishes the requirements of an animal 

through optimizing pig performance in response to varying levels of energy intake, and 

tends to focus on the impacts that a certain feedstuff has on individual growth 

characteristics (Ewan, 2001). The factorial approach is based on the energy required to 

maintain the production state of an animal (Weiss, 2010). The factorial method identifies 

each component of growth and divides it further to provide a detailed description of the 

energy utilization by the animal system (Van Milgen, 2006). Utilizing the factorial 

energy method, we can evaluate requirements by three aspects: fat accretion, protein 

accretion, and the maintenance requirement that must be met first. The 

energy requirements for each of these components are then added together to calculate 

the total energy requirement needed to reach maximum production potential.  
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The maintenance requirement is estimated from the difference between energy 

retained in the animal and the ME intake (Ewan, 2001; Van Milgen, 2006). The 

maintenance requirements of pigs can be measured by measurements of heat production 

after the animals have been fasted for various periods of time (Noblet, 1994a). However, 

measurements of fasting heat production vary with the duration of the fast, the previous 

diet ingested by the animal, and with the difference in activity between fasted and 

unfasted animals (Ewan, 2001). Maintenance requirement is also measured using the 

comparative slaughter method (Ewan, 2001). This procedure utilizes linear regression 

analysis to the point of zero energy used in an experimental design where pigs are fed 

graded levels of a common diet and regression analysis can be conducted (Just et al, 

1982).  

 Finally, the maintenance requirement of an animal can be estimated from 

implementation of factorial estimation equations that utilize the metabolic body weight of 

the animal (NRC, 2012).  

Principles of nutritional energy systems 

Thermodynamic principles have been applied to animal nutrition since the 1700’s, 

and have been the basis of animal nutrition energy systems since their implementation. In 

order to evaluate the energy nutrition of an animal, nutritionists utilize two laws of 

thermodynamics and Einstein’s theory of relativity (Weiss, 2010). The first law of 

thermodynamics is that energy cannot be created nor destroyed, and must be conserved, 

and the second law of thermodynamics is that entropy of the universe always increases. A 

nutritionist can state the first law of thermodynamics in terms of the “energy input into 

the animal must equal energy output, plus or minus the change of energy within the 
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body” (Weiss, 2010). As stated in Noblet et.al (2006), energy can enter an animal’s body 

in a multitude of fashions: radiation (direct exposure to the sun’s rays), convection (flow 

of heat from the air to the body), and conductance (flow of heat from a warm surface that 

these animals are in contact with). These energy inputs are minor forms in the animal 

system (Noblet, 1993), and thus the practicing nutritionist assumes the only energy input 

into the body is that from the animal’s diet as shown in Figure 2.1.  

 The second law of thermodynamics can be related to nutritional principles in 

terms that no transformation of energy is 100% efficient and the inefficiencies are lost as 

heat (Weiss, 2010), but animal systems also deify the second law of thermodynamics 

moving from a state of disorder to order in terms of entropy, which is expressed in the 

anabolic processes conducted by the system (Ewan, 2001; Weiss 2010). Examples of 

energy transformations performed by animals are: 1) anabolic processes such as 

gluconeogenesis, lipogenesis, and other pathways that synthesize biochemical molecules 

(proteins, glycogen, lipids, nucleic acids, etc..) and; 2) catabolic pathways (glycolysis, 

citric acid cycle, beta oxidation, etc.) that give rise to energy dense molecules such as 

ATP (Campbell,2015; Weiss 2010). When each of these transformations are conducted, 

part of the energy input is converted to the energy output and part of is converted to heat 

(Patience, 2012; Weiss, 2010).  

Therefore, if an animal expends several kilocalories worth of chemical energy 

from its diet to walk, breath, digest feed, pump blood, etc. some of that chemical energy 

is lost from the body as heat. The massive amount of heat lost as a result of the 

inefficiencies of converting one form of chemical energy into another, and the losses of 
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energy through an inability to digest and utilize energy is the foundation of nutritional 

energy systems.  

 

 

 

 

 

 

 

 

Figure 2.2. Illustration of nutritional energy systems and associated energy losses  

Energy systems 

In order to greater understand the dietary needs and utilization of energy in the 

pig, energy has been partitioned into different systems that account for a variety of 

energy losses. Figure 2.2 gives visual representation to the energy losses mentioned in the 

following discussion, and show the energy  transformation that each system represents.   

Gross energy. Intake or gross energy (GE) is the total amount of chemical energy 

in the diet (Figure 2.2). GE is represented in terms of the total amount of energy 

consumed as dry matter intake, times energy concentration, expressed as kcal/kg per day 

(Baldwin,1995). Gross energy system is the broadest of the systems in that it does not 

account for energy losses and is seldom used as a basis for diet formulation, but is the 

maximum amount of energy that is available for use by the animal (Ewan, 2001). The 

concentration of GE in a diet depends solely on the chemical composition of the feed. 
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Ash, protein, carbohydrate and fat have different concentrations of energy per unit of 

mass, and as the concentrations of these fractions change, GE also changes (Ewan, 2001). 

For example, carbohydrates provide 3.7 kcal/g of glucose to 4.2 kcal/g of starch, while 

protein provides 5.6 kcal/g, and fat provides 9.4 kcal/g (Ewan, 2001).  

Digestible Energy. After feed has been ingested, only a percentage of GE is 

absorbed in the intestinal tract of the pig and the remaining part is excreted in the feces 

(Figure 2.2). Thus, DE is the amount of energy that is absorbed from the GI-tract and is 

available for utilization by the pig (Figure 2.3), and therefore accounts for the largest and 

most variable cost: fecal energy loss (Van Milgen, 2006). Digestible energy is simple to 

determine and apply, but it overestimates the energetic value of feedstuffs and diets by 

not accounting for energy losses that are associated with anabolic pathways within the 

body, and the inefficiency of oxidizing organic compounds (Noblet, 1994a). 

 Metabolizable energy. The concentration of ME in a feed ingredient can be 

calculated by subtracting the amount of energy in urine and the gases of the digestive 

tract from the DE of the ingredient (Ewan, 2001). Metabolizable energy accounts for 

energy lost via feces, urine and methane. Gaseous energy represents the energy in the 

methane, carbon dioxide, and ammonia produced by the animal. Growing pigs average an 

energy loss of 0.4% of DE intake to gaseous energy (Van Milgen, 2003). However, in 

most cases the gaseous energy is ignored when ME is calculated (Ewan, 2001). Thus, ME 

is a measure of the amount of energy that is available for the metabolic processes in the 

pig (Patience, 2012). Although ME is a greater representation of available energy than 

DE and GE, it does not account for the variable energetic loss of heat due to the 

inefficiencies of energy conversion and utilization.  
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 Net energy. Net energy is defined as ME minus heat increment (HI) associated 

with metabolic utilization of ME and the energy cost of ingestion, digestion and 

mechanical energy utilization (Ewan, 2001). Thus, net energy accounts for all losses by 

the biological system and theoretically is the most accurate method for differentiating 

feedstuffs as a numerical value for the amount of energy available for the animal (Ewan, 

2001). Thus, NE can be divided into the amount of NE available for maintenance of the 

animal and NE for production (Patience, 2012).  NE for maintenance is the amount of 

energy available to utilize in body processes to sustain life, and is generally related to 

catabolic processes, and NE for production is all energy available above maintenance and 

is associated with anabolic processes (Patience, 2012; Ewan, 2001).  

Evaluation of NE system from a biochemical prospective is based on the first law 

of thermodynamics. If a researcher can accurately estimate the NE of a diet and NE 

requirements, then energy balance can be calculated. The NE requirements are known 

with greater accuracy than NE values of diets to external factors that occur to diets: 

processing of the diet, variable nutrient composition, integrity of the feedstuffs, dry 

matter intake, etc. (Ewan 2011; Patience 2012). In a study conducted by Noblet et al. 

(1994a) at the the Institut National de la Recherché Agronomique, 61 diets were fed to 

growing pigs and NE was evaluated using Indirect Calorimetry.  The variations in ME to 

NE ratio of these diets was contributed to the differences in efficiencies of ME utilization 

between nutrients due to the variety of nutrient composition in each feedstuff, and most 

notably the fiber content (Noblet 1994a).  

Heat increment of NE system. Heat increment (HI) is the amount of heat released 

due to the energy costs of the digestive and metabolic processes (NRC, 2012). It is 
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produced by the digestion and metabolism of nutrients in feed ingredients and by 

fermentation in the gastrointestinal tract (Ewan, 2001). However, HI is not used for 

production processes, but can be used to maintain body temperature during extreme 

conditions (NRC, 2012). Heat increment can be divided into two portions (Patience 2012; 

Noblet 1994b), the heat needed for digestion and assimilation of feed for maintenance, 

called the heat increment of maintenance and the HI associated with maintaining a 

constant body temperature and with product synthesis, called the heat increment of 

production, which quantitatively is minimal in comparison (Noblet, 1993; Ewan, 2001). 

The amount of heat produced by growing pigs is variable depending on the 

environmental temperature, and the energy concentration of the diet. The HI is sometimes 

referred to as waste energy because of the lack of production associated with HI, but 

because HI is used to maintain body temperature, this is an important part of 

thermoregulation of the animal (Ewan, 2001).  

Measurement of energy systems 

Measuring gross energy.  Gross energy is measured by completely burning a 

sample of the diet and measuring the heat produced using a bomb calorimeter. This 

measurement is easy, precise, and accurate, and gives the practicing nutritionist insight 

into the total energy first available to the animal.  

Measuring digestible energy. Digestible energy is commonly measured by 

housing animals in steel metabolism crates that collect fecal output. This output is then 

pooled, freeze dried, and combusted in a bomb calorimeter. The calories per gram from 

calorimetry measurement is then multiplied by total grams of feces collected from each 

animal and is subtracted from GE intake (NRC, 2012)  
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Equation [2.1]: DE Equation: Intake of Gross Energy (Mcal/day) – daily fecal 
energy output (Mcal/day) = DE (Mcal/day) (NRC, 2012)  

 
Measuring Metabolizable energy. The ME concentration in a diet can be 

calculated by measuring the amount of GE in the feed that the animal consumes and 

subtracting the amount of GE in the output from the animal in the form of urine and fecal 

energy which is collected over a determined period of time, and is similar in collection to 

that of DE (ME Equation a). It can also be calculated by multiplying energy retained 

within the body (measured by slaughtering the animal) by the metabolic cost of retaining 

that energy (ME Equation b).  

Equation [2.2]: ME Equation (a): Intake of Gross Energy (kcal/day) – [(daily 
fecal energy output + daily urine output (kcal/day) + estimate of gaseous energy)] 
= ME (kcal/day) (Ewan, 2001; NRC, 2012) 

 
Equation [2.3]: ME Equation (b): [(197mcal × BW0.60) + (protein retention(g) 
×10.0 kcal of ME) + (lipid retention (g) × 11.7 kcal of ME) / days on feed] = ME 
(kcal/d) (NRC, 2012; Patience 2012) 

 
Measuring Net Energy. There are two methods utilized to measure net energy in 

pigs: an indirect calorimetry method and comparative slaughter technique (Ewan 2001). 

Indirect calorimetry is a method where animals are placed in a respiratory chamber and 

the quantity of O2 consumed and CO2 produced can be numerical quantified, along with 

nitrogen excretion and other gaseous emissions, notably methane (Patience, 2012). The 

following is the equation that is utilized:  

Equation [2.4]: Heat production, kcal = (3.866 × oxygen consumption, l) + 
(1.200 × carbon dioxide production, l) – (0.518 × methane production, l) – (1.431 
× urinary nitrogen production, g) (NRC, 2012) 

 
The use of respiration chambers is the most common, since measurements can be 

measured over shorter periods of time, and multiple times on the same pigs (Van Milgen, 
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2003). Thus, random error in this method is therefore typically lower than that achieved 

by the comparative slaughter method (Van Milgen, 2003). Heat production determined 

using indirect calorimetry is typically lower than that observed with the comparative 

slaughter method, due to lower pig activity, abnormal feeding behaviors and environment 

(Ewan, 2001).  

 The second most prevalent technique for measuring NE is the comparative 

slaughter technique. In this technique, groups of animals are slaughtered at the end of the 

trial and the carcasses are ground and analyzed for nutrient content and samples undergo 

bomb calorimetry (Ewan, 2001). Other animals from the same treatment are slaughtered 

at the beginning of the test period and labeled the initial slaughter group.  The initial 

slaughter group is also ground and analyzed. The caloric difference between the energy in 

the carcass of the ending group of pigs compared with the initial slaughter group allows 

for determination of the rate of nutrient and energy retention in the body over the course 

of the experiment (Adeola, 2001; Oresanya, 2008). This method has the advantage of 

being able to undertake studies using animals in circumstances closer to commercial 

conditions than that which can be achieved in respiration chambers, e.g. higher feed 

intake and normal eating activity (Oresanya, 2008). Nonetheless, this technique can be 

subjected to greater error introduced by the initial slaughter group, which could not 

represent the body composition of the test pigs at the end of the trial (Adeola, 2001). 

Thus, those who utilize this technique must assume the initial group has the same genetic 

potential for protein and lipid accretion.  Making greater inferences on a large population 

can be limited, and greater statistical power is generally needed. 

Alternatives to comparative slaughter technique  
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A variety of technologies have been used previously to non-invasively assess the 

body composition of humans and animals (Mitchell et al., 2015). These technologies 

include: bioimpedance analysis (Smith et al., 2009), total body electrical conductivity, 

(Berg et al.,2002), magnetic resonance imaging (Kremer et al., 2013), X-ray computed 

tomography (Vester-Christensen et al., 2009), Intelligent Dual Energy X-ray 

absorptiometry (Mitchell et al., 1998) and a variety of others. However, many of these 

techniques have limited use due to cost, accuracy, speed, or the complexity of the 

technique. These non-invasive techniques have a shared featured: their reliance on 

specific driven signals. These signals are different in nature across the various techniques, 

including electrical, X-radiation, radio frequency or other electromagnetic waves, which 

in turn interact with biological tissues at the atomic level (Scholz et al., 2015). Intelligent 

Dual Energy X-ray absorptiometry is a non-invasive, easy-to-operate, precise and 

relatively cheap technology that is based on differential attenuation of high- and low-

energy X-rays by the major components of animal tissues including bone, lean and fat 

(Scholz et al., 2015). The principles Dual Energy X-ray absorptiometry have been widely 

described in the literature (Brienne et al., 2001; Jebb, 1997) and the technology has found 

application beyond the medical field. Intelligent Dual Energy X-ray absorptiometry has 

shown to be advantageous in predicting the chemical composition of carcasses and whole 

animal (Mitchell et al., 1998a; Suster et al., 2003). Furthermore, iDXA may offer greater 

accuracy for establishing ME and NE compared to the comparative slaughter technique 

method. The iDXA method has similar advantages to comparative slaughter technique, 

by being able to undertake studies using animals in circumstances closer to commercial 

conditions, e.g. higher feed intake and normal eating activity, but it is more advantageous 
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than the comparative slaughter technique by having the ability to take multiple measures 

increasing statistical power. However, further research is warranted in this area to 

determine its efficacy.  

Pork as a functional food 

Recently, there has been increase in the development of foods with functional 

value that improve physiological functions that promote health and prevent the risk of 

diseases.  A functional food is defined as: “A food can be regarded as functional if it is 

satisfactorily demonstrated to affect beneficially one or more target functions in the body, 

beyond adequate nutritional effects, in a way that is relevant to an improved state of 

health and well-being or reduction of disease risk” (Zhang et al., 2010). The acceptance 

by consumers of the concept of functional foods varies widely and is dependent upon 

their social, economic, geographical, cultural, ethnic backgrounds, and they are gaining 

popularity from those who consume a Western Diet (Jimenez-Colmenero et al., 2001). 

The term functional food includes simple foods, technologically treated food 

products, naturally fortified foods, or foods that can be consumed separately from foods 

as supplements (Bonos, 2014). Research has provided evidence that certain foods can be 

fortified through their agricultural production with nutrients and phytochemicals that 

have the potential to provide positive effects in preventing or protecting against chronic 

and acute diseases (Bonos, 2014; Zhang et al., 2010; Rooke, 2010). As a result, it is 

possible that pig diets can be enriched with certain bioactive feed additives or raw 

feedstuffs that increase the concentration of antioxidants, antimicrobial, or anti-

inflammatory properties in pork and meat products (Bonos, 2014). These products have a 

healthier composition and contain compounds that are highly sought after by consumers 
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that want, or are obliged to follow a specific diet due to health reasons. Pork offers itself 

to dietary manipulation to enhancement of health active compounds and nutrients, and 

provide a range of functional foods since monogastric animal tissues are reflective of the 

diet they consume (Bonos, 2014). However, animal production practices represent an 

important, but challenging opportunity to modify the presence of bioactive components.  

It is well accepted in animal science that vitamin E supplementation in the animal 

diet and meat products can improve the quality of fresh meat and meat products by 

limiting protein and lipid oxidation. Studies support that vitamin E supplementation can 

improve meat color and reduce lipid oxidation in pork (Bonos, 2014; Zhang et al., 2010; 

Rooke, 2010).  Meat with increased PUFA content, shows an increased oxidative rate 

because of the tendency of unsaturated fatty acids to oxidize and reduce meat and meat 

product shelf-life (Wood et al., 2004). The lipid oxidation rate can be effectively retarded 

using antioxidant vitamins, such as vitamins A, C and E. These antioxidant vitamins 

could be used in animal feed and meet both human requirements and enhance meat lipid 

stability, generally these vitamins are consumed at less than their recommended intake 

levels by many consumers (Bonos 2014, Rooke, 2010) 

The utilization of sorghum grain and its co-products in swine diets could provide 

a marketing opportunity to producers by creating a functional pork product. Cultivates of 

sorghum grain hybrids contain high levels of a multitude of diverse phenolic compounds 

that can provide health benefits to consumers. High levels of polyflavanols, anthocyanins, 

phenolic acids, and antioxidants have been reported in sorghum grain (Jambunathan, 

1986; Waniska 1989).  Research has provided evidence that meat products can be 

fortified, through animal production, with nutrients and phytochemicals that have the 
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potential to provide positive effects in preventing or protecting against chronic and acute 

diseases (Bonos, 2014; Zhang et al., 2010; Rooke, 2010). Thus, utilizing sorghum grain 

in swine diets could give rise to functional pork products that provide additional health 

benefits to consumers. However, there are no studies that provide support of sorghum 

utilized in swine diets creating a functional pork product.  

Conclusion. 

Grain sorghum provides an excellent opportunity for swine producers to lower 

feed cost, yet there are no studies that directly the bioavailable energy of sorghum and its 

coproducts. As the knowledge of the nutrient profile of sorghum increases, greater 

opportunities for the utilization of sorghum in swine diets will increase as well, which 

will be beneficial to the Texas swine producer and sorghum grower. Furthermore, with 

proper diet formulation, sorghum DDGS can be used as effectively as corn DDGS in 

swine diets.  However, research on the feeding value of sorghum DDGS in swine diets is 

limited. Research is needed in the value of sorghum DDGS as an energy feedstuff in 

swine diets. Yet, data does indicate that feeding 20-30 % sorghum DDGS will have 

limited effects on growth performance finishing pigs, and may offer advantages 

compared with corn DDGS for pigs in terms of carcass fat quality due to the fact that oil 

from sorghum contains greater saturated fatty acids (Sorghum Check-Off, 2013).  

Finally, no studies provide support of sorghum utilized in swine diets creating a 

functional pork product. However, the utilization of sorghum grain and its co-products in 

swine diets could provide an opportunity to producers by creating a functional pork 

product due to the high levels of diverse phenolic compounds that can provide health 

benefits to consumers. Research in the creation of functional meat products has provided 
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evidence that meat products can be fortified, through animal production, with nutrients 

and phytochemicals found in certain cereal grains and feedstuffs. Thus, utilizing sorghum 

grain in swine diets could give rise to functional pork products that provide additional 

health benefits to consumers. 

Section 2: Evaluating forward looking infrared thermography as an alternative to 
measuring core body temperature 

Introduction 

Body temperature (BT) is one of the main vital signs used to evaluate the health 

state of pigs and ensure appropriate diagnoses and effective care. The most common 

method for measuring BT in animal husbandry is rectal temperature. Rectal temperature 

(RT) is the standard for measuring core body temperature (CBT) in animals (Polle, 

1976). However, rectal temperature can be time consuming, stressful for the animals, and 

may generate inaccurate results due to presence of feces (Sundi-Levander, 2009); 

moreover, animals must be restrained when taking RT measurements, which can affect 

BT (Sorensen et al., 2015).  In recent years, newer and more sophisticated techniques for 

measuring CBT have come to the market, and could have greater advantages than the 

common method utilized. Most notably, is the non-contact Forward Looking Infrared 

thermography (IR) technique that requires little to no restraint of the animal, reduces the 

spread of disease, and is more animal welfare friendly. However, even with these 

advantages, the efficacy of this technique to accurately measure CBT has not been 

determined.  Thus, the objective of Chapter III is to to evaluate the efficacy of Infrared 

Imaging technique as an alternative to RT for accurately monitoring CBT in pigs in 

various physiological states.  

The purpose of evaluating core body temperature 
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Core body temperature represents a balance between heat production and heat 

loss (Marieb and Hoehn, 2010), and is a vital sign that can be important in treatment and 

diagnosis of animal. Inaccurate results may influence diagnosis and treatment which can 

lead to a failure to identify deterioration and result in improper treatment. A healthy 

animal maintains its temperature within a narrow range using homeostatic 

thermoregulation mechanisms (Childs, 2011).	The thermoregulatory center of the body is 

the hypothalamus.  The hypothalamus regulates and coordinate responses to maintain 

body temperature within the homeostatic range, or responds to stimuli to increase 

temperature in order to mitigate disease (Marieb and Hoehn, 2010). Signals arrive at the 

hypothalamus via afferent pathways from the sensory receptors in the skin and organs, 

and the response is transmitted to the target organ or blood vessel to elicit a response to 

gain or lose heat depending on the state of the animal (Childs, 2011). 

Methods for measuring core body temperature 

The measurement of CBT may seem simple, but there are a multitude of factors 

that affect the accuracy of the CBT reading. These factors include the measurement site, 

the reliability of the instrument, the user’s technique, and the environmental temperature 

(Marieb and Hoehn, 2010). True CBT readings require invasive and expensive 

techniques, such as placing a temperature probe into the esophagus, pulmonary artery or 

urinary bladder (Childs, 2011). These techniques are not practical in animal husbandry, 

and require great expense. Thus, research and production operations utilize less invasive 

sites such as the rectum, oral cavity, tympanic membrane, and external auditory canal to 

provide estimation of the core body temperature (Marieb and Hoehn, 2010). 
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Currently, the practical utilization of telemetry systems in livestock, and medical 

research is to be able to measure CBT continuously for an extended time at greater 

intervals. Telemetry systems are a wireless measuring system with the sensors being 

administered either orally or surgically, and they have an accuracy of 0.1°C. Nonetheless, 

telemetry systems had several disadvantages, including a short transmitter battery life, 

animal restraint is required, and they are not cost effective for practical use (Brown-

Brandl, 2013). Furthermore, there are complications in using this system in small rooms, 

depending on the room configuration and construction, and extra antennae needed to read 

the measures accurately.    

The most common method for measuring BT in animal husbandry is rectal 

temperature. It is assumed that RT is the best indicator of CBT in animals (Polle, 1976).  

Rectal temperature is commonly used in the industry It is inexpensive, an easy method to 

administer, and thermometers are widely available. However, obtaining rectal 

temperature can be time consuming, stressful for the animals, and may generate 

inaccurate results due to presence of feces (Sundi-Levander, 2009). Moreover, animals 

must be restrained when taking RT measurements, which can affect CBT (Sorensen et al., 

2015). 

Utilization of forward looking thermography 

The non-contact Forward Looking Infrared thermography (IR) is an alternative 

technique for measuring BT in animals (Montanholi et al., 2008; Kessel et al., 2010, 

Rakhshandeh et al., 2014). This technique measures the surface temperature of an 

animal’s body and can be related to various physiological or metabolic states 

(Montanholi et al., 2008). Infrared imaging technique also reduces the risk of spreading 
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infection from one animal to another, is quick and less variable, and does not require 

restraining the animal (Sorensen et al., 2015). Despite these potential advantages, the 

efficacy of IR for accurately measuring CBT to our knowledge has not yet been 

established. 

Conclusion 

There are multiple methods for estimating CBT in animal husbandry practices, 

with RT being the most common, but it has several disadvantages. Infrared thermography 

provides an alternative method for measuring CBT, but the efficacy of this technique to 

measure CBT has not been determined.  
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CHAPTER III 

DETERMINING BIOAVAILABLE ENERGY CONTENTS OF SORGHUM 

GRAIN AND SORGHUM DISTILLER'S DRIED GRAINS WITH SOLUBLES 

(DDGS) FROM 70 TO 120 KG BW 

 
ABSTRACT 

The objective of this study is to evaluate the efficacy of Intelligent Dual-energy 

X-ray absorptiometry (iDXA) technology, as an alternative to the comparative slaughter 

technique, to estimate bioavailable energy contents of sorghum grain and sorghum DDGS 

for growth and body composition, of finishing pigs.  In addition, we explored the 

possibility that feeding sorghum based feedstuffs can increase the value of pork  as 

functional food. A total of twenty-nine gilts (initial BW 71.34 ±1.42) were housed in 

group pens (3-4 pigs/pen) and randomly assigned to three dietary treatments: a 

conventional corn soybean based diet (n=9), 30% inclusion of sorghum grain (n=10), and 

30% sorghum dried distiller grain solubles (n=10), and fed for 56 d. Initial BW, final 

BW, ADG, ADFI, and F:G for each treatment group were measured every 7 d.  Apparent 

total tract digestibility of dietary nutrients was determined using indicator technique, and  

blood plasma was collected and analyzed for antioxidant concentration. Prior to treatment 

application, 15 gilts from each treatment were scanned using iDXA, where lean mass, 

and lipid mass were measured to determine initial body composition. Body composition 

was analyzed again using iDXA for all gilts over a 2 d period, d 28 and 29, and again at, 

day 56 and 57. Dietary treatment GE was measured using bomb calorimetry, DE was 

determined using the indicator technique and TiO2 as an indigestible marker, body 
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composition was used to estimate retention of ME and NE. Estimates of ME and NE for 

sorghum and sorghum DDGS were measured using a differential method, by subtracting 

the related energy contribution of the basal diet in terms of ME and NE from the sorghum 

and DDGS diets. Body composition and growth performance metrics did not differ 

among treatments (P>0.05). Sorghum diet was significantly lower in digestibility of N, 

GE and DE (P<0.01). However, there was no differences in body composition or ME and 

NE across treatments (P>0.05). Estimates of ME for sorghum grain and sorghum DDGS 

are 3294 and 3679, and NE are 2590 and 2287, respectively. Antioxidant levels tended to 

differ (P=0.07). From these results, we did not observe a difference in growth 

performance, body composition, or ME and NE of pigs fed experimental treatments. The 

use of sorghum or sorghum DDGS in finishing pigs could give producers greater 

economic flexibility in diet formulation, and possibly another marketing opportunity for 

pork products by creating a functional pork product for consumers. The latter warrants 

further research. 

Keywords: Sorghum, sorghum DDGS, Intelligent Dual-energy X-ray absorptiometry, 

functional food, metabolizable energy, and net energy  
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INTRODUCTION 

The most expensive feature of a diet for finishing pigs is energy. Therefore, the 

swine industry has been gaining understanding of energy metabolism and energy 

bioavailability of energy for pigs, and the concentration of energy in swine diets needed 

to ensure lower production costs without sacrificing optimal performance (NRC, 2012). 

A variety of methods for understanding energy bioavailability have been developed and 

they give economic value, in terms of energy cost, to a variety of feed stuffs in different 

geographical locations (Ewan 2001; Patience, 2012). Yet, research is needed to improve 

the knowledge of the bioavailable energy in sorghum grain and its industrial co-product 

sorghum DDGS that could potentially reduce cost in swine production.  

 There are currently two primary methods for measuring NE in terms of animal 

studies: indirect calorimetry and comparative slaughter technique. Intelligent Dual 

Energy X-ray absorptiometry (iDXA) is a non-invasive, easy-to-operate, precise and 

relatively cheap technology that is based on differential attenuation of high and low-

energy X-rays that analyzes the body composition of humans and animals, (Scholz et al., 

2015), has been shown to be accurate in predicting the chemical composition of carcasses 

and whole animal (Mitchell et al., 1998a; Suster et al., 2003), and may have the ability to 

determine retained energy and ultimately provide estimates of ME and NE. The iDXA 

method has similar advantages to comparative slaughter technique, by being able to 

undertake studies using animals in circumstances closer to commercial conditions, e.g. 

higher feed intake and normal eating activity, but also is more advantageous than the 

comparative slaughter technique by having the ability to take multiple measures 
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increasing the statistical power. However, further research is warranted to determine its 

efficacy.  

Sorghum grain and sorghum Dried Distillers Grains Solubles (DDGS) have been 

gaining popularity in diet formulation across a multitude of species produced in the Texas 

Panhandle and the Great Plains of North America. This is can be attributed to the 

following: i) Sorghum in Texas is on average $2.00 cheaper per hundred weight in 

comparison to corn (USDA, 2016); ii) ethanol plants in Texas can utilize sorghum grain 

for ethanol production (Sorghum Checkoff, 2013); iii) the resulting co-products have 

higher inclusions of fat, and thus have a higher kcal per kg GE and DE.  The energy value 

of sorghum is rated as high as 90 – 100% of corn, and sorghum DDGS is suggested to be 

comparable to corn DDGS (Sorghum Check-off, 2016). Generally, sorghum and sorghum 

co-products appear to be well suited as a substitute for corn in swine rations. However, 

there is a lack of research, in terms of animal studies, measuring the ME and NE of 

sorghum grain and sorghum DDGS. The objective of this study is to evaluate the efficacy 

of Intelligent Dual-energy X-ray absorptiometry (iDXA) technology, as an alternative to 

the comparative slaughter technique, to estimate the ME and NE of sorghum grain and 

sorghum DDGS,  

MATERIALS AND METHODS 

The Texas Tech University Institutional Animal Care and Use Committee 

approved the protocol for this study. The study was conducted at the Texas Tech 

University New Deal Farms (New Deal, TX). 

General Experimental Design  
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  A total of twenty-nine gilts (initial BW 71.34 ±1.42) of commercially relevant 

genetics were randomly assigned to pens (12’2”x 3’7”) in groups of three or four, in an 

environmentally controlled barn. Pen were randomly assigned 1 of 3 dietary treatments: a 

conventional corn soybean based diet (n=9), a diet with 30% inclusion of sorghum grain 

(n=10), and a diet with 30% sorghum dried distiller grain solubles (n=10). Pigs were 

allowed ad libitum access to feed and water. 

Commercial sources of tannin free sorghum, corn, soybean meal, and sorghum 

DDGS were utilized in the composition of treatment diets. The basal diet was a corn-

soybean meal (SBM) based diet. The sorghum DDGS diet contained 30% DDGS and was 

achieved by substituting corn and SBM with sorghum DDGS, due to the high content of 

fat and CP in sorghum DDGS. The sorghum diet contained 30% inclusion of sorghum, 

which replaced the energy contribution of corn (Table 2.2). All diets were balanced to be 

isocaloric and isonitrogenous and calculated to contain approximately 3,300 kcal ME per 

kg. (Table 2.3). Titanium dioxide (0.25% TiO2; Bobette Boyer Hall Technologies, St. 

Louis USA.) was included in all diets as an indigestible marker to determine the 

digestibility of nitrogen (N) and energy.  

Observations and Sampling 

Initial BW was measured prior to the study and consecutive BW were measured 

every 7d until the end of the study. Allocations of feed was weighed and recorded, and 

feed that was left in the feeders was weighed at the conclusion of each week to determine 

weekly and total pen feed intake. Average daily feed intake for the pen, ADG, and F: G 

for each treatment group was calculated. Feed samples were collected each week and 

were pooled for each 28 d period, and were stored at -20°C until analyzed. Additionally, 
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the last 3 d of each 28 d period,  fresh fecal samples were collected from each pig and 

stored at -20°C until further processing and analysis. On d 56, blood was collected via 

jugular puncture using a BD Vacutainers (BD Company, Franklin Lakes, NJ) in EDTA 

free tubes and centrifuged at 1500 X g for 10 minutes at 4°C. The plasma fraction was 

then collected and stored at -20°C until further analysis.  

Prior to the start of the study, fifteen gilts were scanned using Intelligent Dual-

energy X-ray absorptiometry that was performed using a Lunar QDR system (iDXA, 

Lunar Corp., Madison, Wisconsin) with specific software (version V8-19a) and an 

internal standard adapted for small animal scans, where bone mineral content, lean mass, 

and lipid mass were measured to determine initial body composition and RE prior to the 

application of treatments. Body composition was analyzed again using iDXA for all gilts 

over a 2 d period, d 28 and 29, and again at, day 56 and 57. Prior to the iDXA scan, pigs 

were fasted overnight to obtain an empty body state. Prior to scanning, gilts were sedated 

with intramuscular injection of a mixture of Xylazine, Ketamine, and Telazol (0.02 ml/kg 

of BW). Pigs were then transferred to the iDXA scanning table using a stretcher, and 

scanned in ventral recumbency with hind legs extended and fore legs positioned caudally 

and then allowed to recover.   

Chemical Analysis  

Fecal samples were pooled for each pen, mixed, and were freeze dried for 72 

hours, ground and thoroughly mixed before further analysis. dietary and fecal f TiO2 and 

DM of were determined according to the standard Association of Official Analytical 

Chemists procedures (AOAC, 1997). Measures of apparent fecal digestibility of GE and 

nitrogen (N) were determined using the indicator technique and TiO2 as an indigestible 
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marker, to compute DE and N excretion from dietary intake. Total antioxidant of the 

plasma was measured by a colorimetric antioxidant assay kit (Caymen Chemical 

Company, Ann Arbor, MI 709001), using a dilution factor of twenty for each plasma 

sample. 

Feedstuffs, pooled feed ingredients, and pooled fecal samples were analyzed in 

duplicates for GE on a 6300 model calorimeter (Parr Instruments, Moline, IL). The 

nitrogen content of feces, feedstuffs, and diets were quantified in triplicates using LECO-

Trumac N (Leco Co., Henderson, NV).  

Calculations and Statistical Analysis  

Body composition data collected from iDXA scans were corrected for chemical 

composition. Total lean mass and total lipid mass from iDXA scans were corrected for 

chemical composition to total protein deposition (TPDg) and total lipid deposition 

(TLDg) using the following regression equation parameters determined by Mitchell et.al 

(1998). 

Equation [3.1]: TPDg= (0.227 x Total Lean Mass, g) -1.28 

Equation [3.2]: TLDg= (0.7926 x Total Lipid Mass, g) + 1.4485 

Body composition values that were corrected to chemical composition were utilized for 

the following energy equations that warranted those values.   

Digestible energy was calculated using the following equation (McDonald, 2008):  

Equation [3.3]: DE=Intake of GE (kcal/kg) x Digestibility % of Diet  

Where DM intake of GE, is the pen DM intake multiplied by the GE of the diet, and 

multiplied by the digestibility percentage of each ration as determined from the TiO2 

indicator technique.  
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Metabolizable energy above maintenance (MEP) was calculated using the following 

equation (Patience, 2012): 

Equation [3.4]: MEP= (TPDg x Protein energy cost) + (TLDg x Lipid energy cost)  

Where total protein deposition and total lipid deposition that was corrected for chemical 

composition was multiplied by the following energetic cost of deposition: Protein energy cost 

for pigs is 10.03 kcal ME per g, and the Lipid energy cost for pigs is 11.70 kcal ME per g.  

Energy for maintenance (Em) was calculated using the following equation: 

Equation [3.5]: Em =197 kcal x Final BW0.60(kg)x days 

The maintenance requirement was calculated by multiplying the final metabolic BW 

(kg0.60) of each pen by 179 kcal (Noblet et al.,1994; NRC, 2012). Total ME (MEDIET) was 

calculated by adding MEP and Em.  

Estimates of ME value for sorghum grain was estimated by utilizing a modified 

approach to the difference method expressed in (Stuart et al. 2005) represented in the 

following equations:  

Equation [3.6]: MESORG =MEDIET of Sorghum Diet -MEother
1 

Equation [3.7]: MEother
1= MEDIET of Basal Diet- (Corn ME x Intake difference of 

corn between treatments) 

Where subtracting the similar ME contributions between that of the basal diet and 

sorghum diet (MEother
1), results in a ME estimate for Sorghum. The concept of MEother

1 

was calculated by subtracting the difference of corn ME intake from the basal diet 

(MEother
1) from that of the sorghum diet. The ME of corn was calculated utilizing the 

following ME equation that estimates ME via nutrient composition. 
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Equation [3.8]: ME of Corn and SBM= 4194-(9.2xAsh) + (1.0xCP) + (4.1xEE) - 

(3.5xNDF) 

Metabolizable energy for DDGS was estimated using the same difference logic as 

MESORG but also accounting for the ME intake difference in SBM as well, due to DDGS 

contribution to the CP and amino acid requirements in the diet.  

Equation [3.9]: MEDDGS =ME of DDGS Diet- MEother
2 

Equation [3.10]: MEother
2= MEDIET of Basal Diet- [(Corn ME x intake difference 

of corn between treatments) + (SBM ME x intake difference of SBM between 

treatments) 

Net energy for each diet (NEDIET) was calculated as followed: 

Equation [3.11]: NEDIET= (TPDg x Protein energy) + (TLDg x Lipid energy) + Em 

Where total protein deposition and total lipid deposition that was corrected for chemical 

composition and was multiplied by the amount of energy retained in1g of each tissue. 

The amount of energy retained in 1g of protein and lipid is 5.54 kcal/g and 9.34 kcal/g, 

respectively.  

Estimates of NE value for sorghum grain was estimated by utilizing a modified approach 

to the difference method expressed in (Stewart, 2007) represented in the following 

equations:  

Equation [3.12]: NESORG =NEDIET of Sorghum Diet -NEother
1 

Equation [3.13]: NEother
1= NEDIET of Basal Diet- (Corn NE x Intake difference of 

corn between treatments) 

Where subtracting the similar NE contributions between that of the basal diet and 

sorghum diet (NEother
1), results in a NE estimate for Sorghum. The concept of NEother

1 
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was calculated by subtracting the difference of corn NE intake from the basal diet 

(NEother
1) from that of the sorghum diet. The net energy in corn was calculated utilizing 

the following NE equation that estimates NE via nutrient composition. 

Equation [3.14]: NE of Corn and SBM= (kcal/kg) = (0.700xDE) + (1.61xEE) + 

(0.48xStarch) -(0.91xCP) -(0.87xADF) 

Net energy for sorghum DDGS was estimated using the same difference logic as NESORG 

but also accounting for the NE intake difference in SBM as well, due to DDGS 

contribution to the CP and amino acid requirements in the diet.  

Equation [3.15]: NEDDGS =NE of DDGS Diet- NEother
2 

Equation [3.16]: NEother
2= NEDIET of Basal Diet- [(Corn NE x Intake difference 

of corn between treatments) + (SBM NE x Intake difference of SBM between 

treatments) 

Statistical analysis was carried out using the mixed procedure of SAS version 9.4. 

Data was analyzed in a complete randomized design with treatment, pen, time (week or 

phase) and treatment × time as fixed effects and pig within pen as a random effect. An 

appropriate covariance structure was selected for based on Akaike information criterion 

(AIC) and Schwarz Bayesian criterion (BIC). For parameters measured over time 

repeated measurements analysis of variance was used. Values are reported as least square 

means with standard error (SE). Treatment effects were considered significant at P ≤ 

0.05. A tendency towards significant difference between treatment means was considered 

at P≤0.10. 

RESULTS 
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Prior to and during the study all pigs were in good health with no clinical signs of 

illness or injury and readily consumed their feed.  

The initial BWs were not different across pigs(P>0.05). The final BW of the gilts 

did not differ among treatments (P>0.05). Treatment had no effect on ADG and F: G, but 

there was a treatment tendency (P=0.10) on ADFI. Lean mass, lipid mass, and PD did 

not differ among treatments (P>0.05). Treatment had a significant effect on the 

percentage of digestibility of both GE and N (Table 2.4; P<0.01). Blood antioxidant level 

tended to be higher in DDGS and/or sorghum fed group (Table 3.4P=0.07). There was 

treatment effect and differences among the GE and DE of the diets, with the SORG 

treatment be significantly lower than that of the DDGS and BASAL treatments on a 

kcal/kg basis (Table 3.4; P<0.01). However, treatment had no effect on ME, and NE 

intake when expressed as kcal per pig per day, or on a kcal/kg basis (Table 3.4; P>0.05).  

Metabolizable energy of feedstuffs estimated in this study were 3,294 kcal ME/kg 

for sorghum and 3,679 kcal ME/kg for DDGS (Table 3.6). Net energy of feedstuffs 

estimated in this study were 2,590 kcal NE/kg for sorghum and 2,287 kcal NE/kg for 

DDGS (Table 3.6). 

DISCUSSION 

The main objective of this study was to estimate bioavailable energy for  sorghum 

grain and sorghum DDGS when utilizing iDXA as an alternative technique to measure 

body composition. Furthermore, to evaluate the nonnutritive qualities of these feedstuffs. 

Proximate analysis was conducted on feedstuffs that contribute to energy content 

of the diets, and those values were used for diet formulation. Dietary treatments were 

formulated to be isonitrogenous and balanced for NE in order to minimize the energy 
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expenditure of removing excess N through the urea cycle. A 30% inclusion of sorghum 

DDGS was used, as this is the industry standard for highest inclusion rate for DDGS 

products due to impact that the fatty acid composition of DDGS products has on carcass 

characteristics.  

Final BW, ADG, and F:G were not negatively affected by 30% inclusion of 

sorghum grain or sorghum DDGS for finishing pigs (P>0.05). This is to be expected for 

sorghum grain due to similar composition between that of sorghum grain and corn (Table 

3.1), being a high starch and low fiber grain, and is in agreement with others (Sotak, 

2015). However, a lack of reduction in growth performance for pigs fed sorghum DDGS, 

is not in agreement with Sotak (2015), who found a linear decrease in ADFI and ADG, 

with increasing inclusions of sorghum DDGS in the diet. The differences between these 

studies could be contributed to the diets were not isocaloric in Sotak (2015), and 

therefore, as sorghum DDGS increased ME and NE decreased which could result in 

reduction is available energy, reducing the ability for pigs to maximize their growth 

potential.  

All of our body composition measurements, lean mass, lipid mass, and PD, did 

not differ among treatments (Table 3.3; P>0.05), and rate of growth and g of PD and 

lipid deposition is in agreement for finishing pigs with others (NRC, 2012). Intelligent 

Dual Energy X-ray absorptiometry has shown to be advantageous in measuring the 

chemical composition of both carcasses and whole live animal (Mitchell et al., 1998a; 

Suster et al., 2003). Furthermore, from the findings of this study, iDXA offers increased 

accuracy for estimating RE at more time intervals, without sacrificing the animal, unlike 

that of the comparative slaughter technique. The iDXA method has the same advantages 
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to the comparative slaughter technique, by being able to undertake studies using animals 

in circumstances closer to commercial conditions, i.e. higher feed intake and normal 

eating activity, but also is more advantageous than the comparative slaughter technique 

by having the ability to take multiple measurements. Yet, the inherent flaw of using 

iDXA as a measurement of ME and NE is the utilization of mathematical estimates to 

determine the energy cost of depositing 1 g of protein or lipid mass, needed to determine 

ME, and the use of mathematical estimates to determine the amount of energy in 1 g of 

protein or lipid mass, needed to determine RE, instead of more absolute values (Patience, 

2012). 

Treatment had an effect among GE and DE values, with the sorghum treatment 

being  lower than that of the sorghum DDGS and the basal treatments on a kcal/kg basis 

(Table 3.5; P<0.01). Measures of GE provide little to no pertinence in diet formulation 

besides their use in determining more notable energy values of DE, ME, NE (Patience, 

2012). Gross energy and DE values are contributed to the composition of the feedstuff or 

diet itself and not necessarily animal factors. Differences in bulk density of the diet and 

particle size could contest to the difference seen between DE of sorghum diet and other 

treatments (Table 3.6; NRC, 2012).  

However, treatment had no effect on ME, and NE intake (Table 3.5; P>0.05). The 

ME of sorghum has been reported as 3,532 and 3,390 kcal/kg (NRC, 2012; Sauvant et al., 

2004) and the ME of DDGS has been reported as 3,669 kcal/kg (Table 3.6; NRC, 2012). 

The values measured in this study were 3,294 kcal ME/kg for sorghum and 3,679 kcal 

ME/kg for DDGS (Table 3.6). The NE of sorghum has been reported as 2,780 and 2,619 
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kcal/kg (Table 3.6; NRC, 2012; Sauvant et al., 2004) and the NE of DDGS has been 

reported as 2,394 kcal/kg (Table 3.6; NRC, 2012).  

These results, as wells as no effect on DE, may suggest that the gilts on the DDGS 

diet used the additional energy that was produced from increased fermentation of fiber in 

sorghum DDGS in the hindgut resulting in non significant treatment effect across growth 

performance, body composition, and energy metrics. Pigs do not secrete enzymes capable 

of digesting cellulose or nonstarch polysacchirides (NSP) (NRC, 2012). Nonstarch 

polysacchirides belong to a group of carbohydrates that constitute dietary fiber, and are 

fermented in the large intestine of the pig to produce volatile fatty acids (VFA), methane, 

carbon dioxide, and water (De Vries, 2004). The main VFAs yielded by fermentation 

include acetic acid, propionic acid, and butyric acid, which are absorbed by simple 

diffusion in the large intestine and transported and metabolized in the liver as an energy 

source (Just, 1983). Previous research has shown that feedstuffs that have high fiber 

content increase the intestinal mass of the pig, alter the microbial population of the large 

intestine, increase gastrointestinal health (Kass et al., 1980; Whitney, 2006), and the 

efficiency of gut fermentation is improved as pigs become older, pigs with greater gut 

health, and increased size of the large intestine (Stewart, 2007). These altered and 

increased functions of the large intestine could provide explanation why N digestibility is 

significantly lower in gilts fed DDGS diet. Reduced N ATTD, is characterized by 

increased fecal N. This increased fecal N could be due to increased intestinal endogenous 

protein and amino acid losses (Stein et al., 2007).  

Even though the digestion and absorption of VFA in the hindgut has been 

researched, the amount of energy gained by the fermentative process is harder to 
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estimate. The energy originating from VFA contributions has been estimated to meet up 

to 28 percent of the maintenance energy requirement in pigs, but is still dependent on 

intake, NSP concentration and type, rate of passage, and developmental stage of the pig’s 

gastrointestinal tract (Kass et al., 1980). Along with a wide range of energy contribution 

to the pig, the site of absorption in the pig, plays a role in efficiency of energy digested. 

Energy from microbial fermentation in the hindgut is less efficient than energy digested 

in the small intestine (Noblet et al., 1994). When fiber is increased in the diet, energy 

concentration usually is decreased (NRC, 2012; Noblet, et al., 1994).  

From our results, there is a tendency for sorghum and sorghum DDGS treatments 

to have higher antioxidant blood plasma levels (Table 3.4P=0.07). Pork nutrient 

composition can be manipulated through dietary ingredients, to confer health benefit to 

human (Bonos, 2014).  

Research has also provided evidence that meat products can be fortified, through 

animal production, with nutrients and phytochemicals that have the potential to provide 

positive effects in preventing or protecting against chronic and acute diseases (Bonos, 

2014; Zhang et al., 2010; Rooke, 2010). Cultivates of sorghum grain contain high levels 

of a multitude of diverse phenolic compounds that can provide health benefits to 

consumers. High levels of polyflavanols, anthocyanins, phenolic acids, and antioxidants 

have been reported in sorghum grain (Jambunathan, 1986; Waniska 1989).  

Currently, antioxidant activity is utilized as the parameter to assess or predict 

potential benefits of plant phytochemical compounds both within the plant and functional 

food products (Awika, 2004; Mehmood, 2008). In sorghum grain, the phenol content of 

the grain correlates strongly with antioxidant activity of the grain when measured in vitro 
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(Awika, 2003).  Indicating the phenols are largely responsible for the in vitro antioxidant 

activity. Additionally, it has been shown that sorghum bran has more oxygen radical 

absorbance capacity levels than fruits such as blueberries, which is known for its 

antioxidant benefits, thus demonstrating than sorghum has higher antioxidant potential 

than fruits as a source of natural antioxidants (Awika, 2004). The unique antioxidant 

capacity that sorghum grain has could have the potential to give rise to functional pork 

products that provide additional health benefits to consumers, but further research is 

warranted in direct antioxidant measurements of pork products from pigs fed sorghum 

grain and sorghum co-products. 

CONCLUSIONS AND IMPLICATIONS 
 

Nutrition is the highest cost of pig production accounting for approximately 

60% of production costs, and energy is the most expensive aspect of nutrition. 

Understanding the energy utilization and losses with an animal is difficult to quantify, 

and rationally, no single energy system is used in uniformity by nutritionist. Even though 

the NE system has been considered by many to be the truest value, the utilization of DE, 

ME or effective ME is still currently more common in swine production. Implementation 

of the NE system is the United States is coming in the future, but faces many research 

hurdles in order to be implemented on a large commercial scale.	The utilization of the 

iDXA technique as an alternative to the comparative slaughter technique can offer greater 

accuracy for estimating ME and NE. The iDXA method has similar advantages to 

comparative slaughter technique, by being able to undertake studies using animals in 

circumstances closer to commercial conditions, but also is more advantageous from an 

animal welfare aspect, and having the ability to take multiple measures increasing the 
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statistical power. From the estimates of ME and NE in this study, we can conclude that 

sorghum DDGS and sorghum have that same feeding value as corn in terms of energy, as 

well as not significantly differing from basal diet in terms of growth performance, and 

body composition Therefore, the use of alternative feedstuffs, such a sorghum or 

sorghum DDGS, in order to reduce cost could result in a cost benefit situation for 

producers. From this study it is also apparent that the use of the NE system in diet 

formulation programs is more advantageous when working with fiber rich ingredients. 

When the practicing nutritionist takes into account the fermentative capacity of the 

hindgut, NE systems can more correctly predict the use of fiber by the animal than other 

energy systems. Concluding, that sorghum grain is an energy rich grain and when ground 

and tannin free has similar feeding value to that of corn, and could be an economic 

alternative to corn in areas where corn is more expensive. Sorghum DDGS has added 

economic value to a producer since it can take the place of corn, SBM, and even 

phosphorus in diets fed to finishing pigs without effecting growth performance 

parameters. However, nutritionist should still act with caution when including DDGS at 

levels greater than 30%, due to fatty acid composition of DDGS, and its effect on carcass 

iodine fat value. Finally, this study has provided precedence that sorghum based 

feedstuffs in swine diets could provide a marketing opportunity to producers by creating 

a functional pork product for consumers, but further research is needed.  
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Table 3.1 Proximate analysis of ingredients 

 

 

 

 

 

 

 

2Gross energy was conducted using a Parr 6300 model calorimeter (Parr Instruments, 
Moline, IL). 
4 GE= gross energy, DM= dry matter, CP=crude protein, CF= crude fiber, ADF= acid 
detergent fiber, NDF= neutral detergent fiber, EE= ether extract, and NFE= nitrogen free 
extract  

 

 

 

 

 

 

 

 

 

 

 

 

 Ingredients 
 Corn3  Soybean3 Sorghum3 DDGS3 

GE24 (kcal/kg) 4049 4290 4006 5120 
DM4,% 98.8 98.1 88.7 98.6 
CP4,% 8.5 39 10 33.4 
CF4,% 2.6 3.7 3.2 11.3 
ADF4,% 2.8 5.3 6.4 30.2 
NDF4,% 8.9 8.9 10.8 43.1 
EE4,% 3.8 1.6 3.7 9.8 
Ash,% 1.4 5.2 1.7 4.4 
NFE4, % 82.5 48.6 71.1 39.8 
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Table 3.2 Ingredient composition of experimental diets1 (as-fed basis) 

 

 

 

 

 

 

 

 

 

 

 

 

1Diets were formulated using factorial estimation of nutrient requirements (NRC Swine 
2012) to meet finishing pigs (BW 71.34 ±1.42) nutritional requirements. A total of 29 
gilts (BW 71.34 ±1.42) were randomly assigned to 1 of 3 isocaloric and isonitrogenous 
dietary treatments: a conventional corn soybean based diet (n=9), 30% inclusion of 
sorghum grain (n=10), and 30% sorghum dried distiller grain solubles (n=10), and fed for 
two 28 d periods.  
* Providing the following amounts of vitamins and trace minerals (per kg of diet): 
vitamin A, 10075 IU; vitamin D3,1100 IU; vitamin E, 83 IU; vitamin K (as menadione), 
3.7 mg; D-   pantothenic acid, 58.5 mg; riboflavin, 18.3 mg; choline, 2209.4 mg; folic 
acid, 2.2 mg; naicin, 73.1 mg; thiamin, 7.3 mg; pyridoxine, 7.3 mg; vitamin B12,  0.1 mg; 
D-biotin, 0.4; Cu, 12.6 mg; Fe, 100 mg; Mn, 66.8 mg; Zn, 138.4 mg; Se, 0.3 mg; I, 1.0 
mg; S, 0.8 mg; Mg, 0.0622%; Na, 0.0004%; Cl, 0.0336%; Ca, 0.0634%, P, 0.003%; K, 
0.0036% 
** TiO2= titanium dioxide (indigestible marker).  
 

 

 

 Basal2 Sorghum2 DDGS2 
Ingredients, % 

Corn 73.75 46.70 64.20 
Sorghum  - 30.00 - 
Sorghum DDGS - - 30.00 
Soybean meal 20.00 18.10 1.00 
Soybean Fat  2.00 0.90 0.00 
Lysine HCL  0.16 0.23 0.59 
Methionine 0.04 0.07 0.03 
Threonine 0.07 0.09 0.12 
Tryptophan  - 0.006 0.035 
Limestone  1.05 1.08 1.14 
Dicalcium Phosphate 0.65 0.65 0.66 
Salt 0.5 0.5 0.5 
Vitamin/mineral 
Premix*  

1.5 1.5 1.5 

Feed Grade Antibiotic  0.05 0.05 0.05 
TiO2 Marker** 0.2 0.2 0.2 

Total  100 100 100 
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Table 3.3 Calculated nutrient composition (as-fed basis) of treatment diets1 

 

 

 

 

 

 

 

 

 

 

 

 

  
3 STTD= standardized total tract digestibility  
4 SID: Standardized ileal digestibility of amino acids 
 

 

 

 

 

 

 

 

 Diet2 
 Basal Sorghum DDGS 

Energy, Kcal ME/KG  3346 3323 3316 
Energy, Kcal NE/KG  2509 2518 2365 

CP,% 15.71 15.68 16.47 
ADF,% 3.19 4.22 8.71 
NDF,% 8.51 9.10 16.02 
Ca, % 0.61 0.61 0.61 
STTD3 P,%  0.261 0.261 0.261 

SID AA4,%    
Arg 0.89 0.82 0.57 
His 0.38 0.35 0.35 
Ile 0.55 0.54 0.45 
Leu  1.25 1.27 1.65 
Lys 0.79 0.79 0.79 
Met + Cys 0.50 0.49 0.50 
Phe  0.67 0.66 0.64 
Thr  0.54 0.54 0.54 
Try 0.43 0.42 0.32 
Val 0.62 0.60 0.59 
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Table 3.4 Effects of treatments1 on growth performance2, body composition3, and  total 
tract digestibility of GE and N, of finishing pigs  

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Data represent best estimate of mean  (± SE) that obtained based on repeated 
measurements analysis of variance.   
2 Initial BW, final BW, ADG, ADFI, and F: G for each treatment group were measured 
every 7 d 
3Five gilts from each treatment were scanned using iDXA, where lean mass, and lipid 
mass were measured to determine initial body composition. Body composition was 
analyzed again using iDXA for all gilts over a 2 d period, d 28 and 29, and again at, day 
56 and 57. 
4Last 3 d of each 28 d period, fecal samples were collected for energy and nitrogen 
digestibility measurements.  
5 Day 56, blood plasma was collected, via jugular puncture and analyzed for antioxidant 
concentration  
 

 

 Diet  
 Basal Sorghum DDGS SE 

Growth Performance, kg      

Initial BW 71.72 70.65  71.65  0.9 

Final BW  124.06  127.11  121.63  4.5 

ADG 0.93  1.03  0.92  0.1 

ADFI 2.75  2.72  2.60  0.1 

F:G 3.16  2.92  3.17  0.4 

Body Composition, g/d     

Lean Gain 460.23 491.17 504.64 40.4 

Protein Deposition  89.24 97.62 100.60 7.2 

Lipid Deposition 411.09 393.71 349.20 32.3 

Digestibility, %     

ATTD GE  75.54a 69.46b 72.06ab 1.1 

ATTD N  71.07a 68.56a 54.94b 0.7 

Antioxidant Concentration, Mm     

Plasma  1.7 2.63 2.27 0.3 
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Table 3.5 Gross Energy (GE)1, Digestible Energy (DE)2, Metabolizable Energy3, (ME), 
and Net Energy4 (NE) of a conventional corn- soybean diet, diet with 30%inclusion of 
sorghum, and a diet with 30%inclusion of sorghum DDGS when fed to finishing pigs 

 

 

 

 

 

1GE was measured using bomb calorimetry 
2 DE was determined using the indicator technique and TiO2 as an indigestible marker 
3ME was calculated by multiplying the lipid and protein deposition of the animal by the 
energetic cost of deposition 
4 NE was calculated by multiplying the lipid and protein deposition of the animal by the 
amount of energy in each g of deposition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Treatments  
 Basal Sorghum DDGS SE 

kcal/kg     
GE 3,961 a 3,881 b 4,108 a ±0.05 
DE 2,993 a 2,696 b  2,961 a ±56.4 
ME 2,500  2,454  2,434  ±77.1 
NE 2,015  1,976  1,992  ±85.1 
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Table 3.6 Estimations of metabolizable energy (ME)1 and net energy(NE)1 of sorghum 
grain and sorghum DDGS compared to values from NRC and INRA  

 

 

 

 

 

 

 

 

 
1 Data are least square mean ± SE. Estimates of ME and NE for sorghum and sorghum 
DDGS were measured using a modified approach to the difference method, by 
subtracting the related energy contribution of the basal diet in terms of ME and NE from 
the sorghum and DDGS diets 
2Nutrient Requirements of Swine, 2012. 
3From Tables of composition and nutritional value of feed materials, INRA, 
 Sauvant et al., 2004. 
4Calculated by dividing NE by ME.  
5ME of Corn was not directly measured but calculated by the following equation: ME 
(kcal/kg) = 4194-(9.2✕Ash) + (1.0xCP) + (4.1xEE) - (3.5xNDF) 
6NE of Corn was not directly measured but calculated by the following equation: NE 
(kcal/kg) = (0.700xDE) + (1.61xEE) + (0.48xStarch) -(0.91xCP) -(0.87xADF) 
7 No reported values for sorghum DDGS in the tables of composition and nutritional 
value of feed materials, INRA, Sauvant et al., 2004. 

 

 

 

 

 

 

 Feedstuffs 
 Corn  Sorghum DDGS 

ME, kcal/kg1    
NRC2 3395 3532 3669 
INRA3 3419 3340 N/A7 
Study1 39595 3294 3679 

NE, kcal/kg    
NRC2 2672 2780 2394 
INRA3 2394 2619 N/A7 
Study1 27756 2590 2287 

NE/ME4    
NRC3 78.78 78.71 65.24 
Study 70.09 74.17 72.01 
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CHAPTER IV 

TECHNICAL NOTE: ASSESSMENT OF AN ALTERNATIVE TECHNIQUE FOR 

MEASURING BODY TEMPERATURE IN PIGS  

ABSTRACT  

Core body temperature (CBT) is one of the main vital signs that is used to evaluate the 

health status of pigs. Direct measurement of CBT is technically difficult and requires 

sophisticated equipment.  The most common method for assessing CBT in pigs is rectal 

temperature (RT), since it is assumed to be the best indicator of CBT and is technically 

more feasible. However, obtaining rectal temperature can be stressful for animals, may 

generate inaccurate results and has the risk of spreading disease. Infrared imaging 

thermography (IR) of pig’s body may be a safer and less stressful alternative to RT. To 

our knowledge, the efficacy of IR as a direct indicator of CBT has not been evaluated. 

Therefore, the objective of the current study was to evaluate the efficacy of using IR 

imaging as an alternative for monitoring CBT in pigs. Twenty-three gilts (BW 30.5 ±5.62 

kg) were housed in metabolism crates in an environmentally controlled facility, and 

slightly feed restricted. After four days of adaptation, the febrile response was induced by 

intramuscular injection of E. coli lipopolysaccharide (LPS; 25µg/kg BW). Each pig’s BT 

was recorded at times 0, 2, 4, 6, 8, 10, and 24 hours post-LPS challenge, using the 

following three methods: (I) RT, (II) IR imaging of the eye and ear, and (III) CBT.  

Statistical analysis was carried out in a completely randomized design in SAS using 

Mixed, Correlation and Regression procedures.  Relative to time 0, LPS increased the eye 

temperature, CBT, and RT by 0.92, 1.32, and 1.48 °C, respectively (P < 0.01), but had no 

significant effect on ear temperature. Eye temperature, RT, and CBT, but not ear 
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temperature, were highly correlated (r ≥ 0.96) during the course of the study (P < 0.01). 

Estimated regression parameters (α and β) for predicting CBT using eye temperature 

were -28.2 ±8.70 and 1.76 ±0.221, and for RT were -24.5 ±7.69 and 1.65 ±0.196 (R2 
≥ 

0.96; 95 % confidence interval). Collectively, these results indicated a strong relationship 

between eye temperature, RT and CBT in pigs. Therefore, IR of the eye can be used as a 

precise, non-contact alternative to RT measurements for monitoring CBT in swine.  

Keywords: Core body temperature, eye temperature, pig 
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INTRODUCTION 

Body temperature (BT) is one of the main vital signs used to evaluate the health 

state of pigs and ensure appropriate diagnoses and effective care. The most common 

method for measuring BT in animal husbandry is rectal temperature (RT), since it is 

assumed to be the best indicator of core body temperature (CBT; Hanneman et al., 2004). 

However, CBT is not measured on a routine basis in animal husbandry practices, because 

surgery or other invasive techniques are often necessary for obtaining the measurement. 

Rectal temperature, on the other hand, is a commonly used measure since it is 

inexpensive, an easy method to perform. However, obtaining rectal temperature can be 

time consuming, stressful for the animals, and may generate inaccurate results due to 

presence of feces in rectum (Sundi-Levander, 2009). Moreover, animals must be 

restrained when taking RT measurements, which can affect BT (Sorensen et al., 2015). 

Non-contact infrared thermography (IR) is an alternative technique for measuring BT in 

animals (Montanholi et al., 2008; Kessel et al., 2010, Rakhshandeh et al., 2014). This 

technique measures the surface temperature of an animal’s body, which can be related to 

various physiological or metabolic states (Montanholi et al., 2008). Infrared imaging 

techniques reduce the risk of spreading infection from one animal to another, are quick 

and less variable, and do not require restraining the animal (Kessel et.al., 2010; 

Sorenesen et.al.,2015). Despite these potential advantages, the efficacy of IR for 

accurately measuring CBT has not yet been established, to our knowledge. Thus, the 

objective of the current study was to evaluate the efficacy of IR as an alternative to RT 

for accurately monitoring CBT in pigs.  

MATERIAL AND METHODS  
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41 General Design  

The experimental procedures were reviewed and approved by the Texas Tech 

University Animal Care and Use Committee. A total of twenty-three gilts of 

commercially relevant genetics (Initial BW 30.5± 5.62 kg) were individually housed in 

metabolism crates, feed-restricted (90 % of recommended levels by NRC Swine 2012), 

and fed twice daily on a corn-SBM based diet containing sufficient amounts of nutrients 

to support the optimum growth potential of the pigs (NRC Swine, 2012).  After 4 d of 

adaptation, immune system stimulation (ISS) was induced by intramuscular injection of 

Escherichia coli lipopolysaccharide (LPS 05:55B5, 25 µg/kg BW Sigma Aldrich; 

Rakhshandeh and de Lange, 2012). Infrared imaging of the eye and ear, RT and CBT 

were measured at times 0 and 2, 4, 6, 8, 10, and 24 hours post-ISS.   

42 Measures of Body Temperature  

 Digital sensors (CorTempTM, HQ Inc., Palimito, Florida) were used to measure 

CBT and were administered orally, by utilizing a small plastic balling gun, 2 h prior to 

ISS. Each sensor’s calibration number was programmed into the CorTemp Data Recorder 

(HQ Inc. Palmitto, Florida) and electronically labeled with the gilt’s ear tag number. To 

record the CBT at each time point, the recorder was held approximately 15-30 cm over 

the thoracic vertebra as recommended by the manufacturer. Collected data were 

downloaded using the CorTempIITM (HQ Inc., Palimiot, Florida) software. Measures of 

CBT were used as the reference temperature for correlation analysis.  

Infrared thermography was performed to determine eye and ear temperature using 

a FLIR E40 (FLIR® Systems, Inc. Wilsonville, Oregon) digital camera. The resolution 

for each IR image was set at the maximum possible for the camera model (160 ×120 
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pixels). The IR camera then converted the animal’s emitted radiation at a 10-12 µM 

wavelength into an electrical signal, which was then processed into a thermal pattern. The 

camera can detect temperature differentials as small as 0.1°C. The emissivity value used 

was 0.98, which is the recommendation for biological tissues (Lahiri et al., 2012).  All IR 

pictures were taken approximately 50 cm from each of the body locations, i.e. eye and the 

left ear. Multiple pictures were taken from each location, and pictures with the best 

quality in terms of focus and precision were selected for analysis and interpretation at 

each time point. Infrared pictures were interpreted using FLIR Tools software (FLIR® 

Systems, Inc., Wilsonville, Oregon). For determining ear temperature, the ear was 

divided into three sections: the base, middle and the tip of the ear (Figure 4.2). The 

maximum temperature of each ear section was used for analysis.  

A conventional certified rigid tip digital thermometer (CVS Model 155912, 

Woonsocket, Rhode Island) was used to determine RT by lubricating the bulb of the 

thermometer and gently inserting it about 4 cm into the rectum.  The bulb was kept in the 

rectum until its reading stabilized, according to the manufacturer’s instructions.  

Statistical Analysis  

Statistical analyses were carried out using SAS software version 9.4 (SAS 

institute Inc., Cary, NC) and a completely randomized design (PROC MIXED) with time 

and pig as fixed and random effects, respectively.  For measurements performed over 

time, repeated measurement analysis of variance was used.  An appropriate covariance 

structure was selected for analyses by fitting the model with the structure, which provided 

the ‘best’ fit based on Akaike information criterion (AIC) and Schwarz Bayesian criterion 

(BIC). Correlation procedures (PROC CORR) were used to compute the correlation 
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coefficient (r) between the different methods of BT measurements. Regression 

procedures (PROC REG) were used to estimate regression parameters.  Treatment effects 

were considered significant at P ≤ 0.05.  A tendency towards a significant difference 

between treatment means was also considered at P ≤ 0.10.  

RESULTS AND DISCUSSION 

General Observations  

All pigs readily consumed experimental diets and showed signs of good health 

prior to ISS. Post administration of LPS, pigs displayed clinical signs of disease such as 

lethargy and vomiting. Eye temperature, CBT, and RT in general showed a progressive 

rise in temperature post-ISS with a febrile temperature peak occurring at 4 h (Figure 4.1). 

Overall, LPS increased their IR of the eye, CBT, and RT by 0.92, 1.32, and 1.48 °C, 

respectively (Figure 4.1; P< 0.01). This febrile response peak and duration is similar to 

that observed in other studies using LPS for ISS (Rakhshandeh and Lange, 2012; 

Rakhshandeh et al., 2014). Our observed pre-ISS CBT (39.7°C) and RT (39.41°C)  were 

also in agreement with the work of others (Soerensen and Pedersen, 2015).  

Core Body Temperature  

Core body temperature ranged from 39.6 to 39.9 °C during the pre-ISS period, and 

peaked at 42.2 ±0.12 °C by 4 h post-ISS (P < 0.01). It remained elevated during the 

course of the study (Figure 4.1). Core body temperature generally refers to temperature 

that is measured in the central body where ambient influences are minimal (Hanneman et 

al., 2004). In this study, CBT was used as reference to evaluate the efficacy of alternative 

measures of BT and to establish a mathematical relationship between the measurements. 

We used wireless transmitting sensors, which are generally used in telemetry systems, to 
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determine CBT (Brown-Brandl et al., 2003). These sensors recorded core temperature 

within 0.1°C and were orally  administered, thus circumventing the usual requirement of 

surgery to measure CBT (Brown-Brandl et al., 2003). However, this technique for 

monitoring BT is expensive, time consuming and technically difficult. For example 

sensors only have a battery life of approximately 6-8 d, they transmit up to only 0.5 m 

from the animal, and recovery of them from the feces would be difficult in commercial 

settings (Brown-Brandl et al., 2003).  

Rectal Temperature  

In the current study, we observed a high correlation among RT, CBT and eye 

temperature (r ≥ 0.96; P<0.01; Table 1). The estimates of regression parameters for 

predicting CBT using RT were -1.49 ±3.59 and 1.05 ±0.089 for α and β, respectively (R2 

> 0.96; P < 0.01). As expected, these data suggest that RT is a reliable indicator of CBT.  

Infrared Imaging of the Eye  

Eye temperature was highly correlated with both CBT and RT during the course 

of the study (r ≥ 0.96; Table 1; P<0.01). The estimated regression parameters for 

predicting CBT using eye temperature were -28.2 ±8.70 and 1.76 ±0.221 for α and β, 

respectively (P < 0.01). The estimated regression parameters, α and β, for predicting RT 

using eye temperature were -24.5 ±7.68 and 1.65 ±0.195 for respectively (P < 0.01).  

 Infrared thermography is a potentially advantageous alternative that reduces the 

risk of spreading infection between animals, is quick to perform, and does not require 

animal restraint. It has been demonstrated that eye temperature, when measured at the 

inner canthus of the eye in humans has high correlations to the axilla, the tympanic 

membrane, and rectal temperature (Mercer and Ring, 2009; Lahiri et al., 2012). Eye 
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temperature may also be a very good indicator of CBT when screening humans for fever, 

since it is consistently the warmest area on the head due to high ocular blood circulation 

(Mercer and Ring, 2009; Lahiri et al., 2012). It is noteworthy that in these human studies, 

tympanic temperature, rather than CBT, was used as the reference temperature for 

establishing the validity of eye temperature. However, tympanic temperature is strongly 

dependent on ambient temperature and ear canal morphology, which could make it an 

inaccurate indicator of CBT (Daanen, 2006). Thus, the efficacy of using eye temperature 

as an indicator of CBT has not been established.   

Infrared imaging itself has shown some variability due to inherent limitations of 

associated technology. For example, the accuracy of determining BT using IR imaging 

can be influenced by the choice of the emissivity value, the precision of IR images, the 

interpretation of IR images and  IR system operator skills (Schmidt et al., 2013; 

Fernández-Cuevas et al., 2015;Soerensen and Pedersen, 2015). In the current study, CBT 

was measured directly and used as a reference for evaluating the efficacy of eye and ear 

temperature to control for potential limitations in the methodology.  For instance, the 

inner canthi temperature was used to determine eye temperature, the emissivity value for 

biological tissues was utilized, and personnel utilizing the IR camera were trained in how 

to focus and take pictures with high precision.   

Infrared Imaging of the Ear 

We divided the IR images of the ear into three regions (Figure 4.2): i) the base of 

the ear, which has greater blood flow and could be a representation of tympanic 

membrane temperature, ii) the mid-section of the ear, and iii) the tip of the ear, which 

may be altering blood flow during disease states as a part of a thermoregulatory 
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mechanism (Ingram, 1973; Tabuaciri et al., 2012; Sorenesen and Pedersen, 2015).  In the 

current study we did not observe a significant correlation between temperatures of any of 

the three ear regions and CBT during the course of the study (Table 4.1; P > 0.30). The 

same lack of correlation was found between all ear sections and RT or eye temperature 

(Table 1; P > 0.17).  In contrast, Tabuacri et al. (2012) reported a correlation between the 

base of the ear and RT in piglets in a non-febrile state.  This result is probably not 

consistent with our findings because of differences in the health status of the animals in 

our study and the larger size of the pigs that we used (Andersen et al., 2008; Tabuaciri et 

al., 2012; Schmidt et al., 2013; Soerensen and Pedersen, 2015). Collectively, the 

inconsistencies between our study and the previous study highlight the inadvisability of 

using ear temperature as an accurate proxy for CBT. 

Although the changes we observed were not statistically different, ear temperature 

did numerically decrease during the first 2 h post ISS, followed by a numeric increase at 

4 and 6 h post-ISS. This reduction in temperature post-ISS and the lack of correlation to 

CBT can be attributed to the increased blood flow from the periphery to the viscera that 

typically occurs at the onset of ISS as a part of the immune response (Ingram, 

1973;Tabuaciri et al., 2012; Soerensen and Pedersen, 2015).   

CONCLUSION  

• Collectively, these results indicated a strong relationship between IR imaging of the eye, 

CBT, and rectal temperature in pigs in different physiological status. Thus, IR imaging of 

the eye can be used as a precise, non-contact alternative to rectal temperature 

measurements for monitoring CBT in swine, and possibly other species including 

wildlife.  
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Table 4.1 Pearson correlation coefficients (r) of rectal temperature (RT), core body 
temperature (CBT), and infrared imaging (IR) of the eye and base of the ear (Ear A), 
mid-section of the ear (Ear B), and tip of the ear (Ear C) in immune challenged pigs1 

a Significance: *, P < 0.05; **, P < 0.01 
1Immune System Stimulation (ISS) was induced by intramuscular injection of E. coli 
lipopolysaccharide. Eye, rectal, ear, and core body temperatures were measured at 0, 2, 4, 
6, 8,10, and 24 h post-ISS for 23 individually housed gilts (BW 30.5± 5.62 kg).   
2Infrared imaging technique was used to determine the eye and ear temperature utilizing a 
FLIR E40 (FLIR® Systems, Inc., Wilsonville, Oregon) digital camera.  
3Core body temperature was measured using CorTempTM (HQ Inc., Palimito, Florida) 
sensors that were administered orally and read wirelessly.  
4Rectal temperature was determined using conventional thermometer. 
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IR of Eye 2 RT Ear A2 Ear B2 Ear C2  
CBT3 0.96** 0.98** 0.45 0.31 0.14 
RT4 0.96** 1 0.57 0.28 0.02 
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Figure 4.1 The effect of immune system stimulation on eye, rectal and core body 
temperature.   
Immune System Stimulation was induced by intramuscular injection of Escherichia coli 

lipopolysaccharide.  Least square means (± SE) of core body temperature (●) infrared 

imaging of the eye (▲), and rectal (■) temperature were measured at 0, 2, 4, 6, 8,10, and 

24 h post-ISS for 23 individually housed gilts (BW 30.5± 5.62 kg). Infrared imaging was 

used to determine the eye temperature.  Multiple infrared pictures were taken, with a 

FLIR E40 (FLIR® Systems, Inc., Wilsonville, Oregon) digital camera, from the eye and 

the three pictures with the highest resolution and focus were used for determining eye 

temperature. Core body temperature was measured using CorTempTM (HQ Inc., 

Palimito, Florida) sensors that were administered orally and read wirelessly. Rectal 

temperature was determined using a conventional digital thermometer.  
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Figure 4.2 Sections of the ear.  

Infrared images of the ear were divided into three sections: A, the base of the ear; B, the 

middle section of the ear; and C, the tip of the ear.  Multiple infrared pictures were taken 

from each ear and the three pictures with the highest resolution and focus were used to 

determine the ear temperature in each section.   
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CHAPTER V 

GENERAL DISCUSSION 

The most expensive cost in the production of swine is the cost related to nutrition, 

and energy sources have the greatest contribution to those nutritional cost. Therefore, 

animal nutritionists have developed a series of energy systems that give economic value, 

in terms of energy cost, to a variety of feed stuffs in different geographical locations 

(Ewan 2001; Van Milgen, 2006; Patience 2012). Currently, the majority of the swine 

industry in North America utilizes the DE and the ME, while the swine industry in 

Europe and China almost entirely utilizes the Net Energy System (NE) (Van Milgen, 

2006). However, the NE system has been gaining popularity in diet development in the 

United States given that it more accurately predicts the true energy values of a feed 

ingredient by the pig (Van Milgen, 2006). There are currently two primary methods for 

measuring NE in terms of animal studies, indirect calorimetry and comparative slaughter 

technique, but there is technology available to researchers which could provide 

alternative measurement techniques.  

The first objective of this thesis, presented in Chapter III, is to evaluate Intelligent 

Dual Energy X-ray absorptiometry’s (iDXA) ability to determine retained energy and 

ultimately provide estimates of ME and NE. Intelligent Dual Energy X-ray 

absorptiometry (iDXA) is a non-invasive, easy-to-operate, precise and relatively cheap 

technology that analyzes the body composition of humans and animals, (Scholz et al., 

2015). The iDXA method has similar advantages to comparative slaughter technique, by 

being able to undertake studies using animals in circumstances closer to commercial 

conditions, e.g. higher feed intake and normal eating activity, but also is more 
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advantageous than the comparative slaughter technique by having the ability to take 

multiple measures increasing the statistical power. Results summarized in Chapter III, 

determine that iDXA is a valuable method for providing accurate estimates of ME and 

NE of feedstuffs due to the ability to take multiple measurements increasing the statistical 

power.  

Furthermore, in Chapter III we evaluate the feeding value for finishing pigs in 

terms of energy metric, growth performance, nutrient digestibility, and body composition 

of sorghum grain and sorghum DDGS. Sorghum grain and sorghum Dried Distillers 

Grains Solubles have been gaining popularity in diet formulation across a multitude of 

species produced in the Texas Panhandle and the Great Plains of North America due to 

the economic flexibility it gives to diet formulation, but there is a lack of research in the 

feeding value, especially energy. The higher inclusions of fiber within these industry co-

products, which increase the heat of digestion in the GIT, (Noblet, 1993), the net energy 

system would more accurately predict the amount of energy utilized by the system for 

these feedstuffs when compared to the ME system, due to the account of energy loss from 

heat increment (Ewan, 2001). From these results presented in Chapter III, we can 

conclude that sorghum DDGS and sorghum have the same feeding value as corn in terms 

of ME, NE, growth performance, and body composition. The use of sorghum or sorghum 

DDGS in finishing pigs could give producers greater economic flexibility in diet 

formulation.  

Finally, in chapter III, we evaluate the potential that sorghum grain and sorghum 

DDGS in swine diets could have to create functional pork products. Animal production 

practices represent an important, but challenging opportunity to modify the presence of 
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bioactive components, and sorghum based ingredients used in swine diets contain high 

levels of a multitude of diverse bioactive phenolic compounds that can provide health 

benefits to consumers. High levels of polyflavanols, anthocyanins, phenolic acids, and 

antioxidants have been reported in sorghum grain (Jambunathan, 1986; Waniska 1989).  

Research has provided evidence that meat products can be fortified, through animal 

production, with nutrients and phytochemicals that have the potential to provide positive 

effects in preventing or protecting against chronic and acute diseases (Bonos, 2014; 

Zhang et al., 2010; Rooke, 2010). From the results in chapter III, there is a tendency for 

diets containing sorghum and sorghum co-products to increase the antioxidant blood 

plasma levels, but further research is warranted to fully validate the potential of creation 

of functional pork products from pigs fed sorghum.   

In chapter IV, the efficacy of infrared imaging of the eye and ear was evaluated as 

an alternative to rectal temperature for accurately monitoring core body temperature in 

pigs. Body temperature is one of the main vital signs used to evaluate the health state of 

pigs and ensure appropriate diagnoses and effective care. The most common method for 

measuring body temperature in animal husbandry is rectal temperature, since it is 

assumed to be the best indicator of core body temperature, but alternative temperature 

method, infrared imaging, can help reduce the risk of spreading infection from one 

animal to another, are quick and less variable, and do not require restraining the animal.  

The results presented in chapter IV, indicated a strong relationship between 

infrared imaging of the eye, core body temperature, and rectal temperature in pigs in 

different physiological status. Therefore, infrared imaging of the eye can be used as a 

precise, non-contact alternative to rectal temperature measurements for monitoring core 
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body temperature in swine, and provides an advantageous alternative for swine 

producers. 

From the studies outlined and conducted in the chapters of this thesis, we can render the 

following conclusions:  

• Body composition measurements provided by iDXA can providing accurate 

estimates for ME and NE of feedstuffs due to the capability to take multiple 

measurements which increase the statistical power 

• Sorghum grain is significantly lower in GE and DE than corn or DDGS based 

diets  

• Sorghum DDGS has significantly lower N digestibility than corn or DDGS based 

diets 

• Sorghum DDGS and sorghum have the same feeding value as corn in terms of 

ME, NE, growth performance, and body composition 

• There is a tendency for diets containing sorghum and sorghum co-products to 

increase the antioxidant blood plasma levels in pigs 

• Infrared imaging of the eye, core body temperature, and rectal temperature in pigs 

are highly correlated with each other in different physiological status.  

• Infrared imaging of the eye can be used as a precise, non-contact alternative to 

rectal temperature measurements for monitoring core body temperature in swine 


