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 INTRODUCTION 

“In the age of the genotype, phenotype is king” is a statement that – meanwhile – 

has been used by many different researchers to underline the importance of the 

phenotype, especially for the “postulated” post-genomic era (Coffey, 2010). The 

phenotype builds the basis for all genomic analyses, because the accuracy of a 

genomic evaluation depends on a most precise description of the phenotype. 

Furthermore, a continuous measurement of the performance test data is essential to 

be able to adapt genomic predictions if necessary. In addition – besides 

environmental effects, the estimation of the genetic performance of the individuals 

(genomic breeding value) is meanwhile mainly based on the genetics of the parental 

generations. To evaluate the genotype prediction, the performance of the individual 

itself must be determined, and therefore in-vivo methods are being preferably 

applied due to the potential further use of the individual within the breeding process. 

Sambraus (1987) described the pig as a species superior in fertility to all species 

having approximately an equal size. The pig is capable of producing numerous 

offsprings and thus generations of piglets in a short period of time (Sambraus, 

1987). Besides the great similarity in anatomy and genomic sequence compared to 

the human organism, the short generation interval makes the pig a suitable animal 

model. The pig as an omnivore animal has a similar digestive tract anatomy as 

humans and the fact, that the pig will voluntarily eat to obesity, explains the use of 

porcine models for researches of effects and diseases which are associated with 

overweight and obesity in humans (Rohrer et al., 2002). In this field of research, 

the visceral adipose tissue (VAT) in particular, is a fat depot of interest due to its 

high metabolic activity. It plays an important role in the pathogenesis of 

cardiovascular diseases, which represent the most common cause of death 

worldwide. Phenotyping the visceral adipose tissue in pigs would provide new 

opportunities for human research. Therefore, a VAT determination as simple and 

precisely as possible is necessary. With their CoreScan mode, GE Healthcare offers 

the possibility of measuring VAT by using dual energy X-ray absorptiometry. In 

vivo methods provide the option to conduct consecutively studies on the same 

animal, and thus allowing investigating the development of fat accumulation during 

growth and aging. In addition, the animals may find use in other studies leading to 

a reduction of the number of animals necessary for these purposes. 
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The aim of this thesis was to evaluate the CoreScan feature in pigs by comparing 

the results of VAT measured by DXA to those of the MRI examination as a 

reference method in body composition analyses. Furthermore, by phenotyping the 

visceral adipose tissue, a basis for genomic analyses has been created, which might 

have an impact on the future pig breeding work and on human research through the 

identification of new or better characterized fatness traits. Additionally, sex and 

genotype related differences of multiple hybrid pig lines of two crossbreeding 

generations (F1 and F2) were studied for visceral adipose tissue and for the whole 

body composition by MRI and DXA. 
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 REVIEW OF THE LITERATURE 

1. Visceral adipose tissue in humans 

1.1. Definition and classification 

Visceral adipose tissue (VAT) is a specific depot of adipose tissue (AT). In Latin, 

“viscera” stands for organs in the cavities of the body and visceral means belonging 

to the organs. Adipose tissue is one of the largest body compartments and is 

different from fat which is primarily in AT, but also found in other tissues and can 

be differentiated in essential and storage fat. Essential fat is located for example in 

the bone marrow, heart, lungs, liver, and kidneys. Adipose tissue is the major 

storage of fat. AT is composed of 80% fat and 20% non-fat components including 

protein, minerals, and water (Shen et al., 2003; Wells, 2007). There is still no 

officially accepted taxonomy of adipose tissue. Shen et al. (2003) and Marcadenti 

and de Abreu-Silva (2015) tried to find a classification system for AT in order to 

reduce definition problems for investigators studying AT (Figure 1). First, adipose 

tissue can be divided into subcutaneous adipose tissue (SAT) and internal adipose 

tissue. SAT constitutes the layer between the dermis and the aponeuroses and 

fasciae of the muscles, and can be further divided into a deep and a superficial layer. 

The superficial layer is located between the skin and a fascial plane in the lower 

trunk and gluteal-thigh area, and the deep layer between this fascial plane and the 

muscle fascia. Visceral and non-visceral adipose tissues are the two compartments 

of internal adipose tissue. Non-visceral adipose tissue includes intramuscular and 

perimuscular adipose tissue. As described previously, visceral stands for the organs 

in the cavities of the body: the chest, the abdomen, and the pelvic. The terms for the 

adipose tissue in the main cavities are intrathoracic, intraabdominal, and intrapelvic. 

Most studies describe VAT as intraabdominal adipose tissue or the sum of 

intraabdominal and intrapelvic AT. In the region of the abdomen, the peritoneum 

provides an anatomic landmark to subdivide the intraabdominal AT further into an 

intraperitoneal and an extraperitoneal compartment. The intraperitoneal AT 

includes the omental and mesenteric depots, and extraperitoneal AT includes the 

depots located perirenal, pararenal, and periaortic (Shen et al., 2003). 
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Figure 1. Classification system modified according to Shen et al. (2003) 

 

The major functions of adipose tissue in mammals are acting as 1) energy storage 

depot in the form of triglycerides, 2) thermal isolator, and 3) mechanical cushion. 

The regulation of energy storage and mobilization combined with the endocrine 

functions of AT are essential for the whole body metabolism (Shen et al., 2003; 

Karastergiou et al., 2012; Marcadenti and de Abreu-Silva, 2015). 

1.2. Adipose tissue as an endocrine organ 

Adipose tissue has been recently named an “endocrine organ” (Galic et al., 2010). 

The reason for this classification is the metabolic activity of AT by secreting a 

multiple number of proteins, called adipokines, which influence several processes 

in the human body. The major adipokines are leptin and adiponectin. Furthermore, 

tumor necrosis factor, resistin, and interleukin 6 are released (Shuster et al., 2012).  

In proportion to their triglyceride content, the adipocytes produce the polypeptide 

hormone Leptin and release it into the blood. The hormone is able to cross the 

blood-brain-barrier and unfolds its effect especially in the hypothalamus. Leptin is 

involved in the regulation of feeding and energy balance. Activating the lipid 

oxidation by inducing the expressions of enzymes of the lipid oxidation process 

leads to a decrease of body weight. A variety of factors regulates the expression of 

leptin. For example, overfeeding, obesity, insulin, glucocorticoids, and cytokines 

may increase the expression of leptin, whereas fasting and testosterone reduce it 
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(Ahima and Flier, 2000). Paradoxically, obese individuals show elevated levels of 

leptin that usually must lead to a reduction of food intake, and an increase of energy 

consumption. This finding reinforces the assumption of a leptin resistance (Rosická 

et al., 2003). Mechanisms of the resistance are a dysregulation of leptin synthesis 

and/or secretion, abnormalities of brain leptin transport, and abnormalities of leptin 

receptors and/or post-receptor signaling. Leptin resistance is associated with insulin 

resistance and abdominal obesity and may have an additional effect to the metabolic 

syndrome. Markers for the resistance are low soluble receptor concentrations, and 

a low fraction of specifically bound leptin (Sandhofer et al., 2003). Regarding the 

functions of leptin, it can be considered as an anti-obesity hormone, but its use is 

often limited by the increasing resistance towards leptin particularly in obese 

individuals (Ahima and Flier, 2000; Myers et al., 2010).  

The second major adipokine secreted by AT is adiponectin, an insulin sensitizing 

and anti-inflammatory hormone (Meier and Gressner, 2004; Karastergiou et al., 

2012). Adiponectin is associated with type 2 diabetes and can be used as a predictor 

for cardiovascular risk (Hotta et al., 2000). A negative correlation between 

circulating adiponectin and obesity has been reported. In addition, the 

concentrations of adiponectin increase with weight loss (Faraj et al., 2003). 

The metabolic activity of SAT and VAT differs, whereby the adipocytes of VAT 

are more metabolic active. Consequently, the influence of adipose tissue on 

physiological and pathological processes in the body varies by the specific depots. 

VAT is more vascular innervated, contains a larger number of inflammatory cells, 

and a greater percentage of large adipocytes compared to SAT. Due to these 

reasons, VAT is more pathogenic than SAT and is a greater predictor of mortality 

(Ibrahim, 2010). A potential hypothesis states that the anatomical location of VAT 

should have an impact on the pathogenicity. VAT is more sensitive to lipolysis and 

drains the free fatty acids and other metabolites directly into liver cells via the portal 

circulation. All these facts explain the association of abdominal obesity with 

dyslipidemia, hyperinsulinemia, and other metabolic complications (Shen et al., 

2003; Marcadenti and de Abreu-Silva, 2015). 
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1.3. Influence of different factors on VAT 

Visceral adipose tissue and the distribution of adipose tissue are influenced by many 

factors including sex, age, genotype, diet, physical activity, and hormone levels. 

Sex differences in fat phenotypes are well described. Women tend to store more fat 

subcutaneously in the gluteo-femoral region, whereas men deposit higher amounts 

of visceral adipose tissue (Karastergiou et al., 2012). In general, women present 

about 10% higher body fat than men with the same body mass index (BMI) (Jackson 

et al., 2002). Shadid et al. (2007) observed in their study a possible reason for the 

higher amounts of body fat in women. Women showed a direct free fatty acid 

uptake in SAT of 8% which was twice as high as in men (Shadid et al., 2007). The 

sex related differences are further due to the influence of sexual steroids. Various 

studies found that adipose tissue presents sexual steroid receptors for estrogens, 

androgens, and progesterone (Dieudonne et al., 1998; O'Brien et al., 1998; Pedersen 

et al., 2001). The expression of these receptors varies by depot and gender. In 

intraabdominal preadipocytes the number of androgen binding sites is higher than 

in subcutaneous fat depots, both in males and females (Dieudonne et al., 1998). In 

males, the density of estrogen receptors in visceral adipose tissue is lower than in 

subcutaneous depots, and also the binding capacity in SAT is higher compared to 

VAT (Pedersen et al., 1996; Wells, 2007). Another fact, which underlines the effect 

of sexual hormones, is that sexual maturity influences total body fat, subcutaneous, 

and visceral adipose tissue. In late puberty, the gynoid body fat of boys decreases, 

whereas in girls the amount increases. SAT seems to be relatively stable during 

puberty. Boys accumulate more VAT than girls in the late puberty (Staiano and 

Katzmarzyk, 2012). 

The age of an individual influences the volume of SAT and VAT. Borkan et al. 

(1983) examined in their study the body composition in middle-aged and older men. 

In the old-men-group, lower weight accompanies a decrease of lean tissue mass and 

an increase of VAT. The subcutaneous depot was higher in middle-aged men 

(Borkan et al., 1983). Consequently, the proportion of VAT on the total adipose 

tissue (TAT) increases with age, whereas the proportion of SAT decreases (Shen et 

al., 2009). 

Furthermore, fat deposition underlies genetic differences. Many studies reported 

higher values of VAT in white men compared to African-American men. SAT was 

higher in African-American women than in white women (Demerath et al., 2007). 
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In a group of 80 individuals, Hoffman et al. (2005) found genetic differences in 

VAT mass when controlling for sex hormones. Those results are only found in men 

but not in women. African-Americans had an increased VAT mass compared to 

white men (Hoffman et al., 2005). In a multicultural study of VAT, Lear et al. 

(2007) compared the relation between abdominal adipose tissue and total body fat 

among individuals with Aboriginal, Chinese, South Asian, and European origin. A 

relatively greater amount of abdominal adipose tissue was found in the Chinese and 

South Asian cohorts, and the difference was especially due to higher VAT. No 

significant differences were observed between Aboriginals and Europeans (Lear et 

al., 2007). 

1.4. VAT and cardiovascular diseases 

Cardiovascular disease (CVD) is still the leading cause of death worldwide, and 

also in Germany during the last years. In 2016, 17.9 million people worldwide died 

from CVDs which were 31% of all deaths (World Health Organization, 2017). In 

Germany, the percentage was even higher, representing 37% of all deaths (Figure 

2) (Statistisches Bundesamt, 2020). The complex of CVD can be subdivided. The 

main groups are coronary heart disease and cerebrovascular disease. Coronary heart 

disease, described as disease of the blood vessels supplying the heart muscle, is 

manifested by myocardial infarction and heart failure. Whereas, diseases of the 

blood vessels supplying the brain – including stroke – are being called 

cerebrovascular diseases. To counteract the development of a high number of 

deaths due to CVD, it is important to characterize risk factors and prevent these. 

Risk factors for CVD are hypertension, dyslipidemia, and metabolic syndrome. 

These risk factors are affected by several aspects such as tobacco use, unhealthy 

diets and obesity, physical inactivity, and harmful use of alcohol (World Health 

Organization, 2017). During the last years, the number of diagnosed obesities in 

Germany rose constantly. A body mass index of ≥ 30 kg/m² mainly defines obesity, 

while overweight starts at a BMI of ≥ 25 kg/m². In 1998, the proportion of obesity-

diagnosed humans in Germany was 19% for men and 22.5% for women. A recent 

study of the Robert-Koch-Institute shows an increase of obesity to 23.3% in men 

and 23.9% in women in the years 2008 to 2011 (Robert Koch-Institut, 2012). The 

prevalence of overweight or obesity is also growing worldwide, and the number of 

obesity-diagnosed humans has nearly tripled since 1975. Worldwide, 39% of adults 

were overweight (BMI ≥ 25 kg/m²) and 13% were obese (BMI ≥ 30 kg/m²) in 2016 
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(World Health Organization, 2020). 

 

Figure 2. Number of deaths in Germany in 2017 (Statistisches Bundesamt, 2020) 

 

In general, obesity itself influences the risk for CVDs. Many studies, however, 

found that the strength of impact (on developing CVD) differs depending on the 

regional distribution of adipose tissue. These findings are confirmed by the fact that 

the waist circumference as a measure of the adipose tissue in the abdomen including 

VAT and SAT correlates better with obesity-associated risk factors than does BMI 

(Zhu et al., 2002). Furthermore, Krotkiewski et al. (1983) described increased 

metabolic aberrations, such as an increase in triglycerides, fasting insulin, and 

glucose, associated with the abdominal type of obesity (Krotkiewski et al., 1983). 

Specific studies examined especially the associations between VAT and 

cardiovascular risk factors. Although VAT represents only a small body 

compartment in non-obese adults, it is important for the health risk associated with 

obesity. An elevated level of VAT is an independent risk factor for type 2 diabetes 

(Neeland et al., 2012), myocardial infarction (Nicklas et al., 2004), hypertension 

(Chandra et al., 2014), and all-cause-mortality (Kuk et al., 2006). VAT is also 

associated with insulin resistance, dyslipidemia, and systemic inflammation 

(Montague and O'Rahilly, 2000; Fox et al., 2007). Liu et al. (2010) examined in 

their study nearly 2,500 participants with computed tomography (CT) to measure 

VAT and SAT. They studied the relationship of those adipose tissue depots with 

cardiometabolic risk factors. Per 1-sd (standard deviation) increment in VAT or 
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SAT, they observed elevated levels of fasting plasma glucose and triglyceride, 

lower levels of high-density lipoprotein-cholesterol, and increased odds ratios for 

hypertension, diabetes, and metabolic syndrome. The effect size of VAT, however, 

was larger than that for SAT (Liu et al., 2010). The increased cardiometabolic risk 

of VAT origins from a higher metabolic activity, a larger number of inflammatory 

cells, and higher levels of free fatty acids which are drained into the portal vein, as 

described above (Chapter II.1.2 Adipose tissue as an endocrine organ).  

2. Adipose tissue in pigs 

2.1. Pig as a model for obesity 

“Between animal and human medicine there is no dividing line — nor should there 

be. The object is different but the experience obtained constitutes the basis of all 

medicine.” is one of the best known citations stated by Rudolph Virchow in the 

field of comparative medicine in 1858 (Giusti et al., 2019). In the last years, the 

porcine model has become more relevant for researches especially in the fields of 

obesity, cardiovascular diseases, diabetes, and organ transplantation. Due to the 

similar anatomy including the similar size of organs and physiological 

characteristics involving the cardiovascular, urinary, integumentary, and digestive 

system, pigs are a suitable model for humans. Further advantages of the use of swine 

(as model animal for humans) are provided by their omnivore feeding behavior and 

their willingness to voluntarily consume until reaching obesity. Pigs are therefore 

prone to many of similar dietary health problems as humans (Rohrer et al., 2002; 

Swindle et al., 2012). Renner et al. (2016) reviewed comparative aspects of rodents 

and nonrodent models for mechanistic and translational diabetes research. Main 

categories were economics, ethics, husbandry, genetics, behavior, reproductive 

biology, and body dimensions. In summary, when comparing pigs to nonhuman 

primates, pigs have several advantages like viable reproduction biology with a 

shorter interval and therefore the ability to produce a larger number of individuals 

and successive generations in a shorter period. Further, the similar body size 

delivers adequate amounts of blood and tissue material, which might result in a 

smaller number of animals needed for research purposes. In the field of genomic 

research, the methods for genetic modification are also well-established in the 

porcine model (Renner et al., 2016). Against the background of an increasing 

proportion of obesity (among humans) worldwide, the interest in research of 
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obesity-related genes is immense. The size, the complexity, and the chromosomal 

organization of the porcine genome is similar to humans and comparative genome 

analyses showed a closer match between pigs and humans compared to mice 

(Rettenberger et al., 1995; Rohrer et al., 2002). Mutations in the apolipoprotein B 

allele and the low-density lipoprotein receptor gene result in hypercholesterolemia 

in pigs. These gene modifications have been likewise described in humans 

(Innerarity et al., 1990; Aiello et al., 1994; Goldstein, 1995; Hasler-Rapacz et al., 

1998). Another example to underline the suitability of the porcine genome in the 

field of obesity-related research is the candidate gene ZNF608 associated with the 

variation of fat mass in pigs (Rothammer et al., 2014). In humans, ZNF608 has 

likewise been reported to be associated with the body mass index (Speliotes et al., 

2010; Ntalla et al., 2013). Summarizing the advantages and similarities of pigs with 

humans, the importance of porcine models – especially in the field of obesity related 

research – becomes obvious. 

2.2. Adipose tissue in pigs as livestock 

2.2.1. Adipose tissue in meat production 

The global meat consumption per capita has risen in the last decades and this trend 

still continues. The Organisation for Economic Cooperation and Development 

(OECD) together with the Food and Agriculture Organization (FAO) of the United 

Nations released an agricultural outlook for the years 2019 to 2028. In this outlook, 

they still hypothesize an increase of 0.4 kg of global meat consumption per capita 

compared to the base period 2016-2018. Accordingly, the meat from animals will 

remain an important source of proteins in the future (OECD/FAO, 2019). The 

largest pork producers in Europe are Spain with averagely 30.46 million pigs and 

Germany with 25.96 million pigs (Figure 3). Worldwide, Germany ranked fifth 

after China, the USA, Brazil, and Spain (Statistisches Bundesamt, 2019; Beckhove, 

2019; Statista, 2020). 
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Figure 3. Number of pigs in the European Union 2017-2019 (Statista, 2020) 

 

An average production value of approximately 7 billion euros in the years from 

2014 to 2016 indicates the economic importance of the pig industry 

(Bundesministerium für Ernährung und Landwirtschaft, 2019). For the 

maintenance of the economic power in the pig industry meeting the demands of the 

consumers is essential. Therefore, a heavy selection pressure for lean meat in the 

carcasses with reduced fat resulted (Dunshea and D’souza, 2003). Lean growth, 

feed intake, and pig survival are the most important traits in pork production 

(Rothschild et al., 2007). Performance testing in the field or in test stations helps to 

secure improvements or optimization of these economically important traits for pig 

breeders in Germany and worldwide. The carcass performance is still very often 

tested on slaughtered siblings or offsprings of potential breeding pigs (boars /sows) 

by determining parameters such as lean meat content, backfat thickness, and the 

meat-to-fat-ratio. Only a very few breeding companies perform a direct test on the 

potential breeding pigs by using e.g. computed tomography (CT) to measure the 

amount and percentage of the lean meat. Norsvin, now Topigs-Norsvin, is the 

pioneer for this commercial performance test strategy (TOPIGS-SNW GmbH, 

2019). However, estimating the lean meat percentage based on the thickness of 

backfat and the longissimus dorsi muscle still classifies the slaughter pigs for 

payment.  
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The estimation equation for lean meat content (%) by using an optoelectronic 

measuring system for the classification is:  

MF= 60.98501 – 0.85831 * S + 0.16449 * F 
 
MF = percentage of estimated lean meat content 
S = backfat thickness (including rind), measured 7 cm to the side of the dividing line between the 
second and third last rib 
F = thickness of the longissimus dorsi, using the same position as for S 

 

The classification system includes six different classes for slaughter pigs in the 

range of 50 to 120 kg. 

Table 1. Classification system of pigs in the range of 50 to 120 kg 
(Schweineschlachtkörper-Handelsklassenverordnung, 2020). 

 

Carcasses of pigs reaching the class “S” yield the highest payments and are 

therefore desirable for the producers. Against the background of the importance 

producing high quality meat at “low” costs, it is essential to enforce the growth of 

lean tissue with a simultaneous reduced growth of backfat. This fact can be seen by 

the estimation equation in which the backfat thickness influences the percentage of 

lean meat content to a great extent (Schweineschlachtkörper-

Handelsklassenverordnung, 2020). A decrease in total fat content including the 

inter- and intramuscular fat resulted as a consequence of the development towards 

a reduced backfat thickness (Vališ et al., 2011). However, a reduction in fat content 

not only poses merely positive effects. The content of fat, and in particular its 

composition, influences the processing of specific products and the eating quality. 

In general, high amounts of polyunsaturated fatty acids are desirable from a human 

nutritional point of view. But in terms of eating quality, polyunsaturated fatty acids 

are negatively correlated, whereas monounsaturated or saturated fatty acids are 

positively associated with flavor and juiciness (Cameron and Enser, 1991). A firmer 

consistency characterizes polyunsaturated fatty acids, which in turn might 

negatively influence the quality of raw and dry sausages during processing. In 

Classes Percentage of estimated lean meat content

S ≥ 60

E ≥ 55 -  < 60

U ≥ 50 -  < 55

R ≥ 45 -  < 50

O ≥ 40 -  < 45

P < 40
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addition, the increased risk of oxidation by fat containing high amounts of 

polyunsaturated fatty acids influences the quality, too (Leskanich et al., 1993; 

Pfalzgraf et al., 1995). Biederman et al. (2000) reported that fat layers, which 

contain high amounts of monounsaturated or saturated fatty acids, are located 

primarily further away from the surface of the carcass. The content of saturated 

fatty acids increases in the order of dorsal backfat, ventral backfat, and flare fat, 

whereas the proportions of mono- and polyunsaturated fatty acids decrease 

(Biedermann et al., 2000). Furthermore, the increased content of lean meat in the 

carcass is accompanied by a reduction of the intramuscular fat, which influences 

meat sensory traits, such as tenderness, juiciness, and flavor (Switonski et al., 

2010). In summary, it is important for pig breeding to find a balance between the 

aim of a high proportion of lean meat and the maintenance of a sufficient content 

of fat. 

2.2.2. Fat accumulation during growth 

The development of body composition is determined by different growth intensities 

of the tissues (Irshad et al., 2013). The development starts with the vital organ 

systems, followed by the bone system, muscles, and finally fat (Kirchgeßner, 2004). 

For the development of adipose tissue, Lawrence and Fowler (2002) support the 

assertion that in the postnatal life of pigs, hyperplasia is the driving force up to an 

age of approximately 2 months, while hypertrophy is the more important force after 

an age of approximately 5 months (Lawrence and Fowler, 2002). Against the 

background of these “developmental” laws, whereby essential tissues are being 

built first, the strong growth of lean meat content at the beginning, and the 

increasing fat content at the end of fattening can be explained (Switonski et al., 

2010; Bayerische Landesanstalt für Landwirtschaft, 2011). Pigs are normally 

slaughtered at body weights between 110 and 120 kg, because rearing pigs to 

heavier slaughter weights results in a lower percentage of lean meat in the carcass 

(Xue et al., 1997). Fat accumulation speeds up with advancing development. 

Therefore, the carcass composition is partly determined by the duration of organism 

growth (Knecht and Duziński, 2016). Consequently, rearing pigs to heavier 

slaughter weights, leads to an increase of the cost of pork production due to higher 

costs of keeping the animals longer paired with larger amounts of feed and a 

proportionally lower payment for the carcass (Switonski et al., 2010). Growth 

analysis shows a rapid accumulation of subcutaneous adipose tissue after three 
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months, and leads to the fact, that SAT represents the largest fat depot in the body 

(Davies and Pryor, 1977; Hishikawa et al., 2005). SAT is deposited before the 

visceral adipose tissue, but Kolstadt (2000) reported an increasing proportion of 

VAT with increasing live weights (Kolstad, 2000). In accordance, Fischer et al. 

(2006) found an increase of the abdominal fat in the carcass of heavier pigs. They 

examined the carcass of Piétrain-Landrace crossbreds at a final weight of 110, 135, 

and 160 kg. A 9 point scale was used to evaluate the abdomen towards its fatness. 

The value “1” stands for “heavily fatty” and “9” represents “very lean”. In castrated 

males, the abdominal values changed from 5.0 at a weight of 110 kg to 3.2 at a 

weight of 160 kg. In females, the values are 7.6 (110 kg) and 4.1 (160 kg) (Fischer 

et al., 2006). In general, Mohrmann et al. (2006) found the highest accumulation of 

fat in a weight range between 90 and 120 kg, whereas Giles et al. (2009) reported a 

range of 80 to 100 kg (Mohrmann et al., 2006; Giles et al., 2009). It can be 

summarized that the percentage of fat rises as a pig becomes older and heavier 

(Bracher-Jakob, 2000; Littmann et al., 2006; Bernau, 2011). Besides age and 

weight, fat accumulation is influenced by other factors (Dunshea and D’souza, 

2003), such as ambient temperature (Close and Mount, 1978; Kouba et al., 2001; 

Trezona et al., 2002), feed intake (Annison and Australia, Standing Committee on 

Agriculture - Pig Subcommittee, 1987; Gilbert et al., 2007), sex (Chapter II.2.2.3 

Sex related differences of adipose tissue in pigs), genetic origin (Chapter II.3 

Genetic origin), and selection. 

2.2.3. Sex related differences of adipose tissue in pigs 

The sex of animals influences the rate of growth, the development, and the tissue 

composition. Differences between gilts, barrows, and boars can be explained by the 

anabolic effect of sexual hormones: androgens, especially testosterone, and 

estrogens. These hormones are produced in the testis of boars. Therefore, boars 

have the “double dose” of anabolic steroids (Bracher-Jakob, 2000). In gilts, only 

estrogen of the ovaries is present. As result of castration, these sex hormones are 

lacking in barrows. Androgens stimulate muscle growth by an increasing protein 

synthesis, which may lead to a relative and absolute decrease in fat deposition 

(Irshad et al., 2013). If the dose of androgens is low, energy is transferred to fat at 

a higher rate (Jaturasitha et al., 2006). Furthermore, androgens have an anti-

anabolic effect and therefore protect the muscle against an excessive degradation 

(Claus and Weiler, 1994). Estrogens effectively promote the deposition of fat, but 
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the effect towards protein synthesis is controversial. Irshad et al. (2013) rates the 

effect of estrogen as minor, whereas Claus et al. (1994) explains an indirect effect 

of estrogens on protein synthesis by a stimulation of the release of growth hormones 

and insulin-like growth factor 1 (Claus and Weiler, 1994; Irshad et al., 2013). In 

addition, androgens and estrogens lead to a decreased feed intake. Claus et al. 

(1994) compared the ad libitum feed intake during a three-day control period in 

barrows to the intake after an injection of steroids. Testosterone in a dose of 

0.1 mg/kg leads to a feed intake reduction by 4.4%, and a higher dose of 1 mg/kg 

even to a change of -21.4%. The same effect can be seen by an injection of estradiol 

with a dose of 0.1 mg/kg and 1 mg/kg, which leads to a feed intake reduction by 

5.3% and 20.2%, respectively (Claus and Weiler, 1994). Newell and Bowland 

(1972) confirmed the influence of sex towards feed intake in their study. In the 

growth period up to 50 kg live weight, boars consumed the least and barrows the 

greatest amount of feed. The feed consumption of gilts was intermediate, but the 

difference to boars and barrows was not significant. For the entire duration of the 

project, boars consumed on average 2.17 kg feed per day, gilts 2.38 kg, and barrows 

2.48 kg, respectively. The differences in feed intake by sex were not significant for 

the overall experiment. Nevertheless, the trend established in the growing period, 

whereby boars consumed the least and barrows the greatest amount of feed, still 

exists for the overall experiment (Newell and Bowland, 1972). Müller et al. (2010) 

described a consumption of 2.23 kg per day for boars, 2.27 kg for gilts, and 2.69 kg 

for barrows (Müller et al., 2010). Furthermore, there is a big debate about the 

influence of sex towards weight gain. Newell and Bowland (1972) described in the 

same study, focusing on feed intake, no significant effect of sex on the growth rate, 

yielding in the average 720 g/day. During the finishing period, boars gained 

significantly more weight than barrows and gilts (Newell and Bowland, 1972). 

Jaturasitha et al. (2006) also found no significant effect of “gender” concerning 

growth rates. Regarding average daily gains (ADG), boars are in first position with 

0.68 kg/day, followed by barrows (0.67 kg/day), and gilts (0.64 kg/day) (Jaturasitha 

et al., 2006). In a Swedish study, Landrace and Yorkshire boars reached slaughter 

weights of 90, 110, and 130 kg always earlier than barrows and gilts. The peak 

ADG reach boars at a live weight ten kilograms heavier than barrows. Barrows 

reached maximum ADG between 70 and 90 kg (Hansson et al., 1975). Bracher-

Jakob (2000) and Müller et al. (2010) obtained approximately equal ADG in boars 

and barrows up to an age of 100 days. After this period, boars show a significantly 
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higher weight gain (Bracher-Jakob, 2000; Müller et al., 2010). In this context, also 

the feed conversion ratio (FCR), which is influenced by sex, is often examined. In 

the same study by Müller et al. (2010), the boars need with 2.19 kg/kg the lowest 

amount of feed for one kilogram weight gain. Gilts reach intermediate values with 

a FCR of 2.37 kg feed/kg weight gain, while barrows have the highest FCR with 

2.66 kg feed/kg weight gain (Müller et al., 2010). In contrast, Jaturasitha et al. 

(2006) found no significant effect of “gender” concerning the FCR for the overall 

experiment (body weight range: 30-110 kg). The FCR records, however, are 

smallest for boars (3.11 kg feed/kg gain) and unexpectedly highest for gilts 

(3.44 kg feed/kg gain); with barrows being intermediate (3.19 kg feed/kg gain). In 

the body weight range between 30 and 60 kg, the differences between the sexes 

were significant showing the same order (Jaturasitha et al., 2006). Newell and 

Bowland (1972) reported a significant effect of gender on FCR, where barrows 

reach the highest ratio with 3.40 kg feed/kg gain, followed by gilts 

(3.31 kg feed/kg gain), and boars (3.01 kg feed/kg gain) (Newell and Bowland, 

1972). In a literature review of Xue et al. (1997), concerning the performance, 

carcass, and meat quality of boars and barrows, the described feed conversion ratios 

were always higher in barrows with a range between 2.55 and 3.76 kg feed/kg gain 

compared with boars (2.44-3.47 kg feed/kg gain) (Xue et al., 1997). In the context 

of growth rates, the ADG, and FCR are records of interest, but of greater importance 

is which kind of tissues the pig will develop during the fattening period. There, the 

gain of lean meat tissue is targeted – with a simultaneously low rate of fat 

deposition. In general, carcasses of boars consist of a higher lean meat content 

paired with less fat compared to barrows and gilts. Most studies in this field evaluate 

the conventional carcass traits such as backfat thickness and longissimus muscle 

area (loin eye area). For barrows, reports state values between 1.4 and 4.4 cm for 

backfat thickness, and 21.7 to 47.2 cm² for loin eye area. Boars show a lower 

backfat thickness (1.2-3.5 cm), and larger loin eye areas (24.8-48.5 cm²); while gilts 

are intermediate (Christian et al., 1980; Xue et al., 1997; Jaturasitha et al., 2006). 

The same order results for the content of lean meat and fat. Bauer and Judas (2014) 

obtained the highest lean mean content combined with the lowest fat content for 

boars (lean meat: 61%, fat: 19%), followed by gilts (lean meat: 59%, fat: 22%), and 

barrows (lean meat: 57%, fat: 25%) (Bauer Aneka and Judas M., 2014). Xue et al. 

(1997) reviewed for boars a lean meat percentage in the range of 55.9 to 64.4% with 

a fat percentage of 18.6 to 34.2%. Barrows showed a higher percentage of fat (27.3-
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41.4%) paired with a lower percentage of lean meat (49.7-57.8%) (Xue et al., 1997). 

In contrast to these results, Jaturashita et al. (2006) described in their study a higher 

lean meat percentage in gilts (66.6%) compared to boars (63.9%) and barrows 

(61.8%). The fat content is in accordance with the studies before, where barrows 

reached the highest percentage with 20.0%, followed by gilts (16.0%) and boars 

(15.4%) (Jaturasitha et al., 2006). Mitchell et al. (1998) analyzed carcasses of boars 

and gilts by using dual energy X-ray absorptiometry and found higher percentages 

of fat for gilts than for boars (33.9% vs. 27.8%). Additionally, the lean meat 

percentage was lower in gilts (64.5%) compared to boars (70.7%) (Mitchell et al., 

1998a). In a study of Pappenberger (2014), examining the body composition in MRI 

and DXA scans, gilts showed a higher lean meat content (82.6%) and a lower fat 

percentage (15.0%) than barrows (lean meat: 79.7%, fat: 18%) at an age of 

approximately 150 days. Further, the lean meat content in the loin (80% vs. 83.8%) 

and in the ham region (88.9% vs. 90.4%) was lower in barrows compared to gilts. 

Consequently, barrows showed a higher fat percentage in the loin (20.0% vs. 

16.2%) and in the ham (11.1% vs. 9.6%) than gilts (Pappenberger, 2014). Although, 

bellies from boars contained a higher percentage of lean meat compared to barrows 

and gilts. Müller et al. (2010) described 60.4% lean meat content in the bellies of 

boars, 59.2% for gilts and only 55.7% for barrows (Müller et al., 2010). In 

accordance, Duziński et al. (2015) and Correa et al. (2008) found a higher 

accumulation of fat in the belly of barrows than of gilts (Correa et al., 2008; 

Duziński et al., 2015). In a study of Peinado et al. (2008) the same sex related 

differences of adipose tissue emerged by comparing carcass traits of intact females 

with castrated females, and castrated males. The lack of anabolic steroid in both 

animals explains the similarity of all carcass traits for castrated males and castrated 

females. Carcasses of the castrated individuals were heavier and the backfat as well 

as the gluteus medius fat thickness were greater. Castrated males got 24.4 mm, 

castrated females 24.6 mm, and intact females 21.6 mm backfat. Furthermore, the 

content of muscular fat of the loin was higher in castrated females and castrated 

males, but no difference was found between the two sexes (Peinado et al., 2008). In 

summary, sex influences the rate of fat and protein deposition and results in a more 

muscular and less fat carcass of males compared to females and castrated males.  
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3. Genetic origin 

The pig is one of the oldest domesticated animals and has its origin in the wild boar 

(Ribani et al., 2019). The domestication of the wild boar started about 9,000 years 

ago in the Near East. Towards the end of the High Middle Ages, interest in 

improving pig performance arose in Germany, but coordinated breeding did not 

begin until after the establishment of a studbook or respectively a herd book in the 

1880s together with the founding of the Chamber of Agriculture. In Germany, the 

most common pig breeds are German Landrace, Large White, and Piétrain. The 

different demands of breeders, fatteners, and meat processors lead to various 

breeding objectives for the breeds. A number of 73 herd book holdings in Bavaria 

are organized within the producer organization “Erzeugergemeinschaft und 

Züchtervereinigung für Zucht- und Hybridzuchtschweine in Bayern w.V. (EGZH)” 

securing a standardized breeding scheme. In 2016, the genomic estimation of 

breeding values was introduced for EGZH pig breeders in Bavaria (Bayerisches 

Staatsministerium für Ernährung, Landwirtschaft und Forsten, 2018). In general, 

the determination of breeding values as early as possible is desirable and will lead 

to a shorter generation interval with a faster achievement of the breeding objectives 

(Schaeffer, 2018). Furthermore, the classifications for pig breeds are sire or dam 

breeds, and within these the requirements towards specific traits vary. In Germany, 

German Landrace and Large White are classified as dam breeds with a stronger 

focus on fertility related traits, whereas Piétrain belongs to the sire breeds with a 

major focus on carcass quality traits. Within the breed Duroc, a sire and a dam breed 

line exist in Germany. However, this classification system is not standardized 

worldwide. For example, a sire breed line out of the Large White dam bred was 

selected in Switzerland in the year 2002 (Willam and Simianer, 2017). Actually, 

every breed could theoretically serve either as dam or as sire breed – always 

depending on the breeding objectives and the selection program. Figure 4 illustrates 

the EGZH breeding objectives with their proportional weights within the overall 

breeding value for the breeds: Piétrain – as a classical sire breed, and for German 

Landrace and Large White – as dam breeds. The main breeding objectives for sire 

breeds are fattening and carcass performance, which show up as very efficient feed 

conversion, as well as outstanding lean meat contents including large loin eye areas 

and small (back) fat areas (or depths). High fertility and good mothering skills are 

of major interest in dam breeds. The following chapters describe the four breeds 
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used in this study and the crossbreeding scheme is illustrated in Figure 6 (Chapter 

VIII Supplementary Material). 

Highlighting the differences in the breeding objectives and characteristics will help 

to explain the influences of genetic origins towards fat accumulation. 

 

 

Figure 4. Breeding goals of sire (Piétrain) and dam (German Landrace and German 
Large White) breeds modified according to “Erzeugergemeinschaft und 
Züchtervereinigung für Zucht- und Hybridzuchtschweine in Bayern w.V” (EGZH) 
(2015)  

feed conversion, 31%

daily gain; 20%amount of pork belly; 18%

lean meat content; 13%

vitality; 9%

drip losses; 7%
intramuscular fat content; 2%

Breeding goals "Piétrain"

weaned piglets; 33%

weaned piglets production; 14%

piglets born alive, 13%

daily gain; 12%
inverted teat; 9%

feed conversion; 7%

lean meat content; 4%

intramuscular fat content; 4%
stayability rate; 2%
drip losses; 1%

pH value (cutelett); 1%

Breeding goals "German Landrace" and 

"Large White"
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3.1. German Landrace 

German Landrace is the most common dam breed in Germany. In 2018, 6,028 sows 

and 153 boars were registered (Weiß, 2011; Gesellschaft zur Erhaltung alter und 

gefährdeter Haustierrassen e. V., 2020a). The crossing of different local breeds by 

including “Yorkshire” boars led to the Landrace breed at the end of the 19th century 

(German Genetic, 2020). In the 1950s, the demands of the society changed towards 

leaner pigs and therefore, especially pigs with Danish “genetic” were crossed into 

the local Landrace lines. As result of this “refinement” crossing, our typical 

“German Landrace” emerged as a long meat pig (porker). German Landrace is 

large-sized with a white skin, white bristles, and dropping ears (Bellof and Granz, 

2018). Furthermore, a high fertility, which shows up as excellent rearing 

performance combined with a high milk yield, is characteristic for this breed. 

Besides the important traits in the context of fertility, high daily gains with a 

favorable feed conversion resulting in an optimal meat performance with a high 

percentage of valuable parts are attained (Sambraus, 1987). The German Landrace 

is consequently a stress stable and fertile universal pig (Vogt, 2016). Breeding goals 

are being consistently adapted to reach the demands of the consumers, the breeders, 

and the fatteners. Presently, animal welfare and ethnicity play a major role besides 

the performance. The Bavarian State Research Center for Agriculture (LfL), for 

example, specified the breeding objectives in 2010 towards better fertility, what 

resulted in an initial fall of the lean meat content. After changing the breeding 

strategy again in 2015, it took another 5 years to return to the level of 2010. Since 

2016, in addition to the number of weaned piglets, the weight of the piglets and the 

number of stillborn piglets have been recorded in order to achieve homogeneous 

litters and a good rearing performance, which are reflected in the breeding goals for 

2020 (Bayerische Landesanstalt für Landwirtschaft, 2020). Current breeding 

objectives are: more than 14 piglets born alive, more than 900 g daily gains, a lean 

meat content of over 56% in barrows, and less than 2.7 kg feed per kg gain 

(Hybridschweinezuchtverband Nord/Ost e.V., 2020). The breeding report of 2019 

by the LfL describes for German Landrace daily gains of 959 g for boars and 

1,000 g for barrows, a lean meat content of 57.6% for boars and 53.7% for barrows, 

as well as a meat-to-fat-ratio of 0.41 for boars and 0.51 for barrows (Bayerische 

Landesanstalt für Landwirtschaft, 2020). Table 2 summarizes the achieved 

performance testing results regarding growth and carcass traits for all examined 

breeds in Germany. 
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The trend in fertility and weaning performance in Germany shows an increasing 

number of piglets born alive, a higher number of piglets weaned per sow and year, 

but also an increase of piglet losses. The means of the last decade are 13.6 piglets 

born alive, 27.3 piglets weaned per sow and year, and 14.7% piglet losses. In 2018, 

German Landrace sows gave birth to averagely 15.2 piglets alive and raised 29.9 

piglets per sow and year until weaning. The piglet losses increased by 0.5% to 

15.2% in 2018 compared to the average of the last ten years (Bundesverband Rind 

und Schwein e.V., 2019). 

 

Table 2. Performance test results for growth, feed efficiency, and carcass quality 
of four German pig breeds - 2018 (Bundesverband Rind und Schwein e.V., 2019) 

 

3.2. Large White 

The Large White originated from the “Marschschwein” and the English Yorkshire 

by displacement breeding in the second half of the 19th century. In 1904, Germany 

recognized the “Large White” as an official breed. Since the breeding goals for 

Large White already aimed at meat performance, the changed consumer 

requirements in the post-war period did not lead to drastic changes of the type. In 

2018, 4,149 female and 99 male Large White pigs formed the population in 

Germany (Gesellschaft zur Erhaltung alter und gefährdeter Haustierrassen e. V., 

2020b). The exterior of the Large White resembles the German Landrace: large-

framed, white skin, and white bristles; but is further characterized by a medium 

length, a broader head, and prick ears. Prematurity, a “good” feed conversion, a 

stable constitution, as well as a high fertility and a “good” meat performance are 

Piétrain German Landrace Large White Duroc
boar 202 611 67
sow 720 47 2 54

barrow 1,463 455
boar 882 941 927
sow 833 885 900 920

barrow 996 951
boar 2.3 2.4
sow 2.6 2.6 2.5

barrow 2.6 2.6
boar 46 45
sow 71 50 52

barrow 46 47
boar 0.4 0.3
sow 0.1 0.3 0.3

barrow 0.5 0.5
boar 18.6 19.7
sow 14.1 20.7 21

barrow 23.9 25.1
boar 58.1 58.3
sow 67.6 58.2 62.3

barrow 54.4 54.4

Backfat thickness (mm)

Lean meat content (%)

Number of animals

Daily gains (g)

Feed conversion (kg feed/kg gain)

Loin eye area (cm²)

Lean-fat-ratio
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specific characteristics of this breed (Sambraus, 1987; Falkenberg and Hammer, 

2007). In addition, the Large White is only slightly susceptible to stress and is 

sometimes even considered to be 100% homozygous stress stable (Bellof and 

Granz, 2018; Gesellschaft zur Erhaltung alter und gefährdeter Haustierrassen e. V., 

2020b). As mentioned before (Chapter II.3 Genetic origin), the Large White is 

classified as a dam breed in Germany, whereas a dam and a sire line exist in 

Switzerland since 2002. Both lines differ accordingly in their breeding goals. The 

breeding association “Hybridschweinezuchtverband Nord/Ost e.V.” describes the 

following breeding objectives for the Large White: more than 13 piglets born alive, 

less than 2.6 kg feed per kg body weight gain, more than 900 g daily gain and a lean 

muscle content of more than 56% in barrows (Hybridschweinezuchtverband 

Nord/Ost e.V., 2020). In the review of Leenhouwers and Merks (2013), different 

performance objectives in various European countries (including inter alia 

Denmark, Sweden, Italy and Spain) were collected in the years 2006 to 2010. For 

the Large White, they report 11.5 piglets born alive, 9.4 weaned piglets per litter, 

and 2.2 litters per year (Leenhouwers and Merks, 2013). Using the database of the 

Hybridschweinezuchtverband Nord/Ost e.V. of the years 1997 to 2010, Freyer and 

Mayer (2012) described 10.5 piglets born alive in the first litter and 11.3 in further 

litters (Freyer and Mayer, 2012). In the field of carcass performance, the Large 

White achieved similar results as the German Landrace, but the significantly lower 

number of examined animals is inevitable to consider. Table 2 contains the 

corresponding records. Barrows reached a lean meat content of 54.4%, with a meat-

to-fat-ratio of 0.5 and a backfat thickness of 25.1 mm. The daily gains were 927 g 

for boars, 900 g for sows, and 951 g for barrows. 

3.3. Piétrain 

The name of this breed can be traced back to a small village called “Piétrain” in 

Belgium, where a single breeder kept these pigs in the years after the First World 

War. Already around 1930, higher revenues were achieved with Piétrain pigs, but 

the breed was not officially recognized until 1951. Its genetic origin is still partially 

unknown, but it is hypothesized that the breed originated from the French breed 

Bayeux. In the end of the 1950s, the first pigs were imported to Germany. 

Nowadays, it is the most often used sire breed (in Germany and other parts of the 

world) due to its high lean meat content (Sambraus, 1987; Kräusslich and Brem, 

1997; Bellof and Granz, 2018). Piétrain pigs are medium framed with a deep and 
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wide body, white to grey colored with black or brown spots, and short prick ears. 

Characteristics of this breed are a low percentage of fat and a high lean meat 

content, especially in the shoulder and ham, which is responsible for calling these 

pigs “Four-Ham-Pig”. However, the high susceptibility to stress and the poor meat 

quality, were negative characteristics of this breed (Sambraus, 1987; Bellof and 

Granz, 2018). Since stress influences the meat quality, breeders put strong efforts 

towards the reduction of the stress susceptibility rate. Genotyping by PCR helped 

to detect the (homozygous and heterozygous) stress susceptible pigs by identifying 

the malignant hyperthermia syndrome (MHS) genotype to determine whether a 

mutation of the ryanodine receptor gene 1 exists, which is responsible for the 

susceptibility to stress (Littmann et al., 2006; Bellof and Granz, 2018). Even 

though, homozygous stress stable Piétrain lines are already available, MHS testing 

is still mandatory for this breed (Littmann et al., 2006; Bellof and Granz, 2018). 

The breeding objectives of the Hybridschweinezuchtverband Nord/Ost e.V. are 

daily gains of 800 g, less than 2.4 kg feed per kg body weight gain, and more than 

63% lean meat content in barrows (Hybridschweinezuchtverband Nord/Ost e.V., 

2020). In 2018, only boars and sows were examined by the German Livestock 

Association (BRS), they reached daily gains of 882 g for boars and 833 g for sows. 

With a lean meat content of 67.6%, a backfat thickness of only 14.1 mm, and a 

meat-to-fat-ratio of 0.1 (values in sows), the Piétrain pigs meet the consumer 

requirements of lean pork (Table 2) (Bundesverband Rind und Schwein e.V., 2019). 

Piétrain pigs in Bavaria reached daily gains of 831 g, a feed conversion rate of 

2.24 kg feed per kg body weight gain, and a lean meat content of 68% (Bayerisches 

Staatsministerium für Ernährung, Landwirtschaft und Forsten, 2018). In the field 

of fertility, Piétrain sows farrow on average 2.36 times a year with 10.3 piglets born 

alive and a total number of 11.3 piglets per litter (Hybridschweinezuchtverband 

Nord/Ost e.V., 2013). In summary, the Piétrain pig is suitable to be used as “the” 

sire breed for the production of fattening hybrids, due to the most preferred 

conformation (in Germany) and medium daily gains (Bellof and Granz, 2018). 
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3.4.  Duroc 

This breed originated in the East of the United States, as well as in Corn Belt. It is 

assumed that they developed out of the Jersey Red of New Jersey and the “Duroc” 

of New York (Breeds of Livestock - Department of Animal Science, 2020). Since 

1885, a breed standard exists for Duroc. This breed is widely dispersed throughout 

Europe and North America. In Germany, this breed is present since 1980, but only 

a few pure breeding sites for Duroc exist. This and other European countries use 

Duroc especially for crossbreeding programs due to their high robustness and their 

high intramuscular fat content, which leads to a good meat quality. All pigs are 

stress stable (Sambraus, 1987; Bellof and Granz, 2018). Weißmann et al. (2010) 

have shown in their study, that already a proportion of 25% Duroc genes 

significantly promotes meat quality under organic fattening conditions (Weißmann 

et al., 2010). Pigs of this breed are large-framed, light red to red-brown colored, 

have a clear curved (convex) back, and dropping ears (Sambraus, 1987; Kräusslich 

and Brem, 1997). Durocs are characterized by excellent growth rates (Bellof and 

Granz, 2018). The Hybridschweinezuchtverband Nord/Ost e.V. defines more than 

900 g daily gain, less than 2.8 kg feed per kg body weight gain, a lean meat content 

of more than 57% in barrows, and more than 11 piglets born alive per litter as 

breeding goals for Duroc (Hybridschweinezuchtverband Nord/Ost e.V., 2020). In 

2018, the examined Duroc sows in Germany achieved daily gains of 920 g with a 

feed conversion rate of 2.5 kg feed per kg gain, a lean meat content of 62.3%, a 

backfat thickness of 21 mm, and a meat-to-fat-ratio of 0.3 (Bundesverband Rind 

und Schwein e.V., 2019). Glodek et al. (2004) compared in their study the effect of 

different sire breeds on growth, carcass composition, and meat and fat quality. They 

found a higher daily gain (+ 33 g), but a smaller loin eye area resulting in a smaller 

lean meat content in crossbreds originating from Duroc terminal boars compared to 

crossbreds originating from Hampshire or Piétrain terminal boars (Glodek et al., 

2004). Some Duroc sow lines are characterized by having good maternal attributes 

and a high milk yield (Bellof and Granz, 2018). Furthermore, they reached on 

average 2.3 litters per year, with totally 11.5 piglets born per litter, and 10.6 piglets 

born alive (Hybridschweinezuchtverband Nord/Ost e.V., 2013). Duroc pigs may be 

used as terminal sire line or as dam line to positively affect growth, stress stability, 

and meat quality. However, small losses in the meat content must be expected (Kurt 

and Klont, 2010; Bellof and Granz, 2018). Pedersen et al. (2019) examined the 

differences in paternal fertility and mortality during the suckling period of crossbred 
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progeny from Piétrain and Duroc terminal sire lines. The total number of piglets 

born were higher when Piétrain boars (total number: 18.7) were used as the terminal 

sire line than when Duroc boars (total number: 18.2) were used. However, the mean 

litter sizes were 14.5 and 14.9 in Piétrain and Duroc litters, respectively, at 21 days 

after birth. Consequently, the mortality of Piétrain piglets was significantly higher 

than for Duroc piglets. The mortality rate including still born piglets was 19.1% in 

the Duroc litters and 23.6% in the Piétrain litters (Pedersen et al., 2019). 

4. Medical imaging methods 

4.1. Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is a non-invasive medical imaging method to 

display the inside of the body using magnetic fields and high frequency pulses. 

Since the 1980s MRI is an important component of clinical diagnostics and is 

constantly being improved. Besides computed tomography, MRI is the most 

common method of medical imaging in human medicine. The MRI is remarkable 

for its accurate, multiplane, and three-dimensional imaging without the need for 

harmful X-rays. Furthermore, a good soft tissue differentiation characterized the 

MRI and it is therefore suitable for examination of the abdomen. However, due to 

long acquisition times and the need of a motionless positioning, sedation may be 

carried out in humans and it is indispensable in animals. Experts are essential for 

sedation, for the investigation, and the evaluation of the cross-sectional images. In 

addition, the investment cost, as well as the running cost of a MRI system are high 

(Mihaljevic et al., 2009). 

4.1.1. Technical functionality of MRI 

In contrast to many other imaging techniques, the MRI does not rely on harmful 

ionizing radiation but rather uses magnetic fields and radio frequency radiation. The 

object to be examined is placed in an external magnetic field with a strength of 

typically about 0.5-1.5 (3.0) T. The part that needs to be examined is irradiated with 

radio waves, and finally the data are obtained by detecting radio waves emitted by 

the hydrogen atoms in the object. 

The underlying physical principle of MRI is the nuclear magnetic resonance, where 

spinning magnetic moments of atomic nuclei are brought into resonance. In 

particular, hydrogen nuclei, which are protons, are considered in MRI being the 
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most abundant nuclei in biological tissue. An important characteristic of protons is 

their spin, which has two states - up and down - while the proton itself is randomly 

oriented in space. The magnetic moment is proportional to the proton charge and 

points in the direction of the spin. Given a large number of protons, their random 

orientation leads to zero net magnetization. When the object is placed in an external 

magnetic field, the protons either align parallel or antiparallel to the magnetic field 

vector. Since the parallel orientation is energetically favorable, more protons align 

in parallel direction (Schild, 1997). This leads to a net magnetization in the direction 

of the external magnetic field vector (longitudinal magnetization). However, the 

proton magnetic moments do not align exactly along the field vector but rather 

precess around it. The precession frequency (Larmor frequency) is unique for every 

type of atom that has a net spin. Considering only a single proton, the precession 

leads to a non-zero transversal magnetization. Taking into account all hydrogen 

nuclei in the examined object, the net transversal magnetization is zero since their 

precession is out of phase. 

In the next step, gradient coils expose the examined tissue to electromagnetic 

radiation with a frequency matching the precession frequency of the hydrogen 

nuclei. The resulting resonance initiates two processes elevating the system to a 

higher energy state: 

- Due to the introduction of energy into the system, parallel-aligned spins flip 

in antiparallel orientation until the number of parallel and antiparallel spins 

is equal. This leads to a zero net magnetization in longitudinal direction.  

- The precession of the protons is brought into coherence leading to a non-

zero transverse magnetization. 

By turning off the radiation, the system returns to its previous lower energy state 

through relaxation. Relaxation can be divided into two types. The first one is the 

longitudinal or spin-lattice relaxation describing the antiparallel spins flipping back 

to parallel, which increases the longitudinal magnetization. The second type is the 

transversal or spin-spin relaxation describing the precession of the proton magnetic 

momenta going out of phase, which decreases the transversal magnetization. The 

relaxation times are defined as longitudinal (T1) and transversal relaxation time 

(T2) (Schild, 1997; Mihaljevic et al., 2009). T1 is the time it takes for the increasing 

longitudinal magnetization to reach 63% of its maximum and T2 is the time it takes 

for the decreasing transversal magnetization to go down to 37% of its maximum. 
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T1 and T2 are specific for different types of tissue. Therefore, T1 and T2 time help 

to distinguish among body tissues. Water characteristically has a very long T1 and 

T2, whereas larger molecules, such as fat, have a short T1 and T2. The different 

relaxation times in combination with using several high frequency pulses help to 

distinguish different tissues (Schild, 1997). Depending on the pulse sequences, T1- 

or T2- weighted images can show and emphasize different tissue characteristics. 

Table 3 summarizes how the tissues are displayed in the correspondingly weighted 

image (Mihaljevic et al., 2009; Weishaupt et al., 2014). 

 

Table 3. Resonance intensity of tissues in T1- and T2-weighted images 

 

 

The MRI device measures longitudinal and transversal magnetization. A proper 

localization of the signal is necessary to obtain an image. Therefore, orthogonal 

gradient fields in x, y, and z direction are applied where the z-axis points along the 

main magnetic field leading to a varying magnetic field across the examined object. 

Since the Larmor frequency of the hydrogen nuclei is proportional to the magnetic 

field, a superposition of the gradient fields upon the main magnetic field divides the 

object space into volume elements (voxels) with slightly varying Larmor 

frequencies. In a final step, the data is subject to an inverse Fourier-Transformation, 

in order to obtain a greyscale image for every z-slice. 

  

Hyperintens Hypointens

Water (liquor, edema, inflammation)

Bones (in general hard to display due to the minimal 

water content)

Muscle

 Ligaments, tendons

Air (no signal)

 Bones

Water (liquor, edema, inflammation) Ligaments, tendons

Fat (less hyperintens as in T1) Muscle

Air (no signal)

T1-
weighted

Fat, high-fat tissue (white brain matter)

T2-
weighted
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4.1.2. Artifacts in the MR image 

The magnetic resonance tomography is prone to artifacts, and the knowledge and 

especially the recognition of these artifacts are important for a correct evaluation of 

MR images. The main group of artifacts is patient related and leads to blurred 

images. Long examination times often lead to motion and flow artifacts. Patient 

movement, intestinal peristalsis, or the heartbeat, and breathing cause motion 

artifacts. Whereas, circulating blood in large vessels leads to flow artifacts. For 

examinations of the abdomen, this group of artifacts plays an important role and 

must be considered in the evaluation. The next group are signal processing 

dependent artifacts including chemical shift, phase wrap-around, and partial volume 

artifacts. The resonance frequency of protons varies according to the chemical 

surrounding and can lead to a mislocalization of the signal. Water and fat interfaces 

amplify this artifact, which shows up as dark line around the interfaces. Phase wrap-

around is an effect, which projects structures laying outside the image section into 

it and occurs, when the dimension of the object exceeds the defined field of view. 

It can be recognized as a folding over of anatomic parts into the area of interest 

(Mihaljevic et al., 2009). The occurrence of structures with different signal 

intensities (for example muscle and fat) within a voxel causes partial volume 

artifacts. The signal intensities are being averaged and show up as an average grey 

value of all tissues within one voxel (Mihaljevic et al., 2009; Weishaupt et al., 

2014).  

4.1.3. MRI in pigs 

During the last years, many studies evaluated the potential of MRI to evaluate the 

body composition. In general, the MRI serves as a reference method for body 

composition analyses in pigs and their carcasses. This non-invasive imaging 

technology has the ability to determine the exact (direct) volume of tissues, but 

often estimation equations are being used by analyzing only a defined body region 

or area. In addition, it is possible to examine the growth dynamics of pigs (or other 

animals) over a certain period by performing repeated measurements. In the field 

of livestock breeding, MRI allows a direct study of the potential breeding pig, and 

testing the offspring combined with slaughtering them could become less important. 

Bernau (2011) analyzed the body composition in male and female pigs with a 

weight of 80 kg and 100 kg and tried to estimate the body composition of the 100 kg 

pigs based on the values of the pigs with a weight of 80 kg. This study examined 
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the lumbar, the femoral, and the gluteal region of 95 sows and 22 boars with 

different genetic origins (including crossbreds) by using an open low-field MRI 

system. In the lumbar region, the volume of the longissimus dorsi muscle, as well 

as its above located fat volume, showed a high relationship between the two 

measurements at 80 and at 100 kg body weight (R² for the volume of the 

longissimus dorsi muscle = 0.86, RMSE = 82 cm³ / R² for the fat volume above the 

longissimus dorsi muscle = 0.91, RMSE = 41 cm³). The relationship of these values 

was even higher for boars only (both R² = 0.97). In the femoral and gluteal region, 

the regression coefficient for muscle (R² = 0.79, RMSE = 292 cm³) and fat 

(R² = 0.44, RMSE = 137 cm³) volume was lower than in the lumbar region. Overall, 

the results of this study show the ability of MRI to estimate the body composition 

in pigs with 100 kg based on values at a weight of 80 kg. Therefore, an earlier 

performance test would provide the opportunity to slightly shorten the generation 

interval by evaluating the potential breeding animals at younger ages with smaller 

body weights and to sort out inappropriate animals earlier (Bernau, 2011). Genomic 

selection, however, makes this approach of an earlier performance test obsolete. 

The study of Fowler et al. (1992) quantified the adipose tissue in lean and obese 

pigs in vivo and compared the MRI data with dissection and chemical analyses. The 

killed and frozen pig was sliced at the location of the MRI sections, in order to 

analyze the adipose tissue and lipid content of every slice. Fowler et al. (1992) 

conclude a high accuracy of MRI to quantify adipose tissue in vivo due to the high 

relationships between MRI and dissection or chemical analyses results. MRI 

underestimated the percent of abdominal adipose tissue and overestimated the 

percent of cervical adipose tissue by less than 6% (Fowler et al., 1992).  

In addition, Monziols et al. (2006) determined the ability of MRI to quantify 

muscle, subcutaneous and intramuscular fat in carcasses and cuts of pigs. The 

results of total fat content and subcutaneous fat showed high relationships for all 

cuts between MRI and dissection (R² > 0.92). In addition, the regression 

coefficients for lean meat content between the MRI and the dissection in single cuts 

and in the whole body were high with values of R² = 0.95 to 0.99. In conclusion, 

Monziols et al. (2006) rates the ability of using MRI examination as very high and 

hypothesized that MRI could replace the classical dissection (Monziols et al., 

2006). 

Mitchell et al. (2001) tried to find a specific region to best predict the body 
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composition by studying 111 pigs with MRI. By using the fat volume from the 10-

cm section of longissimus muscle and the fat-muscle ratio from the 15-cm section 

of the ham leads to the best prediction of the percentage of total body fat. Whereas 

a combination of the fat volume from the 10-cm section, the fat-muscle ratio from 

the 15-cm section of the ham, and the lean volume percentage from the 15-cm 

section of the ham provided the best prediction of total body lean percentage. 

Furthermore, the MRI volume of the backfat exceeded slightly (approximately 2%) 

the dissected back fat weight, whereas the MRI volumes of several muscles were 

smaller than the dissected muscle weights (Mitchell et al., 2001). 

In addition, Baulain et al. (2010) showed that MRI can be applied to estimate the 

carcass composition in various pig breeds instead of using a full dissection. The 

carcass and primal cuts of 202 pigs in four different weight classes with an interval 

of 10 kg from 75 to 115 kg were scanned with MRI. As reference served the lean 

meat percentage estimated according to the performance test guidelines in Germany 

using the “Bonner formula”. By determination of five virtual cuts on basis of the 

MRI images, Baulain et al. (2010) tried to find the best region to predict the total 

carcass composition. The ham region showed the greatest errors for all breeds, 

whereas scanning only the shoulder region was sufficient to estimate the muscle 

content of the entire carcass in Piétrain sire lines. In general, the regression 

coefficients between MRI and performance test results (“Bonner Formula”) were 

always higher than R² = 0.95 (Baulain et al., 2010). 

Bernau et al. (2015) investigated the potential of non-invasive imaging methods 

(MRI and DXA) to update the used regression equation (“Bonner formula”) for 

stationary tested boars. For the lean meat percentage, a high relationship was 

observed between the MRI data (thoracic region and ham region), and the dissection 

results (R² = 0.88, RMSE = 0.90%). Therefore, the new formula (MRI) could be 

based on these variables. By comparing the reference lean meat percentage from 

the dissection with the results of the formulas, the new formula (MRI) (R² = 0.71, 

RMSE = 1.35%) achieves nearly the same accuracy as the “Bonner formula” 

(R² = 0.74, RMSE = 1.29). If MRI and DXA data are combined (1. DXA shoulder 

lean tissue, 2. DXA ham lean tissue, 3. Total back fat volume above the Musculus 

longissimus thoracis et lumborum) to create a new formula, the accuracy compared 

to the dissection results was as accurate as the “Bonner formula, but relies on only 

three instead of seven variables (Bernau et al., 2015a). 
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Besides the analysis of body composition, MRI is also used for other purposes in 

pigs, like e.g. the study of cartilage tissue in growing pigs of different genetic 

origins (Winkler, 2017). Dölle (2019) studied the effect of different housing 

systems on the prevalence of osteochondrosis as the main cause of the leg weakness 

syndrome (Dölle, 2019). 

Bernau et al. (2015b) used the MRI technology for safety testing of veterinary 

vaccines by examining the injection site at frequent intervals. MRI allows a 3D 

quantification of the extent of local reactions in vivo and is therefore suitable as a 

non-invasive method in the field of safety testing. Furthermore, Bernau et al. 

(2015b) conclude that the use of MRI may reduce the number of animals for safety 

testing (Bernau et al., 2015b). Likewise, MRI can be used in suckling pigs in terms 

of safety testing (Bernau et al., 2018a). 

In addition, MRI was used to evaluate the possibility of predicting boar taint in live 

pigs non-invasively. Bernau et al. (2018b) found out that larger testis volumes and 

a higher amount of body fat (especially belly fat) are associated with a higher level 

of androstenone. Consequently, the development of an on-farm testis measurement 

would help farmers to predict tainted boars and allow earlier slaughtering to prevent 

tainted meat in single animals (Bernau et al., 2018b). 

4.1.4. Use of MRI for VAT examination in humans 

MRI is considered as gold standard of VAT determination and is together with CT 

the in-vivo method of choice for directly quantifying the distribution of adipose 

tissue in humans (Thomas and Bell, 2003; Lee and Gallagher, 2008; Shuster et al., 

2012; Staiano and Katzmarzyk, 2012). MRI is characterized by a high accuracy, no 

radiation exposure and shows a good reproducibility with a coefficient of variation 

(CV) for repeated VAT measurements of approximately 9% to 18% as Shen et al. 

(2003) summarized in their review. The higher coefficient of variation for MRI 

compared to CT (CV approximately 2%) may be explained by the longer 

acquisition time, the variation of pixel intensities due to magnetic field 

heterogeneity, and the influence of sequence and motion related artifacts (Chapter 

II.4.1.2 Artifacts in the MR image) (Shen et al., 2003). The proton relaxation time 

of fat with a short T1 and a long T2, allows a good identification of fat by using T1-

weighted sequences. Fat shows bright signal intensity in these sequences and 

strongly contrasts surrounding tissues (with lower signal intensities). In the area of 
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the abdomen, especially the partial volume artifact must be considered, and also fat 

in the bowel may falsify the results (Abate et al., 1994; Scholz et al., 2015). 

Furthermore, many studies vary in their methodology of MRI examination. Often, 

only a single-slice method is used, due to a shorter examination and evaluation time, 

and lower costs. However, single slices are less accurate and can only determine an 

area and not the volume of VAT as do multiple-slice or whole-body imaging 

protocols. For single-slice protocols, the L4-L5 (lumbar vertebra) intervertebral 

space is most often used and in the study of Thomas and Bell (2003) a higher 

correlation between the whole-body MRI and the image in this region was found 

compared to an image in the L2-L3 level. Thomas and Bell (2003) scanned 59 

premenopausal healthy women with a mean BMI of 28.4 kg/cm² and a range of 

13.8 to 86.3 l total body adipose tissue content. They used a single-slice and a 

whole-body method with a T1-weighted spin-echo sequence (Time to repeat 

(TR) = 36 ms, Time to echo (TE) = 14 ms). The correlation for intraabdominal fat 

was stronger for the L4-L5 image (R² = 0.76) than for the L2-L3 image (R² = 0.56) 

when compared to the whole-body-method. In addition, by separating the 

individuals in two groups, according to their BMI (lean and overweight/obese 

individuals), the correlation was altered. In the lean group (mean 

BMI = 22.5 kg/cm²), the L2-L3 image showed a higher relationship with the whole-

body measurement and a regression coefficient of 0.88. For overweight/obese 

individuals (mean BMI = 33.3 kg/cm²), the association significantly decreased for 

the L2-L3 image (R² = 0.33). The results of the L4-L5 regions did not change 

largely by subdividing the individuals according to their BMI. Furthermore, 

Thomas and Bell (2003) tried to evaluate the ability of single-slice and whole-body 

methods to detect longitudinal changes in visceral fat content by studying 17 non-

obese healthy premenopausal women before and after a period of 6 months of 

aerobic exercise. In conclusion, single-slice MRI is suitable for assessing changes 

in intra-abdominal fat content in a large sample. For an accurate determination of 

the individual intraabdominal fat content and for an inter-subject comparison, 

however, a multi-slice imaging is needed (Thomas and Bell, 2003). In contrast to 

the results of Thomas and Bell (2003), where the L4-L5 single slice achieved the 

closest correlations for the whole cohort, Demerath et al. (2007) obtained the best 

results for a single slice at 6 cm above the L4-L5 intervertebral space. They 

concluded that a single slice at about the level of L3 (in 85% of subjects the slice at 

6 cm above L4-L5 crossed the L3 vertebra) can accurately estimate the total VAT 
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in individuals with different genetic origins (black, white), and different sexes 

(female, male). Overall, Demerath et al. (2007) examined 820 individuals with an 

age range of 18 to 88 years by MRI (TR 322 ms, TE 12 ms) (Demerath et al., 2007). 

Another important fact to consider when comparing the ability of single-slice and 

multi-slice methods is the assumption of an identical distribution of VAT within 

the abdominal cavity by using the single-slice method (Thomas and Bell, 2003). 

Therefore, changes of fat distribution may not be detected in single-slice protocols 

(Staiano and Katzmarzyk, 2012). In summary, multi-slice imaging protocols are the 

preferred option for volume calculation (Thomas and Bell, 2003; Shuster et al., 

2012). 

To quantify fat in MRI, firstly, the identification and segmentation of fat depots is 

necessary. To reduce the time and the potential bias of the data concerning a manual 

analysis, using mainly semi-automated or automated approaches for quantification 

can be helpful. Kullberg et al. (2007) described a fully automated segmentation of 

VAT from abdominal MRI with a high accuracy (mean value and standard 

deviation of the automated analysis and the reference results: 2.0%±14%) and 

reproducibility ((measurement1-measurement2)/measurement1= 0.24%±7.1%) 

(Kullberg et al., 2007). Segmentation of abdominal MR images is difficult for 

several reasons, such as the lack of a homogenous signal intensity profile, the 

complex shapes, motion artifacts, and a low signal-to-noise-ratio. Image analyses 

in the abdominal cavity are challenging with the absence of regular boundaries 

between VAT and other tissues/organs (Bhanu Prakash et al., 2014). 

In general, a standardized MRI protocol for VAT determination in humans 

containing a defined region, uniform settings, and a clear procedure for image 

evaluation is still not established. A direct comparison of various studies dealing 

with the determination of VAT by using MRI is therefore difficult. 
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4.2. Dual energy X-ray absorptiometry 

The dual energy X-ray absorptiometry was originally developed to determine the 

bone mineral density for osteoporosis diagnostics (Prevrhal, 2006). Nowadays, 

DXA is considered a non-invasive method for body composition analyses and is 

used as a reference method for body composition analyses (Pandey et al., 2011; 

Bazzocchi et al., 2016; Shepherd et al., 2017). 

4.2.1. Technical functionality of DXA 

The principle of DXA is the different absorption of high and low energy X-ray 

photons by different elements in the body. Tissue components can be identified due 

to a characteristic mass attenuation coefficient and a specific ratio value between 

the low and high energy X-ray attenuation for every tissue (Pietrobelli et al., 1996; 

Scholz et al., 2015). An X-ray source generates an X-ray photon beam, which is 

“divided” by a K-edge filter into a high and a low energy X-ray photon beam with, 

for example, energies of approximately 39 keV for the low energy X-ray beam and 

of 71 keV for the high energy X-ray beam (data from the GE Lunar iDXA scanner). 

The K-edge filter consists of rare earth elements such as Cerium or Samarium and 

is one of the possibilities to generate X-rays of two different energy levels. The X-

rays then pass through the body where they are attenuated to different degrees 

depending on the thickness of the material and its density. The attenuation increases 

with rising atomic numbers (Scholz, 2002; Prevrhal, 2006; GE Healthcare, 2017c). 

Consequently, X-rays are more attenuated by lean tissue (containing protein and 

water) compared to fat tissue whereas bones have the highest attenuation 

coefficients (Laskey, 1996; Bazzocchi et al., 2016). In the GE Lunar iDXA 

scanners, a solid state crystal (Cadmium Telluride) semiconductor is used to detect 

the transmitted radiation. The output is proportional to the X-ray energy (GE 

Healthcare, 2017c). Generally, DXA is based on a three compartment model for 

tissue composition, which is shown in Figure 5 and distinguishes between lean soft 

tissue, fat tissue, and bone mineral (Pietrobelli et al., 1996; Scholz, 2002).  
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Figure 5. Three compartment model for tissue composition by DXA modified 
according to Scholz (2002) 

 

For image processing, using a histogram analysis in combination with special 

algorithms helps to differentiate pixels containing bone mineral and pixels with 

only soft tissue. Tissue specific mass attenuation coefficients for fat and soft lean 

tissue help to distinguish between both tissues. Within Pixels containing bone 

mineral, the calculation of the soft tissue composition is based on the adjacent bone 

mineral free soft tissue composition (Pietrobelli et al., 1996; Scholz, 2002). DXA 

provides the following parameters for the whole body or for specific body regions: 

- Total tissue mass (g) 

- Bone mineral density (g/cm²) 

- Bone mineral content (g) 

- Amount and percentage of fat tissue (g, %) 

- Lean soft tissue mass (g) 

4.2.2. The CoreScan feature and the use for detecting VAT in humans 

CoreScan by GE Healthcare is a software to quantify VAT using iDXA technology 

and is available since 2012 (GE Healthcare, 2011). Hologic created similar software 

called InnerCore to determine VAT. Since the CoreScan feature was used in the 

own study, only this software mode will be discussed here. VAT accumulates 

especially in the android region, the region below the rib cage to the iliac crest. The 

iDXA system defines the android region for every patient individually based on the 
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length of its trunk using skeletal landmarks as a guide. The size of the android 

region is set at 20% of the distance between the top of the iliac crest and the base 

of the skull and starting at the iliac crest. iDXA measures the whole fat in the 

android region, and by a geometric calculation, the subcutaneous adipose tissue is 

detected and subtracted of the total adipose tissue to obtain VAT (GE Healthcare, 

2017b). The algorithm works with the detection of two parameters, the width of the 

SAT layer on lateral aspects of the body, and the anterior-posterior thickness of the 

abdomen. The width of the SAT layer is represented by the fat between the skin 

line and the outer abdominal wall on both sides of the image. By using the DXA 

attenuation image, the anterior-posterior thickness of the abdomen can be attained 

(GE Healthcare, 2017a). Consequently, the amount of VAT can only be estimated 

and not measured directly. 

To evaluate the CoreScan software, several studies examine the precision within 

repeated measurements and the ability of detecting VAT compared to gold standard 

methods, such as MRI and CT. 

Rothney et al. (2013) evaluated the CoreScan feature by scanning a phantom and a 

clinical population of 32 obese women (average BMI = 35.1 kg/m²). The phantom 

consists of simulated lean tissue and adipose tissue and was repeatedly measured 

five times to test the intrascanner precision. Further, to detect the interscanner 

precision, the phantom was scanned on 10 different iDXA systems. All obese 

women were examined two times by only one iDXA system with repositioning 

between scans. The combination of intrascanner precision of the phantom and 

interscanner precision yielded a deviation of 47.6 g relative to 1 kg VAT mass, 

which means a coefficient of variation of 4.76%. The clinical study obtained a 

precision of 56.8 g at an average VAT mass of 1,110.4 g, which corresponds to a 

CV of 5.1%. The authors concluded, due to the low precision errors for the phantom 

and in obese women, that CoreScan might be a useful addition for studies of 

changes in VAT (Rothney et al., 2013). 

Carver et al. (2014) evaluated the CoreScan software in obese patients by 

determining the precision in repeated measurements. A number of 55 male and 

female patients with a mean BMI of 49 kg/m² were scanned twice resulting in a 

precision error of 8.77%. Compared to Rothney et al. (2013), the CV is 3.6% higher. 

Carver et al. (2014) try to explain this increased CV by the significantly higher BMI 

of the examined patients in their study (Carver et al., 2014).  
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Mellis et al. (2014) confirm with their study the assumption of increasing precision 

errors with increasing BMI. They conducted two consecutive total body scans with 

repositioning for 45 adults in a wide range of BMI (16.7-42.4 kg/m²). For the 

precision analyses, two subgroups based on the BMI were formed (normal-weight, 

overweight/obese) to be able to examine the effect of BMI on precision. The 

precision error was lower in the normal BMI group with 20.9 g compared to 43.7 g 

in the overweight/obese group, but the CV decreased between the two groups from 

17% to 5.4%. The inverse relationship of the CV with the mean value explains the 

decrease of the CV even though the precision error increases. The mean value for 

the normal BMI group was 123 g with a RMSE of 20.9 g. In the overweight/obese 

BMI group, the RMSE was small with 43.7 g compared to the significantly higher 

mean value of 814 g. Therefore, the authors recommend that the CV should not be 

used when the mean values of the population differs. In conclusion, the CoreScan 

software provides reasonable precision for VAT of individuals with a wide range 

of BMI (Mellis et al., 2014). 

Meredith-Jones et al. (2018) examined the precision of DXA CoreScan software by 

conducting two consecutive DXA scans with repositioning of a large sample (233 

participants) with various body constitutions. The results show an increasing 

precision error (root mean squares error) and decreasing %CV with increasing BMI. 

The normal weight groups obtained a precision error of 35.2 g with 44.8% for the 

CV, and the obese group of 65.0 g with a CV of 6.4%. After adjusting for age and 

sex, the precision of VAT was significantly lower in the obese group compared to 

normal (non-obese) participants. The %CV was higher compared to the studies of 

Mellis et al. (2014) and Rothney et al. (2013). One explanation might be the use of 

different scanners. Rothney et al. (2013) and Mellis et al. (2014) used the iDXA 

technology, whereas Meredith-Jones et al. (2018) scanned with Prodigy systems. 

The authors concluded that increasing BMI have a significant effect on the 

precision error with greater errors in overweight and obese participants (Meredith-

Jones et al., 2018). 

Overall, the precision error can have several reasons. Soft tissue in the abdominal 

cavity is not attached to fixed body parts. It can therefore slightly move within the 

body between the scans. In addition, the amount of VAT determined depends on 

the amount (thickness) of SAT (what is explained by the algorithm CoreScan is 

based on), while the proportion of VAT to SAT is not constant (Ergun et al., 2013; 
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Knapp et al., 2015). 

The next section contains comparative studies between CoreScan and CT, and 

especially between CoreScan and MRI. 

Kaul et al. (2012) examined the VAT of 124 adult men and women in a wide range 

of ages (18-90 years) and BMI (18.5-40 kg/cm²) by GE Healthcare Lunar iDXA 

with the CoreScan feature and CT as the reference method. A total body scan was 

conducted using standard imaging and positioning protocols combined with 

automatically defined body regions. The examination of the CT was performed by 

scanning the abdomen starting at the top of S1 (caudal vertebra) towards the head 

with a 5-mm slice thickness. Image segmentation took place by using a semi-

automatic method. CT and DXA show a high agreement of the VAT volumes with 

a regression coefficient of 0.96 for females and 0.95 for males resulting in a 

combined regression coefficient of 0.96. Furthermore, a Bland-Altman analysis 

helped to characterize the differences between DXA and CT VAT records over the 

whole range of VAT volumes. The bias for all participants was +56.7 cm³ with 95% 

limits of agreement between -355 and +468 cm³. In conclusion, the DXA CoreScan 

has the ability to quantify VAT with a high precision in various genders and a wide 

range of BMI (Kaul et al., 2012). 

In addition, Mohammad et al. (2017) validated DXA estimates of VAT in a Middle 

Eastern population of 237 Kuwaiti men and women in comparison to MRI 

measurements as reference. This study uses identical anatomic regions for MRI and 

DXA to be able to compare the observations of both methods directly. The authors 

found an overestimation of VAT by DXA of about 7% in men and women with a 

mean bias of 79.7 cm² in men and 46.8 cm² in women. Furthermore, the Bland-

Altman analysis showed an increasing imprecision with increasing levels of VAT. 

Interestingly, the abdominal fat measured by DXA was lower than by MRI and 

consequently DXA underestimated this depot (Mohammad et al., 2017). According 

to the equation of CoreScan, where VAT is resulting by subtracting SAT from the 

total abdominal fat, the content of SAT must also be underestimated, if an 

underestimation of abdominal fat is assumed to achieve an overestimation of VAT. 

SAT, however, was not examined in the study (Mohammad et al., 2017). 

Reinhardt et al. (2017) used the same anatomically defined abdominal region for 

MRI and DXA examination to compare VAT estimates of iDXA with MRI. They 
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examined a total of 40 participants by using a total body DXA scan and a multi-

slice MRI method to quantify the amount of VAT. The regression coefficients were 

high for males (R² = 0.96), females (R² = 0.96), and combined (R² = 0.95). The 

Bland-Altman bias for both examined genders was +104.1 cm² (95% limits of 

agreement: -681.9 - +890.0 cm³). Additionally, they found, that iDXA compared to 

MRI, underestimated VAT at lower VAT levels and overestimated VAT at higher 

VAT levels. Overall, they concluded that iDXA could be used as an accurate 

alternative to MRI (Reinhardt et al., 2017). 

One aim of the study by McCauley et al. (2020) was the comparison of DXA VAT 

with MRI VAT to generate a prediction equation for DXA applications. The 

examined participants had a spinal cord injury. A total body DXA scan and 

multiaxial imaging by MR were performed. DXA VAT predicted 92% of the 

variance in MRI VAT. The regression equation showed that one volumetric unit of 

VAT in DXA results in an increase of 0.931 cm³ of VAT in MRI. Furthermore, the 

Bland-Altman analysis achieved a bias of 58.45 cm³ with limits of agreement 

of -441.8 to 558.7 cm³ (McCauley et al., 2020). 

In conclusion, the CoreScan feature by GE Healthcare has the ability to quantify 

the volume of VAT precisely compared to gold standard methods. It offers therefore 

a fast, simple, and low-cost option to determine VAT in humans.  

4.2.3. DXA in pigs 

Several studies describe the use of DXA in pigs. In this chapter, the focus is set on 

the ability of DXA to determine the body composition, especially the fat content of 

pigs. 

Mitchell et al. (1996) evaluated the ability of DXA measuring the body composition 

in 48 pigs by comparing the DXA results with chemical analysis. The total body fat 

of both methods was highly correlated (R² = 0.99). In addition, the DXA estimates 

for lean tissue mass showed a high relationship to chemical analysis results. In 

general, DXA overestimated the fat content in pigs with higher fat proportions and 

underestimated the fat content in leaner pigs (Mitchell et al., 1996). A further study 

of Mitchell et al. (1998) confirmed the above relationship by studying small pigs in 

a weight range of 5 to 27 kg. The correlation between DXA and chemical analysis, 

though, was still high for the fat percentage (R² = 0.86) and for the amount of fat 

(R² = 0.96) (Mitchell et al., 1998b). 
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Scholz and Förster (2006) analyzed two body weight groups of pigs by DXA and 

compared these results with dissection according to the EU reference method. In 

the lighter group (30-50 kg), the relationships between the lean meat content 

(R² = 0.93) and the fat content (R² = 0.78) of the reference parts and the DXA 

values were high. The regression coefficient for fat content was highest in the 

heavier group (70-90 kg) with R² = 0.89, whereas the regression coefficient for the 

lean meat content declined (R²=0.82) in comparison to the light weight group. The 

authors attribute the discrepancies between DXA and dissection results mainly to 

the differences between both methods. The fat measured by DXA consists only of 

lipids, whereas dissection fat often contains also parts of the skin. Scholz and 

Förster (2006) showed additionally that DXA is – especially in the higher body 

weight range – a suitable method for growth studies (Scholz and Förster, 2006). 

Soladoye et al. (2016) examined the accuracy of DXA in assessing carcass 

composition from different pig populations. Carcass halves and four primal cuts 

(shoulder, ham, loin, belly) of 648 female and male pig from different genetic lines 

of two slaughter weights (120, 140 kg) were scanned by DXA and analyzed for fat 

and lean content. DXA estimates were used to predict the dissection results for the 

carcass halves and their primal cuts. Overall, the fat content (%) can be accurately 

predicted by DXA even when classified based on diet, gender and slaughter weight 

(R² > 0.94). For the determination of the belly composition, they conducted a 

chemical analysis. The regression coefficient for lean and fat content between the 

values of the chemical analysis and DXA was high with 0.94. The authors 

hypothesized, that the DXA technology – due to its accuracy in assessing the 

carcass composition – may replace the traditional dissection methods presently used 

in experimental settings (Soladoye et al., 2016). 

Furthermore, the attempt to predict the body composition was the focus of various 

other studies. Mitchell et al. (2002) tried to predict the whole body composition of 

pigs based on a cross-sectional region analysis by DXA. Totally, 212 pigs were 

scanned and the fat and lean percentage was analyzed in the total body and in 14 

cross-sections. In addition, they compared the DXA results to the chemical analyses 

of the whole body. The closest agreement between the fat percentage of the total 

body and the fat percentage of individual slices was found for S4 (slice number 4) 

in the region of the shoulder (R² = 0.97). Additionally, the maximum fat percentage 

with 24.7% was found in the slice number 1 starting at the first rib and the least in 
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the slice number 3 starting at the last rib with 16.4%. Overall, the authors conclude 

that the total body composition of pigs can be predicted by performing single cross-

sectional scans with a reasonable high accuracy (Mitchell et al., 2002).  

The aim of the study by Marcoux et al. (2005) was to evaluate the accuracy of 

predicting the carcass composition in different genetic pig lines by DXA. Total 

weight, fat and lean mass, and bone mineral content was measured in 95 carcass 

halves of gilts by DXA and dissection. The equations based on the DXA analysis 

provide suitable estimates of the fat mass in carcass halves and in the primal cuts 

(R² > 0.70). DXA, however, underestimated the fat mass, whereas an 

overestimation of the lean mass was observed. Furthermore, no correction of the 

prediction equation is needed among the different genetic lines (Marcoux et al., 

2005). 

Bernau (2011) analyzed the body composition by MRI and DXA in pigs with a 

weight of 80 kg and 100 kg and studied the ability to predict the body composition 

of pigs with 100 kg based on the measurements with 80 kg (Chapter II.4.1.3 MRI 

in pigs). The regression coefficient of the fat percentage and also of the lean meat 

content (%) in the whole body between the 80 kg and 100 kg pigs was high with 

0.87 (Bernau, 2011). 

Overall, DXA achieved acceptable results compared with chemical analysis or 

dissection. DXA is therefore an appropriate method for the determination of body 

composition in pigs. In addition, phenotyping of specific parameters by using DXA 

can serve as a basis for genome analyses (Rothammer et al., 2014).
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Simple Summary: Fat depots in the abdomen and around the organs, which are called 
visceral adipose tissue, play an important role in the field of obesity-associated diseases 
in humans and for pork production as well. Magnetic resonance imaging—as reference 
method—and a special X-ray technique called dual energy X-ray absorptiometry were 
used to measure the visceral adipose tissue in 120 pigs in order to analyze the accuracy of 
a special X-ray software algorithm (the “CoreScan” mode), and to study sex or 
crossbreed-related effects. The “CoreScan” mode overestimates the amount of visceral 
adipose tissue in comparison with magnetic resonance imaging, while castrated males 
tend to accumulate more visceral adipose tissue than females, and the first crossbred 
generation deposits more fat than the second generation. 

Abstract: The objective of this study was to phenotype visceral adipose tissue (VAT) in 
pigs. In this context, the ability to detect VAT by using the DXA CoreScan mode within 
the enCORE software, version 17 (GE Healthcare) was evaluated in comparison with MRI 
measurements (Siemens Magnetom C!) of the same body region. A number of 120 
crossbred pigs of the F1 and F2 generation, with the parental breeds Large White, 
Landrace, Piétrain, and Duroc, were examined at an age of 150 days. A whole-body scan 
in two different modes (“thick”, “standard”) was carried out by a GE Lunar iDXA 
scanner. Very strong relationships (R2 = 0.95, RMSE = 175cm3) were found for VAT 
between the two DXA modes. The comparison of VAT measured by MRI and DXA shows 
high linear relationships (“thick”: R2 = 0.76, RMSE = 399.25cm3/“standard”: R2 = 0.71, 
RMSE = 443.42cm3), but is biased, according to the Bland–Altman analysis. A variance 
analysis of VAT shows significant differences for both DXA modes and for MRI between 
male and female pigs, as well as between F1 and F2. In conclusion, DXA “CoreScan” has 
the ability to estimate VAT in pigs with a close relationship to MRI but needs bias 
correction. 

Keywords: dual energy X-ray; MRI; CoreScan; visceral adipose tissue; pig 
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1. Introduction 

Cardiovascular disease (CVD) is the most common cause of death in Germany and 
the entire world in the last few years. In 2016, 17.9 million people worldwide died from 
CVDs, which constituted 31% of all deaths. In Germany, the percentage was even higher 
[1,2]. The most important cardiovascular diseases are coronary heart disease (CHD), 
manifested by myocardial infarction and heart failure, and cerebrovascular disease, 
including stroke [1,3–6]. Cardiometabolic risk factors, such as hypertension, dyslipidemia, 
and metabolic syndrome, are associated with visceral adipose tissue (VAT) [7,8]. 

Against the backdrop of high mortality, resulting from CVD, the need for precise 
measurement methods of VAT is immense. With their CoreScan mode, GE Healthcare 
offers the possibility of determining visceral adipose tissue by using dual energy X-ray 
absorptiometry (DXA). This study examined the ability of CoreScan to precisely quantify 
the content of visceral adipose tissue in pigs compared to the results of magnet resonance 
imaging (MRI). 

The pig plays an increasing role as a model in human research due to the similarity in 
anatomic and physiologic characteristics involving the cardiovascular, urinary, 
integumentary, and digestive systems [9–11]. Furthermore, the interest in investigating 
obesity-related genes in pigs is explained by the fact that the porcine genome is even more 
similar to humans than the genome of mice [12]. 

In addition, new insights into the fat depot metabolism are important for the 
commercial rearing of pigs. The production of high-quality meat at low costs is still one of 
the primary objectives. The combination of exact phenotypic data with genome data will 
provide further knowledge of the regulation of body composition [13–15]. 

The aim of this study was to phenotype the visceral adipose tissue in pigs using MRI, 
and to evaluate the ability of the DXA CoreScan mode to be a fast, simple, and low-cost 
option to quantify the volume of visceral adipose tissue, compared to an MRI reference 
examination. 

2. Materials and Methods 

2.1. Animals 

A number of 120 crossbred pigs of the first and second filial generation (F1, F2), with 
the parental breeds Large White, Landrace, Piétrain, and Duroc, were examined. The 
number of pigs of the F1 crossbreed, called Multi-hybrid-F1 (MHF1) and the F2 crossbreed, 
Multi-hybrid-F2 (MHF2), and also the number of females and castrated males, was 
supposed to be balanced, as shown in Table 1. All pigs were born and raised at the 
Livestock Center Oberschleissheim and were treated like the other pigs in the facility. 
Males were castrated on the third day of life. After a suckling period of four weeks the 
piglets were weaned and moved to a nursery deck, where they stayed in groups of 15–20 
animals. With a weight above 25 kg, the pigs were housed in an outdoor-climate barn with 
various climatic and flooring areas in groups of 30–34 animals. The feeding area is enlarged 
and consists of concrete-slatted flooring; the rest is deeply bedded with straw and contains 
a hooded area with a special (warmer) microclimate during the winter season. The feed is 
individually allocated via an automatic feeder (Double-Fitmix, Mannebeck). All pigs 
received the same food throughout the experiment. 

This study was conducted at the Livestock Center Oberschleissheim of the Veterinary 
Faculty of the Ludwig-Maximilians-Universität in Munich with the approval of the District 
Government of Upper Bavaria (No. 55.2-1-54-2532.0-81-2016). 
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Table 1. Animal sample. 

 

2.2. Test Procedure 

The pigs were studied at an average age of 147 days and an average weight of 91.6 kg, 
as shown in Table 1. Animals were selected by their genetic origin and randomly within 
the litters. For the scan by MRI and DXA, sedation was needed to achieve profound results 
by reducing the movement of the individual. One day before the scan, the animals were 
moved to a barn nearby the MRI unit and housed in groups with concrete flooring and 
straw bedding. To reduce the risk of an anesthetic accident, the feed was deprived of the 
experimental pigs for 16 h. Water was available ad libitum. At the day of scan, the health 
status of each animal was checked, and the weight was measured with a mechanic 
livestock scale for the exact dosage of the anesthetic. Azaperon (2 mg/kg bw, Stresnil®, 
Elanco) and ketamine (10–15 mg/kg bw, Ursotamin®, Serumwerk Bernburg) were used for 
the anesthesia by intramuscular injection. A catheter was inserted into the vena auricularis 
to be able to administer additional ketamine, if necessary. The monitoring of anesthesia 
was carried out via a scoresheet by recording different parameters, such as heart rate, 
respiratory frequency, and capillary filling time. 

2.2.1. Magnetic Resonance Imaging 

An open low-field MRI system (Siemens Magnetom C!) with a magnetic field strength 
of 0.35 Tesla was used for the scans. A fully automated quality control was executed by the 
Siemens Magnetom C! system at each restart of the device [16]. The animals were placed 
in a prone position with their forelimbs flexed and hind limbs extended to enable the 
examination of both body halves at the same time. Anatomic landmarks were used for the 
positioning in order to acquire reproducible and comparable images for the same body 
region. In the area of the abdomen, the origin of the last rib and in the section of the pelvis, 
the top of the iliac crest were taken as a guide, as shown in Figure 1A,B. 

 

 
Figure 1. MRI examination of the abdomen. (A) Position of the pig for the examination of the 
abdomen by a Siemens Magnetom C! system. (B) Localizer of the “ViscFat-Sequence” with 
defined area encompassing visceral adipose tissue. Each line represents an axial sectional 
image of the abdomen starting at the origin of the last rib to the top of the iliac crest. 
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Two T1-weighted spin echo sequences in axial acquisition per animal were applied to 
detect the visceral adipose tissue. The first sequence, called “ViscFat sequence”, covered 
most of the abdomen, as shown in Figure 1, and the second sequence, “Ham sequence” 
included the remaining part of the abdomen and the region of the pelvis. In larger animals 
the first sequence was not sufficient to cover the whole region of interest; therefore, selected 
slices of the “Ham sequence” were additionally used for the evaluation. The protocols of 
MRI settings are shown in Table 2. 

Table 2. MRI protocol of both T1-weighted sequences—“ViscFat” and “Ham” sequences. 

 

2.2.2. Dual Energy X-Ray Absorptiometry 

After the MRI scan, the body composition of the pigs was measured by DXA, as shown 
in Figure 2. Generally, the measurement of DXA bone mineral and soft tissue amounts 
(divided into fat and lean) is based on the X-ray attenuation coefficient (R value). The R 
value (not shown in the iDXA system) is derived pixel wise from the quotient of X-ray 
photons of the high and low X-ray energy level, having passed the object. Low R values 
define soft tissue and high R values bone mineral. Within soft tissue, fat tissue is 
characterized by the lowest R values [15,17]. The GE Lunar iDXA scanner provides a 
special mode for the whole body scan, based on the body constitution. For this study, the 
two different modes—“thick” and “standard”—were used to obtain information about the 
amount and percentage of fat and lean tissue mass, bone mineral content, and bone mineral 
density. The whole body scan in “thick” mode takes 13.45 min with an absorbed dose of 6 
µGy, and in “standard”mode this was 7.45 min with a dose of 3 µGy. In addition, GE 
Healthcare, with the CoreScan mode within the enCORE software version 17, offers the 
ability to determine the mass (g) and volume (cm3) of the visceral adipose tissue in adults. 
The iDXA system measures the whole fat in the android region. The subcutaneous adipose 
tissue is detected by a hidden geometric calculation and subtracted from the total adipose 
tissue to obtain VAT [18]. The algorithm works with the detection of two parameters. The 
two parameters are: (1) the width of the SAT layer on lateral aspects of the body, which is 
represented by the fat between the skin line and the outer abdominal wall on both sides of 
the image; (2) the anterior–posterior thickness of the abdomen, which can be attained using 
the DXA tissue attenuation image [19]. The algorithms for the determination of VAT are 
described in detail in the US and world patents: US9179884 
(https://patents.google.com/patent/US9179884);US9254101(https://patents.google.com/pat
ent/US9254101);WO2012092533Al(https://patents.google.com/patent/WO2012092533A1/e
n), from GENERAL ELECTRIC COMPANY, Schenectady, NY (US). Before the 
examination, a quality control of the iDXA system was executed, according to the standard 
procedures, once a day [20]. The pig was bedded in a prone position with forelimbs and 
hind limbs extended to simulate the suggested position for whole body DXA scans in 
humans. Foam cushions were used to create a gap between the abdominal wall and the 
forelimbs to prevent overlays. The hind limbs were tied together. 
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Figure 2. DXA examination. 

2.3. Data Analysis 

2.3.1. MRI Evaluation 

For the evaluation of the magnetic resonance images, the “synedra” View Personal 
software (Version 16.0.0.3, synedra information technologies GmbH, Innsbruck, Austria) 
and the Able 3D-Doctor® software (Release 4.0; Able Software Corp., Lexington, MA, USA) 
were used. The region containing VAT was defined as the area between the origin of the 
last rib and the top of the iliac crest. The number of slices of the “ViscFat” and “Ham” 
sequences, which cover the region of interest (ROI), was determined with the help of 
“synedra”, as shown in Figure 1B. For the evaluation of the VAT volume, the regions of 
VAT were defined manually for every single slice, including the fat depots beneath the 
abdominal wall, around the kidneys, and in the abdominal cavity, as shown in Figure 3. 
As the peritoneum is often difficult to discern with the use of MRI, in this study, VAT was 
defined as the intra-abdominal adipose tissue; no distinction between intra- and 
extraperitoneal adipose tissue was assigned. Consequently, the Able 3D-Doctor® software 
provides an option to calculate the volume of the defined areas (VAT) by using the data 
(slice number, slice thickness, and slice distance), saved in the Dicom format. 

2.3.2. DXA Evaluation 

To get a meaningful comparison of visceral adipose tissue volume between MRI and 
CoreScan results, the examined body region must be identical. Therefore, the android 
region was determined individually to encompass the whole region of interest, as shown 
in Figure 4. The ROI was defined in the “thick” mode, copied for the “standard” mode, 
and adapted, if necessary, to cover the ROI of the MRI examination. For the study, weight 
(kg), bone mineral density (g/cm2), bone mineral content (g), the amount (g) and percentage 
of fat tissue and lean tissue mass in the android region, and the mass (g) and volume (cm3) 
of the visceral adipose tissue were measured. 
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Figure 3. Evaluation of MR images using the Able 3D-Doctor® software. (A) T1-weighted 
axial MR image with green boundaries, including the visceral adipose tissue. (B) Analysis 
of all slices in the defined body region. (C) Reconstruction of a 3D-model from the selected 
boundaries of VAT. 

2.3.3. Statistical Analysis 

A variance analysis was performed by using a mixed model procedure and restricted 
maximum likelihood (REML) estimation with the software SAS 9.3 (SAS Institute Inc., 
Cary, North Carolina, USA). The significance level was set to p < 0.05. Genetic origin and 
the sex of the animals were defined as fixed effects and the date of scan as a random effect. 
In addition, a linear regression analysis was performed. The coefficient of determination 
(R2) in combination with the standard error of estimation (identical with RMSE = root mean 
squares error) serves as a measure of the quality of the fit of the regression equation 
between dependent and independent variables. Furthermore, a Bland–Altman analysis 
[21] was performed to characterize differences between DXA and MRI VAT measurements 
over the observed range of VAT volumes. 
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Figure 4. DXA evaluation with enCore software. The uppermost horizontal line (soft 
tissue image on the right side) defines the level of the origin of the last rib, and the next 
horizontal line on the top of the iliac crest represents the end of the examined region of 
VAT. 

3. Results 

3.1. Internal DXA Measurement Results 

To evaluate the CoreScan feature, internal DXA measurement results were compared 
within each mode and between the two modes, “thick” and “standard”. Within the modes, 
the regression coefficient between mass (g) and volume (cm3) of VAT is expectedly 1.0 and 
the model equation provides the density estimate of 0.9435 g/cm3 for VAT, as shown in 
Figure 5 (e.g., for thick mode). A very strong relationship (R2 = 0.95, RMSE = 175 cm3) was 
found between the volumes of VAT for the two DXA modes. CoreScan obtained higher 
values for the “standard” compared to the “thick” mode, as shown in Table 3 and Figure 
6. Similar relationships can be seen for the amount (g) and the percentage of whole-body 
fat tissue. Within the android region, the fat mass was expectedly higher than the amount 
of VAT, because the android region additionally includes the subcutaneous adipose tissue 
(SAT) (R2 = 0.98, RMSE = 114 cm3), as shown in Figure 7. 
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Figure 5. Relationship between VAT mass (VAT_g_d_core, in g) and VAT volume 
(VAT_vol_d_core, in cm3) in “thick” mode, measured by DXA. The model equation 
shows a density of 0.9435 g/cm3 for VAT. 

 

Table 3. Arithmetic means and standard deviations of VAT volume measured by DXA for 
“thick” and “standard” modes, and by MRI. 
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Figure 6. Relationship between VAT volume in “thick” mode (VAT_vol_d_core, in cm3) and 
VAT volume in “standard” mode (VAT_vol_s_core, in cm3) measured by DXA. “Standard” 
mode yields higher values of VAT volume, as the model equation represents. 
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Figure 7. Relationship between fat mass in the android region (F_g_d_andro, in g) and 
VAT mass (VAT_g_d_core, in g) in “thick” mode, measured by DXA. Regression 
analysis shows the difference in total fat mass in the android region and VAT. The 
difference represents the mass of subcutaneous adipose tissue in the average, around 
609 g. 

3.2. Comparison of MRI and DXA Results 

MRI was used as reference method to evaluate the potential of the CoreScan feature 
in pigs. In Table 3, the arithmetic mean values of VAT volume, measured by DXA in both 
modes and by MRI are shown. A close linear relationship can be observed by comparing 
these VAT volumes (“thick”: R2 = 0.76; “standard”: R2 = 0.71), as shown in Figure 8 and 
Table 4. In the Bland–Altman analysis, a negative association was observed between the 
mean and the difference of both methods, as shown in Figure 9. The average volume 
calculated by CoreScan (“thick” and “standard”), however, is about 1.5- to 2-times greater 
than the average volume of the MRI scans, as shown in Table 3 and Figure 10 (only DXA 
“thick” mode). Therefore, DXA (here only “thick” mode) with the CoreScan feature tends 
to overestimate the VAT volume compared with MRI, providing a mean difference of 
−579.1 cm3 (95% confidence interval between −684.7 cm3 and –473.5 cm3, p < 0.001). The 
deviation between DXA and MRI measurement results increases with increasing levels of 
VAT and is shown in Figure 10. The difference in both methods rises with a slope of 1.5 
(1.489) cm3 per cubic centimeter more VAT, measured by MRI. 
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Figure 8. Relationship between volume of VAT measured by MRI (MRT_VAT_vol_rep, in cm³) 
and DXA “thick” mode (VAT_vol_d_core, in cm³). 

 

 

Figure 9. Bland–Altman plot of VAT volume (in cm3) measured by DXA in “thick” mode 
(VAT_vol_d_core) and MRI (MRT_VAT_vol_rep). The mean and the difference of both methods are 
demonstrated in a Bland–Altman plot. The analysis shows a negative association, which means an 
increasing deviation of DXA measurement results compared to MRI with increasing levels of VAT. 
DXA overestimates VAT systematically, compared with MRI, providing a mean difference of −579.1 
cm3, which is represented by the fat (dark) solid line. The upper and lower solid (light grey) lines 
represent the limits of agreement (95%), and the broken line represents the line of zero differences. 
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Figure 10. Relationship between the difference of both methods (MRI and DXA-diffm1m2) 
and the VAT volume measured by MRI (MRT_VAT_vol_rep) in cm3. 

 

Table 4. Relationship between volume of VAT measured by MRI (MRT_VAT_vol_rep) and DXA 
“thick” mode and DXA “standard” mode. 

Root MSE = root mean square error; Adj. R-Sq = adjusted R-square; Pr > t = defines the significance level. 

 

3.3. Relationship of VAT, Weight, and Age 

The regression analysis between VAT volume of MRI and the weight of the animal 
shows an increasing VAT with increasing weights. One kilogram more weight leads to 18.3 
cm3 more visceral adipose tissue, as shown in Figure 11. 
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Figure 11. Relationship between VAT volume measured by MRI (MRT_VAT_vol_rep, in 
cm3) and body weight (Gew_kg_d, in kg) of the animal. 

 

Despite the small age range, differences were found in volumes of visceral adipose 
tissue. The regression analysis shows greater volumes in older pigs for MRI and DXA. 
Volumes of visceral adipose tissue increase by 34 cm3 (MRI) and 109 cm3 (DXA) per day of 
life, as shown in Table 5. 

 

Table 5. Relationship between MRI VAT volume and DXA VAT volume in “thick” mode 
and the age of the pig. 

Root MSE = root mean square error; Adj, R-Sq = adjusted R-square; Pr > t = defines the significance level. 

 

3.4. Variation in Fat Mass and VAT Volume by Sex and Genetic Origin 

The variance analysis of fat mass in the android region shows significant differences 
between sex groups (p = 0.0002) and both crossbred lines (p = 0.0243). MHF1 pigs have, on 
average, 319.6 g more fat in the android region than MHF2 individuals. We also observed 
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a higher fat mass in castrated males compared to female pigs (+452.2 g). The mass and 
percentage of total body fat differs by sex and crossbred line in the same way as fat in the 
android region, with MHF1 animals and castrated pigs showing higher values than MHF2 
individuals or females, respectively, although, the total body fat mass did not differ 
significantly (p = 0.0504 or p = 0.0787) between crossbred lines, as shown in Table 6. 

Table 6. Least squares means (LSM), standard errors of estimation (SEE), and significance levels of 
examined parameters. 

 

 

The volume of VAT measured by DXA (“standard”, “thick”) and MRI differs 
significantly (p < 0.05) for sex and genetic origin. Castrated male pigs, and also the first 
generation of crossbreds (MHF1), have a larger VAT volume, as shown in Table 6. 

3.5. Variation in Weight by Sex and Genetic Origin 

Weight differed not significantly between both crossbred generations (p = 0.1268). As 
in the previous results, a sex-related difference was observed with castrated males, 
achieving higher values. On average, a castrated male pig weighed 3.9 kg more than a 
female individual, as shown in Table 6. 
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4. Discussion 

MRI is considered as the gold standard of VAT determination in humans [22,23] and 
is, together with CT, the in vivo method of choice for directly quantifying the distribution 
of adipose tissue [22,24–26]. MRI is characterized by a high accuracy, no radiation 
exposure, and shows a good reproducibility with a coefficient of variation for repeated 
VAT measurements of approximately 9% to 18%, as Shen et al. summarized in their review. 
However, MRI has significant limitations: limited access; high cost; prolonged scan time 
[22,24]. MRI causes high investment costs (which increase with the field strength of the 
magnet), as well as high running costs for the system service, including temperature 
control and general maintenance. In addition, compared to DXA, an MRI system requires 
more building space and a Faraday cage surrounding the magnet. The MRI sequences in 
our study took 12.22 min and 10.27 min for examining the region of the abdomen and 
pelvis, respectively; with the repositioning of the animal between the sequences. In 
comparison, the more suitable DXA method (“thick” mode in our case) needs a whole body 
scan, which takes a maximum of 13.45 min (“standard” only 7.25 min). Besides the 
prolonged scan time, the evaluation of the MRI images is more time-consuming compared 
to the DXA evaluation. In our case, the number of slices needed to cover the whole region 
of the abdomen was about 30. The VAT had to be defined manually for each MRI slice, 
because an automatic or semi-automatic approach lacked sufficient anatomic accuracy. The 
DXA enCore software automatically suggests lines for specific body regions. These lines 
had to be only slightly adjusted in our study in order to cover the identical body region, as 
in the MRI evaluation. The DXA evaluation of VAT per animal usually took less than 5 
min, while the MRI VAT evaluation took up to 5 h per animal. Furthermore, MRI specialists 
are needed both for the examination and for the image evaluation. In the DXA enCore 
software, no settings need to be especially defined, as is essential for MRI (due to different 
sequences). Since our study shows the ability of the DXA CoreScan feature to provide VAT 
estimates in pigs closely related to MRI, the CoreScan mode can be a fast, relatively simple, 
and a low-cost option to detect the volume of visceral adipose tissue, compared with MRI. 

In Contrast to MRI or CT, however, DXA only measures two-dimensionally. 
Therefore, subcutaneous and visceral adipose tissue cannot be distinguished directly. The 
amount of VAT can only be estimated [27,28]. Consequently, VAT depends on the amount 
of SAT, and an inaccuracy of detecting SAT will lead to biased results of VAT. This might 
be one source of error explaining the overestimation of VAT measured by DXA that was 
found in our study. Further studies of quantifying the SAT in the android region may help 
to confirm or exclude this source of error. Fourman et al. found an overestimation of SAT 
combined with an underestimation of VAT compared to a single image CT in humans by 
using a Hologic Horizon A DXA scanner [29]. 

In pigs, MRI and DXA (including pure bone mineral analysis [30,31]) are also used for 
body composition analyses and achieve acceptable results compared to chemical analyses 
or dissection [32–36]. Our study shows that DXA overestimates VAT compared to MRI and 
the deviation rises with increasing VAT levels in accordance with other porcine and human 
studies, where DXA tends to overestimate the amount of fat [33,37–40]. Examinations in 
pigs related to VAT by MRI and DXA, however, have not been reported yet. Mohammad 
et al. compared VAT values from enCore software with MRI results, using identical 
anatomical regions for both techniques in Kuwaiti men and women, and found an 
overestimation of 79.7 cm3 (95% limits of agreement, −767 cm3 to 963 cm3) in men and 46.8 
cm3 (95% limits of agreement, −482 cm3 to 866 cm3) in women and an increasing imprecision 
with increasing VAT levels [37]. In pigs, Mitchell et al. found that DXA (Lunar DPX-L) 
tends to overestimate the total body fat content in pigs that have more than 20% body fat 
and underestimates the fat content in leaner pigs, compared to chemical analysis [33]. 

The overestimation might be explained by the fact that scanning too quickly or with 
insufficient X-ray source current, depending on body thickness, a degradation of the image 
quality would result by “starving” each pixel of X-ray photons [41]. Therefore, especially 
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in animals with a larger body thickness, the X-rays are attenuated to a greater extend and 
may result in an inaccuracy of the results. To compensate, the influence of body thickness, 
the enCore software offers different modes related to different body thicknesses 
(“standard”: 15–25 cm; “thick”: > 25 cm) combined with a prolonged scan time (more X-
ray photons per scan area) in “thick” mode, leading to a higher absorbed dose (6 µGy in 
“thick” mode vs. 3 µGy in “standard” mode). With the “thick” mode, we measured VAT 
values closer to the MRI results than with the “standard” mode, which confirms the 
influence of X-ray photon intensity on the 2D image quality and underlying X-ray 
attenuation coefficients (R values). 

Lukaski et al. examined the effect of body thickness on the difference in chemical and 
DXA analysis results using a Hologic 2000W scanner. The total errors in the determination 
of DXA body composition variables were similar with body thicknesses greater and less 
than 24 cm, and no effect was associated with the tissue thickness and estimation of fat 
[42]. This observation is in contrast to our study and to others, where tissue thicknesses of 
20–25 cm were associated with an overestimation of fat in and ex vivo [43,44]. The results 
of our study show an increasing overestimation of VAT measured by DXA compared to 
MRI results with increasing levels of VAT. To compensate the overestimation of DXA, the 
VAT values need to be bias corrected, according to the regression equations shown in Table 
4. 

In general, the comparison of studies measuring VAT or total fat in the android region 
is difficult for several reasons. Firstly, it is essential to examine the same anatomical region 
with both applied methods. In CoreScan, the android region is defined as 20% of the 
distance between the top of the iliac crest and the base of the skull and, therefore, the region 
varies according to the length of the trunk [45]. Using a fixed region in MRI would lead to 
inaccuracies. For example, Neeland et al. used a single MRI slice at the L2–L3 intervertebral 
level and compared it with an estimation of VAT mass at the L4–L5 region in DXA [38]. To 
avoid this source of error, we defined an exact body region for the MR imaging, which 
starts at the origin of the last rib and reaches to the top of the iliac crest. The android region, 
by using the DXA enCore software, was adapted to cover this defined region. Secondly, 
other reasons for the difficulty of comparing studies are: different analytical methods, 
including multiple or single slice MRI, different equipment and software, such as GE 
Healthcare/CoreScan or Hologic/InnerCore instruments, and the measured parameters 
(area or volume). Summarizing our results, DXA “CoreScan” has the ability to estimate 
VAT in pigs with a close relationship to MRI, but it is biased, according to the Bland–
Altman analysis, as shown in Tables 3 and 4 and Figures 8 and 9. 

In humans, the well-known gender-related differences in fat distribution arise, among 
other things, due to sexual hormones, which have multiple effects on adipose tissue [46]. 
Various studies found that adipose tissue presents sexual steroid receptors for estrogens, 
androgens, and progesterone [47–49]. The expression of these receptors varies by depot 
and gender. In intra-abdominal preadipocytes, the number of androgen binding sites is 
higher than in subcutaneous fat depots in males and females [48]. In males, the density of 
estrogen receptors in visceral adipose tissue is lower than in subcutaneous depots, and the 
binding capacity in SAT is also higher compared to VAT [50,51]. Another fact, which 
underlines the effect of sexual hormones is that sexual maturity influences total body fat 
and subcutaneous and visceral adipose tissue [22]. 

For translational medicine, it is important to characterize the animal model by 
identifying the potentials and limitations. Especially in the field of obesity research (e.g., 
metabolic syndrome), gender-associated differences are an evolving issue in human 
medicine and should be addressed in the animal model. Therefore, it is essential to 
consider the discrepancies in sex hormone patterns between pigs and humans [52,53]. 
Several studies examined female and male (intact) minipigs and their ability to be a model 
for metabolic syndrome or in general for obesity research. Females had more total body 
fat, including more visceral fat. Metabolic abnormalities were more severe compared to 
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intact male minipigs, which might be explained by the higher amount of fat. In conclusion, 
it was postulated that female minipigs might better display the obesity-related 
consequences in humans. Different hormone concentrations could be seen as a possible 
cause for the observed differences between male and female (mini-)pigs. Male (intact) 
minipigs have extremely high concentrations of testosterone, while their concentration of 
estradiol is even higher than in females before and after sexual maturity [52,53]. This 
phenomenon has also been reported for crossbreeds. Crossbred boars showed higher 
estradiol concentrations than crossbred females, already by the 98th day of life [54]. In 
general, the high concentration of testosterone and estradiol protects male minipigs from 
obesity and depositing fat (including VAT) at a high rate. Comparing the hormone 
concentrations to the situation in humans, the estradiol in female minipigs displays the 
concentration in post-menopausal women or men, while the concentration of estradiol in 
intact male minipigs is more similar to the concentration in pre-menopausal women, but 
is still even lower than in pre-menopausal women [52,53]. In our study, castrated male pigs 
and female pigs were examined shortly before sexual maturity. The observed amounts of 
VAT, which were higher in our castrated males, were similar to the human situation 
between intact men and women. However, they also showed a higher total fat content, 
which is in contrast to humans, where women have greater amounts of total body fat than 
intact men. Christoffersen et al. studied the influence of castration in Göttinger minipigs 
and found a complete disappearance of circulating testosterone and estradiol, resulting in 
an increased food intake, increased body weight, and also an increased body fat content. 
Already at 10 to 11 weeks after castration, the pigs were more insulin resistant, showed 
higher glucose intolerance and hyperglucagonemia. In general, low testosterone and 
estradiol concentrations are predictive for metabolic syndrome [55]. Therefore, castrated 
male pigs may be even more suitable to examine obesity-related consequences, because 
they achieved higher levels of VAT compared to females. In addition, castrated male pigs 
with a complete absence of sexual steroids might be used as a neutral basis for studies on 
the effects of hormones on obesity, VAT, and their related consequences after the 
application of steroids. The use of defined steroid concentrations offers the opportunity to 
readjust the situation in humans as accurately as possible with a simultaneous unchanged 
gene situation. 

Similar findings are described in pigs, where the proportion of fat increases in the 
carcasses of older and heavier pigs [56,57]. In accordance with other studies, this study 
shows an increase in VAT of 18.3 cm3 per kilogram weight in MRI, as shown in Figure 11. 
Mohrmann et al. found the highest accumulation of fat in animals with a weight range of 
90-120 kg, whereas Giles et al. described a smaller range, 80–100 kg [58,59]. Consequently, 
the pigs in our study were in the weight range of highest fat accumulation and have the 
potential to be an appropriate model for VAT examination. A study of fat deposition in 
pigs by CT found an increasing proportion of abdominal fat in total fat with increasing live 
weight [60]. 

As described previously, the amount of fat in humans increases with age. In our study, 
pigs at a relatively young age of 5 months were examined. Already at this time, increasing 
fat contents were found. Deeper insights into the development of fat could be reached by 
studying the pigs at several time points and at later stages of age. However, the use of MRI 
and DXA is limited by the size and weight of the object under investigation. In addition, 
for research purposes, a preferably early examination of the animals is of interest to save 
costs and time. Koopmans et al. recorded in their study a weight of 70 kg with 1.2 kg VAT 
for obese minipigs and compared this pig model to humans. In humans, one kilogram of 
VAT is already considered as a health threat, usually present at body weights above 100 
kg. Furthermore, it was postulated that it takes a time period of five to six months to 
develop the obese-metabolic-syndrome phenotype [61]. The pigs in our study are at this 
age and achieved VAT values of more than one kilogram (1.8 kg VAT in castrated males, 
1.2 kg in females). Therefore, castrated male pigs are also a suitable model for obesity 
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research. 
In pigs, the influence of sex on body and/or carcass composition is widely 

investigated. The findings of this study, where castrated males have higher amounts of 
total body fat and also of VAT compared to females, are in agreement with other studies. 
Carcasses of boars are characterized by the highest lean meat content, combined with a low 
fat content, followed by gilts. Barrows (castrated male pigs) tend to have fatter carcasses 
with the lowest lean meat content [57,62]. The results of our study show that DXA has the 
ability to measure these sex-related differences of total body fat and VAT. 

Besides sex, age, and weight, fat deposition is also influenced by genetic background. 
Body composition in pigs is polygenically controlled, and a large number of genes and 
markers associated with variations in fat and lean mass content have been identified 
[14,63,64]. Quantitative trait loci (QTL) should help to localize genes that—besides 
environmental effects—control specific phenotypes. The database PigQTLdb offers an 
extensive summary of published QTL information and, so far (as of 26.03.2020), 3138 QTL 
are associated with the trait “fatness” [65,66]. Rothammer et al. found, in a genome-wide 
QTL mapping study, 41 significant associations with the percentage of fat, measured by 
using a whole-body DXA scan on 13 chromosomes in pigs, and hypothesized, for example, 
the effect of the candidate gene ZNF608 on fat mass [14]. In humans, the association of 
ZNF608 and body mass index has likewise been reported [67,68]. In a recent study, 
Rothammer et al. examined the effect of regional body composition traits on QTL results. 
They compared the results of the QTL-mapping analysis using a whole-body DXA scan of 
2014 with the findings of QTL in regional DXA analyses (e.g., in the region of the 
abdomen). Overall, it can be concluded that a whole-body DXA scan provides reliable and 
substantial results, but specific regional analyses will provide additional knowledge of 
locally active QTL. For example, seven QTL, that can be associated with possible candidate 
genes, have been found only in the region of the abdomen, and did not show up in the 
whole-body QTL analysis. Three of these seven QTL are associated with the phenotype of 
fat, and possible candidate genes are: polypeptide N-acetylgalactosaminyltransferase 17 
(GALNT17, previous symbol: WBSCR17, chromosome 3); abhydrolase domain containing 
6 (ABHD6, chromosome 13); pyruvate dehydrogenase E1 subunit beta (PDHB, 
chromosome 13) [69]. In mutant mice, WBSCR17 is associated with a decrease in lean body 
mass. A selective knockdown of ABHD6 protects mice from high-fat-induced obesity 
[70,71], while PDHB on chromosome 13 has been described in cattle and pigs and is a 
candidate gene for intramuscular fat deposition [72,73]. It can be hypothesized that the 
effects of QTL, which are found only by analyzing a specific body region, are 
predominantly local [69]. Therefore, the regional analyses of fat, and especially of VAT, 
conducted in our study might provide extra value for genomic analyses. In addition, the 
simultaneous occurrence of genetic and phenotypic differences is essential for marker-
based mapping of QTL and, therefore, the use of different breeds in the initial generation 
will lead to a high variance in F2 generation [64]. For this reason, four conventional breeds 
are used in our study for phenotyping in the multiple F1 and F2 crossbreeding generations 
to create a basis for genomic analyses. Scholz et al. estimate the additive genetic variance 
components to account for 45–60% of the phenotypic variation of body composition traits 
[15,63]. A study by Kogelman et al. determines a higher heritability of DXA lean mass of 
0.71 compared to 0.43 for DXA fat mass in a F2 population with Göttinger minipigs [74]. In 
addition to the heritability (proportion of additive genetic variance on phenotypic 
variance), heterosis effects in crossbred lines may be associated with a variation in body 
composition. The influence of heterosis is greatest in the F1 generation and declines in 
further generations. Therefore, especially F1 crossbreds are used for fattening and 
reproduction, due to their superiority [75,76]. Carcasses of F1 crossbreds are characterized 
by higher weights, more lean tissue mass, but also higher fat mass [77,78]. In a study by 
Müller et al., traits such as growth, carcass, and meat quality were examined in wild boars, 
Meishan and Pietran pigs, and their crossbreeds [78]. All crossbreds showed a higher 
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amount of abdominal fat weight in the F1 compared to the F2 generation, which underlines 
the results of our study, where F1 pigs have higher amounts of total body fat, fat in the 
android region, and also more VAT, as shown in Table 6. 

Our study dealt with the ability of the DXA CoreScan feature to provide VAT 
estimates in pigs as a model for human research. The results support the hypothesis that 
DXA and the CoreScan feature might be applicable to a wider range of species for fat 
measurements for translational research. 

5. Conclusions 

Our study shows the ability of the DXA CoreScan feature to provide VAT estimates 
in pigs, but needs a bias correction if MRI VAT is seen as the reference method. The low-
cost measuring method described here is more easily accessible and has shorter 
examination times than MRI, and leads to less exposure to ionic radiation than CT. In 
addition, the variance analysis of the DXA results underlines the known genetic- and sex-
related differences in body composition in pigs, where castrated males and the first 
crossbred generation tend to have higher amounts of total body fat and visceral fat depots. 
Further studies into distinct fat depots, especially SAT in the android region, will help to 
evaluate the CoreScan feature in more detail. A combination of describing the phenotypic 
variance by in vivo techniques (MRI, DXA) with genomic analyses will help to identify 
more genes related to body composition traits. These findings will have an impact on 
human health by contributing new prospects to the field of obesity research. 
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 DISCUSSION AND OUTLOOK 

MRI and DXA offer suitable methods to analyze various phenotypic traits in pigs 

in vivo. In terms of body composition analyses, DXA has the ability to predict the 

fat and lean composition as well as the bone mineral content including the bone 

mineral density of pigs exactly. The results show that – based on the MRI reference 

– DXA is also a suitable method for determining the Visceral Adipose Tissue 

(VAT) in pigs by using the CoreScan software of GE Healthcare. 

Determining the exact phenotype builds the basis for genomic analyses and enables 

a more precise description of the effect of genes, QTL (quantitative trait loci), or 

expression of specific proteins based on variations found in the phenotype. 

Furthermore, regional analyses of specific traits will provide additional knowledge 

of QTL that have predominantly local effects. Therefore, phenotyping the VAT and 

not only the fat in the android region is appropriate. In addition, VAT may play an 

increasing role in the breeding work and in experimental animals for human 

obesity-related studies. 

1. Medical imaging results 

1.1. MRI results serve as reference 

MRI is the method of choice for quantifying adipose tissue in humans and for 

localizing its distribution, and is, besides CT, considered as gold standard for VAT 

determination (Chapter II.4.1.4 Use of MRI for VAT examination in humans). In 

pigs, MRI has been shown to be able being used as a reference method for body 

composition analyses in vivo and in carcasses (Chapter II.4.1.3 MRI in pigs). In the 

own study, the MR images were analyzed manually and only by one person to 

prevent an inter-operator error. Multiple slices were analyzed to directly asses the 

volume of VAT. Due to artifacts (Chapter II.4.1.2 Artifacts in the MR image), 

which can occur in MR images especially in the abdominal cavity, an imprecision 

for VAT volume may have resulted. However, the MRI results show significantly 

the same sex and genotype related differences of VAT volume as for the DXA 

results. In addition, the MRI and DXA results showed a close relationship 

confirming the accuracy of the DXA method. The own results show a significantly 

larger VAT volume in castrated males (1,188.83 cm³) than in females 

(1,016.65 cm³), while pigs of the first crossbreeding generation (MHF1) reached 
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larger volumes of VAT than the F2 (MHF2) with 1,196.40 cm³ compared to 

1,009.08 cm³, respectively. There are, so far, no other studies known examining the 

VAT volume of pigs by using DXA and MRI. Therefore, the results presented here 

cannot be discussed in comparison to other related “pig studies” – but only in 

relation to human studies. 

1.2. Evaluation of the DXA results 

Only one person evaluated all DXA images to minimize that source of error. 

Furthermore, only images of pigs without motion or other artifacts entered the 

analysis. In general, due to the fact, that VAT estimates are based on the content of 

SAT and total adipose tissue in the android region, measurement inaccuracies of 

SAT will affect VAT estimations as shown by Mohammad et al. (2017) and 

Fourman et al. (2019) (Mohammad et al., 2017; Fourman et al., 2019). An 

overestimation of SAT would lead to an underestimation of VAT and vice versa. In 

addition, the CoreScan mode of the iDXA system determines the VAT mass by 

assuming a density of 0.9435 g/cm³ for adipose tissue. A review of the literature 

provides a range of densities for adipose tissue. Adipose tissue consists – besides 

of fat – of water, proteins and minerals, resulting in a density, which is different to 

this of fat (lipids only). Snijder et al. (2002) and Hill et al. (2007) used a density of 

0.923 g/cm³ for adipose tissue, whereas McCauley et al. (2020) and Kaul et al. 

(2012) calculate with 0.94 g/cm³. Martin et al. (1994) examined in their study the 

density of adipose tissue in six male cadavers and found a range of 0.925 to 

0.970 g/ml (Martin et al., 1994). By using a constant correction factor (such as the 

density) to calculate the volume based on the VAT mass, the hydration state is 

assumed to be the same for all subjects and may lead to inaccuracies of the results 

(Thomas and Bell, 2003). 

In addition, all pigs were scanned in the two different DXA modes “thick” and 

“standard”. The own results show higher values in mode “standard” for total body 

fat mass, percentage of total body fat, fat in the android region, as well as for the 

volume and mass of VAT compared to “thick” mode. The enCore software related 

to the body thickness suggests the different scan modes. The mode “standard” uses 

an absorbed dose of 3 µGy and is supposed to be suitable for a body thickness of 

15 to 25 cm, whereas the mode “thick” with a higher absorbed dose (6 µGy) is set 

for a body thickness greater than 25 cm. The present results underline the 

importance to use the mode “thick” in individuals with a body thickness > 25 cm to 
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achieve reasonable results. All examined pigs had a body thickness of more than 

25 cm. Correspondingly, the DXA results of mode “thick” showed a closer 

relationship to the MRI results than did the “standard” mode (R² = 0.76, 

RMSE = 399.25 cm³ vs. R² = 0.71, RMSE = 443.42 cm³). 

The results of VAT volume and mass cannot be put into the context of other studies, 

as VAT in pigs has not yet been studied. 

Comparing the absolute values of DXA results for total fat mass, percentage fat, 

and lean mass content with results of other studies, it turns out, that the own records 

for percentage fat are mainly lower, but combined with a variable fat content, and 

a clearly higher lean tissue mass. In general, the genetic origin and the body weights 

must be considered. Scholz and Förster (2006) examined Piétrain purebreds and 

their crossbreds in a weight range of 70 to 90 kg using DXA and recorded a lean 

tissue content of 6,1684 g, a fat mass of 1,5681 g which leads to 19.37% of fat 

(Scholz and Förster, 2006). The present results for heavier pigs (mean: 91.6 kg) are 

expectedly higher for the lean tissue mass (75,891 g), but lower for the fat mass 

(13,866 g) and for the percentage of fat with 15.28%. This is in contrast to other 

findings in pigs, where the proportion of fat increases in older and heavier pigs 

(Farnworth and Kramer, 1987; Irshad et al., 2013).  

Kremer et al. (2012) analyzed different breeds by using DXA. For the comparison 

to the present research, only the crossbreds of Piétrain, Duroc, German Landrace 

and Large White were considered. These crossbreeding lines show a clearly lower 

weight (68.2 kg) at a similar age of 152.8 days. The percentage of fat, however, was 

practically identical to the own results with 15.74%, while the lean and fat mass 

(58.54 kg and 12.15 kg) were expectedly lower due to lower weights (Kremer et 

al., 2012).  

Pappenberger (2014) studied the body composition of conventional and 

“alternative” crossbreds. For the three-breed-cross of Piétrain, German Landrace, 

and Large White, she obtained a lean tissue content of 73,885 g and a fat content of 

14,169 g, resulting in a fat percentage of 15.2%. The animals were about 150 days 

old and had at this time a body weight of 90.4 kg. These results are very close to 

the own findings, which might be explained by similar genetics and an almost 

identical time of investigation (Pappenberger, 2014).  

Dölle (2019) examined the body composition of hybrids (Piétrain and German 
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Landrace) by DXA at three time points. During the third scan, the pigs of the 

outdoor-climate barn weighed on average 101.0 kg and obtained a lean tissue 

content of 81,988 g, a fat mass of 16,857 g, and a percentage fat of 16.75%. The 

greater fat percentage can be explained by the fact that the pigs in the study of Dölle 

(2019) were older and heavier, and by the faster accumulation of fat compared to 

muscle growth in the later development of individuals (Switonski et al., 2010; 

Dölle, 2019). 

1.3. Comparison of MRI and DXA results 

The results of this study show a high relationship between the VAT measurement 

by DXA and MRI with a regression coefficient of R² = 0.76 (RMSE = 399.25 cm³) 

for mode “thick”. However, the average volume of VAT measured by DXA is about 

1.5 to 2 times greater than the VAT volume by MRI. The Bland-Altman analysis 

provides a mean difference of -579.1 cm³, while the bias increases with higher 

levels of VAT. As described in the publication, this finding is in accordance with 

other studies, where higher values of VAT lead to a lower agreement between both 

methods – most likely due to an increase of inaccuracy by DXA.  

Several studies showed the imprecision of DXA in individuals with higher body 

mass indices (Chapter II.4.2.2 The CoreScan feature and the use for detecting VAT 

in humans). The higher body thickness and the influence of the hydration state in 

combination with the used density (for fat tissue) influence the precision (Chapter 

IV.1.2 Evaluation of the DXA results). In addition, it must be considered that MRI 

is able to directly measure the volume of VAT, while DXA only calculate VAT by 

measuring the fat/lipids content in SAT within the android region. Moreover, a 

deviation of the examined regions could be responsible for the differences between 

MRI and DXA. Even by using specific anatomic landmarks in order to exactly 

define the regions to be examined, it could not be excluded that there might be an 

error source by not capturing the identical region in both methods. Furthermore, the 

difficulty to determine VAT on MRI images in the abdominal cavity among other 

tissues/organs may influence the results. In conclusion, the CoreScan feature has 

the ability to provide VAT estimates in pigs, but the values need to be corrected if 

MRI is used as the gold standard. 
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2. Differences of body composition 

2.1. Sex related differences 

The present study evaluated the body composition of 63 castrated male and 57 

female pigs. All traits, including regional fat and body weight, differed significantly 

between sexes. Barrows were characterized by a higher content (15,092 g vs. 

12,554 g) and percentage (16.35% vs. 14.14%) of total body fat, as well as for fat 

in the android region (2,409 g vs. 1,957 g), and for the mass (1,868 g vs. 1,290 g) 

and volume (1,979.53 cm³ vs. 1,367.33 cm³) of VAT compared to gilts (Chapter III 

Publication, Table 6). The lean tissue content showed no significant difference 

(Chapter VIII Supplementary Material: Table 4). Castrated males, however, 

reached on average 76,819 g lean tissue and gilts only 74,862 g at an age of 

147 days. The own findings for fat and weight are in accordance to several studies 

examining sex related differences in pigs, where barrows tend to have fatter 

carcasses than gilts (Chapter II.2.2.3 Sex related differences of adipose tissue in 

pigs). Pappenberger (2014) also found significant sex differences for the body 

composition by DXA. Castrated male pigs obtained in general higher values for all 

traits, excluding the percentage of lean tissue compared to females. The results are 

similar to the present ones, although a slightly higher percentage of fat in barrows 

was found (18% vs. 16%) even so the pigs were lighter and younger than here 

(Pappenberger, 2014). Dölle (2019) compared the DXA body composition results 

for barrows and gilts as well. The castrated males were heavier (104.7 kg vs. 

95.5 kg), reached higher contents of fat (19,277 g vs. 14,152 g) and lean tissue 

(83,270 g vs. 79,373 g), and also the percentage of fat (18.56% vs. 14.95%) was 

higher compared to females (Dölle, 2019). 

The results of the own study show, that the mass and volume of VAT were also 

significantly different between castrated males and females, while the percentage 

of VAT of the total body fat was also higher for the barrows than for gilts (12.4% 

vs. 10.3%). 

In conclusion, the sex related differences obtained in this study, where barrows are 

heavier and fatter than gilts, are in accordance to other studies. To evaluate the sex 

related differences in more detail, it would be important to consider the feed intake 

or possible phases of illness of the pigs during growth. One possibility to evaluate 

the influence of feed intake could be to examine the feed conversion in different 
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growth periods based on live weight gain and lean tissue gain (Schwanitz et al., 

2017). 

2.2. Genotype related differences 

As described in Chapter II.3 Genetic origin, the examined multiple F1 (MHF1) and 

F2 (MHF2) crossbreds vary due to different characteristics of the body composition 

traits of the four breeds used in the crossbreeding scheme (Chapter VIII 

Supplementary Material: Figure 6). Concerning external characteristics, clear 

differences can be observed between the two examined crossbred generations F1 

and F2. Animals of the first (multiple) crossbred generation (MHF1) are expectedly 

very uniform with a similar size and white coloring, while the second (multiple) 

crossbred generation (MHF2) shows a high variance, what can already be seen by 

the variation in skin coloring (Chapter VIII Supplementary Material: Figure 7). 

Body composition is polygenic controlled, and a large number of genes and markers 

has been identified (Chapter III Publication, 4 Discussion). The proportion of 

additive genetic variance on phenotypic variance, is called heritability and builds 

an essential basis for the genetic evaluation (Baumung, 2005; Irshad et al., 2013). 

A high heritability (in closer sense) indicates that the additive genetic effect is large 

and a selection towards a specific trait is effective (Stewart et al., 1999). The 

publication compared heritability estimates for body composition traits of several 

studies. Besides the additive genetic effects, non-additive genetic effects like 

dominance and epistasis might influence the body composition traits, explaining 

the observed heterosis. 

The own study found expectedly higher values for all traits in the first crossbreeding 

generation (MHF1) compared to the F2 (MHF2). The MHF1 achieved about 3.1 kg 

higher body weights (93.2 kg vs. 90.1 kg), more total body fat (14,532 g vs. 

13,114 g), more fat in the android region (2,343 g vs. 2,023 g), and also a higher 

VAT mass (1,741 g vs. 1,416 g), which resulted in an approximately 23% higher 

VAT volume (1,845.77 cm³ vs. 1,501.08 cm³) compared to the F2 (MHF2) 

(Chapter III Publication, Table 6). In terms of absolute numbers, the lean tissue 

mass was slightly higher for the F1 than for the F2 pigs (75,899 g vs. 75,793 g), but 

the difference was not significant (Chapter VIII Supplementary Material: Table 4). 

Since the additive genetic effects are presumably similar between the crossbred 

generations, the expected heterosis effect in the first crossbred generation and the 
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expected 50% decline in the F2 mainly explain the “superiority” of the first 

generation. This assumption is further supported by the similar and partly identical 

environmental conditions, as some of the animals from both generations were born, 

raised and studied at the same time. Anyway, a year and season effect cannot be 

excluded completely when comparing the two crossbreeding generations, although 

the scan date entered the variance analysis as random effect (Chapter III 

Publication, 2 Materials and Methods). 

Besides the significant differences of VAT mass and volume between the two 

crossbreeding generations, a further difference comparing the percentage VAT of 

total body fat occurred. The first crossbreeding generation yielded 12.9% VAT of 

total body fat, whereas in the F2 generation the percentage was lower with only 

9.8%. 

Consequently, the superiority of the F1 generation compared to the F2 is debatable. 

The animals of the first generation showed a significantly higher fat content for the 

whole body and for the different examined regions, while the lean tissue mass was 

not significantly higher. Since the content of fat negatively affects the payment rate 

to a great extent (Chapter II.2.2.1 Adipose tissue in meat production), the first 

generation might not be superior compared to the second generation from the 

perspective of the producers. Additionally, the first generation utilized more excess 

energy for fat accumulation, which is a possible reason for the higher fat content 

compared to the second generation. 

In summary, the results of this study for lean and fat tissue comparing both 

crossbreeding generations are in accordance with other studies, in which the first 

crossbred generation reaches higher values for body composition traits, such as 

more total body fat, more fat in the android region, a higher VAT mass. The higher 

lean tissue mass of the first crossbred generation was not significant in this study 

(Chapter III Publication, 4 Discussion). 

3. Phenotyping of crosses between four different breeds 

The basis for genomic analyses, including marker-based mapping of QTL, is a 

simultaneous occurrence of genetic and phenotypic differences. A high phenotypic 

variance occurs expectedly in a F2 crossbreeding generation after crossing the 

“uniform” F1 animals, which origin from a reciprocal four-way cross including four 
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“significantly” different breeds (Landrace, Large White, Piétrain, and Duroc) as 

conducted in the own study (Chapter III Publication, 2 Materials and Methods; 

Chapter VIII Supplementary Material: Figure 6). 

In order to be able to draw conclusions for the practical breeding work, this study 

used the most common conventional pig breeds in Germany for the creation of the 

multiple F1 and F2 crossbred generations. The creation and continuation of such a 

population enables further research approaches by describing the phenotype of 

specific traits in the F2 crossbred generation and allows the association of these 

phenotypic results with genomic analyses. 

4. Further investigations 

Within the scope of the own study, the entire abdominal cavity and the area of the 

ham were examined by MRI, and additionally a whole body scan by DXA was 

conducted. Furthermore, blood samples of all scanned pigs were collected, and 

from all parental animals which were not scanned within the study period, a small 

ear notch was taken. By performing genomic analyses, specific genes or QTL might 

be detected. Furthermore, the influence of these genes/QTL can be evaluated by 

comparison with the determined phenotypes. Since the study described VAT in 

detail, a genomic analysis may allow the identification of specific QTL or candidate 

genes, which are associated with an increased or decreased VAT content. It has 

already been shown in the literature that candidate genes found by porcine QTL 

analysis have a similar association with phenotypic traits like in humans 

(Rothammer et al., 2014). Therefore, these findings might have an impact on human 

health in the field of obesity research, as VAT, especially in humans, plays a major 

role in the development of cardiovascular diseases. 

For an even more precise evaluation of the CoreScan feature, it would be useful 

determining the SAT content based on the MR images and comparing this content 

with the difference of total body fat in the android region and VAT measured by 

DXA, which represents SAT. Evaluating SAT could help to figure out if an 

overestimation or underestimation of VAT is accompanied by an over- or 

underestimation of SAT. In addition, the SAT-VAT ratio can be determined. This 

ratio might lead to an estimation equation for VAT based on SAT or a combination 

of SAT and the weight in pigs. 
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In general, the evaluation of the CoreScan feature in detail could have a huge impact 

on performance testing in pigs for VAT, or obesity research as model for human 

studies. The DXA technology in combination with CoreScan has the ability to 

investigate the VAT content in pigs in vivo in comparison to currently used 

dissection analyses. Therefore, the animals can be examined several times to carry 

out growth studies or may find further use in related experiments in order to answer 

e.g. nutritional or physiological research questions. Due to the repeated use of the 

same animals, a reduction of the animals needed for a specific research question 

might be the positive consequence. 
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 SUMMARY 

The visceral adipose tissue (VAT) plays an important role in the field of obesity-

associated diseases in humans. The most common causes of death worldwide are 

cardiovascular diseases, which are accompanied by risk factors such as 

hypertension, dyslipidemia, or metabolic syndrome. Several studies show a causal 

relationship of VAT with these factors. Due to its high similarity of anatomic or 

physiologic characteristics with humans, the pig is an appropriate animal model for 

obesity research. Compared to the genome of mice, the porcine genome is even 

more similar to humans. In addition, new insights into the fat depot metabolism will 

bring advantages for the breeding work and could help to produce high quality meat 

at reasonable costs. 

The aim of this thesis was to phenotype the visceral adipose tissue in pigs in 

combination with the evaluation of the CoreScan feature within the enCore software 

of GE Healthcare for iDXA scanners. CoreScan offers the possibility to determine 

the VAT mass and volume indirectly by using the DXA technology in combination 

with a specific geometric software algorithm. MRI as a direct method to measure 

VAT served as reference for evaluating the DXA feature. 

This thesis examined a number of 120 crossbred pigs of the first and second filial 

generation with the parental breeds German Landrace, Large White, Piétrain and 

Duroc by MRI and by two DXA whole body scan modes ("thick" and "standard"). 

At time of investigation, the pigs were averagely 147 days old and had an average 

weight of 91.6 kg. The VAT values of MRI and DXA showed a close linear 

relationship with a regression coefficient of 0.76 for mode “thick” 

(RMSE = 399.25 cm³) and of 0.71 for mode “standard” (RMSE = 443.42 cm³). The 

Bland-Altman analysis showed an overestimation of DXA VAT compared to MRI 

values. The deviation between the two methods, however, increased with increasing 

levels of VAT. 

In addition, this study confirms the well-known sex related differences of body 

composition. Castrated males tend to have higher body weights, more total body 

fat, and also more VAT. Compared to the female animals, the male castrated pigs 

were characterized by averagely 578 g more VAT and averagely 3.9 kg heavier 

weights. The lack of androgens and estrogens in barrows, which have an anabolic 

effect, can explain the difference. 
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Total fat and visceral fat content of the first and second multiple crossbred 

generations (MHF1 vs. MHF2) differed significantly. The animals of the MHF1 

had on average 325 g more VAT. The expected full heterosis effect in the first 

crossbreeding generation (MHF1) and the expected 50% decline in the F2 

crossbreeding generation by crossing the breeding animals of F1 (MHF1) mainly 

explain the “superiority” of the first generation. 

In conclusion, CoreScan has the ability to provide VAT estimates in pigs but needs 

a bias correction if MRI is seen as “gold reference standard”. Consequently, GE 

Healthcare offers a fast, simple and low-cost alternative compared with MRI or CT. 

The phenotyping of VAT could form the basis for further genomic studies. In 

general, these findings could have an impact on human health by contributing new 

prospects to the field of obesity research. 
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 ZUSAMMENFASSUNG 

Phänotypisierung des viszeralen Fettes beim Schwein mittels 

MRT und DXA 

Das viszerale Fett (VAT) spielt eine große Rolle im Bereich der Adipositas-

assoziierten Krankheiten beim Menschen. Die Haupttodesursache weltweit sind 

kardiovaskuläre Krankheiten, die durch bestimmte Risikofaktoren wie 

Bluthochdruck, Fettstoffwechselstörung oder dem metabolischen Syndrom 

begünstigt werden. In mehreren Studien konnte eine Beziehung zwischen dem 

viszeralen Fett und diesen Risikofaktoren gezeigt werden. Aufgrund der großen 

Ähnlichkeit der Anatomie und Physiologie ist das Schwein ein häufig eingesetztes 

Tiermodell in der Adipositasforschung. Im Vergleich zu dem Genom von Mäusen, 

ist das porzine Genom dem des Menschen ähnlicher. Neue Erkenntnisse über den 

Fettmetabolismus bringen Vorteile für die Zuchtarbeit und helfen bei der 

Produktion von Schweinefleisch mit hoher Qualität bei vergleichsweise 

akzeptablen Kosten. 

Das Ziel dieser Doktorarbeit war es, das viszerale Fett des Schweines zu 

phänotypisieren und zeitgleich die CoreScan Funktion der enCore Software für 

iDXA von GE Healthcare zu evaluieren. CoreScan ist eine indirekte Methode zur 

Bestimmung des Volumens und der Masse des viszeralen Fettes. Im Gegensatz 

dazu kann das Volumen des viszeralen Fettes durch eine MRT-Untersuchung direkt 

erfasst werden und diente zur Bewertung der DXA-Methode als Referenz. 

Es wurden insgesamt 120 Vierrassen-Kreuzungstiere aus Deutscher Landrasse, 

Deutschem Edelschwein, Piétrain und Duroc in der ersten und zweiten 

Filialgeneration mittels MRT und mittels zweier DXA-Ganzkörper-Scanmodi 

(“Dick” und “Standard”) untersucht. Die Tiere waren zum Zeitpunkt der DXA- und 

MRT-Untersuchung im Durchschnitt 147 Tage alt mit einem durchschnittlichen 

Gewicht von 91,6 kg. 

Mit einem Regressionskoeffizienten für Modus “Dick” von 0,76 

(RMSE = 399,25 cm³) und von 0,71 für Modus “Standard” (RMSE = 443,42 cm³) 

konnte eine enge lineare Beziehung zwischen den DXA VAT-Werten und den 

MRT-Ergebnissen ermittelt werden. Durch eine Bland-Altman-Analyse konnte 

eine Überschätzung des VAT-Gehaltes durch DXA verglichen mit den MRT-



VI. Zusammenfassung     80 

 

Werten aufgezeigt werden. Diese Tendenz nimmt mit steigenden VAT-Volumina 

zu. Darüber hinaus konnte der bereits bekannte Geschlechterunterschied der 

Körperzusammensetzung dargestellt werden, bei welchem männlich kastrierte 

Schweine durch höhere Gewichte, höheren Gesamtfettgehalt als auch höheren 

viszeralen Fettgehalt im Vergleich zu weiblichen Tieren charakterisiert sind. Im 

Vergleich zu den weiblichen Tieren hatten die männlich kastrierten Schweine 

durchschnittlich 578 g mehr VAT und waren im Durchschnitt 3,9 kg schwerer. Der 

Unterschied kann auf die fehlende Produktion von Androgenen und Östrogenen in 

Kastraten, welche eine anabole Wirkung besitzen, zurückgeführt werden. 

Zwischen der ersten und zweiten multiplen Kreuzungsgeneration (MHF1 vs. 

MHF2) konnten signifikante Unterschiede für das Gewicht, den Gesamtfettgehalt 

und für den viszeralen Fettgehalt festgestellt werden. Die MHF1-Tiere zeigten 

durchschnittlich 325 g höhere VAT-Gehalte. Diese Überlegenheit kann durch den 

Heterosiseffekt erklärt werden, der in der ersten Kreuzungs-Filialgeneration 

erwartungsgemäß mit 100% am höchsten ist und in der folgenden Kreuzungs-

Generation theoretisch nur noch 50% beträgt. 

Zusammenfassend bietet CoreScan die Möglichkeit viszerales Fett in Schweinen 

zu quantifizieren. Wird MRT als Referenz angesehen, müssen die ermittelten, von 

der MRT-Messung abweichenden DXA-Werte entsprechend der Bland-Altman-

Analyse angepasst werden. GE Healthcare liefert mit dem CoreScan iDXA-System 

eine einfachere, preiswertere und besser zugängliche Alternative zu den klassischen 

Methoden wie MRT oder CT. Die Ergebnisse der Phänotypisierung können die 

Basis für Genomanalysen bilden und somit einen Beitrag zur Adipositasforschung 

beim Menschen durch die Verwendung des Schweines als Tiermodell leisten. 
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 SUPPLEMENTARY MATERIAL 

 

Figure 6. Crossbreeding scheme of four different parental breeds 

 

 

Figure 7. Pigs of the first (A) and second (B) crossbreeding generation. 

  

(A) (B) 
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Table 4. Least squares means (LSM), standard errors of estimation (SEE), and 
significance level (Pr>t) of soft lean tissue mass 

 

 

 

LSM SEE Pr>t
Castrated males 76,731 760.76
Females 74,962 805.87
MHF1 75,899 823.7
MHF2 75,793 779.68

0.1072

0.9263

Soft lean tissue mass (g)
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