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I. Introduction 1

. INTRODUCTION

The “global obesity epidemic” refers to the worldwide rapidly increasing
prevalence of obesity rates over the past three decades, with the number of
obese adults more than doubling between 1990 and 2022. According to the
World Health Organisation (WHO), in 2022, approximately 890 million adults
and 160 million children and adolescents were classified as obese (World
Health Organization, 2024 https://www.who.int/news-room/fact-
sheets/detail/obesity-and-overweight, last accessed 22.09.2024). WHO
defines obesity as having a body mass index (BMI) of 30 or higher, resulting
from a chronic imbalance between energy intake and energy expenditure.
While excessive nutritional intake is a key contributor, the development of
obesity is complex, involving various factors such as genetics, gender, age,
lifestyle, and diet (Pant et al., 2015). Obesity is closely associated with an
increased risk of multiple chronic diseases (Sgrensen et al., 2022), such as
diabetes type 2 (Neeland et al., 2019), cardiovascular diseases (Powell-Wiley
et al., 2021), and musculoskeletal conditions like osteoporosis (Lin et al.,
2023; Perna et al., 2023), raising significant concerns about its national and
global economic impact on healthcare systems (Okunogbe et al., 2022).
Especially the form of visceral obesity, characterised by a high accumulation
of visceral adipose tissue (VAT), situated around internal organs, is
particularly implicated in the pathogenesis of metabolic disorders and
connected health issues (Després and Lemieux, 2006; Fox et al., 2007). In
contrast, subcutaneous adipose tissue (SAT), located beneath the skin, has
different metabolic properties and may have distinct health implications
(Tchkonia et al., 2013). The distribution of adipose tissue varies between
genders, ethnicities and ages (Machann et al., 2005; Lim et al., 2019;
Streicher et al., 2023). Examining this heterogeneity is essential for gaining a
comprehensive understanding of obesity, both for health monitoring and

research purposes.

Pigs are recognised as a valuable model for human research due to their
anatomical and metabolic similarities to humans, as well as their shared
genetic variants (Spurlock and Gabler, 2008; Kogelman et al., 2013). With the
sequencing of the pig genome, the genetic proximity of pigs to humans has
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drawn attention, particularly regarding obesity research and related diseases
(Pant et al., 2015). In addition to its relevance for human obesity research,
understanding adipose tissue development and distribution in pigs is a crucial
aspect of livestock production. Adipose tissue accumulation is closely related
to growth rate, feed conversion efficiency, and lean tissue development, all of
which have significant economic impacts. Moreover, the quantity and quality
of adipose tissue influence meat palatability, processing potential, and overall
consumer acceptance (Fontanesi et al., 2012). As consumer demand for
improved animal welfare continues to rise, particularly in alternative housing
systems, conditions such as outside-climate stables, as demonstrated in our
study, can help to address the influence of additional extrinsic factors on pig
phenotypes (Millet et al., 2005; Juska et al., 2013).

Magnetic resonance imaging (MRI) has emerged as a non-invasive tool for
the assessment and quantification of visceral and subcutaneous adipose
tissue in both humans and pigs. Offering high spatial resolution and the ability
to differentiate between various (soft) tissues, MRI is recognised as the gold
standard method (Streicher et al., 2023). Originally developed for bone
mineral density assessment in humans, dual energy X-ray absorptiometry
(DXA) has evolved to provide detailed information on fat and lean tissue
distribution within the body, providing a quick and non-invasive method
(Kracht et al., 2021).

This thesis aims to evaluate the GE Lunar /DXA CoreScan™ software in
comparison to the gold standard method MRI for quantifying visceral and
subcutaneous adipose tissue in the abdominal region of pigs. Additionally, the
use of ultrasonography to measure back fat thickness will be assessed as a

further non-invasive and accessible tool for adipose tissue evaluation.

By creating a porcine population with a wide range of phenotypes, this
evaluation of body composition traits, with the focus on visceral and
subcutaneous adipose tissue, will help to understand how intrinsic factors
such as sex and genotype, as well as extrinsic factors like season and feed
intake, influence fat distribution and overall body composition. These insights
can contribute to improving pig breeding programs and assessing the impact
of alternative housing conditions while also providing a foundation for
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genome-wide association studies (GWAS) to identify quantitative trait loci
(QTLs) and candidate genes related to adipose tissue accumulation and

distribution, relevant to both animal and human research (Duarte et al., 2016).
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Il. LITERATURE REVIEW

1. Visceral and subcutaneous adipose tissue

1.1. Humans

Adipose tissue in humans is understood as a distinct organ, playing crucial
roles in metabolism, thermoregulation, and overall health (Cinti, 2000; Poulos
et al., 2010). It is mainly divided into two types: subcutaneous adipose tissue
(SAT) and visceral adipose tissue (VAT). SAT is primarily found in the
abdominal region and femoro-gluteal region, just beneath the skin, while VAT
consists of fat depots around the abdominal organs (Mittal, 2019). It is
important to distinguish adipose tissue from fat itself; adipose tissue refers to
soft connective tissue composed of adipocytes, while fat refers to the lipid
molecules stored within adipocytes. In humans, three types of adipocytes are
known — white, brown, and beige adipocytes, each playing a distinct role in
the lipid metabolism (Zhao et al., 2021). White adipocytes primarily function
as energy reservoirs, storing triglycerides and releasing them as fatty acids
when needed, while brown adipocytes can convert energy derived from fatty
acids and glucose into heat through the action of Uncoupling Protein 1
(UCP1). Although developing in white adipose tissue, beige adipocytes exhibit
functional similarities to brown adipocytes, contribution to heat production (Wu
et al., 2012).

VAT, in particular, has gained attention for its specific role in the development
of metabolic syndrome and cardiovascular diseases due to its endocrine
activity (Després and Lemieux, 2006; Fox et al., 2007). In contrast, SAT is less
hormonally active, serving a more protective function while acting as a storage
site for excessive fat, where redundant free fatty acids and glycerol are
accumulated as triglycerides within adipocytes (Tchkonia et al., 2013). SAT
itself is further subdivided into two layers: the superficial and deep layer.
Research indicates that the superficial subcutaneous adipose tissue (SSAT)
layer is more metabolically active, characterised by adipocyte hypertrophy and
fewer inflammatory cells, whereas the deeper SAT (DSAT) layer is associated

with higher inflammatory cell infiltration, suggesting different roles for each
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layer (Cancello et al., 2013; Kim et al., 2016). The varying degrees of adipose
tissue accumulation and its distribution in different locations throughout the
body impact health outcomes. For instance, individuals with metabolically
healthy obesity (MHO) tend to have a greater capacity for SAT expansion,
which may protect against fat deposition in visceral regions and mitigate
associated metabolic risks (Bluher, 2014). Factors such as gender, age,
ethnicity, and diet also affect adipose tissue distribution (Neeland et al., 2016).
Furthermore, increasing obesity is associated with changes in the
musculoskeletal system affecting muscle mass and bone density, particularly
in older adults (Alalwan, 2020; Perna et al., 2023). Given these complexities,
the study of adipose tissue and obesity remains a key area of scientific

research.
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1.2. Pigs

The domestic pig sus domesticus is widely used as an animal model in
scientific research related to humans due to its similarities in terms of
anatomy, physiology, pathology and metabolic characteristics. Its omnivorous
dietary habits, similar lipoprotein profile and analogous patterns of
anatomically distinct adipose tissue depots, such as visceral and
subcutaneous adipose tissue, make the pig an ideal large animal model for
obesity research (Bellinger et al., 2006; Aigner et al., 2010; Jin et al., 2023).

The accumulation and distribution of adipose tissue, along with the resulting
overall body composition, play a significant role not only in the use of pigs as
a model for translational research in human medicine but also in their role as

meat-producing animals (Hinrichs et al., 2018; Renner et al., 2018).

Over the past few decades, pig breeding has continuously responded to
consumer demand for lean pork, leading to the optimisation of pig carcasses
for increased lean muscle content and reduced fat content. Reduced back fat
thickness is associated with a greater amount of lean muscle, especially in the
loin area (Gispert et al., 2007). As subcutaneous adipose tissue has a high
degree of heritability, selective breeding has focused on reducing back fat
thickness, making it a prime target (Lee et al., 2011; Ding et al., 2022; Oliveira
et al., 2022).

Body composition, therefore, plays a crucial role, as the “SEUROP” grading
model remains in use across Europe, with yields calculated accordingly.
Carcass revenue is determined based on achieving a certain carcass weight
and the highest possible lean tissue percentage, with a target of over 60 %
lean tissue, which is rewarded with the highest grade, ‘S’. To predict the lean
tissue percentage, the back fat thickness and the muscle depth of the
longissimus dorsi muscle are measured 7 cm to the side of the dividing cut
line between the second and third last rib, and a pre-developed prediction
equation is then applied (Schweineschlachtkérper-Handelsklassen-
verordnung in der Fassung der Bekanntmachung vom 16. August 1990,
(BGBI. I S. 1809), die zuletzt durch Artikel 5 der Verordnung vom 10. Mérz
2022 (BGBI. I S. 428) geéndert worden ist, last assessed 18.08.2024). The
aim of this standardised grading procedure is to establish fair and transparent
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pricing for all farmers. However, some experts in the industry have raised
concerns about this system, as it focuses solely on body composition when
assessing pork production and quality, overlooking other important product-
and process-related factors, such as nutritional value, sensory characteristics,

food safety, and origin (Candek-Potokar et al., 2024).

However, the selection pressure for lean pork can also have a negative impact
on consumer satisfaction. This is because subcutaneous, intermuscular and
intramuscular fat are important flavour carriers and are crucial for nutritional
value and the further processing of certain products. Lipolysis, followed by fat
oxidation, result in the formation of volatile organic compounds (VOCs), which
are essential for the flavour development in dry-cured ham products (Pinna et
al., 2012). Additionally, the subcutaneous fat layer plays a critical role in
limiting water and flavour loss while preventing excessive salt absorption. The
latter is particularly disadvantageous in lean ham concerning nutritional value
(Candek-Potokar et al., 2002).

The quality of the meat is also influenced by the fatty acid composition of the
adipose tissue. There is an antagonistic relationship between unsaturated and
saturated fatty acids, which is dependent on the carcass's fat content
(Zappaterra et al., 2022). The proportion of saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFAs) is directly related to the degree of fat
deposition in the carcass, as fat depots primarily accumulate as
triacylglycerols composed of SFAs and MUFAs (van den Broeke et al., 2022).
This higher proportion of SFAs and MUFAs, present along with increased fat
deposition, results in greater tissue firmness and extended shelf life, as the fat
is more resistant to oxidation. This is advantageous in the production of high-
quality dried ham (Skrlep et al., 2020b). However, SFAs and MUFAs have a
less favourable impact on human health compared to polyunsaturated fatty
acids (PUFAs), which are present in higher proportions in lean meat. While
PUFAs are beneficial for health, they are more susceptible to lipolytic and
oxidative degradation, leading to faster rancidity and softening of fat, which

can negatively alter flavour characteristics (Wood et al., 2004).

In pigs, fat is stored primarily in the form of triglycerides, which consist of a

glycerol backbone and three long-chain fatty acids. Glucose, derived from a
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diet rich in carbohydrates, plays a central role in the synthesis of these fatty
acids through a process known as de novo lipogenesis. In this process,
glucose is metabolised to pyruvate via glycolysis, which then enters the
mitochondria and is converted into citrate. Citrate exits the mitochondria and
is subsequently broken down into acetyl-CoA, which serves as the essential
molecule for fatty acids through carboxylation and polymerisation. These
newly synthesised fatty acids are incorporated into triglycerides, which are
stored in white adipocytes (Figure 1). In addition to de novo synthesis, fatty
acids can also be derived from dietary fat or from the breakdown of circulating
triglycerides. The balance between fat synthesis (lipogenesis) and fat
breakdown (lipolysis) in pigs is largely determined by their energy balance,
which is influenced by their diet (reviewed by Dunshea, 2003). Notably, unlike
humans and other mammals, pigs do not possess brown adipocytes due to a

genetic defect in the expression of UCP1 (Zhao et al., 2021).
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Figure 1: Lipogenesis and lipolysis pathways, simplified and modified according to
Dunshea (2003)

mitochondria

In the neonatal pig, fat accumulation is initially minimal but quickly increases
during the suckling period, likely because of the high fat content in the sow's
milk. After weaning, when pigs transition to a solid high-carbohydrate diet,
glucose becomes the primary source of energy and the main substrate for
fatty acid synthesis (Dunshea, 2003; Soladoye et al., 2015).
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According to Anderson and Kauffman (1973), adipose tissue growth in pigs is
initially driven by an increase in number of fat cells, so called cellular
hyperplasia, up until around 20 kg of body weight. The early stages are
characterised by small but highly active cells that are efficient at synthesising
lipids. As pigs grow from around 20 to 70 kg, both the number and size of fat
cells increase. Beyond a body weight of around 70 kg, adipose tissue
development transitions predominantly to hypertrophy, meaning the
enlargement of existing fat cells. Despite a decline in lipid synthesis capacity
as the cells mature and store more fat, adipose tissue accumulation continues
to increase in later growth stages, primarily due to the expansion in size
(Anderson and Kauffman, 1973).

The intricate balance between diet, metabolic processes, and growth stages

determines the final composition of fat in pigs at the time of slaughter.

1.2.1. Subcutaneous adipose tissue

Adipose tissue development in pigs occurs in distinct stages, with
subcutaneous back fat depots forming first, followed by visceral adipose
tissue, intermuscular fat deposits, and lastly, intramuscular adipose tissue
(Mourot et al., 1995).

Significant differences exist in the lipid content and fatty acid composition
between subcutaneous adipose tissue and other fat tissues, as well as among
the different layers within subcutaneous fat itself. Monziols et al. (2007)
investigated the differences in lipid content between subcutaneous and
intermuscular fat in pigs, finding that subcutaneous adipose tissue generally
contains a higher total lipid content, ranging from 63.1 % to 67.8 %, compared
to intermuscular fat with a lipid content of 57.5 % to 61.5 %, respectively. This
suggests that intermuscular fat matures later and accumulates lipids more
slowly than subcutaneous fat. Kouba and Bonneau (2009) confirmed these
findings, showing that subcutaneous fat typically grows faster than
intermuscular fat across most body regions, except for in the belly, where the
growth rates are reversed. These findings support the idea that intermuscular
fat matures later, accumulating lipids more slowly than subcutaneous adipose

tissue.

Subcutaneous adipose tissue consists of two to three layers, with a third layer
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typically present over the loin area. These layers develop unevenly across
different anatomical sites and growth stages, with each exhibiting unique
growth patterns that warrant consideration as separate tissues (Allen, 1976;
Fortin, 1986; McEvoy et al., 2007). In general, the outer layer has been found
to be the most prominent at birth, but as the pig matures, the middle layer
thickens more rapidly, especially towards the end of the growth period. The
inner layer develops later, contributing to the overall back fat thickness
demonstrating an intermediate growth rate between the outer and middle layer
(Fortin, 1986; Koch et al., 2011; Gonzalez et al., 2017). Conversely, the middle
layer was found to be most dependent on body weight changes and
decreases more quickly under food restriction conditions (Leymaster and

Mersmann, 1991).

Monziols et al. (2007) found no significant differences in lipid content between
the outer and inner layers of subcutaneous fat, with values reported as 66.8
% and 67.8 %, respectively. However, they observed that the outer layer has
a higher degree of unsaturation and a greater deposition of linoleic acid
(C18:2), an essential fatty acid sourced directly from feed, compared to the
inner layer. Supporting studies by Bee et al. (2002) indicate that lipid
metabolism is less active in the outer layer than in the inner layer, where more
endogenous fatty acids are synthesised through de novo lipogenesis. This
leads to a lower concentration of polyunsaturated fatty acids (PUFAS),
especially C18:2, in the inner layer relative to the outer layer. Additionally,
Monziols et al. (2007) identified a gradient in monounsaturated fatty acid
(MUFA) content across different adipose tissues, with the highest levels in the
outer layer of subcutaneous fat, followed by the inner layer, intermuscular fat,

and flare fat.

These findings underscore the intricate distribution of fatty acid within pigs’
subcutaneous adipose tissues, a complexity further explored by researchers,
which reveal that the composition of subcutaneous back fat and its fatty acids
is significantly influenced by diet and environmental conditions during the
finishing period, which begins when pigs reach 110-120 kg and continues until
slaughter (Zappaterra et al., 2022). The fatty acid composition in tissues is
shaped by a complex interplay of metabolic processes, including de novo fatty

acid biosynthesis, lipolysis, and fatty acid deposition. Zappaterra et al. (2022)
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emphasises that changes in fatty acid composition in back fat occur gradually
over time. Consequently, the diet and environmental conditions during the
finishing phase are critical factors influencing the fatty acid profile of the

subcutaneous back fat layers at the time of slaughter.

Subcutaneous adipose tissue differs markedly from visceral adipose tissue at
both metabolic and genomic levels. This reflects their distinct functional roles
and potential health impacts. Differences in gene expression suggest that SAT
and VAT may originate from different progenitor cells during development,
contributing to their functional divergence (Chau et al., 2014). Given these
disparities, SAT and VAT are often treated as separate organs, each with

unique metabolic and inflammatory characteristics (Tchkonia et al., 2013).

SAT is generally associated with a metabolically protective role, characterised
by the upregulation of protein-coding genes (PCGs) related to the structural
components of the extracellular matrix (Jin et al., 2021). A flexible extracellular
matrix in SAT allows to store excess nutrients in adipocytes, thereby
preventing pathological consequences like inflammation and ectopic lipid

deposition in other tissues.

Compared to VAT, SAT contains a higher proportion of smaller, more insulin-
sensitive adipocytes, which are more efficient at storing free fatty acids and
triglycerides compared to larger, more insulin-resistant adipocytes in VAT.
Although SAT adipocytes initially offer metabolic protection, their capacity to
store excessive fat is limited. Once this capacity is exceeded, excessive fat
begins to accumulate in tissues not suited for lipid storage through systemic

venous drainage (Hausman et al., 2014).

Wang et al. (2022) further explored the differences in SAT metabolism
between male and female pigs, uncovering key sex-specific pathways and
genes. Their conclusions were drawn from a study involving 34 crossbred F2
Duroc x Géttingen minipigs, which were evenly divided into three groups with
different obesity indices. They found that males exhibit a greater capacity for
angiogenesis (the formation of new blood vessels) and adipogenesis (the
formation of fat cells) in SAT. In contrast, females have a stronger autoimmune
and proinflammatory response in SAT, driven by the activation of type |

interferon response and the production of interferon-stimulated genes. The
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findings highlight distinct metabolic and immune regulatory mechanisms in

SAT between sexes.

1.2.2. Visceral adipose tissue

Visceral adipose tissue (VAT) in pigs shows diverse metabolic and genomic
characteristics that differentiate it from subcutaneous adipose tissue (SAT).
VAT demonstrates unique transcriptional profiles, with a significant
upregulation of protein-coding genes associated with inflammation and
immune response progenitor cells, reflecting a heightened predisposition to
inflammatory processes. This is further evidenced by increased infiltration of
macrophages, particularly in the greater omental adipose tissue, which shows
the highest level of macrophage infiltration (9.81 %) among various visceral
fat depots, compared to 7.39 % in mesenteric adipose tissue and 7.18 % in
abdominal subcutaneous adipose tissue, as discovered in a study by Jin et al.
(2021). However, retroperitoneal adipose tissue was found to exhibit
transcriptional patterns similar to metabolically active SAT for genes involved
in glucose and lipid metabolism, suggesting variability within VAT depots

regarding their metabolic activity (Jin et al., 2021).

In contrast to SAT, mature VAT shows reduced expression of extracellular
matrix-related genes, limiting the expansion capacity of adipocytes and
leading to metabolic deterioration as the adipose tissue enlarges (Rosen and
Spiegelman, 2014). Metabolically, VAT poses a greater risk due to their direct
drainage of venous blood to the liver, allowing inflammatory and signalling
molecules from VAT to directly affect hepatic metabolism (Ibrahim, 2010). This
direct connection intensifies the risk of metabolic dysfunction in comparison to
SAT.

In summary, VAT in pigs is characterised by higher inflammatory and immune
gene expression, greater macrophage infiltration, and direct metabolic
interactions with the liver compared to subcutaneous adipose tissue, all of
which contribute to increased metabolic risks.
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2. Intrinsic factors

21. Influence of sex

Hormonal differences between male and female pigs play a significant role in
determining body composition, particularly in the accumulation and
distribution of visceral and subcutaneous adipose tissue. Sexual hormones
are naturally occurring steroid hormones synthesised from cholesterol in the
endocrine cells of the adrenal cortex, Leydig cells in the testicles of boars, and
theca cells in the ovaries of female pigs. Besides being essential for
reproductive development and performance, these hormones are involved in
metabolism, particularly in protein synthesis and muscle growth, known for
their anabolic effect (Skoupa et al., 2023). In intact boars, testosterone is
predominantly synthesised from androgens in their testicles. Castration
results in the absence of most of this steroid hormone in barrows. In female
pigs androgens serve as essential substrates for oestrogen synthesis (Pope
and Cardenas, 2006).

In humans it is well known that the distribution of fat storage differs between
men and women. Men tend to accumulate more visceral fat in the central
abdominal region, whereas women accumulate predominantly subcutaneous
fat in the femoral-gluteal region, also known as the gynoid distribution
(Lemieux et al., 1993; Mayes and Watson, 2004; Palmer and Clegg, 2015).
This difference is mainly due to different expression levels of the enzyme
lipoprotein lipase and different ratios of adrenergic receptors in visceral and
subcutaneous adipose tissue between men and women, as outlined by
Palmer and Clegg (2015).

After menopause, which is characteristic of humans, the levels of androgens
and oestrogens decrease, leading to an increase in visceral fat storage in
women, similar to that observed in men (Toth et al., 2000). This shift is
associated with an increased risk of cardiovascular and metabolic diseases in
postmenopausal women (Kaminska et al., 2023). Treatment with oestradiol
aims to prevent this, but it is unclear whether this is done by increasing
subcutaneous fat storage or by reducing visceral fat (Sebo and Rodeheffer,
2021). In addition, the absence of oestrogen after the menopause leads to

reduced energy expenditure and fat oxidation during both exercise and rest
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(Abildgaard et al., 2013). Equivalently, aging men experience a decrease in
androgen and testosterone levels, which is associated with an increase in
central abdominal adipose tissue accumulation due to the absence of fat

regulating anabolic effects of steroid hormones (Mayes and Watson, 2004).

The extent to which there are gender differences in the distribution of fat
depots in pigs has not been widely investigated. In general, it is expected that
barrows will be fatter than gilts due to the lack of steroid hormones associated

with castration.

In a study published by Zomefio et al. (2022), growth and performance
parameters of different sex types (surgically and immunocastrated males,
intact males and females) in crossbred pigs [Piétrain x (Landrace x Duroc)]
were analysed. The results showed that castrates had the highest fat
deposition at finishing weight, with a back fat thickness over the loin muscle
of 18.1 mm compared to 15.0 mm in gilts. This was confirmed on all other
anatomical landmarks analysed. There was no major difference in protein
deposition and muscle mass development between the sexes, although
females showed greater gluteus medius muscle thickness (81.9 mm vs. 78.9
mm) and estimated lean meat content (61.2 % vs. 58.4 %) than surgically
castrated barrows. The influence of sex on body composition development
was also investigated in a study on Berkshire pigs (Walugembe et al., 2016).
At slaughter weights of 122 + 2.5 kg, no significant differences were found for
loin muscle area, measured via ultrasound in cm?, but they were observed for
back fat growth and overall back fat thickness. Barrows demonstrated a faster
back fat deposition rate of 0.22 mm per day compared to gilts, with 0.14 mm
per day, respectively, resulting in a greater average back fat thickness of 31.5
mm at slaughter weight, compared with 22.6 mm for gilts. Overall, barrows
achieved a higher average finishing weight than gilts (125 kg vs. 121 kg,
respectively) (Walugembe et al., 2016). A study conducted by Pappenberger
(2014) also investigated body composition parameters in hybrid fattening
finishing pigs, assessed comparatively with MRI and DXA. They confirmed
through DXA evaluations a higher body fat percentage and lower lean meat
content in barrows compared to gilts, with 18.0 % fat and 79.7 % lean meat
content compared to 15.0 % fat and 82.6 % lean meat content, respectively.

Their MRI results revealed the same pattern. This trend was also confirmed
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by a DXA analysis in the study of Weigand et al. (2020), who were able to
demonstrate a higher total body fat percentage in barrows (16.4 %) compared
to gilts (14.1 %). Looking at the abdominal fat distribution in detail, it became
apparent that barrows had a significantly higher amount and volume of
visceral abdominal fat (volume: 1979 cm?, mass: 1.87 kg) than gilts (volume:
1367 cm?®, mass: 1.29 kg), which is consistent with the distribution pattern in

humans (Palmer and Clegg, 2015).

In contrast, using CT to measure fat content in Landrace and Duroc barrows
and qilts, Kolstad et al. (1996) found an overall higher amount of
subcutaneous adipose tissue in gilts than in barrows, while gilts had less
intramuscular fat depots than barrows. No significant differences were found
for internal abdominal fat depots though. Similar findings were reported in a
study conducted by Gonzalez et al. (2017), which analysed adipogenetic
Iberian pigs in terms of the development and degree of subcutaneous fat
thickness and muscle growth. Using ultrasound at a wide variety of anatomical
locations, it was found that the spayed female pigs had a higher overall
subcutaneous fat layer (for example 47.7 mm in gilts vs. 45.2 mm in barrows
measured at the 10" intercostal space) and at the same time a larger
longissimus muscle area compared to castrated male pigs (16.0 cm? vs. 15.6
cm? at 14t rib, respectively). However, there was no significant difference in
body weight gain between both sexes (Gonzalez et al., 2017). It is also known
that in Gottingen minipigs, females generally accumulate more total body fat
than males, which in return are leaner. This is probably due to a difference in
hormone concentrations in this breed, with males having very high
testosterone concentrations and even higher oestradiol concentrations than
female minipigs (Christoffersen et al., 2007). These elevated steroid hormone
concentrations protect males from obesity, whereas severe obesity with
increased metabolic dysfunctions has been observed in female Goéttingen
minipigs (Renner et al., 2018). The increased adiposity associated with lower
steroid hormone concentrations in minipigs can be considered similarly to the
increased risk of adiposity and particularly central abdominal fat accumulation
in elderly (post-menopausal) women and men (Christoffersen et al., 2007).

Additionally, sexual steroid hormones are associated with appetite

suppression (van den Broeke et al., 2022). The absence of these hormones
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in castrated barrows leads to higher voluntary feed intake compared to intact

animals, a fact confirmed by several studies.

A direct link between sex hormones and reduced appetite was demonstrated
in an experiment by Claus and Weiler (1994). They showed that a single
injection of testosterone at a dose of 1 mg per kg in barrows reduced their
voluntary feed intake by 21.4 %. An injection of oestradiol (1 mg/kg) similarly
reduced their feed intake by 20.2 %. Differences in voluntary feed intake
between sexes were highlighted in a study by van den Broeke et al. (2022).
Barrows, whether surgically castrated or immunocastrated, generally had a
higher feed intake of 2.82 kg per day and 2.97 kg per day, respectively, on a
high-energy diet, compared to gilts and intact males, which consumed 2.48 kg
per day. A temporary reduction in feed intake during the mating season has
also been observed in wild boars, which is associated with increased
testosterone levels. Similarly, reduced feed intake was observed in sows,
which have cycle-dependent elevated oestradiol levels (Claus and Weiler,
1994).

Additionally, a higher voluntary feed intake can be associated with higher daily
gains. In a study by Pauly et al. (2008), barrows had average daily gains
(ADG) of 830 g/d compared to 771 g/d in intact boars, while demonstrating a
higher voluntary feed intake of 2.23 kg per day compared to 1.87 kg per day,
respectively. However, barrows also showed an increased feed conversion
ratio (FCR), indicating that they convert feed into lean meat less efficiently
than intact boars. On one hand, this leads to a faster growth rate and fewer
days needed to reach slaughter weight, but it also results in increased adipose
tissue storage. This was demonstrated by a greater back fat thickness (22.1
mm in barrows compared to 13.0 mm in boars) and higher omental fat
accumulation (2.3 % compared to 1.2 %, respectively). Bottinger (2006) also
discovered a poorer FCR of 3.93 kg/kg in castrated pigs compared to 3.14
kg/kg in female pigs, with females having a higher percentage of whole-body
lean tissue, in contrast to a higher percentage of fat in castrated males. In a
study on growth differences between pigs of different sexes, Carabus et al.
(2017) also came to the conclusion that in castrates fat accumulation occurs
quicker during growth and slower in entire males and females, while lean

tissue deposition follows the opposite pattern.
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The question of whether gender-segregated feeding would make sense in
order to increase overall efficiency and feed savings, or whether this
categorisation by sex is not sufficient enough due to other parameters within
intrasexual groups, which result in different capacities of energy conversion
into protein and fat, is still under discussion (Carabus et al., 2017; Reckels et
al., 2020).
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3. Extrinsic factors

In addition to intrinsic factors like variations between sexes, understanding the
complex interplay between extrinsic factors such as feed intake levels, diet
composition, housing conditions and environmental elements like seasonal
variations in ambient temperatures is essential. These factors collectively

shape fat distribution and overall body composition in pigs.
3.1. Nutrition

3.1.1. Feed intake

Understanding the relationship between feed intake and fat deposition in pigs
is essential for optimising growth performance and body composition.
Alongside genetic factors, nutrient intake plays a crucial role in shaping these

outcomes.

Pigs undergo changing metabolic requirements over the rearing and fattening
phases. Growing pigs require high levels of energy and protein for rapid
growth, whereas mature pigs have reduced protein requirements towards the
end of the fattening period (Gilbert et al., 2017). Excessive energy during this
phase results in increased fat accumulation in the body. Therefore, tailored
diets that match the animal’s growth stage and energy demands is crucial for
promoting optimised growth, lean mass development and minimizing fat
deposition, ultimately resulting in enhanced feed efficiency and cost-effective
production rates (Mitchell et al., 2001).

Meeting the metabolic energy demands essentially depends on feed intake
levels. The energy density of feed significantly influences feed intake, with a
negative correlation observed. Animals compensate for lower energy
concentrations by higher feed intake to achieve the required daily energy
(Patience et al., 2015). In pigs, lysine functions as a limiting amino acid,
affecting protein synthesis. Aiming for the optimal amino acid / energy ratio in
a diet formula elevates the protein deposition into growth and lean muscle
tissue (Babinszky and Halas, 2009). Additionally, factors such as flavour,
palatability, water availability and technical conditions influence feed intake

levels (Kamphues and Dobenecker, 2014).
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3.1.2. Diet composition

Exploring the impact of diet composition on fat deposition and body
composition, specifically high-fat or high-protein diets, provides insights into
optimising nutritional strategies aiming for lean muscle development while
minimizing fat deposition, as well as into investigations of diet-induced obesity
models. Several studies have analysed how feeding of high energy diets,
usually containing higher percentage of crude fat and greater amounts NFE
(nitrogen-free extract, carbohydrates like sugars and starch) affects pigs’

performance and body composition traits.

Van den Broeke et al. (2022) revealed that providing ad libitum access to a
higher energy diet with 10.2 MJ NE/kg resulted in increased daily energy
intake, leading to faster growth and greater fat deposition compared to a lower
energy diet of 8.8 MJ NE/kg. Additionally, the high energy diet led to increased
total digestibility of crude fat and crude protein, resulting in a more efficient
energy conversion ratio. Crude protein content remained constant across both
diets. The same trends were observed in a similar study conducted by
Gonzalez et al. (2017) who differentiated between a high energy diet
containing elevated oleic acid levels (increased crude fat) and a standard diet
with slightly more crude protein. Higher growth rates and increased back fat
thickness was found in animals fed the former diet. In juvenile Goéttingen
minipigs, Christoffersen et al. (2013) also observed that feeding a high-energy
diet for just two weeks could induce alterations in glucose and lipid
metabolism, leading to an increased body fat percentage. This makes them
particularly interesting as an animal model for diet-induced obesity in children
and adolescents. Ultimately, after four months of diet feeding at the conclusion
of the study, pigs fed the high-energy diet gained approximately 40 % more
weight and showed more than twice the body fat percentage and visceral fat
amounts compared to those fed the low-energy diet (Christoffersen et al.,
2013).

3.1.3. Dietary modifications
Feed composition modifications and a range of supplements can be applied
to diets for pigs to improve performance through various mechanisms,

especially through increasing feed intake. As reviewed by Nyachoti et al.
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(2004), feed additives like exogenous enzymes, which make polysaccharide
components in feed easier to digest, or the addition of flavouring agents like
dextrose can enhance the palatability of less accepted feed components,

resulting in improved feed intake levels.

The composition of the feed can greatly affect the amount of heat generated
during digestion, which in turn influences both feed intake and efficiency. This
effect can lead to improvements or reductions in efficiency, depending on the
heat requirements dictated by the surrounding temperature. Increasing the
protein and fibre content in the feed during colder winter months may be
beneficial for generating additional heat, while it is not recommended during
warmer ambient temperatures (Patience et al., 2015). Moreover, reducing
heat stress-induced intestinal barrier dysfunction, and inflammatory response
can be achieved through the use of feed additives such as yeast, selenium,

vitamin E, and others, as reviewed by Liu et al. (2022).
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3.2 Housing

The housing environment for pigs, which ranges from conventional setups to
enriched conditions featuring elements like straw beddings or access to the
outdoors, and designed for groups of various sizes, intricately shapes feeding
and activity behaviours. Subsequently, it can influence fat deposition and body
composition. Investigating the dynamic impact of these housing modalities on
the pigs’ physiological responses is particularly of interest in current research,
given the social imperative of non-conventional housing systems designed to
promote enhanced animal welfare, proposing a progressive shift in swine

husbandry practices (Godyn et al., 2019).

Skrlep et al. (2020a) investigated performance and carcass qualities of
(surgically and immunologically) castrated and intact pigs reared in three
different housing conditions: standard group housing, enriched housing with
doubled space and outdoor access, and standard housing with repeated
social mixing. In mixed housing environments, decreased carcass weights
and reduced subcutaneous fat accumulation were observed. This was
attributed to higher activity levels rising from ranking fights, resulting in
increased energy expenditure. Moreover, pigs kept in enriched housing with
outdoor access displayed lower amounts of belly and leaf fat due to elevated

activity and thermoregulatory needs.

On the other hand, Holinger et al. (2018) found increased back fat thickness
and decreased leanness in pigs also housed in mixed environments, although
without other negative effects on performance. These findings suggest the
potential for elevated chronic stress levels in mixed housing conditions leading
to increased obesity, a phenomenon observed in humans as well (Chrousos,
2000; Scott et al., 2012).

Bottinger (2006) investigated the effects of outside-climate housing and
conventional indoor housing on body composition parameters in pigs. The
findings suggest that especially during summer, temperatures influence body
composition, resulting in higher fat tissue percentages in pigs housed in an
outside-climate stable, while still having a positive effect on performance
parameters like feed efficiency and daily weight gain, compared to animals

conventionally indoor housed. Conversely, no significant differences were
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found in animals fattened during winter between the two housing systems.

Furthermore, group size significantly influences feed intake levels and feeding
behaviour habits, as discussed by Nyachoti et al. (2004) and Fornés et al.
(2022). For instance, pigs housed in larger groups exhibit less declines in feed
intake levels during colder ambient temperatures due to their ability to huddle
together, thereby reducing cutaneous heat loss (Nyachoti et al., 2004).
Moreover, hierarchy within group housing settings affects the frequency and
duration of feed intake, with lower-ranked animals consuming more frequently
and for shorter periods compared to higher-ranked animals (Fornds et al.,
2022). Therefore, feed access competence remains a critical factor in large

group housings.
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3.3. Seasonal variations
Investigating how changes in ambient temperatures affect feed intake levels,
nutrient digestibility and changes in energy expenditure offers valuable

insights into their impact on fat distribution and overall body composition in

pigs.

3.3.1. Feed intake

The pig, as a homeotherm mammal, needs to maintain a constant internal
body temperature, even across wide differing ambient temperatures. A
balance must be created between heat loss and heat production so that the
body temperature can be maintained constantly, with feed intake playing a
crucial role in this. The thermoneutral zone is defined as the range of ambient
temperatures where an animal can maintain its body temperature without
expending extra energy (Noblet et al., 1985). Within this zone, the metabolic
rate required for heat production remains constant and minimal, ensuring that
neither heat gain nor loss occurs to the environment (Rinaldo and Le Dividich,
1991). The boundaries of the thermoneutral range vary among species and
are influenced by factors such as breed, age, body size, weight, and metabolic
rate (Patience et al., 2015). Brown-Brandl et al. (2013) reported a comfort
thermoneutral zone ranging from 17.4 to 23.2 °C in growing and finishing
crossbred pigs. Poullet et al. (2022) stated a temperate environment up to
25°C as thermoneutral for growing-finishing pigs, in which no extra energy is
needed for thermoregulation. Within the thermoneutral zone feed intake levels
are the limiting factor for growth rates and ultimately body composition traits
(Rinaldo and Le Dividich, 1991).

At sub-thermoneutral temperatures, pigs undergo behavioural and
physiological adapting mechanisms to increase heat production, primarily by
increasing feed intake. This phenomenon has been observed by numerous
researchers, providing varied data for different weight and production
categories (Ramirez et al., 2022). Patience et al. (2015) reported a 1.5 %
increase in feed intake per degree Celsius decrease below the lower critical
temperature of pigs. Rinaldo and Le Dividich (1991) observed a feed increase
of 13 grams per Celsius degree drop between 25 and 12 °C for pigs weighing

30 kg, while below 18.5 °C, feed intake remained relatively unchanged,
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indicating that feed intake levels reached maximum within this weight range.
In pigs provided outdoor access, and therefore exposed to colder ambient
temperatures during winter, an increased feed intake of approximately 290
grams per day was noted compared to conventionally housed pigs (Lebret et
al., 2006). This difference was pronounced in the heavier production class of

growing-finishing pigs.

In contrast, with increasing temperatures beyond the upper critical
temperature, animals tend to avoid the thermic effect of feed and its induced
heat production by decreasing feed intake (Liu et al., 2022). Due to the
absence of functional sweat glands, pigs are more sensitive to ambient
temperatures beyond their thermal comfort zone (Ross et al., 2017; Gonzalez-
Rivas et al.,, 2020). Consequently, various studies have documented a
reduction in feed intake from a temperature of 20 °C upwards (Rauw et al.,
2020), again dependent on their body weight and production level.
Subsequently, body heat production can be further diminished by decreased
weight gain resulting from decreased feed intake and, therefore, reduced
nutrient intake (Lebret et al., 2006), as observed by Rinaldo and Le Dividich
(1991) in growing pigs, where a decrease in feed intake of approximately 18
% led to a corresponding reduction in growth rates of 15 % in temperatures

ranging between 25 and 31.5 °C.

3.3.2. Nutrient digestibility

Not only is reduced feed intake a factor, but impaired intestinal barrier function
during heat stress (Pearce et al., 2013) also contributes to reduced growth
rates. This dysfunction is likely induced by oxidative stress, leading to a
systemic inflammatory response and a compromised amino acid digestibility,
along with an altered postabsorptive metabolism (Liu et al., 2022). These
factors may lead to disordered protein deposition and a decrease in feed
conversation efficiency, ultimately resulting in increased body fat

accumulation (Babinszky and Halas, 2009).

3.3.3. Seasonal variations on fat deposition
The extent to which seasonal changes and temperature are related to fat
storage in pigs is a major focus of current literature. Controversial findings are

being discovered, particularly regarding the response of lipid metabolism to
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heat stress.

Several studies have observed reduced fat deposition in pigs experiencing
heat stress compared to those kept in thermoneutral environments (Johnson
et al., 2015; Cobanovi¢ et al., 2020; Albert et al., 2024). Cobanovié et al.
(2020) studied the impact of different seasons on carcass and meat quality
traits of pigs, noticing a decrease in back fat thickness under heat stress
during summer, presumably due to reduced feed intake and increased protein
catabolism. Likewise, Hungarian Large White and Landrace crossbreds
examined during summer demonstrated less back fat thickness compared to
those assessed in autumn, with on average 23.42 mm vs. 28.42 mm,
respectively (Albert et al., 2024). The author explained this reduction of the
insulating layer to the animals’ adaption to higher temperatures during
summer. Results from seasonal examinations by Wang et al. (2023) further
supported this observation. Additionally, Johnson et al. (2015) investigated
two groups of growing pigs, one in a thermoneutral environment and another
under heat stress. A comparison of tissue accretion and growth rates between
the groups examined at a slaughter weight of 60 kg revealed a reduction of
approximately 15 % in lipid accumulation in the heat stressed group compared
to the pigs kept in thermoneutral ambient temperature. The author suspected
that this reduction was due to decreased feed intake, which fails to provide
adequate energy for lipid deposition. Interestingly, no difference was observed
in protein deposition between the groups. This implies that there is still
sufficient energy intake to support lean muscle development during the growth
phase, as protein deposition requires less energy than fat deposition
(Patience et al., 2015).

Ma et al. (2019) investigated Yorkshire pigs put under heat stress of 35 °C for
30 days compared to a control group kept in a thermoneutral environment of
22 °C, and found similar effects like reduced feed intake by approximately half,
resulting in reduced average daily gain and less final body weight, but
interestingly increased back fat thickness. Other studies have similarly
discovered that heat stress leads to increased fat accumulation and therefore
resulting in lower carcass and meat quality, leading eventually to the
occurrence of pale, soft and exudative (PSE) meat (Cobanovi¢ et al., 2020).

Paradoxically, despite a decrease in nutrient intake, animals exposed to heat
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stress showed increased basal insulin levels and greater insulin-sensitivity,
which is an exceptional non-diabetic condition (Baumgard and Rhoads, 2013;
Gonzalez-Rivas et al., 2020). As insulin acts as an antilipolytic hormone, lipid
mobilisation is inhibited, reflected in a decrease of non-esterified fatty acid
(NEFA) levels in plasma, which are considered indicators of lipolysis (Sanz
Fernandez et al., 2015). Furthermore, additional metabolic markers have been
identified, indicating that adipose tissue adapts to heat stress and protects
itself by increasing lipid storage and reducing mobilisation (Qu and Ajuwon,
2018). Consequently, during heat stress, energy is primarily obtained from
protein and carbohydrate metabolism rather than lipid mobilisation,
fundamentally due to the substantially higher metabolic heat production
associated with energy generated from lipolysis compared to that from protein

and carbohydrate metabolism (Gonzalez-Rivas et al., 2020).

In contrast, studies that examined pigs during colder ambient temperatures
consistently demonstrated increased fat accumulation, particularly in
subcutaneous back fat (Cobanovi¢ et al., 2020; Albert et al., 2024).

Age plays an important role of pigs’ sensitivity to ambient temperatures. Older
pigs have a broader thermoneutral zone and a lower upper critical
temperature limit compared to younger ones (Quiniou et al., 2000; Rauw et
al., 2020). As pigs age, their subcutaneous fat layer thickens over their entire
body, resulting in slowing transmission of heat from their body surface (Pathak
et al., 2018). Moreover, older fattening pigs show a greater reduction in feed
intake with each degree Celsius rise in ambient temperature compared to

younger, growing pigs (Patience et al., 2015).

3.3.3.1. Composition of fatty acids

Environmental factors not only influence the amount and distribution of
accumulated fat depots but also affect the composition and concentration of
various fatty acids. Zappaterra et al. (2022) analysed, besides genetic
influences, further extrinsic factors such as the season at the time of slaughter
and diet compositions of fatty acids. These findings revealed an antagonistic
correlation between saturated (SFAs) and polyunsaturated fatty acids
(PUFAs), specifically n-6 fatty acids, which might be dependent on the
animals’ carcass fatness (see Chapter 11.1.2.1). Pigs slaughtered in autumn
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exhibited greater proportions of eicosadienoic acid and other n-6 PUFAs, such
as gadoleic and erucic acids, alongside lower amounts of back fat. In contrast,
pigs slaughtered in winter showed greater back fat thickness with higher
proportions of SFAs, including capric, lauric, myristic, palmitic, and palmitoleic
acids. Since adaptive composition changes of fatty acids of back fat takes a
long time, the author suggests that the finishing period, especially, influences
the fatty acid composition in back fat at slaughter. This results in notable
deviations between pigs fattened in summer and slaughtered in autumn and
pigs fattened in autumn and slaughtered in (late) winter. Contrary to this,
stearic acid, an SFA, was found proportionally more in back fat of pigs
slaughtered during summer and early autumn, suggesting its role in improving
thermotolerance of adipocyte membranes against rising temperatures
(Malekar et al., 2018).

3.3.4. Seasonal variations on body composition
Regarding further components of body composition, such as lean mass and

bone mineral, differences due to seasonal variations have been observed.

On one side, Cruzen et al. (2015) reported increased lean tissue percentage
and mass in pig carcasses previously exposed to heat stress, in comparison
with thermoneutral raised pigs. However, chronic heat stress resulted in
overall reduced performance, leading to slower growth rates and smaller
carcasses. In the study conducted by Johnson et al. (2015), no difference in
lean mass deposition was found in postnatal heat-exposed pigs compared to
thermoneutral-held ones. This indicates that although feed intake was
reduced, it was still sufficient for maximum muscle mass deposition up to 60
kg live weight. More recent research has confirmed that heat stress induces a
highly catabolic state in the body, with muscle catabolism being particularly
affected (Qu and Ajuwon, 2018; Liu et al., 2022). As mentioned above, under
heat stress, the energy metabolism in pigs shifts from lipolysis to
gluconeogenesis preferably sourced from increased oxidation of
carbohydrates and through proteolysis-obtained amino acids (Liu et al., 2022),
as evidenced by increased oxidation of branched-chain amino acids such as

leucine (Fausnacht et al., 2021).

Moreover, there are several potential reasons why seasonal factors could
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have an impact on skeletal health. One reason might be the seasonal
variations in activity levels, due to adaptation of energy expenditure depending
on ambient temperature. It is well known that physical activity closely
influences bone remodelling and mineralization by triggering cellular
responses in bone tissue that leads to stimulation of osteoblast activity
(Lombardi et al., 2019).

Physical activity might also be connected to variations in feed intake, which
could affect mineral intake and absorption, subsequently influencing mineral
content and density. Changes in feed availability and composition, particularly

regarding mineral feed, could affect bone metabolism as well.

Another significant factor in regulating bone metabolism is vitamin D, which is
not only achieved through oral intake but also synthesised in the skin of
animals via sunlight exposure (Barnkob et al., 2016). Arens et al. (2007)
conducted a study on sheep over 18 months in natural light conditions and
observed variations in bone mineral density during summer and winter, with
higher levels in summer and lower levels in winter. These changes could be
influenced by shorter day lengths and correspondingly reduced sunlight
exposure. Nevertheless, Delahunty et al. (2009) found seasonal differences
in mice, with smaller femoral volumetric bone mineral density (BMD) observed
in winter compared to summer, even under laboratory standards with identical
temperatures and consistent light-dark cycles. This indicates that seasonal

changes in bone metabolism might be influenced by a variety of factors.
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4. Methods for assessing adipose tissue and body

composition

4.1. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is considered the gold standard method
for assessing abdominal adiposity in humans due to its ability to directly
measure (soft) tissue volumes and areas (Fang et al., 2018; Streicher et al.,
2023). As a non-invasive, non-ionizing method, MRI is a safer alternative to
computed tomography (CT) examinations in humans. In addition, MRI is
increasingly being used to assess body composition in live animals. Due to its
high spatial resolution, it is considered the reference method for assessing
abdominal adipose tissue in live pigs and other animals (Weigand et al.,
2020), effectively replacing the previously and currently used destructive

dissection methods for carcass composition analyses (Seidell et al., 1990).

The physical principles of magnetic resonance imaging (MRI) are based on
the interaction between the inherent magnetism of atomic nuclei of a sample
tissue and an external magnetic field. These interactions can be transformed
into electrical signals, which are subsequently detected and processed to
produce detailed images. This process allows for the spatial resolution of the

sample tissue being examined.

Atomic nuclei consist of protons and neutrons, resulting in a positive charge.
However, certain atomic nuclei, for example the most basic atom hydrogen,
possess the ability to spin around their own axis due to an uneven number of
protons or neutrons. This, combined with their associated electrical charge
consequently creates a magnetic moment. This magnetic moment generates
a small local magnetic field, similar to that of a bar magnet with north and
south poles. In absence of external fields these “bar magnets” spin around
their axis randomly orientated in the tissue (M. Scholz et al., 2024). However,
when exposed to a strong external magnetic field, such as that generated by
an MRI scanner, the protons align their axes with the direction of the magnetic
field. This alignment does not line up exactly to the magnetic field, instead,
due to the angular momentum of the protons, they orbit around the axis of the

main magnetic field in an evasive, rotating manner. This phenomenon is
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known as precession (Schild, 1997). The frequency of the precession, also
known as the Lamour frequency, is determined by the magnitude of the
magnetic field (Bo) and the type of proton. This can be described by the

Lamour equation:
wo = yBo

Here, wo represents the angular frequency of the protons in Hertz [Hz], with
frequencies typically in the range of Megahertz [MHz]. y is the gyromagnetic
ratio, a constant specific for each nucleus, measured in Megahertz per Tesla
[MHz/T]. Bois the magnetic field strength in Tesla [T]. Consequently, different
atomic nuclei have different Lamour frequencies, which are influenced by the

field strength of the external magnetic field.

To achieve nuclear magnetic resonance (NMR), nuclei that possess spin must
be excited by applying supplementary energy in form of short, high-frequency
energy pulses (B1) perpendicular to the main magnetic field, at the same
frequency as the Lamour frequency of the protons, also known as the
resonance frequency. This excitation is obtained through a gradient coil. The
nuclei absorb the energy and enter a higher energy state, becoming “excited”
(d'Anjou, 2018).

Upon interruption of the high-frequency energy pulses, the protons gradually
release the absorbed energy and return to their original alignment within the
magnetic field. This process is known as relaxation. Two independent
processes occur simultaneously during relaxation. Longitudinal
magnetisation, with spins parallel to the magnetic field, begins to rebuild, a
phenomenon known as T1-relaxation or spin-lattice relaxation, as protons
release the absorbed energy to the surrounding tissue (the “lattice”). This
process includes the time required to reach 63 % of its initial level. At the same
time, T2-relaxation or spin-spin relaxation occurs, where transverse
magnetisation rebuilds to 37 % of its initial value. Subsequently, the magnetic
resonance signal decreases through the desynchronisation of the spins
(Schild, 1997).

Each nucleus resonates in its specific frequency, meaning that individual

tissues exhibit characteristic T1 and T2 relaxation times. Homogenous
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tissues, such as liquids or water, typically have longer T2 relaxation times. In
summary, tissues with higher water content generally exhibit longer T1 and
T2 relaxation times, whereas solid tissues or tissues with higher fat content
tend to have shorter T1 and T2 relaxation times. These relaxation times
determine the energy emitted when the energy pulse is switched off,
generating a signal, which is received by a coil within the MRI machine. The
intensity of the signal is then converted into a grayscale, forming contrasts in
images based on T1 and T2 relaxation times, enabling the differentiation

between various tissues (d'Anjou, 2018).

For the final image reconstruction spatial encoding is essential to localise and
visualise the detected signal in a three-dimensional image. This process
involves briefly superimposing orthogonal gradient magnetic fields onto the
main magnetic field generated by the MRI scanner. These additional fields
apply varying field strengths along the three spatial directions: x, y and z. By
altering the main magnetic field temporarily, the “local” resonance frequency
of protons changes depending on their position. Frequency encoding, phase
encoding, and slice selection are achieved by differentiating between three
gradient fields produced by coils. Once the signals are encoded with spatial
information from the gradient fields, Fourier transformation is employed to
convert the data into grayscale images, representing both spatial information
and signal intensity (Thrall, 2018; Cole and Hespel, 2020).
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4.2. Dual Energy X-ray Absorptiometry

4.21. Technical aspects

Dual energy X-ray absorptiometry (DXA) technology relies on the differential
attenuation of X-ray energy by various tissues within the body. This
attenuation is dependent on several factors. Firstly, it depends on the intensity
of energy emitted by the DXA's X-ray source. Secondly, it is influenced by the

evaluated tissue’s thickness and density, which is based on its composition.

The DXA machine emits two levels of X-ray energies — a low-energy beam
and a high-energy beam. In case of the Lunar iDXA from GE HealthCare, the
DXA technology used in this study, a 100 kV generator emits photon energy
levels of approximately 39 keV and 71 keV by absorbing middle-range energy
X-rays using a “K-edge filter’ system (see GE Healthcare, 2017
https.//www.gehealthcare.de/-/jssmedia/feature/gehc/products/lunar-
idxa/lunartechnology.pdf, last assessed 20.09.2024).

The context of this lies in the principle of varying intensity levels leading to
varying attenuation levels. Higher levels of photon energy are attenuated to a
lower extent, while lower photon energy levels are absorbed more, resulting
in fewer photons passing through the tissue. As X-rays radiate through the
tissues being examined, they are attenuated differently based on the tissue’s
composition and density. For instance, denser tissues such as bone “absorb”
more X-rays compared to lower density tissues like soft tissue (Messina et al.,
2020). The DXA machine is designed with a detector positioned opposite to
the beam, with the body being examined in between. This detector identifies
the energy levels of photons that passed through the tissue calculating the
energy attenuation (attenuation coefficients) for both energy levels. It
determines the ratio between the high and low energy X-ray attenuation,
known as the R-value, which is specific to each tissue within the 3-
compartment model of fat mass, non-bone lean mass and bone mineral
content (Pietrobelli et al., 1996; Scholz et al., 2015) (Figure 2). By comparing
attenuated energy levels to emitted energy photons, a two-dimensional image
is produced where different R-values are represented by varying grey values

in pixels.
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However, since theoretically only two components can be directly measured
when applying two photon energy levels, an initial differentiation is made
between soft tissue (comprising fat mass and bone-free lean mass) and bone
tissue, given that bone mineral possesses a significantly higher R-value than
soft tissue (Laskey, 1996). In bone pixels containing both bone mineral and
lean soft tissue, the composition of the lean soft tissue is estimated to be

similar to that of the surrounding soft tissue pixels (Pomar et al., 2017).

Therefore, the composition of soft tissue can only be determined in areas
devoid of bone. The pixels alone cannot distinguish the attenuation properties
for fat and lean soft tissue due to the similar R-values of both components.
However, specialised algorithms are able to compute these values, relying on
previously established and validated R-values using phantoms with known
compositions (Laskey, 1996; Pietrobelli et al., 1996). Consequently, the fat
content in the soft tissue pixels can be determined, while the lean soft tissue

is calculated by the difference between soft tissue and fat tissue (Figure 2).
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Figure 2: Compartment model of body composition by DXA, modified according to
Scholz (2002)
Over the last decades DXA technology has consistently been improved and
further evolved. The development from pencil beam technology to fan beam,
particularly narrow fan beam technology (patented by GE Lunar) has
significantly reduced the examination time while maintaining a low radiation

dose, improving image precision without magnification.

Pencil beam technology relies on a single, highly collimated beam of X-rays,
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attenuated by a single detector system. Because of its rectilinear beam
direction, the body under examination must be X-rayed multiple times in small
grids, leading to a prolonged examination time. Conversely, fan beam
technology emits X-rays in a fan-shaped pattern and determines them with
several detectors, allowing for a single sweep of the X-ray arm over the body
of interest, thus reducing examination duration. However, this approach needs
increased radiation and results in magnification due to proximity of the body
to the X-ray source. These limitations have been addressed with the narrow
fan beam technology by GE Lunar, which strikes a balance between pencil
beam and fan beam systems, combining precision and speed in examination
(Bazzocchi et al., 2016).

4.2.2. Fields of application

DXA was initially introduced into human health research for assessing bone
health and osteoporosis (Glier, 2017). Since then, it has become widely
recognised as the standard method for evaluating bone mineral content
(BMC) and bone mineral density (BMD), which is calculated by dividing BMC
by bone area. This is important for determining the risk of various diseases
such as osteoporosis (Slart, Riemer H. J. A. et al., 2025). In addition to its
application in humans, DXA has proven to be a reliable tool for measuring
BMC and BMD in live pigs, showing high correlations with results from

chemical analyses (Schlegel and Gutzwiller, 2020).

Furthermore, DXA is capable of analysing various components of body
composition, including lean mass and fat percentage, not only in humans
(Thibault et al., 2012) but also in various animal species such as pigs
(Soladoye et al., 2016), sheep (Hunter et al., 2011), calves (Kappes et al.,
2024), dogs and cats (Speakman et al., 2001; Jeusette et al., 2010).
Particularly the field of obesity research in humans and studies investigating
therapeutic approaches and nutritional adaptation methods (Hind et al., 2011)
have focused on DXA as the method of choice due to its ability to facilitate
long-term studies with minimal radiation exposure and rapid application.

Software designed for assessing visceral abdominal fat has been introduced
by both main DXA manufacturers (CoreScan™ software by GE Lunar /DXA,
InnerCore™ by Hologic), aiming to quantify visceral fat amounts and identify
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the associated risk of metabolic diseases. In the context of this study, the
CoreScan™ software is utilised for determining visceral and subcutaneous fat
in the android region. Additionally, the software enables the assessment of
the fat distribution in the gynoid region, which is of substantial interest because
the distribution of local fat depots and their proportion to each other are
significant factors known to be associated with several cardiovascular risk

factors in humans (Tchkonia et al., 2013).

To estimate the amount of visceral fat, the CoreScan™ software automatically
defines the android area, setting the lower limit at the top of the hip bone and
positioning the upper limit at a point 20 % of the distance from the iliac crest
to the human’s neckline. For the gynoid area, the upper limit is positioned just
below the pelvis line, equivalent to 1.5 times the height of the android region.
The lower boundary is situated at a distance equivalent to 3.5 times the height
of the android region from the pelvis line. Automated calculations are then
employed to determine the ratios within these regions, precisely the android-
gynoid-ratio (see GE Healthcare, 2024, X-ray Bone Densitometer with
enCORE v17 software-User Manual,
https.//www.gehealthcare.com/support/manuals, last assessed 17.03.2025).
However, due to differing body proportions between pigs and humans, the
android region in pigs, which covers a larger area, requires manual definition.
While the software adjusts the gynoid region automatically, it tends to be more
caudal (“inferior”) than in humans, limiting its suitability for the use in pigs
(Figure 3).
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Figure 3: Identification of android and gynoid in humans and pigs by CoreScan™
software
4.2.3. Validation studies
Since the introduction of the GE Lunar /DXA CoreScan™ software for
measuring abdominal fat distribution, several studies have been conducted to
determine its reliability and validate this tool in terms of both precision
(consistency of measurements) and accuracy (similarity of DXA

measurements to measurements obtained by a gold standard method).

Precision was initially validated by Rothney et al. (2013) shortly after the first
cross-sectional validation study with CT (Kaul et al., 2012). They investigated
intra- and inter-scanner precision by employing a phantom, specifically
designed to imitate and modulate the amount of visceral adipose tissue.
Scanning nine possible combinations five times across all ten DXA scanners
explored revealed a coefficient of variation (CV) of 4.76 % (47.6 g to 1 kg VAT
mass), which closely resembled the findings in the clinical trial conducted by
the same authors. Thirty-two obese women, aged between 25 and 45 years
old, with an average BMI of 35.1 kg/m? were scanned twice with repositioning
between scans, revealing a coefficient of variation of 5.1 % (56.8 g to an
average of 1110.4 g VAT mass). Overall, the study found high precision,
although it is notably that only a small number of quite similar patients were
examined and the phantom used, with a one-dimensional subcutaneous fat

layer, does not fully correspond to human anatomy.
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On the other hand, in a study by Mellis et al. (2014), a larger and more diverse
sample of adults was examined, divided into two groups: a normal-weight
group (average BMI of 22.2 kg/m?) and an overweight group (average BMI of
30.0 kg/m?), consisting of a total of 45 adults, including 35 women and 10 men.
Again, two consecutive scans were performed with repositioning in between.
The overweight group demonstrated a CV of 5.4 %, while the former group
showed a CV of 17.0 %, although with smaller precision errors compared to
the overweight group (20.9 g versus 43.7 g, respectively). The author
attributed this disparity to an inverse relationship between the mean value and
the CV, suggesting that when mean values differ across the population, the
CV should not be relied upon. Overall, the CoreScan™ software
demonstrated satisfactory precision for assessing visceral adipose tissue

across a broad range of BMI levels.

Precision and reliability were further investigated by Dordevic et al. (2018),
who performed a longitudinal study over three months with 51 weight-stable
participants. They compared the results to two consecutive measurements
taken with repositioning in between on the same day from 30 participants, all
aged between 18 and 65 years old. As expected, higher variability was
observed for longitudinal studies compared to same-day assessments, with
coefficients of variation for VAT at 42.2 % in the longitudinal group, compared
to 16.2 % for same-day scans. For the total of all body segment
measurements, CVs ranged from 0.8 % to 5.9 %, compared to under 2 %
respectively. Furthermore, the author pointed out that precision is BMI-
dependent, particularly challenging for participants with BMIs below 25 kg/m?
or those containing less than 500 g VAT. This limitation could impact the
results of longitudinal weight intervention studies with short examination

intervals or small changes in VAT amounts.

In addition to precision tests for VAT, a more recent study conducted by
Henriksen et al. (2021) has also published precision estimates for SAT in both
healthy individuals and colorectal cancer patients. The study examined 30
adults in each group, ranging in age from 24 to 77 years old and across
various BMI categories from 16.1 to 34.7 kg/m2. Similar to the previous
studies, two consecutive scans were performed with repositioning in between.
The coefficient of variation for VAT and SAT was found to be 5.30 % and 3.46
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% among healthy subjects, and 3.56 % and 3.28 % among diseased patients,
respectively. Although high precision was found for VAT and SAT, overall, the
study revealed that estimates of regional fat distribution had higher precision
errors compared to total body fat mass, which is consistent with findings from
other studies (Carver et al., 2013; Meredith-Jones et al., 2018). One reason
for this might be the narrow anatomical area of the android region, in which
VAT is assessed (Rothney et al., 2013), which poses a challenge compared
to evaluating total fat across a whole-body scan. Since it is dependent on the
estimation of SAT, this can be an error-prone factor, especially in subjects with
low BMI and therefore reduced SAT. Additionally, VAT is not as rigid as SAT
and may change its visualisation during repositioning, possibly leading to
superimposition (Knapp et al., 2015). Ultimately, precision errors can also

occur due to incorrect positioning or differing operators between scans.

Initially, Kaul et al. (2012) conducted the first study to validate the accuracy of
VAT estimation by the CoreScan™ software compared to CT results, which
served as the standard method for assessing visceral adipose tissue. Firstly,
a smaller sub-cohort of 10 men was selected to refine and test the previously
developed algorithm, the operating principles of which are described above.
Subsequently, a validation sample of 109 adults, comprising 48 men and 61
women aged between 18 and 90 years, with a wide range of BMI values
between 18.5 and 40 kg/m? but an average of 26.7 kg/m?, was selected. VAT
values were determined using semi-automated estimation from 5 mm thick
DICOM cross-sectional CT images in the android region, with SAT removed
and VAT volume calculated. These values were then compared with DXA-
derived VAT values obtained through standard procedures. A strong
relationship between DXA and CT values was found, with R? = 0.957 for all
included subjects. Additionally, a deviation of 567 cm?® was determined in a
Bland-Altman analysis, with 95 % limits of agreement of -355 to 468 cm3.
Consequently, a high accuracy for VAT values obtained by DXA could be

achieved.

DXA has also been validated for accuracy with MR, like the study conducted
by Reinhardt et al. (2017). They meticulously compared VAT, ensuring the
exact same region of interest was used in both MRI and DXA evaluations. In

their study involving 40 adults, including 20 men and 20 women aged between
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18 and 65 years old, a strong relationship for VAT of R? = 0.948 was revealed.
However, despite finding strong agreement between both methods, a
systemic bias was identified, with DXA underestimating leaner patients and
overestimating patients with increased VAT levels. A Bland-Altman analysis
confirmed a bias of 1104 cm?® and limits of agreement of 2682 cm?® and 890
cm?, suggesting that while DXA is useful for assessing VAT tendencies, it may

not provide accurate direct estimates.

Moreover, in a study conducted on adolescents, greater differences between
both methods were found in higher BMI categories compared to those of
normal weight. Kracht et al. (2021) examined 330 adolescents, including 156
males and 174 females, with an average age of 12.6 years old. They
performed examinations for VAT mass distribution, using the CoreScan™
software and compared it with VAT estimates derived from MRI. Again, a high
correlation was observed, with a correlation coefficient of 0.78. However, DXA
systematically underestimated VAT mass with an average of 0.33 £ 0.39 kg
compared to of MRI, which revealed an average of 0.54 * 0.43 kg,

respectively.

To summarise, DXA and particularly in combination with the CoreScan™
software developed for body composition and specifically assessment of fat
distribution in the human abdomen, show high precision and accuracy against
the gold standard methods like MRI and CT. However, exact measurements
partially may be either over- or underestimated, depending on factors like the

number of study participants, their age and BMI.

In pigs, DXA can also be used to determine body composition, as mentioned
above. Validation studies on accuracy and reproducibility have primarily been
conducted on pig carcasses (Marcoux et al., 2003; Soladoye et al., 2016;
Kipper et al., 2019). DXA estimates from both carcass and live pigs have then
been compared with chemical analysis or dissection, with high accuracy
observed.

A study conducted by Soladoye et al. (2016) examined a variety of 648 pigs,
with different sire breeds, sexes, and diets, which were slaughtered in two
different weight classes. Estimates derived from DXA scans of carcass halves

and four primal cuts were compared with dissected and chemically analysed
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estimates. Overall, the relationship between DXA-derived estimates for lean
and fat was highly correlated with values obtained from dissection for both
carcass halves and primal cuts (R? > 0.94). Additionally, the relationship
between DXA-derived and chemically determined fat and lean content of pork
bellies was similar, with R? = 0.94, indicating an accurate prediction by DXA

of lean and fat mass in pigs’ carcass composition.

Since DXA is an indirect measurement tool and therefore does not provide
real values, regression equations need to be used to convert DXA estimates
and thus perform a quantitative comparison with destructive methods such as
chemical analysis or dissection. It is notable that these regression equations
are specific for different breeds, sexes, body sizes, body parts and DXA
machines (Losel et al., 2010; Pomar et al., 2017; Kasper et al., 2021).

Kasper et al. (2021) established their own prediction equations by examining
68 male pigs, which were analysed for body composition across three weight
levels of 20, 60 and 100 kg using DXA (GE Lunar /iDXA). Three days after the
initial DXA scan, the pigs were slaughtered and the carcasses, dissected into
primal cuts, were scanned via DXA, and subsequently chemically analysed.
Prediction equations were established with R? values between 0.89 for ash
and 0.99 for water and crude protein, respectively, with relatively small
prediction errors between 4.3 % and 12.6 %. These results suggest adequate
estimates of DXA for live animals and carcass composition. Additionally,
existing regression equations from other studies for a similar weight class
were compared with the obtained results and evaluated for accuracy.
Equations generated using the same DXA technology (narrow fan beam) were
found to fit better than those generated using other technologies (pencil beam)
(Kasper et al., 2021).

Bernau et al. (2015) conducted a study examining updated regression
equations developed from estimates obtained through DXA and MRI. These
equations were used for performance tests and investigated using carcass
halves of 94 stationary boars from three different F1-crossbred lines. The
findings revealed that the equation combining DXA and MRI data had the
highest R? value of 0.95 and the lowest root mean square error of 0.61 %. This
suggests improved predictability compared to the reference “Bonner formula”
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for lean meat percentage. Additionally, the updated equation simplifies the
model by incorporating only three variables instead of the seven variables

present in the reference formula.

To our knowledge, only one validation study to date has explored the accuracy
of DXA, particularly the CoreScan™ software, in pigs compared to MRI. This
study, conducted by Weigand et al. (2020), preceded this research project,
and primarily focused on validating visceral fat measurements. Analysing the
exact same android region in 120 MHF1 and MHF2 crossbred pigs, they
observed a strong linear relationship between MRI and DXA VAT estimates
for both scanning modes used, with R?2 = 0.76 (RMSE = 399.25 cm?) for the
“thick” mode and R? = 0.71 (RMSE = 443.42 cm?) for the “standard” mode,
respectively. However, a Bland-Altman analysis revealed a systematic bias
and constant overestimation of 579.1 cm? for VAT by DXA compared to MRI,
the gold standard method. An internal comparison within the software of the
two scan modes, “thick” and “standard”, demonstrated a strong relationship
(R? = 0.95, RMSE = 175 cm?®), with the “standard” mode achieving higher

overall values.

At bottom line, DXA and particularly with the CoreScan™ software, proves
suitable for evaluating body condition and abdominal fat in humans as well in
pigs. However, the obtained values may require adjustment through bias
corrections or regression equations, since the technology and accompanying

software were developed for humans and primarily designed for them.
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4.3. Ultrasound

The principle of ultrasound imaging relies on the reflection of ultrasound
waves from tissue surfaces when directed by a transducer beam. More
precisely, the basis of this lies in the following: sound moves in cyclical waves,
with frequencies for ultrasound imaging exceeding 20 kHz. Within the
transducer, piezoelectric crystals generate ultrasound pulses, which are then
summarised into an ultrasonic beam (Wagner, 2013). This beam is
transmitted through the skin and encounter various tissue surfaces. At tissue
boundaries, such as skin-fat or muscle-bone, echoes are created that partially
reflect to the transducer. The strength of reflected wavelengths and therefore
the ultrasound intensity depends on the varying attenuation coefficient of
tissues, determined by tissue density and the acoustic velocity of the echo
(Scholz et al., 2015). Tissues with higher density lead to higher acoustic
velocity. Variances in tissue acoustic impedance result in differing echo
strengths received back at the transducer. The acoustic energy is then
converted into signals that form an image pixel. Brighter images represent
strong reflections, while black images indicate weak or absent reflections, with
their position in the image indicating the tissues™ depth. Bone tissue, with its
relatively high impedance, appears as bright pixels, followed by muscle,
connective tissue, water, and adipose tissue. Contrarily, air demonstrates
minimal impedance, resulting in black areas in the image. The choice of
ultrasound frequency depends on the tissue of interest, with different
frequencies required to obtain the desired depth and resolution. Generally,
higher ultrasound frequencies provide greater resolution but decreased depth

penetration.

Ultrasound transducers can operate in two modes: A-mode or B-mode. A-
mode, also known as amplitude mode, emits a linear beam. The ultrasound
wave reaching a tissue boundary is reflected as a peak on a graph,
representing the amplitude on a y-axis, while depth is encoded on an x-axis.
A-mode enables measurements of tissue distances like fat layers or muscle.
In contrast, B-mode, referred to as brightness mode, represents an
advancement from A-mode, converting echo intensities from various angles

into grayscale brightness values, thus generating a two-dimensional image
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and offering further insights into cross-sectional tissue areas. In terms of
visualisation, B-mode holds a broader clinical significance compared to A-
mode ultrasound, offering a wider range of practical application (Wagner et
al., 2020).

With the ability to easily distinguish between adipose tissue, muscle and
further types of tissue ultrasound technology emerges a common method for
evaluating animal body composition, especially regarding back fat thickness
and muscle diameters. Being non-invasive, widely accessible, and cost-
effective it can be used for assessing body condition in growing-finishing pigs
(Reckels et al., 2020) and sows, particularly relating to the phase of mating
and farrowing (Lavery et al., 2019), thus helps to guide for feeding
adjustments and monitor overall health status effectively. Moreover,
ultrasound is used in performance testing of live animals, as well as for
carcass composition evaluation and grading post-slaughter. In the context of
breeding selection programs, ultrasound measurements of back fat thickness
are essential for selecting animals with reduced back fat thickness (Muller and
Polten, 2004; Magowan and McCann, 2006) aiming to optimise economical
outcomes. This is particularly of interest given that subcutaneous fat is known
to be of high heritability (Malek et al., 2001; Lee et al., 2011). Furthermore,
ultrasound technology finds application in human medicine for assessing
obesity, providing real-time data acquisition (Ribeiro-Filho et al., 2003; Asano
et al., 2017).
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lll. MATERIAL AND METHODS

1. Animals

This study is part of a genome-wide association study aimed at phenotyping
pigs from a purebred parental generation to a multi-hybrid offspring
generation, based on four parental breeds frequently occurring in Germany:

Large White, German Landrace, Piétrain and Duroc (Figure 4).

An experimental setup for phenotyping the above-mentioned multi-hybrid pigs
using MRI and DXA has been previously described by Weigand et al. (2020).
However, in this study new aspects have been added, as specified in the

following.

All procedures performed on animals in this study were approved by the
Animal Ethics Committee of the Government of Upper Bavaria under protocol
numbers ROB-55.2-2532.Vet_03-16-81 and ROB-55.2_2532.Vet-03-21-50
between May 2021 and August 2022.

Figure 4: Four-way (multi-hybrid) crossbred pigs of the second generation (MHF2)



Ill. Material and methods 45

1.1. Animal sample

In this study, 138 multi-hybrid four-way crossbred pigs from the second filial
generation (MHF2) have been examined. The animals were randomly
selected for evaluation based on their birth dates, without consideration for
balancing by sex, genotype, or rearing season and year. The dataset includes
46 castrated males and 92 females. Details on their distribution across
genotypes and season-year categories are provided in Table 14 in Appendix
1X.3.1.

Out of the initial 138 pigs scanned, as detailed in Chapter 111.3.2.1 (MRI image
analysis), factors such as sudden movements and size limitations during MRI
examinations resulted in images being analysable for a subgroup of 67
animals, including 23 castrated male and 44 female pigs. As a result, this
study focuses on this group of n = 67 animals, for which imaging data from

MRI, DXA, and ultrasound scans are available for comprehensive analysis.

Based on the specific crossbreeding scheme and the consistent genetic
composition of the sire (PiDuDLDE), six different combinations are apparent
in this study population. The crossbreeding scheme, involving the four
parental breeds Piétrain (Pi), Duroc (Du), German Landrace (DL) and Large
White (DE), is illustrated in Figure 5.

Piétrain Duroc German Landrace Large White
(Deutsche Landrasse) (Deutsches Edelschwein)
Pi Du DL DE
- PiDu DLDE
w QEE’L DEDL
d < »>Q

[ 1
PiDuDLDE  DLDEPiDu  DuPIiDEDL  DEDLDuPi DLDEDuPi DuPiDLDE DEDLPiDu  PiDuDEDL

— e~

MHF1

g« -Q
[ PiDuDLDE_DL DEPiDu PiDuDLDE_DuPiDLDE* DLDEPIiDu_PIiDuDLDE
E PiDuDLDE_DL DEDuPi PiDuDLDE_DuPiDEDL * DLDEPiDu_DLDEDuPi
=

PiDuDLDE_DEDLDuPi* PiDuDLDE_PiDuDLDE* DEDLDuPi_PiDuDLDE
PiDuDLDE_DEDLPIDu* .

g« >Q *included in study

Figure 5: Crossbreeding scheme based on parental breeds Piétrain (Pi), Duroc (Du),
German Landrace (DL) and Large White (DE)
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The study was conducted at regular intervals between May 2021 and August
2022 and included group evaluations when the subjects reached an average
age of 147 days. The renewal of the animal experiment authorization resulted
in an unexpected hiatus of two months in data collection, spanning from

November to December 2021.

Building on this, the examination days were categorised by month and year of
the animals’ scans. Two consecutive months were combined to represent a

single season, as illustrated in Table 1.

Table 1: Overview of seasons

season | month

January + February
March + April
May + June

July + August

a b~ WO N -

September + October

6* November + December

(* is not included in this study)



Ill. Material and methods 47

1.2. Rearing period

All pigs included in this study were bred and raised at the Livestock Centre of
the Veterinary Faculty of the Ludwig-Maximilians-University Munich, located
in Oberschleissheim, Germany. Their handling and rearing adhered with
standard practices for pigs at this institution. All male pigs underwent surgical

castration on the third or fourth day of life.

1.21. Housing

The facility operates on a 3-week farrowing rhythm system. Following a 4-
week suckling period, the animals were weaned and relocated to a flat deck
area, where they were housed in groups of 25 - 30 animals. At approximately
70 days of age, they were transferred in groups of up to 35 animals to an
outside-climate stable, featuring a ground area of approximately 54 m? per
stable bay. This stable is divided into two levels, connected by stairs and a
ramp. The lower level is covered with straw-bedding and has a roofed micro-
climate area suitable for resting (Figure 6). The upper level, fitted with
concrete-slatted flooring, serves as the feeding area (Figure 7). It houses a
built-in feeding station with two feeders (Double-FITMIX, Mannebeck
Landtechnik GmbH, see Table 3) and four nipple drinkers. The outer walls,
constructed with air-permeable wood panelling, maintain an internal climate

nearly identical to the external temperature conditions.
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Figure 7: Outside-climate stable (from lower level)
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1.2.2.

An automatic feeding system named “Double-FITMIX” with two single-spaced

Feeding

feeders for individual feed supply is used to feed the animals, allowing for
accurate monitoring of daily feed intake for each pig. A transponder chip in the
ear, equipped with tag number recognition, enables the animal to access its
assigned feed. An automated evaluation system monitors the daily
consumption of each animal and determines the remaining amount for the
day. This information is derived from the number of rotations of a screw
conveyor responsible for transporting the feed to the pipe opening. The
conveyor has been pre-calibrated to dispense 35 grams of pre-fattening feed
and 45 grams of finishing feed for every 10 rotations. The system records the
remaining percentage of unconsumed feed per day, allowing the calculation
of daily feed intake by comparing it with the reference feed curve. In general,
the finishing feed is introduced as soon as the pigs reach approximately 70 kg
of body weight (Table 2).

Due to technical problems with regular backups of the feeding data, gaps in
the recordings were found. Consequently, the daily feed intake was not
available for all animals on every day in our study. Therefore, the recorded
feeding period was subdivided into feeding weeks, and daily feed intake was
analysed within these (see Table 13 in Appendix IX.2). Feeding week 1 began
at the time of admission to the outside-climate stable at approximately 70 days

of age and was calculated up to the date of the study examination.

Table 2: Composition of ingredients of pelleted diet during the experiment

Ingredients [%] | pre-fattening feed finishing feed
Barley 31 55
Wheat 22 12
Oat 0 5
Corn 22 11
Soybean extraction meal 21 13.5
Mineral premix a 3 2.5
Formi® p 1 1

a: SALVANA MASTKRAFT (composition details are displayed in Appendix IX.1)
b: technological feed additive, acidity regulator (potassium diformate), by ADDCON



. Material and methods

50

2.

Materials

Table 3: Devices, software, drugs, and consumables

Devices

Double feeding system,
Abruffutterung Typ “FITMIX”

B. Mannebeck Landtechnik GmbH,
Schuttorf, Germany

GE Lunar iDXA

GE Healthcare GmbH, Disseldorf,
Germany

Magnetom C! 0.35T

Siemens Healthineers AG,
Forchheim, Germany

M-Turbo® ultrasound system

FUJIFILM SonoSite, Inc., Bothell, WA,
USA

L52x Linear Transducer, 10-5 MHz

FUJIFILM Sonosite, inc., Bothell, WA,
USA

Software

3D-Doctor, Release 4.0

Able Software Corp., Lexington, MA,
USA

GE Lunar enCore™ software, Version
17

GE Healthcare GmbH, Disseldorf,
Germany

SAS 9.4 (SAS/STAT® 15.1, User’s
Guide, 2018)

SAS Institute Inc., Cary, NC, USA

Siemens MRI syngo®© software,
Version 06.2008, Order No. A91MR-
300-20-7600

Siemens Healthineers AG,
Forchheim, Germany

Synedra View Personal Version
16.0.0.3

Synedra information technologies
GmbH, Innsbruck, Austria

Drugs

Stresnil®, 40 mg/mi

Elanco GmbH, Cuxhaven, Germany

Ursotamin®, 100 mg/ml

Serumwerk Bernburg AG, Bernburg,
Germany

Consumables

S-Monovette®, K3 EDTA 9 ml Luer
Lock

Sarstedt AG & Co. KG, Nimbrecht,
Germany

VasoVet® Braunule 24G
0,7 x 19 mm Luer Lock

B. Braun Vet Care GmbH, Tuttlingen,
Germany
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3. Methods

The following chapter outlines the methods used to examine the animals and

collect the data for this study.
3.1. Examination day

3.1.1. Preparations

The examination of the MHF2 pigs was performed with an average age of 147
days. One day before the scan the pigs were transferred into an examination
stable, where the imaging facilities are located. To minimise the risk of
anaesthesia the animals underwent a fasting period of approximately 20

hours. Water was accessible throughout.

Before scanning, a quality-control procedure was carried out on both the DXA
and MRI scanners. For the DXA scanner, a quality-control phantom was used
in accordance with the manufacturers’ instructions, while the MRI local coils
were automatically adjusted and shimmed using the Siemens MRI syngo©

software tool (Table 3).

3.1.2. Procedures

On the examination day, all pigs underwent a health assessment through a
clinical examination conducted by the veterinarian in charge of the testing
procedures. To perform the imaging scans sedation was required. Therefore,
every pig was weighed with a mechanic livestock scale and dosed individually
using Azaperone 40 % (1-2 mg/kg, Stresnil®, Elanco) and Ketamine 10 %
(10-15 mg/kg, Ursotamin®, Serumwerk Bernburg) as injection anaesthetics.
If needed, Ketamine could be adjusted via a catheter (VasoVet®, B. Braun) in
the vena auricularis. Examination details such as weight, individual dosage,
and the use of anaesthetics, along with rectal body temperature as well as
vital signs before and during sedation, were documented on score sheets.
Additionally, two blood samples were collected using EDTA-coated tubes (S-
Monovette®, Sarstedt) via vena jugularis externa, and the number of teats of

each animal was counted.
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3.1.3. Imaging

3.1.3.1. Ultrasonography

Ultrasonography was performed to measure the back fat thickness and the
diameter of the longissimus dorsi muscle of each pig, using the M-Turbo®
ultrasound system (M-Turbo®, Fuijifilm SonoSite) fitted with a linear-array 10-
5 MHz transducer (L52x, Fuijifilm SonoSite).

Prior to scanning, the hair was clipped at the scanning sites, and the skin was
defatted using alcohol. Specific assessment points were marked in colour on
the animals using a template. High-contrast images were then generated after

applying an acoustic coupling gel.

The scanning site was evaluated at three identified points: Point B, situated at
the midpoint between the elbow and knee along a line, 7 cm lateral from the
spine midline; followed by Point A, positioned 12 cm cranial to the midpoint;
and Point C, located 12 cm caudal to the midpoint, both also 7 cm from the
midline. The aim was to visualise both the back fat thickness, encompassing
the skin and the overall subcutaneous adipose tissue including the
lumbodorsal fascia, and the diameter of the longissimus dorsi muscle. The
selection of scanning points adhered to the specifications of performance

testing for pigs as described by Muller and Polten (2004).

The images were saved in DICOM format for further evaluations.

3.1.3.2. Magnetic Resonance Imaging

An open low-field MRI system (Magnetom C!, Siemens, see Table 3) with a
field strength of 0.35 Tesla was used to examine the fat distribution. The pigs
were placed on the MRI table in a prone position with extended front and hind
limbs (Figure 8). To facilitate image comparison across different animals,
anatomical landmarks were established to define the region of interest,
spanning from the last thoracic vertebra to the iliac crest. Due to the body
length of the animals, two scans were performed, labelled as “ViscFat”
sequence for the cranial abdominal part and “HamFat® sequence for the
caudal abdominal and pelvic part, both employing protocol settings outlined in
Table 4.
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Figure 8: Animal positioning on MRI table

Table 4: MRI setting protocols of "ViscFat" and "HamFat" sequences

ViscFat HamFat
Voxel size [mm xmm xmm]| 1.9x1.6 x6.0{1.9x1.6 x6.0
Signal-to-noise ratio 1.00 1.00
Number of slices 30 20
Slice thickness [mm] 6 6
Distance factor [%] 20 20
FoV read [mm] 400 400
FoV phase [%] 100 100
Time to Repeat (TR) [ms] 441 370
Time to Echo (TE) [ms] 18 18
Orientation axial axial
Examination time [min] 12.13 10.16

3.1.3.3. Dual Energy X-ray Absorptiometry

To analyse the composition of the whole body, a DXA scanner (GE Lunar
IDXA, GE Healthcare GmbH, see Table 3) was used. In this study, two
scanning modes, “thick” and “standard”, were applied to generate data related
to the quantity and distribution of fat and lean body mass, as well as bone

mineral content and bone mineral density for each pig’s entire body.
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To obtain this data, sedated pigs were put on the DXA table in a prone position
with the front legs bent backwards to the side of the body and the hind legs
extended, as illustrated in Figure 9. Two whole-body scans were conducted,
with the “thick” mode taking up to 13 minutes and 45 seconds and producing
a dose of 6 pGy, while the “standard” mode required up to 7 minutes and 45

seconds and delivered a dose of 3 puGy.

Figure 9: Animal positioning on DXA scanner table (side)

Figure 10: Animal positioning on DXA scanner table (front)



Ill. Material and methods 55

3.1.4. Recovery and Follow-up

After the imaging procedures were completed, the animals were placed in a
straw-bedded box for recovery. Care was taken to ensure clear airways, and
the venous catheter was removed. They were monitored by a veterinarian until
fully awake and brought back to the outside-climate stable the following day.
Their feed intake and movement were observed and noted in the score sheets

during the next day.

Until the end of the fattening period the animals were kept in this outside-

climate stable and were slaughtered with a weight of approximately 130 kg.
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3.2. Image analysis
All collected images were subsequently analysed post-scanning by the same

evaluator.

3.21. MRl image analysis

All images in DICOM format were transferred to the synedra View Personal
software (synedra information technologies GmbH, see Table 3). This
software enables an overview of all images from both sequences (“ViscFat”
and “HamFat”) and assists in identifying those covering the region of interest,
spanning from the last thoracic vertebra to the iliac crest. The total number of
images used per pig ranges from 27 to 38 (Table 5), depending on the

animal’s body length.

A few images exhibited insufficiently analysable quality due to spontaneous
movements during the MRI scanning period. Additionally, the size, particularly
the width of the abdomen in animals weighing over 100 kg, posed a challenge.
It hindered the adequate visualisation of the entire subcutaneous adipose
tissue through MRI and the associated evaluation process. Moreover, the
image evaluation proved to be highly time-intensive, as it had to be done by

hand, since the software lacked sufficient automated evaluation tools.

Consequently, analysis results from MRI images are available for a total of 67

animals.

Table 5: Number of total MRI images, depending on animal’s body length

number of images

min 27
max 38
mean 31.657
total 2121
number of animals 67

Using the Able 3D-Doctor© software (Able Software Corp., see Table 3),
subcutaneous and visceral adipose tissue were detected and marked in

colours (Figure 11). This process was manually evaluated for each animal.
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Figure 11: Excerpt from “ViscFat” sequence evaluation

Subcutaneous adipose tissue (SAT) was defined as the fat layer directly
beneath the skin, marked in magenta. Visceral adipose tissue (VAT) was
defined as the fat inside the abdominal cavity surrounding the intra-abdominal

organs, kidneys and beneath the abdominal wall, marked in turquoise.

The software can quantify the volume of SAT (magenta) and VAT (turquoise)
in mm3 (converted into cm?®) based on a 3D-model (Figure 12) constructed by
using the number, thickness, and distance of the individual slices of each

animal.

Figure 12: 3D-model with SAT and VAT based on MRI scan
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3.2.2. DXA image analysis

The software enCore™ of the Lunar /[DXA scanner (GE Healthcare GmbH,
see Table 3), utilised for data evaluation, offers automated assessments of
whole-body composition parameters including weight [kg], fat mass [g], lean

mass [g], bone mineral content [g] and bone mineral density [g/cm?].

Additionally, the CoreScan mode, designed for human adults, enables the

analysis of visceral fat mass [g] and volume [cm?] in the android region.

The CoreScan™ software automatically defines the android region area, as
described in Chapter 11.4.2.2 (Fields of application). In pigs, the region of
interest, in particular the android region, needs to be defined manually in the
same way as applied for the MRI evaluation, spanning from the last thoracic

vertebra to the iliac crest. The gynoid region is set automatically (11.4.2.2).

The android region contains both visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT). Employing an algorithm, the software
assesses the overall thickness of the abdomen using X-ray attenuation. It
considers two parameters: the width of the SAT layer on the lateral aspects of
the body and the anterior-posterior thickness of the abdomen. The width of
the SAT layer is determined by the fat between the skin line and the outer
abdominal wall on both sides of the image. Utilizing the DXA attenuation
image provides the anterior-posterior thickness of the abdomen, contributing
to the estimation of SAT (see General Electric Company, 2012 patent
W02012092533A1, https://patents.google.com/patent/
WO2012092533A1/en, last accessed 24.08.2024).

The model integrated into the software subtracts SAT mass from the total
abdominal fat mass in the android region (total abdominal adipose tissue,
TAT), providing an estimate of VAT mass. Therefore, VAT mass [g] and
volume [cm3] can be calculated for the specified region based on the SAT
composition. It's essential to highlight that the quantity of VAT is only an

estimate and cannot be directly measured.

Conversely, it is then possible to calculate the SAT mass by subtracting the
estimated VAT mass [g] from the android fat mass [g] determined by the

software. Using the VAT mass and volume information provided by the
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CoreScan™ software, its density can be calculated, thus allowing for the

estimation of SAT and TAT volume in the android region.

3.2.3. Ultrasound image analysis

The DICOM-formatted images for the focus group of 67 animals were
transferred to the synedra View Personal software (synedra information
technologies GmbH, see Table 3), employed as the tool for image analysis
and measurements. Initial calibration was conducted using the calibration

marks present on the ultrasound images.

The back fat may appear in either two or three layers, depending on the
animal's condition. Accordingly, separate thickness measurements were
conducted for each layer noted as BFT 1 (including the skin and the first
outermost layer), BFT 2 (containing the skin and the second layer), and BFT
3 (covering all layers of fat, along with the lumbodorsal fascia, from skin to the
muscle). In instances where the entire longissimus dorsi muscle (MId) was
visualised, depending upon the condition of the animal and the scanning site,
its diameter was subsequently measured (Figure 13). This was performed at

all three scanning sites: B (midpoint), A (cranial) and C (caudal).

2:1,96cm

Figure 13: Back fat layers and longissimus dorsi muscle diameter in point B
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In the further course of this study the back fat thickness is defined as the sum
of skin, entire subcutaneous fat layers, and the lumbodorsal fascia (BFT 3).
The different layers of the back fat will not be further discussed, as it falls

outside the predetermined scope of this study.

Measurement inaccuracies may arise at scanning point A due to the potential
overlap of the longissimus dorsi muscle with other muscles and the overall
increase in subcutaneous fat thickness (Muller and Polten, 2004) as

measured further cranially (Figure 14).

2 :3.05cm

Figure 14: Back fat layers and longissimus dorsi muscle diameter in point A
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A Box-Whisker plot in Figure 15 compares all values across the three
scanning sites, revealing a broad dispersion of values at point A. Additionally,
the median at point A lies outside the boxes of points B and C. Furthermore,

measurements at point C show a wider scattering compared to point B.

Consequently, for subsequent analyses focusing on back fat thickness, only
measurements from point B were considered instead of using the average of

all three scanning sites.

BFT in A3, B3 and C3

@
3 -
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[1BFTA3 O BFTB3 W BFTC3

BFT [em]

Figure 15: Comparison of back fat thickness at point A, B and C
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4. Statistical analysis

The statistical analysis was performed by using the software SAS 9.4 (SAS
Institute Inc., see Table 3). All variables were assessed on normal distribution
using the Kolmogorov-Smirnov test, complemented by visual inspection
through histograms. Additionally, Box-Whisker plots were employed to identify

and examine potential outliers.

The dataset in focus includes 67 animals with MRI, DXA and ultrasonography

results.

Linear regression models were conducted to assess the relationships among
several factors, including general parameters, various body composition
parameters, and feeding data. The coefficient of determination (R?) and the
root mean square error (RMSE) were used as a measure of the regression
equation’s fit between the dependent and independent variables. Additionally,
p-values were assessed to determine the statistical significance of the

relationships, with a significance level set at p < 0.05.

Variance analysis was performed using three linear mixed model procedures
with restricted maximum likelihood (REML) estimation, a method that provides
more precise estimates of variance components in the presence of random
effects. The mixed models were chosen based on the smallest Akaike
information criterion (AIC) values. A significance level was set to p < 0.05 for
both the F-tests and the t-tests.

To enhance the reliability of the analyses, the statistical examinations,
particularly the mixed models described in Chapter [11.4.1.1 and 111.4.1.2, were
supplemented with the entire data set, including 138 animals, each with

available DXA data. Details of the results can be found in the Appendix 1X.3.

Furthermore, a Bland-Altman analysis was conducted to assess the
agreement between MRI and DXA in quantifying abdominal adipose tissue
variables (VAT, SAT, and TAT) by comparing the means and differences of
these variables measured with both methods. Additionally, a modified Bland-
Altman plot was performed, with the reference gold standard method of MRI
used as the horizontal axis instead of the means of both methods, as

described by Johnson, M. and Waller J. (2018). The results of this analysis
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are provided in Appendix 1X.4 (Figure 64, Figure 65, Figure 66).

4.1. Variance analysis models
In the upcoming section, a more detailed explanation of the linear mixed

models used for variance analysis is provided.

41.1. Study sample characteristics

The first mixed model assesses the characteristics of the study’s focus group
considering the variables body weight (weight) [kg], age [d] and number of
days spent in the outside-climate stable (stable days) [d]. In this analysis, sex,
genotype and the interaction between season and year were applied as fixed

effects. The applied mixed model is described by the following equation:

Vijkim = SXi + Gj + Seask * Y1 + €ijkim

Yijkim = Considered variable (weight, age, stable days)
Sxi = Sex (i = 1-2, castrated male / female)

G = Genotype (j = 1-6, PiDUDLDE_DLDEPIDu, etc.)
Seasi * Y] = Interaction effect between season and year

(k x1=1-7, 4/ 2021, etc.)

€ijkim = Residual error (with m = individual animal)

4.1.2. Abdominal adipose tissue and body composition parameters

For all traits assessed with MRI and DXA, sex, genotype, and the interaction
between season and year were defined as fixed effects. In addition, weight
was included as a covariate in this model. The following equation describes

the applied mixed model:

Vijkim = SXi + Gj + Seask * Y1 + Bijkim + €ijkim

Yijkim = Considered variable (MRI VAT, MRI SAT, DXA VAT, etc.)
Sxi = Sex (i = 1-2, castrated male / female)

Gj = Genotype (j = 1-6, PiDuDLDE_DLDEPIDu, etc.)

Seasi * Yi = Interaction effect between season and year

(k « 1= 1-7, 4/ 2021, etc.)
Bijiim = Covariate weight

€ijkim = Residual error
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41.3. Daily feed intake
Another mixed model was applied for the focus group to examine the effects
of sex, genotype, season, and the time during the fattening period (feeding

week) on daily feed intake.

In this model, season (treated as a single effect) and feeding week were
included as fixed effects, along with sex and genotype. It can be described by

the following equation:

YVijklm = Sx; + Gj + Seaskx + FW) + €ijklm

Vijkim = Considered variable (daily feed intake, Fl_d)
Sxi = Sex (i = 1-2, castrated male / female)

G;j = Genotype (j = 1-6, PiDuDLDE_DLDEPIDu, etc.)
Seask = Season (k = 1-5)

FW, = Feeding Week (1= 1-10)

€ijkim = Residual error
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IV. RESULTS

All figures and tables presenting the results of the regression analyses include
the regression equation with the corresponding coefficient of determination
(R?) and root mean square error (RMSE). In addition, the statistical

significance of the regression coefficients (p-value) is provided.

All tables containing results referring to the variance analysis present least
squares means (LSM), standard errors of estimation (SEE) and the
significance level (p-value) of the variables examined. To determine
differences between the examined groups within the independent variables —
sex, genotype, and season x year — LSD (least significant difference) post-
hoc tests were performed for pairwise group comparisons. If there is a
significant difference among the mean values of individual groups, it is

represented by using distinct superscripts.

In this chapter, the abbreviations for abdominal adipose tissue variables are

defined as follows:

e visceral adipose tissue (VAT)
e subcutaneous adipose tissue (SAT)

e total abdominal adipose tissue (TAT)

To simplify the readability of tables and diagrams, the genotype groups have
been abbreviated. The initial segment of the genotype, determined by the
sire's crossbred composition and the dam's crossbred composition, remains
constant due to the same sire and is therefore omitted. Additionally, the
provided numbers in the tables represent individual genotype groups as

assigned in the following:

Table 6: Overview of genotype groups

Group number Genotype

PiDuDLDE_DEDLDuPiI
PiDuDLDE_DEDLPIiDu
PiDuDLDE_DLDEPIDu
PiDuDLDE_DuPiDEDL
PiDuDLDE_DuPiDLDE
PiDuDLDE_PiDuDLDE

o 00 A WD -
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1. Relationships between various phenotyping
parameters
1.1. General parameters

1.1.1. DXA modes “thick” and “standard” for VAT and SAT
To evaluate the relationship between VAT and SAT values analysed in DXA
“thick” and “standard” mode, a linear regression analysis model (red dashed

line) was used.

Figure 16 shows that measuring VAT volume in “standard” mode resulted in
higher values than in “thick” mode. The coefficient of determination with R? =
0.928 is nearly 1. Any outliers were probably caused by the animals’ strong
movement during or towards the end of the scan, with “thick” mode being

usually applied before “standard” mode.

DXA "thick" VAT & "standard" VAT
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Figure 16: Comparison of DXA modes “thick” and “standard” for estimation of VAT

For enhanced comparability with MRI data, volumes were primarily used in
the following analyses. As expected, the relationship between mass and

volume is shown with a coefficient of determination of 1 (see 1X.3.1 Figure 62).



Ill. Results 67

When comparing the two modes based on the calculated SAT volume data,
in Figure 17 it became visible that the “standard” SAT mode supplied negative
values, which cannot correspond with reality. Given this discrepancy, the
“standard” mode was excluded from the analyses. All data, generated via

DXA, were derived from the “thick” mode.
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Figure 17: "Standard" mode provides negative SAT values

1.1.2. Body weight and DXA mass

A close relationship between the mechanically determined body weight and
the weight generated by DXA in “thick” mode (labelled as DXA mass) is
illustrated in Figure 18. DXA mass aligned very closely to the measured body
weight. However, minor inaccuracies can occur due to movement. In further
analyses of the study the body weight, measured by an animal scale, was

used.
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body weight & DXA mass
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Figure 18: Relationship between scale body weight and DXA mass

1.1.3.  Number of MRI images and abdominal adipose tissue volumes
As mentioned in Chapter 111.3.2.1, the total number of MRI images depends
on the region of interest, which extends from the last thoracic vertebra to the
iliac crest. Therefore, the number of images varied depending on the animal’s
body length. The linear regression analysis in Figure 19 is intended to show

the extent to which the number of MRI images had an influence on VAT and

SAT volumes.
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Figure 19: Relationship between total number of MRI images and VAT & SAT

As assumed, the expectation of increased fat volumes in the region of interest

with a higher number of images analysed was validated through positive

regression coefficients. However, the regression analysis showed a stronger

relationship between number of MRI images and SAT volumes compared to

VAT volumes. Both models revealed to be statistically significant (SAT p <
0.001, VAT p <0.05).
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1.2. Abdominal adipose tissue parameters

1.21. Relationships between abdominal adipose tissues

This analysis investigates the relationships within abdominal adipose tissue
parameters, focusing on the relationship between TAT and its components,
VAT and SAT.

For volumes estimated via MRI (Figure 20), the model equations for VAT and
SAT exhibit strong positive relationships with TAT. The coefficients’ p-values
underscore the statistical significance of the observed relationships (p <
0.0001).

relationships between abdominal adipose tissues (MRI)
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R
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MRI TAT [cm?]
© SAT A VAT

Figure 20: Relationships between abdominal adipose tissues derived by MRI
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On the other hand, for DXA estimates, the relationship between TAT and SAT
is characterised by a statistically non-significant model (p = 0.489). However,
the relationship between TAT and VAT remained consistent, reflected in a
strong R? (p < 0.0001) (Figure 21).

relationships between abdominal adipose tissues (DXA)
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Figure 21: Relationships between abdominal adipose tissues derived by DXA

When examining the relationships between total abdominal adipose tissue
and VAT or SAT, derived by DXA in the larger study cohort of 138 animals
(Figure 63, Appendix 1X.3.3), it became apparent that there were minimal
differences in these relationships compared to the results presented in this

chapter.
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1.2.2. Abdominal adipose tissue volumes measured by MRI vs. DXA

The focus of the following regression analyses is to assess the strength of the
relationship between the variables of abdominal adipose tissues (VAT, SAT,
and TAT) derived by MRI and DXA. In the following, Chapter IV.5 evaluates if

both methods have a close agreement.

Figure 22 shows the regression between VAT measurements in MRI and

DXA, which indicates a moderately strong positive relationship (p < 0.0001).

VAT volume in DXA & MR
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Figure 22: Relationship between DXA-assessed VAT and MRI-assessed VAT

However, SAT demonstrates a smaller R? of 0.017 with a non-significant p-
value (p = 0.299), indicating limitations for this regression model (Figure 23).
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Figure 23: Relationship between DXA-assessed SAT and MRI-assessed SAT

Figure 24 shows the results for TAT, suggesting a positive association (p <

0.001) between the DXA-assessed values and MRI-assessed values.
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Figure 24: Relationship between DXA-assessed TAT and MRI-assessed TAT
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1.3. Back fat thickness and abdominal adipose tissue
This chapter describes a linear regression analysis conducted to determine
the degree to which values obtained from back fat thickness measurements

aligned with the results of the MRI analysis.

The exploration for MRI subcutaneous fat (SAT) in Figure 25 revealed a
positive relationship with back fat thickness assessed by ultrasound (US) (p <

0.001).

back fat thickness & MRI SAT
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Figure 25: Relationship between US back fat thickness in B3 and MRI SAT

In case of the visceral fat (VAT), the regression model with US back fat
thickness showed a slightly weaker relationship (p < 0.001) between the
variables compared to the previous one with SAT (R? = 0.42 vs. R? = 0.39),
Figure 26.
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Figure 26: Relationship between US back fat thickness in B3 and MRI VAT
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1.4.

Weight and body composition parameters

Linear regression analyses of body weight and abdominal adipose tissues,

derived by MRI and DXA, revealed differing relationships with body weight.

This is reflected in the varying R? values obtained (see Table 7), which indicate

the strength of these associations.

Table 7: Relationships between body weight and abdominal adipose tissues

MRI DXA
Model Equation| y = 9.8168x - 238.43 | y = 51.912x - 2996.9
X R2 0.1365 0.424
T Root MSE 213.87 52417
p-value 0.0021 p < 0.001
Model Equation| y = 29.561x - 855.17 |y =-0.6875x + 618.26
i R? 0.3541 0.0016
T Root MSE 345.88 147.48
p-value p < 0.001 0.7458
Model Equation| y = 39.378x-1093.6 | y=51.224x - 2378.7
Z R? 0.3064 0.4166
T Root MSE 513.31 525.1
p-value p < 0.001 p < 0.001

Notably, SAT assessed via MRI had the highest coefficient of determination

(Figure 28), indicating that a larger proportion of the variability in the SAT

distribution is explained by body weight compared to the other parameters.



77

Ill. Results
body weight & MRI SAT volume
3500
a
3000
y = 29.561x - 855.17
1" «" R? = 0.3541
=— 2500 | "1 — RMSE = 345.88
'g' L] u" e ’- .
= .-. ;" 1
5) 2000 F - » . ! .!.‘. .,
— * s "
[n'd . - ] ]
= 1500 | LT = . - .
_ - - ' - "
" .
1000 |~
500 t t t t t
60 70 80 90 100 110 120
body weight [kg]

Figure 27: Relationship between body weight and SAT derived by MRI

Conversely, findings from DXA showed a stronger relationship between VAT
and body weight (Figure 28), with a higher R? value compared to the

corresponding MRI measurements.
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Figure 28: Relationship between body weight and VAT derived by DXA

however, showed a non-significant relationship (p > 0.05) with

body
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weight in the DXA model (Figure 29). This emphasises the limited ability to

explain variations on SAT assessed via DXA based on changes in body

weight.
body weight & DXA SAT volume
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Figure 29: Relationship between body weight and SAT derived by DXA

The DXA model for TAT, described in Table 7, demonstrated a robust
relationship with body weight, supported by a high R* (DXA TAT = 0.4166)
and a very low p-value (p < 0.001).
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1.5. Average daily feed intake and abdominal adipose tissues

Figure 30 illustrates a positive relationship between the animals' average daily
feed intake (Fl_avg [g/d]) and the abdominal adipose tissue volumes derived
via MRI. Similar positive associations were observed for TAT and SAT (p <
0.01). In contrast, the relationship was comparatively weaker for VAT, but still

statistically significant with p < 0.01.
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Figure 30: Relationship between average daily feed intake (FI_avg) and VAT, SAT and
TAT assessed via MRI
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Figure 31 presents the relationship between average daily feed intake and the

measurements for abdominal adipose tissue volumes derived by DXA. TAT

and VAT demonstrated parallel trends. However, SAT, represented by a

negative slope estimate, indicated an inverse relationship compared to MRI.
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Figure 31: Relationship between average daily feed intake (FI_avg) and VAT, SAT and

TAT assessed via DXA
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2. Study sample characteristics

To gain a broader understanding of the sample characteristics of the study’s
focus group at the time of examination, we conducted an analysis of variance
for the variables body weight (weight) [kg], age [d], and stable days [d]. It aims
to enhance the comprehension of any disparities in the body composition
variables and feeding data, which will be explored further in Chapter V.3 and
IV.4.

Table 8 (Chapter 1V.2.2.) provides a comprehensive overview of the
differences among sexes, genotype groups, and season-year categories

regarding the sample characteristic variables.

Stable days are defined as the number of days the animals spent in the
outside-climate stable. This duration spanned from the day they were
transferred from the flat deck area, with an age of approximately 70 days, into
the outside stable up to one day before their examination day, when they were

moved into the examination barn.

Detailed information of individual effects from Table 8 is provided in the

following sections.
21. Weight, age, and stable days

211. Sex
The animal’s sex had no significant impact (p > 0.05) on weight, age, or stable
days at all (Table 8).

21.2. Genotype
There was a significant difference (p < 0.05, Table 8) between the animals’

genotypes in weight, age, and stable days.

Genotype group 2 (PiDuDLDE_DEDLPIiDu) showed the lowest weight (88.08
t 4 kg), whereas genotype group 6 (PiDuDLDE_PiDuDLDE) had the highest
weight of 109.12 kg, notably with the highest standard error of estimation (SEE
= 7.57). All other groups fell into a comparable weight range (Figure 32).
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Figure 32: Weight differences among genotypes

Accordingly, Figure 33 shows that animals from genotype group 2 were
approximately six days younger (144.61 + 0.64 d) at the time the scan was
performed compared to the oldest genotype group, group 6
(PiDuDLDE_PiDuDLDE, 150.87 £+ 1.21 d).

genotype & age
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Figure 33: Age differences among genotypes

Even if the analysis revealed noteworthy distinctions (p < 0.001, Table 8)
among the genotypes concerning the duration in the outside-climate stable

(stable days), these differences only amounted to a single day.
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2.1.3. Season x year

The influence of season and year in Table 8 is evident, with significant p-
values observed for weight (p < 0.05), age (p < 0.0001), and stable days (p <
0.0001).

Figure 34 shows a noticeable difference in weights of animals scanned during
season 4 (July and August) in 2021 compared to season 4 in 2022. Animals
in season 4 / 2021 were the heaviest (104.61 + 4.87 kg), while those in season
4 | 2022 were the lightest (88.92 + 3.42 kg). All other animals fell within a
weight range of 94 to 101 kg.
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Figure 34: Differences in weight among season-year categories

Animals scanned in early 2022 were, on average, older (150.92 + 0.56 d) than
those scanned in season 3 / 2022 (144.61 + 0.62 d) (Figure 35). It's worth
noting that the scans were conducted only on weekdays due to the extensive

preparations required and the availability of assistance.
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Figure 35: Age differences among season-year categories
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Upon examining the differences in the duration spent in the outside-climate
stable (Figure 36), substantial variations were observed between the season
and year classifications, reaching around 10 days, particularly between
season 3 in 2021 and 2022.
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Figure 36: Differences in number of stable days among season-year categories

2.1.4. Comparison with the larger cohort

A comparative analysis of the larger cohort, comprising 138 animals with
available DXA analysis values, revealed remarkable similarities when
compared to the results displayed for the focus group above. The detailed
results are provided in Table 15, Table 16 and Table 17 in the appendix
(Chapter IX.3.4).

Notably, sex did not exert a significant influence on any of the study
characteristics (p > 0.05) (Table 15). However, a nuanced observation
emerges when examining the estimated values, indicating a marginal weight
disparity between males and females on the day of examination, with slightly
heavier males (99.23 + 1.45 kg) compared to females (97.31 £ 1.13 kQ).

Upon inspecting the impact of genotype, a congruent pattern of differences
was apparent among the genotype groups, compared to the focus group
(Table 16). Genotype group 6 maintained the highest weight (111.42 £+ 3.95
kg), while genotype group 2 had the lowest (89.75 £ 3.13 kg). An analogous
effect showed the age. Genotype group 2 was the youngest at 144 days old
(144.31 £ 0.54 d), while genotype group 6 was the oldest (150.02 £ 0.69 d) on

examination day. The number of stable days was consistent, even across
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more animals. Notably was only the minor disparity in ranging from 1 to 3 days

difference among the genotype groups.

There were few discrepancies between the groupings based on the
examination date within the respective season and year when considering the
larger cohort (Table 17), compared to the results described in Chapter
V.2.1.3.
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3. Abdominal adipose tissue and body composition

parameters

The least squares means (LSM) provided in the tables of this chapter have
been standardised for the body weight of all animals, due to the inclusion of

weight as a covariate in this variance analysis model (see Chapter I11.4.1.2).

3.1. Abdominal adipose tissue parameters

The following variables summarise the abdominal adipose tissue:

e visceral adipose tissue (VAT)
e subcutaneous adipose tissue (SAT)
e total abdominal adipose tissue (TAT)

e android fat percentage

As described in Chapter 111.3.2.1 and 111.3.2.2, MRI estimates are given as
volumes [cm?3] and DXA estimates are displayed as volumes [cm®] and
masses [g]. The android fat percentage represents the fat mass percentage

of total soft tissue in the android area (abdomen).
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3.11. Sex
Sex had no significant effect on the distribution of abdominal adipose tissue

parameters, except for SAT calculated from DXA with p < 0.0001 (Table 9). In
this case, female animals demonstrated a significantly higher presence of

subcutaneous fat (SAT) compared to castrated male animals.

However, when looking at the LSM estimates, differences among MRI and
DXA results became obvious (Figure 37). Controversial volumes were derived
for VAT, being higher for females measured with MRI (628.50 + 46.76 cm?),
but lower for females derived by DXA (1756.69 + 108.49 cm?®) compared to
males (1960.87 + 143.72 cm3) (see Table 9).
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Figure 37: Variance between sexes in VAT via MRI and DXA
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3.1.2. Genotype
The animals’ genotype structure had a significant effect on all abdominal

adipose tissue variables (p < 0.05, Table 10). This influence was more

pronounced for the variables derived by MRI, as indicated by smaller p-values.

For the abdominal adipose tissue parameters derived by MRI, genotype group
3 and 5 exhibited the highest volumes of VAT (Figure 38) (3 = 768.80 £ 61.06
cm3, 5 = 772.73 + 87.64 cm?), a trend that was similarly reflected in total

abdominal adipose tissue (TAT), especially for genotype group 3 (Table 10).
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Figure 38: Differences in MRI VAT among genotypes
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In the case of SAT, genotypes 1 and 3 showed the highest volumes (1 =
2030.43 + 89.36 cm?, 3 = 2082.50 + 97.92 cm?3, Figure 39). Conversely, both
VAT and SAT volumes were comparatively lower for genotypes 4 and 6, a

pattern that was consistent in the summary of total abdominal adipose tissue

(TAT) (Table 10).
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Figure 39: Differences in MRI SAT among genotypes

In contrast to the MRI measurements, DXA values revealed distinct variations
among the genotype groups. For VAT (Figure 40), genotype 3 demonstrated
the highest volume (2296.89 + 141.66 cm3), and this trend was similarly

observed in TAT, where genotype 1 followed closely (Table 10).
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Figure 40: Differences in DXA VAT among genotypes

For SAT genotype 2 showed the highest volume (570.73 + 59.09 cm3),

surpassing genotypes 1 and 3 (Figure 41). However, it's noteworthy that the
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standard error for genotype 2 was higher than that of both genotypes 1 and 3.
Genotype 4 was associated with the smallest volumes of VAT and TAT, while
for SAT, genotype 5 had an even smaller estimate (4 = 427.05 + 47.94 cm3
vs. 5 =421.35 £ 47.40 cm3).
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Figure 41: Differences in DXA SAT among genotypes

The fat percentage of the abdomen (android fat [%]) mirrored the same
variation observed in TAT, with genotypes 1 and 3 having the highest
estimates (1 = 15.60 + 0.75 %, 3 = 16.19 + 0.82 %) (Figure 42, Table 10).
Genotype 4 and 6 on the other hand, demonstrated substantial differences
compared to the rest of the groups with the lowest estimates (4 = 11.79 £ 1.19
%; 6 =10.73 £ 2.81 %).

genotype & android fat
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Figure 42: Differences in DXA android fat percentage among genotypes
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3.1.3. Season x year

The influence of the combined fixed effect of season x year was significant for
most of the abdominal adipose tissue variables. However, there was no
significant effect (p > 0.05) observed for MRI SAT and for DXA android fat

percentage (Table 11).

Overall, a consistent distribution pattern was evident across the range of
abdominal adipose tissue variables, visualised using the example of MRI VAT
(Figure 43). Animals scanned in season 4 / 2021 predominantly demonstrated
the highest volumes for the parameters, followed by season 1 /2022 and 2 /

2022. In contrast, the group scanned in season 3 / 2022 had the least volume

(Table 11).
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Figure 43: Variations in MRI VAT among season-year categories

An exception to this pattern was observed for DXA SAT, where the group
scanned in season 2 / 2022 exhibited the highest SAT volume (Figure 44,
Table 11).
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Figure 44: Variations in DXA SAT for season-year categories
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3.2. Body composition parameters
To gain a thorough understanding of additional body composition parameters,
the same statistical model was employed for the analysis of parameters

acquired through the DXA CoreScan® software.

The following parameters were taken into consideration: total body fat (fat) [g],
total soft tissue lean mass (lean) [g], bone mineral content (BMC) [g], and

bone mineral density (BMD) [g/cm?].

Table 9, Table 10 and Table 11 in Chapter IV.3.3 provide detailed information
on the differences among sexes, genotypes, and season-year categories

regarding these parameters.

The subsequent paragraphs state relevant details on the respective effects.

3.21. Sex
There were no significant differences between male and female animals in the
parameters related to body composition. The distribution of values was very

similar between the sexes (Table 9).
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3.2.2. Genotype
There were significant differences (p < 0.05) existing between the genotypes
for the variables fat and lean, but not for BMC and BMD (p > 0.05) (Table 10).

Mirroring the parallel distribution observed in TAT values (derived by DXA), a
similar pattern emerged in total body fat values (Figure 45). Specifically,

genotypes 3, 1, and 5 demonstrated the highest amounts, while genotype 4

showed the least (12043 £ 938.73 g) (Table 10).
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Figure 45: Differences in fat mass among genotypes

In contrast, the situation reversed for lean mass, with genotypes 4 and 6

showing the highest values, and genotype 3 displaying the least (76745

656.93 g) (Figure 46).
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Figure 46: Differences in lean mass among genotypes
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3.2.3. Season x year

Details about the distribution of whole-body composition parameters among
different season-year-categories are shown in Table 11. The combined effect
of season and year had a significant effect (p < 0.05) on all the body

composition parameters, except for BMD (p > 0.05).

Corresponding to the TAT volumes, the animals scanned in season 4 / 2021
showed the highest amount of total body fat (16744 + 1431.88 g),
accompanied by the lowest lean mass (74966 + 1454.89 g). In contrast,
animals scanned in season 3 /2022 displayed the lowest amount of total body
fat (11388 + 1087.48 g) (Figure 47). The quantities of lean mass remained

similar across the different season classes (Figure 48).
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Figure 47: Differences in fat mass among season-year categories
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Figure 48: Differences in lean mass among season-year categories
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The bone mineral content (BMC) differed significantly among animals
scanned in different seasons. Specifically, animals analysed in season 3 of
2022 showed a reduction of approximately 190 g compared to those scanned
in season 4 / 2021, which recorded the highest value at 2006.56 + 66.03 g
(Figure 49).
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Figure 49: Variations in BMC among season-year category

3.24. Comparison with the larger cohort

To gain a comprehensive understanding of the broader population, the
analysis was extended to include findings from all 138 animals with available
DXA analysis results, using the same statistical model applied as for the initial
examination of the focus group. The results are detailed in Appendix 1X.3
(Further analyses for the larger cohort), and the key findings are subsequently

described.

Differences in abdominal adipose tissue estimates between sexes were
evident in the larger cohort (Table 15, Appendix 1X.3.4) compared to the
study’s focus group, as significant differences (p < 0.001) were observed
between sexes for both VAT and SAT parameters. Precisely, males presented
a significantly higher amount of visceral fat (VAT) compared to females, while
females demonstrated a greater quantity of subcutaneous fat (SAT) than
males (Figure 50). This confirms the tendency already observed in Chapter
IV.3.1.1.
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Figure 50: Differences in DXA VAT and DXA SAT between males and females

Examining parameters demonstrating total abdominal fat (total abdominal
adipose tissue TAT and android fat %), with likewise significant p-values (p <
0.05), indicated that male animals had a higher overall abdominal fat content
than females. This trend was also observed for total body fat (fat), where
males had higher amounts than females. Conversely, females showed higher
amounts of total soft tissue lean mass (lean), though this difference did not
reach statistical significance. However, no differences in variation of bone
mineral content (BMC) and bone mineral density (BMD) were apparent

between the sexes (Table 15, Appendix 1X.3.4).

The impact of the genotype structure on the distribution of abdominal adipose
tissue variables was consistently affirmed within the broader study cohort
(Table 16, Appendix IX.3.4). Notably, genotype groups 3 and 1 exhibited the
highest volumes, while groups 4 and 6 displayed the lowest. An exception to
this pattern was observed in SAT estimates, with the larger cohort showing
higher levels for genotype 1 (590.19 + 21.77 cm?®) compared to the study’s

focus group, where genotype group 2 demonstrated the highest SAT levels.

Most notably, in the larger cohort (Table 17, Appendix IX.3.4), an additional
significant p-value for BMD (p < 0.05) was observed, differing from the non-
significance seen within the focus group of 67 subjects (Table 11, Chapter
IV.3.3). Otherwise, the distribution of individual parameters between the
season-year categories remained consistent, except for lean mass. In this
case, the group analysed in 1 /2022 in the larger cohort exhibited the highest
lean mass (79653 + 811.33 g), while animals scanned in season 4 / 2021
(77821 + 884.49 g) and season 3 / 2022 (77891 + 761.84 g) showed the
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lowest. As shown in Chapter IV.3.2.3, animals scanned in 4 / 2021 had by far
the lowest lean mass estimates within the study’s focus group. Regarding
BMD, the results mirrored those of BMC, where the group scanned in season
4 / 2021 had the highest (1.1004 + 0.02 g) and the group of season 3 / 2022
showed the least bone mineral density (1.0262 £ 0.02 g), though these

differences were minor.



IV. Results

99

3.3. Data overview of variance in abdominal adipose tissue and

body composition parameters

Table 9: p-values, LSM and SEE of abdominal adipose tissue and body composition

variables between sexes

abdominal adipose tissue and body composition

SEX | p-value male female
M VAT [cm?]| 0.5234 594.73 £ 61.94 628.50 £ 46.76
R SAT [cm3]| 0.3584 1759.25 +£ 99.34 1837.37 £ 74.99
I TAT [cm?®]| 0.3667 2353.98 £ 144.78 | 2465.87 £ 109.29
VAT [cm?]| 0.1001 1960.87 £ 143.72 | 1756.69 + 108.49
)D( SAT [cm?]| <.0001 363.39+33.50°| 611.31+25.29°
A TAT [cm?]| 0.7256 2324.26 £ 146.04 | 2368.00 £ 110.24
android fat [%]| 0.9017 13.87 £ 0.83 13.96 £ 0.63
fat [g]| 0.7991 13978 + 655.92 13835 + 495.13
E’( lean [g]| 0.7093 78474 +666.46 | 78262 + 503.09
A BMC [g]| 0.8822 1929.91 £+ 30.25 1933.73 £ 22.83
BMD [g/cm?]| 0.6062 1.0405 + 0.02 1.0479 + 0.01

Significance levels (p-value), least squares means and standard errors of estimation

(LSM + SEE) for abdominal adipose tissues and body composition variables

assessed with MRI and DXA, different superscripts within rows describe significant

differences, with p < 0.05

Abdominal adipose tissues VAT: visceral adipose tissue, SAT: subcutaneous adipose

tissue, TAT: total abdominal adipose tissue, android fat percentage: fat mass
percentage of the total soft tissue in the android region

Body composition variables fat: total body fat mass, lean: total soft tissue lean mass,

BMC: bone mineral content, BMD: bone mineral density
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Table 10: p-values, LSM and SEE of abdominal adipose tissue and body composition

variables between genotypes
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Table 11: p-values, LSM and SEE of abdominal adipose tissue and body composition

variables in season-year categories
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3.4. Covariate weight
The covariate weight, applied in the statistical model for abdominal adipose
tissue and body composition parameters (l11.4.1.2), had a significant effect on
all examined parameters except for the estimated SAT derived by DXA (Table
12).
Table 12: Influence of covariate weight on abdominal adipose tissue and body
composition variables

Covariate WEIGHT

p-value
M VAT [cm?3][ 0.0020
R SAT [cm?]| <.0001

' TAT [cm?]| <.0001
VAT [cm?]| <.0001
SAT [cm?]| 0.3612
TAT [cm?]| <.0001

android fat [%]| 0.0002

fat [g]| <.0001
lean [g]| <.0001
BMC [g]| <.0001
BMD [g/cm?]| <.0001

> X0

> X0

Significance levels (p-value) of covariate weight on abdominal adipose tissues and
body composition variables assessed with MRI and DXA

Abdominal adipose tissues VAT: visceral adipose tissue, SAT: subcutaneous adipose
tissue, TAT: total abdominal adipose tissue, android fat percentage: fat mass
percentage of the total soft tissue in the android region

Body composition variables fat: total body fat mass, lean: total soft tissue lean mass,
BMC: bone mineral content, BMD: bone mineral density

A different perspective unfolds when considering the larger cohort. In this
context, weight consistently showed a significant effect on all variables derived
by DXA (Table 18, Appendix IX.3.4).
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4. Daily feed intake

The statistical exploration on effects on daily feed intake, using the mixed
model described in Chapter 111.4.1.3, yielded notable findings, as indicated by
significant p-values (p < 0.001). These results showed that all four fixed effects
in this model — sex, genotype, season and feeding week — played a significant
role in the observed variations of the animals’ daily feed intake (Table 13 in
Appendix IX.2 Data overview of daily feed intake). The results are presented
as least squares means with standard errors of estimation (LSM = SEE) and

corresponding p-values.

41. Sex

Figure 51 shows that castrated males (males) had a significantly higher daily
feed intake compared to female animals (1814.21 £ 32.09 g vs. 1647.64 +
24 .14 g, respectively, p < 0.0001).

sex & daily feed intake
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Figure 51: Difference in daily feed intake between sexes
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4.2. Genotype

Significant differences were observed between genotypes (p < 0.0001).
Among the genotypes, genotype group 5 consumed the highest amount of
feed per day (1950.68 + 41.47 @), surpassing genotype group 3 by
approximately 330 g. Genotype group 3, in turn, had the lowest daily feed
intake among the genotype groups (1621.17 £ 26.08 g).

genotype & daily feed intake
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Figure 52: Difference in daily feed intake among genotypes
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43. Season

It is noteworthy to observe a seasonal pattern when examining the daily feed
intake, revealing a decline across the seasons .(Figure 53, p < 0.0001).
Animals which were scanned in season 1 (January or February) and season
2 (March or April) yielded a peak in the amount of daily feed intake, reaching
approximately 2050 g per day. This peak was followed by a subsequent
reduction leading up to the scanning dates in season 5 (September or
October). This period marked the lowest observed daily feed intake.
Importantly, it should be emphasised that the animals had been housed and
fattened in the outside-climate stable for approximately 2.5 months preceding

their scan.

season & daily feed intake
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Figure 53: Differences in daily feed intake among seasons
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44. Feeding week

Throughout the entire fattening period, segmented into ten feeding weeks, a
consistent upward trend (Figure 54, p < 0.0001) was evident in daily feed
intake, reflecting the customised ascending feed curve during this period. Only

a minor decline was perceptible in the 10th feeding week.

feeding week & daily feed intake
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Figure 54: Differences in daily feed intake over ten feeding weeks
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5. Method comparison of MRI and DXA

A Bland-Altman analysis was performed to visualise the agreement between
the two methods, MRI and DXA, for measuring VAT, SAT, and TAT, and to
identify potential systematic bias between them. As described in Chapter 111.4
(Statistical analysis), modified Bland-Altman analyses, with differences
between the two methods plotted against MRI estimates as the gold standard,

are provided in Appendix 1X.4.

5.1. Visceral adipose tissue

The Bland-Altman plot for VAT in Figure 55 shows a mean difference (bias,
illustrated as a solid grey line) between the two methods of -1218 cm?
(standard deviation = 549.4 cm?; p < 0.001; 95 % CI: -1084, -1352 cm3). This
indicates a systematic overestimation of VAT volumes by DXA, with an
average difference of 1218 cm?® compared to MRI. The light grey lines
represent the limits of agreement, with their 95 % confidence intervals
indicated by the dashed lines. The upper limit is -141 cm? (95 % CI: 89, -371
cm3), and the lower limit is -2294 cm3 (95 % CI: -2064, -2525 cm?3). To assess
potential proportional bias, a linear regression analysis was performed,
showing a regression slope of -1.13 (SE = 0.07; p < 0.001), indicating that as
VAT volumes increased, the differences in volume estimates between DXA

and MRI became more pronounced.
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Figure 55: Bland-Altman plot with mean and difference of MRI and DXA for VAT
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5.2. Subcutaneous adipose tissue

Figure 56 shows a Bland-Altman plot for SAT assessed with MRI and DXA.
The bias between both methods was 1384 cm?3 (standard deviation: 433.3 cm?;
p < 0.001; 95 % CI: 1278, 1489 cm?®). The upper limit of 95 % confidence
interval for the bias was 2233 cm? (95 % Cl: 2051, 2415 cm?), and the lower
limit was 534 cm?3 (95 % Cl: 353, 716 cm?). This indicates that SAT was
estimated much higher when assessed using MRI than by DXA. There is a
positive regression line with a slope of +1.46 (SE =0.14; R2=0.63; p <0.001),
suggesting a proportional bias, with larger differences between volume

estimates as SAT volumes increase.
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Figure 56: Bland-Altman plot with mean and difference of MRI and DXA for SAT
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5.3. Total abdominal adipose tissue

The Bland-Altman plot for TAT in Figure 57 shows an average difference
between the two measurement methods of 166 cm?® (p < 0.001; 95 % CI: 90,
243 cm?), indicating a statistically significant deviation from zero. The standard
deviation (SD) of the bias is 313.6 cm?, resulting in an upper limit of agreement
of 781 cm? (95 % CI: 649, 912 cm?) and a lower limit of agreement of -449 cm?
(95 % CI: -580, -317 cm?). Although the proportional bias was not statistically
significant (slope = -0.12; SE = 0.06; R? = 0.054; p = 0.059), the p-value was
very close to significance, suggesting a weak trend towards decreasing bias

at higher measurement levels.
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Figure 57: Bland-Altman plot with mean and difference of MRI and DXA for TAT
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V. DISCUSSION

The aims of this study were first, to evaluate the ability of dual energy X-ray
absorptiometry (DXA) to assess visceral and subcutaneous adipose tissue in
pigs compared to the gold standard method of MRI and, second, to determine
the impact of sex, genotype, and seasonal variations on body composition

phenotypes and the feed intake during fattening of multi-hybrid pigs.
1. Imaging techniques

1.1. MRI

Assessments of adipose tissue, particularly visceral and subcutaneous fat,
have long been conducted using magnetic resonance imaging as a non-
invasive method. This imaging technique offers several advantages, including
being non-ionising, therefore posing no risk in terms of radiation exposure.
This makes MRI suitable for longitudinal studies. Furthermore, its high
resolution provides excellent contrast among different soft tissues. For these
reasons, MRI is considered the gold standard for assessing fat compartments
in both human and veterinary research fields (Machann et al., 2013; Scholz et
al., 2015; Fang et al., 2018).

Various methods have been proposed for the automated or semi-automated
identification and quantification of fat tissue volumes in humans, using MRI
(Kullberg et al., 2009; Positano et al., 2009; Wald et al., 2012; Borga et al.,
2015). To our knowledge, however, there are currently no accurate automated
methods available for animals, particularly for pigs. Therefore, we have
chosen to perform a manual analysis of the images, although this process is
very time-consuming and greatly relies on the individual's expertise in
conducting the image acquisition and evaluation. To minimise discrepancies
arising from varying evaluation methods, the analysis was performed by one

individual.

Our study revealed mean MRI volumes of 689 cm? for visceral fat, 1937 cm?
for subcutaneous fat and 2626 cm? for total abdominal adipose tissue in the
region of interest. Compared to the previous study conducted by Weigand et
al. (2020), which reported VAT volumes (LSMs) of 1189 cm?® for castrated
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males and 1017 cm? for female pigs, our findings showed lower VAT volumes.
Specifically, we observed LSMs of 595 cm? in castrated males and 629 cm?
in females. This difference could potentially be attributed to the fact that our
investigation exclusively focused on MHF2 pigs, which Weigand’s study found
to contain less VAT than the first multi-hybrid filial generation (MHF1), which

was also included in their study.

In contrast to other imaging techniques like ultrasound or computed
tomography, MRI has consistently shown higher sensitivity to subject motion.
This primarily arises from the prolonged duration needed for MR imaging
sequences to acquire data for adequate image formation (Zaitsev et al., 2015).
In particular, respiratory motion and gastrointestinal peristalsis in the
examined pigs may have resulted in variation in image quality. To minimise
potential inaccuracies in the calculation of visceral adipose tissue volumes,
only images characterised by high quality and strong contrast were included
in the evaluation. In addition, challenges appeared in complete visualisation
and subsequent evaluation, specifically for subcutaneous adipose tissue due

to the size and abdominal circumference of certain animals.
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1.2. DXA

Dual energy X-ray absorptiometry has primarily been introduced and is now
widely accepted as a method for assessing bone mineral content and density
(Gluer, 2017). Its application has expanded to encompass body composition
studies by being an easily accessible, fast, and cost-effective tool for
evaluating soft tissue body composition parameters in both humans and
animals. With its ability to differentiate between adipose (fat), non-adipose
(lean) and bone tissue, based on their X-ray attenuation with relatively low
radiation, DXA facilitates reproducible data collection, particularly in research
settings. By performing whole-body or regional scans along with specialised
software analysis, various tissues in specific body regions can be
automatically assessed within minutes. This offers a notably faster option
compared to MR image analysis of VAT and SAT in pigs, which may take up
to 15 hours per animal, depending on the amount of fat distributed and the

animal's body length.

The GE Lunar IDXA scanner offers theoretically three different scan modes,
“thick”, “standard”, and “thin”, which the manufacturer recommends for
different body thicknesses. The “thick” mode is recommended for a body
thickness of more than 25 cm, “standard” for a body thickness between 16 -
25 cm, and “thin” mode for less than 16 cm of body thickness (Thurlow et al.,
2017). However, the “thin” mode does not differ from the “standard” mode, as
described by Wenczel (2013). The subject's body thickness is automatically
selected based on the subject's entered weight and height, in our case, body
length, but it can also be set manually. As described previously, we conducted
two scans using “standard” and “thick” modes for comparison, although all
animals had a body thickness greater than 25 cm. Our findings revealed a
very strong relationship between both modes for VAT (R? = 0.93, RMSE =
227.34, Figure 16), with overall greater volumes of VAT observed in
“standard” mode compared to “thick” mode, as demonstrated by a slope of
+1.09. However, this also resulted in smaller values for SAT in “standard”
mode compared to “thick” mode, with a slope of +0.81 and a lower R? value
of 0.54 (RMSE = 109.10, Figure 17) for the regression equation, with some
“standard” SAT values even falling within a negative range. Consequently, the

unrealistic results of “standard” mode were not further analysed.
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One reason for this unexpected pattern could be that the “standard” mode
may not provide sufficient X-ray exposure due to its short scanning time and
the related low radiation dose of 3.0 uGy over approximately seven minutes.
This may result in poor image quality with not enough X-ray intensity provided
for each pixel. In contrast, the “thick” mode offers a higher radiation dose of
6.0 uGy and a longer acquisition time of approximately 14 minutes for a whole-

body scan.
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1.3. Comparison of MRI and DXA

Upon examining the abdominal adipose tissue variables alongside the
methodologies employed, it becomes apparent that notable differences exist
between the two methods. Regression analyses and Bland-Altman plots

revealed the following disparities:

e For visceral adipose tissue, a relatively strong relationship was
observed between MRI and DXA estimates, with an R? of 0.49 (RMSE
= 163.66, Figure 22), although accompanied by a systematic bias in
the Bland-Altman plot (Figure 55). Therefore, the VAT estimates by
DXA, particularly the GE Lunar /DXA, resulted in a mean
overestimation of 1218 cm® compared to MRI. The regression slope of
-1.13 (R*=0.78, RMSE = 260.43) along the means and differences of
both methods suggests that, with increasing volumes of VAT,
differences between both methods increase, resulting in greater
overestimation errors by DXA.

e For subcutaneous adipose tissue, the relationship between MRI and
DXA records was not statistically significant (p = 0.299, Figure 23).
Additionally, DXA systematically underestimated the volume of SAT by
an average of 1384 cm? (Figure 56) compared to MRI. There was a
proportional bias with a slope of +1.46 (R? = 0.63, RMSE = 266.58),
indicating that greater underestimation errors by DXA occur with
increasing SAT volume.

e Total abdominal adipose tissue assessed via MRI and DXA revealed a
strong relationship between the two methods, with a bias of 166 cm?
(Figure 57) and an R? of 0.79 (RMSE = 283.23, Figure 24). The
differences between both methods were independent of TAT volume
means (p = 0.059), as indicated by a regression slope of -0.12 (R? =
0.054, RMSE = 307.39).

Furthermore, regarding MRI records, regression analyses of the relationships
between VAT and TAT, and SAT and TAT, respectively, indicated that SAT
shows a comparatively stronger relationship with increasing TAT volume
(slope = +0.67, R? = 0.93, RMSE = 112.34) than MRI VAT and TAT (slope =
+0.33, R? = 0.76, RMSE = 112.34, Figure 20). In contrast, DXA estimates
revealed a very strong relationship between VAT and TAT volumes (slope =
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+0.98, R? = 0.96, RMSE = 147.06) compared to SAT (p = 0.489, Figure 21),

which remained nearly unchanged even with increasing TAT volumes.

The findings from our study demonstrate that a direct comparison of visceral,
subcutaneous, and total abdominal adipose tissue between MRI and DXA is
only possible to a limited extent. A relatively strong agreement was observed
between the two methods for total abdominal adipose tissue (TAT); however,
this was not the case for its components, VAT and SAT. A consistent pattern
of VAT overestimation and a corresponding underestimation of SAT was
found. Additionally, a systematic proportional bias was discovered in our study
for VAT (negative slope) and SAT (positive slope), indicating that larger
volumes of VAT or SAT in the animals corresponded to greater overestimation

or underestimation errors by DXA relative to MRI, respectively.

Weigand et al. (2020) also reported an average VAT overestimation of
approximately 579 cm® by DXA compared to MRI, accompanied by a
proportional bias. Similarly, a study assessing VAT in calves using DXA and

MRI demonstrated a similar overestimation by DXA (Kappes et al., 2024).

Several studies in humans have further demonstrated that DXA overestimates
VAT, particularly in overweight and obese individuals (Neeland et al., 2016).
Knapp et al. (2015) reported higher precision errors in VAT estimation
between DXA and MRI with increasing body fat, which were more pronounced
than those associated with increased BMI. Additionally, Dias et al. (2019)
found that DXA measurements overestimated VAT by approximately 171.5
cm?® compared to MRl among normal-weight and obese children. Furthermore,
they observed a weaker correlation between DXA and MRI VAT records
among participants in the highest third of body fat percentage (r = 0.38 — 0.47)

compared to the overall study sample (r = 0.90).

VAT records in DXA are only provided by the software, which calculates VAT
by estimating SAT at the lateral aspects of the android region, taking body
depth into account, and then subtracting SAT from total abdominal fat (TAT)
(Kaul et al., 2012). Consequently, VAT is not directly measurable or verifiable,
and because SAT is not provided separately, its accuracy cannot be assessed
either. Therefore, we relied on estimations provided by the CoreScan™

software, meaning VAT accuracy depends on the precise determination of
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subcutaneous adipose tissue.

A key consideration when using DXA to detect visceral and subcutaneous
adipose tissue is that the scanners and accompanying software are primarily
designed for the use in humans (Hunter et al., 2011; Kasper et al., 2021).
When comparing fat distribution between humans and pigs, the colour
mapping feature of the enCore™ software assists in identifying locally
distributed fat depots (Figure 58). However, the distribution of these depots
varies between humans and pigs, particularly at the lateral aspects of the

android region (as shown in the pink box).

High fat percentage
conventionally: > 60 %

Medium fat percentage
conventionally: 25-60 %

Low fat percentage
conventionally: <25 %

Figure 58: Comparison of fat distribution between humans and pigs with colour mapping
scheme, modified according to Bazzocchi et al., 2016
This discrepancy in lateral fat layers, as illustrated by black arrows in Figure
59, may contribute to the underestimation of SAT and the corresponding
overestimation of VAT in pigs. This estimation error could be attributed to the
two-dimensional nature of DXA. The thick back fat layer of pigs is likely not
fully accounted for as subcutaneous fat and may instead be partially classified
as VAT. If the lateral fat layer depth is smaller than the back fat depth, SAT

would, in most cases, be underestimated.
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Human
(schematic)

Visceral Fat Area

Subcutaneous
FatArea

Figure 59: Comparison of schematic abdominal cross-sections in humans and pigs

higher X-ray attenuation coefficient
- mixed tissue containing soft tissue
lean and fat

-> containing only (subcutaneous)

very low X-ray attenuation coefficient
fat tissue

| dual energy X-ray source |

Figure 60: Schematic, simplified principle of DXA

This is due to the detection of very low soft tissue X-ray attenuation
coefficients over only a relatively small area of the body, which is associated
with a higher proportion of fat tissue compared to the lower attenuation

coefficients of mixed soft tissues (Figure 60).

The enCore™ algorithm is optimised for humans in a supine position.



IV. Discussion 118

However, the animals were positioned in ventral recumbency primarily to
prevent respiratory depression or sudden movements during anaesthesia,
ensuring their safety and stability. The positioning, combined with the
presence of a thick layer of fat over the back muscles (see Figure 59), may
cause overlapping adipose tissue, potentially hindering precise estimation of
SAT and, therefore, leading to an underestimation of SAT compared to MRI

findings.

Additional limiting factors contributing to VAT overestimation may include the
animals’ large body dimensions and depth, as also suggested by Knapp et al.
(2015) within studies of obese humans. Seibert and Boone (2005) described
the beam hardening effect, which explains greater attenuation of low-energy
X-rays in thicker tissues compared to high-energy X-rays, resulting in
decreased R-values (X-ray attenuation coefficients), and consequently, in an
overestimation of fat estimates compared to the actual tissue composition.
Due to the proprietary nature of the DXA’s system algorithm, modifications for
studies involving animals with, for example, broader or thicker bodies than

humans are not possible (Kasper et al., 2021).

Lastly, the hydration status of the soft tissue is another known factor
influencing DXA accuracy in fat estimation, as variations can be caused by
factors such as feed or fluid intake and increased physical activity (Pietrobelli
et al., 1998). To mitigate these potential effects, we employed standardised

procedures, including overnight fasting periods, before scanning.
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1.4. Back fat thickness assessment using ultrasonography

Assessing back fat thickness using ultrasound at the midpoint between the
shoulder and ham on the right side of each animal may provide additional
information about the thickness of the subcutaneous layer at this specific area.
This study investigates whether this assessment can potentially offer insights

into the distribution of subcutaneous and visceral adipose tissue in pigs.

We found a moderately strong relationship between back fat thickness
measured using ultrasound and subcutaneous adipose tissue determined with
MRI, with a coefficient of determination (R?) of 0.42 (RMSE = 299.96, p <
0.001, Figure 25). Similarly, back fat thickness even showed a positive
relationship with visceral adipose tissue, with an R? of 0.39 (RMSE = 170.92,
p < 0.001, Figure 26). To fully interpret these results, it would be necessary to
compare the direct values with each other using a Bland-Altman analysis.
However, assessing the “true” agreement between the two methods of
ultrasound and MR is not possible due to their different units (volume against

distance).

Only MRI and CT scans can provide direct measurements of visceral and
subcutaneous adipose tissue volumes. Some studies in humans have applied
geometric models to convert depth measurements into VAT areas. Asano et
al. (2017) assessed the abdominal visceral fat area in 100 males via
ultrasound using two different approaches: the elliptical method and the
triangle method. The results of these methods were then compared to VAT
measurements obtained from CT scans. Relatively high correlations were
observed, with correlation coefficients ranging from 0.77 to 0.78 (p < 0.001).
Additionally, Rolfe et al. (2010) found a strong correlation between ultrasound
and MRI measurements of visceral and subcutaneous fat thickness in elderly
humans, with an even higher correlation for visceral fat thickness (r = 0.90)
compared to subcutaneous fat thickness (r = 0.73). Furthermore, ultrasound
measurements showed much stronger correlations with MRI records than
anthropometric measures such as BMI and waist circumference. This was
further supported by Asano et al. (2017), who reported that VAT area
measured via ultrasound correlated more strongly with CT than waist

circumference did.
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Although ultrasound is commonly used to assess body condition in pigs, few
studies have evaluated the accuracy against “real” values for fat or muscle.
Investigating correlations between ultrasound measurements and slaughter
data, Reckels et al. (2020) found a strong association. The back fat / muscle
ratio demonstrated a notable correlation with fat and meat measures obtained
through dissection, suggesting that precise ultrasound measurements have

the potential to predict body composition in pigs accurately.

Building on this, ultrasound has already been implemented in pig carcass
classification, where payment is based on data obtained from ultrasound
scans. In recent years, ultrasound technologies such as the Auto-FOM have
been further developed and improved, and they are used to determine the fat
and muscle composition of the entire pig carcass (Busk et al., 1999; Horeth,
2013; Dorleku et al., 2023).

Raschka et al. (2016) conducted a study in dairy cows to evaluate the
accuracy of ultrasonic measurements in predicting actual fat amounts. They
found strong correlations between fat amounts calculated from ultrasound
measurements and those from dissection, with coefficients of determination
ranging from 0.83 to 0.95 for total subcutaneous adipose tissue, abdominal
adipose tissue, and its components such as retroperitoneal, omental, and

mesenteric adipose tissue.

Discrepancies between the methods used in our study could be due to the
fact that only one scanning site was examined with ultrasound. Given the
irregular distribution of subcutaneous fat between sexes and breeds, this site
above the caudal rips may not be appropriate for all animals of different sexes
and weight classes (Fortin, 1986; Gonzélez et al., 2017). The evaluation of
several sites could improve the verification of subcutaneous fat. Validating
ultrasound measurements against MRI, which is considered the gold standard
for assessing adipose tissue distribution, is crucial. Discrepancies between
ultrasound and MRI measurements may arise due to variations in imaging

principles, differing units, and one-sited assessment with ultrasound.

In conclusion, while ultrasound measurements demonstrated the ability to
estimate tendencies for abdominal adipose tissue compartments in our study,

further research is needed to assess the accuracy and consistency of



IV. Discussion 121

ultrasound in measuring abdominal adipose tissue volumes in pigs.
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2. The impact of sex, genotype and season on fat

distribution, body composition and feed intake

Our study revealed noticeable differences in the distribution of specific fat
depots, such as visceral and subcutaneous adipose tissue, as well as several
other body composition parameters among castrated male and female pigs,
between different genotype groups and across various seasons, during which
we examined the animals. The extent to which these factors influenced feed
intake among the animals will also be addressed subsequently. Given the
complex and interdependent effects of these parameters on the phenotypic
appearance, it is crucial to consider the individual findings within a broader

context.

21. Variations among barrows and gilts

Sex-related differences were statistically significant only for DXA-derived
estimates of SAT, with gilts exhibiting greater volumes than barrows (gilts 611
cm3, barrows 363 cm?, Table 9), a finding further validated by the larger study
cohort of 138 animals (Table 15). Although not reaching statistical
significance, differences were observed in the least squares means of the

other examined variables such as VAT, TAT and total body fat.

For VAT, results varied depending on the measurement method. DXA-
estimated volumes were higher in barrows than in gilts (barrows 1961 cm?,
gilts 1757 cm?3), a pattern that became statistically significant in the larger
cohort. Contrarily, MRI-derived VAT estimates were higher in females than in
males (gilts 629 cm?, barrows 595 cm?), a pattern also observed for MRI-
derived SAT records (gilts 1837 cm3, barrows 1759 cm?3).

Total abdominal fat volumes assessed via MRI and DXA tended to be higher
in gilts than in barrows, though these differences remained marginal (MRI:
gilts 2466 cm3, barrows 2354 cm?3, DXA: gilts 2368 cm?, barrows 2324 cm?3).
Interestingly, DXA analysis of the larger sample size revealed a distinct
pattern, suggesting that male animals accumulated more total abdominal fat
than females (barrows 2584 cm3, gilts 2420 cm3, Table 15). This finding aligns
with the distribution of total body fat, where males exhibited significantly higher

amounts than females (barrows 15152 g, gilts 14264 g). However, lean mass
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did not differ significantly between sexes. Nevertheless, in absolute terms,
gilts exhibited slightly greater lean mass than barrows (gilts 79199 g, barrows
78514 qg).

Diverse findings are also reported in existing literature. In studies investigating
the body composition of different sex types, barrows generally show the
highest degree of adipose tissue accumulation, ahead of sows and boars
(Barton-Gade, 1987; JinLiang Xue et al., 1997; Schinckel et al., 2008). This is
mainly due to the lack of anabolic steroid hormones as a result of castration
(see Chapter I1.2.1). The results of Weigand's study (2020) support this, with
castrated males exhibiting higher overall fat volumes, particularly in VAT, body
fat percentage and total body fat, compared to females, as estimated by both
MRI and DXA. A recent study conducted by Zomerio et al. (2023) examined
the carcass characteristics of Iberian pigs. The findings revealed that
castrated males displayed slightly more subcutaneous fat across three weight
classes (70 kg, 100 kg, 120 kg), even though the gilts had slightly higher
carcass weights compared to barrows. In contrast, but correspondingly to our
findings, a study conducted by Kolstad et al. (1996) assessed Duroc and
Landrace pigs with CT and revealed higher amounts of subcutaneous fat in
gilts compared to barrows but found no differences in the amount of internal
visceral fat among male and female animals with a live weight of 60 kg.
However, in the context of V.1.3 (Comparison of MRI and DXA), it is important
to note that DXA estimates for SAT can only be used to determine tendencies

rather than for quantitative comparisons.

Given that the initial characteristics of barrows and gilts were almost the same
at the time of examination (Table 8), except for a slightly higher average body
weight in males (97.43 kg) compared to females (96.55 kg), the observed
difference in daily feed intake (barrows 1814 g/d, gilts 1648 g/d, Figure 51)
during the recorded period may have contributed to the increased body weight
and greater overall fat accumulation among male pigs. Several studies have
confirmed that barrows tend to have a higher voluntary feed intake compared
to gilts (Dunshea, 2003; van den Broeke et al., 2022). This difference is also
attributed to the absence of gonadal steroids in castrated animals, implying
they do not underlie the impact of appetite-inhibiting effects of testosterone or

oestradiol observed in intact pigs. It is known that feed efficiency is lower in
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castrated male pigs compared to intact ones, with females being intermediate.
Castrated males consume more feed without compensatory growth, leading
to increased body fat and decreased lean content, ultimately resulting in lower
slaughter profits (Pauly et al., 2008; Patience et al., 2015; Bonneau and
Weiler, 2019). However, Averos et al. (2012) found no disparities in average
daily feed intake and feed conversation ratio between sexes in a meta-
analysis. Nevertheless, Fornos et al. (2022) recommended considering not
only the absolute daily feed intake, but also feed intake behaviours, such as
the number of meals per day and duration per meal, as these factors can also
influence body composition. Specifically, larger feed intake portions
consumed in a shorter time per meal are associated with higher fat
accumulation and reduced carcass quality, compared to slower intake of
smaller amounts (Fornés et al., 2022). Additionally, barrows were observed to
spend a longer duration consuming feed per day compared to gilts, which
likely leads to greater feed intake and increased weight gain (Cross et al.,
2020). In contrast to our findings, female Goéttingen minipigs showed higher
metabolised energy feed intake than males when fed ad libitum, resulting in
greater body weight gain and increased back fat thickness compared to males
(Bollen et al., 2005). The authors suggested that this difference between
sexes might be related to the higher predisposition for obesity observed in
female Gottingen minipigs. This tendency towards obesity in females may
lead to increased feed consumption, more frequent meals and longer meal
durations contributing to differences in body composition between sexes in

Gottingen minipigs.

To further interpret the sex-specific differences in our results, a detailed
evaluation of feed intake behaviours and activity level protocols of both sexes
would have been beneficial. Overall, it is worth noting that the distribution of
animals by sex was not balanced, resulting in a higher number of gilts than

barrows (44 vs. 23, in the larger cohort 92 vs. 46, respectively).
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2.2. Variations in genotypes
Our study has shown that the applied crossbreeding scheme can achieve a

wide variance of phenotypes, even in a relatively small number of animals.

Analysing the distribution among these groups revealed certain patterns. In
particular, genotype groups characterised by a high SAT volume, such as
groups 3, 5, and 1, also presented elevated estimates of VAT, while the
opposite was observed for genotype groups 4 and 6 (Table 10). Additionally,
it was observed that animals with higher body fat content tended to have lower

lean mass, aligning with expectations (Figure 45, Figure 46).

Genotype group 6 stood out as the oldest group on the day of the study, with
an average age of 150 days (Figure 33). Although not showing the highest fat
deposition (Table 10), these pigs exhibited the highest body weight (Figure
32), likely due to their greater age and the associated prolonged fattening
period, even if only by a few days. However, it's important to note that due to
the limited number of observations for this group, estimates are associated

with high standard errors.

In general, we investigated the relationship between weight and the
distribution of abdominal fat compartments. Moderately strong associations
were found for MRI-derived SAT volume (R? = 0.35, RMSE = 345.88, Figure
27) and TAT volume (R?=0.31, RMSE =513.31, Table 7), as well as for DXA
estimates of TAT and VAT volumes (both R?2=0.42, TAT RMSE = 525.1, VAT
RMSE = 524.17, Table 7). With an increase of 51.9 cm?® of VAT per kilogram
body weight assessed via DXA, our findings revealed an even stronger
relationship compared to the findings of Weigand et al. (2020), who reported
an increase of 18.3 cm? per kg (R? = 0.29, RMSE = 238.10).

In addition to literature indicating a strong relationship between body weight
and fat deposition (Kolstad et al., 1996; Mohrmann et al., 2006), Reckels et
al. (2020) reported a significant association between body weight and the
diameter of the longissimus dorsi muscle. However, this correlation weakened
as fat content in the body composition increased, suggesting that body weight
alone is insufficient for a comprehensive assessment of body composition.
Therefore, back fat thickness and muscle diameter measurements, along with

their ratio, should also be considered when evaluating and classifying body
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conditions, particularly for determining feeding efficiency and carcass quality.
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2.3. The impact of seasonal variations

Given that the animals in our study were housed in an outside-climate stable
during the growth and fattening phase, they were exposed to changes in
ambient temperatures throughout the study duration. Consequently, we also

investigated the impact of seasonal variations in our study.

Significant differences were observed among the seasons and years during
which the animals were examined. Generally, animals fattened and scanned
in winter exhibited higher fat deposition compared to those scanned in
summer. Notably outlying was the group scanned during season 4 in 2021,
representing July and August, which displayed the highest volumes of
visceral, subcutaneous, and total abdominal adipose tissue, as well as the
highest overall body fat mass and bone mineral content, while exhibiting the
lowest lean mass (Table 11). Accordingly, BMD was also the highest in this
season-year category (4 / 2021), although the effect of season x year was only
significant (p = 0.0037) in the larger cohort of 138 observations (Table 17).
Conversely, season 4 in 2022, along with season 3 in 2022, showed the least

fat deposition overall and the smallest amounts of BMC and BMD (Table 11).

To explain the significant disparity observed in our findings for animals
examined in season four between the years 2021 and 2022, we conducted a
thorough examination of the detailed average temperature trends spanning
the entire study period. We set these trends against the average temperatures
recorded over the last 30 years (1991 - 2021, Meteostat, 2024
https.://meteostat.net/de/station/10866?t=2020-12-01/2022-10-31, last
assessed 12.02.2024) for a comparative analysis (Figure 61). Notably, the
ambient temperatures during the months of March through May, as well as
July and August in 2021, were below average. These months corresponded
with the rearing and fattening period for the animals scanned in season 4 in
2021. In contrast, the temperature patterns observed in 2022 displayed an
opposite trend, with temperatures being consistently above the averages from
May to August.
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Figure 61: Average temperature during study period and between 1991 and 2021

Additionally, seasonal variances were found to influence feed intake. The daily
feed intake demonstrated a decreasing trend across the seasons, with
animals scanned in season 1 showing the highest intake and those scanned

in season 5 showing the lowest (Figure 53).

Changes in temperature between summer and winter are known to influence
the amount of feed intake (Quiniou et al., 2000; Patience et al., 2015; Cross
et al., 2020; Albert et al., 2024). On the one hand, due to elevated metabolic
and nutrient requirements during winter, feed intake typically increases. Lebret
et al. (2006) showed that for every 1° C decrease in temperature the feed
intake of pigs increases by approximately 35 g/day. Consequently, during the
winter months higher feed intake levels may lead to greater fat deposition,
particularly as increased back fat thickness, serving for protection against the
cold (Cobanovié et al., 2020).

On the other hand, heat stress during summer months leads to reduced feed
intake, as has been frequently observed (Quiniou et al., 2000; Barnett et al.,
2001; Li and Patience, 2017; Rauw et al.,, 2020) and aligns with our
observations. In connection with heat stress, a reduction in feed intake,
attributed to the need to decelerate metabolic heat production, is associated
with decreased performance indicators such as reduced average daily weight
gain and smaller live weights (Cobanovi¢ et al., 2020; Wang et al., 2023).
Consequently, decreased growth rates contribute to leaner body compositions
(Albert et al., 2024), caused by reduced energy levels available for lipid

monthly average temperature [*C]
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deposition (Johnson et al., 2015). However, despite these findings, Qu and
Ajuwon (2018) suggested that chronic heat stress prompts a response in
adipose tissue, leading to increased lipid storage as a protective mechanism
against the stressor. This adaptive response results in higher carcass fat
accumulation and wider back fat thickness, a phenomenon which has been
repeatedly observed in recent studies (Pearce et al., 2013; Victoria Sanz
Fernandez et al., 2015; Gonzalez-Rivas et al., 2020; Liu et al., 2022).

Seasonal variations in climate between summer and winter can also influence
physical activity levels. Reduced activity and the resulting decrease in energy
expenditure may contribute to weight gain and increased fat storage, which
can, in turn, affect each other (Renner et al., 2018). Podder et al. (2022)
demonstrated how Ghoongroo pigs adapt their activity levels in a tropical
environment, with increased resting and laying down behaviours during winter
and increased standing and roaming activities during summer. In the present
study, however, activity levels were not recorded. Thus, information in this

regard is not available.

Overall, our findings emphasise a pronounced seasonal variation in feed
intake, notably influencing adipose tissue deposition. However, the deviation
in season 4 in 2021 may be attributed to cooler temperatures during the
corresponding fattening period or other factors, such as underlying hereditary
traits specific to the pig breed or crossbred population within a given
environment (Rauw 2020, Albert 2024, Guan 2024).

In addition to adipose tissues, the evaluation of bone mineral content and
bone mineral density is essential for determining bone stability, especially in
fattening pigs, and understanding the associated risks of bone fractioning
(Nielsen et al., 2007). A comprehensive understanding of the influence of
seasonal variations on bone health in pigs is necessary, as this has been
addressed in Chapter 11.3.3.4. In our study, the findings regarding BMC and
BMD levels revealed an association with variations in fat distribution rather
than with seasonal changes of winter and summer. Further research is
currently being carried out to investigate the relationship between bone
metabolism and fat metabolism. A deeper understanding of the connection
between obesity and osteoporosis is especially crucial in humans (Gkastaris
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et al., 2020). However, conflicting findings are present in the current literature
regarding the associations between body fat distribution and BMD. Some
studies found a positive association with fat accumulation (Marwaha et al.,
2013), suggesting a protective effect on bone strength. Fu et al. (2011) also
discovered a positive relationship between total fat mass and BMD, although
this association was observed only for premenopausal women. Contrarily, in
post-menopausal women, higher fat accumulation in the android region was
negatively associated with BMD. Various authors have also reported negative
relationships between visceral fat and BMD (Choi et al., 2010; Zhang et al.,
2015; Zhu et al., 2020) in humans. Hilton et al. (2022) have noted controversial
findings, revealing in individuals of normal-weight a positive correlation
between fat mass and BMD. However, after correcting for at and lean mass,
a negative association between visceral adipose tissue and total BMD was
observed, suggesting a higher risk of VAT on bone health (Hilton et al., 2022).
Additionally, Lin et al. (2023) revealed a negative relationship between SAT
and BMD, which was in line with findings of Wang et al. (2017). The degree
to which bone health is linked to fat distribution, particularly visceral and
subcutaneous adipose tissue depots, is currently under investigation. Some
studies have suggested that visceral adipose tissue may have a pronounced
negative effect on bone density compared to subcutaneous adipose tissue.
This could be due to higher levels of pro-inflammatory cytokines and other
factors associated with visceral fat accumulation, such as tumour necrosis
factor a, interleukin 6, and resistin, as well as reduced anti-inflammatory

factors like adiponectin (Neeland et al., 2019).

The extent to which adipose tissue deposits are linked to bone mineral content
and density in pigs remains not fully understood. Bernau et al. (2020)
discovered significantly higher levels of BMC and BMD in castrated pigs
compared to intact boars, the former of which are known to deposit higher
overall body fat levels. However, in a study conducted by Ddélle (2019) no
differences in BMC and BMD were found between barrows and gilts, despite
barrows having greater total fat mass and higher overall body weights. Though
it was observed that pigs examined during autumn and winter (group 3)
exhibited the highest total fat percentage and mass, while also demonstrating

the highest BMC and BMD levels. Again, this raises the question of a potential
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seasonal influence on this observation. Therefore, further research is needed
to comprehensively understand how visceral and subcutaneous fat and
seasonal variations influence bone metabolism for further improving porcine

health and breeding.
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3. Further investigations

Our study focused on phenotyping visceral and subcutaneous adipose tissue
in the entire abdominal area of crossbred fattening pigs, ranging from the last
thoracic vertebra to the iliac crest. This assessment was conducted using both
MRI and DXA, with the latter employing the android determination feature of
the CoreScan™ software for the GE Lunar /DXA system. This ensured that
both methods covered the exact same region of interest. Additionally, we
obtained further body composition parameters through whole-body DXA
scans. Furthermore, ultrasound measurements provided additional data on

local back fat thickness in individual pigs.

In some cases, particularly with larger pigs weighing over 100 kg, complete
visualisation of subcutaneous adipose tissue was challenging due to the
animals' abdominal width. Consequently, only subjects with fully visualisable
subcutaneous adipose tissue were accountable for evaluation using the 3D-
Doctor© software. To address this limitation in future studies with similar trial
designs, considerations should be made to either employ an MRI with larger
table dimensions or coils, or to perform examinations at earlier stages when

the animals are smaller.

The enlarged subcutaneous fat layer located above the longissimus dorsi
muscles may not be accurately determined by DXA due to the ventral
recumbency of the pigs, potentially resulting in underestimation of SAT as
previously discussed in Chapter V.1.3. To verify this, future investigations
could explore other positioning options, such as lateral-lateral or dorsal
recumbency, as previously examined in dog and cat carcasses (Raffan et al.,
2006; Bjgrnvad et al., 2017), to evaluate the accuracy and precision of DXA.

Besides collecting imaging data, blood samples were taken from all animals
examined, as well as their progenitors (MHF1). Genomic analysis of these
samples could allow conclusions to be drawn about specific genes and
quantitative trait loci (QTLs). When combined with phenotypic data, such
analysis could provide information about potential QTLs associated with
increased or decreased visceral and subcutaneous adipose tissue deposition
in pigs, as previously demonstrated for body composition traits in whole-body

and regional DXA phenotypes (Rothammer et al., 2014; Rothammer et al.,
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2017). Beyond the genetic component, blood samples could also be valuable
for analysing other blood parameters that reflect the influence of extrinsic

factors on fat distribution over the study period.

Furthermore, recording the birth weights of piglets across the different
seasons would be of interest, as the progeny of sows that gestate under heat
stress have been observed to be lighter weighted compared to those gestated
under thermoneutral conditions (Lucy and Safranski, 2017). Additionally,
progeny from sows mated in early summer, which then gestate under hot
summer conditions, have been found to develop increased back fat thickness
by the time of slaughter (Liu et al., 2020).

MRI-based abdominal or whole-body scans can provide detailed information
about specific anatomical structures and tissue depositions. Particularly in
larger cohort epidemiological or phenotypic studies, semi-automated
segmentation and analysis can be time-consuming and more dependent on
the evaluating individual compared to automated information-extracting
solutions. In recent years, deep learning has been continuously developed for
the automated segmentation of large MRI datasets in humans offering fast
and precise high-quality segmentation solutions in medical imaging
(Rickmann et al., 2022). This technology could also play an important role in
phenotyping studies in pigs and other animals, helping to better understand
the connection between anatomical structures and pathological conditions,

thereby enhancing fundamental research and breeding studies.
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VI. SUMMARY

Phenotyping of the Visceral and Subcutaneous Adipose Tissue in Pigs
using Magnetic Resonance Imaging (MRI) and Dual Energy X-ray
Absorptiometry (DXA)

Over the last thirty years, the global rise in obesity rates has led to immense
health and economic challenges. Human obesity results from a complex
interplay of genetic, lifestyle and dietary factors, with visceral obesity,
characterised by excessive adipose tissue accumulation around internal
organs, being particularly concerning due to its association with metabolic
disorders. The pig serves as a valuable model for human obesity research
due to their anatomical, physiological, and genetic similarities to humans. This
thesis aims to evaluate dual energy X-ray absorptiometry (DXA) as a non-
invasive and fast method for quantifying visceral and subcutaneous adipose
tissue (VAT and SAT) and other body composition parameters in pigs in
comparison to magnetic resonance imaging (MRI), alongside using
ultrasonography as another non-invasive method for measuring back fat
thickness. By phenotyping a diverse pig population, this study further
investigates how intrinsic factors such as sex and genotype, along with
extrinsic factors including ambient temperatures and feed intake, influence

adipose tissue deposition and body composition.

In this study, 138 multi-hybrid crossbred pigs from the second filial generation
(MHF2), derived from the parental breeds Piétrain, Duroc, German Landrace
and Large White, were examined using MRI, DXA and ultrasonography. All
animals were raised and managed under uniform conditions. The average age
at the time of examination was 147 days, and due to varying birth dates,
examinations were conducted across different seasons and years. Feed
intake during the fattening period was recorded for all animals prior to
scanning. For a focus group of 67 animals, MRI cross-sections of the
abdominal region, with the region of interest spanning from the last thoracic
vertebra to the iliac crest, were manually analysed and reconstructed into 3D
images using the 3D-Doctor© software (Able Software Corp.), allowing the
quantification of VAT and SAT volumes. Whole-body DXA scans were
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performed with the GE Lunar iDXA CoreScan™ software, which automatically
calculates VAT within the same region of interest. This is done by estimating
SAT through a specific geometrical algorithm and subsequently subtracting it
from total abdominal adipose tissue (TAT). Assessment of further body
composition parameters, including fat mass, lean mass, bone mineral content
and bone mineral density, were automatically derived by DXA. Moreover,

ultrasound measurements of the back fat thickness were performed.

The comparison of the methods using linear regression models revealed a
moderately strong relationship between MRI and DXA estimates for VAT
volumes (R? = 0.49) and a strong relationship for TAT volumes (R? =0.79). In
contrast, the relationship between SAT records was weak (R? = 0.017). MRI
data showed that SAT increases more (slope = +0.67, R? = 0.93) than VAT
(slope = +0.33, R? = 0.76) as total abdominal adipose tissue rises, while DXA
estimates demonstrated a larger increase in VAT (slope = +0.98, R? = 0.96)
compared to SAT (slope = +0.019, p = 0.489). In addition, the results of a
Bland-Altman analysis suggested that DXA systematically overestimates VAT
(bias = 1218 cm?) and underestimates SAT (bias = 1384 cm3) compared to
MRI, especially at higher fat levels. In contrast, for TAT, a stronger agreement
was observed, with a smaller bias of 166 cm?3. Additionally, the study found a
moderately strong relationship between back fat thickness assessed with
ultrasonography and both SAT (R? = 0.42) and VAT (R? = 0.39) derived from
MRI.

Regarding the evaluation of effects influencing the phenotype, both intrinsic
and extrinsic factors were considered by applying mixed model procedures.
Although our study revealed only a minor effect of sex on body composition
and fat distribution, seasonal variations had a significant impact on these
traits. Animals fattened and scanned during winter showed overall greater
adipose tissue deposition compared to those examined in summer.
Additionally, both sex and season influenced feed intake, with barrows
demonstrating a higher feed intake (approximately 1814 g/d) compared to gilts
(approximately 1647 g/d). In general, a higher feed intake was observed
during winter compared to summer. By applying a specific crossbreeding
scheme in our study, a wide variation of phenotypes was generated, with the

genotype composition significantly affecting most of the examined variables.
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In conclusion, the findings of this thesis suggest that the GE Lunar /iDXA
CoreScan™ software is not suitable for accurately quantifying subcutaneous
adipose tissue (SAT) in pigs, as it tends to underestimate SAT, leading to an
overestimation of visceral adipose tissue (VAT). The analysis of total
abdominal adipose tissue (TAT) shows a moderate to strong agreement
between the two methods of MRI and DXA. While ultrasound provides
distance measurements of back fat only, tendencies for abdominal fat
compartment volumes can be indicated due to the moderately strong
relationship observed between back fat thickness and abdominal adipose
tissues. Furthermore, our findings enhance the understanding of the intrinsic
and extrinsic factors influencing adipose tissue dynamics and body
composition and may contribute to the improvement of pig breeding programs
and economic aspects of livestock management, as well as to obesity

research relevant to both humans and animals.
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VIl. ZUSAMMENFASSUNG

Phéanotypisierung des viszeralen und subkutanen Fettgewebes bei
Schweinen mittels Magnetresonanztomographie (MRT) und

Dualenergie-Rontgenabsorptiometrie (DXA)

In den letzten dreiBig Jahren hat der weltweite Anstieg von Adipositasraten
beim Menschen zu enormen gesundheitlichen und wirtschaftlichen
Herausforderungen geflihrt. Fettleibigkeit entsteht durch ein komplexes
Zusammenspiel genetischer, lebensstil- und ernahrungsbedingter Faktoren.
Besonders kritisch ist dabei die viszerale Adipositas, welche sich durch eine
Uubermalige Fettansammlung um die inneren Organe auszeichnet, da sie eng
mit Stoffwechselstérungen gekoppelt ist. Das Schwein dient infolge seiner
anatomischen, physiologischen und genetischen Ahnlichkeit mit dem
Menschen als wertvolles Modell fur die Erforschung der menschlichen
Fettleibigkeit. Ziel dieser Doktorarbeit ist es, die Dualenergie-
Roéntgenabsorptiometrie (DXA) als nicht-invasive und schnelle Methode zur
Quantifizierung des viszeralen und subkutanen Fettgewebes (VAT und SAT)
und anderer Parameter der Korperzusammensetzung bei Schweinen im
Vergleich zur Magnetresonanztomographie (MRT) zu evaluieren, sowie
Ultrasonographie als weitere nicht-invasive Methode zur Messung der
Ruckenfettdicke zu bewerten. Durch die Phanotypisierung einer heterogenen
Schweinepopulation befasst sich diese Studie aulierdem mit intrinsischen
Einflussen wie Geschlecht und Genotyp sowie mit extrinsischen Faktoren wie
Umgebungstemperatur und Futteraufnahme, welche die Fettverteilung und

die Kérperzusammensetzung beeinflussen.

In dieser Studie wurden 138 multi-hybrid gekreuzte Schweine zweiter
Filialgeneration (MHF2) aus den Rassen Piétrain, Duroc, Deutsche Landrasse
und Deutsches Edelschwein mittels MRT, DXA und Ultraschall untersucht.
Alle Tiere wurden hierflr unter identischen Bedingungen aufgezogen und
gehalten. Das Durchschnittsalter zum Zeitpunkt der Untersuchung betrug 147
Tage. Die Untersuchungen wurden aufgrund unterschiedlicher Geburtsdaten
uber verschiedene Jahreszeiten und Jahre hinweg durchgefuhrt. Die
Futteraufnahme wurde fur alle Tiere wahrend der Mastperiode vor dem
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Untersuchungsscan aufgezeichnet. Zur Quantifizierung von VAT- und SAT-
Volumen wurden fur die Fokusgruppe von 67 Tieren im Bereich zwischen des
letzten Brustwirbels und dem Beckenkamm MRT-Querschnitte der
Bauchregion manuell ausgewertet und anschlieRend mittels der Software 3D-
Doctor© (Able Software Corp.) in 3D-Modelle umgewandelt. Ganzkorper-
DXA-Scans wurden mit der GE Lunar iDXA CoreScan™-Software analysiert,
die das viszerale Fett innerhalb des identisch festgelegten Analysebereichs
automatisch berechnet. Dies erfolgt, indem das subkutane Fett mithilfe eines
spezifischen geometrischen Algorithmus ermittelt und anschlieRend vom
gesamten abdominalen Fettgewebe (TAT) subtrahiert wird. Weitere
Parameter der Kérperzusammensetzung, darunter Fettmasse, Magermasse,
Knochenmineralgehalt und Knochenmineraldichte, wurden vom DXA
automatisiert ausgewertet. Daruber hinaus wurden Ultraschallmessungen der
Ruckenfettdicke durchgefuhrt.

Der Methodenvergleich unter Verwendung linearer Regressionsmodelle
ergab eine moderat starke Beziehung zwischen MRT- und DXA-Werten fur
VAT-Volumen (R? = 0,49), sowie eine starke Beziehung fir TAT-Werte (R? =
0,79). Im Gegensatz dazu war die Beziehung beider SAT-Volumen schwach
(R? = 0,017). Die MRT-Daten verdeutlichten, dass SAT mit zunehmendem
Gesamtabdominalfett (TAT) starker anstiegt (Regressionskoeffizient = +0,67,
R? = 0,93) im Vergleich zu VAT (Regressionskoeffizient = +0,33, R? = 0,76).
Die geschatzten DXA-Werte zeigten hingegen einen starkeren Anstieg von
VAT (Regressionskoeffizient = +0,98, R? = 0,96) im Vergleich zu SAT
(Regressionskoeffizient = +0,019, p = 0,489). Daruber hinaus ergab die
Bland-Altman-Analyse, dass DXA, im Vergleich zum MRT, VAT systematisch
uber- (Mittelwert der Differenzen = 1218 cm?®) und SAT unterschatzte
(Mittelwert der Differenzen = 1384 cm?®), insbesondere bei hdheren
Fettgehalten. Im Gegensatz dazu wies TAT eine starkere Ubereinstimmung
mit einer geringeren Abweichung von lediglich 166 cm? auf. Darliber hinaus
ergab die Ultraschalluntersuchung eine mittelstarke Beziehung zwischen
Rickenfettdicke und sowohl MRT-SAT (R? = 0,42) als auch MRT-VAT (R? =
0,39).

Zur Analyse der Effekte auf den Phanotypen wurden sowohl intrinsische als

auch extrinsische Faktoren mittels Varianzanalyse untersucht. Wahrend das
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Geschlecht in  unserer Studie nur geringe Auswirkungen auf
Koérperzusammensetzung und Fettverteilung zeigte, hatten saisonale
Unterschiede einen signifikanten Einfluss auf diese Merkmale. Tiere, welche
im Winter gemastet und gescannt wurden, wiesen insgesamt hohere
Fetteinlagerungen auf als jene, die im Sommer untersucht wurden. Zudem
beeinflussten sowohl das Geschlecht als auch die Jahreszeit die
Futteraufnahme. Kastrierte Eber fraRen im Durchschnitt mehr (ca. 1814
g/Tag) als Sauen (ca. 1647 g/Tag) und im Winter wurde generell eine hdhere
Futteraufnahme festgestellt als im Sommer. Durch die Anwendung eines
gezielten Kreuzungsschemas entstand in unserer Studie eine grof3e Vielfalt
an Phanotypen, bei welcher der Genotyp einen signifikanten Einfluss auf die

meisten Variablen hatte.

Zusammenfassend zeigen die Ergebnisse dieser Doktorarbeit, dass die GE
Lunar /IDXA CoreScan™-Software nicht geeignet ist, um das subkutane Fett
(SAT) bei Schweinen prazise zu quantifizieren, da SAT unterschatzt wird und
infolgedessen es zu einer Uberschatzung des viszeralen Fetts (VAT) kommt.
FiUr die Messung des totalen abdominalen Fettgewebes (TAT) ergab unsere
Analyse eine maRige bis gute Ubereinstimmung zwischen den beiden
Methoden MRT und DXA. Obwohl Ultraschall lediglich Distanzmessungen
des Ruckenfetts erlaubt, lassen sich aufgrund der moderaten Beziehung
zwischen Ruckenfettdicke und abdominalem Fettgewebe dennoch
Tendenzen fur deren Volumen ableiten. Darlber hinaus flhren unsere
Ergebnisse zum besseren Verstandnis von intrinsischen und extrinsischen
Faktoren, welche die Dynamik von Fettgewebe und Kérperzusammensetzung
beeinflussen, und kdnnen zur Optimierung von Schweinezuchtprogrammen
und  Okonomischen  Aspekten der Nutztierhaltung, sowie zur

Adipositasforschung beitragen, die fir Mensch und Tier von Bedeutung ist.
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IX. APPENDIX

1. Mineral pre mix composition
SALVANA MASTKRAFT - Amino-acid based mineral feed for pigs

Analytical components and concentrations: 8.00 % lysine, 1.00 % methionine, 1.50
% threonine, 21.00 % calcium, 3.00 % phosphorus, 5.00 % sodium, 2.50 %

magnesium

Feed additives per kilogram: 200,000 IU vitamin A (3a672a), 50,000 IU vitamin D3
(E671), 3,000 mg vitamin E (all-rac-alpha-tocopheryl acetate (3a700)), 100 mg
vitamin K, 50 mg vitamin B1 (3a831), 1,150 mg vitamin B2 (riboflavin), 100 mg vitamin
B6 (pyridoxine hydrochloride 3a831), 1,000 ug vitamin B12 (cyanocobalamin), 700
mg niacinamide (3a315), 340 mg calcium D-pantothenate (3a841), 10 mg folic acid
(3a316), 2,000 ug biotin (3a880), 10,000 mg choline chloride (3a890), 4,000 mg iron
as iron-(ll)-sulphate monohydrate (E1), 400 mg copper as copper-(ll)-sulphate
pentahydrate (E4), 2,500 mg zinc as zinc oxide (E6), 2,100 mg manganese as
manganese-(ll)-oxide (E5), 66 mg iodine as calcium iodine, water-free (3b202), 13
mg selenium as sodium selenite (E8), 16,666 FTU 3-phytase*** (4a1600), 680 mg
butylated hydroxytoluene (BHT E321), 280 mg propyl gallate (E310)
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Data overview of daily feed intake

2.

Table 13: p-values, LSM and SEE of daily feed intake
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3. Further analyses for the larger cohort

3.1. Sample distribution of the larger cohort

Table 14: Sample distribution of the larger cohort

sex genotype season x year

male n =46 PiDuDLDE_DEDLDuPI n =50 3/2021 n=20
female n =92 PiDuDLDE_DEDLPIDu n=8 4/2021 n=10
all n=138 PiDuDLDE_DLDEPIDu n =44 5/2021 n=24

PiDuDLDE_DuPiDEDL n=20 1/2022 n=19
PiDuDLDE_DuPiDLDE n="11 212022 n=27
PiDuDLDE_PiDuDLDE n=>5 3/2022 n=22
4/2022 n=16

3.2 Relationship between volume and mass of VAT (DXA)

DXA VAT vol & VAT mass
5000
4000 | y =0.9434x + 0.0439
_ s R2=1
2 -, RMSE = 0.40
@ 3000 | s
£
=
S I
Z 2000
X
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1000 } ’/
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,.’
O 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
DXA VAT vol [cm?]

Figure 62: Relationship between volume and mass of VAT (DXA)
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3.3. Relationships between abdominal adipose tissues for the larger
cohort
relationships within abdominal adipose tissues (DXA) n =138
4500
VAT
4000 y =0.9841x - 535.62
R2=0.9645
= 3500 RMSE = 142.80
f 3000
3 2500
©
[
© 2000
<
> 1500 |
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y =0.0159x + 535.62
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o SAT A VAT

Figure 63: Relationships within abdominal adipose tissues (DXA) for the larger cohort
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3.4. Data overview of the larger cohort

Table 15: p-values, LSM and SEE of sample characteristics and body composition

parameters between sexes in the larger cohort

sample characteristics and body composition parameters n = 138

SEX| p-value male female

weight [kg]| 0.1634 99.23 + 1.45 97.31+1.13

age [d]| 0.3956 147.31+0.25 147.11 £ 0.20

stable days [d]| 0.8785 72.46 +0.20 72.49 +0.15
VAT [cm?]| <.0001 2158.15+86.73%|  1794.16 + 66.52°
?( SAT [cm?]| <.0001 42579 + 20.52° 625.29 + 15.74°
A TAT [cm?]| 0.0451 2583.94 + 86.82%|  2419.46 + 66.59"
android fat [%]| 0.0390 14.96 + 0.47° 14.05 + 0.36°
fat[g]| 0.0137 15152 + 379.30°2 14264 + 290.90°

E’( lean [g]| 0.0962 78514 + 436.64 79199 + 334.88
A BMC [g]| 0.9519 1948.64 + 20.85 1949.82 + 15.99
BMD [g/cm?]| 0.7856 1.0574 + 0.01 1.0599 + 0.01

Significance levels (p-value), least squares means and standard errors of estimation

(LSM £ SEE) for abdominal adipose tissues and body composition variables

assessed with DXA, different superscripts within rows describe significant differences,

with p < 0.05

Abdominal adipose tissues VAT visceral adipose tissue, SAT: subcutaneous adipose

tissue, TAT: total abdominal adipose tissue, android fat percentage: fat mass
percentage of the total soft tissue in the android region

Body composition variables fat total body fat mass, lean: total soft tissue lean mass,

BMC: bone mineral content, BMD: bone mineral density
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Table 16: p-values, LSM and SEE of sample characteristics and body composition

parameters between genotypes in the larger cohort

Aysusp jessuiw dsuoq :gyNg ‘QUsjU09 [BJBuUIW BUOq DG ‘SSew ues| anssi) Jos [ejo} :ues| ‘ssew jej Apoq [ejoj :jej Sa|qereA uojisodwiod Apog
uoiba. proipue 8y} Ui 8nssi) JJos [ejo} 8y} Jo abejusaiad ssew jej :abejusaiad

Jej ploJpue ‘enssi} asodipe jeujwiopqe [ejo} :| Y| ‘enssi) asodipe Snoaueinoqns ;| yS ‘enssi} asodipe [eiadsiA 1| Y\ SenSSI] 9SodIpe [euitiopqy
Jaianaid =9 ‘3a@i1aidna =6 “1d3aidnd =+ ‘ndid3aid = ¢ ‘naid1a3a =z ldnaia3d 3aiandld = 4 Sdnoib 8dAjouss

GO0 > d ypm ‘seousiayip juedniubls aquosap SMoJ UlyIm siduosiadns Juaiayip ‘Y Xd YlIM passesse sajqelLen uoljisoduiod

Apoq pue senssi) asodipe jeuiwiopqe JoJ (33S F WST) UoBLWIISS JO SI0LIS plepue)sS pue suesw Saienbs jseg| ‘(anjea-d) sjeas| eoueoiiubis

€00 F220°L 200 ¥8660'L LO'0F LLV0'L 10'0 €950} 200 2250} 10'0 ¥2890°L veLy0 |[:wo/B] ang
€1'6G ¥ 18'9¢81 L9°0¥ ¥ 60'6202 ¥S'0€ ¥ 2 Ev6l 98'2C ¥ 92 '6¥61 26’77 ¥ 80'6961 1122 ¥ 012961 1s0z0 |6l ong v
qe OV'8ECL ¥ L086L |qeC9'0G8  L0/8. |.€L'6E€9FGEG08  [q68'8LY FZ8LLL  |qeVLOV6 F02L8L |,0L'€O¥ ¥ 88G.. 210070 |[6] ues M
0q92°GL0L F6GLEL |oqe LB'SELFVL6YL [,2L°GSS F LVLEL  [66'GLY FB6G6GL  |0qe 6L L8 FE08YL (42 82°20F F€29GL | £000°0 |[6]1e}
qCELFYOTL qe 160 F OV 7L 4890F€LEL e G0 F 0591 qe00'L FOG¥L 670 F28°Gl 20000 |[%] 1es prospue
oq V29V F8G°0L€C |,€1'69) F90'G62Z |,02°LC) F62'SSCC |.CT'G6 F LTEBBT  |0qe GO'L8L F 09°OVSZ |4. 8026 F #7659 | 100070 |[Wwo] 1V1 v
ae 285 F9L/8y |,86'6E F86'VLS GLO0EFZLYLY  |qelSTTF6V'SES  |qedC PV FLL'0SS  |[o 221 617065 €200 |lcwo] 1vS M
qe 86'GYC F28'288) |96'89L F60°08L)L |qL0'2ZL FLG08LL |.CL'S6FCLIVET |[4298'98L F 67966l [4.66'16 FG2'690Z | 0L00°0 |[swo] LVA
e VS0 F ¥6'CL G0F0FE9LL 620F 192 12C0F822. e EV0FGLTL .CC0F22€L L0000 |[p] shep o|qE}S
269°0 2005} 4050 F 99/l qLE0F 16'LP) »8C0F L¥SYl o VSO F LE VYL qLT0FE L) L000> |[p] oBE
e GBEFCVLLL q88'C ¥ 0996 4EL'ZF9€°00) »29'L ¥81'G6 »EL'€FG/'68 0q LG’ ¥ 6296 L0000 |[Bs] yBrom

9 G 14 € 4 | anjer-d (3dALONID

8¢l = u si19)aweled uonisodwod Apoq pue solsiiajoeleyd ajdwes




174

IV. Appendix

Table 17: p-values, LSM and SEE of sample characteristics and body composition

parameters in season-year categories in the larger cohort
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Table 18: Significance of covariate weight in the larger cohort

Covariate WEIGHT
p-value

VAT [cm?]| <.0001
SAT [cm3]| 0.0171
A TAT [g]| <.0001
android fat [%]| <.0001
fat[g]] <.0001
lean [g]| <.0001
A BMC [g]| <.0001
BMD [g/icm?]| <.0001

xX O

Significance levels (p-value) of covariate weight on abdominal adipose tissues and
body composition variables assessed with DXA

Abdominal adipose tissues VAT: visceral adipose tissue, SAT: subcutaneous adipose
tissue, TAT: total abdominal adipose tissue, android fat percentage: fat mass
percentage of the total soft tissue in the android region

Body composition variables fat: total body fat mass, lean: total soft tissue lean mass,
BMC: bone mineral content, BMD: bone mineral density
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4. Bland-Altman plots of differences against MRI
Bland-Altman plot: difference (MRI VAT - DXA VAT) & MRI VAT
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Figure 64: Bland-Altman plot with differences of MRI and DXA against MRI for VAT
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R? =0.8876
RMSE = 146.38

3800

Bland-Altman plot: difference (MRI SAT- DXA SAT) & MRI SAT
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Figure 65: Bland-Altman plot with differences of MRI and DXA against MRI for SAT



IV. Appendix 177

Bland-Altman plot: difference (MRI TAT - DXA TAT) & MRI TAT
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Figure 66: Bland-Altman plot with differences of MRI and DXA against MRI for TAT
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