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Abstract 

Intrauterine growth restriction (IUGR) affects up to 30% of piglets, leading to increased 

mortality and stunted growth. The lack of an accurate diagnostic method makes IUGR a 

challenge, limiting treatment development. This Ph.D. aimed to establish a model for the 

diagnosis of IUGR in newborn piglets and to characterise the IUGR subpopulation from a 

physiological perspective. The IUGR foetus increases blood flow towards the brain to survive 

when oxygen and nutrient supply through the placenta is limited. This mechanism results in a 

higher brain-to-liver weight ratio (BrW/LW) at birth. In this thesis, the BrW/LW was 

measured one day after birth with computed tomography or by weighing the organs, and 

compared with diagnosis based on head shape and birth weight (BtW). Moreover, pictures of 

the piglets were recorded to capture specific morphometric traits. Our findings revealed that 

identifying IUGR based on head morphology or BtW does not always align with an increased 

BrW/LW. Morphometric traits proved reliable indicators, allowing estimation of brain, liver 

weight, and BrW/LW with 6%, 17%, and 17% error, respectively. A higher BrW/LW 

correlated with extended time to reach market weight, negatively affecting growth from birth 

to slaughter, gain-to-feed ratio, and protein efficiency during the grower-finisher period, but 

without impacting fat and muscle mass at any stage. The BrW/LW affected the Beta diversity 

of faecal microbiota until the beginning of the finisher period. Plasma metabolome was 

unaffected by BrW/LW during lactation, and only asparagine was significantly lower in IUGR 

compared to normal pigs at the end of the starter period. Our research confirmed IUGR’s lasting 

impact on several physiological traits. An accurate and standardized diagnostic method is 

needed to further characterise the affected pigs and enable consistent comparisons across 

studies. The use of predictive models based on image analysis represents a promising tool for 

early identification of IUGR.
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Background  

The economy of modern pig breeding programs relies largely on sows' ability to produce a high 

number of piglets per year. For this reason, over the last decades, genetic selection in the sow 

breeding sector has focused on increasing the total number of piglets born per litter (Kemp et 

al., 2018). In European pig production, this approach has indeed resulted in a significant 

increase in litter size, with highly prolific sow lines now commonly giving birth to 18–20 live 

piglets per litter (Oliviero et al., 2019; Kemp et al., 2018). However, in parallel with this 

improved prolificacy, there has been an increase in the number of piglets experiencing 

intrauterine growth restriction (IUGR), a marked decline in the birth body weight (BtW), and 

an increase in perinatal piglet mortality rates (Farmer and Edwards, 2022). Insufficient space 

within the uterus represents a primary factor contributing to reduced foetal growth in highly 

prolific sow lines (Pere and Etienne in 2000; Town et al., 2004; Oliviero et al., 2019). Uterine 

overcrowding is indeed associated with reduced placental weight and decreased uterine blood 

flow per foetus (Pere and Etienne in 2000; Wu et al., 2006; Town et al., 2004). The impaired 

uteroplacental blood flow results in inadequate distribution of oxygen and nutrients to the 

foetus, which develops poorly (Cohen et al., 2015). In addition, in the hyperprolific sows, the 

number of piglets born often exceeds the total available teats (Oliviero, 2022; Farmer and 

Edwards, 2022). This results in increased competition among piglets to access a teat and suckle, 

leading to insufficient colostrum and milk intake. This situation is particularly challenging for 

low BtW (LBtW) and IUGR piglets, which possess inadequate energy reserves for 

thermoregulation and exhibit low vitality at birth (Farmer and Edwards, 2022). If IUGR piglets 

manage to survive the neonatal period, they typically experience higher morbidity and 

mortality rates, reduced efficiency of nutrient utilisation, long-term growth limitations, lower 

feed conversion efficiency, and poorer carcass quality (Krueger et al., 2014; Wu et al., 2006). 
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Given these reasons and the fact that they represent as much as 30% of a litter, IUGR piglets 

pose a significant problem within the pig production system, negatively affecting overall 

production efficiency.  
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1. Intrauterine growth restriction  

1.1  Definition  

Intrauterine growth restriction (IUGR) is defined as the failure of the foetus to reach its 

genetically expected growth during gestation, resulting in a deviation from normal foetal 

growth patterns and impaired development of its organs (Gupta, 2008; Wu et al., 2006). It is 

important to differentiate the terms IUGR, low birth weight (LBtW), and small for gestational 

age (SGA). The diagnosis of LBtW is solely based on the birth weight (BtW) (Gupta, 2008). 

In contrast, SGA is diagnosed by comparing the newborn’s weight with gestational age-specific 

normal birth weight values. Various normative curves are employed to classify newborn infants 

and piglets as SGA, appropriate for gestational age, or large for gestational age (De Vos et al., 

2014; Gupta 2008). Typically, piglets whose BtW is below the 10th percentile of the average 

BtW of the litter or below the 10th percentile for their gestational age are classified as LBtW 

and SGA, respectively (De Vos et al., 2014). Although the terms SGA and IUGR are often 

used interchangeably, they do not describe the same concept. Neonates born SGA can be 

categorized into two major groups: constitutionally normal SGA and SGA who have not 

attained their full genetically determined size due to growth restriction in the uterus 

(Osuchukwu and Reed, 2022; De Vos et al., 2014). Indeed, depending on the threshold used to 

define SGA, a certain percentage of normally growing subjects may fall below the threshold 

and be classified as SGA without having IUGR. These subjects are just constitutionally small 

(Gupta, 2008). Likewise, some IUGR newborns may show a BtW above the 10th percentile for 

their gestational age and do not fall into the SGA category (Osuchukwu and Reed, 2022). 

1.2 Classification  
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In the field of human perinatology, the classification of IUGR involves two categories: 

symmetrical and asymmetrical, based on anthropometric measurements (Sharma et al., 2016). 

1.2.1 Symmetrical IUGR 

Symmetrical IUGR, which accounts for about 20–30% of total IUGR cases in humans, refers 

to a reduction in foetal growth that affects all developing organs and body parts in a balanced 

manner. As a result, the infant is born small but proportionally shaped (Rosenberg, 2008; 

Stephens et al., 2015). Symmetrical growth restriction is often indicative of an early intrinsic 

factor that hampers foetal growth, such as genetic disorders, infection of the foetus, or exposure 

to drugs or chemicals. The reason behind the symmetrical impairment lies in the timing of the 

insult, which occurs early in pregnancy when foetal growth primarily relies on cell division 

(Sharma et al., 2016; Resnik, 2002).  

1.2.2 Asymmetrical IUGR 

In contrast, asymmetrical IUGR represents a different scenario, where the rate of growth varies 

among different organs (Rosenberg, 2008; Stephens et al., 2015). Asymmetrical IUGR 

accounts for about 70–80% of IUGR cases in human perinatology and occurs due to external 

factors, often stemming from insufficient availability of substrates for foetal metabolism, such 

as oxygen and nutrients (Sharma et al., 2016; Resnik, 2002). In this pattern, oxygen and 

nutrients are prioritised for vital organs, resulting in spared head circumference (HC), while 

the abdominal circumference (AC) is reduced due to smaller liver size and a lack of 

subcutaneous fat (Resnik, 2002). The primary factors that commonly restrict the availability of 

metabolic substrates to the foetus are maternal vascular disorders and uteroplacental 

insufficiency. Typically, these conditions manifest later in the third trimester of pregnancy, 
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when the growth of most organs primarily relies on an increase in cell size rather than cell 

number (Sharma et al., 2016; Resnik, 2002).  

1.2.3 IUGR in pigs  

In several mammalian species, including pigs, IUGR occurs spontaneously. Bauer et al. (1998) 

demonstrated, using morphometric data, that naturally observed growth restriction in swine is 

asymmetrical. Indeed, it is characterised by relative brain sparing, while the organs primarily 

affected by foetal deprivation are the liver and kidney (Bauer et al., 1998). While asymmetrical 

IUGR is more commonly seen in pigs, symmetrical IUGR may also occur, although it is 

generally considered less frequent, and precise prevalence rates remain largely unknown. 

 

Fig. 1. Picture of a normal piglets (back) and a piglet affected by intrauterine growth restriction 

(IUGR; front). Picture by Van Ginneken et al., 2022.  

1.2.4 The brain-sparing effect  

The compromised placental functionality in IUGR reduces the transfer of oxygen and glucose 

supply to the developing foetus (Cohen et al., 2015; Bauer et al., 1998). In addition, intrauterine 

overcrowding is associated with a decrease in placental size per foetus. This reduction in 
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placental size and, as a consequence, in the exchange surface renders normal compensatory 

mechanisms ineffective, leading to the occurrence of foetal hypoxemia (Bauer et al., 1998). To 

adapt to the chronic deprivation of oxygen and nutrients, the foetus initiates a response whereby 

the cardiac output is preferentially directed toward the brain (Cohen et al., 2015; Matheson et 

al., 2018). Within the foetal circulation, blood follows a parallel circuit, with the majority of 

right ventricular output passing through the ductus arteriosus to the descending aorta, while 

the left ventricle primarily supplies the upper body and brain (Cohen et al., 2015). In placenta 

insufficiency, structural and functional changes in the placental blood vessels occur, such as 

vasoconstriction, impaired vasodilation, and thickening of the vessel walls. These changes 

result in increased resistance to blood flow in the placenta, which significantly impacts foetal 

cardiac output (Spinillo et al., 2014). Specifically, the elevated resistance in the umbilical artery 

leads to an increase in right ventricular afterload and a redirection of cardiac output towards 

the left ventricle (Spinillo et al., 2014). The increase in right ventricular afterload is 

accompanied by the dilation of cerebral arteries and results in a decrease in left ventricular 

afterload. These adaptations facilitate a preferential shift of the cardiac output toward the left 

ventricle, optimizing blood flow to the brain (Cohen et al., 2015; Spinillo et al., 2014). While 

this redirection of blood flow preserves the vital functions of the brain and ensures the survival 

of the foetus, it compromises the development of other organs, including the liver, kidneys, 

intestine, and pancreas, due to reduced vascularization (Felicioni et al., 2019; Bauer et al., 

1998). 

1.3 Aetiology 

During pregnancy, although genetics directly affects development, the quality of the uterine 

environment serves as a limiting factor for the growth of the embryo. Genetics safeguards the 

innate potential of the organism, while the quality of the uterine environment provides the 



11 
 

essential resources for the animal to effectively express its genetic growth potential (Felicioni 

et al., 2019). Insults experienced at various stages of prenatal life may negatively affect the 

quality of the uterine environment, resulting in growth restriction in the uterus (Felicioni et al., 

2019).  

In human perinatology, IUGR may be caused by foetal, placental, maternal, and genetic insults. 

Foetal factors include genetic conditions and chromosomal or congenital anomalies. Placental 

factors primarily involve abnormalities in placental implantation or formation. Maternal factors 

include infection, malnutrition, alteration of uterine blood flow to the placenta, and lifestyle 

factors, such as smoking or drug use. Genetic factors include polymorphisms in the genes of 

the mother, placenta, and foetus that influence intrauterine growth. It is important to note that 

these factors often overlap, contributing to the complex nature of foetal growth restriction 

(Sharma et al., 2016; Bernstein, 1997). In the majority of cases, the underlying cause of IUGR 

remains unknown. However, most of the IUGR cases exhibit a shared characteristic placental 

phenotype, referred to as "placental insufficiency", for an extended period of time (Cetin and 

Alvino, 2009; Miller et al., 2016). 

For livestock animals, both environmentally and naturally occurring IUGR are well 

documented (Wu et al., 2006). Foetal growth, as in humans, can be affected by a variety of 

factors including genetics, uteroplacental insufficiency, maternal nutrition (low or high feed 

intake, and nutrient imbalance), toxins ingestions, infections of the foetus (Circovirus), 

environmental temperature and stress (Van Ginneken et al., 2022; Wu et al., 2006; Wu et al., 

2004). However, uteroplacental insufficiency is recognized as the major factor that impairs 

foetal growth (Bauer et al., 2003; Town et al., 2004). Uteroplacental insufficiency can be both 

a consequence of the breeding systems or can occur naturally. Livestock animals are often bred 

at immature body weight (BW) to maximize production performance. As a result, the mother 
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and foetus grow simultaneously and have to compete for nutrients during pregnancy, leading 

to improper placental implantation and growth in the uterus (Wu et al., 2006; Wu et al., 2004).  

However, not just immature breeding but also increased age at breeding can lead to 

uteroplacental insufficiency. In highly prolific sows, the ovulation rate tends to increase with 

age and the number of conceptuses in the uterus exceeds uterine capacity, negatively affecting 

placental development (Foxcroft et al., 2006). 

In polytocous species [species that give birth to multiple offspring in a single pregnancy], 

naturally occurring IUGR is a common phenomenon (Bauer et al., 1998; Wootton et al., 1983) 

and it is characterised by a reduction of the placental weight per foetus, resulting in relative 

placental insufficiency (Town et al., 2004). Pigs exhibit the most severe, naturally occurring 

IUGR among domestic animals (Wu et al., 2006), with up to 20-30% of the newborns affected 

in a single litter (Amdi et al., 2013; Wu et al., 2006). According to Bauer et al. (1998), the area 

of the placenta most likely affected by impaired development is situated at the intersection 

between the second and third parts of the uterine horns, where there is an overlap (compression) 

of vascular supply (Chand et al., 2022). In addition, an increased frequency of nidation 

[attachment to the uterine wall] of embryos may be higher in this region, leading to alterations 

in placental development in later gestation simply because of reduced space (Bauer et al., 

1998). 

1.4  Epidemiology 

Foetal growth restriction impacts approximately 5 to 20% of human pregnancies, depending 

on the country (De Onis, 2001; Gatford et al., 2010; Chand et al., 2022). This condition 

predisposes individuals to a heightened risk of developing diabetes (Gatford et al., 2010), 

hypertension (Hennington and Alexander, 2013), and metabolic syndrome (Jahan-Mihan et al., 

2015) later in life. 
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In the context of swine production, IUGR poses a significant challenge too. Within the modern 

pig industry, 20-30% of newborn piglets, born from highly prolific sows, are affected by IUGR, 

resulting in reduced birth weight, increased morbidity and mortality, impaired growth, and 

meat quality (Lynegaard et al., 2020a; Santos et al., 2022; Amdi et al., 2013; Wu et al., 2006). 

The incidence is elevated in primiparous sows due to their immature BW at the first breeding. 

It decreases in second and third-parity sows, as evidenced by the lower IUGR proportion in the 

litter, to rise again with increasing parity, as a result of higher ovulation rate and uterine 

overcrowding (Matheson et al., 2018; Foxcroft et al., 2006).  

1.5 Diagnosis 

1.5.1 Diagnosis of IUGR in human perinatology 

The diagnosis of IUGR in human perinatology can be achieved through both antenatal and 

postnatal assessments. 

1.5.1.1 Antenatal diagnosis  

During the antenatal period, a variety of techniques are employed in the diagnosis of IUGR. 

These include evaluating maternal and familial history to identify potential risk factors, 

assessing maternal anthropometry and nutritional status (Sharma et al., 2016), utilising 

ultrasound to estimate foetal weight, and employing biometric measures such as AC and HC 

of the foetus. Furthermore, Doppler ultrasound is utilised to evaluate the circulation of the 

mother, placenta, and foetus simultaneously, providing valuable insights for diagnosis (Sharma 

et al., 2016; Gutaj and Wender-Ozegowska, 2016). The HC/AC ratio, assessed through pulsed 

ultrasound, is employed for the diagnosis of asymmetric foetal growth restriction (Campbell 

and Thoms, 1977). In cases of asymmetric IUGR, the liver size appears smaller in relation to 

the HC. An HC/AC ratio exceeding two standard deviations (SD) above the mean for 
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gestational age is considered abnormal and serves as a useful indicator to distinguish between 

symmetrical and asymmetrical IUGR (Sharma et al., 2016). Doppler ultrasound evaluations of 

the uterine artery, umbilical artery, middle cerebral artery, and cerebro-placental ratio (ratio 

between the foetal umbilical artery pulsatility index and the middle cerebral artery pulsatility 

index) provide valuable insights into the detection of placental insufficiency. Among these, 

umbilical artery Dopplers, combined with cerebro-placental ratio, are widely utilised for the 

identification of IUGR (Sharma et al., 2016; Bamberg and Kalache, 2004). 

1.5.1.2 Postnatal diagnosis  

The postnatal diagnosis of IUGR infants includes clinical examination (enlarged head when 

compared to rest of the body, reduced muscle mass and subcutaneous fat, peelable skin); the 

use of anthropometric charts to compare the characteristics of the newborn with reference 

values for ethnicity and gender (BtW and length, HC and mid-upper arm circumference); 

ponderal index measurement (BW to body length ratio), the clinical assessment of nutrition 

score, (CANSCORE, malnutrition effects on hair, cheeks, neck and chin, arms, legs, back, 

buttocks, chest, and abdomen); the cephalization index measurement (ratio of the HC to BW), 

and the mid-arm/HC ratio assessment (Pereira-da-Silva et al., 2019; Sharma et al., 2016). In 

the study of Adebami and Owa (2008), the CANSCORE method demonstrated greater 

accuracy in diagnosing cases of foetal malnutrition compared to using intrauterine growth 

charts and curves. The study showed that a considerable proportion of babies that experienced 

growth restriction did not meet the criteria based on BtW alone, indicating the limitations of 

using weight as the sole criterion. Likewise, several growth-restricted infants would have been 

misclassified using the ponderal index alone. Part of the reason for this may be due to the fact 

that IUGR not only affected BW but also the length of the body (Adebami and Owa, 2008). 

1.5.2 Diagnosis of IUGR in newborn pigs 
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In pig production, the diagnosis of IUGR is only feasible after birth. Dullemen (2011) 

highlighted numerous constraints when employing Doppler velocimetry to assess IUGR in pig 

foetuses, making the technique particularly challenging. In addition, reference standards for 

biometric measurements like HC, AC, and crown-rump length—commonly employed in 

human medicine for estimating foetal weight and monitoring growth during pregnancy— are 

lacking in veterinary reproductive medicine, especially for pigs (Vernunft et al., 2022). 

Even after birth, the identification of IUGR piglets remains notably challenging due to the 

absence of specific symptoms and reliable biomarkers. Diagnosis is commonly established by 

assessing various parameters based on the BW and the morphology of the piglet. Parameters 

related to BW include the absolute weight of the foetus or newborn, the BtW relative to a 

specific gestational age, and the BtW in comparison to the average weight of the litter (Van 

Ginneken et al., 2022). On the other hand, parameters associated with the morphology of the 

piglet include evaluation of the head shape (Hales et al., 2013; Amdi et al., 2013), the body 

mass index, and the crown-to-rump length (Feldpausch et al., 2019). 

1.5.2.1 Birth body weight  

Because it is easy to measure practically on farms and in a research context, foetal weight or 

BtW is often used as a criterion to detect IUGR (Wu et al., 2006). Most of the studies define 

IUGR as piglets weighing less than the 10th percentile of the gestational age–specific normal 

BtW values at birth (Bauer et al., 2003). D’inca et al. (2010) classified piglets as IUGR when 

their BtW was at least 1.5 SD units lower than the average BtW of the litter. In the study of 

Wang et al. (2016) an IUGR piglet was defined as having a BtW between 0.75 and 0.90 kg and 

belonging to the lower quartile of the litter birth weight, whereas Ji et al. (2017) identified 

piglets with a BtW below 1.1 kg as IUGR. 
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1.5.2.2 Head shape 

In the identification of IUGR piglets, it has been proposed that considering the head 

morphology as an additional criterion alongside BtW is relevant (Hales et al., 2013). 

Additionally, Huting et al. (2018) suggested that the morphology of newborn piglets could 

serve as a predictive factor for their future performance. Typically, piglets affected by growth 

restriction in the uterus exhibit distinct characteristics in head morphology, including a dolphin-

like head shape, wrinkles perpendicular to the mouth, bulging eyes, and hair with no direction 

of growth (Hales et al., 2013; Amdi et al., 2020). In a study by Amdi et al. (2013), piglets were 

categorized as normal, mildly IUGR, or severely IUGR based on the criteria established by 

Hales et al. (2013). These criteria identified severe IUGR piglets as those displaying two or 

three of the above-mentioned characteristics (a steep, dolphin-like forehead, bulging eyes, and 

wrinkles perpendicular to the mouth). Piglets were classified as mildly IUGR if one of these 

characteristics was present. Finally, piglets without any of these characteristics were considered 

"normal" and served as control subjects. 
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Fig. 2. Illustrations of a normal piglet (left) and a piglet affected by intrauterine growth 

restriction (IUGR; right). Criteria for IUGR identification: dolphin-like head shape, wrinkles 

perpendicular to the mouth, bulging eyes, and hair with no direction of growth. Picture by Hales 

et al., 2013.  

1.5.2.3 Body shape  

Morphological measurements, including the ponderal index (calculated as birth weight / 

(crown–rump length)3) and the body mass index (calculated as birth weight / (crown–rump 

length)2), have been considered to identify piglets that experienced growth restriction in the 

uterus and to predict their postnatal growth (Douglas et al., 2016). The study of Baxter et al. 

(2008) revealed that these morphological traits, which reflect body proportionality, can serve 

as valuable indicators of mortality risks. Hales et al. (2013), suggested that the body mass index 

of a piglet may be associated with its body fat percentage, and this might explain why body 
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mass index is important in relation to survivability. Typically, a combination of these 

measurements is utilised to differentiate between neonates who are constitutionally small and 

those who are small due to IUGR. This suggests a comparable situation in pigs, which are often 

used as models for this condition (Douglas et al., 2016). In the study by Douglas et al. (2016), 

the body mass index was the most effective predictor of postnatal growth for LBtW piglets. 

Piglets with a low body mass index consistently exhibited poorer performance. Similarly, Hales 

et al. (2013) observed that a higher body mass index was associated with increased 

survivability. Piglets that died within the first day after birth had a lower body mass index and 

displayed more pronounced signs of growth restriction, such as a steep, dolphin-like forehead, 

bulging eyes, and wrinkles perpendicular to the mouth. In both the studies of Amdi et al. (2013) 

and Hansen et al. (2018), piglets classified as IUGR due to their distinctive head shape, 

exhibited lower BtWs, shorter crown-rump lengths, and lower body mass index and ponderal 

index compared to their normal littermates. 

1.5.2.4 Brain-to-organ weight ratio 

Asymmetrical growth restriction in foetuses induces chronic hypoxia and nutrient deprivation, 

resulting in a significant alteration in blood flow distribution, primarily aimed at preserving 

cerebral functionality (Cohen et al., 2015; Matheson et al., 2018). This adaptive survival 

mechanism, known as the "brain-sparing effect," leads to a relative increase in brain size when 

compared to other organs such as the liver (Bauer et al., 1998). Hence, an appropriate metric 

for assessing the extent of IUGR should consider the ratio between the weight of the brain and 

the weight of other organs (Felicioni et al., 2019). 

1.5.2.5 Limitations of diagnostic techniques  

Growth restriction occurring in the uterus often leads to the SGA condition (Radlowski et al., 

2014), and it may result in a characteristic head shape due to the brain-sparing effect (Hansen 
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et al., 2018). Therefore, the accuracy in identification of IUGR piglets can be improved by 

considering both the BtW and the head morphology at birth, enabling a more comprehensive 

evaluation of this condition. However, it is important to note that being SGA does not 

necessarily indicate an IUGR condition, despite SGA being a common feature among IUGR 

piglets (Gupta et al., 2008; De Vos et al., 2014). 

Regarding the head shape, the subjective nature of classifying IUGR based on head shape relies 

on the observer and introduces a higher likelihood of variations in observations due to 

subjective judgement. Additionally, there are natural variations in head characteristics, 

unrelated to pathology, which result from domestication and subsequent selective pressures 

(Chakraborty et al., 2021; Wilkinson et al., 2013). These inherent limitations decrease the 

accuracy of diagnosis based solely on BtW, head shape, or a combination of both. 

Employing the brain-to-organ weight ratio for the identification of IUGR piglets provides an 

objective approach as it directly reflects the brain-sparing effect. Nevertheless, the practical 

application of this ratio as a diagnostic technique is currently limited to research contexts using 

animal models. Indeed, to assess the ratio the utilisation of advanced imaging techniques such 

as CT scan or the euthanasia of newborn piglets is required (Felicioni et al., 2019). 

1.6 Consequences of IUGR 

1.6.1 Performance  

1.6.1.1 Mortality 

The preweaning mortality rates of live-born piglets in Europe range from 10% to 20% (Muns 

et al., 2016). Most piglet deaths occur within the first 72 hours after birth (Muns et al., 2016), 

primarily due to starvation and accidental crushing by the sow (Pedersen et al., 2011; Kielland 

et al., 2018). Newborn piglets are born with limited body fat and lack brown adipose tissue 
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(Trayhurn et al., 1989), which is essential for regulating non-shivering thermogenesis (Sjaastad 

et al., 2010). As a result, piglets need to generate heat by shivering, relying on energy derived 

from blood glucose (Staarvik et al., 2019). 

Piglets are born with an underdeveloped ability for gluconeogenesis (Kaneko, 2008), and their 

glycogen reserves are quickly depleted as they try to maintain their body temperature (Herpin 

et al., 2002; Staarvik et al., 2019). During this critical period, the availability of energy through 

colostrum intake is crucial for the survival of neonatal piglets (Theil et al., 2011; Quesnel et 

al., 2012; Amdi et al., 2013). If piglets fail to consume enough colostrum, their blood glucose 

levels drop to hypoglycaemic levels within 24–36 hours (Kaneko, 2008; Staarvik et al., 2019). 

Hypoglycaemic piglets show signs of lethargy and weakness, and, in severe cases, may 

experience coma and death (Kaneko, 2008). Weak and lethargic piglets face a higher risk of 

being accidentally crushed by the sow, in addition to the direct risk of death caused by 

hypoglycaemia (Staarvik et al., 2019).  

Piglets that experienced growth restriction in the uterus showed higher preweaning mortality 

rates due to their lower body reserves of glycogen and their inability to compete with littermates 

to achieve an early and adequate colostrum intake (Edwards and Baxter, 2015; Farmer and 

Edwards, 2022). In the study by Amdi et al. (2013), it was shown that IUGR piglets have less 

than half the total glycogen reserves in their liver compared to normal piglets 24 hours after 

birth, making it more difficult for them to maintain body temperature. Quesnel et al. (2012) 

suggest that each piglet requires at least 200 grams of colostrum during the neonatal phase to 

survive. However, severe IUGR piglets, as observed in Amdi et al.’s study (2013), receive only 

approximately half the required amount to ensure neonatal survival. Furthermore, the lower 

vitality observed in IUGR piglets may be linked to neural immaturity, as indicated by the 

reduced myelination and dendritic development in their brains compared to those of normal 

littermates (Dickerson et al., 1971; Farmer and Edwards, 2022). In the study of Matyba et al. 
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(2021), the majority of pigs that died before weaning exhibited signs of IUGR, such as a 

dolphin-like head shape, bulging eyes, and wrinkles perpendicular to the mouth. The mortality 

among IUGR-affected piglets was highest within the first two weeks of life, primarily 

occurring within the first 2-3 days after birth. However, there were no significant differences 

in the proportion of deaths between IUGR and normal pigs postweaning. Similarly, in the study 

of Hawe et al. (2020), LBtW pigs showed a higher preweaning mortality rate, with nearly half 

of the deaths due to starvation. Average-BtW piglets experienced fewer preweaning deaths, 

and these occurred later during lactation, suggesting that these heavier pigs were not affected 

to the same extent by impaired vitality and milk acquisition in the immediate postnatal period. 

However, also in this study, the difference in postweaning mortality rates between average and 

LBtW pigs was not statistically significant.  

1.6.1.2 Growth  

Growth restriction during foetal development has lasting effects on postnatal growth. Piglets 

experiencing IUGR typically exhibit slower growth rates and delayed development compared 

to their normal littermates (Wu et al., 2006). Several studies showed a reduced average daily 

gain (ADG) in IUGR pigs, identified based on their head shape or LBtW, whether it was from 

birth to weaning (Hansen et al., 2018), from birth to the growing phase (Lynegaard et al., 

2020b; Alvarenga et al., 2012), or from birth to slaughter (Santos et al., 2022; Xiong et al., 

2020). However, some of these studies (Lynegaard et al., 2020b; Hansen et al., 2018) also 

showed that IUGR piglets had a higher fractional growth rate (weight gain per day compared 

with starting weight) from birth to weaning when compared to their normal counterparts. In 

the study of Lynegaard et al. (2020b), IUGR piglets increased their BW sevenfold in the 

preweaning period, whereas normal piglets only increased their BW fivefold. These findings 

suggest that some growth potential in the IUGR-affected pigs exists. In addition, in the study 
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of Alvarenga et al. (2012), IUGR pigs, identified by their LBtW, initially displayed lower ADG 

from birth to the grower phase. However, by day 150, their ADG became similar to that of the 

normal pigs. Indeed, it was demonstrated that the influence of BtW on ADG diminishes with 

time and BtW is correlated to ADG only until approximately 70 days of age (Dwyer et al., 

1993; Gondret et al., 2005). However, LBtW and IUGR piglets still require more days to reach 

the same slaughter weight of their heavier littermates (Quiniou et al., 2002 and Gondret et al., 

2005) and this results in increased costs and reduced overall production efficiency.  

1.6.1.3 Body composition 

Results regarding the body composition in IUGR pigs are controversial and the question of 

whether BtW has a lasting effect on postnatal fat and muscle development remains unclear. 

Several studies reported that IUGR pigs, identified by their BtW, exhibit a lower proportion of 

muscle and a higher fat deposition compared to their heavier littermates at a constant slaughter 

weight (Liu et al., 2015; Krueger et al., 2014; Gondret et al., 2006). The reduced muscle mass 

in IUGR pigs may be partly responsible for the increased body fatness, as it results in reduced 

energy-consuming metabolically active tissue (Krueger et al., 2014). However, no effect of 

BtW on the deposition of lean and fat tissue was observed in other studies (Gondret et al., 2005; 

Nissen and Oksbjerg, 2011). In the study of Gondret et al. (2006), the low weight at birth 

unequivocally led to higher carcass fatness and lipid content in backfat and the semitendinosus 

muscle (SM) at the time of slaughter. Krueger et al. (2014) demonstrated that female IUGR 

pigs, defined by their BtW, have a reduced capacity for muscle development. The same study 

showed that IUGR pigs metabolize less fat than normal pigs, contributing to their higher body 

fat levels and resulting in accelerated fat deposition at an earlier age. Using BtW as a diagnostic 

method, Amdi et al. (2012) showed a higher percentage of fat tissue in LBtW (1.1 kg) piglets 

compared to medium-BtW (1.5 kg) and high-BtW (1.8 kg) piglets at 28 days of age. On the 
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contrary, in the study of Lynegaard (2020b), where IUGR piglets were identified based on their 

head shape rather than their BtW, no differences in fat or muscle percentage were found in 

relation to BtW at 24 days of age between the IUGR and the normal group.  

1.6.1.4 Meat quality 

As for body composition, results regarding the effect of IUGR on meat quality are 

controversial. Several studies have reported that growth restriction in the uterus can affect 

various meat quality traits, including pH (Li et al., 2015; Matyba et al., 2021), colour (Matyba 

et al., 2021; Cheng et al., 2020; Li et al., 2015), drip loss (Chen et al., 2023; Liu et He, 2014) 

and shear force (Liu et He, 2014). These effects may be linked to increased oxidative stress, 

reduced antioxidant capacity (Chen et al., 2023; He et al., 2023; Cheng et al., 2020), or to the 

presence of enlarged myofibres (Gondret et al., 2006) in the skeletal muscle of IUGR-affected 

pigs. Within the meat quality assessment, the pH of the longissimus thoracis muscle (LT) at 

45 min and at 24 hours postmortem is one of the many parameters analysed. Depending on the 

study, the IUGR identification technique, and the slaughter weight or age, the pH in the LT of 

IUGR pigs can be equal to, higher, or lower than in their normal littermates. For instance, in 

the studies of Chen et al. (2023) and Zhang et al. (2018), where IUGR pigs were identified by 

their LBtW and slaughtered at day ~160, the pH did not differ from normal pigs. In contrast, 

Matyba et al. (2021) found higher pH levels 24 h postmortem in the LT of IUGR pigs, identified 

by both their head shape and BtW and slaughtered at day 188. Li et al. (2015) and Liu and He 

(2014), reported a significant decrease in the pH values of IUGR pigs, defined by LBtW and 

slaughtered at day 200 and at 110 kg of BW, respectively.  

Similarly, conflicting results were reported about the colour of the muscle. Matyba et al. (2021) 

and Liu and He (2014), observed darker muscles in the IUGR group. However, in the studies 

conducted by Chen et al. (2023) and Li et al. (2015), the LT of the IUGR pigs showed a lighter 
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colour. Differences in slaughter age may influence the results. Several studies showed that 

older pigs tend to have lower pH, higher redness scores, and darker muscle colour (Latorre et 

al., 2003; Cisneros et al., 1996; Virgili et al., 2003). However, determining whether and to what 

extent consumers perceive the lighter or darker colour of the meat resulting from IUGR is 

difficult due to the subjective nature of colour perception, as well as variations in preferences 

influenced by culture and region. 

Regarding the other parameters assessed in the meat quality analysis, in the study of Liu and 

He (2014), IUGR pigs exhibited a lower cooking loss, drip loss, and greater intramuscular fat 

content, parameters often associated with better meat quality, while the shear force was 

increased and consequently the meat less tender, compared to normal pigs. In contrast, Chen 

et al. (2023) reported significantly increased drip loss 48 h postmortem in the LT of IUGR pigs 

compared to their normal BtW littermates. However, there was no significant difference in the 

drip loss at 24 h postmortem or colour among the IUGR and normal pigs. 

1.6.2 Physiology 

1.6.2.1 Brain development, transcriptomic, and proteomic profile 

The intrauterine environment may have an impact on the development of the foetal brain 

through gene expression and epigenetic modifications. These changes are thought to impair the 

normal development and maturation of the brain and may contribute to the foetal programming 

of metabolic and cardiovascular diseases (Rideau Batista Novais et al., 2016; Jahan-Mihan et 

al., 2015; Gatford et al., 2010). 

The brain-sparing effect is a mechanism that redirects blood flow toward the brain to 

compensate for chronic oxygen and nutrient deprivation in the uterus (Cohen et al., 2015). 

While this process is crucial for safeguarding vital brain functions and ensuring the survival of 

the IUGR foetus, it does not guarantee normal brain development or function. Indeed, IUGR 
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is frequently linked to adverse motor, cognitive, and behavioural outcomes (Gilchrist et al., 

2018; Mallard et al., 2000). Numerous studies, both in humans and animals, demonstrated a 

decrease in total brain volume following IUGR (Bie et al., 2010). Wixey et al. (2019), described 

neuronal and white matter impairment in the brain of newborn IUGR piglets, along with 

increases in activated microglia, astrocyte density, and levels of proinflammatory cytokines, 

suggesting a role of inflammation in the brain damage. Similarly, foetal growth restriction in 

rats is associated with impaired maturation of cerebral white matter, brain microstructure, and 

brain function/connectivity. In addition, transcriptomic analyses of the brain revealed not only 

a deficit in myelination in growth-restricted rats but also a significant dysregulation of genes 

controlling inflammation. These findings indicate a neuroinflammatory basis for the poor 

neurocognitive outcomes (Rideau Batista Novais et al., 2016).  

1.6.2.1.1 Hippocampus 

Among the brain regions, the hippocampus appears to be particularly susceptible to growth 

restriction in the uterus (Gilchrist et al., 2018). This area is extremely sensitive to hypoxemia, 

maternal corticosteroid hormones, and micronutrient deficiency, all likely to occur in IUGR 

pregnancies (Sizonenko et al., 2006). Lodygensky et al. (2008) detected a significant reduction 

in hippocampal volume in IUGR compared to normal infants, which could explain the 

increased occurrence of cognitive and memory dysfunction in these affected subjects 

(Sizonenko et al., 2006). Experiments using animal models, including, guinea pigs, sheep, rats, 

and rabbits indicated alterations in both the number and morphology of neurons in the 

hippocampus following IUGR (Gilchrist et al., 2018). The altered cellular composition and 

architecture of the hippocampus may result from an abnormal expression of neurotrophic 

factors. However, the exact cause of these structural alterations remains unclear (Gilchrist et 

al., 2018). 
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1.6.2.1.2 Hypothalamus 

Another brain region of particular interest in the context of the IUGR condition is the 

hypothalamus. The hypothalamus is a key regulator of homeostasis; it receives and integrates 

a wide array of information and acts as a sensor for extracellular nutrients, humoral, and 

neuronal signals necessary to regulate a multitude of body functions. The hypothalamus is 

largely involved in energy homeostasis and feeding behaviour, as well as circadian rhythm, 

and stress response (Alexandre-Gouabau et al., 2012). The arcuate nucleus of the hypothalamus 

is the primary target for leptin, a peptide hormone released mainly from the adipocytes. Leptin 

regulates the balance between energy intake and utilisation by binding to hypothalamic 

receptors and producing a feeling of satiety (Münzberg and Gettys, 2013; Sarr et al., 2012). 

Attig et al. (2008) demonstrated that IUGR in female newborn piglets is associated with a lower 

expression of the leptin receptor gene in the arcuate nucleus. In addition, foetal growth 

restriction resulted in dramatic changes in the distribution of leptin receptors across different 

hypothalamic nuclei involved in metabolic regulation. These changes may lower sensitivity to 

the action of leptin and cause some of the adverse effects of IUGR such as metabolic syndrome 

and susceptibility to obesity (Attig et al., 2008). However, the association between IUGR and 

increased feed intake is not straightforward and may vary depending on complex interplay of 

genetic, metabolic, and environmental factors. Further research is needed to fully understand 

how IUGR affects feeding behaviours in pigs and its implications.  

In rats, studies on the hypothalamus proteome of both newborn (Alexandre-Gouabau et al., 

2012) and adult (Pedroso et al., 2017) individuals identified several differentially expressed 

proteins between IUGR-affected and control rats. These proteins are involved in energy and 

amino acid metabolism, redox status, as well as neurodevelopment.  

1.6.2.2 Gastrointestinal tract development and microbial colonization  
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The physiology, metabolism, and growth of pigs are strongly associated with the integrity and 

function of the gastrointestinal tract (GIT) (Santos et al., 2022). The small intestine plays a 

vital role in the digestion, absorption, and transport of nutrients, water, and electrolytes. 

Moreover, it serves as a defensive barrier against both endogenous and dietary toxins, as well 

as antigens and pathogens (Moeser et al., 2017). The gut-associated lymphoid tissue represents 

the largest immune organ in the body, indicating the essential role of the GIT in host immunity 

(Pluske et al., 2018). 

The GIT hosts a large, complex, and dynamic microbiota composed of bacteria, viruses, 

archaea, and fungi (Upadhaya and Kim, 2022). This microbial community is involved in the 

regulation of the overall health of the animal. Indeed, the GIT microbiota is essential in 

supporting the development and function of the immune system, it limits the nutrients available 

for the growth of potential pathogens and competitively excludes pathogens from binding to 

the gut epithelium (Maynard et al., 2012). In addition, the microbial population participates in 

the host’s nutrient metabolism, including carbohydrate, amino acid, and lipid metabolism 

(Wang et al., 2020). 

Growing evidence suggests that the uterine environment affects the development of the 

offspring’s intestine. Therefore, insults during gestation can potentially compromise both its 

functionality and microbial colonization (Santos et al., 2022; Zhang et al., 2019). Previous 

research confirmed that IUGR can impair GIT development in piglets, leading to abnormal 

digestion and absorption. Reduced intestinal length and weight, decreased villus height, and 

increased crypt depth, as well as changes in the transcriptomic and proteomic profiles, were 

observed in IUGR-affected piglets at birth (D'inca et al., 2010; Wang et al., 2008; Wang et al., 

2005) and at day 21 of age (He et al., 2011). Additionally, it appears that this impairment has 

long-lasting effects, resulting in a decline in villus height, decreased absorption area, and 
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reduced activity of key digestive enzymes in the duodenum at 70 days of age (Santos et al., 

2022).  

Growth restriction in the uterus also affects microbial colonization of the GIT. In the research 

conducted by Zhang et al. (2019), significant changes were observed in both the structure and 

function of the microbial community in IUGR-affected piglets, as compared to their normal 

counterparts. Newborn piglets with IUGR exhibited decreased microbial diversity and a 

distinct taxonomic profile. These changes included shifts in the relative abundances of 

Firmicutes, Bacteroidetes, Proteobacteria, Bacteroides, Escherichia–Shigella, and 

Pasteurella, which may have implications for nutrient digestion and absorption, inflammation, 

susceptibility to diseases, as well as growth and development of the piglets (Zhang et al., 2019). 

Specifically, piglets affected by IUGR showed a lower abundance of Bacteroidetes and 

Bacteroides in the jejunum at 7, 21, and 28 days of age, as well as decreased Firmicutes levels 

in the ileum at 21 days of age. Gut Bacteroidetes and Bacteroides can synthesize short-chain 

fatty acids (Besten et al., 2013), which contribute to intestinal health by strengthening barrier 

function and alleviating inflammation (Lan et al., 2023; Xiong et al., 2020). Firmicutes are 

highly abundant in the GIT of pigs and contribute to maintaining energy balance, suppressing 

the proliferation of opportunistic pathogens, and protecting the host from excessive intestinal 

inflammation (Yang et al., 2017). Conversely, IUGR-affected piglets had a higher abundance 

of Proteobacteria and Pasteurella in the ileum at 21 days of age and Escherichia–Shigella in 

the jejunum at 28 days of age compared to normal piglets. Proteobacteria include various 

pathogens such as Escherichia–Shigella, which are linked to inflammation and display 

negative correlations with body weight gain (Yang et al., 2021). 

1.6.2.3 Blood metabolite profile  
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Metabolomics has the potential to identify novel biomarkers to differentiate constitutionally 

small from IUGR piglets and to provide insights into the underlying mechanism of the IUGR 

condition (Bahado-Singh; 2019). Despite the limited data on metabolomic profiling in IUGR, 

existing studies in both infants and piglets suggest excellent accuracy in discriminating IUGR 

from their healthy counterparts (Priante et al., 2019; He et al, 2011). However, interpretation 

of the collected data remains challenging. Primarily, there is not a standardized definition of 

IUGR and the diagnosis is based on different methodologies. In addition, studies are conducted 

at different ages (including preterm or term subjects, as well as assessments conducted within 

the first days after birth), using various analytical methods and sometimes small sample sizes. 

As a consequence, the reported findings are often inconsistent (Priante et al., 2019). Despite 

these constraints, the metabolic changes identified in IUGR neonates seem to indicate an early 

pattern of glucose intolerance, insulin resistance, altered amino acid metabolism, lipid 

oxidation, and abnormal liver function (Bahado-Singh et al., 2012; Priante et al., 2019). 

Likewise, findings in pigs suggest alterations in lipogenesis and lipid oxidation, energy, amino 

acid, and protein metabolism, and antioxidant capacity (He et al, 2011). These metabolic 

changes may contribute to the impaired development and growth of the IUGR-affected 

subjects. Bahado-Singh et al. (2019) identified creatinine, acetyl-carnitine, butyryl carnitine, 

and three lysophosphatidylcholines as the most accurate panel for diagnosing IUGR from cord 

blood serum. Favretto et al. (2012) identified phenylalanine, tryptophan, and glutamate that 

significantly contribute toward differentiating IUGR from average for gestational age foetuses. 

Liu et al. (2016), detected several metabolites, including alanine, methionine, ornithine, serine, 

tyrosine, isovaleryl carnitine, and eicosenoyl carnitine in lower concentrations in peripheral 

blood sampled within 3–7 days of birth in IUGR babies compared to average for gestational 

age newborn. In piglets, He et al. (2011), demonstrated lower concentrations in the serum of 

IUGR of lipids, particularly unsaturated lipids, citrate, glycerophosphorylcholine, choline, 
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myo-inositol, high-density lipoprotein, and inosine, while threonine and glycoproteins 

concentrations were elevated compared to the normal group.  

1.6.2.4 Lean and adipose tissue development  

Myocytes, adipocytes, and fibrocytes all originate from mesenchymal stem cells. 

Consequently, molecular processes that can affect the stem cell commitment to one lineage or 

another, directly influence the development of foetal muscle and adipose tissue during gestation 

(Yan et al., 2013).  

1.6.2.4.1 Skeletal muscle  

The shift towards myocyte production from mesenchymal stem cells is sensitive to the uterine 

environment and impacts the overall muscle fiber number (Yan et al., 2013). Intrauterine 

overcrowding has a strong effect on muscle hyperplasia in piglets, especially on the formation 

of secondary myofibers (Bérard et al., 2010; Foxcroft et al., 2006). In response to an imposed 

carbohydrate restriction, amino acids become a primary source of energy in the IUGR foetus, 

thus contributing to reduced muscle growth (Cortes-Araya et al., 2022). Newborn piglets that 

experience growth restriction during gestation typically have fewer muscle fibres, smaller 

muscle fiber diameters, and muscle cross-sectional area in the SM when compared to their 

normal littermates (Bérard et al., 2010; Alvarenga et al., 2013; Felicioni et al., 2020). Some 

authors suggest that the lower number of muscle fibres at birth cannot be fully compensated 

for by postnatal growth, resulting in lower muscle mass and greater susceptibility to fat 

deposition in the long term (Liu et al., 2015; Krueger et al., 2014; Gondret et al., 2006). 

However, despite having a lower number of fibres at birth, IUGR and LBtW pigs exhibit 

myofiber diameters equal to or even larger than those of their heavier littermates at a constant 

slaughter weight (Dwyer et al., 1993; Gondret et al., 2006; Alvarenga et al., 2013; Felicioni et 

al., 2020). This suggests that muscle hypertrophy, as opposed to hyperplasia, is not impaired 
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but rather enhanced by growth restriction in the uterus. Moreover, this finding is supported by 

the study conducted by Felicioni et al. (2020), which observed a similar gene expression pattern 

in the SM during the hypertrophy period (100-150 days of age) between IUGR and normal 

pigs. A higher rate of hypertrophy associated with fewer muscle fibres could compensate for 

the limited fiber count without affecting lean and fat deposition. This may explain why no 

differences in muscle and fat percentages were observed in other studies between IUGR and 

normal pigs (Gondret et al., 2005; Lynegaard et al., 2020b).  

1.6.2.4.2 Adipose tissue  

Adipose tissue development begins during the prenatal phase and is significantly influenced by 

the uterine environment. Several studies proposed that exposure to an adverse uterine 

environment during gestation can alter the development and proliferation of adipocytes (Sarr 

et al., 2012; Gondret et al., 2011; Attig et al., 2008). Conditions such as chronic oxygen 

deprivation and limited nutrient availability during gestation trigger metabolic and endocrine 

adaptations intended to improve the foetus’s chances of survival. Within these adaptations, an 

increased adipocyte proliferation was observed. This foetal adaptative reaction can improve 

the long-term ability to store lipids and consequently the survival of the foetus under conditions 

of intermittent or poor nutrition (Sarr et al., 2012; Attig et al., 2008). However, when normal 

nutrition is restored in the postnatal environment, the changes adopted by the foetus before 

birth may lead to a nutritional mismatch between energy intake, storage, and expenditure, 

resulting in excess adiposity (Sarr et al, 2012; Attig et al., 2008). Gondret et al. (2011) 

suggested a delay in adipose tissue differentiation, with a prolonged preadipocyte state in small 

pig foetuses compared to their heavier littermates. This hypothesis is supported by reduced 

expression of genes associated with later stages of adipocytic differentiation in the 

subcutaneous backfat of smaller foetuses at day 75 of gestation. Attig et al. (2008) observed 

that an alteration in the adipose tissue structure is still evident two weeks after birth. In their 
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study, IUGR piglets showed a higher density of small white adipocytes compared to the 

controls, suggesting ongoing cell proliferation after birth in IUGR subjects. These adipocytes 

are probably less effective at ensuring lipid storage, as reflected by their smaller size and the 

presence of higher levels of circulating triglycerides in the blood of IUGR piglets (Attig et al., 

2008). In growing pigs, several studies reported an overall increase in fat deposition and the 

presence of enlarged adipocyte diameters in the adipose tissues of IUGR pigs compared to the 

controls (Liu et al., 2015; Gondret et al., 2006). Moreover, Gondret et al. (2006) showed 

increased lipogenic enzyme activities in the backfat of LBtW pigs, indicating a greater potential 

for fatty acid synthesis.
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2. Objectives and hypotheses 

2.1 General objectives and hypotheses  

The primary objective of this Ph.D. thesis was to develop a model for the accurate and non-

invasive diagnosis of IUGR in newborn piglets. This research aimed to further characterise the 

IUGR subpopulation from a physiological perspective and provide insights into the underlying 

mechanisms of this condition. In the long term, the accurate diagnosis and characterisation of 

IUGR-affected pigs will facilitate the development of targeted postnatal interventions aimed at 

effectively treating these animals. Moreover, due to the similarities in terms of organ 

development, metabolism, and placental structure, the short gestation period, and the 

spontaneous occurrence of placenta insufficiency, pigs represent a highly relevant model of 

human IUGR.  

The first hypothesis of this Ph.D. thesis was that relying solely on current diagnostic 

techniques might not always provide an accurate diagnosis of IUGR in piglets, potentially 

leading to misclassification of this condition. Given that an increased brain-to-liver weight ratio 

(BrW/LW) is the main feature of IUGR, we regarded it as the gold standard for diagnosis and 

further hypothesized that it is possible to estimate this ratio and diagnose IUGR accurately 

from images of newborn piglets, thus eliminating the need for animal sacrifice. Finally, based 

on an extensive review of the existing literature, we formulated our third hypothesis, suggesting 

that the IUGR condition has a long-lasting and negative influence on a wide range of 

physiological functions in pigs, ultimately resulting in impaired growth, altered gut 

microbiota, and blood metabolome profile.  

To test our hypotheses, two animal experiments were conducted. In the first experiment, piglets 

underwent CT scan imaging at birth to assess the BrW/LW and accurately diagnose IUGR. 
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Photos of all of the piglets were also captured at birth. The pigs were then monitored throughout 

the whole production cycle and data regarding growth, feed intake, body composition, faecal 

microbiota, blood metabolome, and meat quality were collected. In the second experiment, 

piglets with a BtW below 1 kg, born within a 5-month timeframe, were selected for brain and 

liver sampling to assess the BrW/LW. In addition, photos of the same piglets were captured at 

birth. The data collected in the two experiments were used to address our research questions in 

three separate studies focused on the diagnosis (manuscript I and II) and the characterisation 

(manuscript I and III) of IUGR pigs. According to our knowledge, this is the first time that the 

effects of IUGR have been evaluated based on the piglets’ BrW/LW at birth.  

2.2 Specific objectives and hypotheses  

2.2.1 Diagnosis 

2.2.1.1 Evaluation of the current diagnostic techniques  

In pigs, IUGR occurs spontaneously, mainly as a result of uteroplacental insufficiency. The 

altered placenta reduces the availability of oxygen and essential nutrients for the developing 

foetus. Consequently, adaptive responses are triggered to preserve brain functionality and 

enhance the survival chances of the foetus. A redirection of the blood flow named the “brain-

sparing effect” takes place and prioritises brain development over the rest of the body, resulting 

in a relatively larger brain at birth. Among the other organs, the development of the liver, as 

well as its functioning, is one of the most affected by the altered blood circulation. Hence, an 

increased BrW/LW at birth represents a highly significant indicator of IUGR in piglets.  

Head shape and BtW are commonly used criteria for diagnosing IUGR in newborn piglets due 

to their practical measurement on farms and in the research context. However, while growth 

restriction in the uterus often leads to LBtW, studies have demonstrated the existence of 
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neonates that are constitutionally small without experiencing any nutrient and oxygen 

deprivation during gestation. Similarly, characteristic morphological features of the head 

normally associated with IUGR may be simply linked to natural variations in the head shape 

unrelated to any pathology. For these reasons, our first hypothesis was that relying solely on 

BtW or head shape is not enough to guarantee an accurate and reliable diagnosis of 

IUGR. To test this hypothesis, the data collected during the first animal experiment through 

CT imaging were used to compare the diagnoses based on BrW/LW, BtW, and head shape. 

The results of this study are reported in manuscript I.  

2.2.1.2 Development of a new diagnostic technique  

Employing the brain-to-organ weight ratio for the identification of IUGR piglets provides an 

objective approach as it directly reflects the brain-sparing effect. However, the application of 

the ratio as a diagnostic method is currently limited as it requires the utilisation of advanced 

imaging techniques or the euthanasia of newborn piglets. The second main hypothesis of this 

Ph.D. thesis was that using specific morphometric traits, the weight of the brain (BrW), 

that of the liver (LW), and their ratio could be estimated with sufficiently high accuracy 

from images of newborn piglets, enabling non-invasive and accurate diagnosis of IUGR. 

To test this hypothesis, the images collected in both the first and second animal experiments 

were used to capture specific morphometric traits such as distance between the ears, abdominal 

area, and front head diameter and used to predict the BrW and LW, as well as their ratio. The 

results of this study are reported in manuscript II. 

2.2.2 Characterisation 
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Our third hypothesis was that the IUGR condition has a long-lasting and negative influence on 

a wide range of physiological functions in pigs, ultimately resulting in impaired growth, altered 

gut microbiota, and blood metabolome profile. 

2.2.2.1 Growth and body composition 

In relation to our third hypothesis, we expected that piglets exposed to IUGR would exhibit 

reduced growth rates compared to their normal littermates, leading to consistently lower 

BWs throughout the whole production cycle. Additionally, we hypothesized that altered 

nutrient partitioning during growth restriction would lead to reduced feed efficiency and 

nutrient utilisation in postnatal life.  

Newborn piglets experiencing IUGR typically exhibit fewer muscle fibres, smaller fiber 

diameters, and reduced muscle cross-sectional area compared to their normal littermates at 

birth. Most authors suggest that this reduction in fiber number cannot be compensated through 

postnatal growth. Furthermore, metabolic adaptations in response to IUGR, intended to 

improve foetal survival, include increased adipocyte proliferation that continues during 

postnatal life. As a consequence, in line with our third hypothesis, we expected IUGR-affected 

pigs to have a lower percentage of lean tissue and an increased susceptibility to fat 

deposition compared to their normal littermates.  

Finally, we expected IUGR to influence postmortem biochemical changes, negatively 

impacting meat quality traits, including pH levels, water-holding capacity, colour, and 

texture of the meat.  

To test these hypotheses, the data collected during the first animal experiment were used to 

accurately diagnose IUGR and to compare growth rates, feed intake, feed efficiency, body 

composition, energy, and protein efficiency, as well as meat quality traits between IUGR and 

normal pigs. The results of this study are described in manuscript I. 
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2.2.2.2 Faecal microbiota and blood metabolome 

An adverse uterine environment can affect the development of the GIT and compromise both 

its functionality and microbial colonization. Growth restriction during foetal development 

results in changes in the structure and function of the intestinal mucosa, impairing nutrient 

absorption and barrier function. These changes are likely to affect the proliferation of specific 

bacterial populations within the gut, influencing the overall composition of the microbiota. In 

the context of our third hypothesis, we expected a decreased microbial diversity and shifts 

in the abundances of bacterial taxa involved in nutrient digestion and absorption, 

inflammatory responses, and susceptibility to diseases, such as Bacteroides, 

Ruminococcus, Prevotella, Escherichia–Shigella, and Pasteurella in IUGR compared to 

normal pigs.  

Moreover, recent findings demonstrated that IUGR influences blood metabolomics. 

Considering the nutrient and oxygen deprivation during gestation and the metabolic 

mechanisms established in response to growth restriction, we also expected clear differences 

in the blood metabolome between IUGR and normal pigs. Specifically, we hypothesized 

alterations in metabolite concentrations related to lipid oxidation, such as increased 

plasma glycerol, 3-hydroxybutyrate, and acetate, as well as changes in energy and amino 

acid metabolism, including reduced levels of plasma glucose and essential amino acids, 

and elevated levels of lactate. To test these hypotheses, the data collected during the first 

animal experiment were used to accurately diagnose IUGR and to compare faecal microbiota 

and plasma metabolome at different time points between IUGR and normal pigs. The results 

of this study are detailed in manuscript III.
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3. Manuscript I 

Intrauterine growth restriction defined by increased brain-to-liver 

weight ratio affects postnatal growth and protein efficiency in pigs   

R. Ruggeria, b, G. Beea, P. Trevisi b, C. Ollagniera  

a Swine Research Unit, Agroscope, Route de la Tioleyre 4, 1725 Posieux, Switzerland 

b Department of Agricultural and Food Sciences (DISTAL), University of Bologna, viale G 

Fanin 44, 40127 Bologna, Italy 

Abstract  

Intrauterine growth restriction (IUGR) refers to impaired foetal growth during gestation, 

resulting in permanent stunting effects on the offspring. This study aimed to investigate the 

effects of IUGR on growth performance, body composition, blood metabolites, and meat 

quality of pigs from birth (n = 268) to slaughter (n = 93). IUGR piglets have prioritised brain 

development as a foetal adaptive reaction to placental insufficiency. This survival mechanism 

results in a higher brain-to-liver weight ratio (BrW/LW). One day (± 1) after birth, computed 

tomography (CT) was performed on each piglet to assess their brain and liver weights. A 

threshold value of 0.78 (mean + SD) was chosen to divide the piglets into two categories – 

NORM (BrW/LW < 0.78) and IUGR (BrW/LW > 0.78). Moreover, each piglet was classified 

as either normal (score 1), mild IUGR (score 2), or severe IUGR (score 3) based on the head 

morphology. Body weight (BW) was recorded weekly, and average daily gain (ADG) was 

calculated for lactation, starter, grower, and finisher periods. Body composition was assessed 

after weaning (29.6 ± 0.7 d), at 20 kg (64 ± 7.2 d), 100 kg (165 ± 12.3 d), and on the carcasses 

using Dual-energy X-ray absorptiometry (DXA). Content and deposition rates of single 
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nutrients, as well as energy and crude protein (CP) efficiency, were measured at 20 and 100 kg. 

Feed intake was recorded from 20 kg to slaughter. Meat quality was assessed on the carcasses. 

A total of 70% of the piglets assigned a score of 3 were NORM according to their BrW/LW. 

The IUGR category showed a lower ADG in the lactation (P < 0.01), starter (P = 0.07), and 

grower phases (P < 0.05) and a reduced CP efficiency in the grower–finisher period (P < 0.01) 

compared to the NORM group. IUGR pigs had a lower gain-to-feed ratio in the finisher period 

(P = 0.01) despite similar average daily feed intake (ADFI), and they required more days (P < 

0.01) to reach the slaughter weight. Additionally, their meat was darker (P = 0.01) than that of 

NORM pigs. The BrW/LW was inversely proportional to the ADG from birth to slaughter and 

negatively correlated with the CP deposition rate and efficiency in the grower–finisher period 

(P < 0.01). Furthermore, the higher the BrW/LW, the longer it took the pigs to reach the 

slaughter weight (P < 0.01). In conclusion, the identification of IUGR piglets based on head 

morphology does not always agree with an increased BrW/LW. IUGR affects growth 

performance from birth to slaughter, CP efficiency in the grower–finisher period, and meat 

quality.  

Implications  

Modern pig breeds show an increased percentage of piglets born undersized and exposed to 

IUGR. This condition is characterised by relative brain-sparing, while the liver is primarily 

affected by oxygen and nutrient deprivation. Employing the BrW/LW for the identification of 

the affected piglets provides an objective approach as it directly reflects the brain-sparing effect. 

Our study showed that the identification of growth-restricted piglets based on head shape or 

birth weight is not always consistent with a high ratio. Affected pigs exhibited reduced ADG, 

crude protein (CP) efficiency, and required more days to reach the target slaughter weight.  

Introduction  
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The number of pigs produced per sow per year is a fundamental economic driver in the pig 

industry. One of the first objectives of the modern pig production system is to increase the 

number of weaned piglets per litter (Hansen et al., 2018). The increase in litter sizes has led to 

markedly lower BtW and an increased percentage of piglets born undersized and exposed to 

different degrees of growth restriction in the uterus (Amdi et al., 2013; Hansen et al., 2018). 

IUGR is defined as the impaired growth of the mammalian foetus during gestation (Wu et al., 

2006). The principal cause behind this condition is an insufficiency of the placenta, which does 

not allow for an appropriate distribution of oxygen and nutrients to the foetus (Cohen et al., 

2015). In the modern pig industry, 20-30% of newborn piglets are affected by IUGR (Lynegaard 

et al., 2020a; Amdi et al., 2013; Wu et al., 2006), and they usually show high morbidity and 

mortality, impaired metabolism, stunted growth and muscle development, reduced feed 

conversion efficiency (Krueger et al., 2014) and poor carcass quality (Wang et al., 2013; Wu et 

al., 2006). In order to develop effective management interventions to treat this condition, 

reliable tools are needed to identify IUGR-affected piglets (Amdi et al., 2013). Accurate 

diagnosis of piglets affected by IUGR holds the potential to provide physiological 

characterisation and valuable insights into the condition. This could facilitate the development 

of targeted and innovative strategies aimed at effectively treating them. 

Different authors have characterised IUGR piglets based on their head morphology (Chevaux 

et al., 2010; Hales et al., 2013; Hansen et al., 2018). Compared to non-IUGR pigs, those 

suffering from growth restriction in the uterus show a dolphin-like head shape, bulging eyes, 

and wrinkles perpendicular to the mouth. Apart from these phenotypic traits, IUGR piglets 

prioritise brain development as part of a foetal adaptive reaction to placental insufficiency 

(Amdi et al., 2013). This survival mechanism is defined as “brain-sparing effect” and results in 

a relatively larger brain compared to other organs, such as the liver (Cohen et al., 2015; 

Matheson et al., 2018). For this reason, the optimal metric for identifying the degree of IUGR 
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considers the ratio between the weight of the brain and other organs (Felicioni et al., 2019). 

Nevertheless, to assess this ratio, newborn piglets must be euthanised. Consequently, this 

approach is feasible only in research contexts. The lack of more accurate and non-invasive 

methods to diagnose IUGR still makes this condition a major challenge in both human and 

animal health (Felicioni et al., 2019), as the development of management interventions is 

limited by poor diagnosis. 

Our first hypothesis was that an increased BrW/LW does not always align with morphological 

alterations of the head shape or with a low BW at birth. The second hypothesis was that IUGR, 

defined by a high BrW/LW, has a long-lasting detrimental effect on the development of the 

progeny. To test the first hypothesis, this descriptive study used CT scan imaging as a non-

invasive method to assess the BrW/LW in newborn piglets. As for the second hypothesis, a 

comprehensive investigation was conducted into how IUGR affects growth performance, body 

composition, blood metabolite traits, and meat quality in pigs from birth to slaughter. 

Material and methods  

Animal selection and classification  

This experiment was performed at the Agroscope swine research facility in Posieux, 

Switzerland. In this study, 268 Swiss Large White piglets (females = 134 and males = 134) 

originating from 26 litters from two farrowing series (first farrowing series = 14 litters, second 

farrowing series = 12 litters) were included. On the day of farrowing (day 0), the BtW of each 

piglet was recorded. Piglets with a BtW < 1.1 kg were assigned to the low-BtW category (Low 

BtW), whereas those with a BtW > 1.1 kg were assigned to the normal-BtW category (Normal 

BtW). On day 1 (± 1) after birth, piglets were visually classified as either normal (score 1), mild 

IUGR (score 2), or severe IUGR (score 3) based on the morphological characteristics of the 
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head (Chevaux et al., 2010; Hales et al., 2013; Hansen et al., 2018). The morphological 

characteristics of the head of an IUGR piglet are described as follows – dolphin-like head shape, 

bulging eyes, hair with no direction of growth, and wrinkles perpendicular to the mouth. If none 

of the IUGR characteristics were identified, the piglet was defined as normal and assigned a 

score of 1. The piglet was classified with a score of 2 when one of the characteristics was 

present. Finally, a score of 3 was assigned when two, three or all the characteristics were 

present.  

In addition to visual scoring, CT scan imaging (64-channel multislice scanner Siemens Emotion 

Duo CT, Siemens, Erlangen, Germany) was performed on all piglets on day 1 (± 1) after birth 

to non-invasively assess the volume of the brain and liver. For the CT measurements, all the 

animals were anaesthetised by isoflurane inhalation and positioned in sternal recumbency. 

Images of the head and thoracic regions were obtained. The raw image sequences were semi-

automatically segmented to obtain the volume of the two organs (Turtleseg software 1.2.1). 

After the CT scan, 30 piglets were euthanised with an intra-cardiac injection of pentobarbital 

solution (Esconarkon, volume to effect). Three BtW categories (category 1 < 1.1 kg; category 

2 ≥ 1.1 and < 1.8 kg; category 3 ≥ 1.8 kg), were defined to cover the full range of BtWs present 

in the actual population. From each BtW category 10 piglets were euthanised paying attention 

to keep a balanced female-to-male ratio (Supplementary Table S1). After euthanasia, the brain 

and the blood-filled liver were excised. The brain and liver weights were assessed with a scale, 

and the volume was determined using the water displacement method. The density of the organs 

was determined by calculating the ratio of their mass to volume using the equation: d = m (g) / 

V (mL), where d represents the organ density, m represents the mass in g, and V the volume of 

the organ in mL. The average brain and liver density, together with the brain and liver volumes 

obtained from the CT scan images, were used to determine the brain and liver weights and the 

BrW/LW. The average BrW/LW determined in 217 piglets was 0.63 ± 0.15 [mean ± SD]. 
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Piglets with a BrW/LW ≥ 0.78, which correspond to the mean + one SD, were assigned to the 

IUGR category (IUGR; n = 32), whereas those with a BrW/LW < 0.78 were assigned to the 

“normal” category (NORM; n = 185). The threshold was calculated on the population surviving 

after weaning, considering the high preweaning mortality rate of severe IUGR until weaning 

(Farmer and Edwards, 2022). Indeed, piglets that were euthanised (n = 30) or died before 

weaning (n = 21), as well as stillborn piglets (n = 43) were excluded when determining the 

BrW/LW threshold. While we acknowledge the potential bias resulting from this exclusion, 

setting the threshold based on the surviving population includes moderately severe IUGR cases, 

allowing to investigate the long-term effects of the condition. 

The pigs (n = 217) were weaned at 25.2 ± 1.2 days of age. Two piglets (IUGR = 1, NORM = 

1) died in the postweaning phase and were not included in the statistical analysis of the starter 

period.  

On day 73 ± 6.4 of age (24 ± 5.3 kg BW), a group of 96 piglets were selected for the grower–

finisher phase. As at the time of selection, the CT scan results were not available, the selection 

relied on traditional traits, namely IUGR score and BtW. The group consisted of 48 castrated 

males and 48 females. For the selection, all the weaned piglets were first split into two groups 

according to their sex, castrated males and females. Within each sex, piglets were ranked by 

decreasing score and then by increasing BtW. The first 24 piglets with the highest IUGR score 

and lowest BtW were selected for finisher. Similarly, the last 24 pigs with the lowest IUGR 

score and highest BtW were also selected. The selection process was repeated for each sex (see 

Supplementary Table S2). Three pigs (NORM = 3) died before the end of the grower period 

and were not included in the statistical analysis of the grower–finisher period. 

Rearing conditions during lactation, starter, grower, and finisher periods  
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During the whole experiment, ad libitum access to water was ensured through nipple drinkers 

or drinking troughs. Straws was always placed in pens to enrich the environment. The pigs were 

monitored daily for their health status by trained personnel.  

The sows were housed in individual farrowing crates, starting 10 days before the expected 

farrowing time. During the entire lactation period, the sows were left free in the pen. Each 

farrowing crate was provided with a heated and covered nest for the piglets. Within the first 14 

hours after birth, all the piglets were ear-tagged and treated with an iron injection (Ferridex® 

10%, AMAG Pharmaceuticals, Inc., Waltham, USA). Male piglets were castrated under general 

anaesthesia 48 hours after birth and treated with ketofen (3mg/kg, Rifen®, Streuli 

Tiergesundheit AG, Uznach, Switzerland) for pain control. The temperature in the nest was 

40°C immediately after birth and then gradually decreased daily by 0.5°C to reach a temperature 

of 32°C on day 16.  

The temperature in the farrowing rooms was set to 24°C, and artificial lights were kept on from 

8 am to 5 pm. Parturition was induced when gestation time exceeded 116 days by an 

intramuscular injection of 1 mL (0.25 g/mL) of cloprostenol (Estrumate®, MSD Animal Health 

GmbH, Luzern, Switzerland). The piglets were kept with their dam until day 25.2 ± 1.2 days of 

age. 

All the pigs were housed by litter until 39.2 ± 1.3 days of age (approximately two weeks after 

weaning), then kept in groups of 12 piglets per pen until they reached an average BW of 24 ± 

5.3 kg. The 96 pigs selected for the finisher period were housed in two large connected pens 

(17.35 m2). 

Growth performance and feeding 

Piglets had ad libitum access to a standard pre-/early postweaning diet from day 16 after birth 

to 14 days postweaning (39.2 ± 1.3 days of age, 7.5 ± 1.5 kg BW [mean ± SD]). Subsequently, 
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they were offered ad libitum access to a starter diet until the start of the grower period (73 ± 6.4 

days of age, 24 ± 5.3 kg BW [mean ± SD]). Piglets were switched to the grower diet when their 

BW was ≥ 20 kg at the day of the weekly weighing. The pre-/early postweaning feed, as well 

as the starter diet, was available through feeding troughs (Suisag, Sempach, Switzerland; 

Krieger AG, Ruswil, Switzerland). Fresh pre-/early postweaning feed was provided at least 

once a day, and leftovers were removed every day from day 16 to 39.2 ± 1.3 days of age. 

However, the feed intake during this period was not determined in this study. 

In the grower and finisher periods, each pen was equipped with four automatic feeders and an 

individual pig recognition system (Schauer Maschinenfabrik GmbH & Co. KG, 

Prambachkirchen, Austria). The feeder allowed monitoring of the individual daily feed intake 

and the ADFI. The grower and finisher diets were offered from 24 ± 5.3 to 63.3 ± 2.1 kg and 

from 63.3 ± 2.1 to 108.3 ± 4.2 kg (mean ± SD), respectively. The ingredients used to formulate 

the pre-/early post-weaning, starter, grower, and finisher diets and the nutrient composition are 

presented in the supplementary materials (Supplementary Table S3). Starting from week 2 after 

birth, the pigs were weighed individually once a week until slaughter. The ADG was measured 

for each period (lactation, starter, grower, and finisher). Moreover, the feed intake was recorded 

from 20 kg until slaughter, and the gain-to-feed ratio was calculated for each pig. 

Body composition 

A GE lunar DXA (i-DXA, GE Healthcare Switzerland, Glattbrugg, Switzerland) with a narrow-

angle fan beam (Collimator Model 42129) was used to scan live pigs right after weaning (n = 

217; 29.6 ± 0.7 days, [mean ± SD]) at the start of the grower period (n = 90; BW ≥ 20 kg at the 

day of the weekly weighing; 64 ± 7.2 days [mean ± SD]) and before slaughter (n = 90; BW ≥ 

100 kg at the day of the weekly weighing. 165 ± 12.3 days [mean ± SD]) as well as the carcasses 

(n = 88). The procedures to handle the pigs and the carcasses and to analyse the DXA scan 
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images have been described in detail by Kasper et al. (2021). Briefly, on the day of the scan, 

the pigs were anesthetized with isoflurane inhalation and then DXA scanned in sternal 

recumbency, with both the fore legs and the hind legs extended and pointed caudally. The 

window chosen for the analysis was the entire body scan in thick mode.  

The half carcasses (left side) were scanned the day after slaughter. The pigs were slaughtered 

after 16 h of feed withdrawal at the Agroscope abattoir by exsanguination after CO2 stunning. 

Immediately after exsanguination, the hair was removed and the animals were eviscerated. The 

carcass and head were sawed into two halves and chilled at 2°C. The scanned images from live 

animals and carcasses were processed to remove artefacts and position the regions of interest. 

The DXA output variables total mass, total lean mass, total fat mass, total bone mineral content 

and total bone mineral density were exported from the enCORE software and assessed at 

weaning, at the start of the grower period, before slaughter and in the carcass halves. Using the 

equations developed by Kasper et al. (2021), the total mass, total lean mass, total fat mass, and 

total bone mineral content were used to determine the water, ash, CP, lipid, and energy content 

of the empty body of the live animals at the start of the grower period, at the end of the finisher 

period, and of the carcasses. The energy, CP, and fat daily deposition rates, as well as the energy 

and crude protein efficiency, were assessed for the grower–finisher period. The equations 

published by Kasper et al. (2021) were validated within a range of 20–100 kg of BW and on 

the carcasses, thus limiting their applicability in estimating single nutrient content at weaning. 

Therefore, it was not possible to determine the water, ash, CP, lipid, and energy content of the 

empty body at weaning. 

Blood metabolite traits and blood cell count 

The pigs were slaughtered 16 h after feed withdrawal. Blood was sampled from the pigs (n = 

91) at the slaughterhouse during bleeding. However, the time at which each pig consumed its 
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last meal before the feed withdrawal was not standardized. Blood was collected using Vacuette 

blood collection tubes with a serum clot activator for serum or ethylenediaminetetraacetic acid 

(EDTA) for native blood sampling (Greiner Bio-One GmbH, Kremsmünster, Austria). Serum 

tubes were stored upside down at room temperature for 1 h prior to centrifugation for 15 min at 

3000 g and subsequently for 2 min at 4000 g. Two aliquots of serum were stored at -20° in 

Eppendorf tubes. The EDTA tubes were kept on ice until analysis and processed within 2 hours 

after collection with a Vetscan HM5 haematology analyser (Abaxis Inc., Union City, USA). 

The serum samples were assayed using commercially available kits according to the 

manufacturer’s instructions on a BT1500 autoanalyzer (Biotecnica Instruments Ltd., Roma, 

Italy) to determine urea (Greiner Diagnostic GmbH, Langenthal, Switzerland) and non-

esterified fatty acid (Randox Laboratories Ltd., Crumlin, UK) concentrations. Moreover, from 

the EDTA samples, the concentrations of glucose, haemoglobin, haematocrit, mean corpuscular 

haemoglobin, mean corpuscular haemoglobin concentration, mean corpuscular volume, and the 

count of granulocytes, lymphocytes, monocytes, platelets, red blood cells, and white blood cells 

were assessed. Serum insulin concentration was measured using a Porcine Insulin Kit 

(Mercodia, Uppsala, Sweden) following the manufacturer’s instructions adapted to the use of a 

Crocodile 4-in-one assay mini workstation (Berthold GmbH, Bad Wildbad, Germany). 

Absorbance was read with an Asys UVM340 microplate reader in combination with the 

MikroWin 2000 software (Biochrom Ltd., Cambridge, UK). 

Meat quality 

After slaughter, temperature and pH were monitored at 45 min and 24 h postmortem in the LT 

(at the 10th rib level; n = 91) using a Testo 205 pH meter (Testo Inc., Lenzkirch, Germany). 

One day after slaughter, the LT was excised from the left carcass side at the 8th to 10th rib 

level, and 5 × 1.5 cm thick chops were cut for further analysis. The first chop was immediately 
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vacuum-packaged and stored at -20°C for chemical analysis. Two chops were used to assess 

the quantity of purge generated during storage at 4°C for 48 h, expressed as a percentage of the 

initial sample weight (Honikel 1998). The colour was assessed after a 20 min bloom period on 

the two other chops using a CM-700d Chroma Meter (Konica, Minolta, Tokyo, Japan) in the 

CIE lightness, redness, and yellowness colour space. Three replicated measurements were 

performed on each sample. Afterward, the chops were blotted-dry weighed, vacuum-packaged, 

and then stored for 24 h at 2°C. At the end of this aging period, the meat slices were frozen and 

stored at -20°C. Within one month after slaughter, these chops were thawed for 24 h at 2–4°C 

in vacuum plastic bags, blotted dry, and weighed to assess the thaw loss. The chops were then 

cooked for 5 min on a preheated (170°C) Indu-Griddle grill (SH/GR 3500, Schöhbühl, 

Switzerland) to a core temperature of 69 ± 2°C and reweighed to determine cooking loss. After 

being kept at room temperature for 2 h, the Warner-Bratzler shear force was measured in cooked 

chops using a Texture Analyzer TA HD plus (Stable Micro Systems, Goldaming, UK) equipped 

with a 2.5-mm-thick Warner-Bratzler shear blade. 

Statistical analysis 

All calculations and statistical analyses were performed using R (version 4.0.2). The data were 

analysed with linear mixed-effect models using the “lmer” function of the lme4 package. For 

the BW analysis during lactation, starter, grower, and finisher phases, the IUGR category 

(IUGR, NORM) or BrW/LW, sex (female, castrate), and age and their two- and three-way 

interactions were considered fixed effects. The interactions were tested and removed if not 

significant. Age and piglet ID nested into the litter of origin were considered random effects 

using piglet ID nested into the litter of origin as the grouping factor. The lmer models were 

routinely checked for the normality of the residuals and the homoscedasticity. If the fixed 

factors were significant, multiple comparisons were performed using the modified Tukey test 
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from the emmeans package. For the rest of the data, the IUGR category (IUGR, NORM) or the 

BrW/LW and sex (female, castrate) were considered fixed effects and the litter of origin as a 

random effect. The two-way interaction between the two fixed effects was always tested and 

removed if not significant. The pig was considered the experimental unit.  

Data for ADG were analysed separately for the lactation, starter, grower, and finisher periods, 

and those for daily feed intake, and gain-to-feed ratio were analysed for the grower and finisher 

periods. The DXA results at weaning, at the start of the grower period, before slaughter, and of 

the carcasses were analysed separately. For the pigs whose DXA results were available at the 

start of the grower period and at slaughter, nutrient and energy content, deposition rates as well 

as energy and CP efficiency were calculated. The content of nutrient and energy in the empty 

body was calculated from the DXA output variables total mass, total lean mass, total fat mass, 

and total bone mineral content. The rates of nutrient and energy deposition were determined by 

dividing the difference in nutrient and energy content in the empty body at 100 and 20 kg of 

BW by the total nutrient and energy intake between the two DXA scans. The daily nutrient 

deposition rates were calculated by dividing the deposition by the number of days on feed 

between the two DXA scans. Energy and CP efficiency were calculated by dividing the energy 

and CP deposition between 20 and 100 kg of BW by the total energy and CP intake between 

the two DXA scans. For the haematological data, the value of the lower limit of quantification 

was considered for measurements that were quantifiable but below the value itself. Values 

below the lower limit of detection were assigned a value of 0. In addition, for the statistical 

analysis of meat quality, the day of slaughter was set as a random effect together with the litter 

of origin. The results are presented as least square means and pooled SEM. The IUGR category, 

BrW/LW and sex effects were considered different at P ≤ 0.05. 

Results  
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Intrauterine growth restriction classification  

On average, IUGR piglets had 55% greater BrW/LW (P < 0.01) and 29% lower BtW (P < 0.01) 

compared to NORM pigs (Table 1). In total, 114, 83, and 20 piglets were assigned scores 1, 2, 

and 3, respectively. Of the NORM pigs, 91% and 81% had scores of 1 and 2, respectively. The 

remaining pigs were IUGR pigs. Interestingly, 70% of the piglets with a score of 3 were NORM 

pigs, as they had a BrW/LW < 0.78 (Fig. 1). Out of the 217 pigs, 12 piglets had a BtW < 1.1 

kg; however, three were NORM pigs, which led to a misclassification of 25% of the IUGR 

piglets using the BtW classification.



51 

 

Table 1. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW), head shape, birth weight (BtW), and sex on the BrW/LW 

and the BtW. 

 BrW/LW1 Sex  P-value2 

Item IUGR NORM Female Castrate SEM3 BrW/LW Sex 

Number of pigs 32 185 115 102    

BrW/LW  0.90 0.58 0.74 0.73 0.018 < 0.001 0.45 

BtW  1.23 1.59 1.39 1.42 0.043 < 0.001 0.37 

 Head shape4 Sex  P-value5  

 Score 1 Score 2 Score 3 Female Castrate SEM Head shape Sex 

Number of pigs 114 83 20 115 102    

BrW/LW 0.58 0.66 0.76 0.67 0.66 0.032 < 0.001 0.82 

BtW 1.63 1.47 1.28 1.45 1.47 0.057 < 0.001 0.50 

 Birth weight6 Sex  P-value7  

 Low BtW Normal BtW Female Castrate SEM BtW Sex 

Number of pigs 12 205 115 102    

BrW/LW 0.87 0.61 0.74 0.74 0.041 < 0.001 0.93 

BtW 1.01 1.57 1.28 1.30 0.071 < 0.001 0.62 

 

1 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

2 P-value for the main effect of the BrW/LW and sex. 
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3 Pooled SEM. 

4 Head shape based on the morphological characteristics of the head (Chevaux et al., 2010; Hales et al., 2013; Hansen et al., 2018): score 1: “normal” piglet, score 2: mild 

intrauterine growth restriction (IUGR); score 3: severe IUGR. 

5 P-value for the main effect of head shape classification and sex. 

6 Birth weight: low BtW: piglets with BtW < 1.1kg; normal BtW: piglets with a BtW ≥ 1.1kg. 

7 P-value for the main effect of BtW and sex.
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Fig. 1. Comparison between the classification of intrauterine growth restriction (IUGR) based 

on the head shape of the piglets (score 1,2 and 3) and the classification based on the brain-to-

liver weight ratio (BrW/LW; IUGR and NORM). X-axis: IUGR: piglets with a BrW/LW ≥ 

0.78; NORM: piglets with BrW/LW < 0.78; head shape based on the morphological 

characteristics of the head (Chevaux et al., 2010; Hales et al., 2013; Hansen et al., 2018): score 

1: “normal” piglet, score 2: mild IUGR; score 3: severe IUGR. Y-axis: number of pigs (count).



54 

 

Growth performance traits from birth to slaughter  

Compared to the NORM pigs, the IUGR pigs weighed, on average, 1.1 kg less at weaning (P < 

0.01), as their ADG during lactation was 37 g/d lower (P < 0.01, Table 2). Likewise, from 

weaning to the start of the grower period, the IUGR pigs grew slower than the NORM pigs, as 

they tended to display a 27 g/d lower ADG (P = 0.07, Table 2). At the end of the starter period, 

IUGR females weighed 3.4 kg less (P < 0.01) than their NORM counterparts. By contrast, 

IUGR castrates were 2.7 kg lighter (P = 0.01) than the NORM castrates, which explains the 

significant interaction (P = 0.03) between category (IUGR and NORM) and sex. Similarly, the 

BrW/LW was inversely proportional (P < 0.01) to the ADG in both the lactation and starter 

periods (Fig. 2). At the start of the grower period (23.5 ± 1.41 kg BW [least square mean ± 

SEM]), the IUGR pigs were 4.1 days older (P = 0.03) than the NORM pigs. As the study 

progressed, the age difference between the groups continued to increase, reaching an additional 

4 days by the start of the finisher period (63.5 ± 2.53 kg BW [least square mean ± SEM]). 

However, the age difference did not further increase during finisher period, where the IUGR 

pigs at slaughter were 8 days older (P < 0.01) than the NORM pigs. Accordingly, from the start 

of the grower period to slaughter, the IUGR pigs grew 4.7% slower (P = 0.04) than the NORM 

pigs (Table 2), which was mainly due to slower (P = 0.04) growth in the grower but not in the 

finisher period. Apart from being less efficient (P = 0.01) in the finisher period, ADFI and total 

feed intake did not differ between the two groups. When considering the BrW/LW instead of 

the category, pigs with a higher ratio grew slower (P < 0.01, Fig. 2) and displayed a lower ADFI 

(P = 0.05, Supplementary Fig. S1) from the start of the grower period to slaughter. This was 

mainly due to slower growth (P < 0.01) and lower daily feed intake (P = 0.04) in the grower 

but not in the finisher period (P = 0.10, Supplementary Fig. S1). Accordingly, as the BrW/LW 

increased, the gain-to-feed ratio decreased (P = 0.01) in the grower–finisher period (Fig. 2).  
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The higher the BrW/LW, the longer (P < 0.01) it took for the pigs to reach slaughter weight. At 

the start of the grower and finisher periods, and at slaughter, the age of the pigs was positively 

correlated (P < 0.01) with the BrW/LW (Fig. 3).
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Table 2. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on growth performance traits from birth to 

slaughter. 

 BrW/LW1 Sex  P-value2 

Item3 IUGR NORM Female Castrate SEM4 BrW/LW Sex 

From birth to the start of the grower period5        

Number of pigs 32 185 115 102    

BW, kg         

At weaning 6.2 7.3 6.7 6.7 0.31 < 0.001 0.35 

At the end of the starter period6 20.3 23.4 21.6 22.1 0.84 - - 

ADG, kg/d        

Lactation 0.19 0.23 0.21 0.21 0.012 < 0.001 0.14 

Starter 0.33 0.36 0.35 0.34 0.016 0.07 0.16 

Age, d        

At weaning 25.2 25.2 25.2 25.1 0.25 0.98 0.11 

At the end of the starter period 74.2 72.3 72.8 73.7 0.90 < 0.01 0.06 

From the grower period to slaughter         

Number of pigs7 22 71 47 46    

BW, kg        

At the start of the grower period 21.4 25.5 26.4 20.5 1.41 0.73 < 0.01 

At the start of the finisher period 59.7 67.2 66.1 60.8 2.53 < 0.01 < 0.01 

At slaughter 106 114 112 107 3.5 < 0.01 < 0.01 
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ADG, g/d        

Grower period 0.81 0.85 0.79 0.87 0.028 0.04 < 0.001 

Finisher period 0.91 0.95 0.89 0.97 0.025 0.19 < 0.001 

Overall 0.86 0.90 0.84 0.92 0.024 0.04 < 0.001 

Total feed intake, kg        

Grower period 85.8 84.7 84.4 86.0 1.25 0.41 0.15 

Finisher period 129.3 129.8 126.9 132.2 3.09 0.88 0.05 

Total  215.1 214.4 211.4 218.2 3.11 0.84 0.01 

ADFI, kg/d        

Grower period 1.7 1.7 1.6 1.8 0.04 0.22 < 0.001 

Finisher period 2.7 2.7 2.5 2.8 0.06 0.51 < 0.001 

Overall 2.1 2.2 2.1 2.3 0.05 0.21 < 0.001 

Gain-to-feed         

Grower period 0.47 0.48 0.48 0.48 0.005 0.31 0.34 

Finisher period 0.34 0.35 0.35 0.34 0.004 0.01 0.08 

Overall 0.40 0.41 0.41 0.40 0.006 0.08 0.28 

Day on feed, d        

Grower period 52.2 47.9 52.9 49.0 1.53 0.07 < 0.001 

Finisher period 48.5 48.7 50.4 46.8 1.46 0.87 < 0.001 

Overall 100.4 98.1 102.9 95.6 2.33 0.24 < 0.001 

Age, d        



58 

 

At the start of the grower period 75 71 74 75 1.5 0.03 0.21 

At the start of the finisher period 127 119 124 122 2.4 < 0.001 0.19 

At slaughter 175 167 174 168 2.9 < 0.001 < 0.001 

 

1 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

2 P-value for the main effect of the BrW/LW and sex. 

3 ADG = average daily gain, ADFI = average daily feed intake. 

4 Pooled SEM. 

5 From birth to weaning the growth performance traits were determined in 217 piglets. From weaning to the start of the grower period, growth performance traits were determined 

in 215 out of 217 pigs.  

6 Significant interaction between the category (IUGR, NORM) and the sex (P = 0.03). IUGR females and castrates were lighter than their NORM counterparts (P < 0.01). 

Average BW of the IUGR females: 19.9 kg; average BW of the NORM females: 23.3 kg; average BW of the IUGR castrates: 20.8 kg; average BW of the NORM castrates: 

23.5 kg. 

7 In the grower and finisher period, the growth performance traits were determined in 93 of the 217 pigs.
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Fig. 2. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the average daily gain (ADG, g/day) of the pigs from birth to slaughter and 

the gain-to-feed (kg/kg) ratio in the grower–finisher period. X-axis: BrW/LW; y-axis: ADG of the lactation (A), starter (B), and grower–finisher 
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period (C) and gain-to-feed ratio of the grower–finisher period (D). R: Pearson correlation coefficient; p: P-value of the linear correlation. 

Regression equations: ADG lactation = (BrW/LW × (-0.20)) + 0.34; ADG starter = (BrW/LW × (-0.15)) + 0.44; ADG grower–finisher = (BrW/LW 

× (-0.14)) + 0.97; gain-to-feed ratio grower–finisher = (BrW/LW × (-0.04)) + 0.43. 



61 

 

 

Fig. 3. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the age (days) of the pigs from the starter period to slaughter. X-axis: 

BrW/LW; y-axis: age at the end of the starter period (A), at the start of the grower period (B), at the start of the finisher period (C), at slaughter 



62 

 

(D). R: Pearson correlation coefficient; p: P-value of the linear correlation. Regression equations: age at the end of the starter period = (BrW/LW 

× 5.39) + 69.3; age at the start of the grower period = (BrW/LW × 7) + 68.6; age at the start of the finisher period = (BrW/LW × 27.4) + 104.1; 

age at slaughter = (BrW/LW × 30.5) + 150.7.
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Empty body composition  

Regardless of sex, the total bone mineral density, the total bone mineral content, the total lean 

and fat mass in the empty body were lower at weaning (P < 0.01) in the IUGR pigs compared 

to the NORM pigs (Table 3). However, when these variables were expressed as percentages of 

the BW, only the total bone mineral density differed between the two groups, showing a higher 

(P < 0.01) value in the IUGR pigs. Similarly, the total bone mineral density, the total bone 

mineral content, the total lean and fat mass in the empty body decreased (P < 0.01) as the 

BrW/LW increased. However, when these variables were expressed as a percentage of the BW, 

only the total bone mineral density was affected by the BrW/LW, showing a positive correlation 

(P < 0.01) with the ratio (Fig. 4). The ash content (P = 0.06, Table 4) in the empty body tended 

to be lower in the IUGR pigs than in the NORM pigs at 20 kg but not at 100 kg. In contrast, 

neither at 20 kg nor at 100 kg BW did empty BW, energy, water, CP, and lipid content differ 

between IUGR and NORM pigs (Table 4). Except for the daily CP deposition rate that tended 

(P = 0.08) to be lower in the IUGR pigs than in the NORM pigs, the daily energy and fat 

deposition rates were similar between the two groups. Due to the numerically greater CP intake 

(P = 0.15) and the numerically lower CP content (P = 0.10) in the empty body at 100 kg BW, 

the CP efficiency of IUGR pigs was lower (P < 0.01) than that of the NORM pigs. Regarding 

the BrW/LW, the ash content in the empty body decreased (P < 0.01) with an increase in the 

ratio at 20 kg but not at 100 kg of BW (Fig. 4). In the grower–finisher period, except for the 

daily CP deposition rate, which was inversely proportional (P < 0.01) to the BrW/LW (Fig. 5), 

the daily energy and fat deposition rate were not affected by the ratio. The CP intake tended to 

increase (P = 0.07) and the CP content in the empty body decreased (P < 0.01) with a higher 

BrW/LW (Fig. 5). As a consequence, the CP efficiency was negatively correlated (P < 0.01) 

with the BrW/LW (Fig. 5).
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Table 3. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on total and relative bone mineral density, bone 

mineral content, lean, and fat mass at weaning. 

 BrW/LW1 Sex P-value2 

Item IUGR NORM Female Castrate SEM3 BrW/LW Sex 

Number of pigs 32 185 115 102    

BW, g 6 233 7 345 6 877 6 701 285.0 < 0.001 0.20 

Bone mineral density, g/cm3 0.35 0.37 0.36 0.36 0.007 < 0.001 0.70 

Bone mineral content, g  137 161 150 147 6.0 < 0.001 0.19 

Lean mass, g 5 385 6 350 5 947 5 788 244.0 < 0.001 0.17 

Fat mass, g 710 835 780 766 45.9 < 0.001 0.53 

Expressed as % of total body mass        

Total bone mineral density, % 0.006 0.005 0.006 0.006 0.0002 < 0.001 0.53 

Bone mineral content, % 2.22 2.22 2.21 2.21 0.036 0.34 0.90 

Lean mass, % 86.5 86.5 86.6 86.5 0.39 0.90 0.57 

Fat mass, % 11.2 11.3 11.2 11.3 0.40 0.82 0.56 

 

1 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

2 P-value for the main effect of the BrW/LW and sex.  

3 Pooled SEM.
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Fig. 4. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the body composition of the pigs at weaning and at 20 kg of BW. X-axis: 

BrW/LW; y-axis: percentage (%) of the total bone mineral density (g/cm2) on the BW at weaning (A); ash content (kg) in the empty body at 20 kg 

BW (B). R: Pearson correlation coefficient; p: P-value of the linear correlation. Regression equations: percentage of the total bone mineral density 

= (BrW/LW × 3.630e-05) + 3.152e-05; ash = (BrW/LW × (-67)) + 500.5.fi
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Table 4. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on the content of single nutrients in the empty 

body at 20 kg and 100 kg. 

 BrW/LW1 Sex  P-value2 

Item3 IUGR NORM Female Castrate SEM4 BrW/LW Sex 

Number of pigs5 20 70 46 44    

Total intake        

Feed, kg 205.0 200.9 199.2 206.8 2.71 0.16 < 0.01 

CP, kg 30.3 29.7 29.4 30.5 0.39 0.15 < 0.01 

DE, MJ 2 809 2 752 2 728 2 833 37.1 0.16 < 0.01 

NE, MJ 2 052 2 010 1 993 2 069 27.2 0.16 < 0.01 

Empty body, kg        

At 20 kg  18.6 18.4 18.6 18.5 0.36 0.72 0.75 

At 100 kg  107.9 108.7 107.3 109.3 0.10 0.51 0.03 

Gross energy, MJ/pig        

At 20 kg  140 139 140 139 3.9 0.65 0.64 

At 100 kg  1 324 1 303 1 370 1 434 22.1 0.34 < 0.001 

Water, kg/pig        

At 20 kg  12.7 12.6 12.7 12.6 0.21 0.73 0.79 

At 100 kg  59.6 60.7 60.5 59.8 0.64 0.10 0.19 

Ash, kg/pig        

At 20 kg  0.46 0.46 0.46 0.45 0.008 0.06 0.13 
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At 100 kg  2.96 3.03 3.06 2.93 0.073 0.31 < 0.01 

CP, kg/pig        

At 20 kg  2.6 2.5 2.6 2.5 0.06 0.73 0.79 

At 100 kg  16.3 16.7 16.6 16.4 0.19 0.10 0.19 

Lipids, kg/pig        

At 20 kg  1.9 1.9 1.9 1.9 0.06 0.61 0.58 

At 100 kg  23.0 22.3 21.1 24.2 0.57 0.21 < 0.001 

Daily nutrient and energy deposition 

Fat g/d 210 208 186 231 8.6 0.79 < 0.001 

CP, g/d 136 141 134 144 3.3 0.08 < 0.001 

Gross energy, MJ/d 12 12 11 13 0.4 0.84 < 0.001 

Nutrient and energy efficiency6         

CPeff 0.46 0.48 0.48 0.46 0.007 < 0.01 < 0.001 

DEeff 0.42 0.43 0.41 0.44 0.007 0.63 < 0.001 

NEeff 0.58 0.58 0.56 0.60 0.010 0.63 < 0.001 

 

1 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

2 P-value for the main effect of the BrW/LW and sex. 

3 CP = crude protein; DE = digestible energy; NE = net energy. 

4 Pooled SEM. 

5 At 100 kg of BW, the Dual-energy X-ray absorptiometry (DXA) scan was not available for three of the 93 pigs. The content of single nutrients, nutrients deposition rate and 

efficiency were determined for the 90 pigs scanned with DXA at both 20 kg and 100 kg of BW. 
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6 CPeff = expressed as deposited CP between the two DXA scans divided by total CP intake in the same period; DEeff = expressed as deposited gross energy between the two 

DXA scans divided by total DE intake in the same period; NEeff = expressed as deposited gross energy between the two DXA scans divided by total NE intake in the same 

period.
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Fig. 5. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the CP intake (kg/day), deposition rate (g/day), and efficiency (%) in the 

grower–finisher period and serum urea concentration (mmol/dL) of the pigs at slaughter. X-axis: BrW/LW; y-axis: CP intake (A), deposition rate 

(B), and efficiency (C) in the grower–finisher period and serum urea concentration at slaughter (D). R: Pearson correlation coefficient; p: P-value 

of the linear correlation. Regression equations: CP intake = (BrW/LW × 1843) + 28 578; CP deposition rate = (BrW/LW × (-15.7)) + 149.9; CP 

efficiency = (BrW/LW × (-0.05)) + 0.51; serum urea concentration = (BrW/LW × 1.29) + 3.37.
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Blood metabolite traits and blood cell count  

At slaughter, the lymphocyte count tended to be higher (P = 0.09) and the monocyte counts 

were higher (P < 0.01) for the IUGR category compared to the NORM group (Table 5). For the 

glucose and haemoglobin concentration in the serum and the red blood cell count, despite the 

significant interaction (P ≤ 0.02) between the category and the sex, the multiple mean 

comparisons between IUGR and NORM females and castrates were not significant (Table 6). 

The other parameters, including urea concentration, non-esterified fatty acids, haematocrit, 

mean corpuscular haemoglobin, mean corpuscular haemoglobin concentration, mean 

corpuscular volume, granulocytes count, and platelets count, showed similar values between 

the IUGR and NORM categories (Table 5).  

When considering the BrW/LW, the serum urea tended to increase (P = 0.09) as the BrW/LW 

increased at slaughter (Fig. 5). The monocyte count was positively correlated (P < 0.01) with 

the ratio (Fig. 6). For the castrated pigs, as the BrW/LW increased, the haemoglobin 

concentration in the blood (P = 0.05) and the red blood cell count (P < 0.01) increased (Fig. 6). 

For high values of the BrW/LW, females displayed a lower haematocrit (P = 0.02) compared 

to the castrates (Fig. 6). Serum insulin was detectable in just 67 out of 90 pigs (in 76% of the 

IUGR and 73% of the NORM category). For these animals, the insulin concentration did not 

differ between IUGR and NORM pigs (Table 5). However, the insulin concentration in the 

serum tended to be positively correlated (P = 0.08) with the BrW/LW (Fig. 7).  

Regardless of the IUGR status, the blood metabolite traits and blood cell counts were within 

normal ranges (Ježek et al., 2018; Etim et al., 2014; Chmielowiec-Korzeniowska et al., 2012) 

with the exception of slightly elevated levels of red blood cells, lymphocytes, and glucose 

concentration.   
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Table 5. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on the blood metabolite traits, blood cell count, 

and insulin concentration at slaughter1.  

 BrW/LW2 Sex  P-value3 

Item IUGR NORM Female Castrate SEM4 BrW/LW Sex 

Number of pigs5 21 70 47 44    

Urea, mmol/L 4.33 4.19 3.77 4.75 0.221 0.50 <0.001 

Non-Esterified Fatty Acids, mmol/L 0.184 0.167 0.177 0.175 0.0364 0.62 0.95 

Haematocrit, % 49.1 48.9 48.5 49.4 0.91 0.81 0.15 

Mean corpuscular haemoglobin, p/g 16.8 16.7 16.6 16.8 0.21 0.62 0.22 

Mean corpuscular haemoglobin 

concentration, g/dL 

30.9 30.9 31.1 30.7 0.17 0.60 
0.01 

Mean corpuscular volume, fL 54.4 54.2 53.6 54.9 0.72 0.72 0.01 

Granulocytes, 109 cells/L 5.69 5.09 5.15 5.63 0.449 0.16 0.16 

Lymphocytes, 109 cells/L 16.0 14.5 15.4 15.0 0.81 0.09 0.59 

Monocytes, 109 cells/L 0.205 0.139 0.173 0.170 0.0164 < 0.001 0.86 

Platelets, 109 cells/L 388 398 397 389 30.1 0.72 0.72 

White blood cells, 109 cells/L 18.9 18.4 18.5 18.7 0.57 0.40 0.75 

Number of pigs6 22 68 45 45    

Insulin, mU/L 7.98 5.36 6.57 6.77 1.63 0.13 0.89 

 

1 The pigs were slaughtered at 110 kg BW. 
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2 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

3 P-value for the main effect of the BrW/LW and sex. 

4 Pooled SEM. 

5 For two of the 93 pigs, it was not possible to collect the blood at slaughter and to perform the blood metabolite traits and blood cell count analysis. 

6 For one of the 91 pigs from which the blood was collected at slaughter it was not possible to perform the insulin concentration analysis. For 23 of the 90 samples analysed, the 

insulin concentration was not detectable in the serum and was assigned a value of 0.
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Table 6. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on the blood glucose, haemoglobin, and red 

blood cell count at slaughter1.  

 BrW/LW2  P-value3 

 Females  Castrates      

 IUGR NORM IUGR NORM SEM BrW/LW Sex BrW/LW x 

Sex4 

Number of pigs 11 36 10 34     

Glucose, mmol/L 7.59 8.39 9.43 7.65 0.794 0.32 0.06 0.02 

Haemoglobin, g/dL 14.7 15.1 15.6 14.9 0.33 0.19 0.02 0.02 

Red blood cells, 1012 cells/L 8.85 9.14 9.31 8.92 0.175 0.11 0.04 < 0.01 

 

1 The pigs were slaughtered at 110 kg BW. 

2 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

3 P-value for the main effect of the BrW/LW, sex, and the two-way interaction (BrW/LW × Sex). 

4 Significant interaction between the category (IUGR, NORM) and the sex (P < 0.05) but not significant multiple mean comparisons between IUGR and NORM females and 

castrates for glucose, haemoglobin, and red blood cell count.
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Fig. 6. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the haemoglobin serum concentration (g/dL), haematocrit value (%), 

monocytes (109 cells/L) and red blood cell (1012 cells/L) counts of the pigs at slaughter. X-axis: BrW/LW; y-axis: haemoglobin serum concentration 
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(A), haematocrit value (B), monocytes (C), and red blood cell counts in the serum (D). R: Pearson correlation coefficient; p: P-value of the linear 

correlation. Regression equations: serum haemoglobin concentration = (BrW/LW × 1.48) + 14.2; haematocrit = (BrW/LW × 4.51) + 46.2; 

monocytes count = (BrW/LW × 0.13) + 0.07; red blood cell count = (BrW/LW × 0.77) + 8.57.
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Fig. 7. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on serum insulin (mu/L) of 

the pigs at slaughter. X-axis: BrW/LW; y-axis: serum insulin concentration: Pearson correlation 

coefficient; p: P-value of the linear correlation. Regression equations: serum insulin = 

(BrW/LW × 7.02)) + 1.23.
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Carcass composition and meat quality 

Carcass weight, energy, water, ash, CP, and lipid content did not differ between the IUGR and 

NORM pigs (Supplementary Table S4). Likewise, no significant differences were detected 

when testing the effect of the BrW/LW on the composition of the carcasses. 

In the IUGR category, the lightness of the LT muscle was lower (P = 0.01) while the shear 

force was increased (P < 0.01) compared to the NORM group (Supplementary Table S4). The 

other traits did not show significant differences between the two groups. Likewise, the BrW/LW 

was inversely proportional (P < 0.01) to the lightness of the LT muscle (Supplementary Fig. 

S2). In addition, the cooking loss tended to be negatively correlated (P = 0.09) with the 

BrW/LW (Supplementary Fig. S2). 

Discussion 

Intrauterine growth restriction identification 

In this study, the BrW/LW, BtW, and head morphology at birth were considered as traits to 

identify IUGR piglets. Our results showed a discrepancy between the three methods. Based on 

our assumption that a piglet with a BrW/LW > 0.78 is IUGR, some piglets were classified 

differently using the phenotypic scoring systems. If BrW/LW is thought to be the optimal 

measure to identify IUGR, these findings support the hypothesis that the identification of IUGR 

piglets only based on the head morphology and/or BtW does not always agree with an increased 

BrW/LW. Indeed, a low BtW does not necessarily imply an IUGR condition, even if the IUGR 

condition is generally associated with a low BtW (Gupta et al., 2008; De Vos et al., 2014). The 

classification of IUGR based on head shape can be subjective and may depend on the observer. 

There is a greater probability of variance in observations when the judgement is subjective. In 

addition, the head morphology of piglets can be correlated to their parents' features or specific 
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breed traits. There are natural variations in facial characteristics, unrelated to pathology, that 

arise as a result of domestication and subsequent selective pressures (Chakraborty et al., 2021; 

Wilkinson et al., 2013). In contrast, the identification of IUGR piglets based on increased 

BrW/LW may be considered as objective, as it is the direct consequence of the brain-sparing 

effect.  

To our knowledge, this is the first study to identify IUGR piglets based on BrW/LW. Therefore, 

it is challenging to compare the present results with those obtained with other IUGR 

classifications, either head shape or low BtW. As mentioned before, constituting groups based 

on head shape or BtW may result in groups containing a mix of IUGR and normal piglets. In 

the following discussion, the method of determining the IUGR condition will be reported when 

comparing the characteristics and effects of IUGR between studies. In addition, the two 

categories used in the present study (IUGR and NORM) were defined based on a threshold set 

according to the distribution of the population studied. Nevertheless, this binary classification 

is a simpler model of a condition that has varying degrees of severity. One could argue for a 

lower or higher threshold for BrW/LW, and changing the threshold may have an impact on the 

final results. The present discussion will, therefore, not only cover the effects of the IUGR 

category on the different parameters but will also present the general trend reflected by the 

correlation between the parameters and the BrW/LW. 

Effect of intrauterine growth restriction on growth and average daily gain 

In this study, the IUGR pigs showed reduced ADG in the lactation and grower phases, even 

though the feed intake was similar between the two groups in the grower phase. During the 

starter period, the IUGR pigs tended to have a lower ADG compared to the normal group. In 

addition, the BrW/LW was negatively correlated with the ADG from birth to slaughter, with a 

decreasing effect with time. Similarly, in the study of Alvarenga et al. (2012), the IUGR pigs, 
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defined by their low BtW, displayed a lower ADG from birth to the grower phase compared to 

their normal littermates. In the finisher period, despite a lower gain-to-feed ratio in the IUGR 

category, the ADG was similar between the IUGR pigs and the NORM pigs. Our results 

complied with those of Alvarenga et al. (2012), who described a similar ADG on day 150 

between IUGR and normal pigs. Moreover, the study of Gondret et al. (2005) showed a 

decreasing effect of BtW on ADG over time. Santos et al. (2022), on the contrary, observed a 

reduction in both the BW and the ADG from birth to slaughter in the IUGR group, defined by 

a LBtW. However, the differences observed in the studies may be attributed to the different 

techniques used to define IUGR piglets (BtW, head shape, and brain-to-organ weight ratio). In 

this study, the IUGR pigs were 8 days older than the NORM pigs at slaughter. Moreover, as the 

BrW/LW increased, the age at which the pigs reached the target slaughter weight increased. 

Our findings comply with the results of previous studies (Gondret et al., 2005) showing that 

IUGR pigs require more days to reach slaughter weight compared to their normal littermates. 

This prolonged time results in an increase in management costs and a reduction in the 

production efficiency (Díaz et al., 2017).  

Effect of intrauterine growth restriction on body composition 

In the current experiment, there was no difference between IUGR and NORM pigs in the bone, 

lean, and fat tissue when expressed as a percentage of the BW. Similarly, the BrW/LW did not 

affect the body composition at weaning. This complies with the study of Lynegaard (2020), in 

which no differences in fat or muscle percentage were found in relation to BW at 24 days of 

age between the IUGR group (defined by their head shape) and the NORM group. On the 

contrary, using BtW as a classification criterion, Amdi et al. (2012) showed an increased 

percentage of fat tissue in low-BtW (1.1 kg) piglets compared to medium-BtW (1.5 kg) and 

high-BtW (1.8 kg) piglets at 28 days of age. Neither the absolute nor the relative (expressed per 
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empty BW) CP and lipid mass and energy content of the empty body differed at 20 kg and 100 

kg BW and in the carcasses between the IUGR and NORM groups. However, the ash content 

in the empty body tended to be lower in the IUGR group at 20 kg BW. Despite a similar energy, 

fat, and CP deposition rate in the grower–finisher period, the IUGR category showed a lower 

CP efficiency. When considering the effect of the BrW/LW, the latter was negatively correlated 

to both the CP deposition rate and CP efficiency in the grower–finisher period. The results 

regarding body composition in IUGR pigs are not consistent. Several studies have reported that 

pigs with a LBtW had a decreased percentage of muscle and an increased percentage of body 

fat than their heavier littermates at slaughter (Zhang et al., 2022; Krueger et al., 2014; Gondret 

et al., 2006). On the contrary, no effect of BtW on fat deposition was observed in other studies 

of low- and high-birth BW pigs (Nissen and Oksbjerg, 2011; Gondret et al., 2005). 

Effect of intrauterine growth restriction on blood biochemistry and blood cell 

count 

The urea concentration in the serum is negatively correlated with the efficiency of nutrient 

utilisation and the deposition of lean tissue (Whang and Easter 2000). For this reason, it can be 

used as a marker of CP efficiency in pig production. In the present study, the IUGR pigs were 

less CP-efficient in the grower–finisher period. In addition, the BrW/LW was negatively 

correlated to the CP deposition rate in the grower–finisher period, and the urea concentration at 

slaughter tended to increase as the BrW/LW increased. Using the BtW as a classification 

criterion, Zhang et al. (2018) showed significantly increased levels of urea nitrogen in IUGR 

pigs at 160 days of age. Similarly, Li et al. (2021) detected a high plasma urea concentration in 

the portal vein of IUGR pigs, defined by a LBtW, compared to normal pigs at 85 days of age.  

In this study, the serum insulin concentration tended to be positively correlated with the 

BrW/LW. This complies with the study of Yan et al. (2015) in which the IUGR pigs, identified 
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by a LBtW, showed increased fasting plasma insulin levels at 178 days of age, independent of 

postnatal nutrition. Nevertheless, the pigs were slaughtered after 16 h of feed withdrawal in this 

study, and the insulin concentration was not detectable and consequently assigned a value of 0 

in the serum of 23 animals, perhaps as a consequence of their fasted status. For these reasons, 

our results regarding serum insulin concentration at slaughter must be interpreted with caution. 

Effect of intrauterine growth restriction on meat quality 

The results regarding the colour of the LT muscle are not consistent. Our findings agree with 

those of Matyba et al. (2021), in which the LT was darker in the IUGR group. Pigs affected by 

IUGR, identified according to their LBtW, show a higher number of type I compared to type II 

fibres in the skeletal muscle (Felicioni et al., 2020). Type I fibres contain more myoglobin (Yu 

at al. 2017) and this could explain the darker colour of the meat in the IUGR group. Indeed, the 

BrW/LW was negatively correlated with the lightness of the LT muscle in this study. The 

reduced lightness resulting from IUGR may have a negative effect on consumer perception, 

although it remains unclear whether the different colour is indeed perceived by the consumer. 

In contrast, in the study by Li et al. (2015), the muscle of the IUGR pigs was lighter. The 

differences observed among studies may be attributed not just to the different techniques used 

to define IUGR piglets but also to the different ages at which the animals were slaughtered (day 

170 in our study and 200 and 188 in the studies of Li et al., and Matyba et al., respectively). 

Latorre et al. (2003) showed that pigs slaughtered at 160 days had a lower redness score and 

intensity of the colour of the LT muscle compared to pigs slaughtered at 175 days. This result 

is in line with the study of Virgili et al. (2003), who found that older pigs produced a redder 

and darker semimembranosus muscle. 

In conclusion, our study used the BrW/LW to characterise the physiological traits of IUGR 

piglets. Our results showed that IUGR identification based on head shape or BtW may lead to 
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inaccurate classification, as these characteristics are not always consistent with an increased 

BrW/LW. Moreover, this study demonstrated that the BrW/LW is inversely proportional to 

ADG from birth to slaughter and the gain-to-feed ratio in the grower–finisher period. From the 

start of the grower period to slaughter, the BrW/LW was negatively correlated with the CP 

deposition rate and CP efficiency and positively correlated with the urea and insulin (P = 0.08) 

concentration in the serum at slaughter. In general, the higher the BrW/LW, the longer it took 

for the pigs to reach the target slaughter weight of 110 kg. The BrW/LW did not affect the 

proportion of lean, fat, and bone mineral content, but the meat was darker as the BrW/LW 

increased. For these reasons, the IUGR pigs represent a great economic loss for swine 

producers, and the development of breeding and management strategies to reduce the frequency 

of IUGR will be of great importance in pig production. 

Ethics approval  

The experimental procedures complied with the Swiss animal welfare guidelines and were 

approved (experimental approval number 32751) by the Cantonal Veterinary Office of Fribourg 

(Switzerland).
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Supplementary material 

Supplementary Table S1. Piglets selected for euthanasia. 

 Number of pigs 

Item Total Females Males 

Category1    

Category 1 10 4 6 

Category 2 10 7 3 

Category 3 10 5 6 

BtW2    

Low BtW 12 5 7 

Norm BtW 18 10 8 

Head shape3    

Score 1 20 10 10 

Score 2 2 1 1 

Score 3  8 4 4 

 

1 Category: category 1: piglets with a birth weight (BtW) < 1.1 kg; category 2: piglets with a BtW ≥ 1.1 and < 1.8 kg; category  3: piglets with a BtW ≥ 1.8. 

2 BtW: low BtW: piglets with a BtW < 1.1kg; normal BtW: piglets with a BtW ≥ 1.1kg. 

3 Head shape based on the morphological characteristics of the head (Chevaux et al., 2010; Hales et al., 2013; Hansen et al., 2018): score 1: “normal” piglet, score 2: mild 

intrauterine growth restriction (IUGR); score 3: severe IUGR.
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Supplementary Table S2. Piglets selected for fattening. 

 
Females Males BtW-range1 

Number of pigs2 48 48 0.83 kg – 2.16 kg 

Score 1  23 20 0.99 kg – 2.16 kg 

Score 2  17 22 0.96 kg – 2.16 kg 

Score 3 8 6 0.83 kg – 1.3 kg 

 

1 Range of birth weight (BtW). 

2 Selection of the piglets (n = 96) for the grower-finisher period.
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Supplementary Table S3. Ingredients and gross chemical composition of the pre/early post-weaning, starter, grower, and finisher diet administered 

to the pigs. 

 
Pre/early postweaning diet1 Starter diet2 Grower diet3 Finisher diet4 

Ingredients (%)     

Wheat, ground  40.413 44.550 50.000 50.000 

Corn, ground 14.185 1.570 - - 

Potato proteins  7.243 8.026 - - 

Oats, ground 6.162 10.000 - - 

Beet pulp 5.842 5.202 5.923 5.961 

Soybean meal 5.361 3.746 11.555 6.104 

Whey permeate 5.000 5.000 - - 

Barley, ground 3.636 3.470 26.584 32.418 

Rapeseed oil 2.500 3.864 - - 

Rapeseed meal   0.711 1.371 

Oats flakes  2.000 2.000 - - 

Apple pomace, dried 2.000 8.560 - - 

Animal fat RS 6 - - 1.530 1.353 

Chestnut extract5 2.000 - - - 

Calcium formate 0.800 1.000 - - 

Monocalcium phosphate 0.487 0.486 - - 

Dicalcium phosphate - - 1.417 0.913 
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Wheat barn - 0.560 - - 

Wheat meal 0.400 - - - 

Vitamin-mineral premix 

starter6 
0.400 

0.400 - - 

Vitamin-mineral premix 

fattening7 
- 

 0.400 0.400 

Lysine pure 0.392 0.394 - - 

L-Lysine HCL - - 0.397 0.275 

Salt 0.391 0.544 0.307 0.254 

Pellan8 0.300 0.300 0.300 0.300 

Greencab-70-C9 0.200 0.200 - - 

Calcium carbonate 0.165 - 0.725 0.588 

Threonine pure  0.087 0.088 - - 

L-Threonine - - 0.103 0.057 

Methionine 98% 0.016 0.020 - - 

DL-Methionine - - 0.047 0.005 

Luctarom10 0.010 0.010 - - 

Natuphos 5000 G11 0.010 0.010 - - 

Gross chemical composition 

analysed (g/kg as fed) 
 

   

DM 45 46 54 45 
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CP 170 170 158 140 

Fat 46 58 31 30 

Crude fibre 50 50 40 40 

Digestible energy (MJ/kg) 14 14.0 13.7 13.7 

Lysine  11 11.5 9.7 7.6 

Methionine  3.1 3.1 2.8 2.2 

Threonine 7.5 7.5 6.2 5.1 

Tryptophan  1.9 2.0 1.8 1.6 

Calcium 5.8 5.8 8 6.1 

Phosphorus 4.5 4.4 6.4 5.4 

Sodium 1.9 2.5 1.3 1.1 

Vitamin A (IE/kg) 8000 8000 4000 4000 

Vitamin D3 (IE/kg) 1000 1000 400 400 

Vitamin E 25 25 65 65 

Iodine (mg/kg) 0.15 0.15 0.15 0.15 

Manganese (mg/kg) 10 10 10 10 

Copper (mg/kg) 6 6 4 4 

Zinc (mg/kg) 75 75 55 55 

Selenium (mg/kg) 0.20 0.20 0.15 0.15 

 

1 Diet for the piglets from 15 days after birth to 14 days post-weaning, formulated and produced by Agroscope according to the Swiss feeding recommendations for pigs. 

2 Diet for the piglets from 14 days postweaning to 20 kg BW, formulated and produced by Agroscope according to the Swiss feeding recommendations for pigs. 
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3 Diet for pigs from 20kg to 60 kg of BW, formulated and produced by Agroscope according to the Swiss feeding recommendations for pigs. 

4 Diet for pigs from 60kg of BW to slaughter, formulated and produced by Agroscope according to the Swiss feeding recommendations for pigs. 

5 Chestnut extract (containing 54% of hydrolysable tannins) provided by Silvateam (Silvafeed Nutri P/ENC for 

Swine; Italy). 

6 Supplied per kg of diet: vitamin A, 8000 IU; vitamin D3, 1000 IU; vitamin E, 25 mg; menadione, 3 mg; thiamine, 2 mg; riboflavin, 5 mg; biotin, 0.1 mg; niacin, 20 mg; 

pantothenic acid, 15 mg; iron, 80 mg as iron sulphate monohydrate; iodine, 0.15 mg as calcium iodate; copper, 6 mg as copper sulphate; manganese, 10 mg as manganese oxide; 

zinc, 75 mg as zinc oxide; selenium, 0.2 mg as sodium selenite. 

7 Supplied per kg of diet: Vitamin A, 4000 IU; vitamin D3, 400 IU; vitamin E, 65 IU; choline, 200 mg; vitamin B6, 3 mg; folic acid 0.5 mg; menadione, 1 mg; thiamine, 2 mg; 

riboflavin, 3 mg; biotin, 50.4 µg; niacin, 15 mg; pantothenic acid, 15.1 mg; iron, 20.1 mg; iodine, 0.15 mg; copper, 4 mg; manganese, 10 mg; zinc, 55.1 mg; selenium, 0.15 mg. 

8 Pellet binding aid: Pellan, Mikro-Technik, Bürgstadt, Germany. 

9 Coated calcium butyrate: Greencab 70-c, Brenntag; Denmark. 

10 Luctarom, Lucta; Montornès del Vallès, Spain. 

11 Phytase; 500 units of aspergillus niger phytase/kg diet; 1 phytase unit corresponds to the amount of enzyme that releases 1 μmol P from 5 mM phytate/min at pH 5.5 and 

37˚C. 
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Supplementary Table S4. Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) and sex on the energy and nutrient 

content of the carcass and meat quality traits of the longissimus thoracis (LT) muscles. 

 BrW/LW1 Sex  P-value2 

Item3 IUGR NORM Female Castrate SEM4 BrW/LW Sex 

Number of carcasses5 19 69 47 41    

Carcass weight, kg 87.5 88.1 86.9 88.8 0.74 0.45 < 0.01 

Gross energy, MJ 1113 1107 1053 1167 22.3 0.77 < 0.001 

Water, kg 49.4 49.9 50.1 49.1 0.59 0.37 0.03 

Ash, kg 3.06 3.10 3.13 3.02 0.050 0.38 < 0.001 

CP, kg 14.9 15.1 15.2 14.9 0.19 0.39 0.03 

Lipids, kg 20.3 20.1 18.7 21.8 0.61 0.74 < 0.001 

Number of longissimus thoracis 

samples6 

21 70 47 44    

pH 1 6.75 6.78 6.73 6.81 0.080 0.72 0.30 

pH 24 5.57 5.56 5.57 5.56 0.034 0.69 0.55 

Temperature 1  33.9 33.9 33.6 34.2 0.309 0.97 0.02 

Temperature 24 3.45 3.36 3.33 3.48 0.116 0.32 0.04 

Meat colour        

Lightness 56.8 57.8 56.6 57.9 0.644 0.01 < 0.001 

Redness 2.56 2.60 2.29 2.87 0.244 0.84 < 0.01 

Yellowness 12.4 12.6 12.1 12.9 0.301 0.27 < 0.001 
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Water holding capacity         

Drip loss, %  2.26 2.51 0.03 0.04 0.189 0.17 0.25 

Purge loss, %  3.43 3.48 3.40 3.51 0.213 0.75 0.41 

Cooking loss, % 20.90 21.70 21.90 20.80 0.894 0.18 0.03 

Shear force, N 54.8 48.2 53.0 50.0 2.32 < 0.01 0.08 

 

1 BrW/LW: IUGR: piglets with a BrW/LW ≥ 0.78; NORM: piglets with BrW/LW < 0.78. 

2 P-value for the main effect of the BrW/LW and sex. 

3 pH 1: muscle pH at 45 min postmortem; pH 24: muscle pH at 24 h postmortem; temperature 1: muscle temperature at 45 min postmortem; temperature 24: muscle temperature 

at 24 h postmortem; drip loss: drip loss 24 h postmortem; purge loss: purge loss during maturation. 

4 Pooled SEM. 

5 After slaughter, the Dual-energy X-ray absorptiometry (DXA) scan was not available for five of the 93 carcass halves. The content of single nutrients was determined for the 

88 carcasses scanned with DXA after slaughter. 

6 For two of the 93 pigs, it was not possible to perform the meat quality analysis.
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Supplementary Fig. S1. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on the average daily gain (ADG, g/day) and average daily 

feed intake (ADFI, kg/day) of the pigs in the grower-finisher period. X-axis: BrW/LW; y-axis: ADFI in the grower (A) and finisher period (B); 
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average daily gain (ADG) in the grower (C) and finisher period (D). R: Pearson correlation coefficient of the linear correlation; p: P-value of the 

linear correlation. Regression equations: ADG grower = (BrW/LW * (-0.17)) + 0.94; ADG finisher = (BrW/LW * (-0.11) + 1; ADFI grower = 

(BrW/LW * (-115.5) + 1773.9; ADFI finisher = (BrW/LW * (-61.1)) + 2713.  



94 

 

 

Supplementary Fig. S2. Effect of the brain-to-liver weight ratio (BrW/LW) and sex on meat quality of the pigs. X-axis: BrW/LW; y-axis: lightness 

(L*) value of the longissimus thoracis (LT) muscle (A); cooking loss (%) determined in the LT muscle (B); R: Pearson correlation coefficient; p: 

P-value of the linear correlation. Regression equations: L* = (BrW/LW × (-2.62)) + 59.4; cooking loss = (BrW/LW × (-0.05)) + 0.25.  



95 

 

4. Manuscript II 

Morphometric traits to estimate brain and liver weight and their 

ratio for the diagnosis of intrauterine growth restriction in 

newborn piglets  

R. Ruggeria, b, G. Beea, P. Trevisi b, C. Ollagniera  

a Swine Research Unit, Agroscope, Route de la Tioleyre 4, 1725 Posieux, Switzerland 

b Department of Agricultural and Food Sciences (DISTAL), University of Bologna, viale G 

Fanin 44, 40127 Bologna, Italy 

Abstract  

Intrauterine growth restriction (IUGR) is defined as inadequate foetal growth during gestation. 

In response to placenta insufficiency, IUGR piglets prioritise brain development as a survival 

mechanism. This adaptation leads to a higher brain-to-liver weight ratio (BrW/LW) at birth. 

This study assessed the potential of using morphometric traits to estimate brain (BrW) and liver 

(LW) weights, thus enabling non-invasive diagnosis of IUGR in newborn piglets. At birth, the 

birth body weight (BtW) of individual piglets (n = 144) was recorded. One day (±1) after birth, 

BrW and LW were measured with CT (n = 94) or by weighing the organs after natural death 

or euthanasia (n = 50). Additionally, 20 morphometric traits were captured from images of each 

piglet and correlated with the BrW and LW. The morphometric traits that showed a Pearson 

coefficient ≥0.70 in linear correlation with the BrW or LW were selected. Each selected trait 

was then combined as an independent variable with BtW to develop multiple linear regression 

models to predict the BrW and LW. The six models (three to estimate the BrW and three the 
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LW) with the highest adjusted R-squared value were selected. The dataset was then randomly 

divided into a training (75% of the data) and a testing (remaining 25%) subset. Within the 

training subset, three equations to predict the BrW and three to predict the LW were 

extrapolated from the six best-performing models (highest adjusted R-squared value). The 

equations were then applied to the testing subset. The accuracy of the equations in predicting 

organ weight was assessed by calculating mean absolute and mean absolute percentage error 

(MAE and MAPE) between predicted and actual BrW and LW. To predict the BrW/LW, an 

equation including BtW and the two morphometric traits which better predicted BrW and LW 

was used. In the testing dataset, the equation combining the ear distance and BtW better 

estimated the BrW. The equation performed with a MAE of 1.95 and a MAPE of 0.06 between 

the true and estimated weight of the brain. For the liver, the equation combining the abdominal 

area delimited by a square and the BtW displayed the best performance, with a MAE of 9.29 

and a MAPE of 0.17 between the true and estimated weight. Finally, the MAE and MAPE 

between the actual and estimated BrW/LW were 0.14 and 0.17, respectively. These findings 

suggest that specific morphometric traits can be used to estimate brain and liver weights, 

facilitating accurate and non-invasive identification of IUGR in newborn piglets. 

Implications 

Selection to improve sows’ prolificacy has led to an increased percentage of piglets exposed to 

IUGR. This condition is characterised by a relative increase in brain size compared with other 

organs, such as the liver. Therefore, the diagnosis should consider the ratio between the weight 

of the brain and that of other organs. Our study shows that there are morphometric traits which 

can be used to estimate BrW and LW in newborn piglets. Predictive models based on these 

traits represent a promising tool for the early detection of affected piglets, enabling the 

development of targeted postnatal interventions. 
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Introduction  

Efforts to improve sows’ prolificacy have led to a significant increase in the number of piglets 

born and weaned per year (Quiniou et al., 2002; Campos et al., 2012). Although litter sizes 

have increased, not all piglets born in these larger litters attain their full genetic growth 

potential. This can be attributed to increased exposure to IUGR experienced during gestation 

(Quiniou et al., 2002; Amdi et al., 2013). Growth restriction in the uterus is a pathological 

condition characterised by impaired development of the foetus or its organs during gestation 

(Wu et al., 2006). The primary cause behind IUGR is placental insufficiency, which results in 

inadequate supply of oxygen and nutrients to the foetus (Cohen et al., 2015). This condition is 

associated with increased morbidity and mortality, long-term growth limitation, and low 

efficiency in nutrient utilisation (Wu et al., 2006). At present, this condition represents the main 

cause of LBtW in the pig industry and can affect up to 20-30% of piglets within a litter (Santos 

et al., 2022; Amdi et al., 2013; Wu et al., 2006). The identification of IUGR piglets is 

challenging due to the lack of specific symptoms and reliable biomarkers. Diagnosis is 

frequently established by considering either the absolute BW of the foetus or newborn or the 

BW in relation to a specific gestational age (Van Ginneken et al., 2022). D’inca et al. (2010) 

classified piglets as IUGR when their BtW was at least 1.5 SD units lower than the average 

BtW of the litter. Other studies have defined IUGR as weighing at birth less than the tenth 

percentile of gestational age–specific normal BtW values (Bauer et al., 2003). In a study by 

Wang et al. (2016), an IUGR piglet was defined as having a BtW between 0.75 and 0.90 kg 

and belonging to the lower quartile of the litter BtWs. However, it is important to differentiate 

between the definitions of IUGR, LBtW, and SGA. These terms are often used interchangeably 

but have important differences, as they each represent a distinct aspect of foetal growth and 

development (Gupta et al., 2008). Indeed, within the LBtW and SGA categories, there are 

subjects that do not achieve their full genetically determined size because of growth restriction 
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in the uterus (De Vos et al., 2014). It has been suggested that in order to identify IUGR piglets, 

it is important to consider their head morphology as an additional criterion (to BtW) (Hales et 

al., 2013). Moreover, Huting et al. (2018) demonstrated that the morphology of a newborn 

piglet may also be useful in predicting its later performance. Piglets that suffer from growth 

restriction in the uterus often show a dolphin-like head shape, wrinkles perpendicular to the 

mouth, bulging eyes, and hair with no direction of growth (Hales et al., 2013; Amdi et al., 

2020). Besides these phenotypic traits, IUGR has been associated with a relatively larger brain 

compared to other organs at birth, such as the liver. Due to the oxygen and nutrient deprivation 

during foetal growth, the development of the brain is prioritised. This survival mechanism is 

called the “brain-sparing effect” and results in a higher brain-to-organ weight ratio (Cohen et 

al., 2015). In manuscript I (Ruggeri et al., 2024) it was demonstrated that the diagnosis of IUGR 

in piglets solely based on head morphology or BtW does not always align with an increased 

BrW/LW. For this reason, to accurately assess IUGR in newborn piglets, measurements like 

BtW and head shape should be complemented by evaluating the proportional relationship 

between brain weight and the weight of other organs (Chand et al., 2022; Felicioni et al., 2019).   

The absence of a non-invasive method to assess this ratio and diagnose IUGR remains a 

significant challenge in pig production, limiting treatment development due to poor diagnosis 

(Felicioni et al., 2019). Considering the adverse effects of IUGR on pig production and the 

inconsistencies in studies on growth-restricted pigs, there is a clear need for an accurate and 

standardized diagnostic approach. Models based on image analysis offer a promising tool for 

the early and non-invasive identification of IUGR in piglets, facilitating interventions to 

mitigate its negative effects. 

Our hypothesis was that using specific morphometric traits, the weight of the brain, that of the 

liver, and their ratio could be estimated with sufficiently high accuracy, enabling non-invasive 

diagnosis of IUGR in newborn piglets. To test this hypothesis, we conducted a study in which 
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the weight of the brain and liver of newborn piglets was measured through either scale 

measurement after natural death or euthanasia (BrWEu, LWEu) or with CT scan imaging 

(BrWCT, LWCT). In addition, pictures of the same piglets were taken to capture specific body 

measurements such as distance between the ears, body length, and front head diameter, which 

were used to predict the BrW, LW, and BrW/LW.  

Material and methods  

Animal selection and classification 

The experiment was performed at the Agroscope swine research facility situated in Posieux 

(Switzerland). Two studies were carried out. In the first study, 310 Swiss Large White piglets 

(alive = 268, stillborn/dead = 42) were included. The BtW of each piglet was registered on the 

day of farrowing (day 0). The BtW of the piglets born during the evening or night was measured 

the following morning. One day (± 1) after birth, CT scan imaging (64-channel multislice 

scanner Siemens Emotion Duo CT, Siemens, Erlangen, Germany) was conducted to non-

invasively measure brain and liver volumes for each piglet. The procedures for handling the 

pigs and analysing the CT scan images were described in detail in manuscript I (Ruggeri et al., 

2024). Briefly, all the animals were anaesthetized with isoflurane and positioned in sternal 

recumbency for CT scans of the head and the thoracic region. The resulting images were then 

semi-automatically processed (Turtleseg software 1.2.1) to calculate the volumes of the brain 

and liver. After the CT scan, 30 piglets were selected and euthanised with an intra-cardiac 

injection of pentobarbital solution (Esconarkon, Streuli Tiergesundheit AG, Uznach, 

Switzerland), as described in manuscript I (Ruggeri et al., 2024). The selection was based on 

the BtW. Three BtW categories were defined to include the full range of BtWs present in the 

study population. From each category 10 piglets were euthanised. The brain and the blood-
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filled liver were excised. Brain (BrWEu) and liver (LWEu) weights were assessed with a scale, 

and the volumes were determined with the water displacement method (Lemke et al., 2006). 

Volume and weight were used to calculate the density of the organs according to the following 

equation, where d represents the density of the organ, m represents the mass in g, and V the 

volume in mL: 

𝑑 =  𝑚 (𝑔) / 𝑉 (𝑚𝐿) 

The average brain and liver densities together with the brain and liver volumes measured with 

the CT scan were used to assess brain weight (BrWCT), liver weight (LWCT), and the brain-to-

liver weight ratio (BrWCT/LWCT) for each piglet.  

To extend the dataset, which was unbalanced due to the limited number of piglets exhibiting a 

high BrWCT/LWCT compared to the population mean, a second experiment was performed at 

the same facility. All Swiss Large White piglets born from 35 litters with a BtW lower than 1 

kg were included (n = 67, alive = 35, stillborn/dead = 32). On the day of farrowing (day 0), the 

BtW of each piglet was recorded. The BtW of the piglets born during the evening or night was 

measured the following morning. On day one (± 1) after birth, the piglets (n = 35) were 

euthanised with an overdose of pentobarbital (Esconarkon). The brain and blood-filled liver 

were then excised from each piglet (alive = 35, stillborn/dead = 32), as described before. The 

BrWEu and LWEu were assessed with a scale and used to determine the BrWEu/LWEu. Three 

regression equations were then developed and used to calculate the BrWCT, LWCT, and 

BrWCT/LWCT from the weights obtained after death/euthanasia. The objective was to 

standardize the data, as the CT scan was not available for the second study.  

Image collection 
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To capture specific morphometric traits, videos of all the piglets (first study = 310, second 

study = 67) were recorded on day one (± 1) using a 3D camera (RealSense depth camera D435i, 

Intel, USA) placed at 40 cm from the animal. Each piglet was positioned in a hammock and a 

short (~2 s) video was recorded, with the camera moving from the right lateral side to the top 

of the piglet. A fixed distance between the camera and the piglet was maintained by using a 

pivoting arm. Videos were then saved in BAG format. From each video, a series of individual 

RGB images were extracted one by one to create a collection of frames. The frame extraction 

procedure was performed using Python programming language (version 3.8.8). The frames 

were then converted into PNG format through the rs-convert.exe tool, available within the Intel 

RealSense program (SDK 2.0, Intel Corporation, USA).  

Body measurements  

Body measurements were collected from frames of 144 piglets, 94 from the first study and 50 

from the second study. The piglets were selected randomly, with a target total of 150, including 

100 piglets from the first study and 50 from the second study, due to the latter's smaller dataset. 

However, six piglets from the first study were subsequently excluded because of the poor 

quality of their images. The first frame (frame 1) shows the piglet from the right lateral side 

and the second (frame 2) from the top (Fig. 1). Specific measurements were taken on the frames 

by using ImageJ software (version 1.53, U.S. National Institutes of Health, Bethesda, 

Maryland, USA). For each piglet, 20 body measurements were recorded in total: 13 (frame 1 

= 8, frame 2 = 5) to correlate to the weight of the brain (Fig. 2), 6 (frame 1 = 3, frame 2 = 3) to 

the weight of the liver (Fig. 3), and 1 (frame 2) to both the organs’ weights (Fig. 2 and Fig. 3). 

To test the repeatability of the method, a subset of the morphometric traits (n = 12) was 

measured by a second observer (see Supplementary Table S1).
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Fig 1. Two frames were selected for each piglet to perform body measurements. Frame 1 (left) 

shows the piglet from the right lateral side and frame 2 (right) from the top.
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Fig. 2. Body measurements recorded to correlate with the weight of the brain of the piglets. 

ME: distance between the mouth and the front head passing by the lateral edge of the eye, seen 

from the side; MH: distance between the mouth and the front head passing by the medial edge 

of the ear, seen from the side; ME2: distance between the caudal edge of the eye and the ear, 

seen from the side; EH: distance between the lateral edge of the eye and the front head, 

following a straight line, seen from the side; EH2: distance between the medial edge of the eye 

and the front head, following a straight line, seen from the side; MN: distance between the 

caudal edge of the mouth and the nose, following a line perpendicular to the nose, seen from 

the side; A: angle between ME and MH; B: area of the head delimited by a square, seen from 

the side; EE: distance between the lateral edge of the ears, seen from above; EE2: distance 

between the medial edge of the ears, seen from above; FH: larger diameter of the front head, 

seen from above; Bt: area of the front head delimited by a square, seen from above; CB: area 
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of the front head delimited by a circle, seen from above; Le: length of the body, from the caudal 

edge of the head to the end of the body following the spine, seen from above.
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Fig. 3. Body measurements recorded to correlate with the weight of the liver of the piglets. L: 

area of the body delimited by a square from the caudal edge of the head to the caudal edge of 

the abdomen, seen from the side; L2: area of the body delimited by a square from the caudal 

edge of the head to the caudal edge of the body, seen from the side; CL: area of the abdomen 

delimited by a circle, seen from the side; SS: distance between the shoulders, seen from above; 

SS2: diameter of the abdomen measured caudally to the shoulders, seen from above; Lt: area 

of the body delimited by a square from the caudal edge of the head to the caudal edge of the 

body, seen from above; Le: length of the body, from the caudal edge of the head to the end of 

the body following the spine, seen from above.
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Data analysis 

All calculations and statistical analyses were performed using Python (version 3.8.8). The 

packages employed were numpy, pandas, seaborn, matplotlib, scipy, scipy.stats, 

statsmodels.api, statsmodels.formula.api, sklearn.model_selection, and sklearn.metrics. 

Brain weight, liver weight, and correlation between calculated CT weight and actual weights 

of organs 

For the 30 piglets euthanised, the weights of the brain and liver were measured both directly 

with a scale after euthanasia (BrWEu, LWEu) and by multiplying the densities of the two organs 

by the volumes obtained from the CT scan images (BrWCT, LWCT). The correlation between 

the weights obtained by the two methodologies was tested, and three regression equations were 

then developed to calculate the BrWCT, LWCT, and BrWCT/LWCT from the weights obtained 

after euthanasia (BrWEu, LWEu, and BrWEu/LWEu). The equations were applied to the data 

collected during the second study to standardize the datasets from the two studies. 

Body measurements to predict brain weight, liver weight, and their ratio (brain weight/liver 

weight) 

The BtW and body measurements of each selected piglet (n = 144, 94 from study one and 50 

from study two) were used to correlate with the BrWCT and the LWCT. The linear relation of 

the BtW and each morphometric trait (shown in Fig. 2 and Fig. 3) with the BrWCT and LWCT 

was tested, and the degree of correlation was expressed as the Pearson correlation coefficient. 

The morphometric traits which correlated with a Pearson correlation coefficient ≥0.70 with 

either brain or liver weight were selected for further analysis. In addition, each morphometric 

trait was used, in combination with the BtW, as an independent variable to develop multiple 

linear regression models to predict the BrWCT and LWCT. Among the resulting models, the six 

morphometric traits — three to correlate with the brain and three to correlate with the liver—
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which, in combination with BtW, displayed the highest adjusted R2 value (R2
adj) were selected. 

This selection process allowed identification of the most influential variables for predicting 

BrWCT and LWCT. 

Having determined these key morphometric traits, the dataset was randomly divided into two 

distinct subsets: a training dataset containing 75% of the data (108 piglets, 69 from study one 

and 39 from study two) and a testing dataset including the remaining 25% (36 piglets, 25 from 

study one and 11 from study two). Using the training dataset, three equations to predict BrWCT 

and three additional equations to predict LWCT were developed based on the six most predictive 

variables (as indicated by the highest R2
adj derived from the multiple regression models). These 

equations were applied on the training dataset first and subsequently on the testing datasets, to 

assess the predictive performances of the models on unseen data. When applying these 

prediction equations to both the training and testing datasets, six distinct predicted values of 

BrWCT were obtained for each piglet, three for the training datasets and three for the testing 

dataset. The same results were obtained for the liver. 

In order to predict the BrWCT/LWCT, two approaches were tested. In the first, the two variables 

which, along with the BtW, better predicted the BrWCT and LWCT (lower percentage error in 

the testing dataset) were used in combination to develop a multiple linear regression model to 

predict the BrWCT/LWCT. Prior to this analysis, a log transformation was applied to the 

BrWCT/LWCT values, as the residuals exhibited a characteristic of non-linearity. The regression 

equation extrapolated from the model in the training dataset was then applied to the testing 

dataset. In the second approach, the predicted BrWCT and LWCT, calculated using the previous 

models, were directly employed to determine the BrWCT/LWCT, both in the training and testing 

subsets. Throughout this process, the linear relation between the true and the predicted BrWCT, 

LWCT, and BrWCT/LWCT was always tested, and the Pearson correlation coefficient was 

reported for both the training and the testing dataset.  
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Finally, the models’ predictive performances were evaluated using mean absolute error (MAE) 

and mean absolute percentage error (MAPE) between the true and predicted BrWCT, LWCT, 

and BrWCT/LWCT. The MAE and MAPE were reported for both the training and the testing 

dataset. Additionally, the MAE and MAPE between the true and predicted BrWCT/LWCT were 

measured excluding from the calculation the piglets born with a BtW below 800 g, as 

euthanasia of these piglets is a common practice in modern swine production systems. When 

the BrWCT/LWCT was predicted according to the first approach, the correlation coefficient, 

MAE, and MAPE between true and predicted BrWCT/LWCT were assessed after reversing the 

logarithmic transformation of the data. The P value of the correlation coefficient was always 

tested and considered significant at <0.05.  

The predictive ability of the BtW alone to estimate the BrWCT and LWCT was consistently 

tested throughout the various steps of the analysis. The inclusion of BtW as the only predictor 

at each step provided a baseline for comparison, enabling the evaluation of how the addition of 

morphometric traits improved the models’ performance. Simple linear regression models, 

incorporating only BtW, were developed to predict BrWCT, LWCT, and BrWCT/LWCT 

(Supplementary Table S2), and their performances were evaluated on both training and testing 

datasets. In addition, the models including BtW as sole predictor (e.g., BrWCT ~ BtW) and the 

models including BtW in combination with morphometric traits (e.g., BrWCT ~ BtW + EE) 

were compared with an analysis of variance (ANOVA). This statistical test was used to 

evaluate whether the inclusion of morphometric traits in addition to BtW results in a significant 

improvement in the models’ ability to explain the variance in the dependent variables (BrWCT, 

LWCT, BrWCT/LWCT). 

Results  

The average BrWCT/LWCT determined in the first (n = 310) and second (n = 67) studies was 

0.62 ± 0.31 and 1.01 ± 0.43 [harmonic mean ± SD], respectively (Table 1). 
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Brain weight, liver weight, and correlation between calculated CT weight and actual weight of 

each organ 

The euthanized piglets (n = 30) exhibited an average BrWEu of 32.3 ± 2.5 and BrWCT of 34.4 

± 3.7 [mean ± SD]. In terms of LWEu and LWCT, the mean values were 58.1 ± 27.1 and 67.0 ± 

33.5, respectively. The average BrWEu/LWEu and BrWCT/LWCT were 0.57 ± 0.4 and 0.53 ± 0.4 

[harmonic mean ± SD], respectively (Table 1). 

The correlation coefficients between the BrW, LW, and BrW/LW determined after 

death/euthanasia or by CT are presented in Table 2. Generally, all traits were highly correlated 

(P < 0.001), with values ranging from 0.83 to 0.97. The correlation coefficients between LWEu 

and LWCT and BrWEu/LWEu and BrWCT/LWCT were higher (P < 0.001) than those between 

BrWEu and BrWCT. Nevertheless, the obtained correlation coefficients were highly significant 

(Table 2) and let us conclude that determinations of BrWCT, LWCT, and BrWCT/LWCT from the 

weights obtained after euthanasia were likely accurate enough for further analysis, despite the 

limited dataset. 
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Table 1. Mean values of brain and liver weights and brain-to-liver weight ratio assessed after death/euthanasia (BrWEu, LWEu, BrWEu/LWEu), brain 

and liver weights and brain-to-liver weight ratio obtained from CT scan volumes (BrWCT, LWCT, BrWCT/LWCT), and brain and liver weights and 

brain-to-liver weight ratio estimated from BrWEu, LWEu, BrWEu/LWEu through regression equations (estimated BrWCT, estimated LWCT, estimated 

BrWCT/LWCT). 

 BrW LW BrW/LW 

 Mean ± SD Mean ± SD Harmonic mean ± SD 

 BrWEu
1 BrWCT

2 Estimated 

BrWCT
3 

LWEu
4 LWCT

5 Estimated 

LWCT
6 

BrWEu/LWEu
7 BrWCT/LWCT

8 Estimated 

BrWCT/LWCT
9 

Study 1          

All piglets 

(n=310) 

- 34.8 ± 3.1 - - 57.0 ± 21.3 - - 0.62 ± 0.3 - 

Selected piglets 

(n=94) 

- 34.8 ± 2.8 - - 57.3 ± 18.5 - - 0.62 ± 0.3 - 

Euthanised 

piglets (n=30) 

32.3 ± 2.5 34.4 ± 3.7 - 58.1 ± 27.1 67.0 ± 33.5 - 0.57 ± 0.4 0.53 ± 0.4 0.50 ± 0.4 

Study 2          

All piglets 

(n=67) 

26.5 ± 3.2 - 27.4 ± 4.0 24.7 ± 9.7 - 27.1 ± 11.6 1.05 ± 0.4 - 1.00 ± 0.4 

Selected piglets 

(n=50) 

27.0 ± 2.9 - 28.0 ± 3.6 25.1 ± 9.2 - 27.5 ± 11.0 1.19 ± 0.4 - 1.15 ± 0.4 
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1 BrWEu = brain weight assessed with a scale after euthanasia. 

2 BWCT = brain weight obtained from CT scan volume. 

3 Estimated BrWCT = estimated BrWCT from the weight assessed after euthanasia (BrWEu) through the equation: BrWCT = (1.23 x BrWEu) - 5.19. 

4 LWEu = liver weight assessed with a scale after euthanasia. 

5 LWCT = liver weight obtained from CT scan volume. 

6 Estimated LWCT = estimated LWCT from the weight assessed after euthanasia (LWEu) through the equation: LWCT = (1.2 x LWEu) - 2.57. 

7 BrWEu/LWEu = brain-to-liver weight ratio assessed with a scale after euthanasia. 

8 BrWCT/LWCT = brain-to-liver weight ratio obtained from CT scan volumes. 

9 Estimated BrWCT/LWCT = estimated BrWCT/LWCT from the brain-to-liver weight ratio assessed after euthanasia (BrWEu/LWEu) through the equation: BrWCT/LWCT = (0.97 x 

BrWEu/LWEu) – 0.014. 
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Table 2. Simple linear regression models to correlate brain weight (BrWEu), liver weight (LWEu), and brain-to-liver weight ratio (BrWEu/LWEu) 

assessed after death/euthanasia of the piglets to brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) obtained 

from computed tomography (CT) scan volumes. 

 r1 P value2 R2
adj

3 a4 Intercept 

Item5      

BrWCT ~ BrWEu 0.83 < 0.001 0.68 1.23 −5.19 

LWCT ~ LWEu 0.97 < 0.001 0.94 1.20 −2.57 

BrWCT/LWCT ~ BrWEu/LWEu 0.97 < 0.001 0.95 0.97 −0.01 

 

1 r = Pearson correlation coefficient. 

2 P value of the Pearson correlation coefficient.  

3 R2
adj = adjusted R-squared. 

4 a = slope of the regression line. 

5 BrWEu = brain weight assessed with a scale on 30 piglets after euthanasia; LWEu = liver weight assessed with a scale on 30 piglets after euthanasia. 
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Body measurements to predict brain weight, liver weight, and brain weight/liver weight ratio 

Twenty morphometric measurements were taken from each pig. The correlation coefficients 

between the BtW and each morphometric measurement with the BrWCT or LWCT are reported 

in Table 3 and Table 4, respectively. The correlation coefficients ranged from −0.42 to 0.83 for 

the BrWCT and from 0.80 to 0.88 for the LWCT. Except for morphometric measurements A and 

EH, for which the correlation with the BrWCT was not statistically significant, the other traits 

had r-values with P values <0.05. The morphometric traits that were correlated with the BrWCT 

(n = 6) and LWCT (n = 7) with a Pearson correlation coefficient ≥0.70 are depicted in Fig. 4 

and Fig. 5.
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Table 3. Correlation coefficients between birth body weight (BtW)/morphometric measurements and brain weight (BrWCT) determined after 

computed tomography (CT) scan or death/euthanasia of the piglets.  

 r1 P value2 

Item3   

BtW, kg 0.83 < 0.001 

EE, pixel 0.82 < 0.001 

Bt, pixel2 0.78 < 0.001 

EE2, pixel 0.77 < 0.001 

Le, pixel 0.75 < 0.001 

FH, pixel 0.75 < 0.001 

CB, pixel2 0.74 < 0.001 

MH, pixel 0.69 < 0.001 

ME, pixel 0.63 < 0.001 

B, pixel2 0.61 < 0.001 

ME2, pixel 0.29 < 0.001 

MN, pixel 0.19 0.02 

A, ° −0.16 0.05 

EH, pixel −0.13 0.12 

EH2, pixel −0.42 < 0.001 

 

1 r = Pearson correlation coefficient. 
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2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 = 

distance between the medial edge of the ears, seen from above; Le = length of the body, from the caudal edge of the head to the end of the body following the spine, seen from 

above; FH = larger diameter of the front head, seen from above; CB = area of the front head delimited by a circle, seen from above; MH = distance between the mouth and the 

front head passing by the medial edge of the ear, seen from the side; ME = distance between the mouth and the front head passing by the lateral edge of the eye, seen from the 

side; B: area of the head delimited by a square, seen from the side; ME2 = distance between the caudal edge of the eye and the ear, seen from the side; MN = distance between 

the caudal edge of the mouth and the nose, following a line perpendicular to the nose, seen from the side; A = angle between ME and MH; EH = distance between the lateral 

edge of the eye and the front head, following a straight line, seen from the side; EH2 = distance between the medial edge of the eye and the front head, following a straight line, 

seen from the side.
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Table 4. Correlation coefficients between birth body weight (BtW)/morphometric measurements and liver weight (LWCT) determined after 

computed tomography (CT) scan or death/euthanasia of the piglets. 

 r1 P value2 

Item3   

BtW, kg 0.88 < 0.001 

Lt, pixel2 0.87 < 0.001 

L2, pixel2 0.86 < 0.001 

L, pixel2 0.86 < 0.001 

SS2, pixel 0.84 < 0.001 

SS, pixel 0.83 < 0.001 

CL, pixel2 0.83 < 0.001 

Le, pixel 0.80 < 0.001 

 

1 r = Pearson correlation coefficient. 

2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; L2 = area of the 

body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from the side; L= area of the body delimited by a square, from the caudal 

edge of the head to the caudal edge of the abdomen, seen from the side; SS2 = diameter of the abdomen measured caudally of the shoulders, seen from above; SS = distance 

between the shoulders, seen from above; CL = area of the abdomen delimited by a circle, seen from the side; Le = length of the body, from the caudal edge of the head to the 

end of the body following the spine, seen from above.
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Fig. 4. Variables which showed a Pearson coefficient (r) ≥0.70 in the linear correlation with 

brain weight (BrWCT) of the piglets. x-Axis: BrWCT (g); y-axis: (A) birth body weight (BtW); 

(B) EE: distance between the lateral edge of the ears, seen from above; (C) Bt: area of the front 

head delimited by a square, seen from above; (D) EE2: distance between the medial edge of 

the ears, seen from above; (E) Le: length of the body, from the caudal edge of the head to the 

end of the body following the spine, seen from above; (F) FH: larger diameter of the front head, 

seen from above; (G) CB: area of the front head delimited by a circle, seen from above.
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Fig. 5. Variables which showed a Pearson coefficient (r) ≥0.70 in the linear correlation with 

the LWCT of the piglets. x-Axis: LWCT (g); y-axis: (A) birth body weight (BtW); (B) Lt: area 

of the body delimited by a square from the caudal edge of the head to the caudal edge of the 

body, seen from above; (C) L2: area of the body delimited by a square from the caudal edge of 

the head to the caudal edge of the body, seen from the side; (D) L: area of the body delimited 

by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the 

side; (E) SS2: diameter of the abdomen measured caudally of the shoulders, seen from above; 

(F) SS: distance between the shoulders, seen from above; (G) CL: area of the abdomen 

delimited by a circle, seen from the side; (H) Le: length of the body, from the caudal edge of 

the head to the end of the body following the spine, seen from above.
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Using the morphometric measurements reported in Fig. 4 and Fig. 5, a variety of multiple linear 

regression models were computed to predict the BrWCT (Table 5) and LWCT (Table 6). The 

linear combination of the BtW and the distance between the lateral edge of the ears (EE, Fig. 

2) showed the highest R2
adj (0.72) in predicting the BrWCT, followed by the distance between 

the medial edge of the ears (EE2, Fig. 2; 0.71) and the area of the front head delimited by a 

square (Bt, Fig. 2; 0.71) (Table 5). Regarding the LWCT, the highest R2
adj was achieved by the 

linear combination of BtW and the area of the body delimited by a square from the caudal edge 

of the head to the caudal edge of the body (Lt, Fig. 3; R2
adj = 0.80), followed by the area of the 

body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen 

(L, Fig. 3; R2
adj = 0.79) and the length of the body, from the caudal edge of the head to the end 

of the body following the spine (Le, Fig. 3; R2
adj = 0.79) (Table 6).  

These six morphometric measurements (EE, EE2, and Bt to estimate the BrWCT and Lt, L, and 

Le to estimate the LWCT) which, in combination with the BtW, showed the highest R2
adj in the 

multiple linear regressions were selected and used to develop equations in the training dataset 

to calculate the BrWCT and LWCT. The degree of correlation between the true and the predicted 

BrWCT and LWCT was tested for all the equations in the training and testing datasets and is 

reported in Fig. 6 and Fig. 7, respectively.
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Table 5. Adjusted R2 values (R2
adj) of multiple linear regression models to predicted brain weight (BrWCT) determined after computed tomography 

(CT) scan or death/euthanasia of the piglets from birth weight (BtW) and morphometric measurements. 

 R2
adj

1 a12 a23 Intercept 

Item4     

BrWCT ~ BtW + EE 0.72 5.39 0.04 18.4 

BrWCT ~ BtW + EE2 0.71 6.76 0.04 19.1 

BrWCT ~ BtW + Bt 0.71 6.75 0.0001 20.3 

BrWCT ~ BtW + CB 0.70 7.31 0.0001 20.5 

BrWCT ~ BtW + Le 0.70 7.37 0.007 18.5 

BrWCT ~ BtW + FH 0.70 7.43 0.03 18.7 

BrWCT ~ BtW 0.69 9.12 - 21.4 

 

1 R2
adj = adjusted R-squared. 

2 a1 = regression coefficient associated with the first predictor variable (BtW). 

3 a2 = regression coefficient associated with the second predictor variable (EE; EE2; Bt; CB; Le; FH) 

4 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; EE2 = distance between the medial edge of the ears, seen from above; Bt = 

area of the front head delimited by a square, seen from above; CB = area of the front head delimited by a circle, seen from above; Le = length of the body, from the caudal 

edge of the head to the end of the body following the spine, seen from above; FH= larger diameter of the front head, seen from above.



121 

 

Table 6. Adjusted R2 values (R2
adj) of multiple linear regression models to predicted the liver weight (LWCT) determined after computed 

tomography (CT) scan or death/euthanasia of the piglets from birth weight (BtW) and morphometric measurements. 

 R2
adj

1 a12 a23 Intercept 

Item4     

LWCT ~ BtW + Lt 0.80 27.3 0.0001 −10.8 

LWCT ~ BtW + L 0.79 33.0 0.0003 −14.2 

LWCT ~ BtW + Le 0.79 37.5 0.04 −24.2 

LWCT ~ BtW + L2 0.78 33.9 0.0002 −10.7 

LWCT ~ BtW + SS2 0.78 36.3 0.11 −19.8 

LWCT ~ BtW + SS 0.78 37.5 0.1 −19.5 

LWCT ~ BtW + CL 0.78 40.9 0.0003 −9.95 

LWCT ~ BtW 0.78 46.5 - −9.53 

 

1 R2
adj = adjusted R-squared. 

2 a1 = regression coefficient associated with the first predictor variable (BtW). 

3 a2 = regression coefficient associated with the second predictor variable (Lt; L; Le; L2; SS2; SS; CL) 

4 BtW = birth body weight; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; L = area of the body 

delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, from the caudal edge of the head to the 

end of the body following the spine, seen from above; L2 = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from 

the side; SS2 = diameter of the abdomen measured caudally to the shoulders, seen from above; SS = distance between the shoulders, seen from above; CL = area of the abdomen 

delimited by a circle, seen from the side.  
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Fig. 6. Linear regressions between true and predicted BrWCT and LWCT of the piglets of the 

training dataset. x-Axis: true brain weight (true BrWCT) (panel A, B, C) and true liver weight 

(true LWCT) (panel E, F, G); y-axis: (A) brain weight (predicted BrWCT) predicted from birth 

body weight (BtW) and the distance between the lateral edge of the ears, seen from above (EE); 

(B) brain weight (predicted BrWCT) predicted from BtW and the distance between the medial 

edge of the ears, seen from above (EE2); (C) brain weight (predicted BrWCT) predicted from 

BtW and the area of the front head delimited by a square, seen from above (Bt); (D) liver weight 

(predicted LWCT) predicted from BtW and the area of the body delimited by a square from the 

caudal edge of the head to the caudal edge of the body, seen from above (Lt); (E) liver weight 

(predicted LWCT) predicted from BtW and the area of the body delimited by a square from the 

caudal edge of the head to the caudal edge of the abdomen, seen from the side (L); (F) liver 

weight (predicted LWCT) predicted from BtW and the length of the body, from the caudal edge 

of the head to the end of the body following the spine; seen from above (Le). r: Pearson 

correlation coefficient.
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Fig. 7. Linear regressions between true and predicted BrWCT and LWCT of the piglets of the 

training dataset. x-Axis: true brain weight (true BrWCT) (panel A, B, C) and true liver weight 

(true LWCT) (panel E, F, G); y-axis: (A) brain weight (predicted BrWCT) predicted from birth 

body weight (BtW) and the distance between the lateral edge of the ears, seen from above (EE); 

(B) brain weight (predicted BrWCT) predicted from BtW and the distance between the medial 

edge of the ears, seen from above (EE2); (C) brain weight (predicted BrWCT) predicted from 

BtW and the area of the front head delimited by a square, seen from above (Bt); (D) liver weight 

(predicted LWCT) predicted from BtW and the area of the body delimited by a square from the 

caudal edge of the head to the caudal edge of the body, seen from above (Lt); (E) liver weight 

(predicted LWCT) predicted from BtW and the area of the body delimited by a square from the 

caudal edge of the head to the caudal edge of the abdomen, seen from the side (L); (F) liver 

weight (predicted LWCT) predicted from BtW and the length of the body, from the caudal edge 

of the head to the end of the body following the spine; seen from above (Le). r: Pearson 

correlation coefficient.
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The three regression equations (Table 7) developed to predict the BrWCT showed similar 

performance. When EE was used alongside BtW (BrWCT ~ BtW + EE), the resulting MAE and 

MAPE between true and predicted BrWCT values were 1.78 and 0.06 in the training dataset 

(Table 8) and 1.95 and 0.06 in the testing dataset, respectively (Table 9). When EE2 was 

included in combination with the BtW (BrWCT ~ BtW + EE2), the MAE and MAPE between 

the true and the predicted BrWCT values were 1.74 and 0.06 in the training dataset (Table 8) 

and 2.07 and 0.07 in the testing dataset (Table 9). Similarly, when Bt was included in 

combination with the BtW (BrWCT ~ BtW + Bt), the MAE and MAPE between the true and 

the predicted BrWCT values were 1.79 and 0.06 in the training dataset (Table 8) and 1.99 and 

0.06 in the testing dataset (Table 9), respectively.  

Of the three regression equations (Table 7) predicting the LWCT, the one which showed better 

performance included the combination of BtW and L (LWCT ~ BtW + L). In this case, the MAE 

and MAPE were equal to 7.03 and 0.16 in the training dataset (Table 8) and 9.29 and 0.17 in 

the testing dataset (Table 9), respectively.  

As previously described, two approaches were tested to predict the BrWCT/LWCT. In the first 

case, an equation was constructed on the training dataset to estimate the BrWCT/LWCT by 

incorporating the distance between the lateral edges of the ears (EE, Fig. 2) and the area of the 

body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen 

(L, Fig. 3), along with the BtW (BrWCT/LWCT ~ BtW + EE+ L). Indeed, these were the 

measures that better predicted the BrWCT and LWCT. In the second approach, the values of 

BrWCT and LWCT estimated with the equations developed in the training dataset, derived from 

EE in combination with BtW (BrWCT ~ BtW + EE) and L in combination with BtW (LWCT ~ 

BtW + L), respectively, were directly employed to determine the BrWCT/LWCT. The degree of 

correlation between the true and the predicted BrWCT/LWCT was tested in the training and 

testing datasets for the first (Fig. 8 and Fig. 9, panel A) and the second approach (Fig. 10 and 
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Fig. 11, panel A). Using the first approach, the MAE and MAPE between the true and predicted 

BrWCT/LWCT were equal to 0.16 and 0.19 in the training dataset (Table 8) and 0.14 and 0.17 

in the testing dataset, respectively (Table 9). For the second approach, the MAE and MAPE 

between the true and predicted BrWCT/LWCT were equal to 0.16 and 0.19 in the training (Table 

8) and to 0.14 and 0.20 in the testing dataset, respectively (Table 9).  

When BtW was used alone to predict BrWCT (BrWCT ~ BtW), the resulting MAE and MAPE 

between the true and the predicted BrWCT values were similar to those of the models including 

the various morphometric traits (BrWCT ~ BtW + EE; BrWCT ~ BtW + EE2; BrWCT ~ BtW 

+Bt), showing values of 1.80 and 0.06 in the training dataset (Supplementary Table S3) and 

2.17 and 0.07 in the testing dataset (Supplementary Table S4), respectively. In line with the 

trend observed for BrWCT, when BtW was used as the only independent variable to predict the 

LWCT (LWCT ~ BtW), the resulting MAE and MAPE values were similar to those obtained with 

the models including the various morphometric traits (LWCT ~ BtW + L; LWCT ~ BtW + Lt; 

BrWCT ~ BtW + Le), showing values of 6.95 and 0.18 in the training dataset (Supplementary 

Table S3) and 8.73 and 0.18 in the testing dataset (Supplementary Table S4), respectively. The 

BrWCT/LWCT was also estimated using the BtW alone, according to the first (Supplementary 

Fig. S1 and S2, panel A) and second approach (Supplementary Fig. S3 and S4, panel A). In the 

first case, the MAE and MAPE between the true and predicted BrWCT/LWCT were equal to 

0.17 and 0.19 in the training dataset (Supplementary Table S3) and 0.15 and 0.18 in the testing 

dataset (Supplementary Table S4), respectively. For the second approach, the MAE and MAPE 

between the true and predicted BrWCT/LWCT were equal to 0.16 and 0.18 in the training 

(Supplementary Table S3) and to 0.14 and 0.18 in the testing dataset (Supplementary Table 

S4), respectively. 

The error rates in predicting BrWCT, LWCT, and BrWCT/LWCT were similar, or in some cases 

even lower when using BtW as sole predictor or in conjunction with morphometric traits. 
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However, the correlation coefficients between the true and predicted BrWCT, LWCT, and 

BrWCT/LWCT in the testing dataset were always higher when using the BtW in combination 

with the morphometric traits compared to BtW alone, with the only exception of Le. Using the 

BtW alone (LWCT ~ BtW) or in combination with Le (LWCT ~ BtW + Le) resulted in the same 

correction coefficient between true and estimated LWCT in the testing dataset. Moreover, 

comparisons between models involving only BtW (e.g., BrWCT ~ BtW) and models combining 

BtW with morphometric traits (e.g., BrWCT ~ BtW + EE) using ANOVA demonstrate that the 

inclusion of each morphometric trait to the models significantly improved the model fit (P < 

0.05). These results imply that incorporating morphometric traits along with BtW in the models 

increase their ability to predict the variable of interest (BrWCT, LWCT, BrWCT/ LWCT). The sole 

exception was observed with the variable Bt. The non-significant coefficient for Bt in the model 

(BrWCT ~ BtW + Bt) and the non-significant ANOVA suggest that this specific variable may 

not be relevant or contributing significantly to explaining the variability in BrWCT when BtW 

is already included in the model.  

Body measurements to predict the brain-to-liver weight ratio in piglets with a birth weight 

above 800 g 

When the equation to predict the BrWCT/LWCT developed in the first approach (BrWCT/LWCT 

~ BtW + EE + L) was tested on piglets with a BtW >800 g, the performance did not change 

considerably. MAE and MAPE between the true and predicted BrWCT/LWCT were equal to 

0.12 and 0.16 in the training (Table 8) and to 0.11 and 0.18 in the testing dataset, respectively 

(Table 9). When the estimated BrWCT (BrWCT ~ BtW + EE) and LWCT (LWCT ~ BtW + L) were 

used to predict the BrWCT/LWCT in piglets with a BtW >800 g, according to the second 

approach, the MAE and MAPE between the true and predicted BrWCT/LWCT were equal to 

0.12 and 0.16 in the training dataset (Table 8) and 0.12 and 0.21 in the testing dataset (Table 

9). The degree of correlation between the true and the predicted BrWCT/LWCT was tested in the 
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training and testing datasets for the first (Fig. 8 and Fig. 9, panel B) and the second approach 

(Fig. 10 and Fig. 11, panel B).  

The performance of the models including BtW as the sole predictor was also tested on piglets 

with a BtW >800 g according to the first (Supplementary Fig. S1 and S2, panel B) and the 

second approach (Supplementary Fig. S3 and S4, panel B). When the equation to predict the 

BrWCT/LWCT developed in the first approach (BrWCT/LWCT ~ BtW) was tested on piglets with 

a BtW >800 g MAE and MAPE between the true and predicted BrWCT/LWCT were equal to 

0.12 and 0.17 in the training (Supplementary Table S3) and to 0.11 and 0.19 in the testing 

dataset (Supplementary Table S4), respectively. When the estimated BrWCT (BrWCT ~ BtW) 

and LWCT (LWCT ~ BtW) were used to predict the BrWCT/LWCT in piglets with a BtW >800 g, 

according to the second approach, the MAE and MAPE between the true and predicted 

BrWCT/LWCT were equal to 0.12 and 0.15 in the training dataset (Supplementary Table S3) and 

0.11 and 0.18 in the testing dataset (Supplementary Table S4), respectively.
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Table 7. Regression equations developed with the training dataset to predict brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight 

ratio (BrWCT/LWCT) determined by computed tomography (CT) or death/euthanasia of the piglets. 

 Equation 

Item1  

BrWCT  

BrWCT ~ BtW + EE 𝐵𝑟𝑊𝐶𝑇 =  18.6 +  6.06 ×  𝐵𝑡𝑊 +  0.03 ×  𝐸𝐸 

BrWCT ~ BtW + Bt 𝐵𝑟𝑊𝐶𝑇 =  20.5 +  7.56 ×  𝐵𝑡𝑊 + 9.183𝑒−05 ×  𝐵𝑡 

BrWCT ~ BtW + EE2 𝐵𝑟𝑊𝐶𝑇 =  18.8 + 7.02 ×  𝐵𝑡𝑊 +  0.04 ×  𝐸𝐸2 

LWCT  

LWCT ~ BtW + Lt 𝐿𝑊𝐶𝑇 =  −8.13 +  23.5 ×  𝐵𝑡𝑊 +  0.0002 ×  𝐿𝑡 

LWCT ~BtW + L 𝐿𝑊𝐶𝑇 =  −10.9 +  33.2 ×  𝐵𝑡𝑊 +  0.0002 ×  𝐿 

LWCT ~BtW + Le 𝐿𝑊𝐶𝑇 =  −24.4 +  33.1 ×  𝐵𝑡𝑊 +  0.04 ×  𝐿𝑒 

BrWCT/LWCT  

BrWCT/LWCT ~ BtW + EE + L2 log (𝐵𝑟𝑊𝐶𝑇  𝐿𝑊𝐶𝑇⁄ ) =  0.839 +  −0.377 ×  𝐵𝑡𝑊 +  −0.0007 ×  𝐸𝐸 +  −7.165𝑒−06 ×  𝐿 

BrWCT ~ BtW + EE / LWCT ~ BtW + L3
  𝐵𝑟𝑊𝐶𝑇  𝐿𝑊𝐶𝑇⁄ =  

𝐵𝑟𝑊𝐶𝑇 =  18.4 +  5.39 ×  𝐵𝑡𝑊 +  0.04 ×  𝐸𝐸

𝐿𝑊𝐶𝑇 =  −14.2 +  33 ×  𝐵𝑡𝑊 +  0.0003 ×  𝐿
 

 

1 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 = 

distance between the medial edge of the ears, seen from above; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above.  
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2 BrWCT/LWCT ~ BtW + EE + L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the 

BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the 

caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. 

3 BrWCT ~ BtW + EE / LWCT ~ BtW + L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations 

developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the 

BrWCT/LWCT.
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Table 8. Pearson correlation coefficient, P value of the Pearson coefficient, mean absolute error (MAE), and mean absolute percentage error 

(MAPE) between true and predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) of the piglets in 

the training dataset.  

 r1 P value2 MAE MAPE 

Item3      

BrWCT     

BrWCT ~ BtW + EE 0.85 < 0.001 1.78 0.06 

BrWCT ~ BtW + Bt 0.84 < 0.001 1.79 0.06 

BrWCT ~ BtW + EE2 0.85 < 0.001 1.74 0.06 

LWCT     

LWCT ~ BtW + Lt 0.90 < 0.001 10.7 0.28 

LWCT ~ BtW + L 0.89 < 0.001 7.03 0.16 

LWCT ~ BtW + Le 0.90 < 0.001 6.75 0.17 

BrWCT/LWCT     

BrWCT/LWCT ~ BtW + EE + L4 0.80 < 0.001 0.16 0.19 

BrWCT/LWCT ~ BtW + EE + L (BtW >800 g)5 0.78 < 0.001 0.12 0.16 

BrWCT ~ BtW + EE / LWCT ~ BtW + L6 0.81 < 0.001 0.16 0.19 

BrWCT ~ BtW + EE / LWCT ~ BtW + L (BtW >800 g)7 0.81 < 0.001 0.12 0.16 
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1 r = Pearson correlation coefficient between true and predicted BrWCT, LWCT, BrWCT/LWCT. 

2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 =  

distance between the medial edge of the ears, seen from above; Lt =  area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above. 

4 BrWCT/LWCT ~ BtW + EE + L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the 

BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the 

caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. 

5 BrWCT/LWCT ~ BtW + EE + L (BtW > 800 g) = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to 

estimate the BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the 

head to the caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. Piglets with a BtW < 800 g were excluded 

from the calculation of r, MAE, MAPE. 

6 BrWCT ~ BtW + EE / LWCT ~ BtW + L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations 

developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the 

BrWCT/LWCT. 

7 BrWCT ~ BtW + EE / LWCT ~ BtW + L (BtW > 800 g) = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated 

with the equations developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to 

determine the BrWCT/LWCT. Piglets with a BtW < 800 g were excluded from the calculation of r, MAE, MAPE. 



132 

 

Table 9. Pearson correlation coefficient, P value of the Pearson coefficient, mean absolute error (MAE), and mean absolute percentage error 

(MAPE) between true and predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) of the piglets in 

the testing dataset. 

 r1 P value2 MAE MAPE 

Item3      

BrWCT     

BrWCT ~ BtW + EE 0.84 < 0.001 1.95 0.06 

BrWCT ~ BtW + Bt 0.83 < 0.001 1.99 0.06 

BrWCT ~ BtW + EE2 0.82 < 0.001 2.07 0.07 

LWCT     

LWCT ~BtW + Lt 0.91 < 0.001 9.35 0.24 

LWCT ~BtW + L 0.90 < 0.001 9.29 0.17 

LWCT ~BtW + Le 0.89 < 0.001 9.00 0.18 

BrWCT/LWCT     

BrWCT/LWCT ~ BtW + EE + L4 0.85 < 0.001 0.14 0.17 

BrWCT/LWCT ~ BtW + EE + L (BtW >800 g)5 0.79 < 0.001 0.11 0.18 

BrWCT ~ BtW + EE / LWCT ~ BtW + L6 0.88 < 0.001 0.14 0.20 

BrWCT ~ BtW + EE / LWCT ~ BtW + L (BtW >800 g)7 0.75 < 0.001 0.12 0.21 

 

1 r = Pearson correlation coefficient 
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2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 = 

distance between the medial edge of the ears, seen from above; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above. 

4 BrWCT/LWCT ~ BtW + EE + L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the 

BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the 

caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. 

5 BrWCT/LWCT ~ BtW + EE + L (BtW > 800 g) = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to 

estimate the BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the 

head to the caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. Piglets with a BtW < 800 g were excluded 

from the calculation of r, MAE, MAPE. 

6 BrWCT ~ BtW + EE / LWCT ~ BtW + L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations 

developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the 

BrWCT/LWCT. 

7 BrWCT ~ BtW + EE / LWCT ~ BtW + L (BtW > 800 g) = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated 

with the equations developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to 

determine the BrWCT/LWCT. Piglets with a BtW < 800 g were excluded from the calculation of r, MAE, MAPE. 
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Fig. 8. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the training 

dataset according to the first approach. Panel A: all population; panel B: piglets with a birth 

weight (BtW) above 800 g. x-Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: 

predicted brain-to-liver weight ratio (predicted BrWCT/LWCT). To predict the BrWCT/LWCT, a 

multiple linear regression model including BtW, distance between the lateral edge of the ears, 

seen from above (EE), and area of the body delimited by a square from the caudal edge of the 

head to the caudal edge of the abdomen, seen from the side (L) was used. r: Pearson correlation 

coefficient.



135 

 

 

Fig. 9. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the testing 

dataset according to the first approach. Panel A: all population; panel B: piglets with a birth 

weight (BtW) above 800 g. x-Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: 

predicted brain-to-liver weight ratio (predicted BrWCT/LWCT). To predict the BrWCT/LWCT, a 

multiple linear regression model including BtW, distance between the lateral edge of the ears, 

seen from above (EE), and area of the body delimited by a square from the caudal edge of the 

head to the caudal edge of the abdomen, seen from the side (L) was used. r: Pearson correlation 

coefficient.
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Fig. 10. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the 

training dataset according to the second approach. Panel A: all population; panel B: piglets 

with a birth weight (BtW) above 800g. x-Axis: true brain-to-liver weight ratio (true 

BrWCT/LWCT); y-axis: predicted brain-to-liver weight ratio (predicted BrWCT/predicted 

LWCT). To assess the BrWCT/LWCT, predicted BrWCT and LWCT, calculated using the previous 

models (BrWCT ~ BtW + EE; LWCT ~ BtW + L), were directly employed to determine the 

BrWCT/LWCT. r: Pearson correlation coefficient.
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Fig. 11. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the testing 

dataset according to the second approach. Panel A: all population; panel B: piglets with a birth 

weight (BtW) above 800 g. x-Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: 

predicted brain-to-liver weight ratio (predicted BrWCT/predicted LWCT). To assess the 

BrWCT/LWCT, predicted BrWCT and LWCT, calculated using the previous models (BrWCT ~ 

BtW + EE; LWCT ~ BtW + L), were directly employed to determine the BrWCT/LWCT. r: 

Pearson correlation coefficient.
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Discussion 

Foetal growth restriction often occurs as a result of chronic placental insufficiency, which 

hampers the delivery of sufficient oxygen and nutrients to the foetus in the uterus, leading to 

abnormal foetal development (Chand et al., 2022; Cohen et al., 2015). As a consequence, IUGR 

piglets can be identified by their distinctive head shape and LBtW. However, in manuscript I 

(Ruggeri et al., 2024), it was demonstrated that identification of IUGR piglets solely based on 

head morphology or BtW does not always agree with an increased BrW/LW and can lead to 

inaccurate classification of this condition. For these reasons, to accurately assess growth 

restriction in piglets, measurements such as BtW and head shape should be complemented by 

evaluating the relative brain-to-body weight or BrW/LW, as these directly reflect the brain-

sparing effect (Chand et al., 2022; Felicioni et al., 2019). 

In this study, the BtW of newborn piglets was recorded and the weights of their brain and liver 

were measured through either scale measurement or with CT scan imaging. Additionally, 

pictures of the same piglets were taken to capture specific body measurements. Our findings 

support the hypothesis that certain morphometric traits can serve as indicators of brain and liver 

weights, as well as their ratio. Using the distance between the ears (EE), in combination with 

the BtW, the BrW could be predicted with an error of 6%. Notably, the studies conducted by 

Amdi et al. (2013) and Hansen et al. (2018) postulated that if the relative BrW of a newborn 

piglet is below 3% of its BtW, the piglet can be diagnosed as normal. If this statement is true, 

the BrW estimated with the present equation could be simply compared with the piglet’s BtW, 

enabling an accurate and non-invasive identification of normal piglets with a narrow margin of 

error. It would also offer insights into piglets with a relative BrW above 3% of their BtW which 

might have suffered growth restriction in the uterus.  
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The LW was highly correlated with most of the collected morphometric traits. However, when 

using these measurements along with the BtW in the prediction models, the error rate could 

not be reduced below 17%. As the actual LWCT increased, the accuracy of the predictions 

worsened. This suggests that beyond a certain weight of the liver, the body’s structure may no 

longer be associated with the organ’s weight, unlike what was observed with the brain.  

When a combination of measures (BtW, EE, and L) that better predicted the BrW and the LW 

was employed for estimating the BrW/LW, an error rate of 17% was observed. Using the 

second approach, in which the BrW and LW predicted with the previous models were directly 

employed to determine the BrW/LW, we observed a slight increase in the error rate to 20%. 

This outcome is likely attributable to the cumulative impact of errors encountered when 

predicting the weights of both organs. However, the BrW/LW allows for consideration of the 

different levels of growth restrictions that piglets may be exposed to during gestation. With a 

Pearson correlation up to 0.88 (according to the different methods), the estimated BrW/LW is 

highly correlated with the true BrW/LW. Accordingly, the estimated BrW/LW can be used to 

assess the general tendency of an increase in BrW/LW for different traits, as analysed in 

manuscript I (Ruggeri et al., 2024). 

The euthanasia of piglets born with a BtW below 800 g is a common practice in modern swine 

production systems, primarily due to the high mortality rate observed among these piglets 

during the first days after birth (Muns et al., 2016). We hypothesized that in cases of extremely 

LBtWs, the association between organ weight and body morphology may weaken. When these 

piglets were excluded from the analysis, there was a reduction in the percentage error between 

actual and predicted BrWCT/LWCT in the training set. However, this reduction did not translate 

to the testing set, where excluding these piglets slightly increased the percentage error. A 

possible explanation for the increased MAPE in the testing set after excluding piglets with a 

BtW below 800 g may be that the number of samples in the testing set dropped below 30. This 
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reduction in sample size could have resulted in unreliable predictions due to statistical 

instability or insufficient representation of the population (Jenkins and Quintana-Ascencio, 

2020; Austin and Steyerberg, 2015). 

In this study, to ensure the repeatability of the method, a subset of the morphometric traits was 

taken by a second observer. The measurements taken by the authors and the second observer 

were highly correlated, reinforcing the consistency and accuracy of the identified 

morphometric traits to estimate BrW and LW. This correlation validates the method and shows 

that the results are not solely a consequence of subjective measurement but rather are indicative 

of a link between these morphometric traits and the BrW and LW. 

In addition, the division of the dataset into training and testing subsets was helpful in evaluating 

the ability of the predictive models to generalize on new data. By creating a clear division 

between training and testing data, the study replicates the real-world scenario where predictive 

models are applied to new, unseen observations. This evaluation mechanism protects against 

overfitting, a situation where the models become overly specialized to the training data and 

may perform poorly when exposed to new inputs (Hawkins, 2004).  

In conclusion, this study demonstrates the potential of using body measurements as non-

invasive indicators of the brain-to-organ weight ratio for diagnosing IUGR in newborn piglets. 

The developed predictive models provide a promising tool for the early identification of IUGR 

piglets, facilitating timely interventions and improved management strategies. Future studies 

should focus on validating these models in larger populations and different breeds. 

Additionally, developing techniques for automating the extraction of morphometric traits from 

images will enhance the applicability of these models under field conditions. The successful 

implementation of such non-invasive diagnostic approaches will contribute to the welfare and 

productivity of pig production systems by facilitating early intervention to mitigate the negative 
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effect of IUGR, and by optimizing breeding programs to select for healthier and more efficient 

pigs. 

Ethics approval  

All the experimental procedures complied with Swiss animal welfare guidelines and were 

approved (experimental approval numbers 32751 and 35131) by the Cantonal Veterinary 

Office of Fribourg (Switzerland). 
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Supplementary material 

Supplementary Table S1. Correlations between the measures taken on the images of the piglets by the first and second observer to test the 

repeatability of the method. 

 r1 P-value2 

Item3   

EE, pixel 0.94 < 0.001 

Bt, pixel2 0.93 < 0.001 

EE2, pixel 0.88 < 0.001 

Le, pixel 0.97 < 0.001 

FH, pixel 0.94 < 0.001 

CB, pixel2 0.91 < 0.001 

Lt, pixel2 0.95 < 0.001 

SS, pixel 0.97 < 0.001 

SS2, pixel 0.97 < 0.001 

L, pixel2 0.90 < 0.001 

L2, pixel2 0.95 < 0.001 

CL, pixel2 0.91 < 0.001 

 

1 r = Pearson correlation coefficient. 
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2P value of the Pearson correlation coefficient. 

3 EE: distance between the lateral edge of the ears, seen from above; Bt: area of the front head delimited by a square, seen from above; EE2: distance between the medial edge 

of the ears, seen from above; Le: length of the body, from the caudal edge of the head to the end of the body following the spine, seen from above; FH: larger diameter of the 

front head, seen from above; CB: area of the front head delimited by a circle, seen from above; Lt: : area of the body delimited by a square from the caudal edge of the head to 

the caudal edge of the body, seen from above; SS: distance between the shoulders, seen from above; SS2: diameter of the abdomen measured caudally to the shoulders, seen 

from above; L: area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; L2: area of the body delimited 

by a square from the caudal edge of the head to the caudal edge of the body, seen from the side; CL: area of the abdomen delimited by a circle, seen from the side.
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Supplementary Table S2. Regression equations developed with the training dataset to predict brain weight (BrWCT), liver weight (LWCT), and 

brain-to-liver weight ratio (BrWCT/LWCT) determined by computed tomography (CT) or death/euthanasia of the piglets using only the BtW as 

independent variable. 

 Equation 

Item1  

BrWCT ~ BtW 𝐵𝑟𝑊𝐶𝑇 =  21.1 +  9.28 ×  𝐵𝑡𝑊 

LWCT ~ BtW 𝐿𝑊𝐶𝑇 =  −7.19 +  44.0 ×  𝐵𝑡𝑊 

BrWCT/LWCT ~ BtW2 log (𝐵𝑟𝑊𝐶𝑇  𝐿𝑊𝐶𝑇⁄ ) =  0.677 +  −0.765 ×  𝐵𝑡𝑊  

BrWCT ~ BtW / LWCT
 ~ BtW 3

  𝐵𝑟𝑊𝐶𝑇  𝐿𝑊𝐶𝑇⁄ =  
𝐵𝑟𝑊𝐶𝑇 =  21.1 +  9.28 ×  𝐵𝑡𝑊

𝐿𝑊𝐶𝑇 =  −7.19 +  44.0 ×  𝐵𝑡𝑊 
 

 

1 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 = 

distance between the medial edge of the ears, seen from above; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above.  

2 BrWCT/LWCT ~ BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training 

dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. 

3 BrWCT ~ BtW / LWCT
 ~ BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT 

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT.
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Supplementary Table S3. Pearson correlation coefficient, P value of the Pearson coefficient, mean absolute error (MAE), and mean absolute 

percentage error (MAPE) between true and predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) 

of the piglets in the training dataset.  

 r1 P value2 MAE MAPE 

Item3     

BrWCT ~ BtW  0.84 < 0.001 1.80 0.06 

LWCT ~ BtW 0.89 < 0.001 6.95 0.18 

BrWCT/LWCT ~ BtW4 0.77 < 0.001 0.17 0.19 

BrWCT/LWCT ~ BtW (BtW >800 g)5 0.77 < 0.001 0.12 0.17 

BrWCT ~ BtW / LWCT
 ~ BtW6 0.79 < 0.001 0.16 0.18 

BrWCT ~ BtW / LWCT
 ~ BtW (BtW >800 g)7 0.79 < 0.001 0.12 0.15 

 

1 r = Pearson correlation coefficient between true and predicted BrWCT, LWCT, BrWCT/LWCT. 

2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 =  

distance between the medial edge of the ears, seen from above; Lt =  area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above. 

4 BrWCT/LWCT ~ BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training 

dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. 
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5 BrWCT/LWCT ~ BtW (BtW > 800 g) = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed 

on the training dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. Piglets with a BtW < 800 g were excluded from the calculation of 

r, MAE, MAPE. 

6 BrWCT ~ BtW / LWCT ~ BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT 

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT. 

7 BrWCT ~ BtW / LWCT ~ BtW (BtW >800 g) = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT 

and LWCT estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the 

BrWCT/LWCT. Piglets with a BtW < 800 g were excluded from the calculation of r, MAE, MAPE.



147 

 

Supplementary Table S4. Pearson correlation coefficient, P value of the Pearson coefficient, mean absolute error (MAE), and mean absolute 

percentage error (MAPE) between true and predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) 

of the piglets in the testing dataset. 

 r1 P value2 MAE MAPE 

Item3     

BrWCT ~ BtW  0.80 < 0.001 2.17 0.07 

LWCT ~ BtW 0.89 < 0.001 8.73 0.18 

BrWCT/LWCT ~ BtW4 0.83 < 0.001  0.15 0.18 

BrWCT/LWCT ~ BtW (BtW >800 g)5 0.72 < 0.001 0.11 0.19 

 BrWCT ~ BtW / LWCT ~ BtW6 0.87 < 0.001 0.14 0.18 

BrWCT ~ BtW / LWCT
 ~ BtW (BtW >800 g)7

 0.69 < 0.001 0.11 0.18 

 

1 r = Pearson correlation coefficient 

2 P value of the Pearson correlation coefficient. 

3 BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; EE2 = 

distance between the medial edge of the ears, seen from above; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, 

seen from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, 

from the caudal edge of the head to the end of the body following the spine, seen from above. 

4 BrWCT/LWCT ~ BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training 

dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. 
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5 BrWCT/LWCT ~ BtW (BtW >800 g) = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed 

on the training dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. Piglets with a BtW < 800 g were excluded from the calculation of 

r, MAE, MAPE. 

6 BrWCT ~ BtW / LWCT ~ BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT 

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT. 

7 BrWCT ~ BtW / LWCT ~ BtW (BtW >800 g) = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT 

and LWCT estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the 

BrWCT/LWCT. Piglets with a BtW < 800 g were excluded from the calculation of r, MAE, MAPE.
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Supplementary Fig. S1. Linear regressions between true and predicted BrWCT/LWCT of the 

piglets of the training dataset according to the first approach but using the BtW as sole 

predictor. Panel A: all population; panel B: piglets with a birth weight (BtW) above 800 g. x-

Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: predicted brain-to-liver 

weight ratio (predicted BrWCT/LWCT). To predict the BrWCT/LWCT, a simple linear regression 

model including only the BtW was used. r: Pearson correlation coefficient.
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Supplementary Fig. S2. Linear regressions between true and predicted BrWCT/LWCT of the 

piglets of the testing dataset according to the first approach but using the BtW as sole predictor. 

Panel A: all population; panel B: piglets with a birth weight (BtW) above 800 g. x-Axis: true 

brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: predicted brain-to-liver weight ratio 

(predicted BrWCT/LWCT). To predict the BrWCT/LWCT, a simple linear regression model 

including only the BtW was used. r: Pearson correlation coefficient.
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Supplementary Fig. S3. Linear regressions between true and predicted BrWCT/LWCT of the 

piglets of the training dataset according to the second approach but using the BtW as sole 

predictor. Panel A: all population; panel B: piglets with a birth weight (BtW) above 800g. x-

Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: predicted brain-to-liver 

weight ratio (predicted BrWCT/predicted LWCT). To assess the BrWCT/LWCT, predicted BrWCT 

and LWCT, calculated using the previous models (BrWCT ~ BtW; LWCT ~ BtW), were directly 

employed to determine the BrWCT/LWCT. r: Pearson correlation coefficient.
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Supplementary Fig. S4. Linear regressions between true and predicted BrWCT/LWCT of the 

piglets of the testing dataset according to the second approach but using the BtW as sole 

predictor. Panel A: all population; panel B: piglets with a birth weight (BtW) above 800 g. x-

Axis: true brain-to-liver weight ratio (true BrWCT/LWCT); y-axis: predicted brain-to-liver 

weight ratio (predicted BrWCT/predicted LWCT). To assess the BrWCT/LWCT, predicted BrWCT 

and LWCT, calculated using the previous models (BrWCT ~ BtW; LWCT ~ BtW), were directly 

employed to determine the BrWCT/LWCT. r: Pearson correlation coefficient.
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5. Manuscript III 

Intrauterine growth restriction, defined by an elevated brain-to-

liver weight ratio, affects faecal microbiota composition and, to a 

lesser extent, plasma metabolome profile at different ages in pigs.  

R. Ruggeria, b, G. Beea, F. Correa b, P. Trevisi b, C. Ollagniera  

a Swine Research Unit, Agroscope, Route de la Tioleyre 4, 1725 Posieux, Switzerland 

b Department of Agricultural and Food Sciences (DISTAL), University of Bologna, viale G 

Fanin 44, 40127 Bologna, Italy 

Abstract  

Intrauterine growth restriction (IUGR) affects up to 30% of newborn piglets, leading to 

increased mortality and altered metabolism, as well as compromised intestinal development 

and microbial colonization. The IUGR foetus increases blood flow towards the brain to survive 

in situations of limited oxygen and nutrient supply through the placenta. This adaptive 

mechanism results in a higher brain-to-liver weight ratio (BrW/LW) at birth.  This study aimed 

to investigate the effects of IUGR on the faecal microbiota and blood metabolome profiles of 

pigs, from birth to slaughter, to better understand the underlying mechanisms of this condition. 

One day (±1) after birth, CT was performed on each piglet to assess their brain and liver 

weights. The pigs with the highest (IUGR = 12; BrW/LW: 1.00 ± 0.09) and the lowest (NORM 

= 12; BrW/LW: 0.36 ± 0.04) BrW/LW were selected to collect faeces and blood during 

lactation (day 16 ± 0.6, T1) and at the end of the starter period (day 63 ± 8.6, T2), and faeces 

at the beginning (day 119 ± 11.4, T3) and end of the finisher period (day 162 ± 14.3, T4). The 
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pigs were fed the same standard pre-/early postweaning, starter, grower, and finisher diets.  The 

IUGR status did not impact faecal microbial Alpha diversity at any time point but it changed 

the Beta diversity at T1 (P = 0.002), T2 (P = 0.079), and at T3 (P = 0.027), while no effect was 

observed at T4. Specifically, IUGR pigs displayed a higher abundance of Clostridium sensu 

stricto 1 (Padj = 0.029) and Romboutsia (Padj = 0.047) at T1, Prevotellaceae NK3B31 group 

(Padj = 0.021), Rikenellaceae RC9 gut group (Padj = 0.030), and Alloprevotella (Padj = 0.030) at 

T2, and p-2534-18B5 gut group (Padj = 0.03) at T3. Conversely, the NORM group exhibited a 

higher abundance of Ruminococcus (Padj = 0.010) at T1, HT002 (Padj = 0.048) at T2, and 

Prevotella_9 (Padj < 0.001) at T3. None of the plasma metabolites showed significant 

differences at T1 between IUGR and NORM pigs. However, at T2, asparagine was lower in 

the IUGR compared to the NORM group (P < 0.05). In conclusion, our study demonstrated 

that growth restriction in the uterus has a significant and long-lasting impact on the faecal 

microbiota composition in pigs, from birth to the beginning of the finisher period. The 

identified microbial taxa that exhibit differences between IUGR-affected and NORM pigs 

could potentially serve as biomarkers for IUGR, facilitating the early identification of affected 

piglets and the development of targeted interventions. By contrast, the blood metabolome 

profile at different stages of growth was minimally affected. 

Implications  

Genetic selection for sows’ prolificacy has resulted in an increase in piglets suffering from 

IUGR. This condition is characterised by increased mortality and permanently stunted growth. 

Physiological characterisation of the affected piglets, by investigating their blood metabolome 

and faecal microbiota profiles, may enable biomarkers to be identified, facilitating the 

development of early and targeted postnatal interventions. The effective treatment of these 

piglets could improve the overall efficiency of pig production. 
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Introduction  

Growth restriction in the uterus is characterised by the failure of the foetus to achieve its genetic 

growth potential during gestation (Sharma et al., 2016). As a consequence of the genetic 

selection to improve litter size, this condition affects up to 30% of newborn piglets in the 

modern pig industry (Santos et al., 2022; Oliviero et al., 2019; Amdi et al., 2013). Foetal growth 

restriction is associated with an increased risk of neonatal morbidity and mortality, as well as 

with long-term effects resulting from foetal programming, such as impaired metabolism (Shen 

et al., 2018), stunted post-natal growth, and reduced feed conversion efficiency (Krueger et al., 

2014; Wu et al., 2006). The study detailed in manuscript I (Ruggeri et al., 2024) demonstrated 

that IUGR detrimentally affected several traits in pigs, including ADG, gain-to-feed ratio, CP 

efficiency and time to reach the target slaughter weight. These factors are crucial for optimizing 

production efficiency within the swine industry. 

Numerous studies have demonstrated the strong relationship between the health and growth of 

pigs and the optimal functioning of their GIT (Santos et al., 2022). The GIT, particularly the 

small intestine, is essential for the digestion, absorption, and transportation of nutrients, water, 

and electrolytes. It also acts as a defensive barrier against pathogens, dietary toxins, and 

antigens (Moeser et al., 2017). The GIT hosts a dynamic microbiota including bacteria, viruses, 

archaea, and fungi. This microbial population regulates the development and function of the 

immune system, limits the nutrients available for the growth of potential pathogens, 

competitively excludes pathogens from binding to the gut epithelium (Maynard et al., 2012), 

and is involved in the host's carbohydrate, amino acid, and lipid metabolism (Wang et al., 

2020).  

Growing evidence suggests that the uterine environment can influence intestinal development, 

potentially compromising both its function and microbial colonization (Santos et al., 2022; 

Zhang et al., 2019). Several studies have shown reduced intestinal length and weight, decreased 
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villus height, and increased crypt depth, as well as changes in proteomic profile in IUGR-

affected piglets compared to their normal littermates from the lactation period (He et al., 2011; 

D'inca et al., 2010; Wang et al., 2008; Wang et al., 2005) up to 70 days of age (Santos et al., 

2022). IUGR not only affects the structure but also the microbial colonization of the GIT. In 

the study of Zhang et al. (2019), newborn piglets with IUGR exhibited reduced microbial 

diversity and a distinct taxonomic profile compared to their normal littermates.  

Clear differences between IUGR and normal neonates were also demonstrated at a blood 

metabolome level in both human and pig studies (Priante et al., 2019; He et al., 2011). Although 

data on blood metabolomic profiling in IUGR is limited, the metabolic changes identified in 

IUGR neonates seem to indicate an early pattern of glucose intolerance, insulin resistance, 

alterations in lipogenesis and lipid oxidation, energy, and amino acid metabolism (Priante et 

al., 2019; Bahado-Singh et al., 2012; He et al, 2011).  

Growth restriction in the uterus leads to a reduced glucose supply during foetal development. 

In response, the foetus initiates metabolic and endocrine adaptations to optimize the utilisation 

of alternative energy sources, such as fatty acids. Indeed, within these adaptive responses, an 

increase in adipocyte proliferation was reported in IUGR foetuses (Sarr et al., 2012; Gondret 

et al., 2011; Attig et al., 2008). The increased adipogenesis facilitates the long-term storage of 

fatty acids, which, in turn, can undergo oxidation to provide energy for the organism. This 

adaptation is crucial for enhancing the foetus’s survival under conditions of intermittent or poor 

nutrition (Sarr et al., 2012; Attig et al., 2008). Moreover, different studies suggest that this 

increased adipogenesis continues in the postnatal life in IUGR-affected pigs (Attig et al., 2008; 

Gondret et al. 2006).  

Considering the modifications that IUGR imposes on the structure and function of the intestinal 

mucosa, along with the endocrine and metabolic mechanisms established during gestation in 

response to nutrient restriction, we expected distinct differences in the faecal microbiota and 
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blood metabolome profiles between IUGR and normal piglets. Specifically, we hypothesized 

a reduction in microbial diversity and shifts in the abundances of genera involved in nutrient 

digestion, inflammatory responses, and susceptibility to diseases, such as Bacteroides, 

Ruminococcus, Prevotella, Escherichia–Shigella, and Pasteurella in IUGR compared to 

normal pigs. Moreover, we hypothesized changes in the concentration of metabolites involved 

in lipid metabolism, such as increased plasma glycerol and ketone bodies, reflecting an 

increased reliance on fat metabolism for energy supply in the IUGR group, particularly during 

the early stages of life, as well as alterations in energy and amino acid metabolism, including 

lower levels of plasma glucose and essential amino acids in IUGR compared to normal pigs. 

The identification of specific bacterial genera and blood metabolites implicated in IUGR could 

facilitate the development of targeted interventions to mitigate its adverse effects. This might 

involve manipulating gut microbiota through prebiotic and probiotic administration, adjusting 

diets, and providing metabolic intermediates to optimize the impaired metabolic pathways.  

To test our hypotheses, CT scan imaging was used in this study to non-invasively assess the 

BrW/LW in newborn piglets, enabling accurate diagnosis of IUGR (see manuscript I). In 

addition, blood and faeces samples were obtained from both IUGR and normal pigs at different 

ages to determine the effects of IUGR on faecal microbiota and plasma metabolome.  

Material and methods  

Animal selection and classification  

This research was carried out at the Agroscope swine research facility in Posieux, Switzerland. 

Detailed information on all the procedures concerning the CT scan and the determination of 

the brain and liver weight is described in detail in manuscript I (Ruggeri et al., 2024). Briefly, 

the study included 268 piglets of the Swiss Large White breed (134 females and 134 males) 
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born from 26 litters that were obtained from two farrowing batches (14 litters in the first batch 

and 12 litters in the second batch). On day one (± 1) after birth, CT scan imaging was performed 

on all piglets to measure the brain and liver volume and weight.  

On day 16 ± 0.6 [mean + SD] (T1), 24 piglets were chosen to sample faeces and blood for 

conducting analyses on faecal microbiota and blood metabolomics. The selection was based 

on the BrW/LW. Specifically, the 12 piglets with the highest BrW/LW (IUGR; BrW/LW: 1.00 

± 0.09) and the 12 with the lowest BrW/LW (NORM; BrW/LW: 0.36 ± 0.04) were selected for 

sampling (Supplementary Table S1). Due to pre-weaning mortality, out of the 24 pigs that were 

chosen for faecal and blood sampling on day 16 ± 0.6, 15 were still present. To maintain a 

group of 24 pigs (IUGR = 12 and NORM = 12) and repeat the analyses on faecal microbiota 

and blood metabolomics at different time points, the 9 pigs that were lost (IUGR = 3 and 

NORM = 6) were replaced with the subsequent 9 pigs that had the highest (IUGR = 3; 

BrW/LW: 0.90 ± 0.05) and the lowest (NORM = 6; BrW/LW: 0.43 ± 0.04) ratio in the new 

group, respectively. The selected pigs (IUGR = 12; BrW/LW: 1.00 ± 0.09; NORM = 12; 

BrW/LW: 0.40 ± 0.05) were sampled to collect blood and faeces at the end of the starter period 

(day 63 ± 8.6, T2) and faeces at the beginning (day 119 ± 11.4, T3) and at the end of the finisher 

period (day 162 ± 14.3, T4) (Supplementary Table S1). 

Rearing conditions and feeding 

The conditions in which the pigs were reared and the feeding techniques employed were 

described in manuscript I (Ruggeri et al., 2024). Briefly, the pigs were raised under a 

conventional Swiss rearing system, with unrestricted access to water and straw provided in the 

pens throughout the whole experimental period.  

The piglets had ad libitum access to the same standard pre-/early postweaning diet from day 

16 after birth until approximately 14 days post-weaning. Later, they were provided unrestricted 
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access to the same starter, grower, and finisher diet. The transition from the starter to the grower 

diet and from the grower to the finisher diet occurred when the pigs' BW was ≥ 20 kg and ≥ 60 

kg on the day of the weekly weighing, respectively. 

Faeces sampling 

Faeces (~ 2 g) were collected from the piglets (IUGR = 12, NORM = 12) directly from the 

rectum just before the administration of the pre-/early postweaning diet (day 16 ± 0.6, T1). 

Likewise, faeces were collected from the pigs (IUGR = 12, NORM = 12) at the end of the 

starter period (day 63 ± 8.6, T2), at the beginning of the finisher period (day 119 ± 11.4, T3) 

and the end of the finisher period (day 162 ± 14.3, T4). After collection, each sample was 

divided into two aliquots and snap frozen in liquid nitrogen at −80°C. 

Microbial DNA extraction 

Total bacterial DNA for microbiota analysis was extracted from the faecal samples using 

FastDNA Spin Kit for Soil (MP Biomedicals, Europe, LLC) according to the manufacturer’s 

instructions. DNA quantity and quality were assessed using a Nanodrop ND 1000 

spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA). The DNA 

underwent amplification targeting the V3-V4 hypervariable regions of the 16S rRNA gene. 

Amplicons were produced using the primersPro341F: 50-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNBGCASCAG-30 and 

Pro805R: 

50GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACNVGGGTATCTAAT

CC-30 (Takahashi et al., 2014), using Platinum TM Taq DNA Polymerase High Fidelity 

(Thermo Fisher Scientific, Italy). The libraries were prepared according to the standard 
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protocol for MiSeq Reagent Kit v3 and underwent sequencing on the MiSeq platform (Illumina 

Inc., San Diego, CA, USA).  

Blood sampling 

Blood (~ 3 mL) was collected from the piglets (IUGR = 12, NORM = 12) via the jugular vein 

using heparin-treated tubes just before the administration of the pre-/early postweaning diet 

(day 16 ± 0.6, T1). Following the same procedure, blood (~ 5 mL) was sampled from the pigs 

(IUGR = 12, NORM = 12) at the end of the starter period (day 63 ± 8.6, T2). Samples were 

refrigerated on ice after collection for 30 minutes. Plasma was then separated from the whole 

blood through centrifugation at 3000 rpm for 10 minutes. Following centrifugation, each 

plasma sample was split into two aliquots and stored at −80°C until metabolome analysis via 

proton nuclear magnetic resonance (1H-NMR). 

Plasma 1H-NMR analysis  

An 1H-NMR analysis solution with D2O, 10 mmol/L of 3-(trimethylsilyl)-propionic-2,2,3,3-d4 

acid sodium salt and 2 mmol/L of NaN3 was prepared. The pH of the solution was set at 

7.00 ± 0.02 using phosphate buffer 1 M. The acid sodium salt was employed as a reference for 

the NMR chemical shift. To avoid microorganism proliferation, NaN3 was used. Before the 

1H-NMR analysis, 1 mL of each plasma sample was centrifuged (18,630 g; 900 s; 4 °C). Then, 

0.7 mL of supernatant was then added to 0.1 mL of the 1H-NMR solution. Finally, 

centrifugation was performed on each sample once again as previously described. 1H-NMR 

spectra were registered (600.13 MHz; 298 K) with an AVANCE™ III spectrometer (Bruker, 

Milan, Italy), provided with Topspin v3.5 software. Signals from broad resonances due to large 

molecules were suppressed with a CPMG-filter. The CPMG-filter was composed of 400 echoes 

with a τ of 400 µs and a 180° pulse of 24 µs, for a total filter of 330 ms. The water residual 
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signal was suppressed using presaturation employing the cpmgpr1d sequence, included in the 

standard pulse sequence library. Each spectrum was generated by combining 256 transients, 

each consisting of 32,000 data points covering a frequency window of 7184 Hz, with intervals 

separated by a relaxation delay of 5 seconds. 1H-NMR spectra were then phase-adjusted in 

Topspin v3.5 and exported to ASCII format employing the built-in script convbin2asc. Spectra 

were processed with R software (R Core Team, 2020) using in-house developed scripts. 

Baseline adjustment on spectra was performed by differentiating baseline imperfection from 

NMR signals according to the “rolling ball” principle (Kneen and Annegarn, 1996), as 

implemented in the R package baseline (Liland et al., 2010). Signal assignment was performed 

by comparing their chemical shift and multiplicity with the Human Metabolome Database 

(Wishart et al., 2007) and Chenomx software library (Chenomx Inc., Edmonton, Canada, v10). 

Plasma molecule concentrations were assessed by quantifying the molecules of the first sample 

analysed using an external standard. Differences in water content between samples were then 

taken into account by probabilistic quotient normalization (Dieterle et al., 2006). The 

quantification of each metabolite was assessed using rectangular integration, considering one 

of its signals free from interferences (Brugaletta et al., 2022).  

Statistical analysis and bioinformatic analysis of microbiome data 

Microbiota analysis was carried out using the DADA2 pipeline (Callahan et al., 2016), and 

taxonomic categories were assigned using the Silva Database (release 138.1) as a reference for 

the assignment (Quast et al., 2012). Alpha (Shannon, Chao1, and Simpson indices) and Beta 

diversity (calculated as Bray Curtis distance matrix), as well as the abundance of taxonomic 

categories, were calculated and analysed with the R software 3.6, using the PhyloSeq 

(McMurdie and Holmes, 2013), Vegan (Dixon, 2003) and microbiomeMarker (Cao et al., 

2022) packages. Differences between groups regarding Alpha diversity indices were tested 
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using a first a linear mixed model including category (IUGR, NORM), time (T1, T2, T3, T4), 

and their interaction as a fixed factor, and the litter of origin as a random factor. Then a separate 

model within each time point was performed including only the category as a fixed factor and 

the litter of origin as a random factor. For Beta diversity, a dissimilarity matrix was constructed 

using the Bray-Curtis distance matrix as metrics, and the results were plotted using a Non-

metric multidimensional scaling (NMDS) plot. Furthermore, the betadisper test was conducted 

to test differences in the samples’ dispersion among the groups. Differences were tested using 

first a PERMANOVA (Adonis) model with 9,999 permutations, including category, time, and 

their interaction and litter of origin as factors. Secondly, a PERMANOVA model within each 

time point was performed including the category as a factor. For the differential analysis of 

taxa, the LEfSe algorithm was used at the genus level. Specifically, taxa were considered 

significant if they possessed a Linear Discriminant Analysis (LDA) score > 4 and an Padj < 0.05 

within each time point, including the category as a factor.  

For the metabolome data, all calculations and statistical analyses were performed using Python 

(version 3.8.8). The Shapiro-Wilk test was performed to identify the metabolites whose 

concentration in the blood showed a normal distribution. For these latter, the Student’s t-test 

was used to compare the metabolite concentrations in blood samples for the IUGR and NORM 

groups. Metabolites whose concentrations did not show a normal distribution were compared 

using the non-parametric Mann–Whitney between the two groups. The Benjamini–Hochberg 

correction was applied in both cases to account for the risk I inflation associated with multiple 

comparisons. Before being subjected to unsupervised and supervised algorithms, the 

concentration of each metabolite was normalized and centered. In the multivariate analysis, 

Principal Component Analysis (PCA) and Orthogonal Projection to Latent Structures-

Discriminant Analysis (OPLS-DA) were employed as the unsupervised and supervised 

methods, respectively. PCA was used for the identification of outliers (Mahalanobis distance 
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metric), as well as the spontaneous clustering of similar samples in the scatter plot of the two 

principal components. In the OPLS-DA analysis, the X matrix consisted of metabolite 

concentrations, while the Y vector contained information regarding the group (IUGR or 

NORM). The goodness of fit of the OPLS-DA model (R2Y) was reported, and predictive 

performance was assessed through cross-validation. Metrics such as the predictive ability of 

the model (Q2Y) and the predictive ability of permuted models (Q2Y-perm) were calculated 

for evaluation. OPLS-DA loadings plots were used to show the metabolites that contributed 

the most to the separation between the IUGR and NORM groups. The identification of 

metabolites of interest was made through the combination of the variable importance in the 

projection (VIP) and the loading between the metabolite in the X matrix and the predictive 

latent variable (pLV) of the model. Metabolites with VIP >1.0 and absolute high loading values 

were considered important in the metabolomics signature (Chao de la Barca et al., 2022).  

Results 

Faecal microbiota  

A total of 3,436,549 sequence reads were attributed to a total of 9,256 Amplicon Sequence 

Variants distributed among all samples as shown in Supplementary Table S2. The relative 

rarefaction curves illustrated the tendency to plateau for all the samples, suggesting that the 

sequencing depth was sufficient to describe the variability within the microbial communities 

analysed among the samples (Supplementary Fig. S1). One sample from the NORM group was 

removed from the analysis due to the low number of reads.  The taxonomic assignment resulted 

in the identification of 22 phyla, 117 families, and 338 genera. The most abundant phyla were 

Firmicutes (70.89 ± 14%) and Bacteroidota (21.11 ± 11%). The most abundant families were 

Lactobacillaceae (20.93 ± 17%), Lachnospiraceae (12.34 ± 6%), and Prevotellaceae (11.67 ± 
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9%). The most represented genera were Lactobacillus (16.63 ± 15%), Streptococcus (4.76 ± 

6%), and HT002 (3.69 ± 6%).  

Line plots showing the Alpha diversity values within the IUGR and NORM groups across 

different time points are shown in Fig. 1. The time (i.e., age of the pigs) significantly affected 

the Chao1 and Shannon indices (P < 0.001 and P < 0.001, respectively), while the InvSimpson 

was not affected. No effects were observed for the category and for the interaction between 

category and time. Separate models within each time point were then fitted. No significant 

differences between IUGR and NORM categories were observed at T1, T2, and T3 except for 

a tendency for higher Chao1 (P = 0.066) and Shannon indices (P = 0.053) in the IUGR group 

compared to the NORM group at T2.
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Fig. 1. Line plots showing the Alpha diversity values within each category (IUGR = pigs affected by 

intrauterine growth restriction; NORM = normal pigs) over time measured with Chao1 (panel A), 

Shannon (panel B), and InvSimpson (panel C) indexes. T1 = day 16 ± 0.6; T2 = day 63 ± 8.6; T3 = 
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day 119 ± 11.4; T4 = day 162 ± 14.3. The time significantly affected the Chao1 (P < 0.001) and 

Shannon (P < 0.001) indices. 
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The Adonis test carried out on the Beta diversity showed a significant effect of the category (P 

= 0.011, R2 = 0.017), time (P = 0.001, R2 = 0.185), their interaction (P = 0.016, R2 = 0.039) 

and by the litter of origin (P = 0.016, R2 = 0.039, data not shown). Samples tended to cluster 

according to the IUGR/NORM status within each time point as evidenced by the NMDS plot 

in Fig. 2. Separate Adonis models on Beta diversity matrix within each time point were then 

carried out. At T1, the Beta diversity was affected by the category (P = 0.002, R2 = 0.083) and 

litter of origin (P = 0.001, R2 = 0.616). At T2, a tendency was recorded (P = 0.079, R2 = 0.068) 

for the category, and no differences were observed for the litter of origin. At T3, the Beta 

diversity was affected by the category (P = 0.027, R2 = 0.066), and a trend was observed for 

the litter of origin (P = 0.082, R2 = 0.301). At T4, no effect was observed on the Beta diversity. 
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Fig. 2. NMDS plot using Bray-Curtis dissimilarity matrix showing the differences in bacterial 

composition between pigs affected by intrauterine growth restriction (IUGR) and normal pigs 

(NORM) over time (panel A) and at T1 (panel B), T2 (panel C), T3 (panel D) and T4 (panel 

E).  T1 = day 16 ± 0.6; T2 = day 63 ± 8.6; T3 = day 119 ± 11.4; T4 = day 162 ± 14.3.



169 

 

To identify which taxa contributed to the differences among the categories, the LEfSe 

algorithm on the data aggregated at genus levels was applied within each time point. No 

differences were observed at T4. The microbiological markers observed at T1, T2, and T3 are 

shown in Fig. 3A, 3B, and 3C, respectively. At T1, the IUGR group showed a higher abundance 

of Clostridium sensu stricto 1 (LDA score = 4.55; Padj = 0.029) and Romboutsia (LDA score = 

4.04; Padj = 0.047), while the NORM group was characterised by a higher abundance of 

Ruminococcus (LDA score = 4.39; Padj = 0.010). At T2, IUGR pigs had higher abundances of 

Prevotellaceae NK3B31 group (LDA score = 4.5; Padj = 0.021), Rikenellaceae RC9 gut group 

(LDA score = 4.49; Padj = 0.030) and Alloprevotella (LDA score = 4.26; Padj = 0.030), while 

the NORM group showed a higher abundance of HT002 (LDA score = 4.27; Padj = 0.048) an 

uncultured genus of Lactobacillaceae family. At T3, the IUGR group was characterised by a 

higher abundance of p-2534-18B5 gut group (LDA score = 4.3, Padj = 0.03) from the 

Bacteroidales order, while the NORM group was characterised by a higher abundance of 

Prevotella_9 (LDA score = 4.6; Padj < 0.001).
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Fig. 3. LDA plot showing the bacterial markers characterising pigs affected by intrauterine 

growth restriction (IUGR) and normal pigs (NORM) at T1 (panel A), T2 (panel B), and T3 

(panel C). No differences were observed at T4.  T1 = day 16 ± 0.6; T2 = day 63 ± 8.6; T3 = 

day 119 ± 11.4; T4 = day 162 ± 14.3.
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Plasma metabolome 

From the plasma samples of 24 pigs (IUGR = 12, NORM = 12) collected at T1, 65 metabolites 

were analysed. Out of the 65 metabolites measured at T1, 44 were in the quantitation range for 

each sample and were analysed statistically. The others were not detectable in any or most of 

the plasma samples after centrifugation and were excluded from the statistical analysis 

(Supplementary Table S3). Only leucine and 2-aminobutyrate exhibited significant differences 

between IUGR and NORM pigs at T1, with IUGR pigs showing lower plasma concentrations 

of both metabolites compared to the NORM group (P < 0.01). Nevertheless, after applying the 

Benjamini-Hochberg correction, none of the metabolites demonstrated significant differences 

between the IUGR and NORM pigs. The PCA analysis identified two outliers (both from the 

IUGR group), and no spontaneous sample grouping was observed (Fig. 4). Even after the 

removal of outliers, no significant variations were observed in the metabolite concentrations 

between IUGR and NORM pigs, and the PCA analysis continued to show a lack of spontaneous 

grouping of the samples (Fig. 5). 
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Fig. 4. Scatter plot to visualize the principal components of the unsupervised principal component 

analysis (PCA) of the metabolomic data from the samples collected at day 16 ± 0.6 (T1). Each data 

point is represented by its coordinates in the first and second principal components. The data points 

belonging to the normal pigs (NORM) are plotted in blue, the ones belonging to pigs affected by 

intrauterine growth restriction (IUGR) are plotted in red. Samples do not group together according to 

the IUGR/NORM status in the scatter plot of the PCA first principal plan. 
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Fig. 5. Scatter plot to visualize the principal components of the unsupervised principal component 

analysis (PCA) of the metabolomic data from the samples collected at day 16 ± 0.6 (T1) after the 

removal of outliers. Each data point is represented by its coordinates in the first and second principal 

components. The data points belonging to the normal pigs (NORM) are plotted in blue, and the ones 

belonging to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. Samples do 

not group together according to the IUGR/NORM status in the scatter plot of the PCA first principal 

plan. 
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The OPLS-DA model enabled good group discrimination (R2Y = 0.85, Fig. 6) but weak 

predictive ability and high risk of overfitting (Q2Y = -0.47, Q2Y perm test = 0.04). Plasma 

metabolites that contribute the most to the separation between the IUGR and NORM group are 

shown in the OPLS-DA loading plot in Fig. 7. None of the plasma metabolites showed a VIP 

>1.0 in the OPLS-DA analysis (Table 1).
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Table 1. Identification of metabolites of interest at day 16 ± 0.6 (T1) through the combination 

of the variable importance in the projection (VIP) and the loading between the metabolite in 

the X matrix and the predictive latent variable (pLV) of the OPLS-DA model. Metabolites are 

sorted by decreasing VIP. 

Metabolite VIP Loading 

Tyrosine 0.20 -0.04 

Leucine 0.20 0.04 

Aspartate  0.19 0.04 

Sarcosine  0.19 0.17 

Alanine  0.18 0.27 

Myo-inositol  0.16 0.26 

Serine  0.16 0.17 

Citramalate  0.15 0.32 

2-Oxoglutarate 0.15 0.18 

Glycerol  0.15 0.25 

Acetate  0.14 0.19 

2-Aminobutyrate  0.14 0.25 

Threonine  0.13 -0.24 

Beta-alanine  0.13 -0.04 

Arginine  0.13 -0.18 

Phenylalanine  0.13 0.14 

Lysine  0.13 0.14 

Glucose  0.12 0.25 

Glyoxylate  0.12 0.06 

Glutamine  0.12 0.25 

Isoleucine  0.11 0.19 

3-Hydroxyisobutyrate 0.11 0.01 

TMAO 0.11 -0.12 

Citrate  0.10 0.10 

Dimethyl-sulfone 0.09 0.18 

Glycine  0.09 -0.02 

Ascorbate  0.09 0.18 
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Mannose  0.08 0.16 

Betaine  0.08 0.17 

Asparagine 0.08 0.01 

Succinate  0.08 -0.12 

Formate  0.07 -0.13 

Creatine  0.07 -0.09 

Valine  0.07 0.14 

3-Aminoisobutyrate 0.06 -0.08 

Acetone  0.06 -0.11 

Methionine  0.06 -0.04 

N,N-Dimethylglycine  0.05 0.01 

Arabinose  0.04 0.05 

Fumarate  0.03 -0.06 

Trans-4-Hydroxy-L-proline 0.02 0.02 

Proline 0.02 -0.03 

Lactate  0.02 -0.03 

Choline  0.01 -0.02 
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Fig. 6 Scatter plot to visualize the principal components of the supervised orthogonal partial least 

squares discriminant analysis (OPLS-DA) of the metabolomic data from the plasma samples collected 

at day 16 ± 0.6 (T1) after the removal of outliers. Each data point is represented by its coordinates in 

two components, predictive latent variable (pLV) and orthogonal latent variable (oLV). The data 

points belonging to the normal pigs (NORM) are plotted in blue, and the ones belonging to pigs 

affected by intrauterine growth restriction (IUGR) are plotted in red. Samples group together 

according to the IUGR/NORM status in the scatter plot of the OPLS-DA first principal plan.
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Fig. 7. Orthogonal partial least squares discriminant analysis (OPLS-DA) loadings plot of the 

metabolomic data from the plasma samples collected at day 16 ± 0.6 (T1) after the removal of outliers. 

X-axis: metabolites present in the plasma; y-axis: loadings for each metabolite. Loadings indicate the 

contribution of each metabolite to the separation between the two groups: pigs affected by intrauterine 

growth restriction (IUGR) and normal pigs (NORM). Positive loadings indicate that higher levels of 

the metabolite are associated with the NORM groups, while negative loadings indicate higher levels 

in the IUGR group. The metabolites with the highest positive and negative loadings. contribute the 

most to the separation between the two groups.
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From the plasma samples of 24 pigs (IUGR = 12, NORM = 12) collected at T2, 65 metabolites 

were analysed (Supplementary Table S4). Out of the 65 metabolites measured at T2, 44 were 

in the quantitation range and were analysed statistically. The others were not detectable in any 

or most of the plasma samples and were excluded from the statistical analysis (Supplementary 

Table S4). Arabinose, arginine, ascorbate, asparagine, creatine, dimethyl-sulfone, glyoxylate, 

proline, and sarcosine exhibited significant differences between IUGR and NORM pigs at T2. 

Nevertheless, after applying the Benjamini-Hochberg correction, only asparagine was 

significantly different between the IUGR and NORM groups. The PCA analysis showed one 

outlier (from the NORM group) and a tendency of the samples to group spontaneously (Fig. 

8). After the removal of the outlier, asparagine was still the only metabolite showing significant 

variations between IUGR and NORM pigs. Compared with the NORM group, IUGR pigs had 

significantly lower (P < 0.05 and t-statistic ≠ 0) concentrations of asparagine at T2 (Fig. 9). 

The PCA analysis continued to show a tendency for spontaneous sample grouping after the 

removal of the outlier (Fig. 10). The OPLS-DA model enabled good group discrimination (R2Y 

= 0.77, Fig. 11) but weak predictive ability and high risk of overfitting (Q2Y = -1.48, Q2Y 

perm test = 0.05). Plasma metabolites that contribute the most to the separation between the 

IUGR and NORM group are shown in the OPLS-DA loading plot in Fig. 12. None of the 

plasma metabolites showed a VIP >1.0 in the OPLS-DA analysis (Table 2). 
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Table 2. Identification of metabolites of interest at day 63 ± 8.6 (T2) through the combination 

of the variable importance in the projection (VIP) and the loading between the metabolite in 

the X matrix and the predictive latent variable (pLV) of the OPLS-DA model. Metabolites are 

sorted by decreasing VIP. 

Metabolite VIP Loading 

Asparagine  0.19 -0.24 

Mannose  0.19 0.28 

3-Aminoisobutyrate 0.18 0.15 

Beta-alanine   0.18 0.24 

Sarcosine  0.17 -0.13 

Proline  0.16 -0.15 

Fumarate  0.15 0.24 

Arabinose 0.15 0.29 

Ascorbate 0.14 0.27 

2-Aminobutyrate 0.14 0.12 

Aspartate  0.13 0.22 

Succinate  0.13 -0.14 

Glycine   0.13 0.11 

Myo-inositol  0.13 0.10 

Dimethyl-sulfone  0.12 0.27 

Isoleucine  0.12 -0.09 

Acetate  0.12 0.23 

Creatine  0.11 0.23 

Acetone  0.11 0.17 

Methionine  0.11 0.20 

Glyoxylate  0.11 0.23 

Citrate 0.11 -0.03 

Arginine 0.10 0.16 

Tyrosine  0.09 -0.15 

Glucose 0.09 0.20 

TMAO  0.09 -0.02 

Serine  0.08 -0.18 
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Phenylalanine  0.08 -0.03 

Alanine  0.08 -0.17 

Trans-4-Hydroxy-L-proline 0.08 0.09 

Lactate  0.07 -0.09 

Formate  0.07 -0.14 

Glycerol  0.07 0.08 

Lysine  0.07 0.14 

2-Oxoglutarate 0.06 0.04 

Citramalate  0.06 -0.04 

Glutamine  0.06 -0.10 

Threonine  0.06 -0.00 

N,N-Dimethylglycine  0.05 0.06 

3-Hydroxyisobutyrate 0.04 0.09 

Leucine  0.04 0.05 

Choline 0.04 0.01 

Betaine 0.03 -0.06 

Valine  0.01 -0.02 
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Fig. 8. Scatter plot to visualize the principal components of the unsupervised principal component 

analysis (PCA) of the metabolomic data from the samples collected at day 63 ± 8.6 (T2). Each data 

point is represented by its coordinates in the first and second principal components. The data points 

belonging to the normal pigs (NORM) are plotted in blue, and the ones belonging to pigs affected by 

intrauterine growth restriction (IUGR) are plotted in red. Samples tend to group together according 

to the IUGR/NORM status in the scatter plot of the PCA first principal plan.
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Fig. 9. Box plot to show the different plasma asparagine concentration observed between pigs 

affected by intrauterine growth restriction (IUGR) and normal pigs (NORM) at day 63 ± 8.6 (T2). X-

axis: IUGR: 12 piglets with the highest brain-to-liver weight ratio (BrW/LW); NORM: 12 piglets 

with the lower BrW/LW. Y-axis: plasma metabolite concentration (mmol/L). 
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Fig. 10. Scatter plot to visualize the principal components of the unsupervised principal component 

analysis (PCA) of the metabolomic data from the samples collected at day 63 ± 8.6 (T2) after the 

removal of the outlier. Each data point is represented by its coordinates in the first and second 

principal components. The data points belonging to the normal pigs (NORM) are plotted in blue, and 

the ones belonging to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. 

Samples tend to group together according to the IUGR/NORM status in the scatter plot of the PCA 

first principal plan.
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Fig. 11. Scatter plot to visualize the principal components of the supervised orthogonal partial least 

squares discriminant analysis (OPLS-DA) of the metabolomic data from the plasma samples collected 

at day 63 ± 8.6 (T2) after the removal of outliers. Each data point is represented by its coordinates in 

two components, predictive latent variable (pLV) and orthogonal latent variable (oLV). The data 

points belonging to the normal pigs (NORM) are plotted in blue, and the ones belonging to pigs 

affected by intrauterine growth restriction (IUGR) are plotted in red. Samples group together 

according to the IUGR/NORM status in the scatter plot of the OPLS-DA first principal plan.
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Fig. 12. Orthogonal partial least squares discriminant analysis (OPLS-DA) loadings plot of the 

metabolomic data from the plasma samples collected at day 63 ± 8.6 (T2) after the removal of the 

outlier. X-axis: metabolites present in the plasma; y-axis: loadings for each metabolite. Loadings 

indicate the contribution of each metabolite to the separation between the two groups: pigs affected 

by intrauterine growth restriction (IUGR) and normal pigs (NORM). Positive loadings indicate that 

higher levels of the metabolite are associated with the NORM groups, while negative loadings 

indicate higher levels in the IUGR group. The metabolites with the highest positive and negative 

loadings. contribute the most to the separation between the two groups.
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Discussion 

Microbiota and metabolome analyses hold the potential to identify biomarkers of IUGR and 

offer insights into the underlying mechanisms of this condition. To our knowledge, this is the 

first time that the effects of IUGR on faecal microbiota and blood metabolome have been 

evaluated based on the piglets’ BrW/LW at birth. 

Faecal microbiota 

In this study, faecal samples were collected from IUGR and normal pigs at different time points 

and analysed for microbiota composition. The objective was to provide insights into the 

dynamic profile of faecal microbiota in pigs affected by IUGR compared to normal pigs across 

different developmental stages. At the phylum level, the faecal microbiota of both IUGR and 

normal pigs was dominated by Firmicutes and Bacteroidetes at all time points, which is 

consistent with previous literature (Yang et al., 2021; Gaukroger et al., 2020; Kim et al., 2011). 

Unlike other studies, the Alpha diversity of the faecal microbiota in the lactation, starter, 

grower, and finisher period was not affected by the IUGR status in our experiment, except for 

a tendency for a higher Alpha diversity in the IUGR group at the end of the starter period. 

Zhang et al. (2019) reported the Alpha diversity of the jejunal microbiota in IUGR piglets, 

defined by their BtW, to be significantly lower than that of control piglets at 7 and 21 days of 

age, suggesting a dysbiosis in the gut of IUGR piglets during the lactation period. In contrast, 

Xiong et al. (2020) observed that Alpha diversity of the jejunum and ileum microbiota in IUGR 

pigs, identified based on their BtW, was significantly higher than in normal pigs at 25 kg 

(beginning of the grower period), 50 kg (end of the grower period), and 100 kg (end of the 

finisher period) of BW, indicating a more diversified intestinal microbiota in the IUGR pigs 

during the grower-finisher phase. 
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In our study, the Beta diversity of the faecal microbiota across the lactation, starter, and grower 

periods was significantly affected by the IUGR status, with the samples clustering according 

to the category within each time point. Accordingly, in the study of Xiong et al. (2020), the 

Beta diversity analysis showed that IUGR pigs had a different microbial community in the 

small intestine at 25, 50, and 100 kg BW compared to normal pigs. Regarding the differential 

abundance analysis at the genus level, our findings revealed a higher abundance of the genera 

Clostridium sensu stricto 1 and Romboutsia in the IUGR group during the lactation period, 

while the NORM group was characterized by a higher abundance of Ruminococcus.  

The function of Clostridium sensu stricto 1 and Romboutsia in suckling piglets is still unclear. 

Nonetheless, there have been reports suggesting that protein-derived metabolites produced by 

proteolytic bacteria like Clostridia could disrupt barrier function by changing mucus 

composition and tight junctions (Huang et al., 2019; Shi et al., 2019; Pieper et al., 2016). 

Ruminococcus belongs to the Lachnospiraceae family. These bacteria ferment dietary fibre and 

produce short-chain fatty acids, which play a beneficial role in the maintenance of intestinal 

health by improving barrier function and reducing inflammation (Lan et al., 2023; Nowland et 

al., 2022; Xiong et al. 2020). The lower abundance of these bacteria in the IUGR pigs may 

contribute to the higher morbidity and mortality (Farmer and Edwards, 2022), as well as the 

reduced growth observed in IUGR piglets compared to their normal littermates during 

lactation, as documented in manuscript I and other studies (Ruggeri et al., 2024; Santos et al., 

2022; Farmer and Edwards, 2022; Wu et al., 2006). 

At the end of the starter period, our results showed a higher abundance of Prevotellaceae 

NK3B31 group, Rikenellaceae RC9 gut group, and Alloprevotella in the IUGR pigs, while the 

NORM group exhibited a higher abundance of HT002 an uncultured genus of Lactobacillaceae 

family. Le Sciellour et al. (2018), reported a positive link between the abundance of OTUs 

belonging to Lactobacillaceae and the digestibility of nitrogen and energy in grower-finisher 
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pigs. In addition, Lactobacillaceae are also known to improve the health of the small intestine 

by modulating the gut microbiota, promoting beneficial fermentation, and exerting antagonistic 

activity against pathogens in pigs (Dowarah et al., 2017). Considering the positive effect of 

Lactobacillaceae on the ability to digest feed, the lower abundances of bacteria belonging to 

this family may partly explain the reduced feed efficiency of IUGR compared to normal pigs 

described in manuscript I and in the existing literature on IUGR pigs (Ruggeri et al., 2024; 

Santos et al., 2022; Farmer and Edwards, 2022; Wu et al., 2006). However, at the same time 

point, the IUGR group showed higher abundances of bacteria belonging to the Prevotellaceae 

family. These bacteria are able to degrade complex carbohydrates and can be helpful in 

promoting intestinal health and growth of the pigs (Le Sciellour et al., 2018; Zhang et al., 2018). 

While numerous studies suggest a positive association between Prevotella, feed efficiency, and 

growth performance, contradictory results indicate an inverse relationship between certain 

Prevotella species and feed efficiency in pigs (Amat et al., 2020). This highlights the 

importance of additional research into Prevotella species or strains associated with diverse 

growth outcomes.  

At the beginning of the finisher period, the IUGR group was characterised by a higher 

abundance of p-2534-18B5 gut group from the Bacteroidales order, while the NORM group 

was characterised by a higher abundance of Prevotella_9. Bacteria belonging to the 

Prevotellaceae family, as mentioned above, are generally considered beneficial for gut health, 

as they are involved in the fermentation of dietary fiber in the hindgut and the resultant 

production of short-chain fatty acids (Zhang et al., 2018). A reduction of this beneficial bacteria 

from the start of the grower to the finisher period may worsen the performance of the IUGR-

affected pigs.  

The findings of our study suggest dynamic changes in faecal microbiota composition in pigs 

with IUGR compared to normal pigs across different developmental stages, independent of 
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their diets. The observed differences in microbial composition, particularly in families 

associated with short-chain fatty acid production and gut health, may contribute to the impaired 

health and growth of IUGR pigs. Moreover, differences in the taxa identified could potentially 

serve as microbial biomarkers for this condition. 

Plasma metabolome  

In this study, blood samples were collected from IUGR and normal pigs during the lactation 

period and at the end of the starter phase to perform metabolome analysis. Considering the 

restricted glucose availability and the increased adipocyte proliferation observed in IUGR 

foetuses (Sarr et al., 2012; Gondret et al., 2011; Attig et al., 2008), along with the ongoing 

enhanced adipogenesis reported in the postnatal life (Attig et al., 2008), we hypothesized 

differences in plasma metabolites associated with lipid and energy metabolism between IUGR 

and NORM piglets at both time points. Since no significant differences in metabolites were 

observed between IUGR and NORM pigs during the lactation period, we had to partially reject 

our hypothesis. Nevertheless, tyrosine and leucine emerged as main contributors to the 

separation between IUGR and NORM groups in the OPLS-DA analysis, showing lower 

concentrations in the plasma of IUGR piglets in the lactation period. This is in agreement with 

the findings of Lin et al. (2012) who reported reduced leucine and tyrosine concentrations in 

the plasma of IUGR foetuses (defined by their foetal weight) in late gestation, and He et al. 

(2011) who observed decreased serum tyrosine in IUGR piglets, identified based on their BtW, 

at 21 days of age. Leucine, a branched-chain essential amino acid, acts as a nutrient signal, 

stimulating muscle protein synthesis in both newborn (Suryawan et al., 200; Escobar et al., 

2005) and weaned pigs (Yin et al., 2010). Tyrosine, a non-essential aromatic amino acid, serves 

as a precursor for catecholamines (dopamine, norepinephrine, and epinephrine), crucial 

neurotransmitters in the central and peripheral nervous systems, and thyroid hormones, 
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essential in the control of growth, development, and metabolism. The lower concentrations of 

leucine and tyrosine observed in IUGR-affected pigs may contribute to the reduced growth, 

altered metabolism, and impaired maturation of the nervous system reported in the literature in 

IUGR-affected piglets (Santos et al., 2022; Wixey et al., 2019; Shen et al., 2018). 

At the end of the starter period, only asparagine was significantly lower in the plasma of IUGR 

compared to NORM pigs and it was the metabolite that contributed the most to the separation 

between the IUGR and NORM groups in the OPLS-DA analysis. Asparagine is a non-essential 

amino acid involved in energy and amino acid metabolism, as well as in protein synthesis 

(Wang et al., 2015). Asparagine can act as a precursor for other amino acids of the arginine 

family, such as aspartate, glutamine, and glutamate, which are the major sources of ATP in 

mammalian enterocytes (Wu, 2013). Additionally, asparagine contributes to immune function, 

as demonstrated by studies in weaned piglets indicating its positive impact on the intestine and 

liver during inflammation (Chen et al., 2016; Wu et al., 2015). Considering the physiological 

functions of asparagine, the lower concentration of this amino acid could be associated with 

the reduced growth of IUGR pigs compared to their normal littermates and their higher 

susceptibility to diseases reported in several studies (Ruggeri et al., 2024; Santos et al., 2022; 

Farmer and Edwards, 2022; Wu et al., 2006). However, other metabolites associated with lipid 

oxidation, energy, and protein metabolism, which showed changes between IUGR and normal 

pigs in other studies (Lin et al., 2012; He et al., 2011), were not affected in the present study. 

The literature on metabolomic profiling in IUGR pigs across different growth stages is limited 

and the interpretation of the results is challenging. There is not a standardized definition of 

IUGR and the diagnosis is often based just on the BW of the foetus or the BtW of the piglet. 

This may be a reason why the reported findings were inconsistent (Priante et al., 2019).  

In conclusion, our study demonstrated that growth restriction in the uterus has a significant and 

long-lasting impact on the faecal microbiota composition in pigs, from birth to the beginning 
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of the finisher period. In contrast, growth restriction minimally affected the blood metabolome 

profile of pigs at different growing stages. Identifying biomarkers associated with IUGR could 

provide novel insights into this condition, facilitating early interventions and effective 

management strategies. These may include proving dietary supplements, administering 

specific probiotics and prebiotics to shape the gut microbiota, ensuring colostrum intake after 

birth, maintaining optimal environmental conditions, and conducting regular health checks. 

The successful treatment of the IUGR-affected pigs holds the potential to improve the overall 

efficiency of pig production systems. 

Ethics approval  

All the experimental procedures complied with Swiss animal welfare guidelines and were 

approved (experimental approval numbers 32751) by the Cantonal Veterinary Office of 

Fribourg (Switzerland).  
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Supplementary material 

Supplementary Table S1. Selection based on their brain-to-liver weight ratio (BrW/LW) to 

compare the blood metabolome and faecal microbiota between pigs affected by intrauterine 

growth restriction (IUGR) and normal pigs (NORM) at different time points. 

 Category1 Sex 

Item2 IUGR NORM Female Castrate 

T1 12 12 15 9 

BrW/LW 1.00 0.36 0.69 0.66 

T2, T3, T4 12 12 12 12 

BrW/LW 1.00 0.40 0.72 0.68 

 

1 Category: IUGR: 12 pigs with the highest BrW/LW; NORM: pigs with the lowest BrW/LW. 

2 T1 = blood and faeces collected before the administration of the pre-/early postweaning diet (day 16 ± 0.6); T2 

= blood and faeces collected at the end of the starter period (day 63 ± 8.6); T3 = faeces collected at the beginning 

of the finisher period (day 119 ± 11.4); T4 = faeces collected at the end of the finisher period (day 162 ± 14.3). 

BrW/LW = mean BrW/LW in the IUGR and NORM groups.
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Supplementary Table S2. Per sample information regarding sequencing depth. 

ID1 Sow ID2 Parity Sex BtW3 BrW/LW4 Category5 
Time 

point6 
Selected Depth 

9205 5262-FE4 3 female 1.11 1.10 IUGR 4 1 28819 

9069 7162-FE4 1 castrate 1.95 0.42 NORM 2 1 26669 

9124 5906-FE4 2 female 1.61 0.41 NORM 1 1 49488 

9092 1773-FE4 7 female 1.18 0.99 IUGR 1 1 32163 

9108 5953-FE4 2 castrate 2.03 0.35 NORM 2 1 25222 

9110 5953-FE4 2 female 1.89 0.32 NORM 2 1 35540 

9166 338-FE4 9 female 2.16 0.38 NORM 2 1 54012 

9266 709-FE4 8 castrate 1.87 0.46 NORM 2 1 30261 

9110 5953-FE4 2 female 1.89 0.32 NORM 4 1 47032 

9143 6076-FE4 1 female 0.83 1.06 IUGR 4 1 29679 

9166 338-FE4 9 female 2.16 0.38 NORM 4 1 38775 

9165 338-FE4 9 female 2.15 0.41 NORM 4 1 41079 

9093 1773-FE4 7 female 1.08 0.94 IUGR 1 1 32841 

9193 5262-FE4 3 castrate 1.51 0.89 IUGR 1 1 31073 

9236 7201-FE4 1 castrate 1.94 0.46 NORM 2 1 31613 

9239 7201-FE4 1 castrate 1.95 0.44 NORM 2 1 29614 

9059 3188-FE4 5 castrate 1.76 0.46 NORM 3 1 28108 

9006 7151-FE4 1 castrate 1.03 1.12 IUGR 1 1 22955 

9007 7151-FE4 1 castrate 1.07 0.41 NORM 1 1 29748 

9108 5953-FE4 2 castrate 2.03 0.35 NORM 1 1 38794 

9165 338-FE4 9 female 2.15 0.41 NORM 1 1 8851 

9236 7201-FE4 1 castrate 1.94 0.46 NORM 4 1 1272 

9239 7201-FE4 1 castrate 1.95 0.44 NORM 3 1 56528 

9059 3188-FE4 5 castrate 1.76 0.46 NORM 2 1 44147 

9048 4062-FE4 4 castrate 1.57 0.40 NORM 1 1 28884 

9282 709-FE4 8 female 0.97 0.88 IUGR 2 1 56314 

9016 7151-FE4 1 female 0.99 0.96 IUGR 1 1 36803 

9110 5953-FE4 2 female 1.89 0.32 NORM 1 1 28746 

9006 7151-FE4 1 castrate 1.03 1.12 IUGR 2 1 45261 

9284 3459-FE4 5 castrate 1.31 0.88 IUGR 4 1 33257 
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9085 1773-FE4 7 castrate 1.15 0.98 IUGR 2 1 1238 

9205 5262-FE4 3 female 1.11 1.10 IUGR 1 1 32393 

9236 7201-FE4 1 castrate 1.94 0.46 NORM 3 1 30554 

9112 1684-FE4 7 female 1.76 0.38 NORM 2 1 40088 

9104 757-FE4 8 female 1.49 0.90 IUGR 1 1 34718 

9085 1773-FE4 7 castrate 1.15 0.98 IUGR 4 1 31491 

9205 5262-FE4 3 female 1.11 1.11 IUGR 2 1 45294 

9033 7146-FE4 1 castrate 1.9 0.36 NORM 2 1 19047 

9086 1773-FE4 7 castrate 1.11 1.14 IUGR 2 1 41018 

9006 7151-FE4 1 castrate 1.03 1.12 IUGR 3 1 62877 

9183 7202-FE4 1 castrate 1.17 1.07 IUGR 2 1 40677 

9166 338-FE4 9 female 2.16 0.38 NORM 1 1 27838 

9092 1773-FE4 7 female 1.18 1.00 IUGR 2 1 41374 

9093 1773-FE4 7 female 1.08 0.94 IUGR 4 1 29702 

9108 5953-FE4 2 castrate 2.03 0.35 NORM 4 1 25700 

9122 5906-FE4 2 female 1.84 0.36 NORM 3 1 38052 

9093 1773-FE4 7 female 1.08 0.94 IUGR 2 1 41000 

9013 7151-FE4 1 female 1.05 0.87 IUGR 3 1 40499 

9122 5906-FE4 2 female 1.84 0.36 NORM 1 1 22663 

9108 5953-FE4 2 castrate 2.03 0.35 NORM 3 1 44204 

9121 5906-FE4 2 female 1.96 0.36 NORM 1 1 30670 

9205 5262-FE4 3 female 1.11 1.11 IUGR 3 1 32822 

9122 5906-FE4 2 female 1.84 0.36 NORM 2 1 32933 

9143 6076-FE4 1 female 0.83 1.06 IUGR 3 1 31782 

9092 1773-FE4 7 female 1.18 1.00 IUGR 3 1 41411 

9016 7151-FE4 1 female 0.99 0.96 IUGR 4 1 55016 

9016 7151-FE4 1 female 0.99 0.96 IUGR 3 1 6492 

9016 7151-FE4 1 female 0.99 0.96 IUGR 2 1 60599 

9110 5953-FE4 2 female 1.89 0.32 NORM 3 1 38896 

9013 7151-FE4 1 female 1.05 0.87 IUGR 2 1 57628 

9165 338-FE4 9 female 2.15 0.41 NORM 3 1 50687 

9143 6076-FE4 1 female 0.83 1.06 IUGR 2 1 43745 

9086 1773-FE4 7 castrate 1.11 1.13 IUGR 1 1 53553 

9166 338-FE4 9 female 2.16 0.38 NORM 3 1 69256 
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9069 7162-FE4 1 castrate 1.95 0.42 NORM 3 1 23014 

9033 7146-FE4 1 castrate 1.9 0.36 NORM 4 1 44073 

9266 709-FE4 8 castrate 1.87 0.46 NORM 3 1 54524 

9284 3459-FE4 5 castrate 1.31 0.88 IUGR 2 1 47954 

9112 1684-FE4 7 female 1.76 0.38 NORM 3 1 37984 

9282 709-FE4 8 female 0.97 0.88 IUGR 1 1 30306 

9282 709-FE4 8 female 0.97 0.88 IUGR 4 1 42453 

9165 338-FE4 9 female 2.15 0.41 NORM 2 1 63679 

9106 757-FE4 8 female 1.08 0.92 IUGR 1 1 52217 

9069 7162-FE4 1 castrate 1.95 0.42 NORM 4 1 34925 

9059 3188-FE4 5 castrate 1.76 0.46 NORM 4 1 40414 

9006 7151-FE4 1 castrate 1.03 1.12 IUGR 4 1 39642 

9143 6076-FE4 1 female 0.83 1.06 IUGR 1 1 29546 

9183 7202-FE4 1 castrate 1.17 1.07 IUGR 3 1 50258 

9093 1773-FE4 7 female 1.08 0.90 IUGR 3 1 32798 

9239 7201-FE4 1 castrate 1.95 0.43 NORM 4 1 45838 

9112 1684-FE4 7 female 1.76 0.38 NORM 1 1 31543 

9183 7202-FE4 1 castrate 1.17 1.07 IUGR 4 1 39263 

9033 7146-FE4 1 castrate 1.9 0.35 NORM 3 1 43388 

9119 5906-FE4 2 castrate 1.68 0.29 NORM 1 1 27982 

9086 1773-FE4 7 castrate 1.11 1.13 IUGR 4 1 40526 

9013 7151-FE4 1 female 1.05 0.87 IUGR 4 1 22027 

9160 338-FE4 3 castrate 1.96 0.29 NORM 1 1 0 

9183 7202-FE4 1 castrate 1.17 1.07 IUGR 1 1 27679 

9266 709-FE4 8 castrate 1.87 0.46 NORM 4 1 28537 

9085 1773-FE4 7 castrate 1.15 0.97 IUGR 3 1 21369 

9122 5906-FE4 2 female 1.84 0.35 NORM 4 1 26619 

9284 3459-FE4 5 castrate 1.31 0.87 IUGR 3 1 27701 

9086 1773-FE4 7 castrate 1.11 1.13 IUGR 3 1 43488 

9092 1773-FE4 7 female 1.18 0.99 IUGR 4 1 41610 

9112 1684-FE4 7 female 1.76 0.38 NORM 4 1 31182 

9282 709-FE4 8 female 0.97 0.88 IUGR 3 1 2545 

 

1 ID = identification number of the pig. 
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2 Sow ID = identification number of the sow. 

3 BtW = birth body weight. 

4 BrW/LW = brain-to-liver weight ratio.  

5 IUGR = 12 pigs with the highest BrW/LW; NORM = 12 pigs with the lowest BrW/LW.  

6 T1 = blood and faeces collected before the administration of the pre-/early postweaning diet (day 16 ± 0.6); T2 = blood 

and faeces collected at the end of the starter period (day 63 ± 8.6); T3 = faeces collected at the beginning of the finisher 

period (day 119 ± 11.4); T4 = faeces collected at the end of the finisher period (day 162 ± 14.3). BrW/LW = mean 

BrW/LW in the IUGR and NORM groups.
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Supplementary Table S3. Metabolites analysed at day 16 ± 0.6 (T1) from plasma samples of 

24 piglets to compare the blood metabolome profile between piglets affected by intrauterine 

growth restriction (IUGR = 12) and normal piglets (NORM = 12).  

Item1 Statistical analysis2 

2,3-Butanediol Not included 

2-Aminobutyrate Included 

2-Hydroxybutyrate Not included 

3-Aminoisobutyrate Included 

3-Hydroxybutyrate Not included 

3-Hydroxyisobutyrate Included 

3-Methyl-2-oxovalerate Not included 

3-Methylhistidine Not included 

Acetate Included 

Acetone Included 

Alanine Included 

Alpha-ketoisovalerate Not included 

Anserine Not included 

Arabinose Included 

Arginine Included 

Ascorbate Included 

Asparagine Included 

Aspartate Included 

Beta-alanine Included 

Betaine Included 

Carnosine Not included 

Choline Included 

Citramalate Included 

Citrate, glutamine Included 

Creatine Included 

Dimethylamine Not included 

Dimethyl-sulfone Included 

Ethanol Not included 
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Formate Included 

Fumarate Included 

Glucose Included 

Glycerol Included 

Glycine Included 

Glyoxylate Included 

Histidine Not included 

Hypoxanthine Not included 

Isoleucine Included 

Isopropanol Not included 

Lactate Included 

Leucine Included 

Levulinate Not included 

Lysine, 2-oxoglutarate Included 

Mannose Included 

Methanol Not included 

Methionine Included 

Methylmalonate Not included 

Myo-inositol Included 

N,N-Dimethylglycine Included 

Phenylalanine Included 

Proline Included 

Pyroglutamate Not included 

Pyruvate Not included 

Sarcosine Included 

Serine Included 

Succinate, pyruvate Included 

Theophylline Not included 

Threonine Included 

TMAO (trimethylamine N-oxide) Included 

Trans-4-Hydroxy-L-proline Included 

Tyrosine Included 

UDP-glucose Not included 
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Uridine Not included 

Valine Included 

 

1 Plasma metabolites analysed at day 16 ± 0.6 (T1) from 24 pigs (IUGR = 12, NORM = 12). 

2 Included = metabolites with plasma concentration in the quantitation range for each sample, included in the 

statistical analyses; not included = metabolites with plasma concentration not detectable in any (2-

hydroxybutyrate, 3-methyl-2-oxovalerate, 3-methylhistidine, alpha-ketoisovalerate, anserine, carnosine, 

dimethylamine, hypoxanthine, pyroglutamate, and UDP-glucose) or most (2,3 butanediol, 3-hydroxybutyrate, 

ethanol, histidine, isopropanol, levulinate, methanol, methylmalonate, pyruvate, theophylline, and uridine) of the 

samples after centrifugation, not included in the statistical analysis.
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Supplementary Table S4. Metabolites analysed at day 63 ± 8.6 (T2) from plasma samples of 

24 piglets to compare the blood metabolome profile between piglets affected by intrauterine 

growth restriction (IUGR = 12) and normal piglets (NORM = 12).  

Item1 Statistical analysis2 

2,3-Butanediol Not included 

2-Aminobutyrate Included 

2-Hydroxybutyrate Not included 

3-Aminoisobutyrate Included 

3-Hydroxybutyrate Not included 

3-Hydroxyisobutyrate Included 

3-Methyl-2-oxovalerate Not included 

3-Methylhistidine Not included 

Acetate Included 

Acetone Included 

Alanine Included 

Alpha-ketoisovalerate Not included 

Anserine Not included 

Arabinose Included 

Arginine Included 

Ascorbate Included 

Asparagine Included 

Aspartate Included 

Beta-alanine Included 

Betaine Included 

Carnosine Not included 

Choline Included 

Citramalate Included 

Citrate, glutamine Included 

Creatine Included 

Dimethylamine Not included 

Dimethyl-sulfone Included 

Ethanol Not included 
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Formate Included 

Fumarate Included 

Glucose Included 

Glycerol Included 

Glycine Included 

Glyoxylate Included 

Histidine Not included 

Hypoxanthine Not included 

Isoleucine Included 

Isopropanol Not included 

Lactate Included 

Leucine Included 

Levulinate Not included 

Lysine, 2-oxoglutarate Included 

Mannose Included 

Methanol Not included 

Methionine Included 

Methylmalonate Not included 

Myo-inositol Included 

N,N-Dimethylglycine Included 

Phenylalanine Included 

Proline Included 

Pyroglutamate Not included 

Pyruvate Not included 

Sarcosine Included 

Serine Included 

Succinate, pyruvate Included 

Theophylline Not included 

Threonine Included 

TMAO (trimethylamine N-oxide) Included 

Trans-4-Hydroxy-L-proline Included 

Tyrosine Included 

UDP-glucose Not included 
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Uridine Not included 

Valine Included 

 

1 Plasma metabolites analysed at day 63 ± 8.6 (T2) from 24 pigs (IUGR = 12, NORM = 12). 

2 Included = metabolites with plasma concentration in the quantitation range for each sample, included in the 

statistical analyses; not included = metabolites with plasma concentration not detectable in any (2-

hydroxybutyrate, 3-hydroxybutyrate, 3-methyl-2-oxovalerate, anserine, carnosine, hypoxanthine, isopropanol, 

methanol, pyroglutamate, theophylline, UDP-glucose, and uridine) or most (2,3 butanediol, 3-methylhistidine, 

alpha-ketoisovalerate, dimethylamine, ethanol, histidine, levulinate, methylmalonate, and pyruvate) of the 

samples after centrifugation, not included in the statistical analysis.
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Supplementary Fig. S1. Rarefaction curve of faecal samples of piglets generated through sequencing 

the V3–V4 region of the 16s rRNA gene with the MiSeq platform (Illumina Inc., San Diego, CA, 

USA).
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6. General discussion  

The lack of an accurate and non-invasive method to diagnose IUGR still makes this condition 

a major challenge in both human and animal health (Felicioni et al., 2019), as the development 

of management interventions is limited by poor diagnosis. In newborn piglets, the identification 

of IUGR commonly relies on their head shape and/or BtW due to the practical applicability of 

these methods on farms and in research settings. Growth restriction in the uterus often results 

in SGA piglets (Radlowski et al., 2014) characterized by a distinctive head shape (Hansen et 

al., 2018). As a consequence, IUGR is typically defined as a piglet weighing 1.5 SD units lower 

than the average BtW of the litter (D’inca, 2010), weighing below 1.1 kg at birth (Ji et al., 

2017), or exhibiting features such as a dolphin-like head shape, wrinkles perpendicular to the 

mouth, bulging eyes, and hair with no directional growth (Amdi et al., 2020; Hales et al., 2013; 

Chevaux et al., 2010). However, a more appropriate metric for assessing the degree of IUGR 

should consider the ratio between the weight of the brain and the weight of other organs 

(Felicioni et al., 2019), as it directly reflects the brain-sparing effect.  

For the experiment described in manuscript I, we used CT scan to assess the weight of the 

brain and liver in newborn piglets and to compare the diagnoses based on BrW/LW, BtW, and 

head shape. Our results demonstrated that a BtW below 1.1 kg or the presence of a 

characteristic "IUGR" head shape did not consistently correspond to an elevated BrW/LW. 

These findings support our first hypothesis, suggesting that the identification of IUGR piglets 

only based on the head morphology or BtW might not always provide an accurate diagnosis of 

IUGR and can lead to a misclassification of this condition. A LBtW does not necessarily imply 

IUGR (Gupta, 2008), and the subjective nature of head shape classification introduces 

observer-dependent variations. Additionally, the head morphology of the piglets may be 

influenced by natural changes, unrelated to pathology, resulting in distinct characteristics 
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among them, similar to the diversity observed in humans. For these reasons, to accurately 

assess growth restriction in piglets, measurements such as BtW and head shape should be 

complemented by evaluating the relative brain-to-body weight ratio or BrW/LW (Chand et al., 

2022; Felicioni et al., 2019).  

In the experiment described in manuscript II, the BtW was recorded, and the weight of the 

brain and liver of newborn piglets were measured through either scale measurement after 

natural death or euthanasia or by extrapolation from CT scan images. In addition, pictures of 

the same piglets were taken to capture specific body measurements which were used to predict 

the weight of the brain, the liver, and the BrW/LW through linear regression models. These 

findings confirmed our second hypothesis, indicating that specific morphometric traits can 

function as reliable indicators for both brain and liver weights, enabling non-invasive and 

accurate diagnosis of IUGR. 

By incorporating the distance between the ears alongside BtW, the proposed model can predict 

the weight of the brain with a 6% margin of error. Significantly, studies by Amdi et al. (2013) 

and Hansen et al. (2018) indicated that if the relative weight of the brain of a newborn piglet is 

below 3% of its BtW, the piglet can be diagnosed as normal. As a consequence, the weight of 

the brain estimated with our model can be simply compared with the piglet’s BtW, enabling 

accurate identification of normal piglets with a minimal margin of error. This comparison also 

provides insights into piglets with a relative BrW above 3% of their BtW, suggesting potential 

growth restriction in the uterus.  

Using the area of the body delimited by a square along with the BtW allows for the estimation 

of the LW with a 17% error rate. As the LW increases, the predictive accuracy of the model 

worsens, implying that beyond a specific LW, the body's structure may no longer be associated 

with the organ’s weight, unlike what was observed for the brain. Likewise, a combination of 
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BtW, distance between the ears, and area of the body delimited by a square enables the 

estimation of BrW/LW with a 17% margin of error. 

Future research should focus on the identification of innovative traits or different models to 

estimate the weight of the liver, with the goal of increasing prediction accuracy. Efforts should 

also be directed towards the development of techniques for automating the extraction of 

morphometric traits from images. Furthermore, these models need to be validated in larger 

populations and with different breeds, and their applicability tested under real-world field 

conditions. The developed models provide a promising tool for the early identification of IUGR 

piglets, and accurate diagnostic approaches will facilitate interventions to minimize the 

negative effects of IUGR. This might involve manipulating gut microbiota via prebiotics and 

probiotics, adjusting diets, administering metabolic intermediates to optimize impaired 

metabolic pathways, and ensuring optimal environmental conditions for the affected piglets. 

Indeed, the third hypothesis of this Ph.D. thesis was that the IUGR condition has a long-lasting 

and negative influence on a wide range of physiological functions in pigs, ultimately resulting 

in impaired growth, altered gut microbiota, and blood metabolome profile. 

Piglets experiencing IUGR typically exhibit slower growth rates and delayed development 

compared to their normal littermates (Wu et al., 2006). In the study reported in manuscript I, 

we employed the BrW/LW to evaluate the physiological traits of pigs exposed to IUGR during 

foetal development. Our findings revealed an inverse relationship between the BrW/LW and 

the ADG from birth to slaughter, with a decreasing effect of the ratio over time. Several studies 

reported a reduced ADG in IUGR pigs, from birth to weaning (Hansen et al., 2018), from birth 

to the growing phase (Lynegaard et al., 2020; Alvarenga et al., 2012), or from birth to slaughter 

(Santos et al., 2022; Xiong et al., 2020). Similar to our investigation, Alvarenga et al. (2012) 

observed that IUGR pigs, identified by LBtW, initially exhibited lower ADG from birth to the 

grower phase. However, by day 150, their ADG became comparable to that of normal pigs. 
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Indeed, it has been demonstrated that the impact of BtW on ADG diminishes over time, and 

BtW correlates with ADG until approximately 70 days of age (Dwyer et al., 1993; Gondret et 

al., 2005). This phenomenon can be partially explained by the increased fat deposition with age 

in both IUGR and normal pigs. The conversion of dietary fat to triglycerides in the body is less 

efficient (weight gain/feed intake) compared to the conversion of dietary protein into protein 

in muscle (Ji et al., 2017). 

Nevertheless, despite the diminishing influence of BtW on ADG over time, our findings, 

detailed in manuscript I, showed an inverse relationship between the BrW/LW and the gain-

to-feed ratio during the grower–finisher period. Since the overall feed intake remained 

unaffected by the ratio in this phase, the reduced gain-to-feed ratio could be solely attributed 

to the lower ADG in IUGR compared to normal pigs. Additionally, in line with other studies 

(Gondret et al., 2005), IUGR was consistently associated with an extended time to reach the 

market slaughter weight, resulting in increased management costs (Díaz et al., 2017). 

These findings validate part of our third hypothesis, showing that piglets exposed to IUGR 

exhibit reduced growth rates, as well as decreased efficiency in nutrient utilization compared 

to their normal littermates throughout their postnatal life. 

The existing literature regarding IUGR suggests that the diminished growth rate observed in 

the affected pigs is programmed during foetal development in the uterus (Foxcroft and Town, 

2004). For instance, studies demonstrated that insults experienced at different stages of prenatal 

life can compromise the development of the GIT, resulting in lower nutrient digestion and 

absorption and, consequently, impaired growth during postnatal life (Santos et al., 2022; Zhang 

et al., 2019). IUGR-affected pigs exhibit alterations in intestinal structure, including reduced 

intestinal length and weight, decreased villus height, increased crypt depth, and changes in GIT 

transcriptomic and proteomic profiles from the lactation period (He et al., 2011; D'inca et al., 

2010; Wang et al., 2008; Wang et al., 2005) up to 70 days of age (Santos et al., 2022). 
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Furthermore, growth restriction in the uterus influences the microbial colonization of the GIT. 

The findings reported in manuscript III demonstrated that IUGR has a significant impact on 

the faecal microbiota composition in pigs across different developmental stages. Our 

investigation revealed a strong influence of IUGR on the Beta diversity of the faecal microbiota 

during the lactation, starter, and grower periods. This aligns with the findings of Xiong et al. 

(2020), who reported significant alterations in the microbial community of the small intestine 

in pigs at 25, 50, and 100 kg BW due to IUGR.  

In the experiment described in manuscript III, IUGR piglets showed lower abundances of 

bacteria belonging to the Lachnospiraceae, Lactobacillaceae, and Prevotellaceae families 

compared to normal pigs in the lactation, starter, and grower periods, respectively. Bacteria 

from the Lachnospiraceae and Prevotellaceae families are involved in fermenting dietary fiber 

and producing short-chain fatty acids, which contribute to intestinal health by enhancing barrier 

function and mitigating inflammation (Lan et al., 2023; Xiong et al., 2020). The 

Lactobacillaceae family, positively linked to nitrogen and energy digestibility in grower-

finisher pigs (Le Sciellour et al., 2018), is known to enhance small intestine health through 

modulation of gut microbiota, stimulation of beneficial fermentation, and antagonistic activity 

against pathogens (Dowarah et al., 2017). The changes in abundances observed between IUGR 

and normal pigs partly validate our third hypothesis, showing that growth restriction in the 

uterus has a significant impact on the faecal microbiota composition, affecting bacteria 

involved in nutrient digestion and absorption, inflammatory responses, and disease 

susceptibility.  

Another example of foetal programming in the context of IUGR regards skeletal muscle and 

adipose tissue development and growth. Studies demonstrated that intrauterine overcrowding 

compromises muscle hyperplasia in piglets, particularly in the formation of secondary 

myofibers (Bérard et al., 2010; Foxcroft et al., 2006). Furthermore, it has been proposed that 
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compromised embryonic myogenesis may prioritize adipose tissue development over skeletal 

muscle (Kablar et al., 2003; Ji et al., 2017). Newborn piglets experiencing growth restriction 

during gestation typically exhibit fewer muscle fibers when compared to their normal 

littermates (Bérard et al., 2010; Alvarenga et al., 2013; Felicioni et al., 2020). As a 

consequence, some researchers suggested that the lower number of muscle fibers at birth may 

not be fully compensated for by postnatal growth, resulting in diminished overall growth and 

increased adiposity in the affected pigs (Liu et al., 2015; Krueger et al., 2014; Gondret et al., 

2006).  

However, in the experiment reported in manuscript I, the BrW/LW did not affect the fat and 

muscle mass of the pigs at any of the growing stages, nor in the carcasses, despite a negative 

correlation of the ratio with the protein deposition rate and protein efficiency in the grower–

finisher period. Accordingly, in the study described in manuscript III, the plasma metabolome 

profile was not affected by IUGR in the lactation period and the only significantly lower 

metabolite at the end of the starter period in IUGR compared to normal pigs was asparagine. 

This amino acid is not involved in lipid metabolism and is only partially involved in energy 

metabolism, as a precursor of aspartate, glutamine, and glutamate, which are the major 

contributors to the generation of ATP in mammalian enterocytes.  

Our findings regarding the body composition comply with the study of Lynegaard et al. (2020), 

in which no differences in fat or muscle percentage were found in relation to BW at 24 days of 

age between the IUGR and normal pigs, as well as with studies by Gondret et al. (2005) and 

Nissen and Oksbjerg (2011), which observed no effect of BtW on lean and fat tissue deposition 

in finisher pigs. On the contrary, several studies reported higher fat deposition and a lower 

proportion of muscle in IUGR compared to normal pigs at different developmental stages. 

Increased adipocyte proliferation was previously observed in IUGR foetuses, likely to improve 
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the long-term ability to store fatty acids, which can undergo oxidation and provide additional 

energy to the slow-developing foetus. (Sarr et al., 2012; Attig et al., 2008).  

This tendency towards increased fat deposition is supported by studies investigating the blood 

metabolome profile in piglets, which revealed increased adipogenesis and lipid oxidation and 

impaired energy and protein metabolism in IUGR-affected piglets compared to their normal 

littermates (Lin et al., 2012; He et al., 2011). Additionally, proteomic analysis by Wang et al. 

(2008) found lower levels of enzymes involved in protein synthesis and increased 

concentrations of proteasome, involved in protein breakdown, in the skeletal muscle of IUGR 

piglets at birth compared to their normal littermates.  

Numerous studies have also reported higher fat deposition and a lower proportion of muscle in 

IUGR compared to normal pigs at the end of the production cycle (Liu et al., 2015; Krueger et 

al., 2014; Gondret et al., 2006). In the study of Gondret et al. (2006), the low weight at birth 

unequivocally led to higher carcass fatness. Krueger et al. (2014) demonstrated that female 

IUGR pigs, defined by their BtW, have a reduced capacity for muscle development and 

metabolize less fat than normal pigs, contributing to their higher body fat levels and accelerated 

fat deposition at an earlier age.  

Since no significant differences in the blood metabolome profile were observed between IUGR 

and normal pigs during the lactation period, and the lean and fat deposition was not affected 

by the BrW/LW at any of the growing stages, part of our third hypothesis had to be rejected. 

Indeed, we expected IUGR-affected pigs to have a lower percentage of lean tissue and an 

increased susceptibility to fat deposition compared to their normal littermates, as well as 

alterations in metabolite concentrations related to lipid oxidation, energy, and amino acid 

metabolism, as suggested by previous research. 

However, it is important to consider that in the existing literature, IUGR pigs are frequently 

identified based on their BtW, and there is variability in the threshold of BtW used across 
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different studies to distinguish between IUGR and normal pigs. Furthermore, variations in the 

timing of euthanizing animals for body composition analysis, either at a targeted age or a 

targeted BW, can influence results. Differences in muscle growth between IUGR and normal 

pigs may emerge depending on the choice between age-based or BW-based slaughter. If 

slaughtered at a specific age, IUGR pigs might not have had sufficient time to reach their full 

muscle growth potential, resulting in less muscle deposition compared to their normal 

counterparts. Conversely, if slaughtered at the same BW, IUGR pigs might have had adequate 

time for their muscles to develop according to their growth potential, leading to comparable 

body composition between IUGR and normal pigs. 

Another explanation for the observed similarity in body composition between IUGR and 

normal pigs is that normal pigs, especially the fastest-growing ones, may not be expressing 

their full growth potential. Indeed, Alvarenga et al. (2013) suggested that typical commercial 

diets might not be formulated to meet the nutritional needs of the fastest-growing pigs 

preventing them from growing as much as they could. In this scenario, IUGR pigs, although 

less protein-efficient than their normal counterparts, may exhibit similar muscle and fat 

percentages as normal pigs when slaughtered at the same BW. 

Finally, despite having a lower number of fibers at birth, IUGR and LBtW tend to exhibit 

myofiber diameters equal to or even larger than those of their heavier littermates at a constant 

slaughter weight (Dwyer et al., 1993; Gondret et al., 2006; Alvarenga et al., 2013; Felicioni et 

al., 2020). A higher rate of hypertrophy associated with fewer muscle fibers could compensate 

for the limited fiber count without affecting total lean and fat deposition. This may explain why 

no differences in muscle and fat percentages were observed in our as well as in other studies 

between IUGR and normal pigs (Gondret et al., 2005; Lynegaard et al., 2020; Beaulieu et al., 

2010).  
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The presence of enlarged myofibers in skeletal muscle (Gondret et al., 2006), alongside 

increased oxidative stress and decreased antioxidant capacity in pigs affected by IUGR 

compared to their normal counterparts (Chen et al., 2023; He et al., 2023; Cheng et al., 2020), 

might explain why growth restriction in the uterus can also impact postmortem biochemical 

changes, leading to variations in meat quality traits. 

The results reported in manuscript I showed that the BrW/LW was negatively correlated with 

the lightness of the LT muscle, in agreement with other studies (Matyba et al., 2021; Liu and 

He, 2014). The decreased lightness due to IUGR could potentially impact consumer perception, 

although it is unclear whether this altered colour is noticeable to consumers. Moreover, the 

BrW/LW tended to have a negative correlation with cooking loss, which, on the contrary, is 

often considered a favourable trait for consumers. Likewise, Liu and He (2014) reported a 

lower cooking loss in the meat of IUGR compared to normal pigs. However, results on the 

impact of IUGR on meat quality are often inconsistent. For instance, depending on the study, 

the pH in the LT of IUGR pigs was reported to be equal to, higher, or lower than their normal 

littermates (Chen et al., 2023; Matyba et al., 2021; Zhang et al., 2018 Li et al., 2015; Liu and 

He, 2014). In addition, in contrast with our findings, Chen et al. (2023) and Li et al. (2015) 

reported a lighter colour of the LT in IUGR compared to normal pigs. Variances among studies 

may be attributed to differences in the ages at which the animals are slaughtered. Latorre et al. 

(2003) and Virgili et al. (2003), demonstrated that older pigs produced redder and darker 

skeletal muscle compared to their younger counterparts. Indeed, in our experiment, IUGR pigs 

were older than their normal littermates at a constant slaughter weight and this may explain the 

darker colour of their meat. Considering these findings, we also had to partially reject the 

hypothesis that IUGR influences postmortem biochemical changes of the muscle, thereby 

deteriorating meat quality traits.  
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To the best of our knowledge, this research is the first to identify IUGR pigs using the BrW/LW 

as a diagnostic metric. Consequently, comparing our findings with studies that diagnose IUGR 

based on head shape or BtW is challenging, not only for meat quality but also for all the other 

parameters analysed. Grouping based on head shape or BtW may include a mix of IUGR and 

normal pigs within these categories, potentially contributing to the occasional inconsistencies 

observed between our results and those of other studies. These findings highlight the need for 

an accurate and standardized diagnostic approach to further investigate the physiological traits 

of IUGR-affected pigs, and to enable consistent comparisons between studies.  

Using predictive models based on image analysis represents a promising approach for the early 

identification of IUGR piglets. In the last few years, machine learning, particularly 

convolutional neural networks (CNNs), has proven to be a powerful tool to detect diseases 

from images. These networks can quickly learn complex representations from data, enabling 

accurate differentiation between normal and abnormal features (Anwar et al., 2018). 

Nevertheless, to train these networks a large and diverse dataset is needed, and this represents 

a big challenge when the data available is limited, as in our study. For this reason, in this Ph.D. 

thesis, despite working initially with CNNs, we decided to rely on simpler predictive models 

based on multiple linear regressions and to report only the outcomes of these models 

(manuscript II). Linear regression models are easier to develop and require less data compared 

to machine-learning approaches. The models utilizing BtW and morphometric traits 

(developed and detailed in manuscript II) appear to offer the most effective means of 

evaluating IUGR both in farm and research contexts. The approach is non-invasive, cost-

effective, and relatively easy to apply, even within farm settings. While the methodology still 

needs to be improved in terms of error rates, especially regarding liver weight prediction, 

integrating this approach with the identification of IUGR based on head morphology and BtW 

could substantially enhance prediction accuracy and provide a reliable diagnosis of IUGR.  
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However, considering the rapid evolution of artificial intelligence it might be also possible in 

the coming years to apply CNNs even in situations where the data is limited. In the context of 

IUGR, this could further increase diagnostic accuracy. In addition, further research on the 

microbiota composition of IUGR-affected pigs may reveal specific taxa, consistent across 

various studies, that could serve as biomarkers for diagnosing this condition.  

Regardless of the methodology employed, an increased diagnostic accuracy can foster the 

development of effective interventions. The economic and environmental impact of treatments 

for IUGR pigs cannot be underestimated. Indeed, a rising global population is increasing the 

demand for meat products (FAOSTAT, 2023). This growing demand is coupled with the 

commitment to reduce livestock production’s environmental footprint and with rising concerns 

about the welfare of livestock animals. In light of these considerations, a shift towards more 

sustainable and ethical production is essential, even if it is often difficult to find a balance 

between these objectives.  

In this context, one might question the trend towards increased prolificacy. The increase in 

litter size, driven by genetic selection for prolificacy, led to an increase in the percentage of 

piglets weighing below 1 kg at birth, which have less than a 75% chance of surviving to 

weaning (Quesnel et al., 2008), and an increase in the number of piglets exposed to IUGR. 

IUGR-affected piglets are more susceptible to diseases and have a higher mortality rate. In 

addition, in this Ph.D. thesis, we demonstrated that IUGR pigs have stunted growth, lower 

efficiency in utilizing feed and, particularly, protein, and require more time to reach the desired 

slaughter weight. Being less efficient, IUGR pigs may require more feed to achieve the same 

growth as their normal counterparts, contributing to higher resource usage, including land, 

water, and energy. Moreover, inefficient protein utilization by IUGR pigs may result in higher 

nitrogen content in their manure, which can lead to environmental issues, including water 

pollution and emissions of ammonia and nitrous oxide (Meade et al., 2011). Therefore, 
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considering the absence of an effective treatment to mitigate IUGR's negative effects, 

revaluating the strategy of increasing litter size becomes essential to ensure sustainable pig 

production systems. 
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7. Conclusion 

The current challenge of accurately diagnosing IUGR limits the development of effective 

treatments. While traditional methods like BtW and head shape have been employed in several 

studies for IUGR identification in newborn piglets, our research used a more accurate metric, 

the BrW/LW, to characterize physiological traits in pigs affected by this condition.  

Our findings demonstrated that relying solely on head shape or BtW for IUGR diagnosis might 

lead to misclassification, as these features are not consistently associated with an increased 

BrW/LW. Instead, our study showed the potential of alternative morphometric traits, such as 

the distance between the ears and the area of the body delimited by a square, in predicting the 

BrW/LW and diagnosing IUGR.  

From a physiological perspective, our research confirmed the negative and lasting 

consequences of IUGR on a wide spectrum of postnatal traits, including diminished growth 

rates, reduced protein efficiency, and impacts on faecal microbiota composition. 

The development of predictive models based on morphometric traits and the physiological 

characterisation of the affected pigs may enable the development of effective treatments.  

Moreover, an accurate diagnosis could facilitate the genetic selection of the sows which 

produce fewer IUGR piglets.  

Successfully treating IUGR-affected pigs holds the potential to increase the overall efficiency 

and sustainability of pig production systems. In the absence of effective treatments for IUGR, 

the strategy of increasing litter size to enhance productivity should be revaluated. Balanced 

approaches that consider both economic demands and sustainability are needed.
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