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Preface
This PhD thesis has been submitted to the Graduate School of Science and Technology,
Aarhus University to partially fulfil the requirements for a PhD degree. The overall structure of the
PhD thesis was based on data obtained from 2 new experiments and previous studies
conducted prior to the commencement of this PhD study. Experiment (Exp)-1 was conducted
in a production herd and form the basis for Paper I. Exp-2 was conducted at research center
Foulum, Aarhus University, Denmark, with multi-catheterized sow models with the same feeding
strategy used in Exp-1 and form the basis for Paper II. Moreover, some data from Exp-2 were
combined with data compiled from 7 previous independent experiments conducted between
2007 and 2014 to prepare results presented in Paper III.
Exp-1 was conducted at a commercial herd from August 2014 to June 2015 by SEGES
Danish Pig Research Center. Exp-2 was conducted at Department of Animal Science, Aarhus
University, Foulum from April to June 2016, and funded by The Pig Levy Foundation (project
title: EMØF) and The Graduate School of Science and Technology at Aarhus University. The 7
colostrum studies were conducted from 2007 to 2014 and did not contribute financially to this
PhD study.
I was not directly involved in the practical part of Exp-1 in the production herd but I
drafted the scientific manuscript from Exp-1. Prior to my PhD, I was partially involved in the
different colostrum studies conducted between 2013 and 2014. In Exp-2, I was fully involved in
the project from planning to implementation (animal surgery; follow up after surgery, all
practical activities, sample collection, analysis of some samples and organizing other lab
activities).
Three scientific manuscripts were prepared and included in this PhD thesis. Two of them
were published in Journal of Animal Science and the third was submitted for publication to
Journal of Animal Science in June 2018. All these 3 papers were drafted and written by me,
mainly under the guidance of my main supervisor. My co-supervisors also made significant
inputs to the scientific manuscripts.
Selected part of this PhD thesis was presented at the midterm PhD qualifying exam in
January 2017. Thus, in accordance with the rules and regulations of GSST, Aarhus University,
this part has been used with the permission of GSST.

Takele Feyera
July 2018
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Summary
The number of stillborn piglets and preweaning mortality of live-born piglets is of major
concern due to ethical, environmental and economic reasons. Farrowing duration (FD) and
colostrum intake are both traits related to piglet mortality. Consequently, an improved
understanding of the factors associated with FD and sow colostrum production may be the way
to improve piglet survival in modern hyperprolific sows. Therefore, this PhD study aimed to
investigate the effect of dietary modification around farrowing on the farrowing process and
sows’ colostrum production with the ultimate goal of improving piglet survival.
In this PhD study, the impacts of increased dietary fiber (DF) supply for sows during the
last 2 weeks of gestation on piglet survival, mammary plasma flow (MPF), mammary nutrient
metabolism and colostrum production were studied. A total of 644 sows were used to
investigate the impacts of high DF on the proportion of stillborn piglets, preweaning mortality of
live-born piglets and total piglets mortality in a production farm. Ten sows were catheterized to
investigate the effect of high DF on MPF, mammary nutrient uptake (MNU), mammary carbon
balance and colostrum production. Also, correlations between arterial glucose concentration,
FD and the time from last meal until the onset of farrowing (TLMUOF) were investigated.
Furthermore, uterine extractions of energy metabolites during late gestation and farrowing as
well as the ontogeny of colostral fat, lactose and protein (immunoglobulin) were examined.
Data from 166 farrowings were compiled from 7 different experiments, which were conducted
prior to the start of this PhD study. These data were used to characterize factors affecting the
farrowing process.
The studies revealed that supplemented DF reduced the proportion of stillborn piglets
and total preweaning mortality of the piglets. Supplemented DF increased colostral fat content
but did not increase MPF, MNU and colostrum yield. The mammary carbon balance showed
that the majority of colostral fat and lactose was produced after onset of farrowing. Among the
measured energy metabolites, glucose and triglycerides were the only substrates extracted by
the uterus during farrowing. The association between TLMUOF, arterial glucose concentration
and FD demonstrated that TLMUOF is highly important for the farrowing process. The TLMUOF
determines the concentration of arterial glucose at the onset of farrowing, and plasma glucose
at the onset of farrowing is in turn highly important for the FD. The statistical analysis revealed a
break point where FD started to increase if TLMUOF was above 3.13 h. For each unit delay in
the TLMUOF after this break point, FD was prolonged by 1.14 h. Thus, the present PhD study
generates new knowledge regarding the importance of the prepartum nutritional strategy to
improve piglet survival in modern hyperprolific sows. The present results emphasized the
importance of high DF in the diet for late gestating sows as well as shorter TLMUOF, and both
traits were clearly affecting survival of the piglets.
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Sammendrag
Antallet af dødfødte grise og dødeligheden af levendefødte grise i diegivningsperioden
er vigtige parametre af både etiske, miljømæssige og økonomiske årsager. Faringslængde (FD)
og råmælksindtag er begge egenskaber med betydning for pattegrisedødeligheden. Derfor
kan en øget forståelse for faktorer med sammenhæng til FD og søernes råmælksproduktion
kan være en vej til at øge overlevelsen af pattegrise hos de nuværende avlslinjer af
højproduktive søer. Formålet med dette PhD studie var derfor at undersøge betydningen af
søernes fodring omkring faring for søernes faringsforløb og produktion af råmælk med det
overordnede mål at øge overlevelsen af pattegrise.
Dette PhD studie undersøgte betydningen af en øget fibertildeling (DF) til søer i de sidste
2 uger af drægtigheden på overlevelsen af pattegrise, yverets plasma flow (MPF), yverets
omsætning af næringsstoffer og produktionen af råmælk. I alt 644 søer blev anvendt til at
undersøge betydningen af en øget fibertildeling på andelen af dødfødte grise, dødeligheden
af levendefødte grise i diegivningsperioden og den totale pattegrisedødelighed i en
produktionsbesætning. Der blev indlagt katetre i 10 søer for at undersøge betydningen af en
øget fibertildeling på MPF, yverets optag af næringsstoffer, yverets kulstofbalance og
råmælksproduktionen. Også sammenhængen mellem soens arterielle glukosekoncentration,
FD samt tiden mellem det sidste måltid inden faringsstart og faringsstart (TLMUOF) blev
undersøgt. Derudover blev børens ekstraktion af energimetabolitter målt i sendrægtighed og
under faring, mens udviklingen i råmælkens indhold af fedt, laktose og protein
(immunoglobuliner) blev fulgt de første 36 timer efter faringsstart. Data fra 166 faringer blev
samlet fra syv forskellige forsøg, der blev udført før igangsætningen af dette PhD studie. Disse
data blev anvendt til at karkaterisere faktorer med betydning for farringsforløbet.
Undersøgelserne viste at en øget fibertildeling reducerede andelen af dødfødte grise og
den totale dødelighed af pattegrise. En øget fibertildeling resulterede i et højere fedtindhold i
råmælken, men havde ingen betydning for MPF, yverets optag af næringsstoffer og
råmælksydelsen. Yverets kulstofbalance viste at størstedelen af fedt og laktose i råmælken blev
produceret efter faringsstart. Glukose og triglycerider var de eneste af de målte næringsstoffer
der blev optaget af børen under faringsforløbet. Sammenhængen mellem TLMUOF, arteriel
glukosekoncentration og FD viste at TLMUOF er en meget vigtig faktor for faringsforløbet.
Koncentrationen af arterielt glukose er bestemt ud fra TLMUOF og den arterielle koncentration
af glukose ved faringsstart har stor betydning for FD. Den statistiske analyse viste et knækpunkt,
hvor FD blev forøget, hvis TLMUOF var højere end 3.13 timer. En forlængelse af TLMUOF over
dette knækpunkt resulterede i en øget FD på 1.14 timer for hver time TLMUOF blev forlænget.
Dette PhD studie har genereret ny viden med hensyn til vigtigheden af den
næringsstofmæssige strategi før faring for at øge overlevelsen af pattegrise hos de nuværende
avlslinjer af højproduktive søer. Nærværende resultater understreger vigtigheden af et højt
fiberindhold i foderet til sendrægtige søer såvel som en kort TLMUOF, i og med begge
egenskaber havde en klar betydning for overlevelsen af pattegrise.
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1. General Introduction
Selection for litter size is a success story in modern pig industry due to a steady increase
in litter size over the last decades (Rutherford et al., 2013). Consequently, it is common to wean
higher number of piglets per sow per year in modern swine production (KilBride et al., 2012;
Pedersen et al., 2016; Krogh, 2017). However, the continual increase in the number of weaned
piglet per sow per year is the consequence of increased total born but not because of a
reduction in piglet mortality (Edwards and Baxter, 2015). Thus, the net effect of large litter size
from the viewpoint of piglet survival is still challenging the pig industry, as the proportion of
stillborn and preweaning mortality of live-born piglets is still high (Kirkden et al., 2013). In the
Danish pig industry, litter size increased from 13 in 1999 to 18 in 2016 (DPRC, 1999-2016). In the
same production years, the proportion of stillborn and preweaning mortality of live-born piglets
increased from 8 to 10%; and from 12 to 14%, respectively (Figure 1; DPRC (1999-2016)). Thus,
selection for litter size has been accompanied by increased proportion of stillborn and
preweaning mortality of live-born piglets. Nevertheless, the number of stillbirth and preweaning
mortality decreased slowly but steadily after 2009 in Danish pig industry because of the
introduction of selection for live pig at day 5 in the DanBred breeding system (Su et al., 2007).
Stillborn

preweaning mortality of live-born

Piglet mortality, %

14
12
10
8
6
4
2
0
1999 2001 2003 2005 2007 2009 2011 2013 2015
Production year
Figure 1. Trends in the proportion of stillborn and preweaning mortality of live-born piglets in the Danish pig
industry. Mortality was calculated as percentage of total born piglets in the litter. DPRC (1999-2016).

The number of stillborn and preweaning mortality of live-born piglets in the litters is highly
correlated with the farrowing process (Peltoniemi et al., 2014) and piglets’ colostrum intake
(Quesnel et al., 2012), respectively. The majority of stillborn piglets were alive when the process
of farrowing started (Peltoniemi et al., 2014), whereas 70 to 90% of prepartum death occurs in
the process of farrowing due to prolonged FD (English and Morrison, 1984). Large litter size
(Rutherford et al., 2013) and prepartum constipation (Oliviero et al., 2009; Pearodwong et al.,
2016) are major risk factors for prolonged FD. Regardless of the deleterious effect of prolonged
FD on stillbirth, feeding strategy to reduce FD and thereby stillbirth did not receive much
scientific attention (Theil, 2015). Thus, altered feeding strategies during the transition period that
would have a potential to speed up the farrowing process is worth investigating.
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The beneficial impacts of DF on behavioral responses of gestating sows have been well
studied (Robert et al., 1993; Farmer et al., 1995). Moreover, beneficial impact of DF on
production performance also received scientific attention nowadays. Dietary fiber showed
significant effects on reducing prepartum constipation and prolonged FD in sows (Oliviero et
al., 2009). However, the effect of DF on the proportion of stillborn piglets is contrasting and nonsignificant (Guillemet et al., 2007; Krogh et al., 2015), which may be due to the small sample
size commonly used in research projects. Thus, conducting such a study with a large sample
size in a commercial herd could be a possibility to reveal the potential of DF as a nutritional
solution to reduce the proportion of stillborn piglets in hyperprolific sows. Farrowing is an energy
demanding process, and increasing litter size indeed increases the energy cost of farrowing
(Rutherford et al., 2013). Serena et al. (2009) showed that energy uptake from the
gastrointestinal tract (GIT) of sows fed high DF diet was elevated for an extended period
compared with sows fed more starch diets. According to Lay et al. (2002), uterine and maternal
exhaustion could prolong FD while depletion of readily available energy during farrowing is the
predisposing factor for uterine and maternal exhaustion (van Kempen, 2007). Thus, it is
pertinent to investigate the association between sow energy status at the onset of farrowing
and FD as well as the proportion of stillborn piglets. Moreover, uterus contractions are very
intense during farrowing (Assali et al., 1958); concomitantly, pattern of substrate oxidation
would expectedly differ in late gestation and during farrowing. Furthermore, inclusion of DF in
the diet for late gestating sows might improve uterine substrate oxidation through increased
uptake of short chain fatty acids (SCFA). Knowing the major uterine oxidative substrates during
farrowing may help us develop a feeding strategy that would reduce the risk of uterine
exhaustion during farrowing and thereby speedup the farrowing process. Dietary fiber showed
a beneficial effect on sows’ colostrum production (Theil et al., 2014a) while the nutritional (fat
and lactose) and immunological (immunoglobulin; Ig) importance of colostrum for the survival
and development of the neonate pigs has been reviewed (Le Dividich et al., 2005). However, it
is uncertain whether these colostral components (fat, lactose and protein) are produced prior
to or during farrowing in sows. Understanding the ontogeny of these colostral components may
be important prior to designing a nutritional study to impact colostrum production in sows.
Moreover, quantifying input and output of mammary glands in the colostrum period may help
us to elucidate which dietary nutrients potentially limit colostrum yield (CY).
Therefore, the work packages included in this PhD research had the overall objective of
increasing piglet survival by reducing the proportion of stillborn piglets and increasing the
survival of live-born piglets until weaning. To address this objective, the impacts of an altered
feeding strategy, i.e. high DF supply, during the transition period on the proportion of stillborn
piglets and preweaning mortality of live-born piglets as well as MNU and colostrum production
were investigated. Moreover, the impacts of sow energy status at the onset of farrowing on FD,
the need for farrowing assistance and the proportion of stillborn piglets were investigated.
Moreover, a qualitative study on substrate oxidation by the uterus in late gestation and during
farrowing was performed. The ontogenies of major colostral components were examined to
ascertain their respective period during which synthesis of colostrum take place.
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2. Background
2.1. Mammary development, plasma flow and nutrient uptake

2.1.1. Mammary development
In gestating sows, the majority of mammary growth and development occurs during the
last third of gestation, typically between day 80 and 115 of gestation (Buttle, 1988; Hurley et al.,
1991; Farmer and Hurley, 2015). During this period, pregnancy induced endocrine hormones
stimulate a marked proliferation and differentiation of epithelial secretory cells of the alveoli
(Akers et al., 2000; McManaman and Neville, 2003). Thus, a marked increase in the number of
lobular-alveolar (parenchyma cells) structures and the loss of fat pad will take place during this
period. Therefore, progressive reorganization of the mammary gland away from a
predominantly-adipose organ to one with extensive lobular-alveolar secretory epithelial
functions takes place in late gestation (Hurley et al., 1991). Ji et al. (2006) indicated a rapid
increase in crude protein content of the mammary glands from day 75 of gestation and onward
while Hurley et al. (1991) reported a 4.5-fold increase in mammary parenchyma cross-section
between day 80 and 100 of gestation. Thus, the ability of mammary glands to secret
colostrum/milk develops during late pregnancy when mammary glands transformed from a
simple ductal tree to a highly efficient exocrine organ with extensive lobular-alveolar structures
under hormonal control (McManaman and Neville, 2003).
Hurley et al. (1991) observed that the middle mammary glands (3rd to 5th pairs) are the
most developed glands during late gestation compared with the anterior (1st and 2nd pairs) or
the posterior (6th to 8th pairs) mammary glands. Moreover, heavier glands with a greater amount
of protein and DNA were reported in the middle than in the anterior and posterior mammary
glands at day 102 and 112 of gestation (Kim et al., 2000; Ji et al., 2006). These results might
suggest that heavier glands could produce more colostrum/milk, thus piglets suckling the
middle glands would be expected to gain more weight compared with those suckling the
remaining glands. However, piglets suckled the anterior and middle mammary glands had a
similar weight gain during the lactation period, but both had greater weight gains than those
suckled the posterior glands (Kim et al., 2000).

2.1.2. Mammary development and Insulin-like growth factor (IGF)-I
The role of IGF-I in mammary gland development is well defined during pubertal
mammogenesis (Kleinberg, 1997; Hovey et al., 1998). Both the circulating and mammarysynthesized IGF-I have important roles in the pre-pubertal development of mammary glands
(Weber et al., 1999). However, there is no strong evidence supporting that the circulating IGF-I
plays a major role in the development of mammary glands during the post-pubertal stage.
According to Kleinberg et al. (2000), plasma IGF-I is detectable in maternal serum during
pregnancy, but there is no strong evidence supporting that plasma IGF-I has an important role
in the mammary development after puberty. Lee et al. (1993) investigated an increased
content of IGF-I in the mammary tissue by 2.3- and 6.5-fold from day 75 to 90 and day 75 to
112 of gestation, respectively, while the concentration of IGF-I in maternal serum during this
period was stable. These authors stated that locally produced (autocrine and paracrine) IGF-I
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is likely to mediate mammogenesis in pregnant sows more than endocrine IGF-I. Moreover, a
review by Akers et al. (2000) emphasized the physiological importance of locally synthesized
IGF-I as a potent mitogen for mammary gland development during gestation.
In addition to its mitogen effect on mammary development, IGF-I is important for growth
and development of neonate pigs (Xu et al., 2000). Typically during the early life of the piglets,
IGF-I is important to stimulate gastrointestinal tissue growth and functional maturity in the
suckling piglets (Xu et al., 2002). Greater neonatal intestinal tissue development was
investigated when piglets consumed colostrum with high IGF-1 content (Burrin et al., 1996). This
indicates that optimal secretion of IGF-I into colostrum is essential. Based on the above cited
literature, it seems that the majority of IGF-I secreted in colostrum of multiparous sows is
probably locally synthesized in the mammary glands.

2.1.3. Mammary plasma flow
Unlike the surplus literature available on MPF and MNU in lactating sows (Trottier et al.,
1997; Renaudeau et al., 2003; Farmer et al., 2015), literature is very scarce regarding these 2
traits in sows during gestation and farrowing. Except a single study by Krogh et al. (2017), MPF
and MNU have not been investigated yet in gestating sows. The latter authors reported an
increase in MPF by 36 and 63% from day 105-112 of gestation and from day 112 of gestation
until day 3 postpartum, respectively. The rate of MPF and arteriovenous concentration
difference across the mammary gland are the major determinants of the amount of nutrients
available to mammary glands (Farmer et al., 2015). It would be expected that mammary
nutrient metabolism during gestation is not as active as during lactation, but it is not clear if this
is a justifiable reason for the scarcity of information on MPF and mammary nutrient metabolism
in gestating sows. At least during the last 10 days of gestation when mammary growth is
accelerated (Theil, 2015) and colostral protein synthesis is onset (Kensinger et al., 1982),
investigation on MPF and MNU would be worth investigating.

2.1.4. Mammary nutrient uptake
Colostral components are synthesized from nutrients taken up by the mammary glands
and supplied to the secretory epithelial cells (Farmer et al., 2015). These nutrients are
transported to the secretory epithelial cells by 5 general routes as shown below in Figure 2
(McManaman and Neville, 2003).
The exocytotic route (route I) is the primary mechanism for protein and lactose secretion
to the alveoli, while water, oligosaccharides, phosphate, calcium and citrate could also be
transported by this route (McManaman and Neville, 2003; Baumrucker and Bruckmaier, 2014).
As stated by these authors, these substances are packed into secretory vesicles within the golgi
apparatus and then transported to the apical region of the cells, where the vesicles fuse with
the apical plasma membrane and discharge their content into the alveolar lumen
(McManaman and Neville, 2003). Glucose is taken up by the GLUT1 transporter with very high
affinity for glucose (McManaman and Neville, 2003).
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Figure 2. Model for nutrient transport in mammary
epithelial. I) Exocytotic route: secretion of milk
proteins, lactose, calcium and other components
of aqueous phase of milk; II) Lipid secretion route:
milk fat secretion; III) Transcytotic route: secretion
of immunoglobulins from the interstitial space; IV)
Membrane transport route: direct movement of
monovalent ions, water and glucose across the
apical and basal membranes of the cell; V)
Paracellular route: transport through the
paracellular pathway for plasma components and
leukocytes. BM: basement membrane; ER:
endoplasmic reticulum; GJ: gap junction; ME:
myoepithelial cell; MFG: milk fat globule, N:
nucleus; PC: plasma cell; SV: secretory vesicle.
Copied and modified from McManaman and
Neville (2003)

The lipid secretion route (route II) is responsible for synthesis of triglycerides and
phospholipids from fatty acids and glycerol in the smooth endoplasmic reticulum in the basal
region of the cell (McManaman and Neville, 2003). Newly synthesized lipid molecules form into
small storage structures called micro lipid droplets with a surface coat of protein, fuse with each
other to farm large cytoplasmic lipid droplets and finally move to the apical membrane to be
secreted as membrane bound milk fat globule (Mather and Keenan, 1998).
The transcytotic route (route III) is very predominant in the colostrum-farming phase and
account for the mass appearance of immunoglobulin and other bioactive colostral
components such as prolactin and transferrin (Baumrucker and Bruckmaier, 2014). This route
involve the endocytic uptake of substances at the basal membrane, formation and
maintenance of endosomes, and sorting to lysosomes for degradation or to the apical recycling
compartment exocytosis at the apical membrane (McManaman and Neville, 2003).
The membrane transport route (route IV) is composed of several distinct, solute-specific
mechanisms for transport of monovalent and polyvalent ions and small molecules such as
glucose and amino acids (AAs). Transcellular transfer of these substances from blood to
colostrum by this route requires the presence of a specific transporter at the basal and apical
plasma membranes (McManaman and Neville, 2003).
The paracellular route (route V) accounts for direct, bi-directional and extracellular
movement of both micro- and macro-molecular solutes between the epithelial cells by leaky
tight junctions. These tight junctions are leaky during pregnancy (Baumrucker and Bruckmaier,
2014), but undergo closure during farrowing (Nguyen and Neville, 1998).

2.1.5. Major precursors for colostrum/milk synthesis
Dietary availability of nutrients to the mammary gland is a major limiting factor for sow
colostrum/milk production (Boyd and Kensinger, 1998; Farmer et al., 2008). Glucose, AAs and
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fatty acids are the major nutrients taken up by the mammary epithelial cells for colostrum/milk
synthesis, although lactate, acetate and β-hydroxy-butyrate could also be taken up to some
extent (Farmer et al., 2008). Blood glucose is the primary precursor for lactose synthesis, and
about 50 to 70% of glucose uptake by the mammary epithelial cells is used for lactose synthesis
(Boyd and Kensinger, 1998; Farmer et al., 2008; Theil et al., 2012). The extraction rate of glucose
by the mammary glands ranges within 20 to 30% as reviewed by Farmer et al. (2008). Glucose
transport across the mammary epithelial membrane is facilitated by the GLUT1glucose
transporter that operates independently of insulin and has a lower Km value (McManaman and
Neville, 2003). The AAs extracted from the blood account for 95% of milk protein while the
remaining portion could be derived from non-protein nitrogen (Boyd and Kensinger, 1998).
Extraction of AAs by the mammary glands varies considerably from one AA to another, and
ranges from 0 to 7% in late gestation (Krogh et al., 2017) and from 0 to 60% in established
lactation (Trottier et al., 1997; Krogh et al., 2017). Transport of AAs across the mammary
epithelial membrane is facilitated by sodium-dependent active transport across a
concentration gradient by different transporters (Chen et al., 2018). Blood triglycerides are the
main precursors for milk fat synthesis (Boyd and Kensinger, 1998; Farmer et al., 2008).
Triacylglycerol in lipoproteins are hydrolyzed by lipoprotein lipase, thereafter the fatty acids can
be taken up by mammary epithelial cells by passive diffusion or a facilitated carrier mechanism
driven by the plasma concentration gradient (Theil, 2012).

2.1.6. Transfer of immunoglobulin G (IgG) across mammary epithelial barrier
The prepartum transfer of IgG from maternal serum to mammary secretions has been
widely used as a biomarker for colostrogenesis in mammals (Jönsson, 1973; Barrington et al.,
2001; Schnulle and Hurley, 2003; Baumrucker et al., 2010). A recent review work indicated the
termination of colostrogenesis prior to birth of the first piglet in sows (Alexopoulos et al., 2018).
All IgG in colostral secretion was reported to be derived from maternal serum in sows (Bourne
and Curtis, 1973). Among the IgG subclasses, IgG1 and IgG2 are quantitatively the most
important Ig (Porter and Allen, 1972) and represents about 88% of total serum Ig in pigs (Porter,
1969). In bovine species, IgG1 is selectively transported in the mammary glands by Fcγ receptor
of the neonate (Baumrucker and Bruckmaier, 2014). However, Porter and Allen (1972) reported
the absence of selective transport of IgG1 over IgG2 in porcine species, even though Fcγ
receptor of the neonate is still the transporter of IgG in porcine mammary glands (Schnulle and
Hurley, 2003). The IgG represents over 80% of total Ig secreted in colostrum of the sows (Porter,
1969; Curtis and Bourne, 1971), whereas the concentration of IgG in colostrum is about 7-fold
greater than in the maternal serum (Le Dividich et al., 2005). This might imply that IgG is
gradually transferred from maternal serum to mammary secretion during late gestation to be
secreted later in colostrum after the onset of farrowing. Transfer of IgG from maternal serum to
mammary secretions and from colostrum across the intestinal tract of the neonate piglets is
important for long-term survival of the piglets.
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2.2. Extraction of nutrient by the gravid uterus
Uteroplacental growth during the early and mid-pregnancy has a powerful, constraining
influence on nutrient transport during late pregnancy, where the capacity to transport nutrients
is highly determined by the size and vascularization of the uteroplacenta (Bell et al., 1999).
Optimal uptake of nutrients by the gravid uterus is important for growth of conceptus in the
uterus. The extent and type of nutrients extracted by gravid uterus is highly dependent on the
type of placental structure, the rate of fetal growth and the nature of fetal body composition
(Duée et al., 1987). Uterine metabolic demand for nutrient is generally low in early to midgestation but increases in late gestation when fetal growth rate accelerates (McPherson et al.,
2004). Such accelerated nutrient demand would be achieved by increasing blood flow to the
uterus and/or increasing arteriovenous concentration difference of the nutrients delivered to
the uterus. For instance, Pere and Etienne (2018) reported a 30% increase in blood flow to the
gravid uterus from day 79 to 106 of gestation in sows.
Glucose is the main oxidative substrate for gravid uterus in sows (Duée et al., 1987; Père,
1995; Pere et al., 2000). Extraction of glucose by the gravid uterus varies from 4.8 to 8.3%, and
reported values are not highly influenced by the stage of gestation in sows (Duée et al., 1987;
Pere and Etienne, 2018). Gilbert et al. (1984) showed that 36% of the maternal glucose turnover
rate in rabbits is directed to the gravid uterus on the day of parturition and concluded that gravid
uterus is the site of high glucose consumption on the day of parturition. Such redirection of
glucose to the uterus could be due to a high-energy demand for intense contractions of the
uterine smooth muscle on the day of farrowing (Kelley et al., 1978; Vallet et al., 2013). Provided
that such redirection of glucose to the uterus on the day of farrowing functions the same way in
sows, it is suggested that a sufficient level of plasma glucose on the day of farrowing is important
for successful farrowing as other organs also need glucose for oxidation.
The extraction rate of AAs by the gravid uterus is linearly proportional to the
concentration of AAs in maternal artery (Duée et al., 1987). According to these authors,
extraction of AAs by the gravid uterus ranges from 3 to 18% at day 100 of gestation, in which
glutamine is the amino acid being most efficiently extracted. Moreover, the authors reported
that alanine, glycine, threonine, lysine, arginine, histidine and glutamine are also moderately to
highly extracted AAs by the gravid uterus. This might imply that these AAs are preferentially
used over the rest of AAs for fetal growth.
Several studies demonstrated that pig uteroplacenta is less permeable to fatty acids
during pregnancy (Duée et al., 1987; Thulin et al., 1989; Père, 2001; Vallet et al., 2014; Pere and
Etienne, 2018). These authors suggested that triglycerides and non-esterified fatty acids (NEFA)
are quantitatively not important oxidative substrates for the gravid uterus. However, at present
it is unclear if it is also less permeable to fatty acids during farrowing as well. In other species
which bear fetuses with a much higher body fat content such as rabbits (Gilbert et al., 1984)
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and guinea pigs (Block et al., 1984), NEFA and triglycerides have been reported being a
substantial oxidative substrate for the gravid uterus.
2.3. Production and composition of colostrum and piglet colostrum intake and survival

2.3.1. Production and composition of colostrum
Colostrum is synthesized in the mammary glands in late gestation and is believed to
terminate prior to the onset of farrowing as recently reviewed by Alexopoulos et al. (2018), while
secretion occurs during the colostral period (Quesnel et al., 2012; Theil et al., 2014b). Hereafter,
the colostral/colostrum period is defined as the time from birth of the first piglet in the litter until
24 h after the onset of farrowing (Devillers et al., 2004). Colostrum production is very variable
among sows and ranges from 1.9 kg (Devillers et al., 2007) to 6.6 kg (Krogh et al., 2015), though
the factors causing this variability are not well known (Farmer and Quesnel, 2009). Assuming
that sows nurse 13 piglets and 250 g is the minimum amount of colostrum that a piglet should
consume for good health and growth, Quesnel et al. (2012) calculated that sows should
produce at least 3.3 kg of colostrum to meet the aforementioned requirement. According to
Quesnel et al. (2012), 35% of the sows do not produce a sufficient amount of colostrum to fulfil
the minimum requirement of the mean piglet to obtain good health and growth. This suggests
that colostrum production by the sow is the most limiting factor for piglet survival. Indeed, piglets
are littermates but not friends and thus they do not share the limited resources. Such problem
may be speculated to be worse with Danish sows where they nurse 17 piglets on average
during the colostrum period (Krogh et al., 2015) if CY is independent of litter size as reported
previously (Le Dividich et al., 2005; Quesnel et al., 2012). Data from previous colostrum studies
based on 166 farrowings indicated that only 22% of the sows had CY lower than 3.3 kg (T.
Feyera, unpublished). This result indicates that either litter size has influence on CY or Danish
sows are more productive. A recent work by Krogh (2017) showed the slight dependency of CY
on the number of live-born piglets in the litter.
Farmer and Quesnel (2009) stated that nutrition is a major factor that could be used as
tool to influence colostrum composition, although much is unknown regarding how sow
nutrition affects colostrum production (Theil et al., 2014b). The concentrations of colostral
protein and lactose are less likely to be affected by dietary treatments (Theil et al., 2012).
Reducing the dietary protein content of the gestation diet from 18 to 8% (King et al., 1996) or
from 23.6 to 18.6% (Al-Matubsi et al., 1998) did not affect production of colostral protein. King
et al. (1993) demonstrated that AAs composition of lacteal secretion is very stable and not
affected by dietary protein levels. Thus, this indicates that production of colostral protein is not
influenced by the dietary protein level. Lactose is the least variable component of colostrum
and varies only within a narrow range, because lactose has an osmotic role and draws water
into the mammary secretion, and is thus hardly affected by dietary treatment (Theil et al., 2014b;
Declerck et al., 2015). Unlike protein and lactose, fat is the most variable colostral component
and may likely be altered by dietary intervention (Farmer and Quesnel, 2009). Supplementing
sows with different levels and sources of dietary fat showed a positive response on milk fat
content (Jackson et al., 1995; Yang a et al., 2008). However, supplementing diets for late
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gestating sows with dietary fat from different sources at 3% (Krogh et al., 2015) or 8% (Theil et
al., 2014a) inclusion levels did not significantly increase the colostral fat content. The beneficial
impacts of dietary fat on colostrum production depend on the levels and sources of fat used
(Farmer and Quesnel, 2009), which most likely explain the discrepancy among different studies.
Studies documented that inclusion of DF in the diet for gestating sows could be a
nutritional alternative to increase colostral fat and improve piglet survival. Theil et al. (2014a)
demonstrated that pectin residue fed to gestating sows from mating until day 108 of gestation
increased colostral fat content by 15%. Moreover, DF from soybean hulls, sugar beet pulp, wheat
bran and sunflower meal, which were included in the diet at equal proportions and fed from
day 106 of gestation until farrowing, increased colostral fat content by 29% from 0 to 24 h after
the onset of farrowing. Moreover, a faster growth rate of piglets born from sows fed high DF
during gestation was also reported (Oliviero et al., 2009), although CY was not estimated. This
might implied that either yield or composition of colostrum was altered. Dietary fiber is divers in
nature and differs in its physiochemical properties (Bach Knudsen, 2001) and may
consequently have a different mode of action with respect to colostrum production. Short chain
fatty acids produced in the hindgut from DF fermentation could be used as precursors for de
novo fatty acid synthesis by the mammary glands (Theil et al., 2012).
Investigating the impact of dietary supplements on Ig production in colostrum has been
an active research topic since the last decade, focusing mainly on the supplementary value of
mannan oligosaccharides, fermented liquid feed, and plant extracts. Farmer and Quesnel
(2009) reviewed and concisely summarized the nutritional impacts of mannan
oligosaccharides, fermented liquid feed, and plant extracts on Ig concentrations in colostrum.
The review work documented that supplementing sow diets with mannan oligosaccharides,
fermented liquid feed, and plant extracts have positive impacts on the content of colostral IgG.
Taking into account the role of IgG in piglet survival (see section 2.3.2) and its origin, nutritional
strategies to boost IgG transfer from maternal serum to colostral secretions coupled with high
CY would apparently be a way to improve disease resistance of new born piglets.
Table 1. Change in colostrum composition during the colostrum period
Macro-chemical composition, %
Immunoglobulin (Ig), mg/ml
Time1
Dry matter Fat Lactose Total protein
IgG
IgA
IgM
0
25.6
5.0
3.1
15.7
95.8
21.2
9.1
6
22.7
4.8
3.4
13.0
64.8
15.6
6.9
12
18.4
4.9
4.1
8.8
32.1
10.1
4.2
18
17.7
5.2
4.4
7.3
21.6
6.7
3.2
24
17.3
5.6
4.6
6.4
14.2
6.3
2.7
1The time of sampling is relative to the onset of farrowing; Source: Klobasa et al. (1987)

Rapid changes in composition following the onset of farrowing are the characteristic
features of colostrum. Generally, dry matter, protein and Ig decline abruptly, while fat and
lactose increase slightly after the onset of farrowing (Klobasa et al., 1987) as shown in Table 1.
The high dry matter and protein content of colostrum at the onset of farrowing is largely due to
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a high content of Ig, which accounts for nearly all protein contained in colostrum during the first
6 h postpartum (Klobasa et al., 1985; Klobasa et al., 1987). Therefore, the precipitous decline in
colostral IgG after the onset of farrowing can explain the sharp decline both in dry matter and
in protein content of colostrum. The decline in colostral protein but the increase in colostral fat
and lactose following the onset of farrowing during the colostral period may suggest that these
3 major colostral components do not have simultaneous ontogeny during colostrogenesis.

2.3.2. Piglet colostrum intake and survival
Piglets are born energy deficient due to a limited amount of glycogen reserve (Herpin
and Le Dividich, 1995; Theil et al., 2011) and lack of brown fat (Trayhurn et al., 1989). Piglets’
glycogen reserve depletes shortly after birth if they ingest no or insufficient amounts of
colostrum (within 16 h; Theil et al., 2011). Yet, the glycogen reserve is not enough to meet energy
requirement for maintenance during the colostral period unless extra energy is ingested from
colostrum (Le Dividich et al., 2005). However, the energy requirement of newborn piglet is very
high in their early life because of high physical activity, thermoregulation and body growth
(Quesnel et al., 2012; Theil et al., 2014b). Thus, ingestion of an optimal amount of colostrum is a
prerequisite for the survival of the piglets during the colostrum period. According to Devillers et
al. (2004), intake of 115 g is the minimum amount of colostrum that piglets should ingest to stay
alive while an intake of 200 to 290 g of colostrum is recommended for good health and growth
(Devillers et al., 2011; Quesnel et al., 2012; Theil et al., 2014a).
As the concentration of colostral IgG declines abruptly after the onset of farrowing (Table
1), it is less likely that piglets born late in the birth order, especially in prolonged FD, would be
able to ingest high quality (high IgG). Although many factors could potentially be involved as
causative agent for preweaning mortality of live-born piglets (see section 2.4), lack of sufficient
colostrum intake (lack of energy) is the principal causative factor as reviewed by Quesnel et al.
(2012) and shown in Figure 3. It is apparent from Figure 3 that preweaning mortality is below
10% when colostrum intake is greater than 200 g. This amount is suggested as the minimum
amount of colostrum that piglets should ingest during the colostral period to significantly reduce
the risk of starvation (Quesnel et al., 2012). However, the method used by Quesnel et al. (2012)
to estimate colostrum intake of the piglets (Devillers et al., 2004) generally underestimates
piglets’ colostrum intake approximately by 20%. Thus, the minimum amount could be estimated
to about 240 g of colostrum per piglet. Thus, the result presented in Figure 3 evidently indicates
the importance of energy intake for the survival of the piglets.
Due to the epitheliochorial nature of placenta in porcine species that prevents the
transfer of Ig across the placenta, passive transfer of immunity to the neonate piglet is solely via
colostrum intake (Rooke and Bland, 2002). Thus, rapid udder access and ingestion of colostrum
by the piglet is pertinent because both the antibody content in colostrum and the ability of
piglets to absorb antibodies drop precipitously shortly after birth (Klobasa et al., 1987). Colostral
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Figure 3. The influence of colostrum intake during
the colostrum period on preweaning mortality of
the piglets. On individual basis, piglets’ colostrum
intake could vary from 0 to 710 g, and the gastric
capacity of the piglet is not a limiting factor for
colostrum intake under natural suckling conditions.
The amount consumed by the piglet depends on
the ability of the sows to produce colostrum, vitality
of the piglet, and litter size. The figure was redrawn
from Quesnel et al. (2012).

70
60
50
40
30
20
10
0

Colostrum intake, g

antibody needs to be absorbed within the 24 h “open-gut” window to provide maximal
resistance against infection (Baumrucker and Bruckmaier, 2014). The IgG is the most dominant
antibody in colostrum and represents 74% of total Ig within 6 h postpartum and declines by 69%
within 12 h postpartum (Klobasa et al., 1987). The concentration of IgG in colostrum is about 7fold higher than in maternal serum (Le Dividich et al., 2005), which suggests a time serial
accumulation of IgG into mammary secretion prior to the onset of farrowing. By measuring the
transfer of 125I-labelled Ig from serum to colostrum in sows, Bourne and Curtis (1973)
demonstrated that 100, 70 and 40% of IgG, IgM and IgA in colostrum are derived from maternal
serum, respectively. Quick udder access by the piglet immediately after birth and ingestion of
an optimal amount of colostrum are the key steps to ensure ingestion of sufficient amount of
IgG for disease resistance, thereby improving preweaning survival. Piglets born later in the birth
order would most likely lack sufficient intake of IgG via colostrum, thus being more prone to
infectious disease than those born earlier in the birth order. In line with this, Klobasa et al. (2004)
demonstrated a significant effect of birth order on piglets serum IgG concentration within the
first 24 h postpartum as well as positive correlation between piglet serum IgG and preweaning
survival.
2.4. Piglet survival and growth
Piglets’ survival during farrowing (reflecting the rate of stillbirth) and lactation (reflecting
preweaning mortality of live-born piglets) are the primary determinants of sow productivity.
Survival during farrowing and lactation are largely determined, but not exclusively, by farrowing
process and colostrum/milk intake, respectively. Aiming to reduce the number of stillborn
piglets and maximizing survival of live-born piglets per sow are the milestone strategies to
maximize survival of the piglets and improve sows’ productivity (Le Dividich, 1999). Therefore,
exploring the risk factors for stillbirth and preweaning mortality of live-born piglets as well as
understanding their mode of actions are vital steps towards improving piglet survival. However,
there is no single independent factor that causes piglet mortality, rather the factors involved are
so diverse in nature and are complexly interrelated with one another in influencing the overall
survival as illustrated in Figure 4. Thus, it is very difficult to pinpoint a single independent
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causative factor that determines piglet survival. In this section, the impact of selection for litter
size on the incidence of stillbirth (the blue path) and preweaning mortality of live-born piglets
(the green path) will be discussed in brief hereunder.

2.4.1. The incidence of stillbirth
The incidence of stillbirth varies widely between different countries and between herds
and ranges from 5 to 15% of total born (Herpin et al., 2001; Rootwelt et al., 2012) and represents
about 30 to 40% of total piglet mortality from birth to weaning (Edwards and Baxter, 2015). As
shown in Figure 4, large litter size is a risk factor for prolonged FD (Canario et al., 2006), whereas
prolonged FD is a risk factor for the incidence of stillbirth (Thorsen et al., 2017). Oliviero et al.
(2010) reported that sows with FD longer than 5 h and shorter than 5 h had 1.5 and 0.4 stillborn
piglets per litter, respectively. An increase in FD by 1 h increases the probability of stillbirth by
23% (Canario et al., 2006). Moreover, the odds ratio of stillbirth was reported to be 2-fold greater
in sows with FD longer than 3 h compared with those with less than 3 h (Alonso-Spilsbury et al.,
2005). Thus, the impact of litter size, through prolonged FD, on the proportion of stillbirth is clearly
evident.
As illustrated in Figure 4, asphyxia is the consequence of prolonged FD. A very minor
asphyxia is regarded as a trigger for fetal movement in the birth canal that contributes to
oxytocin release and acts as positive feedback for the birth process (Taverne and Noakes,
2009). However, moderate to severe asphyxia that prevents the piglet from breathing for 2 to 3
minutes is fatal (Alonso-Spilsbury et al., 2005; Mota-Rojas et al., 2006) and accounts for 70 to
90% of prepartum stillbirth (English and Morrison, 1984). Low birth weight piglets and piglets
born late in the birth order are more likely to suffer asphyxiation to a greater degree. This is
because of the cumulative effect of successive uterus contractions that reduce oxygenation of
unborn piglets, increase risk of umbilical occlusion, damage or rupture of the umbilical cord
(Randall, 1972; Herpin et al., 2001), and thus increase the risk of stillbirth. Under the current
breeding strategy where litter size is the breeding goal in many of the pig breeding companies
except the DanBred, which breed for live pig at day 5 of lactation, a steady increase in FD and
stillborn piglets might be expected to continue. Therefore, any strategy attempting to speed up
the farrowing process and thereby minimizing farrowing complications would be expected to
improve piglet survival at farrowing as well as during the lactation period.

2.4.2. Preweaning mortality of live-born piglets
The first 2 to 3 days postpartum is the most critical period in the life of the piglet, because
preweaning mortality of live-born piglets mostly occurs during this period (Tuchscherer et al.,
2000). As depicted in Figure 4, the causes of preweaning mortality of live-born piglets are
multifactorial, which imply that the final death might be a cumulative effect of many factors.
Though the ranges varies between studies (50 to 80%), crushing is the predominant cause of
preweaning mortality of live-born piglets (Andersen et al., 2005; Alonso-Spilsbury et al., 2007;
Andersen et al., 2011; KilBride et al., 2012). Low birth weight and starved piglets are more likely
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to be crushed by the sow. Accordingly, Pedersen et al. (2011) reported that 35% of the crushed
piglets had no colostrum at all in their stomach. Absence of colostrum in the stomach of the
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Figure 4. Schematic illustration of the multifactorial predisposing factors of piglet mortality. 1The values
represent the current percentage of stillbirth, preweaning mortality of live-born and total piglet mortality
based on the 2016 annual Danish Pig Productivity Report (DPRC, 1999-2015). Note that adding the
preweaning mortality to the stillbirth rate does not exactly give the total mortality because these 3 traits are
analyzed statistically using models assuming a binomially distributed data. This figure was presented at the
midterm PhD qualifying exam in 2017, thus used with the permission of GSST, Aarhus University.

piglets could be related to either insufficient colostrum production by the sow or low viability of
the piglets, which did not enable them to access the udder and successfully ingest colostrum.
The sooner the piglets reach the udder after birth, nurse successfully, and continue to nurse
regularly at each bout during the colostrum period predominantly determines subsequent
survival of the piglet in lactation (Alonso-Spilsbury et al., 2007). Quick access to the udder and
sufficient intake of colostrum is important for short-term survival of the piglet through provision
of energy for thermoregulation (Quesnel et al., 2012) and for long-term survival through
provision of Ig for disease resistance (Rooke and Bland, 2002). Thus, low colostrum intake is the
risk factor for preweaning mortality of live-born piglets. However, the piglet’s quick access to
the udder and successful suckling could be influenced by vitality of the piglet, whereas birth
weight is the most predominant predictor of piglet viability (Figure 4; Le Dividich, 1999).
Nevertheless, selection for large litters has been associated with depressing effect on mean
birth weight of the piglets (Foxcroft et al., 2006). Thus, the piglet’s birth weight is highly correlated
with its subsequent survival after birth. For instance, Lay et al. (2002) reported that piglets
weighing <0.8 kg at birth had a survival rate of only 32% compared with 97% for those weighing
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about 2 kg at birth. Low birth weight piglets are more susceptible to asphyxia during farrowing
due to a lower oxygen pool in their body (Herpin et al., 2001). Moreover, low birth weight piglets
are physiologically compromised in terms of energy reserve at birth in the form of glycogen
(Theil et al., 2011), and thus born with low energy stores available. Jones (1966) reported that
vigor piglets could suckle within 3 min of birth, while less viable piglets spend as long as 153
min without suckling. This will increase the risk of dying within few days postpartum due to less
power to compete with heavier and more vigorous littermates for the teats (Milligan et al., 2002),
which predispose them for starvation (Figure 4).
Therefore, selection for litter size has adverse effects on piglet survival by compromising
birth weight of the piglet and prolonging FD of sows. The cause of piglet mortality is not
straightforward to explain explicitly but is rather complex. Thus, a better understanding of
factors related to the sows, the piglets, and the environment that would have potential
influences on piglet survival are vital before designing any strategies to improve piglet survival.
Moreover, it is important to accredit the interplay between the contributing factors when the
causes of piglet mortality are categorized into different predisposing factors.
2.5. Hormonal change around farrowing, uterus during farrowing and the farrowing duration

2.5.1. Hormonal change around farrowing
A high and stable concentration of progesterone dominates the entire period of
gestation to maintain the pregnancy while other reproductive hormones remain lower up until
the last 2 weeks before expected farrowing (First and Bosc, 1979). However, changes in the
reproductive hormone profile are more prevalent during the last week of gestation as depicted
in Figure 5. Such shifts in the hormone profile trigger behavioral changes in sows such as nestbuilding (Jensen, 1993; Thodberg et al., 2002) and signaling the final stage of maturity for the
piglets (King and Wathes, 1989). The trigger of the final stage of maturity is an alarm for the
piglet to activate its pituitary and adrenal glands to produce corticosteroids that should be
transported to placenta to activate production of prostaglandins. Then, prostaglandins activate
the regress of corpora lutea to terminate pregnancy and allowing the hormones that initiate
the farrowing process to commence (First and Bosc, 1979; Anderson, 2000). A decline in
progesterone and a rise in estrogen concentrations initiate the process of farrowing to
commence by making the uterus more excitable (Ganong, 2005). However, the concomitant
increase in relaxin concentration (Figure 5) prevents premature onset of uterine contractions
(Jones and Summerlee, 1986), and in the meantime mediate the dilation of the birth canal
(Wathes et al., 1989; Dlamini et al., 1995). The relaxin concentration peaks at 65 ng/mL around
12 h prepartum and declines sharply thereafter to signal the release of oxytocin that initiate
uterus contractions (Ellendorff et al., 1979; Dlamini et al., 1995). Thus, it seems that timely fastrise and fast-drop in relaxin concentration are prerequisites for the onset of farrowing. In support
to this, failure of the fast-drop in relaxin concentration before the onset of farrowing has been
reported to delay the birth process in gilts (Wathes et al., 1989). However, any delay in the birth
process is a risk factor for an increased rate of stillborn piglets (Jackson, 2004).
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Figure 5. The profile of reproductive hormones in sows during late gestation and around farrowing. Modified
from Gilbert et al. (1994), Dlamini et al. (1995) and Lawrence et al. (1995). 1Oxytocin concentration in
pmol/mL.

The above literature highlights that termination of pregnancy and initiation of farrowing
are systematically coordinated signal exchanges between the fetuses and dam brought about
by a drop in the progesterone concentration that causes a cascade effect on major
reproductive hormones commonly involved in the farrowing process. Thus, any internal or
external factors that potentially interrupt this coordination would be expected to have
detrimental effect on the farrowing process and increase the risk of stillbirth in the litter. For
instance, inappropriate timing of prostaglandin or relaxin release was reported to increase the
incidence of stillbirth in the litter (First and Bosc, 1979). Moreover, disturbance during farrowing
may increase the release of adrenalin, which in turn inhibits the release of oxytocin (Rutherford
et al., 2013), whereas a positive correlation between the oxytocin level and FD was reported
(Oliviero et al., 2008).

2.5.2. Uterus during farrowing
Very little is known about the control of uterine contractions during farrowing in sows
(Vallet et al., 2010). Nonetheless, sustained myometrial contractions are important for rapid
delivery of the piglets during farrowing (Lawrence et al., 1995). For a single piglet delivery,
uterus should contract 4 to 5-times on average for a duration of 11.5 sec with the intensity of
9.4 mm Hg (Mota-Rojas et al., 2005a; Mota-Rojas et al., 2005b; Mota-Rojas et al., 2007; OlmosHernandez et al., 2008). Olmos-Hernandez et al. (2008) illustrated that a longer duration and
less intense uterine contractions are distressful and have an adverse effect on piglet survival.
The latter authors observed that sows with a longer duration and less intense uterine
contractions had more broken umbilical cords and severe meconium stained intrapartum
stillbirth. They also suggested that a short duration and high intensity of uterine contractions are
important to obtain high piglet survival during farrowing. Undoubtedly, intense contractions of
uterine smooth muscle require energy, although the amount of energy specifically required by
the uterus during farrowing is yet unknown. According to Kelley et al. (1978), an energy
expenditure of 17 KJ/min is required for multiparous sows kept under thermoneutral conditions
during farrowing. However, this estimate only indicates the overall energy cost of farrowing but
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not explicitly the amount required by uterine smooth muscle alone, as abdominal muscles are
also actively involved in farrowing (Ganong, 2005) and thus cost energy. Sow exhaustion due
to depletion of readily available energy during farrowing was suggested to impair uterine
contractions, and thus delayed the farrowing process and increased the stillbirth rate (van
Kempen, 2007). Therefore, for repetitive and intense contractions of the uterine smooth muscle
during farrowing, supply of optimal amounts of energy to the uterus seems important to speed
up the farrowing process. It would have been interesting if literature was available on how
intensity and duration of uterus contractions are associated with litter size in modern
hyperprolific sows.

2.5.3. Farrowing duration
Farrowing is the most critical phase in pig production due to its enormous impact on
survival of the piglets (First and Bosc, 1979). The process of farrowing is highly important both
for the sow and the piglets, because it is a serious physical challenge for the sow (van Kempen,
2007) and a balance between life and death for the piglets (van Rens and van der Lende,
2004). Thus, FD has a clear impact on the survival of neonate pigs (van Rens and van der Lende,
2004) as discussed above (see section 2.4.1). First and Bosc (1979) stated that shorter FD and
rapid piglet delivery are crucial to insure birth to more live-born piglets that are vigor to access
the udder shortly after birth. According to Oliviero et al. (2008), a FD lasting longer than 4 h was
defined as being prolonged. However, FD is very variable among the sows and can range from
1.3 to 14.9 h on individual sow basis (Mainau et al., 2010). The factors of such variability are
diverse in nature and not limited to genetics, parity, farrowing environment, body condition,
litter size, gestation length, constipation or season (Zaleski and Hacker, 1993; Canario et al.,
2009; Oliviero, 2010; Vallet et al., 2010). The significance of FD on piglet survival is highly
emphasized in hyperprolific sows because of the high number of stillborn piglets (van Rens and
van der Lende, 2004; van Dijk et al., 2005). Since giving birth to a piglet costs time, it is not
surprising that selection for litter size resulted in prolonged FD. However, literature clearly
delineates the negative impacts of longer FD on piglet survival, the wellbeing of the sows, and
the subsequent reproductive performance of the sows. Longer FD predisposes the sows to
exhaustion and increases piglet distress and stillbirth in the birth process (Alonso-Spilsbury et al.,
2005; van Kempen, 2007). Farrowing is stressful and painful for the sow and prolonged FD
would worsen the situation and compromise the welfare of farrowing sows (van Rens and van
der Lende, 2004; Rutherford et al., 2013). Moreover, prolonged FD is reported being a risk factor
for postpartum metritis and delayed uterine involution (Björkman et al., 2018) and repeated
breeding at the first insemination after weaning (Oliviero et al., 2013). Therefore, longer FD is
deleterious not only for the survival of the piglets but also for the welfare and subsequent
reproductive cycle of the sows.
2.6. Dietary modification during the transition period: role of dietary fiber
Feeding sows during transition has received less scientific attention (Theil, 2015),
although nutrient requirement is very dynamic (Feyera and Theil, 2017), and sows are
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undergoing many physiological adjustments (Foisnet et al., 2010) during this period.
Acknowledging the importance of nutrition for the farrowing process, altered nutritional
strategy during transition to reduce FD and the number of stillborn piglets have been suggested
as potential alternatives to improve sow productivity (Theil, 2015). Inclusion of DF in the diet for
late gestating sows could be one possible dietary modification during transition to improve sow
productivity due to its multiple effects on animal production performance (Lindberg, 2014;
Meunier-Salaün and Bolhus, 2015). Dietary fiber is carbohydrate polymers with ≥ 3 monomeric
units and lignin which are not hydrolyzed by host endogenous enzymes in the small intestine
as reviewed by Bach Knudsen et al. (2016b). Although DF is not hydrolyzed in the small intestine,
loading of DF to the large intestine has been demonstrated for its significant role in host energy
metabolism by increasing net energy absorption from the large intestine (Serena et al., 2009).
Moreover, increased intestinal activity in the periparturient period, thereby a reduced risk of
constipation was also reported in sows fed a high fiber diet during late gestation (Oliviero et al.,
2009). These 2 beneficial impacts are important for farrowing sows and will be discussed in
brief.

2.6.1. The incidence of constipation and beneficial impact of DF on constipation
Practically, gestating sows are fed a restricted energy dense concentrate diet, and in
Denmark, it is recommended to reduce feed supply from 3.3 to 2.3 kg per day 2 to 3 days before
expected farrowing. Such feeding strategy might predispose the sows to constipation around
farrowing (Lee and Close, 1987; Pearodwong et al., 2016). Mild constipation is rather common
when sows are approaching farrowing, but was not reported to adversely impair the farrowing
process (Kamphues et al., 2000; Oliviero et al., 2009). However, moderate to severe constipation
during the last 3 to 5 days before expected farrowing was reported to adversely affect the
farrowing process (Oliviero et al., 2009; Pearodwong et al., 2016). The incidence of severe
constipation is more prevalent in the commercial production and ranges from 42% (Oliviero et
al., 2009) to 66% (Pearodwong et al., 2016). Under reduced feed allowance during the last few
days of gestation, the risk of constipation could be hastened by a limited content of DF in the
diet for gestating sows (Lee and Close, 1987; Tabeling et al., 2003). Thus, including more DF in
the diet for gestating sows, is a nutritional option to reduce the risk of constipation as sows
approach farrowing.
The positive attribute of DF as a remedy for constipation is due to its high water holding
capacity which results in less dry feces and ultimately eases the process of defecation (Dai and
Chau, 2017). Due to the fact that soluble DF is highly fermentable and insoluble DF is less
fermentable, it was suggest that insoluble DF is more effective in increasing fecal bulkiness by
it particle formation and water holding capacity as it moves through the GIT than soluble DF
(Dai and Chau, 2017). In accordance with this, Krogh et al. (2015) reported that sows
supplemented with 230 g/kg dry matter soybean hulls had a greater probability of soft feces
at farrowing than their non-supplemented counterparts (68 vs. 29%, respectively). On the other
hand, Zhao et al. (2015) reported only a 5% increase in fecal moisture content at 20% inclusion
of sugar beet pulp in the diet for gestating sows compared with the control group fed a
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conventional gestation diet. This minor increase in fecal moisture content by inclusion of soluble
DF might support the concept that insoluble DF has a more fecal bulking effect than the soluble
DF. Furthermore, it was investigated whether doubling the crude fiber (CF) content of the diet
(from 3.8% to 7%) during late gestation would increase water consumption and intestinal
activity of the sows around farrowing and thereby reduce the risk of constipation in farrowing
sows (Oliviero et al., 2009). It is apparent from the study of Oliviero et al. (2009) that a high fiber
content has a clear effect on reducing the risk of severe and extremely severe constipation in
sows (Figure 6). In this study, sows were fed the treatment diet during the last 3 weeks of
gestation and qualitative fecal scoring was done during the last 5 days of gestation until day 5
postpartum. The fecal score value ranging from 0 (absence of feces) to 5 (very wet feces,
unformed and liquid). Depending on the number of days with no fecal production, the risk of
constipation was categorized into 4 classes as shown in Figure 6. The result demonstrated that
doubling the level of CF in the diet for late gestating sows resulted in reduction of the risk of
severe and extremely severe constipation by 44 and 77%, respectively. Thus, this clearly
demonstrates the beneficial impact of DF on reducing the risk of constipation in farrowing sows,
thereby reducing prolonged FD associated with constipation.
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Figure 6. Incidence of constipation in sows fed commercial lactation diet (LACT; n=41) containing 3.8% CF
or commercial pregnancy diet (FIBRE; n=40) containing 7% CF during the last 3 weeks of gestation. From 5
days prepartum to 5 days postpartum, feces were evaluated and a score ranging from 0 to 5 was assigned
as 0 (absence of feces), 1 (dry and pellet shaped), 2 (between dry and normal), 3 (normal and soft, but firm
and well formed), 4 (between normal and wet, still formed but not firm), and 5 (very wet feces, unformed and
liquid). Then, depending on the number of days without feces, constipation was graded as mild, severe and
extremely severe when there was no feces for 2, 3-4 and ≥5 days, respectively. *Significantly different at
P<0.05. The figure was redrawn from Oliviero et al. (2009).
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2.6.2. Production and absorption of short chain fatty acids

SCFA, mmol/L

Fermentable carbohydrates are the principal substrates for the production of SCFA in the
gut luminal; which commonly include resistant starch, non-starch polysaccharides and nondigestible oligosaccharides (Layden et al., 2013). Fermentation of these carbohydrate fractions
in the large intestine results in production of SCFA with acetate, propionate and butyrate as the
main products of fermentation (Flint et al., 2007; Flint et al., 2015; Bach Knudsen et al., 2016b).
Production of SCFA is the result of a complex interplay between the hosts, the environment, the
diet, the gut microbiota and retention time of the digesta (Bergman, 1990; Morrison and Preston,
2016). The extent of SCFA production is strongly influenced by the level of fiber intake and the
sources of the fiber (Bach Knudsen, 2001; Flint et al., 2015). Regardless of the level of production,
SCFA are produced in several segments of the GIT of pigs as shown in Figure 7. The
concentration of SCFA in the stomach and small intestine is generally low and average around
20 mmol/L in digesta. However, the production in the cecum and colon is many fold greater
than the amount produced in the preceding GIT and therefore increases the concentration in
digesta from 150 to 230 mmol/L as shown in Figure 7 (Clemens et al., 1975). Thus, the large
intestine is the major site for the SCFA production (Bach Knudsen, 2001). Increasing the
inclusion level of fiber in the diet for pigs can increase the carbohydrate load reaching the large
intestine (Serena et al., 2007) and concomitantly increase the SCFA production in the large
intestine with less diurnal variation (Clemens et al., 1975).
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Figure 7. Mean diurnal variation in concentrations of SCFA in various segments of the gastrointestinal content
of pigs that were fed twice daily at 12 hours intervals with a commercial pelleted hay-grain diet containing
12.5% fiber. Pigs were killed at 2, 4, 8 and 12 h after feeding and digesta was taken from different segments
of the GIT and analyzed for SCFA concentrations. Symbols within the graph correspond to 4 different
sampling periods: ◊-2 h; O-4 h; Δ-8 h and □-12 h after feeding. The symbols along the abscissa represented
the section of the GIT: cranial stomach (S1); caudal stomach (S2); 3 equal segments of small intestine (SI1,
SI2 and SI3); cecum (Ce); proximal colon (PC); 2 segments of ascending colon (C2 and C3) and 2 segments
of descending colon (C4 and C5). The figure was modified from Clemens (1975).

Independent of the site of production in the GIT, SCFA are net absorbed readily to portal
blood following fermentation (Bergman, 1990). In mammalian species, about 95% of SCFA
produced in the large intestine are absorbed by the colonocytes in a concentration-dependent
manner (Ruppin et al., 1980; Bloemen et al., 2009). Because SCFA are week acids with pK of ≤
4.8 and the pH of GIT, where most of the fermentation and absorption take place, is nearly
neutral, 90 to 99% of SCFA are absorbed as anions than as free acids (Bergman, 1990). The net
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absorption of acetate, propionate and butyrate to the portal blood reflects the composition of
SCFA in the GIT (Ruppin et al., 1980). Moreover, the dietary composition has no impact on the
net absorption of SCFA, whereas the absolute and relative proportion of the individual acids
could be affected by the sources of DF (Bach Knudsen et al., 2016a). The latter authors reported
that switching from a cellulose-rich based diet to an arabinoxylan-rich based diet increased
the absorption of propionate and butyrate. Absorbed SCFA are primarily utilized by the mucosal
epithelial cells, while the remaining is released via the portal venous system to the liver. Then
the liver metabolize them, while non-metabolized SCFA are delivered to the systemic
circulation to be used by the peripheral organs (Bloemen et al., 2009; Layden et al., 2013).

2.6.3. Dietary fiber and host energy metabolism
Production of SCFA by colonic microbiota enables the host animals to salvage energy
from the diet that cannot be processed normally in the upper parts of the GIT (Layden et al.,
2013), thus incorporating SCFA into host energy metabolism. The energy sparing effect of SCFA
has been widely demonstrated (Kass et al., 1980; Bergman, 1990; Serena et al., 2009) and
indicated as a source of readily available energy to the animal (Clemens et al., 1975). The SCFA
can exert their nutritional role at intraluminal level, within the mucosal cells or after being net
absorbed into the portal blood (Bergman, 1990). For instance, colonocytes preferentially utilize
butyrate as the main energy source than acetate and propionate (Layden et al., 2013).
A study of growing pigs with 40 and 60% inclusion levels of alfalfa meal in the diet found
that SCFA leaving the large intestine represented about 1,192 and 1,025 KJ/d, respectively
(Kass et al., 1980). The authors concluded that SCFA leaving the large intestine could provide
up to 12% of the daily energy requirement for maintenance in growing pigs. Taking into account
the larger gastric volume and diverse microbial composition, microbial fermentation in the
large intestine of sows could be expected to generate a substantial amount of energy and
make sows more efficient on fiber diet compared with the growing pigs. It is evident from the
study of Serena et al. (2009) that the amount of energy absorbed as SCFA would increase as
the DF level in the diet increased. The study suggested that energy absorption can be increased
more by a soluble than an insoluble DF source. At 43 and 46% inclusion levels of soluble and
insoluble DF in sow diet, Serena et al. (2009) determined an apparent energy absorption of 9.5
and 6.3 MJ ME/d, respectively. The latter authors demonstrated a continuous and stable net
absorption of energy as SCFA during the absorptive and postabsorptive phases in sows fed
high DF. Considering an average gestating sow with 250 kg live weight, 9.5 and 6.3 MJ ME/d
can represent about 37 and 25% of the daily energy requirement for maintenance, respectively
(Feyera and Theil, 2017). An investigation by Oliviero et al. (2009) demonstrated that an
increased level of fiber in the diet for late gestating sows had no negative effect on the energy
balance during the transition period. Therefore, feeding the sows with a diet containing high DF
during the transition period could be considered an alternative to sustain diurnal fluctuation in
energy supply from the GIT in the form of SCFA. Inclusion of high DF in the diet for gestating
sows would therefore be more beneficial for farrowing sows when there is a prolonged time
between the last meal and the onset of farrowing.
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3. Hypotheses and Objectives of the PhD thesis
The overall objective of this PhD study was to improve piglet survival (both during
farrowing and until weaning) through better understanding the mechanisms underlying the
farrowing process and competition from colostrum production. This PhD study aimed to
investigate the impacts of high DF supply during the last 2 weeks of gestation on the proportion
of stillborn and preweaning mortality of live-born piglets as well as MNU and sow colostrum
production. The impacts of TLMUOF on plasma glucose level, FD, the need for farrowing
assistance, and the proportion of stillborn piglets were investigated. Moreover, the ontogenies
and uptake of precursors for major colostral components were also studied in this PhD. Finally,
uterine extractions of energy metabolites were investigated to identify which dietary
component(s) are important for uterine oxidative metabolism prior to and during farrowing.
Hypotheses
Supplementing high DF in the diet for late gestating sows improve piglet survival by
reducing the proportion of stillborn and/or preweaning mortality of the piglets (Paper I).
Supplementing high DF in the diet for late gestating sows improve sows energy status during
farrowing, enhance colostrum production, and improve piglet performance during the
colostrum period (Paper II).
Quantifying mammary uptake of nutrients during colostrum production may reveal
potential limiting nutrient for sow colostrum production (Paper II).
Low sow energy status during farrowing compromises the farrowing kinetics (FD and piglet
birth interval) and may reduce piglet survival at farrowing (Paper III).
Inclusion of DF in the diet for late gestating sows improve uterine extraction of energy
metabolites during farrowing (Paper III).
Specific objectives
To investigate the impact of high DF fed to late gestating sows during the last 2 weeks of
gestation on the proportion of stillborn piglets, preweaning mortality, total piglet mortality
and mortality causes (Paper I).
To investigate the impact of high DF fed to late gestating sows during the last 2 weeks of
gestation on mammary uptake and metabolism of nutrients and colostrum production. To
study the ontogenies of major colostral components based on mammary carbon balance
(fat and lactose) or using IgG as biomarker (protein) (Paper II).
To study the impact of sow energy status around farrowing on the farrowing kinetics, the
need for farrowing assistance and the proportion of stillborn piglets and to investigate
uterine nutrient extraction pattern during late gestation and farrowing (Paper III).
21

22

4. Material and Methods –An Overview
4.1. Overview of experiments included in this PhD thesis
This PhD thesis was based on data generated from 2 recent experiments (Exp-1-Paper
I; Exp-2-Paper II). Moreover, some data from Exp-2 were combined with data compiled from 7
previous independent experiments conducted at Research Center Foulum, Aarhus University,
Denmark, to prepare results presented in Paper III. Exp-1 was conducted in a production herd
using a total of 644 farrowings to investigate the impacts of high DF supply on the proportion of
stillborn piglets, preweaning mortality of the piglets and total mortality of the piglets born from
sows that were fed the dietary treatments (see section 4.2) during the last 2 weeks of gestation.
In Exp-2, an intensive experiment with 10 multi-catheterized sow models was performed to
study MPF, MNU, colostrogenesis and colostrum production in sows fed similar dietary
treatments as those in Exp-1 during the same period. In Paper III, factors affecting the farrowing
kinetics (FD and piglet birth intervals) were characterized using a total of 166 farrowings from 7
independent feeding trials focused on sow colostrum production, which were conducted
between 2007 and 2014. In this paper, special emphasis was given to feed related factors
affecting the farrowing kinetics, more specifically the TLMUOF and plasma glucose level at the
onset of farrowing, as the major determinants of the farrowing process and piglets survival. Thus,
some data from the multi-catheterized sow models, uterine nutrient extractions and the plasma
glucose level were combined with the colostrum studies to prepare Paper III.
4.2. Experimental Diets
The diets used in Exp-1 and Exp-2 were optimized to contain a similar daily supply of
nutrients and were fed to the sows during the last 2 weeks of gestation. In this PhD work, Exp-2
took the advantage of a clear significant effect of DF on proportion of stillborn piglets observed
in Exp-1. Thus, ideally identical feeding strategy as in Exp-1 was implemented for further
understanding on the beneficial effect of DF on sow reproduction and production
performances. Standard gestation (SGD) and transition (TD) diets were formulated according
to the Danish recommendation for gestating sows (Tybirk et al., 2013) to be used in the current
experiments. Furthermore, a DF supplement (DFS) was also formulated to create a contrasting
fiber intake between the control (CON) and the treatment (FIB) groups in the current studies.
Sows in the CON group were fed a SGD from day 102 to 108 of gestation and a TD from day
109 of gestation until farrowing. Sows in the FIB group were fed as the CON group, except part
of the daily SGD or TD was replaced by the DFS without affecting the daily energy intake of the
sows between the CON and FIB groups (Figure 8). The proportion of DFS that replaced part of
the TD was double the amount that replaced part of the daily SGD to increase intake of DF in
the last week of gestation as illustrated in Figure 8. Sugar beet pulp and soybean hulls were
used as the major DF source, but other ingredients also contributed to some extent. The decision
on the DF sources was based on previous knowledge (Krogh et al., 2015) and availability of the
ingredient on the market, while the level of inclusion in diet was based on common practice.
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Fed 100% SGD
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Fed 89% SGD+11%DFS
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Figure 8. Illustration of the feeding strategy used in Exp-1 and Exp-2. All sows were fed a similar diet until day
101 of gestation and shifted to the control diet (CON) or the dietary fiber supplemented treatment diet (FIB)
at day 102 of gestation and were fed the treatment diet during the last 2 weeks of gestation. In Exp-1, the
effects of high DF supply on the proportion of stillborn piglets, preweaning mortality of live-born piglets and
total piglets mortality were investigated. Exp-2 took the advantage of the clear significant effect of DF on
stillbirth by using the same dietary formulation as in Exp-1. In Exp-2, the effects of high DF supply on mammary
plasm flow, mammary nutrient uptake and colostrum production were investigated. Moreover, uterine
extraction pattern of energy metabolites was studied to understanding the major oxidative substrate for the
uterus during late gestation and farrowing. SGD= standard gestation diet; TD= transition diet; DFS= dietary
fiber supplement. The dietary fiber supplement was included in the treatment group without affecting the
daily energy intake of the sows compared with the control group fed according to Danish recommendations.

4.3. Definition of some phrases
The definition of FD is not consistent in the scientific literature. According to OlmosHernandez et al. (2008), FD is defined as the time elapsed from the rupture of the aminotic
membrane to the expulsion of placenta. Jones (1966) defined FD as the time elapsed from birth
of the first piglet to expulsion of placenta. However, the majority of the literature defines FD as
the time from birth of the first to the last piglet in the litter (Friend et al., 1962; Zaleski and Hacker,
1993; van Dijk et al., 2005; Björkman et al., 2018). Thus, the FD referred to in this thesis is
according to the latter definition. The TLMUOF is a new concept introduced in this PhD study as
a measure of sow energy status, and how it is associated with plasma glucose level at the onset
of farrowing and thereby its impact on the farrowing kinetics, the need for farrowing assistance,
and the proportion of stillborn piglets. Consequently, TLMUOF has been defined as “the time
from last supplied meal until the onset of farrowing”. All sows included in the experiment
(Papers II and III) received their daily meal at a regular time each day. Thus, TLMUOF for each
sow was calculated retrospectively based on the actual farrowing time when the first piglet
was born. Practically, some sows can skip a meal around farrowing. In such instances, 8 h was
added to the TLMUOF. Therefore, when the phrase “sow energy status or energy status” is used
in any part of this PhD thesis, it should be born in mind that it refers to the energy status evaluated
as TLMUOF unless otherwise stated. The colostral period is defined as the period from birth of
the first born piglet until 24 h after the onset of farrowing (Devillers et al., 2004). The transition
period is defined as the period from the last 10 days of gestation until the first 10 days
postpartum (Theil, 2015), thus the transition period referred in this PhD thesis also within this
range.
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4.4. Sow model for mammary nutrient metabolism and uterine nutrient extraction
At day 75 ± 2 of gestation, 10 sows were surgically implanted with 5 permanent
indwelling catheters (Figure 9) to study mammary uptake and metabolism of nutrients,
ontogeny and amount of colostrum production (Paper II). The same experiment was used to
study uterine nutrient extractions as well as correlation of arterial concentration of glucose with
TLMUOF and FD (Paper III). Prior to surgery, the sows were fasted for at least 16 h, bathed for 20
min in preheated water, and pre-medicated with intramuscular injection of streptocillin Vet. (1
ml/10 kg body weight; Boehringer Ingelheim Danmark A/S, Copenhagen, Denmark).
Anesthesia was induced by intramuscular injection of tiletamin (0.83 mg/kg), zolazepam (0.83
mg/kg), turbogesic (0.17 mg/kg), ketaminol (0.83 mg/kg) and rompun (0.83 mg/kg) in the premedication phase and maintained by 2.5% isoflurane (isoflurane, 100%; Abbott Logistics B. V.,
Breda, The Netherlands) during the surgery. Isotonic saline and analgesia (fentanyl, 50 µg/mL;
Hameln pharma plus GmbH, Hameln, Germany ; 0.167 ml/kg body weight) were administered
through ear veins during the surgery. Catheters were fixed in position by suturing cuffs to the
connective tissue bed underlying the vessel. The placement of the catheters (1.02 mm i.d and
1.78 mm o.d; Bucheye Container Co. Wooster, Ohio, USA) and general setup during each blood
sampling day is illustrated in Figure 9. On average, it took 4 h to complete the surgeries.

Figure 9. Schematic illustration of catheter placement in the blood vessels and experimental setup on
sampling days. On sampling days, the blood flow marker (para-aminohippuric acid, pAH) was infused into
the mammary vein (vena epigastrica superficialis) at least 1 h before the first blood sampling through the
infusion catheter (blue line; inserted 15 cm inside the vessel). Blood samples were collected simultaneously
from the arterial catheter (red line; inserted 35 cm inside the vessel), mammary vein catheter (green line;
inserted 18 cm inside the vessel) and the uterine vein catheter (dark blue line; inserted 10 cm inside the
vessel). Sufficient samples were not collected from catheter inserted in femoralis vein (purple line; inserted
35 cm inside the vessel), thus these data are not reported. The figure was modified from Farmer et al. (2015)
and Krogh et al. (2016) .

Blood samples (1 ml for blood gases and 2 x 9 ml for plasma metabolites) were collected
from conscious sows either once or twice weekly in late gestation and at different time points
from the onset of farrowing until 24 h after the onset as illustrated in Figure 10. Analysis of blood
gases from the whole blood samples was made immediately after sampling whereas plasma
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samples were harvested and kept in -20 °C pending analysis. The metabolites of interest are as
shown in Figure 10.
Blood sampling schemes

Late gestation1
- 28

- 21

- 14

During farrowing1
- 10

-7

-3

1 2 3 4 5 6 7 8 12 18 24
Time relative to the onset of farrowing, h

Days relative to farrowing, 4 h after morning

Sample analysis
Whole blood analysis
• Hematocrit

Plasma analysis
• Glucose

• O2
• CO2

• Lactate
• Triglycerides
• NEFA2

• Acetate
• Propionate
• Butyrate

Figure 10. Illustration of blood sampling schedules and analysis of the samples from multi-catheterized sows
during late gestation and farrowing (Paper II and III).1Day 0 is the day of farrowing while 0 h is the onset of
farrowing. 2Non-estrerified fatty acids

4.5. Extraction and net mammary flux (NMF) of the metabolite
The extraction rate indicates the proportion of a metabolite that taken up by the organ
relative to what is coming in. Ideally, extraction rate ranges from 0-100%, although negative
extraction rate could also be detected. The latter condition is apparent when the organ is
releasing the metabolite. For instance, organ releases CO2 in most cases. The blood samples
should be collected from any arterial vessel and vein that draining the organ to express the
extraction rate of the organ as shown in Equation (Eq)-1. This equation was used to calculate
uterine extraction rate of blood gases and energy metabolites in late gestation and during
farrowing (Paper III), whereas arteriovenous difference (arterial concentration –venous
concentration) was used together with MPF to calculate NMF of metabolites (Paper II).
Extraction rate, % =

mmol
mmol
�
− Venous concentration,
L
L
mmol
Arterial concentration,
L

�Arterial concentration,

× 100

Eq-1

Mammary plasm flow was measured by downstream dilution of para-aminohippuric
acid (pAH) as an external marker for plasma flow in the present study (Paper II). As can be seen
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from Eq-2, 3 catheters are required to measure MPF; 1 for infusion of the flow marker, 1 for
determining concentration of flow marker in the arterial blood, and 1 for determining
concentration of flow marker in the venous blood. Thus, MPF can be calculated as shown in Eq2. The constant 2.8 is used to scale up MPF measured from the 5 mammary glands to the overall
average mammary glands of 14 according to Krogh et al. (2016).
MPF, L/day =

mmol
h
mmol
mmol
�−�𝑝𝑝AH in artery ,
�
L
L

𝑝𝑝AH infusion rate,

�𝑝𝑝AH in mammary vein,

× 24 h/day × 2.8

Eq-2

Net mammary fluxes of the metabolites (Paper II) were calculated according to the Fick
(1870) principle as MPF or blood flow multiplied with mammary arteriovenous concentration
difference of the metabolites. Accordingly, a positive NMF indicates mammary uptake of the
metabolite from the plasma or the blood, whereas negative NMF indicates mammary release
to plasma or blood. Because the blood gases were measured in the whole blood sample,
mammary blood flow was calculated from MPF as MPF/ (1-hemtocrit) to calculate the net
fluxes of the blood gases in the mammary glands (Paper II).
Uterine plasm flow and nutrient fluxes were not investigated in this PhD study due to the
complexity of the vascular system in swine uterus, in which a single vein does not drain the
whole length of the uterus. According to Oxenreider et al. (1965), the whole length of the swine
uterus is drained by 3 different veins, namely utero-ovarian vein, uterine vein and uterine
branch of the urogenital vein. As stated by the authors, the utero-ovarian vein is one of the larger
vein in the uterus that drains almost the entire length of uterine horn and the ovary. The uterine
vein is smaller than the utero-ovarian vein and drains one-half to two-thirds of the uterine horn.
Furthermore, the authors indicated that the uterine branch of the urogenital vein drains the body
of the uterus. Thus, quantitative measurement of blood flow in one side of the uterine horn
require placement of 3 infusion catheters and 3 sampling catheters in the uterus, which is never
work in practice. Moreover, indwelling such many catheters in the uterus of late pregnant sows
would be expected to complicate the pregnancy process, perhaps increases the risk of abortion
or even scarify the live of the sows. Consequently, only a single catheter was inserted in the
uterine vein to study uterine extraction rates of blood gases and energy metabolites during late
gestation and farrowing (Paper III).
4.6. Colostrum yield and composition
Unlike in dairy cows, it is practically difficult to measure sow CY directly. A sow milking
machine has been developed for quantitative measurement of milk production (Fraser et al.,
1985; Williams et al., 1993). Nevertheless, the machine has not been intensively used since
invented (Garst et al., 1999), which could be because of the peculiarity of sow mammary
structure in which sows have no appreciable gland cistern to hold milk for later withdrawal
(Turner, 1952; Fraser et al., 1985). Instead, different empirical and mechanistic mathematical
models are used nowadays to estimate sow CY. Each of these different estimation methods,
namely weigh-suckle-weigh method, deuterium oxide dilution techniques, prediction
equations and bottle feeding, has its own advantages and disadvantages (Krogh, 2017). In this
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PhD study, the mechanistic model developed by Theil et al. (2014a) was used to estimate piglet
colostrum intake as shown in Eq-3, whereby sow CY was calculated by summing up colostrum
intake of the individual piglet in the litter (Paper II).
𝐶𝐶I = −106 + 2.26 x WG0 − 24 + 200 x BWB + 0.111 x D − 1,414 x

WG
D

+ 0.0182 x

WG

BWB

Eq-3

where CI is colostrum intake of the piglet (g/d), WG0-24 is piglet weight gain from birth to 24 h
after birth of first piglet (g), BWB is piglet body weight at birth (kg), and D is the duration of
colostrum suckling (min). The above equation indicated that piglet colostrum intake during the
colostral period is dependent on birth weight of the piglet, weight gain of the piglet during the
colostrum period, duration of colostrum suckling by the piglet and weight gain relative to
duration of suckling. Thus, the time of birth, body weight at birth, body weight at 24 h after birth
of the first piglet and duration of colostrum suckling were calculated for the individual piglet. All
litters were kept with their dams during the colostrum period, and litter standardization was
made after the colostrum period (Paper II).
Colostrum samples were collected at 0, 12 and 24 h after the onset of farrowing and
analyzed for dry matter, crude protein, fat and lactose content to determine the effect of dietary
treatment on colostrum composition. Moreover, the analyzed composition and CY was used to
calculate mammary carbon secreted through colostral fat and lactose in order to calculate
mammary carbon balance during the colostrum period (Paper II). Colostrum samples were
analyzed by the infrared spectroscopic using Milkoscan FT2 instrument (Milkoscan 4000, Foss,
Hillerød, Denmark) calibrated for bovine milk.
4.7. Statistical methods
The generalized linear mixed procedure was applied to analyze the effect of high DF on
the rate of stillborn piglets, preweaning piglet mortality, and total piglet mortality in Paper I and
the effect of TLMUOF and litter related effects on the stillbirth and the need for farrowing
assistance in Paper III. The non-linear mixed procedure was applied to analyze the broken-line
relation between TLMUOF and FD in Paper III. The correlation of arterial concentration of
glucose with TLMUOF and FD was analyzed using the CORR procedure in Paper III. The mixed
procedure was applied to analyze the effect of stage of gestation and dietary treatment on
mammary nutrient metabolism and colostrum production in Paper II. In all instances, the SAS
procedure was used, and the significance was declared at P < 0.05 and tendency at P < 0.10.
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5. Summary of the Included Papers
5.1. Paper I
Dietary supplement rich in fiber fed to late gestating sows during transition reduces rate of
stillborn piglets.
Takele Feyera, Camilla K. Højgaard, Jens Vinther, Thomas S. Bruun and Peter K. Theil.
Journal of Animal Science: 2017. 95:5430–5438; doi: 10.2527/jas2017.2110
The effects of DF on welfare and behavioral responses in gestating sows have been
widely studied while effects on production and reproduction performance are limited. In the
present study, the impacts of high DF on the survival of the piglets were investigated in a
production farm using 644 sows. Sows were randomly assigned to receive a control diet
according to the normal feeding strategy of the farm or part of the control diet was replaced
by a DF-rich supplement during the last 2 weeks of gestation. It was hypothesized that
increased DF-rich supplement during the last 2 weeks of gestation improve survival of the
piglets by reducing the number of stillborn and/or preweaning mortality of live-born piglets in
the litter.
The supplemented DF significantly reduced the proportion of stillborn piglets per litter by
2.2%-point but had no impact on preweaning mortality of live-born piglets during lactation.
However, total preweaning piglet mortality (sum of stillborn and mortality of live-born) was
significantly reduced by 2.4%-points in the DF supplemented group, reflecting that the reduced
loss of stillborn piglets resulted in increased overall total piglet survival until weaning. More
importantly, the proportions of death registered due to poor piglet viability at birth and piglet
diarrhea during lactation were significantly reduced in piglets born from sows fed high DF
supplement during the last 2 weeks of gestation. The frequency distribution of litters with zero
stillborn piglet was significantly higher in sows fed high DF compared with their counterpart fed
the control diet. Sows fed high DF had numerically fewer incidences of farrowings with 2 or
more stillborn piglets per litter. Interaction between dietary treatment and parity was not
detected in the present study, although the risk of stillbirth increased with increasing parity. The
results of the present study revealed the nutritional advantage of high DF as a feeding strategy
to improve survival of the piglets, mainly by reducing the number of stillborn piglets in the litters.
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5.2. Paper II
Mammary metabolism and colostrogenesis in sows during late gestation and colostrum period.
Takele Feyera, Pan Zhou, Morakot Nuntapaitoon, Kristina U. Sørensen, Uffe Krogh, Thomas S.
Bruun, Stig Purup, Henry Jørgensen, Hanne D. Poulsen and Peter K. Theil.
Submitted to Journal of Animal Science, June 2018
The nutritional, immunological and growth stimulatory role of colostrum in newborn
piglets is highly important. However, production of colostrum is highly variable, and factors of
variability are not well known, and quantitative studies on the ontogenies of major colostral
components (fat, lactose and protein) are lacking. However, quantitative study on mammary
nutrient uptake during the colostrum production period might help us to understanding which
dietary nutrient is limiting sow colostrum production. The present study aimed to investigate the
impacts of high DF supplement on mammary plasma flow, MNU and colostrum production
using 10 multi-catheterized sows that were fed the treatment diet during the last 2 weeks of
gestation. Moreover, the ontogeny of mammary uptake of precursors for fat and lactose were
investigated along with plasm IgG and IGF-I as biomarkers for colostrum protein production.
Dietary treatment did not affect MPF and MNU during late gestation and farrowing.
Mammary plasma flow increased numerically from 3,703 L/d on day -28 relative to farrowing
to 4,806 L/d on day -3 relative to farrowing. However, MPF significantly increased during the
first 6 h after the onset of farrowing. Mammary uptake of glucose decreased numerically,
whereas that of lactate, triglycerides and acetate increased with the progress of gestation,
although the differences were not significant. Sows fed the high DF supplemented diet had
greater colostral fat content compared with sows fed the control diet. However, the carbons
originating from uptake of SCFA by the mammary glands could not account for the dietary
response observed on colostral fat. Net mammary fluxes of all energy metabolites numerically
increased with the progress of farrowing. Moreover, net mammary carbon uptake from the
glucogenic precursors (glucose and lactate) could not account for mammary carbon output in
colostral lactose and carbon released as CO2. Thus, lack of sufficient amount of glucogenic
precursors during the colostral period seems limiting the production of colostral lactose.
However, net mammary carbon uptake from ketogenic precursors exceeded the net
mammary carbon output in colostral fat. More importantly, the net mammary non-protein
carbon balance of the present result revealed that the majority of colostral fat and lactose was
produced after the onset of farrowing, mainly during the colostral period.
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5.3. Paper III
Impact of sow energy status during farrowing on farrowing kinetics, frequency of stillborn
piglets and farrowing assistance.
Takele Feyera, Trine F. Pedersen, Uffe Krogh, Leslie Foldager and Peter K. Theil.
Journal of Animal Science: 2018. 96: 2320–2331; doi: 10.1093/jas/sky141
Farrowing is an energy demanding process and increasing the litter size may increase
the energy cost of farrowing due to an associated increase in FD, which in turn compromise
sow energy status during farrowing. Two studies were performed to investigate the impacts of
TLMUOF on plasma glucose concentration at the onset of farrowing, FD and proportion of
stillborn piglets. Data from 166 farrowings were compiled to investigate the impacts of TLMUOF
on FD and the proportion of stillborn piglets. Additionally, 10 multi-catheterized sows were used
to assess correlation of plasma glucose concentration with TLMUOF and FD and to study uterine
extraction rates of energy metabolites during late gestation and farrowing.
The TLMUOF revealed significant impacts on plasma glucose concentration, FD and
proportion of stillborn piglets. The result demonstrated that FD is less than 4 h if farrowing is the
onset prior to the break point (3.13 h of TLMUOF). Sows that onset farrowing prior to the break
point had a plasma glucose concentration above 5 mmol/L at the onset of farrowing. Plasma
glucose at the onset of farrowing showed a strong negative correlation with TLMUOF and FD.
The result emphasized that sows should onset farrowing within the break point to give birth to
as many live-born piglet as possible. Sows that onset farrowing later than 6 h of their last meal
had a very low plasma glucose level at the onset of farrowing (<3 mmol/L) and that resulted in
frequent farrowing assistance and a high proportion of stillborn piglets. The result revealed that
sow energy status at the onset of farrowing is crucial for the farrowing process in hyperprolific
sows. Moreover, the result highlights the need to increase the feeding frequency before
farrowing to ensure that sows have an adequate plasma glucose level at the onset of farrowing.
The results from uterine nutrient extractions showed that substrate oxidation patterns by the
uterus during farrowing were distinct from that observed in the prepartum period. Glucose and
triglycerides were the only energy substrates extracted by the uterus during farrowing, whereas
uterus released triglycerides in late gestation. The results revealed that SCFA were not utilized
by the uterus as oxidative substrate during farrowing.

31

32

6. The Original Scientific Papers Included in the Thesis

33

34

6.1. Paper I
Dietary supplement rich in fiber fed to late gestating sows during transition reduces rate of
stillborn piglets
Takele Feyera, Camilla K. Højgaard, Jens Vinther, Thomas S. Bruun and Peter K. Theil.
Published: Journal of Animal Science. 2017. 95:5430–5438; doi: 10.2527/jas2017.2110
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Dietary supplement rich in fiber fed to late
gestating sows during transition reduces rate of stillborn piglets1
T. Feyera,* C. K. Højgaard,† J. Vinther,† T. S. Bruun,† and P. K. Theil*2
*Department of Animal Science, Aarhus University Foulum,
DK-8830 Tjele, Denmark; and †SEGES Danish Pig Research Centre, DK-1609, Copenhagen, Denmark

ABSTRACT: The beneficial effects of dietary fiber
(DF) from a behavioral and welfare perspective have
been thoroughly studied. However, data on the effects of
DF on reproductive performance are scarce. Therefore,
the aim of this study was to investigate the impact of
increased DF supply during the last 2 wk of gestation
on stillbirth rate, preweaning mortality, and total piglet mortality. A total of 644 sows were selected for the
experiment from a commercial farm, and the sows were
inseminated in weekly batches. Sows in the control
group (n = 310) were fed according to the normal feeding strategy of the farm with a gestation diet until 1 wk
before expected farrowing, then a transition diet until
d 5 of lactation, and then a lactation diet until weaning. Sows in the treatment group (n = 334) were fed as
the control group except that 280 g/d of the gestation
diet (from d 102 to 108 of gestation) and 570 g/d of the
transition diet (from d 109 of gestation until farrowing)
was daily replaced with 350 and 700 g/d, respectively,

of a DF-rich supplement. Both groups received isocaloric diets on a NE basis. The numbers of live-born and
stillborn piglets as well as mortality of live-born piglets with presumed causes of death were recorded. The
supplemented DF reduced the proportion of stillborn
piglets from 8.8 to 6.6% (P < 0.001) and mortality of
total born piglets from 22.3 to 19.9% (P = 0.004) but
had no impact on preweaning mortality of the piglets
(P = 0.21). Moreover, supplemented DF reduced the
proportion of death due to poor viability (P < 0.001; 2.8
vs. 1.5% in the control and treatment groups, respectively) and prevalence of piglet diarrhea (P = 0.004; 0.7
vs. 0.3% in the control and treatment groups, respectively). Crushing, low birth weight, and poor viability
were the top 3 contributors to preweaning mortality of
live-born piglets, in descending order. In conclusion, the
supplemented DF reduced the proportion of stillborn
piglets and total piglet mortality as well as mortality due
to poor viability and piglet diarrhea in lactation.

Key words: dietary fiber, late gestation, piglets, preweaning, stillbirth, transition period
© 2017 American Society of Animal Science. All rights reserved.
INTRODUCTION
The beneficial effects of dietary fiber (DF) from
a behavioral and welfare perspective have been thoroughly studied in gestating sows (Bergeron et al., 2000;
Ramonet et al., 2000; Meunier-Salaün et al., 2001; Holt
et al., 2006). However, data on the effects of DF on
reproductive performance are scarce (Meunier-Salaün
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and Bolhus, 2015). Oliviero et al. (2009) suggested that
inclusion of DF in sow diets may improve the farrowing process whereas Theil et al. (2014) reported that
DF increased the sow colostrum production. The farrowing process (Oliviero et al., 2010) and insufficient
colostrum intake (Quesnel et al., 2012) are likely associated with stillbirth and preweaning mortality, respectively. Studies by Guillemet et al. (2007) and Krogh
et al. (2015) reported nonsignificant but contrasting
effects of DF on stillbirth, which could be due to the
small sample size. Running such studies in commercial
farms may be a way to avoid lack of power and reveal
whether DF affects stillbirth rate. Because feed allowance is commonly low before farrowing and glucose is
only net absorbed during the first 4 to 6 h after feeding
(Serena et al., 2009), inclusion of DF may be beneficial
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to stabilize the postabsorptive energy status in sows.
Therefore, supplementing sows with DF may be a way
to potentially reduce the risk of stillbirth and to improve
colostrum production (Theil et al., 2014) and thereby
decrease total piglet mortality. Up to now, classical experiments have typically reported stillbirth and mortality of live-born piglets during the colostrum period or
from litter equalization to weaning, whereby mortality of
cross-fostered piglets is not considered. This experiment
was specifically designed to study mortality of all born
piglets, including cross-fostered piglets. Therefore, the
present study aimed to investigate the impact of supplemented DF fed to late gestating sows in the last 2 wk of
gestation on the stillbirth rate, preweaning mortality, and
total mortality of piglets in a commercial farm.
MATERIALS AND METHODS
The study was conducted in a commercial sow
farm (Slagelse, Denmark) with Danish Landrace ×
Danish Yorkshire (DanAvl, Copenhagen, Denmark)
sows. All procedures involving animals were conducted in accordance with the guidelines of the Danish
Ministry of Justice with respect to animal experimentation and care of animals under study (The Danish
Ministry of Justice, 1995).
Farm Selection, Randomization, and Housing
The farm was selected on the basis of its ability to mix and feed individual diets and its flexibility
to apply different feeding programs. The farm has a
SpotMix feeding system (Schauer Agrotronic GmbH,
Prambachkirchen, Austria) that enables separate feeding
of different dietary components for individual gestating
and lactating sows during the trial and allowed feeding
of 2 different diets for gestating sows using electronic
sow feeding stations (Schauer Agrotronic GmbH).
The study included a total of 644 first- to eighthparity sows (Danish Landrace × Danish Yorkshire;
DanAvl), which were studied during the last 2 wk before expected farrowing. The sows were inseminated
in weekly batches with Duroc semen (Hatting KS,
Horsens, Denmark), and sows with odd and even ear
numbers were assigned to the control (n = 310) and the
treatment (n = 334) groups, respectively. Sows were
included in the experiment in 32 subsequent weeks
with 13 to 26 sows per week.
Sows were kept loose in large dynamic gestation
units until they were moved to the farrowing pens 1
wk before expected farrowing. From d 109 of gestation and throughout lactation, sows were individually
kept in the farrowing pens (2.5 by 1.6 m) made of
64% concrete insulated floor and 36% cast-iron slat-
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ted floor. Each farrowing pens was designed with a
separate creep area for piglets including cover, floor
heat, and an infrared heating lamp to keep the ambient temperature of the creep area at 32°C around farrowing. The room temperature was kept at 20°C and
controlled with diffuse ventilation. All sows farrowed
naturally, that is, without inducing parturition.
Diets and Feeding
Three different diets, a gestation diet, a transition
diet, and a lactation diet, were formulated to ensure
sows were fed according to or above Danish recommendations (Tybirk et al., 2013). In addition, a DFrich supplement based on wheat, dehulled sunflower
seed, sugar beet pulp, soybean hulls, and soybean oil
was formulated to contain high fiber and slightly more
CP than the gestation and the transition diets (Table 1).
The gestation diet, the transition diet, and the lactation diet were all based on wheat, barley, oat, soybean
meal, and soybean oil (Table 1). The supplementary
DF was designed to replace part of the daily gestation diet from d 102 to 108 of gestation or part of the
daily transition diet from d 109 of gestation until farrowing without affecting the daily NE intake of the
sows. Sugar beet pulp was included as a DF source
because it has shown an interesting numerical effect
on stillborn piglets (8.3 vs. 4.9% for control and high
fiber, respectively; Krogh et al., 2015), and soybean
hulls was included because it is commonly used in
sow diets. Dehulled sunflower seed was included to
slightly increase the daily protein supply, because factorial calculations indicated that late gestating sows
required extra protein for their colostrum production
(Theil, 2015). Dietary ingredients and calculated and
analyzed chemical compositions of the diets are presented in Table 1.
Before d 101of gestation and throughout the lactation period, all sows were fed according to the normal feeding strategy of the farm. On d 102 of gestation, sows were assigned to either the control group
or the treatment group based on their ear number. The
treatment group was fed 2 dietary components each
day during the experimental period. Therefore, 280 g
of the daily gestation diet was replaced with 350 g of
the supplementary DF during d 102 to 108 of gestation
and 570 g of the daily transition diet was replaced with
700 g of the supplementary DF from d 109 of gestation
until farrowing. The amount of supplementary DF that
replaced either part of the gestation or transition diet
was chosen to achieve the same NE intake on a daily
basis; therefore, the treatment group received slightly
more feed (in kg; Fig. 1A) per day than the control
group due to the lower energy density, on a NE basis,
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Table 1. Dietary ingredients, calculated and analyzed
chemical composition of the gestation diet (GD), transition diet (TD), lactation diet (LD), and supplemented
dietary fiber (SDF)
Item
Dietary ingredients, g/kg, as-is basis
Wheat
Barley
Oats
Soybean meal, dehulled
Soybean oil
Sunflower seed dehulled, high protein
Sugar beet pellets, unmolassed
Soybean hulls
Sugar beet molasses
Premixes1
Calculated composition, as-is basis
DM, %
CP, g/kg
SID2 protein, g/kg
SID lysine, g/kg
Crude fat, g/kg
Crude fiber, g/kg
Ca, g/kg
P, g/kg
Energy, MJ NE/kg feed
Analyzed composition, as-is basis
DM, %
CP, g/kg
Crude fat, g/kg
Crude fiber, g/kg
Nonstarch polysaccharides, g/kg DM
Klason lignin, g/kg DM
Dietary fiber, g/kg DM
Ca, g/kg
P, g/kg

GD
598
150
120
106
–
–
–
–
–
26

TD

LD

509
127
200
120
10
–
–
–
–
34

501
125
120
197
22
–
–
–
–
35

SDF
282
–
–
–
32
192
240
240
5
9

86.9
87.0
87.4
122.6 128.9 157.4
101.0 106.1 132.4
4.6
5.0
7.9
2.52
3.65
4.65
41
47
46
6.9
7.9
8.3
4.0
5.0
5.3
9.69
9.64
9.91

88.7
142.0
100
3.7
5.10
173
5.6
3.7
8.91

87.2
123
27
31
129
21
150
6.4
4.0

88.7
153
44
153
388
41
429
6.0
3.7

87.5
130
37
43
139
28
167
7.4
4.7

1Supplied per kilogram of the GD: 4.02 g chloride, 42.59 mg Mn,
85.18 mg Fe, 15 mg Cu, 106.48 mg Zn, 0.21 mg I, 0.4 mg Se, 8,520 IU
vitamin A, 1,000 IU 850 IU vitamin D3, 63.89 mg α-tocopherol, 4.26 mg vitamin K3, 2.13 mg thiamin, 5.32 mg riboflavin, 3.19 mg pyridoxine, 0.02 mg
vitamin B12, 15.97 mg d-pantothenic acid, 21.30 mg niacin, 1.6 mg folic
acid, 250 mg choline chloride, 0.44 mg biotin, 1,875 mg Ronozyme (Vitfoss,
DK-6300 Gråsten, Denmark), 1.96% N, 0.4% P, and 0.65% K.
2SID = standardized ileal digestible.

of the supplementary DF. Subsequently, sows in the
control group received 3.27 and 3.30 kg/d and those
in the treatment group received 3.34 and 3.44 kg/d
from d 102 to 108 of gestation and from d 109 of gestation until farrowing, respectively. The daily supply
of feed (kg/d), DF (g/d), CP (g/d), and fat (g/d) during
the study period are presented in Fig. 1A, 1B, 1C, and
1D, respectively. Feed supply on d 114 of gestation and
on the day of farrowing were intentionally reduced by
14% compared with the preceding days to minimize
farrowing problems associated with gut fill. Sows were
fed 3 meals per day of equal portions at 8-h intervals.

Farrowing Sows and Piglet Handling
Normal farrowing surveillance and farrowing assistance was provided in both groups during farrowing. Sows were inspected every 45 to 60 min during
farrowing either for the presence of newborn wet piglets in the pen (indicator of farrowing progression) or
presence of expelled placenta (indicator of cessation
of farrowing), as a standard procedure in the farrowing unit, typically during the working hours. Moreover,
farrowing sows were supervised once during the middle of the night. If no progression was observed, then
obstetric aid was performed. However, oxytocin was
not used during the obstetric aid as it can only be used
to facilitate milk letdown in Danish swineherds.
The numbers of live-born and stillborn piglets were
recorded for individual sows. Live-born piglets were ear
marked to allow identification of treatment and week
of farrowing for individual piglets until weaning. Any
live-born piglets that were found weak and lying behind
the sow were placed under the heating lamp. Piglets that
were found dead right behind the sow as well as piglets
that were found wrapped in their placental membranes
were recorded as stillborn piglets, but lung autopsies
were not performed to confirm this. Therefore, piglets
may have been misclassified as stillborn in the current
study according to presence or absence of breathing after delivery, but this strategy was chosen to distinguish
between piglets that died before or during the birth process from piglets that were viable enough to potentially
suckle colostrum. All litters were standardized to 13 to
15 piglets within 24 h postpartum on the basis of functional teats. After litter standardization, surplus piglets
were cross-fostered to the nurse sows, defined as sows
that wean an additional litter (nurse litter) after weaning
their own litter (Bruun et al., 2016). Within the dietary
treatment, piglets were cross-fostered to maximize the
number of weaned piglets, as is commonly done at the
farm. Piglets cross-fostered to nurse sows always remained at their own dams for at least 12 h postpartum
to ensure adequate colostrum intake. On average, the
nurse sows nursed the cross-fostered piglets for about
21 d. The average weaning age was close to 4 wk, but
piglets that were too small were either nursed for 7 extra days at their own dam or moved to a 1-step nurse
sow (Bruun et al., 2016) that received small piglets
from several litters within the treatment groups.
Recording of Preweaning Piglet Mortality
and Presumed Causes
Mortality of live-born piglets and the presumed
main causes of death were recorded according to the
criteria described in Table 2. Basically, identification of
the causes of death was established post hoc and based

Dietary fiber and piglet mortality

5433

Figure 1. (A) The daily feed supply during the experimental period for the sows that were fed the control diet (solid squares) or the dietary fiber–supplemented treatment diet (open squares). Feed supplies on d 1 before expected farrowing and on the day of farrowing were intentionally reduced by 14% to minimize farrowing problems associated with gut fill. Sows fed the control diet received 3.3 kg/d of feed from d −14 until −1, whereas the treatment group received
an isoenergetic amount (on a NE basis) where part of the diet was replaced with a fiber-rich supplement (280 g of diet was replaced with 350 g of supplement
from d −14 until −8 and 570 g of diet was replaced with 700 g of supplement from d −7 until −2). The arrow at d −14 indicates change to dietary treatment
and the arrow at d −7 indicates transfer of both groups to the transition diet (and increased inclusion level of the dietary supplement). (B–D) Daily supplies of
dietary fiber (DF), CP, and fat, respectively, in sows that were fed the control diet (solid circles) or DF-supplemented treatment diet (open circles) during the
last 2 wk of gestation. The arrow at d −14 indicates change to dietary treatments and the arrow at d −7 indicates transfer of both groups to the transition diets.

on physical examination of the dead piglets combined
with some observations made before the death. The
procedure with recording the cause of piglet mortality
had been done for several years at the farm before we
performed this experiment. Only experienced personnel (trained by the owner) took care of this procedure,
and most of the observations were indeed performed
by the owner. Accordingly, crushing, low birth weight,
poor viability at birth, starvation, diarrhea, joint infection, and “unidentified” were recorded as the presumed
causes of mortality of live-born piglets in lactation
(see Table 2 for full description). The total number of
deaths in each category was recorded for the respective
group within each weekly batch, and the values were
expressed as a percentage of total live-born piglets.
Feed Sampling and Analysis
Feed samples were collected every second week
and pooled every sixth week over the experimental
period. In total, 4 pooled samples of the gestation
diet and supplementary DF and 5 pooled samples
of the transition diet were analyzed in duplicate for
DM, CP, crude fat, crude fiber, Ca, and P. All analytical procedures was performed according to European
Commission ([EC] 152/2009; European Commission,
2009). Nonstarch polysaccharide and Klason lignin

were analyzed as described by Knudsen (1997), and
the sum was reported as DF.
Statistical Analysis
All statistical analyses were performed using SAS
Enterprise Guide version 7.1 (SAS Inst. Inc., Cary, NC).
The number of stillborn piglets as a proportion of
the total born piglets, preweaning piglet mortality as
a proportion of the total born piglets, and total piglet
mortality (sum of stillborn and preweaning deaths) as
a proportion of the total born piglets were analyzed
using the GLIMMIX procedure including treatment
group as a fixed effect and weekly batch as a random
effect, and total born piglets was used as a covariate.
Furthermore, total born piglets, number of live-born
piglets, and number of weaned piglets per litter were
analyzed using the MIXED procedure including treatment group as a fixed effect and weekly batch as a
random effect. Causes of death were analyzed using
a χ2 test using the FREQ procedure to test differences
between the 2 groups, and results were reported as a
proportion relative to the number of total born piglets. Moreover, to investigate the difference of the
2-frequency function of the binomial distributions
of stillborn piglets within the treatment groups, 8 χ2
tests were performed, and the results were reported as
a percent of stillborns per litter. The effect of parity
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Table 2. Description of the different presumed causes of preweaning piglet mortality in lactation
Cause of death
Crushing
Low birth weight
Poor viability at birth
Diarrhea
Starvation
Joint infection
Other causes

Description of the cause
Piglets that were found dead underneath or beneath the sow or with visible signs of crushing (e.g., squashed or bruised)
Piglets were found lying down in the pen, typically in the corners or under the heat lamp, away from the other piglets. They
were skinny and weak but did not show signs of having been crushed.
Piglets with no or minor physical activity (likely weakened by asphyxia) or piglets born with deformities
Piglets that were found dead with visible sign of diarrhea under the tail or on the rear part of the piglets
Piglets that have been alive for a couple of days and became very skinny, spent more time in proximity to the udder, holding
teat in the mouth and massaging after the suckling bout already finished
Piglets that were found dead with noticeable swelling or injury on the joints/hooves
When the causes of death were uncertain or unidentified

on the incidence of stillbirths was analyzed using the
GLIMMIX procedure including treatment group and
parity as a fixed effect and weekly batch as a random
effect, and no interaction was seen between treatment
group and parity (P = 0.08). Due to the focus on mortality of all born piglets, less attention was given to the
sows and their actual day of lactation. Therefore, for
weekly preweaning piglet mortality, all dead piglets
within each weekly batch were grouped in the following ages, based on the mean date of farrowing within
each weekly batch: d 0 to 7, d 8 to 14, d 15 to 21, and d
22 to 28, where d 0 is the mean day of farrowing within
a weekly batch. Therefore, the stages represent the age
of piglets as ±3 d from the mean day of farrowing. This
was done because the trial design was based on analyzing survival and mortality within weekly batch and
after cross-fostering, but it was only possible to link
the dead piglets to the weekly batch, not to individual
sows. A statistical difference was declared at P < 0.05.
RESULTS AND DISCUSSION
The analyzed chemical composition of the diets
was fairly close to the intended composition. The
high-fiber supplement contained 43% DF whereas
the gestation and the transition diets contained 15 and
17% DF, respectively. Moreover, the supplemented DF
contained slightly more CP (14%) than the gestation
and the transition diets, which both contained 11%. On
a daily basis, the sows in the treatment group received
23 (on d −14 through −8) and 38% (on d −7 through
−2) more DF than the control group. Concomitantly,
the treatment group received 8% more CP and 19%
more fat on d −14 through −8 and 14% more CP and
21% more fat on d −7 through −2 compared with the
control group. Consequently, the obtained effects in
the present study on stillbirth rate were regarded to be
due to the difference in daily DF supply and not due to
the different supplies of CP or other nutrients. In line
with this, a previous Danish study with 1,400 sows fed
either a standard gestation diet or a diet with elevated
CP content during the last trimester did not demon-

strate any effect on rate of stillbirth and preweaning
mortality until d 7 of lactation (Sørensen, 2008).
Dietary Fiber and Impact on Litter
Size and Piglet Mortality
The high-fiber supplement had no impact on the
number of total born piglets (P = 0.38; Table 3). A meta-analysis by Reese et al. (2008) reported an increased
litter size in response to high DF fed to sows over multiple successive reproductive cycles. However, in the
present study, sows received high DF only during the
last 2 wk before expected farrowing, which is likely
too late to affect the litter size.
Supplemented DF resulted in a reduction of stillbirths per litter from 8.8% in the control group to 6.6%
in the treatment group (P < 0.001; Table 3). Such a striking impact of high DF observed in the present study is
believed to be a breakthrough in our effort to improve
piglet survival through dietary manipulation. Therefore,
the result indicates a new avenue toward the reduction of
stillbirths by improving the sow feeding strategy during
the transition period and was in line with our hypothesis
that high DF in late gestation can reduce piglet mortality. Interestingly, the reduction was found in a commercial farm, which already had a stillbirth rate below the
national average of 9.8% in Danish commercial farms
(Jessen, 2015). As a consequence, we believe that such
a feeding strategy will be favorable for many farms. In
support of our results, Krogh et al. (2015) found a stillbirth rate of 8.3% for control sows and 4.9% for sows
fed sugar beet pulp with experimental diets similar to
those used in the present study, although differences
in the study by Krogh et al. (2015) were not statistically significant due to a low number of sows. To our
knowledge, the present study is the first to document
a beneficial impact of high DF on stillbirth rate. The
large sample size used in the present study compared
with previous studies (Guillemet et al., 2007; Oliviero
et al., 2009; Loisel et al., 2013; Krogh et al., 2015) may
explain why beneficial impact of transition feeding on
stillbirth rate has not been previously reported.
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The underlying mechanisms of DF on the stillbirth
rate observed in the present study may be related to
multiple effects of DF on the nutrient digestibility pattern and/or the passage rate of the digesta. Observations
on farrowing durations, fecal scores, and energy status
of the sows during farrowing could have added to our
understanding, but due to the nature of the large sample size in the present study, it was not possible to include such explanatory variables in the study protocol.
Although the sequence of events leading to reduced
stillbirth rate cannot be explicitly described from the
present study, 2 modes of action of DF on the stillbirth
rate may likely be involved. First, sows that were fed
high DF in late gestation would less likely develop constipation before parturition due to increased intestinal
activities and the high water-holding capacity of the DF
(Oliviero et al., 2009; Krogh et al., 2015; Zhao et al.,
2015), and water in the colon digesta in turn increases the softness of the feces. According to Krogh et al.
(2015), sows supplemented with high DF have a greater
incidence of soft feces at farrowing than their nonsupplemented counterparts (68 vs. 29%, respectively; P =
0.04), and this is in line with what Oliviero et al. (2009)
reported. Soft feces may prevent physical blockage of
the birth canal and allow rapid passage of piglets during parturition, and therefore, feeding high DF during
the transition period is likely favorable to the farrowing
process (Oliviero et al., 2009). The other potential beneficial effect of high DF may be related to a longer postprandial energy uptake from the gastrointestinal tract
in sows fed high DF (Serena et al., 2007), which stabilizes interprandial blood glucose levels (de Leeuw et al.,
2004). In line with this, Serena et al. (2009) found that
approximately 30% of net absorbed energy originated
from VFA in sows fed high DF. Therefore, the possible
modes of actions of high DF in reducing the stillbirth
rate could be through softening of the feces and/or due
to increased postprandial energy uptake around farrowing, both of which may contribute to shorter farrowing
durations and ultimately reduce stillbirth.
Preweaning and Total Piglet Mortality
Supplemented DF had no impact on total born piglets (P = 0.38) or live-born piglets (P = 0.78) per litter
or preweaning mortality of live-born piglets (P = 0.21;
Table 3). The preweaning mortality was 10.4 vs. 10.0%,
2.3 vs. 2.1%, 1.1 vs. 1.0%, and 0.7 vs. 0.5% in first, second, third, and fourth week, respectively, of lactation in
the control and the treatment group. In the present study,
it was hypothesized that supplemented DF and a slightly
elevated CP supply in late gestation could increase sow
colostrum production and subsequently reduce preweaning piglet mortality, because colostrum is vital for
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Table 3. Effect of supplemented dietary fiber on stillbirth, live-born, and total born piglet mortality and the
causes of preweaning piglet mortality expressed as a
percent of total born piglets in sows that were fed the
control diet (Control) or dietary fiber–supplemented
diet (Treatment) during the last 2 wk of gestation
Control Treatment SEM1 P-value
310
334
52
56
18.4
18.1
0.29
0.38
16.8
16.9
0.25
0.78
14.2
14.4
0.23
0.66
8.8a
6.6b
0.47
<0.001
Preweaning mortality, % of total born 14.6
13.7
0.68
0.21
Overall mortality, % total born
22.3a 19.9b
0.71
0.004
Causes of preweaning piglet mortality, % of total born
Crushing
4.7
5.0
0.41
Low birth weight
3.2
3.6
0.24
Poor viability at birth
2.8a
1.5b
<0.001
Unidentified
2.3
1.9
0.20
Starvation
0.8
1.0
0.36
Joint infection
0.5
0.5
0.91
0.3b
0.004
Diarrhea
0.7a
Item
Number of sows
Number of nurse sows
Number of total born piglets
Number of live-born piglets
Number of weaned piglets
Stillborn piglets, % of total born

a,bMeans
1The

within a row with different superscripts differ (P < 0.05).
largest SEM.

piglet survival immediately after birth (Quesnel et al.,
2012). However, the preweaning mortality of live-born
piglets was only numerically reduced in the treatment
group compared with the control group (13.7 vs. 14.6%,
respectively), indicating that neither DF nor CP was
able to substantially increase the colostrum production.
Supplemented DF reduced total piglet mortality (P =
0.004; Table 3), reflecting the reduced stillbirth rate in
sows fed high DF, whereas the contribution of preweaning mortality did not differ between treatments. Piglet
mortality is a major determinant of sow productivity
(Weber et al., 2009; Kirkden et al., 2013; Moustsen et al.,
2013), and according to our study, it is possible to increase
total piglet survival by nutritional means. Evidently, the
majority of improvement in total piglet survival was
achieved through the reduction in peripartum death by
supplementing DF in late gestation. Because dietary
intervention was terminated at farrowing in the present
study, any difference observed between the groups during lactation could be attributed to the carryover effect of
the dietary treatment in late gestation.
Causes of Preweaning Piglet Mortality
Crushing, low birth weight, and poor viability at
birth were the top 3 contributors of mortality, in descending order, in the present study (Table 3). Dietary
treatment had no significant impact on the proportion
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Table 4. Frequency distribution of stillborn piglets per
litter in sows fed either a control diet (Control) or a
dietary fiber–supplemented diet (Treatment) during
the last 2 wk of gestation
Stillborn
per litter
0
1
2
3
4
5
6
≥7

Frequency,1 %
Control
Treatment
31.6 (98)
38.9 (130)
26.4 (82)
31.1 (104)
17.4 (54)
14.7 (49)
9.7 (30)
8.7 (29)
7.1 (22)
3.0 (10)
2.9 (9)
1.2 (4)
2.3 (7)
1.2 (4)
2.6 (8)
1.2 (4)

P-value
0.05
0.18
0.35
0.67
0.02
0.13
0.30
0.20

1The number in parenthesis indicated the number of sows within each
category of stillborn per litter.

of death due to crushing, low birth weight, or starvation (Table 3). In agreement with earlier studies (Jarvis
et al., 2005; Alonso-Spilsbury et al., 2007; KilBride et
al., 2012; Kirkden et al., 2013), crushing was a major
contributor to preweaning piglet mortality in the present
study. However, the proportion of dead piglets due to
crushing in the present study is lower than the ranges of
50 to 75% that have been frequently reported (Marchant
et al., 2000, 2001; Alonso-Spilsbury et al., 2007). The
greater number of causes of mortality recorded in the
present study, compared with earlier reports, may explain the lower proportion of death recorded due to
crushing. In their studies, Jarvis et al. (2005) concluded
that some sows consistently crush more piglets across
parities, whereas Andersen et al. (2005) suggested that
crushing as a cause of piglet mortality is highly related
to mothering ability rather than to dietary treatments.
Interestingly, supplemented DF reduced the proportion of death due to poor viability at birth (P < 0.001)
and piglet diarrhea (P = 0.004; Table 3). Sows that were
fed high DF may have shorter farrowing durations as
discussed above (see the Dietary Fiber and Impact on
Litter Size and Piglet Mortality section), thereby causing less-distressed piglets during farrowing. Therefore,
the most possible explanation for the improved viability
at birth in the present study is likely due to the premise
that supplemented DF resulted in shorter farrowing durations and consequently reduced piglet distress during
farrowing. However, we speculate whether increased
plasma content of short-chain fatty acids of newborn
piglets may also explain why fewer piglets die due
to poor viability when sows are fed high DF, because
these piglets probably had an improved energy status.
In contrast to other studies (Larson and Schwartz, 1987;
Coolman et al., 2002; Alonso-Spilsbury et al., 2007),
piglet diarrhea was ranked as the least contributor to
preweaning piglet mortality in the DF-supplemented

group (Table 3). Even though piglet diarrhea was found
to be the least contributor to preweaning mortality in
the present study, the prevalence of diarrhea was 2.33fold greater for the non-fiber-supplemented group than
for the DF-supplemented group. According to Quesnel
et al. (2012), 200 g of colostrum per piglet is the minimum consumption to provide adequate immunity, ensure survival, and reduce risk of infection. Therefore,
the less-prevalent piglet diarrhea observed in the piglets nursed by the sows that were fed supplemented DF
may be attributed to a greater colostrum intake than the
control group, although the amount ingested was not
quantified in this study. Alternatively, the prebiotic effect of DF in inhibiting the growth of enteric pathogenic
bacteria (Lindberg, 2014) might also indirectly have
contributed to the less-prevalent piglet diarrhea in litters nursed by sows fed DF in late gestation.
Frequency Function of Stillbirth and
Parity Effect on Stillbirth
Zero stillbirths was the most frequently observed
outcome in both groups (Table 4), but its frequency
was greater in the DF-supplemented group than in the
control group (38.9 vs. 31.6%, respectively; P = 0.05).
Supplemented DF reduced the rate of stillbirths when
the number of stillbirths per litter was 2 or more, although it was only significantly different between the
2 dietary treatments when 4 stillborn piglets per litter
were observed (P = 0.02). One stillborn piglet per litter may not be regarded a major problem, because this
may occur by chance and is not necessarily related to
farrowing difficulties; for instance, it could be due to
an entangled umbilical cord. However, a stillbirth rate
of 2 or more per litter could be regarded as problematic
(Baxter et al., 2013; Rutherford et al., 2013) and cause
reduced production efficiency. If the recorded data were
categorized in 2 classes (i.e., ≤1 and ≥2 stillborn piglets
per litter) in the present study, 43.1 and 30.0% of the
sampled population gave birth to 2 or more stillborn per
litter in the control and in the DF-supplemented group,
respectively (P < 0.01). These findings suggest that including high DF in the diet for late gestating hyperprolific sows is a promising way forward in the modern
swine industry to reduce the stillbirth rate.
The risk of stillbirth increased with parity in the
present study (Table 5; P < 0.001), which is in agreement with earlier studies (Leenhouwers et al., 2003;
Canario et al., 2006; KilBride et al., 2012). The increased risk of being stillborn with parity may be related to larger litter size (KilBride et al., 2012; Kraeling
and Webel, 2015) or reduced frequency and intensity of
uterine contractions in older sows (Olmos-Hernández
et al., 2008), which all may contribute to a prolonged
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Table 5. The effect of parity on the stillbirth rate
expressed as percent of total born
Parity
1
2
3
4
5
6
≥7

No.1
131
154
117
92
74
42
34

Stillbirth rate, %
5.3d
5.2d
6.7c
8.5bc
9.3bc
11.8b
16.1a

a–dMeans

within a column with different superscripts differ (P <
0.05). 1Number of sows in each parity class.

farrowing duration. Moreover, a larger litter size in
older parity sows may lead to intrauterine growth restriction thereby reducing piglet birth weight, which is
a risk factor of being stillborn, particularly late in the
birth order (Canario et al., 2006). The increased risk
of stillbirth late in the birth order might be related to a
possibly lowered energy status of the sows that impairs
uterine contractions or the cumulative effect of successive uterine contractions that reduce oxygenation of
unborn piglets, which, in turn, causes asphyxia (Herpin
et al., 1996; Alonso-Spilsbury et al., 2005). Even
though stillbirth was progressively increased with parity, inclusion of high DF in the diet during late gestation favorably reduced the rate of stillbirths per litter
(P < 0.001) independent of the parity, as no interaction
between parity and dietary treatment on the number of
stillbirths was found (P = 0.08).
Conclusions and Implications
It can be concluded from the present study that high
DF supplemented to late gestating sows in the last 2 wk
before expected farrowing reduced the proportion of
stillborn piglets and consequently reduced total piglet
mortality. Fewer live-born piglets died due to poor viability at birth and due to piglet diarrhea. Further investigations are needed to reveal the mode of action of DF
to reduce the stillbirth rate using various fiber sources.
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22

ABSTRACT: The aims of this study were to investigate 1) the effect of high dietary fiber (DF;

23

19.3 to 21.7%) supplemented to late gestating sows on mammary uptake and metabolism of energy

24

substrates as well as colostrum production and 2) the ontogeny of colostral fat and lactose synthesis

25

using mammary carbon balance, and colostral protein using IgG as a biomarker. Sows were fed

26

either a control diet (CON) consisting of a standard gestation diet (14.6% DF) until d 108 of

27

gestation and a transition diet (16.8% DF) from d 109 of gestation until farrowing or a high DF

28

treatment where part of the daily ration was replaced with a high DF supplement (FIB). The FIB

29

sows received 19.3% and 21.7% DF in the last 2 wk prior to farrowing. Sows were surgically

30

implanted with permanent indwelling catheters at d 75 ± 2 of gestation and blood samples were

31

collected at six different time points in late gestation and at 11 different time points within 24 h

32

after the onset of farrowing. Colostrum samples were collected at 0, 12 and 24 h after the onset of

33

farrowing. Arterial concentration of acetate (P = 0.05) and colostral fat content (P = 0.009) were

34

greater in FIB sows compared with CON sows. Plasma IgG dropped from d –10 relative to

35

farrowing (P < 0.001), suggesting an uptake by the mammary glands. Mammary plasma flow (P

36

= 0.007) and net mammary uptake of glucose (P = 0.04) increased during farrowing while dietary

37

treatment had no effect on net mammary uptake of other energy substrates during late gestation

38

and farrowing. The net mammary uptake of carbon from glucogenic precursors did not equate to

39

the sum of carbons secreted in colostral lactose and released as CO2, indicating that carbons from

40

ketogenic precursors were likely used for colostral fat and for oxidation. Mammary non-protein

41

carbon uptake matched the mammary output, indicating that the majority of colostral fat and

42

lactose were produced after the onset of farrowing. In conclusion, high DF included in the diet for

43

late gestating sows increased colostral fat content by 49% but this substantial dietary response

44

could not be explained by the increased carbon uptake from short chain fatty acids during the

2

45

colostral period. The non-protein carbon balance of mammary glands during farrowing suggests

46

that the majority of colostral fat and lactose were produced after the onset of farrowing, whereas

47

the drop in plasma IgG in late gestation suggests that the mammary glands take up this colostral

48

component prior to farrowing.

49

Key words: carbon balance, colostrogenesis, dietary fiber, IgG, plasma flow, onset of farrowing

50

INTRODUCTION

51

Dietary fiber (DF) for gestating sows has received wide scientific attention because of its

52

beneficial effects. Theil et al. (2014a) showed that DF from sugar beet or pectin residues increased

53

sow colostrum yield (CY). Moreover, Oliviero et al. (2009) noted that piglets born from sows fed

54

high DF had higher growth rate in the colostral period even though CY was unaffected, suggesting

55

that colostral composition was altered. Colostral fat is often regarded as the most variable colostral

56

component and may be changed by sow diet (Farmer and Quesnel, 2009). Inclusion of high DF

57

in the diet of late gestating sows can increase the production of short chain fatty acids in the hindgut

58

and their absorption into the blood (Serena et al., 2009), and may be used as a precursor for fatty

59

acid synthesis for colostral fat production.

60

Colostrum provides not only energy for the neonate (Quesnel et al., 2012) but also IgG for

61

immune protection (Rooke and Bland, 2002), and growth factors, like IGF-I, for stimulation of

62

growth and development (Xu et al., 2002). The transfer of IgG from the maternal circulation to

63

mammary secretions has been used as a biomarker for colostrogenesis in sows and was shown to

64

terminate at the onset of farrowing (Jönsson, 1973), thus implying the termination of colostrum

65

synthesis. However, it is uncertain whether the synthesis of colostral fat and lactose also terminate

66

at the onset of farrowing since the IgG in colostrum is entirely of protein source (Klobasa et al.,
3

67

1987). Therefore, the present study aimed to investigate 1) the effect of high DF fed to late

68

gestating sows on mammary uptake and metabolism of energy substrates as well as colostrum

69

production and 2) the ontogeny of colostral fat and lactose synthesis using mammary carbon

70

balance and that of colostral protein using IgG as a biomarker.

71

MATERIALS AND METHODS

72

The present experiment complied with the Danish Ministry of Justice Law number 382

73

(June 10, 1987), Act number 726 (September 9, 1993, as amended by Act number 1081 on

74

December 20, 1995), concerning experiments with and the care of animals.

75

Experimental Design and Surgical Procedures

76

Ten third- to fifth-parity sows (Danish Landrace × Danish Yorkshire) were stratified for

77

BW (276 ± 18 kg, mean ± SD) and parity to receive 1 of 2 dietary treatments fed for the last 2 wk

78

of gestation. Sows were surgically implanted with a total of 3 permanent indwelling catheters at d

79

75 ± 2 of gestation, 1 catheter in the right femoral artery and 2 catheters in the right mammary

80

vein. The first mammary vein catheter was used for infusion of the blood flow marker, para-

81

aminohippuric acid (pAH), and was inserted at the fourth cranial mammary gland. The second

82

mammary vein catheter was used for blood sampling, and inserted at the second cranial mammary

83

gland at an approximate distance of 20 cm between the tips of the two mammary vein catheters to

84

make sure that the infused pAH uniformly mixed with the blood in the mammary vein before

85

sampling. Blood vessels were freed from connective tissue and the catheters were inserted using a

86

wire guide (THSF-25-260, Cook Danmark, Bjaeverskov, Denmark). Catheters were fixed in

87

position by suturing cuffs to the connective tissue bed underlying the vessel. All catheters were

88

subcutaneously tunneled to the exteriorization point on the right lumbar region using long steel
4

89

stainless needles. Catheters were checked for functionality and flushed with 20 mL of saline

90

containing heparin (100 IU/mL, Heparin LEO, LEO Pharma A/S, Ballerup, Denmark). Moreover,

91

the catheters were filled with saline containing heparin (100 IU/mL, Heparin LEO; LEO Pharma

92

A/S, Ballerup, Denmark), benzyl alcohol (0.1%; benzyl alcohol + 99%; Sigma-Aldrich, St. Louis,

93

MO) and benzyl penicillin (0.2%; benzylpenicillin; Panpharma, NordMedica A/S, Copenhagen,

94

Denmark) and finally wrapped around and kept in a purse taped to the right side of the sow. A

95

detailed description of the surgical procedures and post-surgery medications was reported

96

previously (Krogh et al., 2016; Feyera et al., 2018). At weaning, 28 d after farrowing, the positions

97

of the catheters were verified by autopsy.

98

Housing, Sows and Piglet Handling

99

After recovery and until weaning, 28 d after farrowing, sows were individually housed (not

100

tethered) in farrowing pens (2.7 by 2.1 m) equipped with farrowing rails made of concrete and

101

slatted floors. The farrowing rails were fitted 1 d before blood sampling in late gestation and the

102

farrowing crates were reopened after blood sampling was completed. However, from d 108 of

103

gestation until weaning, the sows were permanently placed within the farrowing crates. The room

104

temperature was kept at 20 °C and the light was turned on from 0700 to 1830 h, and again during

105

the night meal (2330 to 0030 h), except during farrowing when the light was turned on 24 h a day.

106

Back fat thickness and BW of the sows were measured on d –28, –21, –14 and –7 relative

107

to farrowing. Back fat thickness was measured on standing sows at approximately 65 mm from

108

the midline at the last rib by ultrasound scanner (SONO-GRADER Model 2; RENCO CORP.,

109

Minneapolis, MN, USA) on the left side of the sow, and mean values of three consecutive

110

measurements per sow were used. Feed intake was recorded daily, and mean weekly intake was

111

reported. Diets were sampled twice a week, pooled over the experimental period and kept at –20

5

112

°C until chemical analysis. All sows were fed 3 meals per day of equal portions at 8–h intervals

113

with free access to drinking water.

114

Sows were supervised daily around farrowing and were closely monitored from the onset

115

of farrowing until the end of farrowing. The numbers of live-born, stillborn and total born piglets

116

in each litter were recorded along with time of birth for each piglet. Piglets were weighed at birth

117

(0 h), 12 h and 24 h after the onset of farrowing. All litters were standardized to 12 to 14 piglets

118

after the colostral period (24 h postpartum) based on the number of functional mammary glands.

119

The common piglets’ management procedures such as castration, tail docking and iron injection

120

were performed within the first week of lactation. Approximately 50 mL of colostrum samples

121

were hand milked at 0, 12 and 24 h after the onset of farrowing, were filtered through gauze, and

122

kept at –20 °C until chemical analysis. Except for 0 h sampling, 0.2 mL oxytocin (10 IU/mL;

123

Løvens Kemiske Fabrik, Ballerup, Denmark) was infused into the mammary vein catheter to

124

initiate milk letdown.

125

Diets and Feeding

126

A gestation diet and transition diet (diet fed during the last wk of gestation) based on wheat,

127

barley, oats and soybean meal were formulated (Table 1) to ensure sows were fed according to

128

Danish recommendations for gestating sows (Tybirk et al., 2013). Moreover, a DF rich supplement

129

diet based on wheat, sugar beet pulp, soybean hulls, dehulled sunflower meal and soybean oil was

130

formulated (Table 1). The supplementary DF was formulated to replace part of the daily gestation

131

diet from d 102 to 108 of gestation or part of the daily transition diet from d 109 of gestation until

132

farrowing without affecting the daily ME intake.

133

Until d 101 of gestation, all sows were fed the same standard gestation diet. On d 102 of

134

gestation, sows were assigned to either the control diet (CON; n = 5; 14.6% DF) or the DF

6

135

supplemented diet (FIB; n = 5). Sows in the CON group were fed the gestation diet until d 108 of

136

gestation and then a transition diet until farrowing. Sows in the FIB group were fed as the CON

137

group except that 300 g/d of the gestation diet (from d 102 to 108 of gestation), or 600 g/d of the

138

transition diet (from d 109 of gestation until farrowing) was replaced by 390 and 780 g/d,

139

respectively, of the DF-rich supplement. The mixed ration of FIB fed sows corresponded to 19.3%

140

DF from d 102 to 108 and to 21.7% DF from d 109 until farrowing. The amount of DF-rich diet

141

that replaced either part of the gestation or the transition diet was chosen to achieve the same daily

142

energy intake. The daily supply of fiber and energy was selected based on previous results (Feyera

143

et al., 2017), where the number of stillborn piglets was reduced due to high DF intake in sows

144

during late gestation.

145

Blood Sampling

146

Blood sampling was started 2 wk before the sows were subjected to dietary treatments and

147

completed 24 h after the onset of farrowing. Arterial and mammary vein blood samples were

148

collected on d –28, –21, –14, –10, –7 and –3 relative to farrowing, once per day at 4 h after the

149

morning meal. Moreover, blood samples were collected during farrowing at 1, 2, 3, 4, 5, 6, 7, 8,

150

12, 18 and 24 h after the onset of farrowing. On each sampling day, infusion of pAH was initiated

151

at least 1 h before the first blood sampling with a priming bolus injection of 75 mL pAH followed

152

by a continuous infusion of pAH to ensure that the excretion rate of pAH across the kidney was

153

equal to the infusion rate of pAH. The pAH solution was prepared at 30 mmol/L (pAH 99%; Acros,

154

Geel, Belgium), adjusted to pH 7.4, sterile filtered (Filter Top PES membrane, 0.22 µm, Techno

155

Plastic Products AG, Trasadingen, Switzerland), and then autoclaved. Before each sampling, the

156

catheters were primed by drawing and discarding 3 to 4 mL of the blood to ensure collection of

157

representative samples. Then, blood samples from the arterial and mammary vein catheters were

7

158

simultaneously collected into heparinized 1 mL RAPIDLyte syringes (Siemens Healthcare

159

Diagnostic Inc. Tarrytown, USA) for immediate measurement of O2 and CO2 in the whole blood.

160

Moreover, 2 × 9 mL of blood samples were collected from the arterial and mammary vein catheters

161

into 10 mL disposable syringes and transferred to heparinized vacutainer tubes (Greiner BioOne

162

GmbH, Kremsmuenster, Austria), mixed and stored on ice until centrifugation at 1,558 × g for 10

163

min at 4 °C. Before centrifugation, duplicate samples were subsampled from the heparinized

164

vacutainer tubes of the arterial catheter into capillary tubes for hematocrit determination. Plasma

165

was then harvested and stored at –20 °C for subsequent analysis.

166

Chemical Analyses

167

Diet. Dietary DM content was determined by freeze drying of the diets for 72 h, and ash

168

content was analyzed according to the AOAC (2000) method no. 942.05. Dietary N content was

169

analyzed by the Dumas method (Hansen, 1989). Dietary fat content was extracted with diethyl

170

ether after hydrochloric acid hydrolysis according to Stoldt (1952) procedure. Dietary gross energy

171

was determined in an Automatic Isoperibol Calorimetry system (Parr Instrument Company,

172

Moline, Illinois, USA). Contents of dietary starch, nonstarch polysaccharides and Klason lignin

173

were analyzed according to Bach Bach Knudsen (1997). Dietary amino acids were analyzed

174

according to the Official Journal of the European Union (European-Commission, 2009).

175

Whole Blood and Plasma. Hematocrit in arterial blood sample was determined in duplicate

176

by centrifugation in capillary tubes at 10,000 × g for 10 min at 20 °C. Blood gases of O2 and CO2

177

were measured using a RapidPoint® 500 system Gas Analyzers (Siemens Healthcare Diagnostics

178

Ltd., UK) immediately after sampling.

179

Plasma concentrations of glucose, lactate and triglycerides were determined according to

180

standard procedures (Siemens Diagnostics® Clinical Methods for ADVIA 1800) using an

8

181

autoanalyzer, ADVIA 1800 Chemistry System (Siemens Medical Solutions, Tarrytown, NY

182

10591, USA). Non-esterified fatty acids in plasma were determined using the Wako, NEFA C

183

ACS-ACOD assay method using an autoanalyzer, ADVIA 1800 Chemistry System (Siemens

184

Medical Solutions, Tarrytown, NY 10591, USA). Plasma concentration of deacetylated pAH was

185

determined as described by Harvey and Brothers (1962) using a continuous-flow analyzer

186

(Autoanalyzer 3, method US-216-72 Rev. 1; Seal Analytical Ltd., Burgess Hill, UK). Plasma

187

concentrations of acetate, propionate and butyrate were determined by gas chromatography as

188

described by Brighenti (1998) with the modification that 2-ethyl butyrate (FLUKA no. 03190;

189

Sigma-Aldrich) was used as an internal standard instead of isovalerate. Concentrations of IGF-I in

190

plasma were analyzed using a time-resolved immuno-fluoroscens assay (TR-IMFA; Frystyk et al.,

191

1995) after acid-ethanol extraction as previously described (Sejrsen et al., 2001; Purup et al.,

192

2007). The intra- and interassay variations for IGF-I in plasma were 4.8 and 11.0%, respectively.

193

Concentrations of IgG in plasma were quantified using a commercial pig Ig ELISA kit (Bethyl

194

Laboratories Inc. Montgomery Emory, Taxas, USA) according to the manufacturer’s instructions.

195

Colostrum. Colostrum samples were analyzed for fat, protein, lactose and DM content by

196

infrared spectroscopy using a Milkoscan FT2 instrument (Milkoscan 4000, Foss, Hillerød,

197

Denmark). Concentrations of IGF-I and IgG in colostrum samples were analyzed with similar

198

procedures as described above for plasma. The intraassay variation for IGF-I in colostrum was

199

5.8% (no interassay reported as all was analyzed in one assay).

200

Calculations

201

Dietary CP content was calculated as N × 6.25. Dietary fiber was calculated as the sum of

202

lignin and total nonstarch polysaccharides. Colostrum intake of individual piglets was calculated

203

according to Theil et al. (2014a) from piglet BW gain during the colostral period. Sow CY was

9

204

calculated by summing up colostrum intakes of the individual piglets within a litter. Fat and lactose

205

output in colostrum were calculated by multiplying their respective concentrations in colostrum

206

by CY. Mammary respiratory quotient was calculated by dividing mole of CO2 released to O2

207

consumed. Net mammary carbon balance during the colostral period (until 24 h postpartum) was

208

calculated based on net mammary non-protein carbon uptake of plasma energy metabolites (as

209

input) and net carbon secretion in colostral fat and lactose (as output). Since plasma samples were

210

not analyzed for AA composition, carbon input as AA in plasma and output in milk was not

211

included in the carbon balance calculation. The net mammary carbon balance was calculated by

212

assuming that the average carbon length of fatty acids in NEFA, plasma triglycerides and milk fat

213

were 17 carbon/fatty acid. Mammary plasma flow (L/d) was calculated as: pAH infusion rate

214

[mmol/h]/( mammary vein pAH concentration [mmol/L] – arterial pAH concentration [mmol/L])

215

× 24 h per day × 2.8. The constant 2.8 was used to scale up the measured mammary plasma flow

216

originating from the 5 mammary glands to the whole mammary glands representing 14 glands,

217

according to Krogh et al. (2016). Mammary blood flow was calculated from mammary plasma

218

flow as: mammary plasma flow /(1-hematocrit). Net mammary flux of energy metabolites and

219

blood gases were calculated according to Fick (1870): mammary plasma flow or mammary blood

220

flow multiplied with mammary arteriovenous differences of the energy metabolites or blood gases,

221

respectively. Thus, a positive net mammary flux indicates mammary extraction of the metabolites

222

from blood or plasma whereas a negative net mammary flux indicates mammary release of the

223

metabolites to blood or plasma.

224

Statistical Analyses

225

All statistical analyses were performed using the SAS procedure (SAS 9.3, SAS Institute

226

Inc., Cary, NC). The experimental unit was the sow, and data from 1 sow was excluded from the

10

227

analysis of farrowing data because the arterial catheter stopped working after the onset of

228

farrowing. Feed, starch and DF intakes as well as BW and back fat thickness were analyzed using

229

the MIXED procedure of SAS including treatment (Trt; CON, FIB), days relative to farrowing (–

230

28, –21, –14, –7) and interaction between Trt× days relative to farrowing as fixed effects. Total

231

born and live-born piglets, piglet weight at birth and gain during the colostral period as well as

232

sow CY and piglet colostrum intake were analyzed using the MIXED procedure of SAS including

233

treatment as a fixed effect. The incidence of stillborn piglets in the litter was analyzed using the

234

GLIMMIX procedure of SAS including treatment as a fixed effect. Colostrum composition was

235

analyzed using the MIXED procedure of SAS including Trt (CON, FIB) and sampling time after

236

the onset of farrowing (0, 12, 24 h) as fixed effects. Samples collected during late gestation and

237

during farrowing were analyzed separately. However, to analyze the effect of dietary treatment on

238

net mammary flux of ketogenic substrates, data collected when sows received different dietary

239

treatments (from d –10 relative to farrowing until 24 h after the onset of farrowing) were combined

240

and analyzed accordingly. Mammary blood flow, mammary plasma flow and net mammary flux

241

of energy metabolites and blood gases were analyzed using the MIXED procedure of SAS

242

including Trt (CON, FIB), days relative to farrowing (–28, –21, –14, –10, –7, and –3), hour after

243

the onset of farrowing (1, 2, 3, 4, 5, 6, 7, 8, 12, 18 and 24 h) and 2-way interactions (Trt× days

244

relative to farrowing, Trt×H) as fixed effects. The sow was included as a random component in all

245

models. The spatial power covariance function was used to account for the correlation between

246

repeated measures in late gestation and during farrowing. Data are presented as least squares means

247

± SEM. A statistical difference was declared at P < 0.05, and P < 0.10 was considered a tendency.

248

RESULTS

249

Feed Intake and Sow Performance

11

250

Intake of DF increased with the progress of gestation (Table 2; P < 0.001). In accordance

251

with the experimental plan, an interaction between dietary treatment and days relative to farrowing

252

was observed for ADFI (P = 0.002) with greater ADFI in the FIB group on d –7 relative to

253

farrowing. Moreover, similar interactions between dietary treatment and days relative to farrowing

254

were observed for both the intake of starch (P < 0.001) and DF (P < 0.001), with greater starch

255

and lower DF intake in the CON group on d –7 relative to farrowing as compared with the FIB

256

group. There was no evidence for dietary treatment effects on sow BW, sow back fat, litter size,

257

number of live-born piglets, percent of stillborn piglets, average birth weight of piglets, sow CY,

258

piglet colostrum intake or piglet weight gain during the colostral period (Table 2).

259

Arterial Concentrations, Mammary Plasma Flow and Net Mammary Flux of Energy

260

Metabolites and Blood Gases in Late Gestation

261

Because no interaction between Trt and days relative to farrowing was detected for the

262

majority of the energy metabolites, the main effects of Trt and days relative to farrowing are shown

263

in Table 3. Sows fed the FIB diet had increased arterial concentrations of acetate (P = 0.05) and

264

tended to have greater arterial concentrations of butyrate (P = 0.10), whereas none of the other

265

studied arterial concentrations or net mammary flus of energy metabolites were affected by dietary

266

treatment in late gestation (Table 3). Arterial concentrations of acetate increased (P < 0.001) with

267

the progress of gestation. Net mammary release of NEFA increased (P = 0.002) and uptake of

268

acetate tended to increase (P = 0.09) with the progress of gestation. The mammary plasma flow

269

increased numerically during late gestation by 30% from d –28 to d –3 relative to farrowing,

270

although this was not statistically significant (P = 0.23).

271

Arterial Concentrations, Mammary Plasma Flow and Net Mammary Flux of Energy

272

Metabolites and Blood Gases during Farrowing
12

273

None of the measured arterial concentrations, net mammary flux of energy metabolites,

274

blood gases or mammary plasma flow were affected by the Trt × hour (H) interaction or by Trt

275

during the colostral period. There was only a tendency for arterial concentrations of triglycerides

276

(P = 0.08) to be greater in FIB sows (Table 4). However, arterial concentrations of CO2

277

intermittently increased (P = 0.02), and those of lactate (P = 0.04) and triglycerides (P = 0.03)

278

decreased as the time from the onset of farrowing progressed. The mammary plasma flow (P =

279

0.007) and net mammary uptake of glucose (P = 0.04) simultaneously increased from the onset of

280

farrowing until 6 h postpartum and then returned to pre-farrowing levels afterward.

281

Arterial Concentrations of Biomarkers (IgG and IGF-I) during Late Gestation and Farrowing

282

Dietary treatment did not affect arterial concentrations of IgG or IGF-I during late gestation

283

or during farrowing (data not shown). Arterial concentrations of IgG were constant at around 15

284

mg/mL from d –28 to d –14 relative to farrowing, but decreased to approximately 5 mg/mL at

285

farrowing. During farrowing, IgG concentrations remained rather constant (Fig. 1 A). In contrast,

286

arterial concentrations of IGF-I were quite stable during late gestation. Immediately after the onset

287

of farrowing, IGF-I concentrations increased approximately by 50% compared with prepartum

288

levels (d –3 relative to farrowing) and remained constant during the first 24 h after the onset of

289

farrowing (Fig. 1 B). We attempted to quantify the arteriovenous difference and net mammary

290

uptakes of plasma IgG and IGF-I, but they did not deviate from zero.

291

Impact of Dietary Treatment and Reproductive Stage on Net Mammary Flux of Ketogenic

292

Metabolites

293

The mammary glands released NEFA before the onset of farrowing but extracted NEFA

294

after the onset of farrowing (Fig. 2 A; P < 0.001). In contrast, triglycerides, acetate and butyrate

295

were extracted both during late gestation and after the onset of farrowing (Fig. 2 B, C and D,
13

296

respectively). An interaction between dietary treatment and stage of reproduction was observed

297

for net mammary flux of acetate (P = 0.02), with a greater net mammary uptake of acetate at –72

298

h relative to the onset of farrowing in FIB fed sows.

299

Impact of Dietary Treatment on Colostrum Composition

300

Only the colostral fat content was affected by the interaction between Trt and hour after

301

the onset of farrowing (P = 0.03; Table 5), and sows fed the FIB diet generally had greater colostral

302

fat content (P = 0.009) than sows fed the CON diet. At the onset of farrowing, there was no

303

difference in colostral fat content due to the diets (5.0 vs 4.4 in the FIB and CON group,

304

respectively; P = 0.49). In contrast, colostral fat was greater at 12 h (P = 0.001) and 24 h (P =

305

0.003) in sows fed the FIB diet compared with sows fed the CON diet (Fig. 3). Concentrations of

306

colostral fat (P < 0.001) and lactose (P < 0.001) increased, whereas colostral protein (P < 0.001),

307

DM (P = 0.003), IgG (P < 0.001) and IGF-I (P < 0.001) decreased as time progressed after the

308

onset of farrowing (Table 5).

309

The Net Mammary Carbon Balance during the Colostral Period

310

The overall net mammary carbon balance (carbon uptake- carbon output) during the entire

311

colostral period (0 to 24 h after the onset of farrowing) was positive in the CON sows, whereas

312

negative in the FIB sows (Fig. 4). The net mammary uptake of carbon from glucose could account

313

for the net mammary carbon output through colostral lactose in both dietary groups, but it could

314

not account for the sum of carbons secreted in colostral lactose and carbons released as CO2. The

315

net mammary uptake of carbon from ketogenic precursors exceeded the net mammary output of

316

carbon through colostral fat in CON sows (26.0 vs. 18.2 mol C/d), but could not account for the

317

total output through colostral fat in FIB sows (24.1 vs. 25.7 mol C/d). The respiratory quotient of

14

318

the mammary glands during the colostrum period in sows fed the CON and FIB diets was 0.87 and

319

0.81, respectively.

320
321

DISCUSSION
Effect of Dietary Treatment on Colostral Composition

322

High DF fed to late gestating sows increased colostral fat content by 49% in the present

323

study. Mroz et al. (1986) also reported increased colostral fat content with greater levels of oat

324

hulls inclusion in the diet of gestating sows. Loisel et al. (2013) and Krogh et al. (2015) reported

325

increased colostral fat content by 29% and 15%, respectively, in sows fed high DF during

326

gestation, although these differences were not significantly different from feeding a control diet.

327

During the first 24 h after the onset of farrowing, uptakes of butyrate and acetate were 127

328

and 51% greater in FIB sows compared with CON sows, respectively, although their uptakes were

329

not statistically different between treatments (P = 0.22 and P = 0.37, respectively). Interestingly

330

the contribution of butyrate and acetate to the overall carbon release in colostral fat was rather low.

331

Consequently, the synthesis of fat from acetate and butyrate within the sow mammary glands

332

seems not to be able to account for the substantial dietary response observed in colostral fat in the

333

present study. Instead, the higher colostral fat could be explained by an altered net portal

334

absorption of energy metabolites in FIB sows (Serena et al., 2009). Alternatively, the increased

335

colostral fat could be explained by the numerically greater uptakes of triglycerides and NEFA after

336

the onset of farrowing. Krogh et al. (2017) showed that sow mammary glands retained fat during

337

late gestation and hypothesized that this fat is secreted in colostrum or transient milk. The

338

incorporation of acetate for lipogenesis in mammary tissues has been reported to increase with the

339

progress of gestation in gilts (Kensinger et al., 1982). Thus, a greater uptake of various ketogenic

340

energy sources (short chain fatty acids, NEFA and triglycerides) may potentially contribute to fat
15

341

retention in mammary glands during late gestation and secretion of colostral fat after the onset of

342

farrowing as observed in the present study. Unfortunately, carbon balances could not be performed

343

before farrowing in the present study because only a single blood sample (4 h after feeding) was

344

collected.

345

The high uptake of short chain fatty acids in late gestation apparently changed the oxidation

346

pattern in FIB sows, as indicated by their lower respiratory quotient. Possibly, the greater ketogenic

347

energy supplied provided to the mammary glands in FIB sows during late gestation prepared the

348

udder to use this energy precursor, e.g. NEFA, when glucose is scarcely available during farrowing

349

(Feyera et al., 2018). It is not known whether the observed change in oxidation pattern due to high

350

DF inclusion could partly explain the increased colostral fat content of FIB sows. From the net

351

mammary carbon balance, it was calculated that glucogenic carbon sources contributed only 35%

352

and 56% of the CO2 production in the FIB and CON sows, respectively.

353

A lack of sufficient glucogenic energy during farrowing may potentially be a limiting factor

354

for colostral lactose synthesis, and thereby CY. Even though colostral lactose was not affected by

355

dietary treatments in the present study, data from previous studies indicated that energy status at

356

the onset of farrowing, evaluated as time between the last meal and the onset of farrowing, and

357

colostral lactose content 12 h after the onset of farrowing tended to be negatively correlated (r = –

358

0.17; P = 0.09; T. Feyera, unpublished). Lactose is the major compositional determinant of milk

359

yield in established lactation due to osmotic pull of water into the mammary glands (Boyd and

360

Kensinger, 1998; Hurley, 2015). Should the same mechanism also apply for CY, ensuring optimal

361

prepartum energy intake would be a key to improve CY in sows.

362

Plasma IgG and IGF-I during Gestation and Farrowing in Sows
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363

Plasma IgG dropped from d –10 relative to farrowing until farrowing; thereafter remaining

364

constant during farrowing. Similar results were reported in cows 2 wk (Brandon et al., 1971) and

365

sows 3 d before expected parturition (Devillers et al., 2004). However, Klobasa et al. (1985) did

366

not observe any noticeable change in serum IgG concentrations in the last months of gestation in

367

sows. According to Baumrucker and Bruckmaier (2014), IgG is disappearing from the maternal

368

circulation and taken up by the mammary glands during colostrogenesis, to be secreted in

369

colostrum. The net mammary flux of IgG did not deviate from zero in the present study, which

370

might indicate the arteriovenous concentration difference was below the detection level. Results

371

from the present study suggest that a transfer of IgG from the maternal circulation to the mammary

372

glands occurs in sows during the last 10 d of gestation. In line with this, Kensinger et al. (1982)

373

noted an accumulation of colostral proteins, mainly immunoglobulins, in the lumina of alveoli by

374

d 105 and 112 of gestation in gilts. Furthermore, previous studies in cows showed that parturition

375

could trigger the termination of IgG transfer from the maternal circulation to mammary secretions

376

(Brandon et al., 1971; Barrington et al., 2001; Baumrucker et al., 2010). By measuring the transfer

377

of

378

showed that all colostral IgG is derived from the maternal circulation.

125

I-labelled immunoglobulin from serum to colostrum in sows, Bourne and Curtis (1973)

379

Plasma IGF-I in the maternal circulation increased by approximately 73% from d – 10

380

relative to farrowing until farrowing, and then remained constant. Stable IGF-I concentrations in

381

the maternal circulation were previously reported in sows from mid gestation until farrowing (Lee

382

et al., 1993; Nikolic and Zivkovic, 1996; Foisnet et al., 2010). Insulin-like growth factor-I is a

383

potent mitogen for mammary epithelial cells (Kleinberg, 1997; Hovey et al., 1998) and growth in

384

neonatal pigs (Xu et al., 2002). In pregnant sows, important epithelial cell proliferation occurs in

385

late gestation (Buttle, 1988; Hurley et al., 1991; Farmer and Hurley, 2015) and is likely associated

17

386

with high levels of circulating IGF-I during this period, although not supported by the present

387

result. Lee et al. (1993) reported an increased content of IGF-I in pig mammary tissue during late

388

gestation (≥90 d) vs earlier stages of gestation, while concentrations of IGF-I in serum remained

389

unchanged. Several studies suggest that locally produced IGF-I is a more potent mediator of

390

mammogenesis after puberty than IGF-I of endocrine origin (Lee et al., 1993; Hovey et al., 1998;

391

Kleinberg et al., 2000). In the present study, the AV difference of IGF-I did not deviate from zero,

392

suggesting that locally produced IGF-I in the mammary glands may be more important for

393

colostral content of IGF-I than circulating IGF-I. However, this does not preclude the fact that

394

increasing circulating concentrations of IGF-1 in late-pregnant sows could stimulate mammary

395

development.

396

Colostrogenesis in Sows

397

Colostrogenesis is defined as “the production of colostral components” and it involves the

398

transfer of IgG from the maternal circulation to mammary secretions prior to the onset of farrowing

399

(Jönsson, 1973; Barrington et al., 2001). As IgG secreted in colostrum is entirely from colostral

400

protein (Klobasa et al., 1987), it is not clear if the prepartum transfer of IgG is an appropriate

401

biomarker for the ontogeny of all colostral components (fat, lactose and protein) or only describes

402

that of colostral protein. Moreover, colostrum production was suggested to occur prior to the onset

403

of farrowing (Csapó et al., 1996; Theil et al., 2014b; Alexopoulos et al., 2018); although the first

404

24 h after the onset of farrowing is conventionally called the colostral period in sows. Recent

405

transcriptional profiling of swine mammary glands during the transition from colostrogenesis to

406

lactogenesis indicated that colostrogenesis occurs from 6 d prepartum until d 1 postpartum

407

(Palombo et al., 2018). Pursuant to the fact that sows have no appreciable gland cistern in their

408

mammary structure (Turner, 1952), the entire volume of colostrum, which amounts to
18

409

approximately 6 kg (Theil et al., 2014a), could likely not be entirely produced before the onset of

410

farrowing. To verify this, qualitative (Fig.1 A) and quantitative (Table 4 and Fig. 4) data were

411

presented herein to evaluate the ontogeny of major colostral components (fat, lactose and protein).

412

The mammary plasma flow and net mammary uptake of glucose increased during the first

413

6 h after the onset of farrowing, indicating enhanced lactose synthesis as more colostrum likely

414

was removed due to a greater number of suckling piglets. Moreover, increased levels of net

415

mammary uptake of O2, lactate, triglycerides, NEFA, acetate and butyrate were observed during

416

the first 6 h after the onset of farrowing, although these changes did not differ statistically. Also

417

the shift of net mammary flux of NEFA from being released, in late gestation, to being extracted,

418

immediately after the onset of farrowing, indicates an increased demand for energy metabolites by

419

the mammary glands. The increases in net mammary uptake of energy metabolites with the

420

progress of farrowing therefore suggests that the metabolic activity of mammary glands increases

421

as farrowing advances. Moreover, the net mammary non-protein carbon balance (carbon uptake-

422

carbon output) indicates that the majority of colostral fat and lactose is being produced after the

423

onset of farrowing from ketogenic and glucogenic precursors, respectively. In line with this, the

424

rate of mammary tissue glucose oxidation is relatively low until the final stage of gestation and

425

dramatically increases on the day of farrowing due to increased glucose demands for lactose

426

synthesis (Kensinger et al., 1982). Furthermore, lipid secretion was been implicated to be coupled

427

with lipid synthesis in porcine mammary glands (Kensinger et al., 1982). This finding may suggest

428

that large amounts of colostral fat could not be synthesized several days before farrowing, thereby

429

implying that the presence of suckling piglets and colostral removal is crucial for rapid colostral

430

fat and lactose synthesis. The average duration of farrowing (6.8 h in the current study; data not

431

shown) coincided with the time when mammary plasma flow and net mammary uptake of plasma

19

432

metabolites peaked during farrowing. Moreover, it was previously shown that the expression of α-

433

lactalbumin is down regulated at 24 h after the onset of farrowing if colostral removal ceases 12 h

434

after the onset of farrowing (Theil et al., 2006). Thus, results of the present study corroborate that

435

colostrogenesis is not terminating at the onset of farrowing in sows but merely seems to accelerate

436

after the onset of farrowing, with the vast majority of colostral fat and lactose being produced after

437

farrowing. In contrast, the majority of colostral protein (based on IgG transfer) seems to be taken

438

up or produced before farrowing, which is in agreement with studies in cows (Brandon et al., 1971;

439

Barrington et al., 2001). Result of the present study imply that using the transfer of IgG from the

440

maternal circulation to mammary secretion as a biomarker for colostrogenesis could only reflect

441

the ontogeny of colostral protein but not that of colostral lactose and fat.

442

CONCLUSION AND IMPLICATIONS

443

High DF in the diet for late gestating sows increased arterial concentrations of acetate, and

444

colostral fat in FIB sows compared with CON sows. Mammary plasma flow and net mammary

445

uptake of glucose increased during the first 6 h after the onset of farrowing. The net mammary

446

carbon uptake and output for non-protein carbon during the colostral period (0 to 24 h after the

447

onset of farrowing), clearly indicated that the majority of colostral fat and lactose were produced

448

after the onset of farrowing. The net mammary uptake of carbon from glucose could not account

449

for carbons secreted in colostral lactose and produced as CO2; thus, glucogenic energy was lacking

450

during the colostral period, which could potentially limit colostral lactose synthesis and, in turn,

451

CY. The reason for the greater colostral fat content in sows fed the FIB vs the CON could not be

452

explained by a greater carbon uptake from short chain fatty acids, suggesting that stored fat in the

453

mammary glands during late gestation may be used for fat secretion into colostrum after the onset

454

of farrowing. Colostral protein, using IgG as a biomarker, was produced mainly in late gestation
20

455

and did not coincide with the ontogeny of colostral fat and lactose. If colostral lactose has a similar

456

osmotic pull of water into mammary glands as in milk lactose, ensuring optimal prepartum energy

457

intake may be a key step to improve CY in sows.

458
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Table 1. Dietary ingredients and analyzed chemical composition of the experimental diets
Item
Gestation diet
Ingredients, g/kg, as-is basis
Wheat
621
Barley
125
Oat
120
Soybean meal
107
Sugar beet pulp
Soybean hulls
Dehulled sunflower meal
Molasses
Calcium carbonate
14.6
Sodium chloride
3.7
Monocalcium phosphate
4.7
Chromium (III) oxide
2.0
2
Premix
2.0
Soy oil
Zinc oxide
Analyzed chemical composition, g/kg DM
GE, MJ/kg
17.8
DM, g/kg feed
877
Ash
51
Starch
497
Nonstarch polysaccharides 127
Lignin
19
Dietary fiber
146
Fat
31.9
CP
168
Ca
9.6
Lysine
7.21
Threonine
5.63
Methionine
2.37
Alanine
6.79

465
466
467
468
469
470
471

Transition diet DF1-rich supplement
506
130
200
120
14.9
3.7
11.4
2.0
2.0
10.0
-

258
226
226
180
5.0
56.5
2.5
9.5
2.0
2.0
31.7
0.8

17.9
884
56
525
141
27
168
42.3
166
12.0
7.36
5.65
2.40
6.82

17.4
915
109
168
358
33
391
55.1
153
33.2
6.57
5.48
2.62
6.31

1

DF = dietary fiber
Supplied per kilogram of feed: 0.3 g calcium; 8,400 IU vitamin A; 1,200 IU vitamin D3; 83.5 mg
vitamin E; 2.1 mg B1 vitamin; 5.3 mg B2 vitamin; 3.2 mg B6 vitamin; 0.02 mg B12; 4.0 mg K3
vitamin; 15.8 pantothenic acid; 21.0 mg niacin; 0.42 mg biotin; 1.6 mg folic acid; 64 mg C4H2FeO4;
40 mg FeSO4; 2 mg calcium iodate; 15 mg CuSO4; 42 mg MnO2; 100 mg ZnO; 0.3 mg sodium
selenite and 50 mg endox
2
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Table 2. Sow ADFI, intake of starch and dietary fiber (DF) and performance in late gestation for

473

sows fed a control (CON) or a dietary fiber supplemented (FIB) diet during the last 2 wk of

474

gestation

Item
ADFI, kg/d
Starch, kg/d
DF, g/d
BW, kg
Back fat, mm
Live-born, #
Stillborn, %
Total born, #
Pig birth weight, g

CY, kg/sow3
CI, g/piglet3
Pig weight gain,
g4

Treatment
(Trt)
CON FIB
3.34 3.37
1.48a 1.41b
445b 511a
294
288
16.2 14.8
16.6 17.4
9.6
9.2
18.2 19.0
1,378 1,241
6.5
5.2
402
376
82

72

Days relative to Farrowing
(DRF)1
–28 –21 –14
–7
3.35ab 3.33b 3.35ab 3.39a
1.46a 1.45a 1.41b 1.45a
429c 427c 473b 582a
278b 285b 295ba 305a
14.9b 15.2b 15.8a 16.0a

SEM
0.02
0.01
4
8.2
1.69
1.0
[8.4, 10.4]2
1.4
67
0.9
32
11

SEM
0.02
0.01
3.27
6.1
1.08

P-value
Trt
DRF
0.54
0.01
0.002 < 0.001
< 0.001 < 0.001
0.63
< 0.001
0.52
< 0.001
0.60
0.93
0.70
0.17
0.32
0.57
0.74

475

a–c

476

1

day zero is the day of farrowing

477

2

confidence limits for stillborn

478

3

CY = colostrum yield, CI = colostrum intake from birth until 24 h after birth of the first piglet in

479

the litter.

480

4

481

litter.

Means within a row with different superscripts differ (P < 0.05)

Average piglet weight gain in the period from birth until 24 h after birth of the first piglet in the
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483

Table 3. Arterial concentrations, mammary plasma flow (MPF) and net mammary fluxes (uptake or release) of blood gases and plasma
metabolites in late gestating sows fed a control (CON) or dietary fiber supplemented (FIB) diet during the last 2 wk of gestation
Treatment (Trt)
Days relative to farrowing (DRF)1
P-value
Item
CON
FIB SEM –28
–21
–14
–10
–7
–3
SEM Trt
DRF
Arterial concentrations of blood gases and plasma metabolites
O2, mM
6.4
6.4
0.12
6.5
6.5
6.5
6.4
6.3
6.3
0.15 0.80
0.66
CO2, mM
30.2
30.9
0.5
30.6 31.0 29.7 30.1 30.4 31.3 0.60 0.40
0.14
Glucose, mM
5.3
5.2
0.15
5.2
5.4
5.2
5.2
5.5
4.9
0.19 0.79
0.23
Lactate, mM
0.86
0.85
0.05 0.83 0.87 0.88 0.93 0.85 0.78 0.06 0.98
0.51
2
TG , mM
0.46
0.47
0.06 0.46 0.44 0.46 0.49 0.53 0.43 0.06 0.93
0.56
NEFA, µM
119
121
26
55
109
136
100
149
173
36 0.92
0.22
c
c
bc
b
ab
a
Acetate, µM
244
306
19
222
253 252
285
312
326
19 0.05 < 0.001
Propionate, µM
3.2
3.6
0.18
3.
3.3
3.5
3.6
3.4
3.5
0.22 0.24
0.33
Butyrate, µM
4.3
5.5
0.46
4.4
4.8
5.1
5.3
5.1
4.6
0.46 0.10
0.36
MPF and fluxes of blood gases and plasma metabolites
O2, mol/d
10.8
11.3
1.7
12.3
9.3
11.9 10.4 10.4 12.2
1.9 0.80
0.69
CO2, mol/d
-12.0 -10.6
2.5 -11.6 -9.1 -14.5 -14.5 -8.4
9.3
4.4 0.82
0.47
MPF, L/d
4,106 4,235 425 3,703 3,745 3,992 4,236 4,542 4,806 396 0.83
0.23
Glucose, mol/d
1.8
2.0
0.25
2.7
2.2
1.7
1.8
1.5
1.5
0.38 0.62
0.23
Lactate, mmol/d
123
158
50
112
84
133
166
149
208
61 0.65
0.55
2
TG mmol/d
65
95
24
28
39
49
103
97
163
41 0.36
0.14
bc
b
b
a
a
a
NEFA, mmol/d
-324
-336
73
-25
-222 -270 -402 -484 -576
89 0.96 0.002
Acetate, mmol/d
310
416
68
296
297
290
344
461
490
83 0.31
0.09
Propionate, mmol/d -4.7
-4.0
0.1
-4.5
-3.1
-3.8
-3.6
-3.1
-4.9
2.2 0.58
0.85
Butyrate, mmol/d
11.1
11.5
1.6
9.1
11.4 11.7 12.7 11.7 11.1
2.3 0.97
0.70

484

a–c

485

1

day zero is the day of farrowing

486

2

Triglycerides

487

Means within a row with different superscripts differ (P < 0.05)
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488
489
490

Table 4. Arterial concentrations, mammary plasma flow (MPF) and net mammary fluxes (uptake or release) of blood gases and plasma
metabolites during the initial 24 h after the onset of farrowing in sows fed a control diet (CON) or dietary fiber supplemented treatment
diet (FIB) during last 2 wk of gestation
Item

Treatment (Trt)
CON
FIB

SEM

1

O2, mM
CO2, mM
Glucose, mM
Lactate, mM
NEFA, µM
TG2, µM
Acetate, µM
Propionate, µM
Butyrate, µM

6.10
30.5
4.5
1.46
604
225
177
4.7
2.7

6.1
30.5
4.2
1.25
811
282
204
4.4
3.6

0.16
0.31
0.62
0.12
144
21
16
0.7
0.5

6.2
30.5b
4.4
1.65a
833
308a

O2, mol/d
CO2 mol/d
MPF, L/d
Glucose mol/d
Lactate, mmol/d
NEFA, mmol/d
TG2, mmol/d
Acetate, mmol/d
Propionate, mmol/d
Butyrate, mmol/d

11.2
-9.9
4,919
1.7
541
563
202
163
-4.7
4.8

13.0
-10.3
5,430
1.7
345
575
193
246
-7.2
10.9

1.6
1.66
597
0.23
268
267
49.4
63
2.7
3.4

9.9
-10.2
4,700b
1.0b
346
368
167

491

a–c

492

1

zero hour is the time for birth of first piglet

493

2

Triglycerides

Hours relative to the onset of farrowing (H)1
2
3
4
5
6
7
8
Arterial concentrations of blood gases and plasma metabolites
6.2
6.3
6.2
6.2
6.1
6.0
6.0
30.9ab
30.3b
29.7b
29.8
30.1b
30.4b
30.4b
4.4
4.1
4.3
4.4
4.4
4.1
4.1
1.45b
1.45ab
1.48ab
1.49ab
1.39ab
1.36ab
1.25bc
793
745
737
648
650
717
765
302a
299a
267a
244b
234b
247b
230b
192
192
187
190
3.5c
3.8bc
4.2b
4.6b
2.4
2.7
2.9
2.8
MPF and fluxes of blood gases and plasma metabolites
12.6
13.5
13.2
13.7
13.8
11.4
11.7
-8.6
-11.5
-9.4
-11.7
-13.3
-9.9
-11.7
5,101b
5,204b
5,611a
6,071a
6,215a
5,134b
5,056b
1.3b
1.4b
1.8a
1.9a
2.3a
2.0a
2.0a
516
617
507
548
754
557
358
110
417
614
528
888
915
813
187
217
212
184
291
235
227
140
130
263
236
-11.5
-12.6
-10.2
-3.4
4.9
7.6
11.4
6.7

Means within a row with different superscripts differ (P < 0.05)

25

SEM

P-value
Trt
H

12

18

24

6.0
30.6b
4.6
1.17bc
753
235b
182
4.6b
2.9

6.0
31.8a
4.6
1.13bc
566
211b
205
5.2ab
4.1

5.7
31.2a
4.0
1.09c
579
212b
185
5.6a
4.1

0.16
0.45
0.48
0.13
140
24
15
0.6
0.5

0.76
0.98
0.74
0.25
0.33
0.08
0.26
0.81
0.29

0.11
0.02
0.22
0.04
0.60
0.03
0.70
<0.001
0.07

11.9
-8.2
4,854b
1.8a
316
826
220
229
-0.3
7.6

11.0
-7.0
4,315b
1.7a
153
216
179
202
-0.6
8.8

10.3
-9.3
4,760b
1.5b
205
561
172
225
-3.5
6.9

1.94
3.11
523
0.28
257
287
63.7
63
4.3
3.0

0.37
0.87
0.56
0.93
0.60
0.97
0.85
0.37
0.41
0.22

0.45
0.55
0.007
0.04
0.63
0.22
0.49
0.38
0.08
0.19

494

Table 5. Colostrum composition at 0, 12 and 24 h after the onset of farrowing in sows fed a control

495

(CON) or fiber-supplemented (FIB) diet during the last 2 wk of gestation

Item
Fat, %

Treatment (Trt)
CON
FIB SEM
b
4.95
7.38a 0.5

Protein, %
Lactose, %
DM, %
IgG, mg/mL
IGF-I, ng/mL
496

a–c

497

1

498

first piglet in the litter

13.4
3.81
22.6
52.9
31.2

11.8
3.82
23.2
44.7
29.1

0.76
0.14
0.81
8.4
2.9

Hour (H)1
P-value
0
12
24 SEM Trt
H
c
b
a
4.73 6.25b 7.53 0.47 0.009 0.0003
15.9a
3.45c
25.5a
76.1a
73.1a

12.2b
3.82b
22.7b
47.2b
10.9b

9.70c
4.17a
20.6b
23.2c
6.5b

0.58
0.11
0.98
6.5
2.6

0.17
0.95
0.58
0.49
0.59

< 0.001
< 0.001
0.003
< 0.001
< 0.001

Means within a row with different superscripts differ (P < 0.05).

Time of colostrum sampling relative to the onset of farrowing where 0 h is the time for birth of

499

26

500

Figure Caption

501

Fig. 1 Arterial concentrations of A) IgG and B) IGF-I in sow plasma during late gestation and

502

during the initial 24 h after the onset of farrowing. Note that the scales on the abscissa are not

503

equal; i.e., represented in days during late gestation whereas represented in hours after the onset

504

of farrowing. Data obtained in late gestation and after the onset of farrowing were analyzed

505

separately.

506

Fig. 2 Net mammary uptakes of ketogenic substrates A) NEFA B) Triglycerides C) Acetate and

507

D) Butyrate in the hours prior to and following the onset of farrowing in sows fed a control (CON;

508

open circles) or fiber-supplemented (FIB; solid circle) diet during the last 2 wk of gestation.

509

Acetate and butyrate were not analyzed for samples collected at 1, 3, 5 and 7 h relative to the onset

510

of farrowing. The 0 h is the onset of farrowing. Pairwise comparison within hours relative to the

511

onset of farrowing is indicated as a tendency (†; P < 0.10) or significant change (*; P < 0.05) when

512

the treatment × hour interaction was significant.

513

Fig. 3 Colostral fat content at 0, 12 and 24 h after the onset of farrowing in sows fed a control

514

(CON; white bars) or fiber-supplemented (FIB; black bars) diet during the last 2 wk of gestation.

515

The 0 h sample was collected immediately after birth of the first piglet.

516

Fig. 4 Net mammary input of carbon (positive value, mol C/d) from plasma metabolites and net

517

mammary output of carbon (negative value; mol C/d) through fat and lactose in colostrum and

518

CO2 released into plasma during the colostral period (0 to 24 h after the onset of farrowing) in

519

sows fed the control (CON) or fiber-supplemented (FIB) diet during late gestation. The arrows

520

indicate how precursors in plasma are utilized for synthesis of colostral components (fat and

521

lactose) and oxidation, and released as CO2 into plasma during the colostral period. The blue arrow

522

indicates that ketogenic precursors in plasma (short chain fatty acids, NEFA and triglycerides)

523

were mainly used for colostrum fat synthesis and were also partly oxidized (indicated by carbon

524

dioxide release). The red arrow indicates that glucogenic precursors (glucose and lactate) were

525

likely used for colostrum lactose synthesis and oxidation (indicated by CO2 release).

a–d

Means without common superscripts differ (P < 0.05). Day 0 is the day of farrowing.

526

27

527
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Impact of sow energy status during farrowing on farrowing kinetics, frequency of
stillborn piglets, and farrowing assistance1
Takele Feyera, Trine Friis Pedersen, Uffe Krogh, Leslie Foldager, and Peter Kappel Theil2
Department of Animal Science, Aarhus University, Foulum, Dk-8830 Tjele, Denmark.

ABSTRACT: Farrowing duration is rather long
in sows most likely due to selection for large litters, and we hypothesized that prolonged farrowings would compromise sow energy status during
farrowing and in turn the farrowing process. Two
studies were performed as follows: 1) to evaluate
whether sow energy status during farrowing compromise the farrowing kinetics (FK, i.e., farrowing duration and birth intervals) and 2) to study
the underlying mechanisms potentially affecting
stillbirth rate and farrowing assistance. In study1, parameters affecting FK were characterized
based on data from a total of 166 farrowings from
7 feeding trials focused on sow colostrum production. The data were screened for associations with
FK using the CORR procedure of SAS. Traits
that were correlated with the FK at P < 0.05
were included in a multivariate regression model.
Time since last meal until the onset of farrowing
greatly affected the farrowing duration (r = 0.76;
n = 166; P < 0.001) and a broken-line model was
fitted to describe that relationship. According
to the model, farrowing duration was constant
(3.8 ± 1.5 h) if the farrowing started before the
breakpoint (3.13 ± 0.34 h after the last meal),

whereas farrowing duration increased to 9.3 h
if the farrowing started 8 h after the last meal.
Subsequently, sows were divided into 3 categories
based on that trait (≤3, 3 to 6, and >6 h) to evaluate
the impact on birth intervals, farrowing assistance,
and stillbirth rate. Birth intervals (P < 0.001), odds
for farrowing assistance (P < 0.001), and odds for
stillbirth (P = 0.02) were low, intermediate, and
high when time since last meal was ≤3, 3 to 6, and
>6 h, respectively. In study-2, blood samples were
collected once or twice each week in late gestation and each hour during farrowing to measure
arterial concentrations and uterine extractions
of plasma metabolites. Time since last meal was
strongly negatively correlated with arterial glucose
1 h after the onset of farrowing (r= −0.96; n = 9;
P < 0.001). Glucose appeared to be the key energy
metabolite for oxidative metabolism of gravid
uterus. In conclusion, the present study strongly
suggests that a substantial proportion of sows
suffer from low-energy status at the onset farrowing and that this negatively affects the farrowing
process. Transferring this knowledge into practice,
the results suggest that sows should be fed at least
3 daily meals in late gestation.

Key words: birth interval, break-point analysis, farrowing duration, last meal, plasma
glucose, stillbirth rate
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A successful farrowing is a condition when
the stillbirth rate (SR) is less than 10% in the litter (Oliviero, 2010). Farrowing duration (FD) and
birth intervals (BI) are the key factors influencing
SR (Zaleski and Hacker, 1993; van Dijk et al.,
2005), but umbilical rupture and low BW are
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also known risk factors (Dial et al., 1992; MotaRojas et al., 2005). Several studies have reported
that litter size (LS) is positively correlated with FD
(Fahmy and Friend, 1981; van Dijk et al., 2005) and
negatively correlated with BI (Vallet et al., 2010).
Giving birth to a piglet is an energy demanding
process (Vallet et al., 2013). The intense uterine
contractions and abdominal straining during farrowing (Assali et al., 1958) may compromise sow
energy status, especially during prolonged farrowings. Most of the dietary energy is absorbed from
the GI-tract of sows and pigs in the form of glucose during the first 4 to 6 h postprandially (Serena
et al., 2009; Theil et al., 2011). Energy originating
from fiber fermentation in the hind-gut is available
for much longer period postprandially but in lower
quantities (Bach Knudsen et al., 2016). However,
the proportion can be increased by increasing the
fiber intake (Serena et al., 2009), and recently, we
reported a decreased proportion of SR in sows that
were fed high-fiber diet in late gestation (Feyera
et al., 2017). This finding suggests that an increased
energy uptake from the hind-gut postprandially
may improve the farrowing process. Thus, the
impact of sow energy status during farrowing may
be of importance for FD, BI, farrowing assistance
(FA), and SR; hence, these associations need to be
elucidated. Therefore, the present studies aimed to
evaluate whether sow energy status during farrowing affected FD and BI, FA, and SR. Moreover,
uterine extractions of plasma metabolites were performed to evaluate which dietary components are
the substrate for uterine oxidation in late gestation
and during farrowing.
MATERIALS AND METHODS
The present experiment complied with Danish
Ministry of Justice Law number 382 (June 10, 1987),
Act number 726 (9 September 1993, as amended by
Act number 1081 of 20 December 1995), concerning experiments with the care of animals.
The results presented in this paper are based
on data generated from 2 independent studies. In
study-1, data were compiled from a total of 166 litters included in 7 independent feeding trials focusing on colostrum production performed during a
7-yr period. These recordings were used to characterize traits affecting the farrowing kinetics (FK;
FD and BI), FA, and SR. In study-2, intensive
experiment with 10 multicatheterized sows was performed to investigate the relationship between the
arterial concentration of glucose during farrowing
with FD and the time from last meal until the onset
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of farrowing (TLMUOF) and to generate qualitative data on uterine oxidation pattern during late
gestation and farrowing.
Study-1
Study population. The data from the 7 experiments (Exp. 1 through 7) included in study-1
were obtained from Danish Landrace × Danish
Yorkshire sows. In these 7 independent experiments, the effects of different dietary treatments
on sows and piglets performance were investigated.
The study represented a total of 166 farrowings
that gave birth to 2,889 total born piglets (2,704
live-born and 185 stillborn piglets), whereas mummified piglets (n = 53) were excluded from both the
LS and the statistical analyses of traits related to
the farrowing. The sows were of first to fifth parity.
Details of the included experiments were
described for the individual investigations in Exp.1:
Hansen et al. (2012), Exp. 2: Flummer et al. (2012),
Exp. 3: Krogh et al. (2012), Exp. 4: Krogh et al.
(2015), Exp. 5: Krogh et al. (2016), and Exp. 6:
Pedersen et al. (2016), respectively. In Exp. 7, diets
with a 2 × 2 factorial design, having 2 levels of
energy and 2 levels of lysine, were formulated by
blending 2 separate dietary components: a basal
diet and a supplementary diet, and fed to the sows
during late gestation on an individual basis (T.
Feyera, U. Krogh, and P. K. Theil, unpublished
data). Twenty-four second-parity sows (Danish
Landrace × Danish Yorkshire) were included in
Exp. 7 from day 102 of gestation until weaning 28
d after farrowing. All sows in late gestation (Exp. 1
through 7) were fed restrictedly (2.9 to 3.3 kg/d)
with a reduced feed allowance during the last 3 d
of gestation (2.6 to 2.9 kg/d). The sows were fed 2
(Exp. 1) or 3 daily meals (Exp. 2 through 7) throughout the experiments, i.e., every 12th or 8th h, respectively, for Exp. 1 and Exp. 2 through 7. However, if
sows did not ingest their last meal, the time until
the onset of farrowing was corrected accordingly.
Dietary treatment and ME intake. All sows
included in these 7 experiments were fed standard
gestation diets until approximately 1 wk before
expected farrowing and then shifted to lactation
diets and fed these diets until weaning 28 d after
farrowing. The diets were mainly based on barley, wheat, and soybean meal as the main ingredients, even though diet composition varied among
the experiments and among treatments within the
experiments. Feed intake was corrected for feed
refusal, whereby daily ME intake was calculated for
each sow by multiplying the daily feed intake (kg/d)
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with the calculated energy content of the diet (MJ
ME/kg). The ME supply from days 84 to 112 of
gestation ranged from 37 to 43 MJ ME/d, but was
reduced to approximately 31 MJ ME/d in the last 3
d of gestation.
Management and recordings around farrowing.
Approximately 1 wk before expected farrowing,
sows were moved to an individual farrowing pen
made of concrete and slatted floor equipped with an
infrared lamp to establish a warm microclimate for
the piglets. Sows were supervised daily around farrowing, video recordings were used to identify, and
survey sows that approached the farrowing based
on nest-building behavior and absence/presence of
milk in the mammary glands. All sows farrowed
naturally, that is, without inducing farrowing. FAs
were given when the interval between 2 consecutive births exceeded approximately 90 min. All sows
were closely monitored during farrowing starting
from the birth of the first piglet to the expulsion of
the placenta.
For each litter, the numbers of live-born, stillborn, and thus total born piglets were recorded
along with the time of birth and birth weight for
each piglet. LS was defined as the number of fully
formed piglets; that is, mummified piglets were
excluded. Piglets were classified as live-born if
they breathed or moved physically immediately
after birth. BI were calculated as the time since the
last piglet was born; therefore, the first-born piglets had no BI according to this definition. When
2 piglets were born successively within less than a
minute, a BI of 0.5 min was assigned to the second
piglet. FD was defined as the time elapsed between
the birth of the first-born and the last-born piglet in the litter. The TLMUOF was calculated as
the difference between the time of last supplied
meal before the actual farrowing and the recorded
time when the first piglet was born. Consequently,
TLMUOF was used to evaluate sow energy status
during farrowing.
Statistical analysis. All statistical analyses were
performed using SAS version 9.3 (SAS Inst. Inc.,
Cary, NC). Normality of the data was checked
using the UNIVARIATE procedure of SAS. All
independent traits were individually screened for
association and collinearity with the dependent
variables (FK) using the CORR procedure of SAS.
All independent traits that were correlated with the
dependent traits at P < 0.05 were initially included
in a multivariate regression model to evaluate which
traits are related to FD, mean BI, SR, and FA. SR
and FA were analyzed as binary responses. From
a total of 86 independent traits initially included,

only 4 traits (TLMUOF, LS, mean piglet BW at
birth, and FA) were identified to be significantly
related to FD, mean BI, SR, and FA and final multivariate regression models were then fitted for these
traits. The effect of TLMUOF on FD adjusted
for average piglet body weight at birth (BWB) in
the litter, LS, and FA was analyzed as a nonlinear
mixed effects model using the NLMIXED procedure of SAS. The model was stepwise linear with a
plateau until a break point and a linear regression
in TLMUOF afterwards. That is, the model has
6 fixed effect parameters (intercept, break point,
slope after break point, BWB, LS, and FA). In addition, the model included a random intercept of an
experiment to account for unobserved differences
among experiments and the implicated correlation
between sows from the same experiment. The effect
of TLMUOF on average BI and risk of stillbirth
was modeled by, respectively, a linear mixed effects
model and by a mixed effects logistic regression,
i.e., a binomial generalized linear mixed effects
model with logit link. For both of these models,
TLMUOF was categorized into 3 levels (≤3, 3 to 6,
>6 h) and included in addition to BWB, LS, and FA
as fixed effects and experiment as a random component. Correspondingly, the effect of TLMUOF
on the need for FA was modeled by a mixed effects
logistic regression using the same parameters except
FA now being the outcome. The logistic regressions
were carried out using the GLIMMIX procedure
of SAS and effects are shown as odds ratios using
≤3 h as a reference for TMLUOF, “no” as a reference for FA, per kg increase of BWB, and per extra
piglet within the litter. Statistical difference was
declared at P < 0.05, and P < 0.10 was considered
a tendency.
Study-2
Animal model and experimental design. Ten
third- to fifth-parity sows (Danish Landrace ×
Danish Yorkshire) were used to measure arterial
concentrations and uterine extractions of plasma
metabolites and blood gases during late gestation and farrowing. Sows were stratified for BW
(276 ± 18 kg, mean ± SD), and parity at day 75 ± 2
of gestation and surgically implanted with permanent indwelling catheters in the femoral artery and
uterine vein in the right uterine horn. Two other
catheters were also inserted into the mammary
gland to measure mammary uptake of nutrients
during the colostrum period (to be published elsewhere). For catheterization of an arterial catheter,
incision of 5 to 7 cm was made in the inguinal
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region, the arterial branch was freed from the connective tissue, and then the catheter was inserted
using a guide wire (THSF-25–260, Cook Danmark,
Bjaeverskov, Denmark). For catheterization of the
uterus, the right uterine horn along with 1 to 2
fetuses was gently exteriorized by mid-ventral laparotomy of 15 to 18 cm incision and kept in cotton cloth wetted in a 0.9% saline solution during
the procedure. At approximately one-third of the
length of the uterine horn from the proximal end
of the uterus, a 10-cm long catheter was inserted
into the uterine vein using a guide wire (THSF-25–
260, Cook Danmark, Bjaeverskov, Denmark). The
position was verified using autopsies at the end of
the experiment. After insertion of the catheter, the
uterine horn along with the fetuses was again carefully placed in the abdominal cavity. Thus, most of
the piglets from the right uterine horn passed the
part of the uterus during expelling, where the catheter was placed. Catheters were tunneled subcutaneously to the exteriorization point in the right
lumbar region using long stainless needles. The
functionality of the catheters was checked and then
flushed with approximately 20 mL of saline containing heparin (100 IU/mL, Heparin LEO, LEO
Pharma A/S, Ballerup, Denmark). Finally, the catheters were filled with saline containing heparin (100
IU/mL, Heparin LEO; LEO Pharma A/S, Ballerup,
Denmark), benzyl alcohol (0.1%; benzyl alcohol
+ 99%; Sigma-Aldrich, St. Louis, MO), and benzyl penicillin (0.2%; benzylpenicillin; Panpharma,
NordMedica A/S, Copenhagen, Denmark).
Detailed description of the surgical procedures and
postsurgery medications was described by Krogh
et al. (2016). After recovery and until weaning 28
d after farrowing, sows were individually housed
in a farrowing pen (2.7 × 2.1 m) made of concrete
and slatted floor equipped with an infrared lamp to
establish a warm microclimate for the piglets. Sows
were fed either a low- or a high-fiber experimental
diet in late gestation similar to the 2 diets used in
Feyera et al. (2017). Unfortunately, the impact of
diets on uterine extraction of nutrients during farrowing could not be tested, because 5 out of 10 uterine vein catheters and 1 arterial catheter stopped
functioning shortly before farrowing. The uterine
extraction form the remaining 5 sows was therefore
performed to study whether uterine extraction of
nutrients was positive or negative. The sows were
fed 3 equal daily meals at 8-h intervals during the
experiment.
Blood sampling. Arterial and uterine vein blood
samples were collected on d −28, −21, −14, −10, −7,
and −3 relative to the expected date of farrowing in
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late gestation, and at 1, 2, 3, 4, 5, 6, 7, 8 and 24 h
relative to the birth of the first-born piglet during
farrowing. At each sampling time, 3 to 4 mL of
the blood was initially drawn and discarded before
blood sampling to ensure collection of representative samples. The blood samples from the arterial
and venous catheters were collected simultaneously
in heparinized 1-mL RAPIDLyte syringes (Siemens
Healthcare Diagnostic Inc., Tarrytown, USA) for
immediate measurements of O2 and CO2 using
RapidPoint 500 system Gas Analyzers (Siemens
Healthcare Diagnostics Ltd., UK). Moreover,
2- × 9-mL blood samples were drawn from arterial and venous catheters and transferred to heparinized vacutainer tubes (Greiner BioOne GmbH,
Kremsmuenster, Austria), mixed, and stored on ice
until centrifugation at 1,558 × g for 10 min at 4 °C.
Plasma was harvested and stored at −20 °C pending analysis.
Analytical procedures. Plasma glucose, lactate,
and triglycerides were determined according to
standard procedures (Siemens Diagnostics Clinical
Methods for ADVIA 1800) using an autoanalyzer, ADVIA 1800 Chemistry System (Siemens
Medical Solutions, Tarrytown, NY 10591, USA).
Nonesterified fatty acids were determined using the
Wako, NEFA C ACS-ACOD assay method using
an autoanalyzer, ADVIA 1800 Chemistry System
(Siemens Medical Solutions, Tarrytown, NY 10591,
USA). Plasma concentrations of short chain fatty
acids were determined by gas chromatography as
described by Brighenti (1998) with the modification
that 2-ethyl butyrate (FLUKA no. 03190; SigmaAldrich) was used as an internal standard instead
of isovalerate.
Statistical analysis. All statistical analyses were
performed using SAS version 9.3 (SAS Inst. Inc.,
Cary, NC). For extraction of plasma metabolites
and blood gases during farrowing, blood samples collected during the first 24 h after the birth
of the first piglet were grouped into 2 categories.
Accordingly, samples collected while the sows were
farrowing were categorized as “farrowing” and
samples collected after the sows completed farrowing were categorized as “postfarrowing.” Uterine
extractions of plasma metabolites and blood gases
were calculated as the uptake or release divided by
the arterial concentrations and reported as a percentage. Sow energy status during farrowing was
evaluated by the TLMUOF and arterial concentration of glucose.
The impact of stage of gestation (d −28, −21,
−14, −10, −7, and −3 relative to date of farrowing)
and farrowing status (farrowing and postfarrowing)
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on arterial concentrations and uterine extractions of plasma metabolites and blood gases were
analyzed using the MIXED procedure of SAS.
The stage of gestation and farrowing status were
included as fixed effects, whereas sow was included
as a random component in the model. Pearson
correlation coefficient of arterial concentration of
plasma glucose with TLMUOF and FD was analyzed using the CORR procedure of SAS. A statistical difference was declared at P < 0.05, whereas
P < 0.10 was considered a tendency.
RESULTS
Study-1
LS at birth ranged from 9 to 27 with a mean of
17.5 ± 3.8 piglets. The mean live-born and stillborn
piglets were 16.3 ± 3 and 1.1 ± 1.2, respectively. The
percentage of stillborn piglets ranged from 2.8% to
10.0% of total born on an individual experiment
basis with an overall percentage of 6.4%. The mean
piglet and litter birth weight were 1.28 ± 0.22 and
21.9 ± 3.8 kg, respectively, and the birth weight of
individual piglets ranged from 0.32 to 2.36 kg and litter birth weight ranged from 11.7 to 31.6 kg. The overall mean for TLMUOF was 4.6 ± 2.2 h and it ranged
from 0.5 to 10.3 h. The mean FD was 5.8 ± 2.7 h, and
on an individual basis, it ranged from 1.5 to 14.3 h.
The mean BI was 21.6 ± 9.9 min, whereas on individual sow level it ranged from 7.2 to 60.2 min. Of the
total 166 farrowings, 24% of the sows received assistance during farrowing at least once.
The correlation analysis (Table 1) indicated that
both FD and BI were positively correlated with
TLMUOF, mean piglet BW at birth, and FA. FD
was also positively correlated with LS, whereas BI
were not correlated with LS. Both FA and SR were
positively correlated with TLMUOF and LS, and
furthermore, the SR was also positively correlated
with FA and negatively correlated with mean piglet
birth weight.

Analysis of FD revealed that it was constantly
low (3.8 ± 1.5 h) if farrowing was onset prior to
the breakpoint (3.13 ± 0.34 h). The FD increased
by 1.14 ± 0.10 h for each hour the farrowing
started later than the breakpoint. Initially, different break points from the individual experiments
(Exp. 1 through 7) were tested and ranged from
3.11 to 3.64 h (P = 0.72), and different slopes were
tested and found within the range of 1.12 to 1.19
(P = 0.99), respectively, and consequently a model
with a common breakpoint and a common slope
was chosen (Figure 1; Table 2). The model also
revealed that the FD was increased by 0.21 ± 0.04 h
for each extra piglet within the litter, by 2.72 h for
each increase in average BW at birth and farrowing
lasted 0.72 ± 0.32 h longer when FA was required.
Increasing the average piglet BW with 1 kg
increased BI by 11.5 min (P = 0.002), but decreased
the odds for stillbirth to 0.25 (P = 0.005; Table 3),
whereas LS did not affect these traits statistically.
BI (P < 0.001), odds for FA (Figure 2A; P < 0.001),
and odds for stillbirth (Figure 2B; P = 0.02) were
low, intermediate, and high when time since last
meal was ≤3, 3 to 6, and >6 h, respectively. When
farrowings were assisted, BI and odds of stillbirth
increased by 3.62 min (P = 0.02) and 1.76-fold (P =
0.03), respectively.
Study-2
Maintaining the functionality of the uterine vein
catheters was observed being a challenge with the
progress of gestation. During the first weeks postsurgery, no problems were observed when drawing blood
but at days 101, 108, and 115 of gestation, 2, 3 and 5
out of the 10 uterine vein catheters, respectively, did
not allow blood samples to be drawn. In contrast,
problems were only experienced with the arterial
catheter in 1 sow. Autopsies at weaning revealed that
the tip of several catheters in the uterine veins was
kinked and consequently prevented blood samples
to be drawn. Thus, focus on effect of dietary treatments in study 2 was reduced to a minimum and data

Table 1. Pearson correlation coefficient between the dependent traits and the independent traits in 166
farrowings (study-1)
Item1
TLMUOF
Litter size
BWB
FA

Farrowing duration
r
0.76
0.30
0.10
0.35

P-value
< 0.001
< 0.001
0.03
< 0.001

Birth interval
r
0.63
−0.07
0.24
0.25

P-value
< 0.001
0.34
0.002
0.001

Farrowing assistance
r
0.28
0.21
−0.12

P-value
< 0.001
< 0.007
< 0.13

Stillbirth
r
0.28
0.44
−0.37
0.29

P-value
< 0.001
< 0.001
< 0.001
< 0.001

TLMUOF = time from last meal until the onset of farrowing in hour; BWB = mean piglet BW at birth in kg; FA = farrowing assistance.
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Figure 1. The relation between time from last meal until the onset
of farrowing and farrowing duration. In Exp. 1, sows received 2 daily
meals and in Exp. 2 through 7, sows received 3 daily meals. The solid
circles with different colors indicate individual sows studied in 7 previous experiments, whereas the solid line indicate predicted values (data
from study-1).

Table 2. Effect of time from last meal until the
onset of farrowing (TLMUOF) on farrowing duration adjusted for litter size, mean piglet BW at
birth (BWB), and farrowing assistance
Items
Intercept2
Break point
TLMUOF3
Litter size
BWB
Farrowing assistance4

Estimate
−3.60
3.13
1.14
0.21
2.72
0.72

SEM
1.54
0.34
0.10
0.04
0.74
0.32

P-value
0.06
< 0.001
< 0.001
0.003
0.01
0.06

LCL1
−7.34
2.30
0.90
0.10
0.91
−0.05

UCL1
0.16
3.97
1.38
0.32
4.54
1.50

LCL = lower confidence limit and UCL= upper confidence limit.
The mean farrowing duration before the break point (shown in
Figure 1) is 3.8 h and can be derived as follows: −3.60 + 0.21 × average
litter size + 2.72 × average BWB + 0.24 × 0.72 (see footnote 4).
3
The estimate of 1.14 indicates the slope after the breakpoint (shown
in Figure 1).
4
Twenty-four percent of the farrowings received farrowing assistance, and this estimate shows that farrowing duration on average was
prolonged 0.72 h when farrowing assistance was required.
1
2

from the 2 dietary treatments were pooled to investigate the correlations between arterial concentration
of plasma glucose during farrowing and TLMUOF
and FK, and the impact of stages on uterine extractions of plasma metabolites and blood gases.
Correlation of arterial concentration of plasma
glucose with TLMUOF and FK. The arterial concentration of plasma glucose during farrowing was
remarkably constant during the first 8 h after the
birth of the first piglet, whereas the level of plasma
glucose was clearly dependent on whether farrowing
was onset ≤3, 3 to 6, or >6 h after the last meal was
ingested (Figure 3). The arterial concentration of
plasma glucose at 1 h after the birth of the first piglet
was negatively correlated with TLMUOF (r = −0.90;
P < 0.001; Figure 4A) and the arterial glucose concentration was numerically higher (+0.37 mM;
P = 0.27; Figure 4B) in sows fed high-fiber diet.

Moreover, arterial glucose concentration at 1 h after
birth of the first piglet was negatively correlated
with FD (r = −0.96; P < 0.001; Figure 4C) and BI
(r = −0.82; P < 0.01; data not shown).
Arterial concentrations and uterine extractions of plasma metabolites during late gestation
and farrowing. The arterial concentration of acetate was elevated during the last week of gestation (P < 0.02; Table 4) because half of the sows
were fed a high-fiber diet. Other measured plasma
metabolites and blood gases were not affected by
the stage of gestation. Farrowing sows had greater
arterial concentrations of O2 (P < 0.01), lactate
(P < 0.001), triglycerides (P < 0.001), and NEFA
(P < 0.001) than postfarrowing sows. In contrast,
arterial concentrations of CO2 (P < 0.01) and glucose (P < 0.001) were lower in farrowing sows than
in postfarrowing sows.
The uterus extracted glucose at all stages and
uterine glucose extraction increased with the progress of gestation (P < 0.001). However, the stage
of gestation had no impact on the extractions of
other plasma metabolites or blood gases. Uterine
extraction of O2 was greater than the extraction of
all other measured metabolites at all stages except
at d −3, where extraction of butyrate was slightly
higher than that of O2. Butyrate and NEFA were
extracted by the uterus in late gestation, whereas
these 2 metabolites were released during farrowing.
In contrast, the uterus extracted triglycerides during farrowing, whereas these extraction rates did
not differ from zero before or after farrowing.
DISCUSSION
Impact of Sow and Piglet-Related Traits on FK
Farrowing is a complex process driven by several interacting factors that influence the FK (van
Rens and van der Lende, 2004; Oliviero, 2010).
Prolonged farrowing and longer BI are among the
key factors associated with increased SR (Zaleski
and Hacker, 1993; Oliviero et al., 2010). Therefore,
insight into the underlying mechanisms of the FK
is of prime importance in an attempt to reduce SR.
Previous studies, which attempted to investigate
factors affecting the FK, focused mainly on those
traits related to sow and piglet characteristics such
as parity, gestation length, and piglet birth weight
(Fahmy and Friend, 1981; van Rens and van der
Lende, 2004; van Dijk et al., 2005). The findings that
FD increased with LS and heavier piglets at birth
are in agreement with previous studies (Holm et al.,
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Table 3. Effect of litter size, mean piglet BW at birth (BWB), time from last meal until the onset of farrowing (TMLUOF), and absence/presence of farrowing assistance (FA) on birth intervals, the need for farrowing assistance, and the incidence of stillbirth
Birth intervals
Item
Intercept
Litter size
BWB
TMLUOF2
≤3 h (Ref)
3 to 6 h
>6h
FA
No (Ref)
Yes

Odds ratio of farrowing assistance1

Estimate
4.06
−0.29
11.5

SEM
7.42
0.22
3.61

P-value
0.59
0.18
0.002

0.00
6.37
15.7

1.53
1.75

< 0.001
< 0.001

0.00
3.62

1.49

0.02

Estimate

LCL

UCL

1.00
0.60

0.92
0.13

1.09
2.73

1.00
5.27
9.17

1.56
2.71

17.8
31.1

Odds ratio of stillbirth

P-value

Estimate

LCL

UCL

P-value

0.94
0.51

1.01
0.25

0.96
0.10

1.07
0.65

0.63
0.005

0.008
< 0.001

1.00
1.11
1.76

0.69
1.09

1.77
2.86

0.67
0.02

1.00
1.46

1.03

2.08

0.03

LCL = lower confidence limit; UCL = upper confidence limit.
TLMUOF was categorized into 3 classes based on the observed break point for the farrowing length; Ref. is the reference value for comparison
with the rest of the classes.
1
2

Figure 3. Arterial concentration of glucose in samples collected at
hourly interval for 8 h after birth of the first piglet. Sows were divided
into 3 categories representing sows with time from last meal until the
onset of farrowing ≤ 3, 3 to 6, and >6 h.

Figure 2. The impact of time from last meal until the onset of
farrowing on (A) the probability of farrowing assistance and (B) the
probability of stillbirth rate. Time from last meal until the onset of
farrowing was grouped into 3 categories as ≤3, 3 to 6, and >6 h, and
statistical analysis was performed using the GLMMIX procedure. a–
c
Means with different litters differ (P < 0.05).

2004; van Dijk et al., 2005; Canario et al., 2006).
Moreover, the present study indicated that heavier
piglets at birth were associated with increased BI as
reported by van Dijk et al. (2005). Also, our study
indicated that heavier piglets had decreased odds of
being stillborn, and this is in line with that reported

by Pedersen et al. (2011). The linear relationship between piglets’ birth weight and BI observed in the
present study could partly be explained by the premises that heavier piglets are more difficult to expel
through the birth canal during farrowing compared
with lighter piglets. Unlike the impact on FD, an
increase in LS was not observed to affect BI statistically, which is in contrast with previous findings
(Canario et al., 2006; Vallet et al., 2010). However,
Vallet et al. (2011) indicated that the effect of LS
on BI is not explained by LS-induced reduction in
average birth weight of the litter.
Impact of Energy Status During Farrowing on the
FK, FA, and SR
The present study revealed that sows which
initiated and completed farrowings within a reasonable time (3.13 h) after receiving their last meal

Sow energy status and farrowing kinetics

Figure 4. (A) The correlation between time from last meal until the
onset of farrowing and arterial glucose concentration at 1 h after birth
of the first piglet, (B) same data as in (A) but data are here presented
according to dietary treatment of the sow (green and black represent
high fiber and control diets, respectively, and lines represent the fitted
decrease in glucose depending on dietary treatment, and (C) the correlation between arterial glucose concentration at 1 h after birth of the
first piglet and the farrowing duration.

before the onset of farrowing had shorter FD and
minimal need for FA, and eventually had a minimal
incidence of the SR of 4.75%. In contrast, sows that
started to farrow quite late (>6 h) after the last meal
had substantially extended FDs with more frequent
FA, and the SR increased by 1.76-fold. The negative
association between the prolonged farrowing and
SR is well established (Holm et al., 2004; Canario
et al., 2006; Oliviero et al., 2010; Vallet et al., 2010),
but the underlying mechanism has not been elucidated up to now. Moreover, giving birth to a piglet
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is highly energy demanding (Vallet et al., 2013). The
present study indicated that sows initiating their
farrowings within the first 3 h after eating their last
meal were not exposed to low plasma glucose at the
onset of farrowing, and it resulted in short FD, no
need for FA, and a low SR. We speculate whether
sows are depleting their glycogen depots during
the preceding period with intense physical activity,
i.e., when they perform nest-building activity. Nest
building is intense during the last 6 to 12 h before
the onset of farrowing (Vestergaard and Hansen,
1984; Jensen, 1993) and costs energy, although it
is not known how much (Feyera and Theil, 2017),
and the present study suggests that nest building
may have fatal consequences for piglets when being
born. A previous study suggested that stress during
nest building may have negative consequences for
the farrowing progress due to lowered plasma levels
of oxytocin (Oliviero et al., 2008) and late introduction to crates (day 114) can considerably increase
SR (Pedersen and Jensen, 2008). Within the first 4
to 6 h after meal consumption, glucose is known
to be net absorbed from the GI-tract in sows and
pigs (Serena et al., 2009; Theil et al., 2011), but glucose is also rapidly taken up to various tissues due
to insulin secretion, and therefore, part of the net
absorbed glucose is not available for the strenuous
uterus. Indeed, the broken-line model in the present
study strongly suggests that sows should initiate the
farrowing before plasma glucose becomes a limiting factor for the farrowing process. Therefore, the
time from last meal until the onset of farrowing
is vital for farrowing sows and the importance is
emphasized by its clear impact on the arterial concentration of glucose during farrowing, and consequently on the FK, the incidence of stillbirth, and
the need for FA.
Several nutritional studies have been reported
in an attempt to improve the farrowing process and
thereby reducing the SR. But hitherto, nutritional
interventions have not reduced the SR effectively.
Creatine supplementation to sows to maintain ATP
supply during strenuous activities in the last 5 d of
gestation had no effect on SR (Vallet et al., 2013).
Supplementation of essential fatty acids and zinc
during the last 35 d of gestation had no impact
on SR, whereas zinc supplementation decreased
the SR only during prolonged farrowings (Vallet
et al., 2014). Likewise, supplementing sows with n-3
long chain polyunsaturated fatty acids from day 60
(Smit et al., 2013) or 107 (Smits et al., 2011) of gestation until farrowing did not affect the SR. The
present study implied that dietary supplementation
of energy might improve the farrowing process and
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Table 4. Arterial concentrations and uterine extractions of blood gases and energy metabolites during late
gestation and farrowing (study-2)
Stage of gestation1
Item
d -28
Arterial concentration
O2, mM
6.6
CO2, mM
30.6
Glucose, mM
5.2
Lactate, mM
0.8
Triglycerides,
436
μM
NEFA, μM
54
Acetate, μM
239b
Propionate, μM
3.1
Butyrate, μM
4.3
Uterine extraction, %
O2
12.6
CO2
−4.5
Glucose
3.3c
Lactate
0.6
Triglycerides
−4.6
NEFA
2.0
Acetate
−6.4
Propionate
−27.1
Butyrate
8.4

d -21

d -14

d -10

Farrowing status2
d -7

d -3

SEM

P-value

Farrowing

Postfarrowing

SEM

P-value

6.5
31.0
5.4
0.9
443

6.5
29.7
5.1
0.9
455

6.4
30.3
5.1
0.9
500

6.3
30.4
5.5
0.9
529

6.3
31.2
5.0
0.8
469

0.2
0.6
0.2
0.1
62

0.60
0.42
0.40
0.73
0.85

6.2a
30.2b
3.9b
1.5a
283a

5.9b
31.2a
4.8a
1.1b
221b

0.1
0.2
0.2
0.1
0.01

< 0.01
< 0.01
< 0.001
< 0.001
< 0.001

81
258b
3.3
4.8

105
261b
3.5
5.1

93
278ab
3.6
5.4

106
318a
3.4
5.1

100
329a
3.6
4.7

22
22
0.2
0.5

0.27
0.02
0.48
0.59

829a
176
4.3
2.4b

543b
182
4.6
3.6a

52
6.3
0.3
0.3

< 0.001
0.42
0.45
< 0.01

16.9
−3.4
4.0b
0.5
−1.5
3.7
−3.9
−21.2
14.1

16.0
−6.3
4.5b
0.6
−5.0
3.8
−2.8
−17.4
10.3

16.2
−3.4
5.6ab
0.7
−2.2
8.3
0.4
−16.2
9.0

17.9
−6.3
5.4ab
0.8
−1.9
11.2
8.5
−2.8
12.2

17.8
−3.9
6.1a
0.5
−2.8
11.1
5.1
−9.3
18.6

1.9
1.8
0.4
0.8
4.1
4.9
4.6
9.3
3.4

0.37
0.30
<0.001
0.99
0.97
0.46
0.08
0.34
0.17

10.9
−4.7
3.0
−3.1a
7.2
−0.2
−14.1
−34.3
−14.1b

10.7
−2.6
2.2
-8.5b
1.2
−5.3
−13.3
−40.1
15.9a

4.2
1.7
0.7
2.3
5.9
5.9
8.1
5.3
9.0

0.98
0.07
0.29
< 0.01
0.11
0.41
0.25
0.22
< 0.05

Means within a row with different superscripts differ (P < 0.05).
Samples were collected relative to the expected date of farrowing.
2
Blood samples collected during farrowing were grouped into 2 categories: farrowing (samples collected while the sows were farrowing) and
postfarrowing (samples collected after the sows completed farrowings within 24 h after birth of first piglet).
a,b
1

consequently reduce the SR, and sows should probably be fed strategically shortly before farrowing. In
line with this, orally administered readily available
energy supplement immediately preceding farrowing was shown to reduce the number of stillborn
piglets per litter by 0.44 compared with a control group without energy supplementation (van
Kempen, 2007).
Sows seem to be depleted of energy shortly before the onset of farrowing, and it may be due to
high energetic demands (i.e., glucose uptake) due
to colostrum production, fetal growth, uterine contractions (prior to parturition), and physical activity related to nest-building behavior. Probably
mammary gland (i.e., colostrum production) and
fetal growth are responsible for the drop in arterial
glucose because these compartments have glucose
transporters (Glut1 and Glut3) with low Km values, and because these transporters are active irrespective of plasma insulin levels (Theil et al., 2012).
Low energy status during farrowing could be speculated to slow down the uterine contractions, which
are crucial for successful farrowing. Therefore,
unlike in most mammalian species which give birth
to either 1 or 2 offspring, maintaining an adequate

energy status during farrowing is highly important
for litter-bearing animals like sows to give birth to
live-born offspring.
Two or 3 daily meals, as applied in the present
study, were not sufficient to avoid lack of energy during farrowing. Therefore, this study raises the question whether the sows should be fed 3 or more daily
meals shortly before farrowing. The broken-line
model with the breakpoint being 3.13 h indicated
that sows might benefit from receiving up to as much
as 8 daily meals shortly before farrowing, although
this will likely never be applied in practice. At the
same time, it is important to emphasise that sows
do not normally eat during farrowing; thus, sows
are prevented from ingesting additional energy for
an extended period of time. Indeed, if sows start to
farrow 8 h after the last meal, FD will be expected
to be 9.3 h as predicted by our broken-line model,
and these sows have not eaten for 17.3 h when farrowing is completed. It may be logical to suggest
that energy depletion before and during farrowing
may partly explain why many newborn piglets are
being crushed by their mother shortly after farrowing, as reported by, e.g., Pedersen et al. (2011).
This study indicates that it is crucial to ensure a

Sow energy status and farrowing kinetics

high-energy status of the sows during farrowing.
Including fiber in the diets for late gestating sows
may likely help us to improve sows’ energy status
during farrowing because energy uptake from the
hind-gut is elevated even 24 h after last meal is
consumed (Serena et al., 2009). In support of that,
sows fed fiber in the present study had numerical
higher plasma glucose than sows fed the control
diet, and in line with this, we recently reported a
considerably reduced SR (Feyera et al., 2017) in
sows that were fed similar dietary treatments as in
the present study. Moreover, short-chain fatty acids
released from fiber fermentation have been reported
to stabilize interprandial glucose level for several
hours after feeding in sows (de Leeuw et al., 2004).
In line with this, the result of the present study, in
combination with earlier studies, emphasized the
importance of feeding at least 3 daily meals before
farrowing to reduce the risk of the increased SR in
modern hyperprolific sows.
Uterine Extractions of Plasma Metabolites and
Blood Gases during Late Gestation and Farrowing
The uterine extraction of glucose observed in
the present study at days 94 (4.0%) and 108 (5.4%) of
gestation is consistent with 4.1% and 5.5% reported
by Pere and Etienne (2018) during the same stage of
gestation. Moreover, Père (1995) reported glucose
extraction of 5% at day 103 of gestation in sows,
which is within the ranges of values determined in
the present study. The increased extraction of glucose observed with the progress of gestation in the
present study suggests that glucose is the key energy
metabolite for oxidative purpose in the gravid
uterus. In line with this, Pere and Etienne (2018)
stated that glucose is the main substrate for fetal
oxidative metabolism. Moreover, Reynolds et al.
(1985) reported that about 79% of gravid uterine
and 38% of fetal energy expenditure could be met
by net absorbed glucose, assuming that glucose carbon is not used for other purposes. Lindsay (1975)
stated that gravid uterus relies largely on carbohydrates for oxidative purpose compared with other
substrates, which was supported by the present
findings. Nevertheless, catabolism of other plasma
metabolites such as fatty acids and short-chain fatty
acids was reported to contribute to fetal energy
expenditure (Reynolds et al., 1985). In line with
this, extractions of NEFA, acetate, and butyrate
were observed during late gestation in the present
study. This suggests that the uterus probably meets
part of the energy demand by oxidizing ketogenic
substrates (acetate and butyrate) and suggests that
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dietary fiber somehow is beneficial for late pregnant
sows, although acetate and butyrate appeared not to
be extracted by the uterus during farrowing.
The uterus apparently extracted triglycerides
and glucose as the only energy substrates during
farrowing. Extractions of glucose and triglycerides were 1.4- and 6.0-fold greater, respectively,
during farrowing than postfarrowing, indicating
that energy derived from triglycerides contributed considerably during intense labor. The uterus
released lactate during farrowing, which may suggest that O2 supply was inadequate to cover the
huge demand for aerobic metabolism. Surprisingly,
the extractions of O2 during farrowing was lower
than in late gestation. However, this result does not
explicitly explain whether the differences emerged
from the actual difference in workload or due to
an increased uterine blood flow during farrowing
which then depressed the extraction rate of the
nutrients and O2. Ferrell and Ford (1980) and Hard
and Anderson (1982) elucidated that blood flow is
the primary determinant of nutrient availability
rather than the concentration differences across the
organ. Therefore, in the absence of blood flow like
in the present study, conclusive remark on metabolism or nutrient utilization of the gravid uterus
could not be drawn.
CONCLUSIONS AND IMPLICATIONS
Energy status, evaluated as the arterial concentration of glucose and the time from last meal
until the onset of farrowing, showed the clear and
remarkable impact on the FK and odds of FA and
stillbirth. Adequate energy status at the onset of
farrowing allows the sows to complete the farrowing within <4 h with minimal need for FA and with
the low SR. However, FD increased if the farrowing
was not onset within 3.13 h after feeding and consequently the FD could be prolonged up to 14 h with
increased odds of FA and stillbirth. Arterial concentration of glucose was remarkably constant during
farrowing, but the level at 1 h after the onset of farrowing depends on the time since last meal. The present study suggests that allocation of at least 3 daily
meals may improve energy status of the sow during
farrowing and ameliorate the farrowing process and
thereby reduce the number of stillborn piglets.
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7. General Discussion
This PhD study aimed to investigate the potential impacts of dietary modification during
the transition period on the survival of the piglets and mammary nutrient metabolism. Thus, the
impact of a high DF supply during the last 2 weeks of gestation on sow reproduction and
production performances as well as MNU and colostrum production were investigated.
Moreover, the impact of TLMUOF on plasma glucose concentration during farrowing, farrowing
kinetics, and proportion of stillborn piglets were studied in this PhD. Overall, the results of this
PhD study demonstrated the potential for nutritional solutions to improve piglet survival in
particular and sow productivity in general. The knowledge gained from this PhD work, in
combination with the existing one, will greatly improve our understanding on how prepartum
hyperprolific sows should be fed in future for better reproductive performance. Detailed
discussion of the obtained results was presented in the original included papers. In this section,
some results that are expected to strengthen the discussion further were included and discussed
along with the original results presented in the original papers.
7.1. Mammary plasma flow and nutrient uptake
Mammary gland development is quantitatively slow during the first two-thirds of
gestation (Farmer and Hurley, 2015). However, there is an accelerated growth during the last
10 days of gestation (Theil, 2015), while accumulation of colostral protein in the epithelial cells
of alveoli is apparent during this period (Kensinger et al., 1982). Thus, the transition of mammary
glands from slow to rapid growth rate and the change from non-secretory to secretory phase
during late gestation would expectedly lead to increased metabolic demand for nutrients
during this period. Although the secretion ability of mammary glands develops during late
pregnancy (McManaman and Neville, 2003), much is unknown about MPF and MNU during late
gestation and farrowing. Previous mammary nutrient metabolism studies performed in sows
mainly focused on the period during established lactation (Trottier et al., 1997; Nielsen et al.,
2002; Renaudeau et al., 2003). However, there is a lack of literature focusing on MPF and MNU
during late gestation and especially during farrowing in sows.
In the present study (Paper II), MPF was investigated during the last month of gestation
until 24 h after the onset of farrowing. The result showed an increased MPF of 30 and 32% from
day 87 to 112 of gestation and from the onset until 6 h after the onset of farrowing, respectively,
although the increase during late gestation was not statically significant. However, MPF
measured on day 105 and 112 of gestation in the present study were slightly higher than those
reported by Krogh et al. (2017) during the same period of gestation. In the study of Krogh et al.
(2017), blood samples were collected in hourly intervals from 0.5 h before to 6.5 h after feeding
of the morning meal, whereas a single blood sample was collected 4 h after the morning meal
in the present study. Consequently, the results of the present study are less likely to account for
diurnal variation in MPF compared with that of Krogh et al. (2017) and thus most likely explain
the detected difference in these 2 studies. Moreover, Serena et al. (2009) reported an increased
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blood flow in the portal vein during the absorptive and postabsorptive phases compared with
preprandial level in non-pregnant sows, which could partly explain the difference noticed in
the present results and those of Krogh et al. (2017). On the other hand, MPF was increased by
68% from day 87 of gestation until 6 h after the onset of farrowing in the present study (Paper
II). This result suggests that mammary gland is metabolically active during farrowing compared
with late gestation. Moreover, MPF measured at 6 h after the onset of farrowing was about 90%
of that reported by Krogh et al. (2017) at day 3 of lactation in sows, which supplement the high
metabolic activity of the mammary glands during farrowing. The present study demonstrated
the production of colostral fat and lactose after the onset of farrowing, indicating that the MNU
for colostrogenesis was greater during farrowing than in the prepartum period (Paper II). In
support to the present result, Nielsen et al. (1995) indicated that nutrient uptake by the
mammary gland is closely related with mammary blood flow in goats. Therefore, the relatively
higher MPF observed during farrowing compared with late gestation would most likely be
associated with the increased metabolic activity of the mammary glands, most likely due to
active colostrogenesis during farrowing compared with the prepartum period.
Nielsen et al. (1995) showed that CO2, H+ and adenosine have an important local
regulatory role on mammary blood flow through induction of vasodilation in the vascular
smooth muscle cells. Consequently, the authors indicated that production of CO2 in the
mammary glands had a greater local regulatory role than O2 taken up by the mammary glands
regarding mammary blood flow. Production of CO2 by the mammary glands during both late
gestation and farrowing (Paper II) as well as extraction rates (Table 2) were intermediate in the
present study. However, butyrate, O2 and acetate were highly extracted during both late
gestation and farrowing (Table 2). Moreover, MPF was significantly correlated with mammary
uptake of butyrate, O2 and acetate than to CO2 production during both gestation and farrowing
(Table 3). Thus, the present result might suggest the less regulatory role of CO2 regarding MPF
in contrast to Nielsen et al. (1995). If metabolites are partaker in local regulation of MPF, then
uptake of O2, acetate and butyrate could be key metabolites in the present study. In agreement
with this, the study on goats reported a close correlation between mammary uptake of O2 and
mammary blood flow, and suggested that O2 uptake could be a factor determining local
mammary blood flow (Davis et al., 1979). Pittman (1986) stated that the importance of O2
uptake in local mammary blood flow regulation is linked to production of vasoactive substrates
that are important for regulation of vascular smooth muscle cell. In contrast, Nielsen et al. (1995)
indicated that mammary blood flow is the determining factor for O2 uptake. However, the
controversies among the results of different studies on the local regulatory role of metabolites
on MPF might warrant further investigations.
In the present study (Paper II), none of the studied blood gases and energy metabolites
were affected by the dietary treatment. Moreover, the NMF did not show as such appreciable
change with the progress of gestation and farrowing, except the increased uptake of glucose
and release of NEFA detected during farrowing and late gestation, respectively. However,
comparison of these 2 distinct reproductive stages (gestation and farrowing) revealed
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significant differences in extraction rates for some of the metabolites (Table 2). This observation
could also be true for NMF due to the demonstrated highly significant correlation between
extraction rates and NMF (Table 3). Accordingly, mammary extraction of triglycerides was 4fold greater during farrowing (P < 0.001) than in late gestation, whereas that of acetate and
butyrate concomitantly dropped by approximately 35% (Table 2). Interestingly, extraction rate
of acetate was positively (r=0.36; P = 0.01) while butyrate was negatively (r=-0.44; P = 0.001)
correlated with their respective arterial concentrations in late gestation while these correlations
were not significant during farrowing. Extraction rate of glucose was negatively (r=-0.43; P <
0.001) while lactate was positively (r=0.39; P < 0.001) correlated with their respective arterial
concentrations during farrowing (Table 2). Generally, the extraction rates of blood gases and
energy metabolites observed in the present study (Table 2) are within the ranges of extraction
rates reported by Krogh (2017) between day 105 of gestation and day 3 of lactation in sows.
The overall MPF measured during farrowing (5,138 L/day) was significantly greater than in late
gestation (4,225 L/day) in the present study (P < 0.001; data not shown). During gestation,
acetate was the only metabolite with a positive extraction and a positive significant correlation
between arterial concentration and extraction rate, which indicate that mammary transfer of
acetate in late gestation is mass action driven. The same was observed for mammary transfer
of NEFA during farrowing.
Table 2. Mammary extraction rates (arteriovenous differences/arterial concentrations x 100) and Pearson
correlations between mammary extraction rates and arterial concentrations of blood gases and energy
metabolites in gestating and farrowing sows. The mammary extraction rates and Pearson correlations
represent mean value in late gestation (at -28, -21, -14, -10, -7 and-3 relative to farrowing) and during
farrowing (at 1, 2, 3, 4, 5, 6, 7, 8, 12, 18 and 24 h relative to the onset of farrowing). The effects of dietary
treatment and stage of reproduction on net mammary uptake of blood gases and energy metabolites are
given in Paper II. The statistical analysis was performed using the MIXED procedure of SAS for the extraction
rates and the CORR procedure of SAS for the Pearson correlations. Data were part of Exp-2.
Pearson correlations1
Item
Mammary extraction rates
Gestation
Farrowing
Gestation Farrowing
SEM P-value
r
P-value
r
P-value
O2
31.2
29.0
1.4
0.18
-0.23
0.36
0.08
0.47
CO2
-6.6b
-5.0a
0.5
0.01
0.37
0.02
0.14
0.24
Glucose
8.9
8.3
0.6
0.36
-0.04
0.79
-0.43
<0.001
Lactate
4.4
5.2
2.7
0.44
-0.20
0.15
0.39
<0.001
TG2
4.1b
17.3a
2.0
<0.001
0.05
0.74
-0.11
0.31
NEFA2
-87.2b
15.0a
7.7
<0.001
0.31
0.03
0.24
0.02
Acetate
29.4a
19.4b
1.9
<0.001
0.36
0.01
0.16
0.24
Propionate
-34.7
-37.2
7.2
0.76
-0.15
0.28
0.54
<0.001
Butyrate
58.6a
37.4b
5.2
<0.001
-0.44
0.001
-0.04
0.78
1The correlation was between mammary extraction rates and arterial concentration of blood gases and
energy metabolites during gestation and farrowing.
2TG=Triglycerides; NEFA= non-esterified fatty acids

7.2. Can we deduce net mammary flux from extraction rates?
Due to the complexity of uterine vascular system in sows (see section 4.5), it is practically
difficult to quantify the uterine plasma flow. However, whether or not it is possible to deduce net
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fluxes of nutrients from extraction rates can be evaluated by studying how net flux of nutrients
co-vary with arterial concentrations, extraction rate, and plasma flow. As described earlier (see
section 4.5), NMF of a metabolite can be calculated by multiplying the MPF with the
arteriovenous concentration difference of the metabolite. Alternatively, NMF can be calculated
in a different way without altering the final result on NMF. As the arteriovenous concentration
difference can be rewritten as arterial concentration × extraction rate, the NMF can be
calculated as follows:
NMF = arterial concentration × extraction rate × MPF

Eq-4

For future studies, and for organs where plasma flow cannot be quantified due to
anatomical or ethical reasons, it is interesting to know whether arterial concentration, extraction
rate and/or MPF changes proportionally with NMF, because 1, 2, and 3 catheters, respectively,
are required to study these traits. Obtaining the arterial blood sample and analyzing for the
concentration of the metabolite is very simple but the information we generate in terms of
intermediary metabolism is scarce. Indeed, only NMF of acetate and butyrate changed
proportionally (and statistically) with the respective arterial concentrations (Table 3). In contrast,
the extraction rate was much more informative than the arterial concentration because
extraction rates of all metabolites were proportional to the NMF (Table 3). The MPF per se was
positively correlated with NMF of glucose, O2, acetate, and butyrate but negatively correlated
with NMF of CO2 and propionate and yet not correlated with lactate, triglycerides, and NEFA
during farrowing.
Table 3. Pearson correlations of net mammary fluxes with arterial concentrations, extraction rates and
mammary plasm flow of blood gases and energy metabolites in sows during gestation and farrowing. The
correlations represent mean value in late gestation (day -28, -21, -14, -10, -7, and -3 relative to farrowing)
and during farrowing (at 1, 2, 3, 4, 5, 6, 7, 8, 12, 18 and 24 h relative to the onset of farrowing). The Pearson
correlations were analyzed using the CORR procedure of SAS. Data were part of Exp-2.

1AC=

arterial concentrations; ER= extraction rates; MPF= mammary plasma flow. Note that only 1 catheter is
required to get arterial blood sample while 2 and 3 catheters are needed to determine extraction rates and
mammary plasma flow, respectively.
2Triglycerides; NEFA= non-esterified fatty acids
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7.3. Impact of high dietary fiber on piglet survival and growth
The supplemented DF fed to late gestating sows during the last 2 weeks of gestation
clearly increased piglet survival (Paper I) and arterial concentration of acetate (Paper II) in the
present studies. The supplemented DF reduced the proportion of stillborn and mortality of total
born piglets by 2.2 and 2.4% point, respectively. The result is in line with the hypothesis of the
present study (Paper I) that inclusion of high DF in the diet for late gestating sows can improve
the survival of the piglets. However, supplemented DF had no significant impact on mortality of
piglets after birth. The improvement in total preweaning mortality of the piglets was specifically
due to the reduction in the proportion of stillborn piglets but not because of the reduction in
mortality of live-born piglets. This implied that reducing the number of stillborn piglets in the
litter is an effective strategy to improve the overall preweaning survival of the piglets.
Interestingly, the proportion of death due to poor piglet viability at birth and piglet diarrhea
during lactation was markedly reduced in piglets born from sows fed a high DF supplement diet
during late gestation (Paper I). The impact of dietary modification demonstrated in the present
study on the proportion of stillborn piglets is a breakthrough in our knowledge and revealed the
nutritional advantage of DF to improve piglet survival in hyperprolific sows. Although a lower
percentage of stillborn piglets from sows fed high DF has been reported previously in several
studies (Vestergaard and Danielsen, 1998; Oliviero et al., 2009; Loisel et al., 2013; Krogh et al.,
2015), none of these studies reported a significant effect of DF on stillbirth rate unlike the striking
result of the present study. In the study of Vestergaard and Danielsen (1998), DF was fed for 3
successive reproduction cycles, but they were not able to detect any significant effect on the
proportion of stillborn piglets. In their study, the average litter size was below 12 piglets in all the
three reproduction cycles and much lower than the large litters with 18 piglets in the present
study (Paper I). This might explain why the effect of DF on the proportion of stillborn piglets was
not prevalent in such longitudinal studies. Moreover, Matte et al. (1994) investigated the effect
of bulky diets on sows’ reproductive performance during their first 2 successive parities and
concluded that there was no as such marked effect of the treatment diet on reproductive
performance of the sows.
The significance of DF in animal nutrition is dependent on the physiochemical properties
of the DF, which in turn is affected by the type of polymers that make up the cell wall and their
intermolecular association (Bach Knudsen, 2001). Although the beneficial effect of DF on
survival of the piglets was evidently revealed in the present study (Paper I), it was not clarified
in this study which of the physiochemical properties embedded in DF attributed to the observed
response. However, the hydration and organic compound absorptive properties of the DF (Bach
Knudsen, 2001) were expected to be at least the 2 physiochemical properties accredited to the
reduced proportion of stillborn piglets in the present study. These 2 physiochemical properties
are apparently important for farrowing sows. As discussed above (see section 2.6.1),
constipation is a risk factor for prolonged FD (Oliviero et al., 2009) while prolonged FD per se is
the major risk factor for an increased proportion of stillborn piglets in the litter. However,
supplementing DF in the diet of late gestating sows has been shown to increase fecal moisture
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content (Krogh et al., 2015; Zhao et al., 2015) and reduce the risk of constipation in prepartum
and farrowing sows (Oliviero et al., 2009) due to the high water holding capacity of the DF
(Bach Knudsen, 2001). Thus, sows fed high DF in late gestation would less likely develop
constipation, and concomitantly, feces would not act as a physical barrier in the birth canal
during farrowing. In line with this, Papp (1990) observed a significantly shorter FD in normal
body condition sows fed 12% CF compared with control sows fed 6% CF during the last week
of gestation. Therefore, sows fed a high DF supplement diet in the present study (Paper I) would
be expected to have less physical resistance in the birth canal due to hard faces compared
with those fed the control diet. Thus, they had a shorter FD and ultimately less stillborn piglets.
Another mode of action of the DF is that energy is supplied from the GIT for an extended
period in sows fed high DF (Serena et al., 2009). Farrowing is an energy demanding process
and an optimal energy status at the onset of farrowing is important for fast farrowing (Paper III).
On the other hand, the energy status at the onset of farrowing is highly dependent on the
TLMUOF, thus shorter TLMUOF is crucially important for the farrowing process. The longer the
TLMUOF is, the lower the plasma glucose concentration is at the onset as well as during
farrowing and the greater the risk of stillbirth in the litter would be (Paper III). The analysis of FD
revealed that FD is shorter (<4 h) if farrowing is onset within the break point of 3.14 h for TLMUOF
(Paper III). However, delay of 1 h of the onset of farrowing after the break point prolongs the FD
by 1.14 h, and consequently increases the risk of stillbirth-most likely due to low glucose
absorption after 4 to 6 h postprandially (Serena et al., 2009; Theil et al., 2011). An increased
intake of DF would lead to an increased carbohydrate load to the large intestine (Serena et al.,
2007) and result in continuous and stable absorption of energy in the form of SCFA during the
absorptive and postabsorptive phases in sows (Serena et al., 2009). This condition is important
for farrowing sows under extended TLMUOF. A higher concentration of plasma acetate in sows
fed high DF supplemented diet was detected in the present study (Paper II), indicating the
availability of more energy in the form of SCFA for farrowing sows. This observation supports
the hypothesis that inclusion of high DF improve sow energy status during farrowing (Paper II).
Thus, absorption of energy in the form of SCFA would be expected to fuel the farrowing process
of the sows fed a high DF supplemented diet compared with those fed the control diet, and
eventually, it contributed to the lower proportion of stillbirths detected in the present study
(Paper I). Although uterus is expected to work hard during farrowing, the present study showed
that uterus did not extract SCFA during farrowing (Paper III). However, it could be speculated
that the liver could convert propionate into glucose, which in turn the uterus could utilizes the
glucose for oxidation purpose during farrowing.
Piglets born from the sows fed a high DF supplement diet had a slightly higher
preweaning survival compared with those born from sows fed the control diet (Paper I). In
support of the present results, a high growth rate of the piglets in the first week of lactation was
found for piglets born from sows fed a high DF diet during gestation (Papp, 1990; Guillemet et
al., 2007; Oliviero et al., 2009; Quesnel et al., 2009). Postpartum growth performance of the
piglet is highly dependent on sow colostrum/milk production (Devillers et al., 2011; Quesnel et
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al., 2012; Theil et al., 2014b). It was hypothesized in the present study that inclusion of high DF
in the diet of late gestating sows would increase colostrum production and thereby improve
piglet survival (Paper II). Accordingly, sows fed the high DF supplemented diet had greater
colostral fat production, but DF failed to improve CY and piglet performance during the colostral
period. Krogh (2017) suggested that both the amount and sources of DF should be considered
when including high-fiber ingredients in diets for sows. In line with this, Theil et al. (2014a)
observed greater CY, piglet colostrum intake, and piglet weight gain during the colostral period
when sows were fed a sugar beet pulp (soluble-DF) supplemented diet compared with those
fed a potato pulp (insoluble-DF) supplemented diet. This result implies that soluble-DF is
advantageous for colostrum production and piglet growth performance. In the present study
(Paper I and II), DF sources with contrasting solubility, i.e. sugar beet pulp (soluble) and soybean
hulls (insoluble) (Bach Knudsen, 2001), were used as the main DF sources and included in the
diet at equal proportion. Consequently, the degree of synergy between these 2 DF sources in
relation to the observed positive response is not clear from the present study. Sugar beet pulp
has a high swelling and water binding capacity that encourages easier colonization and
degradation and results in rapid SCFA production (Bach Knudsen, 2001). However, soybean
hulls are mainly lignin and very resistant to degradation in the large intestine and thus cause a
less increased SCFA production (Bach Knudsen, 2001). Thus, whether or not SCFA have direct
or indirect role in colostrum production (Paper II), including soybean hulls as DF source in the
diet of gestating sows to improve colostrum production might not be a good alternative. At
present, however, it is unknown whether a single or a combination of different DF sources is
important for colostrum production. Moreover, there is no standard recommendation on the
inclusion level and feeding period of high DF for gestating sow although DF has been
extensively used in the diet for gestating sows for many years (Robert et al., 1993; Matte et al.,
1994; Meunier-Salaün and Bolhus, 2015). Therefore, to fully understand and maximize the
beneficial effects of DF on sow productivity, thorough investigations on the sources of DF, the
inclusion level of DF in the diet and optimal period of feeding during gestation are worth
investigating.
According to the present result (Paper II), the role of DF in improving colostral fat was not
justified by the direct uptake of SCFA by the mammary glands because the mammary nonprotein carbon balance elucidated that input of carbons from SCFA were almost negligible.
However, the oxidation patter of the mammary glands during farrowing was more ketogenic
in sows fed high DF compared with those fed the control diet. Nevertheless, it is remained
unclear if the response observed on colostral fat content of the present study could explained
by such change in oxidation pattern of the mammary glands during the colostral period. When
DF is included in sow diet to investigate its impact on colostrum production, the focus is mainly
on how the inclusion levels and sources of DF is related with colostrum production. However,
fermentation of DF not only result in production of SCFA but also many other bioactive
metabolites that would be absorbed into the blood stream along with SCFA. Study in human
reported the absorption of different polyphenols, which are the products of colonic
fermentation of DF that exert systemic effects on the organs (Saura-Calixto, 2011). This author
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indicated that the polyphenols in DF has positive impact on lipid metabolism and reducing lipid
peroxidation. Such biofunctional properties could be speculated to exert stimulatory effect on
either mammary glands’ growth or colostrum production in sows fed high DF during the
transition period. However, such speculation needs to be elucidated.
The results obtained in the present study (paper I) were conducted in production herd
with lower stillbirth rate than the Danish national average before the present dietary
intervention (Jessen, 2015). Consequently, such feeding strategy would expectedly be more
effective in low performing herds, i.e. herd with high rate of stillbirth per litter. Therefore, the
result of the present study demonstrated the great benefit of DF in sow diets to improve piglet
survival early at farrowing until weaning.
7.4. Colostrogenesis and colostrum production
Colostrum is important in the life of newborn piglets at least for 3 major reasons. First, it is
crucially important to provide energy, which is the major determinant of piglet survival during
the colostral period (Devillers et al., 2011; Theil et al., 2014b) until copious milk production starts
approximately 31 h postpartum (Vadmand et al., 2015). Second, it is important to provide Ig
against disease resistance, which has long-term survival effect (Le Dividich et al., 2005; Cabrera
et al., 2013). Third, it is to stimulate gastrointestinal tissue growth and functional maturation in
suckling piglets through IGF-I (Xu et al., 2000; Cabrera et al., 2013) and a number of other
growth factors (Hurley, 2015). Regardless of such thorough investigations of the nutritional,
immunological, and stimulatory roles of colostrum on the survival of the piglets, quantitative
studies on colostrogenesis are very limited in sows. The prepartum transfer of IgG from maternal
serum into mammary secretion has been used as a biomarker for colostrogenesis in sows
(Jönsson, 1973). However, none of the IgG secreted in colostrum is locally synthesized in the
mammary glands during late gestation (Bourne and Curtis, 1973). Moreover, IgG alone
accounts for nearly all the protein secreted in colostrum during the first 6 h postpartum in sows
(Klobasa et al., 1987). Thus, it seems ambiguous whether prepartum transfer of IgG from the
maternal serum to the mammary glands is an appropriate biomarker for the ontogeny of all
colostral components or only limited to that of colostral protein. However, measuring the uptake
of precursors for the synthesis of colostral components and investigating the mammary inputoutput balance study is the ideal approach to describe the ontogeny of colostral components.
Indeed, the major limitation of a prepartum quantitative study on colostrogenesis is the difficulty
of expressing any secretion from the sows’ mammary glands until about 24 h before farrowing
(Hartmann et al., 1997). However, quantitative investigations based on mammary uptake of
colostral precursors and their respective secretions in colostrum are feasible after the onset of
farrowing in sows (Paper III). Such a study is pertinent to ascertain if colostrogenesis terminates
prior to the onset of farrowing as recently reviewed (Alexopoulos et al., 2018) or is ongoing after
the onset of farrowing in sows.
Consistent with the previous reports on cows (Brandon et al., 1971; Barrington et al.,
2001) and sows (Jönsson, 1973; Frenyó et al., 1981), transfer of IgG from maternal serum to
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mammary secretion terminated at the onset of farrowing in the present study (Paper II). This
implied the prepartum production of colostral protein in sows with possible termination at the
onset of farrowing. Knowledge on AAs composition of plasma and colostral samples could
have added to enhance the understanding of the ontogeny of colostral protein formation on
top of the biomarker. However, due to financial reasons, it was not possible in the present study
and consequently the carbons contributed by AAs uptake/secretion could not be accounted
for in the presented mammary carbon balance study. However, carbon uptake from AAs in
sows at peak lactation is of minor importance as an energetic precursor (Krogh, 2017), and is
likely of less importance during the colostrum period because casein is a minor part of the
colostral protein. Generally, net mammary uptake of energy metabolites increased with the
progress of farrowing in the first 6 h after the onset of farrowing (Paper II). Such increase in net
mammary uptake of energy metabolites following the onset of farrowing means that
mammary glands are metabolically active and colostrogenesis is ongoing. More importantly,
the net mammary non-protein carbon balance (Paper II) confirmed that the onset of farrowing
would not terminate colostrogenesis in sows. Accordingly, net mammary non-protein carbon
uptake and secretion in colostrum during the colostrum period strongly accentuated that
majority of colostral fat and lactose were synthesized after the onset of farrowing. As a result of
this, the present results suggested that the use of prepartum transfer of IgG from maternal serum
to mammary secretion as a biomarker to describe the ontogeny of colostrogenesis with respect
to protein clearly deviates from the ontogeny of colostral fat and lactose. The other most striking
result, which emerged from the net mammary non-protein carbon balance, is that the net
mammary uptake of carbon from the glucogenic precursors did not account for all the carbon
secreted in the colostral lactose and that being released as CO2. This situation would challenge
the mammary glands by imposing oxidation of ketogenic substrate that leads to a lower
respiratory quotient as observed in the present study (Paper II). Thus, sows are lacking sufficient
amount of glucogenic substrates during farrowing, causing FD to increase (Paper III) while the
mammary demand for oxidative substrates increased for lactose synthesis on the day of
farrowing (Kensinger et al., 1982). Quantifying mammary uptake of nutrient during the colostral
period was hypothesized as a tool to identify the potential limiting nutrient for colostrum
production is sows. Accordingly, lack of sufficient amount of glucogenic precursors during the
colostral period seems a potential limiting nutrient for colostrum production in sows, most likely
by limiting colostral lactose synthesis. As illustrated in Figure 11, sows that spent more than 6 h
between last meal and the onset of farrowing had lower plasm glucose level (Paper III; Figure
11), and thus had lower CY than those onset the farrowing in less than 6 h of their last meal.
However, further investigation might be important in future because the average of 4 kg CY
indicated in Figure 11 was based on observations from 2 sows only, in which conclusive remark
cannot be drawn with such few observations.
Sows fed the high DF supplemented diet had greater colostral fat content than those fed
the control diet (Paper II). As discussed above (see section 7.3), increased intake of DF and
thereby increased uptake of SCFA by the mammary glands was not the reason for increased
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colostral fat content observed in the present study. However, in connection with the highenergy requirement of the newborn piglet for thermoregulation and survival during the
colostrum period (Devillers et al., 2011; Theil et al., 2014b), colostrum with a high fat content
could be important but not as effective as colostrum with high lactose content. Nevertheless,

Sow colostrum yield, kg
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3.0 mM(< 3 h) 5.1 mM(3-6 h) 5.3 mM(> 6 h)
Mean arterial glucose concentration, mM/L

Figure 11. The impact of mean arterial conctration
of glcuose during the colsotral period on sow
colostrum yiled. Colostrum yield was calculated by
summing up colostum intake of the individual
piglets in the litter. Piglet colostrum intake was
estimated by the mechanistic model developed
by Theil et al. (2014a). The lable on the abscissa
represented mena arterila conctration of glucose
during the colostral period and the value in
parenthesis are time between last meal and onset
of farrowing. The arterial conctration of glucose
was calculated based on the time from last meal
until the onset of farrowing as indicate in the
parenthesis in the abscissa.Data were from Exp-2.

the dietary treatment used in the present study failed to increase sow CY (Paper II), which is
consistent with previous studies (Guillemet et al., 2007; Quesnel et al., 2009; Loisel et al., 2013;
Krogh et al., 2015). It appears that the knowledge gained from the present PhD work illuminates
the reason why efforts to improve sow CY through dietary manipulation have not been very
effective so far. Generally, dietary manipulation to impact sow CY is performed during late
gestation while CY is estimated after the onset of farrowing. According to the present results,
colostral protein (Ig) is the most likely colostral component synthesized during the actual
feeding time in late gestation. However, prepartum transfer of Ig from maternal serum to
mammary secretion is apparently independent of nutritional influences as reviewed by Castro
et al. (2011). Thus, the impact of late gestation dietary treatment on colostral protein is less likely
to happen. As discussed above, majority of colostral fat and lactose are produced after the
onset of farrowing, when the sows are actually having low feed intake due to farrowing. From
the practical observations in sows, the onset of nest-building leads to prepartum reduction of
feed intake of sows, most likely due to some associated physiological changes around
farrowing (Thodberg et al., 2002). Undeniably, prepartum reduction in feed intake would affect
the plasma glucose concentration at the onset of farrowing, whereas glucose is vital both for
lactose synthesis and oxidation during farrowing (Kensinger et al., 1982). Concentration of
plasma glucose at the onset of farrowing is highly dependent on TLMUOF (Paper III).
Concomitantly, prolonged TLMUOF beyond 6 h resulted in a plasma glucose concentration
lower than 3 mmol/L at the onset of farrowing, which is far below the basal level of 4.5 mmol/L
in pigs (Hannon et al., 1989). Moreover, a tendency of negative correlation between colostral
lactose and energy status at the onset of farrowing was observed in the present study (Paper
III), suggesting that low plasma glucose would limit colostral lactose synthesis during the
colostrum period. Lactose is responsible for drawing water into milk (Boyd and Kensinger, 1998;
Theil et al., 2012), thus the more the molecules of lactose are synthesized by the mammary
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glands, the greater CY is. However, the fact that sows are not eating during farrowing coupled
with a high competitive demand between mammary glands and uterus for glucose on the day
of farrowing (see section 7.6) would be expected to challenge the synthesis of lactose during
colostral period. It seems from the present results that the future direction to attempt colostrum
production should focus on the period when colostral lactose and fat are being synthesized and
focusing more on the sow physiology during parturition.
7.5. Time since last meal, the farrowing kinetic, and stillbirth
Energy requirement of gestating and lactating sows is well known (Noblet and Etienne,
1987; Noblet et al., 1997; Theil et al., 2002, 2004), but not many studies have focused on energy
requirement and metabolisms during transition period, especially during farrowing. The
TLMUOF was included as a measure of sow energy status at the onset of farrowing in an attempt
to investigate feed related factors affecting FD (Paper III), which is seemingly overlooked so far.
It was hypothesized that prolonged FD would compromise sow energy status during farrowing,
which in turn slows down the farrowing kinetics and increases the need for farrowing assistance
as well as the risk of stillborn piglets. Inversely, the present study revealed that the energy status
at the onset of farrowing is the main determinant for the farrowing process, thus compromising
the FD. Moreover, the broken-line non-linear mixed effect model further demonstrated the
dependency between TLMUOF and FD, where FD had a break point at 3.13 h after TLMUOF.
Concomitantly, sows that started farrowing within the first 3 h after their last meal until the onset
of farrowing were observed to finish farrowing within 4 h (Paper III). Oliviero et al. (2008) defined
farrowing as prolonged when its duration exceeded 4 h. Accordingly, out of the total farrowings
included in the present study (166 farrowings; Paper III), 29% of the farrowings were completed
prior to the break point and thus had a shorter and perhaps a more normal FD, which results in
minimal farrowing assistance (<0.5%) and stillbirth (<5%). The broken line model developed in
the present study suggested the need to increase feeding frequency around farrowing so that
the time between last meal and the onset of farrowing would not be extended far from the
break point (3.13 h). Accordingly, up to 8 meals per day seems ideal to benefit sows at
farrowing. However, such many daily meals are not practically applicable in production farms.
Since 3 daily meals were not sufficient to overcome a low plasma glucose level at the onset of
farrowing (Paper III), and 8 daily meals seem too much to apply in practice, it is worth
investigating further the number of daily meals that are feasible under production conditions to
ameliorate the lack of energy at the onset of farrowing and during farrowing.
The impact of TLMUOF on FD and stillbirth is more prominent when farrowing is onset
late after the break point due to the fact that each unit increase in TLMUOF would increase FD
and the number of stillborn piglets (Paper III). More specifically, sows that had onset of farrowing
after 6 h of their last meal were predicted to have prolonged FD that had deleterious effects on
the number of stillborn piglets in the litter, most likely due to a lower plasma glucose level in this
period. Glucose is commonly absorbed from the GIT within the first 4 to 6 h postprandial in sows
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and pigs (Serena et al., 2009; Theil et al., 2011). In line with this, a substantially lower plasma
glucose level at the onset of farrowing (<3 mmol/L) was revealed from the present study when
sows had the onset of farrowing after 6 h of their last meal (Paper III). As indicated below (see
section 7.6), mammary glands and uterus are competing for glucose on the day of farrowing.
Such competition under limited plasma glucose availability would expectedly slow down the
farrowing kinetics unless extra glucose is supplied during farrowing. As a consequence, a strong
negative correlation between a low plasma glucose level at the onset of farrowing and FD was
established in the present study. Thus, a low plasma glucose level at the onset of farrowing
prolongs FD, which in turn increases the need for farrowing assistance and the incidence of
stillbirths. An alternative to the feeding strategy suggested above, oral administration of readily
available energy supplement (van Kempen, 2007) or intravenous glucose infusion as a
research tool (Père, 1995; Pere et al., 2000) could be a way to boost the plasma glucose level
at the onset as well as during farrowing.
Several studies have reported a positive correlation between FD and the number of
stillborn piglets in the litter (Friend et al., 1962; Canario et al., 2006; Oliviero et al., 2010; Theil,
2015). However, none of these studies have yet clarified whether the presence of stillbirth
prolongs the FD, or whether the slow birth process increases the number of stillborn piglets in
the litter. According to the present results (Paper III), the FD clearly determines the number of
stillborn piglets in the litter caused by the sow’s energy status at the onset of farrowing. Indeed,
based on the broken line model, the energy status at the onset of farrowing primarily influences
the FD. Accordingly, sows that started farrowing within 3 h after their last meal before the onset
of farrowing had a higher plasma glucose level (>5 mmol/L) at the onset of farrowing, had a
shorter FD, and consequently completed farrowing without noticeable farrowing assistance
and with a minimal number of stillborn piglets. Concomitantly, the results of the present study
established the importance of FD as the primary cause for an increased number of stillborn
piglets in the litter in support to the discussion presented previously (see section 2.4).
Overall, the results presented in Paper III emphasized the significant impact of TLMUOF
on the farrowing kinetics in hyperprolific sows. The results suggest that TLMUOF should be the
focal point in future to reduce the number of stillborn piglets in the litter and probably also
improve the overall survival during lactation. The plasma glucose concentration at the onset of
farrowing is important for the farrowing kinetic in sows whereas the plasma glucose
concentration during the course of farrowing is both a consequence of glucose concentration
at the onset of farrowing and energy spent during farrowing. However, it should be stressed that
plasma glucose concentration seemed to drop before and not during farrowing. Therefore, the
interdependence between TLMUOF, plasma glucose concentration and FD discussed above
urges the need to adjust feeding strategies around farrowing so that sow plasma glucose
concentration at the onset of farrowing would stay at least above 5 mmol/L.
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7.6. Uterine extraction of energy metabolites
The results of the present study demonstrated that the patterns of substrate oxidation by
the uterus during farrowing was quite distinct from that observed in late gestation. It seemed
that the onset of farrowing shifted the oxidation patter of substrates by the uterus (Paper III). The
uterus extracted glucose, lactate, NEFA, acetate and butyrate in late gestation while
triglycerides and glucose were the only energy metabolites being extracted during farrowing.
Glucose was the only energy substrate being extracted by the uterus during both late gestation
and farrowing. Intense uterine contractions require substantial amount of energy, but
interestingly the uterine extraction of glucose was clearly lower during farrowing (P < 0.001)
than in late gestation (Table 4). A likely explanation is that the extraction rate of glucose
dropped as a consequence of increased uterine plasma flow, whereby the net uterine glucose
flux (which was not measured in this organ) likely increased. In line with this, Ferrell and Ford
(1980) stated that blood flow to the gravid uterus is the primary determinant of nutrient
availability rather than arteriovenous concentration difference. As indicated above (see section
7.2), increased plasma flow would not necessarily result in increased nutrient availability to the
organ. Both arterial concentration (Paper III) and extraction rate (Table 4) of glucose were lower
during farrowing than in late gestation, which suggest that the sow had insufficient glucose
availability for proper farrowing. A study with rabbits demonstrated a preferential redirection of
blood flow to the uterus on the day of parturition (Gilbert et al., 1984). However, at a
circumstance when uterine extraction rate of glucose is very low, it seems that redirection of
blood flow to the uterus might not help to increase nutrient availability to the uterus. It could be
speculated if there is certain threshold level in extraction rate below which increased plasma
flow would not increase net flux of the metabolite. Perhaps, maintaining plasma glucose
concentration at certain optimal level at the onset and during farrowing, preferably above 5
mmol, could be suggested to increase extraction rate and net flux of glucose in the uterus during
farrowing. In support of this, the uterine extraction rate of glucose was about 1.8-fold greater
during gestation (Table 4) when arterial concentration was >5 mmol compared with during
farrowing when arterial concentration of glucose was <4 mmol (Paper III).
Gravid uterus released triglycerides in late gestation whereas the uterus extracted
triglycerides after the onset of farrowing, and extraction rate during farrowing was 6-fold
greater than postfarrowing level (Paper III). Unlike glucose, extraction of triglycerides was
positively correlated with arterial concentration of triglycerides during farrowing (Table 4), but
arterial concentration of triglycerides was lower during farrowing than in late gestation (Paper
III). Although plasma triglycerides are not important quantitatively as oxidative substrate for the
placenta during gestation (Vallet et al., 2014; Pere and Etienne, 2018), the present observation
suggests that uterus utilize triglycerides as an oxidative substrate during farrowing. Most likely,
the reason is that glycerol from the triglycerides could be used as an oxidative substrate when
glucose is scarcely available. Other energy metabolites such as NEFA, acetate and butyrate
were utilized as oxidative substrates in late gestation while none of these substrates were
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extracted during farrowing (Paper III). It was hypothesized in the present study (Paper III) that
inclusion of DF in the diet for late gestating sows would improve uterine extraction of energy
metabolites during farrowing. The treatment effect of DF on uterine extraction of SCFA was not
tested in the present study because we were not able to draw blood from the uterine catheter
in 5 out of 10 sows during farrowing (Paper III). In spite of the low success rate of the dietary
treatment on uterine uptake of SCFA, the present study clearly revealed that the uterus did not
extract SCFA during farrowing. Hence, the beneficial effect of DF on uterine oxidation is not
through direct energy supply via SCFA during farrowing. Previous studies indicated that uterus
oxidizes fatty acids and SCFA for uterine energy expenditure during pregnancy (Reynolds et al.,
1985), which is in line with the findings of the present study. Although the differences were not
statistically significant, extraction of NEFA and butyrate by the gravid uterus increased with the
stage of gestation (Paper III). Butyrate was the most extracted energy metabolite by the uterus
in late gestation (Paper III). Since uterine blood flow was not measured, quantitative
contribution of butyrate to the overall energy expenditure of the uterus in late gestation is not
straightforward to estimate. However, the contribution of butyrate to the overall carbon balance
in the mammary glands was estimated to be minor (Paper II). Similarly, carbon contribution of
butyrate to the overall uterine energy expenditure will also be of minor importance, simply
because the arterial concentration of butyrate was about 1,500-fold lower than the arterial
concentration of glucose during farrowing. The fact that uterus differentially utilizes energy
substrate in late gestation and during farrowing might be worth further investigations in future.
Understanding the mechanisms of these differential utilizations of energy substrates might help
the farrowing process and thereby contribute to improve piglet survival.
Table 4. Uterine extraction rates (arteriovenous differences/arterial concentrations x 100) and Pearson
correlations between uterine extraction rates and arterial concentrations of blood gases and energy
metabolites in gestating and farrowing sows. The uterine extraction rates and Pearson correlations represent
mean value in late gestation (at -28, -21, -14, -10, -7 and-3 relative to farrowing) and during farrowing (at 1,
2, 3, 4, 5, 6, 7, 8, 12, 18 and 24 h relative to the onset of farrowing). The effects of stage of gestation and
farrowing status (farrowing or postfarrowing) were presented in Paper III. The statistical analysis was
performed using the MIXED procedure of SAS including stage of reproduction (gestation and farrowing) as
main fixed effect and sows as a random effect for uterine extraction rates, while the Pearson correlation was
analyzed using the CORR procedure of SAS. Data were part of Exp-2.

Extraction rates

Item
Gestation
O2
CO2
Glucose
Lactate
TG1
NEFA1
Acetate
Propionate
Butyrate
1TG=Triglycerides;

16,3
-4.8
4.6
0.5
-2.6
6.0
-1.2
-19.1
11.7

Farrowing

SEM

P-value

10.3
-2.8
2.6
-5.2
5.5
-4.3
-13.6
-43.5
8.8

1.7
0.5
0.2
0.7
2.3
1.7
3.4
6.4
3.4

<0.001
0.02
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.42

Pearson correlation
Farrowing
Gestation
r
P-value
r
P-value
-0.56
0.68
-0.27
0.10
0.04
0.37
0.33
0.03
-0.17

<0.001
<0.001
0.09
0.55
0.80
0.03
0.04
0.86
0.30

-0.28
0.49
-0.03
0.37
0.50
-0.06
0.09
0.33
0.42

0.12
0.02
0.87
0.05
0.003
0.75
0.74
0.21
0.11

NEFA = non-esterified fatty acids
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The results of the present study might suggest that a substrate specific feeding strategy
shortly before the onset of farrowing would be advantageous for meaningful uterine smooth
muscle contractions and successful farrowing. According to the present results (Paper III),
glucose and triglycerides were the only energy substrates apparently being utilized by the
uterus for oxidative purposes during farrowing. Thus, adequate supply of these energy
substrates during the course of farrowing is important to fuel the intense uterine contractions.
Depletion of readily available energy during farrowing is the major driver of uterine exhaustion
during farrowing (van Kempen, 2007), whereas exhausted uterus was reported to reduce
uterine contractions, and consequently increase the risk of asphyxia and stillbirth (Rutherford et
al., 2013). Moreover, the glycogen depot in the liver would expected to be depleted if sows
spent longer time between last meal and the onset of farrowing. On the day of farrowing, the
uterus demand for glucose would be challenged by the increased incorporation of glucose into
colostral lactose by the mammary glands (Kensinger et al., 1982), and the present study (Paper
II) also demonstrated that synthesis of colostral lactose occur to a greater extent after the onset
of farrowing. This may explain why uterine extraction of triglycerides was 6.0-fold greater during
farrowing than postfarrowing, while glucose extraction was only 1.4-fold greater during the
same period (Paper III). When uterus and mammary glands compete for the same resources at
a very critical period during farrowing, ensuring sufficient supply of these substrates would likely
be a way forward to improve the farrowing process in sows. However, it is worth investigating
further how triglycerides and glucose availability at the uterus level will benefit the farrowing
process, and thereby reduce the risk of uterine fatigue and ultimately reduce the rate of stillbirth.
7.7. The perspective of high dietary fiber in the pig production economy 1
The results obtained at the production farm (Paper I) are breakthrough to improve piglet
survival through dietary modification during the transition period. The results revealed the
nutritional benefit of high DF fed to late gestating sows as a strategy to save extra piglets at
farrowing as well as until weaning. Thus, it is worth considering the value of extra saved piglets
from a financial perspective. Assuming that there will be no added production costs due to the
extra saved piglets in the litter, and the extra saved piglets have similar chances of survival as
the rest of the littermate until weaning, the value of extra saved piglets could be determined
based on the number of extra piglets saved until weaning. To estimate the value of extra saved
piglets in the litter, the recent production data of the Danish pig industry and the results obtained
in this PhD study on the proportional reduction of stillborn piglets were used (Paper I). The
intention of this estimate is to illustrate the perspective of altering the feeding strategy as
applied in this PhD study when implementing it in production herds, assuming that farmers are
willing to adopt the knowledge and use it.
The current Danish pig production data showed that there are about 998,000 sows in
Denmark, although full records on production data are not available for the entire population
1

Please see Appendix 1 for detailed procedures for the financial calculation of the extra saved piglet
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(STATISTIK2016, 2017). However, the annual pig production data in Denmark are reported
based on the representative data from 570 herds with an average herd size of 767 sows
(Helverskov, 2017), which represent about 44% of the population. Based on these
representative data, the average litter size, litters per sow per year, stillbirth rate, and
preweaning mortality of live-born piglets in Denmark are 18.0, 2.27, 9.4%, and 13.3%,
respectively (Helverskov, 2017). From the production data on litter size and the 2.2% point
reduction in stillbirth reported in the present study (Paper I) when sows were fed a high DF
supplement diet during the last 2 weeks of gestation, the number of extra saved piglets per sow
per farrowing would be 0.396 piglet (18 piglets x 2.2%). Assuming the preweaning mortality to
be 13.3% (Helverskov, 2017), the number of extra saved piglets per sow at weaning would be
0.343 piglet (0.396 piglet x 86.7%). Then, the number of extra saved piglet per sow per year
would be 0.779 piglet (0.343 piglet x 2.27 farrowings per sow per year) and assume that this
piglet weighs 7 kg at weaning (Krogh et al., 2016). Based on the last 5 years of financial records
in Denmark, the economic value of a piglet weighing 7 kg at weaning is 218 DKK (SEGES,
2018). Thus, the extra earning per sow per year would be 170 DKK (218 DKK per piglet x 0.779
piglet). Finally, scaling up from the sow level earning to per average herd and total Danish
production, the extra earning would be 130, 000 DKK per farm (169.82 x 767) and 170 million
DKK (170 x 998,000), respectively. Therefore, assuming that the Danish pig industry sustain its
productivity in the coming years, reducing the number of stillborn piglets is an effective way to
improve piglet survival and has a great impact on the economy of pig producers.
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8. Conclusions
The impacts of dietary modification with high DF during the last 2 weeks of gestation on
mammary nutrient uptake, uterine nutrient extraction, colostrum production, and piglet survival
were investigated in this PhD work. Moreover, the impacts of TLMUOF on plasma glucose
concentration at the onset as well as during farrowing, the farrowing kinetics, the need for
farrowing assistance, and the proportion of stillbirth were studied. The present PhD work
revealed highly important results with great perspectives for the pig industry, mainly in order to
reduce the proportion of stillborn piglets but also to improve the colostrum production in future.
Thus, the following main conclusions were made from the obtained results:
Supplemented DF in the diet for gestating sows during the last 2 weeks of gestation reduced
the proportion of stillborn piglets in the litter and total preweaning mortality of the piglets but
failed to reduce mortality of live-born piglets during lactation.
Sows fed a high DF supplemented diet had a greater colostral fat content compared with
sows fed the control diet, although the dietary treatment had no impact on MPF as well as
MNU during gestation and farrowing.
The TLMUOF had a strong negative correlation with the concentration of arterial glucose at
the onset of farrowing and FD.
The TLMUOF and FD showed a non-linear broken line correlation with a break point of 3.13
h since last meal that consequent in shorter FD of 3.80 h. Prior to the break point, farrowing
assistance and proportion of stillbirth were minimal.
Farrowing duration would increase by 1.14 h for each unit increase in the TLMUOF after the
break point.
Glucose and triglycerides were the only energy substrates extracted by the uterus during
farrowing.
The majority of colostral fat and lactose were produced after the onset of farrowing, while
the reverse seemed to be the case for colostral protein.
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9. Perspectives for Future Research
The results presented in the present PhD work explored the nutritional explanation for
improved piglet survival by understanding the underlying mechanisms of the farrowing process
and sow colostrum production. These findings would contribute largely on how hyperprolific
sows should be fed around the onset of farrowing in future for better reproductive performance.
Moreover, the results could also be an inspiration for further investigations for those working with
sows around farrowing.
The results presented in Paper I demonstrated the nutritional advantage of DF on piglet
survival with a clear effect on reducing the proportion of stillborn piglets in the litter. Dietary fiber
with contrasting solubility, i.e. soybean hulls that is insoluble and sugar beet pulp that is soluble,
were included at equal proportion in the diet. Further research is needed to understand the
biofunctional properties of dietary fiber as well as levels and sources.
The results presented in Paper II demonstrated the production of major colostral fat and
lactose after the onset of farrowing when the sows are not eating. This may imply why nutritional
studies were not that successful in improving CY of sows. Future nutritional studies to improve
sow colostrum production should focus specifically on how and when these colostral
components are produced by the mammary glands during the colostrum period.
In paper III, the significant impact of TLMUOF on plasma glucose level at the onset of
farrowing, farrowing kinetics, and proportion of stillborn piglets were demonstrated. The results
suggested the need for adjustment of the feeding frequency shortly before farrowing to sustain
a high plasma glucose level at the onset of farrowing. Sows that onset farrowing within the first
3 h after their last meal had a plasma glucose level greater than 5 mmol/L and had a shorter
FD and a lower proportion of stillborn piglets. Thus, it is worth investigating in future how the gap
between last meal and the onset of farrowing could be shortened so that the plasma glucose
level will remain above 5 mmol/L at the onset of farrowing. Moreover, glucose and triglycerides
were observed to be the only energy metabolites extracted by the uterus during farrowing.
Further studies are needed to evaluate how these 2 substrates could benefit the process of
farrowing.
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Appendix 1. Calculation proposal of the economic value of extra piglets. The data is based on the average
production of the Danish pig industry.
Items
Population of sows in Denmark, #
Reference herds in Denmark, #
Average herd size based on the reference herd, #
Total sows in reference herds, #
Average litter size, #
Average preweaning mortality of live-born piglets, %
Litters per sow per year, #
Economic value of a piglet 7 weighing kg at weaning, DKK

Value
998, 000
570
767
437, 190
18
13.3
2.27
218

Reference
STATISTIK2016 (2017)
Helverskov (2017)
Helverskov (2017)
Helverskov (2017)
Helverskov (2017)
Helverskov (2017)
Helverskov (2017)
SEGES (2018)

Note: The rate of stillborn piglet was reduced from 8.8% in sows fed a control diet according to the
conventional Danish feeding strategy for gestating sows to 6.6% in sows fed a treatment diet
supplemented with high DF in the last 2 weeks of gestation. Thus, the reduction of stillborn piglets by
2.2% point is the value to be used in the calculation of the financial value of extra saved piglets.

Step 1: Calculate the number of extra saved piglets per farrowing based on Danish pig production data
(18 piglets per litter) and a 2.2% point reduction in Paper I from this PhD work.
# of extra saved piglets per sow per farrowing = 18 piglets x 2.2% point = 0.396 piglet

Step 2: Calculate the number of extra weaned piglets per sow at weaning based on the assumption
that extra saved piglets have an equal probability of dying as the other littermates and the result from
step 1.
# of extra weaned piglets per sow per weaning = 0.396 piglet - (13.3% x 0.396) = 0.343 piglet

Step 3: Calculate the number of extra saved piglets per sow per year based on Danish pig production
data (2.27 litters per sows per year) and the result from step 2.
# of extra weaned piglets per sow per year = 0.343 piglet/farrowing x 2.27 farrowings = 0.779 piglet

Step 4: Calculate the extra earning per sow per year based on the financial value of a piglet and the
result of step 3
Extra earning = 0.779 piglet x 218 DKK/piglet = 169.82 DKK/sow

Step 5: Scale up the result from step 4 to extra earning per average herd and total Danish production
with the data shown in Table 1.
Extra earning per average herd = 169.82 DKK/sow x 570 sows/herd = 130,252 DKK/herd
Extra earning in total Danish production = 169.82 DKK/sow x 998, 000 sows = 169,480,360 DKK
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